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Session One - Resolving ice-sheet and sea-level interactions 
 

 

From sea level to ice sheets: New results for the Eurasian ice sheets from Saalian to 
Holocene 

 
Kurt Lambeck 

 
Research School of Earth Sciences, The Australian National University, Canberra, ACT, 
0200, Australia, Kurt.Lambeck@anu.edu.au 
 
Knowledge of the past ice sheets is important for understanding past climate and for 
providing boundary constraints to test climate models under different forcing mechanisms.  
Geological records provide a partial history of the ice-margin advances and retreats through 
time but direct information on past ice thickness, and hence on the elevations of the ice 
surface, are much less complete, particularly at times when ice was sufficiently thick to leave 
no nunataks with potential exposure age records.  Thus much of the information on ice 
volumes of individual ice sheets is indirect: based on glaciological and climate assumptions.  
This has the disadvantage that the subsequent models cannot be used to test alternative 
hypotheses for ice sheet formation. 
 
The use of crustal rebound information to construct ice sheet dimensions has been widely 
used in recent years for the LGM and post-LGM periods because the record of the earth‟s 
response expressed as sea-level change is most complete for the periods following the last 
ice retreat.  This approach is also model dependent as it assumes either that the earth 
response function is known or that, in the inversion of the rebound evidence, the earth-
rheology and ice-load parameters can be separated.  But in some instances this separation 
can be effective and ice models can be developed that are independent of climate and 
glaciological assumptions.  Such results are presented here for the period from MIS 6 to the 
end of the last deglaciation phase of northern Eurasia.   
 
Constraints on earth-model parameters and on ice thickness are derived from the northern 
Europe rebound evidence from the LGM to the present, using a new database of more than 
3000 sea-level markers and improved modelling methods and improved ice models for the 
other major ice sheets.  From the resulting ice models effective coupling parameters of the 
ice sheet to the underlying bedrock are estimated for the time of maximum glaciation.  For 
the Eemian (MIS 5e) there is sufficient observational evidence to attempt a solution for ice 
thickness during MIS 6 independent of assumptions about basal conditions but subject to the 
assumption of linear mantle response.  Likewise, some constraint on basal conditions during 
MIS 5d and MIS 5b has been determined.  These basal parameters, plus observational 
constraints on the major phases of the earlier ice advance and retreat, are then used to 
determine ice thickness estimates for the MIS 4 and MIS 3 ice sheets on the assumption that 
basal conditions are the same as during the early LGM. 
 
The new models include the load effects of the large ice-dammed lakes that formed in both 
Europe and Asia such that past drainage systems can be reconstructed and that 
observations of these systems can be used as further constraints in the models. 

 

 

 

 

 

 

 

 

 

mailto:Kurt.Lambeck@anu.edu.au


17 

 

The deglacial history of the Eastern Antarctic Peninsula 

Rebecca Rixon 1, Morag Hunter 2, Christopher Fogwill 1 

1 University of Exeter r.n.rixon@ex.ac.uk;  2 British Antarctic Survey. 

Here we present the results of field investigations undertaken in Northern Palmer Land 
during 2008-09. The study location stretches from Mount Faith in the Eternity Range to Engel 
Peaks, providing a 100 km transect from the backbone of the Peninsula towards the coast. 
We aim to reconstruct past ice sheet changes since the Last Glacial Maximum (LGM) and to 
determine if this sector of the Weddell Sea was a source for Meltwater Pulse 1 A (MWP-1A). 
Research involves detailed geomorphological analysis, which will be tested by cosmogenic 
isotope analysis. 

At present the Antarctic Peninsula Ice Sheet (APIS) is poorly understood in terms of its 
behaviour since the LGM. Here we record erratics at heights up to 600 meters above the 
modern ice. Deeply weathered and pitted surfaces were found across the whole vertical 
profile of the study sites. Weathering was more evident above the maximum altitude of 
erratics. No striations or trimlines were visible in the study area, suggesting the sites being in 
close proximity to the Ice centre. This evidence can be used to reconstruct palaeo ice 
heights, flow patterns, surface profiles in this region and integrate these with other regional 
proxy records. This will help us reconstruct the large changes in APIS that occurred during 
the last glacial interglacial transition, which potentially has important implications for ice sheet 
and sea level change.  Although models show that the Larson Ice Shelf is a potential source 
of melt water during deglaciation and a possible source for the Meltwater Pulse-1A (MWP-
1A), previous work on the last glacial maximum has concentrated on the western side of the 
Peninsula. This work represents the first attempt to constrain ice sheet behaviour in the 
region. 

MWP-1A created an annual increase in sea level of 40mm over a 500-year period. The event 
is responsible for 20-25% of eustatic sea-level rise observed from the last glacial maximum 
to present. Such rapid large-magnitude event would have a significant effect on global 
climate depending on the distribution of melt water sources for this event. Recent research 
suggests that the MWP-1A originating from a source in the southern hemisphere could 
explain the onset of the Bølling-Allerød warm interval. However this result remains 
controversial given the current debate on whether the mwp-1A event was sourced primarily 
from the northern or southern hemispheres. 
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Late Quaternary relative sea level change in the South Shetland Islands, Antarctica 

 
Emma. P. Watcham1,2, Michael. J. Bentley1,2, Dominic. A. Hodgson2, S. J. Roberts2, Peter. T. 

Fretwell2, Jeremy. M. Lloyd1 
 
1 Department of Geography, Durham University, Science Laboratories, South Road, Durham, 
DH1 3LE, UK.  e.p.watcham@durham.ac.uk; 2 British Antarctic Survey 
 
 
Reconstructions of former ice volumes of the Antarctic Peninsula and sub-Antarctic islands 
are frequently poorly constrained and only locally applicable. The use of precise relative sea 
level (RSL) data offers great potential for inferring regional ice sheet histories, as well as 
validating numerical models predicting future ice sheet evolution and RSL change. Here we 
report the first results of a study to elucidate the RSL history of the South Shetland Islands 
(SSIs). We aim to integrate evidence from isolation basins with geomorphological evidence 
from raised beaches to refine and extend the only previously reported RSL curve from the 
area (Bentley et al. 2005), which reveals a complex and poorly chronologically constrained 
RSL history. We also aim to improve understanding of the long-term tectonic influence on 
RSL change. 
 
Here we present results from diatom, stable isotope (δ13C), and physical analyses of lake 
cores, taken from Fildes Peninsula, King George Island. Clear marine-lacustrine transitions 
are identified in lakes below 18 m above sea level. Chronological models are constructed 
using AMS radiocarbon dating of organic macrofossils. We also present results from regional 
GPS surveys of raised beaches, in order to assess the spatial pattern of glacio-isostatic 
rebound following deglaciation. Finally, work is underway to address the unknown rate of 
long-term tectonic uplift, through multiple cosmogenic isotope analysis of clasts from much 
higher raised marine deposits. 
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Timing and magnitude of the sea-level jump preluding the 8,200 yr event 
 

Marc Hijma1,2,3, Kim Cohen1,3 
 
1Dept. Physical Geography, Utrecht University, Utrecht, The Netherlands, 
m.p.hijma@umail.leidenuniv.nl; 2Faculty of Archaeology, Leiden University, Leiden, The 
Netherlands, 3Deltares/Geological Survey of the Netherlands, Utrecht, The Netherlands 
 
Although a sea-level jump is generally believed to be associated to the triggering of the 8.2 
ka cooling event, its magnitude so far was estimated from terrestrial, glacial and GCM-
modeling reconstructions and not in a direct way using accurate sea-level data. Also, the 
timing of meltwater-pulse release is based on marine data with limited dating accuracy. The 
most plausible mechanism triggering the cooling event is the sudden, possibly multi-staged 
drainage of Laurentide proglacial Lakes Agassiz and Ojibway through the Hudson Strait into 
the North Atlantic around 8,470 ± 300 BP.  Here we present high-quality new data from 
Rotterdam, The Netherlands, that constrain the timing and magnitude of the sea-level jump 
better than before.  
 
Our record is situated in the southern North Sea Basin that experienced post-glacial GIA-
accelerated subsidence. Therefore rates of relative sea-level rise in the period of interest 
were high. The 800 km2 study area preserved a transgressive sequence that captured the 
centuries before, during and after the sea level jump and preserved it relative complete at 
considerable depth, out of reach of late Holocene shoreface and tidal inlet erosion (Hijma et 
al., 2009). We collected sea-level index points by dating transgressed basal-peat layers 
(methods developed by Jelgersma, 1961; Van de Plassche, 1982). We verified their validity 
by collecting additional basal peat dates indicative for deltaic groundwater levels just before 
transgression, and by collecting microfossil (diatoms, increasing salinity) and sedimentary 
data (contact, increasing water depths and tidal influence).  We explicitly assessed method-
associated error margins on water depth in which the peat formed, minor post-depositional 
compaction, changing tidal amplitudes, surface elevation and sample depth measurement, 
and accounted for their propagation in our sea-level jump magnitude quantification. 
 
The data show that sea-level jumping set on 8,450 ± 44 BP. Our timing considerably narrows 
published age intervals for the drainage event and corroborates hypotheses of a double-
staged lake drainage. Rapid drowning transformed former swamps (peats) into fluvial-tidal 
open-water environments (subaqueous gyttjaic mud) throughout the river-mouth area leaving 
a sedimentary contact that was regionally traced. The jump reached a local magnitude of 
2.11 ± 0.89 m within 200 years on top of ongoing background relative sea-level rise (1.95 ± 
0.74 m). This magnitude, observed at considerable distance of the release site, points to a 
global-averaged eustatic sea-level jump double the size of previous estimates (3.0 ± 1.2 m 
versus the commonly claimed “0.4 to 1.4 m” range for single-event Laurentide lake 
drainage). The discrepancy suggests either coeval accelerated Antarctic ice-sheet decay or 
more likely, prior underestimation of total American lake drainage and ice-melt release, 
through indeed a twin-drainage event preluding the 8.2 ka cold spell. 
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Relative sea-level changes and ice sheet history in Greenland during the last 

millennium 

 
Antony J. Long1, Sarah A. Woodroffe1, Glenn A. Milne2, Leanne M. Wake3,  

Matthew R. Simpson3 

 

1Department of Geography, Durham University, UK, a.j.long@durham.ac.uk; 2Department of 
Earth Sciences, Ottawa University, Canada; 3Department of Earth Sciences, Durham 
University, UK 

 
Relative sea-level (RSL) data from Greenland can tell us how the ice sheet has behaved in 
the past and help to predict its response to climate change in the future.  Particularly 
important is to put the ice sheet‟s present dynamic phase into the context of the last 1000 
years, to determine whether the rapid melt of today is part of a longer term trend or simply 
short term variability. We have previously applied salt marsh methods of RSL reconstruction 
at two study sites in central West Greenland, 250 km apart. Each record shows a slow-down 
in RSL at c. 400 cal. yr BP.   In this paper we apply the same methods at a third field site 
located at Nanortalik on the southern tip of Greenland.  We report contemporary diatom 
distributions collected from several small salt marshes, and describe the stratigraphy of 
multiple thin salt marsh sediment sequences that overlie bedrock.  We use selected indicator 
species and changes in lithostratigraphy to reconstruct former tide levels and develop a new 
RSL curve for the area for the past 600 cal. yrs.  Our results show RSL has risen at 
Nanortalik by c. 1.4 m during the last 600 years at a long-term rate of 2.2 mm yr.  This is 
similar to the late Holocene rate inferred by previous research using drowned isolation basins 
in the area.  We find no evidence for a slow-down in RSL at 400 cal. yr BP at Nanortalik.  We 
hypothesise that the differences between the three sites record regional variations in ice load 
history and show the potential for the method to resolve ice sheet load history elsewhere in 
Greenland, thereby starting to bridge the gap between geological and recent direct 
observations.   
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The first radiocarbon dated sea-level curves from northernmost Norway 
 
Anders Romundset1, Stein Bondevik1,2 

 
1Department of Geology, University of Tromsø, Dramsvegen 201, NO-9037 Tromsø, Norway 
anders.romundset@uit.no; 2Sogn og Fjordane University College, Postboks 133, NO-6851 
Sogndal, Norway 
 
Raised shorelines characterize many coastal areas in Finnmark, northern Norway. This is a 
classic region for the study of glacial isostasy and sea-level changes, but the absolute ages 
of the shorelines are still largely unknown. Here we present radiocarbon-dated sequences 
from deposits in eight lake basins that reveal changes in relative sea level. Based on these, 
three sea-level curves that each covers the entire Holocene have been constructed - from 
the islands Sørøya and Rolvsøya and from the Nordkinn peninsula.  
 
The deposits were analyzed for plant- and animal remains > 0.150 mm in order to locate the 
boundaries between lacustrine and marine basin deposits. Many of the identified remains 
belong to organisms that are unique to marine- or limnic environments. The analysis clearly 
documents both isolation and reconnection of the basins to the sea. Macrofossil analysis has 
previously been used only in a few other sea-level studies (e.g. Solem & Solem 1997; 
Bennike et al. 2002; Sparrenbom et al. 2006). We found the method accurate and time-
efficient, and at the same time we collected plant fragments used for the radiocarbon dating. 
 
The three curves document strong land emergence in the early Holocene, when relative sea 
level fell from the marked Younger Dryas shoreline (Sollid et al. 1973). Around ca. 9000-
8000 cal yr relative sea level rose at all three localities during the well known Tapes 
transgression, which lasted until ca. 7000 cal yr BP. From that time until today emergence 
has prevailed and the relative sea level has fallen about 8-10 m. Previous reconstructions of 
sea level changes in the area were based on correlation and relative dating of the raised 
shorelines (e.g. Tanner 1930; Marthinussen 1960; Møller 1987). The new results contradict 
parts of these, especially concerning timing and magnitude of the Tapes transgression. 
 
Possible tsunami deposits - radiocarbon dated to 7300 14C-years (ca. 8100 cal yr BP) - were 
found in five basins. They correspond in age to the Storegga tsunami (Bondevik et al. 1997), 
which propagated at least 1300 km from the Storegga slide northwards along the Norwegian 
coast and into the Barents Sea. Moderate vertical run-up heights of 2-3 m above mean high 
water spring have been mapped. No indications of other Holocene tsunami deposits have 
been found in the studied basins.  
 
We cored as deep as possible into the lake deposits and believe we reached close to 
diamicton or bedrock in most basins. 2-3 m long pre-Holocene shallow-marine sequences 
were recovered, from the lowermost levels of which mollusk shells have been dated. The 
oldest ages indicate that sedimentation in the basins commenced after ca. 15 000 cal yr BP, 
which thereby is a minimum age for ice-free conditions in northernmost Norway. The age is 
somewhat younger than previously assumed (Sollid et al. 1973).  
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Relative sea level fluctuations during the early-middle Holocene based on 
speleothems from the circum-Caribbean region 

 
Gina E. Moseley1,2, Peter L. Smart1, David A. Richards1,2, Dirk L. Hoffmann1,2 

 
1School of Geographical Sciences, University of Bristol, Bristol, BS8 1SS, UK. 
Gina.moseley@bristol.ac.uk; 2Bristol Isotope Group, Wills Memorial Building, Queens Rd, 
Bristol, BS8 1RJ. 
 

