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Abstract
Neogene volcanic centres are uncommon in the Transantarctic Mountains but at least three basaltic examples occur within 
300 km of South Pole, above 2200 m asl and inland of the margin of the West Antarctic Rift System. They are the southern-
most volcanoes on Earth and have yielded Early—mid Miocene isotopic ages. Two of the centres, at Mt Early and Sheridan 
Bluff, have been examined. The centre at Mt Early is unequivocally glaciovolcanic. It formed a tall monogenetic volcanic 
edifice at least 1 km high and > 1.5 km in diameter. It erupted under significantly thicker-than-modern ice, which was prob-
ably a fast-moving ice stream at the eruptive site and resulted in a distinctive constructive architecture and lithofacies. It 
is the first described example of a glaciovolcano erupted beneath an ice stream. The characteristics of the second centre 
at Sheridan Bluff indicate that it was also a monogenetic volcano but with a shield-like profile, originally c. 6 km in basal 
diameter but just c. 400 m high. It probably erupted in a substantial pluvial lake in an ice-poor or ice-free environment. The 
strongly contrasting eruptive settings now identified by the volcanic sequences at both centres examined testify to a highly 
dynamic Antarctic Ice Sheet during the Early—mid Miocene.
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Introduction

Volcanic centres that erupted in glacierized settings 
(i.e. glaciovolcanoes; Edwards et al. 2015; Smellie and 
Edwards 2016) have the ability to preserve often surpris-
ingly detailed information on the environmental conditions 
(Smellie 2018). The same is probably true of volcanoes 
in other, non-glacierized settings, but they have been less 
well investigated for their environmental record (Duncan 
et al. 1984). By contrast, refinements to our understand-
ing of glaciovolcanoes, in particular, have enabled numer-
ous critical parameters of past ice sheets to be deduced. 
The range of parameters is greater than can be deduced 

by any other methodology and, uniquely, many are quan-
tifiable (Smellie 2018). However, our understanding of 
past environmental conditions in Antarctica, which hosts 
the world’s largest and longest-lived ice mass on Earth, 
has relied almost exclusively on sedimentary and related 
studies of sequences preserved on Antarctica’s continen-
tal shelf and obtained during costly drilling programmes 
(e.g. Barrett and Ricci 2001; Fielding et al. 2011; Levy 
et al., 2016). Antarctica also hosts the world’s largest and 
longest-lived glaciovolcanic province, spanning > 30 Myr 
from earliest Oligocene time (LeMasurier and Thomson 
1990; Smellie et al. 2021a). In recent years, an increas-
ing but still relatively small number of papers describing 
Antarctica’s glaciovolcanoes has been published, both in a 
paleoenvironmental context and also to advance our under-
standing of glaciovolcanism and glaciovolcanic processes 
generally (e.g. Skilling 1994; Wilch and McIntosh 2000, 
2002; Smellie et al. 2008, 2011a,b, 2014, 2018). Many vol-
canic outcrops remain to be described. They include two 
small mafic volcanic centres situated within 300 km of the 
South Pole, which are the subject of this paper (Figs. 1, 2). 
They are the most southerly exposed volcanoes on Earth, 
situated at high elevation and far inland. The volcanoes 
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have been described only at reconnaissance level, but they 
potentially contain unique evidence for eruptive processes 
and environments in a high polar latitude during the warm 
Early—mid Miocene.

In this paper, we provide the first detailed descriptions 
of the lithofacies in two small mafic volcanoes that crop 
out close to South Pole, together with interpretations of 
the eruptive environments. A glaciovolcanic setting can 
be convincingly demonstrated for one of the volcanoes, 
which was probably erupted beneath an ice stream. It is 
the first example to be described. The second centre to 
be examined shows no evidence for glacial conditions 
coeval with eruption and an ice-poor or perhaps even ice-
free eruptive environment is indicated. The development 
of palaeoenvironments in the Transantarctic Mountains 
during the warm Early Miocene is linked inextricably 
to the presence of the East Antarctic Ice Sheet (EAIS). 
They have important consequences for understanding the 
dynamics of the largest and most stable mass of ice in 

Antarctica, and its impact globally on a rapidly warming 
world (Sugden 1996; Gasson et al. 2016).

Geological setting

Neogene alkaline volcanic rocks are widespread in 
Antarctica (LeMasurier and Thomson 1990; Smellie 
et al., 2021a). Many are glaciovolcanic, i.e. they were 
erupted in association with an ice cover, and several 
have been used to provide information on glaciovolcanic 
eruptive and depositional processes and past glacial 
environments (e.g. Smellie et al. 1993, 2009, 2011a, 
2011b, 2014, 2018; Skilling 1994; Smellie and Hole 
1997; Wilch and McIntosh 2000, 2002; Smellie 2001, 
2006, 2008; Iverson et al. 2017). Most of the volcan-
ism is associated with the West Antarctic Rift System 
(WARS), one of the world’s largest intra-continental 
rifts (Fig. 1; e.g. LeMasurier 2008; Siddoway 2008, 

Fig. 1  Map showing the loca-
tions of known and inferred 
Neogene volcanic centres in 
the southern Transantarctic 
Mountains (after Licht et al., 
2018; Smellie et al., 2021b). 
The inset shows the location of 
the field area within Antarctica 
and the distribution of large 
volcanic centres in the West 
Antarctic Rift System (WARS; 
after LeMasurier and Thomson 
1990). WARS boundary after 
LeMasurier (2008)
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Fig. 2  Map showing the geol-
ogy of outcrops in the upper 
Scott Glacier area (after Davis 
and Blankenship 2005) and 
published isotopic ages. The 
locations of moraines contain-
ing volcanic clasts are also 
shown; the clasts are presumed 
derived from additional volcanic 
centres, currently unexposed. 
Note that the ages shown for 
volcanic rocks at Mt Early and 
Sheridan Bluff were determined 
c. 40 years ago and may not be 
accurate but a general Early—
mid Miocene age is indicated 
for both centres



Bulletin of Volcanology (2021) 83: 49

1 3

49 Page 4 of 21

2021; Wilch et al. 2021). Many centres may exist within 
the WARS but are concealed by the West Antarctic Ice 
Sheet (e.g. Behrendt et  al. 2002; van Wyk de Vries 
et al. 2018; Licht et al. 2018). They have been identified 
only by remote-sensing methods and most are unveri-
fied (Pedersen et al. 2020; Quartini et al. 2021). The 
volcanoes cropping out along the southern margin of the 
rift, in Victoria Land and the Transantarctic Mountains, 
are assigned to the McMurdo Volcanic Group (Smellie 
and Rocchi 2021). They consist mainly of large shield 
and stratovolcanoes with a broad range of basalt to tra-
chyte, rhyolite and phonolite compositions but they also 
include numerous smaller monogenetic mafic centres 
with basaltic compositions.

