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Erebus Volcanic Province: petrology
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Abstract: Igneous rocks of the Erebus Volcanic Province have been investigated for more than a century but many aspects of petrogenesis
remain problematic. Current interpretations are assessed and summarized using a comprehensive dataset of previously published and new geo-
chemical and geochronological data. Igneous rocks, ranging in age from 25 Ma to the present day, are mainly nepheline normative. Compo-
sitional variation is largely controlled by fractionation of olivine + clinopyroxene + magnetite/ ilmenite + titanite ± kaersutite ± feldspar, with
relatively undifferentiated melts being generated by <10% partial melting of a mixed spinel + garnet lherzolite source. Equilibration of radio-
genic Sr, Nd, Pb and Hf is consistent with a high time-integrated HIMUsensu strictosource component and this is unlikely to be related to
subduction of the palaeo-Paci� c Plate around 0.5 Ga. Relatively undifferentiated whole-rock chemistry can be modelled to infer complex
sources comprising depleted and enriched peridotite, HIMU, eclogite-like and carbonatite-like components. Spatial (west–east) variations
in Sr, Nd and Pb isotopic compositions and Ba/ Rb and Nb/ Ta ratios can be interpreted to indicate increasing involvement of an eclogitic
crustal component eastwards. Melting in the region is related to decompression, possibly from edge-driven mantle convection or a
mantle plume.

Supplementary material:Whole-rock, clinopyroxene, englacial tephra and marine drill-core volcanic rock and glass chemistry ± isotopes ±
chronology from published sources (referenced) and new data (ESM1) are available athttps:// doi.org/ 10.6084/ m9.� gshare.c.5199416

Volcanoes, volcanology and geology were the subjects of the
earliest scienti�c observations in the Ross Sea (Ross 1847),
and they formed part of the justi�cation for scienti� c explora-
tion during the heroic era (c.1900–20). The samples collected
in these early studies are still of value and they are part of the
dataset used in this chapter (e.g.Prior 1899,1902, 1907;
Thomson 1916;Smith 1954). Igneous rocks were extensively
studied as part of the International Geophysical Year pro-
gramme (the third Polar Year) of 1957–58, and a signi�cant
outcome was published descriptions of the petrography of
McMurdo Sound igneous rocks (e.g.Harrington 1958b,
1965; McCraw 1962). Since the International Geophysical
Year, numerous workers have contributed to understanding
the petrogenesis of igneous rocks in the McMurdo Sound
region, using techniques such as geochronology (e.g.Arm-
strong 1978;Kelly et al.2008;Martin et al.2010), chemistry
and petrology (e.g.Wright-Grassham 1987;Cooperet al.
2007), and isotopes (Sun and Hanson 1975;Phillips et al.
2018). The most advanced petrological techniques have
been applied to igneous rocks from Ross Island (e.g.Kyle
et al. 1992; Kelly et al. 2008; Sims et al. 2013; Iacovino
et al. 2016) and the actively convecting, phonolite lake of
Mount Erebus (Kyle et al. 1992; Moussallamet al. 2013,
2015). Drilling, onshore but mainly offshore, has also contrib-
uted considerably to the understanding of McMurdo Sound
igneous volcanism, with signi�cant programmes including
drilling by the Dry Valley Drilling Project (DVDP), the
Cape Roberts Drilling Project (CRP:Cape Roberts Science
Team 1999)and the Antarctic Drilling Project (ANDRILL:
Pompilioet al. 2007;Panteret al. 2008; Naishet al. 2009).
A record of McMurdo Sound volcanic activity is also found
in geophysical studies and studies of englacial tephra. This
chapter builds on the seminal work presented in the Antarctic
Research Series on Antarctic volcanism (Kyle 1990b).

The de�nition of the Erebus Volcanic Province used here
closely followsKyle (1990b) as modi� ed bySmellie and Mar-
tin (2021; seeFig. 1). It includes Cenozoic-aged igneous rocks
erupted and emplaced between Franklin Island and Mason
Spur, volcanic islands in the Ross Sea, occurrences in the foot-
hills of the Transantarctic Mountains, tephra in rock, ice core
and in sediments, and volcanic rocks from the sea�oor ( Fig. 1).
This chapter will provide a thorough overview of more than
1000 whole-rock and glass analyses, more than 100 isotope
analyses on whole rocks and crystals, and more than 100
radiometric dates (Table 1) from the Erebus Volcanic Prov-
ince. This includes both published (78% of the data) and
unpublished analyses. An extensive list of references is pro-
vided. Chronology and physical volcanology of the Erebus
Volcanic Province are described inSmellie and Martin
(2021), and radiometric ages are only used in this chapter to
investigate petrogenetic trends. A marine record of Antarctic
volcanism from drill cores is also discussed byDi Roberto
et al. (2021), and only drill cores from the Erebus Volcanic
Province (onshore and offshore) are summarized in this chap-
ter. Clinopyroxene chemistry of relatively undifferentiated
compositions will be provided where available;‘ relatively
undifferentiated’ is de�ned here as whole-rock compositions
with SiO2 <55 wt% and MgO >6 wt% (de�nition after Sprung
et al.2007). These analyses are included in theSupplementary
material (ESM1), with each analysis linked to a bibliographi-
cal reference. An overview of the geological setting is pre-
sented, followed by a presentation of a re�ned subdivision
of the province. A petrological review of major volcanic
islands and other occurrences in the Transantarctic Mountain
foothills, drill core and elsewhere is given along with a review
of historical work undertaken in each area. Current lithological
maps are provided for many of the major volcanic centres. The
whole-rock geochemistry and geothermobarometry of the

From: Smellie, J. L., Panter, K. S. and Geyer, A. (eds)Volcanism in Antarctica: 200 Million Years of Subduction,
Rifting and Continental Break-up. Geological Society, London, Memoirs,55,
https:// doi.org/ 10.1144/ M55-2018-80
© 2021 The Author(s). Published by The Geological Society of London. All rights reserved.
For permissions:http:// www.geolsoc.org.uk/ permissions. Publishing disclaimer:www.geolsoc.org.uk/ pub_ethics
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Fig. 1. A map of southern Victoria Land showing the extent of the Erebus Volcanic Province, signi� cant offshore drill-hole locations and key topographical
features. The inset map shows the location within Antarctica. Erebus Volcanic Province rock outcrop is shown in red (subaerial) or light red (subaqueous:
interpreted from dredge samples and geophysical studies:Lawveret al.2012). Other older rock outcrops are shown in black. The stippled pattern indicates
supraglacial till. The geological units here follow the classi� cation ofCoxet al.(2012). The Victoria Land Basin is located between the dashed black lines, with
the western boundary marking the Transantarctic Mountain Front Fault. The positions of the faults associated with the Terror Rift are shown by thin, grey dashed
lines (Cooperet al.1987). Offshore drill-hole locations (� lled circles) are shown. The green boxes indicate the location of some� gures used elsewhere in this
study, with the corresponding� gure number shown in green text. The red dashed lines indicate the approximate position of volcanic� elds and suites within the
Erebus Volcanic Province: 1, Terror Rift Volcanic Field; 2, Ross Island Volcanic Field; 3, Mount Discovery Volcanic Field; 4, Mount Morning Volcanic Field;
5, Southern Local Suite. CIROS, Cenozoic Investigations into the western Ross Sea drill-hole collar locations; CRP, Cape Roberts Project; DVDP, Dry Valley
Drilling Project drill-hole collar locations; MSSTS, McMurdo Sound Sediment and Tectonic Study drill-hole collar locations; MIS (McMurdo Ice Shelf) and
SMS (Southern McMurdo Sound) drill-hole collar locations from ANDRILL (Antarctic Drilling Project). The scale bar is accurate at 78° S.
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province as a whole are discussed using theSupplementary
material (ESM1)dataset. In the discussion, competing petro-
genetic hypotheses are evaluated, and the various mantle
sources, age of chemical heterogeneity of the mantle sources,
asthenospheric v. lithospheric and types of melting are consid-
ered. The�nal sections of the chapter include suggestions
regarding pertinent areas for future research, a summary and
a concluding statement.

Geological setting

The earliest, published geological map of the Erebus Volcanic
Province rocks is based on notes made by Hartley Ferrar dur-
ing the 1901–04 British National Antarctic Expedition (Ferrar
1905) and work since then has aimed at adding extra detail,
with explanations placed in a modern-science context (Cox
et al.2012) (Fig. 2). The region is part of the intracontinental
West Antarctic Rift System (Behrendt 1999), with the Trans-
antarctic Mountain Front at the shoulder of the rift. East Ant-
arctica comprises mainly Precambrian cratons (Bentley 1991)
compared to West Antarctica, which includes a mosaic of
younger crustal blocks (Talarico and Kleinschmidt 2008),
with the precise lithological boundary between East and
West Antarctica being contentious. The Moho shallows to
around 20 km in McMurdo Sound and deepens to around
40 km beneath the Transantarctic Mountains (Bannister
et al.2003;An et al.2015). Based on the study of crustal xeno-
liths, the lower crust beneath the Transantarctic Mountains,

Mount Morning and Mason Spur is mainly calc-alkalic,
whereas further east, away from the Transantarctic Mountain
Front Fault, the lower crust is more alkali–tholeiitic (Berg
et al. 1985; Kalamarideset al. 1987; Martin et al. 2015a).
Subduction beneath the region where the Erebus Volcanic
Province now sits last occurred atc. 0.5 Ga when the palaeo-
Paci�c Plate subducted westwards beneath the Gondwana
margin (Stump 1995).

Some of the most recent tectonic activity in the West Ant-
arctic Rift System has occurred on faults within the Terror
Rift (Cooperet al. 1987), with regional correlations suggest-
ing that faulting must be younger than 17 Ma (Fieldinget al.
2006), and some faults cutting the sea�oor may be indications
of modern activity (Hall et al. 2007). Onshore faulting at
Mount Morning occurred post-3.9 Ma (Martin and Cooper
2010). During rifting, the Antarctic Plate is thought to have
remained effectively stationary sincec. 60 Ma (Grindley and
Oliver 1983;Torsviket al.2008).Kyle and Cole (1974)�rst
noted a three-fold radial symmetry of vents around Mount Ere-
bus and Mount Discovery, and suggested these could be
related to radial fractures at approximately 120° to each
other. They postulated that these fractures resulted from
crustaldoming, whilstKyle et al. (1992)suggested doming
at Ross Island is the result of a mantle plume.

Cenozoic volcanism in the province commenced as recently
as 18.7 Ma but tephra in cores, inferred to be sourced within
the province, indicate that volcanism is likely to have been ini-
tiated around 25 Ma (Kyle and Muncy 1989;McIntosh 2000;
Martin et al. 2010). Mount Erebus is still volcanically active
today and, based on chronology and abnormally high heat

Table 1. Summary of the number of analyses and type from each locality or sample type used in this study of the
Erebus Volcanic Province

Whole-rock chemistry Isotopes* Chronology†

Terror Rift Volcanic Field Beaufort Island 3 – –
Franklin Island 9 1 3
Submarine volcanic rocks 17 17 13
Sub-total 29 18 16

Ross Island Volcanic Field Cape Crozier 26 5 –
Holes DVDP 1 and 2 99 11 4
Hut Point Peninsula 60 17 –
Mount Bird 33 14 –
Mount Erebus 107 34 15
Mount Terror 30 17 –
Sub-total 355 106 19

Mount Discovery Volcanic Field Black Island 10 1 –
Brown Peninsula 8 – –
Dailey Islands 1 – 1
Minna Bluff 39 1 8
Mount Discovery 49 1 7
White Island 25 – 4
Sub-total 132 3 20

Mount Morning Volcanic Field Mason Spur 110 2 8
Mount Morning 248 10 22
Sub-total 358 12 30

Southern Local Suite – 21 1 –
Total 895 140 85

Other Historical Erebus bombs 62 28 28
Ross Island englacial tephra 37 – –
ANDRILL lava 11 – –
ANDRILL glass 68 – 24
Sub-total 178 28 52
Grand total 1073 168 137

*Where whole-rock chemistry and isotope analysis have been determined on the same sample.
†Chronology where the whole-rock chemistry can be associated with the radiometric age with a high degree of certainty (i.e. from the same

sample).

