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Abstract

The glacimarine environment of the Antarctic Peninsula region is one of the fastest warming places on Earth today, but details of changes in the recent past remain unknown. Large distances and widespread variability separate late Holocene palaeoclimate reconstructions in this region. This study focuses on a marine sediment core collected from ca. 2000 m below sea level in the Central Bransfield Strait that serves as a key for understanding changes in this region. The core yielded a high sedimentation rate and therefore provides an exceptional high-resolution sedimentary record composed of hemipelagic sediment, with some turbidites. An age model has been created using radiocarbon dates that span the Late Holocene: 3560 cal yr BP to present. This chronostratigraphic framework was used to establish five units, which are grouped into two super-units: a lower super-unit (3560–1600 cal yr BP) and an upper super-unit (1600 cal yr BP–present), based on facies descriptions, laser particle size analysis, x-ray analysis, multi-sensor core logger data, weight percentages and isotopic values of total organic carbon and nitrogen. We interpret the signal contained within the upper super-unit as an increase in surface water irradiance and/or shortening of the sea-ice season and the five units are broadly synchronous with climatic intervals across the Antarctic Peninsula region. While the general trends of regional climatic periods are represented in the Bransfield Basin core we have examined, each additional record that is obtained adds variability to the known history of the Antarctic Peninsula, rather than clarifying specific trends.
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The Antarctic Peninsula is a rapidly warming region that encompasses both marine and glacial environments. Records spanning the past 50 years from the Antarctic Peninsula show a temperature increase of 0.56°C per decade when averaged over the year, and an increase of 1.09°C per decade in the austral winter months, compared to the global mean of 0.13°C±0.03 per decade (Turner et al. 2005). Austral winter temperatures in parts of the Antarctic Peninsula region have risen by about 6°C over the past 50 years. In addition, in recent years the western Antarctic Peninsula region has experienced more intense ocean warming than the global average, more than 1°C since 1950, as well as increased salinity, in the upper 100 m (Meredith & King 2005). Thus current warming across the Antarctic Peninsula region is unusual in both synchronicity and extent (e.g., Cook et al. 2005; Steig et al. 2009; Mulvaney et al. 2012). This contrasts with published palaeoclimate records taken from marine sediment cores that document diachronous climatic change throughout the Holocene. An understanding of the historical context of this rapid, regional climate change is necessary for the development of models of future changes. To elucidate the Late Holocene climatic changes occurring in different parts of the Bransfield Basin, and their relationships to one another, this study compares new data from a central position in the region with four marine-based sedimentary records derived from similar methods (Domack et al. 2001; Heroy et al. 2008; Michalchuk et al. 2009; Milliken et al. 2009) (Fig. 1).

Fig. 1
			Inset shows the location of the Antarctic Peninsula. Main figure is a regional map of the western Antarctic Peninsula study area including multibeam bathymetry from the International Bathymetric Chart of the Southern Ocean (Arndt et al. 2013), created using Fledermaus software (Quality Positioning Systems BV, Zeist, Netherlands). The location of the Antarctic Circumpolar Current (ACC) and Bransfield Current are shown. Four study sites with published records that data in this study are compared to are as follows: (1) Domack et al. (2001); (2) Heroy et al. (2008); (3) Michalchuk et al. (2009); and (4) Milliken et al. (2009) and Majewski et al. (2012). This study (5) is the site of core JPC-24, collected during NBP0703.
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Environmental setting

The Antarctic Peninsula is the warmest and wettest part of Antarctica. Storms, generated in the Amundsen Sea, track into the Bellingshausen Sea, deflect north along the Antarctic Peninsula, and eventually reach the Scotia Sea. Because of these storms, the western/northern seaboard of the Antarctic Peninsula has a comparatively warm, humid climate. In comparison, the eastern side is colder and drier (Reynolds 1981). The dominant controls of temperature and precipitation patterns across the peninsula are storms and orographic effects. Temperature differences between the north and south are controlled by latitudinal temperature gradients. Temperature data from across the Antarctic Peninsula (Reynolds 1981; Vaughan & Doake 1996) document a broad, regional, thermal control of ice shelves on the western Antarctic Peninsula. Ice shelves exist only on the cold side of the −5 to −9°C isotherm (Vaughan & Doake 1996). Moreover, temperature changes affect glacial sediment yields as shown by recent increases in sediment accumulation rates from the Antarctic Peninsula to Patagonia (Boldt et al. 2013).