Tectonically-stable carbonate platforms in the north of the circum-Caribbean region contain 
valuable archives for sea level reconstruction in the form of dripstone speleothems deposited 
above the water table and marine overgrowths that accumulate during submergence.  By 
accurately dating continuous phases of speleothem calcite growth using high-precision U-Th 
methods, one can constrain either maximum elevation of sea levels or the timing of 
submergence.  We note that changes in effective recharge and other factors may also be 
responsible for cessation of growth.  Also, during submergence, the surface of subaerially-
formed speleothems may become encrusted in marine overgrowths providing an 
unambiguous indicator of marine incursion or, alternatively, the speleothem calcite may be 
re-dissolved within aggressive phreatic mixing-zone waters, resulting in a distinctive 
„dissolution surface‟ cross-cutting primary growth  layers. 
 
We obtained 10 U-Th ages, from 9.8 ± 0.4 to 6.2 ± 0.6 ka, for a calcite speleothem (Y01-25-
4) that exhibits three phases of serpulid worm colonisation.  The sample was collected from –
6 m (relative to present sea level) in a submerged cave of the Yucatan Peninsula, Mexico, 
and provides important constraints on relative sea levels for the Caribbean region.  The first 
phase of serpulid worm colonisation, and hence post-glacial submergence, was earlier than 
9 ± 0.6 ka and, thereafter, sea level appears to oscillate below and above the elevation of 
this sample prior to final cessation of growth at 6 ka.  The last period of colonisation is 
coincident with the timing of dissolution events identified in 3 speleothem samples from -4, -
0.5 and +0.5 m in the Turks and Caicos Islands, suggesting a rapid mid-Holocene 
trangression to greater than present sea level. These results indicate fluctuating relative sea 
levels at elevations >  –6 m  from 9 to 6 ka and appear to be at odds with evidence from 
intermediate-field locations of Caribbean/Atlantic province for a smooth or punctuated 
transgression.   
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Holocene sea-level changes along the Atlantic coast of the United States 
 
Benjamin P. Horton1, Simon Engelhart1, Torbjörn E. Törnqvist2, David Hill3, Richard Peltier4 
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Building, University Park, PA 16802 USA, 4Department of Physics, University of Toronto, 60 
St. George St, Toronto, Ontario, M5S 1A7, Canada 
 
We have synthesized new and existing Holocene relative sea-level (RSL) data to produce a 
quality-controlled database for the Atlantic Coast of the United States. The RSL database 
consists of 500 sea-level index points that are quantitatively related to an appropriate tide 
level and assigned an error estimate, and a further 300 limiting dates that confine the 
maximum and minimum elevations of RSL. We have estimated tidal regime change through 
the application of a paleotidal model. Further, sea level index points are classified into basal 
and intercalated peats to provide an initial assessment of the influence of sediment 
compaction. 
 
We have subdivided the database into 16 regions based upon their distance to the center of 
the Laurentide Ice Sheet. There is a plethora of data from Maine to South Carolina, but a 
near absence of index points from Georgia to Florida. The temporal distribution of the index 
points is also uneven with less than 10% of index points older than 6000 cal yrs BP, but the 
form of the Holocene sea-level trend is constrained by both terrestrial and marine limiting 
dates. The data from all study areas illustrate RSL rapidly rising during the early and mid 
Holocene due to substantial input of ice-equivalent meltwater. There is no evidence of RSL 
being above present during the Holocene. The isostatic effect of glacial rebound from the 
retreating Laurentide Ice Sheet explains regional-scale differences in RSLs. The highest 
rates of RSL during the early and mid Holocene are found in the Mid-Atlantic region (greater 
than 5 mm yr-1), associated with the collapsing proglacial forebulge. Rates of sea-level rise 
significantly decreased in the late Holocene to less than 2mm yr-1due to minimal meltwater 
input and the continued relation response of the Earth‟s mantle to glacial isostatic 
adjustment. 
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Session Two – Quaternary sea-level changes, past people and their environments 
 

A 1 million year record of sea-level highstands from the Coorong Coastal Plain, 
southern Australia: a comparative framework for marine isotope stratigraphy 

 
Colin V. Murray-Wallace 

 
School of Earth & Environmental Sciences, University of Wollongong, NSW, 2522, Australia 
cwallace@uow.edu.au  
 
Knowledge of relative sea-level changes during early and middle Pleistocene time has 
largely been based on inferences relating to ice volume changes as deduced from marine 
oxygen isotope records. Few coastal landscapes preserve morphostratigraphical evidence 
for palaeosea-levels older than Marine Isotope Stage 9 (MIS 9; c. 347-297 ka) because of 
sediment reworking producing palimpsest deposits or denudational processes resulting in the 
partial or complete destruction of former shoreline successions. 
 

In this paper estimates for interglacial sea level highstands (glacio-eustatic, ice 
equivalent) from latest early Pleistocene time to the present Holocene interglacial are 
reported from the Coorong Coastal Plain in southern Australia, a region that has undergone 
gradual epeirogenic uplift (0.07mm/a) in a far-field setting remote from continental glaciation.   

 
Covering an area of some 24,000 km2 the Coorong Coastal Plain is a distinctive 

regional landscapes of southern Australia. The coastal plain has a low gradient seaward 
slope (c. 0.5o) and preserves a series of laterally-persistent coastal barriers that extend 
largely uninterrupted for over 300 km from near the terminal lakes of the River Murray south-
southeast into western Victoria.  The barriers comprise mixed quartz-carbonate (bioclastic) 
sand.  Volumetrically the structures, which attain heights up to 30 m above the level of the 
coastal plain, are dominated by aeolian bedforms with coastal lagoonal facies in their lee and 
open ocean beach facies on their seaward margins respectively.   The barriers are oriented 
sub-parallel to the modern coastline and with each other.  In the far north-western and south-
east margins of the coastal plain in the areas characterized by slower uplift rates, the barrier 
structures coalesce, whereas they occur up to 10 km apart in the central portion of the 
coastal plain that has experienced a faster rate of uplift.  The ages of the individual barriers 
have been constrained by radiocarbon (Holocene), luminescence, amino acid racemisation, 
uranium-thorium dating and magnetostratigraphy. The Brunhes-Matuyama geomagnetic 
polarity reversal between the older East- and younger West-Naracoorte Ranges represents 
an important anchor point for constraining the age of shoreline successions.  

 
 Several factors render the coastal plain an important area for constraining the heights 
attained by successive sea level highstands.  Hydro-isostasy contributes only a minor imprint 
to the overall palaeosea level record as the coastal plain is in the far-field of continental ice 
sheets.  The reliability of the inferred palaeosea-level record is strengthened by the clear 
physical separation of the successive highstand deposits that are geochronologically well-
constrained.    
 

The uplift-corrected sea levels for the interval since the Brunhes-Matuyama 
geomagnetic reversal (780 ka) reveal that interglacial sea levels rose repeatedly to a 
common level and did not deviate by more than 6 m of present sea level.  MIS 7 sea levels 
were 0 m (MIS 7e) and -6 m (MIS 7a) and appear significantly higher than otherwise inferred 
from marine isotope records.  The southern Australian record suggests sea levels of 2 m for 
MIS 5e, -1 for MIS 9, -3 m for MIS 11, -1  m for MIS 13, 0 for MIS 15, -3 for MIS 17, 0 m for 
MIS19 and <3 m for MIS 25 respectively. 
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The absolute timing of sea-level high-stands during Marine Isotope Stage 7.5, 9 and 15 
recorded in fossil corals on Henderson Island, South Pacific. 

 
Morten. Andersen 1, Claudine Stirling2, Emma-Kate Potter3, Alex Halliday4, Steve Blake5 

Malcolm McCulloch6, Bridget Ayling6, Mick O‟Leary7 
 
1Department of Earth Sciences, University of Bristol,, United Kingdom; 
morten.andersen@bristol.ac.uk; 2Department of Chemistry, University of Otago, New 
Zealand; 3ETH Zurich, IGMR, Switzerland; 4Department of Earth Sciences, University of 
Oxford, United Kingdom; 5Western Australian Marine Science Institution, The University of 
Western Australia, Australia; 6Research School of Earth Sciences, The Australian National 
University, Australia; 7Manchester Metropolitan University, United Kingdom 

 

We present high-precision U-series ages for fossil corals sampled from fossil reefs on 
Henderson Island, an emergent coral atoll in the South Pacific. The fossil corals from this 
locality have U-series ages that significantly pre-date the last glacial cycle with coral 
development occurring during the warm interglacial conditions of Marine Isotope Stage (MIS) 
7.5 (230-245 ka), 9 (303-339 ka) and MIS 15 (575-620 ka) (Stirling et al, 2001;Andersen et al 
2008; Andersen et al, in review). The dated fossil corals show relatively little evidence of 
open-system U-Th isotopic alteration in comparison to reefs of comparable age at other 
localities and provided important absolute ages for previous interglacial periods. These dated 
fossil corals provided direct chronologies of previous sea-level high-stands consistent with 
the Milankovitch theory of climate change. These data also suggest than the MIS 7.5, 9 and 
15 seawater 234U/238U was within a few per mil of the present day value.   
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Quaternary aeolianite development in a tectonically active coastal setting: a case 
study from the Atacama Desert of northern Chile 
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Aeolianites (chemically cemented wind-blown dune deposits) are relatively rare in 
tectonically active and rapidly uplifting coastal environments such as the Pacific rim in 
northern Chile, but where preserved can provide invaluable insights into past changes in 
wind regime, moisture availability and marine-onshore sediment fluxes. This paper presents 
the preliminary results of an investigation at Llano Agua de los Burros (27°54‟22” S, 
71°04‟56” W) to the southwest of Copiapó, Atacama region, where carbonate-cemented 
aeolianite deposits outcrop over an area of approximately 2.6 km2. The deposits appear to 
have developed as a result of the deflation of marine sediments by onshore winds, with 
subsequent accumulation at an elevation of between +230 and +280 m asl against the 
coastal Sierra del Carrizo range. Reconnaissance mapping suggests that the most likely 
sediment source for the aeolianites was a raised shoreline at an elevation of approximately 
+175 to +185 m asl. Stratigraphic logging of the main aeolianite outcrop was undertaken in 
order to ascertain variations in past wind direction and identify major units of accumulation. 
At least eight distinct phases of sediment accumulation (or redistribution) were identified, with 
each accumulation unit subsequently sampled for stable C and O isotopic analysis, thin-
section analysis and optically-stimulated luminescence (OSL) dating. The main results of the 
OSL dating programme are presented here and discussed in relation to published climatic 
and sea level change records. 
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What is the general nature of the sea-level response to climate change? For example, should 
we expect sudden and random global rise, accelerating or asymptoting sea-level rise during 
warming? What can evidence of past sea-level change reveal to us about the nature and 
magnitude of the sea-level response to climate change? Can we expect similar responses in 
the future? I will examine evidence for sea-level change during the last 140 000 years to try 
to answer these questions and discuss the limitations and advantages of using paleo-
evidence in this way. 
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Quaternary sea level change has had a major influence on past peoples across the globe. It 
has been demonstrated that rising sea levels in the Holocene effected large areas of 
continental shelf; the southern Red Sea is no exception (Bailey et al. 2007).  
 
The key theme of this paper is investigating the impact of changing sea levels on the 
exploitation strategies of fisher-gatherers in the Red Sea. This is both in terms of the species 
they were targeting, and site location. The data generated from this study also makes it 
possible to reconstruct the evolution of the shorelines of the islands from the location of sites 
and palaeoshorelines. 
 
Survey on the Farasan Islands has located over 1500 coastal shell midden sites, many of 
which are now located inland, as a result of tectonic activity brought on by changes in loading 
sea level change, and possibly the mid-Holocene high sea level stand. 
 
