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ABSTRACT
LAUREN W.E. BOYD: Contrasting sub-ice shelf, subglacial and glaciomarine
sedimentation at the Ross Ice Shelf edge: Implications for the glacial history of the Ross Sea
Region, Antarctica
(Under the direction of Dr. Louis R. Bartek, III)
Data from cores collected at sites located in front of and beneath the Ross Ice Shelf
(prior to 2000 and 2002 calving events) indicate that sub-ice shelf facies are characterized by
silty, fine-grained sediment with reworked diatom species among modern assemblages. The
presence of coarse material and higher total abundances in sub-ice shelf facies is attributed to
proximity to the ice shelf edge or grounding line. According to this research advection and
mixing by currents plays a significant role in deposition in the Ross Sea sub-ice shelf region.
Facies successions and geomorphic features in the western Ross Sea indicate a slow,
punctuated retreat in which the grounding line passed southeast over the NBP03-01 site by
6,600 yrs B.P. Facies from the eastern Ross Sea cores suggest cyclicity in the movement of
the grounding line prior to 10,100 yrs B.P. when it was located near the NBP03-06 site.
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CHAPTER 1
Overview
Throughout its 40 million year history, the Antarctic Ice Sheet (AIS) has played an
integral role in regulating the Earth’s climate. Antarctica comprises 90% of the Earth’s ice
volume (Denton et al., 1991); thus, cyclic melting and ice shelf stability have significant
effects on global eustasy, thermohaline circulation (Anderson, 1999), and atmospheric
circulation (Mullan and Hickman, 1990). In addition, the highly productive Southern Ocean,
dominated by diatom activity, contributes significantly to the global cycling of silica and
carbon (Treguer et al., 1995).
The West and East Antarctic Ice Sheets (WAIS and EAIS), which together form the
larger Antarctic Ice Sheet (Fig. 1.1), ablate and lose mass primarily by draining into the
surrounding oceans, in some cases forming floating ice shelves (Anderson, 1999). The Ross
Ice Shelf (RIS), considered the largest ice shelf in the world (Hughes, 1977), is fed by both
the rapidly streaming, marine-based WAIS and the slower, terrigenous-based EAIS. Overall,
30 % of Antarctica’s total drainage is confined to the Ross Sea (Anderson et al., 1984) where
terrigenous sediment is continuously deposited across the continental shelf (Domack et al.,
1999). Therefore, the expansive 45,000 km2 continental shelf beneath the Ross Sea holds
much of the sedimentological evidence of the East and West Antarctic Ice Sheets’ distinct
behaviors since the mid-late Eocene (Hambrey and Barrett, 1993).
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Figure 1.1 Antarctic continent and surrounding oceans. Location of the study areas shown with
blue and red star, representing the sites of the B-15 and C-19 calving events, respectively.
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Research in the Antarctic Peninsula region following the disintegration of the Larsen Ice
Shelf indicates that the behavior of interior ice is directly coupled to that of the associated
floating ice shelves (Shepard et al., 2003; DeAngelis and Skvarca, 2003; Shepherd et
al.,2004; Rignot et al., 2004; Thomas et al., 2004; Scambos et al., 2003; Van den Broeke,
2005). Therefore, the Ross Ice Shelf plays a critical role in maintaining the stability of the
entire Antarctic Ice Sheet (Van den Broeke, 2006). Improving upon our knowledge of the
glaciomarine environments associated with the Ross Ice Shelf and discerning what these
environments reveal about the behavior of the marine-based WAIS and terrigenous EAIS in
the Ross Sea brings the history and the stability dynamic of this region into clearer focus, and
can advance our understanding of the Antarctic Ice Sheet’s future in this warming climate.
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CHAPTER 2
Sedimentological signature of glaciomarine facies in the Antarctic and Ross
Sea, Antarctica

1. INTRODUCTION
1.1 Research background
The juxtaposition of two very different glacial regimes (WAIS vs. EAIS) and their
corresponding erosional and depositional features makes the Ross Sea an ideal location to
study glacial and glaciomarine sedimentation and to use knowledge of facies associations to
further understand the climatic and glacial record in Antarctica.

By investigating the

character of glacial marine deposits using new Kasten cores collected beneath the Ross Ice
Shelf, the character of in situ sub-ice shelf and subglacial deposits are interpreted and used to
modify existing glaciomarine depositional models.
The original glaciomarine depositional model created by Carey and Ahmad (1961),
through all subsequent models (Anderson, 1972; Anderson et al., 1983; Elverhoi, 1984;
Domack, 1988; Kellogg and Kellogg, 1988, Domack et al., 1999) and current interpretations
of glacial facies, lack evidence which defines the true character of an Antarctic sub-ice shelf
deposit. According to Anderson (1999), all existing glacial marine models “grossly
generalize the environmental settings;” therefore, much about glaciomarine sedimentation

remains poorly understood. Due to the limited research involving directly sampled sub-ice
shelf sediment, facies from new Kasten cores discussed here provide critical information
necessary to refine our existing knowledge of the sub-ice shelf environment, especially in the
Ross Sea.
Recently, with the advancement of hot water drilling technology and the collapse of
the Larsen ice shelf, accessibility to sub-ice shelf regions has fueled new research.
Researchers have made progress drilling through ice shelves and coring post ice shelf
collapse in order to explore the sub-ice shelf environment and recover/define sub-ice shelf
sediment/sedimentation. Research in the Ross Sea is still limited, however, with only two
sub-ice shelf-focused studies attempted in the last 35 years: The Ross Ice Shelf Project
(RISP), 1974, was one of the first attempts at coring beneath a floating ice shelf in Antarctica
(RISP, Clough and Hansen, 1979); and one of the most recent drilling ventures occurred in
2003/2006 beneath the 2500 km2 McMurdo shelf, which is bolstered against the Ross Ice
Shelf (McKay et al., 2008).
By drilling through the Ross Ice Shelf approximately 450 km from the ice shelf edge
(Fig. 1.1), the RISP project directly sampled sub-ice shelf sediment (Webb et al., 1979).
Subsequent research on RISP samples generated valuable information regarding the physical
oceanography of the Ross Sea and sub-ice shelf regions, melting and freezing at the base of
the Ross Ice Shelf, and the composition and structure of sub-ice shelf sediments. Similarly,
McKay et al. (2008) collected three sediment cores <1 m long from beneath the McMurdo
Ice Shelf (Fig. 1.1) using Hot Water Drill (HWD) holes to gain access. Core stratigraphy
produced using detailed grain size/provenance analyses, diatom abundances, and C-14 dates
suggest the presence of multiple sub-ice shelf facies.
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Research and sampling beneath the Amery and Larsen Ice Shelves has also
contributed information regarding characteristics of sub-ice shelf sediment. With the aid of
HWD technology, Hemer and Harris (2003) were able to access sub-ice shelf sediment
beneath the Amery Ice Shelf in Prydz Bay, a deep embayment between Wilkes Land and
Queen Maud Land (Fig. 1.1). Hemer and Harris (2003) identify six distinct lithofacies
(grouped together to form four units), three of which are interpreted as sub-ice shelf facies
from the sediment core AM02.
Similarly, researchers in the Antarctic Peninsula were able to identify sub-ice shelf
lithofacies and associated sedimentological processes, as a consequence of the catastrophic
disintegration of two ice shelves in the region (Larsen-A and Larsen Inlet) (Fig. 1.1). Evans
and Pudsey (2002) provide tremendous insight into the character of sub-ice shelf deposits
associated with the imminent collapse of a shelf and provide a wealth of information as to
normal and abnormal melting/sedimentation processes in the Peninsula region. Evans and
Pudsey (2002) identify two sub-ice shelf lithofacies in the vibrocores recovered from beneath
the former Larsen-A, that, they hypothesize record sedimentological evidence of ice shelf
retreat. These studies, comprising the only Antarctic research to directly sample sub-ice
shelf facies, in conjunction with evidence from previously sub-ice shelf Kasten cores
presented in this volume, permit formation of a comprehensive definition of sub-ice shelf
facies, as well as a more specific classification of Ross Sea sub-ice shelf sediment which can
potentially be used to create glacial reconstruction histories in the Antarctic.
1.2 Project origins and research questions
During research cruises NBP03-01 and NBP03-06, an opportunity to collect sediment
cores from a sub-ice shelf location (Fig. 2.1-2.2) presented itself as a result of the B-15 and
6

7

S

165 o W

KC-01
KC-02

KC KC
-04 -03

KC-02
KC-01

KC-05

NBP03-01 Site

Ross Ice Shelf

Ross Sea

NBP03-06 Site

180oE

Figure 2.1 Ross Sea, Antarctica with locations of NBP03-01 and NBP03-06 cores shown in red.

75 o
S

78 o
165oE

8
3000

2000

1000

0

165 W
B-15

NBP03-06

170 W

180

175 E

Ross Bank

Ross Ice Shelf

Ross Sea

Eastern Basin

175 W

Central
Basin

NBP03-01
C-19

Dr

N

S

h
ug

165 E

o
Tr
ki
s
ala
yg

Crary
Bank

170 E

72 S

73 S

74 S

75 S

76 S

77 S

78 S

Figure 2.2 Bathymetric map of the Ross Sea continental shelf modified from Anderson (2004) depicting north-east trending troughs and
banks intepreted as formed by fast moving ice streams (Hughes, 1977). NBP03-01 and NBP03-06 core locations are indicated with black
dots, and former locations of C-19 and B-15 icebergs shown in dark grey.

160 W

C-19 calving events in March, 2000 and May, 2002, respectively. Approximately 37 km
(11,000 km2) of previously sub-ice shelf continental shelf became exposed and accessible as
a consequence of B-15’s separation from the Ross Ice Shelf. C-19 left approximately 32 km
or 6400 km2 of continental shelf exposed post calving. The sediment recovered in cores
NBP03-01 KC01 through KC-05 and NBP03-06 KC-01 & KC-02 accumulated within a subice shelf environment prior to the calving events. Thus, examination and interpretation of
these facies, utilizing both the cores and multibeam data from the Ross Sea, will help refine
existing glaciomarine depositional models and improve our ability to reconstruct the climatic
and glacial history in this region during the Holocene. Therefore, there are two main
objectives of this research: 1) utilize empirical data from Ross Sea sediments to determine
the character of a sub-ice shelf, subglacial and glaciomarine deposit in this region and reevaluate established links between facies and depositional environments in order to update
and refine the glaciomarine depositional model (Chapter 2), and 2) to the extent that it is
possible, establish a more precise depiction of the Ross Sea glacial record in the recent past
(Chapter 3).
Characterization of sub-ice shelf deposits is accomplished by testing the hypothesis
that sediment in cores collected from previously sub-ice shelf locations should contain a
significantly lower proportion of biogenic material than sediment in cores collected from the
area in front of the ice shelf edge prior to the calving events. In addition, the hypothesis that
sub-ice shelf lithofacies possess characteristics that distinguish them from sub-glacial and
glaciomarine facies is tested here. Examination of lithofacies successions within the NBP0301 and NBP03-06 cores, which records deposition by the ice sheets as their positions
changed over time, provides the means to test this idea.
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2. STUDY AREA
Ross Sea sedimentation is controlled by the interactions between ice (the Ross Ice
Shelf and associated icebergs), the local bathymetry, oceanographic currents, biogenic
production, and atmospheric processes. Therefore, the physical setting of the region impacts
the type of sediments and depositional environments that exist across the Ross Sea
continental shelf.

A description of the study area is provided in order to gain an

understanding of the environmental factors that control sedimentation in the area.
2.1 Geologic overview
The Ross Sea, which is covered in part by the floating RIS, is an expansive
embayment located between 160˚E and 140˚W, and geologically bordered by Marie Byrd
Land to the east and the Transantarctic Mountains to the west (Fig. 1.1). The RIS is fed in
part by outlet and valley glaciers from the EAIS, but primarily by fast moving WAIS ice
streams that flow directly into the Ross Sea. The bathymetry/terrain of the continental shelf
beneath the Ross Sea indicates that ice streams played an active role in the history of the
WAIS: the seafloor is defined by six northeast-southwest trending troughs and ridges that are
interpreted as extensions of the modern ice streams during the last glacial advance (Hughes,
1977; Anderson et al., 1992; Anderson, 1999; Shipp et al., 1999; Mosola, 2004; Cunningham
et al, 1999) (Fig. 2.2). Water depths of the Ross Sea vary significantly as a result of the
trough and ridge topography; on average the shelf depth ranges between 500-600 m, with
maximum depths of 1000+ m (Fig. 2.1).
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2.2 Oceanography
It follows that the bathymetry and geographically enclosed nature of the Ross Sea
embayment also effects ocean circulation in the region, which in turn plays a significant role
in controlling sedimentation in the Ross Sea (Anderson et al., 1984; Dunbar et al., 1985).
Generalized ocean circulation in the Ross Sea is cyclonic; water flows south/west onto the
continental shelf from the deep ocean until it flows beneath the RIS, then outflows from
under the shelf in the east near the Victoria Land coast (Klepikov and Grigor’yev, 1966).
(Fig. 2.3)
Recent studies identify localized currents and oceanographic conditions close to the
RIS edge (Pillsbury and Jacobs, 1985; Jacobs, 1989; Dunbar et al., 1989). Between 172˚W
and 180˚W, Pillsbury and Jacobs (1985) observed persistent, warm 7.3-10.6 cm/s currents
that flowed south under the RIS as well as west along the ice shelf edge (Fig. 2.3). Although
current directions remain relatively constant throughout the 12-month study period, seasonal
variations in their speeds exist, with a maximum speed recorded during the winter months
(Pillsbury and Jacobs, 1985).
Another zone of inflow where bottom and intermediate depth currents flow into the
ice shelf cavity exists in McMurdo Sound (Assmann et al., 2002; Locarnini, 1994). Model
results by Assmann et al. (2002) confirm that the primary site of inflow beneath the RIS
occurs as a surface current just east of Ross Island, which is where the NBP03-01 core site is
located.
Modeling results also corroborate two important zones of flow out of ice shelf cavity
identified by Jacobs et al. (1970): one, located at 173˚W in the central Ross Sea is considered
relatively weak; the other is east of Roosevelt Island (Fig. 2.2) (Assmann et al., 2003;

11

12

165 W

175 W

Ross Sea

NBP03-06

170 W

180

170 E

NBP03-01

Ross Ice Shelf

175 E

N

S

165 E

72 S

73 S

74 S

75 S

76 S

77 S

78 S

Figure 2.3 Ross Sea circulation as interpreted by Klepikov &Grigor’yev (1965), Pillsbury & Jacobs (1985), and Assmann et al. (2002) and
Locarnini (1994).Surface currents are shown with dark grey arrows, intermediate/bottom inflow currents are shown in pink, and orange
arrows represent zones of outflow from under the Ross Ice Shelf.

160 W

Pillsbury and Jacobs, 1985; Picco et al., 1999). West of 175˚E, Jacobs et al. (1970) identify
dense, high-salinity water that flows out from under the ice shelf.
2.3 Biology
Oceanographic conditions, as well as related environmental factors such as ocean
circulation, light, salinity, nutrient availability and the presence of sea ice, directly control the
distribution of phytoplankton in the Southern Ocean (Cunningham and Leventer, 1998).
Diatoms are the most abundant and diverse group of the algal assemblages present in the
Antarctic oceans (Leventer and Dunbar, 1996), contributing over 70% of the primary
production (Treguer et al., 1995).

Due to their hydrated silica cell wall, diatoms are

extremely well preserved in the Antarctic marine sediments (Mohan, 2006). In addition,
distinct diatom assemblages are associated with and adapted to specific environmental
conditions i.e. variations in sea ice extent, temperature, salinity (Cunningham and Leventer,
1998). This renders them a useful proxy for reconstructing climatic and oceanographic
conditions.
Optimal oceanographic conditions, including extensive upwelling and freshwater
input from melting ice, make the Ross Sea one of the most productive regions in the
Southern Ocean, supporting abundant diatom assemblages. Therefore, proliferate modern
and fossilized diatom fustules present in Ross Sea sediments provide a means to reconstruct
the region’s paleoceanographic conditions.
2.4 Historical core locations
The locations from which the cores were collected play an integral role in the
interpretation of facies in this study. Knowing the glacial environment of the cores at the
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time of their recovery allows us to infer that recent sedimentation (core top sediment) reflects
the previous environmental context.

Due to the inconstant nature of ice shelf edge

environments, the NBP03-01 and NBP03-06 sites each record a complex history of calving
events, ice shelf advance / retreat and basal melting only within the last 100 years of recorded
ice front data. With such significant change having occurred in just the last century, the
transitional nature of the core sites over longer time scales is evident. With the intention of
recovering sediment from both the glaciomarine and sub-ice shelf environments prior to the
2000 B-15 and 2002 C-19 calving events, cores collected during NBP03-01 and NBP03-06
trend roughly along north/south (open marine/sub-ice shelf) transects.
2.4.1 NBP03-01 cores:
As seen in Fig. 2.2, cores KC-01 and KC-05, collected from northernmost location,
were located in open water prior to the 2002 calving event. Furthermore, U.S. Coast Guard
data (from ice-breaker radar ranges) and historical ship-borne measurements reviewed by
Keys et al. (1998) indicate that KC-01 and 05 existed in an open water environment for at
least 160 years prior to their recovery (Fig. 2.4). Core KC-02 was collected from a region
that would have been located just under the ice shelf edge prior to the 2002 calving event.
However, data indicates that this site possesses an inconsistent environmental history over
the same 160+ year interval alluded to above. From 1841 to at least 1911, as well as between
1962 and 1971, this site was exposed to open water. Sometime between 1971 and 1997 it
became obscured by the advancing ice sheet, and after a precursor (smaller scale) calving to
the 2002 C-19 event in 2000, the area was located just under the ice shelf edge where it
remained until 2002 (Fig. 2.4). Evidence from ship-borne measurements indicates that
between 1841 and 1911, KC-03 and 04 may have been exposed to open marine conditions,
14
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although historical observations may not be precise enough to make an unequivocal
assertion. Cores KC-03 and 04 reflect a simpler recent environmental history, remaining
under the ice shelf since 1962. Data indicate that these sites were approximately 34 km updip
of the ice shelf from 1962 until 2000, and 17 km updip between 2000-2002.
2.4.2 NBP03-06 cores
NBP03-06 cores from the eastern Ross Sea also record significant transitions in
environmental conditions over the last century.

In order to span different glacial

environments, cores KC-01 and KC-02 were collected over a north/south trending transect,
with KC-02 located approximately 9 km north of KC-01. Prior to the 2000 calving event the
locality of KC-01 was a sub-ice shelf environment (Fig. 2.4).
Historical observations of ice-front positions indicate that in 1841 the ice shelf edge
had advanced to almost 77.6˚ S latitude, covering the two 03-06 cores. Between 1962 and
1971 the ice shelf front retreated back leaving KC-01 and KC-02 exposed to open marine
sedimentation. After 1971 the ice front approached the core sites, and by 1998 the ice shelf
appears to have covered KC-01 completely, and terminated at or near the KC-02 site.
Shortly thereafter, the March 2000 B-15 calving event occurred leaving the site, yet again,
exposed to open marine sedimentation.

3. METHODS
3.1 Core collection and analyses
This study analyses sediment from seven Kasten cores collected during cruises 03-01
and 03-06 onboard the research vessel Nathaniel B. Palmer (NBP). Cores from NBP03-01

16

and NBP03-06 were described in detail according to color, texture, and compositional
variations.

X-radiographs, produced at the Antarctic Research Facility in Tallahassee,

Florida were examined for textural (grain size and grain shape) and density variations, as
well as sedimentary structures. Smear slides made at 2-5 cm intervals within the cores were
examined using an Olympus BX40 microscope for petrological composition of the
sediments. The GEOTEK Multi sensor core logger housed at the Antarctic Research Facility
measured magnetic susceptibility and bulk density at 1 cm intervals.
3.2 Diatom slides
Quantitative diatom microscope slides were prepared using the settling method
developed by Scherer (1994). This method produces a random distribution of diatom valves
and therefore allows for the statistically significant calculation of total abundances. Total
diatom abundances were determined by counting 400 valves per slide at 1000x
magnification. Counts were performed using an Olympus BX40 microscope with an oil
immersion lens. Only whole valves, those fragments equivalent to more than half a valve,
the middle of a centric diatom valve, or the end of a pennate were included in the 400 count.
In the case where diatoms were significantly fragmented and few diatoms were preserved, 10
horizontal transects across the slide were counted in lieu of the 400 count in order to obtain a
statistically significant number, and maintain a uniform sampling method.
3.3 Scherer index of diatom fragmentation
Scherer et al. (2004) developed an index of diatom fragmentation that is equivalent to
the ratio of unbroken centric to pennate diatoms. This ratio can be used as a proxy for
estimating the sediment’s exposure to stress during deposition in a glacial marine
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environment. By subjecting glaciomarine muds from the Ross Sea to varying degrees of
stress (from compaction to shear stress) comparable to that beneath both an ice sheet and an
ice stream, Scherer et al. (2004) were able to model the response of diatom valves to variable
physical conditions.

