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ABSTRACT
An abstract of the thesis of Peter James Sniffethis Master of Science in Geology:

Geohydrology presented July 30, 2007.

Title: Dry calving at the terminus of a polar glciTaylor Glacier, McMurdo Dry

Valleys, Antarctica.

The polar glaciers of the McMurdo Dry Valleys, Ardiica terminate on dry
land yet exhibit terminal morphologies charactetiz®y near-vertical cliffs that are
partially maintained by the process of dry calvinige flow data collected between
2003 and 2007 on Taylor Glacier are described Himchinate some of the processes
that contribute to the development of the nearie@rice cliffs.

Surface velocities are higher in the interior e glacier (5.3 0.14 m&) and
lower along the sides (300.14 m&d). At surface sites located within 20 meters of
the cliff, velocity in the cliff-parallel directioncreases with distance from the cliff
while cliff-perpendicular velocities do not changg@preciably. This motion is
consistent with a strain regime of simple sheamapping of ice structures at the near-
cliff sites document fractures oblique to the cldtige that are consistent with
shearing. Strain rates on the order of &balso indicate shear but uncertainty is also
10°%a™.

The velocity profile of ice cliff face may conttte to an overhanging cliff

profile. Ablation on the cliff face may contribute undercutting more than ice flow.



Ablation ranges from 40 cm at the top of the diiffover 100 cm near the base over
the two-month summer season. Undercutting of liffeface may create an unstable
cliff. Fractures created by shearing at the serfaay serve as planes of weakness
and preferentially accommodate strain from the loaeging cliff face leading to

calving events that return the cliff to a more &alertical or sub-vertical profile.
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Chapter 1:  Introduction

Calving is the mechanical fracturing and failuregtdcier termini and can be
an important ablative process (Van der Veen, 1996)r glaciers that terminate in
water, calving results in icebergs. Generally Epgathere are two modes of calving.
One is the calving of large tabular icebergs frdoating ice shelves, which produce
huge icebergs on the order off30°. The second mode is the calving of grounded
“tidewater” glaciers, which tend to produce muchafier icebergs£100 nf) (Benn
and Evans, 1998). Calving is a particularly lacgenponent of ablation in tidewater
glacier systems (Meier, 1997). As a result, redean calving dynamics has been
largely focused on these glaciers. Past studies fedied on photogrametry and aerial
photography as large parts of their data sets @kirkle and Warren, 1997).

The calving process of tidewater glaciers is stilt well understood. The high
flow velocities, large height of terminal cliffsnd frequent calving makes them
difficult to study. Instrumentation of the clifis dangerous or impossible in many
situations and studies are limited to indirect measients correlating calving rate,
flow velocity, water depth, ground slope, etc. (Bam and Hooke, 2000; Hughes,
1989a; Kirkebride and Warren, 1997; Paterson, 1994n der Veen, 1996).
Correlations exist between calving rate and waggttd at the terminus, however other
factors such as longitudinal strain rate and teatpee also play a role in determining
calving rates. Studies limited to indirect meamants of calving rate make it
difficult to partition factors like temperature asttain rate, and the causal relationship

remains elusive (Hanson and Hooke, 2000; Van deny2002). Examining calving



processes for a grounded polar glacier will allow to look at factors such as
temperature and longitudinal strain rate separnate fwater depth. This will help
identify what role these other factors play in temas stability and can be applied to
the dynamics of tidewater calving.

The aim of this project is to conduct a detailatigtof the dynamic processes
acting at the terminus of a grounded polar glaciemall alpine glaciers in the Taylor
Valley of Antarctica terminate on dry land and dihivertical cliffs that are
maintained partially by periodic calving eventsoilgh a process known as dry
calving. | analyze the ice flow dynamics at twanterminus sites and one interior
site on Taylor Glacier, Antarctica to investigate tole of ice-flow in dry calving.

1.1: Study Area

Taylor Glacier is an outlet glacier of the East &mwtic Ice Sheet and flows
into Taylor Valley, one of the McMurdo Dry Valleysntarctica (Figure 2), 77S,
162°E. Taylor Valley is oriented east-west and is agpnately 35 km long, bounded
by the Kukri Hills to the south and the Asgard Rang the north and filled by Taylor
Glacier at the western end. Many small alpine iglacflow into the Taylor Valley
from the mountains bordering the valley. Threeepaially ice-covered lakes (Lakes
Bonney, Hoare, and Fryxell) are located within Teg/lor Valley fed by ephemeral
streams that drain melt from the glaciers. Averageperatures in the Taylor Valley
range between -16 and “Z1 (Doran et al.,, 2002). The summer season lasts fo
approximately 10 weeks between November and Janamiadyis characterized by

temperatures that fluctuate arourf€€0 Winter temperatures reach lows of“6tnd



are influenced by strong katabatic winds from thetafctic Plateau (Nylen et al.,
2004). Annual precipitation averages less thaori@' making the dry valleys region

a polar desert (Doran et al., 2002).
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Figure 1: Location of the McMurdo Dry Valleys, Antarctica. Approximately 77°N, 162E.

Taylor Glacier is approximately 100 km long frora drigins at Taylor Dome
and partially terminates in Lake Bonney (Robinsb®34). We focus on the lower
ablation area within 1 km of the terminus. In tbweer ablation area the mean annual
surface temperature of Taylor Glacier in the lowabfation area is - (Nylen,
2004, Robinson, 1984). Average surface flow vé&joearies with location from 4.5
ma’ and 7.5 ma (Johnston, 2004). Possibly 50% of the lower glagiay be melting

at the base.



Canada Glacier
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Figure 2: Location of study site in the lower abltion area of Taylor Glacier in Taylor Valley.

Processes at glacier termini affect the mass balarca glacier. Glacier
ablation occurs by melt, evaporation, sublimatiang calving. On Canada Glacier
(Figure 2), the terminal cliffs constitute only 286 the total ablation area but they
account for 15-20% of the melt runoff (Fountairakf 1999). Calving plays a role in
ablation by physical removal of ice and by shapimg morphology of the terminus.
Solar radiation on a vertical cliff in the polagren makes an angle closer to normal
than on the sub-horizontal glacier surface (Chik887; Fountain et al., 1999). The
more intense solar radiation and long-wave radiafiom the valley floor, increases
melt on the cliffs. Also, calving piles ice on tharm valley floor, aiding meltwater

production.



1.2: Calving Processes

Several theories have been proposed to explainecoimg the mechanism
driving calving. Most have been in relation toetichter calving and identify
undercutting of the cliff face as primary in thelvtag mechanism (Hanson and
Hooke, 2000; Hughes, 1989a; Kirkebride and Ward&97; Van der Veen, 1996).
The most widely accepted theories relate calvitg ta water depth due to factors
such as wave-action undercutting, submarine meltindouoyant forcings (Hanson
and Hooke, 2000; Kirkebride and Warren, 1997). eDttineories link the calving
mechanism to the internal flow regime and structfréhe ice (Hughes and Fastook,
1997). These theories have been criticized wighstiggestion that they only describe
codependent mechanisms while leaving the true rdyivinechanism of calving
undiscovered (Van der Veen, 2002).

