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ABSTRACT

The glaciomarine sedimentary record of 
the fjord head (Collins Harbor) in Maxwell 
Bay, South Shetland Islands (West Antarc-
tica), a large marine calving embayment, 
contains repeating couplets of organic-rich 
massive diamicton and organic-poor strati-
fi ed diamicton. The massive diamicton is 
characterized by high total organic carbon 
(TOC) content and carbon to nitrogen (C/N) 
ratios and was deposited in a cold climate 
regime by iceberg-rafted sedimentation 
from coastal fast ice in which algal plants, as 
well as gravels, were entrained. The strati-
fi ed diamicton is characterized by low TOC 
content and C/N ratios and was formed in a 
warmer climate regime when the fl ux of ice-
bergs was suppressed, but turbid meltwater 
discharge continued to produce lamination. 
When the meltwater discharge decreased in 
cold climatic conditions, and resultant phyto-
plankton productivity was reduced due to the 
increased sea-ice coverage, ice rafting from 
shorefast sea ice might have played a major 
role in entraining benthic algae, as well as 
loads of sand and gravel, along the coastal 
area, resulting in an increased C/N ratio and 
gravel content in the massive diamicton. Ac-
celerator mass spectrometry (AMS) radio-
carbon analyses conducted on well-preserved 
calcite shells were used to construct a chro-
nology for the past 3000 years. Fluctuations 
in TOC are recorded (approximately four 
cycles over this time period), with the aver-
age duration of a cooling cycle being ~500 
years. These cycles may be correlative with 
the high-frequency (550 yr) variability in re-
duced Circumpolar Deep Water (CDW) on 
the West Antarctic Peninsula shelf, because a 
decrease in CDW may be related to reduced 

deep water production in the North Atlantic 
during colder periods, as demonstrated for 
glacial intervals throughout the Pleistocene.

INTRODUCTION

A substantial body of literature has been com-
piled on northern high-latitude fjords, particu-
larly those of the Canadian Arctic, Greenland, 
and Scandinavia. Bays and fjords are important 
components of the glacial-marine environment 
of the South Shetland Islands, Antarctica, but 
only recently have they been studied in detail. 
The fjords and bays of the South Shetland Is-
lands are located in a relatively warm and humid 
climatic regime (Reynolds, 1981), producing a 
temperate glacial setting in which bay waters are 
turbid with terrigenous debris during the aus-
tral summer (Yoon et al., 1998). The stability of 
valley glaciers and/or tidewater glaciers in this 
region is thus affected by changes in ablation 
and in the amount of glacier meltwater, which is 
closely associated with climate in the region. Re-
cent studies have revealed that substantial retreat 
in the frontal position of the glacier in Marian  
Cove (the largest marine calving embayment 
of Maxwell Bay in the South Shetland Islands) 
during the past 50 years has been largely due to 
atmospheric warming (Park et al., 1998).

Alternatively, or in concert, the bay water 
temperature and the current regime may play 
a critical role in the distribution of sea ice and 
glacier front stability. The bay water in Maxwell 
Bay is infl uenced by strong warm (~1.3 °C) 
water  intrusion in the late summer derived from 
Circumpolar Deep Water (CDW) (Chang et al., 
1990). Because this relatively warm CDW may 
provide a heat source to surface waters (Hof-
mann et al., 1996), a change in the intensity of 
CDW, driven by either local or global events, 
can potentially determine sea-ice extent and cor-
responding glacier front stability in this region. 
Hence, the past fl uctuations in biogenic sedi-

mentary components, sand, and other terrige-
nous components in the glaciomarine deposits 
accumulating seaward of the glacier front during 
the past several thousand years may refl ect the 
changing infl uence of CDW in the bay waters 
of the northern Antarctic Peninsula. During the 
austral summer of 2002–2003, the R/V Yuzhmo-
geogiya collected sediment cores very close to a 
glacier front at the fjord head of Maxwell Bay. 
The purpose of the study was to determine the 
late Holocene history of glacier front fl uctua-
tions recorded in glaciomarine sediments from 
a fjord head (Collins Harbor) in Maxwell Bay, 
South Shetland Islands, which may demonstrate 
the signifi cance of short-term climatic cycles 
that are most likely global in nature.