Antarctic sediments containing > 50% pennate diatoms indicate

sediment is relatively undisturbed hemipelagic deposition; while > 90% centrics indicates
that extremely fast moving ice (ice streams) passed over the sediment exposing it to
considerable shearing.
In order to estimate shearing and compaction in the NBP03-01 and NBP03-06
sediments, we utilize a crude interpretation of the index of diatom fragmentation in lieu of
shear strength data. All pennate and centric diatoms were counted separately and a total
percentage for each was calculated. Using the relative percentages for estimating shearing
(detailed above), it is possible to glean general information about the environment in which
these facies deposited. It is important to note, that due to time constraints, the number of
unbroken diatom valves was not recorded in this study; therefore, the total percentages of
pennates or centrics are composed of some fragmented valves. Diatoms included in the
overall counts were, however, greater than 50% of a full valve; so a general comparison
should be possible.
3.4 Grain size data
Grain size analysis was performed at selected core depths using a CILAS 1180 Laser
Particle Analyzer capable of measurements ranging from 0.04 to 2,500µm. Samples were
disaggregated in 50 ml beakers of water for 24 hours; after which time the samples were
homogenized by mixing with a magnetic stirring device. Using electric pipette filler,
approximately 10 mL of sample was removed from the solution and introduced into the
18

CILAS. After each sample run, the CILAS was rinsed to prevent contamination. Pebble
abundance was determined using the x-radiographs: grains larger than 2mm in diameter were
counted at 5 cm intervals in each core.

4. RESULTS
4.1 Core Stratigraphy
The NBP03-01 and NBP03-06 cores contain six lithological units distinguished by
their unique sedimentological, micropaleontological and physical characteristics. Units are
described below in an order largely determined by the depth at which they appear in the
cores. In addition, Fig. 2.5 and Fig. 2.6 illustrate general core stratigraphy. Lithofacies
include: sandy diatom mud, fine diatom silt, gravely mud, laminated to homogeneous clayey
silt, and a massive muddy diamict.
4.1.1 Unit 1- Sandy diatom mud
Unit 1, present between 0-14 cm in NBP03-01 KC-05, is an olive (5Y 4/3) to grayishbrown (2.5Y 5/2), sandy mud with relatively few grains larger than 2 mm. Sand content is
poorly sorted with a coarse mode, while silt content is high (between 68-80%), and clay is
low (between 8-12%). The unit is mottled, and exhibits gradational lower contacts. Bulk
density of this facies is relatively low, approximately 1.8 g/cm3, and increases through the
base of the unit while magnetic susceptibility varies between 19-28 SI (Fig. 2.7).
Diatom concentrations are relatively high, between 11 x 106 and 27 x 106 valves per
gram of dry sediment (v/g) (Table 2.1). Modern diatom species, as identified by Sjunneskog
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NBP03-01 KC-04

3.78-26.17
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4.51- 9.70

10.88-27.18
8.40-12.80

NBP03-01 KC-05
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0.56-1.60
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1.44-4.89
.44-1.54
.06-1.06

NBP03-06 KC-01 NBP03-06 KC-02

Table 2.1 Range of diatom abundances in each facies and each core. Total diatom abundances listed in million valves per gram sediment.

Total Range

Unit

& Scherer, (2005) (F.curta, F.obliquecostata, F. kerguelensis, T. antarctica, T. gracilis, T.
lentiginosa and T. tumida) dominate over this interval, comprising between 48-58% of the
total assemblage. F. curta, a modern sea-ice associated diatom, constitutes 18-24% of the
total assemblage within this unit (Fig. 2.8 and Fig. 2.9). The relatively high sand content and
otherwise fine-grained nature of this unit, as well as the high diatom concentrations,
distinguish this facies from those described below.
4.1.2 Unit 2- Fine diatom silt
This diatom rich facies consists of a grayish-brown (2.5Y 5/2), moderately sorted,
fine-medium silt with 14-16% clay, and an insignificant (less than .5 %) sorted fine sand
component (Fig. 2.7). Diatom abundance is relatively high, ranging from 8.4 x 106-12.8 x
106 v/g (Table 2.1) and dominated by modern species (39-44%) (Fig. 2.8) (Sjunneskog &
Scherer, 2005)- primarily the modern F. curta, and subdominant E. antarctica, and T.
antarctica. The extant species Paralia sulcata increases in relative abundance from values
<5% in the upper portion of the unit, to approximately 12 % of the assemblage near the lower
contact (42 cm depth) (Fig. 2.9). The dominance of modern species in conjunction with the
presence of a reworked species such as P. sulcata indicates that the extant reworked species
were introduced to the site by some mechanical means and were most likely not in situ.
Bulk density increases with depth through this unit, with a very low average value of
1.69 g/cm3. Magnetic susceptibility is variable but low, averaging 26.22 SI, and exhibits a
slight decrease towards the lower part of the unit (Fig. 2.7). Unit 2 is present in NBP03-01
KC-05 between 26-45 cm depth.
Although Units 2 and 4 (Laminated to homogeneous clayey silt) are similar in terms
of the fine-grained nature and high silt content, a distinction is made between the two based
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Depth (cm)

Unit 1
Unit 2

on the vastly different diatom concentrations, the presence of laminations and a variation in
the mode of the silt component. Unit 2 clearly contains a higher total diatom abundance: unit
4 diatom concentration is 0.3 – 1.6 x106 v/g as opposed to 8.4 - 12.8 x 106 v/g in Unit 2
(Table 2.1).

Unit 4 also contains numerous laminations, mud blebs, and a fine silt

component; whereas silt contained in Unit 2 is considered poorly sorted, and varies between
a fine-medium mode.
4.1.3 Unit 3a- Gravelly mud
This facies is characterized by olive (5Y 4/3) to olive-gray (5Y 5/2) relatively poorly
sorted mud, with a significant sub-rounded, sub-angular gravel component. This gravel rich
mud unit is present in cores NBP03-01 KC-01, 0-16 cm, NBP03-01 KC-02, 0-23.6 cm,
NBP03-01 KC-03, 0-22 cm, and NBP03-01 KC-04 0-14 cm (Fig. 2.10-2.13).
Sediment is composed primarily of silt, which accounts for 62-87% of the total
matrix, as well as variable sand content (between 11-28%) and a clay component that
decreases upwards through the unit. Sand is generally fine, with the exception of poorly
sorted pebbly intervals (NBP03-01 KC-02 9 cm and NBP03-01 KC-04 12 cm) that contain a
medium and relatively high coarse-grained sand component (as compared to the other cores).
A sharp lower contact is visible on the x-radiographs where sediment grades into a pebble
rich sandy silt, whereas a gradual color and textural change exists at the base of the unit,
grading to dark gray (5Y 4/1) or dark olive-gray (5Y 3/2). More definitive, however, is the
distinctive boundary that exists at the base of this unit, at which diatom concentrations
decrease by an order of magnitude and assemblages shift dramatically from modern to
reworked extant species over a 1 cm interval.
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This unit is distinguished from other sub-ice shelf facies by relatively high diatom
concentrations, between 1.1 - 26 x 106 valves per gram of sediment (Table 2.1). The
dominant assemblage within this facies consists of modern post-glacial Ross Sea taxa
including Fragilariopsis curta (which comprises >30% of the assemblage at the core top), as
well as Thalassiosira antarctica, Fragilariopsis obliquecostata, and Eucampia antarctica.
The facies generally contains 44-65 % modern Ross Sea species, as identified by Sjunneskog
& Scherer (2005) (F.curta, F.obliquecostata, F.kerguelensis, T.antarctica, T.gracilis,
T.lentiginosa and T.tumida) (Fig. 2.14-2.21).
Voids and cracks in some of the cores caused variability of measured physical
properties of the unit. Magnetic susceptibility fluctuated between 2-11 SI in one core, and
was as high as 70 SI in another core indicating differences in the concentration of magnetic
materials within the interval as well as the presence of voids (Fig. 2.10-2.13). In addition,
neither a clear decreasing nor increasing trend down core was noted. Bulk density is variable
as well, with low (less than 2 g/cm3) average values over the unit. Bulk densities were
significantly elevated in segments of the core where large pebbles/rocks were present.
4.1.4 Unit 3b- Gravelly mud (NBP03-06 cores)
The sediment in the upper portions of the NBP03-06 cores and part of NBP03-01 KC05 is similar in many ways to the gravelly mud unit described above. However, some
fundamental differences in the lower contacts of the unit and in the diatom content required
that these facies be distinguished as a separate, but similar sedimentary package. This unit is
present in both NBP03-06 cores: KC-01 between 0-25 cm, KC-02 between 0-22 cm and in
NBP03-01 KC-05 at 14-16, 22-26, 54-60 cm (Fig. 2.7 and Fig. 2.22-2.23). Similar to Unit 3a,
this gravelly facies ranges in color from olive (5Y 4/4) to olive-gray (5Y 5/2). It contains a
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Figure 2.14 Downcore relative abundance of modern (post glacial) and reworked diatom assemblages in NBP03-01 KC-01. Total diatom
abundance shown in green on lower scale. Units shown on the right.
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Figure 2.15 Downcore relative abundance of modern (post glacial) and reworked diatom assemblages in NBP03-01 KC-01. Total diatom
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Figure 2.19 NBP03-01 KC-02 percent individual diatom species abundance, and total diatom abundances (in total valves per gram) with
depth in centimeters. Modern open water, sea ice associated, and extant/reworked species are grouped and assigned units are listed on the
right.
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Figure 2.20 NBP03-01 KC-03 percent individual diatom species abundance, and total diatom abundances (in total valves per gram) with
depth in centimeters. Modern open water, sea ice associated, and extant/reworked species are grouped , and assigned units are listed on the
right.
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Figure 2.21 NBP03-01 KC-04 percent individual diatom species abundance, and total diatom abundances (in total valves per gram) with
depth in centimeters. Modern open water, sea ice associated, and extant/reworked species are grouped, and assigned units are listed on the
right.
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Figure 2.22 Composite logs of NBP03-06 KC-01 core showing grain size distributions, grain count of sediment larger than 2mm, total diatom
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high, well-sorted, fine silt component (between 70-82%), and a variable, somewhat lower
sub-rounded, sub-angular gravel component. This unit (found only in the NBP03-06 cores)
is more enriched in clay (between 20-30%) than Unit 3a, which is identified solely in
NBP03-01 cores. In contrast to Unit 3a, this unit contains little to no sand: sand is present in
quantities less than 0.01 %. This could be a product of the sampling technique for the
NBP03-06 cores, but visual examination of the cores corroborate the finding that little sand is
present in the unit.
Major differences between gravelly Units 3a and 3b, and the purposes of separating
them into distinct units are related to the relationship of the units to the facies below it and
the shift in relative abundances of diatoms within the units. In general, Unit 3a terminates
gradually into a dark grey, dark olive-grey, pebbly, sandy unit. X-radiographs and visual
examination of the cores illustrate a clear textural change visible at Unit 3b’s lower contact,
however, a significant color change is not present. More noteworthy is the fact that the
boundary discussed in Unit 3a, at which diatom concentrations decrease by an order of
magnitude and assemblages shift dramatically from modern to reworked extant species, does
not occur at the base of Unit 3b, but rather within it (Fig. 2.24-2.27). Sediment texture and
color do not vary over the boundary in x-radiographs, nor do physical properties such as
magnetic susceptibility or bulk density. The total abundances within Unit 3b decrease with
depth and are within a similar range as Unit 3a (1.6 - 9.7 x 106 v/g), but their decline is
significantly less dramatic and rapid. Both cores that contain Unit 3b show increased
variability associated with total abundance down core. In addition, the relative abundance of
modern and reworked species does not exhibit a clear and rapid decline as is seen in Unit 3a.
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4.1.5 Unit 4- Laminated to homogeneous clayey silt
This unit is generally found overlying the muddy diamicts (Unit 5), and consists
almost entirely of well-sorted, massive, clayey-silt, with few grains present larger than 0.25
mm. There appears to be a notable difference in total diatom concentration and color, albeit
a minor shift, based on the geographic location in which the core was collected (eastern Ross
Sea- NBP03-01 cores or western Ross Sea- NBP03-06 cores).

NBP03-01 KC-03 contains

an interval of dark gray (5Y 4/1) silt/clayey silt, where as NBP03-06 KC-01 and KC-02
contain intervals of olive-gray silt/clayey silt (5Y 5/2), in addition to fine-coarse red-brown
laminae and dark grey (5Y 4/1) mottles (Fig. 2.12, 2.22, 2.23).
Diatom concentrations within this facies are extremely low, between 0.3 – 1.60 x 106
v/g sediment (Table 2.1), and are dominated by highly fragmented, reworked species such as
Stellarima microtrias, Rhizolenia spp., Actinocyclus karstenii, and Paralia sulcata (Fig. 2.20,
2.26, 2.27). Modern species make up a surprising 0-11% of the total assemblage in this unit
(Fig. 2.16, 2.24, 2.25).
Magnetic susceptibility is variable but low overall never reaching a value higher than
47 SI. Average values are between 14-27.5 SI for this facies. Bulk density is low to
moderate: measured values average between 1.64-2.14 g/cm3. Voids throughout one core
are likely to have altered bulk density values, accounting for the lower component of the
average range (Fig. 2.12, 2.22, 2.23). This facies is present in NBP03-01 KC-03, 35-60 &
120-128 cm, NBP03-06 KC-01, 25-30, 49-57, 69-84 cm & KC-02, 22-27, 48-74 cm.
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4.1.6 Unit 5- Massive muddy diamict
This unit consists of poorly sorted, sub-angular to sub-rounded clasts, in a silty/sandy
matrix. Clasts are variable in size, ranging from 2-50 mm, and, in some cases, display
distinct orientations perpendicular to the core sides (Fig. 2.7, 2.10-2.13, 2.22-2.23). Sand
content and sorting varies between cores, which may be an indication that an additional
unique sandy diamicton exists. However, for the purposes of this research they constitute a
single facies: the inter-core variations are attributed to proximity to the grounding line. The
lower part of three of the NBP03-01 cores and two 15 cm thick packages of sediment found
mid-depth in the NBP03-06 cores are dominated by this uniform facies (NBP03-01 KC-01,
16.3-49 cm, KC-02, 22-94.5 cm, KC-0323-35 cm, 60-120 cm, 128-184 cm, KC-04, 14-125
cm, NBP03-06 KC-01 30-49, 57-69, 84-87 cm, KC-02, 27-48, 74-78 cm).
This unit is distinguished from Unit 3a/b by its darker color- ranging from dark olivegray (5Y 3/2) and dark grey (5Y 4/1) to very dark grey (5Y 3/1)- and very low diatom
concentrations (between 0.06 - 1.06 x106 v/g) (Table 2.1). Dominant species associated with
this facies are highly fragmented reworked taxa, some of which originate from reworked
Tertiary strata (Sjunneskog and Scherer, 2005), including Paralia spp., Stellarima
microtrias, Rhizolenia spp., Stephanopyxis spp., and Actinocyclus karstenii (Fig. 2.9, 2.142.21, 2.14-2.27). There is a correlation between the dominant species of the reworked
assemblage and geographic location of the core sites: P.sulcata dominates the NBP03-01
cores (eastern Ross Sea) whereas S.microtrias is the principal reworked species in the
NBP03-06 cores (western Ross Sea) (Fig. 2.9, 2.18-2.21, 2.26-2.27).
The muddy diamicts are also characterized by intermediate to high bulk density
values, ranging from 1.9 - 2.48 g/cm3, which increase toward the base of the unit. This
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suggests that compaction increases with depth, and therefore age. In general, magnetic
susceptibility decreases toward the lower part of the unit. Values range from 15.2 SI to 23.2,
with the lower end member of the range as the exception (Fig. 2.7, 2.10-2.13, 2.22-2.23).
4.1.7 Sampling errors
NBP03-06 47-57 cm: as a result of a limited amount of available sediment from the
NBP03-06 cores, the integrity of sharp facies boundaries was lost and is not reflected in the
grain size analysis on these samples. Samples utilized for grain size analysis were bagged at
10 cm intervals at the time the cores were collected and, therefore, any lithological shifts that
take place within those 10 cm are not preserved and are considered homogeneous.

5. DISCUSSION
5.1 Lithofacies interpretations and comparisons
Limited research on sub-ice shelf facies and environments has taken place in the Ross
Sea during the last century. With little reference from our study area, cores collected beneath
other Antarctic ice shelves, or post-ice shelf collapse, are utilized here as a basis for
comparison as to the character of sub-ice shelf deposits.

In order to identify facies

commonalities between our site and others in the Antarctic, we compare each of our six
lithofacies to analogous units identified by other researchers from beneath the Larsen-A,
Larsen Inlet, Amery and McMurdo ice shelves.
Unit 1 (Sandy diatom mud) defined by this study is identified in only one of the seven
cores (NBP03-01 KC-05) yet it shares characteristics with facies collected beneath the Ross
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Ice Shelf during the Ross Ice Shelf Project (RISP) (1977-1978), and beneath the McMurdo
Ice Shelf by McKay et al. (2008) (Table 2.2). This unit is sedimentologically unique from
others identified in this study because of its relatively high sand content and an atypical lack
of coarse sediment, which is usually associated with sandy material (Fig. 2.7). Webb et al.,
(1979) identified facies similar to Unit 1 in the RISP cores, which were collected 450 km
south of the Ross Ice Shelf edge (Fig. 1.1). Two lithologic units were recovered from the
cores, which were later determined to be compositionally identical: an “upper unit” of light
olive grey, pebble rich, diatomaceous sandy mud, and a “lower unit” of olive grey pebblerich diatomaceous mud, separated by a one centimeter thick orange brown deposit. These
units were identified as diamicts, and based on Brady and Martin’s (1979) microfaunal
analyses and sedimentological evidence, the facies are interpreted as deposited in the latemiddle Miocene, in an open marine environment covered seasonally by sea ice. Although,
reinterpretation of the diatom assemblages by Kellogg and Kellogg (1986) indicate that
Miocene, Pliocene and Quaternary diatoms coexist in the RISP sediment indicating
significant reworking. The olive-gray color, elevated sand content, and relatively high total
abundance identified in these diamicts parallel characteristics of Unit 1, although Unit 1 lacks
a significant coarse pebble component (Table 2.2).
McKay et al., (2008) collected three sediment gravity cores in 2003 and 2006 by way
of access holes made by Hot Water Drilling (HWD) through the McMurdo Ice Shelf.
McKay et al. (2008) characterize sediment present at the core top in both HWD03-1 and
HWD06-3 as sub-ice shelf sand and mud facies, which resembles Unit 1 (Table 2.2). The
biogenic component of this sediment is low, between 4-5 x 107 v/g, and sea ice associated
diatom species such as F.curta are present in low percent abundances (< 20%) (McKay et al.,
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Dark olive-grey, dark grey, poorly sorted,
pebble rich diamicton with some pebbles
oriented, variable sand, very low TA btwn
.06-1.24 x 106 v/g, reworked species
dominatn, high BD- increase to base of
unit, MS variable- decreases to base.

[Upper and Lower Units]:
Almost negligable Total Abundance

[Sub Ice Shelf Diamict Facies]:
Lower Total Abundance

[Sub Ice Shelf Diamict Facies]:
Slightly consolidated, muddy, high pebble
content, dominated by reworked diatoms

[Subglacial Facies]:
Massive, high gravel/pebble content,
abrupt upper contacts.

[Upper and Lower Units]:
Massive, high gravel/pebble content

[Sub Ice Shelf Sand and Mud Facies]:
Significantly lower Total Abundance

[Proximal Ice Shelf Glaciomarine unit]:
No coarse grains present

[Sub Ice Shelf Sand and Mud Facies]:
Negligable sand content, lower Total
Abundance

[Sub Ice Shelf Sand and Mud Facies]:
Mud/silt content, F. Curta relative %
(higher)

[Sub Ice Shelf Sand and Mud Facies]:
Mud/silt content, Low sea ice diatom
relative abundances, no coarse grains

[Unit 4]:
[Subglacial Facies]:
Darker color sediment (dark grey), Slightly Aligned clasts, sorted fine sand
higher Total Abundance

[Unit 4]:
High gravel/pebble content, increase in
bulk density towards base of unit

[Upper and Lower Units]:
Olive- olive grey, gravel content

[Proximal Ice Shelf Glaciomarine unit]:
Well sorted, massive claey silt, some
laminae present.

[Proximal Ice Shelf Glaciomarine unit]:
Negligable sand content, abrupt contacts

[Unit 1]:
Lower Total Abundance

Dark grey, olive grey silt/clayey silt, low TA [Unit 2]: High silt, olive-grey, low TA,
TA, BD and MS increase upward thru unit
btwn .3-2.7 x 106 v/g, reworked species
dominate, MS variable, BD low to moderate, [Unit 3]: High silt, brown laminae, mottles
laminations and dark grey mottles present
[Unit 3]:
Lower Total Abundance (TA)

[Proximal Ice Shelf Glaciomarine unit]:
Well sorted fine silt, gravel content,
contains some laminae

[Unit 1]:
Massively bedded, gravel content, olive
grey

[Sub Ice Shelf Sand and Mud Facies]:
Significant gravel component

[Proximal Ice Shelf Glaciomarine unit]:
Variable sand content, and some sharp
lower contacts.

