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Abstract

The potential impact that subaqueous mass loss may have on glacier mass balance and
volume reduction is unclear, primarily due to a lack of quantitative data. Therefore, in
order to fully understand the potential contribution subaqueous calving and melting may
make to glacier mass loss, it is important to understand how submerged extensions of
glacier fronts (“ice ramps”) are created and maintained. This study improves the
understanding of the controls on subaqueous ice ramp development and evolution at
debris-covered, lake-calving margins by investigating the temporal evolution and
subaqueous morphology of the termini of lake-calving glaciers in Aoraki/Mount Cook
National Park, New Zealand. These glaciers are in close proximity to each other, yet
each represents different stages on the glacier retreat-proglacial lake development
continuum. Through a combination of field-based data collection and remote sensing,
the calving margins of Mueller, Hooker, Tasman, Murchison, Classen, Grey, Maud and
Godley glaciers were examined over a variety of time scales (days to years). This
research indicates that the evolution of subaqueous ice ramps is intrinsically linked to
subaerial retreat and that temporal changes in subagueous morphologies are driven by
subaerial calving, subsequent subaqueous calving, and sedimentation. The study
highlighted that it is vital to understand the subagqueous morphologies of glaciers, how
these evolve over time and what controls this evolution. In addition, when predicting
glacier retreat it is important to consider subaqueous morphologies, through the
incorporation of quantitative data and waterline melt rates, in order to more accurately
predict retreat and hence mass loss from a glacier. Glacier retreat and concurrent
proglacial lake expansion were also found to vary significantly within a single mountain
belt. The identification of subaqueous ice ramps extending from lake-calving debris-
covered glaciers, along with the examination of controls on ice ramp development and
evolution, contributes significantly to the understanding of subaqueous morphologies
and potential mass loss from these sections of the glacier. These results also lead to a

better understanding of how subaqueous sections influence overall glacier retreat.
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Figure 6.3: Terminus positions of Hooker Glacier, 1965 to 2011. Supraglacial and

ice-marginal ponds, which developed between 1965 and the early 1980s,
coalesced in 1982. Since 1965 the terminus of Hooker Glacier has
retreated 2.14 km up-valley from its LIA terminal moraine. The 1996

terminus position is from Hochstein et al. (1998). .......cccccvevevivevie e

Figure 6.4: Surface area of Hooker Lake between 1965 and 2011. Growth in lake
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surface area has followed a steadily increasing trend after the coalescence
of supraglacial and ice-marginal ponds in 1982 and subsequent high retreat
FALES. e uvereeteete ettt ettt ettt bRt ettt Rt R bbbt n e n e et re et s
6.5: Ice cliff at the terminus of Hooker Glacier (source: C. Robertson, 23
November 2009). Note the layers of debris in the subaerial ice cliff which
provide pre-existing weaknesses in the glacier which can be exploited to
result in calving. The calving terminus is comprised of a vertical subaerial
ice cliff (approximately 30 m high), which then forms a low gradient
subaqueous ice ramp sloping away from the terminus into the lake. ...............
6.6: Hooker Lake bathymetry and the location of an ice ramp which was
identified iN 2009 (ChapPLer 4). ......c.ocveiieie e
6.7: Retreat rates and calving rates of Hooker Glacier between 1986 and
2011. Uy is retreat rate (mean retreat along the terminus multiplied by
time), U, is calving rate, U; + Uy, is calving rate + melt at the calving cliff.
Values are reported in Table 6.1, .......cccooveiieie i
6.8: Predicted retreat scenarios for Hooker Glacier. The profiles have a
vertical exaggeration of approximately 12. The subglacial bedrock profile
(dashed line) is inferred from Hochstein et al.’s (1998) ice thickness data,
and is measured at 3 km and 4.8 km up-valley of the Hooker Lake outlet.
The fast retreat scenario is based on waterline melt from Réhl (2005) and
predicts the glacier terminus will stabilise > 3 km up-valley of the current
lake outlet after 2028, when ice velocity equals calving rate. The slow
retreat scenario, based on the calving rate-water depth relationship
(established by Funk & ROothlisberger, 1989; Warren et al., 1995b),
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predicts the glacier will retreat ~4.8 km up-valley where it will stabilise as
bedrock outcrops at lake level by 2096............cccooviiiiiniieeee e 138
9.1: The EdgeTech 216S sub-bottom profiler being towed approximately
20 m behind the boat in Tasman Lake (source: C. Robertson, 2 April
2008). A RTK-dGPS rover attached to the top of the profiler to locate the
SUIVRY . ittt ettt ettt ettt etttk e e bt e ek bt e e b b e e e b e e e e b e e e ea b et e en b e e e enb e e e nr e e e nre e 181
9.2: The EdgeTech 216S sub-bottom profiler being towed approximately
10 m behind the boat in front of the terminus ice cliff of Hooker Glacier
(source: R. Dykes, 29 November 2009)........cccovuererieniinninie e 182

