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A widespread erosion surface passes across bedrock and sedimentary deposits in
the western Dry Valleys sector of the Transantarctic Mountains (TAM), southern Victoria
Land, Antarctica. The surface includes stoss-and-lee slopes, channels, potholes, scoured
basins, and corrugated bedrock. These features have been taken to represent subglacial
meltwater erosion beneath a greatly expanded East Antarctic Ice Sheet (EAIS) in the
mid-Miocene (Denton et al. 1984, Marchant et al. 1993a). Sedimentary deposits that are
typically associated with ice-sheet wastage, such as outwash, are not present on the
erosion surface. The lack of these deposits indicates that the expanded ice-sheet
postulated to be responsible for the erosion surface probably sublimated from the
mountains under a polar desert climate. By this hypothesis, the nearly perfect

preservation of geomorphic features on the erosion surface suggests that the Dry Valleys
region has been locked in polar desert conditions since the erosion surface was carved in
mid-Miocene time. The adjacent E N S probably remained stable under such climate
conditions. An alternate hypothesis suggests that the erosional features are the product of
wind-deflation and chemical weathering of the land surface (Selby 1985, Isaac et al.
1996, Healy 1976). The wind-deflation hypothesis implies that the surface may be
forming under present-day polar desert processes and has nothing to do with ice-sheet
history. Chronology is one means of discriminating between these hypotheses. When
was the erosion surface carved? Is it ancient (consistent with the subglacial erosion
hypothesis), or is it still forming (consistent with the wind-deflation hypothesis)?
From a study of the glacial geology and geomorphology of the western Olympus
Range in the Dry Valleys region, I present here the stratigraphic context and chronology
of the erosion surface and three sedimentary units, Circe till, Electra colluvium, and
Alpine till. Circe till is a fine-grained diamicton with striated clasts that was deposited
beneath wet-based glacial ice. Circe till everywhere rests on bedrock. Electra colluvium
is a highly oxydized, clast-rich diamicton that overlies Circe till in stratigraphic section.
The areal distribution of both of these units is patchy and non-uniform. Circe till and
Electra Colluvium are cut by the erosion surface.
Alpine moraines drape over the erosional features in the western Olympus Range.
The moraines are undssected and arcuate in plan view. This undisturbed morphology

indicates that the erosion surface has not been active since at least the time of moraine
deposition. Thus, the age of the moraines provides a minimum age on the carving of the
erosion surface.
This study presents 3 ~cosmogenic
e
surface exposure ages of twelve boulders
from three moraines that rest on the erosion surface. The preliminary ages range from
0.90 Ma to 1.12 Ma, possibly 5.50 Ma. These are minimum values because surface
weathering of the boulders was not considered in the exposure-age calibrations. The
oldest moraine has remained unaltered for at least 1.12 Ma. Therefore, the erosion
surface has not been active in at least 1.12 Ma. These surface exposure age dates
constitute an argument against the wind-deflation hypothesis.
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Chapter 1
THE SCIENTIFIC PROBLEM

The surficial deposits and geomorphologic features of the Dry Valleys sector of
the Transantarctic Mountains (TAM), southern Victoria Land, Antarctica, record past
fluctuations both of the adjacent East Antarctic Ice Sheet (EAIS) and of local alpine
glaciers. The history of the EAIS and the antiquity of the Dry Valleys landforms have
long been debated (Denton et al. 1984, Webb and Harwood 1987, Barrett et al. 1992,
Denton et al. 1993). This paper focuses on a meso-scale (1 to 20 m relief) erosion
surface in the western Olympus Range of the TAM. The erosion surface is imprinted on
an ancient bedrock-controlled escarpment topography, a relict landscape that was likely
cut by fluvial processes some time > 17 Ma (million years ago) (Sugden et al. 1995a), as
well as on sediments that rest unconformably on this landscape. Denton et al. (1984,
1993) and Marchant et al. (1993a) proposed that the erosion surface reflects denudation
beneath an expanded EMS that overrode this sector of the TAM between 13.6 and 14.8
Ma. Some prominent features of the erosion surface were taken to reflect scouring by
subglacial floods that passed across the mountains. By such an interpretation, the surface
has great antiquity and represents a massive expansion phase(s) in the long history of the
EAIS. However, there is a possible alternative explanation for the erosion surface.
Namely, it could represent ongoing wind deflation and periglacial processes active in the
1

present-day hyper-arid, polar-desert environment (Selby 1985, Isaac et al. 1996, Healy
1976). In such a case, the erosion surface is unrelated to ice-sheet history. The purpose
of this thesis is to differentiate between these two hypotheses for the origin of the erosion
surface.

Figure 1. Map of the Antarctic Ice Sheet. The Transantarctic Mountains separate the
East Antarctic Ice Sheet from the West Antarctic Ice Sheet. The Dry Valleys region is to
the right of the Ross Ice Shelf (from Denton et al. 1984).

Chapter 2
PHYSICAL SETTING

Macro-scale Topopraphy and Modern Climate Conditions
The Transantarctic Mountains (TAM) trend approximately north-south for 4000
km and provide a geographic framework to delineate portions of the East and West
Antarctic Ice Sheets. In the Dry Valleys sector of the TAM, the mountains are from 1000
m to as much as 2900 m in elevation. East-west trending valleys, formerly occupied by
outlet glaciers draining East Antarctic ice in this region, divide the landscape into a series
of aligned troughs and intervening mountain blocks. High-elevation bedrock thresholds
at the heads of these valleys prevent significant inflow of present-day East Antarctic ice.
Along with extremely low local precipitation rates, this accounts for the extensive area of
exposed bedrock and sediment in the Dry Valleys (Figure 2).
The main valleys of this region are Victoria, Wright, and Taylor Valleys. Each of
these trunk valleys extends for approximately 80 km from the EAIS in the west to the
Ross Sea in the east. The head of Wright Valley is located at a prominent escarpment.
Here, limited ice from the EMS flows over the scarp to form a 500-m-high icefall that
feeds Wright Upper Glacier, which in turn terminates 8 km downvalley of the icefall
(Figure 3).

Figure 2. Map of the Dry Valleys region. Red square delineates the area of western
Wright Valley and the western Olympus Range enlarged in Figure 5 (modified from
United States Geological Survey, McMurdo Sound map 1:1,000,000, 1974).

Figure 3. Satellite image of western Wright Valley. The large glacier in the upper left of
the image is Wright Upper Glacier, which is 8 km long and 5 krn wide. The cirques of the
western Olympus Range are north of Wright Valley. The Asgard Range is south of
Wright Valley (from National Science Foundation, McMurdo Dry Valleys, Antarctica,
Satellite Image Product. Retrieved April 8,2002, from Web site:
http://www .nsf .gov/od/opp/antarct/imageset/satellite).
The Olympus Range is located between Wright Valley to the south and Victoria
Valley to the north. The Olympus Range features mesas and buttes that rise above a flatto-rolling landscape. Sandstone mesas are capped with dolerite in the far western part of
the range near the prominent inland scarp. Portions of this mesa-and-butte landscape are
reminiscent of Monument Valley on the Colorado Plateau in the western United States.
Rectilinear slopes bound the steepsided buttes (Figure 4). Small, north-south trending
valleys are cut into mesas to form tributaries to the large trunk valleys of the region.

Though not technically hanging valleys, these north-south trending tributaries lie from
250 to 500 m above the main trunks on either side of the Olympus Range. The tributaries
on the northern side of the Olympus Range are better developed (>2.5 km in length) than
their southern counterparts (< 2.5 km in length). Although the overall topography of the
Olympus Range more closely resembles a platform desert than a glaciated region, I use
the term cirque to refer to these north-south trending, theater-shaped, tributary valleys in
the western Olympus Range that contain small alpine glaciers and alpine glacier deposits.

Figure 4. Oblique aerial photograph of Mt. Dido and Mt. Circe in the western Olympus
Range. The buttes are bound by rectilinear slopes. The light ground surface is sandstone
bedrock (photograph by George Denton, 1998).

The bedrock of the western Olympus Range is comprised of the Devonian-age
Taylor Group of the Beacon Supergroup. The nearly flat-lying Taylor Group is
predominantly quartzose sandstone representing a fluvial depositional environment
(Woolfe 1990, Turnbull et al. 1994). The sandstones are typically medium-grained and
well sorted. Formations within the Beacon Supergroup are easily identified on the basis
of characteristic topographic slope angles. For example, the Beacon Heights
Orthoquartzite forms steep cliffs, whereas the underlying buff-to-yellow-colored Arena
Sandstone formation exhibits rectilinear slopes and forms the floor of most of the highlevel valleys in the western Olympus Range.

-

Ferrar Dolerite intruded the Beacon Supergroup during the Jurassic. In the
Olympus Range, the dolerite forms laterally extensive sills that are 350 to 500 m thick.
Two major sills crop out in this range. An upper sill forms a cap on the high buttes and
mesas west of Mt. Electra (see Figure 5 for location) and a lower sill forms the floor of
upper Wright Valley. The upper sill has been removed by erosion east of Mt. Electra.
Five cirques, labeled Cirque A, B, C, D, and E in Figure 5, open southward from
the western Olympus Range into upper Wright Valley. Each cirque is approximately 2

km long and 2 km wide, with a relief of 400 to 500 m from the cirque floor to the top of
the adjacent mesa. Cirque E, which opens to the south-southeast, lacks a continuous
eastern valley wall. Instead, the cirque floor connects to a broad platform that extends
east of the cirque and forms part of the rolling, flattish surface. Discontinuous benches

7

occur at the mouths of Cirques C, D, and E and are parallel to the north side of Wright
Valley. Overall, the landscape elements and bedrock that comprise the Olympus Range
are featured throughout the western Dry Valleys region, especially in the nearby Asgard
Range and Quartermain Mountains (see Figure 2 for locations).

Figure 5. Satellite image of western Wright Valley and the western Olympus Range
showing Cirques A-E (from United States Geological Survey, McMurdo Dry Valleys,
Antarctica, Satellite Image Map 1:100,000, 1995).

