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ABSTRACT

We document the age and extent of late Qua-
ternary glaciofluvial processes in Garwood
Valley, McMurdo Dry Valleys, Antarctica,
using mapping, stratigraphy, geochronology,
and geochemical analysis of sedimentary and
ice deposits. Geomorphic and stratigraphic
evidence indicates damming of the valley at
its Ross Sea outlet by the expanded Ross Sea
ice sheet during the Last Glacial Maximum.
Damming resulted in development of a pro-
glacial lake in Garwood Valley that persisted
from late Pleistocene to mid-Holocene time,
and in the formation of a multilevel delta
complex that overlies intact, supraglacial till
and buried glacier ice detached from the Ross
Sea ice sheet. Radiocarbon dating of delta
deposits and inferred relationships between
paleolake level and Ross Sea ice sheet ground-
ing line positions indicate that the Ross Sea
ice sheet advanced north of Garwood Valley
at ca. 21.5 ka and retreated south of the valley
between 7.3 and 5.5 ka. Buried ice remaining
in Garwood Valley has a similar geochemical
fingerprint to grounded Ross Sea ice sheet
material elsewhere in the southern Dry Val-
leys. The sedimentary sequence in Garwood
Valley preserves evidence of glaciofluvial
interactions and climate-driven hydrologi-
cal activity from the end of the Pleistocene
through the mid-Holocene, making it an un-
usually complete record of climate activity
and paleoenvironmental conditions from the
terrestrial Antarctic.

INTRODUCTION

The McMurdo Dry Valleys of Antarctica pre-
serve an ~14-m.y.-old record of the complex
interactions between glaciations and the land
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surface (Sugden et al., 1993). Determining the
dynamics of ice-sheet advance and retreat in
Antarctica during the Pleistocene-Holocene
transition has become a topic of interest because
of its potential for informing predictions of
ice-sheet response to future episodes of warm-
ing (Conway et al., 1999). The McMurdo Dry
Valleys are an ideal environment in which
to date the record of Last Glacial Maximum
(LGM) ice-sheet processes because, while
they are currently ice-sheet free, the McMurdo
Dry Valleys preserve glacial drift and till units
from multiple glacial periods and from mul-
tiple ice-sheet sources (including both East and
West Antarctic Ice Sheets) (Brook et al., 1995;
Denton et al., 1989; Hall and Denton, 2000;
Stuiver et al., 1981).

In order for glacial till and/or stranded glacier
ice to be deposited within the McMurdo Dry
Valleys, the Ross Ice Shelf (Fig. 1), fed by the
East and West Antarctic Ice Sheets, must have
been thicker during glacial periods. In particu-
lar, the ice sheet needs to have been grounded
(here, referred to as the Ross Sea ice sheet when
in a grounded state) with sufficient thickness to
drive ice flow upslope into the McMurdo Dry
Valleys (Stuiver et al., 1981).

Direct dating of glacial tills can be chal-
lenging in the absence of exogenous markers
like volcanic ash (e.g., Marchant et al., 2002).
Consequently, research in the Ross Sea region
and Transantarctic Mountains has focused
primarily on dating the lacustrine effects of
ice sheets—the formation of lakes and their
deposits during times when valley mouths were
blocked by the expanded Ross Sea ice sheet
(e.g., Clayton-Greene et al., 1988; Conway
et al., 1999; Dagel, 1985; Denton et al., 1989;
Hall and Denton, 2000; Hall et al., 2000a, 2002;
Hendy et al., 1979; Péwé, 1960; Prentice et al.,
2008; Stuiver et al., 1981)—and the isostatic
responses—marine shell deposits uplifted by
isostatic rebound postglaciation (Hall et al.,
2000a). This first dating strategy largely relies
on dating algal mats and lacustrine carbonates

from fluvial deltas perched on valley walls. The
lake levels required to have formed these deltas
are higher than the overflow heights for mod-
ern McMurdo Dry Valleys closed basin lakes
(Doran et al., 1994). Accordingly, for the ele-
vated deltas and shorelines to have formed, the
grounding line for the Ross Sea ice sheet must
have been north of the McMurdo Dry Valleys,
allowing the ice sheet to plug the lower ends of
the valleys, resulting in the formation of glacier-
dammed lakes. For the lakes to have drained, the
grounding line must have retreated south of the
McMurdo Dry Valleys, allowing local base level
to return to sea level (Stuiver et al., 1981).

