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Advanced statistical methods have only recently been applied to paleo-sea-level 
reconstructions.  These techniques are necessary to separate the total sea-level field into its 
distinct processes, to combine disparate geographical data, and to accurately quantify spatial 
and temporal variability when data is sparse.   Here we summarize the evolution of statistical 
modeling of sea-level data and compare the importance, advantages, and drawbacks of current 
and past methods, with a focus on the importance of data collection. Time-series models have 
progressed from parametric to non-parametric approaches, and from excluding to fully 
quantifying uncertainties.  Spatio-temporal models have evolved from simple regional averaging 
to hierarchical modeling frameworks that enable the separation of measurement uncertainty 
from process variability.  We give specific attention to two analytical choices that can be used in 
hierarchical models: 1) Kalman Smoother (KS) techniques, which infer weights associated with 
individual contributions to sea level using spatial averaging and physics, and 2) Gaussian Process 
Regression (GPR), which defines prior distributions on sea level and the individual 
contributions.  Finally, we identify issues in data collection, standardization and integration 
within these models and conclude that centralized and standardized data will improve results in 
each of these applications and assists in the advancement of sea-level modeling. 
  



MODELING SOLID EARTH DEFORMATION: HOW TO GET FROM MORE MODELS TO 
BETTER MODELS 
 

J. Austermann1, D. Al-Attar1, O. Crawford1, E. Silberbrandt1, N. Khan2, B. Horton3, M. Hoggard1 
1University of Cambridge, Cambridge, UK; 2U.S. Geological Survey, St Petersburg, USA; 
3Nanyang Technological University, Singapore 
 

Estimates of water stored in ancient ice sheets are generally based on correcting the elevation of 
paleo sea level indicators for post depositional deformation. Such deformation can be caused by 
glacial isostatic adjustment (GIA), which is commonly modeled based on a viscoelastic Earth 
model with radially varying properties. Given a number of sea level observations and a set of GIA 
model realizations, one can use Bayesian statistics to infer the magnitude and probability of past 
global mean sea level variations (e.g. Kopp et al., 2009). 
 

Work in seismology, geodynamics, and mineral physics has demonstrated that radial symmetry 
of Earth properties is a rather crude approximation due to lateral variability in viscosity, 
lithospheric thickness, and other related properties. Modeling has shown that this 3D variability 
can affect GIA predictions significantly (e.g. Austermann et al., 2013). It has also been 
demonstrated that the uncertainty in ice cover during glacial maxima has likely been 
underestimated in GIA based inferences of last interglacial sea level (Dendy et al., 2017) and that 
dynamic topography (DT) - the surface expression of mantle convection - contributes to changes 
in sea level over the Plio-Pleistocene (Austermann et al., 2017). While the computational ability 
exists to model these processes, the parameter space is presently too large to explore all 
relevant uncertainties within inferences of past global mean sea level through forward modeling 
alone.  
 

Rather than relying on a necessarily small number of forward models to predict the magnitude 
and uncertainty of GIA and DT, we aim to use all relevant observations to invert for parameters 
such as Earth’s viscoelastic structure and Plio-Pleistocene ice cover. Our approach is based on an 
adjoint framework (e.g. Crawford et al., 2017), which allows us to efficiently quantify the 
linearized sensitivity of observations to three-dimensional viscosity variations and ice sheet 
history. Such adjoint calculations can be used within gradient-based optimization schemes for 
model inference, and extensions of the method exist that allow model uncertainties to be 
quantified to a certain extent.  We will demonstrate this method with two examples of ongoing 
work: (1) inverting a mantle convection model with observations of present-day dynamic 
topography and (2) inverting a GIA model with observations of Holocene sea level. 
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CORALS DURING THE LAST DEGLACIATION: CONTROVERSIES OVER MELTWATER 
PULSES 
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There are similarities, but also striking differences between deglacial sea level records based on 
fossil corals drilled offshore the islands of Barbados and Tahiti. This is especially problematic for 
what concerns the existence, size and timing of sea-level accelerations called meltwater pulses. 
The observed discrepancies could be partly due to the following problems: 
 
 _ Barbados is located in a subduction zone, which was also active throughout the Late 
Glacial period. Furthermore, the Barbados cores studied so far were drilled on both sides of the 
extension of a tectonic feature identified at the southern tip of Barbados. 
 
 _ Fossil samples of Acropora palmata may not be reliable sea level markers during rapid 
and large sea level rises. Indeed, the asexual reproduction strategy of this species may not be 
optimal to keep up when the water depth is increasing very rapidly. This may in part explain why 
the living depth of A. palmata at Barbados was significantly greater than 5 m during some 
periods of the last deglaciation, notably between 14.5 and 14 kyr BP and possibly between 14 
and 11.5 kyr BP. 
 
 _ The slow glacio-isostatic adjustment (GIA) and the rapid responses due to gravitational 
changes of ice and water masses, complicate the interpretation of individual relative sea level 
(RSL) records at specific locations. Therefore the Barbados and Tahiti records cannot be 
compared directly in terms of absolute sea level values. In addition, different glacio-hydro-
isostatic adjustments at the two sites may also have contributed to the observed discrepancy 
between their deglacial RSL records. 
 
 

 
  



TEMPERATE-LATITUDE SEA-LEVEL CHANGES: GLOBAL DATA POINTS AND 
REGIONAL ANALOGUES FOR THE FUTURE 
 
Barlow, NLM 
School of Earth and Environment, The University of Leeds, Leeds, UK 
 
Understanding of sea-level changes, in particular during previous interglacials, has greatly 
increased over the lifetime of PALSEA2.  In particular, significant improvements have been made 
constraining the elevation of the Last Interglacial highstand, though debates continue to 
surround the nature of the highstand and rates of change.  Much of the existing Last Interglacial 
data comes from low-latitude regions, where geological archives are well preserved, as they are 
located beyond the limit of the former ice sheets.  Extensive research into Holocene sea-level 
changes has shown the value of temperate-latitude estuarine archives to constrain spatial and 
temporal patterns of change and to provide important records by which to calibrate glacial-
isostatic adjustment models.  Currently, temperate-latitude archives of sea-level changes from 
previous interglacials are underutilised, though it is growing area of research.  These records 
have the potential to provide spatial constraints within the global picture, with relatively small 
uncertainties, by applying methods developed in Holocene research, alongside new offshore 
datasets.  Importantly, they can provide important regional analogues of future coastal response 
to sea-level change, rather than extrapolating information from far-field records where the 
drivers of change will be quite different.  Further research is needed to develop new palaeo 
records from previous interglacials to constrain future regional changes, against the background 
global picture. 
  



 
 
IMPLICATIONS FOR SEA LEVEL CHANGE OVER THOUSANDS TO MILLIONS OF YEARS 
– TRACING GREENLAND ’S ICE USING COSMOGENIC NUCLIDES 
 
Bierman, Paul R.; Corbett, Lee B; and Shakun, J. 
University of Vermont and Boston College 
 
Over the past decade, we and others have made measurements of cosmogenic nuclides in 
samples of bedrock outcrops, glacial, fluvial and marine sediment, basal ice, and ice-bound 
cobbles. Together, these measurements, now numbering many hundreds, reveal a Greenland ice 
sheet that is in places dynamic and erosive but in other places is so ineffective at eroding the bed 
that many hundreds of thousands of years of history are preserved in rock and sediment.  The 
history of ice on Greenland is also the history of that ice’s influence on sea-level both directly 
and through glacial isostatic adjustments.  
 
Knowing where and how deeply the ice has eroded the landscape is a critical limit on the utility 
of cosmogenic dating techniques. For example, in northern Greenland, ancient landscapes 
dominate the uplands outside today’s ice margin while some of the lowlands have been more 
deeply eroded. In southern Greenland, erosion dominates and cosmogenic nuclide 
measurements can be used to inform better our understanding of when ice last melted away.  
We have relied on such deep erosion to interpret 10Be measurements in coastal outcrops as 
rates of emergence in the several thousand years just after deglaciation as well as during the 
middle Holocene. 
 
