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Abstract

We analyse surface sediment and its distribution in Flandres Bay, West Antarctic
Peninsula, in order to understand modern day sediment dispersal patterns in
a fjord with retreating, tidewater glaciers. The surface sediment descriptions
of 41 cores are included in this study. The sediment facies described include
muddy diatomaceous ooze, diatomaceous mud, pebbly mud, sandy mud and
mud, with scattered pebbles present in most samples. In contrast to a traditional
conceptual model of glacial sediment distribution in fjords, grain size in Flandres
Bay generally coarsens from the inner to outer bay. The smallest grain size
sediments were found in the bay head and are interpreted as fine-grained
deposits resulting from meltwater plumes and sediment gravity flows occurring
close to the glacier front. The middle of the bay is characterized by a high silt
percentage, which correlates to diatom-rich sediments. Sediments in the outer
bay have a high component of coarse material, which is interpreted as being
the result of winnowing from currents moving from the Bellingshausen Sea into
the Gerlache Strait. Palacoenvironmental reconstructions of glacial environ-
ments often use grain size as an indicator of proximity to the ice margin. After
a detailed analysis of a large number of cores collected in the study area,
our findings highlight the variability in sedimentation patterns within a fjord
and provide a valuable evidence of the complexity that may occur in the
sedimentary record.

To access the supplementary material for this article, please see the
supplementary files under Article Tools, online.

Studies focusing on the analysis of the sedimentary
facies in glacial marine environments, both in the
northern and southern hemispheres, have resulted in a
variety of conceptual models of sediment distribution
(Anderson et al. 1980; Powell 1981, 1984; Anderson et al.
1983; Elverhoi et al. 1983; Gilbert 1983; Molnia 1983;
Elverhoi 1984; Powell & Molnia 1989; Syvitski 1989;
Domack & Ishman 1993; Ishman & Domack 1994; Powell
& Domack 1995; Anderson 1999). Numerous proxies are
taken into account when developing such models: lithol-
ogy, grain size and texture, micromorphology, sedimen-
tary structures, bedding contacts, stratigraphic relations
and biologic influence. The sediment deposits in these
glaciated areas include diamictons, gravelly to sandy

muds, turbidites, diatomaceous muds and diatomaceous
oozes. In nearly all models of sediment distribution, the
coarser sediments are usually found closer to the head of
the fjord, near the ice front, and decrease in size towards
the fjord mouth. Because primary productivity increases
away from the glacier front, a higher biogenic component
in the sediment is expected at the mouth of the bays.
Palaeoreconstructions of depositional environments in
fjords and other glacial marine environments are based
on observations and descriptions of sediment down core
as well as by our understanding of modern sediment
distribution (e.g., Smith & Schafer 1987; Kennedy &
Anderson 1989; Jennings & Weiner 1996; Warner & Domack
2002; Hillenbrand & Ehrmann 2005; Heroy et al. 2008;
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Abbreviations in this article
AP: Antarctic Peninsula

Michalchuk et al. 2009; Milliken et al. 2009; Anderson
et al. 2011; Fernandez, Anderson, Bertrand et al. 2011;
Majewski et al. 2012; Cowan et al. 2014). Understanding
sediment distribution is critical for studies reconstructing
glacial and ice-sheet behaviour based on palaeo-records
(e.g., Naish et al. 2009; Anderson et al. 2011; Fernandez,
Anderson, Wellner et al. 2011; Stokes et al. 2015).

Numerous factors control sedimentation in Antarctic
fjords, including climate, seafloor topography, bay geo-
metry, oceanographic regime, the presence of sea ice, the
size of drainage areas and proximity to sediment sources
(Griffith & Anderson 1989; Domack & McClennen 1996;
Ashley & Smith 2000). In addition, the glacial behaviour
contributes and may ultimately provide the terrigenous
output. Each of these contributes differently to the
distribution of sediment along the bays. Characteristics
of single bay systems are difficult to integrate and quantify
since they can be widely variable, from the number of
glaciers draining into a single bay to processes carrying
and depositing sediment in and out of the bay. Never-
theless, they can have an enormous effect on the deposi-
tion and distribution of sediment, sometimes obscuring
the trends that are expected for given environments
(Gilbert et al. 2002; Wolfl et al. 2014). Therefore, when
applying any model of sediment distribution in a fjord
environment, one must take into account how local
variations of bay systems may be expressed in the
sediment record. In this study, we analyse sediment
grain size, lithology, and distribution in a bay in the
West AP. Using a dense collection of marine sediment
cores, the known modern glacial climate of the region,
oceanographic and bathymetric controls, we assess the
general trends within these deposits and how local
variations affect sediment distribution.