Amongst the most isolated examples are two outcrops in 
the upper Scott Glacier region of the southern Transantarctic 
Mountains, at 87° S, 300 km from South Pole and c. 1000 km 
from the nearest exposed representatives of the McMurdo 
Volcanic Group (Fig. 1). They are the only known Neogene 
volcanic rocks exposed south of 79° S and may or may not be 
genetically part of the WARS volcanism (Panter et al. 2021). 
The two Transantarctic Mountains outcrops, together with an 
additional inferred subglacial volcanic centre nearby, which 
has been identified beneath the EAIS c. 100 km closer to 
South Pole (Fig. 1; Licht et al. 2018), are the southernmost 
volcanoes in the world (Stump et al. 1980). All three cen-
tres are included in the Upper Scott Glacier Volcanic Field 
(Smellie et al. 2021b). The few published accounts are brief 
and at a reconnaissance level and the subglacial centre is 
represented only by volcanic debris found in a moraine at Mt 
Howe (Fig. 2) and a subglacial geophysical anomaly (Licht 
et al. 2018). Although other volcanic centres of similar age 
may be present nearby, as suggested by abundant volcanic 
debris in a different moraine (at Mt Wyatt; Fig. 2; informa-
tion of E. Stump, cited by Smellie et al. 2021b), the locations 
and characteristics of those putative centres are unknown 
at present and they are not discussed further in this paper. 
Preliminary petrological and volcanological results of Mt 
Early and Sheridan Bluff are given by Panter et al. (2021) and 
Smellie et al. (2021b). Published isotopic dating indicates 
that they are Early—mid Miocene in age (Stump et al. 1980; 
Fig. 2). Both volcanoes have been interpreted as glaciovol-
canic and used to provide evidence that the EAIS existed 
at that time (Stump et al. 1980). Moreover, their presence 
has also been used to imply significant Cenozoic uplift of 
the Transantarctic Mountains, to define the lateral extent 
of the influence of the West Antarctic Rift System (but see 
Panter et al. 2021), and as support for a tectonic model of 
lithospheric foundering postulated to explain how the moun-
tain chain became uplifted (Shen et al. 2018; see also Granot 
and Dyment 2018). Thus, despite their small size, they have 
been recognised as disproportionately important for a variety 
of reasons.

Methods

The study at Mt Early and Sheridan Bluff took place in 
December 2015 over 5 days. This was sufficient time for 
making detailed notes, collecting representative samples 
(for thin sections, isotopic dating and whole-rock analy-
sis) and mapping the limited outcrops. The outcrops were 
mapped initially onto satellite images but detailed maps 
depicting the geology in the mainly steep exposed sections 
were created based on field sketches supported by photo-
graphs. Local elevations were estimated using a hand-held 
Garmin E-Trek GPS with altimeter calibrated daily against 
a single site (the campsite) for which the elevation was 
fixed; errors are estimated as c. ± 10 m. For the present 
study, 30 thin sections were examined and 23 rock samples 
were analysed by XRF and ICP-MS. Details of the analyti-
cal methods used and petrological results are presented by 
Panter et al. (2021). New isotopic dating of the localities 
is underway and those results shall be presented elsewhere 
but they are not important for present purposes.

Results of previous volcanic studies

Prior to our study, very few published geological accounts 
of the Mt Early and Sheridan Bluff successions existed: 
i.e. Doumani and Minshew (1965) and Stump et  al. 
(1980, 1990a,b). Compositionally, both outcrops are 
mafic, varying from alkali and tholeiitic basalt to hawai-
ite and mugearite (Fig. 3; Stump et al. 1980, 1990a,b; 
Panter et al. 2021). Mt Early yielded an age of c. 16 Ma 
by K–Ar (16.27 ± 0.23 and 15.45 ± 0.19 Ma; Stump et al. 
1980, 1990b). The description by Doumani and Minshew 
(1965) emphasised that the outcrop was dominated by 
black, vesicular, columnar olivine basalt associated with 
numerous ropy contorted bombs, whilst yellowish tuff and 
tuff breccia occurred mainly in the higher reaches of the 
nunatak. Conversely, Stump et al. (1980, 1990b) divided 
the outcrop into a basal shield–shaped pile of black pillow 
lavas mantled by pillow breccias that grade up into yellow 
fine-grained ‘palagonite breccia’. The latter was described 
as massive lower down but bedded above. Stump et al. 
(1980, 1990b) also postulated that there was a capping unit 
of lava but it was unvisited and they made a broad com-
parison with subglacial ‘moberg’ (i.e. tuya) glaciovolcanic 
centres in Iceland.

Doumani and Minshew (1965) described basalt, vesicu-
lar scoria, agglomerate and tuff breccia at Sheridan Bluff, 
capped by seven to nine pāhoehoe lavas with red scori-
aceous surfaces. The lava sequence was described as c. 
110 m thick and said to include ropy contorted bombs. 
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Stump et al. (1980, 1990a) assessed the entire sequence 
as c. 200 m thick, pinching out to the north-west due to 
a rising, irregular, glacially eroded, striated bedrock sur-
face composed of early Palaeozoic granodiorite. They 
also described a basal pillow breccia that passed up into 
hyaloclastite containing broken pillows (up to c. 85 m 
thick), followed by nine lavas (110 m thick). The local-
ity was dated as c. 19 Ma in age by 40Ar/39Ar (range of 
ages: 19.75 ± 1.57 to 17.98 ± 0.24 Ma; Stump et al. 1980, 
1990a). A subglacial origin was inferred mainly from the 
presence of underlying striated granitoid basement.

Geological descriptions and interpretations 
of the localities visited

Mount Early

Description Mt Early has an exposed diameter of c. 1.0–
1.3 km and rises to c. 2850 m above sea level (asl). The 
summit is c. 450 m above the surrounding ice surface. The 
conical shape of the nunatak is entirely erosional due to gla-
cial overriding and no primary landform is present. Only 
the north-east face is well exposed, and the other faces are 

almost entirely covered by snow and ice. The outcrop can 
be divided into several lithofacies (Fig. 4; Table 1). The 
lowest lithofacies form a deposit at least 250 m thick (base 
obscured) that extends up to c. 2700 m asl. It is composed of 
pillow lava and pillow breccia (Figs. 4, 5) forming a promi-
nent lava mound or shield. Relatively poorly exposed close-
packed lava pillows form the core (lithofacies pL; Table 1). 
The individual lava pillows are encased in thin mantles of 
dark orange-brown hyaloclastite (Fig. 5a). Moving outward 
(to the north-east), the unit grades into a massive pillow 
breccia (lithofacies B/TB) formed of angular pillow lava 
fragments together with intact (ovoid, flattened and fluidal) 
lava pillows (Fig. 5b). Lava tubes and irregular sheets with 
prominent thick glassy chilled margins are also present, and 
a few conspicuous pockets several metres in extent com-
posed of bright orange lapilli tuff (LT2). The proportion 
of LT2 increases outward until it dominates but it always 
contains numerous fragmented lava pillows together with 
smaller numbers of dispersed flattened and fluidal-looking 
lava pillows (Fig. 5c). The massive breccia and LT2 form 
a carapace that drapes the pillow lava core, thinning up-
dip; massive pillow breccia continues to higher elevations, 
underneath ‘The Nubbin’ (Fig. 4). A broad sense of an 
east-northeast dip (i.e. out of the nunatak on the north-east 
face) is consistently suggested by shallow dips on the lava 
tubes and many of the flattened and fluidal lava pillows. The 
orange, massive LT2 is overlain by initially massive then 
stratified orange and grey fine lapilli tuffs (LT1; Table 1). 
The transition between LT2 and LT1 is gradational and 
occurs over a few tens of metres of section characterised by a 
rapid increase in the proportion of vesicular juvenile lapilli.