ENVIRONMENTAL 
CHARACTERISTICS

Climate, Sea-Ice Distribution, and 
Glacial Setting

The South Shetland Islands, including Max-
well Bay, experience a slightly more moderate 
climate (cold temperate to subpolar) than the 
nearby Antarctic Peninsula region because of 
their lower latitude. The mean summer tempera-
ture varies from 1.1 °C (December) to 2.2 °C 
(January) with a mean summer relative humid-
ity of 89%, resulting in high surface melting and 
runoff (KOPRI, 2009). Late summer snow lines 
around the study area are at ~150 m. Basal ice 
temperatures are unknown but are likely to be at 
the pressure melting point near glacier termini, 
since basal temperatures in glaciers farther 
south are known to be at the pressure melting 
point (Smith, 1972). Evidence of regional atmo-
spheric warming was found by comparison of 
aerial photographs of Marian  Cove, a tributary 
embayment of Maxwell Bay (Park et al., 1998), 
indicating that the rate of glacier retreat between 
1989 and 1994 was approximately  the same as 
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that during the former 30 years (1956–1986). 
The high summer temperature (up to 2.0 °C) 
around Maxwell Bay is responsible for the rela-
tively high rates of meltwater production and 
sediment supply (Yoon et al., 1998). Annual 
total rainfall is ~17 cm, and rainfall during the 
austral summer (from December to February) 
accounts for 73% of the total annual rainfall. 
Annual total snowfall is ~1059 cm in water 
equivalent, and monthly total snowfall reached 
a maximum value of 418 cm in October 2007 
(KOPRI, 2009). Pack ice in Maxwell Bay be-
gins to form in August, and from late October 
it rapidly breaks up and the bay soon becomes 
completely ice free, giving rise to increased 
productivity. Furthermore, modern Maxwell 
Bay frequently remains ice free throughout the 
whole year due to the recent regional atmo-
spheric warming (Vaughan et al., 2003). This is 
important because the ice-free condition permits 
a continuous supply of light to phytoplankton 
throughout the entire year. In addition, without 
coastal sea ice, little ice rafting and scouring 
of coastal algal plants and/or beach gravel and 
sand take place. Marine benthic algal fl ora from 

Maxwell Bay is dominated by brown algae, 
Phaeophyta Himantothallus grandifolius, and 
red algae, Rhodophyta Curdiea racovitzae (Kim 
et al., 2001).

Glaciers in Maxwell Bay belong to relatively 
thin ice fi elds that in many cases terminate 
on land. Most of the coastlines are therefore 
gravel and sand beaches in summer (Fig. 1). 
In the austral winter, coastal sea ice commonly 
contains algal material and gravel on its onshore 
margin (Yoon et al., 1998). The surfaces of gla-
ciers and extensive ice walls, which are mostly 
confi ned to the heads of the fjords, are heavily 
crevassed and covered by silt-sized volcanic 
material of eolian origin (Fig. 2). Meltwater 
streams form small outwash fans along the fjord 
walls of Maxwell Bay (Fig. 1).

Oceanography

Maxwell Bay opens directly to the Bransfi eld 
Strait, which receives a variety of water types 
from the Bellingshausen and Weddell seas. The 
presence of a deep sill (450 m) allows for active 
subsurface water exchange, and Collins Harbor 

can easily be affected by open ocean conditions. 
During the winter, the entire water column of 
Maxwell Bay is <0 °C; this is referred to as 
Winter Water (Chang et al., 1990). However, 
during the summer and fall, increased solar in-
solation and intrusion of warm subsurface water 
changes the water column structure of Maxwell 
Bay, although the bottom water retains some 
of the temperature and salinity characteristics of 
winter conditions. Near the head of the bay, a 
cold, fresh, and turbid surface layer is evident, 
a result of the input of glacially derived melt-
water. Surface heating warms the surface water 
and isolates a core of Antarctic Surface Water as 
a remnant of Winter Water. Below this, a tem-
perature maximum layer appears, extending to 
~50 m in the ice proximal area of Maxwell Bay. 
Strong warm water intrusion in the late summer 
(1.3 °C, 33.80 psu) is derived from the Antarc-
tic waters north of the Antarctic Circumpolar 
Current (ACC) (Read et al., 1995; Yoo et al., 
2002). The observed infl ow is associated with 
the shallow intrusions of Circumpolar Deep 
Water  (CDW) into Maxwell Bay from the Drake 
Passage (Chang et al., 1990). During the late 
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winter, the water column is characterized by a 
minimum temperature of –1.52 °C and a maxi-
mum density of 27.49 kg m–3, indicating that the 
bay is completely dominated by Weddell Sea 
Transitional Water (Yoo et al., 2002). The colder 
Weddell Sea Transitional Water and relatively 
warmer ACC support different microbiological 
faunas. The changing dominance of different 
water masses can be traced over time through 
the distinctive diatom distributions associated 
with each water mass.

Glacial History

The Holocene glacial and paleoclimate his-
tory of the South Shetland Islands has been 
reconstructed using various data sets. On the 
basis of terrestrial evidence, John (1972) and 
Sugden and Clapperton (1986) suggested that 
deglaciation in this area began around 10,000 
14C yr B.P. Clapperton and Sugden (1980) also 
suggested that the South Shetland Islands gla-
ciers are as extensive today as they were 9500 
14C yr B.P. Lake sediment dating indicated 
that King George Island deglaciated between 
9000 and 5000 14C yr B.P. (Mäusbacher et al., 
1989). In addition, a recent report found that 
late Holo cene advance of the Collins Ice Cap, 

King George Island, occurred after ~650 cal. yr 
B.P. (Hall, 2007). However, interpretation of a 
multichannel seismic profi le from Maxwell Bay 
indicated that ice retreat from the bay began 
~17,000 14C yr B.P. (Yoon et al., 1997). This tim-
ing is nearly equivalent to that of deglaciation on 
the Antarctic Peninsula as discussed by Thomas 
(1979) and Payne et al. (1989), but signifi cantly 
earlier than deglaciation of the inner shelf of the 
western Antarctic Peninsula at 13,000 14C yr 
B.P. (Heroy and Anderson, 2005). According to 
the 14C dates from marine sediments, the degla-
ciation of Marian Cove occurred after 1300 14C 
yr B.P. (Yoon et al., 1997).