Measurements of 10Be in rock and silt extracted from the base of the GISP2 ice core are together 
most consistent with early and limited exposure of bedrock below the GISP2 coring site. The 
preservation of silty basal sediment must result from limited erosivity under ice that is 
dominantly frozen to the bed. But, these data are permissive of loss of ice below the GISP2 site 
at major interglacials, albeit brief. 
 
The offshore record, preserved in marine sediments now analyzed for 10Be at 4 different sites, 
reveals the history of the Greenland ice sheet over the past 7.5 My, clearly showing the power of 
ice to progressively strip pre-existing regolith from some parts of the landscape. The marine 
record preserves the history of erosion and indicates the icesheet has been dynamic over time, 
changing where, when, and how deeply it erodes.  Comparison of Greenlandic marine core data 
with data from the Laurentide and Antarctic Ice Sheets demonstrates the stability of Antarctic ice 
cover the Pleistocene, a mostly absent Laurentide Ice Sheet, and a dynamic ice sheet covering 
and uncovering Greenland and thus yo-yoing sea level over time.  The timing and magnitude of 
changes in ice volume are not yet directly interpretable from marine 10Be records. 
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Predicting the impacts of sea-level rise on coral reefs requires reliable models of reef accretion. 
Most models assume accretion by vertical growth of coralgal framework, but recent studies 
show some reef structures exposed to hurricanes consist of layers of coral detritus, not in-place 
corals. Here we report the configuration and development of a fringing reef at Punta Maroma, 
along the north-east Yucatan Peninsula. Satellite- derived bathymetry shows the crest is a 
uniform distance (315 ±15 m) behind a mid-shelf slope break, and the reef-front decreases 50% 
in width and depth along its length. A 12-core transect constrained by multiple 230Th ages shows 
the reef is composed of a 2-m layer of coral clasts that has retrograded 100 m over its back-reef 
during the last 5.5 ka. We explain these data with a model of reef development where hurricane 
waves are tripped and break at the mid-shelf slope break, triggering rapid energy dissipation and 
limiting how far upslope they can fragment corals and redistribute the resulting clasts. As sea-
level rises and water depth increases, energy dissipation is reduced, allowing hurricane waves to 
transport clasts further upslope, causing reef retrogradation. This hurricane model requires a re-
evaluation of the accretion response of Caribbean reefs to future sea-level rise. 
  



ICE VOLUME AND CLIMATE CHANGES FROM A 6,000 YEAR SEA-LEVEL RECORD 
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Mid- to Late Holocene sea-level records from low-latitude regions serve as an important baseline 
of natural variability in sea level and global ice volume prior to the Anthropocene, through the 
use of various sea-level indicators including salt marsh microfossils, archaeological indicators, 
vermetid constructions and fossil corals. Coral microatolls can be considered as reliable 
indicators of the mean low water springs (MLWS) level in open water settings and therefore 
represent unique archives to reconstruct regional Holocene sea-level trends and climatic 
oscillations on annual to millenial time scales.  

In low-latitude regions, away from the major glacial centres (so-called far-field regions), the 
reconstructed sea-level changes provide the most accurate and precise estimate of ice volume 
changes once they have been corrected for the influence of tectonic processes and glacial 
isostatic adjustment (GIA) – the deformational, gravitational and rotational response of the Earth 
to the ice-ocean mass exchanges associated with the glacial cycles. In contrast to typical mid-to-
low latitude Atlantic sea-level curves that indicate continuously rising sea levels at a decelerating 
rate during the Holocene, far-field relative sea-level (RSL) records often display a highstand 
during the Mid- to Late Holocene in the Pacific and in the eastern Indian Ocean. This reflects a 
reduction in the rate of global melt water production and the subsequent dominance of GIA 
processes.  

A reference sea-level curve encompassing the last 6,000 years is based on a comprehensive and 
high-resolution study of coral microatolls in French Polynesia. A geophysical model of the GIA 
process was applied to explore regional differences with sea-level records from nearby 
archipelagos and to extract ice volume changes from our new sea-level curve. Removing the GIA 
contribution from the reconstructed RSL changes gives a glacio-eustatic contribution of between 
1.5 to 2.5 m since 5.5 kyr BP that was most likely sourced from the Antarctic ice sheet. The 
reconstructed curve includes also isolated rapid events of several decimeters within a few 
centuries, as well as periods of remarkable stability lasting up to ~300 years that are typified by 
the development of fields of large and flat microatolls. A highstand is evidenced between 3.9 and 
3.6 kyr BP when the MLWS level was at +0.9 m.   
 
	
 
 
 



DID THE LAURENTIDE ICE SHEET SURVIVE THROUGH MARINE ISOTOPE STAGE 9 
 
Carlson, AE, Walczak, M, Tarasov, L, Ullman, DJ 
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Looking at the global benthic δ18O stack, only marine isotope stage (MIS) 7 stands out as an 
anomalous interglaciation with higher δ18O values than other interglaciations of late Quaternary 
(the last ~450 ka). However, benthic δ18O is an integrator of global ice volume and temperature; 
records of local ice-sheet change are needed to partition the sources of the global signal. Here 
we use published Laurentide ice-sheet (LIS) proximal records from IODP Site U1302/1303 off of 
Orphan Knoll to test LIS presence/absence on the eastern Canadian Shield. Supported by ice-
sheet model simulations, Si/Sr is low in most interglaciations of the late Quaternary reflecting 
the deglaciation of the LIS and removal of its erosive power from the Canadian Shield that 
supplied detrital minerals rich in Si during glacial periods. However, like MIS 7, MIS 9 has 
continued elevated input of Si relative to Sr. Planktic δ18O also does not decrease to full 
interglacial levels like in MIS 1, 5e and 11. MIS 9 had a similar orbital forcing as MIS 5e, but a 
much shorter period of elevated interglacial atmospheric CO2 concentration that is similar to MIS 
7e. We suggest that the reduced period of elevated atmospheric CO2 allowed the LIS to survive 
through MIS 9 (like MIS 7), providing an important constraint on the climatic thresholds 
necessary for deglaciation of the Northern Hemisphere. 
 
  
  



SURFACE-OCEAN 234U/238U AND ITS IMPLICATIONS FOR CORAL-BASED SEA-LEVEL 
RECONSTRUCTIONS 
 
Chutcharavan, PM1, Dutton, A.1, Ellwood, M.E.2, Skrivanek, A.1, Vyverberg, K.1 
1Department of Geological Sciences, University of Florida;  
2Research School of Earth Sciences, The Australian National University 
 
Fossil coral reefs provide an important record of late-Quaternary sea-level change, as corals 
grow relatively close to the sea surface and can be dated using U-series geochronology. 
However, coral skeletons are prone to alteration, which can result in a U-series age that is 
different than the true age of the coral. Therefore, fossil corals must be carefully screened to 
ensure that only “pristine” U-series ages are used for sea-level reconstructions. One such 
screening technique uses the initial 234U/238U activity ratio (or d234Ui in standard delta notation) 
of the coral skeleton, which is an inferred measurement of the U-isotope composition of the 
coral when it was alive. Corals grow their skeletons directly from seawater and it has previously 
been shown that corals should have the same starting 234U/238U ratio as seawater. Hence, corals 
with anomalously high/low back-calculated initial 234U/238U are typically rejected as having been 
altered by open-system diagenesis.  
 