The source of coastal waters in Antarctica is the mid-level water mass of the Antarctic Circumpolar Current, which is composed of warm, saline, Circumpolar Deep Water. Circumpolar Deep Water is divided into upper and lower units, with the Upper Circumpolar Deep Water distinguished by its relatively warm temperature and the Lower Circumpolar Deep Water by its relatively high salinity. The Antarctic Circumpolar Current bifurcates around the South Shetland Islands and traverses the length of the northern Bransfield Strait as the Bransfield Current (Meredith et al. 2010), and has in recent years provided regular intrusions of Upper Circumpolar Deep Water onto the continental shelf (Ducklow et al. 2007). This is important because the Upper Circumpolar Deep Water is 3–4°C above freezing, significantly warmer than the Bransfield Strait water temperature that varies seasonally between 0 and −2°C in the austral summer and winter, respectively. In this region, where the average thickness of sea ice is less than 1 m, a 1°C increase in surface ocean temperature is equivalent to a 30 cm reduction in the formation of sea ice (Meredith & King 2005). The presence of Upper Circumpolar Deep Water has also been associated with increases in productivity (Prezelin et al. 2000).

Since the Last Glacial Maximum, when grounded ice reached the continental shelf and perennial sea ice covered the Bransfield Strait (Heroy & Anderson 2005, 2007; Simms et al. 2011), ice has continued to retreat with some minor re-advances. Bentley et al. (2009) provide a synthesis of the Holocene climate and outline five periods. Three warm periods (Mid-Holocene Warm Period, Medieval Warm Period and the recent rapid warming) that are associated with warmer ocean waters, higher productivity and higher sedimentation rates. Two intervening cold periods (Neoglacial and Little Ice Age) are associated with intense perennial sea ice and colder air temperatures. Climate controlled the sedimentary evolution of the western Antarctic Peninsula throughout the Holocene, regionally determining the pattern and volume of sediment delivery and facies variability (Griffith & Anderson 1989). The present-day synchronous rapid warming of the Antarctic Peninsula contrasts with published Holocene marine sediment core records that document diachronous climatic changes across the region (Domack et al. 2001; Heroy et al. 2008; Michalchuk et al. 2009; Milliken et al. 2009; Majewski et al. 2012). Palaeoenvironmental proxy data in these studies shows that Late Holocene climate change was broadly synchronous in extent, although the timing varied with latitude and location. Published proxy records suggest that the onset of the Neoglacial varies with distance from the continent, occurring earlier in the sites closest to the Antarctic Peninsula and later in the more northerly sites (Domack et al. 2001; Taylor & Sjunneskog 2002; Heroy et al. 2008; Michalchuk et al. 2009; Milliken et al. 2009). The existence of a Medieval Warm Period and a Little Ice Age in Antarctica is uncertain since each has been documented in only a few records (Bentley et al. 2009).

	

Study area

The study area is the Bransfield Strait in the north-western Antarctic Peninsula (Fig. 1). This area lies adjacent to the most northerly part of the Antarctic continent, and extends north into the Southern Ocean to 63°S. Along the northern continental margin of the Antarctic Peninsula lie the South Shetland Islands. These islands are separated from the Antarctic Peninsula by the Bransfield Strait, a distance of about 125 km (Fig. 1). The strait opens in the west to the Bellingshausen Sea and in the east to the Weddell Sea and is the geographic counterpart of the geologic Bransfield Basin. The basin is further sub-divided into three domains: the West Bransfield Basin, the Central Bransfield Basin and the East Bransfield Basin. The flat-bottomed part of the Central Bransfield Basin adjacent to King George Island is known as the King George Sub-basin.