At Maud Glacier, a New Zealand temperate glacigniteating in a lacustrine
environment, calving was observed to occur in a &iep process: 1) the cliff was
undercut due to thermal erosion at the waterlineth2 calving of small flakes
increased the overhang at the waterline; 3) radbtivinfrequent calving events
occurred as the result of collapse above the undetif, and 4) rare calving events
occurred from the sub aqueous ice cliff (Figure Bhe calving at Maud Glacier was
attributed to the collapse of the ice cliff due gmavity as it was undercut at the
waterline (Kirkebride and Warren, 1997).

Hanson and Hooke (2000) examined the physical nmésima behind the

widely accepted empirical evidence suggesting éhary rate of tidewater glaciers is



directly proportional water depth at the terminuBheir results indicate calving rate
does increase with water depth at the terminus,clwithey attribute to the

development of an overhanging ice cliff. Modellidgmonstrates that the distribution
of longitudinal stresses and ice velocity neartdreninus lead to the undercutting of
the cliff face (Hanson and Hooke, 2000). Numerioabdels also indicate that
submarine melting and basal drag both contributéh& overhanging cliff profile.

While confirming water depth and calving rate areportional, the relationship is not
necessarily causal, and water depth is most likedyone of the variables controlling

the calving rate (Hanson and Hooke, 2000).

Figure 3: Physical models of calving: thermal erdsen below the water line (left) and physical
erosion notch-cutting at the waterline (right). Bdh situations explain calving as a result of
undercutting of the ice cliff.

In a different interpretation of calving mechaniesighes (1989b) developed a
model based on dry calving occurring on Deceptglanid, Antarctica. Shear bands
were observed crosscutting ash layers in the ieepodistrating motion is being
accommodated in distinct vertical bands (Hughes39b® This mechanism is

compared to bending a book around its binding (€gt). The shear between the



zones is small near the bed (theoretically appriogckero) and increases towards the
surface of the glacier. Bending shear continues there is rupture along one of the
shear zones. On Deception Island this was obsdovedcur when the ice wall of a
grounded tidewater glacier reached an overhangopfoximately 20 from vertical
(Hughes, 1989b). Further examination of shear idaliwrmation revealed that
recrystalization of ice crystals within the sheantis forms an “easy-glide fabric” that
encourages rapid deformation along the shear z@eghes, 1989a). This rapid
deformation ultimately leads to fracture and cajvalong the shear zones (Hughes,

1989a).

Figure 4: Schematic diagram of bending shear. Netshear decreases with depth. Adapted from
(Hughes, 1989a).

The bending shear model requires significant babkalar stress, which is
present in grounded glaciers, and especially pp&aiers that are frozen to their beds,
but diminishes to zero as the glacier nears flotati Tidewater glaciers experience
significant basal shear stress if the water depthsufficient to provide flotation. In

systems where the water is deep enough, Hughe&astdok (1997) suggest down-



warping of the glacier snout and the depositioa términal moraine may provide the

necessary basal shear stress to initiate bendedy ghigure 5).

Figure 5: Bending shear in a grounded tidewater gicier (left) and a glacier at floatation (right)
showing down warping of the terminus. From(Hughes iad Fastook, 1997).

The conceptual models outlined above should nathbaght of as mutually
exclusive. Each model leads to some degree of vamhanging cliff face and
ultimately failure and calving. Depending on tipedfic glacial system, any of these
models may be working alone or simultaneously tatrioute to the ultimate failure of
the cliff. But Van der Veen (2002) asks the questido any of these models really
address the driving forces behind calving or amytjust describing coincidental
empirical relationships? He suggests a causdiioethip between glacier geometry
and dynamics, specifically ice speed and thickrassthe factors controlling calving
rate (Van der Veen, 2002).

1.3:  Polar Ice Cliffs

Cold-based glaciers have been observed to terenina20-30 meter ice cliffs

in polar regions and high altitude regions such Mts Killimanjaro, Northern

Greenland, and Antarctica (Van der Veen, 1997)e dmiformity of the cliffs in these
8



regions has led to research into how ice cliffsaxfaand why their geometry is so
similar across different regions.

Previous work suggests ice cliffs form as a resflta combination of
rheological changes in the ice, macro-scale stractieformation, and changes in
mass balance due to cliff-generated microclimatdsldsworth (1969) describes four
rheological zones in the tongue of the polar glafiégure 6). Based on a perfectly
plastic model, the ice cliffs exist as a resulaofupper semi-rigid zone that becomes
grounded as the glacier thins to the terminus (§hi®85; Holdsworth, 1969). The
glacier is described as consisting of a rigid stefeshell riding on a “plastic
glacier’(Chinn, 1985).

Most, if not all, of the glaciers in the McMurdo Y¥alleys have a basal ice
layer that has a high chemical and particulate) (silpurity content that gives the
layer an amber color (Conway et al., 1996; Holdslnot974). The basal zone can
contain other layers of ice facies from 0.5 to 1ltenehick (Fitzsimons, 1999;
Holdsworth, 1974). The basal layer exhibits a treddy low viscosity and
accommodates up to 60% of the surface velocithefbserved surface displacement

(Cuffey et al., 2000; Hubbard et gters comm2005).



Figure 6: The grounding of the upper semi-rigid, ad outer rigid rheological zones result in an
impedance to flow and lead to the development of aige cliff (Chinn, 1985; Holdsworth, 1969).
From (Chinn, 1985).

Ice rheology in polar glaciers changes with thiekiness of the glacier and
affects the terminal morphology of the glacier. thAe rigid outer skin of the glacier
becomes grounded, it obstructs glacier flow andemses basal shear in a relatively
narrow area at the bottom. Since the upper lafygreds rigid, thinning of the glacier
and grounding of the upper layer create a margihil(Chinn, 1991). Once an ice
cliff forms, ice debris from calving events and sioe material forms an apron at the
base of the cliff. Continued basal shearing andfacial advance can continue
ramping the active ice up and over the apron intfad the glacier and maintaining a
cliffed margin (Figure 7) (Chinn, 1985; Evans, 1P89Studies of an ice cliff in
northern Greenland also indicate cliffs are forrded to similar ramping mechanisms

at the terminus of the glacier (Goldthwait, 196961).
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Figure 7: The progression from ramped margin to dffed margin is a result of the grounding of
the upper semi-rigid zone and increased basal sheéag and ramping of the glacier ice. From
(Chinn, 1991).

