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Chapter 2.1a

Ferrar Large Igneous Province: volcanology
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Abstract: Preserved rocks in the Jumssic Ferrar Large Igneous Provinee consist mainly of intrusions, and extmsive mcks, the topic of this
chapter, comprise the remaining small component. They crop out ina limited number of areas in the Transantarctic Mountaing and southeastem
Australia. They consist of thick sequences of lavas and sporadic occurrences of volcaniclastic rocks. The latter occur mainly beneath the livas
and represent the initial emptive activity, but also are present within the lava sequence. The majornity are basaltic phreatomagmatic deposits and
in at least two locations form immense phreatocauldrons filled with structureless tuff brecdas and lapilli tuffs with thicknesses of as much as
400 m. Stmatified sequences of tuff breceiss, lapilli tuffs and tffs are up to 200m thick. Thin tuff beds are sparsely distributed in the lava
sequences, Lava successions are mainly 400-500m thick, and comprise individual laves mnging from 1 to 230 m thick, although most ame
in the mnge of 10-100 m. Wel-defined colonnade and entablature are seldom displayed. Lava sequences were confined topographically
and locally ponded. Water played a prominent roke in emiptive activity, as exhibited by phrestomagmatism, hyaloclastites, pillow lava and

quenching of lavas. Vents for lavas have yet to be identified.

The discovery of thick dolerite sills in south Victoria Land
(Fig. 1) was made by the National Antarctic Expedition,
1901-04, the first of R F. Scott's expeditions. The field setting
of the rocks was descnibed by the expedition geologist HT.
Ferrar (1907) and the petmography by G.T. Pror (1907). Dol-
erites, mamly erratics, were also collected by members of the
Brtish Antarctic Expedition, 190709, from the Beardmore
Glacier and Ferrar Glacer regions, as well as the coastal
region of Victoria Land as far north as the David Glacier
(Benson 1916; Mawson 1916). Benson (1916) also noted an
ermatic with the petrography of a tholeiite and with interstices
filled by skeletal feldspar in dark brown glass, arock that today
would be considered a lava. Campbell-Smith ( 1924) described
the dolerites collected from Buckley Island and Mount Darwin
at the head of the Beardmore Glacier and from south Victoria
Land by the British Antarctic (‘Terra Nova') Expedition,
191013, Several erratics from the Tera Nova Bay region
were later reported (Campbell-Smith 1964) to have glassy
mesostases and zeolite-filled amygdales, which, with one
excepltion, were thought to be mtrusive rocks rather than
lavas. The Australasian Antarctic Expedition, 1911-14, col-
lected dolentes from Hom Bluff, as well as dolerite ematics,
and these were described by Browne (1923). L.M. Gould,
geologist on the first Byrd Antarctic Expedition (1928-30),
collected a diabase from Mount Fridfjof Nansen in the
Queen Mand Mountains (Gould 1931, 1935), thus extending
the known distnbution of the dolente sills yet farther along
the Transantarcic Mountains.

Harrington { 1958) suggested the name Ferrar Group for the
dolerite sills and dykes that are so abundant in the Dry Valleys,
and which are known to occur throughout much of the Trans-
antarctic Mountains. During the Intemational Geophysical
Year (1957-58) extrusive equivalents were found in site in
the Allan Hills—Coombs Hills region and at Westhaven Nun-
atak, both in south Vietoria Land (Fig. 1) (Gunn and Warren
1962). At the same time a layered basic infrusion was discov-
ered at the Dufek Massif, Pensacola Mountains (Aughen-
baugh 1961; Walker 1961), and dolente sills were found
the Theron Mountains and Whichaway Nunataks (Stephenson
1966). Grindley (1963) broadened the name Ferrar Group to

mclude basaltic lavas that cap the Devonian-Trnassic Beacon
succession into which the dolente sills were intruded. and
named the lavas the Kirkpatrick Basalt (although commonly
referred o as basalts, strictly speaking the majority of the Fer-
rarrocks have a basaltic andesite composition). Thus, basaltc
lavas and pyroclastic rocks first reported by Gunn and Warren
(1962) were included in the Ferrar Group. Subsequent field
investigations showed that igneous rocks assignable to the
Ferrar Group are widespread in the Transantarctic Mountains,
cropping out from the Theron Mountains near the Weddell Sea
to Horn Bluff, NW of north Victoria Land (Fig. 1). Later, Ford
(1976) comelated the Dufek intrusion with the Ferrar Group.
Eyle et al (1981) introduced the name Ferrar Supergroup
for all the intrusive and extrusive mcks of Jurmassic age, and
subsequently Kyle( 1998) used the name Ferrar Large [gneous
Province (FLIP) for these tholentic sills, dykes and extrusive
rocks. That name now encompasses those rocks as well as
the Dufek intrusion and the tholentes in southeastern Austra-
lia, Tasmania and New Zealand (Milnes er al. 1982; Hergt
et al. 1991 ; Mortiimer er al. 1995; Bromfbeld ef af 2007). It
15 proposed here that the name Ferrar Large Igneous Province
be formally established for these rocks together with those in
southeastern Australasia, all of which are characterized by dis-
tinctive chemistry (see Elliot and Fleming 2021). The name
Ferrar Group is retained for the rocks belonging to the FLIP
but restricted to outctops in Antarctica.

The extant Ferrar Group i dominated by intrusive rocks,
and the subordinate lavas and pyroclastic deposits are scat-
tered in relatively small areas between the Grosvenor Moun-
tains at the head of the Shackleton Glacier and the Litell
Rocks situated in the lower reaches of the Remnick Glacier
in north Victoria Land (Elliot and Fleming 2008, 2017).
Details of the occurrence and distnibution of the intrusive
rocks are given in the chapter on the geochemistry of the Ferrar
LIP (Elliot and Fleming 2021).

The Ferrar province has a limited exposed volume. The vol-
ume of dolerite sills is estimated to be about 1.7 x 10° km’,
assuming an outcrop belt 150 km wide. The lavas are esti-
mated to have a volume of several thousand cubic kilometres
assuming continuity within the principal areas of oulcrop
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(Fleming ef al. 1995), but onginally it must have been much
greater. Although the geochemistry is described in the next
chapter (Elliot and Fleming 202 1), the division into two chem-
ical types is noted here (Fleming ef al. 1992, 1995). The
Mount Fazio Chemical Type (MFCT) forms about 9% of
the province and most of the analysed rocks. The Scamb
Peak Chemical Type (SPCT) occurs only as the capping
lava of most sequences and as a few sills in the Weddell Sea
sector of the Fermar province.

The age of the Ferrar rocks remamed a litle uncertain,
other than Mesoanic, untl the advent of mdiometnic age deter-
minations when it was established that they are Jurassic n age.
Initial results using the whole-rock K-Armethod were 5 -
seded by the analysis of plagioclase using the ““Ar/™Ar
technique, but issues remained that were concerned mainly
with monitor ages and the differences compared to U-Fb
ages. The early U-Pb age determinations by multigrain zircon
analysis (Encarnacidn ef al. 1996; Minor and Mukasa 1997)
have been overtaken by the smgle-crystal chemical-abrasion
isotope-dilution  thermal ionization mass spectrometry
(CA-ID-TIMS) method (Table 1) (Burgess ef al. 2015).
Because of the sparsity of zircon in the extrusive rocks,
U-Pb age determinations are primanly for dolentes. A
restricted duration of emplacement (<0.4 Ma) s suggested
for 14 Ferrar dolerite sills, with ages ranging from 18278 +
0.4 to 18259 + (.08 Ma; two granophyre samples of the
Dufek mtrusion gave ages of 18270+ 005 and 18263+
0.03 Ma (Burgess ef al. 2015). A dolerite from Red Hill, Tas-
mania, part of the Ferrar LIP, gave an age of 182.54 + (106 Ma
{Burgess et al. 2015). Ivanov et al (2017) reported three
ID-TIMS U-Pb zircon ages for granophyres m Tasmanian
dolerites, the ages ranging between 18290 +0.21 and
182,65 + 0.42 Ma. Kirkpatrick Basalt lavas from three differ-
ent sections and forming the capping lavain each case yielded
ages of 182.64 (008, 18254 = 0.20 and 18243 = 0.04 Ma