Several data sets provide additional details 
concerning the mid-Holocene history of the 
South Shetland Islands. For example, Björck 
et al. (1991a) concluded that a climatic optimum 
occurred between 3200 and 2700 14C yr B.P. 
in Midge Lake on Byers Peninsula, an estimate in 
agreement with the moss bank data on Elephant 
Island (Björck et al., 1991b). The moss bank data 
also suggest colder conditions at 5500–4300 and 
3900–3200 14C yr B.P., and an additional mild 
period at 4150–3900 14C yr B.P. Humid condi-
tions could have caused readvance of the glaciers 
on King George Island ~3000 14C yr B.P. (Barsch 
and Mäusbacher, 1986; Mäusbacher et al., 

1989). Schmidt et al. (1990) attributed increased 
allochthonous input to lakes to climatic change 
between 4700 and 3200 14C yr B.P.

METHODS

Sediment Sampling

Two sediment cores, CB1 and CB2, were col-
lected from the fl at seafl oor of Collins Harbor, 
an ice-proximal zone of Maxwell Bay (Fig. 1). 
Sedimentological, geochemical, and micro-
paleontological parameters were analyzed to re-
construct paleoenvironmental changes. The two 
cores were retrieved using a gravity corer and 
likely recovered the sediment-water interface as 
determined by examination of X-radiographs 
from both cores.

Laboratory Analyses

The cores were cut lengthwise in the labora-
tory; one half was visually described and sliced 
for X-radiographs, and the other was used for 
subsampling. Subsamples were taken every 2 cm 
down the length of the cores to determine total 
organic carbon (TOC) and calcium carbonate 
(CaCO

3
) content, and every 4 cm to determine 

grain size and diatom assemblage composition 
and abundance. Grain size distribution for the 
–4.0–4.0 ϕ size fractions was analyzed by dry 
sieving. Finer fractions (σ = 4.0–10.0 ϕ) were 
analyzed by a Micrometrics Sedigraph 5000D. 
The method for computer processing of the raw 
data has been described by Jones et al. (1988), 
and the classifi cation of sediments followed Folk 
and Ward’s (1957) scheme. Physical sedimentary 
and biogenic structures were revealed through 
X-radiographs of 1-cm-thick sediment slabs. 
The total carbon (TC) content was measured  by 
a Thermo Finnigan FLASH EA1112 CHNS-O 
automatic element analyzer. The precision of 
TC analysis was 3%. The total inorganic carbon 
(TIC) content was determined by a UIC model 
5030 CO

2
 coulometer to within 2% precision. 

The TOC content was calculated as the differ-
ence between TC and TIC. Intact micro-shells 
from core CB1 were used for accelerator mass 
spectrometry (AMS) radiocarbon dates. The dat-
ing was performed by the Nuclear and Geosci-
ence Laboratory of New Zealand. Quantitative 
diatom analyses for core CB2 were performed by 
a settling method (Scherer, 1994). This method 
can be used to determine the absolute diatom 
concentration (diatoms per gram of sediment). 
On each slide, ~500 diatom valves were counted 
along transects, using a Zeiss photomicroscope at 
a magnifi cation of 1250×. Diatom counts were 
completed according to the procedures outlined 
by Schrader and Gersonde (1978).

Figure 2. Aerial photo (courtesy 
of the British Navy) of Max-
well Bay, showing Collins Ice 
Cap and Marian and Potter 
coves. Coastal gravel and sand 
beaches are extensively exposed 
during the austral summer.

M
axw

ell B
ay

Marian Cove

Collins
Harbor

Potte
r C

ove

Nelson Island

Sejong Ice C
ap

Coll
ins

 Ic
e 

Cap

KING GEORGE ISLAND



Late Holocene cyclic glaciomarine sedimentation in the Antarctic fjord

 Geological Society of America Bulletin, July/August 2010 1301

CHRONOLOGY

Four AMS radiocarbon ages were determined 
at the Nuclear and Geoscience Laboratory of 
New Zealand. Radiocarbon dates were obtained 
from intact calcite shells from four depths of 
different lithofacies in core CB1 (Table 1). The 
ages range from 1719 ± 55 14C yr B.P. at 116 cm 
depth to 2816 ± 60 14C yr B.P. at 456 cm depth. 
No age inversions were observed, implying a 
lack of reworking during deposition. Although 
obtained from different lithofacies, the 14C data 
show a good linear relationship, yielding an 
aver age sedimentation rate of 308.1 cm/k.y. 
(Fig. 3). This implies that there was no signifi -
cant change in the rate of sediment accumula-
tion during the deposition of core CB1.