A related model suggests that isoclinal foldinguti®sg from marginal basal
shear, causes ramped instead of cliffed marginfortm (Figure 8). Large-scale
isoclinal folds have been observed in polar glacier the McMurdo Dry Valleys
(Chinn, 1989). Folds forming in the basal shearezoan become overtuned as the
glacier overrides the ice apron at the terminuent@ued flow pushes the over-turned

fold outward forming a vertical cliff. In this med vertical cliffs form where folds

11



are overturned, ramped margins form where foldsadémeent or in early stages, and
domed margins represent stages in between the entbers (Chinn, 1985, 1989,
1991). Additional evidence suggests vertical slifibrm in areas when a glacier is
locally advancing and ramped margins form whereténminus is retreating (Chinn,

1991).

Figure 8: Stages of marginal fold development leaadlg from a ramped terminus (a ) to a terminus
with a vertical cliff (¢). From (Chinn, 1989).

In addition to large-scale structure and ice rbgp] a microclimate may have
a significant role in the mass balance and morghotaf ice cliffs. At high latitudes
the sun is low on the horizon. In the McMurdo Dvglleys solar angle is
approximately 30° from horizontal in the north &ff in the south (Johnston, 2004).
As a result, solar insolation is more intense ontieced cliffs than on horizontal
surfaces nearby. Emitted long wave radiation frim® warm valley floor further

warms the cliff. Lower wind speeds along the dlgfluces sublimation/evaporation

12



and increases melt such that ablation can be u ttmes the value at the surface
(Chinn 1987). The increased ablation on the aifalmost completely due to an

increase in melt (Lewis et al., 1999).
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Chapter 2:  Methods

This project measured ice motion in the lower abaarea and ice cliffs of
Taylor Glacier. Stakes were arranged in two d&fiértypes of arrays, one to measure
surface motion and another for motion on the veltddiffs at the terminus of the
glacier. Stake displacements were measured udifegeshtial GPS and conventional
survey (Total Station) methods. Stakes were pldoe@ locations on the near-
horizontal surface of the glacier as well as twaatons on the cliff face.
Measurements were taken over three summer ressasgons in 2003, 2004, and
2005. Ablation measurements were also taken wlegnaossible. Two other stake
arrays were installed on the glacier but are netudised here. These arrays were
installed in 2003 at Site 1a and replaced the Wolg season at Site 1b. Only results
from Site 1b are discussed in this analysis.
2.1: Surface Site Networks

Stake networks on the sub-horizontal surface cbrdisl3 ablation stakes
designed to measure strain in three transects. stdlees are made from 2-inch
diameter steel conduit (EMT) painted white to rexllneat conduction. The stakes
were drilled vertically into the ice to a depthagproximately 2 m using a gasoline-
powered drill. At the terminus sites stakes weaid but between five and 25 meters

from the cliff edge and arranged as shown in Figure

14
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Figure 9: General layout of the two types of arrag used to measure ice flow on the glacier
surface and the vertical ice cliff.

The surface networks were measured with dual-fregueDifferential GPS
(DGPS) with assistance provided by The UniversitAMSTAR Consortium
(UNAVCO) a non-profit organization that provideschaical GPS support. The
DGPS method measures the distance between two €¢¥ers located on the
Earth’s surface. This method removes several ®rassociated with GPS using a
single receiver including atmospheric and timingoex (Bartel,pers comm 2004).
Using DGPS, occupying a stationary location foro816 minutes can provide a
relative location accurate to less than a centimete

The surface networks were also measured with aerdional Total Station
with assistance provided by Jeffery Scanniello loé tRaytheon Polar Services

Company (RPSC) Survey Department using A Nikon D302- series Total Station
15



with a published accuracy of 5 seconds. Controhtpowere established off the
glacier north of the cliff. Spikes were drivendrthe ground to identify each control
point and defined a baseline from which to surdey stake network. A reflecting
sight glass was placed at the top of each stakee@msure distance, and angles were
measured to the base of the stake where it entieeeglacier surface. To both reduce
and quantify instrument error angle, measuremeete tdoubled” by measuring the
angle from the backsight to the foresight with itgtrument in “normal” position and
a second time with the instrument in the inverssitmm. Angles were then re-
measured using the same method but initiating nmeasnts from the foresight rather
than the backsight. The control points were |latdtg differential GPS with a base
station located at the established UNVACO benchma&takes from the cliff arrays
were measured at different times using a Sokkidl3etal station with an accuracy of
5 seconds.

Three field seasons for this project took placeinduthe Austral summer
between 2003 and 2007. Over the duration of tlogept, 3 stake networks were
installed on the surface of Taylor Glacier and tays were installed in the north-
facing cliff at the terminus of the glacier (Figut8). Stakes within the networks and
arrays were measured periodically during the alustnaamer throughout the duration
of the project using differential GPS and a conieal total station. When possible,

ablation data was recorded throughout the profecalf the stakes.
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Figure 10: Field site locations on Taylor glacier. Circles represent clusters of 13 stakes and
triangles represent individual stakes in a linear tansect.

During the second (2004 - 05) field season twoasafnetworks were placed
along the northern terminus of Taylor Glacier de$ilb and 2. The sites were chosen
based largely on cliff morphology. The goal wadital a vertical cliff face 20-30
meters tall, not likely to calve within the timeaspof the project, and accessible from
the surface. No sites on the south side of theigjlavere found that matched those
criteria. The array at Site 1 was installed tghdlly overlap with Site 1a (Figure 11).
Due to surface features on the glacier the cordigum of stakes in all the surface
networks are not identical. Each site has variédghtty from the idealized

arrangement of stakes.
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Figure 11: The layout of the cliff sites along thenorthern cliff of Taylor Glacier. The stake
numbering conventions for all sites are the same as Figure 12 below.

One network was installed in the interior of thagyr. Thirteen stakes in a
similar configuration as those at Sites 1 and 2Zewestalled at Site 3, an interior site
well away from the effects of the terminus edgey(iFé 12). The surface networks at

Sites 1 thru 3 were measured at the beginning addtthe 2004 — 2005 field season

with differential GPS.
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Figure 12: The layout of stakes at Site 3 in thanterior of the glacier.

2.2 Vertical Cliff Networks

To measure the development of the vertical clitifie, two arrays of stakes
were installed in the vertical face of the northeerminus of the glacier. The arrays
are located on the cliff face below Sites 1 andh@ eonsist of 10 stakes vertically
aligned in a transect from the top of the cliffttee base with approximately 3 meter
spacing (Figure 9). Each stake was drilled intoitle face at about a 10-degree angle
to a depth of between 1.75 and 2 m to prevent stéddéng out due to gravity. A
survey reflector was permanently attached to tpeofi each stake to be used for
optical surveys and centimeter hash marks along gteke length allowed
measurements of ablation.

