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Resumo

A producao sedimentar glacial resulta da erosdo glacial e ¢ influenciada por varios fatores
incluindo o grau de retragdo glacial, velocidade do fluxo de gelo e o regime termal. Este
artigo estima o grau de erosao atual e a producao sedimentar da geleira Wanda (Ilha Rei
George, Shetlands do Sul). Este trabalho também investiga os mecanismos de remocao
sedimentar pela 4gua de degelo e por processos de erosdo glacial durante o transporte
subglacial. A geleira Wanda possui pouca extensdo e condi¢des termais temperado com
retracdo nas ultimas décadas. O grau de erosdo glacial para a geleira Wanda ¢ de 1,1 ton
m a’!, estimativa utilizando modelo numérico de erosdo que considera os sedimentos
transportados em canais, velocidade de fluxo de gelo, espessura do gelo e area glacial.

Abstract

Glacial sediment yield results from glacial erosion and is influenced by several factors
including glacial retreat rate, ice flow velocity and thermal regime. This paper estimates the
contemporary subglacial erosion rate and sediment yield of Wanda Glacier (King George
Island, South Shetlands). This work also examines basal sediment evacuation mechanisms
by runoff and glacial erosion processes during the subglacial transport. This is a small
temperate glacier that has seen retreating for the last decades. The glacial erosion rate at
Wanda Glacier, estimated using a numerical model that consider sediment evacuated to
outlet streams, ice flow velocity, ice thickness and glacier area, is 1.1 ton m yr.
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Introduction

Glacial erosion has become a principal issue in contempo-
rary research on landscape evolution (KOPPES and HALLET,
2006). Some studies have, empirically, determined erosion
rates in glacial environments, however most of them are fo-
cused mainly on Alaska and Northern European valley glaciers
(POWELL, 1991; HUMPREY and RAYMOND, 1994; VAN
DER VENN, 1996; KOPPES and HALLET, 2002). Estimated
erosion rates from < 10°to >102m yr"! for Alaska and Greenland
glaciers were reported by POWELL (1991), HARBOR and
WARBURTON (1993), GURNELL et al. (1996), HALLET et
al. (1996) and KOPPES et al. (2009). KOPPES et al. (2009)
have estimated < 10 to>120 m yr' erosion rates at the temperate
Martinelli Glacier, Tierra del Fuego, Chile.

During subglacial transport toward the ablation area,
abrasion and crushing processes progressively alter the par-
ticles (BENN and BALLANTYNE, 1994; and BENN and
EVANS, 2010). The erosion action varies, depending on
several factors: regionally, erosion is controlled by the basal
thermal regime, but locally is influenced by several variables
that are related to glacier dynamics, topography and substrate
characteristics (BENNETT and GLASSER, 1996).

The thermal regime is an important control of the
glacial erosion rates; the presence of basal meltwater cre-
ates a more efficient sediment evacuation (IVERSON, 1991;
CUFFEY and ALLEY, 1996; and RIITHIMAKI et al., 2005).
The basal thermal regime varies between glaciers, but it
also may vary within a particular ice body (BENNETT and
GLASSER, 1996). Some glaciers are frozen to their beds
and others are composed of warm ice. Temperate glaciers are
everywhere at the melting point, except for a surface layer
a few meters thick that is subject to seasonal temperature
cycles. Basal sliding and meltwater flow may, therefore,
operate (BENN and EVANS, 2010). A warm ice glacier has
a greater potential to modify its bed by erosion (SUGDEN
and JOHN, 1976; COLLINS, 1979; HOOKE et al. 1983;
BENNETT and GLASSER, 1996; KOPPES and HALLET,
2002; RIIHIMAKI et al., 2005; ANDERSON et al., 2006;
and MACGREGOR et al., 2009).

The sediment yield is influenced by the catchment area
and glacier thickness (GURNELL, 1987; HALLET et al.,
1996), and therefore related to the glacial retreat rate. Cor-
relation between sediment yield and retreat rate have been
reported by Arendt ez al. (2002), Howat et al. (2005), Koppes
and Hallet (2006) and Koppes et al. (2009; 2010).

This paper estimates the subglacial erosion rate under
Wanda Glacier. The numeric model used in this study relates
glacial dynamic conditions (retraction rate, ice flow velocity,
catchment area and thermal regime) to substrate character-
istics. This work also examines basal sediment evacuation
mechanisms by runoff and glacial erosion processes during
the subglacial transport.