This glacial dam model has motivated exten-
sive mapping and dating of shorelines and paleo-
lake delta deposits in the McMurdo Dry Valleys
in order to decipher the late Quaternary history
of the Ross Sea ice sheet. Pleistocene and Holo-
cene paleolakes have been mapped using this
method in the northern McMurdo Dry Valleys:
Taylor Valley (Hall and Denton, 2000; Hall et al.,
2000a; Hendy et al., 1979; Higgins et al., 2000),
Wright Valley (Hall and Denton, 2005), Vic-
toria Valley (Hall et al., 2002); and in the south-
ern McMurdo Dry Valleys abutting the Royal
Society range: Marshall Valley (Dagel, 1985)
and Miers Valley (Clayton-Greene et al., 1988).
Notably, Garwood Valley (Figs. 1 and 2), located
north of Marshall and Miers Valleys, has not
been mapped in detail, although deltaic deposits
were observed by Péwé (1960), who named the
paleolake inferred to have produced the depos-
its “Glacial Lake Howard.” Interestingly, Hendy
(2000) reported that no evidence had yet been
identified supporting the existence of an LGM-
age paleolake dammed by the Ross Sea ice sheet
in Garwood Valley, suggesting that delta deposits
identified by Péwé (1960) in Garwood Valley are
likely of Holocene, rather than late Pleistocene,
age (Hendy, 2000; Stuiver et al., 1981).

Here, we report on the stratigraphy of recently
exposed glaciofluvial deposits on the floor of
Garwood Valley, Antarctica (Figs. 2 and 3). We
show that the Garwood Valley paleolake and
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Figure 1. Context map showing the location of Garwood Valley (GV) in the McMurdo Dry
Valleys, Antarctica. Base map is LIMA Landsat image mosaic (Bindschadler et al., 2008).
TV—Taylor Valley, VV—Victoria Valley, WV—Wright Valley, MV—Miers Valley, EAIS—
East Antarctic Ice Sheet, WAIS—West Antarctic Ice Sheet, TAM—Trans-Antarctic Moun-
tains, RSR—Royal Society Range, SV—Salmon Valley, MaV—Marshall Valley, BP—Brown
Peninsula, RIS—Ross Ice Shelf, and KG—Koettlitz Glacier. Inset map shows the location of
the McMurdo Dry Valleys (box).

delta deposits are unusual in the McMurdo Dry
Valleys in that they span the complete sequence
from ice damming of Garwood Valley, through
paleolake growth and decay, to modern-climate
modification processes in a single outcrop. They
preserve ice and sediments that can be geo-
chemically correlated with Ross Sea ice sheet
material and proglacial lake sediments collected
from neighboring valleys. From stratigraphic
interpretation and dating of these deposits, we
infer the glaciofluvial processes and the climate
conditions in the McMurdo Dry Valleys dur-
ing the transition out of the LGM. In particular,
we test the working hypothesis that, during the
LGM, a tongue of the grounded Ross Sea ice
sheet entered Garwood Valley, producing a gla-
cier-dammed lake that drained or dried out sev-
eral times, and that ultimately, the grounded ice
in the valley became decoupled from the Ross
Sea ice sheet and ablated in place, becoming
mantled with ablation till and eolian sediments.

Geological Society of America Bulletin, September/October 2013

GEOLOGICAL CONTEXT

Garwood Valley (78.026°S, 164.144°E) is a
coastal Dry Valley located between the Royal
Society Range and the Ross Sea, west of the
Brown Peninsula (Figs. 1 and 2). The valley
extends ~13 km from its head in the Shangri-
La region adjacent to the Joyce Glacier east
to its mouth at the shore of the Ross Sea. At
its widest, Garwood Valley is ~3.5 km across
and has a steep-walled, U-shaped cross sec-
tion. Surface elevations on the valley floor
range between sea level and ~400 m, while
the valley is bounded by ridges that approach
elevations of ~1000 m, separating it from Mar-
shall Valley (to the south) and Salmon Valley
(to the north). The Garwood Glacier is located
~8 km inland from the coast, at an elevation
of ~200 m, and it divides the valley into upper
and lower sections. Here, we report on glacio-
fluvial features in the lower portion of the

valley between the modern Garwood Glacier
and the Ross Sea.