	

Methods

The data used in this study were collected in 2007 on-board the RV/IB Nathaniel B. Palmer, during cruise NBP0703. Real-time geophysical data were analysed on-board and used to identify a coring location in the King-George Sub-basin of the Central Bransfield Basin where undisturbed hemipelagic sediment would be sampled (García et al. 2008). Jumbo piston core JPC-24 (22 m) and Jumbo trigger core JTC-24 (1.33 m) were recovered from a water depth of 1980 m (62° 16.449′S, 57° 38.7000′W; Fig. 2. A hull mounted Bathy 2000 (Ocean Data Equipment Corporation, Warwick, RI, USA) unit with a 3.5 kHz swept frequency source was used in conjunction with an EM120 multibeam unit (Simrad, Horten, Norway) to provide a detailed image of the seafloor and upper sediment layers (Figs. 2, 3). In the on-board laboratory, detailed sediment core analyses were completed including: colour (using a Munsell colour chart), grain size and sedimentary and biogenic structures. The core was also digitally recorded using a camera and then sampled for a preliminary study of the sediment composition.

Fig. 2
			Bathymetry of the Bransfield Basin. Location of Fig. 3 is shown as a red line with core locations as a green circle. Map created using GeoMapApp (Carbotte et al. 2007).
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Fig. 3
			Chirp 3.5 kHz sub-bottom profile, y-axis is depth and x-axis is distance. Vertical exaggeration in the bathymetric profile is approximately 40. Inset: changes in the core lithology (JPC-24) correlate with acoustic reflection surfaces. The location is shown in Fig. 2. Inset: core lithology represented by colours, where green is clayey mud, orange is clay, grey is sand–gravel and mottling represents abundant organic matter. Vertical bars are grain size, from left to right: clay, sand, gravel.
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Radiocarbon dates

Seven carbonate samples collected from the core were sent to the University of California Irvine for accelerated mass spectrometry dating. The CALIB V.6 software program was used for calibration and correction (Stuiver et al. 2005). A ΔR of 700 years was added to the standard marine reservoir correction of about 350–400 years, giving the 1100-year correction appropriate for Antarctic waters(Domack et al. 2001; Milliken et al. 2009). The dates are provided in (Table 1).





Table 1 Dates were calibrated using Calib v.6.0 software and using the marine 04.14c calibration curve that incorporates a 350–400 years correction (Stuiver et al. 2005). A marine reservoir ΔR of 700 years was added, making the total marine reservoir correction about 1100 years.

						
								Lab. no.
								Core depth (cm)
								Fraction modern (‰)
								±
								δ14C (‰)
								±
								14C age (BP)
								±
								Cal yr BP
								±a

						

					

						
								69391
								0b

								0.87
								0.0013
								−126
								1.3
								1080
								15
								−57d

								2
						

						
								69389
								490c

								0.76
								0.0013
								−242
								1.3
								2225
								15
								1081
								37
						

						
								40843
								556c

								0.78
								0.0021
								−219
								2.1
								1985
								25
								832d

								44
						

						
								69390
								671b

								0.75
								0.0010
								−254
								1.0
								2360
								15
								1228
								32
						

						
								40852
								1273c

								0.70
								0.0021
								−300
								2.1
								2865
								25
								1759d

								43
						

						
								40850
								1692
								0.63
								0.0017
								−368
								1.7
								3680
								25
								2750
								11
						

						
								40853
								2194c

								0.58
								0.5821
								−418
								6.2
								4350
								90
								3559d

								54
						

					
						
								a1σ error of calibrated age.
						

						
								bFrom articulated shells.
						

						
								cFrom shell fragment material.
						

						
								dDates used in the radiocarbon age model.
						