The basal pillow lava and pillow breccia lithofacies are over-
lain by type 1 lapilli tuff, which varies from mainly orange to 
less commonly grey in colour. Planar discontinuous stratifi-
cation is locally present and is slightly wavy on a scale of a 
few cm. The stratified deposits can be classified as diffusely 
stratified fine lapilli tuffs (Fig. 5d, e; Branney and Kokelaar 
2002; White and Houghton 2006). Outsize blocks of broken 
lava pillows up to c. 35 cm in diameter occur, but are gener-
ally uncommon. Impact structures, ash-coated lapilli (sensu 
Brown et al. 2012) and dune bedforms were not observed. 
The grey form of LT1 occurs in large (up to a few tens of 
metres across) block-like masses with variable orientations 
within orange LT1 in the uppermost sections of the nuna-
tak (above c. 2700 m; Fig. 4a). The outcrops of grey LT1 
are usually crossed by a network of shears, many of which 
are also present in the underlying LT2 and pillow breccia 
lithofacies (Fig. 6a–c). Although contacts between the two 
colour variants of LT1 are abrupt in places, other contacts 
seem gradational over a few cm.

Massive, grey, fine, texturally polymict lapilli tuff (pLT) 
is distinguished by the presence of distinctive red lapilli. 

Fig. 3  Total alkalis—silica diagram (after Le Bas et al. 1986) show-
ing the compositions of lavas in the Upper Scott Glacier Volcanic 
Field in comparison to mafic compositions (MgO > 4 wt.%) from 
the West Antarctic Rift System (WARS; Panter 2021 and references 
therein; other data from Stump et al. (1980) and Panter et al. (2021)). 
All samples are normalised to 100% volatile free and the dashed line 
delimiting alkaline from subalkaline compositions is from Irvine and 
Baragar (1971)
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Similar lapilli are absent in the other lapilli tuff lithofacies 
although pLT is probably compositionally monomict like 
those lithofacies (Table 1). It is a minor lithofacies seen only 
on the north-west ridge at c. 2750 m. It consists of a nar-
row linear outcrop a few metres in width and with unclear 
margins that trends c. 10–20 m up the ridge.

Intrusive columnar-jointed grey lava (iL; Table 1) forms 
conspicuous irregularly shaped outcrops on the high, largely 
inaccessible north-east face below the summit of Mt Early 
and on its north-east ridge (above C in Fig. 4a). In addi-
tion, small neck-like masses a few metres in diameter are 
present and are in contact with coarse grey lapillistone (LP; 
Fig. 5f). The grey lapillistone varies to dark grey agglutinate 
composed of large vesicular bombs. Other intrusions are 
minor and comprise rare dykes. A bifurcated example with 
pillow-like bulbous margins occurs low on the north-east 
flank. A prominent grey-green columnar dyke also occurs on 
the summit ridge (also noted by Stump et al. 1980, 1990b) 
but was not visited by us. Both dykes intrude orange LT1 
deposits.

Effects of deformation are common and conspicuous at 
Mt Early (Figs. 6, 7). In addition to numerous small-dis-
placement (c. 5 cm) minor faults seen offsetting stratification 
in LT1 deposits, the deformation is mainly characterised by 

pervasive networks of criss-crossing pale grey shears and 
prominent, steep-dipping shear surfaces that can sometimes 
be traced for tens of metres (Fig. 6a–c). The shears affect 
the basal breccia (B, TB) and both LT1 and LT2. They 
occur as pale khaki planar bands a few cm thick, rarely up 
to 35 cm (Fig. 6d), composed of fine tuff or lapilli tuff rich 
in fine tuff matrix, and are dominated by finely fragmented 
sideromelane. Some shears show multiple striated surfaces 
(Fig. 6b). Also present are locally numerous bands of lami-
nated fine to coarse tuff a few centimetres to 1 dm wide and a 
few dm in lateral extent that are curviplanar and often cross-
cut one another. On a much larger scale, the sharp planar 
surfaces that separate large masses of orange LT1 and khaki 
grey LT1 deposits have a wide range of generally steep-dip-
ping attitudes and are presumably faults. Deformed (folded) 
and broken bedding on a smaller scale (few metres) is also 
present but rare (Fig. 6e, f). Grey LT1 and fine pillow brec-
cia are also present back-injected as thin sometimes sinuous 
dyke-like sheets in LT1 and LT2 deposits and are sometimes 
traceable directly into underlying breccia (Fig. 7a). Finally, 
some exposures show a wavy contact between massive pil-
low breccia and orange LT1, with numerous offshoots of pil-
low breccia injecting the lapilli tuff and occurring as diffuse 
masses of pillow breccia mingled with lapilli tuff (Fig. 7b).

Fig. 4  (a) View of Mt Early 
with the geology indicated 
(after Smellie et al. 2021b, 
modified). Spot elevations 
determined by hand-held GPS 
with altimeter calibration are 
also shown. ‘The Nubbin’ is 
an informal name. The line 
of section depicted in (b) is 
also indicated (labelled A–D). 
(b) Schematic cross section 
of the north-east flank of Mt 
Early to show the distribution 
of the major lithofacies. The 
boundaries between each are 
gradational. Although deposits 
of three discrete collapse events 
are suggested, several collapses 
may have contributed to each
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Interpretation Despite the abundant structural discordances, 
there is no evidence for internal erosional surfaces at Mt 
Early that might indicate significant time breaks during the 
eruptive period, the geochemical composition is homogene-
ous (Fig. 3), and we suggest that the volcano was monoge-
netic. The sequence architecture indicates a large basal pil-
low lava—pillow breccia—lapilli tuff (LT2) mound draped 
by a relatively thin carapace of explosively formed lapilli 
tuffs (LT1) probably < c. 100 m thick in the summit region, 
tens of metres thick on the lower flanks. The mound formed 
entirely under water by lava effusion, related hyaloclastite 
formation, and some collapse events discussed below.

Deposits of LT1 are hydrovolcanic, formed during 
explosive eruptions. This is supported by the presence of 
abundant, often palagonite-altered, angular sideromelane 
fragments with variable vesicularity, including some flu-
idal shapes, which indicate rapid cooling (Zimanowski and 
Büttner 2003). Also, the wavy, discontinuous, diffuse fine 
stratification is comparable with that shown by pyroclastic 
density currents (Branney and Kokelaar 2002). Basement 
clasts are absent, whereas fragments derived from lava pil-
lows are present, though uncommon. This implies that the 
explosivity that generated the lapilli tuffs took place mostly 
above the pillow lava/breccia mound, at a high level in a 
water-saturated vent. The hydrovolcanic interaction was 
with surface water within a saturated volcanic edifice rather 
than with groundwater, which typically generates abundant 
country-rock clasts (Sohn 1996; White 1996). Moreover, 
most of the LT1 outcrops occur at lower elevations than the 
top of the pillow lava pile so transport and deposition were 
also predominantly or solely subaqueous. Thus, following 
an early effusive pillow mound stage, explosive hydrovol-
canic eruptions created a pyroclastic pile. The presence of 
a large pillow lava pile, indicative of eruption associated 
with surface water, and the lithofacies architecture of the 
edifice resemble that of Surtseyan volcanoes formed sub-
glacially, in the sea or in pluvial lakes (e.g. Jones 1969; 
Staudigel and Schmincke 1984; Smellie 2001; Schopka 
et al. 2006; Edwards et al. 2009; Skilling 2009). However, 
the inland location of Mt Early and its high elevation (base 
above 2500 m asl) indicate that it cannot have erupted in 
the sea. Moreover, Mt Early is surrounded on three sides 
by the broad upper reaches of Scott Glacier, which merges 
gradually southwards with the polar plateau. The current 
surroundings are an almost featureless snow and ice plain, 
which extends for 2000–3000 km before descending to 
the Southern Ocean. On the north side, the Transantarctic 
Mountains cascade down into the Ross Embayment. Addi-
tionally, the summit of the pillow pile (representing sub-
aqueous effusion) is at c. 2700 m asl, i.e. well above the 
surrounding modern ice plain. Taken together, there is no 
feasible evidence for a palaeotopography that could have Ta
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ponded a pluvial lake. Therefore, an interpretation as prod-
ucts of an eruption under a coeval ice sheet is inescapable, 
as postulated by Stump et al. (1980, 1990b).