Regionally, the bedrock underlying the
southern McMurdo Dry Valleys (Salmon, Gar-
wood, Marshall, Miers) is composed of Skelton
Group metasediments and igneous intrusives
of Precambrian to Cambrian age (Dagel,
1985). The Royal Society Range that forms
the head of Garwood Valley is composed of
Devonian to Triassic Beacon Supergroup sand-
stones, intruded by sills of the Ferrar Dolerite
(Dagel, 1985).

Glaciologically, Garwood Valley has been
affected both by local alpine glaciers, such as
the Garwood, Joyce, and nearby Koettlitz Gla-
ciers, as well as by the East/West Antarctic Ice
Sheet or Ross Sea ice sheet invading up the
valley from the Ross Sea. At least two distinct
widespread tills are present above 500 m in the
lower valley, dated by cosmogenic methods to
272 =7 ka and 104 + 3 ka (Brook et al., 1995).
These old till ages are interpreted to reflect
inheritance of cosmogenic nuclides from till
parent rocks, or to represent tills emplaced by
grounded ice during the preceding glacial peri-
ods (Brook et al., 1995). Initial observations by
Péwé (1960) of the glaciofluvial deposits along
the valley floor (those analyzed here) led him
to infer glaciation of Garwood Valley by an
expanded lobe of the nearby Koettlitz Glacier
at ca. 6 ka.

Regionally, the presence of porphyritic
anorthoclase phonolite (“kenyte”) in the widely
distributed (and commonly ice-cored) Ross 1
drift unit, which fringes the coastal margin of
the McMurdo Dry Valleys from Taylor south to
Miers (Stuiver et al., 1981), has led to a broad
consensus that the source of this glacial deposit
was Ross Sea ice sheet material that trans-
ported Ross Archipelago volcanics (typified
by “kenyte” from Ross Island) to the south and
west. On the basis of radiocarbon-dated algal
mats, lake carbonates, and marine mollusks
associated with glaciofluvial features related to
this ice advance, the Ross Sea ice sheet grounded
in the McMurdo Dry Valleys ca. 28,860 '“C yr
B.P. (Denton et al., 1989; Denton and Marchant,
2000; Hall and Denton, 2000; Stuiver et al.,
1981), or slightly later (ca. 18-22 ka; Joy et al.,
2011) as the ice sheet advanced. The grounding
line for the Ross Sea ice sheet is thought to have
returned south of the McMurdo Dry Valleys by
6500 “C yr B.P. (Conway et al., 1999; Denton
et al., 1989; Hall and Denton, 2000; Stuiver et al.,
1981). The recession date is inferred, in part,
from dating of two algal mat samples collected
within the glacial till deposit at the mouth of
Garwood Valley (see next section) dated to 6190
+ 80 and 6580 + 50 *C yr B.P. (Stuiver et al.,
1981). In subsequent sections, we integrate our
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Figure 2. Context map showing Garwood Valley surface units and figure locations. Inset shows the Ross Sea region, the southern McMurdo
Dry Valleys (arrow), and the location of Garwood Valley (red dot). GG—Garwood Glacier. Base map is light detection and ranging (LiDAR)
topography slopeshade. LiDAR data serve as the basis for the plotted contours.

stratigraphic analysis and inferred glaciofluvial
processes with this regional model of glacial
activity during the Pleistocene and Holocene.

GARWOOD VALLEY SURFACE
FEATURES

Garwood Valley contains numerous surface
units similar to those mapped in Miers and
Marshall Valleys (Clayton-Greene et al., 1988;
Dagel, 1985); unique features include their size,
spatial distribution, exposure, and stratigraphic
continuity. Field mapping, light detection and
ranging (LiDAR) topography (Schenk et al.,
2004), and lkonos satellite image data form
the basis for a new surficial geologic mapping
of Quaternary glaciofluvial units within lower
Garwood Valley (Figs. 2 and 3).

