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ALBERTO QUADRIO CURZIO

Member of the Board of the International Balzan Foundation “Prize”,
President of the Class of Moral, Historical and Philological Sciences
of the Accademia Nazionale dei Lincei

FOREWORD

This Fifth Annual Balzan Lecture, delivered by Kurt Lambeck,
marks another milestone for the Balzan Foundation, as the series has
now established itself as a recognized element in the ongoing col-
laboration between the Accademia Nazionale dei Lincei, the Swiss
Academies of Arts and Sciences and the Balzan Foundation to provide
a platform for Balzan Prizewinners to address in public, issues and
findings that are related to their Balzan Research Projects.

This series demonstrates the fundamental role of the Balzan Foun-
dation in providing an accessible bridge between the sciences and the
humanities at the highest level of international scholarship.

It gives me great pleasure to present in this occasion the fifth vol-
ume in what is a carefully crafted series of splendid contributions to
contemporary academic discourse across all disciplines. In beginning
this initiative we were conscious that the task would not be an easy
one, but at the same time we were confident that the unparalleled
caliber and capacities of the Balzan Prizewinners would ensure suc-
cess. Now we have to say that the prizewinners have also contributed
with enthusiasm and kindness to the initiative and also for this we are
very thankful to them. Once more we have seen that great academics
are also great men and women.

The first lecture in the series presented the results of research under-
taken by young academics under the guidance of Peter and Rosemary
Grant dealing with the seminal topic of The Evolution of Darwin’s
finches, Mockingbirds and Flies.

The second lecture by Anthony Grafton brought to life Humanists
with Inky Fingers. The Culture of Correction in Renaissance Europe
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ALBERTO QUADRIO CURZIO

providing detailed analysis of the impact of these correctors on the
meaning of the texts they were working on.

The third lecture by Colin Renfrew illustrated the findings from
his excavations on the Greek island of Keros through the prism of
Cognitive Archaeology from Theory to Practice. The series deals with
subjects that have distinct contemporary relevance.

Last year Michael Marmot, with the fourth lecture, Fazr Society,
Healthy Lives, spanned the bridge between the theoretical and the
practical where the empirical impinges directly on our lives in matters
of life and death in his lecture.

Kurt Lambeck’s lecture offers a very timely contribution not only
to the debate on the consequences of human impact on the Earth,
but also to the very long cycles of changes in the world’s physical
structure. As my very dear colleague Maria Bianca Cita Sironi says in
her introduction to this Annual Balzan Lecture, Kurt Lambeck has
unique scientific skills which combine Geophysics, Geology, Geodesy,
Space Science, Celestial Mechanics, Environmental Geoscience and
Glaciology.

From this perspective, the exposition presented in this lecture
will also enable us to look at the physical and environmental phe-
nomena from many points of view, thus avoiding the distortions of
a one sided approach. Kurt Lambeck’s lecture published here offers
up both a distillation of research that is the fruit of decades of work
and also provokes one to think in different ways about fundamental
questions.



WELCOME ADDRESS BY LAMBERTO MAFFEI

President of the Accademia Nazionale dei Lincei

Distinguished Ladies and Gentlemen,

On behalf of the Accademia dei Lincei, I am very pleased to wel-
come you here today on the occasion of the 2013 Annual Balzan Lec-
ture. The Lecture series, now in its fifth year, is the fruit of agreements
between the International Balzan Prize Foundation, the Accademia
dei Lincei and the Swiss Academies of Arts and Sciences, and aims to
inform the public of scientific research in a wide range of disciplines,
touching also on contemporary issues. They are delivered annually by
a Balzan Prizewinner.

Today we are honoured to welcome back Professor Kurt Lambeck
to deliver this year’s Balzan Lecture. He is the recipient of the 2012
Balzan Prize for Solid Earth Sciences, reward for his exceptional con-
tribution to the understanding of the relationship between sea level
change and postglacial isostatic adjustment. We were fortunate to have
Professor Lambeck here at the Accademia dei Lincei in November of
last year, on the occasion of the Balzan Prizewinners Interdisciplinary
Forum. Professor Lambeck’s scientific work is distinguished by an
interdisciplinary perspective to research in the field of Solid Earth
Sciences. His studies have revolutionized important concepts in Solid
Earth Sciences and have marked a major turning point in our under-
standing of climate change and its causes. Recipient of many prestig-
ious international Prizes and member of several renowned academies,
Professor Lambeck’s research has been recognized worldwide.

Communication and dissemination of scientific knowledge to the
public is extremely important, especially when it concerns the well-
being of our planet. So, I thank you Professor Lambeck for accepting
the invitation to deliver this year’s Annual Balzan Lecture and sharing
with us your observations and insight on the Earth’s behaviour and
geodynamic processes.
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LAMBERTO MAFFEI
I also wish to thank the Balzan Foundation and the Swiss Acad-

emies of Arts and Sciences. The Accademia dei Lincei looks forward
to many more years of fruitful collaboration.