Fines-poor pillow breccia forms a massive deposit drap-
ing the pillow lava core of the volcano. It grades out rapidly 
into bright orange LT2, texturally similar to pillow breccia 
but finer, and the two units become thinner up-dip and may 
wedge out (Fig. 4b). A genetic link to the underlying pillow 
lava mound is provided by the abundance of microlite-rich 
sideromelane in both clastic lithofacies (B/TB, LT2), which 
is also a feature of glassy rinds to the lava pillows but not 
sideromelane in LT1. Monomict, finely crystalline clasts are 
also abundant. Despite the different predominant grain sizes, 
the pillow breccia and LT2 lithofacies were sourced in the 
pillow lava pile and were derived from disintegrated lava 
pillows. However, their massive nature suggests that they 
were emplaced en masse, probably during discrete collapse 
events. The gradational contact suggests that the pillow brec-
cia was still unconsolidated at the time and mixed with LT2. 

LT2 is essentially a more finely granulated version of the 
breccia. The differing mean grain sizes between the breccia 
and LT2 is inferred to be caused by additional attrition and 
disintegration of larger clasts in the latter, possibly caused 
by a (pillow lava) source location inferred to be much higher 
up in the volcanic pile. LT2 also contains admixed vesicular 
hyaloclasts similar to those in the type 1 lapilli tuff, implying 
that at least some explosive hydrovolcanic eruptions were 
also occurring coeval with deposition of LT2. Instability 
caused by seismicity associated with the explosivity may 
have been at least partly the cause of the collapse event(s) 
that gave rise to LT2.

The basal LT1 deposits are also massive, which is unu-
sual for both subaqueous and subaerial tuff cones or tuff 
rings, which are characteristically well stratified (e.g. Sohn 
1996; Cole et al. 2001; Brand and Clarke 2009; Sohn et al. 
2012; Brand and Broz 2015; Broz and Németh 2015). We 
suggest that they were deposited as mass flow(s), similar to 
the underlying pillow breccia and LT2 deposits. All three 

Fig. 5  Compendium of lithofa-
cies characteristic of Mt Early. 
(a) Nested close-packed lava 
pillows (lithofacies pL) with 
thin orange-coloured mantles 
of hyaloclastite; the individual 
pillows are c. 1 m in diameter 
but vary to c. 2.5 m (out of 
view). (b) Close view of pillow 
breccia formed of angular brec-
cia (lithofacies B); note angular 
clast shapes and outsize broken 
lava pillow block; the lens cap 
is 6 cm in diameter. (c) Type 
2 lapilli tuff (orange-brown 
coloured) composed of fine 
hyaloclastite, within which are 
numerous dispersed large lava 
pillows; the pillows are often 
flattened and have fluidal shapes 
(example outlined at lower 
right); the ice axe (ringed) is c. 
70 cm long. (d) and (e) View 
and close up of diffusely strati-
fied type 1 lapilli tuff; the note-
book is 16 cm long. (f) Small 
plug-like mass of intrusive grey 
columnar-jointed lava (lithofa-
cies iL) showing no evidence 
of rapid chilling; note outcrop 
of coeval dark grey scoria 
lapillistone with numerous large 
flattened bombs (lithofacies LP) 
to left of the ice axe
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clastic lithofacies (i.e. B/TB, LT2, LT1) also contain bro-
ken and intact lava pillows, some with flattened, fluidal and 
irregular shapes, attesting to coeval pillow effusion and 
intrusion. Many of the lava pillows were deformed while still 
molten during collapse(s) of the pillow pile, but others were 
probably intruded. Additionally, the observed upward grada-
tion from massive LT1 into diffusely stratified LT1 confirms 
that the collapse(s) affecting LT1 deposits took place during 
the construction of the Mt Early volcano and are not due to 
much younger, unrelated post-eruption collapse events. It 

is likely that early-formed massive lapilli tuffs (LT1) were 
transported initially as pyroclastic density currents and 
formed bedded deposits (cf. Branney and Kokelaar 2002) 
prior to the inferred flank collapse and loss of stratification.

In a glacial setting, flank instability is promoted by the 
removal of support caused by melting back of the surround-
ing buttressing ice. Similar instabilities also occur in some 
Surtseyan tuff cone edifices constructed in a marine set-
ting (e.g. Wright et al. 2008; Watts et al. 2012) but they 
are believed to be particularly characteristic of many 

Fig. 6  Compendium of deformational features within different litho-
facies at Mt Early. (a) Grey type 1 lapilli tuffs crossed by an anas-
tomosing network of pale-coloured shear planes; the hammer is 
35 cm long. (b) Close view of a shear zone separating pillow brec-
cia (below) and grey lapilli tuff (LT1; above); prominent striations are 
present on multiple sub-surfaces within the shear; the pencil is 14 cm 
long. (c) Numerous pale-coloured cross-cutting shear planes within 
massive pillow breccia; the ice axe is c. 70 cm long. (d) Sheared con-
tact between massive pillow breccia (dark grey) and orange diffusely 
stratified type 1 lapilli tuffs at the base of The Nubbin; the fawn-grey 

shear surface separating the two lithofacies is c. 30–35 cm wide and 
composed of thin, sub-parallel, wavy bands of pale greenish-grey 
milled lapilli tuff; person in red anorak at top right gives scale. (e) 
Folded and broken beds of diffusely stratified type 1 lapilli tuffs. (f) 
Broken and mixed fragments of orange type 1 lapilli tuffs in homog-
enised grey type 1 lapilli tuff matrix; several angular accessory clasts 
(likely pillow fragments) are also present (darkest grey); the orange 
lapilli tuffs must have been at least partly lithified prior to disintegra-
tion; the hammer head is c. 13 cm in length
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glaciovolcanic centres, and are often associated with prom-
inent slump scar structures (Smellie 2018). Conspicuous 
evidence for fracturing, shearing and faulting is present in 
all the clastic deposits at Mt Early, and large broken masses 
of grey LT1 are juxtaposed with orange LT1. Thin dykes 
and stringers of hyaloclastite locally intrude LT1 and were 
probably sourced in pillow breccia (Fig. 7), indicating that 
both the breccia and LT1 lithofacies were unconsolidated 
at the time. Intrusion of the hyaloclastite was probably due 
to local fluidisation caused by tremors associated with set-
tling and collapses of the volcanic pile. The finely curvi-
planar laminated fine to coarse tuff bands are small clastic 
dykes that were probably back-injected into the lapilli tuffs 
during multiple episodes of transient high hydraulic pres-
sures induced during disturbance. However, Ross and White 
(2005) also described very similar clastic dykes formed of 
laminated fine to coarse tuff intruding coarser (lapilli tuff 
and tuff breccia) diatreme deposits, which they ascribed to 
scavenging of fines from the unlithified coarser host caused 
by fluidization driven by the magmatic heat of coeval intru-
sions. The abundant features of deformation indicate that 
edifice instability was significant and continued repeatedly 
throughout the eruptive period. The presence of lava pillows, 
some with fluidal shapes and probably intrusive, and the 
dyke-like masses of pillow breccia indicate that the eruption 
continued after the flank collapses occurred, and that the 
volcanic pile was also wet and unconsolidated at the time.