Study area

Background

The AP is heavily glaciated (Fig. 1); however, very
different climate regimes characterize the eastern and
western AP, even at the same latitude. In general, the
eastern side is cooler, with extensive ice shelves, while the
western side is warmer and wetter, with small tidewater
glaciers draining into fjords and bays. According to Cook
etal. (2014), the drainage areas of the tidewater glaciers in
the AP average 130 km?, but some can be over 6000 km?.
Tidewater glaciers are very sensitive to climatic changes
and respond rapidly to fluctuations in the environ-
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ment because they are thin compared to ice sheets, have
small drainage areas and have high accumulation rates
(Anderson 1999). Rapid sediment accumulation in fjords
results in a high-resolution sedimentary record that can be
used as a tool to reconstruct local glacial behaviour
(Griffith & Anderson 1989; Syvitski 1989, 1991; Wellner
et al. 2001; Anderson et al. 2002). The westerly winds
increase summer warming in the AP by bringing warm,
maritime air that lead to basal melt and loss of ice.

The prevailing westerlies drive surface waters around
the continent towards the east creating the Antarctic
Circumpolar Current. Temperatures in the Southern
Ocean have risen 0.17°C between the 1950s and the
1980s, mainly along the Antarctic Circumpolar Current
(Gille 2002), and especially near the western AP, where
sea surface summer temperatures have risen more
than 1°C in the same time period (Meredith & King
2005). Recent data suggest that the Antarctic Circumpolar
Current has shifted south due to stronger westerly winds
(Bi et al. 2002; Hall & Visbeck 2002; Lubin et al. 2008).
This in turn brings warmer water to fjords in the western
AP. The presence of warmer water masses closer to the
continent increases basal melting in glaciers and ice
shelves (Domack et al. 2003; Rignot et al. 2008; Hellmer
et al. 2012; Pritchard et al. 2012). In this case, the
bathymetric morphology becomes critical since dense
water masses would not override topographic highs, for
example sills, in the ocean floor (Smith et al. 1999), which
are characteristic of many fjords (Elverhoi et al. 1983;
Skei 1983).

Setting

Flandres Bay (65°3’S, 63°14’'W) is located in the Danco
Coast, north of the Graham Coast in the western side of
the AP, south-east of Anvers Island (Fig. 1). The bay is
about 30 km long and 20 km wide and it is surrounded
by numerous small tidewater glaciers that drain the AP
ice cap (Figs. 1, 2). The drainage size area of glaciers
terminating into this bay varies in size from less than 10 to
215 km? (Cook et al. 2014). The head of the bay is
characterized by a series of embayments where tidewater
glaciers drain into the bay. The largest embayments are
Briand Fjord in the northern margin and Etienne Fjord
in the southern margin (Fig. 1). Cook and co-workers
(2005, 2014) measured glacier front retreat of various
tidewater glaciers terminating in Flandres Bay, including
Bolton Glacier, Sayce Glacier, Goodwin Glacier, Archer
Glacier, Talbot Glacier, Niepce Glacier and an unnamed
glacier (Figs. 1, 2). All of them show some degree of
retreat, between 55 m (for Archer Glacier) and 607 m
(for Talbot Glacier), measured from the 1940s to the early
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Fig. 1 Map of Flandres Bay, located in the western AP. Insets show the location of the AP with respect to Antarctica and the location of the study area.
Seafloor bathymetry mapped using multibeam swath bathymetry data from cruises NBP0201, NBP0502, NBP0602A, NBP0703 and NBP1001 to the AP.
Red circles represent core locations. Glacial drainage basins of glaciers are outlined in purple (from Cook et al. 2014). Briand Fjord and Etienne Fjord are
abbreviated as BF and EF. Numbers show glaciers draining into Flandres Bay: 1, Vogel Glacier; 2, Bolton Glacier; 3, Sayce Glacier; 4, Goodwin Glacier; 5,
Archer Glacier; 6, Talbot Glacier; 7, Niepce Glacier; 8, unnamed glacier; letters in red squares show 2'°Pb sedimentation rates: a, 1.71 mm/yr; b, 1.17
mml/yr; ¢, 2.8 mmlyr; d, 0.65 mm/yr (Isla et al. 2002; Isla et al. 2004; Boldt et al. 2013).

2000s. However, no direct correlation was found between
the size of the drainage area and the retreat distance
(Cook et al. 2014).

