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ABSTRACT 

Glacial and climate history of the Firth of 
Tay, northeastern Antarctic Peninsula 

by 

Bradley Ross Michalchuk 

This study presents the Holocene deglacial and climate history from the Firth of 
Tay, Antarctic Peninsula derived from sediment cores and geophysical analysis. A robust 
chronostratigraphy is used to establish the timing of glacial and climate events that are 
determined from multiple proxies including: magnetic susceptibility, grain size, ice-rafted 
debris, organic carbon, diatoms, and foraminifera. Results indicate the Antarctic 
Peninsula Ice Shelf decoupled from the seafloor -9370 14C yr BP and subsequently 
retreated. Significant glacial retreat and relatively warm conditions occurred between 
-8280-6010 14C yr BP. This was followed by a glacial re-advance (between 6010-4500 
14C yr BP) and a retreat from 4500-3540 14C yr BP. From 3540 14C yr BP until near 
present colder and more variable ice conditions existed. Finally, a rapid regional warming 
has occurred throughout the Antarctic Peninsula during the past century that appears to 
be unprecedented during the Holocene epoch. 
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1. Introduction 

The Antarctic Peninsula (AP) has warmed approximately six times faster than the 

global mean (3.7 +/-1.6 °C vs. 0.6 +/- 0.2 °C) over the last century making it among the 

most rapidly changing environments on the planet (Houghton et al., 2001; Vaughan et al., 

2003; Morris & Vaughan, 2003). Dramatic changes observed in the AP over the last few 

decades include reduced sea ice coverage on both sides of the peninsula (Parkinson, 

2002), measurable negative glacial mass balance (Shepherd et al., 2003; Thomas et al., 

2004; Scambos et al., 2004; Rignot et al., 2008), and the rapid retreat and break-up of ice-

shelves (Rott et al., 1996; Vaughan & Doake, 1996; Skvarca et al., 1999; Scambos et al., 

2003; Skvarca & De Angelis, 2003; Cook et al., 2005). Additionally, the disintegration of 

ice shelves has dramatically increased the flow rates of outlet and valley glaciers and is 

jeopardizing the stability of ice shelves across the region (e.g., Rignot, 1998; De Angelis 

& Skvarca, 2003; Scambos et al., 2004; Shepherd & Wingham, 2007). As temperatures 

continue to rise and glaciers subsequently retreat, it is important to learn more about the 

AP glacial history to better understand how glaciers have responded to climatic events in 

the past. Morris and Vaughan (2003) indicate ice shelf retreat in the AP over the last 

century is primarily in the regions between the -9 °C and -5 °C mean annual isotherms; 

and as temperatures continue to rise, AP isotherms are migrating south. The main goal of 

this study is to learn more about how glaciers and climate have varied in the Firth of Tay, 

northeast AP (current mean annual isotherms ~ -5 °C) during the Holocene, and how 

paleoclimate in this embayment relates to the rest of the AP. 

King et al. (2003) indicate the recent warming trends are most striking on the 

western side of the AP (winter warming of 0.1 °C/year vs. 0.03 °C/year in east), although 
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glacial response has been synchronous across the AP (Cook et al., 2005). In recent years 

there has been an increase in AP paleoclimate archives derived from marine-based 

sediment cores (e.g., Domack et al., 1993; Shevenell et al., 1996; Leventer et al, 1996; 

Domack et al., 2001; Taylor et al., 2001; Khim et al., 2002; Yoon et al., 2002; Brachfeld 

et al., 2002; Leventer et al., 2002; Taylor & Sjunneskog, 2002; Domack et al., 2003a; 

2003b; Yoon et al., 2003; Heroy et al., 2008; Milliken et al., submitted), but these studies, 

are largely limited to the western side of the AP. With the recent collapse of the Larsen B 

Ice Shelf and the retreat of many glaciers in the northeastern AP, recent glacier and 

paleoclimate studies are aimed at the northeastern AP (Pudsey et al., 2001; 2006; 

Brachfeld et al., 2003; Domack et al., 2005). There is an exigent need for additional high-

resolution records from around the AP continental shelf to better resolve many existing 

Holocene climatic unknowns. Herein we examine sediment cores from the Firth of Tay, 

northeastern AP to obtain the first high-resolution Holocene record (-0.81 cm/yr over 

-10,000 years BP) on the Weddell Sea side of the AP to target the following questions. 

Are Holocene climate events such as the Little Ice Age (LIA), Medieval Warm Period 

(MWP), Neoglacial, Holocene Climatic Optimum (MHCO), Climate Reversal, and 

deglaciation synchronous across the AP? What are the timings, magnitudes, and 

geographic extents of the climatic events and glacial advance/retreat around the AP? 

What climate forcing mechanisms are acting on the AP? Are the recent warming trends 

and synchronous glacial retreat unprecedented? 
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Figure 1: Antarctic Peninsula mean annual isotherms determined from temperature 
measurements from 22 stations. Contours of interpolated mean annual temperatures are 
shown. Grounded ice and ice-free areas are shown in grey and ice-shelves are shown in 
blue. Ice shelves that have been lost due to recent climate change are shown in red 
(modified from Morris and Vaughan, 2003). 

2. Background 

2.1. Climatic Setting 

The AP is a rugged, long (-1250 km), and narrow (~250 km) snow capped (~500 

meters) mountain range in which average elevation is ~2 km above sea level in the south 

(-68 °S) and 1 km in the north (-63 °S). The AP topography acts as a barrier to 

tropospheric and oceanographic circulation, creating warmer maritime conditions on the 

west and colder continental climate on the east (King et al., 2003). Climate on the 
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western side of the AP is dominated by cyclones and westerly winds, which carry 

abundant moisture, and by the Antarctic Circumpolar Current (ACC), which upwells 

relatively warm (> 1.5 °C) circumpolar deep water onto the shelf (Domack et al, 2003a; 

Klinck et al., 2004). The eastern side of the AP is colder, receives roughly 25% as much 

precipitation, and has higher glacial Equilibrium Line Altitudes (EL A > 400 m in the 

east; EL A < 100 m in the west) than the western AP, due to the influence of cold 

continental winds, relatively cold and more saline Weddell Sea Transitional Water 

(WSTW), and extensive sea ice coverage (Turner et al., 2002; King et al., 2003; 

Ingolfsson et al., 2003; Domack et al, 2003a; Van Lipzig et al., 2004). As a result of the 

disparities in precipitation and ELA, glaciers in the eastern AP respond more rapidly to 

short-term climate fluctuations (Skvarca and DeAngelis, 2003; DeAngelis and Skvarca, 

2003; Domack et al., 2003a). In addition, mean annual isotherms in the AP are closely 

spaced, which make the AP very sensitive to minor changes in climate (Figure 1). 

The Firth of Tay, located between Joinville Island and Dundee Island along the 

northeastern AP in the northwestern Weddell Sea (Figure 2), has a mean annual 

temperature of- -5 °C (Figure 1) and average precipitation of 200-500 mm year"1 (Van 

Lipzig et al., 2004). Tidewater glaciers in the region have been retreating for at least the 

last 61 years, likely due to an increase in atmospheric temperatures (Cook et al., 2005). 

Currently the Firth of Tay has approximately 1-2 months of potential, positive-degree 

days each year (determined from recordings from 1952-2000 at nearby Esperanza 

Station) where mean temperatures in December and January reach ~ 0.5 °C (King et al., 

2003). As a result, there is an increase meltwater, which is an efficient ablation 

mechanism that may reduce glacial mass balance and glacial stability. 
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2.2. Glacial History in the AP since the Last Glacial Maximum (LGM) 

During the LGM (-18,000 BP), grounded ice extended to the outer continental 

shelf (shelf break) of the AP and deposited a stiff till across the shelf (Anderson et al., 

2002; Heroy & Anderson, 2005; 2007; Evans et al., 2005). Following the LGM, the 

Antarctic Peninsula Ice Sheet began a systematic retreat, from north to south and from 

the outer shelf to the inner shelf, roughly consistent with eustatic sea-leVel rise (due to 

northern Hemisphere deglaciation), until ~ 9000 14C yr BP (Heroy & Anderson, 2007; 

Evans et al., 2005). Glacial retreat from the outer to inner shelf was continuous in some 

locations (e.g., Robertson Trough, Prince Gustav Channel, Larsen A, Larsen Inlet) and 

more gradual with punctuated events in others (e.g., Northern Larsen A and South Prince 

Gustav Channel), where the variations in grounding line retreat were largely controlled 

by seafloor bathymetry (Evans et al., 2005; Heroy & Anderson, 2007). 

Marine sediments recovered on the western side of the AP reinforce the sub-polar 

to polar deglaciation trend with some localized variations. Milliken et al. (submitted) 

used radiocarbon dates, seismic analysis, and sediment facies to demonstrate that the 

initial glacial retreat in Maxwell Bay (northwestern AP) occurred ~ 14,500 14C yr BP and 

had a significant meltout phase from 10,100 to 8200 14C yr BP. Sediment cores in the 

Bransfield Basin yield evidence that the ice sheet decoupled from the sea bed at 10,600 

14C yr BP and the ice shelf collapsed -7000 14C yr BP (Heroy et al , 2008). A study 

further south along the western AP using 14C dates on bulk organic carbon indicated that 

the George VI ice shelf collapsed ~ 9600 to 8000 14C yr BP (Bentley et al , 2005). 