The location of these sites across the island give compelling evidence for coastal change 
and human response to these changes. A large scale dating program has been initiated in 
order to better understand the patterns of exploitation and its change over time. Many shell 
sites are yield a limited number of species from specific habitats. Changing coastal 
conditions would have serious implications for the habitats of these species, forcing people to 
target different species, or move to new sites. Determining the timing of site initiation and 
abandonment forms a key part of this investigation. 
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Improving the precision of proxy-based sea-level reconstructions depends on developing 
new techniques, such as those based on additional proxies. This paper presents results of 
the first systematic attempt to produce sea-level reconstructions based on analyses of 
testate amoebae, a group of protists that occur in wet terrestrial habitats including the upper 
parts of saltmarshes. Previous studies (Charman et al., 1998; Gehrels et al., 2006) have 
reported zonation of testate amoebae in relation to elevation, but attempts to detect fossil 
assemblages have produced variable results (Roe et al., 2002). We used sample preparation 
methods commonly used in peatland studies, but applied a modified sample preparation 
based on a weak alkali treatment to improve the efficiency of the counting process.  We 
present two reconstructions for the past 100 years from sites in Maine (Wells) and Nova 
Scotia (Chezzetcook) based on short cores from salt marshes and modern training data from 
North America and the United Kingdom. These are compared with tide-gauge records and 
reconstructions based on foraminifera from the same cores. The reconstruction from the 
Chezzetcook marsh (Nova Scotia) shows good agreement with both the tide-gauge and the 
foraminifera-based reconstruction and is insensitive to the modern training set and 
underlying transfer function model. The Wells (Maine) reconstruction is also consistent with 
the tide-gauge record and foraminifera-based reconstruction, but shows greater variability 
depending on methodology applied. The UK data performs well in predicting known 
elevations of North American surface samples and sea-level reconstructions based on the 
UK transfer function are very similar to those based on the North American data, suggesting 
the methodology is robust across large geographical areas. We conclude that testate 
amoebae analysis has the potential to provide robust, high-precision sea-level 
reconstructions for the past few centuries if modern transfer functions are improved and core 
sites are located within the main zone of testate amoebae occurrence on the saltmarsh.  
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In recent years it has been demonstrated that the formation of long-timescale river terrace 
sequences, which are generally found in areas beyond the extent of most if not all of the 
Middle and Late Pleistocene ice sheets, has invariably been a response to uplift, with climatic 
fluctuation at a Milankovitch timescale driving the alternations of aggradation and incision 
recorded in such terraces.  It has been widely observed, however, that fluvial terraces also 
occur in areas glaciated during the Last Glacial Maximum (LGM), which coincides with 
marine oxygen isotope stage (MIS) 2.  This contribution, in seeking to compare records from 
inside and outside of the LGM ice limit, concentrates on a single English river system, that of 
the Humber.  The Humber estuary is shared by the largely Pennine-derived drainage of the 
Yorkshire Ouse, to the north and entirely within the MIS 2 glacial limit, and, to the south, the 
Trent, which is almost wholly outside the LGM limit.  Thus the Trent has a terrace sequence 
extending back to the Middle Pleistocene, whereas in the component rivers of the Ouse 
system, records begin with the melting of the last glacial ice.  Importantly, there is 
considerable difference in the disposition of the post-LGM fluvial deposits in these two 
subsystems.  In the Ouse system there are modest terrace staircases, commencing with full 
glacial deposits that stand up to 30m above the modern floodplain.  In the Trent, in contrast, 
last glacial gravels form the foundation of the modern floodplain, with Holocene sediments 
emplaced directly above them.  Thus there is little or no post-LGM incision in the Trent, 
whereas in the Ouse several incision events are recorded, continuing into the later stages of 
the Holocene.  Wider comparison reveals that the Ouse system is an exemplar for other 
sequences within the MIS 2 limit, whereas systems beyond this glaciation typically have last 
glacial sediments beneath their modern floodplains and show little evidence of Holocene 
incision.  The various possible explanations of these differences are discussed, with 
emphasis placed on glacio-isostatic uplift of areas glaciated during MIS 2 as the main reason 
for the significant post-glacial incision that typifies valleys in such regions.   
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High precision has been claimed for Holocene sea level reconstructions using site-specific 
foraminiferal transfer functions from organic-rich back-barrier and estuarine deposits.   This 
approach can only extend to the depth limits imposed by incised valleys under contemporary 
estuaries.  Investigations of lower sea levels during the early Holocene and late glacial 
periods require different approaches; there are no contemporary environments with which 
foraminiferal assemblages can be compared and thus equivalent accuracies cannot be 
achieved.   Numerical models provide some insight into more ancient sea-level positions, but 
need to be calibrated by field observations. Multibeam bathymetry and seismic stratigraphy 
have been used to good effect to identify lower-than-present sea level indicators that have 
then been confirmed and dated using vibracoring.  In this paper we describe the approaches 
to, and results from, such investigations of low Holocene sea levels in the British Isles and 
North America. 
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Evidence for relative sea level changes during the middle and late Holocene is examined 
from two locations on the Atlantic coast of Harris, Outer Hebrides, Scotland, using 
morphological mapping and survey, stratigraphical, grain size and diatom analysis, and 
radiocarbon dating. The objective was to determine whether this location, peripheral to a 
glacio-isostatic uplift centre, would register fluctuations in the nearshore sea surface and 
whether local variations in ice loading might be detected in the altitudes of sea level index 
points. The earliest event identified is a marine flood, which occurred after 7982-8348 
calibrated years (7370±8014C years) BP, when the sea crossed a threshold lying at -0.08m 
OD (-2.17m MHWS) before withdrawing. This could have been due to a storm or to the 
Holocene Storegga Slide tsunami. By 6407-6122 (5500±60) BP, relative sea levels had 
begun to fall from a sandflat surface with an indicated MHWS level of between 0.08 and -
1.96m (-2.01 to -4.05m). This fall reached between -0.30 and -2.35m (-2.39 to -4.44m) after 
5841-5050 (4760±130) BP, but was succeeded by a relative sea level rise which reached 
between 0.54 and -1.57m (-1.55 to -3.66m) by 5450-4861 (4500±100) BP. This rise 
continued, possibly with an interruption, until a second sandflat surface was reached 
between 2.34 and -0.26m (0.25 to -2.35m) between 2952-3375 (3000±80) and 1948-2325 
(2130±70) BP, before present levels were reached. The regressive episode from the earliest 
sandflat is correlated with the abandonment of the Main Postglacial Shoreline. It is 
maintained that the fluctuations in relative sea level recorded can be correlated with similar 
events elsewhere on the periphery of the glacio-isostatic centre and may therefore reflect 
secular changes in nearshore sea surface levels. Despite published evidence from trim lines 
of differential ice sheet loading across the area, no evidence of variations in uplift between 
the locations concerned could be found. 
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Although ocean volumes appear to have remained constant for much of the past 2000 years, 
previous research based on archaeological observations in Israel has shown that sea levels 
were significantly lower during the Crusader period (mainly during the 13th century AD). This 
conclusion has been obtained from coastal wells in Caesarea (Sivan et al., 2004) and 
preliminary archaeological research from Crusader Akko (Sivan et al., 2008). Continuing 
research in Akko of various precisely measured archaeological indicators has revealed more 
data that confirmed this conclusion. The research was expanded to other Crusader sites 
along the coast of Israel, and again all the observations indicated that sea level during the 
Crusader period was indeed lower. The northern coast of Israel was found to be tectonically 
stable (Galili and Sharvit, 1998). The isostatic component was found to be negligible 
(Lambeck and Purcell, 2005). Therefore, the sea-level curve of Israel mainly represents the 
eustatic component. These independent conclusions enable us to go back to archaeological 
evidence ranging from the Hellenistic period (4th century BC) to the 19th century AD, for the 
whole length of the coast of Israel. The Hellenistic observations, precisely measured in Akko, 
point to sea levels lower by 1.2 m relative to present MSL. Later, during the Roman period 
(from the 1st century AD to the 4th century AD) sea level rose to almost the present level 
(average of  -0.13 m).  There are indications for levels slightly higher during the Byzantine 
period, dropping to -0.8, and even to -1.0 m during the 13th century. Sea level rose slowly up 
to the 19th century AD, leaving indications mainly in coastal water wells.  
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The marine terrace staircase flanking the Gulf of Taranto coastline of southeast Italy has 
been studied for many decades; however, there has hitherto been no consensus regarding 
the chronology of individual terraces or the cause (whether related to plate motions or other 
processes) of the uplift that has created these marine terraces. We have re-examined this 
succession, focussing on the well-studied localities of Pisticci and Montalbano Ionico, 
including a re-evaluation of the available dating evidence, much of which is contradictory. As 
a result, we can now confidently assign all terraces within the succession to individual Marine 
oxygen Isotope Stages (MIS). For example, at Pisticci the „classic‟ succession consists of 12 
Pleistocene marine terraces (the highest ~400 m a.s.l.), which we call terraces L-A in order of 
decreasing age, plus the Holocene raised beach. This succession is inset against stacked 
Early Pleistocene marine deposits, the uppermost of which (locally ~500 m a.s.l.) are known 
as the Irsina Conglomerate and date from the late Early Pleistocene. Guided by numerical 
modelling, we suggest that the uppermost Irsina Conglomerate dates from MIS 25-21. An 
erosional flat cut into this deposit above Pisticchi, at ~470 m a.s.l., is assigned to MIS 19, and 
the „classic‟ marine terrace succession to marine highstands starting with terrace L assigned 
to MIS 17 and ending with terraces B and A assigned to MIS 5e and 5a. The post-Early 

Pleistocene uplift rate thus indicated has been 0.4 mm a-1 at Pisticci. Uplift rates taper 
northward from this locality to ~0.2 mm a-1 around the city of Taranto and increase southward 
to ~1 mm a-1 along the southernmost part of the Gulf of Taranto coastline in northern 
Calabria, where the Last Interglacial (Eutyrrhenian; MIS 5e) marine terrace reaches ~125 m 
a.s.l. The ability to tie this important marine terrace succession to the MIS chronology, now 
possible for the first time, has several significant implications. First, of the dating approaches 
that have been applied to it, the presence of Strombus bubonius serves as a reliable 
indicator of MIS 5e. U-series dating of coral (such as Cladocora caespitosa) is generally 
reliable, as is amino acid dating of mollusc shell; however, U-series dating of mollusc shell is 
unreliable, and the OSL technique (which has featured strongly in recent publications and 
has resulted in chronologies different from that presented here) is shown to be hopeless for 
dating anything older than the latest Pleistocene in this region. Second, the model fit 
indicates that the global sea-level during each of the marine highstands represented in the 
Pisticci area was very close to that at present. Marine terraces from low sea-level 
interstadials, such as MIS 3, are preserved in Calabria but not farther north along the east 
coast of Italy, where the uplift has been too slow for a terrace of this age to have avoided 
marine inundation during the Holocene. Third, some MIS stages are represented by multiple 
marine terraces. In some cases (such as MIS 5e and 5a, or 7e and 7a) there indicate 
substages; however, in addition, the relatively long interglacials during MIS 11c (the Hoxnian 
of Britain, sensu stricto) and MIS 13c are each represented by two marine terraces in the 
Pisticci area, assigned to the start and end of the highstand. Finally, the fit to the modelling 
supports the idea that the uplift in this region has been driven by erosional isostasy; climate 
change around the Mid-Pleistocene Revolution (circa MIS 22; ~0.9 Ma) resulted in increased 
rates of erosion, causing the observed dramatic isostatic rebound. The observed switch from 
subsidence to uplift around this time reflects observations in many other regions worldwide 
(albeit, in most cases, from fluvial, rather than marine, evidence) and indeed provides a 
particularly clear example of the effect. This uplift thus has nothing to do with plate motions, 
notwithstanding the location of the study region within a plate-boundary zone.  
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Throughout the latter half of the Pleistocene epoch, beginning approximately 900,000 years 
ago, the Earth experienced an almost metronomic succession of glacial and interglacial 
periods. The characteristic timescale of each of these events remained near 100,000 years 
throughout this time, with the glaciation phase of each cycle lasting approximately 90,000 
years and the deglaciation phase approximately 10,000 years. At each maximum of 
glaciation, global sea level was depressed by approximately 120 m on average as the water 
required to build continental-scale ice-sheets was withdrawn from the oceans to appear as 
ice upon the land, primarily at high northern hemisphere latitudes. Although this intense 
mode of climate variability is understood to have been induced by small variations in the 
seasonal distribution of received solar insolation due to the action of gravitational n-body 
effects upon Earth‟s orbit, it is equally clear that the action of positive climate system 
feedbacks were involved in determining the strength of the glaciation response. Of these 
feedbacks that involving the carbon cycle may be the most important. In the more recent past 
this previously prominent ice-age cycle has been arrested by the rise of atmospheric 
greenhouse gas concentrations and the associated global warming of the lower atmosphere. 
A prominent feature of this Anthropocene period is the onset of what we might expect to be 
the final deglaciation of the planet during which the residual great polar ice sheets on 
Greenland and Antarctica have begun to lose mass at appreciable rates.  
 
In order to usefully analyse the ice-earth-ocean interactions that have occurred in the past 
and which have begun to reassert them selves in the present epoch, we require a global 
theory with which these interactions can be described in sufficient detail to make contact with 
available observational constraints. These constraints consist not only of the vitally important 
histories of relative sea level change recorded on all coastlines in both the near field and far 
field of the continental ice-sheets, but also the geomorphological constraints on the time 
dependent positions of ice sheet margins and, more recently, the wide range of different 
space-geodetic measurements that record the continuing modern response of the vertical 
and horizontal motions of Earth‟s crust and the time variations in the planet‟s gravitational 
field. I will describe the current state of the theory that has been developed as a vehicle for 
the interpretation of these data and provide a series of illustrations of its application. This 
illustrations will be presented in such a way as to focus upon the most recent ICE-6G (VM5a) 
model of the global Glacial Isostatic Adjustment (GIA) phenomenon. Issues to be addressed 
will include: (1) the net mass of grounded ice removed from the continents across the most 
recent glacial-interglacial transition, (2) the important role that space geodetic measurements 
have begun to play in enabling us to refine both the radial visco-elastic structure of the 
underlying Earth model and the spatial distribution of ice thickness within the glaciated 
regions, (3) the importance of rotational feedback in understanding the qualitative and 
quantitative characteristics of the globally distributed archive of radio-carbon dated relative 
sea level histories, (4) the particular importance of the time dependence of the degree 2 and 
order 1 Stokes coefficients as these are being measured by the satellites of the Gravity 
Recovery and Climate Experiment (GRACE), and finally (5) the impact of modern land ice 
loss on the rotational state of the planet and thereby upon these Stokes coefficients 
 
I will end this presentation with a discussion of where I think future intellectual investment in 
this area of science will be most profitable. Here the stress will be upon the linkage between 
theoretical glaciology/ice mechanics and the manner in which such models may be trained to 
fit the above described geophysical constraints upon GIA phenomenology. 
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Very few Holocene sea-level index point observations are currently available from North 
Wales and until recently these provided a poor fit to glacial isostatic adjustment (GIA) model 
output for the British-Irish Ice Sheet (BIIS). We present results of an integrated offshore 
geophysical (seismic reflection), coring (drilling rig), sedimentological, micropalaeontological 
(foraminifera), biostratigraphical (palynology) and geochronological (AMS 14C) investigation 
into a sequence of 11 peat/organic sediment horizons interbedded within a thick estuarine-
marine sequence of minerogenic clay-silts to silty sands from the NE Menai Strait, North 
Wales. Thirteen new validated sea-level index points dating to the Devensian Late-glacial 
and early Holocene are integrated with 12 pre-existing validated Holocene sea-level index 
points from North Wales to generate a regional relative sea level (RSL) curve. This curve is 
similar to the most recent GIA predictions for North Wales RSL change (Milne et al., 2006; 
Brooks et al., 2008), supporting notions of greater ice load and later deglaciation than in the 
GIA predictions generated before 2004. There is no evidence for a mid-Holocene highstand. 
There is coherent evidence for synchronous regressive tendencies for sites across the Irish 
Sea Basin with different crustal load histories. Tidally-corrected RSL data indicate initial 
breaching of the Menai Strait at 8.4 ka BP to form a tidal causeway, with final submergence 
between 5.6 and 4.8 ka BP. Final breaching converted the NE Menai Strait from a flood-
dominated estuary into a high energy ebb tidal delta with extensive tidal scouring of pre-
existing Late-glacial and Holocene sequences. The study confirms the value of utilising 
offshore drilling/coring technology to recover sea-level records which relate to intervals when 
rates of both eustatic and isostatic change were at their greatest, and therefore of most value 
for constraining GIA models. The NE Menai Strait contains an extraordinarily rich sea-level 
record making it one of the most significant RSL localities in Europe.  
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The glacial isostatic adjustment (GIA) of the British Isles has been studied in the past to 
constrain a variety of model parameters including: (a) viscoelastic earth structure, (b) local 
ice sheet history and (c) the global meltwater (eustatic) signal. These studies used as their 
primary observable the high quality relative sea level (RSL) data set for the British Isles. 
However, the data are notoriously difficult to fit due to the highly complex non-monotonic 
nature of the observed sea level change. In addition, the model predictions show a strong 
sensitivity to both the local ice and earth model parameters as well as the global meltwater 
history, resulting in a high degree of non-uniqueness when seeking an optimum model 
solution.  
 
