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ABSTRACT 

Fumarolic ice towers and areas of steaming ground are the only surface I1lanifesta­
I,, 'm of geothermal activit)' near the summits of Mounts Melbourne and Ercbus', 
V"I.)ria land, Antarctica , The distribution, nature, and limited range of the geo th ermal 
!(JiurCS reflect the lack of liquid water in the normal environment of these volcanoes, 
, here modes of heat transport are confined to conduction and convection of air and 
-. il'[ vapour. ' Under such conditions, onl)' localised occurrence of liquid water is 
, "tlS idcrcd possible. 

INTRODUCTION 

Victoria Land, Antarctica (Fig. I, inset), includes considerable areas of 
Qu.ltcrnary and late Tertiary volcanism (Warren 1969; Gair el a/. 1969). 
Hllwcver, only two volcanoes, Mounts Melbourne and Erebus, show signs 
,) i present day activity. Mt Erebus, on Ross Island, has long been known 
it)r its steam plume (Ross 1847), and present volcanism there has recently 
l en docwnentcd (Giggenbach et al. 1973). The fumarolic ice towers are 
1 consp icuous feature of thermal activity near its summit (David &. Priestley 
HI ·I; Holdsworth &. Ugolini 1965). Mt Melbourne, 350 km north of 
R05s Island, is also geothermally active and volcanic activity is likely to have 
l\ Olrred in the last few hundred years (Nathan &. Schulte 1967; Adamson &. 

c'.l\·Jncy 1967). 

An aerial inf·a-red survey in 1967 (Burge &. Parker 1969) .recorded very 
f" t:h temperatures within the crater of ,Mt Erebus, as would be expected if 
;~'Jhcn lava was present (Giggenbach ef al. 1973). Anomalously high 
'(m pcratures were also considered possible at Mt Morning, 130 km south­
\ N of Mt Erebus, but this has not been confirmed by ground survey. 
t ht'where in Antarctica, fumarolic activity has been observed in mountains 
;{ Marie Byrd Land (LeMasurier '" \X/ade 1968), and an eruption has 
:, rn ll)' occurred at Deception Island, off the coast of the l\ntarctic 
I'm insula (Shultz 1972). 

In the summer of 1972-73, both Mt Erebus and Mt Melbourne werc 
' ; ired, and most geothermal featur es examincd. 

\, l . /oIlTII(/1 of Geology (llId Gl:'o/,p)'Jics 17 (3): 511-21 

r ' 

'" 



~ 

~ 
i 
':j 
.i 
,1 

~ 
I~ 
,J! 

:~ 
7 
~ 

'1 
. ' ~ 

, ~ 

i 

} 

r·· 
~·ll .. ~:~ ~;_;r 

i 
~~ ;a 

. J 
~ 

~\ 
'~-• . ~:,.J cu,,;' ~ !i 

llIiillJ, 

',*1~:1).<~' t'-: ::~,,,, ••• ~ ..... ;;~ .. ;: ...... . ~ :"'1,;~'~~.":' '''i.I,,·~~';~ ~~;;:;:;/. ;t: ..... ".:;'.i~:",... ..... " 

"'~i'ir ';' :..r. 
:'.: S ~ ;' 

FIG. I-The summit region 
of Mt Erebus, and the 
locations of Mt Erebus and 
Mt Melbourne (inset map). 
Ice towers are marked as 
fumaroles . 
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MOUNT ERE BUS 

Mt Erebus, latitude 77° 32' S, longitude 1(57° 8' E, rises to an altitude 
of 3794 m and is the dominant cone of Ross lsland. The predominant rock 
typc, and the only one which crops out near the summit, is anorthoclase 
phonolite. 1t is characterised by large (up to 10 cm) anorthoclase phenocrysts 
iii a generally glassy matrix containing microphenocrysts of 01ivll1e, augite, 
.md occasional incipient nepheline (P. lC Kyle pers. comm.). 

The summit crater (Fig. 1) has a Hat floor about 150 m below the lowest 
pMt of the crater rim, with the floor of an inner crater abollt 100 m further 
below at the north-east end of the main crater. Only the inner crater exhibits 
high temperature activity (Giggenbach e/ al. 1973) . The initial rclatively 
slecp outer slopes of the main crater flatten to an extensive plateau at an 
.t1titude of about 3200-3500 m except on the south-east where the outer 
slope continues to drop steeply. Geothermal activity has been recorded on 
the plateau and the northern and western slopes of the summit crater (David 
.\ Priestley 1909; 1914; Holdsworth & Ugolini 1965; Ugolini 1967). Early 
visitors observed the conspicuous ice towers and recognised they were due 
to condensation of thermal vapours . (The term "ice pinnacle" as used 
by Nathan & Schulte (1967) is here restricted to ice f~aty~es which are too 
)IIIall to be described as towers.) . . 