Here, we evaluate a compilation of nearly 2000 shallow water coral U-series measurements from 
existing literature. Unlike previous studies, the U-series measurements in our compilation have 
all been normalized using the most recent decay constant values for U- and Th-isotopes and 
corrected, when applicable, for offsets in the 234U/238U ratio of different aliquots of the HU-1 
standard. Using this approach, we reassess (a) the value of modern seawater d234U, and (b) the 
evolution of seawater d234U over the last deglaciation. Modern coral d234U values (145.0 ± 1.5 
‰) agree with previous measurements of seawater and modern corals only once the data have 
been normalized. Additionally, fossil corals in the surface ocean display d234Ui values that are ~5 
to 7 ‰ lower during the last glacial maximum regardless of site, taxon, or diagenetic setting. This 
indicates that seawater d234U varied on interglacial-glacial timescales and that a constant 
seawater value should not be assumed for screening-out altered samples. 
 
Another consequence of this study is that the normalization of inter-laboratory offsets induced 
by small differences in the composition of their standards allows us to recalculate previously 
published data. As a case study, we have re-calculated data from the Australian National 
University laboratory, which induces a negligible change in the age calculation, but a significant 
change in the back-calculated d234Ui values of fossil corals. Using these recalculated values, we 
reexamine previously published data from Western Australia to see how this might change 
existing interpretations of sea level reconstructions. This example demonstrates the value of 
improving data-reporting and inter-laboratory calibrations in the U-series community to 
increasing the longevity and value of existing datasets.  
  



GEOPHYSICAL MODELLING OF THE MESSINIAN SALINITY CRISIS 
 
Coulson, S1, Austermann, J2, Mitrovica, JX1, Powell, EM1, Pico, T1, Lau, HCP1 
1Department of Earth and Planetary Sciences, Harvard University, Cambridge, Massachusetts, 
USA 
2Department of Earth Sciences, University of Cambridge, Cambridge, UK 
 
The Messinian Salinity Crisis (5.96 to 5.33 Ma) marks a period of limited connectivity between 
the Mediterranean Basin and the Atlantic Ocean, thought to have been caused by tectonic uplift 
around the Strait of Gibraltar. The combination of isolation from the Atlantic and dry climatic 
conditions resulted in almost complete desiccation and massive deposition of evaporites 
throughout the basin. The first stage of the crisis saw the deposition of gypsum at basin margins 
due to a minor sea level fall. During the second stage, the Mediterranean Basin became 
completely disconnected, resembling a vast salt-water lake (Clauzon et al., 1996, Krijgsman et al., 
1999, Rohling et al., 2008). Stratigraphy of the first stage records 16-17 cycles of evaporite 
deposition, which are assumed to reflect cycles of sea-level drawdown. Garcia-Castellanos and 
Villaseñor (2011) attribute this cyclicity to a coupling between uplift and erosion at the Gibraltar 
sill controlling evaporation and refilling in the Mediterranean Basin. 
 
Rapid redistribution of water, as would have occurred during the refilling of the Mediterranean 
Basin, leads to geographically variable sea level change in surrounding oceans, much like sea 
level fingerprints calculated in response to ice sheet melt (Clark et al., 2002, Mitrovica et al., 
2009). In particular, during the filling of the basin, the inflow is increased due to the gravitational 
pull of the water in the basin and the subsidence at the Gibraltar sill associated with the 
increased water load. As the basin empties, these effects reverse. To explore this physics, we 
couple the incision calculations of Garcia-Castellanos and Villaseñor (2011) with a gravitationally 
self-consistent sea-level formulation developed for studies of glacial isostatic adjustment 
(Kendall et al., 2005). In our calculations we revise the uplift rate prescribed as a free parameter 
in the Garcia-Castellanos and Villaseñor (2011) analysis to include predictions of crustal dynamic 
topography based on viscous flow modeling of mantle dynamics. Thus, we demonstrate the 
importance of gravitational and deformational effects associated with the Mediterranean water 
load, as well as changes in topography supported by viscous mantle flow, for the dynamics of the 
Messinian Salinity Crisis. 
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THE HISTORY OF SEA LEVEL AND ISOSTATIC ADJUSTMENT RECORDED IN 
BAHAMIAN GEOMORPHOLOGY 
 
Blake Dyer1 , William J. D’Andrea1 , Michael Sandstrom1 , Jacky Austermann1,2 , Alessio 
Rovere1,3, Maureen Raymo1  

1Lamont-Doherty Earth Observatory, Columbia University, 61 Route 9W, Palisades, NY, 
10964, USA 
2Earth Sciences Department, University of Cambridge, UK 
3MARUM–Center for Marine Environmental Sciences University of Bremen, DE 

In the last interglacial period (MIS 5e), global mean sea level was potentially as high as 9 meters 
relative to today, and greenhouse gases were similar to pre-industrial levels.  Combined, these 
estimates suggest that current sea level may be primed for sudden and drastic change. However, 
global sea level during MIS 5e, and the rates of change during that interglacial are complicated 
by incomplete chronologies in the geologic record and uncertainties in local isostatic and 
tectonic adjustment of these records since deposition. The Bahamian archipelago is tectonically 
stable and the landforms of these islands may record past interglacial sea level. More 
specifically, the island geomorphology consists of various types of ancient aeolian dunes and 
broad flat plains that were deposited during previous interglacials. To investigate the sea level 
history recorded in this geologic archive, we developed a convolutional neural network that 
maps landforms on satellite derived elevation data. Fossilized parabolic dunes and broad flat 
plains both exhibit spatial patterns in elevation consistent with deposition matching the end of 
the last interglacial. Using these spatial patterns as a rough guide for relative sea level, a range of 
glacial isostatic adjustment models and ice histories are discussed. Overall, this study sets the 
groundwork for stitching together disparate stratigraphic and geochronological sea level data 
with expansive low precision radar altimetry where spatial patterns in relative sea level can be 
targeted even more precisely. 
  



EVIDENCE FOR THE SEA LEVEL OSCILLATION WITHIN MIS 5E IN OOLITIC TIDAL 
DEPOSITS IN THE FLORIDA AND THE BAHAMAS 
 
Eberli, GP, Grasmueck, M, KL, Alothman, Husdun, C, Jackson, E., and Harris, PM  
CSL-Center for Carbonate Research, RSMAS, University of Miami, Miami, FL 
 
Exposure horizons in the Miami Oolite and in oolitic shoals on New Providence Island, Bahamas, 
document the sea-level oscillation within MIS 5e. On New Providence Island the exposure 
horizon can be traced with high-precision Ground Penetrating Radar (GPR) that allows to place 
its position with a precision of 1 – 10 cm. Likewise the subsequent accommodation rise within 
MIS 5e can be assessed with the same precision.  
 
The Miami Oolite is dated using U-Th techniques as deposited during the last interglacial 
highstand. Outcrops and a series of core borings from the southwest to northeast record two 
subtidal successions separated by an exposure horizon. This exposure horizon is at a depth of 0.5 
m to 1 m above present sea level. The exposure is recorded either by a caliche crust, red staining 
and dissolution, or in some places by admixture of quartz sandstone into bioturbated 
peloidal/oolitic grainstone to packstone. Ooids below the horizon are dated as 126 kyrs but no 
dates could be obtained from the younger substage. 
 
On New Providence Island a new technique was used to track and position the elevation of the 
exposure horizon and the maximum height of the MIS 5e sea level that is recorded in the beach 
deposits at Clifton Pier. The exposure horizon had been documented in three locations: in a 
shallow core boring, in an irrigation ditch, and in a quarry. 18 km of GPR data acquired with a 
250 MHz shielded antenna that reaches 9 m in depth, resolving the exposure horizon and the 
sedimentary structures inside the shoals. To extract the precise z-coordinates of both the surface 
topography and the elevation of the exposure, GPR and GPS data were acquired simultaneously. 
For simultaneous GPR and GPS data acquisition in just one pass, we have integrated miniature L1 
frequency GPS receivers with the GPR antenna. The GPS receivers record raw GPS signals. With 
differential GPS post-processing we achieve centimeter precise coordinates. The exact fusion of 
GPS coordinates with GPR data is based on the precise satellite clock signals contained in the 
GPS data. In addition to the roving GPS receivers, a stationary basestation is setup with the same 
type of GPS receivers. To achieve centimeter accuracy post-processing is required in which the 
GPS coordinates and the GPR traces are filtered, fused, regularized, and topographically 
corrected by in-house developed software. The resulting SEGY formatted files are imported into 
a 3D seismic workstation for visualization and interpretation with GeoProbe™. In this 
interpretation package the exposure horizon can be traced along the topography on top of early 
MIS 5e substage and the change of facies during the early and late substage can be measured.  
 