The recent breakup of large ice shelves in the northeastern AP, including the 

Larsen A, Larsen B, and Prince Gustav Channel over the last few decades has allowed 
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core collection in areas on the eastern side of the AP that were previously inaccessible 

(Rott et al., 1996; Scambos et al., 2003; Domack et al., 2005). Recently recovered 

sediment cores and geophysical surveys in the northeastern AP indicate that the 

grounded-ice sheet decoupled from the seafloor and became floating ice shelves between 

12,000-11,000 14C yr BP on the shelf south of the Prince Gustav Channel (Evans et al., 

2005). Brachfeld et al. (2003) used geomagnetic paleointensity dating techniques to 

determine that the ice sheet in the Greenpeace Trough, northeastern AP, decoupled from 

the seafloor ~ 10,700 +/- 500 yr BP and subsequently retreated. Furthermore, Pudsey and 

Evans (2001) and Pudsey et al. (2006) analyzed cores from the Prince Gustav Channel 

and the Larsen A region and determined that the northeastern AP (-65 °S, 60 °W) was ice 

free from -5000-2000 14C yr BP. Lithostratigraphic and geomorphic evidence indicates 

that James Ross Island initial deglaciation occurred by 7500 14C yr BP (Hjort et al., 

1997). Marine sediments from the Larsen B region indicate that the Larsen B Ice Shelf 

was stable throughout the AP deglaciation, which is likely due to the more southerly 

location; and therefore, the 2002 collapse of the Larsen B Ice Shelf and the recent 

warming in the AP is unprecedented during the Holocene (Domack et al., 2005). 

However, an examination of sediment cores from the western AP suggests that warming 

was more dramatic during the mid-Holocene (-4000 14C yr BP) than the recent warming 

(Domack et al., 2003b). This may be due to the fact that the recent warming has not had 

enough time to be recorded in the marine sediments. 

The timing and magnitude of glacial retreats and climatic variations across the AP 

have been studied in isolated areas, but unfortunately, the most reliable and regionally 

representative indicators, satellite and meteorological data, only span the last century, and 
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no ice-cores have been obtained (or are obtainable) in the AP spanning beyond 1200 

years BP (Mosley-Thompson & Thompson, 2003; Domack et al., 2003a). Therefore, 

marine sediment records are currently the most effective recorders of late Pleistocene-

Holocene paleoclimate in the AP (Leventer et al., 1996; Shevenell et al., 1996; Domack 

et al., 2001; Khim et al. 2002; Yoon et al., 2002; Brachfeld et al., 2002; Taylor et al., 

2002; Leventer et al., 2002; Taylor and Sjunneskog, 2002; Domack et al., 2003a; 2003b; 

Yoon et al., 2003; Bentley et al., 2005; Domack et al., 2005; Pudsey et al., 2006; Heroy et 

al., 2008; Milliken et al., submitted). Of the marine sediment records, the Palmer Deep 

(ODP Site 1087) and Maxwell Bay (SHALDRIL) sites provide the highest resolution 

(-0.5-1 cm/yr) Holocene/late Pleistocene paleoclimate records in the AP and serve as 

benchmarks for additional studies. 

2.3. Geologic Setting of the Firth of Tay 

The Firth of Tay is located at the northern tip of the AP, between Joinville Island 

and Dundee Island (Figure 2). The SHALDRIL core location contains over 50 m of 

acoustically laminated sediments draping a glacially carved, silled mini-basin (Figures 2 

and 3). Joinville Island is "clearly a geologic continuation of the Trinity Peninsula" 

mainly comprised of Tertiary plutons within thermally metamorphosed Cretaceous 

gabbros (part of the Andean Intrusive Suite) (pg. 39; Elliot, 1967). Conformably below 

are upper Jurassic volcanics and lower to middle Jurassic conglomerates, with underlying 

Carboniferous metasedimentary greywackes, breccias, sandstones, and siltstones (Elliot, 

1967; 1997). 
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Figure 2: Area m a p of t h e Firth of Tay w i th Joinville island t o t h e north and Dundee Island 
to the south. Contour lines of topographic relief are shown at 25 m intervals. Seismic line 
A-A' corresponds wi th Firth of Tay line 1 and B-B corresponds wi th PD91-38B shown on 
figure 3.The seafloor shallower than 300 m was not surveyed. 
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3. Methods 

3.1. Geophysical methods and coring approach 

Multibeam swath bathymetry data were collected during the NBP06-02 

(SHALDRIL) and NBP07-03 cruises onboard the Nathaniel B. Palmer using a hull-

mounted Simrad EM-120. Data was processed using a sound-velocity profile and manual 

editing. During the NBP06-02 cruise, a high-resolution seismic analysis (-3.5 kHz; ~1 m 

vertical resolution) examined the Firth of Tay embayment using a hull-mounted ODEC 

Bathy 2000 Chirp sonar system in order to characterize the subsurface strata. The 

NBP07-03 cruise imaged over 50 m of subsurface strata using a Knudsen chirp profiler. 

Post-cruise seismic analysis used paper records along with BATHY2000W and Knudsen 

seismic software. Unfortunately, the existence of icebergs and sea ice prohibited a deeper 

penetrating air-gun survey from being conducted in the Firth of Tay during the NBP07-

03 cruise. However, an air gun seismic line (PD91-38B) was collected in the outer basin 

of the Firth of Tay in 1991 aboard the Polar Duke providing a medium-resolution record 

(Figure 3). 

The bathymetric data were used to find geomorphic features and mini-basins in 

the Firth of Tay and seismic data were used to find locations containing thick successions 

of stratified sediments (void of major gravity flows or mass wasting) suitable for coring. 

Following the geophysical survey, five cores were taken in the Firth of Tay embayment, 

all within a 20 m radius (63° 20.572', 55 ° 53.195') in 630-650 m water depth: 1) kasten 

core NBP0602A-8A (8A) recovered sediment from 0-3 m; 2) kasten core NBP0602A-8D 

(8D) also recovered sediments from 0-3 m; 3) drill/push core NBP0602A-8B (8B) 

retrieved a 77 m core with 79% recovery (43% competent), with significant gaps from 0-
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8 m and 25-32 m; 4) drill core NBP0602A-8C (8C) recovered sediments from 25-34 m 

with 76% recovery (59% competent); and 5) jumbo piston core NBP0703-JPC02 (JPC02) 

obtained sediments from -1-27 m. The five cores provide a complete recovery from 0-

76.35 mbsf with significant overlap. At 76.35 mbsf, drilling encountered a stiff 

diamicton. This was interpreted as subglacial till and the hole was terminated. For 

additional coring information see SHALDRIL (2006). 

3.2. Sedimentology and stratigraphic approach 

Cores were split and described onboard. Visual descriptions included color, grain 

size, grain shape, pebble lithology, texture, undrained shear strength, macrofossils, and 

stratigraphic features. Cores were also photographed onboard. Smear slides were 

analyzed within every core section (~ every 0.5-1 m) to determine diatom species and 

abundance, mineralogy, grain size, sorting, and angularity. An additional 191 samples 

were taken at -0.5 m intervals from cores 8B and JPC02 for foraminifera analysis. These 

samples were sieved (> 63 \im fraction) and microscopically analyzed at the Polish 

Academy of Science. In addition, X-radiographs, taken on the unsampled core halves at 

the Florida State University Antarctic Research Facility, were used to characterize 

laminations, bioturbation, and gravel abundance. 

The NBP0602 cruise cores were run through a Multi-Sensor Core Logger 

(MSCL) with sampling at 2 cm intervals to measure magnetic susceptibility (MS). 

Electric Resistivity (ER) was collected at 5 cm intervals using a two-pronged probe 

(methodology after Burgdorf, 2002). Additionally, 5-7 cm3 of sediment every 2-10 cm 

downcore was collected using the syringe method for additional porosity, density, and 

grain size analysis. These samples were securely sealed and stored at 4.4 °C until shipped 
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in dry-ice-packed coolers to Middlebury College after the cruise. At Middlebury College, 

discrete samples were weighed wet and again after drying at 100 °C for 24 hours. This 

allowed density and porosity to be calculated. Particle size and distribution was 

determined from the sediment matrixes at intervals ranging from 2-10 cm using the 

Middlebury College Horiba Laser Spectrometer LA-920. Ice-rafted detritus (IRD) 

abundance was determined by viewing X-radiographs and counting pebbles (diameter > 4 

mm) over 10 cm spacing in the archive core half. The same core processing and 

methodology was used during NBP0703 and NBP0602 cruises, except that during the 

NBP0703 cruise MS was determined by using a 125 mm core loop rather than the MSCL. 

The MS signal recorded from the NBP0703 cruise MS loop (used for JPC02) appears to 

be half as strong as the MSCL MS detection used during the NBP0602A cruise, and 

therefore, the MS signal for JPC02 was doubled in order to effectively match signal 

strength between methods. Furthermore, the top and bottom 4 cm of each core was 

omitted from the MS data due to core-end effects. 

3.3. Radiocarbon and geochemical methods 

A total of thirty-one marine carbonate (mollusks, calcareous fragments) samples 

were collected from the five cores in order to derive a chronostratigraphy. The shallowest 

sample was obtained from 80 cm core depth. An abundance of carbonate material in the 

upper 64 m of the core allowed for good sampling resolution. Unfortunately, a paucity of 

carbonate material from 64 m to 76.35 m only allowed one radiocarbon date for the 

bottom 12 m of the core. Carbonate samples were cleaned, dried, and sent to the UC 

Irvine Accelerator Mass Spectrometry (AMS) facility. The lowermost sample (75.5 m 

core depth) was sent to National Ocean Science AMS (NOSAMS). 
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Total Organic Carbon (TOC) was determined from samples collected every 25-50 

cm from all 5 cores. Samples for TOC analysis from the NBP0602 cores were obtained 

from the Antarctic Research Facility in September 2007, where cores are stored at 4.4 °C. 