From a tectonic perspective, the overall Dry Valleys landscape represents
denudation of the asymmetric upturned shoulder of the West Antarctic Rift System.
Initial uplift began approximately 55 Ma and was probably complete by the early
Cenozoic (Sugden et al. 1995a). Ancient denudation by fluvial processes likely shaped
the overall Dry Valleys topography. The trunk valleys were carved during this early

phase of denudation. The steep-walled buttes in the western Olympus Range are the
erosional remnants left from the backwearing of the western scarp during fluvial
denudation (Sugden et al. 1995a) (Figure 7). These fluvial landfoms were later modified
by glacial ice, although much of the ancient topography still remains.
Polar-desert conditions characterize the Dry Valleys region. The mean annual
temperature at Lake Vanda, which is located on the floor of Wright Valley at 100 m
elevation, is -19.8"C Nordan 1973). The application of a dry adiabatic lapse rate of
1°C/lOO m (Robin 1988) places the mean annual temperature in the adjacent western
Olympus Range at -30°C to -40°C. Precipitation, all in the f o m of snow, is likely to be
less than 10 d y r in water equivalent (Thompson 1973). Liquid water in the western
Olympus Range is rare and soils are commonly dry-freeze. Strong and persistent
katabatic winds flow off of the adjacent polar plateau across the Olympus Range and are
funneled through the Dry Valleys. The dominant wind direction is from west to
southwest. Wind-blown snow accumulates in the lee of topographic obstacles. As a
result, small (c 800 m long) alpine glaciers occupy favorable sites in the western
Olympus Range.

Figure 6. Oblique aerial photograph of the western Olympus Range. View is to the
northeast. Cirques C and D are in the center of the photograph. The Labyrinth is in the
lower right. The Ross Sea is in the far distance (photograph by George Denton, 1998).

eZZT4Coastal piedmont

Figure 7. Schematic cross-section of the Dry Valleys region showing geomorphic
surfaces formed during inland fluvial erosion from the coastal rift scarp (from Sugden et
al. 1995a).

Meso-scale Topography
A widespread erosion surface is superimposed on the overall platform bedrock
topography of the western Olympus Range, as well as elsewhere in the Dry Valleys
(Denton et al. 1984, Marchant et al. 1993a). The erosion surface is incised across
bedrock of varying lithologies, as well as across unconsolidated sediment that rests
unconformably on this bedrock. The erosion surface is comprised of stoss-and-lee
slopes, channels, potholes, scoured basins, and con-ugated bedrock. This surface emerges
from beneath the EAIS and extends eastward toward the Ross Sea. This same surface is

present to the north and south of the Dry Valleys region in the Convoy Range (76'45" "S)
and in the Royal Society Range (78'00" "S), respectively.
The erosional features that make up this surface are linked spatially and grade
predictably from one landform type into another. Stoss-and-lee slopes occur on saddles,
divides, and rectilinear slopes. These slopes grade into channel systems that cut surface
sediments to expose underlying bedrock. Potholes commonly punctuate the channel
systems. Channels grade into scoured basins. There is typically a sharp contact and a
topographic step between the scoured bedrock basin and the adjacent sediment. Bedrock
corrugations are common on basin floors. corrugations create an undulating surface that
is carved into both bedrock and overlying sediments. Although they superficially
resemble ripples, corrugations are erosional rather than depositional in origin. The
corrugations have a consistent orientation across the Dry Valleys region. The crests trend
northwest-southeast. This orientation occurs across different slope aspects and
topographic barriers.

Chapter 3
SEDIMENTARY UNITS

It is necessary to introduce the sedimentary units in order to describe the relative
chronology of the erosion surface in the western Olympus Range. I will discuss the areal
extent, surface weathering, and physical characteristics of each sedimentary unit in turn,
starting with the oldest unit. Thereafter, I will describe stratigraphic relations among
units. The areal extent of each unit is shown in Figure 8 (large map in back cover).
Details of the erosion surface follow the description of sedimentary units.

Circe Till
The distribution of Circe till is patchy and non-uniform. Circe till is exposed on
the floor of Cirque D and near the mouth of Cirque E. Moreover, Circe till is visible
between the boulders of the overlying Alpine till (see below) in the western part of
Cirque E.
In Cirque D, Circe till crops out on the floor of a 200 m2basin located near the
valley center. The southern margin of the exposure is cut by a steep cliff (15 m relief')
that descends to a broad, corrugated bedrock bench.
At the mouth of Cirque E, Circe till is present at the surface of an unusually large
(246 m long, 28 m wide and 1 m high) bedrock corrugation. Circe till is partially

reworked, and rests on the crest and on the flanks of the corrugation. There is a sharp
contact in plan view between Circe till and the sandstone bedrock that borders the
cormgation to the east and west. The southern end of this outcrop of Circe till crosses a
break in slope that marks the top of the northern wall of Wright Valley.
The western half of Cirque E contains the largest exposure of Circe till in the
western Olympus Range. The till crops out between scattered boulders of younger
Alpine drift (see below).

Figure 9. Map of Cirque E showing the distribution of Circe till (blue dots) beneath
Alpine till (greens). Circe till exposed on the large cormgation is shown as solid blue.

Circe till is an unsorted, unstratified, fine-grained diamicton. The matrix is a
yellow, slightly gravelly (5%), muddy (15%) sand (80%). Samples of Circe till average
only 2 clasts/l6mm sieve pan. The clast lithology is 54 % dolerite and 46% sandstone.

Both dolerite and sandstone occur in local bedrock outcrops. Ten percent of the clasts are
glacially shaped and 4% are striated. Taken together, the high percentage of mud, the
paucity of large clasts, and the glacial texture of some clasts suggest that this diamicton
formed under wet-based glacial ice.
Circe till is readily identifiable in the field on the basis of its high concentration of
dolerite cobbles and boulders at the ground surface. Exposed dolerite boulders that
contain plagioclase crystals > 2 rnm in size are far less resistant to mechanical and
chemical disintegration than those boulders with crystals < 2mm in size (the difference in
grain size is related to crystallization and magma flow within the Ferrar Dolerite system).
Most coarse-grained dolerite cobbles at the till surface are extensively weathered down to
the ground surface and grade laterally into weathered dolerite gruss. The more resistant
fine-grained dolerite boulders are sculpted into a myriad of shapes that have low
sphericity but are highly rounded. The surface of the fine-grained dolerite boulders
features extensive desert varnish as much as 5-10-mm thick. In addition, some boulders
are pitted. Gravel-sized sandstone clasts, exhibiting quartzified (quartzification of Weed
and Norton 1991) and wind-polished surfaces, along with wind-abraded dolerite
fragments, occupy the till surface between resistant dolerite cobbles.

Sedimentary
Unit

Sample #

Alpine moraines, BVS 35, BVS 38 A
SS
BVS 41 A, ALE 52 A
Alpine moraines, BVS 32, BVS 84 A
Do1
Electra
BVS 31, BVS 42
colluvium
BVS 45 A, BVS 63
Circe
till

Lith
%
% Des % S t d
GSM
mean SS:Dol Qtzfied Varn Molded
10:88:2 96:4
2
41
0
31:67:2

0:100

0

53

0

23:71:6

3:97

1

83

0

1

45

9

DMS 01 A
BVS 18, BVS 45 B
5:80: 15 56:44
BVS 102 H, ALE 52 C
ALE 52 D, DMS 01 B

Table 1. Grain size, lithology, and texture of the sedimentary units in the westen
Olympus Range. GSM = Gravel:Sand:Mud, Lith = Lithology, SS = Sandstone, Do1 =
Dolerite, Qtzfied = Quartzified, Des Varn = Desert Varnish, Stri/Molded = Glacially
Striated or Molded, Enc = Salt Encrustation.

E

m
Just as the case with Circe till, the dstribution of Electra colluvium is patchy and

non-uniform. The colluvium crops out on the floor of Cirque D, and in four
interconnected patches at the mouth of Cirque C.
In Cirque D, Electra colluvium crops out in a small area (160 m2) situated about
700 m to the east of the western cirque wall. The southern margin of this colluvium is
cut by the same steep cliff that borders Circe till in Cirque D described above. At its
western edge, this outcrop of Electra Colluvium shows a sharp surface contact (as seen in
plan view) with an unnamed and undifferentiated diamicton. The sediment composition
of the undifferentiated diamicton is similar to that of Electra colluvium, but its surface is
disturbed extensively by cryoturbation; therefore, I can not confidently link together both

units, though the cryoturbated diarnicton is most probably Electra colluvium. If this is
correct, the surface exposure of Electra colluvium in Cirque D is much greater than that
represented in Figure 8.
At the mouth of Cirque C, four patches of Electra colluvium crop out within 100
m (plan view) of the 250-m-high cliff that separates all the south-facing tributary valleys
from Wright Valley. The largest outcrop is 700 m long, 100 m wide, and borders the
cliff. All four outcrops of Electra colluvium at this site rest on a south-facing 5" slope.
Sandstone bedrock separates individual patches of colluvium along the length of the
cirque mouth.
Electra colluvium is a poorly sorted and unstratified course-grained diarnicton
consisting of dolerite clasts in a highly oxydized, orange (5YR 814) matrix. The matrix is
a muddy (6%), gravelly (23%) sand (7 1%). The clasts are angular, contain desert
varnish, and do not have a glacial texture. Samples of Electra colluvium average 43
clastdl6 mm sieve pan. Ninety-four percent of the clasts are encrusted with salt.
The surface of Electra colluvium is comprised of dolerite gravel and cobbles that
have pits, desert varnish, and ventifacts. There is also a small percentage of sandstone
clasts (< 3%), all of which have quartzification rinds and ventifacted faces. Together, the
clasts form an armor of desert pavement. The clasts are of uniform size, which creates a
smooth surface of low relief. This Electra colluvium exposure contrasts sharply with the
high-relief surface created by the boulders on the adjacent Circe till.
17

Alpine Moraine

Areal Distribution. Cirques C, D, and E each contain three prominent moraines
deposited from local alpine glaciers within the cirques. The moraines reflect fluctuations
in the volume of alpine glacial ice at the head of each valley. The moraines form arcs
across the mouth of each cirque. The areal distribution of the moraines suggests that the
alpine glacial ice flowed outward from the headwall of each cirque. The three prominent
moraines in each cirque are numbered 1,2, and 3, and correspond to the distal,
intermediate, and proximal position to the headw all, respectively. The overall location of
the moraines in the western part of each cirque may reflect high ablation rates in the west
due to westerly katabatic winds flowing off of the EAIS and across the Olympus Range.
Table 2 presents measured dimensions of Alpine moraines; Fig 8 shows the areal extent
of each moraine.

I Length

I

Maximum width Distance from headwall Lithology (SS:Dol)
(m)
(m)
(m)
Cirque E 1
892
1820
96:4
3.0
1690
97:3
Cirque E 2
922
4.2
1400
100:O
5.3
543
Cirque E 3
1430
79:21
3.8
CirqueDl
718
1410
77:23
739
Cirque D 2
5.2
1230
84: 16
455
Cirque D 3
1.1
1750
80:20
844
Cirque C 1
1.9
1560
0:100
572
Cirque C 2
3.4
0: 100
Cirque C 3
1370
175
2.1
- Table 2. Length, width, and distance from the headwall of nine prominent Alpine
moraines in the western Olympus Range. The lithology of the boulders that comprise the
moraines is shown in the last column. SS = sandstone, Do1 = dolerite.
Moraine

-

Figure 10. Moraine 1 in Cirque E. View is to the west. The moraine is the collection of
boulders to the right of center. The distal edge of the moraine trends vertically across the
photograph. The left side of the photograph shows quartzified bedrock and regolith. The
large boulder in the center is 1.5 m high. A green flag in the upper right-center is 2 m
high for scale.