The widespread pervasive nature of the deformation 
observed, mainly as multiple anastomosing shears together 
with the evidence for more than one substantial collapse 
deposit (i.e. massive deposits of pillow breccia, LT1 and 
LT2; Fig. 4b), is unusual and has not previously been doc-
umented in other glaciovolcanic edifices, implying that 

uncommon circumstances were responsible. The field rela-
tions suggest that the instability occurred when the lithofa-
cies were variably consolidated and unconsolidated (Fig. 7). 
The evidence for lava pillow injection continuing during and 
after deposition of multiple flank collapse deposits suggests 
that the volcano was repeatedly destabilised and deformed 
prior to deposition of the final drape of stratified LT1.

LT1 deposits crop out right to the summit of Mt Early, i.e. 
at c. 2850 m asl. Although the summit itself was not reached, 
the lower outcrops are mainly poor in fine tuff matrix and 
comparatively well sorted, with empty pore spaces. Neither 
are common characteristics of subaerial lapilli tuffs formed 
from pyroclastic density currents, which are generally rich 
in fine tuff (also seen at Sheridan Bluff, see below). We infer 
that the fines-poor characteristic is a result of water transport 
and deposition. Products of shallow-water explosive erup-
tions (water depths of a few tens of metres) can be variably 
fine ash rich depending on the final transporting medium (in 
air or water; e.g. Cas et al. 1989; Belousov and Belousova 
2001; Brand and Clarke 2009). Very fine ash transported 
in sediment gravity currents is known to commonly bypass 
the volcanic edifice in subaqueous and subglacial tuff cones, 
perhaps by stripping of the low-particle concentration zone 
of fine ash on top of stratified flows; gravitational settling 
creating a better-sorted ‘undercurrent’ relatively poor in 
fine ash; and turbulence keeping the fine-grained sediment 
load in suspension and transporting it to distal areas (cf. 
Smith 1986; White 1996, 2000; Belousov and Belousova 
2001; Smellie 2001). Subaqueous pyroclastic density cur-
rent deposits sourced in collapsed, very wet Surtseyan jets 
(e.g. the ‘water-rich pyroclastic base surges’ of Belousov 
and Belousova 2001) are also typically fines poor, unlike 
their subaerial counterparts. We therefore infer that a variety 

Fig. 7  (a) Thin dyke of dark grey pillow breccia (hyaloclastite) 
intruding a fracture in orange type 1 lapilli tuff; the sharp margins 
of the dyke suggest injection into a relatively consolidated host. The 
hammer is 30 cm long. (b) View showing dark grey massive pillow 
breccia abutting orange type 1 lapilli tuffs (LT1); the contact between 

the two lithofacies is wavy and shows offshoots of pillow breccia 
mingled with lapilli tuff that intrude the lapilli tuff, together with 
numerous isolated diffuse ‘swarms’ of pillow breccia clasts mingled 
with lapilli tuff; the relationships suggest that the two lithofacies were 
unconsolidated at the time of injection
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of fines-stripping processes are probably more efficient in 
subaqueous compared with subaerial settings.

The absence of accretionary lapilli and ash pellets, which 
are a common feature of explosively generated hydrovol-
canic deposits, might also be environmentally significant. 
Brown et al. (2010) showed that ash pellets characteristi-
cally nucleate in eruption plumes, whereas accretionary 
lapilli form when the pellets fall into and are transported 
within subaerial pyroclastic density currents. If the tephras 
at Mt Early were transported and deposited subaqueously, 
any ash aggregates falling into water would disintegrate and 
would be unable to form accretionary lapilli (Moore and 
Peck 1962; Russell et al. 2013). Alternatively, the condi-
tions in the eruption might simply have been insufficient 
to create accretionary lapilli or ash pellets. LT1 outcrops 
situated below the top of the coeval pillow mound were self-
evidently water-emplaced and we suggest that deposition of 
most or all of the LT1 lithofacies at Mt Early was also prob-
ably subaqueous. The absence of impact structures beneath 
admittedly uncommon lava blocks is also consistent with 
this interpretation, since sags require ballistic transport and 
high-impact velocities, which are more likely in a gas rather 
than water setting (White 2000).

Sheridan Bluff

Description The geological sequence at Sheridan Bluff is 
simple and comprises just three parts, from base up: (1) 
granitoid forming the local basement; (2) lapilli tuffs; and 
(3) lavas (Stump et al. 1980, 1990a; Fig. 8). Only the cap-
ping lavas are well exposed, mainly in a 50-m-high cliff 
at the eastern limit of the outcrop (Sheridan Bluff, s.s.; 
Fig. 8b). The underlying granitoid is exposed in three places 
directly beneath volcanic rocks (Fig. 8b). A large Cambro-
Ordovician granitoid outcrop is present on the north-west 
side, at Mt Saltonstall, together with Beacon Supergroup 
sedimentary strata (Permian; Davis and Blankenship 2005); 
a much smaller granitoid outcrop is also present at an un-
named bluff to the south (Fig. 2). Below Sheridan Bluff, the 
granitoid forms several small glacially rounded, polished and 
locally striated roches moutonées, two of which are overlain 
by orange laminated tuff and lapilli tuff. The striations are 
orientated perpendicular to the rock face and trend under the 
lapilli tuffs. The disposition of the basement outcrops sur-
rounding the volcanic outcrops at Sheridan Bluff indicates 
that the latter accumulated in a topographical hollow.

The basal 80 m of the volcanic sequence, as exposed on 
the north side, is much obscured by lava scree but scattered 
exposures indicate that they consist of khaki-yellow, massive 
fine lapilli tuff (LT1; Figs. 8b, 9a; Table 1). Sideromelane in 
these lower deposits is mainly blocky and poorly vesicular 
but highly vesicular cuspate lapilli are also present. Close 

to the contact with overlying lavas, the lapilli tuffs contain 
numerous (25%) maroon-coloured scoria up to 20 cm across 
(mainly < 3 cm) and a 4-cm-thick bed of faintly ruddy-col-
oured well-sorted fine tuff. A few lower exposures show 
indistinct discontinuous planar stratification and there 
is a fine lapilli tuff bed with numerous angular blocks of 
finely crystalline, grey, reworked juvenile lava up to 30 cm 
across, variably non-vesicular and coarsely vesicular, plus 
coarsely vesicular bombs with glassy rims, some deformed 
(Fig. 9a). The summit outcrops, c. 3 km to the south-west 
at c. 2570 m asl, consist of sparse outcrops of yellow fine 
lapilli tuff similar to those of the north side but better strati-
fied (Fig. 9b) and much richer in sideromelane tuff matrix 
(c. 80–95% compared with c. 10–20% in the basal outcrops). 
The sideromelane fragments in these upper outcrops are 
predominantly vesicular and cuspate. The deposits also 
contain locally numerous highly vesicular dark grey bombs 
15–20 cm in diameter. Alteration in the summit area is 
greater than below, with much more pervasive palagonite, 
and zeolite infills pore spaces and vesicles. The summit area 
is also strewn with numerous loose blocks of lava, multi-
coloured in bright pink, rusty brown and cream hues due to 
extensive hydrothermal alteration to albite and jarosite or 
alunite (Fig. 9c). In thin section, the lava blocks are seen to 
be composed of hematite-altered glass with quench-textured 
feldspar microlites, and a few olivine phenocrysts.