Figure.l shows all areas of warm ground and ice towers observed during 
this visit. Most of the ice towers irregularly scattered over the Hatter parts 
01 the plateau are not obviously associated with warm ground, but some, 
tipccially to the east of the crater, were not visited, and are only mapped 
fr:->J1) aerial photographs. Those aligned in groups on the slopes, hmvever, 
He generally associated with warm ground. The fl atter parts of the plateau 
Il.lve an irregular lava surface that, in many places, shows signs of collapse 
\ubscquent to surface solidification. For convenience of description, six main 
.lfC.IS of thermal activity can be distinguished (Fig. 1). 

Ilre(/ 1 

The ice towers to the north and north-west of the camp form a dis­
lOntilluous line from the crater rim down about 300 m altitude to the most 
ex tensive warm area, which is probably the same as sample site E:\ of 
t 'golilli (1967). This area is more th,lll 100 m long. sloping to the south­
\'. ('st . Parts form terraces with a tread about 2- 3 m and ,riser 1 m high 
t Fig, 2). On the riser of several terraces, green and red algal growth was 
"'und, at ground temperature~ (close to the surface) of 42-4 3°c (red 
dg,lC) and 34---36°c (green algae) and an air temperature of - 21°c. At 
I) 15m depth in the soft soil, below the algae, 65 ° c was recorded. When 
(he area was visited, vapour was continually rising from the ground in the 
, ~' O\ weather, and several large boulders scattered across the area were 
' ''WrrJ in frost. Nearby, a snow field terminating in an enclosed basin, with 
~ \ hwcst point beside the warm ground, forms a depression with sub-

\:(\ ular crevasses, about 30111 diamcter. 

lhe icc tower nearest to the camp marks the highest point of an ice • 
l\trn about 10 m high and wide. The cave walls consist of downhill 
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FIG. 2-Terraces with algae at the 'warm area north·west of the camp . on 1-11 Erchu '. 

sloping parallel bands of. ash, lava, and ice from 0'05 to 1 m thick; yo/c,lIl i( 
debris fallen from the ceiling forms the floor. The cave slopes dO\l'J1\\"ud , 
from the' point of entry both away from and towards the main crater. In Ill l 
latter direction, the cave intersects the lava and ice bands at an angit' "I 

about 20°, penetrating successively deeper layers. The cave was innsI1t:.l: N 

to about 100 m east of the entrance, to a point \vhere the 'walls are /mJe l! f' 
of clean ice, without lava bands. The end of the cave was still out of ~1 ::11 : 
no smell of sulphur gases was noticed, and the air temperature was : 1 c 

Area 2 
Numerous small ice towers and areas of bare ground occur both inside ~d 

on the western slopes of the side crater. The southern-western al ig/ln l c" \~ 
of these areas continues from the main crater past the side crater 1,"'J r" 
the sharp rim at the edge of the plateau (Fig, '). Temperatures lip 10 I f' , 

at 0'15 m depth were measured in open parts of the warm areas, ;\ nOlf ' 

depression shows signs of collapse as indicated by crevasses all its /Il.IfF"·' 
and is surfaced by smooth bubbly ice, while surrounding are,lS arc h,lrel J""''''' 
sastrugi. 

I.' 
Further south-west. the rim of a nearly circular crater about 15 III " :~,, 

and about 5 III high is partly covered by warm ground and low icc fOrll1 .1(I,.-I, 

Frost heave with ice crystals up to 0'3 m long, were found within 0.": Ill ' " 
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i:a the foreground, depression on the right, the small crater and icc towers in 
Ht l' b,\ckgrollno. 

-''I 
I
ll .. .. 
~ ~ .. ~ . 

11 " " 
j' \ ' 
~ : f ~ .: 
, .. ...... .l 
~ .-(;.-

(~ j 
.~ ... . 

.. 

~ "j 
j 

I 

t' 
! 
I 
I . 
r 
~ 
,'. 

; 

i 



" 

516 
... ..... 1' 

N.Z. JOURNAL OF GEOLOGY AND GEOpjJYSICS VOL . 17 

a measured temperature of 23°c at 0'15 m depth . The snow which fills il ll .. 
crater appears to be collapsing inward, presumably from melting I) : 
evaporation at its base. '. 