Erebus Volcanic Province: petrology
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�ow, several eruptive centres are considered dormant rather
than extinct. Volcanic rock compositions are alkalic, and typ-
ically range from alkali basalt and basanite to phonolite and
trachyte (Fig. 3). Typical, primitive whole-rock compositions
are presented inTable 2. The Erebus Volcanic Province is the
southernmost of three provinces that comprise the McMurdo
Volcanic Group (Kyle 1990a). To the north is the Melbourne
Volcanic Province and north of that is the Hallett Volcanic
Province. The McMurdo Volcanic Group occurs along ac.
2000 km-long portion of the western shoulder of the West
Antarctic Rift System between Cape Adare and Mount

Early. It has long been recognized (e.g.Coombset al. 1986;
Panteret al. 2006) that McMurdo Volcanic Group rocks,
including Erebus Volcanic Province rocks, have a unifying
character that is ocean island basalt (OIB)- and HIMU-like
(high-� : enriched in206Pb and208Pb and relatively depleted
in 87Sr/ 86Sr values).Finnet al.(2005)referred to this as a dif-
fuse alkaline magmatic province (DAMP) encompassing West
Antarctica, several sub-Antarctic islands, Zealandia, eastern
Australia and Papua New Guinea.

Subdivision of the Erebus Volcanic Province

Harrington (1958b) introduced the term‘McMurdo Volca-
nics’ to describe late Cenozoic volcanic rocks in the Western
Ross Sea, including those around Ross Island in McMurdo
Sound.Kyle (1990a) recommended formal recognition of
the McMurdo Volcanic Group.Cole and Ewart (1968)under-
took the�rst detailed mapping of McMurdo Volcanic Group
rocks in McMurdo Sound. They de�ned four stratigraphic for-
mations on Black Island, which they then extrapolated to sev-
eral volcanic localities in the region, including Ross Island’s
Cape Bird (Cole and Ewart 1968), Cape Crozier and the Hut
Point Peninsula (Coleet al.1971). These formations consisted
of an early basaltic unit overlain by trachyte (now known from
chemical data to be phonolite), then a younger basaltic unit
overlain by a younger trachyte (phonolite). It is now also
known from geochronology that, although the eruptive
sequence of alternating basanite and phonolite is very similar
throughout the McMurdo Sound area, it was repeated at differ-
ent times. Consequently, the formations ofCole and Ewart
(1968) have not been widely used in the description of the
geology. Instead,Kyle and Cole (1974)used tectonic setting
and spatial distribution to assign the occurrences of McMurdo
Volcanics (Group) to provinces, including the Erebus Volca-
nic Province. This system has now endured for more than
40 years.

In this chapter, the Cenozoic volcanic rocks in the Erebus
Volcanic Province have been further categorized geographi-
cally and petrogenetically, using the thickness and composi-
tion of the lithosphere through which they have erupted and
the relative clinopyroxene–melt equilibration depth from
which primitive magmas originated (Table 3; this study). Sys-
tematic patterns in trace element and isotopic ratios across the
province record these petrogenetic changes. The groupings are
(Fig. 1): (1) Terror Rift Volcanic Field, (2) Ross Island Volca-
nic Field, (3) Mount Discovery Volcanic Field, (4) Mount
Morning Volcanic Field and (5) Southern Local Suite. These
names, and the method of de�ning them, have been applied
sympathetically with other studies in the McMurdo Volcanic
Group reported in this Memoir (Smellie and Rocchi 2021),
and with other studies in Victoria Land (Rocchiet al.2002).

Petrological overview and previous work

This section describes the history of�eld visits and subsequent
petrological and geochemical research undertaken in each vol-
canic�eld. The section is divided geographically, and the vol-
canic centres are described in a level of detail that re� ects the
complexity of work undertaken there. Subsequently, volcanic
rock from marine drill core and englacial tephra are reviewed.
This section builds a holistic picture of the province that
allows a regional overview approach to be adopted in the geo-
chemistry and discussion sections below. A summary of the
minimum age range and mineral assemblage in relatively
undifferentiated rocks of the Erebus Volcanic Province are
shown in Table 4. Thin-section photographs of relatively
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Fig. 2. Geological maps of the Erebus Volcanic Province from two
separate eras. (a) Possibly the earliest, published geological map of the
province, drawn byFerrar (1905). (b) The current state of knowledge (Cox
et al.2012). The shading has been adapted to match the 1905 publication
and highlights the quality of the original mapping. Advances in the
intervening century have been in understanding petrogenesis of the Erebus
Volcanic Province.

A. P. Martin et al.

 by guest on February 13, 2021http://mem.lyellcollection.org/Downloaded from 



undifferentiated rock types typical of those found in the
Erebus Volcanic Province are shown inFigure 4.

Terror Rift Volcanic Field

Franklin Island. Named by James Ross in 1841 for Sir John
Franklin, Lieutenant-Governor of Tasmania and Arctic
explorer (Ross 1847), Franklin Island is the eroded remnant
of a shield volcano. A map of Franklin Island (Fig. 5) shows
volcanic rock outcrops and key topographical features. In all
map �gures (Fig. 5 et seq.), which are adapted fromCox
et al.(2012), ‘basaltic’ includes basalts, basanites and interme-
diate ma�c compositions, such as hawaiite and mugearite,
contours (grey lines) are in metres, and white areas indicate
snow and/or ice cover.

At Franklin Island, lava�ows and interbedded tuffs are
common, and some dykes occur. A sample collected by the
Ross party (Ross 1847) was described byPrior (1899). Subse-
quent visits in the 1900s (Borchgrevink 1901;Scott 1907), the
1960s (Waterhouse 1965), the 1980s (Ellerman and Kyle
1990b) and in 2004 (Rilling et al.2009) collected geological

and other samples. Shipborne investigations near Franklin
Island were made in 1958 (Brodie 1959), 2004 (Rilling
et al. 2009) and 2011 (Lawver et al. 2012), with several
submarine volcanoes being identi�ed (Rilling et al. 2009;
Lawver et al. 2012). The age of emplacement of Franklin
Island volcanic rocks is between 3.70 ± 0.05 and 3.30 ±
0.04 Ma (Armstrong 1978;Rilling et al.2009). The four pub-
lished whole-rock analyses from Franklin Island are basanites
(Fig. 3), and mantle nodules and xenocrysts of olivine and cli-
nopyroxene have been noted from this locality (Ellerman and
Kyle 1990b). Olivine ± plagioclase phenocrysts occur in a
�ne-grained groundmass of olivine + clinopyroxene + plagio-
clase + opaque minerals. Glass vesicularity appears to
increase upsection (Ellerman and Kyle 1990b).

Beaufort Island. In 1841, Captain J.C. Ross named Beaufort
Island after the hydrographer, Captain Francis Beaufort (Ross
1847).The island was visited brie�y in 1903 but was only
described from remote observations (Ferrar 1907; Debenham
1923;Harrington 1958a) until New Zealand geologists landed
in 1965 (Waterhouse 1965) and others in the 1980s (LeMasu-
rieret al.1983), and samples were collected again in the 2000s
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(c) Fig. 3. Total alkali v. silica diagram after
Le Baset al. (1986). Data (n = 895; 100%;
anhydrous) are shown for the Erebus
Volcanic Province whole-rock
compositions from theSupplementary
material (ESM1). The alkali–subalkali
division (dotted line) followsKuno (1966),
and the mildly alkalic–strongly alkalic
division (dashed line) followsSaggerson
and Williams (1964). (a) Data for the Terror
Rift Volcanic Field and the Ross Island
Volcanic Field. (b) Data for the Mount
Discovery Volcanic Field. (c) Data for the
Mount Morning Volcanic Field and
Southern Local Suite. MS, Mason Spur
Lineage; RR, Riviera Ridge Lineage.
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Table 2. Typical whole-rock compositions of Erebus Volcanic Province

Area Terror Rift Volcanic Field Ross Island Volcanic Field Mount Discovery Volcanic Field Mount Morning Volcanic Field Southern Local
Suite

Location Beaufort Franklin Dredge Crozier DVDP Hut
Point

Bird – Terror Black Brown Dailey Minna Discovery White Mason
(old)

Mason
(young)

Morning
(young)

Morning
(old)