In this study we attempt to reduce the viable solution parameter space by considering 
additional datasets that display distinct sensitivities to local and global components of the 
GIA signal. Specifically, we consider: (1) GPS observations of present day crustal motion 
which, as we demonstrate, provide constraints on the viscoelastic earth structure that is 
relatively independent of uncertainties in the adopted local ice history; (2) far-field sea-level 
data from China and Malay-Thailand to constrain the global Holocene melt history in the 
model; (3) the most up-to-date geomorphological constraints on the spatial and temporal 
evolution of the British-Irish ice sheet through the most recent glacial cycle. Furthermore, in 
comparison to previous studies, we consider a significantly extended regional RSL data base 
that includes observations from both the British Isles and Ireland.  
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Land uplift and subsidence caused by continuing glacial isostatic adjustment is an important 
but not the only component of relative sea-level change in previously glaciated countries.  
For many users of the outcomes of scientific research, the net effect of all components is a 
more useful measure of Late Holocene relative sea-level change as the background trend 
prior to anthropogenic-induced sea-level change.  A national scale analysis for Ireland and 
the United Kingdom shows an ellipse of relative uplift, ~1.4 mm a-1, broadly centred around 
the deglaciated mountains of Scotland.  The pattern of three foci of relative subsidence, ~1 
mm a-1, results from the additional interactions of the Holocene meltwater load on the Atlantic 
basin and the continental shelf, and the signal due to far-field ice sheets.  At a local scale, 
sediment compaction can more than double the rate of relative land subsidence.  Practitioner 
needs, their local to national-scale remits and responsibilities must determine how they use 
the baseline rates of relative sea-level change.  
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The postglacial flooding of the continental shelves by rising sea level resulted in a 7% 
increase in the areal extent of the global ocean with implications for key elements of the 
Earth system including atmospheric pCO2 concentrations and the functioning of the 
meridional overturning circulation. These implications can be assessed using numerical shelf 
sea palaeotidal and palaeowave models. Here we review recent two-dimensional modelling 
simulations of the northwest European shelf seas parameterized using output from different 
generations of glacial isostatic adjustment (GIA) to define coastline position and 
palaeotopographies for timeslices since the Last Glacial Maximum (LGM). Comparison of 
palaeotidal model output with observational geological data on seasonal stratification 
dynamics indicates that, while the simulations are insensitive to GIA model input, the 
description of the ocean tide boundary is critical (Uehara et al., 2006); „best fit‟ simulations 
are achieved using output from a time-dependent global ocean tidal model rather than 
adopting a „fixed‟ boundary based on the modern tide. This has implications for tidal mixing in 
the glacial North Atlantic and mechanical energy available for driving the meridional 
overturning circulation (Green et al., 2009). The palaeotidal simulations generate output on 
tidal amplitudes, peak bed stress vectors and seasonal stratification dynamics. Tidal 
amplitude series for specific locations can be used to correct sea-level index points for past 
tidal variation.  By combining contemporary estimates of seasonally averaged shelf sea – 
atmosphere CO2 exchange with model outputs describing areal change in the distribution of 
mixed vs. seasonally stratified watermasses, we demonstrate that the relative growth of 
these different regimes provides a mechanism which can explain the direction, rate and 
timing of a number of previously unexplained transitions in the atmospheric pCO2 record 
derived from ice-core measurements (Rippeth et al., 2008).The results demonstrate the 
influence of rising sea level on atmospheric pCO2 and the important role of the contemporary 
continental shelf seas in the global carbon cycle. Though palaeotidal bed stress data 
illuminate changes in sediment transport vectors and help to explain large moribund 
bedforms (Scourse et al., 2009; Van Landeghem et al., 2009), palaeowave models 
demonstrate that waves had a more important contribution to large-scale sediment transport 
than tides in parts of the northwest European shelf during the last deglaciation (Neill et al., 
2009).  
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A numerical ice sheet model constrained by recent field evidence is employed to reconstruct 
the Last Glacial Maximum (LGM) ice sheet in the Weddell Sea Embayment (WSE).  Previous 
modelling attempts have predicted an extensive grounding line advance (to the continental 
shelf break) in the WSE, leading to a large equivalent sea level contribution for the sector.  
The sector has therefore been considered as a potential source for a period of rapid sea 
level rise (in particular, MWP1a).  Recent field evidence suggests that the elevation change 

in the Ellsworth mountains at the LGM is lower than previously thought ( 400 m).   The 
numerical model applied in this work suggests that a 400 m thicker ice sheet at the LGM 
does not support such an extensive grounding line advance.  A range of ice sheet surfaces, 
resulting from different grounding line locations, lead to an equivalent sea level estimate of 
approximately 1 - 3 m for this sector.  It is therefore unlikely that the sector made a significant 
contribution to sea level rise since the LGM, and in particular to MWP1a.  The reduced ice 
sheet size also has implications for the correction of GRACE data, from which Antarctic mass 
balance calculations have been derived. 
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In order to determine the present-day ice mass balance of Antarctica from spaceborne 
gravity data a correction must be applied to account for mass changes due to glacial isostatic 
adjustment (GIA), which is ongoing in response to ice mass changes between the Last 
Glacial Maximum (LGM) and the Late Holocene. In the light of new geological data, we 
highlight locations and time intervals where the current GIA corrections may be improved.  
A glaciologically-consistent ice-sheet model is used to generate a new reconstruction of the 
Antarctic ice sheet from the LGM to the present-day, in a series of time slices.  
 
Geomorphological data are assimilated into each reconstruction, and this Antarctic 
component will then be imported into an existing global ice history that is tuned to fit far-field 
relative sea-level data. This global model will be input into our GIA model, and the output 
tested against all available relative sea-level and GPS data in the Antarctic region. The 
outcome of this work will be a GIA model that is glaciologically-constrained, agrees with the 
available geological and geodetic data, and may be used to correct future gravity 
measurements of the present-day ice mass balance of Antarctica. 
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Of the global ice sheets, the Antarctic Ice Sheet has least evidence to constrain its past 
volumes and its contribution to global sea level. Similarly, it is not known if in future net loss 
of ice mass could occur with dynamical ice discharge, rather than surface melting, 
dominating the ice sheet mass balance. This is important, as better understanding of how 
global ice sheets have contributed to sea level across Termination I and into the Holocene is 
one key to predicting how changes in these ice sheets could influence sea level in the future 
in a warming world. At present there are relatively few geological constraints on the extent 
and thickness of the Antarctic Ice Sheet during and after the LGM. One method of providing 
this observational or geological control is to study the history of relative sea level change.  
Relative sea level  is the relative vertical displacement between the sea surface and the land 
over a period of time. It is influenced by changes in both global ocean volume (eustatic 
changes in sea level) and local vertical movements and deformation of the solid Earth 
(isostatic changes) that are caused by changes in the mass of overlying ice. In regions of 
Antarctica where good relative sea level field data are available, these can be used to 
constrain both local ice and earth parameters and meltwater influx. Relative sea level can be 
determined in two main ways: by using methods relying on sampling raised marine landforms 
(beaches, deltas etc), and methods relying on isolation basins. In the former case, raised 
marine features are sampled for organic material such as shells, seal skin, penguin remains, 
or whalebone that can provide an age estimate or constraining date for the age of the beach. 
In the case of isolation basins, cores are taken from lakes near sea level along the coastal 
margin. Prior to deglaciation, and depending on their altitude, these lakes may have been 
former marine inlets or basins. As the ice melted and the crust rebounded they became 
isolated and transformed into freshwater lakes. The sediment in the lakes records this 
transition, which can be dated to determine when the basin was at sea level. This approach 
can be used for a staircase of lakes at different altitudes, allowing reconstruction of an RSL 
curve that is more precise than can be achieved using the raised beach approach. In this 
presentation we briefly outline the current field evidence for relative sea level change in 
Antarctica. We then focus on the latest evidence from the Antarctic Peninsula . Finally, we 
compare the field evidence with a selection of glacioisostatic adjustment models to determine 
which model best-fits the data. 
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The Greenland ice sheet will decline in volume in a warmer climate. If a sufficiently warm 
climate is maintained for a few thousand years, the ice sheet will be completely melted. This 
raises the question of whether the decline would be reversible: would the ice sheet regrow if 
the climate cooled down? To address this question, we conduct a number of experiments 
using a climate model and a high-resolution ice-sheet model. We determine the ice sheet 
return trajectories, from various partial ice sheet states, if the atmosphere is returned to a 
pre-industrial greenhouse gas concentration. The trajectories converge on three different 
steady states. The original ice-sheet volume can be regained only if the volume has not 
fallen below a threshold of irreversibility, which lies between 80 and 90% of the original 
value. Depending on the degree of warming and the sensitivity of the climate and the ice-
sheet, this point of no return could be reached within a few hundred years, sooner than CO2 
and global climate could revert to a pre-industrial state, and in that case global sea level rise 
of at least 1.3 m would be irreversible. An even larger irreversible change to sea level rise of 
5 m may occur if ice sheet volume drops below half of its current size. 
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Future increases in sea level have the potential to cause loss of life and massive economic 
damages, with the most severe impacts likely to be associated with short-lived increases in 
extreme water levels. Recently, a new set of climate change scenarios, which include 21st 
century sea level change around the coastline of the United Kingdom, were constructed as 
part of the UKCP09 project. Subsequently the AVOID programme has looked at how 
reducing emissions might lower the magnitude of future sea-level rise and its impacts 
globally. In this presentation we will draw on a range of recent studies, including the IPCC 
fourth assessment, UKCP09 and AVOID, in order to address several key issues relevant to 
future sea-levels. In particular, we will discuss: 

 How do the IPCC projections for global average sea level rise over the 21st century 
compare with more recent estimates from a range of methods? 

 How do global average results translate into local sea level changes?  

 What are the main drivers of changes in sea level extremes?  

 How effective will mitigation of greenhouse gas emissions be at avoiding sea level 
impacts?  

 What will happen beyond 2100? 
We will conclude with some recommendations for the treatment of future sea level in the next 
IPCC assessment. 
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The response of rock cliffs to marine influence, and particularly the interplay between base 
changes in sea-level and the occurrence of more extreme storm impacts, is critical to the 
effective management of the coast. Currently, coastal policy is underpinned by the use of 
retreat rates calculated from changes in the mapped position of the cliffline, which can 
provide questionable or even misleading representation of the true behaviour of the cliff and 
are subject to ambiguities that can exceed the changes being recorded.  This paper uses 
repeat laser scanning surveys to quantify the rate and nature of coastal rock cliff erosion and 
to re-evaluate the longer term contextual information that can be derived from the analysis of 
historical records. The delivery of marine energy to the cliff is then examined with the use of a 
microseismic ground monitoring dataset that records vibrations within the cliff material 
resulting from waves and the tidal cycle. The results indicate that distinct tide levels exist that 
correspond to notably higher levels of energy delivery to the cliff face, both in terms of the 
rate and total number of microseismic impacts experienced. Increased volumes of material 
detachment occur during the higher levels of ground movement, although the response of the 
cliff is not restricted to material within the wave impact zone. Finally, the paper uses modelled 
increases in inundation to explore the potential for a re-distribution of marine energy delivery 
to the cliffs under future sea-level rise scenarios. These data highlight the need for a greater 
understanding of cliff behaviour if, in the context of sea-level rise, future coastal evolution is 
to be predicted. 
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Parts of the British coastline consists of large complex landslides in stratified sedimentary 
rocks such as those which form the Undercliff of the Isle of Wight, Folkestone Warren in Kent 
and the Dowlands-Bindon landslide in Dorset.    A characteristic feature of all of these is the 
presence of one or more preferred bedding plane shear surfaces acting as the transgressive 
base along which the whole landslide complex is moved seawards.   The elevation of these 
preferred shear surfaces in relation to the sea level at any given time determines the 
morphology of the coast.    Below sea level, slides of the entire coastal slope together with 
beach and foreshore can take place, above sea level and the base of the cliff has a steep 
scarp with in-situ strata. 
 
The slide prone shear surfaces within the Lower Greensand of the Isle of Wight dip 
southwards and are known to extend towards St. Catherine's Deep, about 3 km offshore.   
St. Catherine's Deep itself is probably the product of fluvial erosion by a northward tributary 
of the Channel River but there can be no question that the cutting of this channel would have 
triggered massive landsliding.    Evidence of planned off landslides in the area north of St. 
Catherine's deep have been shown by Clark et al (1994).  Further post-glacial rise of sea 
level would have resulted in further sliding, involving part of the existing St. Catherine's 
landslide.    The rapidity of the coastal change and regression of the back scarp would have 
been high and estimates for the regression based on current rates of erosion (Hutchinson & 
Bromhead 2002) are not realistic. 
 
A different scenario is applicable to the Folkestone Warren landslide where the major slide 
horizon is at the base of the Folkestone Beds (Hutchinson et al 1980).    Although this 
extends some metres below sea  level it is unlikely to have been activated until regression 
had worked back towards the present shoreline.   It is probable that potential shear surfaces 
exist within the Atherfield Clay (as they are known to do within the Weald) but there is no 
evidence that the existing Folkestone Warren landslide complex extends to this depth.   Very 
extensive landsliding based on surfaces within the Atherfield Clay could have followed the 
cutting of the Dover Straits and contributed to their widening (Hamblin et al 1992).  
 
The presence of preferred bedding plane shear surfaces at beach level fronting large 
complex coastal landslides bodes ill with the IPCC expected rise of sea level during the 
coming century.   Sea level rise will allow the piezometric levels at the base of the landslide 
to rise to critical levels, reducing the safety factor (as may readily be calculated using stability 
coefficients, Bishop & Morgenstern 1960).      Permanent pumping is unlikely to be effective 
with a general rise in phreatic surfaces throughout the coastal region.  Coastal defence 
works designed to resist marine erosion of the toe will not prevail against the forces 
generated by renewal of movement of the whole complex.   The consequences of this has 
profound implications for the future of urban areas located wholly, or partly, on large coastal 
landslides.   
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Long-term morphological evolution of the lower Guadiana estuary for projected sea level rise 
and sediment supply variation scenarios was modelled using a behaviour-oriented numerical 
approach, which considers variations in sediment supply and sea level rise as primary 
drivers of large scale coastal changes. Long-term vertical sediment aggradation was 
simulated using the ESM - Estuarine Sedimentation Model (Bruce et al., 2003). The main 
assumption of this behaviour oriented model is that sediment deposition is proportional to the 
tidal inundation frequency, within an elevation dependent accommodation space. Boski et al., 
2008 analysed the Holocene sediment accumulation in the Guadiana estuary during the 
postglacial sea level rise, since ca 13 000 cal yr BP. These data were used to derive three 
sedimentation scenarios (maximum, minimum and average). Fourth scenario (human-
intervention) represents the sediment supply reduction and subsequent sediment deposition 
rate due to the construction of dams upstream. Regarding sea-level rise rates, the upper 
bound values of three IPCC, 2007 sea level rise scenarios were considered for this study: 1) 
Global sustainability scenario (B1-38 cm), 2) Balanced use of fossil fuel under globalized 
economy scenario (A1B-48 cm), and 3) Intensive use of fossil fuel under globalized economy 
scenario (A1FI-59 cm). 
 
Results indicate that if sedimentation rates will be in pace with sea level rise rate, as given by 
the maximum sedimentation scenario, the risk of salt marsh drowning with sea level rise can 
be minimised. This characteristic behaviour of the Guadiana estuary during the Holocene will 
be unlikely, as the estuary experiences a significant sediment deficit at present. Expected 
morphological evolutions are represented by the sedimentation scenario under constraints 
imposed by lack of fluvial sediment supply. The horizontal translation of the landward 
boundary of the intertidal zone will mainly occur in the Portuguese margin while regression of 
mean sea level contour would be higher in the eastern margin. Thereby, high localized 
submergence of the salt marshes can be expected in the Spanish margin of the Guadiana 
estuary. This will be further aggravated by the retention of longshore sand drift by groynes 
located at the western margin of the Guadiana River mouth. However, irrespective of the 
sedimentation scenario, the net horizontal translation of the landward limits of the intertidal 
zone of the estuary will be about 3-5% for each 10 cm rise in sea level. There will be a net 
increase of the mean water level of the estuary for minimum and human-intervention 
sedimentation scenarios. Under the average sedimentation scenario bathymetry changes for 
sea level rise exhibit a quasi-equilibrium situation over the 21st century. The cumulative 
sediment deposition linearly increases with the maximum sedimentation rate in the estuary. 
The gradient of this linear relationship strongly depends on the year rather than the 
percentile limit where both parameters define the sea level rise given by envelop of A1B 
scenario. The deviation between simulated morphology for the 21st century using 10 and 
100 year time steps are insignificant (± 4.2%) in terms of the cumulative sediment volume 
added into the estuary. This suggests that a larger time scale is preferable for simulating 
long-term morphological evolution in estuaries due to sea level rise. Therefore, the behaviour 
oriented models are more applicable compared to the process-based models where the 
simulation is based on the numerical integrations and extrapolations of processes that prevail 
in much smaller time scales.  
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Autocompaction describes an interlinked group of syn- and post-depositional diagenetic 
processes that result in volumetric reductions of sediments.  Autocompaction is important in 
sea-level studies for a wide range of reasons, as it influences the resolution of palaeo-
reconstructions, the former elevation of sea level index points, as well as controlling coastal 
landscape evolution during periods of rapid, widespread change.  It is a process that both 
affects our reconstructions of the past and also influences how coastlines and relative sea-
level may change in the future.   
 