Table 1., Single-grain and multigrain U-Pb zircon ages determinad for the
Ferrar Large Igneous Province

Location Sample no. Rodk type Age (Ma)
CA-TD-TIMS (single grain), Antarciica (Burgess eral 2015)
Formstal Rangs PRE 8633 Granophyre 182700 = 0045
Formestal Range PRE-(9305 Granophyre 182 620 = 0029
Milsen Plateau 9665-11 Diolerite 182 500 = 0.079
Roberts Massif 96-T4-6 Dolerite 182 746 = 0054
Rougier Hill 96-51-67 Dolerite 182,753 = 0037
Mount Falla 905312 Dolerite B2 85+ 03
Wahl Glader B56-16 Dolerite 182,753 = 0037
Mount Picciotio BS54 Dolerite 182,616 = 0.049
Mount Picciotto B5<4-18 Dolerite 182,633 £ 0049
Dawson Peak 85-546 Do lerite 182,779 = 0,033
Pandom Spre A-236-A Dolerite 182 689 + (038
Peamse Valley 90-76-13 Do lerite 182,776 = 0059
i 040304 Dolerite 182 750 = 0048
Bull Pass 0540601 Dolerite 182,680 + 0038
Mount Bumstead 96-55-2 Lava 182 48 = 020
Mount Bumstead 96-52-1 Lava 182.54 = (1.2
Storm Peak B5-T6-63 Lava 182430 = 0036
Brimstone Peak 97-55-1 Lava 182 635 = 0077
CA-ID-TIMS (zingle grain), Tasmania (Burgess ef al. 215)
Red Hill 9717 Granophyre 182,540 = 0,059

AA/ CA-ID-TIMS ( single grain), Tasmania (Ivanov et al 2017)

Northwest Bay 2013-289 Granophyre 182 90 =121
Northwest Bay 2(13-288 Granophyre 182,65 = 0142
Cape () Eliznbeth 2013-290 Granophyre 182,75 0145
TIMS {rwltigrain |, Antarctica { Encarnacion er al. 19496)

Dawson Peak 90639 Dolerite Bid4x14
Peamse Valley -T6-12 Dolerite BIEx16
TIMS (ruitigrain |, Anrarcrica (Minor and Mukasa 1997)

Formstal Range 930-Ta Granophyre 183903
Forrestal Range 930-86 Granite dyke 182.7 =0.4

CA-ID-TIMS, chemical-shrasion isotope-dilution hermal jonization mas
apec rometry; A A, air abrasion,
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{Burgess er al. 2015). The latter suggests that at least part of
the capping unit is permissibly shghtly younger than the
bulk of the Ferrar LIP. One lava from close to the base of
the lava sequence gave a poorly constrained age of 182 48 +
0.20 Ma, which is mdistinguishable from the sill ages. The
duration of Ferrar LIP magmatism was estimated to be 349
+ (.49 ka (Burgess er al 2015).

The Ferrar LIP, like the Kamo LIP of South Africa, exposes
the supracrustal architecture of the plumbing system. The Fer-
rar LIP differs from the Karoo and many other LIPs in the very
limited duration of emplacement (Burgess ef al. 2015), a linear
outcrop pattern along the Transantarctic Mountains, the dom-
mance of a single set of chemical compositions and, perhaps
most importantly, a distinctive isotopic signature (Elliot and
Fleming 2008, 2017). The geochemistry is discussed in the
next chapter.

Extrusive rocks (distribution, volumes and extent)

Extrusive mcks occur as solated and limited outcrops in two
distinet regions in the central Transantarctic Mountaing
(Fig. 2): at the head of the Shackleton Glacier in the Grosvenor
Mountains and Otway Massif; and adjacent to the B eardmore
Glacier in the Queen Alexandra Range (Barrett er al. 1986). In
WVictoria Land, outcrops, apart from an isolated occurrence at
Westhaven Munatak (Fig. 1) (Gunn and Wamen 1962), are
scattered over 600 km between the Allan—Coombs hills region
(Kyle a al. 1983; Bradshaw 1987; Roland and Wikrner 1906;
Demarchi er al. 2001; Ross e al. 208a) and Litell Rocks
{(Skinper eral 1981)(Figs 3 & 4), with the only extensive out-
crops found in the Mesa Range (Gair 1966; Elliot eral 198665,
Brotzu er al. 1988; Homig 1993; Hanemann and Viereck-
Giitte 2004; Viereck-Giitte ef al. 2007). Lavas comprise the
bulk of the extrusive rocks, with a small proportion being vol-
caniclastic and formed by explosive eruptions, and an even
smaller proportion being reworked volcaniclastic debns. The
minimum volume of lavas, assuming continuity between out-
crops within the extant areas, has been estimated to be c.
T000 km® (Fleming er al. 1995), and for the volcaniclastic
rocks is estimated to be ¢. 60 km® (c. 37 km® in the Queen
Alexandra Range and Otway Massif; ¢ 20 km® in south Vic-
tona Land; ¢. 1.0 km" in the Prince Albert Mountains; and c.
0.2 km" in the southern and eastern Mesa Range region, north
Victoria Land). The extrusive rocks are remnants of what must
have been, at one time, extensive volcanic fields,

Volcaniclastic rocks

Dhistribution and thickness. Volcamclastic rocks are assigned
to the Prebble Formation m the central Transantarctic Moun-
tains (Hanson and Elliot 1996; Elliot and Hanson 200)1); to
the Mawson Formation m south Victona Land (Ballance
and Watters 1971; Korsch 1984; Bradshaw 1987; White and
McChntock 2001; Reubi er al. 2005, Ross and White
AM)5a; Elhot er al. 2006; McChntock and White 2006; Ross
et al. 2008a) and in the Pnnce Albert Mountains (Elliot
2002); and are known as the Exposure Hill rocks (formery
Exposure Hill Formation: Elliot er al. 19864) n north Victona
Land (Viereck-Gitte er al 2007). Volcaniclastic rocks typi-
cally underlie the lavas, but in a few places are found interca-
lated in the lower part of the lava sequence. Thicknesses of
strafified volcaniclastic rocks range up to 200 m (Hanson
and Elliot 1996), but unstratified accumulations mfilling
vent complexes comprising diatreme structures (called *phrea-
wcauldrons’ by White and MeChntock 2001) have a vertical
extent of at least 370 m at the Otway Massif (Elliot and

Wivf| Surficial deposits
- L. Jurassic basallic rocks

| Jurassic Hanson Fm

Pre-Devonian igneous
_and metamorphic rocks

ML Kirkpatrick
Storm Peak

165°E 170°E 175°E

Fig. 2. Simplified geological map of the upper Beandmomn: Glacier region,
centml Transantarctic Mountains, illustrating the distribution of the
Prebhle Formation and Kirkpatrick Basalt lavas (combined as L. Jumssic
basaltic mcks in the explanation). Fearar Dolenite sills and dykes occur
throughout the Devonian—Triassic Beacon stmata,