					


	

Sedimentology

The sediment cores were described as part of NBP0703 and detailed facies descriptions, and sampling intervals were conducted at the Antarctic Research Facility, Florida State University. The core contains four main facies that include green silty clay, dark olive grey silt, very poorly sorted sand and clay and fining upwards sandy layers. Sediment magnetic susceptibility and density were recorded at 1 cm intervals using an MSCL 7.6 (Geotek, Deventry, UK). Artefacts caused both by division of the core into individual sections and zones of incomplete core recovery have been removed from the data. Additional samples were collected for laser particle size analysis at 10 cm intervals. Measurements were conducted using a Mastersizer 2000 (Malvern Instruments, Worcester, UK). Magnetic susceptibility is used to estimate relative abundance of terrigenous versus biogenic material following Anderson (1999). X-ray radiographs were supplied by the Antarctic Research Facility at a 1:1 scale at 300 dpi, used as a non-invasive techniques to find pebbles (>4 mm) down core at 5 cm intervals.

	

Geochemistry

For geochemical analysis, we collected 107 samples. Samples (10 cc) were taken at 20 cm intervals down core, in 1 cm diameter sample tubes. Sample preparation followed methods outlined in Milliken et al. (2009). Samples were analysed at the University of California Davis. Isotopic values and elemental values of carbon and nitrogen were measured using continuous flow mass spectrometry. Precision of the measurements is ±0.1‰ for isotopic values (δ) of carbon, ±0.2‰ for nitrogen, 0.5% for carbon (µg), and 0.1% for nitrogen (µg). Organic carbon and nitrogen results were normalized using the weight of sediment (µgC, N/sediment weight [µg]) to give weight percentages (wt.%). The isotopic values were supplied by the University of California Davis in parts per thousand (‰), relative to Pee Dee Belemnite (PDB) (carbon) and air (nitrogen). We have adapted the calculation of mass accumulation rates from Willmott et al. (2009) that uses the elemental concentration of carbon and nitrogen, dry bulk density and sedimentation rate to calculate organic matter mass accumulation rates by removing dry bulk density. Including dry bulk density as calculated from multi-sensor core logger density does not change the mass accumulation rates significantly and it is therefore omitted allowing use of the equation over a broader range of data sets. The equation we use is:
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Results

Geophysical analysis and core integration

Core JPC-24 and JTC-24 were recovered from the 2000 m deep King George Sub-basin. The core is mostly composed of green-grey diatomaceous silty clays and clayey silt. Continuous parallel reflections in the sub-bottom profile correlate with the JPC-24 core lithology, suggesting the complete recovery of recent sediments. Results from a trigger core (JTC-24) taken at the same location corroborate the integrity of the core top.



Radiocarbon age model

The highest stratigraphic date was recovered from 0 cm and yielded an age of 0 calibrated years before present (cal yr BP; laboratory number 69391; Table 1). Since it is difficult to use radiocarbon dating techniques on material younger than 1950, we set our 0 cal yr BP date to represent the most recent sediment, and acknowledge that this tallies with our linear age model. A simple linear interpolation age model has been constructed for the youngest radiocarbon dates (Fig. 4) and is used to convert depth in core (cm) to cal yr BP. Of the seven carbonate samples dated we chose the four youngest dates to construct an age model for this core, including the core-top zero date. Three older dates that do not fall in chronological order, along a linear regression of the youngest dates, are only older by a few hundred years and reinforce the existing age model, providing a possible age range for delivery of reworked sediments to the deep Bransfield Basin.