–

Reference 1 2 3 4 5 6 7 20 9 10 11 12 13 14 15 16 17 18 19 20
Sample No. 1 HC-FRI-2 TRDR02 CC04 2-105.53 3-179.40 RI115 5 RI17 12 1 2007 AW82113A AW84738 OU 74785 OU78634 OU78578 OU78710 OU78559 5
TAS Tephrite Basanite Tephrite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite Basanite
Mg# 50.36 64.16 57.37 50.67 69.43 52.43 48.48 57.42 55.84 64.19 64.57 63.68 61.82 64.47 69.69 54.18 72.87 34.92 60.65 57.42
DI 42.52 35.07 34.57 26.59 23.88 19.88 19.81 32.43 19.50 23.39 25.19 29.84 33.52 26.88 23.51 37.31 21.33 51.47 27.99 32.43
(wt%)
SiO2 45.89 44.83 43.18 40.23 42.02 37.62 37.78 43.60 38.51 45.42 42.71 44.13 45.18 43.31 43.22 45.66 45.39 51.51 44.13 43.60
TiO2 3.37 2.27 2.98 2.51 4.09 3.71 3.15 3.36 2.85 3.10 4.22 3.26 3.39 3.95 3.27 3.72 2.16 3.02 3.54 3.36
Al2O3 16.93 14.03 14.55 13.28 13.02 11.92 11.79 14.47 11.69 13.42 13.34 13.71 15.24 14.51 13.06 14.74 12.62 15.45 14.71 14.47
Fe2O3 2.63 2.79 2.69 3.12 1.92 3.45 3.68 2.22 3.27 1.91 2.06 1.95 1.82 1.93 1.89 2.08 1.74 3.14 2.00 2.22
FeO 8.78 9.31 8.96 15.58 9.60 17.23 18.40 11.10 16.36 9.54 10.32 9.73 9.12 9.65 9.44 10.42 8.72 8.96 9.99 11.10
MnO 0.11 0.22 0.17 0.17 0.18 0.15 0.17 0.21 0.16 0.19 0.21 0.19 0.20 0.19 0.19 0.22 0.19 0.27 0.21 0.21
MgO 5.00 9.35 7.30 8.97 12.23 10.65 9.71 8.40 11.60 9.59 10.55 9.56 8.28 9.83 12.18 6.91 13.14 2.70 8.64 8.40
CaO 9.43 10.13 12.10 9.87 11.41 10.20 10.31 10.12 10.59 12.62 11.38 11.27 10.29 11.15 11.65 9.42 12.01 6.98 11.37 10.12
Na2O 5.10 4.74 5.06 4.12 3.19 2.84 2.93 4.36 2.99 2.63 3.71 3.89 3.57 3.32 3.26 3.94 2.46 4.40 3.63 4.36
K2O 2.35 1.69 2.02 1.53 1.49 1.48 1.38 1.53 1.25 1.04 0.65 1.69 1.93 1.37 1.15 1.81 1.20 2.41 1.12 1.53
P2O5 0.41 0.64 0.98 0.62 0.85 0.75 0.69 0.64 0.73 0.55 0.85 0.62 0.96 0.79 0.69 1.06 0.36 1.15 0.67 0.64
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
(ppm)
Ba – – 767 596 277 406 445 410 494 240 290 – 484 513 – 393 204 276 340 410
Be – – – – – – – 2.7 – 2.2 2.7 – – – – – – – – 2.7
Ce – – 144 112 109 112 107 bdl 102 bdl bdl – 127 119 94 96 52 106 91 bdl
Co – – – 50 – 59 57 54 56 45 56 – – – – 59 63 8 64 54
Cr – – – 465 469 449 384 210 673 510 460 – 288 321 – 218 722 30 363 210
Cs – – 0.70 0.59 bdl 0.32 0.35 – 0.39 – – – 0.35 0.06 0.30 – – – – –
Cu – 54 – – 52 – – 50 – 85 41 – 33 43 85 – – – – 50
Dy – – 6.8 5.5 5.0 6.4 6.6 – 6.3 – – – – – – 4.2 3.8 3.0 5.4 –
Er – – 3.3 2.7 2.0 2.9 3.0 – 2.8 – – – – – – bdl 1.8 1.5 2.5 –
Eu – – 3.4 2.9 2.5 3.1 3.1 – 2.9 – – – 3.3 3.2 2.7 2.7 1.7 1.8 2.4 –
Ga – 21 – – – – – – – – – – 19 20 15 46 15 223 19 –
Gd – – 9.5 7.3 8.4 9.0 8.8 – 8.4 – – – – – 7.2 5.81 4.5 3.9 6.9 –
Hf – – 6.0 5.9 5.4 7.9 6.7 – 6.0 – – – 8.5 7.1 5.8 9.2 3.9 2.7 5.2 –
Ho – – 1.2 1.0 1.0 1.2 1.2 – 1.1 – – – – – – 1.0 0.72 0.56 0.97 –
La – – 78 57 68 58 53 54 53 35 52 – 60 55 55 47 26 29 45 54
Lu – – 0.40 0.32 – 0.33 0.35 – 0.34 – – – 0.41 0.32 0.30 0.82 0.21 0.17 0.29 –
Nb – 104 108 95 – 81 79 – 75 – – – 97 87 60 50 32 24 54 –
Nd – – 60 47 56 55 51 – 49 – – – 63 55 45 43.4 24 13 42 –
Ni – 184 70 209 276 245 206 110 293 150 200 – 127 162 259 170 288 13.8 145 110
Pb – 2 3.8 3.9 4.3 2.8 2.5 4.5 2.7 1.6 2.4 – 3.0 5.0 – 439 3.7 1.9 3.4 4.5
Pr – – 16 13 15 14 13 – 12.6 – – – – – – 10.1 6.0 6.0 10 –
Rb – 59 48 53 30 33 35 42 34 36 24 – 39 37 32 36 22 11 29 42
Sc – – – 27 – 36 32 – 34 – – – 23 28 – 19 29 14 27 –
Sm – – 11 8.7 10 10 10 – 9.5 – – – 11 10 9.1 8.7 5.3 bdl 8.6 –
Sr – 885 999 966 829 861 730 1000 953 640 880 – 1030 1153 861 999 429 107 794 1000
Ta – – 6.7 5.7 – 5.3 5.2 – 5.1 – – – 5.8 5.5 4.2 2.1 1.7 0.80 3.1 –
Tb – – 1.2 1.0 0.90 1.2 1.2 – 1.1 – – – 1.2 1.2 0.95 1.2 1.4 1.2 1.5 –
Th – 9 9.8 7.5 4.6 6.1 5.6 – 5.7 – – – 5.9 6.1 5.6 3.4 3.7 1.9 5.2 –
Tm – – 0.40 0.37 – 0.38 0.41 – 0.39 – – – – – 0.32 bdl 0.30 0.71 0.34 –
U – – 2.4 2.5 1.0 1.8 1.2 – 1.4 – – – 1.70 2.1 1.5 bdl 1.3 2.0 1.7 –
V – – – 251 300 288 271.6 240 275 300 280 – 243 317 275 414 234 23 305 240
Y – 35 32 27 – 32 30 31 28.7 23 31 – 34 30 27 24 18 10 24 31
Yb – – 2.7 2.2 1.6 2.4 2.5 3.2 2.4 2.7 3.4 – 2.6 2.2 2.1 bdl 1.9 1.6 2.2 3.2
Zn – 105 – – 82 – – 153 – 126 110 – 89 84 79 – – – – 153
Zr – 275 266 273 – 363 308 360 266 260 330 – 401 311 249 231 162 99 222 360
87Sr/ 86Sr – – 0.703 082 0.702 975 0.702 991 0.703 002 0.703 144– 0.703 032 0.7032 – – – – – 0.703 350 – – – –
143Nd/ 144Nd – – 0.512 971 0.512 949 0.512 929 0.512 922 0.512 891– 0.512 917 – – – – – – 0.512 852 – – – –
206Pb/ 204Pb – – 19.434 19.5268 19.496 20.1724 19.7321 19.592 19.5684– – – – – – 19.579 – – – 19.592
207Pb/ 204Pb – – 15.601 15.6146 15.666 15.6663 15.6253 15.602 15.6197– – – – – – 15.645 – – – 15.602
208Pb/ 204Pb – – 39.020 39.0721 39.096 39.6660 39.4167 39.285 39.0898– – – – – – 39.268 – – – 39.285
Nepheline 17.1 17.7 23.2 18.9 14.1 13.0 13.4 15.9 13.7 6.0 11.9 15.4 9.6 11.0 12.8 8.0 7.8 0.0 11.0 15.9
Diopside 22.7 27.5 34.6 26.3 27.4 20.0 21.4 25.0 21.7 30.1 26.6 29.8 20.2 23.8 28.6 18.5 30.0 9.9 25.5 25.0
Olivine 7.3 15.5 8.0 23.2 19.4 29.1 29.1 16.1 30.1 14.8 17.4 14.9 15.1 16.6 19.7 14.5 21.4 2.2 14.8 16.1

Data are taken from theSupplementary material (ESM1). Mineral abundances are CIPW-normative values. Mg#: [Mg/ (Mg + Fe2+) × 100] � atomic ratio; DI: differentiation index. Totals are 100% anhydrous. Iron is recalculated based uponMiddlemost (1989).
SeeTable 1andFigure 1for the location information. TAS: total alkali v. silica diagram classi� cation; bdl, below (lower) detection limit for the method;–, not determined; wt%, weight percentage; ppm, parts per million.

References: 1,Ellerman and Kyle (1990a); 2,Ellerman and Kyle (1990b); 3,Leeet al.(2015); 4,Phillipset al.(2018); 5,Kyle (1981b); 6,Rasmussenet al.(2017); 7,Rasmussenet al.(2017); 8,Kyle (1976); 9,Rasmussenet al.(2017); 10,Goldichet al.(1975); 11,
Goldichet al.(1975); 12,Del Carloet al.(2009); 13,Wright-Grassham (1987); 14,Wright-Grassham (1987); 15,Cooperet al.(2007); 16,Martinet al.(2013); 17,Martinet al.(2013); 18,Martinet al.(2013); 19,Martinet al.(2013); 20,Goldichet al.(1975).
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(Rilling et al.2009). Beaufort Island is the eroded, near-vent
remnant of a stratovolcano (Fig. 6). The only ages determined
from the island overlap at 6.80 ± 0.05 and 6.77 ± 0.03 Ma
(Rilling et al. 2009). Less than 5% of Beaufort Island’s total

volume lies above current sea-level. Lava� ows, volcanic
breccias and tuffs are cross-cut by numerous dykes which
have hydrothermally altered the wall rock. Three analyses
from Ellerman and Kyle (1990a) and two dated samples

Table 3. Subdivision of the Erebus Volcanic Province with key eruptive centres and key characteristics, including the nature
of the underlying crust and lithosphere, and the estimated depth of clinopyroxene–melt equilibration

Erebus Volcanic Province Lower crust Lithosphere Clinopyroxene–melt
equilibration depth

Terror Rift Volcanic Field Alkalic–Tholeiitic Thin (<20 km) Shallow (c. 1 GPa)*
Franklin Island
Beaufort Island
Submarine volcanic rocks

Ross Island Volcanic Field Alkalic–Tholeiitic Thin (<20 km) Deep (>2 GPa)
Mount Terror
Mount Erebus
Mount Bird
Hut Point Peninsula

Mount Discovery Volcanic Field Alkalic–Tholeiitic Thin (<20 km) Shallow (c. 1 GPa)
Dailey Islands
White Island
Black Island
Brown Peninsula
Mount Discovery
Minna Bluff

Mount Morning Volcanic Field Calc-alkalic crust Thin (<20 km) Shallow (c. 1 GPa)
Mount Morning
Mason Spur

Southern Local Suite Calc-alkalic crust Thick (>20 km) Deep (>2 GPa)

*Not calculated but assumed by comparison with similar data on the normative ternary diagram (Fig. 25).

Table 4. Summary of the mineralogy in relatively undifferentiated rocks from the Erebus Volcanic Province

Erebus Volcanic Province Potential age range Phenocrysts Groundmass

From To

Terror Rift Volcanic Field
Franklin Island 3.70 ± 0.05 3.30 ± 0.04 Ol + Pl Ol + Cpx + Pl + Opq
Beaufort Island 6.80 ± 0.05 6.77 ± 0.03 Cpx + Pl + Krs Cpx + Pl + Krs + Nph ± Ap
Submarine volcanic

rocks
3.73 ± 0.05 0.09 Ol + Cpx Cpx + Ol + Fe oxides ± Pl

Ross Island Volcanic Field
Mount Terror c. 2.5 0.82 ± 0.14 Ol + Aug
Mount Erebus 1.311 ± 0.016 0.040 ± 0.006 Ol + Cpx + Fsp + Ap Ol + Cpx + Nph + Fsp + Opq + Ap
Mount Bird 4.62 ± 0.6 3.08 ± 0.15 Pl + Ol + Aug Pl + Aug + Hbl + Opq
Hut Point Peninsula 1.68 ± 0.06 0.33 ± 0.02 Ol + Cpx Ol + Amp + Cpx + Pl + Cr-Spl +

titano-Mag + Ilm + Ap + glass
Mount Discovery Volcanic Field

Dailey Islands 0.78 ± 0.04 0.76 ± 0.02 Ol + Cpx Cpx + Pl _ Ol + Mag
White Island 7.62 0.17 Ol + Di ± Krs Aug + Mag + Bt + Pl + Nph
Black Island 10.9 ± 0.4 1.689 ± 0.003 Ol + Aug + Pl +

Fe oxides
Pl + Ol + Aug

Brown Peninsula 2.7 2.2 Ol + Cpx Pl + Opq + glass
Mount Discovery 5.46 ± 0.16 0.06 ± 0.006 Ol + Cpx Pl + Opq + Cpx + Nph
Minna Bluff 12 4 Ol + Cpx Pl + Opq + Ap

Mount Morning Volcanic Field
Mount Morning– MS 25 13.0 ± 0.3 Pl + Di + Ol Pl + Cpx + Ilm + Ap
Mount Morning– RR 5.01 ± 0.04 0.06 ± 0.08 Pl + Cpx + Ol Pl + Afs + Ne + Opq + Ol + Ap + Cpx
Mason Spur– MS 12.9 ± 0.1 11.4 ± 0.1 Pl + Di + Ol Afs + Nph + Pl + Opq + Ap
Mason Spur– RR 6.13 ± 0.2 0.07 ± 0.08 Pl + Cpx + Ol + Krs Pl + Afs + Nph + Opq + Ol + Cpx + Ap

Southern Local Suite
13.8 ± 0.20 0.08 ± 0.13 Ol + Cpx ± Pl ± Fe-Ti

oxides
Pl + Opq + Nph + Cpx

Mineral abbreviations followWhitney and Evans (2010). Afs, alkali feldspar; Amp, amphibole; Ap, apatite; Aug, augite; Bt, biotite; Cpx, clinopyroxene; Cr-Spl, chromium spinel; Di,
diopside; Fsp, feldspar; Hbl, hornblende; Ilm, ilmenite; Krs, Kaersutite; Mag, magnetite; Nph, nepheline; Ol, olivine; Opq, opaque; Pl, plagioclase. Age ranges are minimum
ranges, see text for discussion. Mineralogy is only shown for relatively undifferentiated rock types in the province. MS, Mason Spur Lineage; RR, Rivera Ridge Lineage.
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from Rilling et al. (2009, �g. 6) are nepheline-normative and
strongly alkali, and they de�ne an apparent lineage between
tephrite and phonotephrite (Fig. 3). Phenocrysts of titanau-
gite + plagioclase + kaersutite are observed with nepheline ±
apatite in the groundmass (Ellerman and Kyle 1990a). Olivine
is conspicuous by its absence. Most rocks are pervasively
altered.