 
 
 



IMPACT OF MANTLE CONVECTION ON ELEVATIONS OF GEOLOGICAL MARKERS OF 
SEA LEVEL IN THE LAST INTERGLACIAL 
 
Forte, A M1, Dutton, A1, Glišović, P2 
1Department of Geological Sciences, University of Florida, Gainesville, FL, 32611, USA 
2GEOTOP, Université du Québec à Montréal, Montréal, QC, H3C 3P8, Canada 
 
The process of thermal convection in Earth’s rocky mantle is generally recognized as the 
dominant driver of long-term (million-year time scale) changes in plate tectonic activity and all 
the attendant geological phenomena occurring at or near plate boundaries (e.g. mountain 
building, volcanism, earthquakes). Mantle convection also drives spatiotemporal changes in the 
vertical position of Earth’s solid surface (dynamic topography) on a global scale, at locations far 
removed from plate boundaries (e.g. Forte et al. 2007). Relative sea level variations driven by 
this dynamic topography are manifested in changing shoreline positions that are implicated in 
the evaluation of stability of polar ice sheets during past climate optima, such as the mid 
Pliocene warm period (Rowley et al. 2013; Austermann et al. 2015). The possibility that mantle 
convection can significantly contribute to these changes on multi-millennial time scales, where 
glacial isostatic adjustment (GIA) is traditionally regarded as the dominant process, is only 
recently gaining attention (Forte & Dutton 2016; Austermann et al. 2017). 
 
Here we elucidate the important connections between mantle convection dynamics and 
dynamic topography at a number of key ‘tectonically stable’ sites where geological markers 
provide a good record of elevations during the Last Interglacial (LIG) period (Dutton & Lambeck 
2012; Dutton et al. 2015). To this end, we present calculations of changes in vertical position of 
the crust over the past ~125 kyrs that are predicted by backward convection simulations that 
employ 3-D seismic tomography models (Glišović & Forte 2016). We explore the potential 
variability in these predictions that arise from uncertainties related to the viscosity structure of 
the mantle and to the imperfect resolution of the seismic tomographic images of 3-D mantle 
heterogeneity. In all cases, we find that mantle convection can drive several meters of vertical 
motion since the LIG. This confirms that mantle convection dynamics should be properly 
accounted for (along with GIA) in determining ‘corrected’ elevation estimates at key sites where 
LIG sea level is recorded. Another outcome of this analysis is the recognition that the magnitude 
of convection-driven vertical motions over the past ~125,000 years is comparable to the 
uncertainty range of reconstructed peak global mean sea level during the LIG. 
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Modelling paleo ice sheet and sea level changes has classically been approached either by 
inferring ice cover changes through applying sea level modeling and comparing to geological sea 
level records, or by modeling the dynamic response of ice sheets to past climate changes.  More 
recently, we have developed coupled models that simultaneously predict dynamic ice sheet 
evolution and global sea level changes that include deformation of the solid Earth, and consider 
feedbacks between ice dynamics, solid Earth deformation and sea level changes.  We present an 
overview of recent work applying coupled ice-Earth-sea level modeling to explore the extent and 
timing ice sheet retreat and associated sea level changes during the Pliocene and into the future.  
Our results focus on Antarctica, where there is extensive marine-based ice, and where complex, 
and laterally varying rheological structure of the solid Earth beneath the Antarctic ice sheet 
influences predictions of ice sheet evolution, sea level changes and modern glacial isostatic 
adjustment.  We highlight the importance of considering not only the magnitudes but also the 
timescales of climate forcing, ice sheet retreat, and solid Earth response to loading in the 
coupled system. We also discuss the implications of our results on the interpretation of 
geological and geodetic observations of past changes, considering the regions and time periods 
in which knowledge of 3-D variations in Earth viscosity and the details of ice sheet evolution in 
Antarctica are critical.   
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Sea-level (SL) reconstructions over glacial-interglacial timeframes are critical for understanding 
the equilibrium response of ice sheets to sustained warming. In particular, continuous and high-
resolution SL records are essential for accurately quantifying ‘natural’ rates of SL rise. Global SL 
changes are well-constrained since the last glacial maximum (~20,000 years ago, ky) by 
radiometrically-dated corals and paleoshoreline data, and fairly well-constrained over the last 
glacial cycle (~150 ky). Prior to that, however, studies of ice-volume:SL relationships tend to rely 
on benthic δ18O, as geomorphological evidence is far more sparse and less reliably dated. An 
alternative SL reconstruction method (the ‘marginal basin’ approach) was developed for the Red 
Sea over 500 ky, and recently attempted for the Mediterranean over 5 My (Rohling et al., 2014, 
Nature). This method exploits the strong sensitivity of seawater δ18O in these basins to SL 
changes in the relatively narrow and shallow straits which connect the basins with the open 
ocean. However, the initial Mediterranean SL method did not resolve sea-level highstands during 
Northern Hemisphere insolation maxima, when African monsoon run-off − strongly depleted in 
δ18O − reached the Mediterranean. Here, we present improvements to the ‘marginal basin’ sea-
level reconstruction method. These include a new ‘Med-Red SL stack’, which combines new 
probabilistic Mediterranean and Red Sea sea-level stacks spanning the last 500 ky. We also show 
how a box model-data comparison of water-column δ18O changes over a monsoon interval 
allows us to quantify the monsoon versus SL δ18O imprint on Mediterranean foraminiferal 
carbonate δ18O records. This paves the way for a more accurate and fully continuous SL 
reconstruction extending back through the Pliocene. 
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Coral microatolls are sensitive low-tide recorders, as their upward growth is limited by the mean 
low water springs level, and can be considered therefore as high-precision recorders of sea-level 
change. They are of pivotal importance to reconstructing low-amplitude, high-frequency sea-
level change on centennial to sub-decadal time scales during periods of relative climate stability 
such as the Mid- to Late Holocene, which serves as an important baseline of natural variability 
prior to the industrial revolution. Growth pattern and geochemical analyses of microatolls reveal 
valuable insights on climate variability and, for example, allow a precise reconstruction of ENSO 
events. Their vertical precision in combination with a precise GPS positioning makes them the 
most accurate and reliable sea-level indicators. 
However, it is crucial to understand the natural variability of modern microatolls to accurately 
reconstruct past sea-level changes as different populations from one island may reveal a 
difference in elevation on a decimeter scale. Various environmental conditions such as the wind 
direction, currents, the tidal regime, turbidity, salinity, temperature and nutrients influencing 
modern microatoll populations have to be considered before analyzing fossil microatolls from 
the respective island. These factors may influence the water depth where modern microatolls 
prefer to grow. For example, moated microatolls may grow at a higher elevation than microatolls 
from an open water setting. Understanding the natural distribution of modern microatolls is 
essential to better understand the occurrence of their fossil counterparts and to reliably 
determine a biological level for the respective study sites. 
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Studies of past glacial cycles yield critical information about climate and sea-level (ice-volume) 
variability, including the sensitivity of climate to radiative change, and impacts of crustal rebound 
on sea-level reconstructions for past interglacial intervals. Here we identify significant 
differences between the last and penultimate glacial maxima in terms of global volume (from 
five independent sea-level records) and distribution of land ice, despite similar global 
temperatures and radiative forcing. Our analysis challenges conventional views of relationships 
between global ice volume, sea level, seawater oxygen isotope values, and deep-sea 
temperature, and supports the potential presence of large floating Arctic ice shelves during the 
PGM. An initial glacioisostatic assessment demonstrates how a different PGM ice-sheet 
configuration (based on our new database of PGM ice sheet extents and dating constraints) 
might affect sea-level estimates for the last interglacial. Results suggest that this may alter 
existing last interglacial sea-level estimates, which often use an LGM-like ice configuration, by 
several metres. 
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GEOMORPHOLOGICAL SEA LEVEL MARKERS 
 
Hibbert, FD(1), Williams, FH(1,2), Fallon(1), S, Rohling, EJ(1,2) 
 
(1) Research School of Earth Sciences, The Australian National University, Canberra, ACT, 2601, Australia 
(2) Ocean and Earth Science, University of Southampton, National Oceanography Centre, Southampton 
SO14 3ZH, UK. 
 