This mapping shows that the lower end of Gar-
wood Valley is dominated by the down-valley till
unit, typically mapped as the Ross I drift (Stuiver
et al., 1981) or the M3 drift unit (Richter, 2011).
The surface of the till is composed of an angular
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Figure 3. Topographic transects in Garwood Valley. Light line shows the main trunk of
Garwood River. Dark line shows valley surface profile (dotted line in Fig. 2). Inset shows
a higher-resolution view of the delta complex, with locations of mapped stratigraphic
section and elevations of exposed ice. The dashed line interpolates the ice-sediment con-
tact between outcrops. Topography was extracted from 4 m/pixel light detection and
ranging (LiDAR) data (Schenk et al., 2004).
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pebble-cobble-boulder desert pavement overly-
ing unsorted silt and sand with sporadic larger
clasts. Desert pavement cobbles are predomi-
nantly dark volcanics (dolerite and/or fine-
grained phonolite) and orange metasediments,
with sparse granite and sandstone boulders.
Porphyritic anorthoclase phonolite (‘“kenyte”)
is common in the down-valley till. Hyaloclas-
tite breccias containing phonolitic glass are
also present in the down-valley till. The lithic
assemblage in the till is interpreted to indicate
a dual source for till clasts that combines Ross
Sea volcanic complex mafic rocks with granites,
sediments, and metasediments derived from the
Transantarctic Mountains south of Garwood
Valley (Stuiver et al., 1981).

The down-valley till is universally underlain
by massive glacier ice with a smooth, planar
contact between the ice and the overlying sedi-
ments, suggesting that it is a supraglacial abla-
tion till, rather than a subglacial till that has been
exhumed. As noted by Pollard et al. (2002), the
till is typically ~10-20 cm thick, although, in
places, it thickens up to 1-2 m; however, all soil
excavations conducted by the authors on the
down-valley till between 2009 and 2012 have
exposed buried ice beneath till. The down-valley
till is extensively modified by thermokarst
ponds (referred to as kettles by Pollard et al.,
2002), resulting from melting of the underly-
ing ice and evaporation of the meltwater. As a
consequence of containing a massive ice core,
the down-valley till unit has steep flanks and a
generally convex-up surface profile (Fig. 3).

The up-valley till unit covers the valley floor
between the down-valley till and the Garwood
Glacier. The up-valley till shares many attributes
with the down-valley till. The desert pavement
at the top of the till is composed primarily of
angular pebbles and cobbles, with boulders
present less commonly than in the down-valley
till. The underlying sand-silt matrix is much the
same; however, it is generally slightly more oxi-
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dized than the down-valley till. While all rock
types present in the down-valley till are present
in the up-valley till, “kenyte” is less common
in the up-valley till, and it is not present in the
northwesternmost third of the unit (the furthest
up-valley). Where porphyritic anorthoclase
phonolite (“kenyte™) is present in the up-valley
till, it is typically fragmented. Hyaloclastite is
extremely rare in the up-valley till, and, where
present, it is strongly weathered. Although only
locally exposed by Garwood River erosion and
shallow soil excavations, the up-valley till is
also underlain by massive ice, suggesting that
it, too, is a supraglacial till. Thermokarst ponds
are not present in the up-valley till, and it has
a relatively uniform, down-valley surface slope
(Fig. 3). Contacts between the valley walls, the
up-valley till, and adjacent surface units are gen-
erally topographically smooth. The presence of
two tills in Garwood Valley is consistent with
observations in the McMurdo Dry Valleys of
two or more till units associated with the Ross
I drift (Denton and Marchant, 2000).

After the till units, the most notable surface
feature in Garwood Valley is the large delta relict
complex located in the center of the valley (Figs.
2 and 4). The three stepped deltas that form the
complex are ~650 m in total length and ~280 m
at their widest. The surfaces of the deltas step
lower in the down-valley direction, from 45 m
above sea level (a.s.l.) (upper delta), to 35 m
a.s.l. (middle delta), to 20 m a.s.l. (lower delta).
A small, isolated packet of till (interpreted as
up-valley till) outcrops at the surface between
the middle delta and the lower delta.