Hanson 2001) and more than 400 m in the Coombs—Allan
hills area where the outcrop area is more than 30 km®
(White and McClintock 2001). Similar features are known
from the Kamo province (McClintock er al 2008), but have
not been widely identified in the massive volcaniclastic depos-
its of other flood basalt provinces (Ross e all. 2005),
Exposed stratigraphic contacts with underlying Jurassic or
Trassic beds are few and far between. Contacts are present
in the Queen Alexandra Range (Hanson and Elliot 1996), pos-
sibly at Shapeless Mountain and Coombs Hills, south Victonia
Land (Korsch 1984; Elliot and Grimes 2111, respectively),
and in the Deep Freeze Range and east of Gair Mesa, north
Victoria Land (Viereck-Gitte er al 2007), where the basal
part of the basaltic pyroclastic succession is mterbedded
with the upper part of the underlying silicic Shafer Peak For-
mation. More complex contact relationships charactenze the
northem part of Coombs Hills, where pyroclastic rocks and
lava rafts (with an enclosed fossil tree stump: Garland er al
2007) are closely associated with tilted and broken ‘rafts’ of
Lashly Formation country rock of varying sizes, and all
enclosed in mock mapped as a mixture of Ferrar Dolenite sills
and dykes cutting the Lashly Formation (Grapes er al
1974). White er al. (2009) interpreted these relationships to
indicate that at the edge of the Coombs Hills phreatocauldrons
the infruding sills had shoaled to the surface (cf. Muirhead
et al. 2014). These sills engulfed broken blocks of the shallow
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Fig. 3. Simplified geological map of south Victoria Land to show the
distribution of the Mawson Formation and Kirkpatrick Basalt lavas, Fermr
Dolente sills and dykes occur throughout the Devonin—Triassic Beacon
stmta; however, at Battlements Nunatak sills alone are present.

country rock beneath which magma was initially mtruded, and
enclose surface-emplaced pyrmoclastic deposits.

Facies and origin in south Victoria Land. Stratified Ferrar
voleaniclastic mocks include both primary voleaniclastic
deposits and others inferred to comprise debris redeposited
in stream and lake environments. All of these are vaneties of
mafic volcaniclastic deposits (MVD) such as are known to
be associated with many large igneous provinces (Ross
er al. 2005). The lithofacies scheme used is shown in
Table 2, with summary interpretations of the different lithofa-
cies. Outcrops m the Allan and Coombs hills areas provide
exceptional exposures of these rocks, which at all known
localities mark the mitiation of Ferrar volcanism.

At Allan Hills in South Victoria Land (Figs 1 & 3) promi-
nent stratified deposits exposed over c. 6 km (Fig. 5a) include
two different kinds of beds (Ballance and Watters 1971;
Grapes et al. 1974; Ross and White 2005a; Ross ef al
2(0)8a). Thick beds with associated aceretionary lapilli are lat-
erally persistent and contam small *rags’ of once-glassy basalt
indicating mhomogeneous temperamures within the pyroclastic
currents that deposited them. Ther thickness and extent ndi-
cate emplacement from large-volume eruptions from a source
beyond Allan Hills, mferred to have been in neighbouring
Coombs Hills (Fig. 3). With metres-thick deposits of basaltic

Section Pk
&

km

o

Cenozoic
igneous rocks

L. Jurassic
hasaltic rocks

Triassic-
Jurassic strata

D Permian strata

Pre-Parmian
igneous and
metamorphic rks

Fig. 4. Simplified geological map of north Victora Land to illustmate the
distribution of the Exposure Hill rocks and Kirkpatrick Basalt lavas, Ferrar
Daolerite sills and dykes occur throughout the Permian-Trassic Beacon
simata.

pymclastc density currents (PDCs) covering areas of at least
100 km®, the volumes produced by single eruptions were on
the order of 1 km®. The PDCs are mferred by Ross and
White (2005a) to have been dilute, moist and turbulent,
based on lack of welding, abundance of hithic particles and
the presence of large (up to 4.5 cm) nm-type (Schumacher
and Schmincke 1991) aceretionary lapilh.

The thick beds overlie thin-bedded deposits with bedding
features like those of small tuff nngs (planar lamination,
local dunes, bombs and blocks with bedding sags: Ross and
White 20005a). The thin-bedded unit extends for more than
I km without clear thinning or fining trends, and comprises
numerous lenses overlapping along a single stratigraphic
level. Multiple local sources, probably lying along a major fis-
sure, are inferred from the lenticulanty and large blocks (some
exceeding 2 m). The layenng, blocks and thickness vanations
are reminiscent of tuff ring deposits, but in alinear array rather
than surmunding a single vent (cf. Sohn and Park 2005).

At Coombs Hills (Fig. 3), non-stratified volcaniclastic rocks
are dominant over a large area (Bradshaw 1987; White and
MeClintock 2001; Ross and White 2006; White ef al 2009).
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Table 2. Facies descriptions and interpretations for rocks in the Mawson Formation, Coombs Hills and Allan Hills areas

Facies Observations Interpretations
Heterolithological lapilli 1. Volumetrically dominant facies at Coombs Hills (locally * The clast assemblage suggests phreatomagmatic eruptions
tuff (LTh and TBh) tuff breccia in grain size) affecting the upper part of the Beacon sequence,
2. At Coombs Hills lacks bedding planes for >300 m occasionally as far down as the base of Victoria Group
vertically; forms thick (up to 15 m) widespread layers at At Coombs Hills, an origin as one or several lshams (Hanson
Allan Hills and Elliot 199) — or subaerial pymdastic flows — filling a
. Lateral variations in gmin size and componentry at Coombs pre-existing topogmphical depression is not favounsd
Hills, but no systematic vertical variations; vanous vertical because of ohservations 2, 3and 7
varigions in thick beds at Allan Hills At Coombs Hills, emplacement in a vent complex by
. Comprises formery glassy basalt fragments (mostly blocky subtermnean debris jets is infermed
ones), microcrystalline hasalt fmgments (a Allan Hills), Several cycles of eruption were probably necessary to reach
sand-grade detrital quantz particles, Beacon fragments, proportions of formerdy glassy basalt clasts observed in LTh
composite clasts {(rcycled peperite) and rar (eg. Bélanger and Ross 2018)
granite frgments
. Basaltic clasts are vanably vesicular, mostly dense to
incipiently vesicular {vesicularity index of Houghton and
Wilson 1989)
6. Host for LTa and TBj zones
. Contains mfts of Lashly Formation (ssndstone to siltstone,
plus silide tuff and silicic tuffacous sandstone) and rafts of
layered, fine-gmined, mafic volcaniclastic mds (some with
accrationary lapilli); most of these rafts dip steeply
Beacon-rich lapilli tuff Forms steep, pipe-like bodies cross-cutting LTh, with Phreatomagmatic fragmentation, vent complex setting
{LTa and THa) sharmp contacts Deposited by Beacon-rich subtermnean debris jets

Basalt-rich lapilli tuff
and tuff breceia (LTj and
TBj) — general

TBj —type 1

TBj —type 2

Raggy'
heterlithological tuff
breceia (TBhr)

Locally a tuff breccia

Outlines in map view are genemally simple, elliptical in
shape, with a long-axis length a few decimetres to a few
hundreds of metnes, aspect of mto (.2-0.8

Same types of clasts as LTh, but with more sbundant
country-ock fragments

Forms zones, metres to hundreds of metres-wide,
cross-cutting LTh

Locally a lapilli tuff

Contzins more vesicular hasaltic clasts than in other facies
{except TBhr)

Mo mone than 5% Beacon clasts in the lapilli + block
size fraction

Often rlatively sharp contacts with host, relatively
compact shapes

Same types of clasts as LTh, but with more sbundant
hasaltic fmgments; blocky basalt dasts present

Mot strongly associated with basalt pods and for

pepente domains

Abundant in westemn Coombs Hills

Generlly diffuse gmdationsl contacts with the host rock,
outlines can be very complex (£.g. octopus-like)
Contains fluidal basalt fmgments and composite clasts, and
few or no blocky clasts