Samples were oven dried at 60 °C and then ground with a mortar and pestle. Twenty-five 

to thirty micrograms of sample material was weighed and placed into aluminum capsules. 

Samples were treated with sulfurous acid (H2SO3) in order to remove acid soluble and 

inorganic carbon, oven dried, and then sealed. The samples were then run through a 

Costek ECS 4010 Elemental Analyzer at Rice University to determine carbon (C), 

nitrogen (N), and hydrogen (H) concentrations. Calibrations with proline standards 

yielded errors less than 0.01% for both C and N. All procedures followed Verardo et al. 

(1990). Precision of duplicates (n=14) error is 1.83% for C and 3.63% for N. We did not 

use H data in our analysis. 

4. Data and Results 

4.1. Geophysical and basin analysis: 

The Firth of Tay seafloor averages -600-700 m water depth and is relatively 

smooth. There is a shallow flank extending 2-10 km from the coastline where the seafloor 

grades to -300 m water depths (Figure 2). The shallower shelf (<300 m depth) was not 

surveyed. The swath bathymetry and 3.5 kHz data show glacially carved mini-basins 

within the Firth of Tay embayment (Figures 2 & 3). Seismic and sediment analysis 

ensure that at least the top 50 m of the Firth of Tay cored interval contains a continuous 

sediment record free of major erosive events (Figure 3a and b). Below 50 m seismic 

response is attenuated, but sediment analysis indicates that potentially erosive turbidite 
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units exist (-1-30 cm fining upwards units) below 64 mbsf. Therefore, the timing of 

climate events below 64 m core depth is not well constrained. 

The PD91-38B seismic line, at the mouth of the embayment, shows a thick 

package of sediment (-25-70 m) deposited unconformably above a till unit (Figure 3c). 

The seismically imaged till unit is projected to correlated with the till unit observed at 76 

mbsf in the drill site. This indicates that, since the retreat of the LGM glacial front, 

sedimentation has been slightly greater within the embayment (more glacial proximal) 

than at the outer mouth of the embayment. 

Figure 3: a) North-south seismic line through cored mini-basin from Bathy2000 
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Chirp data (seismic line locations are shown in Figure 2; b) zoom in of core location 
using 3.5 kHz Knudsen seismic data; c) South-north interpreted seismic line from 
outer mouth of Firth of Tay (obtained during PD-91); d) X-ray from core 8B (1250-
1285 cmbsf) showing bioturbated unit containing an ikiate crystal and pebbles; e) 
X-ray from core 8B (3420-3450 cmbsf) displaying laminated section. 

4.2. Radiocarbon Analysis 

Results from thirty-one radiocarbon samples from the Firth of Tay are listed in 

Table 1. The results and errors are provided with isotopic fractionation corrections. The 

14C BP dates were calibrated using the Stuiver et al (1998; 2005) Calib 5.0 radiocarbon 

calibration program and determined ages with a 95% confidence interval (2 sigma). A 

carbon reservoir of 1300-years was used to calibrate years before present (we use 14C yr 

BP to indicate calibrated years before present). We used a 1300-year reservoir correction 

because it is consistent (or similar) with the carbon reservoir used in other studies around 

the AP (Berkman & Forman, 1996; Pudsey & Evans, 2001; Domack et al., 2001; Taylor 

et al., 2001; Ingolfsson et al., 2003; Bentley et al., 2005; Heroy et al., 2008; Milliken et 

al., submitted). 

There is very good agreement between the age-depth relationships in all of the 

five cores (Figure 4a). The kasten cores capture the sediment-water interface and the 

youngest date (190 14C yr BP) was rendered from a mollusk at 80 cm core depth. There is 

also good agreement between radiocarbon dates obtained from kasten cores 8 A and 8D 

(8A: 302 cm core depth = 354 14C yr BP +/- 61; 8B: 303 cm core depth = 394 I4C yr BP 

+/- 75) suggesting a valid surface age was acquired. JPC02, however, over-penetrated the 

sediment water interface and sediments may have compacted during the coring process. 

The JPC depths were shifted downward 1 m and stretched by 10% to correct for over-

penetration and compaction disturbance. Appropriate depth correction in the JPC was 
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determined by correlating radiocarbon dates between overlapping intervals in the cores 

(i.e., JPC versus the kasten cores and drill core), as well independently correlating logs, 

MS, grain size, density, porosity, and TOC curves with the depths between overlapping 

intervals in the cores. 

All of the radiocarbon dates fall in chronological order (or very close to it) with 

respect to depth except for three dates, which are clearly anomalous (Figure 4). The three 

erroneous dates were not used in deriving the chronostraigraphy (UCIAMS-40680, 

UCIAMS-40855, OS-66058). Although every effort was made to collect samples only 

from pristine locations in the interior of the core, the explanation for the anomalously 

young radiocarbon dates is that during the drilling process shells higher up in the 

sedimentary section were carried along the drill string to deeper depths. 

There is a strong linear relationship between the 28 remaining radiocarbon dates 

and the corresponding depths (R2=0.973). A 3rd order polynomial provides the strongest 

correlation (R2=0.984) (Figure 4b). Higher order polynomials (4-9) have slightly better 

correlations (R2 up to 0.985) but introduce more complexity and appear to over-fit the 

data. In addition, breaking the age model into sections of linear and/or polynomial fits at 

different intervals (to allow for different time periods to reflect differing environmental 

conditions and sedimentation rates) introduces biases and circular reasoning, and does not 

appear to improve the fit. Moreover, since there is a variance in spatial and temporal 

sampling resolution, a simple 3rd order polynomial yields our preferred age model. 

Domack et al. (2001) and Milliken (submitted) also use 3rd order polynomials in the 

Palmer Deep and Maxwell Bay, and keeping consistency will allow for a better 

comparison between these sites. The best-fit polynomial in the Firth of Tay is Y = -IE-
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8x + 0.0002x + 0.6389x (where Y=age, X=depth) and the average sedimentation rate is 

0.81 cm/year. 

It is likely that variations in sedimentation exist but with the available datable 

material we cannot reasonably resolve finer-scale changes. The paucity of datable 

material below 64 m limits the accuracy of the lowermost sedimentation rates and ages. 

We used the best-fit equation to interpolate the ages to the core bottom and determined 

that the oldest sediments above the till unit are -9370 14C yr BP. It is possible (and likely) 

that sedimentation rates were lower than projected (<~0.73 cm/yr) from the lowermost 

date (61.4 mbsf) to the bottom of the core. Due to the likelihood of heavy ice coverage 

and relatively little diatom and biogenic input at this time, we believe the timing of the 

decoupling is likely between -9370 and 10,000 BP. Heroy et al. (2008) determined that 

ice proximal sediments near the bottom of the core in the Bransfield Basin have a lower 

sedimentation rate than the rest of the core further suggesting that the ice sheet 

decoupling may have occurred later than 9370 yrs BP in the Firth of Tay. However, until 

more accurate dating is determined for the bottom of the core (potentially by 

geomagnetic paleointensity dating (Brachfield et al., 2002; 2003)), we will use a 

conservative projection of 9370 I4C yr BP for the age of glacier decoupling, which is 

calculated by the age model. 



Sample Name Core-core depth 
UCIAMS31898 8A-KC 80 cm 
UCIAMS40677 | 8A-KC-302 cm 
UCIAMS40693 8B-5E-54 em 
UCIAMS40678 BB-6E-159 cm 
UC1AMS40685 i B8-6E-201 cm 

"uci^S40684T™™iKrE3Fmr" 
UCIAMS40692 B8-9E-140 cm 
UCIAMS40689 8B-12E-99 cm 
UCIAMS40705 BB-12E-269 cm 
UCIAMS40B42 BB-13E-26 cm 
UCIAMS40858 8B-16E-29 cm 
UCIAMS406B0 8B-16E-29 cm 
UCIAMS40681 BB-17E-30 cm 
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UCIAMS40679 BB-1BE-5B cm 
UCIAMS40846 BB-20E-134 em 
UCIAMS40841 BB-21E-26B cm 
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UCIAMS40848] BB-26E-204 em 
UCIAMS40687 BC-1E-57cm 
UCIAMS28068 8C-1E-174em 
UCIAMS31895 BC-2E-8Scm 
UCIAMS40844 8D-KC303-318 cm 
UCIAMS40699 JPC02-5A-62 cm 
UCIAMS40694 JPC027D-47.5 cm 
UCIAMS40697 JPC02-BA-38 cm 
UCIAMS40854 JPC02-BB-8cm 
UCIAMS406S8 J JPC02-core eateri 

OS-660SB ! BB-31E. 110cm 

Depth 
(cm) 
BO 

302 
854 
1059 
1101 
1336 
1840 

12399 
2589 
2626 
3279 
3279 
3330 
3402 
3882 
3958 

1 4334 
4788 
5054 
5653 
6154 
2557 
2674 
2888 
303 
1253 

2087.5 
2153 
2273 
2376 
7550 

ft'"C 
(%) 