A further twenty metres to the south-west of the small crater, .the Lug,,,, 
ice towers observed on Mt Erebus form part of a line of towers continllin~ I " 

the plateau edge. The first three towers rise to about 5 m and are built \1;' 
on top of 2-m-high mounds of rocks. No steam orifices were obsen·d. 
though some towers were later seen from a distance to be steaming in cil ill 
weather. This line of towers is visible, in suitable lighting, from sea icId 
near McMurdo Station more than 40 km away. 

Area 3 
To the south of the main crater an extensive area of warm ground h.!, 

built up an almost continuous ice sheet cover, up to 0'3 m above the ground. 
with occasional vents forming ice pinnacles. 

In two other areas to the east and south-east some ice towers are associa te,! 
with snow-filled depressions. 1\ large snow-filled valley, about ~ 50 m wi ,iy; . 
to the east of the main crater shO\vs wide cracks in the gropnel su,gg~s t i n~:~' 
collapse downslope into a hollow. . , .. . "!';~""'J " ' -

~ . ~:;{.~-.; ~.~. 

Area 4 
Inside the main crater steam is emitted from warm ground, fumaroli( il l' 

towers, and the inner crater, often in amounts sufficient to obscure visillil . 
The inner crater and its eruptive activity have been described elsewhere 
(Giggenbach ef al. 1973). Several small (1 m high) cones of ice al so OClur 

outside the crater and these appear to be extinct ice towers, now crodin~. 
as no warm temperatures were found related to them. 

Area 5 
On the south and south-east wall, three main horizontal bands of steal1lill .~ 

ground consisting of loose, brown soil extend more than 200 m across Ih l' 
wall. They are separated by more solid lava layers covered with ice. Oil 
some of the cliffs, ice formations up to 3 m high have built up, and Ihc, l' 
are likely to collapse periodically, avalanching debris into the crater. 

Ared 6 
The largest patch of warm ground within the main crater, below Ih ~ 

cliffs of the western wall and at the top of an otherwise ice and Sll\lll ' 

covered talus slope, links ice towers near the small escarpment on the i1< )OC 

of the main crater with the line of fumaroles and ice towers outside Ihl' 
crater. One of the authors (\X/FG) was lowered by means of a h,lIhl · 
operated winch to this area about so m below the crater rim. A steady JI l!1I 
of st~am emanating from a small vent at SO '5°c was sampled. Later allal)" I' 
showed that the discharge was mostly air and water vapour but with 2''i( '~ 
carbon dioxide (by volume). No hydrogen, methane, or sulphur g,lses IITCl 

detected. Near the steam vent were patches of emerald green moss , alld 1'.1f I 
of the area appeared to be underlain by a crust of salt 50 111m below tire wei 
surface. 
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rhe volcanic origin of Mt Melbourne (2733 rn; latitude 74° 21' S; 
' /' ':I!lIdc 164°'43' E) was recognised by Ross (lfl-!? ) when he recorded an 
~: .:n t'llsc c~ater" in JaJluary 1841. lee clitfs at its base and in nearby glaciers 
" ~~; n posslb~e vol~a~ic debris layers (Adamson"" (avaney 1967), indicating 
,. ~';. \'ol:anlc activity: The petrology of the volcanic rocks . has been 

'11, .: cd h~ Nath~n "" Schulte. (1968) as trachyte to trachy,wdeslte on the 
.. '!.\in Itself, With basalt at Its base. 

•. 1,111.' thermal activity, as shown· earlier by Nathan "" Schulte (1967), is 
" ''' tdt)tl . f . . \ Hee mall1 areas 0 warm or steamlllg ground with ice towers 

f t'lfll l.lries. At the summit, the caldera (Fig. 4) is about 1 km in dianieter 
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and forms the neve for a glacier flowing westward; it contains the two m.! I~ 
areas of warm ground on the edge of the caldera, with a third area ah(,,: 
250 m lower on the northern slopes. Numerous isolated ice towers or PHl . 
nacles were also observed and most of these are marked in Fig. 4. 

Area 1 

Two patches, in the centre of this area (about 30 m2) and near the soulh · 
east corner (10 m 2), are bare ground, and a temperature of 21 °c W.i. 

measured at a depth of about 0'15 m near several thin patches of yell !)lI. 
green moss 0'1 - 0'3 m diameter. The remainder of the warm area is COH n: ,1 

by low ice mounds and an irregular ice "roof" about 0 '3 m above the g roun,i. 
with numerous holes opening to the air ; in calm weather steam was seen 
issuing from some vents . 