Submarine volcanic rocks in the Victoria Land Basin. Geo-
physical studies indicate that submarine volcanism is wide-
spread in the Ross Sea region where it appears to be closely
associated with extensional tectonics (Behrendt et al.
1991a). The Victoria Land Basin is a broad, sediment-�lled
half-graben extending for approximately 350 km from
Mount Melbourne in the north to Mount Erebus in the south
(Cooperet al. 1987; Lawver et al. 2007). Volcanic rocks
with Erebus Volcanic Province af�nities have been dredged
from the �anks of Franklin Island, in the western Victoria
Land Basin, and from the Terror Rift, an extensional trough
along the central axis of the basin (Fig. 1).

During a geophysical cruise by the RVIBNathaniel
B. Palmerin 2004, samples of volcanic rock were dredged
from the north and south�anks of Franklin Island. The
samples were basaltic in composition (Fig. 3), and three
were dated by the40Ar/ 39Ar method. Ages ranged from
3.73 ± 0.05 to 3.28 ± 0.04 Ma (Rilling et al. 2007). More
recently, this suite of dredged samples has been studied
by Aviado et al. (2015), who documented the petrology
and geochemistry of volcanic rocks from seven sea mounts
sampled during the 2004 cruise and from subaerial samples
from Franklin and Beaufort Islands. The dredged samples
are vesicular, weakly porphyritic basanites (Fig. 3) contain-
ing phenocrysts of olivine and clinopyroxene in�ne-grained
groundmasses of clinopyroxene + olivine + iron oxide ± pla-
gioclase. Ultrama�c xenoliths are present in some samples
and the olivine populations include grains interpreted as
xenocrysts.

Samples of Erebus Volcanic Province basaltic rock were
also dredged from the Terror Rift during the 2010–11 cruise
of the RV Araon. Lee et al. (2015)carried out geochemical
analysis and geochronology on samples from four of these
dredge sites, and compared these data with those for the
nearby Melbourne Volcanic Province. The dredged volcanic
rock samples gave40Ar/ 39Ar ages ranging from 3.55 ± 0.25
to 2.89 ± 0.18 Ma. Four whole-rock samples were analysed
for major element, trace element, and Sr, Nd and Pb isotope
composition (Lee et al. 2015). The analysed samples have
basanite and tephri-basanite compositions (Fig. 3).

Ol

Fsp

Fsp

Cpx

Ol

Cpx

(a)

(b)

Fig. 4. (a) & (b) Petrographical photographs of relatively undifferentiated
rock types typical of the Erebus Volcanic Province. The white bar in each
photograph is 5 mm long. The photographs were taken in cross-polarized
light. Cpx, clinopyroxene; Fsp, feldspar; Ol, olivine. Porphyritic texture in
a � ne-grained groundmass.
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Fig. 5. Map of Franklin Island showing volcanic rock outcrops and key
topographical features. In all map� gures (Fig. 5et seq.),‘basaltic’
includes basalts, basanite and intermediate compositions, such as hawaiite
and mugearite. This grouping re� ects the scale of the original mapping,
and followsCox et al. (2012)for southern Victoria Land orLeMasurier
(2013)for Marie Byrd Land. Contours (grey lines) are in metres, and white
areas indicate snow and/ or ice cover.
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Fig. 6. Map of Beaufort Island showing volcanic rock outcrops and key
topographical features.
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Ross Island Volcanic Field

Ross Island comprises the four main eruptive centres of
Mount Bird, Mount Terror, Mount Erebus and the Hut Point
Peninsula. Mount Terra Nova (named after the ship used by
Robert Scott in his 1910–13 BritishTerra NovaAntarctic
Expedition) is a‘parasitic’ vent that sits on the western�anks
of Mount Terror and is included here as part of the Mount Ter-
ror eruptive centre. The�rst sighting of Ross Island in January
1841 by Captain Ross was the beginning of an understanding
of the volcanic geology of the region. Ross named mounts
Erebus and Terror, after his two tiny sailing ships. Ross
noted in his journal on 28 January 1841‘at 4 p.m. Mount Ere-
bus was observed to emit smoke and�ames in unusual quan-
tities … and some of the of�cers believed they could see
streams of lava pouring down its side’ (Ross 1847, pp. 220–
221). At the time, Captain Ross did not identify the volcanoes
as part of an island as the Ross Ice Shelf blocked its
circumnavigation.

The observations of Captain Ross were followed in the
early 1900s by the heroic era of Antarctic exploration. Three
British expeditions under the direction of Robert Scott
(1901–04 and 1910–13) and Ernest Shackleton (1907–09)
made Ross Island their base of operations. All three expedi-
tions included geologists, and the�rst descriptions of the
Ross Island physiography and petrology were made. Notable
contributions on the petrology of the volcanic rocks of Ross
Island (Ferrar 1907;Prior 1907;Jensen 1916;Smith 1954)
were supplemented by descriptions of the physiography,
which included many descriptions of the volcanic geology
(David and Priestly 1914;Taylor 1922;Debenham 1923).

Mount Bird. Although there are several Adelie penguin rook-
eries on the western�ank of Mount Bird, they are not the ori-
gin of the name. Captain Ross named features on the northern

extremity of Ross Island after Lieutenant Edward J. Bird who
served on the ship HMSErebus. Mount Bird has a classic
basaltic shield form with 11° slopes. The summit is 1800 m
above sea-level, and the diameter of the volcano at sea-level
is 23 km north–south and 18 km east–west, making it weakly
ovoid (Fig. 7). The volume of the shield is estimated at
470 km3 (Esseret al. 2004). Rock exposure on the volcano
is limited to small scoria cones, a phonolite dome in the sum-
mit area, exposures around Lewis Bay to the east and a 10 -
km-long strip along the western coast in the Cape Bird area
(Fig. 7). The timing of eruptions at Mount Bird is poorly con-
strained from four samples giving ages between 4.62 ± 0.6
and 3.08 ± 0.15 Ma (recalculated to current decay constants
for the40K system:Armstrong 1978). There are marine cliffs
bounding Lewis Bay along the eastern coast of Mount Bird
which are mostly unexplored and assumed to be basaltic
(Fig. 7), except for one area from which several phonolite
rock samples were analysed byPhillips et al. (2018).

Cape Bird. Smith (1954)reported on several‘ trachyte’
samples from Cape Bird but very little was known of the
volcanic geology at Cape Bird until the work ofCole and
Ewart (1968). Recent sampling and geochemical analyses
reported in this study (P.R. Kyle), and byRasmussenet al.
(2017)andPhillipset al. (2018), have provided new insights
into the petrology and magmatic evolution and source for
the Mount Bird eruptive centre. The geology of Cape Bird
consists of basanite lava�ows erupted from the main
Mount Bird cone overlain by basanite scoria cones and phono-
lite domes (Cole and Ewart 1968). Lava�ows of the
main Mount Bird cone form a thick sequence of basanite
lava �ows which are well exposed along the coastal
cliffs. The lava�ows vary from about 10 m to less than 1 m
in thickness, and typically have oxidized scoriaceous tops.
Cole and Ewart (1968)recognized three, older, main Mount
Bird cone ‘basalt’ rock units. The oldest, a‘hornblende
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Fig. 7. Map of northwestern Ross Island showing volcanic outcrops and key topographical features, including Mount Bird, Cape Bird and Lewis Bay.
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(kaersutite)–augite–plagioclase’ basanite, has normal mag-
netic polarity (Kyle 1976). It is followed by an olivine–augite
basanite. This is, in turn, overlain by a magnetically reverse
polarized‘olivine–augite–plagioclase’ basanite which has a
K–Ar age of 3.8 ± 0.2 Ma (Armstrong 1978). Alexander
Hill (Fig. 7) consists of the eroded remnants of two complex
phonolite–basanite cones and four rock units were recognized
by Cole and Ewart (1968). Basanite is interbedded with pho-
nolite and there is no evidence of lava�ows with intermediate
compositions. A pyroxene phonolite has reversed magnetic
polarity (Kyle 1976) and a K–Ar age of 3.23 ± 0.09 Ma (Arm-
strong 1978). Bright red, scoriaceous, olivine-rich basanite
with peridotite xenoliths was erupted at Cinder Hill and this
is overlain by black, massive olivine basanite lava�ows.
Large (no quantitative data are reported) crystals of gem-
quality olivine (peridot) are found at Cinder Hill (Wilson
et al. 1974). At Inclusion Hill, the Cinder Hill igneous rocks
are overlain by a phonolite dome. A tephriphonolite dome at
Trachyte Hill represents the youngest eruptive event and has
a K–Ar age of 3.08 ± 0.15 Ma. A tephriphonolite dyke
exposed at the northern end of the Cape Bird exposures is sim-
ilar in composition to the tephriphonolite at Trachyte Hill.

Lava-�ow samples analysed from the Mount Bird eruptive
centre have a classic bimodal distribution of compositions
comprising mainly basanitic lava�ows and scoria cones
with later-stage tephriphonolite (Fig. 3) and phonolite
domes. There is a Daly gap between 48 and 54 wt% SiO2
(Fig. 3). Five phonolite vents and a phonolite dyke are
known (Fig. 7). Most of the phonolite domes appear to be

late in the eruptive sequence. The recent discovery of a phono-
lite on the Lewis Bay cliffs (Fig. 7) indicates that phonolite
may also have been involved in the main cone-building
phase of Mount Bird.

Mount Terror. Mount Terror is a 3262 m-high basaltic shield
volcano (Wright and Kyle 1990e). It is roughly circular in out-
line, being 35 km north–south and 40 km east–west, with
slopes of about 9° (Fig. 8). It has an estimated eruptive volume
of about 1700 km3 (Esseret al.2004). The volcano is mainly
snow- and ice-covered but there is a large triangular shaped
area of exposed rocks extending from the summit down
slope to the east towards the Cape Crozier area (Fig. 8). The
summit area and eastern slope consist of numerous basanitic
scoria cones, and rare phonotephrite, tephriphonolite and pho-
nolite (Fig. 3) cones and domes, that overlie the main shield.
Several samples were collected by early British expeditions
from Cape Crozier and these are described bySmith (1954).
Phillipset al.(2018)sampled some of the cones on the summit
and higher parts of the eastern slopes but no detailed geolog-
ical mapping exists for other areas except around Cape
Crozier.