0.B351 
0.8183 
0.7898 
0.7640 
0.7655 
0.7881 
0.7153 
0.6502 
0.6438 
0.8187 
0.6087 
0.6081 
0.7739 
0.5619 
0.7205 
0.5377 
0.4881 
0.4783 
0.4430 
0.4214 
0.3737 
0.6291 
0.6236 
0.6031 
0.8144 
0.7526 
0.6608 
0.6551 
0.6351 
0.6215 
0.5741 

ft"C 

0.0014 
0.0015 
0.0015 
0.0016 

10.0014 
TOMMF 
0.0013 
00012 
0.0012 
0.0017 
0.0017 
0.0014 
0.0014 
0.0012 
0.0020 
0.0010 
0.0016 

r&TKJu1 

0.0016 
0.0047 
0.0015 
0.0013 
0.0011 
0.0010 
0.0025 
0.0014 
0.0013 
0.0013 
0.0018 
0.0012 
0.0031 

Fraction 
Modern 
-164.9 
-181.7 
-210.2 
-236.0 
-234.5 
-211 9 
-284.7 
-349.8 
-356.4 
-381.3 
-381.3 
-391.9 
-226.1 
-4381 
-279.5 
-462.3 
-511.9 

"TaiT^ 
-557.0 
-578.6 
-626.3 
-370.9 
-376.4 
-396.9 
-185.6 
-247.4 
-339.2 
-344.9 
-364.9 
-378.5 

3.9 

1 "C 

*l- age 1.4 1445 
1.5 1610 
1.5 1 1895 
1.6 I 2165 
1.4j 2145 

1.3 I 2890 
1.2 I 3460 
1.2 I 3540 
1.7 1 3855 
1.7 I 3B90 
1.4 I 3995 
1.4 2060 
1.2 4630 
2.0 2635 
1.0 4985 
1.6 | 5760 
1.4 I 5925 

J^6JJBJ40_, 
"4TT6846" 
1.5 7905 
1.3 I 3725 
1.1 I 3795 
1.0 4080 
2.5 1650 
1.4 l 2285 
1.3 3330 
1.3 I 3400 
1.8 3645 

"H "3820"" 
1 4460 

+/-
15 
15 
20 
20 
15 
20 

15 
20 
15 
25 
25 
20 
15 
20 
25 
20 
30 
25 
30 
90 
35 
20 
15 
15 
25 
15 
20 
20 
25 
20 
45 

Kc 1 
yfBP +;-
190 
354 
582 
811 ^ 
783 
594 
1326 
2238 
2323 
2732 
2858 

70.5 
61 

51.5 
75 
73 
51 
48 
79 

50.5 
51.5 
86 

2864 | 81 
699 
3652 
12B6 
4127 
5172 

45.5 
85.5 
55.5 
93 

115.5 
"53751 74 
6042 1 107.5 
6465 
7500 
2594 
2642 
2946 
394 
930 
2068 

192.5 
68 

103.5 
11 

85.5 
75 
48 
76 

2168 1 95 
2586 
2710 
3449 

121.5 
44.5 
112 

Table 1: Results from radiocarbon analysis 
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Figure 4: a) Age versus depth from five cores (all at 63° 20.572', 55° 53.195') showing 
linear agreement and three major outliers; b) Ages versus depth with a third order 
polynomial best fit line not including the outliers (red diamonds) (Y = - lE-8x 3 + 
0.00Q2x2+ 0.6389X (where Y=age, X=depth; R2 = 0.984). The red line to the bottom 
of the core shows the interpolated ages determined using the equation. This interpolation 
is a conservative projection to the core bottom, and it is likely that the bottom of the core 
is between 9370 and 10,000 yrs BP. 

4.3. Sediment and biostrtatigraphic analysis 

Sediments in the Firth of Tay are comprised of diatoms, carbonates, and organic 

material, as well as quartz, plagioclase, potassium feldspar, chlorite, and dioctohedral 

clay minerals (SHALDRIL, 2006; Christopher, 2007). Seven main lithologic units 

include the following. 

Unit 1 (76.35-76 mbsf): Dark gray unsorted pebbly, sandy, clay; very little biogenic or 
diatomaceous material and no laminations, mottling, bioturbation, or macrofossils; 
comprised of 2-3% diatoms, 80-81% clay, 10% quartz, 3% heavy minerals, 1% calcite, 
and trace amounts of hornblende, glauconite, and mica. 

Unit 2 (76-67.8mbsf): Dark gray clayey mud with minor stratification, along with 
numerous graded beds (5-10 cm thick, fine gravel to clay) and pebbly units; no color 
variations, bioturbation, or macrofossils; sediments comprised of 1-10% diatoms, 62-80% 
clay minerals, 5-24% quartz, 0-7% heavy minerals, 0-3% calcite, and trace amounts of 
hornblende, glauconite, mica, and hematite. Although the lack of datable material in this 
unit does not allow a sedimentation rate to be precisely determined, using a projection 
from the age model (third order polynomial equation) sedimentation rates are determined 
to be 0.75 cm/yr from 9370 to 8280 14C yr BP. 

Unit 3 (67.8- 64.18 mbsf).* Similar mineralogic composition as Unit 2 but has a sandy-
mud supported matrix with pebbles and clasts, capped with a turbidite and clay layer. The 
age of this unit is projected to be between 8280-7780 14C yr BP. 

Unit 4 (64.18-5l.7mbsf): Sediments are largely comprised of organic-rich, greenish 
black diatomaceous silty mud with some silt-rich laminations; moderate to heavy 
bioturbation and organic mottling; sediments comprised of 10-65% diatoms, 23-65% clay 
minerals, 3-22% quartz, 0-4% heavy minerals, 0-2% calcite, and trace amounts of 
hornblende, glauconite, and mica. Average sedimentation rate in this unit is 0.71 cm/yr 
from 7780-6010 14CyrBP. 

Unit 5 (51.7-41.1 mbsf): Compositionally similar to Unit 4, but less organic/biogenic 
material and greater terrigenous material. Ages in this unit are 6010-4500 14CyrBP. 
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Unit 6 (41.1-34 mbsf): Similar in composition to Unit 5, but greater organic carbon and 
less terrigenous material; sediments also show cyclicity between heavily bioturbated 
organic units and greenish gray units (Figure 5). Sedimentation rates are 0.73 cm/yr from 
4500-3540 14CyrBP. 

Unit 7 (34-0 mbsf): Compositionally similar to Units 4-6, but slight decrease in TOC, 
and increases in MS and grain size; shift to more greenish gray sediments; more 
variability in the proxies (Figure 5). The unit is 0-3540 14C yr BP and average 
sedimentation is 0.96 cm/yr 

Figure 5: Photograph and x-rays of cores. Core NBP0602A-8B-12E (24.5-26 m core 
depth) shows diatomaceous greenish gray semi-laminated Unit 7 sediments. Core 
NBP0602A-8B-17E (33-34.5 m core depth) contains gray terrigenous-rich sediments 
with abundant ice-rafted debris. The photograph from core section 17E shows a contact at 
96 cm shifting from more laminated diatomaceous Unit 6 sediments to more terrigenous-
rich ice-rafted Unit 7 sediments. 



Qualitative on-board analysis of smear slides indicates from 0-64.18 mbsf 

sediments are primarily comprised of organic-rich diatomaceous sediments made up of 

small (~7 microns) Chaetoceros resting spores, Fragilariopsis curta, F. vanheurckii, 

Thalassiosira Antarctica group, and Cocconeis spp (for details view SHALDRIL, 2006). 

Diatoms of secondary abundance include Actinocyclus actinochilus, Fragilariopsis 

cylindrus, F. obliquecostata, small Navicula spp, and Pseudogomphonema spp. In the 

upper 64.18 m, diatoms comprise 13-65 % of the sediment, with a 34% mean and 

standard deviation of 11% (Figure 6). The most significant downcore variation is from 

64.18-76 mbsf, where diatom abundances dramatically decrease to 1-10%, with a mean 

of 3.5% and a standard deviation of 2.7%. Finally, from 76-76.35 mbsf the diatoms are 

greatly fragmented and the diatom abundance decreases to 2-3% of the total of the 

sediment. The interval from 53-62 mbsf has increased Eucampia Antarctica var. 

Antarctica and Fragilariopsis kerguelensis and Eucampia Antarctica var. Antarctica 

diatom assemblages only occur from 52-76.35 mbsf. The most abundant diatom genus in 

the Firth of Tay is Chaetocceros, which is related with the break-up of sea-ice and 

nutrient-rich spring blooms that occur at the sea-ice edge (Leventer 1996; 2002). All 

diatom taxa observed in the Firth of Tay cores are modern diatom flora related with sea-

ice environments with the exception of rare, reworked Denticulopsis specimens (Armand 

etal.,2005). 

Quantitative foraminiferal analysis (> 63 um fraction) indicates that benthic 

foraminifera exist throughout the core, but the overall diversity is relatively low. The 

number of species per sample ranges between 3-8 from 0-55.9 mbsf, 1-2 from 55.9-63.2 

mbsf, and between 8-12 from 63.2 mbsf to the core bottom (Figure 6). Foraminiferal 
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abundances are relatively low compared to areas on the western AP (Ishman and 

Sperling, 2002). Furthermore, from 0-62.8 mbsf foraminiferal assemblages are dominated 

by agglutinated species including Paratrochammina spp., Portatrochammina antarctica, 

Spiroplectammina biformis, and (the most abundant) Miliammina arenacea. There is a 

major faunal change at 62.8 m to the core bottom where assemblages are dominated by 

groups of calcareous species {Globocassidulina subglobosa, Fursenkoina fusiformis, 

Nonionella spp., Astronoriion echolsi, Stainforthia concave, Cassidulinoides parkerianus 

and Miliammina arenacea). Other calcareous species present in the core include G. 

subglobosa, F. fusiformis, Nonionella spp., Neogloboquadrinapachyderma, and (the 

most abundant) Globocassidulina biora, all of which showed signs of dissolution in the 

upper 64 m of the core. Neogloboquadrina pachyderma only occur from 64-76 m. 