Spatially associated with in sifu peperite domains, and for
pods of glassy basalt

Volumetrically minor at Coombs Hills

Tuff breccia version of LTh with abundant “mgs"; common
at the top of thick beds at Allan Hills

Rags = mlatively vesicular, glassy hasaltic fmgments,
elongate, up to severl decimetres long, with bent shapes,
delicate ends that form spiml shapes and displaying
accommodation of the surmunding clasts

Rags can be aligned in any orientation ar be ‘modomly”
dispersed in unbedded Coombs Hills deposits; weak
subhorizontal orientations at the top of Allan Hills

thick beds

Jets originated when phreatomagmatic explosions oconmed
near the walls or floor of the vent complex, causing
fmgmentation of abundant Victoria Group material

Vent complex setting

Phreatomagmatic frgmentation

Deebris jets propelled by explosions taking place well away
from country mcks

Material in the jets is ncher in basalt than the sumounding
LTh debris because of the addition of juvenile basalt

Somewhat less violent origin than for LTa, LTh and type 1
TBj zones

Juvenile dast-forming processes inferred to be similar to
those in peperite (mostly non-explosiver e.g. surface tension
effects, magma-‘sediment’ density contrasts, instabilities in
vapour films)

Mixing of juvenile fmgments with surmunding
volcaniclastic material {incorporation of quartz gmins, otc.)
Rags tmnsported while still plastic (high tempemture)
LTh-type material simultaneously tmnsported with mgs was
prohably cool (quenched, blocky hasalt clasts and Beacon
material)

Zones contaiming ‘mndomly” or subvertically aligned rags
could have formed when phreatomagmatic explosions
acoelemted vesiculating melt not directly involved in

the explosions

Zones contaiming subhorizontally aligned mgs at Allan Hills
mreflect emplacement by pymcastic density curnents

Afier Rosa and White (20062, 2006), Foss er al. (2008, b, ¢).

Within this area, domainal outcrop patterns are characteristic
{Fig. 6), with steeply dipping, wregular and diffuse contacts
separating  different

lithofacies defined primarily by

differences in the relative abundance of juvenile particles
v. country-rock clasts and country-rock-denved sediment
grams (Fig. 7; Table 2). The most abundant hthofacies 15 a
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Fig. 5. Layered Mawson deposits at Allan Hills. (a) Asrial view
northwards of laterally extensive layering (amows ). (b) Avalanche
deposits in the centml Allan Hills. Lashly Formation strata, dismpied
Ferrar magma intrusion, showing (lower left) broken coal and fine- grained
heds enclosed in sandstone. Locally the deposits (not in image) contain
domaims of fuidally deformed basalt infernsd to have triggersd
avalanching.

heterogeneous lapilli mif (locally coarser-grained tuff breccia)
consisting of T0-80% glassy juvenile fragments and up to
30% Beacon sedimentary mock fragments. Other domains are
much richer in sedimentary rock fragments (50-90%) or in
juvenile material {(up to 70-90%).

The non-stratified rocks locally contain tilted mafts of thin-
bedded deposits including accretionary lapilli, interpreted to
be remnants of mffring deposits (White and McClintock
2001), and similar beds locally overlie the non-stratified
deposits (McClintock and White 2006). Another very com-
mon component of the non-stratified deposits, also present
in both thick and thin beds at Allan Hills, is a kind of compos-
ite clast (White and Houghton 2006). These comprise thin ten-
drils of glassy basalt mingled on centimetric to millimetric
scales with clastic matenal, most commonly ash (Fig. 8),
and are interpreted as fragments produced by disruption of
the peperitic zones commonly formed where basall magma
intruded and mingled with previously deposited tephra
(Ross and White 2006).

Clastic dykes, specifically pyroclastic ones (Fig. 6), are
another distinctive type of deposit. These dykes cut both strat-
ified and non-stratified rocks at Coombs Hills (Ross and White
2005b, 2006), and are also present at Allan Hills (Grapes ef al.
1974; Ross and White 2005a). Some of these have exceptional
width (up to 75 m).

A clastic deposit with a very low proportion of voleanic
material at Allan Hills was emplaced as a large avalanche of
Lashly Formation sandstone, shale and coal beds (Fig. 5b),
into which basalt was mjected before or dunng emplacement
(Reubi er al. 2005; Lockett and White 2008). It comprises a
chaotic assemblage of breccia domains and megablocks as
large as 80 m, derived from undedying rocks of the Beacon

Fig. 6. Distinctive elements of Mawson vent-complex architecture at
Coombs Hills. (a) Domainal outerop interpreted as qoss-cutting clastic
deposits; pale domains in the midgmund (white arows) are LTa, . 10m
across. (h) Detail of a boundary between LTh and LTa domains. The
pencil {upper edge) is for scale. () Regular thick clastic dyke (white
armow) and severl iregular thin basaltic dykes (red armws). Field of view
is ¢ 100 mwide. (d) Clastic dykec. 10 mwide (pale grey rock between the
yellow dashed lines); the clast mixtures of the dyke are tvpically
hetemlithic like the host, but lack the host's coamser lapilli and blocks
{dolerite clasts have accumulated on the surface of the host rocks).

Supergroup, produced by progressive, pervasive and rela-
tively uniform fragmentation of initial megablocks during
transport plus minor disruption and ingestion of the substrate.
The avalanche was emplaced by northward flow into a pre-
existing topographical depression carved into the Beacon
sequence (Reubi ef al 2M)5).

At Carapace Nunatak (Fig. 3), pillow lavas (Ballance and
Watters 1971), hyaloclastites and coarse tuffs with accretion-
ary lapilli (Bradshaw 1987; Ross er al. 2008a) crop out The
tuffs are most probably primary eruption-fed deposits of distal
lahar runout flows or possibly PDCs, perhaps incuding those
that emplaced the thick beds at Allan Hills. More significant
reworking by streams is a less-favoured possibility.

Thin, subvolcanic dolente dykes and sills that pass mto
peperite are widely scattered, and best developed at Shapeless
Mountain (Korsch 1984) and at Coombs Hills (Elliot and
Grmes 2011). Phreatic explosion vent deposits, comprising
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Fig. 7. Dominant dastic lithofacies of Fermar primary volamiclastic
depesits, with examples illustrated from Coombs Hills. (a) Heterolithic
lapilli tuff (LTh). (b) Accidental-rich lapilli tuff (LTa). (¢} Juvenile-rich
tuff breccia (TBj). The pencil head is for scale (white amow). d)
Juvenile-rich lapilki tuff (LTj) with ‘raggy’ fluidal clasts (arows).

a mixture of fragments from the host strata in a matrix lacking
basaltic clasts, have been identified at Coombs Hills where
they cut Trassic Lashly Formation strata (Elliot and Grimes
2011).

The mafic volcaniclastic deposits of south Victoria Land
have been interpreted in different ways. Gumn and Warren
(1962) interpreted the thick-bedded to unbedded deposits
comprising a mixture of clast sizes ranging from blocks or
boulders to silt-grade fragments as a tillite of glacial origin.
Ballance and Watters (1971) called the rocks in the Allan
Hills a ‘diamictite’, identified possible vent deposits and
mferred deposition of layered rocks by volcanic mudfiows.
Bradshaw (1987) further identified vent deposits at Coombs
Hills, and noted that granite boulders contained i them had
been carried upward, during eruption, through hundreds of
metres of stratigraphy.

