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Calving processes at a grounded ice cliff 
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ABSTRACT. R ep eat photographs and fi eld survey reveal the mechanism of short­
term ice-cliff evolution at Maud Glacier, a temperate lake-calving glacier in New Zea­
land. Calving is cyclic, each cycle involving four stages: (I) waterline melting and collapse 
of the roof of a sub-horizontal notch at the cliff foot; (2) calving of ice flakes from the cliff 
face leading to a growing overhang from the waterline upwards, and crack propagation 
from the glacier surface; (3) large but infrequent calving of slabs in response to the devel­
oping overhang, returning the cliff to an "initial" vertical profile; (4) rare subaqueous cal­
ving of a submerged ice foot. R esults indicate tha t the rate-controlling process is the speed 
of waterline melting, and that calving rate is indep endent of water depth (at least at time­
scales of weeks to months). Slowly calving lake-terminating glaciers have mass balances 
more negative than land-terminating glaciers, but nevertheless advance and retreat in 
response to mass-balance driven changes in ice velocity. 

INTRODUCTION 

Several mechanisms of glacier calving have been described 
(Hughes, 1992; Van der Veen, 1995), though their fundamen­
tal controls and relationships with calving rate remain 

poorly known (Warren and others, 1995a). This makes it dif­

ficult to explain the climatic sensitivity (or lack of it) of differ­
ent glaciers, pa rticularly the order-of-magnitude difference 
in calving rate between tidewater and lake-calving glacier 
termini (vVarren and others, 1995b ). Lake-calving glaciers 
have received littl e empirical study. In this paper, we exam­
ine the case of the grounded ice cliff of a temperate glacier 
subject to "normal slab calving" in the sense used by Hughes 
(1992). The aim is to discover the short-term processes oper­
ating at the ice cliff which inf1uence the style, magnitude 
and rate of calving. 

The accepted mechanism for "normal" sl ab calving in­
volves the development of an overhang prior to failure 

(Iken, 1977; Vischer and others, 1991; Hughes, 1992), which 
most authors explain as res ulting from deformation of the 
glacier close to the ice cliff due to un reli eved tensil e stresses 
related to the glacier terminus geometry. Englacial shear 
bands (small normal faults) have been observed and ex­
plained as an expression of forward bending of the cliff 
(Hughes and Nakagawa, 1989). Sequenti al profiles of such 
calving cliffs demonstrate rotation of the cliff profile about 
the base, as tensile stresses associated with forward bending 
cause surface crevasses to propagate downwards, defini ng 
the size and shape of calved ice blocks. In invoking such a 
process, Iken (1977) ass umes that the glacier terminus is 
frozen to the b ed to create the necessary stress differential 
between glacier surface and sole, and other observations of 
the process (Hughes and Nakagawa, 1989) are from cold­
based glaciers. We tested the forward-bending hypothesis 
on a temperate sliding glacier more typical of those in mid­
latitude regions. 
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METHODS 

Maud Glacier (43°28' S, 170°30' E ) lies immediately east of 
the m ain divide of the Southern Alps, New Zealand. After 
many decades of retreat (Kirkbride, 1993), a readvance began 

in the early 1990s. The glacier terminates in a near-ver tical 

ice cliff up to 39 m high and about 600 m wide, which in plan 
view forms a chevron proj ecting into a proglaciallake 26 m 
deep at 60 m di stance from the cliff (Fig. 1). Extrapolation of 
bathymetric profiles suggests a water depth of < 15 m at the 
cliff itself, above a proj ecting ramp of subaqueous ice (see 
below). The glacier is inferred to be about 75 m thick in the 
vicinity of the ice cliff. The base of the south-facing cliff is 
1035 m a .s.l. The apex of the chevron is a prow of ice which 
is well seen in profile from the lateral moraine to the east 
(Fig. 2). The glacier itself, in common with others in the 
region, is heavily debris-mantled and was covered by two 

large rock avalanches in 1991 (Evans and Clague, 1994). 
Ice-front morphology was observed from both the glacier 
surface and the lake, and measurements of velocity and cre­
vasse p attern supplement the photo survey. 