Total organic carbon (TOG) concentrations in the Firth of Tay core are used to 

determine variations in biogenic versus terrigenous input, which is a function of biogenic 

productivity, sea ice, climate, and bottom water circulation (Domack et al., 1993; 

Domack & McClennen, 1996; Domack & Harris, 1998; Ashley & Smith, 2000; Domack 

et al., 2001; Khim et al , 2002; Moeller et al., 2007). Average TOC values in the Firth of 

Tay are 0.94%, which are similar to values observed in the AP region (Domack et al., 

1993; Leventer et al., 1996; Shevenell et al., 1996; Khim et al., 2002). The Firth of Tay 

TOC has high amplitude variations (standard deviation (SD)=0.23%) and distinct shifts 

from higher to lower percentages, with the most dramatic change at 61.18 mbsf (from 0-

61.18 mbsf mean =0.992% and from 61.18-77 mbsf mean = 0.564%) (Figure 6). The 

TOC is highly variable from 0-34 m core depth where local highs exist at 9.75, 14.25, 

and 24.25 m and lows at 8.75, 13.25, and 16.5-23.5 m core depth. Additional intervals in 



TOC throughout the cores occur from 34-42 m (relative high), 42-52.5 m (variable but 

overall low), 52.5-63 m (high), and 63-76.35 m (low). Percent nitrogen (%N) correlates 

with TOC and has a mean of 0.12% and standard deviation of 0.05%. TOG and % N 

variations in the Firth of Tay also roughly correlate with variations in MS, Ice Rafted 

Debris (IRD) and grain size. TOC is inversely related with MS, suggesting that low/high 
• > • ' • • 

values in MS are due to increases/decreases in diatom and biogenic silica input (Khim et 

al., 2002). Domack et al. (1993) and Leventer (1996) suggest that in glaciomarine 

environments increases in TOC correspond with increases in sedimentation rates, unless 

overridden by terrigenous input. 
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Figure 6: Total organic carbon, nitrogen, diatom abundance, forarninifera specimens per 
gram, forarninifera % calcareous, and the number of forarninifera taxa in the Firth of Tay. 
Error bars are shown for TOC and N to account for calibration and repeatability errors. 
Color codes: KC-8D - Green; JPC02 - Red; 8C - Yellow; 8B - Blue. 

Grain size analysis on the sediment matrix from all the cores shows that mean 

grain size varies from -4-32 microns with the exception of a few IRD-rich and/or 

turbidite layers and the mean is 19.0 microns (Figure 7). The mean percentages of sand, 

silt, and clay composition are 5.5,79.1, and 15.4 respectively. Percentages of sand, silt, 

and clay tend to vary in conjunction with mean grain size. Grain size trends are relatively 
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uniform from 0-48 mbsf and become more variable from 48-63 mbsf, and sharply 

decreases from 63 to 76.35 m. Grain size has been used in glaciomarine environments to 

indicate proximity to the grounding line or glacial terminus, since more arenaceous, 

coarse sediments are deposited more proximal to the grounding line/glacial terminus, and 

biosiliceous material and finer terrigenous grains are deposited in more distal locations 

(Griffith and Anderson, 1989; Domack and McClennen, 1996; Domack and Harris, 1998; 

Jaeger and Nittrouer, 1999). In addition, sediments derived from the outflow of meltwater 

tend to be relatively fine-grained and well sorted (Griffith & Anderson, 1989; Domack & 

Harris, 1998; Evans et al., 2005; Moeller et al., 2007). 

Electric Resistivity (ER), porosity, and density are strongly correlated in the Firth 

of Tay and, largely being a function of grain size, correlate with density and grain size 

curves (Figure 7). Burgdorf (2004) suggests that variations in ER correspond with 

changes in porosity, lithology, and/or salinity and can be a good indicator of 

environmental changes. The most significant result in the Firth of Tay record is a large 

decrease in ER and porosity, coincident with an increase in MS and decreases in diatoms, 

TOC, and grain size at 64.18 mbsf. 

Abundance of IRD (determined from pebble counts) suggests relatively open 

marine conditions versus colder ice-dominant conditions and/or ice shelf cover (e.g., 

Domack et a l , 2001; Yoon et al., 2002; Pudsey & Evans, 2001; Domack et al., 2005). 

IRD is also used to indicate proximity to the grounding line or calving margin since the 

meltout of basal debris or iceberg calving can deposit IRD on the seafloor (e.g., Domack 

& Harris, 1998; Pudsey & Evans, 2001; Evans et al., 2005). In the Firth of Tay record, 
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pebble counts are correlated with spikes (but not necessarily overall variations) in MS 

and are highest from 8-17,30-34, and 59.6-67.7 mbsf (Figure 7). 

Figure 7: Grain size, sand/silt/clay percents, porosity, electric resistivity, pebble counts, 
and magnetic susceptibility results for all five cores. Color codes: KC-8D - Green; JPC02 
- Red; 8C - Yellow; 8B - Blue. 

Magnetic susceptibility (MS) is a measure of the amount of magnetic material 

within sediments and has been used in many studies to determine a change in the 

sediment source or the relative ratio of terrigenous versus biogenic material (Leventer et 

al., 1996; Domack and McClennen, 1996; Domack et al., 2001; Brachfeld, 2002; Khim et 

al., 2002). If the source of the terrigenous component of sediment is assumed constant, 
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MS is a good paleoclimate indicator because cooler time periods, which have more ice 

coverage or are closer to the ice front, tend to have a higher proportion of terrigenous 

input relative to biogenic. Whereas, warmer periods tend to have lower terrigenous 

relative to biogenic input due to an increase in surface water primary production. Results 

from our smear slide analysis depict no major shifts in the sediment source. This is 

expected because of the relatively small size and lack of major geological variability in 

the drainage basin. In addition, the thick packages of sediment observed at the mouth of 

the Firth of Tay embayment suggests that bottom water winnowing has not significantly 

reworked and redistributed sediments during the Holocene (Figure 3c). For these reasons 

MS should be a useful indicator pointing out changes in depositional environment. 

In the Firth of Tay cores, the MS has high-amplitude variations from ~ 0-23.5 

mbsf that ranges within 10-480 SI. From ~ 23.5-43 m there is a decrease in MS, and 

smaller amplitude variability is observed, except for a spike around 33-34 mbsf that 

corresponds with a higher concentration of pebbles (Figure 7). There is a slight increase 

in MS from 43-56 m where large MS spikes exist. The spikes in MS through out the 

cores are associated with terrigenous-rich silt laminations (small gravity flows) and/or 

pebbly units. The interval from 56-65 m shows a slight decrease in MS, and then from 65 

m to the core bottom there is an increase in MS and high amplitude variations. Variations 

in MS throughout the core are correlated with grain size, IRD and TOC (Figure 7). 

5. Discussion 

5.1. Unit 1: Subglacial/Ice Proximal Conditions (76.35-76 mbsf: LGM-9370 14C yr 
BP) 

Unit 1 is composed of dark gray, stiff, homogenous, cobble-rich, and structureless 

diamicton that has little to no bioturbation, macrofossils, foraminifera, diatoms or organic 
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material (Figure 8), which is indicative of subglacial transport and deposition (Anderson, 

1999). Thus, our interpretation of the diamicton unit encountered from 76.35-76 m core 

depth is till. This interpretation is consistent with that of Anderson et al. (2002), Heroy 

and Anderson (2005), and Evans et al. (2005) who argue, based on the occurrence of 

subglacial geomorphic features and till on the outer shelf, that the Antarctic Peninsula Ice 

Sheet (APIS) extended to the outer shelf in the northwestern Weddell Sea during the 

LGM. This evidence suggests that ice must have also been grounded in the Firth of Tay. 

Moreover, our PD91-38B seismic line at the mouth of the embayment imaged an 

unconformity between -25-70 mbsf (Figure 3c), which we project to correlate with the 

LGM unconformity observed by Anderson et al. (2002), Heroy and Anderson (2005), and 

Evans et al. (2005) on the outer shelf. High-resolution seismic data in the Firth of Tay 

indicates that the post-glacial package is generally thicker inside the embayment than at 

the mouth. Therefore, we correlate the tillobserved in the core from 76.35-76 m to till 

interpreted in the PD91-38B seismic line and the till on the outer shelf. Finally, the 

geophysical survey in the Firth of Tay (Figures 2 & 3) shows sculpted mini-basins and 

exposed bedrock along the basin margins in the embayment providing further evidence of 

glacial erosion. 

An alternative interpretation of the Unit 1 diamicton is that it is a proximal 

glaciomarine deposit. Anderson et al. (1991) examined sediment fades in piston cores 

from the continental shelf in the northwestern Weddell Sea and concluded that ice-

proximal glaciomarine deposits overlie tills. Proximal glaciomarine facies associated with 

the "liftoff' of the ice sheet from the seafloor are generally thin, stratified, and composed 

of pebbly sandy-mud (Anderson et a l , 1991; Domack et al., 1999; Evans et al., 2002; 



Pudsey et al., 2006). Regardless if Unit 1 is till or ice-proximal glaciomanne sediment it 

records the final stage of ice sheet retreat from the inner shelf. Based on this 
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Figure 8: Climate interpretations and ages based on age-depth model (3rd order 
polynomial) versus lithology, TOC, diatom abundance, number of foraminifera taxa, 
percent calcareous foraminifera, MS, and grain size for the Firth of Tay site. 