 
The last deglacial was an interval of rapid climate and sea-level change, including the collapse of 
large continental ice sheets. This database collates carefully assessed sea-level data from peer-
reviewed sources for the interval 0 to 25 thousand years ago (ka), from the last glacial maximum 
to the present interglacial conditions. In addition to facilitating site-specific reconstructions of 
past sea levels, the database provides a suite of data beyond the range of modern/instrumental 
variability that may help hone future sea-level projections. The database is global in scope, 
internally consistent, and contains U-series and radiocarbon dated indicators from both 
biological and geomorpohological archives. We focus on far-field data (i.e., away from the sites 
of the former continental ice sheets), but some key intermediate (i.e., from the Caribbean) data 
are also included. All primary fields (i.e., sample location, elevation, age and context) possess 
quantified uncertainties, which - in conjunction with available metadata - allows the 
reconstructed sea levels to be interpreted within both their uncertainties and geological context. 
Consistent treatment of each of the individual records in the database, and incorporation of fully 
expressed uncertainties, allows datasets to be easily compared. The compilation contains 193 
studies from 40 locations (>2,600 data points) and includes all raw information and metadata. 
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Recent work has made clear that the volume of ice on Greenland during the Pleistocene has 
varied more than previously appreciated, with periods of stability punctuated by substantial ice-
sheet collapse. Existing measurements cannot exactly constrain the history of the ice sheet, but 
they highlight potential scenarios that have different implications for ice-sheet stability. Here we 
use a three-dimensional hybrid ice-sheet/ice-shelf model coupled to a regional climate model to 
investigate the controls on glaciation in Greenland during the Pleistocene. We apply multiple 
synthetic temperature and precipitation forcings based on Pleistocene benthic δ18O to 
investigate the behavior of the ice sheet as it initiates on a pre-glacial Greenland. We find that 
the ice sheet shows three distinct phases: first, oscillations between little ice and a modern-size 
ice-sheet; second, oscillations between a modern-size ice-sheet and an LGM-size ice-sheet; and 
third, persistence in an LGM-like size through multiple glacial-interglacial cycles. The duration of 
these phases, and the timing of transitions between them, affect the exposure histories of deep 
ice-core sites. We directly compare these results with 10Be measurements from beneath ice-core 
sites and around the periphery of the ice-sheet. We discuss the importance of the atmospheric 
lapse rate chosen to couple climate forcing to the growing ice-sheet, and suggest that externally-
forced changes to the atmospheric lapse rate also be investigated as a control on the stability of 
the ice-sheet, especially during warm “super-interglacial” periods. We find that ice is most 
persistent in southeast Greenland and, surprisingly, over the DYE-3 ice core site in Southern 
Greenland. These results may aid efforts to locate pre-Eemian ice in Greenland, and can be 
tested by further investigation of the exposure histories of basal material at additional sites 
beneath the ice sheet.  
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To provide a comprehensive examination of drivers of relative sea-level (RSL) change that act 
over different spatial and temporal scales, we present and analyze a compilation of late 
Holocene RSL data and measurements of vertical displacement from GPS data from the western 
Atlantic and Caribbean. The spatial coverage and temporal resolution of GPS records provides 
insight into recent RSL drivers (e.g., coseismic deformation, groundwater withdrawal), although 
given their short record length in the Caribbean, late Holocene RSL records are more suitable to 
compare to models of glacial-isostatic adjustment (GIA). Data extend geographically from 44°N 
(Maine, USA) to 4°N (Suriname and Guyana) and 89°W (Yucatan, Mexico) to 54°W (Suriname and 
Guyana); this area spans a gradient in rates of subsidence due to collapse of the forebulge of the 
former Laurentide Ice Sheet from its maximum in the US mid-Atlantic to where it becomes 
negligible in Suriname and Guyana. We apply a spatio-temporal statistical model to estimate 
rates of RSL and land-level change and compare data to predictions from GIA models. Through 
this comparison, we estimate the relative contribution of eustatic, GIA, tectonic and 
anthropogenic (i.e., groundwater withdrawal) drivers to late Holocene RSL change. 
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To understand ice-sheet dynamics and associated sea-level response, it is important to know if 
during an interglacial the eustatic sea level is constant, or oscillates around an average value. 
Several, mostly tropical field sites, have been interpreted to suggest such oscillations during 
marine isotope stage (MIS) 5e (129-116 ka). However, do these field sites provide the required 
resolution in terms of sea-level sensitivity and datum and age uncertainty? In addition, are coral-
based proxies tested against independent records given the variable behavior of the biological 
marker? Constraining non-robust proxy data through sea-level models is also difficult: Most last 
interglacial sea-level modelling work use today’s ice distributions – a valid approach to assess 
model performance but of limited use to learn about sea level and ice-sheet thickness due to the 
different MIS 5 insolation values.  
 
Here we present data from a non-tropical site, Hergla (eastern Mediterranean) and from a coral-
based site, Xcaret (Mexico) where the first is constrained by proxy data and the latter by 
CarboCAT, a model for peritidal carbonates forming parasequences in shallow-water 
environments.  
 
Our data obtained from Hergla do not confirm a sea-level oscillation during MIS 5e. For Xcaret, 
our carbonate model does not confirm the formation of two reef crests at two different 
elevations. Both sites do not provide sufficient evidence for a surface of regional extend that 
would separate the deposits of separate highstands. 
In the light of these results the challenge to robustly infer a small sea-level jump becomes 
apparent: The non-tropical sea-level proxy suffers from both insensitivity to small-scale sea-level 
oscillation and poor chronological resolution. The reef-based record, on the other hand, suffers 
from large vertical uncertainties due to hard to determine living range and growth rate of the 
coral investigated. In addition, the surface that should form as a result of the sea-level drop is a 
feature limited to outcrop scale and, hence, insignificant. 
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Models of glacial isostatic adjustment (GIA) play an important role in using paleo information of 
sea-level change and ice extent to inform future projections of these Earth System components. 
For example, GIA model output is required to determine ice equivalent sea-level change from a 
local sea-level reconstruction. This GIA ‘correction’ is central to estimating the volume and rate 
of mass loss during past warm periods. In addition, GIA is a significant contributor to relative sea-
level (RSL) change in regions covered by ancient or existing ice sheets and so is an important 
component signal of the total RSL projection. Paleo data provide the most efficient means of 
constraining GIA model parameters in these regions. In this presentation, I will discuss the issue 
of GIA model uncertainty in both of the above applications. Model uncertainty arises in two 
ways: that associated with the model parameters (parametric uncertainty; e.g. ice model history, 
Earth model viscosity structure) and that associated with limitations in the model design/physics 
(structural uncertainty; e.g. 1-D Earth structure). Both of these uncertainty types will be 
discussed and examples given of each to illustrate that their relative importance depends on 
location and time. A key aim of this work is to highlight the most important model uncertainties 
for the PALSEA-relevant applications described above and suggest ways forward to reduce these 
through targeted data acquisition and/or model development.  
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The Mid-Pliocene Warm Period (MPWP; 3.3-3 Ma) is considered the most recent accessible 
example of how the Erath system may respond to future warming scenarios. MPWP climate 
boundary conditions were similar to today with  ~400 ppm atmospheric pCO2 resulting in global 
temperatures 2-3°C higher-than-present, together with a lack of large-scale ice sheets in the 
Northern Hemisphere. Sea-level reconstructions for this time, based on shallow-marine 
sedimentary sequences, are often discontinuous due to erosion during glacial low stands, 
allowing only minimum estimates of sea-level change. Back-stripping of these sea-level records 
accounts for sediment compaction and tectonic influence, but they are generally not corrected 
for the regional influence of glacio-isostatic adjustment (GIA), or mantle dynamics. Benthic δ18O 
records are better dated than many shallow-marine records and provide a continuous time 
series, but the δ18O signal reflects ice volume, temperature and regional hydrographic variability. 
Attempts to constrain the ice volume component using independently-derived temperature 
proxies also provides ambiguous results.  The resulting ice-volume signal is complicated by 
differing isotopic signatures of the northern- and southern-hemisphere ice sheets. Consequently, 
published sea-level estimates are unable to constrain the full amplitude and frequency of glacial-
interglacial ice volume and sea-level change during this important time interval.  
 