Eruptions at Cape Crozier have been dated at between at
least 1.75 ± 0.3 and 0.82 ± 0.14 Ma (Kyle 1976;Armstrong
1978; Lawrenceet al. 2009). A single sample from Mount
Terra Nova (Fig. 8) yielded an imprecise K–Ar age of
0.82 ± 0.5 Ma (Armstronget al. 1968). The eruption age of
the main Mount Terror shield is unknown but it must be
older than the small phonolite vents at Cape Crozier.
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Considering the size of Mount Terror and that it probably took
1 myr to form, we speculatively suggest it started forming
somewhere in the 3–2.5 Ma time period. Compositionally,
analysed lava�ows from the Mount Terror eruptive centre
de�ne a predominantly bimodal distribution with mainly
basanitic lava�ows and scoria cones and later-stage pho-
nolite domes (Figs 3& 8). Three lava-�ow samples analysed
by Phillips et al. (2018) are intermediate in composition
(Fig. 3a).

Cape Crozier. The eruptive history of Cape Crozier is rep-
resentative of the eastern� anks of Mount Terror, and
described in detail here and inFigure 8. Cape Crozier extends
north–south for over 10 km as an ice-free area along the east
margin of Mount Terror (Fig. 8).Coleet al.(1971)described
the geology of Cape Crozier and provided a reconnaissance
geological map. The oldest lava�ows, exposed in coastal
cliffs north of The Knoll, comprise olivine–augite basanite
lava�ows with interbedded volcanic breccia and some tuffs.
Lava � ows at the base of the exposed sequence originated
from the �anks of Mount Terror, and these are commonly
overlain by younger lava�ows and pyroclastic deposits
from small vents at Cape Crozier. Rare dykes indicate local
vents for some of the lava�ows. On the east�ank of Topping
Peak, erosion has exposed a section of rocks with composi-
tions of basanite and kaersutite phonolite, the latter were fed
by at least four irregular dykes. Post Of� ce Hill is a steep-sided
endogenous kaersutite phonolite dome. Using colour and phe-
nocryst variations,Cole et al. (1971)recognized three main
rock types. Chemically, the lava�ows are very similar (see
the Supplementary material (ESM1)). The Knoll and Kyle
Cone are steep-sided endogenous domes composed of aegir-
ine–augite phonolite. At Kyle Cone, a kaersutite basanite
lava �ow underlies the phonolite dome; whereas, at The
Knoll, two lava �ows of olivine–augite basanite mantle the
phonolite. The Knoll basanite lava�ows were erupted from
a small circular crater near the summit. Five outcrops with a
phonolite composition have been identi�ed previously on
Cape Crozier but samples from recently identi�ed and ana-
lysed domes near the summit of Mount Terror and Conical
Hill are con�rmed here as having a phonolite composition
(Figs 3& 8). One scoria cone is an alkali basalt, which is a rar-
ity in the Ross Island Volcanic Field.

Mount Erebus. As de�ned here, the Mount Erebus volcanic
centre includes Mount Erebus and the Dellbridge Islands
(Tent, Inaccessible, Big Razorback Island and Little Razor-
back Island) in Erebus Bay (Fig. 9). At 3794 m, Mount Erebus
is the highest and largest volcano on Ross Island and domi-
nates the centre of the island.Esseret al. (2004) estimated
the volume of the Erebus centre to be about 2200 km3, making
it one of the 20 largest volcanoes in the world. The‘Main Cra-
ter’ at the summit of Mount Erebus is currently active with a
persistent active phonolite lava lake, which has existed for
over 45 years (Giggenbachet al. 1973; Kyle et al. 1982;
Kyle 1994;Oppenheimer and Kyle 2008).

Anorthoclase-phyric phonolite (‘kenyte’ ). Large (up to
10 cm) rhombic crystals of anorthoclase feldspar occur in
Mount Erebus phonolite lava�ows. David and Priestly
(1914, p. 277) noted‘ that the covering of snow became thinner
until it almost entirely disappeared, being replaced by a sur-
face formed of crystals of anorthoclase felspar from half an
inch to four inches in length’ . This rock was originally
described as‘kenyte’ (e.g. Ferrar 1907), an igneous rock
found mainly around Mount Kenya, with a variant,‘Antarctic
Kenyte’ , also proposed for the nepheline phenocryst-free var-
iant on Ross Island (Smith 1954). It is now more properly
referred to as anorthoclase-phyric phonolite (e.g.Kyle 1977;

Cox et al. 2012). Its signi�cance relates to mapping of the
presence or absence of anorthoclase-phyric phonolite erratics
to reconstruct grounded ice-sheet�owlines in McMurdo
Sound at the last glacial maximum (Vella 1969;Cole et al.
1971; Denton and Marchant 2000;Andersonet al. 2017).
On Ross Island,in situ anorthoclase-phyric phonolite lava is
found in �ows between Cape Barne and Cape Royds, as
well as in recent ejecta and the convecting phonolitic lake of
the Mount Erebus summit (Goldich et al. 1975;Kyle 1977;
Kyle et al.1992). Anorthoclase phenocrysts with the compo-
sition Or16Ab63An21 (Treves 1967) make up 30–40% of the
rock volume (Goldichet al.1975), and occur in a groundmass
of plagioclase, anorthoclase, apatite, opaque mineral and
nepheline (Goldichet al. 1975). Anorthoclase-phyric phono-
lites here are thought to have evolved from basanite parent
material as part of the Erebus Lineage (Kyle et al.1992).

Dellbridge Islands. The earliest study of the�eld geology
and physiography of the Dellbridge Islands was discussed by
Debenham (1923). The petrology was summarized bySmith
(1954), with Moore and Kyle (1987)describing the four
small heavily eroded volcanic islands in more detail. Inacces-
sible Island (Fig. 9), the most northerly in the group, is
composed of many irregular lava�ows that dip from 10° to
40° to the north. These are well exposed in coastal cliffs
along the south side of the island. The oldest exposed rocks
are clinopyroxene–feldspar-phyric phonotephrite (see the
Supplementary material (ESM1)). These are overlain by
palagonitized breccias with pillow lavas, which are, in turn,
overlain by feldspar-phyric phonotephrite lava� ows.
Kaersutite-bearing lava�ows of tephriphonolite and phonolite
are interbedded in the sequence.Esseret al. (2004)dated the
groundmass from a phonolite at Inaccessible Island as 539 ±
12 ka. The lower part of Tent Island is composed mainly of
pillow lavas, lava�ows and breccias of clinopyroxene–
feldspar-phyric phonotephrite (see theSupplementary mate-
rial (ESM1)).

Mount Erebus lower slopes. Turks Head and Tryggve
Point are two distinct promontories on the SW side of
Mount Erebus (Fig. 9). They are composed of hyaloclastite,
pillow breccia and palagonitic tuffs.Luckman (1974)
described the geology and believed the hyaloclastite rocks to
be products of both submarine and subglacial eruptions, and
they have yielded an40Ar/ 39Ar age of 378 ± 28 ka (Esser
et al.2004). A dyke which intrudes the same sequence of hya-
loclastites at Tryggve Point has been dated by the40Ar/ 39Ar
method as 368 ± 18 ka (Esseret al. 2004), indistinguishable
from the radiometric date of Turks Head. The hyaloclastite
comprises porphyritic andesine-rich phonotephrite. Anortho-
clase tephriphonolite lava�ows from the main cone-building
phase of Mount Erebus have a40Ar/ 39Ar age of 243 ± 18 ka
and they overlie the hyaloclastite rocks at Turks Head. The
geology of Cape Evans (Fig. 9) was described by numerous
early workers and summarized bySmith (1954). Two anortho-
clase phonolite lava�ows, which reach up to 15 m in thickness
(Treves 1962), have been dated by the40Ar/ 39Ar method at 40
± 6 ka (Esseret al.2004) and 55 ± 10 ka (Tauxeet al.2004).

Fine-grained basanite and phonotephrite volcanic rocks
occur along the south coast of Ross Island at Cape Barne
(Figs 3 & 9). They have been dated at 1311 ± 16 ka
(40Ar/ 39Ar: Esseret al. 2004) and they comprise the oldest
eruptive products from the Mount Erebus volcanic centre.
The Cape Barne rocks have been interpreted as pyroclastic
cones (e.g.Armstrong 1978) but more recent work interprets
them as lava-fed deltas intruded by coeval dykes (Smellie
and Martin 2021). Erosion has removed over half of the west-
ern outcrop, exposing an intrusion which now forms the strik-
ing ‘Cape Barne Pillar’ (Fig. 9). Above Cape Barne is a
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5 m-high trachyte mound named by the early British explorers
as Mount Cis (Fig. 9). This small outcrop has received atten-
tion because it contains sandstone xenoliths (Thomson 1916)
believed to be from the Beacon Supergroup. The xenoliths
indicate that downfaulted rocks, like those in the Transantarc-
tic Mountains, underlie Ross Island and McMurdo Sound.
Three anorthoclase tephriphonolite lava�ows are exposed
along the coast at Cape Royds (Fig. 9). Early work (also sum-
marized bySmith 1954) described the geology and rocks at
this location. Many small outcrops on the slopes of Mount
Erebus above Cape Royds were described by early workers
as cones and potential sources of the lava�ows. Most of the
outcrops are, however, not cones but small moraine debris
mounds, and a source for the lava�ows at Cape Royds has
not been identi�ed. Until further evidence is found it must
be assumed that the lava�ows along the coast to the west of

Mount Erebus were erupted from vents that are now obscured
by the snow and ice cover.Tauxeet al. (2004) reported a
whole-rock 40Ar/ 39Ar age of 74 ± 14 ka, andEsseret al.
(2004) reported 73 ± 10 ka dated by the40Ar/ 39Ar method
on anorthoclase crystals for a Cape Royds lava�ow.

Fang Ridge and Mount Erebus summit. Fang Ridge (the
peak, called The Fang, is 3159 m above sea-level) is a prom-
inent feature paralleling the NE slope of Mount Erebus but
separated from it by the Fang Glacier (Fig. 9). The north
and NE slopes have an average dip of over 45°, and are com-
posed of scree and ribs of rubbly lava�ows and pyroclastic
rocks. The Fang Glacier side of the ridge has steep, in places
vertical, cliffs more than 150 m in height. The lava�ows are
strongly porphyritic and commonly show well-developed
�ow banding de� ned by aligned plagioclase phenocrysts.
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The lavas are phonotephrite and tephriphonolite (Fig. 3).
Smith (1954)reported the presence of olivine basalt from
the lower west end of Fang Ridge but the location of this
lava�ow has not been found.

The steep (>30°) slopes of Mount Erebus, from 1800 m to
the caldera rim at about 3000 m, are made up of numerous
(50–100) sinuous, irregular rubbly anorthoclase-phyric pho-
nolitic lava �ows. Mount Erebus has�ve small parasitic
vents around its lower�anks. These are Abbott Peak, Hoopers
Shoulder, and three endogenous domes that constitute the
Three Sisters Cones. All the parasitic vents are composed of
black, glassy, porphyritic anorthoclase phonolite which is
extremely fresh in appearance. Abbott Peak (1793 m) consists
of phonotephrite lava�ows that mantle a cone which formed
in the main by endogenous growth.