From a fixed point on this moraine, repeat transparency 
photographs at a focal length of21O mm were taken at inter­
vals of 0.25- 7 d in the austral autumns of 1994 and 1995. Pre­
cise ice-cliff profiles were constructed by tracing successive 
outlines from proj ected colour slides at a scale of I : 60. Each 
image could be accurately positioned with resp ect to the pre­
vious photograph by using background features for reference. 
A different fixed point was used each year as the glacier ad­

vanced. Glacier surface velocities were obtained using three 
method s. First, short-term velocities were derived from the 
measured movement of between two and eight supragl acia l 
boulders on each sequenti al pair of colour slides. Examina­
tion of aerial photographs showed that the photograph plane 
diverged by 50 from the flow vector in both years (Fig. 1), so 

that the velocities derived from terrestrial photogrammetry 
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Fig. 1. Map of the terminus region of Maud Glacier showing 
locations of photo stations, ice cliff ill 1994 and 1995, markers 
usedfor velocity surveys, and ice-proximal bathymelly based 
on echo -sounding survey. Boulder vector shown by open circle 
was surveyed ill the field; the rest were measured ~Y aerial 
photogrammetlY. Site qf ablation stake in 1994 marked 
"S94)~ lviap drawnjrom corrected near-vertical aerial photo­
graphs taken on 16 April 1994 and 6 March 1995. inset: loca ­
tion if Maud Glacie r. 

underestimate true velocities by (a negligibl e) 0.38%. Sec­
ondly, electronic-theodolite measurement of g lacier velocity 
at fi ve points along the ice-cliff crest was carried out over in­
tervals of severa l days. One marker was established in the 
g lacier centre 210 m from the ice cliff in 1994, and was relo­
cated in 1995 to give a measure of annual centre-line velocity 
(Fig. I). Thirdly, annual velocities were calculated from aerial 

photogrammetry of the di splacements of over 100 supragla­
cial boulders identifi able on nea r-vertical photographs taken 
from a light aircraft. Boulders close to the ice cliff are illu­
strated in Figure I. Photo distortion was adjusted using ER 
M apper computer software, and fi xed points on the la ke 
shore a nd moraine. Lake stage was measured against markers 
on large shoreline boulders. Daily meteorological observa­
tions a re made at the National Park headquarters in Mount 
Cook village (765 m ), 44 km to the southwest at a simila r loca­
tion leeward of the main divide. R ainfall was also coll ected in 
a portable gauge 1.2 km southeast of the ice cliff. 

Ice-cliff ablation was measured at one site in 1994, where 
access to mid-height of the western end of the ice cliff was 

Kirkbride and Warren: Calving processes at a grounded ice cliff 

Fig. 2. i\Jaud Glacier ice cliff ji-om the photo station on 24 
March 1995, showillg the prifile illustrated ill Figure 3. Note 
the water/ine notch and the overhang qf the lower two -thirds 
qfthe cliff height. Person onglacierfor scale. 

possible along a ledge. One stake was drill ed hori zontally 
into vertica l ice. No safe access was possible in 1995. 

RESULTS 

Ice-cliff profiles are illustrated in Figure 3, a nd temporal 
changes to glacier moti on, frontal adva nce, lake levels and 
precipitation in Figure 4·. The 1994 study period was marked 
by fin e, dry weather except for three rainstorms which 
caused the la ke surface to ri se 0.88 m by the end of the 16 d 
observation period. A total of 85 mm of rain fell at M ount 
Cook during thi s period. The 1995 season was extremely 
wet; 683 mm of ra in fell at M oun t Cook in the lId of study, 
including 188.3 mm on 25 M arch. On the same day, 299 mm 
was recorded in 14 h in the portable gauge. Lake levels rose 
by over 1.4 m between 17 and 26 March. 