Despite its importance, understanding of the physical processes that underpin 
autocompaction of complex organogenic and mineralogenic deposits that are typical of 
coastal lowlands is poor.  Existing models and estimates of the rate at which autocompaction 
lowers surface elevation are based almost entirely on stratigraphic observations of ground 
surface and strata deformation that are then related to potential causal processes.  Examples 
of this approach will be given, potential driving mechanisms discussed and the potential 
pitfalls of such methods identified. 
 
An alternative approach is to use laboratory experiments that simulate autocompaction 
processes in order to develop a process-based understanding.  This allows development of 
models with greater predictive capability.  We outline such a geotechnical approach, using 
data from recently deposited, predominantly mineralogenic saltmarsh sediments from 
Cowpen Marsh, NE England.  Our results demonstrate the importance of monitoring the 
environmental and diagenetic conditions to which coastal soils are subjected in the field, and 
the accurate replication of these conditions in the laboratory.  We also demonstrate the effect 
that even relatively small increases in organic content can have on compression behaviour.  
 
We conclude by arguing that further detailed geotechnical laboratory investigations are 
required to better understand the autocompaction processes in primarily organogenic coastal 
soils.  The resultant data can then be used in conjunction with well-constrained stratigraphic 
information to gain valuable insights into the spatial and temporal variability of 
autocompaction throughout the Holocene and into the future.    
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Global sea level has not risen at a constant rate during the past few centuries. Rather, there 
have been periods during which the rate of rise has appeared to accelerate and decelerate, 
corresponding to global and regional changes in atmospheric and oceanic circulation 
patterns. This presentation will compare changes observed in the longer sea level records 
from the UK to those observed worldwide, pointing to the periods of anomalous rate of 
change, based on findings from several recent publications (e.g. Woodworth et al., 2009a,b). 
 
In order to quantify long term trends in sea level better, it is necessary to have a more 
complete understanding of the interannual and decadal variability present in the records. The 
low-frequency variability in sea level observed in the UK is similar to that found along the 
whole European Atlantic coast, and is undoubtedly related to gyre-scale spin-up/down of the 
North Atlantic, as pointed out by Miller and Douglas (2007) and recently extended by 
Woodworth et al. (2010). These analyses suggest that at least some part of the sea level rise 
observed in Europe is due to redistribution of water, rather than to change in ocean volume, 
which has major potential implications for a complete understanding of rates of rise such as 
presented in assessments like the IPCC 4AR. 
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It is necessary to critically interrogate the recent geological record to provide an appropriate 
context for future predictions of sea-level rise associated with projected changes in climate.  
We provide records of relative sea level from two salt marshes in North Carolina for the last 
2000 years.  This period is important for understanding natural (pre-anthropogenic) variability 
as the principal controls and feedbacks in the ocean-climate system were the same as those 
today and melting of large ice sheets has been negligible.  Reconstructions were developed 
using foraminifera-based transfer functions (from 10 modern salt marshes) and a composite 
chronology (AMS, high-precision and bomb spike radiocarbon, 210Pb, 137Cs and a pollen 
chronohorizon).  Validation against regional 20th century tide-gauge records justifies the 
approach used and provides confidence in the veracity of reconstructions prior to the 
existence of instrumental records.   
 
We removed a background rate of land subsidence (estimated to be 0.95mm/yr ± 0.15mm) 
associated with ongoing glacio-isostatic adjustment from the salt-marsh records.   Between 
AD 0 and AD 1000 sea level appears to have been stable.  The Medieval Climate Anomaly, 
associated with warmer temperatures in the Northern Hemisphere, is identified in North 
Carolina by sea-level rise of c.1mm/yr above background rates between AD 1000 and AD 
1400.  Cooler climate conditions of the Little Ice Age between AD 1400 and the end of the 
19th century are coincident with a period of stable sea level.  These changes in the rate of 
sea-level rise appear to have been initiated 300 to 400 years later than documented changes 
in Northern Hemisphere temperatures. 
 
The measured rate of relative sea level rise in North Carolina during the twentieth century 
was 3.0–3.3 mm/a, consisting of an abrupt increase of 2.2 mm/a above background rates, 
which began between A.D. 1879 and 1915. This acceleration is broadly synchronous with 
other studies from the Atlantic coast.  Furthermore, it occurred with no discernible lag 
following recent climate warming suggesting that the response of sea level to climate 
changes has varied during the last 2000 years.  The rate of recent sea-level rise that began 
at the end of the 19th century appears to be unprecedented during the last 2000 years. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:kempac@sas.upenn.edu


55 

 

Sea-level change in southwest England: improving uncertainties of future regional 
projections 

 
David Dawson, Roland Gehrels 

 
University of Plymouth, Devon, UK, david.dawson@plymouth.ac.uk  

 
Regional estimates of late Holocene relative sea-level change are useful for future coastal 
management as they provide information on coastal subsidence and uplift. It has been 
suggested that some of the highest rates of sea-level rise will be experienced in the 
southwest of England, a consequence of the UK‟s past glacial history (Shennan 1989; 
Shennan and Horton 2002; Shennan 2009). This conclusion derives from questionable 
figures of isostatic subsidence attributed to a limited number of intercalated sea-level index 
points (Shennan and Horton 2002; Gehrels 2006; Massey et al. 2008). This paper presents 9 
new high-quality sea-level index points taken from Thurlestone Sands in South Devon where 
a shallow basal intertidal sedimentary sequence overlying Devensian „head‟ deposit was 
identified in a small valley barred by a beach and dune system. Radiocarbon ages from this 
unit range from 1270±37 to 1610±35 14C yr BP and offer an improved sea-level 
reconstruction for the last ~2000 years. At present, projections of UK sea-level changes use 
a combined methodology of relative sea-level data, geophysical model predictions and GPS 
measurements (Jenkins 2009). Several geophysical models predict distinctly different 
patterns of sea-level changes in the southwest. These new data will constrain model 
predictions and further advance model parameters for their use over the entire British Isles.  
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A long-standing complexity in the interpretation of tide gauge (TG) records for sea level 
change has been obtaining suitably accurate and precise estimates of vertical tide gauge 
motion. These motions have geophysical origins at various scales, such as glacial isostatic 
adjustment (GIA) or local subsidence, as well as local monumentation origins, such as due to 
pier movement. At present, corrections are typically made based on models of GIA only. 
Since the early 1990s, GPS coordinate time series have been considered a possible source 
of such corrections, but it is only recently that GPS has been demonstrated to be useful for 
this long-intended purpose. Here, we present results of a global reprocessing of GPS data 
from the mid-1990s through to the present-day, including data at, or near to, dozens of long-
running TG sites. We pay particular attention to systematic errors, applying consistent state-
of-the-art observation models when producing the GPS coordinate time series, and further 
mitigating them during the reference frame realisation stage. Rigorous uncertainty estimates, 
considering temporal noise correlations, are also produced for each vertical velocity. These 
new estimates of vertical tide gauge motions are then applied to long-running TG sea level 
trends and we will report on the subsequent geocentric rates of sea level change and make 
comparison to other recent estimates. 
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We use a delayed response statistical model to attribute the past 1000 years of sea level 
variability to various natural (volcanic and solar radiative) and anthropogenic (greenhouse 
gases and aerosols) forcings.  We find that until 1800 the main drivers of sea level change 
are volcanic and solar forcings.  However, for the past 200 years sea level rise is mostly 
associated with anthropogenic factors. For the first time we show that only 4 cm (25% of total 
sea level rise) during the 20th century is attributed to natural forcings, the remaining 14 cm 
are due to a rapid increase in CO2 and other greenhouse gases. This is much larger than the 
impact of the volcanic eruptions which have produced a net lowering of about 7cm compared 
with levels expected if there had been no eruptions in the 20th century. It is possible that the 
man was already affecting sea level well before the large emissions of industrial greenhouse 
house gases by the change in land use and farming practices around the world.  With six 
IPCC radiative forcing scenarios we estimate sea level rise of  0.5-1.7 m during the 21st 
century, which will totally dominant by the changes in anthropogenic forcing. 
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In this paper we will abstract published and new sea level data in order to predict s. l. change 
in Italy on 2100. We used geomorphological and archaeological markers. Comparing more 
thant 200 sea level observed point on Italian coasts with predicted curves we provided the 
tectonic component. The ice model used throughout the subsequent predictions is 
K33_j1b_WS9_6 and includes all the latest developments for the ice sheets in both 
hemispheres.  It includes the alpine deglaciation model. To estimate the present rate of 
isostatic change we calculated sea level at 100 yr BP and assumed a linear rate over this 
period.  In this interval the ice volumes have been held constant to that the predicted change 
is entirely isostatic. In the earlier result we had a computational limitation that meant that we 
could not assure precision at the sub-mm level, and hence we adopted the 1000 year 
average. This has now been rectified and has allowed us to make the predictions for more 
recent times when the changes are in the sub-mm range. Differences between the 1000 and 
100 year averages are 0.01 to 0.02 mm/year, indicating that the isostatic signal is not strictly 
linear over the longer time interval. 
 
On the basis of these numbers (eustatic, tectonic and isostatic componnts) we propose the 
prediction of the flooding on 2100 of some Italian coastal plain that today lay a zero metres. 
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In Alaska many coastal mountain glaciers advanced to their maximum Holocene position 
during the Little Ice Age (AD 1650-1900), with GIA models predicting that land surface 
deformation continues.  In south central Alaska the LIA coincides with the interseismic phase 
of the last earthquake deformation cycle that ended with the Mw 9.2 earthquake of March 27 
1964 caused by rupture of the Aleutian megathrust.    The significant non-tectonic vertical 
motion of glacial isostatic adjustment due to the melting of local and regional glaciers and ice 
fields, confounds GPS measurements of vertical post-seismic tectonic motion in south 
central Alaska.   
 
We use observations of land surface deformation, sea-level change and local to regional 
scale numerical modelling to consider the interactions of ice mass fluctuations and tectonic 
deformation during the penultimate and current earthquake cycles in south central Alaska. 
GPS measurements record present day post-seismic vertical uplift in upper Cook Inlet ~10 
mm/yr.  GIA modelling identifies part of this uplift attributable to post LIA GIA, with a spatial 
signal over tens of kilometres.  A set of viable earth model solutions, constrained by GPS 
data and the pattern of post-seismic displacement, suggest up to 2 m relative displacement 
at locations closest to the centre of ice loading at the culmination of the LIA.  Reconstructions 
of relative sea level over the last 500 years record decimetre scale changes during the 
penultimate interseismic period that do not fit the expected interseismic model of land level 
movements. Geological data corroborate the model results, showing superimposition of 
rheological response to short-term ice load changes and interseismic deformation in south-
central Alaska.   
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Autocompaction is an active geomorphic process that results in a volumetric reduction of 
sediments.  Autocompaction introduces an error into studies of Holocene relative sea level 
changes obtained from intertidal sediments and, unless corrected for, results in an 
overestimation of the rate and magnitude of historical relative sea level rise.   
 
Until recently, geotechnical models describing autocompaction-induced volumetric changes 
applied to intertidal sediments were based on classical soil mechanics theories.  The 
applicability of these models to intertidal sediments is generally accepted, despite a striking 
lack of empirical research into their one-dimensional compression behaviour.  However, 
ongoing geotechnical laboratory testing seeks to address this deficit of data.  The tests 
undertaken thus far reveal that the specific environmental and diagenetic conditions 
experienced by intertidal sediments lead to important deviations from conventional soil 
mechanics models.  The research demonstrates that mineralogenic intertidal sediments are 
overconsolidated as a result of, for example, groundwater variations driven by the tidal cycle 
and desiccation.  In addition, the cyclicity of groundwater fluctuations and tidal water loading 
prohibit the operation of time-dependent creep deformation processes.  These findings allow 
us to develop a new, empirically-informed model of the mechanical autocompaction behavior 
of mineralogenic sediments.  This model is graphically described in plots of voids ratio (e, a 
dimensionless parameter describing volumetric state) against vertical effective stress (σ‟, 
kPa).  The conceptual model consists of four main components, namely values of the initial 
voids ratio (ei; the voids ratio encountered at the depositional surface); the yield stress (the 
point at which the compression curve changes gradient, indicating the commencement of 
virgin compression); the recompression index (Cr; the gradient of the compression line at 
stresses less than the yield stress); and the compression index (Cc; the gradient of the 
compression line at stresses greater than the yield stress). 
 
Previous efforts to apply decompaction models to sea level index points have been 
confounded by a lack of site-specific geotechnical data and associated logistical and time 
constraints.  To circumvent this problem, we consider the relationship of the model 
parameters to variables related to position within the intertidal frame, such as elevation, 
flooding frequency and organic content.  We find that significant correlations exist between 
many of the parameters.  Given these relationships, we speculate that the causal 
relationships that exist between, for example, flooding frequency and organic content, in turn 
control voids ratio and compressibility.  We also argue that the degree of subaerial exposure 
influences the yield stress.  If such relationships can be defined at different locations, we 
believe it will be possible to estimate autocompaction model parameters from reconstructions 
of tide levels obtained using microfossil assemblages.  To test this hypothesis in the future, 
we aim to develop a database of physical and material properties of intertidal materials 
throughout the UK and northwest Europe.  If such widespread relationships exist, the 
possibility exists that first-order decompaction using an improved process-based approach 
can be undertaken without the need to undertake intensive geotechnical testing.   
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Over geological timescales coastal wetlands are dynamic and ephemeral environments but 
on human timescales they are considered persistent and valuable resources. Coastal 
wetlands occur as features of estuarine and back-barrier systems where environmental 
change is driven by sea level, climate, storms, sediment delivery, geomorphology and human 
impact. The effects of these drivers are well understood in terms of long-term evolution and 
short-term geomorphic processes. Environmental fluctuations on intermediate time scales 
are less well understood but vital to planning for true sustainability.  
 
To foster longevity of coastal wetland resources it is therefore desirable that management 
plans should be more closely attuned to the spatial and temporal scales on which coastal 
processes operate. This requires an understanding of the magnitude and frequency of 
environmental shifts occurring during periods in which systems are deemed to be in 
equilibrium and of those which prompt large-scale reorganisations. The methodology 
employed here is an attempt to bridge the gap between the „evolution‟ and „process‟ scientific 
communities by using established sediment analysis techniques at a consistent and very fine 
resolution that is capable of addressing the „intermediate scale‟ processes. As such a key 
issue is the temporal sensitivity of the sediment record to environmental change. 
 