Hut Point Peninsula. This peninsula extends for over 20 km
in a SSW direction from Mount Erebus (Fig. 9), indicating
that it may be related to a major crustal fracture or weakness
radiating from Mount Erebus. Unlike the other Ross Island
centres, a major volcanic edi�ce did not evolve at Hut Point
Peninsula. The peninsula is mostly snow- and ice-covered,
except for the southern end where the American McMurdo
Station and New Zealand Scott Base are situated. The southern
tip of the peninsula is made up of an en echelon line of mainly
basanite scoria cones and a single endogenous dome of phono-
lite (Observation Hill).Esseret al.(2004)estimated the erup-
tion volume of the peninsula as 82.5 km3, making it the
smallest eruptive centre on Ross Island.

The geology of the Hut Point Peninsula is known from col-
lections made by the early British explorers (e.g.Smith 1954),
mapping, for example, byColeet al.(1971)and from onshore
drilling of three holes as part of the DVDP. During the period
1973–75, 15 holes were drilled in the Dry Valleys and else-
where as part of the DVDP, an international research pro-
gramme involving science agencies from the USA, Japan
and New Zealand. There is extensive literature relating to
the project, with a large number of papers and reports being
published in the 1970s and early 1980s. A comprehensive bib-
liography was compiled byRebert (1981). Three of the DVDP
holes were cored through volcanic rocks of the Erebus Volca-
nic Province at the Hut Point Peninsula on Ross Island
(Fig. 9); the other holes were largely through lake and glacial
sediments.

Hole DVDP 1 cored 40 stratigraphic units and reached a
depth of 201 m. Holes DVDP 2 and 3 were drilled 3 m apart
on the�ank of Observation Hill and are essentially identical.
Hole DVDP 2 reached a depth of 179 m, and DVDP 3 sampled
15 stratigraphic units and reached a depth of 381 m (Kyle
1981b). The geological evolution of the Hut Point Peninsula
can be reconstructed from geological mapping, the DVDP
drill cores, palaeomagnetic data and radiometric dating
(Kyle 1981b). The peninsula has been magmatically active
since possibly as early as 1.68 ± 0.06 Ma, continuing to at
least 0.33 ± 0.02 Ma. Lithostratigraphic unit 2.4 in the
AND-1B (McMurdo Ice Shelf (MIS): discussed in the‘Sub-
surface volcanic rocks of the Erebus Volcanic Province recov-
ered by offshore drilling’ subsection later in this section) core
is approximately 12 m thick (Pompilio et al. 2007) and is a
primary basanite pyroclastic fall deposit. Glass from the unit
has an40Ar/ 39Ar age of 1.68 ± 0.06 Ma (Rosset al. 2012a).
The Hut Point Peninsula is the closest volcanic centre to the
AND-1B (MIS) drill core and we suggest the AND-1B
(MIS) tephra represents the earliest eruptive phases of the
polygenetic Crater Hill on the Hut Point Peninsula, although
a source from White Island or other active eruptive centres
in the province cannot be excluded. The oldest dated rocks
from the peninsula are basanitic (see theSupplementary

material (ESM1)) hyaloclastite rocks which are 54 and 214 -
m-thick in DVDP 1 and DVDP 3, respectively. They have
been dated by the K/Ar method at 1.34 ± 0.23 Ma in DVDP
1 and 1.32 ± 0.16 Ma in DVDP 3, yielding ages that overlap
within error (Kyle 1981b). The hyaloclastite rocks in these
drill cores are representative of the submarine pedestal on
which the Hut Point Peninsula was erupted (as also seen for
Mount Erebus).Lawrenceet al. (2009) reported an40Ar/
39Ar age of a basaltic rock sample collected at McMurdo Sta-
tion as 1.33 ± 0.12 Ma, which overlaps in time with the erup-
tive sequence seen in DVDP 1. The ages yielded from the
deepest and oldest samples in DVDP 2 and 3 are older than
in Observation Hill surface outcrops, where the K/Ar method
has yielded a 1.21 ± 0.04 Ma date (Forbeset al.1974), and the
40Ar/ 39Ar method on two different samples has yielded a 1.23
± 0.02 Ma date (Lawrenceet al. 2009) and a 1.18 ± 0.01 Ma
date (Tauxe et al. 2004); this later date from Observation
Hill (1.18 ± 0.01 Ma) overlaps with a shallower sample in
the DVDP 2 core at 62.38 m dated at 1.16 ± 0.03 Ma (Kyle
et al. 1979b). Volcanic vents at Castle Rock (1.21 ± 0.
05 Ma), Half Moon Crater (1.0 ± 0.2 Ma), Cape Armitage
(1.03 ± 0.10 Ma) and Breached Cone (0.65 ± 0.05 Ma) were
coincident with episodic growth of the peninsula (Kyle et al.
1979b;Tauxeet al. 2004; Lawrenceet al. 2009). The last
eruption at the peninsula was a�ssure eruption that formed
a sequence of younger lava�ows from Crater Hill (including
the distinct lava�ow forming Pram Point where Scott Base is
situated), Twin Crater, Black Knob and Fortress Rocks. Sam-
ples dated by the40 Ar/ 39Ar method (Tauxeet al.2004;Law-
renceet al.2009) for the�ssure eruption yield dates of 0.348 ±
0.008 and 0.33 ± 0.02 Ma (Crater Hill) and 0.34 ± 0.07 Ma
(Fortress Rocks), and a K/Ar age of 0.44 ± 0.10 Ma (Kyle
et al.1979b) for Black Knob.

More than 150 whole-rock analyses of Hut Point Penin-
sula and DVDP igneous rock samples have been published
(Kyle 1976, 1981b; Goldich et al. 1981; Stucklesset al.
1981) (Fig. 3) with new analyses also provided in this
study (see theSupplementary material (ESM1)). Surface vol-
canic rock compositions on the peninsula and lava-�ow
compositions in DVDP drill core complete a differentiation
trend of basanite, phonotephrite, tephra-phonolite to phono-
lite (Fig. 3a). Several DVDP samples have lower whole-rock
Na2O + K2O wt% relative to the majority of DVDP and Hut
Point Peninsula compositions (Fig. 3a), and include a ben-
moreite dyke in DVDP 1 (Kyle 1976). The petrology and
possible evolution of these low-alkali lava�ows and volcanic
rocks have not been examined.Kyle (1981b) used electron
probe microanalysis (EPM) to determine olivine, clinopyrox-
ene, plagioclase, amphibole, titanomagnetite and ilmenite
compositions, as well as those of less common phases such
as apatite, sodalite and chromium spinel. Amphibole is
mainly kaersutite in composition. The, relatively rare, min-
eral rhönite occurs in the groundmass of basanites from
DVDP 1, 2 and 3 (Kyle and Price 1975). As part of a broader
study of Ross Island volcanic rocks,Weiblen et al. (1981)
analysed clinopyroxene in DVDP core samples where they
showed chemical zoning in clinopyroxene phenocrysts may
relate to oxidation of magma during ascent or to local reac-
tions. Basanites are porphyritic (15–36% phenocrysts) with
phenocrysts of olivine and clinopyroxene in a groundmass
comprising olivine or amphibole, clinopyroxene, plagioclase,
chrome spinel, titanomagnetite, ilmenite, apatite and glass.
Kaersutite is a rare phenocryst phase in basanites. Intermedi-
ate rocks are generally less porphyritic (<10% phenocrysts)
than basanites, and kaersutite is a more common phenocryst
phase. Tephriphonolites and phonotephrites are aphanitic or
weakly porphyritic (3–7% phenocrysts) with microphenoc-
rysts of clinopyroxene, kaersutite, plagioclase, iron oxide
and apatite.
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Mount Discovery Volcanic Field

Dailey Islands. Named after the 1901–04 British National
Antarctic Expedition’s carpenter (Scott 1907), the Dailey
Islands are a group of�ve, extensively glaciated, volcanic
islands that are made up of highly eroded ma�c cinder cones
and lava �ows (McCraw 1967;Treves 1967;Del Carlo
et al.2009) (Fig. 10). The two published eruption ages overlap
at 0.78 ± 0.04 and 0.76 ± 0.02 Ma (Tauxeet al. 2004; Del
Carlo et al. 2009). A nepheline-normative basanite (Fig. 3)
sample from Juergens Island in the group has phenocrysts
of olivine + pyroxene in a holocrystalline groundmass of
clinopyroxene + plagioclase + olivine + magnetite (Del Carlo
et al. 2009). The phenocrysts show disequilibrium textures
(Del Carloet al.2009).

White Island. White Island is an extensively glaciated volca-
nic island (20 × 12 km) in the western Ross Embayment of
southern Victoria Land, Antarctica (Fig. 11). It lies approxi-
mately 25 km SE of Scott Base (New Zealand), Ross Island,
and rises to a height of 741 m above sea-level at Mount
Heine in the north, and 762 m at Mount Nipha in the
south (Fig. 11). White Island was�rst visited by Shackleton,
Wilson and Ferrar on 19 February 1902, during Scott’s British
National Antarctic Expedition, and was named for the mantle
of snow which covers it (Scott 1907). Rocks collected by this
party were described bySmith (1954). In 1969–70, the north-
ern part of the island was mapped byColeet al.(1971)and the
geology described as comprising two overlapping olivine–
augite basalt shield volcanoes, with subsequent subsidiary
cones being constructed on the northern�ank. In a study of
Cenozoic volcanic rocks from the Ross Island area,Goldich
et al. (1975, 1981) andStucklesset al. (1981) presented
major element and trace element analyses for two basanites:
one from the‘younger’ unglaciated sequence on Mount
Hayward, and the other from the‘older’ sequencenorth of
Mount Heine. However, the outcrops occur in geographically
separate areas of White Island (Fig. 11), making correlation of
the volcanic successions impossible without the use of
geochronology.

Large areas in the northern part of the island are essentially
snow- and ice-free, and there are exposures of subdued areas
of basanitic lava�ows and low-rimmed, NNE-elongated cra-
ters cut by east–west-striking dykes and plugs. Basanites are
the greatly dominant rock type (Figs 3b& 11) and throughout
White Island they are olivine–pyroxene phyric, and com-
monly contain nodules of spinel and plagioclase lherzolite,
wehrlite, clinopyroxenite, gabbro, granulite, and hornblendite

with megacrysts of olivine, clinopyroxene, kaersutite, spinel
and anorthoclase (Cooper et al. 2007). At Camp Crater
(Fig. 11), a crater�lled with a frozen lake has cliff-forming
outcrops of nodule- and megacryst-bearing basanite de�ning
a topographically raised rim. Approximately 200 m to the
east, a 40 m-wide crater is de�ned by an inwardly-dipping
sheet of kaersutite-phyric tephriphonolite, the most petroge-
netically evolved rock found on White Island. The lower
part of the Mount Hayward spatter-clast breccia sequence
has a unit of coarse breccia interbedded with cross-bedded
lapilli tuffs. Basanite clasts (up to 45 cm) are in places rounded
with a glassy rind enclosing a more vesicular core, suggesting
a water-chilled pillow-like form.