Interpreting both past work and new mapping results, White
and McClintock (2001) recognized the grouping of ‘vent
deposits’ at Coombs Hills as comprising a large vent complex,
or ‘phreatocauldron’, formed by the same suite of processes
that form diatremes (Fig. 9). Ross and White (2006) presented
new mapping of the internal structure of this complex, and fol-
lowed their field analysis with a series of experiments to inves-
tigate structure s characteristic of subterranean vent-excavation
processes (Ross ef al 2008g, b, 2013; McClintock ef al. 2009;
Valentine ef al. 2015). White ef al. (2009) and Muirhead er al.
(2014) also discussed the role of sills in this setfing, suggesting
that an alternative interpretation would be that dykes feeding
this complex were moted in a sill(s) at a shallow level below
the complex. Such a reconstruction would be consistent with
apparent ‘shoaling” of sills just north of the diatreme complex
{(White er al 2009), and inferred processes of generation for

Fig. 8 Distinctive Mawson composite clasts, lapilli (2—-64 mm) and clasts
=64 mm that are composite bombs and blocks; all are considerad to be
fragments of peperite. (a) Angular peperite block. Scale given by the pencil
end {arrow). (b} Smallscale mingling of basalt {tan, smooth) with LTh
lapilli tuff containing quartzo-feldspathic sand from Beacon country rock
{darker, grainy). () The photomicrogmph, with polarizer at 23° (1/4
crossed), shows once-glassy basalt enclosed in, and enclosing, sedimentary

grains; field of view is 5 mm.

70 m-wide clastic dykes at Coombs Hills (Ross and White
20055).

Facies and origin in other areas. At the Otway Massif several
hundred metres of massive tuff breccias overlain by thin
sequences of mff beds and capped by lavas at the Otway Massif
are interpreted as forming another phreatocauldron (Elliot and
Hanson 2001 ; Elliot and Fleming 2008). These tuff breccias are
less well exposed than those at Coombs Hills, but have many of
the same characteristics: megablocks of Hanson Formation
strata are enclosed in tuff breccia; accidental blocks of silicic
tuff and dolerite are up to 10 m in length; areas within the
tuff breccias show divergent particle orientations, and varying
clast sizes and types; and clastic dykes are scattered widely.
Non-bedded uff breccias withcross-cutting relationships occur
at Ambalada Peak, Prince Albert Mountams (Elliot 2002), and
probably are another example. At Agate Peak and Exposure
Hill, adjacent to the Mesa Range, mff breccias are interpreted
as vent fillings (Elliot er al 1986a; Schiner er al 2007).
Hanson and Elliot (1996) identified extensive deposits of
stratified volcaniclastic rock underying Kirkpatrick Basalt
lavas in the Queen Alexandra Range, central Transantarctic
Mountains (Fig. 2). Based on a particle population comprising
amixture of glassy basaltic (siderome lane) fragments with sand
grains commmuted from country rock, tabular deposit geome-
tries, local entrainment of surface debris into the basal layers
and local fluvial channelling, these are interpreted as deposits
of lahars. Associated deposits contain accretionary lapilli,
and the lahars may have been fed directly from very water-rich
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Fig. 9. Schematic cmss-section of the Coombs Hills geology showing
inferred subtermnean development of non-bedded lithofacies ina
‘phreatocauldron” or diatreme complex (after White and MoClintock
2001 ) locally capped by, and containing tilted remnants of, bedded wff
and lapilli tuff from surficial taff rings,

eruptions. Remnants of phreatomagmatic vents, along with
small sills and dykes of pyroclastic material, attest to a deposi-
tional setting that included volcanic centres. This took place in
a basin that was filling with thick Prebble Formation deposits,
and beneath whichmagma interacted with weakly consolidated
Falla Formation and older sandstomes.

Stratified voleaniclastic rocks (mff breccias, lapilli tuffs,
tuffs and reworked debnis) crop out in isolated areas from
Mount Pratt, east of Mount Bumstead, to the Mesa Range,
and represent remnants of volcanic constructs. Accretionary
lapilli are not uncommon. Fmer-grained tuffs are attnbuted
to ar-fall or base-surge deposition and interpreted as remnants
of mff rings and tephra cones. Most deposits can be attibuted
to phreatomagmatic activity in which the violent interaction
between hot magma and water-rich sedimentary mocks pro-
duced mixtures of juvenile pyroclasts and disaggregated silici-
clastic sandstones. In contrast, at one locality in the Prince
Albert Mountains a ¢. 10 m-thick breccia, with blocky basalt
clasts, spatter up to 2 m long, basalt shreds up to 30 cm long
and carbonaceous sedimentary clasts, suggests a locally
derived deposit. The overlying 20 m, which lack the number
and size of large clasts although basalt shreds are ubiquitous,
15 succeeded by a few metres of tuff breccia with basalt and
sedimentary clasts up o 3 m long (Ellict 2002). Together
with stratigraphically associated massive and weakly bedded
tuffs, these mcks suggest close proximity to a phreatomag-
matic vent.

At Allan Hills and elsewhere in the Ferrar LIP, wi
layers of the same sorts of commonly heterolithological lapilh
tuffs were emplaced in different ways: (1) by PDCs; (2) by
lahars; and (3) by streamflow. Because they have the same
components and similar textures, rocks with features indicat-
ing deposition by rivers may well include both primary volea-
niclastic rocks from runout of eruption-fed lahars, and those
produced by erosion of primary deposits and redeposiion of
therr particles. Those derived from emsion of earlier deposits
may be better termed voleaniclastic sandstones and conglom-
erates. It is important, for context, o appreciate that the vari-
ations m dimensions of both non-bedded (tens o hundreds
of metres) and bedded (hindreds of metres to kilometnes)
deposits reflects processes affecting those parficular sites,
and that the exposed areas are very small relative to the
scale of the Ferrar outcrop belt (hundreds to thousands of kilo-
meitres). Details of individual beds at different sites hold the
record of which deposiional process(es) were dominant
from one area to the next, and a nch archive of mformation
to be extracted in future research.

Effusive rocks

Distribution and thickness. Lava sequences (Fig. 10) are
commonly 400-500) m thick but attain more than 750 m in
the Mesa Range (Elliot ef al 1986b; Mensing ef al. 1991;
Elliot and Fleming 20008). The lower contact is locally exposed
only at the Otway Massif, the Queen Alexandrm Range and in
Victona Land, and not at all in the Grosvenor Mountains and
the Prince Albert Mountams. Individual lavas mnge from | to
230} m in thickness; many are tens of metres thick, which leads
to the layer-cake aspect evident in the field. Although it cannot
be demonstrated in the field, lavas thicker than about 100 m
are interpreted W be confined topographically in a nift system
and locally ponded in the case of the 230 m-thick lava at the
Otway Massif (Elliot and Fleming 2008). Thin lavas, in
some sections, occur in packages and may occur anywhere
in the sequence. Although the thin lavas might be the products
of a local volecanic centre, at Storm Peak m the Queen Alexan-
dra Range (Elliot and Fleming 2008, fig 10A) lavas 3-8 on the
western ridge are represented by asmgle lava (designated X in
that figure) on the adjacent ndge. This suggests that multiple
thin lavas are most probably flow lobes of a much thicker sin-
gle lava, and the similanty n chemistry of five of those six
lavas at Storm Peak provides support for this interpretation.
The Mesa Range in north Victona Land has an almost contin-
uous exposure of lavas over a distance of about 75 km. In a
photogeological study of these rocks, Petri er al. (1997) distin-
guished five lava units that were traced throughout the range.