Olive-olive grey, high well sorted silt (7082%), variable gravel component, v. high
clay, little/no sand, TA boundary mid-unit
with no corresponding textural changes

[Upper and Lower Units]:
[Sub Ice Shelf Sand and Mud Facies]:
Olive- Olive grey, significant sub rounded Mud/silt content, variable sand, Total
to sub angular gravel component
Abundance, F. Curta relative %

[Proximal Ice Shelf Glaciomarine unit]:
Coarse grained, gravel rich, gradational
contacts, fine sorted sand, some laminae

[Sub Ice Shelf Sand and Mud Facies]:
Relatively high abundance of sea ice
associates species

[Upper and Lower Units]:
No significant pebble content

Olive-Olive grey, poorly sorted mud,
significant gravel component, high silt (6287%), variable “fine” sand content (11-28%)
clay decreases upward, sharp lower contacts,
sharp TA boundary at base, TA btwn .8-22
x 106 v/g, modern species dominate, MS
variable-high, BD variable, low average

[Sub Ice Shelf Sand and Mud Facies]:
Poorly sorted sandy mud, few grains >2mm,
Total Abundance, F. Curta relative %

McKay et al. (2008)

[Upper and Lower Units]:
Olive grey, diatom rich, sandy mud

Webb et al. (1979)

[Distal Ice Shelf Glaciomarine/ OM facies]:
Diatom rich, massive, silt and clay rich

Evans and Pudsey (2002)

Greyish brown, moderately sorted, finemed silt, 14-16 % clay, very low sand, TA
btwn 8.4-12.8 x 106 v/g, modern species
dominate, BD increases towards bas, MS
variable

Greyish brown, sandy mud, poorly sorted
sand, high silt content, few grains > 2mm,
mottled appearance, gradational lower
contacts, low BD -increases through base,
variable MS, TA btwn 11-27 x 106 v/g,
modern species dominate, F. Curta:18-24 %

Hemer and Harris (2003);
Hemer et al. (2007)

Table 2.2 Lithofacies described in this study with comparisons to facies identified in studies by Hemer and Harris (2003), Evans and Pudsey
(2002), Webb et al., (1979) and McKay et al., (2008). Units identified in this study (Units 1-5) are listed in the first column, with facies
descriptions in the next column. Blue boxes list similarities between units identified here and those identified by one of the four studies
presented. Names of comperable facies are listed in brackets and italics for reference. Cream colored boxes list differences between units
idenitfied in this study and those used for comparison with all comments referring to our units. Dashes indicate that units on in the left column
are not comperable to any identified by the other studies.

Unit 5
Massive muddy
diamict

Unit 4
Laminated to
homogeneous
clayey silt

Unit 3b
Gravelly diatom mud
(NBP03-06 cores)

Unit 3a
Gravelly diatom
mud

Unit 2
Fine diatomaceous
silt

Unit 1
Sandy diatomaceous
mud

Unit Descriptions

2008). Facies are massive and generally composed of silty-clay lacking grains larger than 2
mm, except for a package of coarse sand in the upper part of the HWD03-01 core. The sand
content of the sub-ice shelf sand and mud facies, as well as the lack of grains > 2 mm, and
low sedimentation rate (0.01-0.05 mm/yr) indicate that this facies and Unit 1 are inherently
similar.
Unit 1 contains the highest total abundance values identified in the suite of NBP03-01
and NBP03-06 cores, ranging from 11-27 x 106 v/g (Fig. 2.8, Table 2.1). Relative to highly
productive areas in the Ross Sea and Antarctic Peninsula however, (which normally range
from 60-200 x 106 v/g) (Leventer et al., 1993, 1996; Sjunneskog and Taylor, 2002;
Sjunneskog and Scherer, 2005), and the sub-ice shelf sand and mud facies identified by
McKay et al. (2008), abundances of this magnitude are considered low. The total abundance
of Unit 1 is approximately half that of the sub-ice shelf sand and mud facies and yet the
relative abundance of F. curta and other modern sea ice associated species are significantly
higher (Fig. 2.8). In general, low total abundance and high relative abundance of modern
diatoms indicates that this facies was deposited near, but not in a zone of primary
productivity, and therefore it is interpreted as sub-ice shelf facies with a significant
glaciomarine influence. Assuming the NBP03-01 survey area was covered in floating ice
during some period of post LGM geologic history, this site would be located closest to the
calving edge of the ice shelf (in comparison with the other 03-01 cores), and would be
accessible by advection and sub-ice shelf currents. Perhaps this variation in abundance
indicates that the Unit 1 was situated farther updip of the calving line than the sub-ice shelf
sand and mud facies identified by McKay et al. (2008) at the time of deposition; the total
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abundance of Unit 1 is therefore lower, but in comparison, advection of post glacial species
under the ice shelf is more significant.
Unit 2 (Fine diatom silt) is also present in only one of the seven NBP03-01 and
NBP03-06 cores (both Unit 1 and 2 are identified in KC-05 only). Of note are the similar
characteristics between this fine, moderately sorted silt and the distal, ice shelf
glaciomarine/open marine facies identified by Evans and Pudsey (2002) from the sub-ice
shelf Larsen-A region of the Antarctic Peninsula. This facies is defined by massive and
occasionally bioturbated diatom-bearing sediment and gravelly muds (IRD) composed of
silty clay/diatom-rich mud. Of three sedimentary facies recognized in the Larsen-A cores
(VC257, VC249, VC247, VC267) collected by Evans and Pudsey, the distal ice shelf
glaciomarine/open marine facies’ massive nature, high silt and clay content, and moderate
total abundance resembles Unit 2 (Table 2.2).
Similar to Unit 1, the total abundance of Unit 2 is high compared to the other NBP0301 and NBP03-06 cores (Fig. 2.8, Table 2.1), but not in comparison with published high
productivity regions of the Antarctic oceans (Leventer et al., 1993,1996; Sjunneskog and
Taylor, 2002; Sjunneskog and Scherer, 2005). What distinguishes this facies from the other
fine-grained silty facies (Unit 4) identified in this study is that the dominant diatom species
present are modern, sea ice associated taxa, rather than reworked species (Fig. 2.8).
Reworked species are present throughout the unit, but do not dominate the assemblages.
Therefore, this facies’ low sand and high silt content (Fig. 2.7), in conjunction with high
relative abundance of modern diatoms (especially F. curta) indicates that it was also
deposited in a sub-ice shelf environment proximal to the ice shelf edge, and therefore
accessible to significant advection and current influence (Evans and Pudsey, 2002; Hemer
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and Harris, 2003). Because diatoms are not viable beneath ice shelves due to the lack of light
and nutrients needed for photosynthesis (Cunningham and Leventer, 1998), the presence of
diatoms is attributed to advection into the sub-ice shelf cavity. Sub-ice shelf currents, which
can flow at up to 22 cm/s (Robinson and Pyne, 2004) can transport sediment significant
distances and therefore have a considerable effect on facies deposition. Barrett et al. (2005)
determined that average current flow can transport fine sand grains only 1 km beneath the
shelf, but diatom fustules or fine muds can remain suspended for tens to hundreds of
kilometers beneath the shelf. Previous research in McMurdo Sound illustrates the effects of
advection under an ice shelf on phytoplankton, establishing that planktic organisms can be
present and abundant up to 100 km updip of the ice shelf edge (Kellogg & Kellogg, 1988).
Therefore, during deposition of this facies it is hypothesized that the core site was beneath
the ice shelf, but farther updip from the ice shelf edge than during the deposition of Unit 1;
the greater distance permitted transport of modern diatom valves, but not coarse-grained
sediment (hence the lack of sand).
Various facies distinguished by researchers in the Ross Sea and Antarctic Peninsula
are analogous to the Unit 3a, identified in this study. Unit 3a is present at or near the top of
all NBP03-01 cores, and is characterized by its high silt content, significant sub-rounded to
sub-angular gravel component, and average diatom concentrations (Fig. 2.10-2.13)
dominated by modern sea ice associated species (Fig. 2.14-2.21). A unit defined by Evans
and Pudsey (2002) in the Larsen-A cores, termed proximal ice shelf glacimarine, contains
comparable sedimentary and biogenic characteristics (Table 2.2). Evans and Pudsey (2002)
characterize a wide range of sediment as proximal ice shelf glaciomarine, including
diamicton, gravel-rich and sand-rich facies, gravelly mud, dropstone mud, and sandy mud.
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In general however, this facies is coarse grained, with low shear strength, contains laminae,
gradational contacts, dropstone structures, aligned clasts and sorted sand and silt. Therefore
as a result of the broad range of characteristics that define this facies, Unit 3a and the
proximal ice shelf glaciomarine sediment are similar, with the exception of the variable sand
content and relatively sharp contacts present in Unit 3a. Gradual or sharp contacts do not
necessarily indicate that these are two distinct facies, instead it might suggest that the
transitions between glacial environments occurred more rapidly in the Ross Sea region than
in Prydz Bay. In addition, the variation in sand content in the Ross Sea region could be
explained by differences in the source rocks over which the ice moves or diverse current
regimes beneath the ice sheet that did not allow continuous deposition of sand as is seen in
the Larsen-A site. Variations in the presence /content of basal debris rain-out could also be
responsible for the coarse sediment present in Unit 3a and lacking in the proximal ice shelf
glaciomarine facies (and in Unit 3b). Historically, research suggested that melting of the
basal debris zone was restricted to within 10-20 km of the grounding line (Drewry and
Cooper, 1981) and therefore, the bottom of ice shelves were interpreted to be free of basal
debris. However, basal freezing observed beneath the Ross Ice Shelf (Zotikov et al., 1980),
and in localized areas associated with the Whillans Ice Stream (feeds the NBP03-01 site area)
and Ice Stream C (Joughin et al., 2004) indicates that sediment can travel beyond the
grounding line and deposit farther downdip than previously considered. Debris bearing basal
ice layers identified at the upstream area of the Kamb Ice Stream (WAIS) imply that basal
conditions historically supported transport of entrained sediment past the grounding line.
Similarly, Smith et al. (2006) suggest that localized basal freeze-on areas in the George VI
Ice Shelf allow transport of a substantial volume of material significant distances.
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The upper and lower units recovered in the RISP core by Webb et al. (1979) also
share numerous characteristics with Unit 3a: olive to olive-gray color, total abundance, and
significant sub-rounded to sub-angular gravel component (Table 2.2). Limited data regarding
the sedimentological character of the upper and lower units is available for comparison to our
Unit 3a, and therefore, only the associations discussed above can be establish.
McKay et al.’s (2008) sub-ice shelf sand and mud facies also appears to be
comparable to Unit 3a in all respects, apart from the significant gravel component and the
dominance of modern sea ice associated diatoms in Unit 3a (Fig. 2.10-2.17). The high
silt/mud content, sand content, and low total abundances are some characteristics that the two
facies share, but because the sub-ice shelf sand and mud facies lack a significant number of
grains > 2mm and contain low percentages of modern sea ice associated diatoms species, we
can draw a distinction between it and Unit 3a (Table 2.2). In this case, the proximity to the
calving line may be responsible for the discrepancies identified between the facies; McKay et
al. collected the sediment gravity cores used in their 2008 study approximately 5-12 km from
the shelf edge, off of well-protected McMurdo Sound. Pillsbury and Jacobs (1985) identify a
large-scale gyre which inflows under the Ross Ice Shelf at 3.4 cm/s both in McMurdo Sound,
as well as at 171˚-172˚ W, where the NBP03-01 cores are located. Perhaps the complex
currents in the McMurdo region and distance from the ice shelf edge, which has only
increased historically into the LGM, did not allow advection of modern sea ice associated
species or deposition of coarser grained material. Despite variations in the modern diatom
content the total diatom abundances of these units are analogous and incidentally,
significantly lower than the typical range of concentrations (60 - 200 x106 v/g) found in Ross
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Sea post-glacial deposits (Leventer et al., 1993, 1996; Sjunneskog and Taylor, 2002)
indicating that they are primarily sub-ice shelf.
Unit 3a and its eastern Ross Sea complement, Unit 3b, are similar although
comparatively, Unit 3b exhibits an increased silt content and appreciable lack of sand. The
lack of coarse-grained material in NBP03-06 associated units (Unit 3b) may indicate a
difference in current velocities at the two sites or variability in the presence of basal debris
rain-out between the east and west regions of the Ross Ice Shelf (WAIS and EAIS) as
discussed earlier. Furthermore, the unique characteristics that Unit 3b possesses, including
the presence of laminae as well as higher silt, very high clay, negligible sand, and lower
gravel components, allow identification of additional commonalities between it and the other
facies. The sub-ice shelf sand and mud facies documented by McKay et al. (2008), the
proximal ice shelf glaciomarine facies described by Evans and Pudsey (2002), and the upper
and lower units identified by Webb et al. (1979) are all analogous to Unit 3b. Each of these
three facies resembles Unit 3b in their color, high silt components, and massive bedding
(Table 2.2).
Evans and Pudsey’s (2002) proximal ice shelf glaciomarine facies for example
possesses laminae as well. These laminations are thought to be a result of variations in
current speeds as a result of tidal pumping beneath the ice shelf.
In addition, Unit 3b shares multiple sedimentological and biogenic characteristics
with a unit recovered from beneath the Amery Ice Shelf in Prydz Bay, Antarctica. Hemer
and Harris (2003) identify six distinct units in the core (AM02) recovered by drilling through
the Amery ice Shelf approximately 80-100 km from the ice shelf edge. Because Hemer and
Harris (2003) also use numerical unit names, facies from their study will be referred to as
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HH1-HH6. Unit 3b shares numerous characteristics with HH1, a light olive-gray, massively
bedded, siliceous mud/ooze, with some gravel content, and a total diatom abundance
averaging 8 x 107 v/g (Table 2.2) (Hemer and Harris, 2003).

This unit is interpreted as

recent sub-ice shelf facies and shows a correlation between high total abundance, increased
F. curta abundance, and decreased T. antarctica abundance, indicating that where there are
diatom abundance peaks, distance to open water decreases (Hemer and Harris, 2003). Unit
3b shows a minor correlation between F. curta and T. antarctica abundance, but in general
total abundances are much lower in this unit than in the Amery Ice Shelf facies (Fig. 2.24 and
2.25).
Environmental conditions at the Amery site also parallel those of the Ross Sea core
sites. Based on numerical models, the AM02 core site is interpreted as an area dominated by
water inflow from Prydz Bay (associated with basal melting of the ice sheet), and core AM01
is located in an area of current outflow, (associated with basal freeze) (Hemer and Harris,
2003). In the Ross Sea, current meter data and modeling experiments indicate that a region
of outflow from under the Ross Ice Shelf exists at approximately 173˚ W (Pillsbury and
Jacobs, 1985; Assmann et al., 2003) in very close proximity to the NBP03-06 cores, which
contain Unit 3b.

Furthermore, the depths at which the AM01 and 02 cores were collected

(843 m, and 840 m) are similar to those of the cores utilized in this study. Perhaps the higher
total abundances detected in the AM02 cores unit HH1 is a result of stronger current inflow
under the Amery ice sheet than that which exists in the Ross Sea, allowing significant
advection of diatom valves. Evidence of substantial advection is apparent in the relatively
high total diatom abundances reported from the sub-Amery Ice Shelf cores; one core, located
80 km inland, is characterized by relatively high total diatom abundances throughout its

59

upper portion (between 80 ~130 x 106 v/g in the first 10 cm) considering that the site has
been covered with floating ice for approximately 5,700

14

C yrs B.P. (Hemer and Harris,

2003). Surface sediment from the site located 130 km updip of the ice shelf edge has a total
abundance of 15 x 106 v/g, which is similar to the upper portions of NBP03-01 and NBP0306 cores. This implies that deposition of much of the NBP03-01 and NBP03-06 cores
potentially occurred significant distances (100+ km) from the Ross Ice Shelf edge.
This observation also indicates that the presence of modern sea ice associated diatoms
is not unusual in sub-ice shelf sediment, especially in regions with strong unobstructed
currents. Total diatom abundances exhibit a significant decreasing trend with depth through
Units 3a and 3b, indicating that the ice shelf extended further into the Ross Sea in the past,
thereby making the core sites distal to regions of significant primary productivity (i.e. open
water)(Hemer et al., 2007; Buffen et al., 2007; Sjunneskog and Scherer, 2005).
Units 3a and 3b are located in the upper part (surface sediment) of all but one core
(KC-05), and therefore account for the most recent sediment deposited before recovery in
2003 (Fig. 4.1). With this and the recent history of the east and west sites in mind, it is likely
at least some of the surface sediment that comprises Units 3a and 3b was deposited in both a
glaciomarine environment as well as a distal sub-ice shelf environment.

Visible

compositional, textural, and color boundaries are not discernable within these facies
however, necessitating their classification as one unit, and suggesting that at these sites there
is a limited capability to resolve high frequency ice shelf dynamics. The fact that diatom
assemblages, which are extremely useful environmental proxies, can be advected such great
distances beneath the ice shelf makes it especially difficult to distinguish between low
productivity glaciomarine and distal “advection modified” sub-ice shelf facies. Therefore, a
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precise definition of a distal sub-ice shelf deposit is difficult at NBP03-01 and NBP03-06
sites, as the facies may in fact be interbedded with glaciomarine sediments.
Very low diatom concentrations (Table 2.1), and a fine clayey-silt composition
lacking grains larger than 0.25 mm characterize Unit 4 (Fig. 2.12, 2.22, 2.23). In addition,
Unit 4 is also dominated primarily by fragmented, reworked taxa. Modern diatoms species
are present within the unit, but at most, comprise only 11% of the total assemblage (Fig.
2.16, 2.24, 2.25). The presence of modern taxa in combination with reworked species is a
good indication that reworking by currents, dissolution of Holocene components, or
slumping/iceberg scouring occurred (Sjunneskog and Scherer, 2005).

Often a mixed

assemblage can be indicative of a sub-ice shelf environment; modern sea ice associated
species are advected under the ice shelf from the productive open marine environment, while
old, extant species are transported from reworked tills by currents flowing from grounding
line. Comparisons between this fine-grained unit interpreted as sub-ice shelf in origin can be
made with sub-ice shelf facies identified by Hemer and Harris (2003), Evans and Pudsey
(2002) and McKay et al. (2008).
Two units from Hemer and Harris’ (2003) sub-Amery Ice Shelf cores contain similar
characteristics to our Unit 4. Hemer and Harris (2003) describe sediment from HH3 as olivegray, very well-sorted, massively bedded, fine-grained silt. Magnetic susceptibility and bulk
density are characterized as increasing upward through the unit while total abundance
increases “above background levels” in the same direction. HH3 is interpreted as sub-ice
shelf sediment from the “null zone”, a region described by Domack et al., (1999) as a point
under the ice shelf which is distal from both the grounding line, and advection from the open
marine environment, and where sedimentation rates are extremely low. This research
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identifies Unit 4 as a comparable to the HH3 facies (Table 2.2); similarities between this unit
and the “null zone” sediment described by Domack et al., (1999) as well as evidence from
diatom assemblages indicates that this is most likely sub-ice shelf sediment. The high silt
content and lack of gravel indicates that Unit 4 is not likely a glaciomarine deposit, where
frequent deposition of ice rafted debris (IRD) from calving icebergs creates a coarse sand and
gravel signature (McKay et al., 2008; Evans and Pudsey, 2002, Domack et al., 1999).
The second of the comparable units, Hemer and Harris’ (2003) HH2, is composed of
siliceous mud with red/brown laminae and olive gray mottles, and is characterized by
extremely high total diatom abundance: up to 2 x 108 v/g. Hemer and Harris (2003) also
interpret this unit as sub-ice shelf sediment from the “null zone”, but situated closer to the ice
shelf edge than HH3.

This unit exhibits much higher total abundances than the low

concentrations (0.3-1.6 x 106 v/g) seen in our Unit 4 (Table 2.1).

Clearly, variations in

current velocity and direction between the two sites (sub-Amery Ice Shelf and sub-Ross Ice
Shelf) could potentially cause a discrepancy in the total abundance recorded; stronger
currents can advect more diatom valves and a current which outflows from under the ice
shelf would not transport any open water diatoms to the core sites. Therefore, lower total
abundances in Unit 4 could be a result of a distal location of the ice shelf edge.
The proximal ice shelf glaciomarine facies identified by Evans and Pudsey (2002),
and described above, also appears similar to Unit 4 from this study. Both consist of wellsorted, massive, clayey-silt with fine laminations, but the proximal ice shelf glaciomarine
facies is characterized in general by coarse-grained material, which is absent from Unit 4
(Table 2.1). It is important to note that Evans and Pudsey (2002) state that fining upward
sequences may reflect decreases in rainout from the base of the ice sheet as the grounding
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line retreats. Therefore, they characterize a wide range of sediment as proximal ice shelf
glaciomarine facies- from diamictons to sandy dropstone-rich mud- all of which is
interpreted to have deposited proximal to the grounding line (Evans and Pudsey, 2002).
This implies that sub-ice shelf sediment shares some basic characteristics, and depending on
proximity to the grounding line or the calving line, other characteristics may be present
including higher sorted sand/gravel content and higher total abundances, respectively.
In addition, the sub-ice shelf sand and mud facies described by McKay et al. (2008)
shares numerous characteristics with our Unit 4; both contain high clayey-silt component,
few/no grains > 2mm, and diatom assemblages dominated by fragmented reworked species
(Table 2.2).