Pescadero Marsh is a seasonal barrier estuarine / lagoonal system located on the central 
coast of California. Here grain size analysis and diatom assemblages suggest the sediment 
record is sufficiently sensitive to document subtle sub-annual environmental shifts revealing 
the resilient nature of the complex. Variations in the type of sediment deposited over the late-
Holocene appear to have been forced predominantly by dynamic coastal geomorphology and 
more recently by human impact on sediment flux.  
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The importance of ice sheet-ocean dynamics over glacial/interglacial climate cycles is due in 
part to their potential to generate rapid climate change. For example, a number of rapid 
climate events have been attributed to substantial fresh water fluxes released by ice calving 
and meltwater events to the North Atlantic during the last glacial/interglacial cycle (e.g. Clark 
et al., 2002). In addition, the delivery of terrigenous glacial debris by ice rafting and meltwater 
events may have influenced atmospheric CO2 concentrations, and hence climate, by 
providing a source of bioavailable Fe to fuel primary productivity (Raiswell et al., 2006) thus 
potentially enhancing CO2 drawdown via the “biopump” (Martin et al., 1990). Given that 
inputs from some ice sheets had greater feedback effects on climate due to their 
geographical location, identifying the timing of ice calving and meltwater release from specific 
ice sheets remains an important goal. 
We propose the Pb isotope composition preserved in the labile FeMn oxyhydroxide fraction 
in marine sediments as a tracer of both ice and meltwater inputs from terrestrial ice sheets 
on a local to regional scale. This source of Pb is released during incipient weathering of sub- 
and pro-glacial debris, the Pb isotope composition of which is inversely correlated to the 
parent bedrock Pb isotope composition (Crocket et al., in prep.) and to the age of debris 
(Harlavan et al., 1998), resulting in generally elevated radiogenic Pb isotope compositions 
transported by icebergs and meltwater to the ocean. The low solubility of Pb prevents long 
distance transport as a solute, and therefore prominent shifts to radiogenic Pb isotope 
compositions in marine sedimentary records at open ocean locations are directly associated 
with the timing of terrigenous debris delivery by ice calving or meltwater release. The nature 
of the Pb isotope system also provides insight into the source region of the terrigenous 
debris. On this basis, the Pb isotope records from marine locations should record the calving 
and meltwater histories of specific ice sheets. 
We present records from two ocean core locations in the North Atlantic, Orphan Knoll (NW 
Atlantic; IODP U1302/3) and Feni Drift (NE Atlantic; ODP 980), and compare the Pb isotope 
records to existing records of ice rafted debris, recent modelling studies of ice sheet decay 
and current knowledge on ocean circulation changes. The results show good correlations 
and demonstrate the potential of high resolution Pb isotope records to identify the timing and 
duration of rapid ice calving and meltwater events specific to individual ice sheets. Ultimately 
these high resolution records should allow improved testing of model solutions and further 
elucidation of links in the ice/ocean/climate system.  
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The majority of the data held on Quaternary sediments in the North Sea is 
seismostratigraphical, with little quantitative provenance or process work having been 
undertaken. This study sampled the Anglian (MIS 12) Swarte Bank Formation, the MIS 6 
Fisher Formation, and the Late Devensian (MIS 2) Bolders Bank Formation. We applied 
rigorous heavy mineral, petrological, geochemical and palynomorph analyses. The Swarte 
Bank Formation was interpreted as a subglacial till that contained Jurassic and Triassic 
palynofloras from the Moray Forth, and Eocene and Late Cretaceous palynoflora from the 
north-eastern North Sea. It also contained a metamorphic suite of heavy minerals indicative 
of the Highlands of Scotland. The Fisher Formation was sampled from the northern and 
central North Sea. Further north it was interpreted as a subglacial till, with glaciomarine 
sediments cropping out further south. These sediments showed a provenance signature 
consistent with the Midland Valley of Scotland and the Eocene of the North Sea Basin. 
Heavy mineral analysis suggested a derivation from the Grampian Highlands and northeast 
Scotland. The Late Devensian (Dimlington Stadial) Bolders Bank Formation was interpreted 
as a subglacial till  that contained Silurian microfossils from the Midland Valley of Scotland, 
Jurassic and Carboniferous faunas from northern Britain, and a metamorphic heavy-mineral 
suite indicative of material derived from the Grampian Highlands, the Dalradian, and 
northeast Scotland. This flowed down the coast of eastern England as the North Sea Lobe. 
The data collected in this project showed that there has been repeated glaciation of the North 
Sea Basin, with ice originating in the north of Scotland and flowing south and east from there.  
 
 

mailto:bethandavies@dunelm.org.uk


65 

 

The age and stratigraphical relationships of the Easington Raised Beach 
 

Bethan Davies1, David Bridgland1, David Roberts1, Colm Ó Cofaigh1, Stephen Pawley2, Ian 
Candy2, Beatrice Demarchi3, Kirsty Penkman3, William Austin4 

 
1Department of Geography, Durham University, Science Laboratories, South Road, Durham 
DH1 3LE, bethandavies@dunelm.org.uk; 2Department of Geography, Royal Holloway, 
University of London, Egham, Surrey, TW20 0EX; 3BioArCh, Departments of Biology, 
Archaeology and Chemistry, University of York, York, YO10 5DD, UK; 4School of Geography 
and Geosciences, University of St Andrews, Irvine Building, St Andrews, Fife, KY16 9AL, UK 
 
The Easington Raised Beach, in Shippersea Bay, County Durham, is the most northerly 
known interglacial beach deposit in England. It lies directly on Magnesian Limestone bedrock 
at 33 m O.D. and is covered by glacial sediments attributed to the Devensian. Detailed 
sedimentological analysis suggests that it is an interglacial beach, which is supported by the 
presence of pebbles bored by marine organisms and littoral, temperate-climate, marine 
macro- and micro-fossils. It comprises beds of unconsolidated, bedded, imbricated, well-
rounded sands and gravels, overlain by similar, but calcreted, deposits. The gravel fraction is 
dominated by Magnesian and Carboniferous limestone, with orthoquartzite, flint, and 
porphyries also present; these are far-travelled erratics that must have derived from the 
erosion of older glacially transported sediments. Previous workers have described erratics 
derived from the Oslofjord region of Norway in the raised beach gravel, although rocks 
diagnostic of a Scandinavian origin have not been recovered as part of this study. The 
heavy-mineral suite is rich in epidote, dolomite, clinopyroxenes, garnet, tourmaline, and 
micas. The beach was dated previously by conventional amino acid analysis of the shells, 
which suggested a Marine Isotope Stage (MIS) 7 age, albeit with a reworked component 
from MIS 9. This has been confirmed by new optically stimulated luminescence (OSL) dates, 
which indicate that the beach formed between 240 and 200 ka BP. New amino acid 
racemisation analyses, using a modified technique, broadly support this interpretation but 
must await more comparative data before they can be assessed fully. The strong indication 
of an MIS 7 age for the formation of the beach has implications for the uplift history of 
northeastern England during the Pleistocene, and indicates an uplift rate of 0.19 mm a_1. The 
stable isotope geochemistry indicates that the cementation occurred during an interglacial 
period, whilst U-Series dating of the cement indicates that cementation occurred mostly 
during the Holocene, and is genetically related to the overlying Devensian till. This work has 
formed part of a full re-appraisal of the glacial sequence in eastern County Durham, the 
results of which suggest that the Warren House Formation pre-dates the raised beach, and 
that the Devensian Horden Till overlies the raised beach. 
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Accurate dating greatly improves our understanding of past climate cycles and changes in 
sea level, as well as their impact on the environment occupied by early humans.  The 
isolation of intra-crystalline protein has proved critical to the application of amino acid 
geochronology, enabling clear identification of compromised samples and a robust method 
able to discriminate individual interglacial events over the last 2 million years. The 
combination of three new approaches (closed system, multiple amino acids and Free & Total 
fractions) into a measure of the overall extent of Intra-crystalline protein decomposition 
(IcPD) has allowed new insights into the applicability and reliability of amino acid 
geochronology and the improved levels of temporal resolution.  
These methodological advances have recently been extended to marine environments in 
Europe, providing a reliable tool for the dating of Quaternary coastal sites. Among the marine 
molluscan genera, Patella, Nucella and Littorina were successfully targeted for dating of a 
range of deposits (raised beaches and archaeological sites) spanning from the historic period 
to the Early Pleistocene. However, it‟s not like waving a magic wand - there are still several 
important factors that need to be taken into account (species effects, the importance of the 
calcium carbonate matrix, the responses to temperature), and it is clear that we need to 
interpret the data in light of these considerations.  In this paper we will present some of our 
data from a wide range of samples that highlight these issues, and discuss the ramifications. 
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Coastal and nearshore landforms within the Great Yarmouth area provide a record of 
environmental change documenting human-environment interactions during the Holocene.  
Previous research has identified periods of marine inundation interspersed with the re-
establishment of terrestrial conditions within the region.  Global sea-level rise following the 
Last Glaciation is viewed as being responsible for the former, whilst coastal protection 
through the development of barrier beaches may account for the latter.  Human occupation 
of these barriers can be traced back to approximately 500AD and the present form, the Great 
Yarmouth Spit, provides the land upon which the town of Great Yarmouth is built.  
Examination of these features will, therefore, provide valuable insights into Holocene sea 
level changes, morphological response to such changes and the effect of anthropogenic 
activity in mediating these responses.  
 
In consequence, the 2009 Crown Estate-Caird Research Fellowship combines geological, 
bathymetric and topographic data to investigate the geomorphic evolution of the Great 
Yarmouth spit.  Sediment transfer between different elements of the coastal system (the 
Great Yarmouth spit, Breydon Water, offshore banks and onshore promontories or „nesses‟) 
is studied.  Historical and archaeological data are also examined in order to determine the 
role of anthropogenic activity in coastal dynamics.  The specific aims of this research are to: 
(1) investigate spit development, (2) calculate spit volume, (3) identify sediment sources and 
sinks within the coastal system and (4) examine environmental and anthropogenic forcings.  
Preliminary results indicate a complex morphological history for the area, involving marine 
transgression, barrier beach formation, spit development and later spit truncation.  Whilst 
earlier morphodynamics were climatically induced, an increasing anthropogenic input is 
evident.  This raises important questions for the geomorphic evolution of the Great Yarmouth 
coast in light of current and future engineering works and climate change.   
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Neptune‟s Cave in the Velfjord–Tosenfjord area of Nordland, Norway is described, together 
with its various organic deposits. Samples of attached barnacles, loose marine molluscs, 
animal bones and organic sediments were dated, with radiocarbon ages of 9840±90 and 
9570±80 yr BP being derived for the barnacles and molluscs, based on the superseded but 
locally-used marine reservoir age of 440 years. A growth temperature of c. 7.5°C in undiluted 
seawater is deduced from the δ13C and δ18O values of both types of marine shell, which is 
consistent with their early Holocene age. From the dates, and an assessment of local 
Holocene uplift and Weichselian deglaciation, a scenario is constructed that could explain the 
situation and condition of the various deposits. The analysis uses assumed local isobases 
and sea-level curve to give results that are consistent with previous data, that equate the 
demise of the barnacles to the collapse of a tidewater glacier in Tosenfjord, and that 
constrain the minimum extent of local Holocene uplift. An elk fell into the cave in the mid-
Holocene at 5100±70 yr BP, after which a much later single „bog-burst‟ event at 1780±70 yr 
BP could explain the transport of the various loose deposits farther into the cave. 
 
Faulkner, T.L. & Hunt, C.O. 2009: Holocene deposits from Neptune‟s Cave, Nordland, 

Norway: Environmental interpretation and relation to the deglacial and emergence 
history of the Velfjord–Tosenfjord area. Boreas, 10.1111/j.1502-3885.2009.00094.x. 
ISSN 0300-9483.  
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New high-resolution data from the Clyde estuary and the Loch Lomond basin are combined 
with existing data from the upper Forth valley, the Ayrshire coast and the Argyll coast to 
locate the centre of glacio-isostatic uplift in Scotland for the mid and late Holocene. The data 
consist of levelled altitudes on relict shorelines, supported by previously published 
radiocarbon dates and microfossil analyses. They demonstrate that the highest Holocene 
shoreline is in the area of the upper Forth valley and is the oldest of at least three discrete 
shoreline levels formed in the last 7.8 ka.  The sequence of shorelines discloses a 
continuous fall in relative sea levels through the mid and late Holocene. The presence of 
multiple shorelines in the area reinforces the view that sea surface changes offshore were 
not monotonic, but involved variation, possibly in response to thermospheric, geoidal and 
bathymetric changes. 
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Transfer functions are a potentially powerful tool for quantitatively reconstructing past 
environmental changes. Multivariate statistics, specifically ordination of species and 
environmental data, provide a crucial first step in transfer function development. These 
methods are critical in informing decisions between suitable species models and in 
identifying the variability explained by particular environmental gradients. While countless 
papers have applied transfer functions to calibrate fossil assemblage data using modern 
species-environment relationships, multivariate analyses are often absent from published 
material. This poster aims to show that these methods are a vital component for 
understanding and quantifying the usefulness of transfer function based reconstructions.  
Using an example involving the reconstruction of past salinity changes in the Pearl River 
estuary, southeast China, we address the basic ordination methods necessary for describing 
and quantifying variability in species data explained by measured environmental variables. 
There is a risk of over-interpreting reconstructions based on the transfer-function approach. 
Consequently, we recommend that quantitative reconstructions should be accompanied and 
supported by qualitative ecology-based interpretations.  
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Late Holocene relative sea-level change along the UK coastline contains several 
components: (1) millennial-scale ice-equivalent („eustatic‟) sea-level change, (2) vertical land 
motion, (3) millennial-scale sea-level fall due to global glacio-isostatic adjustment (GIA) 
processes, and (4) decadal to centennial-scale sea-level change due to steric and glacio-
eustatic processes. Values for (1) represent long-term „baseline‟ sea-level change that can 
be used to assess whether the global sea-level rise during the 20th century signals a 
significant departure from a long-term trend. IPCC estimates for late Holocene ice-equivalent 
sea-level change are 0-0.2 mm/yr (Jansen et al. 2007), while most GIA models assume a 
value of zero (e.g., Peltier 2002). Values for (2) range from +1.9 mm/yr in central Scotland to 
-1.0 mm/yr in southwest England (Gehrels in press). The rate of (3), a process known as 
ocean siphoning, is estimated at ~0.3 mm/yr (Jansen et al. 2007). The most prominent 
example of (4) is the modern acceleration of sea-level rise which started ca. 100 years ago. 
The rate of 20th century sea-level rise around the British Isles is estimated at 1.4 mm/yr 
(Woodworth et al. 2009). If one assumes values for (1), (3) and (4), it is possible to extract 
(2) from late Holocene relative sea-level data. Vertical land movements are also measured 
by Global Positioning System (Teferle et al. 2009), although uncertainties are still large. 
Determining the best fit between geologically derived values of (2) and GPS data provides an 
independent estimate of (1). For the British Isles this value is calculated as -0.18 ± 0.04 
mm/yr. This negative value of late Holocene ice-equivalent sea-level change contrasts with 
GIA modelling and IPCC estimates, but agrees with northern hemisphere glaciological 
evidence of widespread neoglacial ice expansion (Davis et al. 2009).  
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Island biodiversity is closely related to island area and distance from the mainland 
(MacArthur & Wilson 1967), two characters unquestionably linked with eustatic sea level. 
Additionally, island populations typically have high evolutionary rates (Millien 2006) and are 
characterized by endemic and often unusual flora and fauna that are vulnerable to extinction 
(Cardillo et al 2006). Thus we might expect island faunas to be affected to a greater extent, 
and at a faster rate, than those of the mainland – forming the „front-line‟ of biotic response to 
global sea-level change. A widespread evolutionary response of insular Quaternary large 
mammals is extreme body size reduction (e.g. 100kg elephant Palaeoloxodon falconeri on 
Sicily and Malta descended from 10,000kg mainland species, P. antiquus) (Roth 1992). This 
phenomenon is usually „explained‟ by the „island rule‟, whereby small mammals become 
large, and large mammals dwarf, on islands (Van Valen 1973). However, little effort has been 
made to link observed patterns of body-size change with the climatic fluctuations of the 
Quaternary, despite the fact that insular conditions (abiotic and biotic) are significantly 
affected by climate and sea-level changes. Here we present preliminary data which suggest 
sea-level change may have played a significant role in driving the evolution of Mediterranean 
dwarf elephants, and identify key areas for future research. 
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Trend of sea level rise in the Bengal Basin, India during late Quaternary has been studied 
with data base from three locations in South Bengal situated within 80 sq.km area. The 
locations are Calcutta (northern part of South Bengal), Medinipur (western part of South 
Bengal) and South 24 Parganas (southern part of South Bengal - near the present coastal 
areas). In situ mangrove plants, mangrove plant remains, mangrove woodlogs, mangrove 
peat, and mollusc shells are utilized as data base since mangroves are direct indicator of 
tidal zone between Neap High and Spring High tidal zones. Depth distribution of C14 dated 
sediments from present Mean Sea Level (MSL) indicate the position of past sea level.  
 