Lava characteristics. The facies classification scheme of
Jerram (2(02) can be applied to the Kirkpatrick Basalt lavas
(Elliot and Fleming 2008). The lavas belong predominantly
to the ‘tabular-classic flow facies’, and, being laterally exten-
sive, many pmbably represent the sheet lobes of Self er al
(1997). These lavas range in thickness from several metres to
more than 100 m. Within individual lavas a varety of fracture
types commonly occur, bul no consistent pattern has been
observed (Fig. 10), and the classical colonnade and overying
entablature i1s seldom displayed. Perhaps ome of the most
remarkable lavas crops out in the Queen Alexandra Range: at
Storm Peak it is as much as 135 m thick, and consists of a
thin basal chilled-contact followed by a 3 m-thick colommade
(the latter not always present), 130 m of entablature and a 3 -
m-thick, slightly vesicular, upper crust. The entablature is
entirely tachylitic and comprises downward and outward,
diverging and branching, columns 10-20cm across (Elliot
and Fleming 2008, fig. 11). Although occurring as a tachylitic
lava at all measured localiies in the Marshall Mountams, onthe
north face of Mount Falla the tachylitic interval appears to thin
and pinch out over a few hundred metres, and then reappear and
pinch out agam in the central part of the face (Fig. 11). The
thickness changes in the tachylitic interval probably reflect pat-
temns of quenching and alteration rather than real pinching and
swelling of the lava. Stratigraphic sections measured on the NE
and NW nidges of Mount Falla illustrate the challenges in lava
comelation and in identification of lavas across and between
outcrops (see Barrett ef al. 1986, pl. le, secs 71 and 10). The
sedimentary interbeds provide the only reliable framework
for comelation within the central Transantarcic Mountains
(Barmett et al. 1986) and in the Mesa Range (Ellict er al
1986h), although detailed peochemical analysis of lavas
might yield additional acceptable correlations. The second
lava at Mount Kirkpatnck (Elliot and Fleming 2017, fig. Th),
given the MgO concentration and the presence of a thin colon-
nade and overdymg thick black conchoidally fractured basalt, s
permissibly comrelative with the tachylitic lava at Storm Peak,
Mount Falla and elsewhere in the Marshall Mountains. The
much greater apparent thickness, half as much agam as the
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Fig. 1. Simplified stratigraphic columns for Kitkpatrick Basalt lava
sequences in the five principal areas of outcrop. Mount Bumstead (MB),
Storm Peak (8F), Carapace Nunatak (CN) and Brimstone Peak (BF) from
Fleming {(unpublished; see also Barrett o . 1986 for MB and SF). Haban
Spur (HS) from Elliot er al (19864). If the inferred correlation between
Mount Bumstead and the Otway Massif (Bamett er al. 1986) is comect,
then the lava sequence in that region is more than 550 m thidk.

Fig. 11. Kitkparick Basalt lava sequence, 475 m thick, exposed on the
north face of Mount Falla, (a) Aerial view from near the NE ridge. The
black tachy litic lava is exposed on the NEridge where it is 101 m thick, but
this tachylitic interval pinches out westwards. [t reappears as prominent
cliffs just above the talus slope across most of the width of the mountain
{white armows) but pinches out farther to the west (out of view). Another
prominent black tachylitic lava (68 m thick; indicated by black and white
armws) crops out about one-thind of the way up the lava sequence along
the NE ridge, and that tachy litic interval also thins and thidcens wes twards,
(h) Aenal view from the NW . The amows comespond with those in (a), and
illustrate the lava sequence farther acmss the mountam front. (Images:

D H. Elliot.}

lava at Mount Falla, 1 attnbuted to a fault, down to the north,
which is supported by athin vertical zone of brecciated lava. In
north Victoria Land the capping lava of the sequence at all
examined localiies is also tachylitic (Elliot and Fleming
2008, fig. 10B) and exhibits a vanety of fracture patierns, but
lacks any columnar jointing. Examples of relatively thin tachy-
litic lavas are present in many measured sections. A role for
water in the rapid chilling and formation of tachylite is implied
by the overlying lacustrine bed at Storm Peak and other out-
crops in the Marshall Mountains, and is suggested by the lacus-
trine bed that underlies the capping lava in the Mesa Range;
elsewhere such direct evidence is lacking for the tachylitic
lavas, Quenched lavas of such thickness (=100 m) must record
abrupt flooding of lava surfaces in a topographically confined
setting, which has been interpreted as a rift (Elliot and Fleming
2008). The proximal cause could have been a rearrangement of
drainage resulting from lava emplacement.

Regional ponding of lavas by topography, on a scale of at
least tens of kilometres, is inferred for the very thick lavas
(=100 m), and in particular for the basal lava at Mount Bum-
stead (=175 m) and the >230 m-thick correlative lava at adja-
cent Otway Massif (Barrett er al. 1986, pl. 1c). The palacosol
and tuffaceous beds at the Otway Massif (Elliot and Hanson
2001), which are conformable with the overlying lavas, sug-
gest that the lavas are not simply filling a collapsed or partially
collapsed phreatocauldron. All measured sections at the
Otway Massif include one or more basal lavas more than
150 m thick.
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Intervals of thin lavas are present in many sections, consti-
tute the ‘compound-braided flow facies’ of Jerram (2002) and
represent the flow lobes of Self er al (1997), These sets of thin
lavas are scattered among the sections, and are interpreted as
either sets of pihoehoe tes, lobes and sheet lobes margmal
to, and break-outs from, thicker lavas of the “tabular-classic
flow facies’ or, much less probably because of the absence
of evidence for local vents, locally denved thin lavas. How-
ever, the lack of a clear relationship, in most instances, to
thicker lavas makes their interpretation problematic, as does
the absence of any sign of local vents. At Mount Bumstead,
where there is an accessible, north-facing, snow-free outcrop,
the rregular character of these sets of thin lava units is evident
(Fig. 12). Marked differences in individual lava lobe thick-
nesses are dependent on the degree of inflation, and the com-
monly thicker, pod-shaped, dense bodies may represent
lava mnnels.

The inra-lava characteristics are typical of tholeiitic flood
lavas (Self e al. 1997). Pihoehoe toes may be present at the
base of a lava, in some instances stacked three or four high,
and pass up into sheet lobes. Chilled margins of lobes and
lava sheets are nomally only a few tens of centimetres thick
and are vesicular. Only rarely are there pipe vesicles that
show swretching and inclination (Fig. 13), and spiracles are
equally uncommon (Barmrett ef al. 1986, fig. 40). Nevertheless,
at Mount Kirkpatrick small pipe vesicles in the lowest lava
show a comsistent west to SW flow direction, and in the
Mesa Range inclined pipes suggest an overall westerly flow.
Within the body of some thick lavas, vertical pipes (Fig. 14),
a few to tens of centimetres in diameter, are filled by segrega-
tions of coarser-grained basalt; these pipes interconnect with
similar honzontal pipes and sheets. Vesicular upper crusts
are almost uniformly present, and in some cases are metres
thick. Vesicles may be scattered or in distinet layers, reflecting
pulses of inflation, and commonly are filled by secondary

Fig. 12. Kitkpatrick Basalt lavas exposed on the north face of Mount
Bumstead. Numerous thin strongly altersd lava lobes occupy the interval
between a prominent, c. 15 m-thidk, bladk tachylitic interval (indicated by
the white armow: the top of this interval lies 9 m below the top of a

68 m-thick lava), which crosses the whole image, and the capping lava
(c. 45 m thick on the right-hand edge of the image). (Image: D.H. Elliot.)