We believe that stagnant ice was grounded in the Firth of Tay during the LGM, 

which explains the relatively thin layer of "liftoff zone" sediments. The basal ice did not 

contain significant debris, so little deposition occurred when the ice sheet decoupled from 

the seafloor. Furthermore, if faster flowing ice existed, geomorphic features such as flutes 

or drumlins would likely appear on the seafloor, as typical of areas where faster flowing 

outlet glaciers and ice streams existed (Evans et al., 2002; Wellner et al., 2006). 

The glacial decoupling in the Firth of Tay (-9370 14C yr BP) occurred later than 

in Prince Gustav Channel (12,000-11,000 14C yr BP; Evans et al., 2005) and the 

Greenpeace Trough (10,700 14C yr BP; Brachfield et al., 2003), and earlier than James 

Ross Island began to deglaciate (7500 14C yr BP; Hjort et al., 1997). The Prince Gustav 

Channel and Greenpeace Trough are further south, but also further out on the shelf (in 

deeper water), and were consequently likely to deglaciate first. In contrast, because of 

James Ross Island's location it is expected to deglaciate later than the inner continental 

shelf. Additionally, some error with our glacial decoupling date exists since the dates in 

the bottom of the core were interpolated from the age model. 

5.2. Unit 2: Early Holocene glacial retreat (76-64.1mbsf: 9370-8280 14C yr BP) 

The existence of stratification, sorting, and finer material in this unit reflects the 

settling of sediment through the water column and a shift away from subglacial 

conditions (Anderson, 1999; Domack et al, 1999). Unit 2 is characterized by dark gray 

silty mud with interbedded turbidites, and few, poorly preserved diatoms (1-10%), low 

TOC, and high MS (Figure 8 & 9). In addition, this unit contains Neogloboquadrina 



pacchyderma tests, an abundance of foraminifera taxa, and low foraminifera specimens 

per gram. Other studies in glaciomarine environments suggest the deposition of weakly 

stratified, sandy mud with IRD, relatively low diatom abundances, and low TOC is 

indicative of glacial-proximal sedimentation (Powell et al., 1996; Pudsey and Evans, 

2001; Evans and Pudsey 2002, O'Cofaigh et al., 2005; Evans et al , 2005). Thus, we infer 

that deposition of Unit 2 occurred primarily from meltwater outflow, advection, and fine 

particles settling from suspension or transported with moderate ice rafting (Griffith & 

Anderson, 1989; Anderson et al., 1991; Powell et al., 1996; Domack & Ishman, 1993; 

Domack & McClennen, 1996; Heroy et al., 2008). The higher clay and silt content and 

increase in laminations compared to Unit 1 may be attributed to increased meltwater 

outflow and a warmer climate. Thin turbidites, which occur throughout this unit, also 

suggest an increase in meltwater at the retreating grounding line (Griffith & Anderson, 

1989). An upsection increase in pebbles in this unit may be indicative of increased basal 

melt or an increase in icebergs entering the bay from offshore. Furthermore, the 

Fursenkoina spp. assemblages observed in Units 2 and 3 have been associated with the 

incursion of Weddell Sea Transitional Water (WSTW) (Ishman and Domack, 1994). As 

glaciers retreated and sea level continued to rise, it is likely that WSTW began to 

encroach onto the inner shelf. Ishman and Sperling (2002) suggest the proliferation of a 

similar foraminiferal assemblage, Fursenkoina fusiformis, observed in the Palmer Deep 

record due to increased meltwater, diatom blooms, and glacial retreat. 

In summary, we believe Unit 2 sediments represent the transition from an ice 

proximal to an ice distal setting with possibly a fringing ice-shelf or extensive sea ice 

(pack) coverage gradually retreating from the bay (Figure 10). This occurred between ~ 
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9370 to 8220 14C yr BP. The retreating floating ice canopy is marked by an upward 

increase in diatoms (1-10%), organic carbon (-0.5%), moderate diversity of forarniniferal 

species, and increased IRD. We believe Unit 2 is associated with the widespread 

deglaciation observed around the AP during this time period (-8000-11,000 BP), which 

has been attributed to a global rise in sea level and/or global warming (Ingolfsson, 2003). 
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5.3. Unit 3: Mid-Holocene glacial retreat and meltout (67.8-64.1 mbsf: -8280 to 
778014CyrBP) 

As the region continued to warm and global sea level continued to rise, the glacial 

front in the Firth of Tay continued to thin and retreat. Resultantly, there was a major 

glacial break-up and melt out event in the embayment at -8280 14C yr BP that is recorded 

by a homogenous, sandy-mud matrix supported mixture of clasts and pebbles from 67.8-

65.5 m core depth (Figures 8 & 9). An increase in IRD, terrigenous material, and 

sediment particle size is characteristic of sediments deposited after ice-shelf or ice tongue 

disintegration (Scambos et al., 2001; Gilbert & Domack, 2003; Bentley et al., 2005). 

An alternative interpretation of Unit 3 is that it represents an advance of the 

glacial front and an increase in icebergs from both inside and outside the embayment. We 

believe this scenario is unlikely for the following reasons. First, there is a regional 

warming and/or glacial break-up observed in the AP at this time (Leventer et al., 1996; 

Hjort et al , 1997; Domack et al., 2001; Pudsey et al., 2001; 2006; Heroy et al., 2008). 

Evidence from Unit 2 in the Firth of Tay suggests climate is warming and the ice front is 

retreating leading up to the deposition of Unit 3. Additionally, Unit 3 is similar to 

sediments deposited after glacial collapse of the Larsen A and George VI Sound ice 

shelves (Pudsey & Evans, 2001; Scambos et al., 2001; Gilbert & Domack, 2003; Bentley 

et al., 2005; Pudsey et al., 2006). Finally, Unit 3 is capped by a (-1 m) turbidite and 

followed by seasonally open-marine Unit 4 deposits (Figure 9). Griffith and Anderson 

(1989) also observed turbidites in Lapeyrere Bay that they interpreted as products of 

increased glacial meltwater discharge. Hence, we believe the deposition of Unit 3 records 
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the final retreat of the grounding line from the shallow margins of the bay and marks the 

onset of open marine conditions (Figure 10). 

A) Setting after 9370 cal.yrs. BP when glacier decoupled from seafloor at the core site; Unit 2 deposited 

B) Setting -9370 to 8280 cal.yrs. BP; Unit 2 deposited;conditions leading to deposition of Unit 3 

C) Setting after -7780 cal.yrs. BP with seasonally open marine conditions; Units 3,4,5,6,7 deposited 

Figure 10: Schematic of glacial setting in the Firth of Tay during the Holocene. A) The 
grounding line retreated landward and core location was relatively ice-proximal. The 
primary mechanisms of deposition are gravity flows, biogenic material falling from 
suspension, and clay-sized material being carried in the water column. B) Glaciers 
continued to thin and retreat. Gravity flows, meltwater input, and hemipelagic deposition 
are the main sources of sediment input. C) Glaciers had pulled back and the Firth of Tay 



was experiencing seasonally open marine conditions. Gravity flows, meltwater input, ice-
rafting, and hemipelagic settling were the main sources of sediment. There was a 
significant increase in diatoms. From 7880 14C yr BP on, the ice front continued to 
oscillate, but ice cover was never as extreme as it was prior to this time. 

5.4. Unit 4: Mid-Holocene Climatic Optimum/open marine setting (64.2-51.7 mbsf: 
7780-6010 14C yr BP) 

The onset of open marine conditions in the Firth of Tay is marked by a distinct 

contact in the core from dark gray, Unit 3 sediments to greenish-black, organic-rich 

sediments in Unit 4 (Figures 8 & 9). There is an increase in diatoms, which comprise 

>30% of the sediment, and an increase in stratification, sorting, organic carbon, and 

bioturbation relative to Unit 3. Unit 4 contains many 1-3 cm silty laminations, which 

reflects increased meltwater outflow. The increase in silt and decrease in clay-size 

particles may indicate that glaciers were accelerated at this time. A relative decrease in 

MS upsection in the unit represents a dilution of terrigenous input relative to biogenic 

sedimentation (increase in primary productivity) and a retreat of the glacial front. The 

overall increase in Eucampia Antarctica var. Antarctica and Fragilariopsis kerguelensis 

throughout this unit provides evidence of a warmer environment with shorter seasonal 

durations of restrictive sea ice. 

The most prominent foraminifer in Units 4-7 is Miliammina arenacea, which is 

widespread in cold saline shelf waters along the Antarctic continental margin (i.e., 

Weddell Sea) (Anderson 1975, Milam & Anderson 1981). Miliammina arenacea are 

known for tolerance to cold, corrosive bottom waters and salinity fluctuations (Ishman 

and Sperling 2002) and its uniquely high preservation potential (Schmiedl, 1997). In the 

Firth of Tay, Miliammina arenacea and other arenaceous foraminifera are the dominant 

assemblages from 0-62.8 mbsf. A sharp decrease in the number of foraminiferal taxa and 
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calcareous material along with the increase in TOC are indicative of more productive 

open-water conditions and high rates of organic decomposition. This results in more 

corrosive bottom waters and increased dissolution of calcareous material. We interpret 

this unit to represent the mid-Holocene Climatic Optimum (MHCO) associated with 

warmer temperatures and seasonally open waters. 

5.5. Unit 5: Glacial re-advance and/or more extensive sea ice (51.7-41.1 mbsf: 6010-
450014CyrBP) 

Sediments in this unit are similar to those of Unit 4, however this unit displays a 

significant drop in TOC, foraminifera specimens per gram, and diatom abundance. 