Only Total Station measurements were taken focliffestakes. The different
orientation and perspective, compared to the serfstakes, required a separate

baseline for each vertical cliff array. Measuretsenere taken for each array from
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two control points on the ground. The installatwinthe cliff stakes was difficult.
The process involved two field team members rapgellfrom the cliff
simultaneously, two field members at the top of th# tending the ropes for the
climbers, and two members at the bottom of thd niénaging equipment. Using a
gas-powered ice auger they drilled holes in thfacghe stakes. Since the length of
the auger bit was so unwieldy while hanging frora tbpes, the climbers drilled the
holes in four rounds, each using a successivelgdobit. Stakes were then inserted
into the holes and backfilled with water from a mastream to freeze the stakes in
place. In all, the process of installing one diffay (10 stakes) took between 15 and
17 hours.

These vertical arrays were measured using a ttaibis from control points
located on the ground. The arrays were measuradtifoes during the second field
season on November 28, 2004, December 5, 2004 niberel2, 2004, and January

22, 2005.
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Chapter 3:  Results
3.1: Field Results

One set of stakes was installed at Site 1a ancegedvduring the first field
season. During the second field season a secomd seakes was installed at Site 1b
to overlap with the Stakes at Site 1a. The newestavere installed to maintain
consistency with other new arrays installed durihg second field season. As a
result, measurements at Site la were discontinu€hly data from Site 1b are
presented in this analysis and will be referreds&ite 1 hereafter.

The bulk of the fieldwork for the project occurrédring the second field
season (November 2004 — January 2005). Three s&therks were installed on the
surface of the glacier as well as two vertical ysran the ice-cliff face. Each network
and array was measured at least twice during thgose once in the early part of the
season and again at the end. Measurements wexe Igkusing two GPS units as
rovers within the array and one GPS unit locatddie glacier on the ground at an
established UNAVCO benchmark recorded by UNAVCONBAP Benchmark TP1
(TPO1),” to the northeast of the glacier (Figurg.13his provided a fixed point and

served as the primary base station for the remamwit#e project for all the sites.
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NZAP Benchmark TP1

A

Figure 13: UNAVCO NZAP Benchmark TP1 (triangle) lccated at 77 43 10.4851 S 162 16 27.985
E in relation to project field site locations.

The surface networks at Site 1 and 2 were measaridoptical methods
identical to those used in the previous seasonl th&l sites were measured twice
during the season. A third control point was dghbd in order to survey the
network at Site 2. The network at Site 3 was ateasured by optical methods. Site
3 cannot be targeted at a reasonable distancd tws&ol points on the ground, so
temporary control points for the optical survey evarstalled on the glacier surface for
each survey.

During season three (November 2005 — January 20@&)Hoffman replaced
Peter Sniffen on the field team. The largest ckaoger the winter season was a
calving event at CIiff Site 1 that destroyed selestakes from the array.
Measurements were continued similarly to the fingt seasons.
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The surface sites were surveyed twice during thrd fleld season using GPS
methods. The surveys were done in the same masngrevious field seasons with
an off-glacier base station, a local base statima stake in the network, and a roving
GPS unit to measure the remaining stakes. Sonagsalost stakes to calving and
ablation throughout the field season.

The calving event at CIliff Site 1 destroyed fouaksts from the array and
significantly damaged the remaining four. The stakhat remained in the cliff face
were bent downwards at an approximately 90-degngéeand were useless. Due to
high ablation rates at the cliff face, the stakesencompletely melted out by the end
of the season.

The stakes at Cliff Site 2 all survived the winté&take four at approximately
15 meters up the cliff, sustained a bend betweenréfiector and the cliff face.
Mysteriously neither stake above or below stakéd@wed signs of damage. These
stakes were measured as they were in earlier seagdnJanuary all of these stakes

had also melted out of the cliff.
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3.2:  Surface Velocity

The overall pattern of stake velocities in the lowablation zone of Taylor
Glacier conforms to expectation. Velocities averdggher in the interior of the
glacier (5.0+ 0.14 m&) and lower along the sides (3t00.14 m&). The velocity
vectors rotate outwards from the centerline fokestacloser to the edge of the glacier
(Figure 14). Our results agree with previous messents on Taylor Glacier
(Johnston et al., 2005; Robinson, 1984).

Errors in velocity are reported from a least sgsaaealysis calculated by
Trimble Geomatics Office (TGO), the program usedabalyze DGPS data. Errors
from TGO ranged from 3 mm to 7 mm. A conservagu®r estimate of 0.01 cm was
propagated though the velocity calculations follegv{Taylor, 1997) to yield an error

of + 0.014 m&. This error is applied to all subsequent surfaecities.
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Calving events between
January 2005 — November 2005

~5 mg‘

Figure 14: Velocity values during the summer of 204-2005 for each site in the lower ablation
zone of Taylor Glacier. Each triangle and associatl velocity represents the average of 13 stakes
in that area. Velocity vectors are scaled 40 timeand reflect values between 5.0 and 3.0 ma

Velocities at Site 3 show consistent magnitudesdarattions throughout the
study (Figure 15). There was a slight increassimmer velocity over the study
interval increasing from 4.95 mgsummer 04-05) to 5.10 nidwinter 2005) to 5.28

ma’ (summer 05-06).
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Figure 15: Velocity vectors at Site 3 laid tip taail for three seasons of study. Note consistent
direction and only a slight increase in magnitudehroughout the duration of the study.

Velocities at Site 1 and Site 2 are also fairlysistent (summer 04-05 through
winter 2005). Velocities at Site 1 average sligimigher, 3.06 i3, than those at Site
2, at 2.86 ma (Figure 16). The average summer velocity at Simd 2 also
increased throughout the study from 3.06'teummer 04-05) to 3.27 mdsummer
05-06) at Site 1 and from 2.86 thto 4.01 m& over the same interval. This increase
however, is at least partially due to the dramiaicease in velocity of a few stakes at
each location.