Fig. 13. Siders Bluff, north Victora Land. Inclined pipe vesicles in the
base of a lava overlying a thin pyroclastic interbed filling low spots in the
undertying lava (Elliot eral 1986h; unit 35 at 571.5 m in section 81-2). lee
axe for scale. (Image: [VH. Elliot),

minerals. The upper surface of a lava is seldom exposed in
map view and only one mstance of a ropy surface has been
noted. The tops of some lavas are strongly weathered, form
weakly defined palacosols, which in mare instances include
root traces (Fig. 15a, b), and i the Grosvenor Mountains
may exhibit the marked oxidation of a red bole. The upper sur-
faces may carry plant fragments. Geodes and rregular masses

Fig. 14. Haban Spur, north Victoria Land. Pipes, up to 3—4 cm across, of
coamer-grained hasalt in the upper part of a lava, which here pass abruptly
to scattered vesicles (Elliot eral 19865 unit 11 at 264 m in section 82-3),
Hammer is for scale (arrow). (Image: D.H. Hliot.)
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Fig. 15. Mount Blodk, Grosvenor Mountains, (a) Strongly oxidized and
weatherd upper part of a lava, forming ared bole. Amygdaloidal basalt
fragments, partially destroyed by weathenng processes, are scattered
throughout the profile. Tee axe (80 cm long) is for scale. (b) Branching
tube-like bodies interpreted as rootlets (scale in centimetres). ()
Tricuspate glass shands (o (.25 mm across) identified in the weathering
profile. Mount Blodk, Grosvenor Mountains (Fig. 2) {section 61: Bamrett
et al. 1986; Elliot & al. 1991), (Images: D.H. Elliot.)

of secondary minerals occur between many pihoehoe toes or
Iobes, between pillows and at some lava contacts.

Secondary minerals include quartz, chaleedony, cakite, zeo-
lites, apophyllite, green phyllosilicate and gypsum. Zeolites
recognized include stilbite, epistilbite, henlandite, chabarite,

mondenite, clinoptilolite, analcite, natrolite, scolecite and
erionite (Barrett ef al 1986; Vezzalim ef al 199%4; Conaway
et al 20035). Crystallization of apophyllite in mid-Cretaceous
time, with associated zeolite overgrowths, suggests elevated
temperatures long after thermal perturbations associated with
the Ferrar magmatic event (Fleming o al. 1999). At least
some of the zeolites post-date apophyllite crystallization and,
with their presence i lavas high in the sequence, suggest the
possibility of a now-eroded thick lava sequence (Elliot 19700)
and /or a middle Jurassic—early Cretaceous sedimentary over-
bumden (Elliot and Fleming 2008), either of which could have
been more than 1 km thick. Apatite fission-track data from Vie-
toria Land have also been interpreted to suggest a now-eroded
Mesozoic sedimentary sequence formerly overlying the Ferrar
lavas (Lisker and Liaufer 2013).

Thick intervals of hyaloclastite and pillow lava are promi-
nent at the base of the sequence at Carapace Nunatak (south
Victoria Land) and at Thomas Rock in the Pnnce Albent
Mountains. At Mount Fazio in the Mesa Range a pillow
lava stack about 50 m high is present (Fig. 16) and passes lat-
erally into a large tachylite mound. Thinner intervals of hyalo-
clastite and pillow lava are also present higher in sections at
the Mesa Range (Fig. 17) (see Elliot and Fleming 2008, fig.
14) and in the Marshall Mountaing (Storm Peak). Such inter-
vals indicate standing water in lakes or fluvial channels. The
c. 100 m thickness of hyaloclastite and pillow lava at Thomas
Rock (Fig. 18) must have originally extended laterally for
more than 1000 m (the length of the outcrop), which implies
a major lacustrine setting. Water played a significant role in
the formation of the Ferrar extrusive rocks as shown by the
phreatomagmatic  deposits, hyaloclastite formation and
quenching of lavas. The Thomas Rock hyaloclastite rocks in
particular suggest eruption into an environment with signifi-
cant local wpography. Features advocated by Deschamps
er al. (2014) to indicate subaqueous eruptions have not yet
been observed.

Interbeds

The lava sequences are broken by interbeds, which are mainly
lacustrine but also include tuff and lapilli tuff beds (a number

Fig. 16. Mount Fario, north Victora Land,
Lavas are numbered: (1) lowest lava; (2)

15 m-thick lava with columnar jointing; (3)
3 m-thick lava consisting of small pahoehoe
toes and lobes, which is overlain by a thin
volcaniclastic interbed; (4) c. 50 m-thick lava
with a 5 m-thick colummnar joimted imerval at
the hase, followed by . 45 m of tachylite; the
tachylite passes laterally to small pillows
within the white dashed lines, and then to
larger pillows (shove and to the left of the
dashed white lines); the large pillows extend
over the top of the tachylite interval; the
irmegular top of the lava is separated from the
overlying lava (5) by patchy thin
volcamclastic beds; and (5} lava with crude
columnar jointing (section 82-4; Elliot er al.
1986h).
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Fig. 17. Mount Short, north Victona Land. A 14 m-thick stack of lava
pillows (Elliot eral 19866; 6 m above base of section 82-23). Pillows are
from (L5 m to tens of metres amoss; the upper 2 m consists of pillow
breccia, Lava is overlan by 25 cm of bedded pymclastic debrs, Iee axe
(80 cm long) in the lower left is for scale (amow). (fmage: DH. Elliot)

Fig. 18. At Thomas Rock, Prince Albert Mountains, Kitkpatrick Basalt
hyaloclastite and pillow lava overlies Mawson Formation pyroclastic
deposits (lower left). The hyalodastite and pillow lava imterval is about
100 m thick, and is overlain by lavas. Inset illustrates the right-hand end of
the hyaloclastite and pillow lava outcrop {ice axe in lower left is forscale).
{Image: D H. Elliat.)

containing accretionary lapilli), redeposited tuffs, and palaeo-
sols developed on lava crusts (e.g. Elliot er al. 19865, 1991;
Elliot and Hammer 1996). The occumrence of tricuspate shards
in several weathering profiles in the Grosvenor Mountains
(Fig. 15¢) has been interpreted as the vertical mixing of silicic
ash by vertisol processes (Elliot ef al 1991), and continuation
at a low level of the silicic magmatism recorded in the under-
lying Hanson Formation (Elliot er al. 2016). Interbeds are
common near the base of the lava sequences and characteris-
tically separate the capping SPCT lava from the underlying
MFCT lavas. The SPCT lava and the underdymg interbed
are a significant marker for correlation in the Kirkpatrick
Basalt throughout the Transantarcic Mowuntaing, and the
lacustrine bed above the 135 m-thick lava at Storm Peak is
similady a widespread marker bed m the Queen Alexandra
Range.

'I'l;c:g interbeds have yielded a varied flora and fauna, Identi-
fiable plant remains, which include fems, cycads, conifers and
plant microfossils, have been found at Carapace Nunatak and
the Mesa Range region (Plumstead 1962; Townmow 1967;

Ribecai 2007; Bomfleur ef al. A}11; Heiger er al. 2015). Ver-
tebrates are restricted o Phohdophomid fish remains recov-
ered from the interbeds at Storm Peak and elsewhere in the
Marshall Mountains (Schaeffer 1972). Lake beds, from the
Grosvenor Mountains to the Mesa Range, have yielded abun-
dant mvertebrates which are pnncipally conchostracans but
include ostracods, notostracans, syncarids, molluscs, beetle
elytra and msects (Carpenter 1969; Ball er al. 1979; Tasch
1987; Shen 1994; Stgall et al. 2008; Bomfleur er al. 2011).

Venl locations and eruption rates

The locations of phreatocauldrons are clear and pyroclastic
rocks, where exposed, always occur beneath the lavas, sug-
gesting that numerous eruptive centres existed in the early
stages of extrusive activity. Locally pyroclastic mocks (hyalo-
clastite with pillow basal, tuff and lapilli wff) may be interca-
lated higher m the lava successions. Co-location of vents for
effusion of the lavas might be expected, but possible connec-
tions between a sill or a dyke and the lava sequences have not
been observed. Morthem Coombs Hills shows apparent
*shoaling” of a sill toward the surface, but an overlying flood
lava sequence is not present at that site.