The Alpine moraines in Cirque C are all sub-parallel in plan view and lie south of
the headwall at distances of 1750 m, 1560 m, and 1370 m for moraines 1,2, and 3,
respectively. The Alpine moraines in Cirque D are also sub-parallel in plan view.
Respectively, moraines 1,2, and 3 in Cirque D lie 730 m, 510 m, and 330 m from the
distal end of a modem alpine glacier that occupies the cirque headwall (equivalent to
1430 m, 1410 m, and 1230 m from the bedrock headwall, respectively). It is important to
note that a small, debris-covered rock glacier in Cirque D now extends southward from

the headwall and that moraines 1 and 2 crop out near the terminus of this rock glacier.
The ice is buried beneath a thin veneer of unconsolidated sediment. As is the case with
buried ice in the nearby Quartennain Mountains (Sugden et al. 1995b), this buried ice is
relatively clean and shows a sharp, dry contact with the overlying debris cover. Moraines
1 and 2 extend across the flat floor of Cirque D and pass southward across a steep (35")
south-facing slope onto a prominent bench at the mouth of Cirque D (Figure 11). From
this bench, the moraines extend farther downslope and pass out onto the north wall and
floor of Wright Valley (Figure 8).
The three prominent moraines in Cirque E are arcuate in plan view and are
parallel to one another (Figure 12). Moraines 1,2, and 3 are located 1820 m, 1690 m,
and 1400 m from the headwall, respectively. All three moraines are located near the
cirque mouth. The western section of each moraine is widest.

Figure 11. Oblique aerial photograph of the mouth of Cirque D. The photographer was
above the cirque headwall. View is to the southeast. Alpine moraine 2 trends vertically
across the center of the photograph. Alpine moraine 1 is to the right (west) of moraine 2.
Note the undissected, arcuate form of the moraines. The darker surface to the right of
moraine 1 is Electra colluvium (photograph by David Marchant, 1996).

Figure 12. Oblique aerial photograph of Cirque E. View is to the northwest. The dark surface in the foreground is
bedrock. Light-colored boulders of Alpine till rest on the bedrock. Thick dashed lines denote moraines 1,2, and 3, which
form arcs across the photograph. Note the lack of sediment on the exposed bedrock beyond the distal moraine. Two Circe
till patches are outlined with thin dashed lines. Alpine moraine 2 crosses Circe till, drapes over a low bedrock ridge, and
descends into the snow-filled scoured basin on the left side of the photograph (photograph by David Marchant, 1996).

Sedimentology and Surface Weathering Characteristics. Alpine moraines 1, 2,
and 3 in Cirque C are composed of a coarse-grained, clast-supported till. The lithology
of the boulders in Moraine 1 is 80% dolerite and 20% sandstone. The boulders of
moraines 2 and 3 are > 99% dolerite. The clasts are sub-angular and sub-rounded. The
form of all of the moraines is a low wall of stacked boulders and cobbles. There is little
matrix except where quartz sand accumulates at the base of the moraine. The presence of
a quartz sand matrix among dolerite boulders at the moraine base suggests that windblown sand gets trapped in the body of the moraine.
The dolerite boulders that comprise moraine 1 in Cirque C have pits and desert
varnish. Gruss is abundant near those boulders with a coarse-grained crystalline
structure. The few sandstone boulders that are present are ventifacted and have a 3-5mm-thick quartzification rind. In general, the boulders of moraine 1 are the most
intensely weathered of all the Alpine moraines in Cirque C. In addition to its extensive
surface weathering, the crest of Alpine moraine 1 in Cirque C is considerably less peaked
than either that of moraine 2 or 3 in Cirque C. Furthermore, moraine 1 contains fewer
perched boulders than do moraines 2 and 3. In sharp contrast, moraines 2 and 3 have
peaked crests and include a robust collection of dark brown, sub-angular dolerite
boulders that are lightly desert varnished. These rocks are little weathered and are
difficult to break with a hammer. Perched boulders are common.

Alpine moraines 1,2, and 3 in both Cirque D and E consist of coarse-grained,
clast-supported diarnictons that are dominated by sandstone boulders. The clasts are
unsorted, unstratified, and unabraded. Forty percent of the clasts are encrusted with salt.
The matrix is a gravelly (10%) sand (88%) with a low mud component (2%). The quartz
sand matrix may be a post-depositional eolian addition to the moraine, as discussed
earlier. Several of the boulders in moraine 1 and 2 are greater than 2 m3. These large
boulders commonly have smaller boulders perched on top of them. Moraine 3 in both
cirques contains fewer large boulders than do the other two moraines.
The Alpine moraines designated #1 in both Cirques D and E are intensely
weathered. Surface boulders are ventifacted and possess a quartzification rind 5-8 mm
thick. Large sandstone boulders feature cavernous pits as much as 30 cm deep. In sharp
contrast, boulders of moraines 2 and 3 in Cirque D and E are far less weathered; they
have quartzification rinds 2-3 mm thick and show considerably fewer wind-polished
facets.

Figure 13. Sandstone block from Alpine till 1, located 4 m upvalley of moraine 1 in
Cirque E. The dark-colored spots on the surface of the boulder are thick quartzification
rinds. The light-colored areas represent differential weathering zones where the
quartzification rind is not present. Note person for scale.

In all instances, the Alpine moraines of the western Olympus Range were likely
I

produced by expansion of alpine glaciers at valley headwalls. These alpine glaciers were
likely cold-based at the time of moraine formation, just as the present-day alpine glaciers.
In support of this contention, I note several stratigraphic excavations that expose the base
of moraine I in Cirques D and E reveal an undisturbed, buried desert pavement beneath
the Alpine till (Figures 14 and 15). The lack of erosion at the glacier bed is not only
demonstrated by this intact desert pavement, but also by the general absence of striated
clasts and the very low mud component in the matrix of all moraines. Sediment

entrainment in the glacial ice was likely accomplished by rockfall from the steep cirque
walls onto the ice surface (Bockheim 1977). The modern cold-based glaciers that today
occupy valley headwalls are reasonable analogs. To illustrate this point, I highlight
lithological changes within a small moraine that is currently forming at the snout of the
glacier that occupies the headwall in Cirque D. The northern half of the active moraine is
composed predominantly of dolerite clasts, whereas the southern half of the moraine is
largely sandstone. The cirque headwall directly above the northern half of the glacier
contains a remnant of the upper dolerite sill, whereas the cirque wall above the southern
half of the glacier is entirely comprised of sandstone. The glacier rests on sandstone
bedrock. The lithology of the moraine therefore reflects the bedrock composition of the
headwall directly upslope from the moraine.

Figure 14. Excavation through Alpine moraine 1 in Cirque E reveals intact desert
pavement (reddish quartzified ventifacts) beneath sandstone boulders. White placard is
30 cm long for scale.

Figure 15. Excavation through Alpine moraine 1 in Cirque E. The lightcolored clasts
are sandstone embedded in Alpine till. The layer of reddish ventifacts is an intact desert
pavement beneath the Alpine moraine. Field of view is approximately 80 cm.

Chapter 4

STRATIGRAPHY

Due to the discontinuous areal distribution of Circe till and of Electra colluvium, a
complete stratigraphic sequence was not revealed in any one place in the western
Olympus Range. However, a consistent regional stratigraphy was pieced together from
many excavations in the western Olympus Range. Figure 16 shows this overall
stratigraphy.
Circe till is as much as 1.6 m thick in the western Olympus Range, where it
everywhere rests on bedrock. The distribution and the thickness of the till are highly
variable. For example, Circe till is 1 m thick on top of a broad sandstone ridge in Cirque
E. One hundred meters to the east of this ridge, Circe till is not present and the bedrock
floor is exposed. Likewise, Circe till rests on a 28-m-wide bedrock corrugation in the
mouth of Cirque E. Here the till is 33 cm thick and the exposure is surrounded by
bedrock. The bedrock floors of the cirques are predominantly sandstone, except for a few
small dolerite dikes. The bedrock beneath Circe till should show a glacial texture if the
interpretation of deposition by temperate-style glacier ice is correct. Unfortunately, the
coarse-grained sandstone bedrock does not typically preserve striations. However, a finegrained dike in Cirque E is striated beneath Circe till.
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Figure 16. Overall stratigraphy of the western Olympus Range.

Highly oxydized Electra colluvium overlies Circe till in stratigraphic section.
Figure 17 shows this relationship for exposures in Cirque D. The stratigraphic contact is
sharp between the yellow, silty till and the overlying orange, clast-rich colluvium. Alpine
moraines overlie Electra colluvium with a very sharp contact. In some locations,
boulders of the Alpine moraines rest on the desert pavement that marks the top of the
Electra colluvium. For example, excavations through moraine 1 in Cirque D reveal the
undisturbed intact desert pavement beneath the moraine.

Figure 17. Excavation BVE 45. The light yellow bottom layer is Circe till. The
orangish, clast-rich upper layer is Electra colluvium. The field of view is approximately
1 m.

Chapter 5
CORRELATIONS

Circe till and Electra colluvium are here correlated with Sessrumnir till and
Koenig colluvium, two mapped diamictons in the nearby Asgard Range (Marchant et al.
1993a). In the case of Circe till - Sessrurnnir till, I note that both units everywhere rest
on bedrock. Striations are present on suitable bedrock beneath both units. Both
Sessrumnir till and Circe till have a patchy, irregular distribution. Rounded dolerite
boulders with heavy desert varnish are present on the surface of both units. Just as with
Sessrumnir till, Circe till is overlain by a distinctive, clast-rich, highly oxydized
colluvium. Finally, the sedimentology of both units is very similar, specifically, a
yellow, silt-rich diamicton that contains striated clasts. The correlation of Koenig
colluvium and Electra colluvium is based on the following reasons. Koenig colluvium
and Electra colluvium rest on Sessrurnnir till and Circe till, respectively, with a sharp
contact. There is never an additional unit between the till and the colluvium. The
distribution of both Koenig colluvium and Electra colluvium is patchy and both units are
concentrated near cirque walls. The sedimentology of both units is nearly identical.
Overall, the consistent stratigraphic position is the key factor in the correlation between
the units in the Asgard Range and the Olympus Range (Figure 18).