Additionally, Eucampia Antarctica is no longer present, which may indicate cooler 

waters and enhanced sea ice cover. The increased terrigenous content (increased MS and 

IRD) and slightly coarser grain size, relative to Unit 4, suggests that the core site during 

this time was closer to the glacial terminus (Domack & Ishman, 1993; Domack & 

McClennen, 1996; Domack & Harris, 1998). The increase in calcareous foraminifera and 

the number taxa in conjunction with the decrease in TOC are indicative of increased sea 

ice and reduced productivity. Hence we interpret this unit as representing a minor re-

advance of the glacier terminus and/or increase in sea ice. 

5.6. Unit 6: Glacier retreat and/or less extensive sea ice (41.1-34 mbsf: 4500-3540 
14CyrBP) 

We interpret a minor retreat of the glacier front and/or less extensive sea ice cover 

between 4810 and 3780 14C yr BP based on an increase in TOC and a decrease in MS, 

finer grain size, and less calcareous foraminifera relative to Unit 5. The decrease in sand-

size material and increase in IRD further supports a retreat of the glacier front and 

increase in ice rafting and open waters. The sediments show some cyclicity between 
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heavily bioturbated, black, organic-rich (-10-25 cm) units and more greenish-black 

and/or dark greenish-gray (-10-30 cm) units, which could indicate some seasonal and/or 

century-scale variations in sea ice and meltwater input. 

5.7. Unit 7: Neoglacial (34-0 mbsf (3540-014CyrBP) 

Unit 7 is signified by a decrease in TOC, a slight increase in grain size, an 

increase in MS, and a shift to more dark greenish-gray sediments relative to Unit 6. The 

paleoclimate proxies show variability and oscillations relative to the rest of the core 

(Figure 8), and may indicate variations in climate and/or sea ice cover. There is a large 

increase in IRD at 34 m core depth that is likely associated with an increase in glacial ice. 

It is possible that the warming interval from 4810 to 3780 14C yr BP caused the glacier to 

retreat from its previous grounding location producing an influx of icebergs. The glacial 

front may have been pinned/grounded on the steep slope (Figure 2) where the seafloor 

transitions from -500-600 m water depth to less than 300 m until -3800 14C yr BP. A 

shift from this grounding point may be reflected by the increase in IRD and an increase in 

sedimentation rates relative to the previous unit (0.96 cm/yr versus 0.73 cm/yr). The 

increased sedimentation could be due to an increase in terrigenous material combined 

with the continued input of diatomaceous material. During this time, open marine 

conditions continued to exist, but climate was cooler and sea ice coverage appears to 

have varied. We interpret Unit 7 as recording the onset of the Neoglacial at -3540 14C yr 

BP. Other studies in the AP also observed a drop in TOC and an increase in grain size, 

IRD, and siliciclastic influx during the Neoglacial period (Shevenell et al., 1996; Taylor 

et al. 2001; Domack et al., 2001, Heroy etal., 2008). 
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Finally, we do not see any compelling sedimentological evidence in the Firth of 

Tay for the occurrence of the Medieval Warm Period (MWP: ~1150-700 BP) or Little Ice 

Age (LIA: -700 BP) that have been recorded in other locations in the AP (e.g., Bjorck et 

al., 1996; Domack et al., 2001; Domack et al., 2003b; Scambos et al., 2003, Gilbert & 

Domack, 2003). The Firth of Tay also does not show a significant change in sediment 

character due to the warming over the last century. This is probably because the warming 

is too recent to be manifest in the sediment record. 

5.8. Regional paleoclimate comparison: 

The Firth of Tay paleoclimate record (Figure 8) can be compared to several areas 

where late Pleistbcene-Holocene glacial/climate histories have been reconstructed around 

the AP (i.e., Bjorck et al., 1996; Hjort et al., 1996; Leventer et al., 1996; Shevenell et al., 

1996; Domack et al., 2001; Khim et al. 2002; Yoon et al., 2002; Brachfeld et al., 2002; 

2003; Taylor et al., 2002; Leventer et al., 2002; Taylor and Sjunneskog, 2002; Yoon et 

al., 2003; Bentley et al., 2005; Pudsey et al., 2006; Heroy et al., 2008; Milliken et al., 

submitted) (Figure 11). Of these, the Palmer Deep (Leventer et al., 1996; 2002; Domack 

et al., 2001; 2003; Brachfeld etal., 2002; Taylor and Sjunneskog, 2002; Sjunneskog and 

Taylor, 2002; Domack et al., 2003a,b) and Maxwell Bay (Milliken etal., submitted), 

provide the highest-resolution and longest (Holocene/late Pleistocene) paleoclimate 

records in the AP, and for this reason provide the primary basis of our comparison. The 

Palmer Deep record indicates the Last Glacial Maximum (LGM) culminated in the AP 

western inner shelf -13,180 14C yr BP and was followed by a deglaciation until 11,460 

14C yr BP. Then there was a Climate Reversal period from 11,460 to 9000 14G yr BP 

followed by a shift to the MHCO (9070-3360 14C yr BP, with, according to Sjunneskog 
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and Taylor (2002), a cooler interval from 6000-5000 14C yr BP. The MHCO was 

followed by a relatively cold Neoglacial (3360 14C yr BP - 100 yr BP) that included the 

MWP (-1150-700 yr BP) and LIA (700 yr BP). Lastly, the most recent sediments record 

a rapid warming over the last 50 years. The Maxwell Bay record roughly parallels the 

Palmer Deep record with a few major differences: 1) no climate reversal is recorded in 

Maxwell Bay; 2) the MHCO is shorter in Maxwell Bay (8200-5900 14C yr BP vs. 9070-

3600 14C yr BP in Palmer Deep); and 3) there is little evidence of the MWP and LIA in 

Maxwell Bay (Figure 11). 

The results from our study show that climate intervals in the Firth of Tay have 

some similarities to the Palmer Deep and the western AP; however, there are also 

differences (Figure 11). First, there is no evidence for a Climate Reversal in the Firth of 

Tay, nor does the James Ross Island record this event. Rather, both areas were still 

experiencing glacial retreat at this time. The Climate Reversal was also not observed in 

Maxwell Bay or the Bransfield Basin, which may indicate that this event was not 

widespread in the AP. However, the deglacial interval from 9370 to 8280 14C yr BP 

observed in the Firth of Tay is widely recognized around the AP (Ingolfsson et'al., 1998; 

2003), but the timings of the deglaciation differ (Figure 11). 

The rapid glacial retreat (meltout and reduced ice cover) and MHCO appear to 

start slightly later in the Firth of Tay than the sites on the western side of the AP (i.e., 

Palmer Deep, Maxwell Bay, Bransfield Basin). Additionally, the MHCO in the Palmer 

Deep occurred over a much longer time period relative to the Firth of Tay. This is more 

consistent with results from Maxwell Bay and the Bransfield Basin, where the records 

also indicate a much shorter MHCO (Heroy et al., 2008; Milliken et al., submitted). 
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Additionally, Sjunneskog & Taylor (2002) used total diatom abundance data to indicate 

that the Palmer Deep may have also experienced cooling between 6000-5000 14C yr BP, 

which is further evidence that the MHCO was probably not as long as previously 

proposed. 

We interpret a minor glacial re-advance between 6010 to 4500 14C yr BP that may 

be correlative to a period with colder surface waters and increased winter sea ice also 

observed in Maxwell Bay and the Bransfield Basin. A glacial re-advance also occurred 

on James Ross Island around this time period and culminated -4600 14C yr BP (Hjort et 

al., 1997). The glacial re-advance recorded on James Ross Island was short-lived and was 

followed by a retreat, exposing the coastal lowlands around 4300 14C yr BP (Hjort et al., 

1997). We also deduce a warming period in the Firth of Tay from 4500 to 3540 14G yr 

BP, consistent with findings on James Ross Island. The mid-late Holocene glacial retreat 

observed in the Firth of Tay and James Ross Island is not as punctuated as on the western 

side of the AP. 

The onset of the Neoglacial in the Firth of Tay is slightly earlier than in the 

Palmer Deep, Bransfield Basin, and Maxwell Bay, which may be due to its location on 

the colder east side of the AP. The Neoglacial period is widely recognized around the AP 

and is expressed by relatively cool and dry conditions with increased ice-rafting and 

decreased biogenic input (Leventer et al., 1996; Shevenell et al., 1996; Domack et al., 

2001; Khim et al. 2002; Yoon et al., 2002; Brachfeld et al., 2002; Taylor et al., 2002; 

Leventer et al., 2002; Taylor and Sjunneskog, 2002; Yoon et al., 2003; Heroy et al., 2008; 

Milliken etal., submitted). 



An expansion of ice on both sides of the AP (and in the Northern Hemisphere) 

has been recognized in parts of the AP -700 yr BP (LIA) (e.g., Bjorck et al., 1996; 

Domack et al., 2001; Scambos et al., 2003, Domack et al., 2003b; Gilbert & Domack, 

2003; Ingolfsson et al., 2003). We find no compelling evidence for the occurrence of the 

LIA in the Firth of Tay, although it is possible that a more detailed diatom analysis may 

reveal additional small-scale events such as the MWP and LIA during the Neoglacial. 
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Maxwell Bay. Ingolfsson et al. (2003) is based on a compilation of marine, lake, and ice 
core paleoclimate records existing in the AP. James Ross Island record is comprised of 
lithostratigraphic and geomorphic studies from James Ross Island and its northern bays 
(Bjorck et al , 1996; Hjort et al., 1997). Results from the Palmer Deep marine sediment 
record is primarily based from Leventer et al. (1996), Domack etal. (2001), and 
Sjunneskog & Taylor (2002). The Bransfield Basin (Heroy et al., 2008) and Maxwell Bay 
(Milliken et al., submitted) paleoclimate studies are based on marine sediment cores and 
use similar methodologies to this study. 