As was noted in relation to many of the facies discussed here, the total

abundance of Unit 4 is an order of magnitude lower than that of McKay et al.’s sub-ice shelf
sand and mud facies; this is clearly related to differences in current dynamics, and/or
proximity to the ice shelf edge.
Similar to the sub-ice shelf facies identified by Evans and Pudsey (2002) and Hemer
and Harris (2003), Unit 4 also contains unique laminae and grey mottles that previous
research has associated with grounding line activity and hence to the sub-ice shelf
environment. Domack et al. (1999) interprets fine laminations as a result of periodic plumes
of sediment-laden water emanating from the grounding line cavity. Evans and Pudsey (2002)
also attribute the deposition of laminated sediments to currents which transport sorted, finegrained material from the grounding line to a distal location. Tidal pumping is proposed as a
possible mechanism by which plumes of water might flow from the grounding line and
deposit fine sediment laminae in a distal location (Domack et al., 1999; Domack and
Williams, 1990; Hemer et al., 2007; Evans and Pudsey, 2002). This process occurs when the
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ice shelf rises and falls with the tides and subsequently creates currents that flow seaward
away from the grounding line (Hemer et al., 2007). Melt-water flow from the grounding line
could also be responsible for the formation of laminations; fine-grained sediment from the
grounding zone is reworked and transported distally until it settles out of the water column
(Hellmer and Jacobs, 1992). Hemer et al., (2007) determined that in order to deposit the very
fine to medium sand layers of laminated sediment identified in their sub-Amery Ice Shelf
cores, currents in the range of 0.30 - 0.40 ms-1 were necessary. At the sub Amery site,
maximum current speeds away from the grounding line are measured at 0.26 ms-1 (Hemer et
al., 2006) and general thermohaline current speeds are estimated at 0.05 ms-1 (Williams et al.,
2001), indicating that coarse sediment identified in laminated units Amery cores were
deposited close to the grounding line as a result of influences of tidal pumping and
thermohaline/melting currents (Hemer et al., 2007). In the NBP03-01 and NBP03-06 cores,
the laminated sediment is finer grained and therefore would be capable of travelling farther
than fine-coarse sand. Although tidal pumping estimates do not exist in the location of the
NBP03-01 and NBP03-06 cores sites, data from Robinson and Pyne (2004) indicates that a
tidal influence is measurable in McMurdo Sound, with reversing currents capable of reaching
up to 22 cm/s.

Assuming that these rates remain relatively constant over time, we can

extrapolate this information to the nearby NBP03-01 site, and deduce that finely laminated
sediment was deposited proximal to the grounding line as a result of tidal pumping and
grounding line melt-out.
Laminations could also be a result of highly productive waters out of which diatom
ooze is deposited in thin laminae. Orange/brown laminations identical to those seen in
NBP03-06 cores are identified in cores from the Palmer Deep site in the Antarctic Peninsula
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(Domack et al., 2001). These alternating laminations of brown/orange diatom ooze are
interpreted as deposits from highly productive spring ice melt seasons and are interbedded
with gray diatom rich terrigenous sediment, which is deposited during colder months when
productivity is at a low (Pike et al., 2001; Leventer, 1991). This could imply that rather than
decreasing in proximity to the grounding line, as proposed above, there is a decrease in
proximity to the calving edge of the ice shelf during the spring months where primary
productivity is at its peak. Additionally, it could indicate a rise in current velocity that
allowed increased advection of diatom blooms. The presence of low diatom abundances in
this laminated facies however, made this scenario difficult to support, as it is expected that
decreased proximity to highly productive areas would create a dramatic increase in total
diatom abundance. Low sedimentation rates indicate that diatom abundances from this facies
reflect the productivity, or in this case, lack thereof at the site; the biogenic signal of the unit
was not diluted by rapid deposition of terrigenous material and therefore, it is low because it
was deposited in a sub-ice shelf region. In addition, the fact that the laminations were
preserved indicates that little bioturbation took place. If the laminae were produced as a
result of productivity in open water, bioturbation by bottom dwelling organisms, which are
not viable past < 100 km the limit of advection (Kellogg and Kellogg, 1988; Hemer et al.,
2007) beneath the floating ice shelf, would have most likely homogenized the laminated
sediment (Gambi and Bussotti, 1999).
Therefore, with units described by Hemer and Harris (2003), Evans and Pudsey
(2002) and McKay et al. (2008) and possible sources of laminations in mind, Unit 4 is
interpreted to be composed entirely of sub-ice shelf facies with a limited/low glaciomarine
influence.
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Characteristics of the last unit identified in this research, Unit 5, including color, its
massive/homogeneous nature (Anderson, 1980; 1983), poorly-sorted but generally rounded
to sub-rounded gravel content, and poorly sorted sand fractions are commonly associated
with subglacial tills (Domack et al., 1999; Anderson, 1999; Evans and Pudsey, 2002; Licht et
al., 1999; Mosola and Anderson, 2006). In addition, Unit 5 contains characteristically low
total abundance and diatom assemblages dominated by reworked species (Fig. 2.102.17,2.24-2.27). The micropaleontological information regarding this facies alone is enough
to permit interpretations of the glacial environment in which the sediment was deposited;
very low diatom concentrations (between 0.06 - 1.06 x106 v/g) identified here (Table 2.1) are
indicative of sediment deposited in an environment that is distant from zones of primary
productivity (open water), or sediment which has undergone significant compaction and
shearing. In many cases diamictons contain total diatom abundances two or more orders of
magnitude lower than those of a glaciomarine muds (Scherer et al., 2004). Furthermore, the
highly elevated abundance of reworked, fragmented diatom species such as the robust and
long ranging taxa Paralia Spp., Stephanopyxis spp. and Stellarima microtrias (Sjunneskog
and Scherer, 2005) and other primarily Tertiary forms, in combination with low total
abundances (Fig. 2.10-2.17,2.24-2.27) is indicative of significant reworking of subglacial
diamicts.
In addition to the total abundance of diatoms, and the presence of age-associated taxa,
we can also use another diatom related analysis (the degree to which valves are fragmented)
to learn more about the sedimentary environment in which the facies was deposited. In this
case it is possible to discern the degree of subshearing marine sediment has undergone by
calculating the ratio of centric to pennate diatoms. Despite the general fashion in which the
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proxy was utilized in this study, the diatom fragmentation index developed by Scherer et al.
(2004) indicates that Unit 5 has generally been subjected to extreme shearing, possibly as a
result of a fast moving ice stream passing over it. Therefore, we interpret this facies as subglacial in origin, except in NBP03-06 cores KC-01 and KC-02 where the sediment may have
been deposited proximal to the grounding zone.
All four research papers discussed here identify sediment comparable to Unit 5,
although their environmental interpretations vary.

Initially, the upper and lower units

described by Webb et al. (1979) as pebble-rich diamictons appear similar to our Unit 5,
however the drastic difference in total abundance is an indication that although both facies
are diamicts, one is a glaciomarine diamict and the other a subglacial diamict (Table 2.2). In
this case variable currents or proximity to the calving edge cannot resolve the discrepancy in
total abundance because the abundances are so vastly different.
Unit HH4 described by Hemer and Harris (2003) is very similar to many of the lower
units present in the NBP03-01 and NBP03-06 cores classified as Unit 5. In core AM02, unit
HH4 is characterized as an olive-gray, poorly sorted, massively bedded diamicton with
numerous gravel to pebble sized clasts. In addition, it contains zero diatoms, and decreasing
bulk density upward through the unit. Hemer and Harris (2003) interpret this sediment as a
waterlain till, deposited in close proximity to the grounding line, and at a rapid pace. Unit 5
bears a significant resemblance to this sediment, notably the number of gravel/pebble sized
clasts, and the increasing bulk density towards the base (Fig. 2.10-2.13, 2.22-2.23) implying
an increase in density with depth (Table 2.2). This increase in density down core most likely
indicates that NBP03-01 and NBP03-06 cores sampled a boundary between a soft
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deformation till and more compact lodgment till, both of which are common on the Ross Sea
continental shelf (Anderson, 1999).
There is a discrepancy in terms of the color and the total diatom abundance however;
Unit 5 contains low total abundance values, generally less than 1 x 106 v/g, whereas HH4
contains no diatoms (Table 2.1). This does not suggest the two are different facies, rather it
implies that some mechanism such as stronger currents, less melt-water winnowing, or a
smaller floating ice shelf allowed highly fragmented diatom valves to be preserved or
deposited in the Ross Sea sediment and not in the Amery sediment.
Evans and Pudsey (2002) describe massive diamictons, coincident with high shear
strengths and abrupt upper contacts as subglacial facies.

This facies therefore bears a

resemblance to Unit 5; it is very coarse-grained and often contains abrupt upper contacts
(Table 2.2). Shear strength data is not included in our study, and therefore comparisons
between the two facies cannot be made on that basis. In lieu of shear strength data, however,
utilization of the “shearing ratio” proposed by Scherer and Skunneskog (2005) indicates that
in general, shearing of Unit 5 is “severe”, indicating that it was overridden by an ice sheet,
and possibly a fast moving ice stream.
Finally, the sub-ice shelf diamict facies described by McKay et al. (2008) is
comparable to Unit 5 as well.

This unit is considered relatively unconsolidated and

comprised of poorly sorted gravel with a muddy sand matrix, a significant mud component,
and low diatom abundances (<10 x 106 v/g). McKay et al. (2008) interpret this diamict as a
product of melt-out from the grounding line, rather than a subglacial till. Based on the ease
at which the NBP03-01 and NBP03-06 cores were collected it is feasible that some portion of
the facies identified Unit 5 deposited as melt-out from the grounding line rather than
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subglacially. The average to high bulk density values, alignment of some clasts, and semisorted sand and silt, however, supports the interpretation that the majority of the Unit 5 is
therefore a result of subglacial deposition or reworking of previously deposited subglacial till
during advance of the ice sheet. This reworking produced a layer of deformable “soft” till,
which overlies a very dense, compacted till.
Similarities between units described by McKay et al. (2008) and Hemer and Harris
(2003) indicate that two portions of Unit 5 facies (from NBP03-06 cores KC-1 and KC-2)
have an alternative depositional history than the rest of the subglacially deposited facies.
Despite the fact that these two sections of the NBP03-06 cores are similar in terms of grain
size distribution, grain shape, bulk density, magnetic susceptibility, and total diatom
abundance, an alternative to the subglacial interpretation is feasible due to the presence of
fine dark grayish brown laminations.

These laminae are thought to differ from those

identified as layers of diatom ooze by Domack et al., (1991) at the Palmer Deep site. Tidal
pumping or melt water currents from the grounding line deposited terrigenous sediment in
the form of laminae rather than biogenic ooze as confirmed by the fact that no appreciable
increase in total diatom abundance is visible in the vicinity of the laminated sediment
between 30-46 cm (KC-01) and 27-45 cm (KC-02), (Fig. 2.24 and 2.25). If this is the case, it
implies that the grounding line was in close proximity to the site.
Furthermore, these facies also bear a resemblance to the muddy, pelletized gravel and
sand unit identified by Domack et al. (1999). This “granulated facies” is present in many
cores collected from the Ross Sea continental shelf (Domack et al., 1998; Domack et al.,
1999; Domack and Harris, 1998) and is characterized by its high gravel and sand content,
high water content, loose packing, and stratification in the form of fine laminations and
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dropstone features (Domack et al., 1999). In addition, Domack et al., (1999) describe the
unit as often interbedded with the units found above or below it. The NBP03-06 cores also
exhibit high gravel and sand contents as well as laminations, and based on x-radiograph and
visual core analyses the units appear less compacted than Unit 5 sediments in cores from the
Western Ross Sea (NBP03-01).
5.1.1 Summary of sub-ice shelf comparisons
These comparisons serve to illustrate the variability in facies deposited in sub-ice
shelf regions. However, despite the numerous and unique environmental interactions which
take place at each sub-ice shelf core location, (Amery, Larsen A, McMurdo, RISP) there are
fundamental characteristics of sub-ice shelf sediments that are uniform: 1) high silt content,
2) fine grained sediment (few grains > 2mm) and 3) presence of reworked diatom species
among modern species.
The presence of diatoms and other lithologic attributes commonly noted in the Ross
Sea, Larsen-A, Amery and McMurdo sub-ice shelf sediments, such as high sand content or
significant coarse pebble content are deemed to be dependant on proximity to the grounding
line. In addition to the three basic characteristics defined above, sites that are close to the
grounding line can exhibit a significant coarse-grained component, a sorted sand component,
and occasional laminations (Evans and Pudsey, 2002; McKay et al., 2008). This sediment
will have low diatom abundances and a high percentage of reworked diatom species.
Sites that are distal to the grounding line and proximal to the calving line may also
contain a coarse-grained component as a result of melt-out from the base of the ice sheet and
calving icebergs, but will exhibit higher total diatom abundances and higher percentages of
modern open ocean and sea ice associated species, relative to the grounding zone site.
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Higher total abundances described here do not however imply abundances that are equivalent
to that of an open marine environment, rather total abundance is higher relative to the
grounding zone site. Strong advection from currents and extremely productive waters are
interpreted to increase the relative total abundance “baseline” to higher values.
Because only one of the comparison studies referred to here used comprehensive
micropaleontological data, and the fact that a number of environmental factors have an effect
on deposition of diatom valves, a clear characterization as to the typical total diatom
abundance and relative species abundances of sub-ice shelf sediment cannot be established,
only the relative characterization given above is possible.

Furthermore, the diatom total

abundance data from this paper, and that of comparable sub-ice shelf sediment from McKay
et al., (2008) is significantly different (ranging from 105-108 v/g), indicating that a “typical”
total abundance for all sub-ice shelf sediment should and cannot be established. Rather, the
general characterization of “low total abundance” can be assigned to sub-ice shelf sediment
in order to take into account regional and environmental differences.
5.1.2 Classification of Ross Sea sub-ice shelf sediment
Low sedimentation rates, high frequency changes, and the interaction of
oceanographic, sedimentological and glacial processes result in complicated lithofacies at the
NBP03-01 and NBP03-06 sites.

Lithofacies analyses and comparisons with published

research suggest that the NBP03-01 and NBP03-06 cores are each composed of a significant
amount of sub-ice shelf sediment, which was unexpected considering the sub-ice shelf region
is associated with restricted sedimentation. This study indicates that a single facies type does
not accurately describe sub-ice shelf deposition; depositional processes under the ice shelf
are complex and vary depending on the type of ice shelf and the other environmental
71

conditions present in the region. In some cases, discerning between glaciomarine and distal
sub-ice shelf deposition or sub-ice shelf grounding line and subglacial deposition was not
possible with the available data as a result of the close proximity of these core sites to
multiple glacial environments and environmental influences discussed in the previous
section. Sediment identified in this study as sub-ice shelf in origin is characterized by five of
the observed lithological units (Unit 1, Unit 2, Units 3a/b, Unit 4 and part of Unit 5).
The three basic characteristics of sub-ice shelf sediment established in the previous
section depict a general representation of Antarctic sub-ice shelf sediment. Building on this
categorization, the sedimentological signature of sediment from the NBP03-01 and NBP0306 cores allows the formation of a specific definition of “Ross Sea Sub-Ice Shelf” sediment
(as seen in our cores):
•

Always contain high silt content, average of 77.4% and never below 63%

•

Generally contain low diatom abundances compared to other sites where sub-ice shelf
sediment has been sampled.

•

Contain reworked diatom species among modern species, with high modern species
abundances indicating proximity to open water.

•

Does not need to be composed exclusively of fine-grained sediment; coarse sediment
including fine to coarse pebbles is often present, especially when proximal to the
calving line.

•

Often contain terrigenous laminations, occasionally biogenic laminae (limited to the
Eastern Ross Sea – NBP03-06 site).
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5.1.3 Classification of Ross Sea subglacial sediment
Comparisons between NBP03-01 and NBP03-06 cores and sediment collected from
other sub-ice shelf regions in the Antarctic afford the opportunity to define not only the basic
characteristics sub-ice shelf sedimentation, but also to create a general template for
subglacial sedimentation in the Ross Sea. The sedimentological and stratigraphic signature
of sediment from the NBP03-01 and NBP03-06 cores detailed above allows the formation of
a specific definition of “Ross Sea Subglacial” sediment (as seen in our cores):
•

Contains a high proportion of poorly sorted sub angular-rounded clasts

•

Massive/ homogeneous

•

High bulk density values, sometimes increasing with depth (between 1.9 g/cm3 to
2.48 g/cm3

•

Silty/sandy matrix (average 75.64% silt for subglacial units)

•

Extremely low diatom concentrations, dominated by fragmented, reworked taxa.
(between .06 x 106 v/g and 1.06 x106 v/g)

•

Abundance of centric valves vs. pennate valves, meaning it was subjected to extreme
shearing as per the Scherer fragmentation index.
5.1.4 Classification of glaciomarine sediment
Because subglacial tills and glaciomarine sediment rich in ice rafted debris (IRD)

share many of the same characteristics it is often difficult to distinguish between them
(Chriss and Frakes, 1972; Kurtz and Anderson, 1979; Anderson et al., 1980, 1984, 1992,
1999; Licht et al., 1999). In this study however, the characteristics of Unit 5 tills (discussed
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above) clearly distinguish them from glaciomarine diamicts as a result of the very low total
abundances, prevalence of reworked species and bulk density,
This study also revealed that differentiating between sub-ice shelf sediment proximal
to the calving line and glaciomarine sediment is also difficult due to advection of modern
diatom species under the ice shelf, and the presence of coarse-grained material under the ice
shelf.

Significant mixing of glaciomarine and sub-ice shelf sediment occurs often in the

NBP03-01 and NBP03-06 cores, however only the upper millimeters of these cores are
interpreted as entirely glaciomarine and therefore a definitive characterization of this facies is
not possible.
Distinguishable amounts of glaciomarine sediment were not recovered and therefore
we utilized previous research to ascertain common characteristics of this facies in order to
compare and contrast to units in the NBP03-01 and NBP03-06 cores.

A general

characterization of glaciomarine sediment in the Ross Sea is as follows:
•

High total diatom abundances should be recorded in sediments - highly productive
areas in the Ross Sea and Antarctic Peninsula normally range from 60-200 x 106 v/g
(Leventer et al., 1993, 1996; Sjunneskog and Taylor, 2002; Sjunneskog and Scherer,
2005) depositing what is considered siliceous or diatomaceous ooze.

•

Diatom assemblages are dominated by modern species, especially those associated
with open water and sea ice with little to no presence of old, reworked diatom
species.

•

Bioturbation of marine sediment, in conjunction with other characteristics described
here, is an indication that it was deposited in open water (Evans and Pudsey, 2002)
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where bottom dwelling organisms are viable (or proximal to the ice shelf edge within
the region affected by advection)
•

Glaciomarine sediment contains variable sand and gravel content and can be defined
as poorly sorted sediment. The deposition of coarse sediment in the glaciomarine
environment is related to rain out of debris after calving events and aeolian input.
Therefore, glaciomarine sediment can be both fine grained, or gravel rich (Mosola
and Anderson, 2006).

•

Glaciomarine sediment is characterized by lower bulk densities and higher magnetic
susceptibilities compared to subglacial facies.

6. CONCLUSIONS

6.1 Similarities to other sites
Comparisons between sediment cores from sub-ice shelf regions in the Antarctic
Peninsula, Amery Ice Shelf region, and McMurdo Sound and facies identified in cores
collected during cruises NBP03-01 and NBP03-06 allowed the characterization of sub-ice
shelf facies in the Antarctic and in the Ross Sea region. In addition:
•

Facies similar to Units 1, 2, 3a, 3b are identified by studies Hemer and Harris (2003),
Evans and Pudsey (2002), McKay et al. (2008) indicating that although sub-ice shelf
sedimentation is not uniform regardless of the location, there are some characteristics
that all sub-ice shelf facies share.

•

Facies similar to Unit 5 are observed in studies by Hemer and Harris (2003), Evans
and Pudsey (2002), McKay et al. (2008) as well and are interpreted as subglacial or
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sub-ice shelf grounding line proximal sediments. These facies are relatively similar
despite the geographic region of deposition.
6.2 Facies Characteristics:
Using data from NBP03-01 and NBP03-06 cores in conjunction with sediment
identified in cores from other sub-ice shelf regions, the three glacial environments associated
with an ice shelf environment were characterized:
•

Basic characteristics of sub-ice shelf facies defined by this research and other
Antarctic studies are: high silt content, fine-grained sediment (few grains > 2mm),
and the presence of reworked diatom species among modern species. The incidence
of increased coarse material and higher total abundances are attributed to proximity to
the ice shelf edge or grounding line.

•

Ross Sea sub-ice shelf facies (as seen in our cores) are defined by the following
characteristics: always contain at least 63% silt, average of 77.38%, generally contain
relatively low diatom abundances (not accounting for currents, advection or
productivity levels), reworked diatom species present among modern species- with
high modern species abundances indicating proximity to open water, coarse sediment
including fine to coarse pebbles is often present, especially when proximal to the
calving line, often contains terrigenous laminations and occasionally biogenic
laminae (limited to the Eastern Ross Sea – NBP03-06 site).