Domack and Ishman (1993) reported a simi-
lar sedimentation rate of 310 cm/k.y. in Andvord 
Bay, southwestern Antarctic Peninsula. Assum-
ing a constant rate of sedimentation and con-
fi rming recovery of the sedimentary and water 
interface as corrected by X-radiographs, core 
CB2 extends back in time ~2000 yr, and upward 
extrapolation of the linear sedimentation rate re-
sults in an assumed age of sediment at the top 
of the core of ~1370 yr (Fig. 3). Reservoir cor-
rections of ~1300 yr in this study were based on 
an Antarctic marine reservoir effect of 1300 yr 
(Berkman et al., 1998). Subtracting the reservoir 
year of 1300 from the extrapolated core-top age 
gives an age of ~0 yr for the surface sediments. 
It is important to keep in mind that these data 
give only approximate ages for events occurring 
downcore, because variability in sedimentation 
rate is possible.

SEDIMENTOLOGY AND 
GEOCHEMISTRY

Cores CB1 and CB2 were collected from ~3 
and ~2 km from the modern calving line of the 
Collins Ice Cap Glacier in water depths of 120 
and 75 m, respectively (Fig. 1A). High-
resolution  (3.5 kHz) seismic profiles from 
Collins  Harbor at the innermost part of Maxwell 
Bay show that the seafl oor is highly rugged and 
covered by a thin (<6 m) sediment drape (Yoon 
et al., 1997). Detailed sedimentological analyses 
and X-radiography demonstrate that the sedimen-
tary facies alternate between stratifi ed diamicton 
facies (sD) and massive diamicton facies (mD). 
Diamicton in this paper refers to a poorly sorted 
admixture of clast, sand, and mud without a 
genetic  connotation (Eyles et al., 1983; Moncrieff 
and Hambrey, 1990). Diamictons are all matrix 
supported but are classifi ed as clast poor, if they 
have a volume percent of clasts (>2 mm) between 
1% and 5%. Clast-rich diamictons are 5%–85% 
clasts. The matrix is generally fi ne-grained, with 

3%–40% sand and up to 57% mud. Contacts with 
the facies, both above and below diamicton units, 
are gradational (Fig. 4).

Stratifi ed Diamicton (sD)

The stratifi ed diamicton facies is made up of 
alternating clast-poor diamicton layers (Dp) and 
weakly laminated mud layers (Fl) with occa-
sional homogeneous mud (Fm) (Fig. 4A). This 
facies is itself weakly laminated, and there is 
also limited evidence of lamination within some 
mud layers. The mud layers are usually 1–5 cm 
thick. Clast-poor diamicton layers (Dp) range 
from 4 to 6 cm thick (Fig. 4A). The stratifi ed 
dia micton facies, representing the alternation of 
Dp and Fl/Fm, is between 90 and 100 cm thick 
(Figs. 5 and 6). The repeated alternation between 
Dp and Fm produces the visually laminated ap-
pearance of the facies (Fig. 4A). Stratifi cation 
within the mud layers is formed by millimeter-
scale interlamination with black to dark green-
ish gray (5GY4/1) sand, silt, and silt stringers. 
Thin silt laminae are more or less parallel to each 
other but poorly defi ned and laterally discontinu-
ous and have gradational contacts with the sur-
rounding laminae (Fig. 4A). Current-induced 
structures are not observed, but load structures 
occur at the base of some silt hori zons (Fig. 4A). 
Bioturbation is weak to moderate throughout the 
stratifi ed diamicton facies (less than 10% biotur-
bated). Clasts are usually concentrated in patches 
and occasionally show a weak subhorizontal 
preferred orientation (Fig. 4A). They consist of 
angular to subangular pebbles to cobbles, rang-
ing from 1 to 7 cm in size, and are mostly com-
posed of andesite, quartz diorite, and andesitic  
tuff. The matrix, which contains weakly devel-
oped laminae, is composed of poorly sorted 
(σ = 2.5–4.0 ϕ), sandy to silty clay and shows a 
heterogeneous texture with a mean grain size of 
5.0–9.5 ϕ (Figs. 5 and 6). The content of TOC is 
lower than in the surrounding massive diamicton 
facies (mD) (Figs. 5 and 6). Similarly, the carbon 
to nitrogen (C/N) ratio is also low compared to 
mD (Figs. 5 and 6). The absolute abundance of 
diatom valves is slightly higher in the sD than in 
the mD (Fig. 7).