Erosion surface
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Figure 18. Topographic profile across Wright Valley (north-south) from Mt. Electra in the Olympus Range to Hess Mesa in the
Asgard Range. Vertical exaggeration is 2.5 times. Note the rectilinear slopes on the walls of the buttes and on the walls of
Wright Valley; the flat floor of Cirque D and Koenig Valley; and the deep channels of The Labyrinth. Above the topographic
profile are two cartoon enlargements of the stratigraphy in Cirque D and Koenig Valley. The correlative sedimentary units are
shown in corresponding colors. The erosion surface is depicted by the green line in both the topographic profile and the cartoons.
Asgard Range stratigraphy and erosional features are from Marchant et al. 1993a.

Alpine moraines 1, 2, and 3 are correlated among the cirques based on size, form,
degree of weathering, and areal distribution. In all three cirques, moraine 2 has the most
relief and width. In Cirque D and E, moraine 3 has the shortest length. In all three
cirques, moraine 2 has the most perched boulders. Moraines 1 and 2 are closely parallel
to each other. Moraine 3 has a distinct double crest in Cirques D and E. In each cirque,
boulders of moraine 1 are the most intensely weathered. The comparable size, form, and
degree of weathering strongly suggest that moraine 1 was deposited contemporaneously
in Cirque C, D, and E. Likewise, moraines 2 and 3 in all three cirques were probably
deposited during correlative glacial advances.

Chapter 6
EROSION SURFACE

The widespread erosion surface that occurs throughout much of the Dry Valleys
region passes across bedrock, Circe till, and Electra colluvium in the western Olympus
Range. Here the erosion surface features four morphologic forms: corrugations, scoured
basins, channels, and dissected drift sheets.
Corrugations are present in the mouths of Cirques D and E and on the bedrock
platform east of Cirque E. Cormgations also occur in north-facing valleys, hillslopes,
and bedrock platforms in the western Olympus Range outside of the mapped area. A set
of twenty-two corrugations, located along the exposed bedrock bench at the mouth of
Cirque D, extends for 800 m parallel to Wright Valley. Each corrugation is
approximately 20 m long, 3 m wide, and 0.5 m in relief. Each wavelength is
approximately 15 m and the crests trend north-south. The corrugations are carved into
both bedrock and unconsolidated, poorly sorted, surface-weathered sediment. The
sediment is thickest at the crests of the corrugations. The troughs between the crests all
expose bedrock.
The mouth of Cirque E contains corrugations of various size and composition.
Corrugations occur on a 30-m-wide, flat bedrock strip that is at the base of a talus slope
in the western part of Cirque E. The crests of five prominent corrugations trend
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northwest-southeast. Each corrugation is approximately 20 m long, 2 m wide, and 0.3 m
in relief. These corrugations are carved into bedrock and each is capped with a thin layer
of ventifacted gravel and cobbles. The gravel and cobbles are restricted to the crests.
Sediment is not present in the troughs. Low, broad corrugations cross the bedrock bench
at the mouth of Cirque E. Each corrugation is approximately 40 m long, 5 m wide, and

0.5 m in relief. These corrugations are carved into bedrock and unsorted, surfaceweathered sediment. Excavation BVE 38 cuts across a mapped corrugation in Cirque E.
This excavation reveals that the surface slope of the corrugation truncates bedding layers
in the sandstone bedrock (Figure 19), indicating that the morphology is not bedrock
controlled.

A unique feature in Cirque E is a 246-m-long and 28-m-wide corrugation that is
capped with 33 cm of Circe till. This large corrugation rises 1 m above the bedrock
bench. Table 3 shows the length, width, and slope angle of eight corrugations in Cirque

E. The western slope is significantly steeper than the eastern slope for most of the
corrugations in Cirque E.

Figure 19. Excavation BVE 89 dissects a corrugation in the mouth of Cirque E. View is
to the south. The Brunton compass in the center of the photograph is resting on
sandstone bedrock bedding that is dipping at 3' to the west (right). The west slope of the
corrugation surface dips 12"to the west. The corrugation surface truncates bedding,
indicating that the morphology is not bedrock controlled.

Width (m) West slope (degrees) East slope (degrees)
28.3
11.5
3.0
22.6
7.5
5.5

-

-

-

-

Table 3. Crest length, width, and slope angle of eight corrugations in Cirque E. The
width and slope angles are the mean of three measurements from different locations on
each corrugation.

Scoured basins are present in Cirques D and E. The basins are carved into both
bedrock and overlying sediment. A basin in Cirque D is 300 m long, 50 m wide, and > 1
m deep. The long axis of the basin trends northeast-southwest. The western margin of a
scoured basin in Cirque E is a dolerite dike and the eastern margin is a steep, 3-m-high
sandstone wall. The Cirque E basin is 300 m long and 80 m wide; the long axis trends
north-south. Similar erosional features are present in the Asgard Range (Ackert 1990,
Marchant et al. 1993a).
An east-west trending channel that is approximately 500 m long and 40 m wide
dissects Electra colluvium at the mouth of Cirque D. The channel does not follow the
downslope direction (north, 5"); rather, the channel trends perpendicular to the dip of the
surface. The slope of the colluvium on either side of the channel is constant at about 5"
south, suggesting that the channel cut into a former continuous surface. The channel
walls are sharp. The walls are as much as 50 cm high on the downslope side of the
channel and as much as 2 m high on the upslope side. The channel floor is sandstone
bedrock. In places, a thin veneer of gravel covers the bedrock. The channel floor is
corrugated and the gravel veneer is thickest at the crest of the corrugations. The crests of
the corrugations trend north-south. The channel isolates an erosional remnant of Electra
colluvium on the bench (Figure 20). The remnant colluvial patch is 80 m long by 20 m
wide. West of this erosional remnant, patches of colluvium are interspersed with bedrock
to create a mosaic of Electra colluvium and bedrock.
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Figure 20. Oblique aerial photograph of the bench at the mouth of Cirque C. The view is
to the north. The dark sediment is Electra colluvium. The pale yellow areas are
sandstone bedrock. An east-west trending channel dissects the colluvium. A remnant
mesa of colluvium, which is dissected on all sides, is in the center of the photograph. The
north channel wall is a steep scarp. The remnant is 80 m long by 20 m wide.

The most spectacular channel system of the erosion surface is located in upper
Wright Valley adjacent to the Olympus Range. Here a dolerite sill that comprises the
floor of upper Wright Valley is cut by a series of anastomosing channels to form The
Labyrinth. Individual channels within The Labyrinth are 10 to 50 m wide and as much as

100 m deep. Channels diverge and then coalesce to form hundreds of intervening, mesalike bedrock islands. The channel system covers the 6 lun width of the valley floor. The
system ends where the channels converge to form two large canyons that pass on

opposites sides of a large mesa (the Dais) about 12 km downvalley from the terminus of
Wright Upper Glacier.
Large areas of exposed bedrock occur in the western Olympus Range. Sediment
is absent from the bench at the mouth of Cirque E and from the platform east of the
cirque. The lack of sediment on the flat surfaces necessitates widespread areal scouring,
given the fact that unconsolidated diarnictons and tills crop out at the edges of such
patches. Circe till is present in Cirque E adjacent to the large area of exposed bedrock.
The till is cut into an irregular pattern. The plan view transition from Circe till to bedrock
is sharp. It is likely that the Circe till was more laterally extensive prior to the areal
scouring that exposed the bedrock.

Chapter 7

CHRONOLOGY

Relative Chronolow
The stratigraphic position of the surficial deposits in the western Olympus Range
shows that Circe till is the oldest unit, followed by Electra colluvium, and then Alpine
till. The erosion surface cuts both Circe till and Electra colluvium. The Alpine moraines
are undissected and instead pass across bedrock corrugations, scoured basins, and
dissected drift sheets related to the erosion surface. Therefore, the erosion surface
predates all the Alpine moraines, yet postdates deposition of Circe till and Electra
colluvium. Specific examples from Cirque E and D illustrate this important relationship.
Corrugations in the mouth of Cirque E are overlain by Alpine moraine 1. The
corrugations are carved into bedrock. The surface of the corrugations shows a desert
pavement that contains local sandstone gravels that are quartzified and ventifacted.
Excavations through moraine 1 reveal a sharp contact between the sandstone boulders of
the moraine and this well-developed desert pavement. The corrugations were carved, and
the desert pavement was formed, prior to the deposition of the moraine.
As described earlier, the non-uniform distribution of Circe till reflects the
irregular scouring of the erosion surface. The Alpine moraines are undissected and
overlie both Circe till and bedrock (Figure 12). Also, Alpine moraines 1 and 2 drape
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across the floor of a scoured basin in Cirque E. The moraines increase in size within the
basin, consistent with the notion that more boulders should be deposited in topographic
lows than on intervening highlands (Figure 12). Hence, the scoured basin in Cirque E
was likely carved prior to the deposition of the Alpine moraines 1 and 2.
Alpine moraines 1 and 2 rest on the eastern end of a set of corrugations that
extend westward from the mouth of the Cirque D for 800 meters (Figure 21). The
corrugations formed prior to the deposition of the Alpine till. Alpine moraines 1 and 2
extend from the Cirque D bench, down the wall of Wright Valley, and rest on the
channels of The Labyrinth. Thus, Alpine till is younger than The Labyrinth. Also in
Cirque D, Alpine till rests on a scoured basin. This indicates that the basin formed prior
to the deposition of Alpine till.
The relative chronology of the Alpine moraines in Cirque C, D, and E was
determined in part by the degree of chemical and physical weathering of the exposed
surface boulders. In each cirque, the sandstone andlor dolerite boulders of Alpine
moraine 1 show the highest degree of weathering. Dolerite boulders with a fine-grained
crystalline structure feature 3-5-mm thick, glossy desert varnish, 5-10-mm deep surficial
pits, and ventifacts. Gruss is present at the base of dolerite boulders with a coarsegrained crystalline structure. Sandstone boulders have a 3-8-mm-thick quartzification
rind, a greasy luster, and cavernous pits, some of which are greater than 30 cm deep.

Figure 21. Oblique aerial photograph of the corrugations on the Cirque D bench. The
view is to the west. Wright Upper Glacier is in the upper left of photograph. The lower
right section of the photograph shows Alpine till. The line of boulders trending from
lower left to mid-right is Alpine moraine 1. The corrugations on the flat bench in the
center of the photograph extend from the Alpine moraine westward for 800 m.