The deltas have a complex stratigraphy (see
next section), but they are overwhelmingly
composed of bedded, coarse, quartzofeldspathic
sand. The surfaces of the deltas are topped with
a desert pavement composed of rounded and
subrounded pebbles that are predominantly rep-
resentative of local metasediments, suggesting
a source of deltaic sediments from within Gar-

eltal

g

Figure 4. Ground view of the Garwood Valley delta complex. The deltas have a sharp, but
topographically smooth contact with the up-valley till and are embayed by modern alluvial
and fluvial sediments. The delta complex is ~650 m in total length and ~280 m at its widest.
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wood Valley. Modern sand-wedge polygons dis-
sect the upper several meters of the deltas. The
delta complex is bounded by modern alluvium,
which embays it on three sides and is in con-
tact with the up-valley till to the northwest. The
contact of the delta deposits with the up-valley
till is sharp and is defined by a change in slope,
lithology, grain size, and grain shape.

The Garwood River, which is fed by run-
off from the Garwood and Joyce Glaciers,
cuts through these units as it flows to the Ross
Sea. Where the river cuts the up-valley till, the
channel is tens of meters wide, >4 m deep, and
steeply V-shaped. Observations of exposed ice
in the channel walls (see “Other Ice-Sediment
Relationships” section) and of river passage
through undercut banks and/or tunnels through
the up-valley till indicate that this portion of the
river is affected by fluvial thermokarst forma-
tion in which relatively warm Garwood River
water melts buried ice and undercuts the up-
valley till, leading to surface subsidence.

Finally, in the vicinity of the relict deltas, the
modern Garwood River and discharge from sev-
eral snow-fed gullies on the valley walls form a
surface unit of modern alluvium. Recent depo-
sition is chiefly in broad flats adjacent to and
downstream of the delta complex. Modern allu-
vium is predominantly quartzofeldspathic sands
with millimeter-scale horizontal bedding; how-
ever, finer particles, including silts and clays, are
deposited by some distributary streams.

GARWOOD VALLEY DELTA COMPLEX
STRATIGRAPHY

The stratigraphy of the Garwood Valley delta
complex has been recently exposed by lateral
erosion of the Garwood River. Taking advantage
of these recent and short-lived exposures (they
are rapidly being covered by colluvial and eolian
deposits), we documented the stratigraphy of
each of the three deltas during the austral sum-
mers of 2009-2012, with particular attention to
relationships between sedimentary units within
the delta complex, and between the sedimentary
units and underlying massive ice (Tables 1-3).

The upper delta is spatially extensive, but it
has sparse exposure, owing to its topographic
isolation from the Garwood River, which has
laterally eroded into the middle and lower deltas
(Fig. 4). As aresult, the flanks of the upper delta
are generally mantled in steep, dry talus. A
small outcrop of the upper delta was measured
on the northeastern edge of the unit, where it is
partially eroded by a small gully.

The base of the upper delta outcrop consists of
medium to coarse sand and pebbles interpreted
as fluviodeltaic sediments. Above the sands, a
dark silty layer grades into a light-toned silt-clay
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Interpretation

Desert pavement composed of winnowed
fluviodeltaic bed load and eolian fines
Interbedded suspended load silt and clay
with admixtures of darkaeolian silt, which
underwent subsequent ice-related deformation
Fluviodeltaic bed load associated with the
formation of upper delta topsets

Wind-emplaced silt

TABLE 1. STRATIGRAPHIC DETAILS FOR THE UPPER DELTA

Upper delta unit description

Sandy gravel with surface pebble lag. Maximum clast size is 3—4 cm. Diverse lithologies are present, including quartzofeldspathic granites that
the exposure, with an apparent dip of ~15° due east. The lower contact is sharp and planar, but it climbs at the east end, suggesting the former

presence of a topographic depression.
subtle subhorizontal bedding is present, defined by grain-size variations, including interbedding of pebbly and sandy layers. The gravel coarsens

upward toward the contact with the GO3 silt. The bottom contact is not exposed; however, based on observations of inaccessible outcrops on the
riverward side, the layer is likely several meters thick. The contact with the GO3 silt is muddy, with silt infiltrating 1-5 cm into the gravel.

in diameter are present throughout the silt. The lower contact is irregular and is marked by a change in grain size from dark silt to light clay-silt.
largest clasts in the cap are ~2 cm in diameter and consist of quartzofeldspathic metasediments and mafic volcanics. The gravel is generally

are subrounded and coarse mafic volcanic clasts that are angular to subangular. Some mafics contain vesicles. The unit is uncemented and is

variable in thickness from 1 to 5 cm, with a very irregular contact its base.