•

Ross Sea subglacial facies (seen in our cores) are defined by the following
characteristics: massive/homogeneous, high proportion of poorly sorted sub angularrounded clasts, silty/sandy matrix (average 75.64% silt for subglacial units), high bulk
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density values, sometimes increasing with depth (between 1.9 g/cm3 to 2.48 g/cm3),
extremely low diatom concentrations, dominated by fragmented, reworked taxa
(between .06 x 106 v/g and 1.06 x106 v/g), abundance of centric valves vs. pennate
valves.
•

This study did not recover significant amounts of Glaciomarine facies but based on
previous research and characteristics that are not present in the sub-ice shelf and
subglacial sediment identified here, a general classification of this facies is defined, as
applicable to this study: high total abundance (107+ v/g), dominance of modern open
water or sea ice associate species, variably coarse material, occasionally bioturbated,
with low densities and high magnetic susceptibilities.

•

In general NBP03-01 site in the western Ross Sea contains less post glacial
deposition than NBP-03-06 site (eastern Ross Sea).

•

Sediment from the NBP03-06 site contains slightly lower diatom abundances than the
western Ross Sea site. This corroborates conclusion of previous research that the
eastern Ross Sea has lower productivity than the west (Mosola and Anderson, 2006).

•

The hypothesis that sediment collected from the sub-ice shelf region would contain
less biogenic material than those cores collected from previously ice shelf edge region
was disproved as a result of significant variability in the position of the ice shelf edge
which caused blurring of glaciomarine and sub-ice shelf facies, strong advection that
transported significant amounts of biogenic material beneath the ice shelf, and
winnowing of what may have been thicker glaciomarine deposits from open water
areas.

6.3 Future Work
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Additional data in various forms would aid in corroborating the facies descriptions
defined here and create a more robust glaciomarine depositional model for the Antarctic
region.
•

Recovery of cores from farther beneath the ice shelf will provide further insight into
the basal conditions of the western and eastern parts of the Ross Ice Shelf, and
demonstrate the effects of advection.

•

Petrological analysis of the sediment from NBP03-01 and NBP-03-06 would be
extremely useful in determining provenance of grains, and therefore make
distinguishing between sub-ice shelf and glaciomarine sediment less difficult.

•

Shear strength as a proxy for compaction and density, and Total Organic Carbon as a
proxy for productivity and therefore depositional environment would be beneficial
again in making distinctions between glaciomarine, sub-ice shelf and subglacial
facies.

•

Finally, an increased number of diatom slides or closer spacing of slides especially in
the upper most portion of the cores may make distinguishing between glaciomarine
and sub-ice shelf facies more straightforward. In addition, this could potentially
provide high-resolution data that contain evidence of B-15 and C-19 calving events,
therefore advancing our knowledge of the response specific diatom taxa to large scale
calving events and ice shelf disintegration.
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CHAPTER 3
Stratigraphy and geomorphology at the Ross Ice Shelf edge: implications
for ice sheet behavior and timing of retreat

1. INTRODUCTION
1.1. Research Objectives
During research cruises NBP03-01 and NBP03-06, an opportunity to collect sediment
cores from a sub-ice shelf location (Fig. 2.2, 2.4) presented itself as a result of the B-15 and
C-19 calving events in March, 2000 and May, 2002 respectively. Approximately 37 km
(11,000 km2) of previously sub-ice shelf continental shelf became exposed and accessible as
a consequence of B-15’s separation from the Ross Ice Shelf. C-19 left approximately 32 km
or 6400 km2 of continental shelf exposed post calving. The sediment recovered from these
regions accumulated within a sub-ice shelf environment prior to these calving events. Thus,
examination and interpretation of these facies, utilizing both the cores and seismic data from
the Ross Sea, will help refine existing glaciomarine depositional models, and improve our
ability to reconstruct the climatic and glacial history in this region during the Holocene.
There are two main objectives of this research: 1) utilize empirical data from Ross
Sea sediments to determine the character of a sub-ice shelf, subglacial and glaciomarine
deposit in this region and re-evaluate established links between facies and depositional

environments in order to update and refine the glaciomarine depositional model (Chapter 2),
and 2) to the extent that it is possible, establish a more precise depiction of the Ross Sea
glacial record in the recent past (Chapter 3).
1.2 Research Background
These complex and insufficiently understood glacial environments, the incomplete
and limited number of cores, and the low resolution seismic sub-bottom imaging presented a
difficult task for researchers initially attempting to understand the glacial history of the Ross
Sea. As a result, various conflicting reconstruction chronologies exist which attempt to
establish the extent and timing of ice-sheet recession and advance in the Ross Sea during the
Last Glacial Maximum (LGM) (Anderson et al., 1992; Licht et al., 1996; Brambati et al.,
1994; Kellogg et al., 1979; Licht et al., 1999; Domack et al., 1999, Mosola and Anderson,
2006, McKay et al., 2008).
For example, no consensus exists on the position of the Ross Ice Shelf grounding line
during the LGM, although compelling evidence suggests that evidence of its maximum
extent is visible near the continental shelf edge (Anderson et al., 1992; Domack et al., 1999).
Studies by Domack et al. (1999), Licht et al. (1999), and McKay et al. (2008) employ suites
of western Ross Sea cores (data from the Eastern Ross Sea is lacking), AMS radiocarbon
dating techniques, state-of-the-art seafloor mapping and sub-bottom profiling technology to
create detailed reconstructions of the grounding line’s retreat from its maximum extent
position. The reconstructions vary commensurately with the variability in data, but the
grounding line is generally estimated to have retreated past the Drygalski Trough between
9.5 ± 0.25 ka and 11 ka (Domack et al., 1999; Licht et al., 1999), reaching its current position
after 6 ka (Domack et al., 1999). Licht et al. (1999) produced a glacial history slightly at
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odds with that of Domack et al. (1999) by employing a different characterization of
subglacial lithofacies recovered in their western Ross Sea cores: they contend that the RIS
edge reached its current position at Ross Island by 7 ka, which accords with an additional
reconstruction by Conway et al. (1999). Conway et al. (1999) propose a “swinging gate”
reconstruction of the deglaciation of the Ross Sea according to which the grounding line
“hinged” and remained stationary on Roosevelt Island in the eastern Ross Sea, later retreating
and swinging across the western Ross Sea during the Holocene. Mosola and Anderson
(2006) corroborate the conclusion that the eastern continental shelf deglaciated before the
western shelf even began and attribute this to the lack of banks on which the retreating ice
could have grounded.

Furthermore, localized data from the McMurdo Sound region

indicates that the ice shelf remained stationary just north of Ross Island until 8900 14C years
BP, after which the calving line “pinned” to Ross Island while the grounding line retreated to
its present day position. McKay et al. (2008) also infer a rapid retreat of the RIS at the Last
Glacial Maximum (LGM).

To date, Mosola (2004) and Mosola and Anderson (2006)

account for the only studies to pursue a deglaciation chronology for the eastern Ross Sea.
Mosola (2004) proposes a remarkable retreat history for the east: radiocarbon dates suggest
the east was entirely ice-free prior to the LGM. As a result of inaccurate radiocarbon ages,
later attempts by Mosola and Anderson (2006) at constraining the timing of the retreat in the
east were considered unsuccessful. Despite this, their data reveals a rapid retreat in the east
that was complete prior to deglaciation in the west, and affirms that the grounding line
reached Ross Island (in the west) by 6,600 14C years B.P.
Previous research indicates that despite high-resolution cores and multibeam data,
chronologies for the Ross Sea vary due to the lack of a definitive or standard glaciomarine
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facies model and inconsistent radiocarbon ages. Moreover, the current research emphasizes a
lack of data from the eastern Ross Sea, highlighting the need for further work in this region.
In an effort to contribute to and expand upon established Ross Sea reconstruction
chronologies, sedimentological data from new Kasten cores are interpreted in conjunction
with the first multibeam and chirp data ever from the east and west Ross Ice Shelf edge
region. In this chapter, the history of sedimentation associated with the dynamics of the Ross
Ice Shelf at both the NBP03-01 and NBP03-06 sites is presented and integrated with previous
chronologies. Acid Insoluble Organic (AIO) radiocarbon dates from facies horizons within
the NBP03-01 and NBP03-06 cores make it possible to estimate the timing of stratigraphic
events detailed in the previous chapter, thereby working to fill gaps in the existing research.
This research demonstrates that in the western Ross Sea, the retreat of the grounding
line over the current ice shelf edge occurred later than previous research estimates, most
likely as a result of a slow, episodic retreating trend that was not widely observed due to a
lack of data from this ice shelf edge region. Data from the eastern Ross Sea region implies
multiple retreats of the grounding line, or multiple melt-out events (as characterized by the
repetitive coarsening up packages identified in the cores) and the retreat of the grounding line
significantly earlier than seen in the western Ross Sea providing striking evidence that the
east may have deglaciated prior to the west.
2. STUDY AREA
See section 2 in chapter 2.
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3. METHODS
Core collection and analyses, diatom slides, and grain size data are described section 3 of
chapter 2.
3.1 Multibeam and CHIRP
Multibeam and CHIRP high-resolution 2-D profiles collected onboard the R/V
Nathaniel Palmer were utilized in order to view the depositional environments in a broader
context. Both afford a larger scale understanding of the complex history of Ross Sea
stratigraphy; expansive geomorphological features on the sea floor hold evidence as to the
nature of ice flow.
3.2 Radiocarbon dates
In order to determine the time-scale over which the variations occurred, as well as
sedimentation rates under the ice shelf, sediment from significant facies or diatom total
abundance boundaries were sampled for radiocarbon analysis. One to two gram sediment
samples between were dried at 300˚ C for 24 hours; then they were weighed, homogenized
using a mortar and pestle, reweighed, and packed into sterile, sealed plastic vials. BETA
Analytic Inc. located in Miami, Florida analyzed two samples and NOSAMS Accelerated
Mass Spectrometry center in Woods Hole, Massachusetts analyzed the remaining 12
samples.
Samples must undergo pretreatment in order to remove material that could potentially
contaminate and alter the results. Sediment is generally treated with HCl and NaOH to
remove carbonates as well as soluble organic materials and secondary organic acids. Both
Beta Analytic Inc. and NOSAMS use a standard combustion process during which sediment
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is combusted at high temperatures, first to form a CO2 gas, then graphite. The graphite is
compressed into a “target” which is hit with heated cesium causing ions to be produced and
escape. These ions are accelerated using the AMS (Accelerated Mass Spectrometry) system,
and after removing the electrons, the positive ions are separated by their mass, and C-14 ions
are counted in a gas ionization counter.

4. RESULTS
Lithological units identified in this study are described in the section 4.1 of Chapter 2
4.1 Multibeam and CHIRP
4.1.1 NBP03-01 cores
Multibeam bathymetric data from the area surrounding KC-01 indicates that the slope
is relatively gentle with little high relief topography. The core site is located at the base
(lower elevation) of a 1.6 km long, 2-4 m deep, 100 m wide depression (Fig. 3.1).
Core KC-02 is situated at a depth of approximately 769 m, on a southward deepening
slope, which rises into Ross Bank to the east, and descends into the Central Basin to the west.
Multibeam data indicates that the core site is positioned between a series of successive,
sinuous, 2-8 m high ridges oriented N30˚E-N40˚E that extend throughout the C-19 survey
area (Fig. 3.2 and 3.3). As indicated by chirp data, significant draping of glaciomarine
sediment is absent at the KC-02 location. KC-03 is also surrounded by ridges, and is located
on a significantly larger 1 km wide, 14 m high N/S trending ridge that trends vertically across
the eastern side of the Central Basin (Fig. 3.4). This large feature, and the smaller ridge
located to the east of it, are oriented differently than other geomorphic features identified in
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Figure 3.1 Multibeam image from cruise NBP03-01 showing locations of kasten cores KC-01 and KC-05. Arcuate ridges present between
the two cores (a) may be melt water-related, or transverse ridges. Note large scour mark that passes under KC-01(b) (highlighted in orange),
as well as a profile (c) across the scour. Areas lacking high resolution multibeam data are shaded. Image modified from GeoMapApp.

(c)

(b)

S 77˚9’

S 77˚12’

86

E 173˚

(a)

E 172˚

KC-01

KC-02

KC-04

KC-05

(c)

KC-03

E 171˚

N

S

S 77˚10’

ship artefacts:
”edge effects”

S 77˚20’

Figure 3.2 Multibeam image from cruise NBP03-01 showing locations of kasten cores 1-5. Areas lacking high resolution multibeam data are
shaded. (a) Extensive lateral shear margin moraines visible on the left side of the image, as well as (b) smaller scale transverse ridges oriented
SW-NE & W-E are visible around KC-04 site (c) Continuous SW-NE trending morainal ridges are visible throughout the NBP03-01 survey
site. Image modified from GeoMapApp.
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Figure 3.3 Multibeam image from cruise NBP03-01 showing location of kasten core KC-02 and surrounding SW-NE trending morainal
ridges surrounding the core site. Areas lacking high resolution multibeam data are shaded. Image modified from GeoMapApp.

E 171˚50’

KC-02

S 77˚18’

88

E 172˚

A´

A

KC-03

KC-04

B´

B

KC-04
B

E 171˚ 30’

(b)

A´
KC-03

B´

E 171˚

N

S

S 77˚20’

S 77˚25’

Figure 3.4 Multibeam image from cruise NBP03-01 showing locations of kasten cores KC-03 and KC-04. Two transverse ridges are present
north, and just south of KC-04; a profile of the ridge (A - B) adjacent to KC-04 is shown in (a). Note extensive SW-NE trending morainal
ridges surrounding KC-03 (b), as well as two N-S trending (~2 km wide) bedrock ridges (or “sticky spots”) on which KC-03 is located, the
larger of which is shown along A’-B’ profile (c). Areas lacking high resolution multibeam data are shaded. Image modified from GeoMapApp.
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the NBP03-01 survey area. KC-04 is also located on E-W deepening slope from Ross Bank
into the Central Basin. Multibeam data indicates KC-04 is situated on the north side of an 89 m high, 0.3-0.4 km wide ridge, oriented N45˚E (Fig. 3.4). KC-05 was recovered from the
same E-W dipping slope off of Ross Bank as KC-01, but was collected farther west and just
south of identical successive, 2-8 m high ridges as those located near KC-02 (Fig. 3.1). Two
more prominent irregular ridges oriented N10˚E-N15˚E are situated between KC-01 and KC05 at approximately 77˚7’-77˚9’ S and 171˚42’–171˚46’ E.
4.1.2 NBP03-06 cores
KC-01 is located on the eastern side of a relatively low sloping bank that peaks at
approximately 420 meters depth. Small 1-5 m high, irregularly spaced mounds surround the
core site. To the northeast, towards the ice shelf edge, a series of eight irregular to arcuate
ridges 2-10 m high, 1-4 km long and oriented N40˚E are visible (Fig. 3.5). West of the site,
(also visible northwest and northeast of the site) are an extensive series of irregular
ridges/mounds, which trend N20˚E-N30˚E. Further west of the core site and towards the
crest of the bank are a series of 1-20 m high and 50-500 m wide laterally extensive glacial
lineations oriented N45˚E (Fig. 3.5).

These lineations are completely straight, relatively

uniform, and laterally extensive but only on the west side of, and up to 172˚ 20’ W.
KC-02 is also on the lower portion of an eastern sloping side of a bank at 492 m
depth. The area surrounding the core site, as illustrated by the multibeam data, indicates a
lack of the mound features seen around KC-01. As KC-01 and KC-02 lie approximately
along the same line of longitude, the same small irregular ridges are located west of the site,
and farther west and atop the ridge, the same glacial lineations are present; KC-02 is just
slightly farther north from these features than KC-01 (Fig. 3.5).
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Figure 3.5 Multibeam image from cruise NBP03-06 showing locations of kasten cores KC-01 and KC-02. (a) Note the presence of pock
marks on the seafloor between KC-01 and KC-02 and small mounds surrounding KC-01. (b) 50-500 meter wide, laterally extensive glacial
lineations oriented N45E are present west of 172 20’ W. (c) Extensive N5W trending morainal ridges are present south of the core sites
(towards the ice shelf edge). Areas lacking high resolution multibeam data are shaded. Image modified from GeoMapApp.
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4.2 Radiocarbon dates
AMS Radiocarbon testing of sediment from the NBP03-01 and NBP03-06 cores was
limited to that which contained enough datable material (organic carbon), and therefore, few
muddy diamicts from significant depths were sampled. Due to a lack of carbonate material
in the cores, dates are based on acid insoluble organic (AIO) fractions, which have the
potential to be contaminated by old or young carbon, necessitating cautious interpretations
based on the data.

14

C analysis was performed primarily at depths where marked changes in

diatom assemblages occurred, which was often delineated by a change in facies.
Comprehensive corrected and uncorrected 14C ages, as well as d13C values are presented in
Table 3.1.
A total of 14 AIO radiocarbon ages were collected, including six core top samples
(ranging in depth from 0.5-2 cm). Core NBP03-01 KC-02’s surface age was not tested, and
therefore the surface age of a proximal core was utilized in order to determine an appropriate
reservoir age correction. Surface samples from NBP03-01 cores range in age from 3,510 ±
30 to 4,510 ± 35 14C yr B.P. and samples from NBP03-06 cores ranged in age from 5,320 ±
45 to 4590 ± 35 14C yr B.P. These ages are consistent with previous studies involving AIO
dates in the Ross Sea (DeMaster et al., 1996; Domack et al., 1999; Licht et al, 1996, Licht
and Andrews, 2002).
Radiocarbon ages from all but one of the NBP03-01 and 03-06 cores are in
stratigraphic order; the core top and 12.4 cm sample age of NBP03-01 KC-01 are
stratigraphically reversed, indicating reworking, and the incorporation of old carbon into
modern post glacial sediment.
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OS-68117
OS-68116
OS-68113
OS-68128
Beta-245326
OS-68268
OS-68060
Beta-245325
OS-68061
OS-68062
OS-68064
OS-68046
OS-68063
OS-68118

NBP03-06 KC-01
NBP03-06 KC-01
NBP03-06 KC-01

NBP03-06 KC-02
NBP03-06 KC-02

NBP03-01 KC-01
NBP03-01 KC-01

NBP03-01 KC-02

NBP03-01 KC-03
NBP03-01 KC-03

NBP03-01 KC-04
NBP03-01 KC-04

NBP03-01 KC-05
NBP03-01 KC-05

1.0
12.5

1.0
14.0

2.0
22.0

23.6

0
12.4

1.0
12.0

0.5
9.0
27.6

Depth (cm)

-27.22
-26.72

-26.43
-22.06

-27.63
-26.72

-25.30*

-26.71
-26.71

-25.98
-25.00*

-25.77
-26.05
-25.01

�13C

4010
6530

4510
26900

3510
4040

10580

6420
5670

4590
9930

5320
5340
15450

Age (yr)

40
45

35
370

30
45

50

50
45

35
50

45
50
140

Error (yr)

0
2520

0
22390

0
530

6570

0
n/a

0
5340

0
20
10130

Corrected (yr)

.00456

.00058

.03774

.00206

.45000
.00184

Sedimention Rate (cm/yr)

Table 3.1 AMS corrected and uncorrected radiocarbon ages, δ13C values, and sedimentation rates from NBP03-01 and NBP03-06 cores.

Lab #

Core

The varied carbon isotopic composition of organic matter (δ13C) sampled for
radiocarbon dating can provide significant information regarding the paleoceanographic
conditions under which sediment was deposited. Samples from the NBP03-01 and NBP0306 cores range between -22.0 ‰<δ13C<-27.6 ‰, with a narrower range visible in surface
sediment samples: -25.8 ‰<δ13C<-27.6 ‰. These seemingly low values for the surface
samples fall within the range observed by Villinski et al. (2000) for Ross Sea surface
sediments (-20.5‰ to -28.5‰) and are attributed to phytoplankton blooms that occur in high
melt-water areas and create CO2 disequilibrium between the atmosphere and surface water.
4.2.1 NBP03-01 cores
Corrected radiocarbon ages at or near the bottom of Unit 3a, are variable over the 4
Kasten cores in which it is contained (Fig. 3.6). It is important to consider, however, that the
depth at which unit 3a terminates in each core is different, and therefore the event that
terminated that form of deposition may not have been synchronous at all sites.
As discussed in section 2.4 of Chapter 2, cores KC-03 and KC-04 were collected
along strike, approximately 14 km apart. Sub-ice shelf Unit 3a ends abruptly, terminating
into the subglacial Unit 5 in both cores: at 22 cm in KC-03, and 14 cm in KC-04. Of note is
the geographical proximity of very recent deposits, dated at 530 ± 45 14C yr B.P. (corrected
age) at 22 cm in KC-03, to relatively old deposits, analyzed at 22,390 ± 370 14C yr B.P. at 14
cm in KC-04. The termination of Unit 3a in core KC-02 occurs at 23.6 cm, at which the AIO
Acid insoluble organic matter in the sediment was dated 6,570 ± 50 14C yr B.P. (Table 3.1).
Surface sediments of KC-01 (0-16 cm) and KC-05 (0-14 cm) are defined by the subice shelf facies, Unit 3a and Unit 1 respectively. These cores were collected 10 km apart
along strike and contain similarly aged organic matter at the base of the surface units. Core
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KC-01
5670 ± 45

6420 ± 50

KC-02

10580 ± 50

4010 ± 35

KC-03

4040 ± 45

3510 ± 30

KC-04
26900 ± 370

4510 ± 35
6530 ± 45

4010 ± 40

Subglacial

Sub Ice Shelf

Sub Ice Shelf
(Grounding line)

Sub-Ice shelf (w/glaciomarine influence)

Facies type:

KC-05

Figure 3.6 Facies interpretation of NBP03-01 cores (Western Ross Sea) with uncorrected AMS radiocarbon dates shown at sample depths.
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KC-01 exhibits stratigraphically reversed AMS 14C dates, which precludes the calculation of
a corrected age at the base of Unit 3a. The corrected radiocarbon age at the lower part of
Unit 3a in KC-05 is 2,520 ± 45 14C yr B.P. (Table 3.1).
4.2.2 NBP03-06 cores
Trends in the upper part of 03-06 cores are markedly different than the 03-01 cores.
As seen in Table 3.1, organic material at 9 cm depth in KC-01 is approximately 20 ± 50 14C
yr B.P., (Table 3.1) meaning it was deposited within the last century. Samples from the
equivalent depth in KC-02 were not available for C-14 analysis, and therefore, the closest
depth at 12 cm, resulted in significantly older sediment (5,340 ± 50

14

C yr B.P.). One

remaining sample was analyzed from 27.6 cm in KC-01, which is just above the transition
from sub-ice shelf sediment, Unit 4, to sub glacial sediment in Unit 5. This sediment is dated
at 10,130 ± 140 14C yr B.P.