Stake velocities at Site 1 and Site 2 show an aseren velocity with distance
from the cliff edge (Figure 17). This relationslisdess well defined in summer than

winter (Figure 18). This variability in the sumnmaay have several causes. Stakes
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were measured one day after installation duringsthmmer 2004-05 season and some
variability may have been introduced if those ssasi@fted during refreeze after the
first measurement. Also, the measurement intesviao months during the summer
and 9 months during the winter. The longer measarg interval over the winter
reduces the error associated with the measuremneehicing variability. Finally the
variability could be real, suggesting the cliff edg more active during the warm

summer and may behave more erratically duringttive.
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Figure 16: Velocities at Site 1 and Site 2. Si velocities are slightly higher than at Site 1 but
there is no significant difference between winterad summer velocities at each site.
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Figure 17: Downstream velocities at Site 1 and hew increasing velocity with distance from the
cliff for both Summer and Winter seasons.
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Figure 18: Cliffward velocities at Site 1 and Site2 show weak trends of decreasing velocity with
distance from the cliff for both summer and winterseasons.
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Site 1 and Site 2 both show significant changesduhe final summer field
season (2005-06). Both Site 1 and Site 2 lostraéstakes over winter due to melt-
out and a major calving event (Site 1). At Sitiirke stakes were lost over the winter
season. Excluding stakes 2 and 12, average vielaicreased approximately 4%
from 3.08 m&during summer 2004-2005 to an average of 3.22theafollowing
summer. For stakes 2 and 12 the downstream velomihponent decreased from
1.95 m&and 1.99 ma (summer 04-05) to 0.78 rifand 0.74 ma (summer 05-06),
respectively. The cliff-ward velocity componentieased from 2.39 ritand 2.31
ma’to 3.46 mdand 3.37 maover the same time period (Figure 19). It is iesting
to note that stakes 2 and 12 are not adjacentcto@her and that immediately
neighboring stakes (stakes 3 and 11) did not eepegi the same change in motion.

Site 2 experienced changes similar to Site 1.e@lstakes in positions close to
the cliff were also lost at Site 2 (stakes 3, 4 8 Site 2 experienced a 6% increase
in velocity from 2.86 ma (summer 04-05) to an average of 3.05'tha following
summer. The velocities of three stakes also clthdgamatically similar to those at
Site 1. Downstream velocity at stakes 2, 6, andecteased to 0.70 mMa0.93 m&,
and —0.02 ma Cliff-ward velocity for these stakes increasedadingly to 5.86 ma
1 3.76 md, and 8.95 m, respectively (Figure 20). Similar to Site 1, giakes that
changed motion dramatically do not expose a pa#tssociated with spatial
distribution or proximity to the cliff. Stake 6 this case was located at least 15
meters from the cliff edge yet experienced a siniilarease in cliff-ward velocity to

stakes only 5 meters from the edge.

29



12

Figure 19: Velocity vectors for three seasons atit® 1 plotted head to tail in chronological order.
There is little change during the first two seasongblue and green arrows), however the motion of
stakes 2 and 12 (labeled) changes dramatically dung the second summer (red arrows).

11

Figure 20: Velocity vectors for three seasons atit8 2 (Perfection) plotted head to tail in
chronological order. Note the dramatic change in &ocity for stakes 2, 6, and 11 (labeled) that
occurred during the summer season of 2005-06 (redraws).
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Chapter 4:  Analysis

Two separate dynamics are active at Site 1 ard2SifThe underlying pattern
is associated with an increase in downstream ugladth distance from the cliff
edge. The pattern of increasing downstream veledgih distance from the cliff is,

however, consistent with simple shear (Figure 21).
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Figure 21: A pattern of increasing downstream veloity with distance from the cliff edge
indicates a stress regime consistent with simple s&r. Dotted line represents a square deformed
through left-lateral shear consistent with observedgtake motion.

The second emergent pattern was observed in theeu2005-06 season.
During this time, velocities at Site 1 and Site@reased. In addition, the velocities of
several stakes drastically increased in their-gli'd component while simultaneously
decreasing in the downstream component. This stggedecoupling between the
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main body of the glacier and the ice immediately@munding these stakes. At Site 1
there was a calving event during the previous wiatel at Site 2 a calving event also
occurred nearby. The change in velocities mayehetions of the ice to these local
events.

It is also plausible that as the stakes flow dld@aéthin meters) to the cliff
edge the ice is increasingly under the influenctheflocal stress regime at the edge of
the cliff. This does not explain why the pattefrvelocity change is not consistent,
however. At Site 1 the dramatic change in veloais shown for stake 2 but not for
stake 3, which is located only 5 meters away arnideasame distance from the cliff.

At Site 2 stakes 2 and 11 are located close talitieedge and show an increase in
cliff-ward velocity but stake 6 that is locatededst 15 meters from the cliff edge also
shows this increase. The behavior of stake 6 doelexplained by an observed
topographic depression that may influence ice-flogally.

The dynamics at the cliff edge are complicated mag react strongly to local
topography and terminus morphology. Local deforomatay occur along existing
fractures leading to irregular deformation, explagndramatic changes at one stake
location but not at a nearest neighbor. Defornmadiod major velocity changes are
most likely to occur near to the cliff edge butlearly not exclusive to change as far
as 15 meters from the edge. Local conditionseratian larger ice-flow dynamics

may be the major driving factor to deformation reas near the cliff.

32



4.1: Strain Rate

Calving necessarily occurs in an extensional stregime. In a normally
compressional regime at the terminus of a gladierea must be a zone where the
deviatoric stress changes from positive to negative two-dimensional model for
polar ice cliffs predicts this transition occursdvween 5 and 20 meters from the cliff
edge (Pettitpers commn). In order to locate this transition zone, lccédte strain rate
and principle stain axes for four zones within Hteke arrays at Sites 1, 2, and 3.
Principle strain axes define two perpendicular dingithin a deformed body that
represent the maximum and minimum extension or cesgon in the body.

Two-dimensional strain rate was calculated fronoegies measured at Site 1,
Site 2, and Site 3. The numerical method followe\rn, 1969. Strain rate is

represented by a two-dimensional square matrix:

E= ™ ¥ 1)
eyx eyy
where:
_du - _dv - _1 dv,du
Exx = —, ey =—, Exy =By =— —+— (2)
dx dy 2 dx dy

whereu is the velocity in the-direction ands is the velocity in thg-direction
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Figure 22: Diagram showing generalized strain quacngle. Capital letters and solid circles
represent the original position of stakes while loer case open circles are final positions. The
dotted square represents the area for which strains calculated. Because we use average
velocities, the strain is calculated at the averaggtake position.

This method is based melocity gradients Letter subscripts in the following

equations refer to the stake positions in Figure 22

%:l U. - Uy + U, - U,
dx 2 X - X4 Xy = Xy
ﬂ/zl VerVa . Vo Va 3)
dx 2 X, - X, Xy = X,
du_1 wu,-uy 4 U U
dy 2 vy,.-Y, Yo~ Ye
av_1 v, -V L BV
dy 2 vy,-yq Yo~ Ye
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These results are then used with equations 1 andr2ate the two-dimensional strain

tensor:
du 1y, du
E= dx 2 dx dy @
Ldv,du v
2 dx dy dy

Calculating the eigenvalues and eigenvectors dif strain tensor gives the magnitude
and direction of the principal strain axes.