Massive Diamicton (mD)

The massive diamicton facies (mD) is com-
posed of alternating pale gray (5Y 7/3) clast-
rich diamicton layers (Dr) and homogeneous 
mud layers (Fm) (Fig. 4B). This facies is hetero-
geneous, poorly sorted, and unstratifi ed, with 
slightly higher gravel content than the stratifi ed 
diamicton facies (sD) (Figs. 5 and 6). There is 
no evidence of lamination within the massive 
diamicton facies. Rather, bioturbation prevails, 
as indicated by X-radiographs (Fig. 4B). Clasts 
of variable sizes are generally scattered but are 
occasionally concentrated in patches (Fig. 4B). 
The clasts consist of angular to subangular 
pebbles to cobbles, ranging from 1 to 7 cm 
in size. The clasts are randomly oriented and 
mostly composed of andesite and quartz dio-
rite. Maximal sand content is usually observed 
in the massive diamicton facies (Figs. 5 and 6). 
The matrix is homogeneous but partly mottled 
and predominantly consists of poorly sorted 
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TABLE 1. RESULTS OF ACCELERATED MASS SPECTROMETRY (AMS) 14C DATINGS OF CORE CB1

Core depth 
(cm)

Age (14C yr B.P.)
Material Laboratory codeUncorrected Corrected* Calibrated†

116 1719 ± 55 419 ± 55 639 ± 55 Micro-shell NZA15244
210 2001 ± 60 701 ± 60 901 ± 60 Micro-shell NZA15245
355 2485 ± 60 1185 ± 60 1362 ± 60 Micro-shell NZA15246
456 2816 ± 65 1516 ± 65 1747 ± 65 Micro-shell NZA15247

*A 1300-yr correction was applied to all ages of core CB1. This correction appears to be justifi ed because all of 
the radiocarbon ages in core CB1 increase progressively downcore. This correction is also based upon the fact 
that the Antarctic marine reservoir effect averages 1300 yr (Berkman et al., 1998).

†All uncorrected 14C dates have been calibrated to calendar years at the two-sigma confi dence level using the 
CALIB program (version 5.0.1) (Stuiver et al., 2005) updated with the marine04.14c dataset (Hughen et al., 2004).
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silty clay, with mean grain sizes of 6.0–8.7 ϕ in 
CB1 and 3.1–7.8 ϕ in CB2 (Figs. 5 and 6). The 
TOC content in the matrix is exceptionally high 
(0.16%–0.75% in CB1 and 0.06%–1.12% in 
CB2) with maximum values at ~455 cm depth 
in CB2, compared with the surrounding strati-
fi ed diamicton facies (Figs. 5 and 6). Ratios of 
C/N are also much higher (5–40 in CB1 and 
0–30 in CB2) compared to sD (Figs. 5 and 6). 
In this facies, sand content tends to be increased 
(~1%–9% in CB1 and 5%–35% in CB2), and, 
similarly, gravel content also shows increas-
ing values up to 15% in CB1 and 40% in CB2 
(Figs. 5 and 6). Diatom abundance is relatively 
low compared to its abundance in the stratifi ed 
diamicton facies (Fig. 7).

MICROPALEONTOLOGY

Diatom abundance in core CB2 varies from 
0 to 23 × 103 valves per gram dry sediment 
(Fig. 7). The diatom assemblage is dominated 
by Chaetoceros resting spores (65%–90% of 
the total). The rest of the assemblages include 
taxa such as Fragilariopsis curta and Fragi-
lariopsis cylindrus (Fig. 7). These species 
have been grouped as sea-ice taxa due to their 
asso ciation with sea-ice and/or sea-ice–related 
environments (Gersonde, 1986; Zielinski and 
Gersonde, 1997; Kang et al., 1999). Another in-
teresting component of the diatom assemblage 
is Corethron criophilum (Fig. 7). This species 
generally occurs in open waters, with less ice 
cover, such as found in the northern Bransfi eld 
Strait, although Corethron has been reported 
from late season sub-ice in the Weddell Sea 
(Fryxell et al., 1987). Thus their enrichment in 
the sediment may be related to an episode of 
early season warmth, resulting in open-water 
primary production under conditions of strong 
water column stratifi cation.

Diatom abundance data are shown in Fig-
ure 7. Since the large numbers of Chaetoceros 
resting spores in the sediment may mask the sig-
nal of the rest of the assemblage, we calculated 
the relative abundance of the rest of the diatoms 
excluding the Chaetoceros resting spores. The 
number of diatom valves per unit of sediment 
(grams) differs somewhat within the facies; the 
maximum abundance is higher, ranging from 0 
to 23 × 103 diatoms per gram, in the stratifi ed 
diamicton facies (sD). In contrast, the number 
of diatom valves per unit is slightly lower, rang-
ing from 0 to 21 × 103 diatoms per gram, in the 
massive diamicton facies (mD) (Fig. 7). The rel-
ative abundance of Fragilariopsis curta, a sea-
ice diatom, is somewhat high in mD, reaching 
a distinctive maximum at 120–130 cm (Fig. 7). 
The abundance of F. cylindrus generally fol-
lows the same pattern as that of F. curta, with 

a slightly higher abundance in mD than in sD 
(Fig. 7). Corethron criophilum is less abundant 
than F. curta and F. cylindrus and is generally 
more abundant in sD (Fig. 7).