5. DISCUSSION
5.1 Stratigraphy and paleoflow at the Ross Ice Shelf edge
5.1.1 Western Ross Sea
Facies identified as glaciomarine, sub-ice shelf, and subglacial make it possible to
construct an environmental history of the NBP03-01 site. An outline of facies identifications
and interpretations for each NBP03-01 core is presented here (and depicted in Fig. 3.6), in
addition to observed regional scale environmental changes. The following environmental
conditions are inferred from the sedimentary characteristics of the facies.
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Cores KC-01 and KC-05
Core KC-01 was collected at a depth of 704 m on the western slope of Ross bank.
Multibeam bathymetry data reviewed in the results section indicates that KC-01 is located at
the base (lower elevation) of a 1.6 km long, 2-4 m deep, 100 m wide, flat bottomed
depression which trends from higher to lower elevation (Fig. 3.1). Origins of this depression
are thought to include a relic keel mark produced as a result of icebergs calved from the
nearby ice shelf edge, or a melt water channel which drained from higher to lower elevation
(Ross Bank to trough).
Although primarily identified on the outer continental shelf where water depths are
lower, keel marks are common throughout the Ross Sea (Anderson, 1999). Multibeam data
from both NBP03-01 and NBP03-06 cruises however, which track along the Ross Ice Shelf
edge (where water is deepest as a result of fore deepening) provide consistent evidence of
iceberg furrows occurring in locations as deep as 770 m.
The first 16 cm of KC-01 are composed of Unit 3a, which is interpreted as a sub-ice
shelf deposit with a significant glaciomarine component. The total diatom abundances in
KC-01’s Unit 3a are significantly lower than those identified in open water on the Antarctic
continental shelf (Leventer et al., 1993,1996; Sjunneskog and Taylor, 2002; Sjunneskog and
Scherer, 2005). In order for this low diatom sediment to be glaciomarine in origin, it must
either have sustained very high terrigenous sedimentation rates in order to dilute an otherwise
strong biogenic signal, or the sediment was significantly reworked and winnowing caused
lower diatom abundances.

Given the polar conditions and hence a low flux of sediment

laden melt water, dilution is not the likely cause of the low diatom abundance. The most
reasonable alternative is that the site was covered by the ice shelf, causing lower diatom
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abundances. We contend that this core site underwent significant reworking as a result of
iceberg scours and possibly melt-water/current reworking. The long scour mark adjacent to
the core site implies that reworking played a significant role in the formation of the first 16
cm of KC-01. A clear boundary between Unit 3a and Unit 5 occurs at ~16 cm, (Fig. 2.10)
which is interpreted as a boundary between sub-ice shelf and sub glacial sediment defined by
soft deformable till.
KC-05 was collected in close proximity to KC-01, but farther downdip than it and the
other NBP03-01 cores. Multibeam data indicates that KC-05 was collected on the same E-W
dipping slope off of Ross bank as KC-01 (Fig. 3.1), just slightly farther west and therefore at
a greater depth of 722 m. The core site is also located south of an extensive series of straight
to arcuate crested 1-8 m high, 100-500 m wide, generally symmetrical ridges oriented
N30˚E-N40˚E (Fig. 3.1).

Multibeam data spanning the entire NBP03-01 survey area

confirms wide lateral extent of these ridges, and therefore their origins likely played a
significant role in the deposition or reworking of facies in this region.
Two potential origins for these geomorphologic features are possible, both of which
have significantly different implications related to ice sheet movement. Due to the size, close
spacing, irregular shape and extent of these features we infer that they are a form of
washboard or corrugated moraine that may have formed during slow, steady ice sheet retreat
(Shipp et al., 2002; O’Cofaigh et al., 2008) as a result of extrusion of sediment from the
grounding line, or from the “lift and settle” motion associated with the grounding line during
tidal pumping (Shipp et al., 2002). Nomenclature for these subglacial bedforms is variable
and controversial, as is the associated size of the features, which can be referred to as ribbed
moraines, morainal ridges, or grounding zone wedges (Shipp et al., 2002). In response to this
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nomenclature issue, Dunlop and Clark (2006) question whether all subglacially formed
transverse ridges are essentially the same with only minor variations, or if sub categories of
ridges should be defined in order to take into account variable formation processes and
scales.

Although great progress has been made in characterizing these landforms, their

highly variable nature does not presently allow a clear classification; therefore, these features
will be described as morainal ridges throughout this paper for consistency.
Although their defining characteristics, including their slightly sinuous nature, indicate
that they are comparable to morainal ridges from both the Antarctic and the Arctic, the
extensive bedforms could also represent relic glacial lineations that have eroded and
modified over time. Geomorphic features similar in height, width, and extent are present on
the beds of the former Laurentide, Fennoscandian and Irish ice sheets (Prest et al., 1968;
Hattestrand, 1997; Knight and McCabe, 1997; Dunlop and Clark, 2006), the coastal zones of
northern Sweden (Linden and Moller, 2005), the north central Barents Sea (Solheim et al.,
1990) and even in the western Ross Sea (Shipp et al., 2002; Mosola and Anderson, 2006)
where “corrugated ridges” are interpreted by Shipp et al. (2002) to represent annual pauses in
grounding line retreat. The presence of morainal ridges provides valuable information about
the conditions at the base of the ice sheet and grounding line during ice sheet retreat (Mosola
and Anderson, 2006), and provide insight into the facies present in the region. Chirp profiles
of these and similar ridges identified in troughs 5 and 6 in the Ross Sea and elsewhere in the
Antarctic reveal that they are composed of an “acoustically transparent sediment”; this
sediment is characterized by an intermediate density diamict interpreted by many (Solheim et
al., 1990; Shipp et al., 2002; Evans et al., 2006) as a soft mobile till that deforms above
denser lodgement till during ice movement. Solheim et al. (1990) report bulk densities of
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this soft till as between 1.9-2.1 g/cm3, which is comparable to the bulk densities of Unit 5.
This soft till is associated with streaming ice flow (ice streams) and is generally confined to
and produced in bathymetric troughs beneath ice streams (O’Cofaigh et al., 2007). In
addition, these geomorphic features provide evidence of retreat direction; morainal ridges
deposit oblique to ice flow and in the NBP03-01 region, their orientation indicates a clear
southeast retreat for ice in the western Ross Sea.
Additional geomorphic features associated with ice sheet retreat are identified
throughout the NBP03-01 site. Multiple slightly irregular, 7-9 m high and .3-.4 km wide
ridges, oriented N45˚E or N10˚E-N15˚E are located between cores KC-01 and KC-05 (Fig.
3.1). These features are present across the Ross Sea continental shelf (Shipp et al, 2002;
Mosola and Anderson, 2006) as well as in Finland, the Barents Sea, and other polar regions
where episodic ice sheet retreat occurred (Sugden and John, 1976; Zilliacus, 1989; Solheim
et al., 1990); Shipp et al. (2002) identify variably spaced, 3-12 m high transverse ridges
throughout the Central Basin in the Western Ross Sea which they interpret at timetransgressive features formed as a result of extrusion and “pushing” of deformed subglacial
sediment at the grounding line (Zilliacus, 1989). Transverse ridges, therefore, represent brief
still-stand periods during which the grounding line remains stationary and subglacial
sediment deposits (Shipp et al., 2002; O’Cofaigh et al., 2008).

These bedforms in

conjunction with widespread ribbed moraines indicate that the grounding line significantly
reworked sea floor sediment during its slow retreat over the site, emplacing a significant
layer of deformation till across the NBP03-01 survey area. As recognized with the extensive
morainal ridges, transverse ridges also provide directional evidence of paleo-ice flow in the
southeast direction (Fig. 3.7).
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The local bathymetry and latitude of the KC-05 site also appear to have played an
integral role in the facies deposited. Current winnowing of fines from higher elevations
(Ross Bank) allowed deposition of a thicker section of fine, sandy-silty clay. Furthermore,
the down dip location of this core (collected at 77.1˚ S latitude) proximal to the calving line
allowed greater exposure to open marine conditions as a result of advection and current
winnowing; local bathymetry at the core site allowed sediment focusing of advected biogenic
material and fine grained sediment at the KC-05 site (Leventer et al., 2002). Therefore, the
first 25 cm of sediment in KC-05 contains relatively high total diatom abundances (9.7-27 x
106 v/g) and is dominated by modern open water species (Fig. 2.8). However, due to rapid
deposition, sediment focusing creates high sedimentation rates (Leventer et al., 2002) as well
as total abundances that may not be representative of the primary production that takes place
in the immediate region. This in conjunction with low bulk density values (1.834 g/cm3slightly higher due to sand content), and variable to high sand content (Fig. 2.7), enables the
interpretation of this facies as sub-ice shelf sediment with a significant glaciomarine
influence. Relative diatom abundances corroborate this, and indicate that packages of sandy
pebbly sediment within the first 25 cm, (at 13-16 cm and 23-26 cm) of KC-05 are most likely
remnants of melt-out from the basal debris layer of the ice sheet, or from deposition of ice
rafted debris after calving events. Peaks in magnetic susceptibility, implying a new source of
terrigenous sediment, also indicate melt-out from ice passing over the site. The presence of
high relative percentages of the open water ice-edge associated species T. antarctica (Taylor
and McMinn, 2002; Buffen et al., 2007) at 10-13 cm (corresponding to sediment slightly
above pebbly sandy layers) (Fig. 2.9) may also imply evidence of lateral advection (Leventer

101

and Dunbar, 1996) or of large scale calving events as this species is often associated with ice
shelf break-up (Cunningham et al., 1999; Taylor and Sjunneskog, 2002).
Determining the depositional environment in which Unit 2, at 25-45 cm, was
deposited within KC-05 was difficult because it possesses conflicting characteristics. This
unit shares many characteristics with Unit 4, which is interpreted as sub-ice shelf facies,
however the total diatom abundance throughout Unit 2 is consistently higher than that of Unit
4, implying it was deposited in or within close proximity to areas of open water and primary
production (Leventer, 1992). The significantly higher diatom abundance and dominance of
modern species in Unit 2 as opposed to the reworked species in Unit 4 signifies that Unit 2 is
most likely sub-ice shelf sediment deposited in closer proximity to open water, or the calving
edge (McKay et al., 2008).
The lower part of KC-05, between 45-60 cm, is marked by a low and decreasing total
diatom abundance, a greater relative abundance of reworked, extant species (Fig. 2.9), and an
increasing pebble and sand content (Fig. 2.7). The low but observable diatom abundance
present throughout the lower 15 cm of KC-05 indicates that with depth (and time), the core
location was increasingly distal to open water. The presence of pebbles and poorly sorted
sand indicates proximity to the grounding zone.
Core KC-02
Core KC-02 is situated at a depth of approximately 769 m, on a deepening slope,
which rises into Ross Bank to the east, and descends into the Central Basin to the west (Fig.
3.2, 3.3). It lies between the historically/primarily ice covered up-dip KC-03 and KC-04
cores, and the open marine/ice edge proximal down dip KC-01 and KC-05. Multibeam data
indicates that the core site is positioned between an extensive series of ridges (discussed
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above), which extend throughout the C-19 survey area (Fig. 3.2). As indicated by chirp data,
significant draping of glaciomarine sediment is absent at the KC-02 location.
The first 30 cm of the core, which is composed of Unit 3a, is interpreted as sub-ice
shelf sediment with a minimal glaciomarine component. During periods in which the ice
shelf covered this site, the proximity to the calving edge allowed currents and advection to
significantly influence deposition.

Low overall total diatom abundances, except at the

surface, as well as low sedimentation rates (0.00359 cm/yr) indicate that this sediment is
primarily sub-ice shelf in origin (see previous section). Diatom content decreases with depth
indicating a decrease in proximity to open water. Between 22 and 23.6 cm however, a slight
peak in total diatom abundance is present (only 5 x 106 v/g, which is very low) (Table 2.1)
which may indicate a brief direction change in the movement of the overlying ice, creating a
slight shift in the proximity to productive open waters.
The overall decrease in total abundance down core, and presence of massive diamict
beneath Unit 3a implies the site was covered by ice until the grounding line passed over the
site, depositing poorly sorted pebbles and gravel (at ~30 cm). The slight diatom peak at
depth, although minimal, could indicate that after the grounding line passed over the site 1) a
calving event occurred temporarily moving the ice shelf edge closer to the now sub-ice shelf
core site, 2) the ice shelf became/was smaller and the floating portion was not extensive, 3)
currents were significant and strengthened at the time, causing significant advection of
diatom valves beneath the ice shelf, or 4) rapid deposition of terrigenous material as a result
of basal melt or calving events in the upper part of the core (above 22 cm) diluted the
biogenic signal which remained constant over time.

This peak is composed of lower

abundances of the common open water species F. curta, and higher abundances of the
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heavily silicified species Eucampia antarctica, which is often associated with current
winnowing (it is capable of withstanding significant erosion from currents). Therefore, it
follows that currents may be responsible and that the ice shelf may have been smaller,
allowing closer proximity to open water and therefore, leaving a shorter distance for currents
to travel prior to deposition.
Sediment below the 30 cm, described as Unit 5 is interpreted as a relatively soft,
deformation till.

The presence of various geomorphic features such as transverse and

morainal ridges in the vicinity of the KC-02 core site indicate that this core sampled a layer
of deformable till which deposited as a result of and during the ice sheet retreat.
Core KC-03
Multibeam data illustrates that KC-03 is surrounded by morainal ridges, and is
located on a large 2 km wide, 14 m high ridge, which trends N/S (Fig. 3.2). The orientation
of this ridge and a smaller but similar one located to the east is different than that of any
geomorphologic features observed in the NBP03-01 survey area (where all other features are
oblique). These ridges resemble geomorphic features called “sticky spots”, or localized areas
of increased basal friction that are frequently observed beneath formerly active ice streams
(Stokes et al., 2007). Alley (1993) identifies outcrops of rigid substrata on the sea floor as
“bedrock bumps”, and asserts that these features are responsible for thinning of ice,
significant velocity decreases in ice stream flow, and potentially, ice stream shutdown.
Incidentally, Stokes et al., (2007) write that the most pervasive evidence for ice
stream sticky spots or bedrock bumps are visible in the Ross Ice Streams, some of which
carved the Central Basin (where NBP03-01 cores are located) as they advanced over the
continental shelf during the Last Glacial Maximum (Hughes, 1977; Anderson, 1999; Shipp et
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al., 1999). The prevalence of sticky spots in the Ross Sea is supported by Bindschlader and
Scambos (1991) who distinguish a feature similar in scale to the N/S trending ridge at the
KC-03 site, and identify it as a bedrock ridge located beneath Ice Stream E; this “sticky spot”
resulted in a significant source of drag for ice stream E (Bindschlader and Scambos, 1991;
Stokes et al., 2007). The ridges identified near KC-03 are therefore interpreted as localized
areas of extremely dense outcropping rock draped in less dense sediment, which caused
slowing of ice/currents that flowed over and deposition of sediment.
Despite its location on this N/S trending ridge, KC-03 was recovered from a large
trough, at the greatest depth (840 m) of the NBP03-01 cores (Fig. 3.2). The depth at which
KC-03 was collected may imply that it holds a relatively extensive stratigraphic section
compared to the other 03-01 cores. The facies identified in KC-03 corroborates this (Fig.
2.16); it is composed of almost entirely non-glacial material where-as other NBP03-01 cores
transitioned to glacial sediments after ~20 cm or less. Significant deposition of fines may
have occurred throughout the core as a result of the local bathymetry, which allowed
winnowing from higher elevation areas and deposition in the protected trough where KC-03
is located.
The first 22 cm of KC-03 are identified as Unit 3a, which is interpreted as sub ice
shelf sediment. The surface sample contains very high total abundance and is most a result
of an indistinguishable amount of recent glaciomarine deposition, however a clear boundary
between the two facies was not distinguishable. Radiocarbon dates from KC-03 indicate that
the first 22 cm of sub-ice shelf/glaciomarine sediment deposited at a rapid rate of .0377
cm/yr. Rapid sediment deposition could be a result of increased melting from the basal
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debris layer or frequent calving events that released IRD and nutrients and in turn caused
increased productivity.
At 22 cm a transition in diatom abundance and species dominance, as well as
composition and color occurs. Between 22- 35 cm, a highly dense, sand and pebble rich,
faintly laminated (22-29) sediment is identified, (Fig. 2.12) which appears to represent
approach and melt-out from the grounding line. This facies may be similar to the “granulated
facies” described by Domack et al. (1999) and therefore may indicate that the grounding
zone lifted off the bed here during a retreat phase. The sediment below Unit 5 facies is
composed of very fine, clayey silt, (Unit 4) interpreted as sub-ice shelf sediment; this
indicates that the transition over 22-35 could in fact represent the grounding line passing over
the core site, pausing, lifting off the bed, and retreating further. The bathymetry of the area
may have played a role in the potential “lift off” of the grounding zone; the N/S trending
ridge KC-03 was collected from may have acted as a pinning point for the ice sheet, off of
which it released from the bed. The remaining 149 cm of KC-03 contains two additional
sequences of sediment (between 60-120 cm and 128-184 cm) that imply a proximal location
to the grounding line.
Core KC-04
KC-04 is located updip of the other NBP03-01 cores, at a depth of 814 m, and on the
E-W deepening slope off of Ross Bank. Multibeam data shows that KC-04 is situated on the
north side of an 8-9 m high, 0.3-0.4 km wide ridge, oriented N45˚E, which is interpreted as a
transverse ridge deposited during ice sheet retreat (Fig. 3.4). The proximity of the core to
this ridge indicates that significant reworking by grounded ice occurred at this site, and that
the grounding line was stationary nearby at some point in the geologic past. The facies
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preserved in KC-04 are indicative of this active past; between 12-14 cm a facies change
occurs, transitioning between Unit 3a and Unit 5. The first 12-14 cm of the core are
interpreted as sub ice shelf with a glaciomarine influence as a result of advection of material
and diatom valves under the ice shelf to the core site (Evans and Pudsey, 2002). The
transition to sub glacial sediment below 12-14 cm is very rapid, with no significant evidence
of melt-out from an approaching grounding line, or pelletized till representing lift off of the
grounding zone (Fig. 2.13). Magnetic susceptibility and bulk density increase significantly
over this boundary indicating the transition to dense, terrigenous material. The subglacial
bedforms identified proximal to KC-04 and the other NBP03-01 cores indicates that the
remaining 111 cm of the core (below 14 cm) is composed of a soft, deformable till that was
formed as ice retreating over it.
The lack of evidence of the grounding line’s presence is a result of significant erosion
of more recent till due to the exposure this site experienced at a higher elevation on the
western slope of Ross Bank. Strong currents and iceberg scouring most likely caused a
section of older till to be exposed, therefore present at the environmental transition between
sub-ice shelf and glacial facies.
The stratigraphy of the NBP03-01 cores in conjunction with the subglacial bedforms
identified clearly illustrates a retreat trend in this area. However, larger-scale geomorphic
features are identified on the swath bathymetry records east of the NBP03-01 cores, which
further corroborate the history of this site as indicated by the bedforms discussed above.
Three interconnected, large (20 km long, 5-12 m high) curvilinear features oriented northsouth (Fig. 3.2), which resemble transverse ridges, are located on the westward trending
slope off of Ross Bank. The long and sinuous nature of these bedforms, in conjunction with
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the bathymetric setting they are situated in, clearly indicates that these ridges formed as a
result of shearing. During ice sheet advance onto the continental shelf, significant velocity
differences form between slow moving ice and streaming ice (within ice streams) creating
significant shear zones that can span up to hundreds of meters (Raymond et al., 2001;
Hindmarsh and Stokes, 2008). This shearing results in the formation of lateral shear margin
moraines, which are essentially terminal moraines located in the inter-stream rather at the ice
terminus (Hindmarsh and Stokes, 2008). Lateral shear margin moraines are rarely identified
because of the restricted conditions under which they form; appropriate ice velocity is
necessary for deposition and post-deposition preservation (Hindmarsh and Stokes, 2008).
Past research has identified moraines of this nature of variable extents and sizes in the
Canadian Arctic Archipelago (Dyke and Morris, 1998), and between regions of cold and wetbased ice in northern Sweden (Kleman and Borgstrom, 1994). Similarly, it can be inferred
from the location and characteristics of the ridges recognized here that they formed as a
result of shearing between slow moving ice on Ross Bank and streaming ice interpreted to
have flowed within what is now considered the Central Basin. The presence of these rare
moraines indicates that unique shearing conditions existed here at some point as a result of
paleo-ice stream activity.
The most prominent, expansive, and significant environmental indicator observed on
the swath bathymetry at the NBP03-01 survey site is a series of streamlined bedforms that
span close to 90 km of the ice shelf front between 173˚30 E and 177˚ E longitude (Fig. 3.8).
These sinuous sediment scarps are oriented between N20˚E - N50˚E and are indicative of
grounding line still-stands during staggered deglaciation. These features have been identified
proximal to the Antarctic Peninsula Ice Sheet by Evans et al. (2005) as grounding zones
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Figure 3.8 Multibeam data from cruises NBP03-01 and NBP03-06, located east of the NBP03-01 cores; visible are mutiple sinuous
grounding zones with streamlined lobes (indicated with small white arrows), implying a slow, staggered degaciation (Evans et al., 2005)
towards the NW, as shown by large arrow. Note faint SW-NE trending morainal ridges present on/around the grounding zones. Areas lacking
high resolution multibeam data are interpolated. Image modified from GeoMapApp.
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composed of acoustically structureless material (Anderson, 1999), namely deformation till,
which are produced at the margin of a grounded ice sheet. The continuous nature of these
streamlined grounding zones illustrates a backstepping pattern that trends in the same
southeast direction (Fig. 3.8) as the morainal ridges and transverse ridges described above.
Geomorphic features formed in deformation till in the NBP03-01 survey area clearly
formed as a result of brief grounding line still stands during the slow retreat of ice over this
site. The presence of these bedforms implies that this region was once characterized by ice
streaming, and later by a slow retreat in a southeast direction as evidenced by the orientation
of the numerous glacial features observed.
Furthermore, multibeam and sedimentological evidence shown here implies that
when the ice sheet retreated back towards the present day ice shelf edge and NBP03-01
survey site, ice streams in the Central Basin may have shut down resulting in a decrease in
ice velocity and causing subglacial debris to be folded and stacked into laterally extensive
ridges of till. Ice stream shutdown is often associated with basal regime changes; when
warm basal conditions that promote fast streaming shift to cold-based ice, basal freeze-on is
induced and ice slows (Dyke et al., 2002, Dunlop, 2004, Evans et al, 2006, Stokes et al.,
2008). Stokes et al., (2008) speculate that this transition between the two basal regimes
could be a result of till stiffening beneath the ice as a result of changes in basal drainage.
Deformation till formed as a result of ice stream activity and ice retreat is likely sampled in
the basal units (Unit 5) of the NBP03-01 cores. Together, the presence of transverse ridges,
ribbed moraines, lateral shear margin moraines, and a series of back stepping, streamlined
grounding zones convey that the ice sheet retreated from the continental shelf slowly in a
southeasterly direction, possibly after ice stream shutdown.
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There is little evidence to