semicontinuous lenses of dark-gray silt. The bedding of both silt layers is locally disrupted. Some beds are traceable continuously across the

whole outcrop. The boundary between light and dark bands is irregular but generally traceable across the outcrop. Isolated pebbles up to 5 mm

and it is well-sorted. Chips of the upper (G04) silt are present. The thickness of the unit varies between 6 and 15 cm and is continuous across
Medium to coarse sand beneath a 2-cm-thick ice-cemented gravel cap composed of subangular to subrounded clasts of diverse lithologies. The

light gray and loose where dry (ice-free). Coarse stringers of gravel are present in some portions of this unit. The gravel is poorly sorted, and

Light-gray, clayey silt finely laminated at ~1 mm intervals. Thicker gray silt laminations are separated by silt partings. Unit is interbedded with thin
Poorly compacted, structureless dark-gray silt containing sparse, fine- to medium-grained sand. The sand is composed of mafic grains and micas,

Unit/thickness

G05
2cm
G04
44 cm
G03
12cm
G06
18cm
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unit along an irregular contact, interpreted to be
eolian silts (lower, dark-toned) and cryoturbated
fluvial and eolian silt-clay, respectively. Finally,
the upper delta is capped by a desert pavement
composed of winnowed fluviodeltaic bed load
and eolian fines. Based on the stratigraphic obser-
vations (Fig. 5; Table 1), we interpret the upper
delta outcrop to represent topset delta deposits
interbedded with eolian sediments, and overlying
fluvial gravels, crosscut by 1-2-cm-wide, modern
sand-wedge thermal contraction crack polygons.

The middle delta has the largest exposed sec-
tion of the three major Garwood deltas (Fig. 6;
Table 2). It was extensively undercut by the Gar-
wood River in 2009, resulting in the formation
of steep faces of ice-cemented sediment that per-
sisted through 2010. By the austral summer of
2011, avulsion of the Garwood River away from
the delta, coupled with sand-wedge-mediated
block failure, resulted in dry talus piles develop-
ing at the foot of the outcrop, limiting access.

The lowest unit in the middle delta is a crudely
bedded gravely sand containing relict sand
wedges that is interpreted as an intact supra-
glacial till. The till has a sharp, planar contact
with underlying massive ice. The till is capped
by finely laminated clay and silt, interpreted as
low-energy lacustrine sediments. Above this,
a sequence of coarse sands fines upward to a
finely bedded clay and silt unit, interpreted as
fluvial deposits transitioning back into lower-
energy lacustrine deposits. These upper lacus-
trine beds transition into a mixed sand and
pebble fluviolacustrine unit, which grades into a
complexly fractured and bedded gravelly sand-
silt unit that is interpreted as glacial till trans-
ported and emplaced by the “lake ice conveyor”
(see following discussion; Clayton-Greene and
Hendy, 1987; Hall et al., 2000b). Above the
lake-ice modified till, a final silt-clay lacustrine
bed grades conformably into several meters of
bedded sand and gravel that are interpreted as
deltaic foresets.

We interpret the overall stratigraphy of the
middle delta outcrop (Table 2) to indicate inun-
dation of a supraglacial till (G21 and G23) due
to damming of the Garwood River. Initial lake
formation was low energy, resulting in preserva-
tion of near-surface till features (e.g., fossil sand
wedges; Fig. 7), and deposition of lacustrine
unit G20. Lacustrine deposition alternated with
fluvial deposition as the lake grew, producing
the G19 sands, the G18 silts, and the G17 tran-
sitional sands.

The “lake ice conveyor” is a mechanism
whereby glacial drift is rafted on proglacial lake
ice cover toward the center and distal edges of the
ice-covered proglacial lake. The ice cover acts
as a filter and transports fines through the ice,
resulting in smoothly laminated, fine-grained,

reworked till overlying lacustrine sediments in
the McMurdo Dry Valleys (Clayton-Greene and
Hendy, 1987; Hall et al., 2000b). Activity of the
lake ice conveyor (Clayton-Greene and Hendy,
1987; Hall et al., 2000b) to modify proximal
glacial drift into the G15 and G16 units is
inferred based on the enhanced sorting of these
units (compared to unmodified drift/till in G21
and G23) and the presence of compressive frac-
tures in G16 interpreted to indicate deformation
of wet sediment. The onset of lake ice conveyor
activity may have resulted from hydrological
changes (expansion of the lake) or for glacio-
logical reasons (re-advancement of the ice sheet
plugging the valley mouth).