The surface boulders on moraines 2 and 3 are everywhere less weathered than
those on moraine 1. Surface boulders of moraines 2 and 3 contain 1-2-mm-thick desert
varnish or a l-3-mm-thick quartzification rind, as well as l-2-mm-deep pits. Gruss is not
present. Alpine moraine 1, which contains the most heavily weathered boulders, is likely
to be the oldest of the Alpine series. The degree of weathering of moraines 2 and 3 is too
similar to differentiate relative age.

Numerical Chronolow
The exposure age of a rock can be estimated by measuring the amount of certain
Terrestrial Cosmogenic Nuclides (TCN) in surface minerals (e.g. Kurz 1986). Galactic
cosmic radiation produces particles and reactions that cascade toward the surface of
Earth. TCN are produced in situ by spallation reactions between the particles and target
atoms in the exposed rocks (Gosse and Phillips 2001). The use of TCN dating has been
successful in obtaining ages of Quaternary (e.g. Nishiimmi et al. 1991, Brook et al.
1996) and Pliocene (e.g. Ivy-Ochs et al. 1995, Brook et al. 1995, Schaefer et al. 1999)
glacial deposits in the Dry Valleys region. This project utilizes terrestrial 3 ~from
e
clinopyroxene crystals in dolerite rocks.
e
The numerical chronology of the Alpine moraines is based on 3 ~exposure-age
dates of dolerite surface boulders from known morphologic contexts. Most boulders
were collected from the crests of moraines. Boulders in stable positions were favored to
minimize the possibility of post-depositional movement. A fist-sized rock fragment was
removed from each boulder with a hammer and chisel. Obstructions, such as rock walls
or nearby boulders, reduce the secondary cosmic radiation flux. Distant shielding was
estimated with a compass and clinometer. Shielding angles less than 20" are insignificant
(Dunne et al. 1999). Boulders with complex shielding geometries were not sampled..
The latitude, longitude, and altitude of each boulder were measured with a handheld
global positioning system.

3He surface exposure ages were measured for 10 dolerite boulders in Cirque C
and two dolerite boulders in Cirque D. The surface exposure ages are shown in Table 4.
The oldest calculated exposure age for Alpine moraine 1 in Cirque C is 0.99 Ma and the
youngest age is 0.33 Ma. The oldest calculated exposure age for moraine 2 in Cirque C
is 0.50 Ma and the youngest age is 0.10 Ma. The calculated exposure ages for moraine 1
in Cirque D are 1.12 Ma and 5.50 Ma. These ages are consistent with the relative
chronology of the Alpine moraines determined from field mapping.
The TCN dates are considered to represent minimum ages of exposure. This is
because erosion of the boulder surface may reduce the amount of 3He present. Erosion
rates are estimated to be 5-12 mrn/million years in the Dry Valleys region (Summerfield
et al. 1999). Although erosion is extremely slow in the hyper-arid climate, the calculated

ages in Table 4 underestimate the true duration of surface exposure of individual
boulders. Also, the interval of time between the carving of the erosion surface and the
deposition of the Alpine moraines is unknown. The moraines could be much younger
than the relict surface.

Latitude
Cirque/
Longitude Altitude
2
Age
Moraine
"South
"East
(m)
(Ma)
WMP-3(1)
Dl 1
77.51072
1.117
160.83112
1367
0.018
WMP-lO(2)
77.51 133
5.495
Dl1
160.83381
1374
0.165
WMP-40(1)
77.51264
0.427
160.74682
1320
0.008
Cll
Cll
77.5 1269
160.74722
1284
WMP-41(2)
0.986
0.056
77.51269, 160.74555
0.005
WMP-42(4)
0.369
Cll
1313
77.51052
WMP-43(3)
0.806
0.099
160.73757
1385
Cll
77.5 1038
Cll
WMP-44(2)
0.325
0.0 15
160.73665
1368
77.51027
0.429
0.055
160.73674
1371
Cll
WMP-45(2)
77.50939
C12
WMP-46(2)
0.219
160.73929
1360
0.008
C12
77.50935
WMP-47(1)
0.011
0.189
160.74013
1350
77.50955
Cl2
WMP-48(2)
0.012
0.099
160.74098
1363
0.498
1953
77.5 1028
WMP-49(1)
0.009
160.74396
Cl2
1341
77.5 1042
WMP-50(2)
0.017
0.192
160.74499
C12
77.51047
0.008
0.469
1350
160.74511
C12
WMP-51(2)
Table 4. Preliminary cosmogenic 3He surface exposure ages of Ferrar Dolerite boulder:
from moraines in the western Olympus Range. All samples were analyzed at the Scottish
University Environmental Research Centre (SUERC) by Helen Margerison wept. of
Geography, University of Edinburgh) under the direction of Fin Stuart (SUERC).
William Phillips (Dept. of Geography, University of Edinburgh) collected the samples.
The number in parentheses after the sample identifier is the number of analyses averaged.
For example, the reported age for WMP-lO(2) is the mean and standard deviation ( l a ) of
two analyses. Where only one analysis has been made, the error reported is based upon
counting statistics. The age errors do not reflect uncertainties in long term 3 ~ e
production rates.
Sample

Chapter 8
DISCUSSION

Farly Glacial History
Circe till was deposited beneath wet-based glacial ice that occupied the north-andsouth-facing valleys of the Olympus Range. The few clasts in the till are sandstone and
dolerite, both of which occur in local outcrops. The sandstone bedrock beneath the till
does not show striations, but a dolerite dike in Cirque E is striated. Also, there are
striations on a dolerite sill that is exposed in several north-facing valleys. The northsouth trend of the striations indicates that ice flowed downvalley from the headwalls
toward the trunk valleys. Therefore, Circe till most likely represents a widespread alpine
glaciation. This agrees with the interpretation of the correlative Sessrumnir till in the
western Asgard Range (Marchant et al. 1993a).

Ancient Colluviation
The deposition of Circe till was followed by formation of Electra colluvium,
which is up to 60 cm thick in the western Olympus Range. This colluvium indicates an
interval of ice-free conditions. The ventifacts and surface weathering of the clasts
suggest that the colluvium was deposited in a polar desert environment, although the
climate at this time was not as severe as the modern climate. Airfall volcanic-ash
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deposits occur in interstices between clasts of a ventifact desert pavement developed on
Koenig colluvium in the Asgard Range. The 14.8 Ma 4 0 ~ r / 3 radiometric
9~r
age of the
ash provides a minimum age for the following: Koenig colluvium (equivalent of Electra
colluvium in the Olympus Range), Sessrumnir till (equivalent of Circe till in the Olympus
Range), and glacial overriding (all units are cut by overriding ice).

Formation of Erosion Surface
Asgard Range. Sessrumnir till and Koenig colluvium, the sedimentary
equivalents for Circe till and Electra colluvium in the Olympus Range, are cut by the
erosion surface in the Asgard Range. Asgard till is also dissected. Asgard till is a siltrich diarnicton that contains striated clasts (Ackert 1990, Marchant et al. 1993a). It is
inferred to record the build-up phase of the ice-sheet overriding.
The erosion surface is well-developed in the Asgard Range, particularly in northfacing valleys. Several saddles on the divide of the range contain south-facing stoss
slopes that are scoured to bedrock. The lee slopes contain irregular patches of sediments.
The morphology and the sediment distribution suggest plucking of the lee slope by
regelation ice. In other locations, channel systems on the lee slopes dissect bedrock and
dnft. The head of one channel system is at 1710 m elevation, approximately 60 m higher
than the bedrock divide (Sugden et al. 1991). This suggests that glacial ice reached
significantly higher than the topographic divide in order for basal glacial meltwater to
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form the channels. It is unlikely that meltwater from cirque glaciers could have carved
channels at this elevation above the &vide. Cliffed potholes are common in the upper
parts of channels. Widespread stripping of unconsolidated sediment also occurs on flat
valley floors and in enclosed basins (Figure 22). Corrugations are present on exposed
bedrock. The crests of corrugations trend northwest to southeast, transverse to the flow
of the expanded ice. This orientation is consistent across the Dry Valleys, the Convoy
Range, and the Royal Society Range. The erosional features listed above are commonly
found together. For example, channels with potholes grade into scoured basins, which
contain corrugations. This pattern is repeated in several valleys in the Asgard Range and
across different mountain ranges in southern Victoria Land.
Overall, the erosion surface has the following attributes. The surface passes
across the Dry Valleys and adjacent regions to cover several thousand km2 of surface
area. Corrugations are present at elevations ranging from valley floors to mountain tops
(e.g. central Wright Valley floor near Lake Vanda to Shapeless Mountain). Erosional
features have a consistent orientation across southern Victoria Land. A large volume of
sediment was removed to expose bedrock (e.g. removal of Circe till from Cirque E in the
western Olympus Range). Anastomosing channels are as much as 100 m deep (e.g. The
Labyrinth and the head of Taylor Valley). Taken as a whole, the morphology of the
erosional features affords strong evidence for subglacial meltwater flooding during a

major northeastward expansion of the EAIS, which submerged the TAM (Denton et al.
1984, Marchant et al. 1993a, Sugden et al. 1995a).
Olympus Range. The erosion surface cuts Circe till and Electra colluvium in the
western Olympus Range. As stated above, these units are correlated with Sessrumnir till
and Koenig colluvium, respectively.
An east-west trending channel extends for over 1 km along the bench below
Cirque C and Cirque D. The channel cuts Electra colluvium (Figure 20). Sandstone
bedrock crops out in the channel floor. The bedrock is corrugated (Figure 21).
Corrugations also occur in the mouth Cirque E. The crests of these corrugations trend
north-south, transverse to the orientation of the channel. This channel and its associated
corrugations that occur on the bench above Wright Valley at 1200 m elevation are
aligned in such as way as to suggest water flow from west to east. Although most flow
traces evident on the mapped erosion surface across the Dry Valleys indicate flow to the
northeast, it is likely that local bedrock topography influenced subglacial water flow. In
this case, Wright Valley may have altered the flow of subglacial water from its overall
northeast trend to a more easterly course down the valley axis. Overall, the morphology
of the erosion surface in the Olympus Range is consistent with the interpretation of
subglacial meltwater erosion beneath an expanded EMS.

Figure 22 continued.

Cornparison of Cirque E and Njord Valley. The sediment distribution in Njord
Valley in the western Asgard Range has striking similarities to that in the Cirque E in the
Olympus Range. Njord Valley contains the most widespread bedrock exposures in the
western Asgard Range. There is commonly a small scarp at the border between bedrock
and remnant patches of unconsolidated sediment. Corrugations are present in bedrock
that is exposed beneath and adjacent to dissected drift sheets. The head of Njord Valley
contains a low saddle; the lowest threshold in the bedrock divide of the western Asgard
Range. High mesas occupy the heads of the north-facing valleys that contain extensive
surficial sediment in the Asgard Range. During an expansion of the EMS, the high
mesas would induce pressure melting as the ice sheet flowed northeastward. Refreezing
zones on the lee side would pluck the unconsolidated sediment in these valleys. Njord
Valley contains extensive bedrock exposures because the low saddle divide favored
stripping during ice-sheet overriding. Like Njord Valley, the Cirque E area in the
western Olympus Range is extensively stripped because scouring was the dominant
process.