An abrupt transition up into finely crystalline pale 
grey lava with maroon scoriaceous margins occurs at c. 
60–80 m above the granitoid base of the sequence. The 
lava consists of poorly seen small pāhoehoe lobes. The 
lavas in the vertical cliff at the top of Sheridan Bluff com-
prise sheets and lobes of crystalline grey pāhoehoe with 
maroon sometimes ropy-textured surfaces lacking glassy 
rims (Fig.  9d), and similar lithofacies form the scree 
below. The lava lobes thicken upward in the sequence and 
the thicker lobes are coarsely and crudely columnar jointed 
(columns c. 1 m in diameter). The surface of the lava out-
crop, extending south-west towards the summit area, is 
greatly broken up and comprises a blockfield of poorly to 
moderately vesicular lava-rubble; some loose lava blocks 
contain very coarse spherical to more rarely flattened vesi-
cles up to 8 cm wide and 4 cm high, occasionally forming 
vesicle zones separated by non-vesicular lava. The surface 
is undulating, probably reflecting original tumuli, with 
scattered low lava crags up to 4 m high formed of single 
lava lobes. It has a gentle, probably near-original dip (c. 
10–5°) to the east-northeast (Fig. 8a). Traced up-dip to the 
south-west, the surface transforms to an extensive field 
of linear patterned ground formed of more finely broken 
lava debris. Minor granitoid and rarer Beacon sandstone 
erratics are scattered on the lava surface.

Based on measured GPS elevations, the exposed vol-
canic sequence is c. 160 m thick at the north-eastern end of 
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the outcrop (i.e. Sheridan Bluff, s.s.) but a total minimum 
thickness of > 400 m is possible between the exposed base 
at Sheridan Bluff and the summit outcrops to the south-west; 
the maximum thickness of lavas exposed above lapilli tuffs 
is c. 100 m.

Interpretation The earliest rocks erupted at Sheridan Bluff 
may be represented by numerous loose lava blocks scattered 
on the summit outcrops of lapilli tuff. The lavas show evi-
dence for original glass (now altered) and quench textures, 
which suggest that they may be fragments of pillow lava 
incorporated in the lapilli tuffs during explosive ejection, 
then weathered out more or less in situ; pillow lavas are 
unknown in the local basement geology (Minshew 1967). 
The blocks might therefore be evidence for a pillow lava core 
deep within the volcano but which is currently unexposed 
(Fig. 10a).

The lapilli tuffs (LT1) at Sheridan Bluff are similar to 
those described for Mt Early. They are characteristic of 
deposits formed during explosive hydrovolcanic eruptions 

and transported in pyroclastic density currents (see Table 1). 
The presence of scarce bombs in the lower outcrops, with 
thin glassy chilled selvages, suggests that the bombs may 
have erupted subaerially but were chilled falling through 
water. The absence of bedrock (granitoid) fragments sug-
gests that the magma was interacting with surface water 
rather than groundwater. Hydrovolcanic eruptions in shal-
low water (much less than 100 m) often construct tuff rings 
although tuff cones may also be constructed (White 1996; 
Belousov and Belousova 2001). However, the sparse indi-
cation of a possible pillow mound core, if present, might 
suggest water depths of 100–200 m at the outset of eruptions 
since hydrovolcanic explosivity to yield lapilli tuffs with the 
characteristics of LT1 (Table 1) becomes less likely below 
that (Zimanowski and Büttner 2003), although the transition 
depth is imprecise and not yet a fully settled question. The 
basal outcrops of LT1 are also better sorted, with numerous 
empty pore spaces and minor very fine tuff matrix, suggest-
ing winnowing and bypassing of finer ash during transport 
and deposition in water (see previous comments for Mt 
Early). Winnowing from an associated subaerial eruption 

Fig. 8  (a) Geological outcrop 
map of Sheridan Bluff and its 
hinterland (after Smellie et al. 
2021b, modified). (b) View of 
Sheridan Bluff with the geology 
indicated. Elevations shown in 
both diagrams are by hand-held 
GPS with altimeter calibration
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column might also reduce the proportion of fine ash. The 
summit outcrops are much richer in fine tuff matrix, are 
poorly sorted, locally contain numerous vesicular bombs, 
and they crop out at a similar elevation to the surround-
ing pāhoehoe lavas, indicating that the summit lapilli tuffs 
were vented and deposited subaerially, whilst hydrovolcanic. 
Moreover, the presence of red (oxidised) scoria in the lapilli 
tuffs cropping out immediately below lavas at Sheridan Bluff 
itself suggests that Strombolian eruptions may have taken 
place briefly before lava effusion, with some of the scoria 
reworked by reinstated hydrovolcanic eruptions. The lavas 
are typical pāhoehoe erupted under essentially dry subaerial 
conditions, with surface tumuli and zones of round or ovoid 
vesicles characteristic of flow inflation, and no obvious evi-
dence for water interaction. Thus, the pyroclastic cone sum-
mit area was subaerial prior to lava effusion.

Since lavas must flow downhill under gravity and there 
is no evidence for regional tilting, the original crater (now 
removed by erosion) must have been situated upslope to 
the south-west. The summit outcrops of lapilli tuff and 
associated loose lava blocks are extensively hydrother-
mally altered signifying enhanced geothermal gradients. 
They are therefore probably situated close to the vent for 
the volcanic centre. The morphology of the original vol-
cano can now be deduced. Assuming it was symmetrical, 
it probably had an original diameter of c. 6 km (Fig. 10b). 
In the scenario depicted, it is clear that perhaps only < 15% 
is now exposed of what was probably a small volcano 
with a shield-like morphology composed of a pyroclastic 

core and lava carapace (Fig. 9). The low apparent dip 
of the lava-draped flank presumably must reflect that of 
the underlying tephras. It is similar to that of tuff rings 
(Broz and Németh 2015). However, tuff rings are small-
volume volcanic edifices (< < 1  km3) with a short erup-
tion duration (typically hours to days). Beds are seldom 
traceable more than 1 km away from the crater rim, they 
often include conspicuous dune beds and abundant bed-
rock-derived clasts, a pillow lava core is absent, crater rim 
heights are typically < 100 m and crater floor elevations 
are close to that of the surrounding landscape (Sohn 1996; 
Broz and Németh 2015). By contrast, the reconstructed 
Sheridan Bluff centre (Fig. 10b) would have had a substan-
tial volume estimated as c. 4.2  km3 for the entire edifice 
above the exposed base, including the lava carapace; the 
equivalent volume for the pyroclastic cone is c. 3.7  km3. 
Moreover, its flanks extended ≥ 3 km, dune beds were not 
observed, bedrock-derived clasts are scarce, pillow lava 
may be present (although inferred and not exposed) and 
the crater floor must have been at an elevation of > 400 m 
(cf. Brand and Broz 2015). Taken together, the charac-
teristics of the pyroclastic core of the edifice at Sheridan 
Bluff are more similar to a tuff cone. Finally, the pres-
ence of bench-like steps on the north-east flank (Fig. 10b) 
suggests that local (and very much younger) collapse of 
that flank has taken place, probably caused by erosion and 
oversteepening by a ‘palaeo-Scott Glacier’ during younger 
glacials, alternating with loss of ice support in intervening 
ice-poor periods.