Short-term ice velocities averaged 0.43 m d- I in 1994 
(within a range of 0.32- 0.66 m d '), and 0.65 m d I in 1995 
(0.47- 0.91 m d I) (Table I; Fig. 4). Annual velociti es are 
shown in Figure 1. Extending !l ow onl y occurs immediately 
behind the ice cliff and , from our observations at several 

glaciers, usually creates a single crevasse within 5 m of the 
clifTedge. At ~[aud Glacier, aeri al photogrammetric measure­
ments (Fig. I) revealed compressive flow with a longitudina l 
strain rate of - 0.121 m I between 15 lVla rch 1994 and 6 
March 1995. Short-term glacier motion varies dramatically 
with hydrological changes, but appea rs neither to a ffec t nor 
to be affected by calving events. Velociti es double during and 
a ft er ra instorms a nd high lake stages, associated with uplift 
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Fig. 3. (a) Short-term changes in ice-cliffposition tracedfrom superimposed colour slides. Numbers rifer to orderofphotographs: 
1994: 1=29 March; 2=30 March; 3= 31 March; 4= 7 April; 5=8 April; 6= 9 April; 7= 10 April; 8= 12 April; 9= 12 April. 1995: 
1=18 March; 2=21 March; 3=24 March; 4=24 March; 5=26 March; 6=27 March. (b) Distribution of ice calvedfrom the 

cliff Numbers rifer to periods between photographs. The calving event of 31 March 1994 is indicated (see text). 
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of the glacier surface of up to 0.2 m, implying rapid increases 
in subglacial water pressures and increased bed separation 
(Iken and others, 1983). However, there is no evidence that 
calving frequency is related to short-term hydrological 

change. Ice velocity and lake stage, averaged over each 
interval between measurements, show strong positive corre­
lation when lake stage is constant or rising (r2 = 0.80 at the 
99.9% significance level ). Regression of the two variables 
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shows that glacier velocity increases by 0.52 mm d- I for 
every millimetre rise in lake level, over the observed range 
of variation. 

In between calving events, the advance of the ice cliff 
was slower than the glacier velocity because of melting of 
the ice cliff, which averaged 69 mm d- I based on the differ­
ence between surface velocity a nd change in cliff profil e. 
The ablation stake recorded surface loss of 31- 91 mm d I 

between 2 and 12 April 1994, averaging 50 mm d- I over a 

period of predominantly fine weather. Overall, the melt rate 
of the cliff is only half the rate recorded at a stake on the 
gently sloping ba re ice of nearby Grey Glacier, and an order 
of magnitude less than ice motion. In intervals when calving 
has not altered the cliff profiles, the photo seri es shows pa r­
allel advance of the ice cliff (Fig. 3a). There is no evidence 
for rotation of successive profiles (indicating forward bend­
ing of the cliff above the waterline) or for local flow exten­
sion as precursors to toppling failure simila r to those 
illustrated by Hughes (1992). Nor is there any evidence of 
associated englacial shear ba nds (cf. Hughes and Naka­
gawa, 1989). 

The calving itself can be categorized into four sequential 
stages, based on our observations over 27 d. 

(I) Calving at the waterline. The smallest and most frequent 
events involved the detachment of ice within about 2-
5 m of the waterline. Commonly, these events removed 
small aprons and pedesta ls of frozen ice breccia left after 
la rger calving events. Calving followed thermal erosion 
a long the waterline, which created a horizontal notch 
undercutting the ice cliff by 3- 4 m after a few days. The 
almost horizontal overha ng of the notch roof commonly 
calved to form a 45 0 overhang. Calving volumes are 
estimated at only a few cubic metres of ice. 

(2) Flake calving from cliff fa ce. On several occasions, thin 
fl akes of ice detached from intermediate positions on 
the ice cliff. Flakes were less than I m thick but up to 
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about 22 m in the longest dimension. Calved ice 
volumes were of the order of 102- 103 m 3

. 

(3) Full-height slab calving, in which bergs a re defined by near­

vertical surface cracks propagating downwards a few 
metres behind the ice cliff. Typically, ice volumes of the 
order of > 103 m 3 a re involved. Full-height events invar­
iably left a pedestal or ice breccia at the basal "hinge 
zone" close to the waterline, resting on a platform or ice 
just below the lake surface. This platform is formed by 

retreat of the subaerial pa rt of the glacier terminus. 
The event of 31 M arch 1994 (Fig. 3b) was observed 

from the initiation of toppling railure. Prior to calving, 
inspection or the glacier surrace revealed a single deep 
crevasse about 5 m back from the cliff edge, defining a 
tower of ice which overhung for 75% of its height, and 
by 8 m. On the day prior to calving, the tower was 
advancing at 24.6 mm h 1 while glacier velocity up­
glacier of the crevasse was only 18.9 mm h- I

: the tower 
was sepa rating from the cliff behind. Profiles (Fig. 3a ) 
show para ll el advance of its leading edge and no evi­
dence of rotation. This indicates translatory motion 
along a developing shear plane or zone close to the 
waterline, and that progressive failure along the pl ane 
caused the tower to move out from the glacier front. 
Then, following further steepening of the overha ng by 
fl ake calving and crack growth within the previous 
23 h, it toppled outwards. A pedestal of ice breccia close 
to the waterline was left resting on a platform of ice just 
below the lake surface. 