Flandres Bay is protected from open ocean conditions
by Anvers Island and has been classified as having a dry,
subpolar climate (Griffith & Anderson 1989; Boldt et al.
2013), separating the warm, wet subpolar bays in the
north from the dry, polar bays in the south. Atmospheric
temperatures vary from slightly above 0°C in the summers
to —8°C to —11°C in the winters (Domack & Ishman
1993; King et al. 2003). However, atmospheric tempera-
ture records from Faraday/Vernadsky station (50 km south
of Flandres Bay) show a warming of 5.7 + 1.6°C/century,
the highest for the AP area where the average warming is
3.7+1.6°C/century (Vaughan et al. 2003). In situ obser-
vations at Faraday/Vernadsky station show that annual
precipitation days have increased by 12.4 days/decade
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since the early 1950s (Turner et al. 2005), while in an ice
core collected in the south-west AP, Thomas et al. (2008)
calculated a doubling of snow accumulation since the
1850s.

In a map from the American Geographical Society
published in 1969, compiled by R.J. Adie, no rock outcrops
are identified in Flandres Bay. However, the exposed rocks
in the surrounding areas, the south-eastern region of
Anvers Island and the regions directly across the AP, on the
eastern side of the AP, are composed of Upper Jurassic
volcanic rocks and Lower Tertiary to Upper Cretaceous
Andean intrusive rocks (granite, granodiorite and tonal-
lite). It is likely that these same rock types underlie the
glaciers that drain into Flandres Bay.

Flandres Bay is located eastward of the Bismarck Strait
(Fig. 1), at the southern end of the Gerlache Strait that
connects the Bransfield Strait in the north and the
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Fig. 2 Grab samples and cores collected in Flandres Bay: grab sample (GB), box core (BC), kasten core (KC), trigger core (TC), piston core (PC) and
jumbo piston core (JPC). Some cores were collected in pairs (one grab sample and one piston core for example); therefore, a small circle and a large
circle are in the same location. Names of each core correspond to core identification numbers in Supplementary Table S1. The profiles line A-A’ is
presented in Fig. 5. Maroon outlines show glacier front change as measured by Cook et al. (2014).

Bellingshausen Sea in the south. The western side of the
AP receives incursions of Upper Circumpolar Deep Water,
which brings oceanic, relatively warm (>1.5°C), saline
(34.3-34.8), nutrient-rich water to this area (Ishman
& Domack 1994; Domack et al. 2003). However, this
water mass may experience modifications near the
bays resulting from local conditions like sea-ice formation
and meltwater from glaciers (Smith et al. 1999; Martinson
et al. 2008; Allen et al. 2010).

Sea ice has a major influence in the AP glacial marine
sedimentation, largely affecting primary productivity.
The intrusion of the warm Upper Circumpolar Deep
Water into the shelf in this area, combined with warming
atmospheric temperatures in the western AP (Vaughan
et al. 2003; Turner et al. 2013), influence sea-ice forma-
tion, thickness and persistence through the seasons
(Smith & Klinck 2002; Stammerjohn et al. 2008; Stam-
merjohn et al. 2012). Stammerjohn and co-workers
(2012) have reported that the sea-ice season in the AP
and the Bellingshausen Sea has been reduced by more
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than three months between 1979-1980 and 2010-2011.
Considering this, an intriguing sea-ice behaviour occurs in
Etienne Fjord, where fast sea ice was directly observed to
cover the entire fjord during the austral summers of 1988
(PD1988-I1I), 2002 (NBP0201), 2007 (NBP0703) and
2012 (NBP1203). Sea-ice thicknesses in Etienne Fjord
have not been measured.

219ph analyses show that modern sedi-
ment accumulation rates in the western AP are highly
variable (Fig. 1), for example, accumulation rates in the
Gerlache Strait vary from 0.65 to 3.1 mm/yr (Isla et al.
2002; Isla et al. 2004), but can be as high as 5.1 mm/yr
(Harden et al. 1992). Whereas in the inner area of
Flandres Bay accumulation rates are 2.8—3 mm/yr (Boldt
et al. 2013), and in the outer bay/Bismarck Strait the
accumulation rate is 1.17 mm/yr (Isla et al. 2002; Isla
et al. 2004). Further west, in the area around Palmer
Deep, the measured 2'°Pb accumulation rate is 1.71
mm/yr (Isla et al. 2002; Isla et al. 2004). Clearly, there is a
high variability in sediment accumulation rates that are

Results from
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the result of a wide variety of processes influencing these
different areas.

Methods

Multibeam

Swath bathymetry data were collected onboard the
RV/IB Nathaniel B. Palmer on multiple expeditions to
Flandres Bay, including NBP0201, NBP0502, NBP0602A,
NBP0703 and NBP1001. Multibeam soundings were
collected in a swath perpendicular to the ship track
using a Simrad EM120 12 kHz swath profiler hull-
mounted with 191 beams. During collection, the data
were corrected using sound-velocity and conductivity—
temperature—depth profiles, then edited by the scientific
party onboard. Maps were created in ArcGIS®, using a
resolution of 20 m (Fig. 1).