Recent Glacial History
Alpine moraines crop out on the valley floors and benches of the western
Olympus Range. The pristine morphology of the moraines indicates that they have not
been disturbed since deposition. The moraines are not dissected, which shows that the
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moraines were deposited after the carving of the erosion surface. The distal moraine in
Cirque D (Alpine 1) is at least 1.12 Ma, possibly 5.50 Ma. Therefore, the erosion surface
was carved prior to at least 1.12 Ma. If the erosion surface was being formed by presentday processes, Alpine till would be dissected along with the older units. For example,
wind deflation and chemical weathering could not produce the erosional features
described above without altering the younger moraines that pass across such features.
Therefore, the hypothesis that wind deflation and chemical weathering carved the erosion
surface in the western Olympus Range under present-day conditions is rejected. In
addition, the pristine condition of the moraines indicates that the climate of the last 1.12
Ma did not warm enough to produce significant landscape change. Continuous polar
desert conditions are required for long-term preservation of these moraine forms.

Paleoclimate
The only undissected deposits in the western Olympus Range are talus, rock
glaciers, and Alpine till. The talus and the rock glacier deposits are of minor areal extent,
restricted to near cirque walls. The implication is that there have been no major
depositional events after the carving of the erosion surface. The wastage of the greatly
expanded EAIS left no sedimentary record in the western Olympus Range. Except for
Alpine till and minor amounts of talus, the erosion surface is bare. There are no outwash
deposits, kame terraces, or fine-grained tills that would accompany ice-sheet wastage

under temperate conditions. The lack of glacial sediments suggests that the overriding
ice-sheet sublimated back to its current position under polar desert conditions. The
sedimentary evidence indicates that a polar desert climate has endured from the time of
overriding until the present-day.
Several independent lines of evidence support a persistent polar desert climate.
Ancient volcanic-ash deposits in relict sand wedges in the Asgard Range are as much as
14.8 Ma (Marchant et al. 1996). Continuous polar desert conditions since that time are
required to preserve the easily-weathered ash. Airfall volcanic-ash deposits on steep
hillslopes (28"-35") in Arena Valley are 11.28 Ma (Marchant et al. 1993b, 1993~).Slope
formation has been negligible at this location since ash deposition. Buried glacial ice in
Beacon Valley has persisted for 8.1 Ma (Sugden et al. 1995b). The buried ice would
certainly melt during climatic amelioration. Minimum surface-exposure ages of 6-10 Ma
were obtained from the Dry Valleys regions (Schaefer et al. 2000). These surfaceexposure ages suggest that the surface is inactive and erosion rates are very low. The
1.12 Ma minimum age of the Alpine moraine resting on the erosion surface in the
western Olympus Range supports the evidence listed above for a long-term, continuous
polar desert in the Dry Valleys.

Alpine moraine 3

Sandstone and dolerite boulder-belt
moraine deposited by cold-based ice.

Minor fluctuations of cold-based ice.
Polar desert.

Alpine moraine 2

Sandstone and dolerite boulder-belt
moraine deposited by cold-based ice.

Minor fluctuations of cold-based ice.
Wright Valley free of ice. Polar desert.

Alpine moraine 1

Sandstone and dolerite boulder belt
moraine deposited by cold-based ice.

Minor fluctuations of cold-based ice.
Wright Valley free of ice. Polar desert.

Desert pavement

Interlocking mosaic of ventifacted
clasts. Widespread, undisturbed by
the ice that deposited Alpine till 1-3.

Polar desert.

Erosion surface

Corrugations, channels, and scoured
basins. Surface may be carved by
subglacial meltwater during an
expansion of the EAIS.

Olympus Range covered by
expanded EAIS. Subglacial
meltwater present.

Electra colluvium

Angular, desert varnished, dolerite
clasts in an orange, sandy matrix.

Polar desert, not as severe as
present-day climate.

Circe till

Yellow, silty diarnicton with striated
clasts. Deposited by wet-based ice.

Temperate-style glaciers.

Table 5. Age, description, and climatic implications of sedimentary units and the erosion surface in the western Olympus Range.

Chapter 9
CONCLUSIONS

Channels, scoured basins, and corrugations are superimposed on the megatopography of the western Olympus Range. These erosional features correspond with
stoss-and-lee slopes, channels, potholes, scoured basins, and corrugations that
comprise the erosion surface elsewhere in southern Victoria Land.

The erosion surface cuts both Circe till, a fine-grained diamicton that was deposited
by wet-based ice, and Electra colluvium, a highly oxydized, clast-rich diamicton
deposited under polar desert conditions. Both units are > 14.8 Ma. Alpine moraines
are undisturbed and are not cut by the erosion surface. Undissected Alpine moraines
rest on the erosion surface. Therefore, the surface was carved prior to moraine
deposition.

Alpine moraine 1 in Cirque C is > 0.99 Ma. Alpine moraine 2 in Cirque C is > 0.50
Ma. Alpine moraine 1 in Cirque D is > 1.12 Ma, possibly > 5.50 Ma. This numerical
chronology is based on 3 ~cosmogenic
e
surface exposure ages of dolerite boulders
that comprise the moraines.

The antiquity of the Alpine moraines helps to discriminate between the two
hypotheses for the origin of the erosion surface, namely, subglacial meltwater
flooding and wind deflation. The erosional process that carved the surface has not
been active in at least 1.12 million years. Therefore, it is very unlikely that the
erosion surface formed by wind deflation under present-day climate conditions.

The erosion surface is not covered by sedimentary deposits, except for Alpine till,
talus, and rock glacier debris, all of which are limited in areal extent. There are no
sedimentary units resting on the erosion surface downvalley of the distal edge of
moraine 1 in Cirque D, which is 1430 m from the headwall in plan view. Therefore,
the alpine glacier in Cirque D fluctuated only 1430 m in plan view during the last

1.12 million years (probably more).

Many of the features of the erosion surface are best explained by subglacial meltwater
erosion during a major expansion of the EAIS across the Dry Valleys sector of the
TAM. A polar desert climate and a cold-based glacial thermal regime have endured
since the carving of the erosion surface, more than 1 million years ago.
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APPENDICES

A~pendixA: Pit descriptions

ALE 00-52 77.50820 "S, 160.94967"E
Excavation ALE 00-52 was hand-dug through Alpine moraine 2 in Cirque E.
Alpine moraine 2 is 45 cm high at the site of ALE 00-52. The excavation is located at the
base of the eastern slope of a broad, low, bedrock ridge. The ridge lies between ALE 0052 and a 300 m by 80 m scoured basin. The low ridge is a prominent topographical
feature in the relatively flat-floored Cirque E. The ridge is covered by Circe till and
Alpine till.
Alpine moraine 2 is a sandy, clast-supported diamicton that contains gravel,
cobbles, and boulders. The lithology is 95% sandstone and 5% dolerite. The clasts are
lightly surface-weathered,but are not quartzified or ventifacted. The matrix is a gravelly
(18%) sand (80%) with a very low mud component (2%). Much of the gravel is dolerite
gruss that is lightly desert-varnished. At 45 cm depth, there is a sharp contact between
the moraine diamicton and a 5 cm-thick layer of heavily quartzified and ventifacted
sandstone clasts and heavily desert varnished and ventifacted dolerite clasts. The
ventifacts have flat bottoms and a horizontal orientation. Between the larger clasts are
quartzified pebbles that form an interlocking desert pavement. The ice that deposited the
moraine did not disturb the desert pavement. This 5 cm layer is labeled 52 B and the
sediment was not sampled. The bottom layer of 52 B is encrusted with salts.

Beneath the desert pavement, at 50 cm to 60 cm depth, the excavation revealed a
yellow silt-rich diamicton, 52 C. The diamicton contains only four clasts per 16 mm
sieve pan. Thirteen of the fourteen clasts analyzed are sandstone. Sandstone does
preserve glacial textures well. Nonetheless, 2 clasts are glacially molded and 1 clast is
striated. The matrix of the diamicton is a gravelly (lo%), muddy (18%), sand (72%).
This is the most mud-rich sediment analyzed in the western Olympus Range. From 60
cm to 140 cm depth, a silty gray diamicton, 52 D, is exposed. Pulverized coal, as shown
by intact flecks up to 3 mm in length, accounts for the gray color of the diamicton.
Except for the color, the yellow and gray diamictons are very similar. The color
transition is gradual. The similar texture and gradational change suggests that 52 C and
52 D are part of the same unit. The yellow color of 52 C is likely a post-depositional
change, possibly a weathering zone. At 100cm depth, there is a 2 cm thick lens of white
quartz sand. At 140 cm depth, there is an indurated, green diamicton, 52 E. 52 E is a
silty (9%), gravelly (26%), sand (65%). The contact between 52 D and 52 E is gradual.
Ice cement was encountered at 160 cm depth.

BVE 00-04

77.581 13"S, 160.93964"E

Excavation BVE 00-04 is located in upper Cirque E, 150 m south of the headwall.
The pit is inside (upvalley) of the three Alpine moraines of Cirque E and potentially
contains till from each advance. The ground surface slopes gently up toward the western
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wall of Cirque E. Sandstone boulders from the Alpine till cover the surface and have
light surface weathering. Beneath the boulders is a 5 cm-thick layer of gravelly (4%)
sand (94%) with a low mud component (2%) labeled 38 A. No clasts > 16 mrn were
retained in a sieve pan. At 5 cm depth, there is a sharp contact with a layer of red-brown
or black clasts that form a heavily weathered desert pavement. The sandstone clasts
(90% of total clasts) are quartzified, ventifacted, and some are pitted. The dolerite clasts
(10% of total clasts) are desert varnished, ventifacted, and deeply pitted. The clast
sphericity is 0.095 and the Zingg shape is equant. Within and below the desert pavement
is oxydized, orange sand (92%) with low mud (5%) and gravel (3%) components. Icecemented sediment was reached at 13 cm. Twenty meters east of BVE 00-04, excavation
BVE 00-05 exposed bedrock regolith at 5 cm depth. Therefore, the ice-cemented
sediment of BVE 00-04 likely represents the top of bedrock regolith.
The stratigraphy suggests that the cirque was stripped of sediment to expose the
bedrock. Regolith and desert pavement formed during a long period of polar desert
conditions. Alpine glaciers advanced out of the cirque to deposit a thin layer of
sandstone boulder-till. Wind blown sand collected among the boulders to form the
matrix.