Fig. 4
				Age model for the radiocarbon dates, constructed by linear interpolation, showing 1σ error bars. Because 1950 AD is equivalent to 0 cal yr BP, the age model uses negative values on the x axis to reach 2007 AD (−57 cal yr BP). The calculated sedimentation rate, based on a linear interpretation from the origin to 22 m at 3559 cal yr BP, is 0.6 cm/yr.
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Super-units and units

According to our age model we present two super-units and five units that have been recognized based on facies analysis, grain size data, magnetic susceptibility, pebble count, and weight percentages, ratio and isotopic values of carbon and nitrogen (Fig. 5). For the whole data set, 
				the average mean δ13C and δ15N values are −25 ‰ and 5‰, respectively, with ranges of ca. 2‰ (δ13C) and ca. 4‰ (δ15N). The lower super-unit covers the age range 3560–1600 cal yr BP, and the upper super-unit from 1600 cal yr BP–present. Average mean values for total organic carbon and nitrogen (wt.%) are 0.75 and 0.12, respectively, and the average mean atomic C/N ratio is 5.3. The upper super-unit has higher average mean values of total organic carbon and nitrogen (wt.%), and δ13C that are higher than the mean average and lower δ15N values. Comparison of the weight percentages and facies shows that the lowest values occur in coarser sediments. In contrast, the lower super-unit has average-mean isotopic signature values that are higher that the data set averages for δ15N, and lower for δ13C. Unit boundaries are defined by relatively small changes in the proxy data, resulting in less well-defined boundaries between units: 1/2, 3/4 and 4/5.

Fig. 5
				Grain size (sand, silt, clay percentages), multi-sensor core logger data (density and magnetic susceptibility), pebble count, elemental and isotopic data (total organic carbon and nitrogen (wt.%), δ13C, δ15N (‰) and the C/N atomic ratio) for units and super-units throughout JPC-24 plotted by age (cal yr BP).
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Units

Unit 1 (3560–2600 cal yr BP) is composed of hemipelagic sediment with some distal turbidites, and includes the highest sustained δ15N values within this core, with values consistently above the data set mean average. Unit 2 (2600–1600 cal yr BP) is characterized by organic-rich hemipelagic sediment including three turbidites, and lower δ15N values through the middle of the unit. Unit 3 (1600–500 cal yr BP) is dominated by organic-rich hemipelagic sediment and includes a layer of abundant angular granules interpreted as ice-rafted debris. The maximum δ13C value, −24‰, occurs in unit 3 along with above average concentrations of carbon and nitrogen. Unit 4 (500–50 cal yr BP) is composed of low density, low magnetic susceptibility hemipelagic sediment, with no pebbles and less sand relative to the other units (vol.%). Throughout units 3 and 4, δ15N decreases toward the core top, with a slight increase in δ15N values in unit 4. Unit 5 is characterized by a wider range of δ15N values and high δ13C values (−24.2‰).

	

Discussion

The ratio of biogenic to terrigenous sediment determines the magnetic susceptibility character. High percentages of biogenic sediment result in relatively low magnetic susceptibility values, and high percentages of terrigenous sediment produce high magnetic susceptibility values. Consequently, magnetic susceptibility has been widely implemented as a proxy for the ratio of marine to land-derived sediment. From 1600 cal yr BP to present, low magnetic susceptibility is more frequent in the upper super-unit, and most probably represents an increase in the accumulation of marine organic matter at this time.

In glacimarine environments coarse sediments, grain size greater than 4 mm, are typically interpreted as ice-rafted debris. The importance of sea ice in the Bransfield Strait for sedimentation is well defined by extreme levels of seasonal variability in the particle flux. As much as 97–99% of the mass flux occurs during the austral summer (Wefer et al. 1988; Khim et al. 2005). Ice-rafted debris is delivered to the deep basin either by sea ice or by icebergs, meaning that it also requires open ocean conditions. Units 1 and 3 contain the highest pebble counts indicating a larger contribution of ice-rafted debris and also low magnetic susceptibility values. These proxies reveal the increased relative inputs of marine organic accumulation and terrigenous material from ice-rafted debris, not turbidites. The dominance of marine organic matter and ice-rafted debris in the sedimentary record establishes that open ocean conditions prevailed during those times. More restricted ice cover allows for more efficient dispersal of ice-rafted debris across the basin.