Sediment cores

US Antarctic Program expeditions have collected a total of
41 cores from 1982 to 2007 in Flandres Bay (Supplemen-
tary Table S1). Core types include grab samples, box cores,
kasten cores, trigger cores, piston cores and jumbo piston
cores. They were described and logged onboard, including
colour (using a Munsell soil colour chart), grain size and
texture, laminations, dropstones, ice-rafted debris, fossil
content, organic matter and bioturbation. Additional
observations were made in the national core repository,
the Antarctic Research Facility at Florida State University
in Tallahassee, Florida. For the purposes of this study,
only the surface sediment, which represents modern
sediments, was analysed in each core. The list of all the
cores included in this study is presented in Supplementary
Table S1. Figure 2 shows the locations and names of the
cores in Flandres Bay. Cores are separated in two groups;
the first group includes the grab samples and short cores
(box, trigger and kasten cores, 27 in total). These are more
likely to preserve the sediment water interface because
recovery of these cores involves a low impact operation.
The second group includes an additional 14 cores, piston
and jumbo piston cores. Note that 10 of these cores were
collected in the same location or very close to a grab
sample or short core (Fig. 2 shows a small circle and a large
circle representing the cores in the same location).
The medium to high impact operation required to recover
piston and jumbo piston cores makes them less likely
to preserve the sediment—water interface. However,
we include them in this study for completeness and
to demonstrate that in almost all the cases (one is the
exception) the short core sediment description and the
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long core sediment description are very similar, resulting
in the same sediment facies. This enables us to rely on
findings where only a jumbo piston or piston core was
collected and not a short core (which is the case in four
sites in this study). Supplementary Table S1 also shows
which cores were sampled for grain size and smear slide
counts of lithology. Grain size was measured using a
Malvern Mastersizer 2000 Laser Particle Size Analyzer.
Particle sizes between 0.02 and 2000 pm can be accurately
measured using this instrument. The sediment was not
treated to remove the biogenic component. The grain
size percentiles from the Laser Particle Size Analyzer
were separated into clay ( <4 pm), fine silt (4-24 pm),
medium silt (24—44 um), coarse silt (44—-63 pm) and sand
(>63 pm). Mean, skewness, kurtosis and sorting were
calculated using the formulas of Folk & Ward (1957).
Pebbles were not described quantitatively; instead, de-
scriptive terms are included for each sediment sample:
abundant, common, scattered, and none observed in
the sample. Published cruise reports from the Deep Freeze
operation DF85 and NBP0703 include smear slide counts
of percentage abundance of lithologic constituents of
sediment in cores. Smear slides were made for cores that
did not have this information using the same procedure
as described in these cruise reports (Cassidy 1984; Bryan
1992a, b; Hovan & Janecek 1994a, b). The abundance
of quartz, clay, diatoms, feldspar, mica, heavy minerals
and hornblende on the smear slide was quantitatively
recorded using a petrographic microscope with a capacity
for 900X magnitication. The constituents were counted
in a transect using a grid over the entire smear slide so
that all grains sampled were reported. Facies were created
based on grain size, lithology and pebbles found in
the sediment.

Results

Bathymetry

The seafloor topography of Flandres Bay is very rugged
with the exception of deep basins, which have a flat
bottom and very gentle slopes (Fig. 1). Slope maps of the
bathymetry show lower relief areas in the inner bay and
parts of the Gerlache Strait, and highly rugged topography
in the outer bay. The inner bay is separated from the
outer bay by a sill, an elongated, transverse ridge, with
an average depth of 350 m. The inner bay is composed of
two low relief basins, one with an area of about 2000 km?
and the other approximately 7000 km?, both over 700 m
deep. Etienne Fjord, located in the southern margin
of Flandres Bay, has only been partially surveyed. At its
centre, it is characterized by an extensive, flat basin,
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approximately 500 m deep. Etienne Fjord is separated
from the Flandres inner bay by a shallow sill, approxi-
mately 290 m deep. Briand Fjord, located on the northern
margin of Flandres Bay, exhibits a distinct morphology
compared to Etienne Fjord. A shallow sill (ca. 270 m
deep) is also present in Briand Fjord, separating it from
the main inner bay area. The depths in Briand Fjord do
not vary drastically; the deepest point located in the
centre of the fjord is only 360 m deep. The flanks of the
fjord were found to have low relief and be relatively
shallow too.

Outer Flandres Bay is characterized by a more rugged
bathymetry with several small basins with flat bottoms.
These basins range in area between 750 and 1200 km?
and are elongated, nearly parallel along the axis of the
bay. The regions towards the Bismarck Strait, in the west
end of Flandres Bay, deepen and increase in ruggedness
while the regions towards the Gerlache Strait, north-east
of Flandres Bay, shallow and flatten (Fig. 1).