17 C14 dated sediments from the three locations have been plotted to trace the trend of sea 
level rise in Bengal Basin, India since 30,000yrs BP.  In Medinipur during 30,000-
20,000years rate of sea level rise is 200cm/10,000years and during 7000-6500 years, 
300cm/ 500years.  In South 24 Parganas rate of sea level rise during 14,000-8000 years is 
100 cm/1000 years and during 8000 -6000 years 100cm/2000years. In Calcutta, during 7000 
to 6000 yrs BP sea level rise is 400cm/1000 years. The curves generated from the data 
suggest more or less similar trend of sea-level rise in the three locations with minor 
deviations. 
 
The data reveals transgression of the sea during 7030-6650 yr BP and identified Ammonia -
transgression in Calcutta.and Kolaghat in wester south Bengal.  High rate of sedimentation 
and rapid coastal change occurred during 6650 to 6210 yr BP.  Seaward migration of coast 
and progradation of the delta up to present position (120 km from Calcutta) continued since 
ca 6000 yr BP.  The progradation pattern of the delta in Bengal Basin, India during Holocene 
to recent time follows the "higher rate of sediment input compared to slow rate of 
subsidence" characteristic of the basin.  No record of sea level rise is recorded since 6000yrs 
BP in the Bengal Basin, India. 
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The British Isles Ice Sheet has proved an important case study for geophysical modelers 
developing models of ice loading history and relative sea-level (RSL) change.  An important 
way to test and improve these models is through validation against empirical sea level data.  
Here we present new RSL data from Cumbria – previously an area with limited data available 
– to test the predictions from a series of geophysical models. 
We present litho- and biostratigraphic data from eight sites from central Cumbria providing a 
series of sea-level index points to reconstruct RSL changes from the Lateglacial through to 
the late Holocene.  The reconstructed sea-level curve identifies a clear Lateglacial sea-level 
highstand approximately 2.3 m OD at c. 15 – 17 ka cal. BP.  This data also provides a 
minimum age for deglaciation of the Ravenglass area of c. 16.8 ka cal. BP.  There is then a 
gap in the data until the early Holocene when rapidly rising sea-level is identified from 9 ka 
cal. BP culminating in a mid-Holocene highstand of approximately 1 m OD at c. 6 ka cal. BP 
followed by gradual fall to present.  The Holocene data fits well with previous data reported 
from the Solway Firth to the north and Morecambe Bay to the south.  This new data is also 
very useful in testing the RSL predictions from geophysical models, particularly for the 
Lateglacial period where there is generally very little data from the UK.  The new RSL data 
and model predictions show similar broad patterns of RSL change, however, there are 
discrepancies in the actual magnitude of RSL change and detailed timing of changes.  
Specifically only one of the models predicts a Lateglacial highstand above present as shown 
by the new data presented here.  Other models predict a Lateglacial highstand approximately 
20 m lower than the data suggests. This highlights the potential for improvements to be 
made to the model predictions based on the new data presented here. 
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The timing and amplitude of the reconnection between the Black Sea and Mediterranean 
Sea around 8.4 ka ago have been the focus of major scientific interest over the last decade, 
with regards to the impacts on environmental conditions and human dispersal.  Two 
contrasting hypotheses were formulated, one supporting the idea of a catastrophic inflow of 
the Black Sea as global sea level was rising. As a consequence, human settlements around 
the basin would have fled the rapidly rising waters (Ryan et al., 2003). In contrast, a gradual 
infilling process has been proposed, with evidence of earlier and brief connections than 8.4 
ka BP ago (Hiscott et al., 2007).  
We present here results from marine sequences collected in the southwest Black Sea shelf 
that document a gradual change of macro- and microflora, from Caspian/brackish affinity to a 
more saline association. Dinoflagellate cysts clearly indicate a first pulse of Mediterranean 
waters into the Black Sea around 9 ka BP, and a second one around 8.4 ka BP when the 
reconnection was then fully established (Marret et al., 2009). The gradual change in the 
dinoflagellate cyst association suggests that it took around 1.5 ka for the Black Sea to reach 
its present-day conditions, implying a slow infilling process. 
Sea-level fluctuations in the Black Sea during the mid- to late Holocene ( 6 ka to 2.6 ka BP) 
have been observed from terrestrial and shallow records, notably in the north-eastern part of 
the basin. Buried peat layers in the Caucasus littoral suggest regressive phases whereas 
dating of coastal bars inland document transgressive phases (Balabanov, 2007) with 
amplitudes between -5m to +5m. The mechanisms behind these fluctuations remain elusive, 
either of climatic influence or neotectonics, but it is of concern that future rise in sea level will 
have a dramatic impact on the costal features of the Black Sea. 
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This investigation compares the ability of the 210Pb Constant Rate of Supply (CRS) and the 
Constant Initial Concentration (CIC) models to produce robust deposition chronologies for 
four salt marshes in SW England. The vertical accretion of salt marshes is known to be 
closely linked to the availability of sediment accommodation space, which itself is linked to 
relative sea-level rise. This vertical growth can potentially be tracked over the past ~150 
years using radionuclide dating methods. The choice of 210Pb model used to derive the 
deposition ages in salt marshes is not always straightforward.  
The activities of the radionuclides 210Pb, 137Cs and 241Am were determined in the Plymouth 
CORiF laboratory in cores from marshes in the Erme Estuary (Devon) and the Lynher 
Estuary (Cornwall). An Ortec HPGe well-type coaxial low background intrinsic germanium 
detector was used to determine 210Pb activity using the gamma rays emitted at 46.52 keV. 
Simultaneously the activities of 137Cs and 241Am were measured using the emissions at 
661.62 keV and 59.54 keV respectively. In addition, the 226Ra activity in the sediments was 
determined indirectly by the measurement of its daughter isotope 214Pb using the gamma 
emissions at 295.22 keV and 351.99 keV. These data were then used to calculate the 
supported fraction of the 210Pb inventory by subtracting it from the total 210Pb activity. The 
mean unsupported 210Pb activity on the modern marsh surfaces was determined as 276 Bq 
kg-1 (Lynher) and 224 Bq kg-1 (Erme). The 137Cs results from the four sites revealed activity 
peaks of 35-69 Bq kg-1 at depth that were confidently interpreted as signals of the timing of 
the fall-out maximum from atmospheric nuclear tests in the early 1960s. In the sediments 
from the two Lynher sites small peaks in 241Am activity were found around the same depths 
as the maximum 137Cs activities. To validate 210Pb chronologies we obtained independent 
chronological markers from the 137Cs and 241Am analyses, and from the timing of the signals 
of 19th century metal mining found in the lower sediments 
At all four sites the 210Pb activity in the subsurface sediments decayed, following an 
approximate exponential curve, to zero at depth. There was some broad agreement at all the 
sites between the CRS chronologies and the sediment horizons dated using the 137Cs fall-out 
maximum. At one of the Erme sites the chronological disagreement was less than one year. 
In contrast, the results from the CIC model were in poor agreement at all sites with both the 
CRS model ages and the independent chronological markers. We find that the CRS model 
preformed best, but below the horizons dated to the mid 20th century there was a trend at all 
sites for the CRS model to produce dates that were progressively too old when compared to 
ages derived from local metal mining histories. It is likely that this effect is in part a response 
to down-core changes in sediment organic carbon content that are not taken into account by 
the standard use of bulk density in the CRS model. These results confirm that, especially 
when attempting high-resolution sea-level reconstructions from salt-marsh sediments, it is 
desirable to compare all the dates from the chosen 210Pb model with independent 
chronological information. 
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The northern British Isles was covered by the British Ice Sheet at the Last Glacial Maximum 
(LGM) leaving the southern coast of England ice-free during the LGM. Removal of the 
northern land-based ice mass during the pre- and early Holocene period caused regional 
differences in rates of crustal movement and relative sea-level (RSL) change around the 
British Isles. The coast of south-west England, United Kingdom (UK) has recently been 
argued as subsiding faster than any other coastal region in the UK. In particular, the English 
Channel coast of south Devon is thought to be responding fastest to postglacial isostatic 
adjustment. South-west England‟s position peripheral to the British Ice Sheet at the LGM 
make it ideally suited then for testing geophysical models and forebulge theory. The 
postglacial RSL history of south-west England has implications for scientific explanation of 
proglacial forebulge dynamics; a flexing of the lithosphere near the ice margin that migrates 
and eventually collapses as the land-based ice retreats. However, the reconstruction of 
Holocene land- and sea-level histories from the UK‟s south-west peninsula has relied greatly 
on the scrutiny of geological data affected by preservation problems and altitudinal and 
chronological errors. This research produced 33 potential sea-level index points (SLIPs) from 
12 cores extracted from Bantham Sands, North Sands, Slapton Sands and Blackpool Sands 
coastal back-barrier marshes in south Devon (Massey et al., 2008). Fifteen SLIPs from 10 
cores provide the most reliable postglacial RSL history for south Devon. Eight SLIPs are from 
compaction-free basal sediments and 7 are from in-core sediments corrected for 
autocompaction. The remaining SLIPs from 1 core at North Sands and 1 core at Blackpool 
Sands are subject to irreconcilable age or height differences most likely due to sediment 
reworking and poor preservation of intertidal Foraminifera. The geological data reveal a rise 
in RSL of 21 ± 4 m since ca. 9000 cal. yr BP including a rise of 8 ± 1 m since ca. 7000 cal. yr 
BP. Results are used to test the updated GB-3 model of Lambeck (1995), the ICE-5G (VM2) 
model of Peltier (2004) and the model of Shennan et al. (2006). All geophysical model 
predictions fit the early to middle Holocene RSL histories well but deviate from the geological 
data during the middle to late Holocene where models overestimate the south Devon data. 
Increasing melting in the Earth models after ca. 6000 cal. yr BP should resolve over-
prediction but such adjustments are likely to produce misfits elsewhere around the globe. 
Amplification of the „forebulge effect‟ from increasing ice loads across the British Isles may 
resolve this issue. Additional high quality geological data covering the past 4000 years is 
required to test the latest generation of geophysical models.  

 
 
 
 
 
 
 
 
 
 
 

mailto:masseyac@smuc.ac.uk


78 

 

Records of Quaternary sea-level change from the eastern English Channel continental 
shelf 

 
Claire L. Mellett, Andrew, J. Plater, David M. Hodgson, Barbara Mauz, Andreas Lang 

 
School of Environmental Science, University of Liverpool, UK, mellettc@liv.ac.uk  
 
Mapping and interpretation of high resolution sub-surface seismic data reveals a complicated 
network of palaeovalleys incised into the shallow English Channel continental shelf. 
Commonly the valleys are underfilled, although in places up to 30 m of coarse clastic 
sediment infills the incision surface. The palaeovalleys are considered to document part of 
the „Channel River‟ system that flowed over the exposed continental shelf, fed by 
contemporary mainland rivers such as the Thames, Rhine, Seine and Somme during periods 
of lowered sea level. Sedimentary processes on the English Channel continental shelf have 
largely been controlled by sea level operating over glacial / interglacial cycles, therefore 
incised valley infill sequences have the potential to document, in part, successive alterations 
between high-stand / low-stand depositional environments. Analysis of high resolution sub-
bottom seismic profiles from the eastern English Channel suggests the application of 
„traditional‟ sequence stratigraphic concepts to palaeovalley infill architecture may lead to 
misinterpretation of the sea-level record. Regional unconformities are difficult to trace and 
initial analyses of sediments collected from vibrocores implies considerable reworking and 
modification of the stratigraphic record. Despite this, a sedimentary facies model has been 
developed where abrupt alterations between shallow marine and fluvial processes operated 
during phases of transgression and regression. 
 
 
 
 
 
 

mailto:mellettc@liv.ac.uk


79 

 

Assessing the use of foraminifera for palaeo sea-level reconstructions using 
saltmarsh sediments from the Mersey Estuary 

 
Hayley Mills1, Andrew J. Plater1, Jason R. Kirby2  

 
1Department of Geography, University of Liverpool, UK, hayley.mills@liverpool.ac.uk; 
2School of Biological and Earth Science, Liverpool John Moores University. 
 