We present a new continuous sea-level record, from two shallow-marine sediment drill cores 
(~750 m) and an outcrop section in the Whanganui Basin, New Zealand, which describe water 
depth changes in a mid- and outer- continental shelf environments. The sea-level record is 
derived from a newly developed grainsize water-depth relationship, relating the critical velocity 
required to transport sand as bed load under specified wave climates. The resulting sea-level 
record is supported by more traditional methods of lithofacies analysis and depth-sensitive, 
extant benthic foraminiferal assemblages, quantified using a modern analogue technique. An 
integrated age model was developed from paleomagnetic and tephrochronologic  analyses of 
the cores and outcrop, combined with biostratigraphy to constrain a correlation with 
geomagnetic polarity timescale. The age model identifies orbital-scale variability in water depth. 
 

The results of back-stripping the imply precession-paced fluctuations in global mean sea-level 
with an average GI amplitude of 15±10 m during the MPWP, transitioning to obliquity-paced 
fluctuations from ~2.9 Ma through to ~2.6 Ma with an average GI amplitude of 23±10, corrected 
for the influence of GIA. Precise chronological constraints (+/- 3-5-kyrs) of the high-resolution (1 
m kyr-1) sea-level record allows correlation of the sea-level cycles with orbital time series, 
displaying an in-phase relationship with southern high-latitude insolation, suggesting Antarctic 
ice volume is primarily influencing global sea level change during the MPWP. The emergence of 
obliquity implies an increasing influence of Northern Hemisphere ice sheet volume from ~2.9 
Ma.  
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The Greenland Ice Sheet (GrIS) is expected to contribute increasingly to global sea level rise by 
the end of this century, and potentially several meters in this millennium, but still with 
considerable uncertainty. The rate and amount of Greenland melt will impact on regional sea 
levels. The Last Interglacial (LIG, ~129 ka to 116 ka) is recognized as an important period for 
testing our knowledge of climate-ice sheet interactions in warm climate states. Although the LIG 
was discussed in the First Assessment Report of the IPCC, it gained more prominence in the IPCC 
Fourth and Fifth Assessment (AR4 and AR5) with reconstructions highlighting that global mean 
sea level was at least 5 m higher (but probably no more than 10 m higher) than present for 
several thousand years during the LIG. Model results assessed for the AR5 suggest a sea level 
contribution of 1.4 to 4.3 m from the GrIS. These model simulations, though, did not include all 
the feedbacks of the climate system and the GrIS. 
 
Here, we examine the response of the Arctic climate system and the GrIS in simulations with the 
Community Earth System Model (CESM) fully coupled to the Community Ice Sheet Model (CISM), 
using a surface energy balance scheme and without bias corrections. The analysis focuses on 
how the GrIS responds to the imposed high boreal summer insolation of the LIG and in addition, 
to the long-term feedbacks of high-latitude vegetation changes. Results highlight the evolution 
of surface temperatures over the ice sheet, its thickness and surface mass balance (patterns of 
ablation and accumulation), sea ice and ocean circulation. We conclude with a discussion on how 
the LIG may be informative as a potential process analogue for the GrIS response for future 
centuries to come. 
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Understanding ice sheet meltwater contributions to deglacial sea-level rise is critical to assessing 
the stability of ice sheets under current climate conditions. Observations of spatially variable sea-
level change, resulting from the ongoing process of glacial-isostatic adjustment (GIA), 
theoretically permit ‘fingerprinting’ sources of ice sheet melt. Nonetheless ice sheet histories 
during key intervals since the Last Glacial Maximum (26 ka; LGM) remain poorly constrained, as 
differences between relative sea-level records at chronologically well-resolved sites in the far-
field (e.g. Barbados and Tahiti) are insufficient to robustly distinguish between meltwater 
sources given current uncertainty on ages and paleoelevation. Because sea level in ice-proximal 
regions is strongly modulated by deformational and gravitational effects over the ice age, sea-
level records in these regions can provide tighter constraints on meltwater sources than far-field 
records.  
 
We use observations of the initial inundation of the Bering Strait to constrain a history of 
meltwater associated with the retreat between the two major North American ice sheets. The 
timing of resubmergence of the Bering Strait remains contentious, as observations in sediment 
cores support an 11.5 ka opening of the Bering Strait, while other lines of evidence based on 
species dispersal suggest a connection nearly 2 ky earlier, at 13.3 ka. These datasets appear to 
be inconsistent; however, if robust, the data point to a double opening of the Bering Strait, 
insinuating a sea-level fall or stand still from 13-11.5 ka, an interval when globally-averaged sea 
level rose rapidly at a pace of over 10 m/ky. 
 