Surface sediment description

Sediment texture and lithology. Surface sediment
samples were analysed for grain size and lithology content
(Supplementary Table S1). Silt size (4-63 pm) is the
dominant grain size with 63-79%, clay ( <4 pm) follows
with 13-35% and sand ( > 63 pum) is the lowest constitu-
ent, with 2-19% (Fig. 3, Supplementary Fig. S1). Within
the silt size range (4-63 pm), fine silt (4-24 um) has
44-63% of the total grains in the sample, while medium
silt (24-44 pm) composes 6-18%, and coarse silt
(44—-63 pm) only 2—-8% of the total grains measured per
sample. The distributions of grain size along Flandres Bay
are shown in the maps in Fig. 3. Quartz, diatoms, clay
minerals, and heavy minerals make up the majority
of the lithology found in the samples, although minor
amounts of feldspar, mica and hornblende were also
found. Of the total grains in the sediment sample,
quartz grains constitute 26—66%, diatoms varied widely
between 1 and 60%, clay minerals were 10-43% and
heavy minerals were 0—-16%. Feldspar, mica and horn-
blende compose less than 5% of the total grains in the
sediment samples. Maps presenting the amounts of clay
minerals, diatoms, heavy minerals and quartz found in the
smear slides are shown in Fig. 4. In order to determine
sediment sources throughout Flandres Bay, changes in
sediment lithology and grain size were studied in relation
to water depth (shallow to deep) and in relation to
distance along the fjord axis (head to mouth). For the
purposes of this study, the head of the bay is in Etienne
Fjord, where samples were collected closest to the ice
front, while the Bismarck Strait represents the mouth
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Fig. 3 Distribution maps of percent grain size along the bay: (a) clay, (b)
total silt and (c) sand percentages per sample. Solid circles represent
grab samples (GB), box cores (BC), kasten cores (KC) or trigger cores
(TC). Open circles represent piston cores (PC) or jumbo piston cores
(JPC). Sampled cores are listed in Supplementary Table S1.

of the bay, which is the farthest from the ice front and
in semi-open water conditions. The calculated mean,
skewness, kurtosis and sorting were also studied using
these relations. A slight increase in the mean and mode
of the grain size was found from the inner to the outer
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bay as well as with increasing depth. Skewness, kurtosis
and sorting are relatively stable in the inner and outer
bay and at all water depths.

Core sample locations vary between 171 m water depth
(in the distal part of Etienne Fjord) and 723 m water
depth (in the distal part of Briand Fjord) (Supplementary
Table S1). There is a general trend of increasing grain size
as water depth increases (Fig. 5). The relative percentage
of sand grains increases from 3% in the shallowest
depth to 10-12% in the deepest sample location; clay
size decreases from 27 to 17% from shallowest to deepest
sampled area; and while total silt (4-63 pm) remains
constant, the fine silt (4—24 pm) component also decreases
with depth. Lithologic components remain relatively
constant with water depth (Fig. 5).

There is a general trend of increasing grain size away
from the head of the fjord (Figs. 3, 5). In almost all
the samples, percent sand increases (from 2 to 19%) and
percent clay decreases (from 35 to 14%) away from the
head of the bay (Fig. 3). Total silt (4-63 pm) remains
relatively constant but coarse (44—-63 pm) and medium
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(24—44 pm) silt increase from the head to the fjord mouth
(Figs. 3, 5). The percent of diatoms increases towards the
middle of the bay (from 1% in the fjord head to 60%
in mid-Flandres Bay) and then decreases again in the outer
bay (Fig. 4). Etienne Fjord has the least amount of diatoms,
percentages decrease to 1.4% of the total sediment (Fig. 5).
Clay minerals were found throughout the bay in, approxi-
mately, the same amounts with no apparent change from
head to mouth. Percent quartz has a general decrease
away from the fjord head, the highest values were found
in Etienne Fjord (52-66% quartz) (Figs. 4, 5).

Sediment facies and distribution. Five sediment
facies are defined using results from grain size and litholo-
gical analysis: (1) muddy diatomaceous ooze, containing
>30% diatoms with a mixture of clay and silt <70%,
< 15% sand, and none to common pebbles; (2) diatomac-
eous mud, containing between 15 and 30% diatoms,
a mixture of clay and silt > 70%, <15% sand, and none
to common pebbles; (3) pebbly mud, <15% diatoms,

a mixture of clay and silt >70%, <15% sand, and
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abundant pebbles of varying sizes; (4) sandy mud, <15%
diatoms, a mixture of clay and silt >70%, between 15%
and 30% sand, and scattered pebbles of varying sizes;
and (5) mud, <15% diatoms, a mixture of clay and silt
>70%, <15% sand, and none to common pebbles.