Saltmarsh foraminifera have been widely used to reconstruct past relative sea-level due to 
their relationship with elevation within the tidal frame. Before a palaeo sea-level 
reconstruction is carried out at a study site, this relationship must be tested and the 
distribution of the foraminifera documented in order to, determine whether the modern 
foraminifera distribution is related to elevation, and if the dataset is appropriate to use for 
sea-level reconstruction. 
Modern data were collected by carrying out three transects across a saltmarsh in the Mersey 
Estuary. Samples were levelled to the nearest OD benchmark and were analysed for 
foraminifera, as well as the environmental variables: organic matter content, pH, grain size 
and salinity.  
The results indicate intra-site variability with the three transects showing different dead 
assemblages, with different species dominating, transect 1 was dominated by Ammonia spp. 
Haplophragmoides spp. and Miliammina fusca, transect 2 was dominated by Miliammina 
fusca and Haplophragmoides spp., whilst transect 3 was dominated by Jadammina 
macrescens, Haplophragmoides spp., Miliammina fusca, and Trochammina inflata. 
Cluster Analysis and Detrended Correspondence Analysis were used to determine the 
different ecological zones across the saltmarsh. Canonical Correspondence Analysis and 
Partial Canonical Correspondence Analysis were used to determine which environmental 
variables control the foraminiferal distribution and indicated that there were several important 
variables controlling the distribution in addition to elevation.  
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In addition to projected increases in global mean sea level over the 21st century, model 
simulations suggest there will also be changes in the regional distribution of sea level relative 
to the global mean. There is a considerable spread in the projected patterns of these 
changes by current models, as shown by the recent Intergovernmental Panel on Climate 
Change (IPCC) Fourth Assessment (AR4). This spread has not reduced from that given by 
the Third Assessment models. Comparison with projections by ensembles of models based 
on a single structure supports an earlier suggestion that models of similar formulation give 
more similar patterns of sea level change. Analysing an AR4 ensemble of model projections 
under a business-as-usual scenario shows that steric changes (associated with subsurface 
ocean density changes) largely dominate the sea level pattern changes. The relative 
importance of subsurface temperature or salinity changes in contributing to this differs from 
region to region and, to an extent, from model-to-model. In general, thermosteric changes 
give the spatial variations in the Southern Ocean, halosteric changes dominate in the Arctic 
and strong compensation between thermosteric and halosteric changes characterises the 
Atlantic. The magnitude of sea level and component changes in the Atlantic appear to be 
linked to the degree of Atlantic meridional overturning circulation (MOC) weakening. When 
the MOC weakening is substantial, the Atlantic thermosteric patterns of change arise from a 
dominant role of ocean advective heat flux changes. 
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Saltmarsh sediment records provide a very effective resource for ecological transfer function-
based sea-level reconstruction.  However, it cannot be readily established whether these 
sediments have accumulated in response to sea-level rise or a positive sediment budget 
leading to estuary infilling.  Particle-size data are used here as a tool for rapid assessment of 
saltmarsh sediment records prior to any palaeoecological analysis.  The approach has been 
developed in the Dee Estuary, NW England, where a well-constrained history of estuary 
evolution is available for determining sampling locations.  The approach is based on the 
shape of the particle-size distribution reflecting contributions from „fast‟ and „slow‟ tide 
components that result from different modes of sediment transport, i.e. traction load vs 
suspended load.  Tracking up-core changes in particle-size distribution and summary 
statistics can then be applied to distinguish between „infilling‟ and „sea-level rise‟ sediment 
records. 
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Sea levels have fluctuated throughout geological time resulting in invading and retreating of 
sea water across coastal plains. Mangrove communities can be used as indicators of coastal 
changes as they grow through the strong salinity gradients reflecting sea level. In addition, 
sea level changes also influence the settlement and ensuing cultural use of coastal areas. 
We are studying how this ecosystem-sea level dynamic changes through time using a 
combination of pollen analysis, to reconstruct past changes in plant composition, and diatom 
analysis, to establish salinity gradients. Linkages between mangroves and sea levels to 
archaeological sites along the East African coastline will also be investigated. Fieldwork to 
date has focused on Mida Creek within Watamu Marine National Reserve (Kenya), the 
northwest coast of Zanzibar and northern and southern parts of Rufiji Delta (Tanzania). Initial 
analysis has focused on sediments taken from the northern Rufiji Delta. Sediment cores 
were collected from a seaward, central and landward site along a transect situated 
perpendicular to the shore, with 1.5 m, 4.5 m and 4.5 m of the sediment collected 
respectively. Stratigraphical analysis has revealed that the deepest sediments in the central 
and landward sites contain organic matter and silt. The organic materials including root 
fragments tend to increase in the upper unit to the top of the core where wood and bark 
fragments are present. Pollen analysis is underway on sediment from the central core. The 
identified flora will be used to establish ecosystem dynamics. A chronology will be provided 
by 14C, 210Pb and 137Cs dating to establish the age of key biostratigraphic horizons marking 
environmental changes. We intend to use results to infer sea level changes through the 
development of a transfer function of ecosystem to sea level changes. Results will be used to 
reconstruct timing and magnitude of sea level change along the East African coast and allow 
us to understand the possible inter-connections to societal developments in that area. 
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The stratigraphy of three coastal isolation basins set within a marginal moraine zone at 
Strupskardet, Lyngen, northern Norway (69o45‟N, 19o55‟E), was investigated. The aim was 
to test the hypothesis that deposits previously interpreted as an erosive transgressive 
sequence and intra-basin slide deposits could rather be tsunami deposits, and to relate the 
deposits more precisely to the history of postglacial sea-level history at this locality. A chaotic 
mixture of sand beds, gravelly shell layers and lumps of peat and gyttja, rests on an 
erosional boundary in the two lowermost basins (20 and 24.4 m a.s.l.). This is a 
characteristic signature of tsunami deposits. Many lumps of brackish/freshwater gyttja occur 
within the tsunami deposits in the lowermost basin, which is inferred to have been situated in 
or just below the tidal zone at the time of deposition. The lumps were eroded from a basin 
isolation sequence situated at a higher elevation, and were re-deposited in the fjord basin. In 
the intermediate basin, more than 85 cm of lacustrine deposits have been eroded by the 
tsunami, leaving a hiatus of 1800-2000 cal yr. above the partly eroded isolation unit. A thin 
lens of very coarse sand / very fine gravel is embedded in a dark brown freshwater gyttja in 
the uppermost basin (30 m a.s.l.). Along with the grains are lenses of gyttja, denser, and 
brighter in colour than the surrounding gyttja, seemingly transported with the sand / gravel 
grains. The grains and transported gyttja could also represent a tsunami deposit, which is 
thus assumed to represent the very peak of tsunami inundation. At the time of tsunami 
inundation, mean high water sea level was approx. 21 m a.s.l., indicating a maximum run-up 
height of 9-10 metres. Macrofossils picked from within the tsunami deposits in the two 
lowermost basins gave AMS radiocarbon ages of 8370-8160 cal yr BP (7420 ± 50 14C yr 
BP) and 8310-8040 (7360 ± 45 14C yr BP). These ages overlap the Storegga slide tsunami 
in western Norway (8170-8030 cal yr BP) within 2 σ standard deviations. Lyngen is ca. 1000 
km NNE from the centre of the Storegga slide scar, and finding tsunami deposits at such a 
distance from the slide could be explained by the formation of an edge-wave, caught along 
the west coast of Norway, travelling both north and south from the initial site of coastal 
impact.  
 
The identification of tsunami deposits in the stratigraphy from Lyngen forced a re-
interpretation of the local relative sea-level history. Previously the chaotic deposit in the 
lowermost basin was interpreted to represent erosion during the onset of the Tapes 
transgression and no deeper coring was performed. In this work, lacustrine facies in contact 
with both the Pre-Boreal basin isolation- and ingression contacts have been described well 
below the tsunami deposits. This lacustrine phase represents the regression minimum, prior 
to the Tapes (mid-Holocene) transgression, and the duration of the freshwater phase has 
been established at 9720-9255 cal yr BP. The Tapes transgression maximum is marked by a 
well developed beach ridge between the two lowermost basins, and the total relative sea-
level rise during the Tapes Transgression has been demonstrated to be no more than 2-3 
metres. From the ingression to the second isolation of the lowermost basin, ca. 9250 - ca. 
7250 cal yr BP, local relative sea-level was stable within ± 1 metre. 
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We combine geochronological and geomorpohological evidence from caves of the Turks and 
Caicos Islands and Bahamas to provide elevation and timing constraints for sea level 
highstands associated with marine isotope stages 7, 9 and 11.  U-Th ages of flowstone 
sequences (-18.1 to +0.5 m above present mean sea level) from these stable carbonate 
platforms complement existing coral and δ18O-model estimates by providing robust ages for 
maximum constraints on sea level elevation.  Some hiatuses in growth correspond to periods 
of sea level submergence.  A specific advantage of these continuous phases of secondary 
calcite growth is the preservation potential, in spite of submergence in brackish and saline 
water for many thousands of years.    In some cases, however, there are dissolution surfaces 
that are likely to be the result of mixing-zone corrosion, thus providing an additional elevation 
constraint.   
 
Conch Bar and Sagittarius cave systems of the Caicos and Little Bahama Bank carbonate 
platforms, respectively, wereformed during the Middle Pleistocene or earlier.  The 
subsidence history of the carbonate platforms that host these caves is constrained by 
magnetostratigraphy.  Cave passage development is intimately linked with past sea level 
elevation because flank-margin cave formation is focused at the distal margin of the 
freshwater lens.  Ages of speleothems contained within the submerged caves constrain the 
minimum age of passage development to > 270 ka.  In addition, we observe phreatic cave 
development at heights > 16 m above present sea level that are likely to be associated with 
sea level high stands of much greater elevation than today, perhaps during marine isotope 
stage 11. 
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Roddons are “fossilised” tidal creek systems in the Fenland of eastern England covering 
parts of Cambridgeshire, Lincolnshire and north Norfolk.  The roddons are filled with silts and 
fine sands and as surface expressions they are visible as winding subtle ridges up to 1m 
high. This research is focussing on the rate of sediment infill in the roddons and their 
relationship to the enclosing stratigraphy of saltmarsh clays and freshwater peats. 

The roddon landscape evolved in the mid-late Holocene between 6000 to 2000BP 
and there are three main generations of roddons that form seemingly “transgressive” events. 

These marine transgressions and subsequent regressions would have markedly 
affected Fenland human habitation, as they would have led to significant changes in the 
palaeoenvironment.  During times of sedimentation the Fenland was populated by human 
communities, as witnessed by archaeological sites such as Flag Fen near Peterborough, 
Cambridgeshire. At times of marine transgressions the communities would be forced to 
migrate to higher ground such as the fenland “islands” (e.g. Ely and Thorney, 
Cambridgeshire) or to the higher Fen edge. 

The roddons are visible now due to the draining of the Fens. This began in Roman 
times when dykes and canals were cut as part of a drainage system and also for use as 
transport.  The Romans often built their “salterns” close to roddons.  Drainage began in 
earnest in the 17th century under the design of the Dutch engineer Cornelius Vermuyden. 
However, due to the shrinkage, oxidation and ablation of the peats and the differential 
compaction of the clays and silts, the roddons stand proud. Many areas of the Fens are 
below sea-level and vulnerable to flooding from rising sea- level and river flooding. 

Roddons have been used as sites for settlements since Saxon times and today 
farmhouses and their outbuildings are often found built on the roddons that offer a firmer and 
safer foundation than the peats and clays.  

Sedimentary and micropalaeontological evidence from the roddon fill of the three 
separate generations of roddons are being studied to reconstruct the evolution of the 
Fenland and to help to predict the future natural drainage of Fenland as sea-level rises. Over 
the coming decades and centuries, the Fenland (and other such coastal regions) is likely to 
be subject to future glacio-eustatic marine transgression that, going beyond the norm of 
Holocene sea-level variation, will become part of the emerging world of the Anthropocene. It 
is clear that roddons cannot be re-used as channels in future transgression events – rather 
they will constrain the natural flow between them. The likely incoming transgression, however 
modulated by current Shoreline Management Plans, will take place over an extensive area 
that has been modified by human action.   
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Sea level rise is a potentially devastating consequence of climate change but multi-decadal 
records of sea level change are severely lacking. Historical records of sea level change, such 
as tide gauge data and map evidence, are available but generally lack the precision and 
detail required and cover only relatively short time spans. There is a need to combine 
historical evidence with geological evidence to address this. Foraminifera are single celled 
protists which inhabit highly constrained vertical distributions on salt marsh surfaces. 
Analysis of surface distributions can be compared to fossil data using transfer functions with 
the resulting sea level reconstructions validated against historical records. The combined 
data will provide high resolution records of recent sea level changes and will be used to 
calculate rates of sea level rise.  
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The deceleration of postglacial sea-level rise is believed to have initiated modern marine 
deltas around 7.5-9 ka (Stanley and Warne, 1994). This episode of delta initiation that 
followed the maximum transgression of the sea is closely related to the deglacial meltwater 
events and eustatic sea-level rises. The initial stage of the Mekong River delta, one of the 
world‟s largest deltas, is well recorded in Cambodian lowland sediments (Tamura et al., 
2009). We integrated analyses of sedimentary facies, diatom assemblages, and radiocarbon 
dates for three drill cores from the lowland, and clarified the initial evolution of the Mekong 
River delta in relation to centennial-scale sea-level changes in early Holocene. The cores are 
characterized by a tripartite succession: (1) aggrading flood plain to natural levee and tidal–
fluvial channel during the postglacial sea-level rise (10-8.4 ka); (2) aggrading to prograding 
tidal flats and mangrove forests around and after the maximum flooding of the sea (8.4-6.3 
ka); and (3) a prograding fluvial system on the delta plain (6.3 ka to the present). The 
maximum flooding of the sea is marked by tidal flat sediment, and occurred at 8.0 ± 0.1 ka, 
when the shoreline penetrated up to 200–230 km inland the modern river mouth. This 
flooding of the sea followed an abrupt sea-level rise caused by drainage of the Laurentide ice 
sheet and associated glacial lakes at 8.5-8.4 ka (Barber et al., 1999; Lajeunesse and St-
Onge, 2008). The sediment succession reveals that flood plain deposits no less than 3.5 m 
thick accumulated during 8.5–8.4 ka and was overlain by tidal flat sediment, showing an 
upward-deepening of the sedimentary environment. This constrains that the amount of the 
sea-level rise at 8.5–8.4 ka was at least 3–4 m. A thick mangrove peat aggraded from 8.0 to 
6.3 ka, during which another rapid sea-level rise around 7.5 ka (Blanchon and Shaw, 1995; 
Bird et al., 2007; Yu et al., 2007) may have increased accommodation space of deposition. 
However, no distinct feature of a rapid sea-level rise was recognized in this interval. Since 
6.3 ka, a fluvial system has characterized the delta plain. In general, the subsurface 
sediment from the apex of the delta, as reported here, provides high-resolution records of the 
shoreline evolution in relation to rapid sea-level rises in early Holocene, but has not been 
explored well before. Collecting dataset from other deltas thus potentially provides more 
constraints on the sea-level rises and their impacts on the coastal environment. 
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Accurate and precise measurements of vertical crustal motion are essential for the correct 
interpretation of sea level observations made by tide gauges. Additionally, measurements of 
both vertical and horizontal velocities offer useful constraints on glacial isostatic adjustment 
(GIA) models.  
 
Observations from the Global Positioning System (GPS) have often been used to make such 
velocity measurements for both these applications. There are, however, well-known 
limitations to many of the early GPS analyses, concerning the temporal stability and 
systematic biases of GPS measurements. Over recent years, GPS observation models have 
advanced significantly, improving the precision and accuracy that is achievable with GPS.  
 
Here we present the details of a new homogenous and up-to-date global GPS reanalysis, 
undertaken with the aim of achieving the best possible station coordinate time series. From 
these time series, vertical and horizontal (once tectonic motion is accounted for) velocities 
can be estimated. We focus on including GPS observation data from permanently recording 
GPS receivers that are close to tide gauges or in regions of GIA interest in Antarctica, as well 
as sites that have the longest records, now of up to 12 years.  
  
We present technical background to the GPS reanalysis and some of the models used, as 
well as reference frame issues and the velocity estimation procedure. We will show sample 
station position time series for a selection of sites located near tide gauges and in Antarctica. 
The velocities derived from this GPS reanalysis are used to correct tide gauge 
measurements for crustal motion, and as constraints on GIA models, in work that is 
presented by authors from Newcastle and Durham elsewhere at this meeting. 
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The principal aim of this study is to reconstruct East Asian Monsoon (EAM) variability during 
the mid-Holocene, developing a relatively new proxy of bulk organic carbon isotopic 
signature (δ13C) and C/N from the Pearl River estuary, southern China.  Sources of 
sediments within an estuary include river-derived terrestrial/freshwater input, in situ brackish-
water suspended sediment and tide-derived marine input.  This study assumes the proxy can 
help differentiate sources of sediments relating to monsoon-driven freshwater flux and help 
reconstruct monsoonal precipitation history during the mid-Holocene when the sea level was 
relatively stable.   
 
To achieve the aims of this thesis a range of modern samples were collected from terrestrial 
areas, including plants and soil samples, through to estuarine areas, including seasonal 
estuarine suspended organic matter (SOM) and surface sediment. Results suggest that bulk 
organic δ13C and C/N ratios can successfully identify sources of the organic component of 
the estuarine sediment, and thus can be used to infer relative changes in monsoon-driven 
freshwater flux to the estuary.  For example, more negative δ13C values reflect a greater level 
of contribution of freshwater organic carbon, i.e. stronger monsoonal freshwater discharge.   
 
Analysis of an estuarine core (UV1) shows that freshwater discharge from the Pearl River 
catchment gradually declined from 6400 to 2000 cal. years BP, suggesting a gradual 
weakening of summer monsoon precipitation, responding to the weakening insolation 
controlled by the orbital-driven precession cycle.  Superimposed on this are wet/dry intervals, 
ranging from centennial- to millennial- scale, driven by solar activity.  Changes in ENSO and 
high-latitude cooling events might be responsible for dry/wet events at centennial- to 
decadal- scale, identified during the mid-Holocene.  This study also suggests that the 
coupling of thermal and moist conditions of the EAM might only have become stable after 
4500 cal. yr BP.  A sudden shift in the geochemical signature indicates agricultural activity in 
the Pearl River delta intensified from 2000 cal. yr BP.   
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