We demonstrate that these enigmatic observations can be reconciled using a gravitationally self-
consistent sea-level simulation with an ice history that sources a substantial contribution of 
meltwater from the saddle between Laurentide Ice Sheet (LIS) and the Cordilleran Ice Sheet (CIS) 
from 13-11.5 ka. Our sea-level simulations imply that the saddle between the LIS and the CIS was 
not a major contributor to MWP-1a (~14.5 ka), as has been previously argued. In addition, the 
proposed ice-melting scenario is consistent with the hypothesis that discharge of freshwater into 
the Arctic slowed the AMOC and triggered the Younger Dryas cold episode (12.9-11.7 ka). Finally, 
our sea-level reconstructions predict an evolution of regional paleoshorelines, a key boundary 
condition for studies of the peopling of the Americas. 
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Detailed melting histories for the major northern hemisphere ice sheets have been developed 
from analysis of post-glacial rebound signals. In the course of these analyses, several general 
principles have been identified that apply for all northern hemisphere ice sheets: (1) if during a 
growth phase an ice sheet reaches the coast then its growth will continue until it reaches the 
edge of the continental shelf; (2) pre-LGM sediments or bedrock are often preserved despite the 
presence of substantial overlying ice sheets at the LGM – the preservation of such features is not 
necessarily an indicator of ice-free conditions; (3) initial ice thickness estimates are well-
approximated using a parabolic surface elevation profile - provided elevation at the center of 
spreading and the radius of the ice sheet are known. In this talk I present preliminary results for 
a reconstruction of the late-glacial Antarctic ice sheet based on these principles. 
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The tectonically stable Sri Lanka is an ideal location for studying sea-level and paleoclimatic 
changes during the Holocene. Sea-level changes imprinted signatures in coasts and estuaries. In 
this study, the author considered the brackish coastal lakes/estuaries, submerged corals and 
inland corals for studying relative sea-level in the central Indian Ocean. In addition, 
geomorphology of the coasts was examined to understand sedimentological patterns in relation 
to sea-level changes. Organic geochemical proxies were examined in sedimentary cores from 
these coastal aquatic systems. Bulk elemental and molecular compositions were identified using 
C,N,S elemental analysis and gas chromatography-mass spectrometry, respectively. 14C dating 
of shells, wood and bulk organic matter was used to identify chronological events in the 
sedimentary successions. This study shows two major chrono-stratigraphic divisions (i.e., from 
ca. 7.5 ky B.P. to 2.5 ky B.P. and from ca. 2.5 ky B.P. to the Recent). The lower sedimentary 
succession indicates moderate productive chronozone. It was characterized by deposition of 
marine-terrestrial organic matter under oxygen-poor/anoxic conditions during mid-Holocene 
sea-level highstands. The mid-Holocene regression mainly changed geomorphology of southwest 
coast of Sri Lanka from bay/river-mouth to a semi-enclosed brackish estuary setting. Therefore, 
this major geomorphological change at ca. 2.5 ky B.P. was marked by enhancement of total 
organic carbon contents (nutrients) and accumulation of reworked terrestrial organic matter in a 
semi-enclosed brackish aquatic systems. Biomarker studies reveal that a gradual climatic 
transition from wetter to dryer since the middle Holocene based on n-C29/n-Call and n-C37/n-
Call alkane proxies. In contrast, geomorphological observations suggest two main sedimentary 
facies in southwest coast of Sri Lanka. In detail, the lower sedimentary succession (Facies 2) was 
characterized by expansion of beach ridges and headlands during the mid-Holocene highstands. 
The upper sedimentary succession (Facies 1) was characterized by semi-closed or closed brackish 
to terrestrial systems after the mid-Holocene highstands. Ongoing investigations identified 
submerged and 2-3 km distance inland coral deposits in southwest coast of Sri Lanka. These 
coral deposits are clearly stand above present mean sea-level and thus strong indication for 
about 2-3 m height paleo sea-level highstands.   
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Characteristic geomorphology described from three Pliocene age shorelines in Rovere et 

al. [2014] was used to guide a global search for additional shorelines that could be used to study 
sea level in the past. The elevation of each of the previously documented paleo-shorelines was 
measured at a scarp toe, inland from a flat coastal plain (e.g., the Orangeburg Scarp along the 
U.S. east coast). In this study, nine additional scarp-toe delineated paleo-shorelines were 
identified using the SRTM and ASTER digital elevation models. In most cases, the geological 
facies outcropping on the seaward side of the scarps have been independently dated to the Plio-
Pleistocene; the inland side of the scarps are typically mantled with Miocene or older sediments.   
We show that post-Pliocene deformation of the inferred shorelines is substantial on passive 
margins around the globe, precluding a precise assessment of maximum Pliocene sea level rise.  
However, this GIA-corrected data set provides an exceptional set of field observations that can 
be compared to the output of dynamic topography models that predict how mantle convection, 
and hence surface deformation, changes with time.   
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The study of paleo sea levels relies largely on the quantitative interpretation of 
paleo relative sea-level (RSL) indicators, that is rooted in the calculation of the 
indicative meaning. The Last Interglacial (MIS 5e, ~130-116 ka) is surely one of the 
most studied past interglacials of the Earth’s history. Currently, three global RSL 
databases reporting more than 2700 RSL indicators dating back to MIS 5e. But such 
databases have been compiled with different standards, and used different 
approaches to quantify paleo RSL from the original elevation of a RSL indicator. 
Here, we concatenate these databases and we use a series of equations defining 
hydro- and morphodynamic relationships together with global wave and tide 
datasets to calculate the indicative meaning and the paleo RSL for each data point. 
After screening, we accepted 1441 points to be included in this new uniform 
database and we calculated a new indicative meaning for each one of them. We 
use comparisons and quantitative analyses of our compilation to discuss the way 
forward towards a new global database of MIS 5e sea level indicators.  
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Few studies address Mid-Pleistocene sea level highstands, partly due to the lack of 
preserved shorelines and difficulties with dating techniques. Here we compare 
strontium isotope stratigraphy (SIS) ages on two Mid-Pleistocene fossil shorelines 
in far field locations, one from the western Republic of South Africa (RSA), and the 
other from Cape Range, northwestern Australia. These fossil coastlines are 
presently at roughly the same elevation (with minimum sea level indicators from 
10-20.7 m in Cape Range, and 16.5 m in RSA) on “stable” continental margins, and 
are partially constrained for vertical deformation by both older (Pliocene/Miocene) 
and younger (MIS 5e) shorelines. Multiple 87Sr/86Sr measurements on shallow 
water fauna indicate an age of 1 million years old, implying significant ice-melt 
during the onset of the Mid-Pleistocene transition period. We further constrain the 
minimum age of the Cape Range terrace with cosmogenic exposure dating on post 
highstand dunes. Comparing these data with the global benthic δ18O curve, we find 
high probability these shorelines formed during the super interglacial Marine 
Isotope Stage (MIS) 31 (~1.075 Ma).  



MINIMAL EAST ANTARCTIC ICE SHEET RETREAT ONTO LAND DURING THE PAST 8 
MYR 
 
Jeremy D. Shakun1, Lee B. Corbett2, Paul R. Bierman2, Kristen Underwood3, Donna 
M. Rizzo3, Susan R. Zimmerman4, Marc W. Caffee5,6, Tim Naish7 
 
1Department of Earth and Environmental Sciences, Boston College, Chestnut Hill, MA 02467, USA 
2Department of Geology and Rubenstein School of the Environment and Natural Resources, University of 
Vermont, Burlington, VT 05405, USA 
3School of Engineering, University of Vermont, Burlington, VT 05405, USA 
4Center for Accelerator Mass Spectrometry, Lawrence Livermore National Laboratory, Livermore, CA 
94550, USA 
5Department of Earth, Atmospheric, and Planetary Sciences, Purdue University, West Lafayette, IN 47907, 
USA 
6Department of Physics and Astronomy, Purdue University, West Lafayette, IN 47907, USA 
7Antarctic Research Centre, Victoria University of Wellington, Wellington, New Zealand. 

 
The East Antarctic Ice Sheet (EAIS) is the largest potential contributor to sea level 
rise, but future projections are hindered by uncertainty in how the EAIS responded 
to past warm periods, for example during the Pliocene (5-3 Myr ago) when 
atmospheric CO2 concentrations were last ≥ 400 ppm. Geological evidence 
indicates that some marine-based portions of the East and West Antarctic Ice 
Sheets retreated during parts of the Pliocene; it remains uncertain whether ice 
grounded above sea level also experienced retreat. This question persists because 
global sea level estimates for the Pliocene are characterized by large uncertainties 
and thus cannot be used to rule out substantial land-based ice loss. Current ice 
cover in Antarctica makes it difficult to obtain direct evidence of past ice retreat on 
land. Here, we show that land-based sectors of the EAIS draining into the Ross Sea 
were stable throughout the past 8 Myr based on extremely low concentrations of 
cosmogenic 10Be and 26Al in quartz sand extracted from a land-proximal marine 
sediment core. The sediment we analyzed was shed from the continent where it 
experienced only minimal exposure to cosmic radiation. These results suggest that 
atmospheric warming during the past 8 Myr was insufficient to cause widespread 
and/or long-lasting meltback of the EAIS margin onto land. Antarctic ice volume 
variations in response to the range of global temperature experienced over this 
period – up to 2-3˚C above preindustrial, which correspond to future scenarios 
with CO2 concentrations between 400 and 500 ppm – are instead driven mostly by 
oceanic forcing of marine ice margins, in agreement with the latest models.  
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Far-field sea level records have provided evidence that parts of the Antarctic Ice 
Sheet (AIS) were likely lost during the Last Interglacial (LIG) period, 116-129 
thousand years ago. The dating, and the location, of AIS loss within the LIG 
however remains a difficult problem.  Sediment cores from beneath the West 
Antarctic Ice Sheet (WAIS) support the view that parts of the WAIS were lost within 
the last 1.3 million years but again the timing of the loss is unknown.  Thus near 
field marine and sub-ice sheet sediment core data has not provided conclusive 
evidence of LIG changes (or the timing of changes) in the WAIS, or the wider AIS.  
The resultant lack of agreement and knowledge about the AIS, particularly the 
WAIS during the LIG, hampers our ability to calibrate models of potential AIS loss in 
the future.  
 