Four samples of groundmass concentrate from three lava
�ows and a dyke were dated by Ar/Ar techniques and yielded
ages of 4.86 ± 0.06–2.11 ± 0.05 Ma (Cooperet al. 2007), all
considerably older than the 0.17 Ma K–Ar age reported by
Kyle (1981a) for a basalt collected byCole et al. (1971)
from northwestern White Island. An anorthoclasite nodule
from basanite at Camp Crater contains inclusions of apatite
and zircon. Six zircon grains, dated by laser ablation induc-
tively coupled plasma source mass spectrometry (LA-
ICPMS) techniques, de�ne a homogeneous population with
a mean206Pb/238U age of 7.62 Ma (MSWD 2.11:Cooper
et al. 2007). A high-resolution aeromagnetic survey of
McMurdo Sound (Wilson et al. 2007) showed that the
White Island volcanic massif extends a furtherc. 25 km
north of White Island itself as a submarine volcanic ridge,
which is in close proximity to the AND-1B (MIS) core site.
and Talarico and Sandroni (2009)and Di Roberto et al.
(2010) suggested that clasts from both Minna Bluff and
White Island are important glacially-transported volcanic
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components of the AND-1B (MIS) core. The White Island
volcanic history may well be considerably longer than is indi-
cated by dating of onland samples.

Black Island. The island was named during the 1901–04 Brit-
ish National Antarctic Expedition (Scott 1907) because of its
mainly snow-free appearance and black volcanic rock. As
with the Brown Peninsula, Black Island is believed to have
been a stratovolcano (Cole and Ewart 1968), made up pre-
dominantly of basanites and basalts (Fig. 12), the latter with
varieties characterized by phenocrysts of olivine–augite, pla-
gioclase or hornblende. Trachybasalts and either hornblende-
or pyroxene-phyric trachytes make up the more petrologically
evolved samples, althoughGoldichet al. (1975)andTimms
(2006) described and analysed tephriphonolites and phono-
lites from the southern part of the island (Figs 3b& 12). Sev-
eral of the phonolites contain xenocrysts of anorthoclase and
1–20 cm xenoliths of syenite or more plagioclase-rich syeno-
diorite, interpreted as cumulates. Pyroclastic deposits with
clasts ranging in size from 20 cm blocks to�ne-grained lapilli
and ash are rare.

Although these rock types were assigned formational status
by Cole and Ewart (1968), who correlated them with similar
lava-�ow lithologies on the Brown Peninsula and Cape
Bird, different ages indicate that this correlation is invalid
(Armstrong 1978).Armstrong (1978)presented the�rst radio-
metric (K/Ar) dates from northern and central Black Island,
giving ages ranging from 10.9 ± 0.4 and 3.35 ± 0.14 Ma for
basalts to a 3.8 ± 0.09 Ma age for trachyte.Timms (2006)
obtained40Ar/ 39Ar laser fusion ages on anorthoclases from

two specimens of phonolite of 1.689 ± 0.003 Ma (MSWD
5.8) and 1.780 ± 0.058 Ma (MSWD 7.0). These might indi-
cate a southward migration of eruptive activity during the life-
span of the Black Island eruptive centre.

Brown Peninsula. Named by the British National Antarctic
Expedition 1901–04 for the colour of its weathered volcanic
lava�ows and ash deposits, the Brown Peninsula was�rst vis-
ited by R. Koettlitz in 1902 (Scott 1907), with samples col-
lected during this expedition described byPrior (1907). It
was again visited during the BritishTerra NovaAntarctic
Expedition 1910–13, and samples collected at this time were
described bySmith (1954).

Cole and Ewart (1968)mapped alternating basalt–trachyte
eruptive sequences at Black Island, Brown Peninsula and
Cape Bird in the McMurdo Sound area, andVella (1969)
mapped glacial moraines at Brown Peninsula. The Brown
Peninsula (Fig. 13) consists of a series of north–south- aligned
basaltic and felsic eruptive centres erupted both before and
after glaciation. A single age determination of 2.7 ± 0.09 Ma
on the youngest lava�ow at Rainbow Ridge (Fig. 13) post-
dates glacial erosion (Armstrong 1978). In the Mount Wise
area (Fig. 13) three K–Ar age determinations have analytical
uncertainties that overlap. The dates indicate that the eruptive
events at Mount Wise were only short lived and occurred at
about 2.2 Ma (Armstrong 1978).

The basanite rocks contain phenocrysts of olivine and clino-
pyroxene in a groundmass of plagioclase, opaque oxides and
glass (Kyle et al. 1979a). The eruptive sequence at the
Brown Peninsula consists of at least three basaltic (basanite,
hawaiite, mugearite) to felsic (benmoreite, phonolite) erup-
tive cycles. The oldest dated cycles occur at Rainbow Ridge,
where two basaltic–felsic eruptive sequences are found.166°30'0"E166°0'0"E
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These are followed by a younger basaltic–felsic–basaltic erup-
tive sequence at Mount Wise. The total range in rock types
is from basanite, through nepheline hawaiite to nepheline
mugearite, nepheline benmoreite and phonolite (Adams 1973;
Kyle 1976;Kyle et al. 1979a). The Brown Peninsula nephe-
line–hawaiite has been modelled to form from basanite by
the fractional crystallization of olivine + spinel + clino-
pyroxene + plagioclase + titanomagnetite + apatite ± ilmenite ±
kaersutite (Kyle et al. 1979a). Nepheline–hawaiite to
nepheline–benmoreite was modelled by further fractional
crystallization of clinopyroxene + kaersutite + titanomagne-
tite + plagioclase + apatite (Kyle et al.1979a). At the Brown
Peninsula, and many other areas in the Erebus Volcanic Prov-
ince, small cones and lava�ows of kaersutite-bearing and/or
clinopyroxene-bearing felsic lava�ows (nepheline–benmor-
eite and phonolite) are common. The cones are small, and
most involved the eruption of less than 0.5 km3 of material
(Fig. 13).

Mount Discovery. In 1902, Robert Scott of the British
National Antarctic Expedition (1901–04) noted in his diary
the � rst description of Mount Discovery:‘and to the south a
peculiar conical mountain… we named the conical mountain
after our ship’ (Scott 1907, p. 119). Mount Discovery is a
prominent stratovolcano (Global Volcanism Program 2013a)
in the Ross Sea (Fig. 14). Rock exposures on Mount Discov-
ery are separated from Mount Morning by the Discovery Gla-
cier, from Minna Bluff by the Minna Saddle and from the
Brown Peninsula by Dreary Isthmus (Fig. 14), in a pattern
of three-fold radial symmetry (Kyle and Cole 1974).

The volcano was visited once in 1958 by a New Zealand
party, with samples collected and described in a doctoral thesis
(Kyle 1976). It was visited once again by S.B. Treves between

1960 and 1971 (Goldich et al. 1975). Data for samples col-
lected by Treves have formed part of regional, geochemical,
isotopic or chronological overviews of the region (Goldich
et al. 1975; Sun and Hanson 1975;Stuckless and Ericksen
1976;Armstrong 1978) but these compilations usually include
data for only one Mount Discovery sample. As part of her PhD
work, Wright-Grassham (1987)spent 16 days mapping and
collecting samples in the only detailed geological study of
the mountain. The results from this work are included in a the-
sis and three short reports (Wright et al. 1984,1986;Wright
and Kyle 1990c).

On Mount Discovery, rock exposures are concentrated on
the northern-facing slopes (Fig. 14). Moraine cover is dom-
inant below c. 400 m. Abovec. 1100 m the slope angle
steepens to 30°. Lava�ows, lava domes and pyroclastic
deposits are present, and at least 45, morphologically
young, cinder cones have been mapped (Wright-Grassham
1987). Ice-mushrooms (personal observations of A.P. Mar-
tin) occur on the summit but fumarolic ice towers have not
been observed (Wright-Grassham 1987). Volcanism has
been dated at between 5.46 ± 0.16 and 1.87 ± 0.43 Ma (Pol-
yakovet al.1976;Armstrong 1978; Wright-Grassham 1987)
but radiometric ages as young as 0.06 ± 0.006 Ma have been
reported byTauxe et al. (2004). The mostly undissected
morphology indicates that this is a minimum age range for
Mount Discovery.

On a total alkali v. silica diagram, nepheline-normative,
strongly alkalic (Saggerson and Williams 1964) rocks
from Mount Discovery form a lineage between basanite and
phonolite, with rare trachyte (Fig. 3b). This lineage can be
modelled by the fractional crystallization of olivine + clino-
pyroxene + plagioclase + titanomagnetite + apatite ± ilmenite ±
kaersutite ± nepheline (Wright-Grassham 1987).
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Minna Bluff. Known�rst as ‘The Bluff’ , and later named after
the wife of the president of the Royal Geographical Society
during the 1901–04 British National Antarctic Expedition
(Scott 1907), Minna Bluff is a 45 km-long, southeasterly-
trending rock outcrop that ends in a distinct hook
(Minna Hook: Fig. 15). Minna Bluff had been visited by
S.B. Treeves in the 1960s, with only two of the collected sam-
ples being analysed in the 1970s (Goldich et al. 1975;Kyle
1976). Wright-Grassham spent 17 days at Minna Bluff in
the 1980s, resulting in a thesis and two short publications
(Wright et al. 1983; Wright-Grassham 1987;Wright and
Kyle 1990d). In the 2000s, a further two�eld seasons of
research were undertaken, leading to several theses (Scanlan
2008;Fargo 2009;Antibus 2012;Ross 2014;Redner 2016),
abstracts and publications (Fargoet al. 2008; Panteret al.
2011; Wilch et al. 2011a, b; Ross et al. 2012b; Antibus
et al.2014).

Minna Bluff is made up of coalesced eruptive centres, rang-
ing from small, primitive cinder cones, lava�ows and pyro-
clastic deposits to compositionally evolved domes (Fig. 15).
A minimum of four hiatuses separate periods of volcanic
activity (Antibus et al. 2014). Volcanism occurred between
c. 12 and 4 Ma (Wright-Grassham 1987;Fargo 2009;Wilch
et al. 2011a;Antibus et al. 2014). Eruptions commenced at
Minna Hook (12–8 Ma), with phonolite and tephriphonolite
compositions preserved (Wilch et al. 2011b) (Fig. 15). Pre-
served igneous rocks are more ma�c and younger (8–4 Ma)
to the NW, along Minna Bluff, relative to compositions at
Minna Hook.

On a total alkali v. silica diagram, analysed rocks form a
strongly alkalic, nepheline-normative lineage between basan-
ite and phonolite (Fig. 3b). This lineage can be modelled
by the fractional crystallization of olivine + clinopyroxene ±
kaersutite for basic compositions and olivine + clinopyrox-
ene + plagioclase + magnetite + apatite for more evolved
compositions (Panteret al.2011). Kaersutite and feldspar phe-
nocrysts frequently show disequilibrium textures. Megacrysts
are common but mantle xenoliths are rare (Panteret al.2011).

Mount Morning Volcanic Field

Mount Morning. Mount Morning is a poorly dissected shield
volcano (Global Volcanism Program 2013b) forming a volca-
nic island in the Ross Sea (Fig. 16). It was named during the
1901–04 British National Antarctic Expedition (Ferrar 1905;
Fletcher and Bell 1907;Scott 1907) after the relief ship SY
Morning. Much of the ice-free exposure occurs in two lines
on the northern�anks of the mountain, the westerly Riviera
Ridge and the easterly Hurricane Ridge, separated by the Ver-
eyken Glacier (Fig. 16). A summit caldera is elongated NW–
SE, with axes 4.9 and 4.1 km in length (Paulsen and Wilson
2009). The radius of the volcanic edi�ce is at least 25 km
from the summit caldera to furthest exposed outcrop
(Fig. 16), making the volume approximately 1785 km3, com-
parable to the volume of Mount Terror. At least 50, morpho-
logically youthful, ma�c �ank vents occur on the northern
slopes (Martin 2009).