The lower delta is smaller than the middle
delta, but it is also well exposed by recent Gar-
wood River erosion (Fig. 8; Table 3). Abundant
algal mats in the lower delta also provide multi-
ple radiocarbon dates (see section on “Synthesis
of Delta Complex Stratigraphy”).

The lower delta, like the middle delta, has a
sandy-silty-cobbly gravel as the lowest exposed
unit, which is interpreted as a glacial till modi-
fied by lake ice conveyor processes, based on
the presence of fine-grained interbeds. Above
the till, a silt-sand layer coarsens upward into
a sandy gravel, which we interpret as lacustrine
sands grading upward into a braided channel
deposit. A cross-bedded sand-silt unit overlies
the sandy gravel and is interpreted as a deltaic
topset deposit. Above this, the lower delta is
capped by a gravelly sand fluvial unit that has
been dissected at the top to form a pebble-rich
desert pavement.

The stratigraphy of the lower delta leads to
a general interpretation that it formed after the
middle delta, in a proglacial lake setting, as del-
taic deposition advanced to lower portions of the
lake in response to lake-level lowering caused
by thermokarst downcutting of the ice plug
and/or ice-sheet lowering. The emplacement
of the lower delta represents the final phase of
lacustrine deposition in Garwood Valley (out-
side of modern thermokarst ponds), as it is topo-
graphically lower than any other delta surface in
the mapped section of the valley. Based on the
absence of evaporite deposits associated with
the lower delta, further downcutting of the ice
plug subsequent to the formation of the lower
delta is inferred to have resulted in the final
draining of glacial lake Howard.

Do the upper and lower till units described
in the middle delta correlate with surface units
mapped in the “Garwood Valley Surface Fea-
tures” section? We note that the till island pre-
served between the middle and the lower delta
and the down-valley till (Fig. 9) shares a similar
lithology and low degree of weathering with the
down-valley till. Likewise, the down-valley till
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Figure 5. (Left) The upper delta outcrop. Scale bar at far left shows 5 cm vertical gradations.
(Right) Stratigraphy of the upper delta. For sand, vf is very fine, f is fine, m is medium, c is
coarse, and vc is very course. For gravel, gran indicated granules, pebb indicates pebbles,
cobb indicates cobbles, and boul indicates boulders.

OTHER ICE-SEDIMENT
RELATIONSHIPS

A surprising result of the stratigraphic analy-
sis of the Garwood delta complex is that mas-
sive ice underlies the glacial till (inferred to be
of Ross Sea ice sheet origin; see “Chronology”
section) and lacustrine deposits. Is this pattern
repeated elsewhere in the valley? Two locations

shed light on ice-sediment relationships: the
Garwood Valley ice cliff and the little ice cliff.
The Garwood Valley ice cliff provides a vivid
illustration of fluvial sediments overlying massive
glacierice and till (Fig. 12). Similar in appearance
to the down-valley massive ice outcrop presented
in Stuiver et al. (1981), the ice cliff adjacent to the
delta complex is a location where a sedimentary
unit abutting the up-valley till precipitously steps

down to the modern Garwood River braid plain,
with a change in elevation of 1015 m occurring
over a horizontal distance of 2-3 m.