(4) Subaqueous calving. It is implicit in the thermal undercut­
ting mechanism that cl iff retreat above wa ter is faster 
than that below water. Thus, a submerged ice foot must 
proj ect lakewards from the base of the ice cliff. At Maud 
Glacier on 27 March 1995, several bergs ri sing to the lake 
surface were observed from a boat on the lake. The bergs 
were la rge in compari son to even the largest bergs pro-

Table 1. Photogrammetric measurements qf glacier surface velocities and ice­
cliff motion in 1994 and 1995. All errors are expressed as ± 1 standard deviation 
if the measured sample. Numbers infi rst column correspond to photograph num­
bers in Figures 3 and 4 

Photo interval Dates Hours Boulder motioll Cliff motioll 

md ' md ' 

1994 
1- 2 29- 30 M arch 24 0.45 ± 0.04 n=6 0.59' ± 0.08 
2- 3 30- 31 March 27 0.46 ± 0.04 n=6 0.43 ± 0.08 
34 31 March- 7 April 165 0.38 ± 0.042 n=6 0.31 ± 0.02 
4 5 7- 8 April 22 0.36 ± 0.04 n=5 0.36 ± 0.06 
5- 6 8- 9 April 24 0.32 ± 0.02 71 = 5 0.23 ± 0.05 
6- 7 9 10 April 29 0.+4 ± 0.08 n=6 0.38 ± 0.07 
7- 8 10- 12 April 45 0.45 ± 0.03 /1 =6 0.31 ±0.08 
8- 9 12- 14 April 47 0.66 ± 0.03 71=3 0.60 ± 0.06 

1995 
1- 2 18- 21 March 66 0.47 ± 0.02 n=2 0.47 ± 0.03 
2-3 21- 24 Ma rch 73 0.53 ± 0.04 n=3 0.43 ± 0.04 
3--4 24 March 6 0.78 ± 0.05 n=4 0.73 ± 0.09 
4--5 24- 26 March 47 0.91 ±0.05 n=4 0.83 ± 0.08 
5- 6 26- 27 March 20 0.56 ± 0.D3 n=5 0.62 ± 0.06 

CliJTadvance exceeds glacier motion due to separation of ice tower from the glacier (see texI). 
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duced from slab calving. They broke the la ke surface at 
di stances of up to 200 m from the ice cliff, from water 
~ 75 m deep and across most of the width of the glacier 
front. Most likely, the bergs detached from a submerged, 
proj ecting ice foot. Bathymetric surveys reveal ramps in 
front of M aud, Grey a nd H ooker Glaciers. At M aud 
Glacier (Fig. I), the ramp descends at an angle o[ 20-
30°. Lake fl oor morphology is therefore also consistent 
with a submerged ice foot. 

T he d is tri bu tion of calving of the first t hree types from 
that pa rt of the subaeri al ice cl iff visibl e on repeat photo­
graphs is shown in Figure 3b. Shaded a reas represent ice 

identifiable in one photograph bu t missing in the subsequent 
image. M any small calving events and several larger ones 
were seen. Other events, not observed, were obvious from 
their effect on the morphology of the ice front. The pattern 
of calving varies from the waterline to the crest of the cl iff. 
C lose to the wa terline, calving is relatively frequent, a nd re­

sulta nt berg volumes a re only a few cubic metres. With in­
creasing height, calving becomes less frequent, but bergs 
become la rger. O ver the 27 d of observations, 17 identifi able 
calving events aIrected the lower 25% of cliff height, a nd 
direct observation showed that they were much m ore com­
mon than this statistic suggests. In contrast, only five identi­

fi abl e events extended from the cliff top. 
The four calving types a re linked, whereby initially a 

notch is created which then "grows upwards" by Oake 
calving. Eventually a geometry is established whereby most 
of the cliff overhangs, a condition conducive to crevasse propa­
gation and full-height slab calving. This recreates a vertical 
profil e to the waterline, and begins another cycle o[ water­
line melting and pedestal removal, Oake calving and then 
slab calving. M any such cycles wo uld form a submerged ice 
foot, which calves infrequentl y. 