The stake layout of the surface arrays on Tayldaci@r limits strain
calculations to four non-overlapping quadrangleseath stake array (Figure 23).
Complete data is available from three measuremegs representing the beginning
of summer 2004-2005, end of summer 2004-2005, a&gihbing of summer 2005-
2006 for sites 1 and 2. From that data | calcutétain rates for one summer season
and one winter season. Site 3 has one additi@mplete data set, which allows for

calculations representing summer 2005-2006 atsiteat
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Figure 23: Schematic of non-overlapping quadrangkeused for strain rate calculations at Site 1
and Site 3 (left) and Site 2 (right). The quadranigs are numbered for future reference. Site 3

was arranged identically to site 1b

Summer strain rates at Site 1 range from -0.00®#®.003 & (Table 1).
Errors for the strain rate calculations are ondtuer of 10° a® and are discussed at
the end of this section. Primary strain axes atensional and oblique to the cliff.
Winter strain rates are slightly lower, rangingnfre0.003 #to 0.002 &. Primary
strain axes during the winter are oblique to thig lslit not consistently extensional.

Quadrangles 1 and 2 show compression in the pristeain axis (Figure 24).

Table 1. Table of strain rate values and strain ags calculated for two seasons at Site 1. Winter
values are shaded in the table. Quadrangle numbeefers to Figure 22.

Primary Primary Strain Secondary  Secondary Strain
Qﬁi(xgzgle Strain1 Rate Axes Strain1 Rate Axes
a X Y a X Y

Summer 1 0.001 -0.47 0.88 -0.000 -0.88 -0.47
2004.- 2 0.004 -0.49 0.87 -0.002 -0.87 -0.49
2005 3 0.002 0.00 1.00 -0.001 -1.00 0.00
4 0.003 -0.81 0.58 -0.000 -0.58 -0.81

1 -0.003 -0.74 0.67 0.001 -0.67 -0.74

Winter 2 -0.001 0.39 0.92 0.000 -0.92 0.39
2005 3 0.002 -0.97 0.24 -0.000 -0.24 -0.97
4 0.002 -0.75 0.66 -0.001 -0.66 -0.75

* error for strain rates is estimated at a magnitude of 10°
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Cliff Edge N

Cliff Edge

Figure 24: Principle strain rates calculated at Se 1 for summer of 2004-2005 (upper graph) and
winter 2005 (lower graph) seasons. Red lines indite extensional strain while blue represents
compressional strain. The strain ellipses are saad by x10° a™.
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Strain rates at Site 2 during the summer of 200@52ange from —0.001'&0

0.004 &. As at Site 1, the strain axes are oblique tactiieedge and extensional.

Winter strain rates are slightly lower again, rawgirom -.003 & to 0.002 4.

Similar to Site 1, two of the quadrangles (1 angl®)w compression in the primary

strain axis during the winter (Table 2), (Figurg.25

Table 2: Table of strain rate values and strain ags calculated for two

Quadrangle number refers to Figure 22.

seasons at Site 2.

Primary Primary Strain Secondary  Secondary Strain
leitrir:gggle Strain1 Rate Axes Strainl Rate Axes
X Y a X Y

Summer 1 0.001 -0.95 0.31 -0.001 -0.31 -0.95
2004- 2 0.002 -1.00 -0.03 0.000 0.03 -1.00
2005 3 0.002 -0.71 0.70 -0.001 -0.70 -0.71
4 0.003 -0.99 0.10 0.001 -0.10 -0.99

1 0.002 0.18 0.98 0.000 -0.98 0.18

Winter 2 0.001 -0.27 0.96 -0.001 -0.96 -0.27
2005 3 0.001 -0.66 0.75 0.000 -0.75 -0.66
4 0.001 -0.14 -0.99 -0.001 -0.99 0.14

* error for strain rates is estimated at a magnitude of 10°
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Figure 25: Principle strain rates calculated at Sk 2 for the summer of 2004-2005 (upper graph)
and winter 2005 (lower graph) seasons. Red linendicate extensional strain while blue
represents compressional strain. The strain elligs are scaled by 1xf@™.
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Site 3 has a longer data set which allows cal@adf strain rates over three
seasons: summer 2004-2005, winter 2005, and su2®0&-2006. The strain rates
for the first summer season are surprisingly highging from —0.007 &to 0.012 &
(Figure 26). This is most likely due to the stakk#ting positions as they refroze
after installation. Stakes at Site 3 were drikedl installed hours before the first
survey and probably had not established permarmemection to the glacier leading

to later settling and anomalous motion.

) Z

Figure 26: Principle strain rates calculated at Se 3 for the summer of 2004-2005. The
anomalously high strain rates during this measuren period are attributed to the shifting of
stakes as they refroze after initial measurementThe strain ellipses are scaled by 1x2@™.
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The winter 2005 strain rates are closer to expectmtwvith values from —0.001
a’ to 0.002 & The strain rates measured during the summer066-2006 are
slightly higher than the winter values, and rangenf—0.003 a@to 0.003 & (Table 3),
(Figure 27).

Table 3: Table of strain rate values and strain ags calculated for three seasons at Site 3. Winter
values are shaded in the table. Quadrangle numbeefers to Figure 22.

Primary Strain Secondary Strain

Quadrangle Pri mary Axes Sec_ondary Axes
Number Strain Rate X v Strain Rate X v

Summer 1 0.006 -0.99 0.15 -0.002 -0.15 -0.99
2004- 2 0.012 -0.92 0.40 -0.002 -0.40 -0.92

2005 3 -0.007 -0.96 0.28 0.000 -0.28 -0.96

4 0.002 -0.99 0.11 0.000 -0.11 -0.99

1 -0.001 -0.92 -0.40 0.000 0.40 -0.92

Winter 2 0.000 -0.53 0.85 0.000 -0.85 -0.53
2005 3 0.001 -0.95 0.32 -0.001 -0.32 -0.95

4 0.002 -1.00 0.00 0.000 0.00 -1.00

Summer 1 0.001 -0.81 -0.59 -0.001 -0.59 0.81
2005- 2 0.003 -0.81 0.58 -0.003 -0.58 -0.81

2006 3 0.002 -1.00 0.06 -0.001 -0.06 -1.00

4 0.002 -0.85 -0.53 -0.002 0.53 -0.85

* error for strain rates is estimated at a magnitude of 10°
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Figure 27: Principle strain rates calculated at Se 3 for the summer of 2005-2006 (upper graph)
and winter 2005 (lower graph) seasons. Red linesdicate extensional strain while blue
represents compressional strain. The strain ellis are scaled by 1xfa™.
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The strain rates calculated for all the sites oyldraGlacier are inconclusive.
The strain rates for all sites fall with the rarge-0.003 & and 0.004 & But
conservative estimates of error for the strainudation is 0.016 & Even a generous
estimate of error yields a value of 0.004 &t best, the error for the strain calculation
is the same order of magnitude as the calculatkebs@nd the majority of calculated
values fall below the error estimation. Thus lmatrsay confidently that the values
are different from zero. However, the plottedistrates are not completely random,
suggesting there may be a trend in the calculaabes.