support a subsequent advance of grounded ice in this area since the moraines are relatively
well preserved and successive/contradictory lineations or scours are not present. Due to the
complications of radiocarbon dating in the Antarctic, we cautiously interpret the timing of
this slow retreat in the following section.
Summary:
In concert, the facies identified within NBP03-01 cores generally exhibit facies
successions that depict an ordered succession (up-core) of grounded ice to sub-ice shelf, to
glaciomarine facies, hence a retreat pattern for the ice sheet (Fig. 3.6). As discussed above,
there was a degree of difficulty involved in distinguishing between distal (to GL) sub-ice
shelf facies and glaciomarine facies due to the core sites proximity to the calving edge, and
the low sedimentation rates. Geomorphic features imaged on swath bathymetric records
from the NBP03-01 survey site also reveal a retreating trend in the region (Fig. 3.7), as well
as evidence of a glacial environment dominated by ice stream activity.
5.1.2 Eastern Ross Sea
The NBP03-06 survey site illustrates a different and more complex glacial history
through its facies successions and subglacial bedforms. An outline of facies identifications
and interpretations for NBP03-06 cores KC-01 and KC-02 are presented here (and depicted
in Fig. 3.9), in addition to observed regional scale environmental changes.
Core KC-01
Core KC-01 is located at 505 m depth on the eastern side of a relatively low sloping
bank that peaks at approximately 420 m depth. The core site is surrounded by small 1-5 m
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Figure 3.9 Facies interpretations of NBP03-06 cores (Eastern Ross Sea), with uncorrected AMS radiocarbon dates shown at sample depths.
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high, irregularly spaced mounds (Fig. 3.5) interpreted as piles of sediment that melted from
the grounding line. Small .2 km wide pock marks on the sea floor in the vicinity of the KC01 and KC-02 cores are also visible on the swath bathymetry data. These features are
difficult to explain; researchers describe a correlation between pock marks (larger and more
extensive than observed here) and the release of gas hydrate (Solheim and Elverhoi, 1994),
however, evidence of this is not accessible through the available data set.
In addition, a series of eight irregular to arcuate ridges, 2-10 m high, 1-4 km long,
and oriented N40˚E are visible to the northeast of the NBP03-06 cores towards the ice shelf
edge (Fig. 3.5). These ridges are defined as transverse ridges deposited in succession as a
result of the ice sheet pausing briefly as it retreated. Also, just west of the site, (visible
southwest and southeast of the site as well) are a series of irregular ridges/mounds that trend
N20˚E-N30˚E and are similar in height and orientation to those at the NBP03-01 and
identified as morainal ridges or relict glacial lineations. These rides appear faint and mottled
in the swath bathymetric record and are localized to a smaller area than seen at the western
Ross Sea site. Towards the ice shelf edge the presence of these ridges increases and their
orientation shifts by at least 15˚, to N5˚W. Loth et al., (2007) asserts that the smaller,
irregular forms identified by this research as mounds and ridges, are masses of sediment
released from the ice sheet bed while grounded nearby. Although some geomorphic features
identified here, such as the small mounds and the depressions located between the core sites
may be have formed as a result of significant melt-out from the grounding line or basal debris
layer, it seems unlikely that the ridged structures were formed in this manner. Furthermore,
Rotberg (2004) proposed that these ridges are a series of relic glacial lineations that have
been exposed and eroded since a previous glacial retreat. This is a valid theory but we
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suggest an alternative origin: these geomorphic features are cautiously interpreted as
morainal ridges analogous to those at the NBP03-01 site. Likewise, their presence indicates
a slow, punctuated retreat over this area and the presence of a bed composed of low-density
deformation till. Their limited extent, mottled appearance, conflicting direction of retreat,
and the fact that they do not overprint the sharp lineations observed west of 172˚20’ W
indicates that they may represent a former retreat that occurred prior to the subsequent retreat
recorded by the MSGL.

Previous research has not identified transverse ridges or relic

morainal ridges at this site, however, more research is necessary to definitively determine if
they represent a previous retreat phase.
West of the NBP03-06 site is defined by a bathymetric high that peaks at
approximately 420 m depth and is characterized by 1-20 m high, 50-500 m wide, N45˚E
oriented, laterally extensive glacial lineations (Fig. 3.5). These bedforms are probably more
extensive, but limited high-resolution data exists around the NBP03-06 site to confirm their
presence. Using available swath bathymetry data from other Ross Sea cruises, localized sites
of lineations oriented in the same direction can be observed in the vicinity of 174˚W as far
north as 76˚15 S. The NBP03-01 and NBP03-06 data also corroborates their intermittent
presence along the ice shelf edge up to 178˚W, at which a significant directional change
occurs (Fig. 3.10).
These lineations (at the NBP03-06 site) are completely straight, parallel, and laterally
extensive but only west of 172˚20’ W. Previous research (Loth et al., 2007; Rotberg, 2004)
proposes that the abrupt termination of the glacial scours at 172˚20’ W marks the location of
a previous grounding location at which the ice was pinned and subsequently lifted off the
bed. Identified as mega-scale glacial lineations (MSGL) because of their characteristic
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Figure 3.10 Overprinting of mega-scale glacial lineations at the current ice shelf edge between the NBP03-01 and NBP03-06 survey sites.
Lineations are oriented N5˚E east of 178˚40’E, N50˚E between 178˚E and 178˚40’E, and N40˚E west of 178˚E. White arrows indicate ice
flow direction. Areas lacking high resolution multibeam data are shaded. Image modified from GeoMapApp.
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features and size, these streamlined bedforms are exceedingly common in the Antarctic,
having been observed in numerous glacial troughs where paleo-ice streams are thought to
have existed (Shipp et al., 1999; Shipp et al., 2002, Anderson et al., 2001; Evans et al., 2004;
Evans et al., 2006; O’Cofaigh et al, 2005; Mosola and Anderson, 2006). In fact, MSGL are
argued to represent the quintessential geomorphologic bedform associated with ice streaming
and basal sliding over a deforming substrate (Clark et al., 1994; Mosola and Anderson,
2006). Mosola and Anderson (2006) assert that “without exception” MSGL are observed in
glacial troughs around the Antarctic where paleo-ice streams are interpreted to have
advanced during the LGM, especially throughout the Ross Sea (Shipp et al, 1999; Anderson
et al., 2002). Furthermore, coring through these bedforms indicates that they are unilaterally
composed of deformation till (Anderson et al., 1992; Evans et al., 2005) believed to promote
ice-streaming conditions (Mosola and Anderson, 2006). These streamlined bedforms also
indicate directional flow of the ice streams that advanced/retreated over them; in this case ice
retreat occurred to the southwest- the opposite direction observed at the NBP03-01 site.
The facies present in NBP03-06 KC-01 also reflect the proximity to the grounding
line established by features visible in the multibeam data. The first 25 cm of the core is
composed of sub-ice shelf facies, Unit 3b, characterized by a high silt component, average
diatom concentrations (1.6 – 9.7 x106 v/g) (Table 2.1) and brown/orange laminations at the
surface of the core. Despite an indistinguishable sedimentary transition, at 9 cm an abrupt
shift in the dominant diatom species occurs; above 9 cm dominant diatom populations are
modern sea ice associated taxa, and below 9 cm reworked species are dominant (Fig. 2.24
and 2.26).
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In spite of the biogenic shift mid-unit, the first 25 cm of sediment is interpreted as
sub-ice shelf facies (with a significant glaciomarine influence) that decrease in proximity to
the grounding line with depth.

AMS radiocarbon dates from 0 and 9 cm provide an

extremely rapid sedimentation rate of .45 cm/yr; sedimentation rates this rapid have not been
previously identified in the Ross Sea, however those ranging from 0.1 to as high as .72 cm/yr
are associated with the Palmer Deep region of the Antarctic Peninsula (Domack et al., 2001)
where alternating orange/brown diatom ooze laminations are interbedded with grey
terrigenous sediment (Pike et al., 2001; Leventer, 1991) to form annual cycles. It is feasible
that deposition of laminated sediment in KC-01 occurred within the last 20 years, at which
time Coast Guard data indicates the ice shelf edge stepped backwards exposing the core site,
and within a few years re-advanced and covered the site again (Fig.2.4).

Therefore,

deposition of the laminated sediment may have occurred rapidly in open water near the ice
shelf edge (causing the total abundance to appear lower due to dilution), and the remainder of
the unit was deposited as a result of advection under the ice shelf, which progressively
moved north over the site. Two peaks in total abundance present within the first 9 cm (Fig.
2.24) of the core may indicate pulses in biogenic deposition linked to repetitive cycles of
spring productivity rather than proximity to the calving edge.
At 25 cm, facies shift to Unit 4 also interpreted as sub-ice shelf sediment, but with a
decreased glaciomarine influence. Beneath 25 cm depth (30-49 cm), the facies abruptly
changes to Unit 5, characterized by pebble rich, faintly laminated, relatively dense sediment
with low diatom abundances, and the presence of both modern and reworked diatom species
(Fig. 2.24). This transition marks the presence and influence of melt-out from the grounding
line, and therefore sub-ice shelf proximal or subglacial facies. A significant increase in
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magnetic susceptibility as a result of the influx of terrigenous, iron rich sediment marks the
upper and lower boundaries of this facies as well. The facies resemble the pelletized till, or
“lift off facies” described earlier and identified by Domack et al. (1999) in Ross Sea cores
from the outer continental shelf. The facies interpretation therefore (cautiously) confirm the
conjecture that the bathymetric ridge located at 172˚20’ W represents a site at which the
grounding line was stationary, and subsequently lifted off the bed. A radiocarbon date from
just above the transition from Unit 4 to Unit 5 allows the calculation of a sedimentation rate
of 0.0018 cm/yr between the last dated sample (9 cm) and 27.6 cm. This is a significantly
slower sedimentation rate than calculated from 0-9 cm, indicating that a drastic change in
deposition style occurred, most likely as a result of an environmental change. Biogenic
laminations present at the core surface suggest increased productivity due to spring melting
and frequent calving events, which fostered greater productivity and therefore faster
deposition between 0-9 cm. Prior to the deposition of the top 9 cm, productivity may have
been lower due to a stagnant period where there was minimal melting and infrequent calving
events. Furthermore, a change in the basal conditions of the West Antarctic Ice Sheet may
have occurred prior to 9 cm, allowing more sediment and nutrients to melt-out from the basal
layer of the ice sheet. This allowed increased deposition of both terrigenous and biogenic
material due to melt-water induced productivity.
Unit 5 terminates (49-57 cm) progressively into additional sub-ice shelf sediment,
composed of Unit 4, (Fig. 2.22) representing what appears to be a slight grounding line
retreat, or sedimentation that resulted from a decrease in melt-out from the nearby grounding
line.
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Between 57-69 cm, the presence of coarser material increases (Fig. 2.22); a denser
pebbly layer with higher magnetic susceptibility is present, which is interpreted as a result of
decreased proximity to the grounding line, or increased melt out/tidal pumping and
terrigenous sediment input. This facies gradually terminates into another section of fine
grained Unit 4, interpreted again as sub-ice shelf sediment deposited relatively distal to the
grounding line.
The end of core KC-01 is composed of Unit 5. This diamict is interpreted as
subglacial till deposited as a result of grounding line passage over the site. This till is similar
in bulk density, composition and appearance to the sediment between 30-49 cm (Unit 5 also)
and comparable also with the soft till collected in the lower portions of the 03-01 cores.
Therefore, this subglacial sediment may represent the upper portions of a waterlain
deformation till deposited during the advance or retreat of glacial ice.
The micropaleontological aspect of this study provides additional evidence that is
consistent with the grounding line approach interpretation of Unit 5 in this core. Below the
transition (9 cm) where dominant diatoms assemblages shift from modern (post glacial) to
reworked and mixed age species (Fig. 2.24 and 2.26), a high proportion of extant and age
diagnostic taxa are identified. Species such as Denticulopsis delicata MIS, T. torokina, T.
complicata, T. inura and Rouxia spp. represent what appears to be an early Pliocene
assemblage. Age specific taxa from this period are observed throughout the core beneath the
modern transition, specifically at a depth of 15.5 cm and 56.6 cm (Fig. 2.26). The minimal,
but distinct presence of post-glacial species in conjunction with these ancient species may be
indicative that the dense till sampled at the bottom of the cores is of this age, and as the
grounding line passed over and reworked the material, a substantive amount of Pliocene age
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material, including preserved diatom valves, was released into the water column through
melt-out plumes.
What sets this research apart from other studies in the region is that the Unit 5 is not
only located at the base of the Ross Sea cores, but within the cores as well. Fining up
packages described above imply repetitive movement of the grounding line over time,
repetitive melt out, or cyclic tidal pumping occurring periodically for some reason which is
not identified here due to a lack of appropriate information.
Core KC-02
KC-02 was collected ~9 km down dip of KC-01, also on the lower portion of an
eastern sloping side of a bank at 492 m depth (Fig. 3.5). Multibeam data illustrates that the
area surrounding the core site does not contain the mound features visible around KC-01.
The same small irregular ridges are located west of the site, and farther west at the highest
point of the ridge, the same glacial lineations are present; KC-02 is just slightly farther north
from these features than KC-01 (Fig. 3.5).
The stratigraphy of KC-01 and KC-02 is almost identical despite the 9 km distance
between them. The first 22 cm of sediment is composed of Unit 3b; this sediment contains
faint brown/orange laminations at the core top as well, which are attributed to biogenic
sedimentation associated with spring diatom blooms. Deposition of this sediment most likely
occurred while the core site transitioned between a glacial marine and ice shelf edge
proximal environment, which allowed advection of fines and biogenic material. At 13 cm, a
shift in dominance from modern to reworked species occurs, without any sedimentological
variations (Fig. 2.23 and 2.25). In addition, a corrected AMS radiocarbon age at 12 cm
produced an average sedimentation rate of 0.0021 cm/yr for the first 12 cm of sediment.
120

Although a more rapid sedimentation rate was calculated from this unit in KC-01, a similar
trend in total abundance is clear; at 9 cm (the depth in KC-01 that represented a “spring
productivity peak”) a peak in total diatom abundance occurs with a subsequent and smaller
one below at 13.2 cm. Overall, total diatom abundances in KC-02 are slightly higher than
KC-01, most likely because KC-02 is located farther north and therefore spent more time
exposed to open marine conditions or experienced shorter advection distances.

The

similarities in upper parts of KC-01 and KC-02 imply that sedimentation may have occurred
at the same rapid pace until some depth above 12 cm, but data required to resolve the exact
position of the change in the record are lacking.
Sediment between 22-27 cm is interpreted as sub-ice shelf facies. At 27 cm an abrupt
facies change occurs from Unit 4 to Unit 5, interpreted as deposition as a result of melt-out
proximal to the grounding line (Fig. 2.23). This transition is indistinguishable from that
which occurs ~ 3 cm below in KC-01, including the identical increase in coarse grain
sediment, bulk density and magnetic susceptibility. The fact that KC-01 contains two dense,
pebbly packages of muddy diamict and KC-02 only contains one lower density unit indicates
that the source of material was southwest of both sites. Therefore, during deposition of the
initial package between 57-69 cm in KC-01, sediment may not have reached 9 km down dip
to the location of KC-02. To further corroborate the presence of the grounding line to the
southwest of the sites and the associates facies deposited as a result of melt-out or tidal
pumping, core NBP99-02 TC-06 collected 114 km down dip of KC-02 (77.25˚ S, -169.39˚ E)
was examined. Surprisingly, this core also exhibits the same muddy diamict facies at
comparable depth of 26-27 cm. The implications of the lateral extent of this deposit are that
the event depositional event responsible was widespread in the eastern Ross Sea, and most
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likely originated to the southwest of the core sites, at the 172° 20’ E ridge. Sediment with
the same characteristics identified at equivalent depths in three distal cores is distinctive and
implies that the source of the sediment, interpreted as the grounding line, may have been
oriented N-S rather than parallel to the ice shelf edge (W-E trending) and essentially
equidistant from all three core sites.
Beneath the muddy diamict facies, is a package of Unit 4, interpreted as fine sub-ice
shelf sediment deposited distal to the grounding line and in a period of low/no melt-water
flow. The placement of this facies indicates that the grounding line, and effects there of had
not yet reached the KC-02 site.
As in KC-01, a very small portion of dense, pebble rich Unit 5 was sampled at the
bottom of KC-02 (Fig. 2.23).

As described earlier this sediment is interpreted to be a

deformation till produced by ice reworking and deposition during ice sheet retreat. This
sediment was most likely shielded from erosion because it is located in bathymetric low
where older strata are often preserved (Anderson, 1999).
Summary:
On a local scale, and in the relatively short-term, the facies observed in KC-01 and
KC-02 imply multiple advance and retreat cycles of the grounding line, or multiple melt-out
or tidal pumping events resulting from a stationary and proximal grounding line as visible in
the multiple fining up packages within the cores. We hypothesize that the grounding line
became fixed on or near the ridge located at 172˚20’ E where old, possibly pre-early
Pliocene, till was exposed as a result of significant erosion. After reworking the subglacial
sediments exposed on this ridge, the ice sheet lifted from the bed, and underwent significant
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tidal pumping which released basal debris containing diatoms deposited during warm
conditions of the early Pliocene into extensive melt-water plumes.
In addition, if sedimentation rates and therefore the radiocarbon date from KC-01 is
accurate, a change in the nature of the West Antarctic Ice Sheets flow rates or basal regime
within the last 100 years may be responsible. The rapid sedimentation rates are most likely a
result of greater sediment flux, possibly from increased calving, which can induce higher
productivity.