Although access to the sediment-ice contact
at the top of the ice cliff is precluded by the
dramatic relief, the stratigraphy of the interface
was evaluated using fallen blocks containing the
contact. The ice cliff material is largely com-
posed of clean and variably bubbly glacial ice
with low debris content (except for in places
where bands of ice-cemented sands are pres-
ent in horizontally bedded packages ~10-30
cm thick). Above the ice, there is a pebble- and
cobble-rich unit supported by a brown silty sand
matrix. The pebbles are largely angular mafic
volcanics, are concentrated toward the top of
the unit, and are sparsely distributed through-
out. Above the cobbles, there are coarse sands
and granules that are plane-bedded with vary-
ing degrees of dip and festoon cross-bedding.
Sand packets are typically several centimeters
thick and are traceable for several meters across
the top of the ice cliff. The cobble-rich unit is in
conformable contact with the ice, and it has a
sharp, but undulating contact, typical of the con-
tact between buried ice and overlying sediment
in the down-valley till. The overlying sandy
layer invades the underlying cobble-rich unit
over a several-centimeter gradational contact.
Upward, the sands give way to a pebble-based

Middle Delta (Section B)
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Figure 6. (Left) The middle delta outcrop. Scale bar at left shows 50 cm vertical gradations. (Right) Stratigraphy and age control for the
middle delta. For sand, vf is very fine, f is fine, m is medium, c is coarse, and vc is very course. For gravel, gran indicated granules, pebb
indicates pebbles, cobb indicates cobbles, and boul indicates boulders.
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Figure 7. Relict sand wedges
preserved in the lower till and
in fluvial units contemporane-
ous with the lower till. (A) Sand
wedge polygons (box and
arrows) in the lower till. Inset
shows a contrast-stretched im-
age of the boxed sand wedge
showing vertical laminations
of sand, suggesting the sand
wedge formed in situ and has
been preserved intact. Sand
wedges are ~1 m wide. (B) Sand
wedges in a fluvial unit coeval
with the lower till. Sand wedges
are ~50 cm wide.

desert pavement at the top of the sediments
above the ice cliff.

These ice-capping sediments form a small,
but distinct and planar surface unit that abuts the
up-valley till at a topographically smooth, but
compositionally sharp contact. The sediments
above the ice cliff form a relatively flat-lying
surface that is ~3 m lower than the upper delta
topmost surface. Taken together, we interpret

Levy et al.

: Lwer rit

these relationships to indicate that the Garwood
Valley ice cliff represents a location where
stranded ice-sheet ice, overlain by till, was inun-
dated and then buried by fluviodeltaic sediments
associated with the delta complex. The ice cliff
represents a simplified, marginal portion of the
delta complex, and it illustrates the conformable
contacts between buried ice, till, and fluvio-
deltaic sediments.

In contrast to this ice-sediment depositional
environment, the little ice cliff, an outcrop
located down-valley from the delta complex,
provides insight into the relationship between
the down-valley till and fluvial erosion (Fig. 13).
The little ice cliff is an ~4-m-high exposure of
massive ice embayed by the modern Garwood
River braid plain, opposite the main body of the
down-valley till. The ice contains stringers of
sand, similar to those observed at the ice cliff,
but which are generally thinner than 10 cm. A
sharp upper contact marks the transition between
the little ice cliff ice and overlying sediments.
The sediment cover is dominated by yellow-tan
sand and silt, containing sparse angular cobbles.
The sands have subtle, subhorizontal bedding
defined by varying degrees of sediment cohe-
sion. The clast density increases toward the top
of the sediment cover. Most clasts are mafic vol-
canics, and they range in size from pebbles to
~40 cm boulders. Many clasts have carbonate
rind surfaces.

On the basis of its textural and compositional
similarity with the down-valley till present
across the modern Garwood River, we interpret
the little ice cliff to be a portion of the down-
valley till that was separated from the main body
of the unit by Garwood River fluvial and ther-
mal erosion (fluvial thermokarst). The presence
of down-valley till upslope of the little ice cliff,
grading into a topographically smooth contact
with the valley-wall bedrock, suggests that there
has not been significant fluvial and/or thermo-
karst erosion upslope of the little ice cliff.
Rather, it suggests that the primary conduit for
discharge for the modern Garwood River, and,
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Figure 8. (Left) The lower delta outcrop. Scale bar at left shows 50 cm vertical gradations. (Right) Stratigraphy and age control for the
lower delta. For sand, vf is very fine, f is fine, m is medium, c is coarse, and vc is very course. For gravel, gran indicated granules, pebb
indicates pebbles, cobb indicates cobbles, and boul indicates boulders.
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Figure 9. Composite sketch of the Garwood Valley delta complex based on field observations and annotated based on stratigraphic

interpretations.
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Figure 10. Contacts between sediment and ice. (A) A portion of the middle delta with the lower ti