Ice cores provide amongst the best dated proximal evidence of LIG change across 
the Antarctic regions (e.g. Masson-Delmotte et al., 2011; Capron et al., 2014), it is 
therefore helpful if we can use ice core measurements to provide constraints on 
the rate and timing of AIS change throughout the LIG. Whilst Bradley et al. (2012) 
found that it would be difficult to identify the loss of WAIS from glacio-isostatic 
adjustment signals in EAIS ice cores. However Steig et al. (2015) and Holloway et al. 
(2016) subsequently explored the impact of WAIS changes on d18O across 
Antarctica. Holloway et al. find that there should be clear signals of WAIS change at 
Antarctic ice core sites. This signals of WAIS change should be captured in ice 
cores; ice sheet impacts on the ice core record come from: ice sheet shape change 
signals;  WAIS meltwater signals; and sea ice changes (closely related to 
meltwater). Here we discuss therefore whether we can reconstruct Last 
Interglacial Antarctic and Greenland ice volume changes using ice core data. 
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Dating of reef-crest corals in two well-exposed fossil reef tracts from Xcaret in the 
Yucatán have recently been used to reconstruct sea level (SL) during the final 
stages of the last Interglacial and to identify a sub-millennial excursion that implies 
rapid changes in ice-sheet stability. A fundamental problem with such 
reconstructions is that constraining the timing of sub-millennial SL excursions is 
limited by the impact of meteoric diagenesis, which can produce millennial-scale 
differences within the same coral sample and arrays of isotopic data that are 
inconsistent with existing models of open-system behavior. Here we examine the 
diagenetic history of reef-crest corals at Xcaret to address these problems and to 
test both the timing and nature of the SL rise reported from this location.  
 
To test the hypothesis that the internal variability in U-Th ages within these corals 
is due to the conversion of aragonite to calcite during diagenesis, we have applied 
quantitative X-ray diffraction, stable isotope and petrographic analyses to corals 
from both reef tracts at Xcaret. Preliminary results show that multiple corals in 
these reefs contain significant amounts of calcite and, in places, clear diagenetic 
fronts between aragonite and calcite domains can be delineated. Laser ablation U-
Th dating across diagenetic fronts between cm-scale calcite and >90% aragonite 
domains on five corals yielded ages that vary by up to 30,000 years. Laser ablation 
dating of regions with <3% calcite yielded geochemical arrays of data that are 
indicative of heterogeneous open-system behavior on sub-cm scales. In addition to 
identifying isotopically pristine domains in these corals, we will also use step-wise 
dissolution to isolate them and thus obtain unaltered geochemical profiles and 
accurate U-Th ages. A detailed comparison of the diagenetic history of both reef 
tracts will help test the sequence in which they developed and the accuracy of the 
SL reconstruction. 
 



 
ADRESSING GLACIAL CYCLE UNCERTAINTY OF THE GREENLAND ICE SHEET: MODEL, 
CONSTRAINTS, INITIAL RESULTS TOWARDS BAYESIAN CALIBRATION, AND FUTURE 
IMPACT 
 
Tarasov, L1, Long, A2, Milne, G3, Roberts, D2, Woodroffe S2, Funder S4, Kjeldsen, KK4, 
and Lecavalier, B1 
 
1Department of Physics and Physical Oceanography, Memorial University, Canada 
2Department of Geography, Durham University, UK 
3Department of Earth and Environmental Science, University of Ottawa, Canada 
4Centre for GeoGenetics, Natural History Museum of Denmark, University of Copenhagen, Denmark 

 
Especially given the ongoing challenge of missing LGM ice, there is a need to 
build confident bounds on paleo contributions from major ice sheets. For approaches based on 
glaciological models, such bounds require a model that adequately probes uncertainties in both 
climate and ice processes along with a methodology for using paleo-observations to constrain 
this probe. To date, paleo glaciological models of the Greenland ice sheet (GrIS) have low 
confidence in their derived bounds. This is due in good part to limited probes of model 
uncertainties and sole reliance on climate forcings based on glacial indices derived from GRIP or 
GISPII ice core records. 
 
We describe the initial constraint data set (and welcome new data), error model for the data, 
and model setup in working towards a full Bayesian inversion of the last glacial cycle Greenland 
Ice Sheet Chronology. We use the 3D Glacial Systems Model with coupled glacial isostatic 
adjustment (including a first order gravitational correction) and sub-grid hypsometric surface 
mass balance and ice flow modules. The climate component is distinguished by a weighting of 
climate representations, including a fully coupled "climate generator" that has no dependence 
on Greenland ice core records. Calibrated model parameters also account for uncertainties in ice 
calving and submarine melt, basal drag, deep geothermal heat flux, and earth viscosity structure. 
 
The calibration is currently against relative sea level observations, constraints on ice extent from 
cosmogenic dates, and borehole temperature records from the Greenland ice core sites. 
Comparison of initial ensemble results against calibration constraints will validate the extent to 
which the model system potentially "covers reality", a pre-requisite for confident Bayesian 
inversion.  The model is run over two glacial cycles and therefore bounds on both Holocene and 
Eemian sea level contributions (including rates of change) will be presented. 
 
The ensemble runs are repeatedly extended into the future under different climate change 
scenarios. We thus conclude with an examination of the extent to which paleo to present-day 
calibration constrains future evolution. 
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Considerable debate surrounds the evolution and timing of sea-level changes 
during the Last Interglacial (LIG) period. In particular, the absolute timing of the 
peak global mean sea level (GMSL) and the nature of any sea-level oscillations 
surrounding it remain unresolved. Here we determine the timing of peak sea level 
and of several interruptions to reef accretion based on a suite of 82 new and 68 
previously published 230Th dates in conjunction with sedimentary and stratigraphic 
information from fossil corals in the Seychelles. From the age and elevation data 
only, relative sea level in the Seychelles appears to steadily rise from 128.7 ± 0.5 
thousand years ago (ka) and peak at 122.8 ± 0.5 ka. After applying a glacial isostatic 
adjustment correction, we estimate a peak GMSL of 7.3 ± 1.5 m above present. In 
addition to capturing peak GMSL, the fossil reefs are stratigraphically 
discontinuous with at least three distinct episodes of reef growth separated by 
hiatuses in reef accretion. We have bracketed these pauses to reef growth in time 
by dating corals on either side of the hiatuses. One hiatus at ~126 ka occurs in all 
of the dated outcrops and is coincident with an ephemeral sea-level oscillation 
interpreted in other fossil reef sequences from around the globe. 
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Sea level variations during Mid- to Late Holocene can be used to understand 
relations between cryosphere and various Earth’s surface components including 
low latitude oceanic changes. This is particularly the case for the Antarctic Ice 
Sheet whole future behavior under currently warming climate remains uncertain. 
We have deduced relative sea level records from uplifted marine terraces as well 
as biological indicators (diatoms, oysters and mangroves) from the Japanese 
archipelago. The Holocene-high-stand (HHS) elevations inferred from these 
indicators are typically 1-3 m at around 3500 years ago, after which sea level 
gradually fell to its present level. The timing of peak HHS also indicates that late 
Holocene melting mainly from Antarctica ceased by approximately 4,000-3,000 
years ago. Major retreat of Ross Ice Shelf is also observed during the late Holocene 
and was synchronous with low latitude climate fluctuations.  
 
 
	