Having recognized the problem with measurement egstrain rates at all three
surface sites show two general patterns. Thegdatern that emerges is that summer
strain rates are slightly larger than winter straites. The second pattern is during the
summer at both cliff sites the primary strain rates are extensional and oriented at
an oblique angle to the cliff. During the wintbetpatterns become less clear and half
of the primary strain rates become extensional.

Site 3 was included in this study to serve as albesto reference the ice
behavior at the cliff sites. Site 3 should be fireen any effects the vertical cliffs may
have on ice flow. Discounting strain rates frora tinst summer season as anomalous,
Site 3 shows slightly lower strain rate values ttl@nother two sites. Similar to the
two cliff sites, it also shows there is lower straate during the winter season than
summer. Strain rates at Site 3 are slightly lomreaverage than at the other sites.

The difference is less than expected and may nehbagh to statistically
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differentiate between the three surface sitess €buld be taken as evidence that the
cliffs do not have a large effect on the local streegime in the ice.

Finally, it is worth mentioning that there is euwe of ice fracture at each of
the cliff sites. Fractures measured during theraanof 2004-2005 at the sites had
apertures between two and ten centimeters andaviergted at 30-40 degrees to the
cliff edge. The fracture patterns are generallyststent with the patterns of the
summer principle strain rates at both cliff sitdis indicates the calculated strain
values may be significant despite the problematioresstimation.

4.2: Fracture Surveys

During the 2004-2005 season we noticed there wéasge number of small
fractures in the ice at each of the sites. Weddgtto make simple fracture maps with
the goal of recording where the largest fracturesevin relation to the ablation stakes
we installed to measure ice motion. The methodsadrding the fracture data
consisted of hand sketching the sites as well asurang the aperture and the trend of
each fracture. To do this | laid a tape measurtherice between two stakes in the
network and measured each fracture with an apeofugesater than 2-3 mm that
intersected the tape. | collected data that iredutistance of the fracture along the
transect defined by the measuring tape, trend (mnedsvith a Brunton compass), and
aperture. One survey was performed at Sites 1ghwrdieach field season.

There was a significant change between field sesgothe fracture patterns at
both Sites 1 and 2. At Site 1 the fractures wargdly oriented at a 30-40 degree

angle to the cliff edge (Figure 28). The fractpagtern was not clear at Site 2,
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however the fractures at this Site were also ceet@at oblique angles to the cliff edge
consistent with a shear margin (Figure 30). Okeraustral winter season of 2005,
fracture patterns at both sites changed orientatiecoming more cliff-parallel
(Figure 29 and Figure 31). Although nearly all teeorded fractures at Site 1
experienced this change, the fractures within 1Eersef the cliff edge changed most
dramatically, becoming nearly cliff parallel. Tbleange was less dramatic at Site 2,
however the change was similar and was again mesggessed within 10-15 meters
of the cliff edge.

Ice flow and calving events may have both affethedstrain field and
therefore the fracture patterns at both Sites 12anieh both locations the stake array
moved closer to the cliff edge as the glacier fldweder normal conditions.
Velocities near the margins of Taylor Glacier irstfegion are approximately 2-3 ma
! bringing the entire stake array closer to theedolggseveral meters. This put the
arrays in slightly different stress fields closethe cliff, which may have affected the
fracture patterns.

There were two calving events along the northeacigl margin in proximity
of both sites. One occurred along the cliff edgedtly at Site 1 and caused the loss
of several stakes in the vertical cliff array anaynhave caused the loss of stakes 3
and 4 in the surface array. The second calvingtevas 50-100 meters east of Site 2.
In both cases the change in fracture pattern doaveé been caused prior to the events
as stress conditions changed leading up to thegwvemnalternatively the fractures

may have changed orientation as the ice shiftedsponse to the calving events.
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Figure 28: Surface Site 1 2004-2005 season. Basedfield sketch and measurements taken by
Peter Sniffen.

Figure 29: Surface Site 1 2005-2006 season. Daslvircles represent stakes lost to melt-out or
calving. Based from field sketch and measurementaken by Matt Hoffman
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Figure 30: Fracture map of Surface Site 2, 2004-2005 season. From field sketctdan
measurements by Peter ffen.

Figure 31: Fracture map of surface Site 2 from the2005-2006 season. From field sketch and
measurements collected by Matt Hoffman.
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4.3: Vertical CIiff Sites

Ablation and ice flow data are available for thensner of 2004-2005 and

winter of 2006 for both CIiff Site 1 and Cliff Sit2 Based on the published accuracy

of the total station and standard error propagatorors for the cliff face velocities

are estimated at 0.014 thand applied to all calculations.

Summer 2004-2005

velocities in the cliff-parallel direction averag2d.3 ma while flow perpendicular to

the cliff averaged 2.04 rifa During the following winter velocities averagé®8 ma

! (cliff-parallel) and 2.27 mia(cliff-perpendicular) (Table 4). A calving eveatt Cliff

Site 1 over the winter of 2006 destroyed four & tdn stakes in the array.

Table 4: Velocities at Cliff Sites 1 and 2 for sumer 2004-2005 and winter 2005.

Cliff Site 1
Stake Cliff Summer 2004-2005 Winter 2005'
Number  Height Cliff-parallel Cliff-perpendicular ~ Cliff-parallel Clift-
perpendicular
1 24.32m 2.11ma" 2.24ma" - --
2 21.21 2.17 2.25 1.98 ma™ 2.29 ma*
3 18.33 1.85 2.74 2.03 2.05
4 15.19 2.15 2.27 2.03 2.45
5 12.19 2.09 2.31 0.72 1.48
6 9.19 2.52 1.59 1.96 2.25
7 6.32 2.45 1.53 1.91 2.30
8 5.00 1.82 1.98 - --
9 451 1.94 1.69 -- --
Cliff Site 2
Stake clif Summer 2004-2005 Winter 2005_
Number  Height Cliff-parallel Cliff-perpendicular Cliff-parallel Cl'ff'.
perpendicular
1 33.44m 2.26 ma" 2.03ma” 1.70 ma™ 2.30 ma™
2 30.47 2.00 2.28 1.76 2.37
3 27.54 1.97 2.26 1.76 2.35
4 24.00 2.82 2.21 - --
5 21.67 1.99 2.36 1.81 2.40
6 18.59 1.98 2.36 1.82 2.22
7 15.72 1.73 2.38 1.82 2.64
8 12.70 1.87 2.21 1.76 2.15
9 10.00 1.79 2.40 - --
10 7.05 1.55 1.96 -- --
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At CIiff Site 2 summer velocities averaged 1.84" (cliff-parallel) and 2.25
ma™ (cliff-perpendicular) and winter velocities, 1.7&™" and 2.35ma™ (Table 4).
The data from CIiff Site 2 are more consistent thlaose at Cliff Site 1 and are
considered more reliable. Summer cliff-paralldbeéies at Cliff Site 2 increase with
cliff height, as expected (Figure 32) and agreé witevious work (Hubbard et al.,
pers comm2005). Cliff-perpendicular velocities are langebnsistent from the top to
the bottom of the cliff. Only stakes 1 (very tophd 10 (very bottom) show

significantly lower velocities (Figure 32).