5.9. Climate forcing mechanisms 

Despite the increase in marine paleoclimate studies and meterological records, the 

Holocene climate forcing mechanisms in the AP remains poorly understood (Houghton et 

al., 2001; Vaughan et al., 2003). Holocene climate in the AP has been driven by the 

complex interplay between solar forcing, variations in atmospheric and oceanic 

circulation, and variations in the surface energy balance between air and sea ice 

(Vaughan et al., 2003). A combination of the potential climate forcing mechanisms acting 

on the AP and a relative scarcity of Holocene paleoclimate studies in the AP make it 

challenging to decipher the primary forcing mechanisms exerted during the Holocene. 

However, isolating climate forcing mechanisms and analyzing high-resolution 

paleoclimate records provides a foundation for investigation. 

Domack et al. (2003a) show that solar radiation during the Holocene in the AP 

(derived from Berger & Loutre (1991)) does not correspond with marine paleoclimate 

records, which led to the conclusion that solar forcing is probably not the dominant 

control on AP Holocene climate. Holocene climate in the Firth of Tay also appears to be 

inconsistent with Holocene solar insolation trends from 65 °S (Berger & Loutre, 1991). 

It has been proposed that Holocene climate changes observed in the western AP 

were driven by perturbations in atmospheric/oceanographic circulation, which disrupt the 

ACC and water masses on the western AP continental shelf (Domack & Meyewski, 1999; 
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Ishman & Sperling, 2002; Shevenell & Kennett, 2002; Domack et al., 2003a). If 

variations in atmospheric/oceanic circulation were the dominant control of Holocene 

climate in the western AP, then, due to orogenic differences, the eastern side of the AP 

would expectantly respond independently. 

The Firth of Tay appears to have responded somewhat differently than the 

western AP but does appear to have experienced a deglaciation, MHCO, and a Neoglacial 

period (Figure 11). The deglaciation is likely to be observed throughout the AP because it 

has been attributed to global sea-level rise (and/or global warming) (Ingolfsson et al. 

1998; 2003). However, the timings, magnitude, and geographic extent, as well as the 

forcing mechanisms responsible for the MHCO in the AP, are not as well established. It 

is hypothesized that the onset of the MHCO recorded in the Palmer Deep was caused by 

changes in deep water configurations on the inner continental shelf that are driven by 

either variations in westerly wind strengths or changes in thermohaline circulation 

(Ishman & Sperling, 2002; Shevenell & Kennett, 2002). Although orographic effects are 

known to climatically differentiate the western AP from the eastern AP, it is possible that 

variations in atmospheric and/or oceanic circulation derived west of the AP may also 

impact the northernmost part of the eastern AP (areas that are not completely isolated by 

tropospheric boundary conditions). Hjort et al. (1997) suggest that an increase in cyclonic 

activity and warming in the western AP during the mid-Holcoene could account for the 

glacial advance observed on James Ross Island by increasing precipitation and lowering 

the Equilibrium Line Altitude (EL A). If this is the case, the mid-Holocene glacial 

advance recorded in the Firth of Tay -6010 to 4500 14C yr BP could also have been 

caused by increased precipitation and cyclone activity. Since Joinville Island only reaches 
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-600-700 m above sea level (Figure 2), it is possible that the Firth of Tay is not 

completely shielded from climatic influences originating from the western AP. Moreover, 

the Firth of Tay is not completely isolated from bottom waters originating from the 

western AP, and therefore the same MHCO driving forces proposed for the Palmer Deep 

could also be influencing parts of the eastern AP. The delayed response to the MHCO in 

the Firth of Tay in comparison to the Palmer Deep may be attributed to its location 

further away from the western winds and bottom water. 

Bjorck et al. (1996) suggest that the glacial advance in James Ross Island in the 

mid-early Holocene (and climate over the last 5000 years) may be due to oscillations in a 

high pressure cell over the Antarctic ice sheet, which may have influenced wind 

strength/direction and snow drifts. Variations in atmospheric pressure gradients could 

also explain the minor glacial advance (6010 to 4500 14C yr BP) and retreat (4500 to 

3540 14C yr BP) experienced in the Firth of Tay. 

In summary, the driving forces of mid-Holocene climate events in the Firth of Tay 

are unclear, but are likely due to either variations in wind and/or ocean-driven circulation 

from northwest of the AP, or governed by variations in AP continental pressure gradients 

delivering air-masses from the south. The middle to early-Holocene advance and retreat 

observed on James Ross Island and the Firth of Tay may be more conspicuous than 

climate events in the western AP because glaciers in the eastern AP are more sensitive to 

short term perturbation in climate (Skvarca and DeAngelis, 2003; DeAngelis and 

Skvarca, 2003; Domack et al., 2003a). 

The onset of the Neoglacial period throughout the AP appears to be at -3000 +/-

500 years BP (Bjorck et al., 1996; Hjort et al., 1997; Leventer et al , 1996; Domack et al., 



2001; Heroy et al., 2008, Milliken et al., submitted) and the associated cold and dry 

conditions persisted until -1500 years BP with slightly warmer conditions thereafter 

(Bjorck et al., 1996; Ingolfsson et al., 2003). Many sites in the AP have shown glacier 

oscillations and expanded ice in the AP over the last 3000 yrs BP (Ingolfsson et al., 

2003), and this is also observed in the Firth of Tay. In the Firth of Tay the onset of the 

Neoglacial is slightly earlier (3540 14C yr BP), which may be attributed to its colder 

location. 

The climatic drivers responsible for the Neoglacial in the AP are not well 

understood. However, Leventer et al. (1996) indicated that variations in solar irradience 

expressed by sun spot activity have resulted in 200-year sea ice oscillations in the Palmer 

Deep during the late Holocene, and may be the main climate forcing mechanism during 

this period. Variations in solar irradience would likely have a regional affect, and 

therefore, the Firth of Tay may also be influenced by sun spot activity during the 

Neoglacial. The presence of oscillations in the sediment proxies (i.e., MS, TOC, pebble 

count, grain size (Figure 8)) and color variations in the Firth of Tay sediments during the 

Neoglacial, lends some support of this hypothesis. Although additional diatom work and 

spectral analysis on the Firth of Tay sediment cores are necessary to verify this 

supposition and determine the frequency of any climate oscillations. 

Finally, Cook et al. (2005) indicate that over the last 61 years 87% of glaciers on 

both sides of the AP have retreated, and the main forcing mechanism is likely 

atmospheric warming. Based on the regional analysis (Figure 11), the widespread and 

synchronous warming throughout the AP over the last century appears to be 

unprecedented during the Holocene epoch. The timing of warm intervals (particularly the 
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MHCO) in the AP over the last 10,000 yrs BP does not occur as rapidly and 

synchronously as the glacial retreat and regional warming experienced during the last 

century. 

6. Conclusions 

The Firth of Tay sedimentary record provides the first high-resolution 

paleoclimate record on the Weddell Sea side of the AP and is an important data set for 

resolving some of the Holocene climate uncertainties in the AP. The core bottomed-out in 

a stiff diamicton interpreted as till and represents the time when the APIS was retreating 

from the outer shelf. The ice sheet decoupled from the seafloor -9370 14C yr BP and the 

glacier terminus continued to retreat landward during the early Holocene. The following 

five main climate intervals are recorded in the sediments: 1.) a deglacial period occurred 

from -9370 to 8280 14C yr BP; 2) a glacial melt out and MHCO occurred between 8220 

to 6010 14C yr BP; 3) a minor cooling associated with a glacial advance and/or increased 

sea ice cover occurred between 6010 to 4500 14C yr BP; 4) a minor warming occurred 

between 4500 to 3540 14C yr BP, which reduced floating ice coverage and/or led to the 

retreat of the glacier terminus; 5) the Neoglacial, from -3540 14C yr BP to near present 

day, was a time of cooler conditions and variable sea ice coverage. 

Deglaciation in the Firth of Tay is roughly consistent with the timing of the 

deglaciation observed around the AP. The regional deglaciation is likely attributed to the 

global sea-level rise and/or global warming. The MHCO interval occurs slightly later in 

the Firth of Tay than in other places in the AP (e.g., Palmer Deep, Maxwell Bay, 

Bransfield Basin) that currently have warmer climates. A minor glacial advance (6010 to 

4500 14C yr BP) and retreat (4500 to 3540 14C yr BP) in the Firth of Tay are not widely 



recognized elsewhere in the AP, but are expressed on nearby James Ross Island (Bjorck 

et al., 1996; Hjort et al., 1997). The onset of the Neoglacial period appears to have 

occurred earlier in the Firth of Tay than in other regions around the AP, which might be 

due to its location on the (colder) Weddell Sea side of the AP. The MWP, LI A, and 

recent warming were not pronounced in the Firth of Tay. There are some consistent 

climatic trends observed around the AP during the Holocene, but differences in factors 

such as topography, altitude, drainage basin size, basin physiography, wind patterns, 

oceanography, precipitation, and ice coverage results in localized variations. However, 

the rapid regional warming and glacial retreat observed during the last century appear to 

be unprecedented during the Holocene epoch because of the breadth and synchroneity. 

Additional paleoclimate archives, especially on the Weddell Sea side of the AP, are 

required to better resolve the spatial and temporal variations in glaciation and climate, as 

well as the exact driver(s) of Holocene climate. 
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