Fig. 9  Compendium of lithofa-
cies characteristic of Sheridan 
Bluff. (a) Type 1 lapilli tuffs 
with several bombs (mainly 
above ice axe); lower exposures 
at Sheridan Bluff; the ice axe 
head is 25 cm in length. (b) 
Fine ash-rich type 1 lapilli 
tuffs showing disturbed fine 
stratification; summit outcrop. 
(c) Intensely altered lava clast 
(likely pillow fragment) lying 
loose on the summit outcrop; 
the lens cap is 6 cm in diameter. 
(d) View of pāhoehoe lavas 
with oxidised and sometimes 
ropy surfaces and crude coarse 
prismatic columns c. 1 m in 
diameter
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Discussion—eruptive palaeoenvironments

Mt Early

As described above, subglacial eruption of Mt Early is evi-
dent and we can now estimate the contemporaneous palaeo-
ice thicknesses. The nunatak is surrounded by ice that is 
c. 500 m thick (estimated from BEDMAP; Fretwell et al. 
2013) and it reaches a summit elevation c. 450 m above 
the present ice surface. The feature is therefore c. 1000 m 
high today. However, Mt Early has been extensively modi-
fied, probably by overriding ice. Its base is unexposed and 
no crater is preserved on the summit. The flanks are also 
extensively eroded so the original dimensions, including the 
height of the centre, are unknown. Although the thinness of 
the capping tephra pile at Mt Early suggests that the final 
explosive episode was relatively brief, much of the tephra 
may have been removed, probably soon after cessation of 
volcanic activity when the tephra was still relatively soft 
and easily eroded. Explosively generated hydrovolcanic 
tephra can form tuff cones extending up to a few hundred 
metres above the contemporary water surface. Therefore, 
the explosive period could have been much longer and the 
volcano may have been much taller originally. It is likely that 
the summit of the Mt Early volcano was visible protruding 

above the contemporaneous ice surface. During eruptions, 
the ice surface surrounding a warm volcanic centre would 
have been affected by drawdown. Up to c. 150 m of draw-
down has been observed in other glaciovolcanic eruptions, 
and the ice surface would be higher by that amount outside 
of the drawdown area (Gudmundsson 2002; Edwards et al. 
2015, Fig. 20.3). This implies a conservative estimate of c. 
3000 m asl (relative to present datum) for the elevation of 
the coeval ice surface (i.e. Mt Early summit elevation plus 
150 m). Eruptions under such substantial ice thicknesses cre-
ate glaciovolcanoes with pillow bases and tuff cone summits 
(e.g. Jones 1969; Edwards et al. 2015; Smellie and Edwards 
2016).

Mt Early is currently situated at the head of Scott Glacier. 
The significantly higher ice surface elevation calculated for 
the Early—mid Miocene eruptive episode indicates that the 
surrounding topography would have been drowned by ice 
and the palaeo-Scott Glacier would have been an ice stream 
or outlet glacier at that time. Because the bedrock topog-
raphy is not well constrained for the Early—mid Miocene, 
it is not possible to distinguish between an ice stream and 
an outlet glacier but it is referred to here as an ice stream 
because the contemporaneous topography was covered by 
ice. Ice streams or outlet glaciers are relatively fast-moving 
compared to other grounded ice. They move at rates that 

Fig. 10  (a) Schematic true-scale 
cross section of Sheridan Bluff. 
The vertical scale indicates 
metres above the exposed base 
of the volcano. The existence 
of a small pillow mound core is 
inferred based on the presence 
of water-chilled lava clasts 
in lapilli tuffs interpreted as 
fragmented lava pillows (see 
text for description). The loca-
tion of the hypothetical line of 
section (A-A’) is shown in (b). 
(b) Schematic reconstruction of 
Sheridan Bluff volcano. Com-
pare with Fig. 8a. The darker 
colours represent exposed rock; 
paler shades represent inferred 
sub-ice outcrop
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vary from a few hundred metres to a few kilometres per year 
(Rignot et al. 2011).

An ice stream flowing past Mt Early would have exerted 
a compressive stress on the stoss side of the relatively warm 
(active) volcanic edifice, causing erosion and enhanced 
meltwater generation due to pressure effects of the moving 
ice pressing against rock (cf. analogue experiments by Cole 
et al. 2021). A cavity would also have formed on the lee 
side if the tensile stress due to the speed of ice flow around 
the volcano exceeded the ability of the ice to close the cav-
ity due to normal cryostatic pressure. Thus, the ice would 
have split and flowed around the volcanic obstacle, probably 
with separation points on its flanks (Fig. 11). Recombination 
would have occurred downstream on the lee side of the vol-
cano, resulting in the creation of an elongate englacial cavity 
filled by meltwater (cf. Bennett et al. 2006). There would 
thus have been no buttressing support of ice on that flank 
and the cavity could also act as a local depocenter for debris 
from sector collapses (Fig. 11). This should lead to an asym-
metrical volcanic edifice aligned with the ice flow vector. 
Since ice streams are characteristically wet based, the supply 
of meltwater into the englacial lake, increased by pressure-
melting on the stoss side, is likely to have increased the sub-
glacial discharge, thus lubricating and enhancing basal slip 
of the glacier. This would probably have resulted in a local 
lee-side drawdown of the ice surface together with increased 
crevassing (Fig. 11). We also speculate that the greater stoss 
side erosion implied by our model should lead to lithofacies 
of the pillow lava core being preferentially exposed on the 
south or south-west (upstream) side. It is currently obscured 
by snow and ice. By contrast, the absence of ice support on 
the lee side should have promoted collapses of that flank 
throughout the eruptive period, and is where volcaniclastic 
rocks would be preferentially preserved. The likelihood of 
preserving a larger proportion of the relatively soft lapilli 
tuff carapace is also higher on the protected lee side.

Previous interpretations of glaciovolcanic edifices have 
assumed an essentially static ice cover and the characteristics 
of glaciovolcanoes erupted through fast-moving ice streams 
have not been described previously. However, it is suggested 
that stresses exerted by the moving ice stream during the 
eruption could have been responsible for the unusually wide-
spread deformation seen at Mt Early. Moreover, based on 
our interpretation, the combination of pervasive shearing, 
multiple mass flow deposits draping the lee side as a result 
of repeated sector collapses, an asymmetrical volcano profile 
with pillow lavas exposed on the (more eroded) stoss side 
and weaker volcaniclastic rocks preserved preferentially on 
the (protected) lee side is distinctive and may be diagnostic.