BVE 00-18

77.50713"S, 160.94576"E

Excavation BVE 00-18 is located on the east side of a large, broad ridge (see
description of ALE 00-52). The ridge is the largest exposure of Circe till in the cirques of
the western Olympus Range. The presence of rounded, heavily-weathered dolerite
boulders on the surface demarcates the surface exposure of Circe till. Sandstone boulders
of Alpine till 1 and 2 rest on the Circe till, but the Circe till is visible on the surface
between the scattered sandstone boulders. The surface at BVE 00-18 consists of highly
ventifacted and quartzified sandstone clasts that form a desert pavement. This is similar
to the surface in other parts of Cirque E. In addition to the sandstone clasts, rounded
dolerite boulders and pitted and ventifacted dolerite clasts compose 10% of the surface.
Dolerite is rare in Cirque E except in the vicinity of the Circe till exposure. Surface clasts
extend to 5 cm depth. A layer of salt-cemented, silty sand and dolerite gravel forms a
resistant layer from 5 - 15 cm depth. The salt encrustations are thick on the underside of
non-surface weathered, blocky sandstone and dolerite clasts. From 15-100 cm depth the
excavation reveals a massive gray, silty diarnicton with sparse sandstone and dolerite
clasts. Six clasts > 16 rnm were retained per sieve pan. The lithology of the 38 clasts
collected is 60% sandstone, 30% dolerite, and 10% siltstone. The clasts are not surfaceweathered. The mean sphericity of the clasts is 0.071 and the Zingg shape is oblate. Two
dolerite boulders greater than 30cm2were excavated. The matrix is a gravelly (8%),
muddy (12%) sand (80%). Medium-grained, white quartz grains are coated with a very

fine-grained gray silt. One to ten millimeter grains of black coal are present among the
quartz grains. The gray silt is likely derived from pulverized coal of a local source during
temperate glacial conditions. The gray till is associated with the dolerite surface boulders
and the corrugated topography. This gray till is interpreted as Circe till. Ice cement was
encountered at 100 cm.

BVE 00-32

77.51144"s

160.75286"E

Excavation BVE 00-32 is located near the center of the Cirque C valley floor.
The 150 cm pit was dug through Alpine moraine 2. Alpine moraine 2 is comprised of a
clast-supported diarnicton that contains large dolerite boulders with a sand and gravel
matrix. The largest boulder is 2 m2 and the average boulder size is 50 cm2. One-hundred
percent of the 75 analyzed clasts are dolerite. Forty-five percent of the sampled clasts are
desert varnished. Five percent of the clasts have salt encrustations. The mean sphericity
of the clasts is 0.039 and the Zingg shape is oblate. The sediment of Alpine moraine 2 is
a sandy (40%) gravel (58%). The gravel is angular dolerite gruss, likely derived from in
situ weathering of the dolerite boulders. The sand is very fine to medium-grained, white
to brown, quartz grains. The high percentage of quartz sand in the matrix, among the
dolerite boulders, indicates that the sand is probably eolian. Wind-blown sands derived
from deflated sandstone bedrock and talus gets trapped behind the high moraine.

Stratigraphically beneath the moraine is a highly oxydized quartz sand. This layer was
ice-cemented and excavation was not possible.

BVE 00-38 77.50945"S, 160.93881°E
Excavation BVE 00-38 is located on the floor of Cirque E at the locality where
Moraine 1 crosses the crest of Corrugation 4 (Table 3). Inside (upvalley) of Moraine 1,
sandstone boulders of the Alpine till cover the surface. Outside (downvalley) of the drift
limit, the mouth of Cirque E is free of sediment except for small clasts draped on the
crests of bedrock corrugations. Corrugation 4 is 45.3 m long and trends perpendicular
(north-south) to Moraine 1. Approximately 10% of the corrugation is beneath the Alpine
drift. The corrugation is 10.1 m wide at BVE 00-38. Here the dip of the west slope is 10
"and the dip of the east slope is 12 ".
The sandy diarnicton that makes up Alpine moraine 1 is labeled 38 A. The
moraine is 80 cm thick at the crest of the corrugation. The clasts are 95% sandstone and
5% dolerite. A small percent of the sandstone clasts shows moderate quartzification.
The diamicton is clast-supported and contains an abundance of pebble-sized clasts near
the surface. The mean sphericity of the clasts is 0.059 and the Zingg shape is oblate. The
sediment is a gravelly (lo%), quartz sand (86%) with a low mud component (4%). The
matrix of 38 A consists of 70% fine-grained, subangular, brown, quartz sand, 25%
medium-grained, well-rounded, quartz sand, and 5% unsorted, mafic sand.
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The excavation reveals a sharp contact at 80 cm depth between the sandy moraine
of 38 A and a red-brown, highly quartzified and ventifacted desert pavement labeled 38
B. The pavement of 38 B is 10-20 cm thick. The clasts are gravel to cobble-sized and
have a preferred horizontal orientation. The glacial ice that deposited Moraine 1 (38 A)
did not disturb the underlying pavement (38 B). All clasts larger than gravel size are
encrusted with salt. The presence of salt on clasts extends down to the bedrock regolith.
BVE 38 B consists of quartz sand (94%) with small components of gravel (3%) and mud
(3%). The high concentration of quartz sand agrees with the model of desert pavement
formation of inflation by wind-blown sand. Bedrock regolith is directly beneath 38 B.
The regolith was excavated to 112 cm. The regolith contains upturned beddlng and
contraction cracks.
A 1 to 10 rnm-thick layer of black volcanic ash rests on the ancient desert
pavement. Also, a 5 rnrn wide vertical stringer of volcanic ash coats the side of a cobble
in 38 A. The ash likely postdates deposition of the moraine. The fine-grained ash may
have infiltrated through the moraine sand and accumulated on the less permeable desert
pavement. The vertical stringer of ash in 38A was detained on a cobble and dld not
infiltrate to the desert pavement.

BVE 00-42

77.5 1140"s

160.83465"E

Excavation BVE 00-42 is located in Cirque D, 20 m north of a steep slope that
separates the upper part of Cirque D from the valley bench below. BVE 00-42 was
excavated between Alpine moraines 1 and 2,40 m east of BVE 00-45. At this location,
Alpine moraines 1 and 2 are in the right lateral position and trend north-south. Alpine till
1 consists of scattered sandstone boulders. The till is not thick enough to completely
cover the underlying surface. The surface at BVE 00-42 (under the Alpine till) is similar
to the surface at BVE 00-45, which is outside of the moraine. Ventifacted and pitted
dolerite (90% of total clasts) and ventifacted sandstone (10% of total clasts) form the
surface along with a few lightly surface-weathered boulders from Alpine till 1. Highly
surface-weathered clasts extend from the surface to 5 cm depth. From 5-50 cm depth, the
excavation reveals a clast-rich diamicton with an orange sand matrix. Fifty-seven of the
fifty-eight sampled clasts are dolerite. The clasts are angular and surface-weathered.
Eighty-six percent of the clasts are desert varnished and 100% are encrusted with salt.
The mean sphericity is 0.025 and the Zingg shape is oblate. The matrix is a sandy (65%)
gravel (30%). Despite the low mud content (<5%), the matrix deformed like a clay-rich
sand (when hand-squeezed) due to the high salt content. The sand is rust-orange in color
and very fine to medium-grained. The sediment is interpreted to be Electra colluvium.
Alpine 1 till rests directly on the colluvium at BVE 00-42. Electra colluvium can be

traced along the surface (and by subsurface scratch pits) to BVE 00-45 where the
colluvium overlies Circe till.

BVE 00-45

77.51129" S, 160.82938"E

Excavation BVE 00-45 is located on the valley floor of Cirque D, 30 m outside
(west) of Moraine 1 and the outer limit of the Alpine drift. The excavation is 20 m north
of a steep (35") slope that descends to a prominent corrugated bench above Wright
Valley. The top edge of the slope is sharp, suggesting that the bedrock and overlying
sediment were cut. The surface of the steep slope is sandstone bedrock with a patchy
covering of dolerite gravel and boulders that likely fell from above. The level surface
above the sharp drop contains large, rounded, dolerite, boulders distinctive of Circe till.
Circe till is exposed at the lip of the steep slope in a 30 m by 40 m depression. BVE 0045 was excavated into the eastern slope of this depression. The flat surface surrounding
the depression contains 90% pitted, ventifacted, desert varnished, and angular dolerite
clasts along with 10% quartzified sandstone clasts. The surface clasts range from gravel
to large cobble-size. Clasts are flat-lying and boulders are planed off at the surface. The
surface is interpreted to be Electra colluvium. The stratigraphically lower Circe till is
exposed on the surface in a depression 3 m west of BVE 00-45. There is a distinct plan
view contact between the angular clasts of the Electra colluvium and the large, rounded
boulders of the Circe till.

Excavation BVE 00-45 exposed a highly oxidized diarnicton containing desert
varnished dolerite (93%) and sandstone (7%) clasts to 60 cm depth. The sediment from
0-60 cm depth is labeled BVE 00-45 A. Oxydation is uniform throughout 45 A. Saltencrustation is present on 98% of the clasts. Glacial molding or striations are not present.
The mean sphericity is 0.068 and the Zingg shape is oblate. The sediment is gravelly
(lo%), muddy (lo%), fine sand (80%). The matrix is orange, oxydized quartz sand and
dolerite gruss. Highly weathered clasts from 0 to 60 cm depth, ubiquitous salt
encrustation, and oxydized sand at depth indicate that BVE 00-45 A is a colluvium
formed during semi-arid, polar desert conditions conditions.
At 60 cm depth, the excavation reveals a sharp contact between the Electra
colluvium and an unconsolidated silty diamicton, labeled BVE 00-45 B. BVE 00-45 B is
30 cm thick and rests on sandstone bedrock. Only 5 clasts > 16 m m were retained per
sieve pan. Five of the six clasts collected are dolerite. The remaining clast is sandstone.
The dolerite is not surface weathered and salt-encrustation is present on only 1 clast. The
mean sphericity of the 6 clasts is 0.136 and the Zingg shape is oblate. Although rounded
in shape, definite glacial molding, polish, or striations were not observed on the clasts.
The sediment is a yellow, silty (14%) sand (85%) with a very low gravel component
(1%). Due to the high silt content, the dearth of clasts, and the adjacent, large, rounded,
surface boulders, BVE 00-45 B is interpreted as Circe till despite the lack of glacial
texture on the clasts.