INTERPRETATION AND DISCUSSION

Cores from Collins Harbor, an ice-proximal 
zone of Maxwell Bay, exhibit repeated couplets 
of organic-rich massive diamicton facies (mD) 
and organic-poor stratifi ed diamicton facies (sD) 
(Figs. 5 and 6). The massive diamicton facies is 
subdivided into clast-rich diamicton layers (Dr) 
and bioturbated homogeneous mud layers (Fm) 
(Fig. 4B). The clast-rich diamicton layer is the 
most diffi cult sediment to interpret, primarily 
because it has inherited characteristics of both 
marine and glacial processes. It is massive and 
commonly clast-enriched with an unsorted 

mixture of clay, silt, and gravel, and shows a 
gradational contact with the nearby stratifi ed 
diamicton facies (sD) and/or homogeneous mud 
layers (Fm). These characteristics suggest that 
the clast-rich diamicton layers origi nated either  
as a subglacial till (Anderson et al., 1991) or 
as ice-proximal glaciomarine deposits in the 
grounding glaciers. However, a glaciomarine 
interpretation is supported by the presence of 
diatoms and the variability in their abundance 
in the clast-rich diamicton layer (Dr), and by 
textural heterogeneity (Figs. 5–7), which is an 
indicator of glaciomarine diamictons (Shevenell 
et al., 1996; Licht et al., 1999). The variable 
nature of this facies results from variations in 
marine productivity and the rate of sediment de-
livery by iceberg rafting. In particular, the varia-
tions in pebble and/or gravel abundance within 
the massive diamicton layer (Figs. 4–6) provide 
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evidence that the clast-rich diamicton layer (Dr) 
was deposited in a glaciomarine environment 
because the fl ux of ice-rafted material to the sea-
fl oor almost certainly varies with time. In con-
trast, sediment deposited subglacially may be 
homogenized due to mechanical mixing (e.g., 
Anderson et al., 1984). Graded sediment and/or 
interbedding with sandy lenses (turbidites) were 
not observed, indicating that these glacio marine 
diamictons were not reworked by sediment 
gravity fl ows (Eyles, 1990). Modern examples 
of clast-rich massive diamictons formed by 
iceberg rafting have been reported from East 
Greenland (Dowdeswell et al., 1994). In that 
subpolar setting, the concentration of coarse 
sediment (>2 mm) greatly exceeds that of the 
fi ne fraction because of the lack of glaciofl uvial 
discharge, thus producing a poorly sorted ad-
mixture of clasts, sand, and mud. Therefore, the 
clast-rich massive diamicton (Dr) in the present 
study is interpreted as a product of iceberg deliv-
ery of sediments in Maxwell Bay when the rate 
of fi ne-grained sediment delivery from turbid 
meltwater was suppressed but the fl ux of ice-
bergs across the core sites continued in the fjord 

system. Bioturbated homogeneous mud layers 
(Fm) with a few dropstones, which alternate 
with the clast-rich diamicton layers (Dr) to pro-
duce a massive diamicton facies (mD), are inter-
preted to represent intervals of increased sea-ice 
cover with suppressed sediment-laden melt-
water fl ux. In contrast, the clast-rich diamicton 
layer (Dr) probably represents intervening times 
of more open conditions and iceberg rafting.

Given that numerous icebergs appear to have 
produced massive diamicton facies, the pres-
ence of stratifi ed diamicton facies (sD), which 
are comprised of clast-poor diamicton layers 
(Dp) and weakly laminated mud layers (Fl), im-
plies a change in the nature and rate of the oper-
ating processes. It is proposed that the strati fi ed 
diamicton facies (sD) is produced when melt-
water discharge is at a maximum with moder-
ate iceberg rafting. During times of climatic 
warming, when the glacier front has calved sig-
nifi cantly and the ice front has retreated, large 
quantities of glaciofl uvial sediment are dis-
charged into the fjord near tidewater termini, re-
sulting in the stratifi ed diamicton facies as found 
in, for example, Alaska and the South Shetland 

Islands in Antarctica (Cowan et al., 1997; Yoon 
et al., 1997). A substantial increase in the rate 
of fi ne-grained sediment delivery from glacial 
meltwater occurred in times of climatic warm-
ing and, therefore, effectively swamped the con-
tribution from iceberg sedimentation to produce 
stratifi cation in the stratifi ed diamicton facies, as 
happens today in some fjords of the Norwegian 
island of Spitsbergen during summer (Cowan 
et al., 1997). This scenario is unlike the fjords 
of Greenland where the laminated sedimentary 
units were deposited in times of climatic cool-
ing (i.e., the Younger Dryas and Little Ice Age) 
when the fl ux of icebergs was suppressed, but 
turbid meltwater discharge continued to pro-
duce laminations (Dowdeswell et al., 2000).

This stratifi ed diamicton facies is present in 
both cores, but the stratifi cation appears to be 
more distinct in core CB2 collected close to the 
glacier front (Figs. 1 and 4A). There are sev-
eral possibilities for the origin of the stratifi ca-
tion, including current sorting of iceberg-rafted 
sand and mud during deposition (Orheim and 
Elverhøi , 1981; Gilbert, 1990) and reworking 
and winnowing of fi ne-grained sediments by 

0

100

200

300

400

500

600

Core CB1

0 0.2 0.4 0.6 0.8
TOC (%)

0 2 4 6 8 10 12 14

Sand (%)

6 6.5 7 7.5 8 8.5 9

Mz (ϕ)

0 5 10 150 5 10 15 20 25 30 35 40

C/N ratio Gravel (%)Lithofacies

mD

sD

mD

sD

sD

sD

mD

mD

C
or

e 
de

pt
h 

(c
m

)

Lithofacies sD: stratified diamicton mD: massive diamicton

Corrected
14C age

(uncorrected
age, yr B.P.)