DISCUSSION 

An outsta nding research question in the study of calving lies 
in the marri age of statistical correlations with process explana­
tions. Correlations between calving velocities (vc ) and other 
va riabl es vary acco rding to time-scale. Thus, annual vari a­
tions in Vc show significant correlations with width-averaged 
water depth at the terminus (hw), in both tide- and fresh­
water (Brown and others, 1982; Funk and Rothlisberger, 
1989; Warren and others, 1995 b), whil e seasonal variation 
in Vc has been correlated with the di scha rge of meltwater 
from the tidewa ter Columbia Glacier (Sikonia, 1982). The 
notch mechanism described in thi s paper over the weekly 
time-scale is simila rly anticipated to vary seasonally accord­
ing to la ke surface temperature, where winter calving into 
frozen lakes is suppressed a nd summer calving enhanced 
by rapid notch formation in surface wa ter warmed to 
::; 12°C (C laridge, 1982). Examination of many winter 

photographs o[ the Mount Cook glaciers shows no evidence 
of calving into ice-covered lakes. While the notch mechanism 
desc ribes short-term calving behaviour, it cannot be extra­
pola ted to exp lain the vc/hw relat ionship of Funk a nd Roth­
li sberger (1989) and Warren and others (1995b), because 
notch formation is influenced by lake surface conditions 
(surface water temperature and current velocity). Either 
water depth exerts no control on calving at M aud Glacier, 
or another mechanism as ye t unidentified must operate on 
longer time-sca les. Multi-a nnual study of shorr-term pro-
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cesses at lake-calving glaciers is required to bridge the gap 
between short-term process and statistical correlation a t 
the annual scale. 

One proposed mechanistic link with water depth is 
Hughes' (1992) bending creep mecha nism, identifi ed at a 
calving ice cliIr whose base did not stand in water (Hughes 
and Nakagawa, 1989). H owever, this does not appear to be 
the rate-controlling mechanism at Maud Glacier, because 
the full height of the ice cliff calves too frequently to allow 
bending creep to create the shear bands and overhang 
which are the precursor to fa ilure. \I\Te have shown how the 
overhang develops by small-scale calving of the notch roof 

in response to waterline melting, and repeat photography 
between calvi ng events shows no evidence of gradual fl ow­
induced overhang development. T he relevance of the bend­
ing creep mechanism to temperate lake-calving glaciers 
must therefore be questioned. 

Fina ll y, at sites where the rate of calving is controlled by 
waterline melting, interannual vari ation in calving rate is 

likely to be limited. Because ice velocity at the M aud 
G lacier ice cliff exceeds ablation by an order of magni tude, 
the adva nce or retreat of the cl iff is predominantl y a res­
ponse to changes in g lacier velocity, in turn governed by 
m ass-balance induced thickness vari ations. Therefore, 

a lthough the transition from a non-calving to a calving ter­
minus may produce more negative mass balance (Kirk­
bride, 1993), la ke-calving glaciers may continue to flu ctuate 
in response to climatic va ri ability at the interannual scale. 
This is typically not the case for tidewater glaciers (Brown 
and others, 1982). 

CONCLUSIONS 

There is no direct evidence for a forward-bending mechan­
ism at the M aud Glacier ice cliff, and the absence of shea r 
bands disrupting ice foli ation close to the cliff supports this 
conclusion. Our res ults demonstrate that at the terminus of 
M aud Glacier an overhang develops by progressive calving 
up from waterline, culminating in full-height slab calving, 
fo llowing a cyclic pattern over several weeks at a rate de­
pending on the rate of thermal erosion at the waterline. A 
longer-term cycle involves calving of the submerged ice foot 
formed by subaerial ice-cliff retreat. 
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