35 ~
A o & cliff-parallel
A cliff-perpendicular
30 - o
o A
25
=] L
:E/ o A
_‘E:»ZO b
2 ] W
E
o
15 | L A
o A
10 o =]
o A
5 T T T 1
1.00 1.50 2.00 2.50 3.00

velocitv (ma™t)

Figure 32: Cliff-parallel and cliff-perpendicular velocities measured at Cliff Site 2 during
Summer 2004-2005.
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Winter velocities at Cliff Site 2 do not show thanse pattern. Cliff-parallel
velocities only range 0.1@a™ from top to bottom of the cliff and cliff-perperdilar

velocities do not show any significant trends.
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Figure 33: Cliff-parallel and cliff-perpendicular velocities measured at Cliff Site 2 during winter
2005.

Summer velocities are more erratic at Cliff Sitarid a pattern of increasing
velocity with cliff height does not emerge. Thetadao show a pattern in which
increase in one component is accompanied by dexieabe other (Figure 34). This
could be due to data processing rather than a gdilysiocess. Winter velocities are
consistent with those at Cliff Site 2, however. tlBuelocity components show little
variation across the cliff face with the exceptafnone stake, which is interpreted as

an anomaly (Figure 35).
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Figure 35: Winter 2005 velocities measured at ClifSite 1
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Ablation values at both sites are similar and slawignificant increase of
ablation towards the base of the cliffs. During sBummer months, ablation ranged
from 40 cm to over 100 cm at the base of the clifotal ablation decreased over the
winter of 2005 from an average of 77 cm (Cliff Slieand 65 cm (Cliff Site 2) to 53
cm and 45 cm, respectively. The majority of tharae is accounted for in the three
lowest stakes. At Cliff Site 2, ablation at st&edecreased by 74 cm from 113 cm to
39 cm, while ablation at stake 3 only decreaseata of 13 cm from 49cm to 36 cm

(Figure 36).
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Figure 36: Ablation for both cliff sites for summe of 2004-2005 (top) and winter 2005 (bottom).
Values for CIiff Site 1 are represented by hollow ars. Both sites lost stakes over the winter
season.
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Ice flow and ablation on the cliff determine theanging profile of the cliff

face. The data from this project show two sigaifictrends in regard to cliff profile

development. In general cliff-perpendicular icenfldecreases with height in the cliff

profile, which taken alone creates an overhanglifprofile. Ablation is highest at

the base of the cliff with values as high as 173aw@r only 56 days of the summer

season. In the summer season ablation outpacdleuceesulting in a net retreat of

the cliff margin. However in the winter seasonréhevas a net advance of the cliff

margin (Figure 37).
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Figure 37: CIiff profile change at Cliff Site 2 stowing summer, winter, and total year profile

change.
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There is no evidence either supporting or refutimg theories of Chinn and
Hughes that link calving polar ice cliffs to iso@l folding of terminal ice or
deformation shear banding. However, over theduoilrse of the 2004-2005 season at
Site 2 there was a net advance of the cliff andcthrabined effects of ice flow and
ablation result in an overhanging cliff that may &ealogous to the undercutting
observed in tidewater calving. This suggests ages¢ with the theories of tidewater
calving advanced by Hanson and Hooke (2000) an#bkite and Warren (1997)
which relate calving rate to factors such as wastea undercutting and submarine
melting. At Taylor Glacier the mechanism of icenaval at the base is a combination
of ice flow and ablation that may be driven by eiifintial long-wave energy radiation

but the results are the same: an overhanging uastht profile and calving.
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Chapter 5: Conclusion

The local flow regime within 25 meters of the temus of Taylor Glacier is
consistent with simple shear. Surface velocitiearrthe terminus show increasing
down-glacier (cliff-parallel) velocity with distaedrom the cliff edge. The data show
little to no variation of cliffward velocity withidtance from the cliff edge. Strain rate
calculations based on these velocities are incehaubut may be consistent with a
stress regime of simple shear. Principle strabesranay also be consistent with
observed fracture patters particularly during tinaser months

Maps of fractures within 25 meters of the termishew a network of fractures
oriented at oblique angles to the cliff edge thratalso consistent with a stress regime
of simple shear. In addition, fractures are mdifé-garallel nearer to the cliff edge.
Finally, in areas where calving events have ocdjrfeactures may respond to
changes in stress after the calving event.

Ice flow and ablation on the near-vertical cliftéamay undercut the cliff leading
to an overhanging cliff profile. This could leamldan unstable cliff and ultimately the
observed local calving events on Taylor Glacier.

| suggest that surface ice flow establishes a stregime consistent with simple
shear, which leads to the formation of fracturebqale to the cliff edge. As these
fractures approach the cliff edge through normaktigr flow, the ice is increasingly
under the influence of local stresses of the @liffl the fractures open in more cliff-
parallel orientations. Ice flow and ablation oe tiear-vertical cliff face cause local

instability of the cliff. The strain caused by theverhanging cliff face is

56



accommodated preferentially across the previousinéd fractures at the surface and
calving events may eventually rupture along thesetdires.
Future Work

The data collected for this project are incompleigrors associated with both
optical and GPS measurements are too large to aetyrcalculate strain on Taylor
Glacier. Increasing the duration of the study damoiprove strain errors.

The strain calculations in this project were fundatally flawed by a lack of
accuracy that is unlikely to improve significantlyth a change in field methods. An
alternative way to study the stresses and straimeaterminus of Taylor Glacier would
be to conduct a detailed fracture analysis. Restdim this project suggest near-cliff
fractures react to ice-flow patterns from the madaly of the glacier as well as local
effects of cliff-induced stresses. A detailed gtodl these fractures would be an easy
and simple way to study stress and strain at fffe cl

Part of the motivation for this project was to ca@r dry calving in the
McMurdo Dry Valleys to tidewater calving in temptraregions. The portion of
Taylor Glacier that calves into the perenniallyziea Lake Bonney may be the closest
analogue to tidewater calving on the glacier andukh be explored. The heavily
crevassed area of Taylor Glacier where it flows ibhke Bonney is more accessible
than its tidewater analogues and the slow ice wedscand frozen lake slow the
calving process. There are locations on the glagiere internal structure and strain
can be measured across dirty layers in the profiléhe calving terminus without

cutting or tunneling.
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