No evidence was seen for subaerial capping lavas at Mt 
Early, although they were postulated (but unvisited) by 
Stump et al. (1980, 1990b). The highest outcrop of grey 
columnar lava, which might easily have been mistaken for 

subaerial lava, crops out below orange lapilli tuffs (LT1) 
and is probably intrusive (Fig. 4a). However, the lithofacies 
suggest that there was a volumetrically minor third eruptive 
stage at Mt Early, and there is no evidence for a significant 
time break with the earlier eruptive activity. The youngest 
rocks present are crystalline grey columnar lava and asso-
ciated dark grey scoria and agglutinate that intrude LT1 
and pillow lava/hyaloclastite. The absence of any evidence 
for water interaction in these rocks (i.e. presence of fully 
crystalline lava, slowly cooled columnar joints, agglutinate, 
and absence of glass and hyaloclastite) and the presence of 
maroon oxidised scoria reworked into the, admittedly rare, 
high-level polymict lapilli tuff lithofacies (pLT; Table 1), 
suggest that the eruptions associated with the grey columnar 
lava took place under drier ambient conditions. It is postu-
lated that the younger rocks were emplaced when the vent 
within the volcanic pile had dried out, implying that the 

Fig. 11  Schematic plan view (a) and cross section (b) reconstructions 
of the Mt Early volcano showing inferred ice flow in Early Miocene 
time. Glacial erosion would have occurred on the upstream (stoss) 
side and a meltwater-filled cavity developed on the downstream (lee) 
side, probably associated with a particularly crevassed surface on the 
lee side due to ice drawdown caused by fast ice stream flow around 
the edifice. The removal of buttressing ice support for the englacial 
edifice on its lee side would have promoted flank instability, resulting 
in sector collapses and accumulation of successive massive mass flow 
deposits in the englacial cavity. S – separation points; R – recombina-
tion point. Not to scale
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water-filled vault associated with the earlier pillow lava and 
lapilli tuff activity may have drained. The eruption of oxi-
dised scoria and agglutinate suggests that at least some of 
these late-stage eruptions were subaerial. Emplacement of 
the intrusive masses may also have contributed to destabili-
sation by inflating the volcanic pile, triggering at least some 
of the conspicuous deformation observed.

Sheridan Bluff

That ice existed at some time prior to the eruption of the 
Sheridan Bluff volcano is demonstrated by the presence of 
striations on the underlying granitoid basement. The evi-
dence of striations and ice moulding of the granitoid sur-
face, and an assumed similarity to ‘moberg’ volcanoes in 
Iceland (tuyas?), strongly influenced Stump et al. (1980) in 
their interpretation of a glacial setting for the eruptions. The 
striations are orientated perpendicular to the rock face and 
trend under the lapilli tuffs; they were therefore not caused 
by a modern glaciation. However, evidence for ice on a pre-
volcanic bedrock surface only proves that ice existed at that 
location prior to the volcanic eruptions. It does not necessar-
ily follow that the eruptions themselves were glaciovolcanic 
(Smellie and Edwards 2016; Smellie 2018). Furthermore, 
the presence of granitoid and Beacon sandstone erratics on 
the outcrop, and its eroded state, indicates that Sheridan 
Bluff has been overridden by ice since its formation. Thus, 
the volcano formed between two glacial episodes, although 
their ages are unknown. Similar to the reasoning advanced 
for Mt Early, the presence and characteristics of lapilli tuffs 
(LT1) at Sheridan Bluff indicate explosive hydrovolcanic 
eruptions, probably within a lake (glacial or pluvial). From 
the rare presence of quenched lava clasts in the summit 
region, which may be fragments of pillow lava, it is possible 
that initial eruptions were effusive and the volcano has a pil-
low lava mound in its core. Based on the location of Sheri-
dan Bluff, far inland and at high elevation (> 2200 m asl), 
eruptions within the sea are unrealistic. However, unlike at 
Mt Early, the volcanic sequence at Sheridan Bluff occupies a 
laterally extensive, topographical hollow eroded in granitoid 
bedrock, which might easily have ponded surface water in a 
pluvial lake. The putative lake had a minimum depth of 50 m 
based on the thickness of water-deposited(?) lapilli tuffs 
exposed at Sheridan Bluff itself. The shape of the granitoid 
bedrock is only exposed at its northern margin and its pre-
cise morphology beneath the volcano is unknown. However, 
if a pillow lava mound is present, coeval water depths might 
have been significantly deeper (possibly ≥ 100–200 m).

Although the Sheridan Bluff volcano is probably domi-
nated by a hydrovolcanic tuff cone core formed of lapilli 
tuffs (LT1) draped by subaerial pāhoehoe lava (Fig. 10a), 
the overall morphology of the reconstructed edifice is 
not obviously glaciovolcanic. Morphometric studies have 

demonstrated that subglacially erupted volcanic centres 
typically have high aspect ratios (height:width; Smellie 
2013; Pedersen et al. 2020). This probably also includes 
glaciovolcanic tuff cones (and analogous ridges known as 
tindars), although there are fewer published data (unpub-
lished information of JS). By contrast, the Sheridan Bluff 
volcano was a monogenetic volcano with a low surface gra-
dient. There appears to be no way to reconstruct a similar 
morphometry in a glaciovolcanic context and the observa-
tions much more closely resemble the profiles of volcanoes 
erupted in unconfined marine or lacustrine situations. We 
use a young (c. 660 ka) marine-erupted, Surtseyan pyroclas-
tic cone (Terrapin Hill) from James Ross Island, Antarctica, 
as a similar-sized reference example of a volcano erupted 
in an unconfined setting (described by Smellie et al. 2006). 
When the two volcano profiles are superimposed, the close 
correspondence between the surface slopes is striking, with 
the mismatches explained principally as a consequence of 
glacial erosion of the lower flanks of the Pleistocene Ter-
rapin Hill volcano, and the greater elevation of its summit 
(Fig. 12). The reason for the relatively low gradient of the 
flanks of the Sheridan Bluff pyroclastic cone compared to 
other tuff cones is uncertain but we note that an unknown 
amount of glacial erosion of the summit region, with its 
potentially steepest gradients, has occurred at Sheridan 
Bluff. Thus, we suggest that the eruptive setting of the Sheri-
dan Bluff volcano was unconfined. Because the eruptions 
could not have been marine, the environment was therefore 
a pluvial lake. It was thus ice poor or conceivably ice free.

Summary

Several small mafic volcanic centres are present in the 
southern Transantarctic Mountains between 85 and 87° S, 
within 300 km of South Pole, although only two are cur-
rently exposed (Mt Early and Sheridan Bluff). They are the 
southernmost volcanoes in the world and have Early—mid 
Miocene published isotopic ages. Both were previously 
interpreted as glaciovolcanic. From a study of the litholo-
gies, lithofacies and architecture, a history of very different 
eruptive settings is evident. Although both volcanoes are 
Surtseyan (i.e. shoaling to emergent centres), only Mt Early 
is unequivocally glaciovolcanic. It erupted under a thicker-
than-modern ice sheet that was probably an ice stream at the 
eruptive site. By contrast, the Sheridan Bluff centre cannot 
be forced to fit into any glaciovolcanic model, and uncon-
fined eruption within a pluvial lake is indicated. Our study 
demonstrates, yet again, that volcanic studies can be used to 
tease out important environmental information that cannot 
be obtained any other way.
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