419
(1719)

701
(2001)

1185
(2485)

1516
(2816)

Indistinct silt layer Ice-rafted debris Bioturbation

Figure 5. Downcore variations of core CB1 showing the lithofacies, total organic carbon, carbon to nitrogen (C/N) ratio, percentages of 
gravel and sand, and mean grain size of the matrix in sediments. Corrected 14C ages in yr B.P. are also shown. TOC—total organic carbon.



Yoon et al.

1304 Geological Society of America Bulletin, July/August 2010

traction currents after deposition (Eyles et al., 
1985). However, in the absence of ripples formed 
by traction currents, we prefer the former inter-
pretation. We propose that stratifi cation resulted 
as the volume of subglacial meltwater discharge 
signifi cantly increased in the ice-proximal zones 
of Maxwell Bay during phases of climatic 
warming. Evidence that stratifi ed diamictons 
(sD) were deposited in times of climatic warm-
ing is found in the diatom assemblages of core 
CB2. The absolute abundance of diatom valves 
is consistently higher in the stratifi ed diamic-
ton facies (sD) than in the massive diamicton 
facies (mD) (Fig. 7). This higher abundance of 
diatom valves is consistent with the observation 
of the higher number of Chaetoceros resting 
spores in the stratifi ed diamicton facies (Fig. 7). 
The diatom data indicate that relatively high 
primary productivity under open marine condi-
tions characterized the environment that gave 
rise to the deposition of the diatom-rich strati-
fi ed diamicton facies. Periods of reduced sea-ice 
cover may have allowed for the incursion of the 
open-water species Corethron criophilum into 
Maxwell Bay during the deposition of the strati-
fi ed diamictons (Fig. 7). Subglacial meltwater 
may also have helped stratify the water column, 
which may have been favorable for Corethron 
spp. This interpretation is corroborated by the re-
duced abundance of sea-ice species, F. curta and 
F. cylindrus , in the stratifi ed diamictons (Fig. 7).
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The organic carbon trend in core CB2 differs 
from the diatom trend. The massive diamicton 
facies (mD) has a consistently high TOC con-
tent and C/N ratio and a lower absolute abun-
dance of diatom valves (Figs. 6 and 7), whereas 
the stratifi ed diamicton facies (sD) has a lower 
TOC content and C/N ratio and higher diatom 
abundance (Figs. 6 and 7). We suggest that as 
the climatic conditions deteriorated, turbid melt-
water discharge was reduced due to a reduction 
in the volume of glacial meltwater. Conse-
quently, iceberg rafting became the dominant 
process for sediment delivery, resulting in the 
deposition of massive diamicton facies. Gravel 
and sand were released from icebergs as they 
melted or rolled, as indicated from the distinct 
maxima in gravel and sand content in massive 
diamicton facies (mD) (Figs. 5 and 6). During 
this period, the core sites experienced relatively 
high sea-ice cover, which suppressed biological 
productivity in the water column, as indicated 
by the reduction of the lower diatom abundance 
and the reduced contribution of Chaetoceros  
resting spores (Fig. 7). Iceberg rafting and 
scouring by sea ice, particularly shorefast sea 
ice during the melting season, were likely major  
modes of particle transportation in Maxwell 
Bay during cold climatic periods. These poten-
tial processes are also important for the disper-
sal of coastal benthic macroalgae and/or benthic 
plants. A modern example of the contribution of 
sea-ice sediments to the deeper basin has been 
reported from the Latev Sea in the Arctic (Nürn-
berg et al., 1994; Darby, 2003), where benthic 
shallow-water organisms were incorporated 
into sea-ice cover via frazil and anchor-ice for-
mation. Currently, macroalgal fl ora with high 
C/N ratios grow on the coasts of Maxwell Bay; 
the C/N ratios range from 4 to 16, higher than 
those of phytoplankton (Weykam and Wiencke, 
1996), indicating that coastal algae is probably a 
main source for the organic carbon with an ele-
vated C/N ratio in the massive diamicton facies  
(Figs. 5 and 6). However, the C/N ratio of the 
massive diamicton units ranges from 15 to 30, 
up to twice the C/N ratios of modern benthic 
algae in Maxwell Bay (Weykam and Wiencke, 
1996). This high C/N ratio may refl ect limited N 
availability during the deposition of the massive 
diamicton facies (mD). In general, C/N ratios  
are regarded as being dependent on nutrient 
availability (Atkinson and Smith, 1983; Levitt 
and Bolton, 1990; Neori et al., 1991; Delgado 
et al., 1994). For example, red algae from the 
South African west coast, a nutrient-rich up-
welling system, showed similarly low C/N 
ratios, between 7 and 12 (Levitt and Bolton, 
1990), to the modern Antarctic species. Thus 
the decreased N content and elevated C/N ratios 
measured in the massive diamicton facies (mD) 