Most of the sediment in JPC-24 (90%) is homogeneous hemipelagic sediment with a mean average C/N ratio of 5.3. The results in this study show a very strong positive correlation (correlation coefficient of 0.98) between carbon and nitrogen with a very low standard deviation (0.04). We interpret these results to mean that the carbon and nitrogen isotopic signature represents marine organic matter. In Fig. 6 the best-fit line of the carbon and nitrogen data crosses the origin signifying that that these samples contain negligible amounts of inorganic carbon or nitrogen. The slope of the C/N ratio is 5.1, close to the stoichiometry found in the traditional Redfield Ratio (ca. 6.6 [Redfield 1934]). To achieve the Redfield Ratio marine organisms must achieve a balanced lifestyle requiring limiting nutrients and tolerable levels of environmental stress. When balance is not achieved the Redfield Ratio becomes a broader realm of C/N values between 3 and 8.75 (Jørgensen & Bendoricchio 2001). Phytoplankton attain the Redfield Ratio when growing at their maximum growth rate (Goldman et al. 1979) and if the supply of nutrients is sufficient that no single nutrient limits growth, then the only limitation of biomass is the quantity of nutrients available. From this data we infer that changes in the isotopic signature are likely to represent changes in surface biomass (productivity).

Fig. 6
			Atomic carbon and nitrogen ratio of organic matter. The correlation coefficient for the best-fit line is 0.99. The traditional Redfield Ratio has a slope between 3 and 8 and here the best-fit line has a slope of 5.1.
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The carbon isotopic signature in our data has a mean average δ13C value of −24 ‰ that can be explained by the sources and metabolic pathways used. Sources of carbon for marine phytoplankton are dissolved-marine bicarbonate with a δ13C value of ca. 0‰ and dissolved CO2 that has a δ13C value of ca. −6‰ (Meyers 1994). Marine phytoplankton use the photosynthetic C3 pathway that creates an isotopic shift in of about −20‰, as a function of dissolved CO2, temperature, light and nutrient supply (Meyers 1997).

The trend toward higher δ13C values in the younger parts of the core (Fig. 7) could be driven by the “cold-water effect” proposed by Rau et al. (1989) whereby increased isotopic discrimination toward 12C occurs when the abundance of dissolved CO2 increases. Additionally, the concentration of dissolved CO2 is higher in cold water so it is preferentially incorporated during photosynthetic activity over marine bicarbonate. Light is also an important factor in surface waters and the amount of irradiance can influence δ13C values; in laboratory experiments exposure to increased levels of irradiance over a 24-h period caused 1.5‰ higher δ13C values in phytoplankton (Burkhardt et al. 1999). Changes in the environmental conditions are expected to be related to changes in diatom assemblages.

Fig. 7
			Three-dimensional plot of δ13C and C/N ratio. The highest δ13C values occur in the youngest parts of the core.
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Using a sedimentary record from the Central Bransfield Basin, Barcena et al. (1998) showed that there has been an increase in the amount of diatom sea-ice taxa over the last 2000 years. The range of carbon isotopic values changes quite dramatically during seasonal sea ice diatom taxa variations by up to 10‰ (Henley et al. 2012). Because our δ13C values only change by 1–1.5‰, it is possible that only small modifications to the assemblages are driving the changes we observe. It is unlikely that our results represent transfer from autotrophic to heterotrophic communities because this would result in a step-wise enrichment of both δ15N (3.5‰) and δ13C (1.5‰) values (Rau et al. 1983; Minagawa & Wada 1984). It therefore seems reasonable to attribute the increase in δ13C values at 1600 cal yr BP to changes in the environmental conditions that affected the diatom assemblages.