Muddy diatomaceous ooze was found in the northern
outer bay (towards the Gerlache Strait) and in the middle
of the bay. Diatomaceous mud covers the basins in the
inner and outer bay. Sandy/pebbly mud was found in
samples in the outer bay (in Bismarck Strait) and in
the distal part of Etienne Fjord (inner bay). Mud was
only found in samples collected in the central and distal
regions of Etienne Fjord (Figs. 2, 6, 7).

Discussion

Glacier front retreat and ice cover

The glaciers in Flandres Bay analysed by Cook and
co-workers (2005, 2014) are Bolton Glacier (which drains
into Briand Fjord), Talbot Glacier (which drains into
Etienne Fjord), Sayce Glacier, Goodwin Glacier, Archer
Glacier, Niepce Glacier and an unnamed glacier (Fig. 1).
Although in varying amounts, all of these glaciers show
retreat; the largest retreat corresponds to Talbot Glacier
which shows a glacier front retreat of 607 m from 1968
to 1997 and the shortest is Archer Glacier with 55 m of
glacier front retreat in the same time span (Fig. 2, data
from complimentary material of Cook et al. 2005; Cook
et al. 2014). These two glaciers are next to each other,
have similar drainage basin areas, and are exposed to
the same atmospheric temperatures; therefore, the differ-

(page number not for citation purpose)

ent rates of retreat suggest that other factors influence
glacier front retreat besides atmospheric temperature.
Six sediment samples have been collected in Etienne
Fjord, where the highest glacier ice front retreat has taken
place: one piston core during DF82 (that recovered pebbly
mud facies); one grab sample during DF86 (that recovered
pebbly mud facies); Smith-McIntyre
grab samples during PD90-VII (which recovered mud
facies) (Figs. 2, 5, 6). Although the recovery of these
sediments took place over a multi-year span of time,
there is no evidence pointing to a fundamental change
in sediment facies; the retreat rate of Talbot Glacier is
20 m/yr in average (607 m, measured from 1968 to 1997)
and the core locations are approximately between
4 and 9 km away from the glacier ice front; therefore,
there is a high likelihood that the sediments are repre-
sentative of the same depositional conditions over the
eight-year span of time that passed between the first
sediment sample collected (1982) and the last (1990).
In addition, PC153, collected in 1982, is composed of
a single sediment facies; pebbly mud throughout the
entire core length, 46 cm (Cassidy 1984), which suggests
that the sedimentary environment has remained un-
changed for a long time. However, there are no age
constrains or sediment accumulation rates available for

and four

sediments from Etienne Fjord and no sediment samples
have been collected in this area since 1990. The mud was
sampled in the middle of the fjord, a deep and flat basin.
The lithology of the analysed samples in Etienne Fjord
is composed of >50% quartz, between 20 and 35%
clay and less than 6% diatoms (Figs. 4, 5). Particle size
is dominated by fine silt (4—24 um), 53-58%, and clay,
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25-35% (Figs. 3, 5).
are characteristic of suspended sediment delivered by
meltwater plumes (Syvitski & Murray 1981; Elverhoi
etal. 1983; O Cofaigh & Dowdeswell 2001). The sediment
collected in the middle of the fjord (approximately
500 m deep) had scattered to no pebbles, which may be

This lithology and grain size

10 km

an indication that no ice rafting or downslope sediment
redistribution has occurred in this area (Fig. 5). Fast sea
ice has been observed to cover Etienne Fjord entirely,
especially during the austral summers, when cruises
PD1988-III (1988), NBP0201 (2002), NBP0703 (2007)
and NBP1202 (2012) visited the area. The low biogenic
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content in the sediment could be the result of continuous
ice cover in the fjord since permanent sea-ice results
in lower biogenic productivity (Leventer et al. 1996).
However, the lack of data on sediment and organic fluxes
makes this assumption difficult to assess. The only cruise
that has successfully sampled the middle of Etienne
Fjord was PD90-VII (1990). The distal area of Etienne
Fjord (with a depth of approximately 290 m) is covered
by pebbly mud (Figs. 2, 6).