Study area

Wanda Glacier is in King George Island, South She-
tlands (61°54°- 62°16°S and 57°35°- 59°02°W), maritime
Antarctica (Figures 1 and 2). Since 1997-2011, systematic
field activities have been carried out Wanda glacier (ROSA
et al., 2009). More recently, the main emphasis of research
activities has been extensive investigations of glacier hydro-
logy and ice flow dynamics. The glacier is 1.4 km long, 0.4
to 1 km wide and has a mean surface slope of approximately
20%-30%. Crevasses are observed in ablation area and the
subglacial conduits emerge at the front of the glacier.

The South Shetlands Islands are largely volcanic in ori-
gin (CURL, 1980). This is characterized by a proglacial front
and a proglacial lagoon, consequence of the recent glacier
melting and retreat. Subglacial conduits emerge at the glacier
front, and fine sediments are transported towards Martel inlet
through proglacial channels (ROSA et al., 2009).

62°6'0"S

62°6'30"S

62°7'30"S
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Figure 1 — Wanda Glacier location map in King George Island,
South Shetlands. Inset shows this archipelago off the Antarctic
Peninsula. (Centro Polar e Climatico/UFRGS, SPOT image
obtained in 2000).
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Figure 2 — Wanda glacier, photo taken from Martel Inlet, obtained in January, 2011 (Katia Kellem da Rosa).

King George Island has a typical maritime climate,
with small atmospheric temperature variations along the year
(RAKUSA-SUSZCZEWSKI et al., 1993; WEN et al., 1994).
Significant positive trends of monthly surface air temperatures
have been determined for the summer and annual record
(DOMACK and ISHMAN, 1993; BRAUN, 2001; FERRON
etal.,2004; TURNER et al., 2005). According to BLINDOW
et al. (2010), the island mean annual temperature increased
by 1°C during the past three decades. For the past 30 years,
the number of days with liquid precipitation has increased in

the summer. These processes have accelerated snowmelting
and increased the negative mass balance of local glaciers
(BRAUN et al., 2001; FERRANDO et al., 2009).

Since 1970s, when Wanda Glacier had a tidewater
terminus, it has experienced accelerated retreat rates simul-
taneously with a glacier front thickness reduction (ROSA et
al.,no prelo) (Figures 3 and 4). Proglacial streams are now ob-
served in front of glacier (Figure 5). The exposure of several
landforms and proglacial deposits are a consequence of this
glacier retreat and indicates wet thermal basal condition.

Figure 3 — Wanda Glacier front obtained in January, 2011 (Katia Kellem da Rosa).
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Figure 5 — Subglacial channels in front of the Wanda Glacier, obtained in January, 2011 (Katia Kellem da Rosa).

Material and methods

The Wanda Glacier erosion rate (E) was estimated
from the application of a numeric model (Formula 1) that
takes into account: volume of sediment evacuated to outlet
streams located at the terminus (Se); ice flow velocity (v);
ice thickness (e), and glacier area (A). This model also con-
siders the rock density (volcanic rocks = 3.5) (d) and takes
in consideration the linear correlation between erosion rates
and sliding velocity determined by Humphrey and Raymond
(1994). Fine subglacial storage variations are considered inex-
pressive due to an efficient subglacial meltwater evacuation
process in the study area.

Se

E =
Ad.ev

(Formula 1)

Sediment yield transport by subglacial channels
(Se) at the Wanda Glacier front (Figure 4) was estimated
by meltwater discharge and suspended sediment load
daily measurements during the months of January and
February, in 2010 and 2011. Proglacial streams daily dis-
charge (Q) was multiplying the cross-sectional area (A)
with water flow velocity (Vm) (Q= A.Vm). The partial
discharge of each section was estimated by multiplying
the water flow velocity by its influence area. The water
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sample is collected in the field and filtered to extract
suspended matter. The filtered material is then dried,
weighed and divided by the sample volume to obtain SSC
concentration (mg/L). The total sediment load transported
in proglacial streams was quantified by multiplying total
discharge by the sediment load. The suspended sediment
concentration (SSC) was determined by processing of the
water samples collected in meltwater channels (in Janu-
ary of the 2010 and 2011) and was analyzed at CECO/
UFRGS (Center for Studies in Marine and Coastal/Fed-
eral University of Rio Grande do Sul State).

Sediments produced predominantly by abrasion
processes are easily transported by subglacial meltwater
drainage. According to Rubin and Topping (2001) and
Morehead et al. (2003), if fine sediments transport is
regulated only by meltwater discharge, the sediment load
in proglacial streams will predict correctly the sediment
bulk transported by glacier. Sediment evacuation rates
reflect erosion rates only where there is no change in
subglacial sediment storage (RITHIMAKI et al., 2005).
As Riihimaki et al. (2005) considered for these condi-
tions, sediment evacuation rates can be used to deduce
subglacial erosion rates.