Using both the carbon and nitrogen isotopic signatures, plotted with the mass accumulation rate of organic matter, provides an insight into the ratio of productivity in surface waters to accumulation on the seafloor. Figure 8 shows that δ13C and total organic carbon mass accumulation values have a positive relationship, whereas δ15N values and nitrogen mass accumulation values have a negative relationship. This is further evidence that there is a strong relationship between the accumulation of organic matter in sediment and the isotopic signature. The organic matter provides a record of isotopic fractionation during primary production related to surface water processes.

Fig. 8
			Total organic carbon and nitrogen mass accumulation rate, δ13C and δ15N values cross-plot with best-fit lines, correlation coefficients for nitrogen 0.48 and carbon 0.41, standard deviation of 0.69 and 0.36, respectively.
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The utilization of different nitrogen compounds in surface waters is controlled by the uptake of different compounds of nitrogen so the δ15N signature changes as a function of the compound used. The mean average δ15N of the marine organic matter in this core is 5‰, a value similar to that of nitrate entering the oceans via continental runoff (5–10‰). In the upper super-unit there is a trend towards lower δ15N values. So long as the nutrient supply maintains an abundance of surface 14[N]-NO3−, increases in productivity result in lower δ15N values than would be expected with increasing levels of productivity (Meyers 1997; Altabet & Francois 2001). Nutrient supply levels are so high in the Antarctic Peninsula region that they fuel not just local but also regional increases in productivity (Ardelan et al. 2010). In the Bransfield Strait during the austral summer, regenerated production using “recycled” ammonium with lower δ15N values accounts for more than 80% of the total primary production (Koike et al. 1986). Regenerated production can also be fuelled by ammonium (NH4+) produced by phytoplankton as a mechanism to lose excess energy gained from increased levels of irradiance (Lomas et al. 2000). Recent studies of the mixed layer depth and nitrate assimilation in the Southern Ocean strongly suggest that light limitation is the dominant control of nitrate assimilation (DiFiore et al. 2010). An increase in regenerated production could alter the δ15N values in relative isolation from the δ13C values resulting in a decoupled δ13C and δ15N signal.

Irradiance of surface waters causes increased late summer levels of regenerated production and can change the community structure. Differential uptake and remineralization following a seasonal pattern has also been observed (Lourey et al. 2003). Coincident maximums for both mass flux and regenerated production occur in the late summer. The concomitant increases in late summer (January–February) regenerated production and mass flux result in a greater preservation potential of the isotopic signature.

	