The sediment facies found in Etienne Fjord do not
follow the typical sediment distribution for a glaciated
fjord environment. These models propose that coarser
grains are found close to the ice front and particles
decrease in size distally. Additionally the biogenic compo-
nent should increase away from the ice front. Although
the fjord has scattered sediment samples, the sediment
in the middle of the fjord is homogeneous mud, with low
(<6%) sand size particles, a very low ( <6%) biogenic
component and no pebbles (Figs. 5, 6). The pebbly mud
is found only in the outer area of Etienne Fjord.
No samples have been collected in the proximal area to
the ice front. Unarguably, these sedimentary facies are the
result of different depositional processes active in this
fjord. Persistent fast sea ice possibly plays an important
role in the distribution and lithology of the sediment in
the fjord. Additionally, due to the current state of retreat of
Talbot Glacier it can be assumed that meltwater plumes
are common and the most likely source of fine mud
deposited in the middle of Etienne Fjord (Fig. 7). Inter-
estingly, the fine mud deprived from significant biogenic
matter and lacking pebbles is similar to a “null zone”
interpreted to deposit under an ice shelf away from basal
debris (Domack et al. 1999). The “null zone” unit ranges
between 15 and 40 cm in thickness and it is described
as laminated, with very little sand and no pebbles.

Primary production

The middle of Flandres inner bay is characterized
by the highest percentage of diatoms (from 39 to 60%
of the total grains in the sample) and silt (4-63 pm)
particles, in particular fine silt (4—24 pm), which is 50—
60% of the total grains in the sample (Figs. 3—5). In a study
in Palmer Deep, an adjacent basin to Flandres Bay (Fig. 1),
Warner & Domack (2002) found that the fine to
medium silt-sized particles were mostly of biogenic origin
(Chaetoceros spores, which are ca. 5-8 pm in size). Using
this and other lines of evidence, they concluded that
particle size can be used to represent depositional
environments. In this case, the silt particles were likely
to represent biogenic sedimentation. Although no bio-
genic flux data has been published for Flandres Bay, Isla
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and co-workers (2002, 2004) reported high primary
productivity in the Gerlache Strait area. We therefore
suggest that the main sediment source in this part of the
bay is, in fact, biogenic productivity. The combination of
relatively warm water, low salinity (Leventer et al. 1996),
meltwater and reduced sea ice (Allen et al. 2010) increase
biogenic productivity. This may be the case in Flandres Bay
if warm Upper Circumpolar Deep Water ( >1.5°C) from
the Bellingshausen Sea flows into the Bismarck Strait
and possibly into Flandres Bay. Increased meltwater from
retreating glaciers (Cook et al. 2005) and decreased sea-
ice cover in the region (Stammerjohn et al. 2012) may
contribute to enhance high primary production rates.
Although we argue for increased meltwater in Etienne
Fjord, we estimate the water carries an excess of sus-
pended sediment, which combined with persistent sea-

ice cover, results in minor diatom productivity.

Ocean currents

Some areas in the western AP do not have high biogenic
accumulation because the material is likely re-suspended
or carried by strong currents to adjacent areas. This may
be the case in outer Flandres Bay (along the Bismarck
Strait), where Isla and co-workers (2002, 2004) measured
high primary production rates but found low percentages
of biogenics in the accumulated sediment. They show
percentages of dry weight of sand and found similar results
to ours, sand size increases from 1 to 29% from Palmer
Deep to Bismarck Strait and into the Gerlache Strait.
Sand size then decreases to 5% from the Gerlache Strait
out into the Bransfield Strait, suggesting stronger currents
in the southern area of the Gerlache Strait, close to
Flandres Bay. They conclude that this sediment composi-
tion is the result of lateral transport of the biogenic
component. The water flowing north towards the
Gerlache Strait must be strong enough to carry clay and
fine silt-sized particles, leaving behind lag deposits of
coarser material. The cores collected in the outer bay are
characterized by higher sand percentages, low diatom
percentages, and abundant pebbles (Figs. 3—5). As such,
it is likely that these deposits are the result of winnowing
of the fine grains and sediment re-suspension events.
Additional observations of sediment deposits down core,
including grain size, sorting, skewness, and kurtosis would
turther corroborate our conclusions. In addition, analyses
using shallow seismic data would be helpful if we assume
sediment is being carried and deposited downstream,
most likely in the northern Gerlache Strait. However,
this approach requires a more thorough study that would
account for the glacial retreat history, the sediment flux,

and the interaction of water currents in this area.
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Comparison to similar studies

Sediment characteristics, accumulation and distribution
varies with climate, seafloor topography, bay geometry,
size of drainage basins, oceanographic regime, and dis-
tance to glacier front. In a study of Andvord Bay,
just north of Flandres Bay (Fig. 1), Griffith & Anderson
(1989) describe the inner bay as composed of sandy
diatomaceous mud with scattered pebbles and the outer
bay as muddy diatomaceous ooze with scattered pebbles,
which decrease in abundance towards the mouth of the
bay. Another study in the same bay (Domack & Ishman
1993) describes a terrigenous facies (sandy muds to
muddy sands) close to glaciers and a biosiliceous facies
(pebbly muds with high organic carbon and opaline
silica) in the centre and towards the mouth of the bay.
Sediment distribution is controlled by bay geometry and
oceanographic controls while sediment input is con-
trolled by climate and drainage basin. Both studies found
sand-rich mud deposits for the inner bay and diatom-rich
mud deposits for the outer bay.