Petrological investigations were conducted at a reconnais-
sance level on Mount Morning in the mid-part of the last cen-
tury during brief �eld visits or as part of regional data
compilations (e.g.LeMasurier and Wade 1968;Treves
1968,1977;Kyle and Cole 1974;Goldich et al. 1975;Sun
and Hanson 1975;Polyakovet al. 1976; Armstrong 1978;
Stucklesset al. 1981; Stuiver and Braziunas 1985). In the
1970s and early 1980s, more detailed, thesis-based investiga-
tions were carried out (Kyle 1976; Kyle and Muncy 1978,
1983, 1989; Muncy 1979; Wright et al. 1986; Wright-
Grassham 1987), and again in the 2000s (Sullivan 2006;van
Woerden 2006;Paulsen 2008;Martin 2009). Remote sensing
of elongated craters, and dating of young volcanic centres,
were also carried out in the 2000s (Paulsen 2002;Csatho
et al.2005;Paulsen and Wilson 2007,2009). Palaeomagnetic
studies have also been undertaken at Mount Morning (Manki-
nen and Cox 1988;Tauxeet al.2004).

Mount Morning varies compositionally between basanite–
phonolite and basanite–trachyte. The volcanic rocks are por-
phyritic with phenocrysts 0.5–4 mm in diameter in a�ne
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(0.05 mm) to very�ne (<0.05 mm) groundmass. Most volca-
nic rocks are also poorly vesicular to non-vesicular. Detailed
petrographical descriptions are available in a number of theses
(Muncy 1979;Wright-Grassham 1987;Sullivan 2006;van
Woerden 2006;Martin 2009), and this information is summa-
rized inMartinet al.(2013). Volcanism at Mount Morning has
been assigned to two geochemically and chronologically dis-
tinct lineages (Kyle 1976; Muncy 1979;Wright-Grassham
1987;Wright and Kyle 1990g;Martin 2009), termed byMar-
tin et al. (2013)the Mason Spur and Riviera Ridge lineages.

Mason Spur Lineage rocks are preserved at two localities on
the lower slopes of Mount Morning (Pinnacle Valley and Gan-
dalf Ridge:Fig. 16). Igneous rocks of this lineage were mostly
erupted between 18.7 ± 3 and 13.0 ± 0.3 Ma (Wright-
Grassham 1987;Kyle and Muncy 1989;Martin et al. 2010).
Radiometric dates from volcanic ash layers as old as
24.98 Ma in Cape Roberts drill hole 2/2A (McIntosh 2000)
are most probably derived from the Erebus Volcanic Province
(Smellie 2002) and logically assigned to the oldest, known,
eruptive centre, Mount Morning (Smellie 1998). Pinnacle Val-
ley and Gandalf Ridge might be isolated volcanic centres but a
more extensive footprint of Mason Spur Lineage magmatism
has been proposed based on the widespread occurrence of
Mason Spur Lineage-like trachyte and syenite xenoliths across
the exposed, volcanic edi�ce (Martinet al.2010). The lineage
includes both quartz- and nepheline-normative rock types, and
all analysed rocks are mildly alkalic (following theSaggerson
and Williams 1964de�nition). On a total alkali v. silica dia-
gram, most data for analysed rocks lie within an array between
tephrite and trachyte (Fig. 3c), and this can be modelled by
fractional crystallization involving diopside + nepheline ±
olivine ± magnetite/ilmenite. A second, quartz-normative lin-
eage of mugearite to trachyte/rhyolite can be modelled in
terms of fractional crystallization of plagioclase + diopside ±

magnetite/ilmenite ± apatite, with silica oversaturation being
related to wall-rock assimilation (Martin et al.2013). Several
of the whole-rock compositions are comenditic (Kyle and
Muncy 1989;Martin 2009).

Ninety per cent of the outcrop on Mount Morning com-
prises rocks assigned to the Riviera Ridge Lineage (Fig. 16).
These were erupted from at least 5.05 ± 0.04 to 0.06 ±
0.08 Ma (Polyakov et al. 1976; Armstrong 1978;Wright-
Grassham 1987;Tauxe et al. 2004; Paulsen and Wilson
2009; Martin et al. 2010). The youngest radiometric age
determinations have analytical errors that overlap with the
present day, andMartinet al.(2010)considered Mount Morn-
ing to be dormant rather than extinct. Relative to Mason Spur
Lineage rocks, Riviera Ridge Lineage rocks are younger,
strongly alkalic and always nepheline-normative. On a total
alkali v. silica diagram, analysed samples form an array
between basanite and phonolite (Fig. 3c), and this can be mod-
elled by fractional crystallization involving diopside + plagio-
clase + olivine + magnetite/ilmenite for basic compositions
and plagioclase + diopside + aegirine + nepheline + ilmenite/
magnetite ± apatite ± kaersutite for felsic compositions (Mar-
tin et al.2013). Ma�c rocks of the Riviera Ridge Lineage con-
tain abundant mantle and crustal xenoliths (Kyle et al. 1987;
Martin et al.2014a,b, 2015a,b,).

Mason Spur. Mason Spur was named in 1963 after a serving
United States Antarctic Research Programme representative,
Robert W. Mason. It is a NE-trending,c. 10 km-long linear
bluff up to 1300 m above sea-level, with rock exposure in
mainly SW- to SE-facing cliffs and along cliff tops
(Fig. 17). It was� rst visited in the 1980s by Wright-Grassham,
with petrographical descriptions and chemical and chronolog-
ical results published in a thesis and short communications
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(Wright et al. 1984, 1986; Wright-Grassham 1987;Wright
and Kyle 1990f). It was visited by Martin and others in 2005
and again in 2016, resulting in a thesis and publications (Mar-
tin 2009;Martinet al.2010,2013,2018). Mason Spur is a sep-
arate volcanic centre from Mount Morning (cf.Martin et al.
2010), as originally proposed byWright-Grassham (1987)
and shown by recent� eldwork. The two lineages identi�ed
at Mount Morning are also present at Mason Spur (Wright-
Grassham 1987;Martin 2009).

The lowermost, and volumetrically dominant, volcanic
suite, referred to here as the Mason Spur Lineage, is part of
a complex intra-caldera sequence of pyroclastic deposits and
cross-cutting intrusions. These rocks were emplaced between
12.9 ± 0.1 and 11.4 ± 0.1 Ma (Wright-Grassham 1987;Mar-
tin et al. 2010). The preserved rocks, which form a lineage
with compositions between tephrite and trachyte, range from
quartz- to nepheline-normative and all are mildly alkalic (Sag-
gerson and Williams 1964) (Fig. 3c). Fractional crystallization
can be modelled by either diopside + nepheline ± olivine ±
magnetite/ilmenite or plagioclase + diopside ± magnetite/
ilmenite ± apatite for nepheline- or quartz-normative lineages,
respectively (Martin et al. 2013). Aenigmatite and aegirine
augite are present in the groundmass of the most evolved
trachyte rocks. Overlying the Mason Spur Lineage sequence
are younger rocks (6 Ma to near present day) comparable
with the Riviera Ridge Lineage of Mount Morning, and
consisting of felsic lava domes and ma�c scoria cones. The
youngest dated material has ages that overlap with present
day, and, like Mount Morning, Mason Spur may be dormant
(cf. extinct). These rocks form a lineage between basanite
and phonolite that is compatible with fractionation of diop-
side + plagioclase + olivine + magnetite/ilmenite for basic
compositions and plagioclase + diopside + aegirine + nephe-
line + magnetite/ilmenite ± apatite ± kaersutite for felsic
compositions (Martin et al.2013).

Southern Local Suite

Throughout southern Victoria Land, in the foothills of the
Transantarctic Mountains (Fig. 18), numerous small basaltic
scoria cones pepper the landscape and vary in composition
from basanite to alkali basalt. More than 50 small centres,
up to 1 km across and 300 m high, are found in the foothills

of the Royal Society Range or around the Taylor and Wright
valleys, and these vary in age from at least Mid-Miocene to
early Pleistocene (Armstrong 1978;Wright 1979a,b, c, d;
Wright and Kyle 1990a,b; Tauxe et al. 2004; Cox et al.
2012), although Holocene ages have been indicated from
some unpublished ages obtained by the K–Ar method (Wright
and Kyle 1990a). The earliest geological investigations were
made here during the heroic era (Ferrar 1907;Prior 1907;
Mawson 1916;Smith 1954). Further expeditions were made
around the time of the International Geophysical Year pro-
gramme (the third Polar Year), including the Commonwealth
Trans-Antarctic Expedition of 1955–58, resulting in the geo-
logical maps ofGunn and Warren (1962). The area was
again visited by geologists during the early 1960s (Blank
et al. 1963;Haskellet al. 1965), and by geologists from the
Geological Survey of New Zealand in the late 1970s (Wright
1979c, d). Research on the Southern Local Suite rocks has also
been undertaken on speci�c vents, and the xenoliths hosted in
the volcanic rocks, at various other times over the past
40 years (e.g.McIver and Gevers 1970;Gamble and Kyle
1987; McGibbon 1991;Wingrove 2005) but a synthesis of
the Southern Local Suite has not yet been published.

In the majority of cases, the cones are eroded and the prod-
ucts pyroclastic, with deposits of poorly strati�ed scoria and
agglutinate to rarely preserved hyaloclastite and lava�ows
(Blank et al. 1963;Haskellet al. 1965; Skinneret al. 1976;
Keys et al. 1977;Wright 1980;Wright and Kyle 1990a,b).
Accordingly, they can be regarded as monogenetic scoria
cones, with relatively short life cycles. In this subsection, a
number of occurrences are described that can be considered
to be generally representative. The rocks are typically porphy-
ritic, with phenocryst assemblages dominated by olivine and
clinopyroxene but with plagioclase ± Fe–Ti oxides and some-
times Ti-amphibole megacrysts (kaersutite). Xenoliths are
common, ranging from lithospheric mantle spinel lherzolite,
harzburgite and dunite to lower-crustal granulites and meta-
gabbros (McIver and Gevers 1970;Kirsch 1981;Kyle et al.
1987). Foster Crater hosts a unique and unusual phlogopite-
bearing pyroxenite that varies from coarse-grained granoblas-
tic to �ne-grained mylonitic and porphyroclastic in texture
(Gambleet al. 1988). Shallow crustal granitoids and meta-
sediments, all sintered and partially fused, are also present
but less common. The crust throughout this region generally
comprises basement of Neoproterozoic–early Cambrian and
Ordovician metasedimentary rocks, including quartzites,
schists and marbles, intruded by predominantly granitoid
plutons of the Granite Harbour Intrusive Complex and uncon-
formably overlain by Permian–Triassic low-grade metasand-
stone, shales and coal measures of the Beacon Supergroup.
These were followed by intrusions and localized lava�ows
of the Ferrar–Kirkpatrick Large Igneous Province (Cox
et al.2012).

Foster Crater. This crater is situated on the northern side of
the Koettlitz Glacier, about 110 km south of Ross Island. It
consists largely of poorly strati�ed, highly oxidized aggluti-
nate and scoria, with abundant xenoliths ranging from mantle
peridotite, lower-crustal gabbros and pyroxenites (Gamble
and Kyle 1987;Gambleet al.1988).

Hooper Crags. Hooper Crags are isolated outcrops
towards the head of the Koettlitz Glacier. The exposures are
sparse and appear to be remnants of a lava�ow that contains
xenoliths of peridotite.

Pipecleaner Glacier. Pipecleaner Glacier, Roaring Valley
and Radian Glacier are about 10–15 km north of Foster Crater,
in a region that was mapped in detail by Worley and
others during the Otago University basement study project
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