Correlation of units to Late Holocene climate periods

Climate records from the maritime western Antarctic Peninsula feature regional heterogeneity and the results in this paper allow new comparisons and correlation of Late Holocene climate changes to be made (Fig. 9). Unit 1 (3560–2600 cal yr BP) is broadly synchronous with the later stages of the Mid-Holocene Warm Period (Fig. 9), a period of warmth, reduced sea ice and greater melt-water-derived sedimentation (Bentley et al. 2009). The Mid-Holocene Warm Period is seen in many records from this region, ending in Palmer Deep at 3360 (Domack et al. 2001), in the Bransfield Strait (Heroy et al. 2008) and Maxwell Bay (Milliken et al. 2009; Majewski et al. 2012) at 2000–2600 cal yr BP, and in the Firth of Tay at 3500 cal yr BP (Michalchuk et al. 2009). Unit 2 (2600–1600 cal yr BP) is broadly synchronous with the Neoglacial Interval, a period of pronounced shift to colder climate on land and increased sea ice and cooler waters at sea (Bentley et al. 2009). Cores from the Palmer Deep (Domack et al. 2001) and Firth of Tay (Michalchuk et al. 2009) document the Neoglacial Interval as a period of cooling continuing through to the recent rapid warming (Fig. 9). Unit 3 (1600–500 cal yr BP) is broadly synchronous with the Medieval Warm Period (Bentley et al. 2009; Lu et al. 2012), observed in proxy data from Maxwell Bay (Milliken et al. 2009; Majewski et al. 2012), and the Bransfield Basin (Heroy et al. 2008 and this study). El Niño Southern Oscillation records peak at 1200 cal yr BP, providing a potential explanation for the greater variability in proxy data from this study at that time (Bentley et al. 2009). Other studies from the region also document increased sea-surface temperatures following 1600–2000 cal yr BP (Nielsen et al. 2004). Prior to 650 cal yr BP the climate warmed, shown by the fact that the Collins Ice Cap on King George Island was at or landward of its present extent (Hall 2007) and in the western Antarctic Peninsula ice extent was at or behind its present extent between 970 and 700 cal yr BP (Hall et al. 2010). Unit 4 (500–50 cal yr BP) is similar in timing to the Little Ice Age (Bentley et al. 2009; Lu et al. 2012), and also coincides with a decrease in productivity at the Palmer Deep (Sjunneskog & Taylor 2002). Land-based records show glacier advances at this time, for example the Collins Ice Cap advanced at 650 cal yr BP (Hall 2007). In Palmer Deep, the Little Ice Age is dated between 700 and 150 cal yr BP (Domack et al. 2001). Unit 5 (50 cal yr BP–present) is equivalent to the present-day recent rapid warming. It has been recognized in numerous proxy records by higher sedimentation rates, increased total organic carbon, more ice-rafted debris and higher clay percentages (Bentley et al. 2009; Lu et al. 2010). These diachronous Late Holocene climatic changes that coincide with the Neoglacial, Medieval Warm Period, Little Ice Age and Recent Rapid Warming highlight the importance of global climate to this region.

Fig. 9
			Summary showing the warm (pink) and cold (blue) periods defined in other studies and compared to this study. Bentley et al. (2009) presented a summary including onshore and offshore work but the timings of the changes are uncertain and are shown as gaps. The other six columns are marine records organized geographically from south-west to north-east. Terms are abbreviated as follows: Recent Rapid Warming (RRW); Little Ice Age (LIA); Medieval Warm Period (MWP); Neoglacial (NEOG); Mid-Holocene Warm Period (MHWP).
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Summary and conclusions

This study defines two super-units and five units that are broadly synchronous with known climatic intervals across the Antarctic Peninsula region. An interval representing a climatic change is defined by the super-unit boundary at approximately 1600 cal yr BP. Since then, the climate in the Bransfield Strait has changed and these changes are recorded in diatom productivity proxies in the sediments. Correlation to other proxy records from the region (Domack et al. 2001; Heroy et al. 2008; Michalchuk et al. 2009; Milliken et al. 2009; Majewski et al. 2012) indicates that these Late Holocene changes are broadly synchronous, yet high-resolution studies are starting to show that each area has its own detailed history, unlike the changes happening across the Antarctic Peninsula today.

The integrated proxy data show that regional climatic changes, previously identified in more proximal locations, can be identified in Holocene sediments accumulating in the deep Bransfield Basin. This suggests that drill cores obtained from the Bransfield Basin in the future could be used to reconstruct older Late Quaternary glacial–interglacial cycles. Records from the key time periods include material derived from the glacimarine environment during glacial advances and retreats.

Detailed analysis of the geochemical data allows us to make some general conclusions about the marine environmental conditions at the time of deposition. Since 1600 cal yr BP, the isotopic signatures of carbon and nitrogen document a change in the surface water conditions that are recorded by the geochemical characteristics of the diatom assemblages. The similarity of the C/N ratio to the traditional Redfield Ratio indicates an autochthonous marine planktonic source for the organic matter unlimited by nutrients. Variations in the amount of organic matter in the sediment correlate well with changes in the isotopic signature, interpreted as a record of surface water biogeochemical fractionation. Seasonal maximums in organic matter reaching the basin floor and regenerated production during the summer sea ice free season provide a geochemical signature of the past environmental conditions. The changes observed were likely to have been driven by increases in surface water irradiance as the sea-ice season shortens.
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