The largest of three ice towers between areas 1 and 2 was found , \\,!l tn 
the waH was broken with an ice axe, to arise from a crevasse-like hole in 
the snow, at least 5 m deep. 

Area 2 

The warmest area on Mt Melbourne ·forms a low [Jm on th e north II) . 

north-east sides of a young breached crater. It is about 100 m long alld 
10- 20 m wide and is covered in part with low ice pinnacles an d an j, ~ 
"roof". Near some moss a temperature of 59°c was .recorded about 0' 25 III 
into a crack in the ground. Frost heave is common. 

On the eastern wall of this crater some h ydrothermally altered rock \LIS 

observed, as were spme brightly coloured hydrothermal alteration prodUl h 
on the southern wall of the western-most young crater. 

. An irregular line of ice pinnacles extends along the southern side of Ih e 
main caldera to a hollow in the snow (5 m deep, 30 m wide) , with Ihe: 
most vigorous fumarole further south, beyond an ice fall, abou t 100 III 

below the caldera. 

Area 3 

The largest ice tower on Mt Melbourne, about 7 m high, occupies Ih l' 
north end of a line of to\vers alongside the warm ground . This tower W .i ·' 

only 2 m high in January 1967 (Nathan & Schulte 1967, fig. 5) . r\ hole 
was broken into its wall and inside, where there was room for threc nr 
four people, a steady flow of steamy air ·of 3S'5 °c was issuing from Ih ~' 
base of a I -m -high bank of blocky lava. Behind this bank a low lunn rl 
led to other icc-covered ground and small pinnacles up the slope. T ite 
strong localised heat flow caused water to drip from the inside wall s, altholl ).! h 
at opcnings ice crystals condensed rapidly. Thirty metres to the no rth - wc,~ 
of the large tower a 5-m-diameter patch was covered with old hydrolherm.11 

sinter. It was near an ice tower about 100 m west of here that bo iling Ilf 
running water was heard beneath the surface in 1967 (Nathan s: Schull e 

1967; S. Nathan pel's . comm.). 
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DISCUSSION 

Surface manifestations of thermal activity at Mt Melbourne and Mt :E:rebus 
l ! e restricted to areas of steaming ground and fumarolic ice towers . 
t;cothermal features requiring the presence of liquid water are absent, 
Indicating that convection of hot water as a means to transfer volcanic heat 
til the surface is not now available. Of the remaining possibilites for the 
o1l Jintenance of high temperature gradients (as indicated by a measured 
!:·mperature difference of 85°c between air and 0'15 m depth), conduction 
un be of importance only in a few areas because of the low thermal con­
.luctiyity of volcanic rocks. This is illustrated by the fact that rocks embedded 
'ti l the soil of warm areas are often covered with frost. 

The most probable heat transfer mechanism involves the movement of 
~ Jter vapour derived from snow or buried ice. A snow-field nea.r the terraced 
", ml1 area appears to flow into an enclosed basin. Snow from the lowest 
i'~ rt of the field may be removed by partial melting and evaporation, with 
~lhse(lllent movement of water vapour to the surface, through sub-surface 
d!.\l1nels, where it is expelled through ice towers or pore spaces giving rise 
ttl warm and steaming ground. 

Kil'cr & ' Mumma (1971) reported that the summit crater snow of Mt 
RJinicr. Washington, U.S.A. is slowly collapsing due to removal of water 
;m icd as vapour through firn caves to the surface. Subsequently, Kiver & 

I At)' (1973) found a lake below the snow in the crater, formed by geo­
l!l Cflllal heat. It is possible that a similar lake exists on Mt Erebus; the ice 
' ne to the north of the cali1p (Fig. 1) resembles the caves on Mt Rainier 
'cJding to the sub-surface crater lake. 

The same conditions for the formation of a sub-surface reservoir of 
: '!lIi J water, by underground snow melt, exist at a depression and the 
,.mll crater (area 2) on Mt Erebus, and at the hollow near the ice-fall 
·", :tlrt from the Mt Melbourne summit caldera. At each of these places, 
~hlOUS slumping of snow has occurred giving rise to sub-circular crevasses 
t1 mow is removed from below and expelled through the ice tower orifices 
11 w.lter vapour. Many other ice tmvers occur over crevasses where warm 
Y1i,?UfS from melting 0.[ evaporating snow are being channelled to the 
":!t Jet'. The ice towers on the plateau area of Mt Erebus are likely to be due 
\ , rC~ldllal heat supplied by extensi" e lava flows. Lineaments similar in form 
b1,1 appearance to collapsed lava tubes, are common on Mt Erebus, especially 
'11 (he western slope below the plateau, and may have formed by collapse 
Il: l'1' slIo·surface removal of snow rather than lava. 