(Figs. 5 and 6) may be interpreted as a result of 
reduced N availability in Maxwell Bay bottom 
water in times of cold climate when formation 
of extensive sea ice suppressed the upwelling 
of Antarctic water, which has high and constant 
N content throughout the year. McMinn (2000) 
examined marine sediment cores from the Abel 
fjords, eastern Antarctica, and suggested that the 
elevated C/N ratio in cores resulted from a more 
restricted and isolated N-limiting environment 
during the increase in sea-ice cover. However, 
the inability to track the signature of the macro-
algal debris in the sediment cores precludes 
more precise interpretation for the greater input 
of macroalgal debris during intervals of cooling.

WIDER PALEOCLIMATIC 
IMPLICATIONS

The cores collected from the ice-proximal 
zone in Maxwell Bay are marked by distinct 
cyclical fl uctuations in TOC content with gen-
erally higher C/N ratios and lower numbers of 
diatom valves in the massive diamicton facies 
(mD) (Figs. 5–7). We propose that this high 
fl ux of organic carbon is related to the deliv-
ery of macroalgal plants growing in the coastal 
zone via sea-ice entrainment in times of climatic 
cooling. The high fl ux of organic carbon during 
the deposition of the massive diamicton could 
refl ect periods of decreased terrigenous sedi-
mentation. However, peaks in the sand content 
in the massive diamictons from the cores refl ect 
the advance of the calving glacier and conse-
quent increased terrigenous input (Figs. 5 and 6). 
Thus the TOC maxima would indicate climatic 
cold periods, and the minima indicate warmer 
periods. Distinct maxima and minima in TOC 
content repeat about every 130 cm in core CB1 
and every 100 cm in core CB2 (Figs. 5 and 6). 
The chronology of core CB2 is constrained by 
AMS 14C data, which demonstrate an average 
sedimentation rate of ~310 cm/kyr. The cyclical  
pattern in the TOC content in core CB2 has 
an approximate 500 yr periodicity. Therefore, 
the peaks of TOC content, as interpreted by the 
C/N ratio and diatom assemblage data, suggest 
that the glacier front in Collins Harbor, an ice-
proximal  zone of Maxwell Bay, advanced peri-
odically at a time interval of ~500 yr due to either 
climatic cooling or the absence of warm Circum-
polar Deep Water (CDW). In comparison with 
nearby terrestrial data reported by Hall (2007), 
these records may shed light on consistency in 
the proposed environmental changes. Currently, 
however, we have no explanation for the forc-
ing mechanism responsible for the pronounced 
cyclicity, because comparative paleoclimatic 
cooling records with 500 yr cyclicity are rare for 
the Southern Hemisphere (Warner and Domack, 

2002; Costa et al., 2007). Modern Maxwell Bay 
is fi lled with warm CDW, which has a tempera-
ture of greater than 1 °C (Chang et al., 1990). 
This relatively warm CDW may provide a heat 
source to surface waters , especially during pe-
riods of greater CDW upwelling, resulting in 
decreased sea-ice extent (Jacobs and Comiso, 
1993) and ice-front melting. In the absence of 
CDW, ice-front melting would be expected to 
be signifi cantly less than it is at present. A sedi-
ment core study from the Müller Ice Shelf on the 
southwestern Antarctic Peninsula suggested that 
glacier-front advance may be linked to the ex-
clusion of CDW from the fjord (Domack et al., 
1995). It is, therefore, suggested that the absence 
of CDW contributed to the advance of glacier 
margins in Maxwell Bay during the late Holo-
cene. A decrease in CDW in the Southern Ocean 
may be correlative with the high-frequency 
(550 yr) variability in reduced North Atlantic 
Deep Water (NADW) production during cold 
climatic conditions (Chapman and Shackleton, 
2000). The reasoning behind this speculation is 
mainly that a change in the intensity or distri-
bution of NADW, mixed effi ciently with water 
masses of the Antarctic Circumpolar Current 
(ACC) system to form CDW, may refl ect the 
changing infl uence of CDW through time. The 
production of NADW was found to be decreased 
during the glacial periods throughout the Pleisto-
cene (Broecker and Denton, 1989; Charles and 
Fairbanks, 1992). The age model is consistent 
with the natural, 500 yr cooling cycle docu-
mented during the late Holocene (Chapman and 
Shackle ton, 2000). However, the lack of a strong 
cooling signal with elevated C/N ratios and TOC 
content at the core top is surprising, since, in 
order of timing, the top of core CB1 may docu-
ment a return to cold climate. Potentially, the 
recent unprecedented warming in the Antarctic 
Peninsula may be responsible for dampening the 
effect of the natural climatic cooling (Domack 
et al., 2005). However, the imprecision of dating 
techniques precludes more precise interpretation 
of this apparent lack of a strong cooling signal.
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