Wanda Glacier area (A = 1.1 km?) was based on
Rosa et al. (no prelo) with Cosmo-SKymed image ob-
tained in 2011, and glacier mean thickness (e = 40 meters)

. A u

(e) was determined by a Ground Penetrating Radar (GPR)

survey using a Geophysical Survey Systems Inc. (GSSI) i . ” y o ! )
SIR System control unit with a 100 MHz transceiver dur- a"'l : .~ s T - o Y X oy, " 2%
ing a field work in late January 2011. The antenna was | ¢ 3 G ; ,'-‘5" g

r. (. -
gy S b5,
S A T M - P

polarized orthogonally to transect and longitudinal direc-
tions (following the central flowline), and the data were
collected in form of 1024 samples, with a time window of
600 and 800 ns. GPR data were corrected for topography
and were processed using the software RADANTM 6.5
from GSSI (Geophysical Survey Systems, Inc). Position
correction was applied to remove distortion of the depth
at upper part of the reflection profiles and, to create zero-
offset traces. Distance and surface normalization for time
was performed utilizing topographic profiles from total
station and differential GPS data.

Ice flow velocity (v) is an important glaciological
variable controlling sediment yields (HALLET, 1979;
1996). In 2007, twenty stakes were placed along the
glacier central axis (Figure 6) to determine the surface
ice velocity according to techniques of Anderson et al.
(2004) and MacGregor et al. (2005). These stakes posi-
tions were determined using a static GPS TechGeo (Rosa
et al., no prelo).

Figure 6 — Stakes along the Wanda Glacier central axis to determine
surface ice velocity obtained in January, 2011 (Rosa et al, no
prelo).

Results

Numeric modeling shows that the Wanda Glacier pres-
ents a contemporary mean erosion rate of 1.1ton m yr! of
sediments (in January and February, 2010 and 2011 - summer)
on average. The highest sediment amount yield is related to
high runoff processes influenced by basal thermal conditions
and subglacial drainage.

High glacial erosion rates can be related to the acceler-
ated and continuous retreat processes and reduction of the
glacier ice thickness over the last decades. This is evidenced
by a significant amount of the sediments deposited in land-
forms such as flutes and moraines in proglacial area as a
result from recent glacial retraction. Striated surface rocks
have been exposed and is observed in morphoscopy analyzes
(ROSA et al., 2011). Abraded and subglacially transported
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sediments predominate at the deglaciation environments, with
meltwater flow in the bed. According to Bogen (1996), a thin
and slow glacier has low glacial erosion rates.

Velocity stakes measurements show maximum speeds
0f2.2 cm day~! during the period 2007 - 2011. This record is
in agreement with values obtained by Moll et al. (2006), who
inferred a mean velocity of 10 cm day™ for Wanda glacier in
1995 using Differential Radar Interferometry (DInSAR). The
record shows that the ice flow is slowing due to ice thickness
and area reduction of the glacier (Rosa et al, no prelo).

The Wanda Glacier retreat may be a result from sedi-
ment supply increase and high runoff by proglacial streams.
Meltwater from these streams transport significant amounts
of fine grained sediments into the glaciomarine environment,
mainly during summer.

High rates of sediment production during the measured
period (January and February of the 2010 and 2011) are also
related to the glacier thermal regime. The estimated erosion
rate can be compared to the ones of small area temperate
glaciers located in King George Island.

Quarrying processes generate coarse sediments, which
are transported by the subglacial ice flow. These processes
require a glacial basal sliding under enough mechanical stress
to fracture and mobilize the rock IVERSON, 1991; HALLET
et al., 1996). According to observations in proglacial area
recently exposed, there is a poor efficiency for the glacier to
remove large amounts of basal zone coarse sediments.

Contemporary erosion rates reflect climatic conditions
and present glacier dynamics. The model used estimates
erosion rates, but does not consider its variability due to
high meltwater discharge pulses, as our observation recorded
during the short investigation period.

Conclusion

Ahigh contemporary glacial erosion rate in Wanda Gla-
cier averaging 1.1 ton m yr' was determined from sediment
yield. This value is comparable to erosion rates for others
glaciers with similar catchment area, and basal thermal con-
ditions. Probably, erosion rates were higher when the glacier
had tidewater conditions, resulting from stronger basal sliding
and greater than the present glaciarized area, but these studies
need more period of the analyzes.

Subglacial abrasion by erosion processes predominates
and this can be related to efficient basal sediment evacuation
rates. The numerical model used incorporates glacial dyna-
mics conditions and bedrock (vulcanics rocks) characteristics
to estimate subglacial erosion rates. Our results show the
Wanda glacier efficiency to erode landscapes and mobilize
sediments. Thus, the numerical model contributes to moni-
toring of erosion rates and sediment yield delivery (summer
period) associated with glaciomarine environments.
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