~ l.ln)' of the ice towers have been considered extinct (Holdsworth .'" 
: ~A ini 1965) and indeed some appear to' be eroded .remnants, with no 
,. n of orifices. However, observations of steam flow can only be made 
:' .. (Alm. re.latively humid weather as the steamy air being expelled is rapidly 
" '(,<' rs('<1 III the dry Antarctic air. Ice tower vents which were accessible 
- 'tJl cd air without any smell of sulphur gases. This fact and the alignment 
~( ::1,111)' vents, suggesting sub-SLlrface connections, indicate that fresh air is 
., :(\1 11 1)' entering in some vents and, after being warmed and taking up 

1.(( \'apour below the surface, it may be released through other vents . 
' .11I·rt' tlon would maintain circulation in calm weather. Formation of an 
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icc tower will only occur at exits where warm saturated air comes in (Ont J( , 
with cold surfaces and ice is precipitated, By contrast, little erosion Wl,i 
occur at inlets until the air is warmed , During windy periods howevcr, the 
flow direction could be reversed leading to the build up of an ice tower !t 
each ·end, This would account for the stream of warm vapour issuing [Will 

some ice towers and the absence of visible emission from others. 

Where there is an absence of fissures allowing air to flow undergrou nd 
and to transfer heat, warm ground may develop on the suface. Such a sur LH c 
will be steaming if water is available. The area inside the side cratcr oi ,\It 
Erebus has only a limited supply of water, and during ' our visit was no: 
steaming. However, a photograph taken in 1965 shows that when [r<:, 11 
snow is lying nearby, this ground steams. Ice-free .bare ground will OCcur 
if all the ground is at a temperature greater than Ooc, but if it is local istd 
sufficiently for the OPc isotherm to be nearby, water vapour will condense 
as ice crystals, and a pinnacle, tower, or low roof of ice can form over th e 

warm ground. Large towers . will only form where a base can be sustaineJ 
and sufficient heat and air can flow to transfer the necessary amounts of 
water vapour. Isotopic analysis of snow, frost-heave crystals, and " roof icc" 
from warm ground near the small crater on Mt Erebus shows that all have 
similar deuterium contents (oDs~lOw values - 260 to - 3 3 0;~o ) , confirming 
that the water vapour emitted from warm ground is ' local snow melt. During 
our visit, the inside walls of ice towers were often melting, but freezing 
and melting will vary on a diurnal and 'annual pattern as the ambient air 
temperature varies , 

Warm ground in many places can be assumed to have been at relatively 
stable temperatures and moisture contents for considerable times as evidenced 
by the growth of moss, However, at Mt Melbourne, the largest tower WJ S 

7 m high in December 1972, as compared to 2 m in January 1967 (Nath;ln .\: 
Schulte 1967). Either the rate of steam flow changes, or a tower llUl' 

periodically become too large and unstable and collapse, to re-build itself 
again later. Large local variation in the rate .of heat flow is indicated by th~ 
presence of moss inside the crater of Mf EreDus 'only about 1 m from . . \ . 
steam jet. This flow consisted of air and water vapour with only a small 
amount of carbon dioxide, Its temperature, SO' 5° C, was about lOoc bel o\\' 
the boiling point for that altitude, The carbon dioxide content is about J 00 
times that of air and indicates a direct contribution from outgassing Java. 

The bands of ice and steaming ground on the south wall of the crater of 
Mt· Erebus also indicate .tha .: some layers are able to conduct heat, or transfer 
water or vapour, much better than other iayers, The less eRiciently conducting 
layers remain cold at the surface, allowing vapour emitted by other layers to 
condense and giving the appearance of bands of ice, This led David ,', 
Priestley (1914) to suggest that snow and lava were 'in terbedded in the 
walls of the crater. 

As stated above, we observed no liquid water on these volcanoes, although 
the possibility of its occurrence beneath the snow exists in some areas. 
Nathan & Schulte (1967) had .reported hearing boiling water below the 
surface, but this is not present now. However, hydrothermal sinter \\ ';\S 

collected at Mt Melbourne at several places, indicating that hot aqueous ' 
thermal fluids have been present at some time in the past. 
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