The Dry Valleys region (see the discussion of the sills in
Chapter 2.1b, Elliot and Fleming 20121 ) was clearly the centre
for emplacement of the Basement 5ill if not the stratigraphi-
cally higher sills as well Although three pnncipal centres
for magma intrusion and eruption (central Transantarctic
Mountains, south Victoria Land and north Victoria Land)
have been suggested (Elliot and Flerming 2008), this distnbu-
tion may simply reflect extant mtrusive and extrusive rock out-
crop. The scattered outcrops and the nature of the
volcaniclastic lithofacies i the central Transantarctic Moun-
tains and Victoria Land point to multiple local centres for
the mitial stages of Ferrar extrusive activity. Intervals of vol-
caniclastic rocks within the basalt sequences also suggest con-
timuing local sources. The phreatocauldrons demonstrate
major eruptive centres lying within the present outcrop belt
from at least north Victoria Land to the central Transantarctic
Mountains, and suggest that vents for the lavas were probably
also located within the outcrop belt. If comect, and given that
the present namow outcrop beltis only a fraction of its origimal
extent, then magmas must have migrated laterally away from
that linear system of vents.

Ross er al. (2008a) noted basalt plugs at Coombs Hills and
estimated potential magma eruption rates. Their calculations
for a condwt with a 10 m radius suggested that the rate of
magma effusion would be sufficient for construction of a typ-
ical lood basalt field MNo feeder dykes or dyke swarms, such
as identified for the Columbia River Basalt (Tolan er al 1989;
Self er al. 1997), have been found. However, shallow dyke
patterns are complex al some sites (Amoldi er al 2011,
2012, 2016; Muirhead et al. 2012, 2014) and have been inter-
preted as possible feeders. Strombolian deposits interbedded
with the lavas, such as observed in West Greenland and inter-
preted as possible vents (Pedersen ef al. 2017), have not
been observed.

Palaeoenvironmenlts

Several lines of evidence point to groundwater and lakes exert-
ing significant control on both the nearsurface eruptive
processes for the pymoclastic rocks and the flood lavas. The
phreatomagmatic deposits already noted indicate abundant
groundwater in the underlying Triassic—Jurassic strata, and
probably played acrucial role forthe generation of the phreato-
cauldrons in an overall aft setting. Hyaloclastite and pillow
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Fig. 19. Mount Famo, north Victoria Land. Tres {amow) rooted in an
interbed and engulfed by lava (Elliot er al. 1986k unit 4, section §2.4), In
Figure 16 this locality is out of sight just to the right of the tachylite bluff.
Pemson is for scale at the base of the tree. (Image: D.H. Elliot.)

lava intervals formed where lava entered standing water,
which occurred regionally at the base of the lava stack in
south Victoria Land (Carapace MNunatak and Thomas
Rock), and later in the eruptive cycle at Storm Peak, Bnm-
stone Peak and the Mesa Range. Lake beds are direct evi-
dence of more profracted intervals of water ponding on the
lava field surfaces. Conchostracans and the other inverte-
brates suggest relatively shallow water, and this shallowness
15 supported mn the Marshall Mountains by a lacustrine bed
that passes laterally into the weathered upper part of a
lava. Plant debns associated with the weathering homzons,
together with fossil logs (Storm Peak, Haban Spur and other
sites) and tree smmps (Mount Fazio, Fig. 19; Haban Spur,
Fig 20), mdicate flounshing vegetation between emuptive
events. The flora and fauna recovered have been interpreted
o suggest a temperate but strongly seasonal climate (Elliot
and Hammer 1996; Garand er al. 2007).

Volcanic gas input to the Jurassic atmosphere from the
phreatomagmatism at Allan and Coombs hills was unlikely
1o have been significant (Ross ef al. 20084), but no estimates
have been made for Ferrar magmatism as a whole. Thordarson
and Self (2003) have made such calculations for the historical
Laki eruption in Iceland and Self er al (2014) for the Roza
eruption of the Columbia River Basalt province, and show
the possible magnitude of such atmosphenic perturbations.
McElwain er al. (2005) speculated on the possibility that devo-
latilization of coals in the Gondwana sequence by Ferrar and
Karoo magmatism might have been responsible for the Toar-
cian Oceanic Anoxic Event High precision dating of the Ferrar
province (Burgess ef al. 2015) strengthens the possibility that
Ferrar (and Karoo) magmatism is indeed related to, if not
responsible for, the Toardan event. The large sill complexes

Fig. 20, Haban Spur, north Victora Land. The moted tree-stump diameter
is approximately 80 cm (Elliot er al. 19868; base of unit 23 at 524 m in
section §2-3). Hammer is for scale. (Image: DUH. Elliot )

of the Ferrar LIP (and Karoo LIP) may have been important
for that event, in an analogous way to the Siberian Traps and
end-Permian extinction (Burgess er al. 2017), although coal
beds in Antarctica were not extensive.

Future studies

Although the Ferrar LIP in Antarctica has been smdied for
more than 50 years, access is neither easy nor simple and
much remains to be discovered. The following are suggested
lines of fumre research that may prove particolarly fruitful.

1. Can flow directions of lavas and sills be determined using
AMS (as has been applied in various studies of dykes and
sills) in order to establish the location of eruption centres,
and whether linear or point sources?

2. What are the physical conditions and cooling patterns for
thick lavas with tachylitic intervals?

3. Can lava comrelations be established in the central Trans-
antarctic Mountains and the Mesa Range that would
enable the evaluation of the three-dimensional relation-
ships of lavas?

4., Would detailed investigation of the lateral relationships in
both thick lavas and sets of thin lavas confirm the applica
bility, to the Ferrar Province, of the general model of
flood basalt field development (Self er al. 1997)7

5. There are many aspects of the primary volcaniclastic
rocks (and deposits of material reworked from them)
that merit further study. For example, what do the bedded
deposits say about the distribution and nature of the vol-
canic province prior to eruption of the flood lavas?

6. The relationships of pyroclastic rocks at Coombs and
Allan hills with country rock, sills, dykes and lavas are
complex. They provide a window of fortmtous exposure
that could allow assessment of near-surface (both closely
below, and initial eruptive) processes taking place else-
where in the Ferrar and other flood basalt provinces
worldwide.

7. Different studies have come to strongly diffening con-
clusions about the significance of mtrusion geometry
charactenizing the Ferrar LIP. Do the apparently over-
whelmingly predominant sills suggest a near-neutral
stress regime, or is the dyke-swarm signature of an East
Africa-like rift concealed in Antarctica? Were mid-crustal
dykes formed which then fed upper-crustal sills and, if so,
why?
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Summary

The extrusive component of the Ferrar Large Igneous Prov-
ince compnses an initial phreatomagmatic phase of activity
followed by massive lava effusion. The early stages, involving
large-scale magma—water interaction, created very large and
unusual diatreme complexes (phreatocauldrons with vertical
exposure of more than 300 m). Tuff rings and tuff cones that
were built early were largely removed by later volcamc activ-
ity or by subsequent emsion. Locally, with diminished
involvement of water, magmatic activity switched to Vulea-
nian and/or Strombolian. Only scattered remnants exist of
any constructional voleanic wpography. With exhaustion of
subsurface water and /or increased magma supply rates, activ-
ity changed to the quiet effusion of flood lavas, with early but
local deposition of thick hyaloclastites and pillow lavas in pre-
existing topography. Lavas accumulated during a relatively
short time mterval to form sequences as much as 750m
thick and constructed from as many as 41 lavas, although com-
monly much fewer. Lavas in excess of 100} m in thickness are
present in most measured sections. The mtemnal features of the
individual lavas are typical of flood lavas. Lacustrine interbeds
and palaeosols mark more substantial breaks in emuptive
activity,
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