Figure 9.3: EdgeTech 216S sub-bottom profiler towed beside the boat in Mueller

Figure

lake (source: C. Robertson, 15 April 2010). The ballast (green tubes)
which was attached to the profiler can be seen sitting above the water. The
minicomputer and Toughbook used in conjunction with the profile can
also been seen. Figure 9.4 shows a more detailed view of these
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9.4: Minicomputer and Toughbook laptop used with the EdgeTech 216S
sub-bottom profiler (source: C. Robertson, 15 April 2010). The profiler is
attached to the yellow box (minicomputer) by a cable, with the minicopter
then being connected to the Toughbook laptop. A profiler image can be
seen on the Toughbook screen. The minicomputer is powered by batteries

contained in the green plastiC DOX........ccccvvviieiiiniiii e 183

Figure 9.5: An example of a sub-bottom profiler image from Hooker Lake which

shows a considerable amount of acoustic blanking (shown by the arrows),
the result of the signal being blocked by gas in the water column or lake
DU, et 184

Figure 9.6: An example of a sub-bottom profiler image from Mueller lake which

Figure

shows acoustic scattering (the heavily lined part of the image) caused by
gas in the water column or water inhomogeneities. Acoustic scattering
prevents the image being analysed and interpreted due to the quality of the
1T To USRS 185
9.7: The two buoys of the stationary lake mooring which 5 Onset Tidbit
temperature loggers were attached to in Hooker Lake (source: C.
Robertson, 28 November 2009). .......ccoiveiieieiieseeie e e 188
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9.8: The plastic basket the Onset U20-001-01 HOBO Depth Data Logger
was deployed in to protect it from impacts (source: C. Robertson, 18
February 2011). This photograph was taken after the logger had been
recovered in February 2011. Fine sediment can be seen on the basket from

where it sunk into the sediment on the lake floor. ..o, 190

Figure 9.9: The Trimble S6 automatic total station (black box) established on Kea
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Point, ~150 m above Mueller Glacier, from where the photograph is taken

(source: C. Robertson, 5 January 2011). .....ccccoeveverienesieseese e e e seesiaeneens 191
9.10: The Trimble S6 automatic total station established on Kea Point,
~150 m above Mueller Glacier (source: A. Clement, 21 January 2011). ......... 192
9.11: The author beside a reflective prism that has just been attached to a

large, stable, flat boulder on the surface of Mueller Glacier (source: A.
Clement, 20 January 2011). The reflective face of the prism is directed
towards Kea Point. The photograph is taken looking up-glacier....................... 193
9.12: An example of a photograph taken from a camera attached to the
Lighter-than-air-Helikite (source: C. Robertson, 22 November 2009). The
image contained a GCP (orange cross in the lower right hand corner) and
could also be located (due to the inclusion of the boat and pond). The

orange boat is approximately 3 m long. .......ccccovveieiieniieie e 195

Figure 9.13: An example of a photograph taken from the Lighter-than-air-Helikite

that did not contained a GCP and therefore could not be located (source:
C. Robertson, 22 November 2009). The large boulders in the upper and

lower centre of the photograph are approximately 5 m in diameter. ................ 196

Figure 9.14: An example of a photograph taken from the Lighter-than-air-Helikite
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that contained two GCPs (orange cross in the upper right corner and blue
tarpaulin in the lower left corner) (source: C. Robertson, 22 November
2009). The photo could not be located as it was unclear what GCP the two
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approximately 5 m in diameter. .........cccooveie i 196
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