BVE 00-84

77.508%" S, 160.733M0E

Excavation BVE 00-84 was dug through Alpine moraine 1 in the western section
of Cirque C. Alpine moraine 1 is 50 cm thick and the surface morphology is subdued.
The dolerite boulders that comprise the moraine are exfoliating and boulders of the
concordant till are planed off at the surface. The clasts collected from Alpine moraine 1,
labeled BVE 00-84 A, are 100% dolerite. Half of the clasts contain light desert varnish
and none are ventifacted. The lack of strong surface weathering characteristics results
from the low integrity of the rock. As the rock exfoliates, new surfaces become exposed.
Twenty-two percent of the clasts sampled are heavily weathered (incompetent). Ninetytwo percent of the clasts have salt encrustations. The matrix is a gravelly (22%), sand
(77%) with a very low mud component (1%). The high gravel fraction is comprised of
fresh to lightly surface-weathered dolerite grus. The sand is very fine to fine-grained,
brown, angular quartz, along with medium-grained, white, round quartz. The subdued
morphology and highly weathered clasts suggest that Alpine moraine 1 is significantly
older than moraine 2 and moraine 3 in Cirque C. Upvalley of Alpine moraine 2 and 3 are
large, relatively fresh dolerite boulders that form a blanket of till at least 1 m thick.
Stratigraphically beneath Moraine 1, at 50 cm depth, is a highly quartzified desert
pavement labeled BVE 00-84 B. The clasts form an interlocking mosaic that was not
dsturbed by the ice that deposited Alpine moraine 1. The 41 sampled clasts of Alpine
moraine 1 are 100% dolerite; the 31 sampled clasts of the pavement are 100% sandstone.
73

The contact is sharp. Most of the pavement clasts show high degrees of weathering,
including broken faces and the remove1 of quartzification rinds. The weathering suggests
a significant period of burial after the surface features had formed. Quartz sand and
sandstone gravel are beneath the surface pavement. Bedrock was reached at 80 cm.

BVE 00-87 77.50974 "S, 160.95931°E
Excavation BVE 00-87 is located on a large corrugation in the mouth of Cirque E.
The corrugation is 246 m in length along the crest and trends perpendicular to Moraine 1.
The majority of the corrugation is beyond the farthest extent of the Alpine dnft, but
moraine 1 crosses over the northern end of the corrugation. Excavation BVE 00-87 is
located 155 m south of Moraine 1. At this locality the corrugation is 32 m wide, the west
slope dip is 12" and the east slope dip is 2". The pit was excavated at the base of the west
slope.
The corrugation rises 1 m above the surrounding bedrock regolith. On the west
slope, the surface clasts are 80% dolerite and 20% sandstone. The east side surface clasts
are 50% dolerite and 50% sandstone. The dolerite clasts are subangular in shape and
covered with desert varnish. Most of the sandstone clasts are heavily quartzified and
ventifacted. Some of the sandstone gravel is less surface weathered than the other clasts,
and is similar in appearance to the sandstone regolith in the adjacent trough. The small,
relatively fresh sandstone gravel and pebble sized sediment are restricted to the west

slope. It is possible that they are transported by wind and trapped on the west slope. The
excavation exposed surface weathered clasts in a white, quartz sand matrix from 0-15 cm
depth. There is a 2 cm layer of dolerite gravel and salt pan at 15 cm depth. From 17 cm
to 50 cm depth, the excavation revealed an unsorted, silty diamicton containing dolerite
(56%) and sandstone (44%) clasts. Sample BVE 00-87 was collected from this unit.
Some of the dolerite clasts are rounded (possibly glacially molded) and do not show
characteristics of surface exposure. In the same unit, other clasts are surface weathered
k
sphericity is 0.085 and the Zingg shape is oblate. The
and lightly ventifacted. ~ h mean
matrix is a gravelly (24%), muddy (10%) sand (66%). The high mud content, yellow
color, and possibly molded clasts are indicative of Circe till. I interpret the sediment on
top of the corrugation to be reworked Circe till mixed with surface clasts.

Appendix B: Grain size analvsis
Table B 1. Grain size results for sediment samples
Sam le

% Mud

BVS 00-04 A
BVS 00-04 B
BVS 00-18

80

BVS 00-29
BVS 00-30
BVS 00-3 1
BVS 00-32
BVS 00-35
BVS 00-38 A
BVS 00-41 A
BVS 00-42
BVS 00-43
BVS 00-45 A
BVS 00-45 B
BVS 00-57 B
BVS 00-81
BVS 00-84
BVS 00-92
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ALE 00-52 A
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5
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58

2
2

7

92

1

10
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4
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8
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82

!

9

12
3
I

ALE 00-52 D
ALE 00-52 E
ALE 00-57
ALE 00-66
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DMS 00-01 B

6

21
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96
71
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86
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3
9
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1

I

Table B2. Grain size data for each sedimentary unit
Circe till
Sample
BVS 00-18
BVS 00-45 B
BVS 00-102 H
ALE 00-52 C
ALE 00-52 D
DMS 00-01 B
Mean

% Gravel

% Sand

% Mud

8
1

80
85

12
14

0
5

86
81

14
15

Reworked Circe till

I

Sample

I

Mean
Electra colluvium
Sample
BVS 00-31

% Gravel

I

% Sand

I

% Mud

30

62

33

59

8

% Gravel

% Sand

% Mud

27

71

2

10
80
10
BVS 00-45 A -

BVS 00-63
~DMS00-01 A
Mean

I

28

67

20

71

23

71

6

5

I

9

A1 ine moraine, Sandstone

Sam le
BVS 00-04 A
BVS 00-25

% Gravel

% Sand

% Mud

BVS 00-38 A
BVS 00-41 A
BVS 00-43
ALE 00-52 A
BVS 00-84
Mean

10

86

4

9

89

2

8
16

90
82

2
3

22

77

1

10

88

2

I

Table B2 continued
Alpine Moraine, Dolerite
Sample
% Gravel
BVS 00-32
40
Desert
Pavement
Sample
BVS 00-38 B
BVS 00-04 B
Mean

% Sand

% Mud

58

2

% Gravel

% sand

% Mud

3

94
92
93

3

3
3

5
4

-

Appendix C: Clast shape and surface texture data
Table C1. Clast shape analysis
Sample
Number

Clastsl Number
Tray Analyzed

Long
Axis

BVE 00-04 B

10

46

43

BVE 00-18

29

41

34

BVE 00-3 1

32

42

BVE 00-32

84

BVE 00-35

Inter Short I/L
S/l
Axis Axis Ratio Ratio

Zingg
Shape

Mean
Sphericity

31

21

0.72

0.68

Equant

0.095

25

14

0.76

0.56

Oblate

0.071

39

28

15

0.72

0.50

Oblate

0.115

75

36

25

13

0.69

0.52

Oblate

0.039

27

40

39

31

20

0.79

0.65

Oblate

0.122

BVE 00-38 A

18

52

36

29

20

0.81

0.69

Equant

0.139

BVE00-38 B

28

43

47

34

21

0.72

0.62

Oblate

0.059

BVE 00-41

6

37

37

28

14

0.76

0.50

Oblate

0.069

BVE 00-42

58

58

39

27

13

0.69

0.48

Oblate

0.025

BVE 00-45 A

32

40

40

28

14

0.70

0.50

Oblate

0.068

BVE 00-45 B

5

6

38

30

19

0.79

0.63

Oblate

0.136

BVE00-56A

27

33

36

28

16

0.78

0.57

Oblate

0.084

BVE 00-56 B

4

14

42

31

21

0.74

0.68

Equant

0.076

BVE00-57 A

30

39

32

24

15

0.75

0.63

Oblate

0.08 1

BVE 00-57 B

3

12

40

32

23

0.80

0.72

Equant

0.1 11

BVE 00-63

51

41

33

25

12

0.76

0.48

Oblate

0.038

BVE00-84A

44

41

40

27

16

0.68

0.59

Oblate

0.052

BVE 00-84 B

?

31

43

33

22

0.77

0.67

Equant

0.095

BVE 00-102 E

2

10

40

28

18

0.70

0.64

Oblate

0.033

BVE00-102G

2

39

41

30

19

0.73

0.63

Oblate

0.033

BVE00-102 H

0

19

50

35

19

0.70

0.54

Oblate

0.024

ALE 00-52 A

90

34

35

28

18

0.80

0.64

Oblate

0.118

ALE 00-52 C

4

14

36

29

19

0.81

0.66

Oblate

0.247

0.77

Equant

0.128

'

ALE 00-52 D

3

22

34

26

20

0.76

ALE 00-52 E

12

7

29

23

17

0.79

0.74

Equant

0.155

ALE 00-57 A

?

9

56

41

24

0.73

0.59

Oblate

0.052

Table C2. Form, shape, and surface texture.
Lith = clast lithology; A, B, and C = axis length in mm; Sphere = mean sphericity; Wth = weathering;
Qtz = quartzification;D Vr = desert varnish; Vn = ventifacted or wind eroded;
Pit = pitted; Enc = encrusted with salt; G M = glacial molding; GS = glacial striation;
Qualitative scale: 1 = moderate, 2 = advanced
Lithology key: SS = sandstone; QP = quartz pebble conglomerate; SLT = siltstone;
FD = fine-grained dolerite; CD = coarse-grained, dark colored dolerite;
CL = coarse-grained, light colored dolerite
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BVE 00-32
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73
74
75

FD
CD
CD

11

17

26 Bladed

0.021

7

25
25

Oblate
Prolate

0.002

18

37
49

O.@7

1

1
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BVS 00-38 A
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BVE 00-38 B
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BVE 00-45 A
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BVE 00-45 B
5lpan Lith A
CL 33
1
2
CL 22

Shape
Oblate
53
31 42 Eauant
B

C
61

Sphere Wth Qtz D Vr Vn

Enc GM GS
1

0.104
0.058

Pit

1

1

Table C2 continued

BVE 00-56 B
4lpan Lith
1
CD

A

B

36

68 82

C

Shape
Oblate

Sphere Wth Qtz D Vr Vn
1
0.048

Pit

Enc GM GS
1
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BVE 00-63
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9

20

22

41

CD
CD

11

22

28

42

SS

7

21

26

40

Oblate
Oblate
Oblate

0.051

1

0.029

0

0.010

1

1

Table C2 continued

BVE 00-99 A

Table C2 continued

BVE 00-99 B
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BVE 00-102 B
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BVE 00-102H
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33
34

SS
SS

ALE 00-52 C

16

17

22 Equant

26

27

36

Equant

0.177
0.159

1
1
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ALE 00-52 E

DME 00-0 1 B

1

4

1 CL 1

12

1

29 152 1 Bladed

1

0.002

1

1

I

I

I

I

I

I

I
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