Increased basal melting as a result of warming atmospheric or ocean

conditions, or resulting from increased flow velocity also stimulates the release of sediment
from the basal debris layer of the ice sheet.
In addition, a longer-term history of the area is proposed using multibeam and chirp
data from the NBP03-06 survey site. Geomorphological structures on the continental shelf
indicate ice shelf retreat (Fig. 3.7); a slow, punctuated retreat event evidenced by the faint
ribbed moraines and transverse ridges may have occurred at the site prior to a rapid event in a
different direction, inferred from the MSGL. The cross cutting of the MSGL and morainal
ridges could, however, represent one single event during which episodic retreat allowed the
grounding line to pause and shift retreat direction dramatically once it resumed the retreat
phase (O’Cofaigh et al., 2008).
5.2 Regional deglaciation chronology
Surface samples in NBP03-01 and 03-06 cores range between 3400 - 5300 14C yr B.P.
which is consistent with results of numerous Ross Sea radiocarbon studies used to produce
reconstruction chronologies (DeMaster et al., 1996; Domack et al., 1999; Licht et al., 1996;
Licht and Andrews, 2002; Mosola and Anderson, 2006). However, because this study
focuses on cores from the ice shelf edge region, it is not possible to reconstruct the timing of
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the start of the LGM advance/retreat or to deduce the maximum extent of the grounding line
on the continental shelf, although we are able to postulate at what time grounded ice
approached the current ice shelf edge in both the east and west Ross Sea.
5.2.1 NBP03-01 cores
Due to the stratigraphically overturned radiocarbon ages and the significant
reworking of sediment in the upper part of KC-01, most likely a result of iceberg scouring
(see previous paper), it is not possible to assign a specific date to the transition between subice shelf (Unit 3a) and subglacial facies (Unit 5) at 16 cm. Utilizing a similar facies shift in
nearby KC-02, however, this transition is inferred to have occurred before or at
approximately 6,570 ± 50 yrs B.P. This assumes that grounded ice moved past this site
slightly before KC-02 due to its up-dip location with respect to KC-01.
KC-02 exhibits a similar facies succession and a transition between subglacial
sediment (Unit 5) deposited as a result of grounding line retreat and sub-ice shelf sediment
(Unit 3a) at 30 cm depth. A radiocarbon date from 23.6 cm depth in KC-02 (Fig. 3.6)
provides an age of approximately 6,570 ± 45 yrs B.P. (corrected).

Due to sampling

difficulties, this radiocarbon date was collected 3-4 cm above the transition between Unit 5
and Unit 3a, so the age of this sediment is expected to be slightly younger than the transition
at 27 cm. In an attempt to account for this difference in depth, the sedimentation rate for the
first 23.6 cm of the core (0.00359 cm/yr) is applied to the difference between 23.6 cm and 27
cm to determine the approximate age at 27 cm. This method indicates that the sediment is
roughly 7,517 ± 50 yrs B.P., which implies that the timing of the environmental change from
subglacial to sub-ice shelf occurred within the range of 6,500-7,700 yrs B.P.

The

implications of this date are that the KC-02 core site was covered by grounded ice prior to
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6,500-7,700 B.P. (corrected), after which the swath multibeam data indicates that the ice
retreated slowly over it.
KC-03 preserves a more extensive and complex stratigraphic succession than is
visible in the other NBP03-01 cores (see previous section) (Fig. 3.6). Multiple transitions
exist down core; sub-ice shelf sediment grades into subglacial sediment and abruptly back to
sub-ice shelf, most likely because the collection depth allowed preservation of units that are
normally eroded. The first transition between sub-ice shelf and subglacial facies at 22 cm
marks the approach of and melt-out from the grounding line (see previous chapter). These
subglacial facies may indicate that the grounding zone “lifted off” the bed here during a
retreat phase (see previous chapter) although the other 03-01 cores lack corroborating
evidence and the subglacial bedforms indicate otherwise. The age of sediment above this
transition is 530 ± 45 yrs B.P., and although the character of the pebbly facies and visible
laminations, as well as the low diatom content imply that this sediment was not deposited in
a glaciomarine environment, it seems unlikely that a grounding event occurred at 77˚ 25’ S in
the last 450-580 years. Since the character of the transition appears to be that of a grounding
line retreat however, we suspect that reworking caused younger carbon to be present at depth,
which contaminated the radiocarbon ages.
The remainder KC-03 indicates two additional sequences of sediment (between 60120 cm and 128-184 cm) that imply a proximal location to the grounding line. It was not
possible to date these facies due to a lack of organic material and preponderance of coarse
sediment; thus it is not possible to speculate as to the age or timing of these events or to their
presence in the other NBP03-01 cores. KC-03 is however, the only core to contain evidence
of more than one grounding line approach, so additional dates from this core could provide
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valuable information about these potential events. These facies successions provide reason
to speculate that the grounding line may have approached the core site within the last 500
years. More data from KC-03 sediment, additional dates, as well as supplementary cores
from within the trough, could indicate whether the package of pebbly sand is an ice rafted
debris layer, or in fact, a remnant of the grounding zone passing over, and at what time the
additional grounding line approaches occurred. Relatively rapid sedimentation rates from the
upper part of the core may also be significant if they are reproducible; the rate at which
sediment was deposited at this site could be indicative of either rapid erosion of fine grained
sediment from higher elevation areas and deposition at the core site, or subsequently, a recent
increase in the flow and melt rates of the ice sheet causing the rapid release of basal debris
and a corresponding increase in productivity that has not been identified in this Ross Sea
region before.
The proximity of KC-04 to a transverse ridge (Fig. 3.4) and the facies preserved in it
indicates that significant reworking by grounded ice occurred at this site and that the
grounding line was stationary nearby at some point in the recent geologic past. A rapid
transition between Unit 3a and Unit 5 occurs at 12-14 cm, indicating an abrupt environmental
change. Contrary geomorphic evidence from the NBP03-01 site indicates that the grounding
line retreated relatively slowly over this region of the western Ross Sea. The lack of
evidence of grounding line sediment, therefore, is a result of significant erosion of recent till
due to sediment reworking, exposure to current winnowing, and iceberg scouring at this
elevated core site. The corrected age of 22,390 ± 370 yrs B.P. from the transition at 14 cm
confirms that older till is present.
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Core KC-05 records a relatively constant glacial history of sub-ice shelf deposition
with intermittent calving or melt-out events. According to AMS radiocarbon dates from 13
cm, the sediment just above an ice-rafted debris layer was deposited 2,520 ± 45 yrs B.P.
indicating that a major calving or melt-out event occurred nearby this site at that time. Due
to the depth at which this core was collected and resulting sediment focusing (discussed in
previous paper) however, winnowing of possibly recent material from higher elevations
could have provided an influx of young carbon, which altered the radiocarbon date.
NBP03-01 Summary:
Although the AMS radiocarbon dates from the 03-01 cores do not provide identical
ages for similar facies transitions, it appears that the shifts from sub-ice shelf to sub-glacial
sediment with-depth represent post-glacial sediments transitioning into soft deformation till.
This soft till formed as a result of reworking of older, denser sub-glacial sediment during the
LGM retreat phase. It also suggests that the Ross Ice Shelf has remained relatively stable in
the time recorded by 03-01 sediment cores and has undergone an expected and normal retreat
as defined by previous research. Variations in radiocarbon dates are attributed to correction
issues as a result of the reservoir effect, as well as to contamination of certain samples from
significant reworking of sediment, which caused the addition of non in situ old or new
carbon. Of those cores that illustrate a clear “stratigraphic transition chronology” (McKay et
al., 2008) mainly KC-02, KC-03 and KC-05, only KC-02 provides an age for when grounded
ice passed over the site. These data suggest that this event occurred between 6,500-7,700
years B.P. (corrected).
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5.2.2 NBP03-06 cores
AMS radiocarbon dates from 0 cm and 9 cm in NBP03-06 KC-01 provide a corrected
age of 20±50 yrs B.P. at 9 cm, in addition to an extremely rapid sedimentation rate of 0.45
cm/yr. Sedimentation rates this rapid have never been identified in the Ross Sea; however,
those ranging from 0.10 to as high as 0.72 cm/yr are associated with the Palmer Deep region
of the Antarctic Peninsula (Domack et al., 2001) where alternating orange/brown diatom
ooze laminations are interbedded with grey terrigenous sediment (Pike et al., 2001; Leventer,
1991) to form annual cycles.
In addition, a radiocarbon date from just above the transition from Unit 4 to Unit 5 at
27.6 cm indicates that this local environmental change, interpreted as melt-out deposition
during grounding line retreat from the survey area, occurred at 10,130 ± 140 yrs B.P. This
date allows the calculation of a sedimentation rate of 0.0018 cm/yr between 9 cm and 27.6
cm, which is a significantly slower sedimentation rate than in the upper part of the core. This
indicates that a drastic change in deposition style occurred, again, most likely as a result of an
environmental change.
A corrected AMS radiocarbon age of 5340 ± 50 yrs B.P. was identified at 12 cm in
NBP03-06 KC-02, producing an average sedimentation rate of .0021 cm/yr for the first 12
cm of sediment. Despite almost identical facies changes at comparable depths, the age
difference between 9 cm in KC-01 and 12 cm in KC-02 is significant. This difference can be
attributed to a change in depositional style between the two depths, assuming the sediment at
9 cm in KC-02 is as young as that in KC-01. It could also indicate that KC-01 experienced
higher rates of deposition as a result of some unknowns, for example, a significant source of
terrigenous debris or closer proximity to a nutrient source that caused increased productivity.
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In addition, contamination from younger carbon introduced during the coring or sampling
process may be responsible for the young age, even though considerable precautions were
taken to prevent it.
As in KC-01, a very small portion of dense, pebble-rich Unit 5 was sampled at the
bottom of KC-02. As described earlier this sediment is interpreted to be a deformation till
produced by reworking during ice sheet retreat. The sediment was most likely deposited
during a previous ice sheet advance/retreat cycle, most likely pre LGM, although no
radiocarbon dates exist from this core to corroborate this.
NBP03-06 Summary:
On a local scale and in the relatively short-term, the facies observed in KC-01 and
KC-02 imply multiple advance and retreat cycles of the grounding line, multiple melt-out, or
tidal pumping events resulting from a stationary and proximal grounding line.

It is

hypothesized that the grounding line became fixed on or near the ridge located at 172 20’ E
where old, possibly pre-early Pliocene, till was exposed as a result of significant reworking
and erosion.
In addition, if sedimentation rates and, therefore, the radiocarbon date from KC-01 is
accurate, a change in the nature of the rate of flow of the West Antarctic Ice Sheet or basal
regime within the last 100 years may be responsible for the rapid deposition of sub-ice shelf
facies.

Increased basal melting resulting from warming atmospheric or ocean conditions, or

increased ice flow velocity, stimulates the release of sediment from the basal debris layer of
the ice sheet. The rapid sedimentation rates are most likely a result of greater sediment flux
possibly from increased calving, which can induce higher productivity. The timing of this
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transitional event is difficult to assign using a single radiocarbon date; if it did occur
however, it was within the last 100-200 years.
A longer-term history of the area is proposed using multibeam and chirp data from
the NBP03-06 survey site. Associations between mega-scale glacial lineations, ice streaming
conditions, and a deformable bed have been established by previous research (Anderson,
1999). Therefore, the deep, parallel lineations oriented N45˚E west of the 172˚20’ W ridge
indicate that ice flowed rapidly at this location prior to or post pinning (sometime before
10,130 ±140 years B.P). Consecutive ridges, or ribbed moraines oriented between N20˚EN40˚E, in conjunction with a series of larger transverse ridges oriented N40˚E located at the
ice shelf edge, indicate that prior to ice sheet movement designated by the MSGL west of
172˚20’ W (N45˚E), the ice sheet may have retreated in a direction almost 90˚ to the east. It
is not possible to determine at what time this retreat occurred, but the geomorphological
structures on the continental shelf indicate that this previous retreat occurred in conjunction
with shutdown of the ice stream, and consequently a drastic slowing of ice velocity (Stokes et
al., 2008; Dunlop, 2004; Dyke et al., 2002).
5.3 Resolving gaps in current retreat chronology data
5.3.1 Early deglaciation of the eastern Ross Sea
Retreat chronologies of the eastern Ross Sea are less extensive than those established
for the west. Modeling studies and sedimentological and geophysical research from the east
(Mosola and Anderson, 2006) has, however, speculated that this region of the Ross Sea has a
dramatically different history than the west. Data collected by Mosola and Anderson (2006)
and Licht and Andrews (2002) suggest an early deglaciation for the eastern Ross Sea as a
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result of rapid ice stream flow, subsequent thinning of the ice, and decoupling from the bed.
Evidence of rapid ice stream flow and possibly ice sheet lift-off is also found in cores and
swath bathymetry records from the NBP03-06 site. Futhermore, radiocarbon dated sediment
collected by Mosola (2004) implies that the eastern Ross Sea deglaciated thousands of years
prior to the LGM, between 23.4-26 ka B.P., contrary to traditional deglaciation theories.
Conway et al. (1999) does propose the retreat of eastern Ross Sea ice prior to most of the
west, but not before the LGM. Mosola (2004) also proposes that as a result of rapid
deglaciation, an ice shelf was not present during the retreat, thus causing postglacial
sediments to be rich with ice rafted debris. The facies identified in NBP03-06 cores and their
associated radiocarbon dates reveal that the grounding line may have been present near the
NBP03-06 survey site (at the current ice shelf edge) at and prior to approximately
10,130±140 yrs B.P. This coincides with Mosola’s retreat reconstruction but leaves open a
large gap of time between when her proposed deglaciation occurred and evidence of
grounding is present in our cores. Perhaps this indicates that the grounding line remained
stationary at or near the current ice shelf for thousands of years or alternatively, that the
grounding line retreated south of the current ice shelf edge during its initial retreat pre-LGM
and then re-advanced out onto the shelf near the NBP03-06 site around 10,100 years ago.
Morainal ridges present east of the NBP03-06 cores could theoretically represent the “initial
retreat,” indicating that the ice stream may have shutdown at or near the current ice shelf
edge location, although there are no concrete dates to support this assertion.
5.3.2 Slower deglaciation of the western/Central Ross Sea:
Contradictory reconstructions of western and central Ross Sea deglaciation exist as a
result of variable methods of distinguishing the maximum extent of the grounding line and
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inconsistent interpretations of facies successions. Predominantly, reconstructions agree that
ice was present on the outer continental shelf prior to 12.88 ka, but during what interval has
yet to be agreed upon.
Domack et al. (1999) proposes that deglaciation in the western Ross Sea occurred by
11 ka and that retreating ice passed the Drygalski Ice Tongue by 9.5± 0.25 ka B.P. and
reached the current position after 6 ka. Evidence compiled by Licht et al. (1999) indicates
that deglaciation of the Drygalski Ice Tongue occurred by 11.5 ka, and that the ice edge
reached its current position by 7 ka B.P. Similarly, Conway et al. (1999) place the grounding
line south of McMurdo Sound by 7.6 ka.
Findings from the NBP03-01 site are generally consistent with these data. However,
interpretations by Domack et al. (1999) and Licht et al. (1999) lack extensive evidence of the
grounding line’s position between the Drygalski Ice Tongue and McMurdo Sound. Both
studies utilize between one and two cores in this region to determine the timing of the final
stage of LGM retreat. Therefore, 6-7 ka B.P. may not be an accurate representation of when
the grounding line reached its current position, which is located a great distance from Ross
Island at 80˚+ S latitude. Data presented in this paper from this under sampled region may
help refine the timing of the final retreat stage in the western Ross Sea by establishing that
the ice retreated slower than previously proposed; AMS radiocarbon data and swath
bathymetry data demonstrate that the grounding line retreated slowly over the current ice
shelf edge region at approximately 6,570±50 yrs B.P. The two chronologies discussed above
do not take into account evidence of a slow, punctuated retreat possibly as a result of ice
stream shutdown.
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McKay et al. (2008) also suggest a chronology contrary to results presented in this
paper; their data suggest a more rapid and earlier retreat than previously thought, with the
calving edge of the Ross Ice Shelf pinned to Ross Island from 8.9 ka B.P. until today while
the grounding line retreated south. Multibeam data from the NBP03-01 site clearly indicates
a slow retreat, therefore, these contradictory findings can only be attributed to the complexity
of the McMurdo Sound region, which perhaps experienced a different glacial history than the
NBP03-01 site.

6. CONCLUSIONS
6.1 Glacial history, flow regime and direction
Examination of lithofacies successions, environmental factors that effect deposition at
the ice shelf edge, and multibeam bathymetric records allowed the intepretion of the glacial
history of the NBP03-01 and NBP03-06 areas.
•

Various subglacial bedforms imply that ice streams played an active role in the
glacial history of the 03-01 and 03-06 sites; proving that ice streams did flow and
retreat over these sites localized within the Central and Eastern Basins.

•

Conflicting retreat directions observed at both sites indicate that individual ice
streams behave independently during ice sheet retreat.

•

A layer of deformable till is identified in both the Central and Eastern Basins,
interpreted to have formed during ice streaming over these regions. More extensive
deposits of deformation till are present in the NBP03-01 cores, possibly as a result of
the greater depths at which these cores were recovered.
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6.1.1 NBP03-01 site:
•

Topography controlled the direction of ice flow in this region, and created unique
shearing conditions near the edges of the trough.

These conditions formed an

extensive lateral shear margin moraine, which provides an extensional limit to the ice
stream flow in the Central Basin, and further illuminates the complex glacial history
at the 03-01 site.
•

Retreat of ice in this region was slow and punctuated by numerous grounding line
stillstands, some of which took place in close proximity to the NBP03-01 core sites.

•

Geomorphic features observed on the seafloor indicate this retreat was in a southeast
direction, guided by topography of Ross Bank.
6.1.2 NBP03-06 site:

•

Swath bathymetry records illustrate the presence of mega-scale glacial lineations
which terminate on a localized ridge at approximately 172˚30’W, just west of the
NBP03-06 cores.

•

MSGL indicate that retreat in this region was rapid and in a southwest direction,
although possibly punctuated by a period when the grounding line pinned near
172˚30’W, lifted off, and then retreated further.

•

Geomorphic evidence from the ice shelf edge indicates that another retreat
characterized by slow moving ice and in a southeast direction may have taken place at
this site prior to the southwest retreat, or that a punctuated retreat allowed the flow
direction to shift dramatically, accounting for the cross cutting bedforms.
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6.2 Timing of retreat
•

The NBP03-01 cores display variable radiocarbon ages that were interpreted
cautiously in light of the uncertainties associated with old carbon contamination in the
Antarctic region. Corrected ages indicate that the ice sheet retreated over the NBP0301 site by 6,570±50 yrs B.P.

•

The NBP03-06 cores reveal a complex history for the eastern Ross Sea ice shelf edge
region. Rapid sedimentation rates and young sediment ages within the upper 10 cm
of one core indicate that significant deposition as a result of basal melting, high
productivity, or increased terrigenous input occurred in the last 100 years. Regardless
of the reason for increased deposition, the implications are that a shift in
environmental or glacial conditions at the site has occurred in very recent history.
These data indicate that the grounding line was present at or near the 03-06 core site
approximately 10,100 years ago. In addition, the cores illustrate that the grounding
line temporarily retreated south of the core site prior to 10,100 yrs B.P. during which
time sub-ice shelf deposition occurred. A second till deposit located at the base of the
core could indicate another, earlier grounding line approach/retreat.

6.3 Comparison to other reconstructions
Data from the NBP03-01 survey site establishes a retreat history contrary to those
described by previous researchers while the NBP03-06 data provides rare and important
information regarding the unconstrained chronology in the eastern Ross Sea.
•

Western Ross Sea retreat reconstructions by Licht et al. (1999), Domack et al. (1999)
and Conway et al. (1999) do not utilize sufficient data from the current ice edge
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region to propose an accurate depiction of the timing of the LGM retreat up to and
past this point. Radiocarbon ages from NBP03-01 imply that retreat occurred around
the time suggested by previous reconstructions, but slightly later than previously
thought.
•

The lack of data from the eastern Ross Sea left little to which cores and radiocarbon
ages from this study could be compared. Estimates of rapid grounding line retreat
rates, possibly occurring pre-LGM are not discounted by these data, which indicates
the presence of the grounding line for a limited time, at approximately 10,100 yrs
B.P.

6.4 Future Work
Additional data from the NBP03-01 and NBP03-06 cores, as well as from the
surrounding continental shelf would provide valuable information with which a more
detailed reconstruction chronology can be established.
•

The lack of carbonate material in the NBP03-01 and NBP03-06 cores necessitated the
use of acid insoluble organic (AIO) fractions for radiocarbon ages.

Resolving

characteristically old surface age dates from AIO radiocarbon ages, and correcting for
the reservoir effect of the Antarctic oceans is problematic (Mosola and Anderson,
2006) in terms of producing accurate, reproducible data.

Radiocarbon ages from

shells or bryozoa would be extremely beneficial to this study in order to provide a
check for the AIO C-14 dates to ensure that in situ mixing and the introduction of old
or new carbon did not contaminated them.
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•

Additional radiocarbon dates from other depths within the cores would also help
verify whether other ages were subject to contamination. Also, addition dates from
between existing samples would provide valuable information regarding higher
resolution environmental changes that may have taken place. Samples from depths
greater than those presented here, if enough datable material is present, would help
further constrain the age of the till, and perhaps the timing of the retreat.

•

Higher resolution swath multibeam data would provide further insight into the
characteristics of the ice that passed over it, including the speed at which the last
retreat occurred.
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