In Flandres Bay, grain size increases from head to
mouth, while the highest percentage of biogenics is
found in the middle of the bay (Figs. 3, 4). Oozes
occur away from glaciers but inside the bay and into
Gerlache Strait, which suggests high productivity in these
areas that are likely protected from open water conditions
and from strong currents. However, because there are
no sediment flux analyses for this bay and no published
studies on the activity of ocean currents inside the bay
we cannot discard the possibility that these oozes are
the result of downstream deposition of material from the
outer bay. Sandy/pebbly sediment is present in both
the outer and inner bay, although these possibly result
from different processes. In the outer bay, this type
of sediment is probably the result of strong currents
that carry the finer particles northwards, into the Gerlache
Strait, or towards the Palmer Deep area. Whereas in
Etienne Fjord (inner bay), the sandy/pebbly sediment is
likely part of a grounding zone area that formed when
glaciers were expanded, in Briand Fjord the same type
of sediments results from active deposition of a modern
retreating glacier. Figure 7 shows a schematic representa-
tion of the various sediment distribution processes that
take place in a modern environment like Flandres Bay.
We estimate that thicker sediment deposits exist in the
middle to outer bay due to longer open marine conditions,
which would result in thinner deposits towards the inner
bay. An additional analysis of shallow seismic data is
necessary to confirm these assumptions.

An unexpected finding in a proximal setting, the middle
of Etienne Fjord, is mud with the least percentage of
biogenics and scattered to no pebbles because the glacier
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that feeds into Etienne Fjord (Talbot Glacier) has under-
gone the highest retreat of all glaciers studied in Flandres
Bay (Cook et al. 2005; Cook et al. 2014). A recent study by
Wolfl et al. (2014) in a fjord in King George Island,
northern AP, found the same general trend of sediment
distribution as our findings in Flandres Bay, an increase
in grain size down-fjord, which was explained by an
increase in energy conditions away from the bay head.
We propose that the dominance of fine-grained sediment
in the inner part of Etienne Fjord is a signal of the rapidly
retreating ice. Further studies should assess the most
proximal deposits of both retreating and advancing,
or stable, ice to determine if the fine-grained deposits are
truly a signal of rapid retreat, not just distance. However,
there is a possibility that the anomalies found in this study
may be a result of modern rapid retreat, and not a common
event in the sediment record in AP fjords. If we assume
that sediment has accumulated in fjord basins continu-
ously since ice started retreating to modern positions,
this would result in a very high sediment accumulation,
which would eventually change the bathymetry of the
fjords. Instead of having a rugged bathymetry, common
in bedrock, the seafloor would be smoother, with large
sediment deposits filling the basins. If this is the case, then
the sediment delivered from retreating glaciers would
deposit further down-fjord. In addition, ocean currents
would have a higher likelihood of flowing into these areas
and removing the finer particles, which would result in
winnowed deposits. We propose modern fjord deposits
have a greater marine influence, and less glacial influence.
Although sediment input is controlled by climate and
drainage basin, the marine processes play the main role
regarding the distribution of the sediment.

Conclusions

This study presents an analysis of surface sediment in
Flandres Bay. The sediment facies found in this study
contrasts with other studies that suggest terrigenous
deposits occur predominantly in the inner bay while
biogenic deposits in the outer bay. In our study, grain
size coarsens from inner to outer Flandres Bay. Sediments
sampled in the head of the bay have the highest clay
component whereas samples collected in the mouth of
the bay have the highest sand component. Our findings
suggest that discrete areas of the bay are affected differ-
ently by varying factors to distribute sediment; these
factors include persistent fast sea ice, differential rates
of primary productivity and winnowing of fine-grained
sediments away from the bay. This variability is reflected
in the accumulated deposits and must be considered when
analysing sediments down core. Additional factors such as
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fjord geometry, sediment flux, water currents and glacial
retreat history may also play a role in the sediment yield
and distribution in Flandres Bay and in other bays in
the AP. Further analysis on sedimentation rates, seafloor
bathymetry, the role of meltwater and glacier velocities
will add to the understanding of the sediment distribution
patterns found in this bay. The anomalies found in this
study may reflect modern warming trends in the western
AP and, if so, then similar patterns should be found
in other bays in this region. Our study emphasizes the
need to understand how local signatures are reflected
in the sediment record, how much variability there is
among similar environments/bays, and whether or not
this variability obscures regional patterns.
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