Introduction by
ALBERTO QUADRIO CURZIO and
MARIA BiaNCA CITA SIRONI Member of the Accademia Nazionale dei Lincei

Alberto Quadrio Curzio: 1 have the honour to convey to those pres-
ent, greetings from Ambassador Bruno Bottai, President of the Balzan
Foundation “Prize” who cannot be here today. He also wishes to
express his appreciation to Professor Lambeck for having accepted
the invitation to give this lecture. I am gratified to see that so many of
you have decided to come here today, considering that there are many
attractions to contend with on a Friday afternoon in early September
in Rome, as “alternative experiments” incorporating sea and sand are
available only a few kilometers away.

I will add a few of my own words in my capacity as Coordinator
of the Balzan Joint Commission, which are involved in organizing
academic endeavours with the Accademica Nazionale dei Lincei and
the Swiss Academies. These endeavours include today’s lecture and we
are thankful to the Balzan General Prize Committee, whose duty it is
to select autonomously the Balzan Prizewinners. The Balzan General
Prize Committee is constituted of front rank academics and there is
no better way to introduce Kurt Lambeck to cite their motivation
for awarding a 2012 Balzan Prize to him: For his exceptional contri-
bution to the understanding of the relationship between post-glacial
rebound and sea level changes. His findings have radically modified
climate science.

The format of the lecture is designed to facilitate discussion and
thus following Professor Lambeck’s discourse, Professors Orombelli
and Doglioni will respond to the lecture and initiate an open discus-
sion. I will now hand over to the Accademia dei Lincei’s senior expert
on Solid Earth Sciences, Maria Bianca Cita Sironi, who will more fully
introduce Professor Lambeck and his work.



ALBERTO QUADRIO CURZIO — MARIA BIANCA CITA SIRONI

Maria Bianca Cita Sironi: 1 am very honoured to introduce Profes-
sor Lambeck, who is certainly a citizen of the world having worked in
Australia, Europe and the US. Earlier today I asked him what was the
subject of his first degree. He replied Engineering, which took me a
little by surprise, because he is essentially a Geophysicist, a Geodesist,
a Geologist. He started as an Engineer at a time when observations
from the space had just started. These observations were very techni-
cal and recognized as very important. Thus Engineering was a useful
background. Professor Lambeck has published more than 250 papers
on subjects in Geophysics, Geology, Geodesy, Space Science, Celestial
Mechanics, Environmental Geoscience and Glaciology, as well as two
volumes on Geophysics. He remains a very active researcher, ready
to take up new challenges. We look forward to listening now to what
these challenges entail.



Lecture by KUurT LAMBECK

OF MOON AND LAND, ICE AND STRAND:
SEA LEVEL DURING GLACIAL CYCLES

INTRODUCTION

Thank you very much for those introductory words and thank
you, the audience, for giving up your afternoon on the beach on this
Friday afternoon. I hope that you will find some compensation from
this lecture!

I should start by explaining the title of my lecture. I am often
asked why did I go into science... “what happened in your early
education that steered you in that direction?” I really cannot find an
answer except a book that I was given, in Dutch, when I was about
eight years old. Its title was “Maan en Land, Ijs en Strand” (Moon
and Land, Ice and Beach). I realized recently that the four phases in
my science more or less coincide with these four subjects, although
not in this order. Whether this is coincidence or not, I do not know,
but I think there is one lesson: that an early exposure to science and
science literature in school and in the home is an extremely important
thing. This has been shown to me more recently. One of the things
I have been occupied with in recent years, as President of the Aus-
tralian Academy of Science, is developing programs for introducing
science early in primary school education, through an approach that
encourages students to ask questions about the things they see around
themselves, to try and develop their own answers, and to test their
hypotheses drawing on other observations and experiments. This has
been a very exciting experiment indeed.

Today I am going to talk about three of the elements of my child-
hood book; the moon is left out other than as a cameo role. I am go-
ing to talk about the problem of the interactions between ice sheets,
oceans and the solid earth: what happens when ice sheets melt; how
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does the earth respond; what happens to the oceans? In particular,
what happens to sea level? What can we learn from this that can be
relevant to other questions in geology, archaeology and pre-history?

How did I come to investigate these questions in the first place?
As you have already heard from the introduction, my early career
was in satellite geodesy where one of my early contributions in the
late nineteen sixties was the determination of the shape of the Earth
from the perturbations in satellite orbits'. This shape is known as the
“Geoid”, a gravitationally equipotential surface that contains informa-
tion on the mass distribution within the planet. There is at least one
person in this audience, Professor Michele Caputo, who will remember
the debates about the interpretation of these gravity anomalies in the
early and mid sixties. Did it mean that the earth was substantially rigid
such that it could support stresses on long geological timescales? Or
did it mean that the earth was dynamic; that there was convection
within its interior?

My first international conference in Athens in 1965 exposed me to
this conflict. One of the things I learned, and pass onto the younger
generation here today is, even though I have by now become part of
the old guard, listen to them but follow your own instincts. Because
what soon became clear was that the satellite results provided a set of
boundary conditions for the internal driving forces required to explain
the then emerging plate-tectonics hypothesis.

To go from that last statement to actually modelling the dynamics
of the Earth we need the viscosity of the planet’s outer layers: how
mantle materials behave when subjected to stress. This is controlled
by its viscosity. Likewise the Earth’s thermal history is controlled by
the viscosity structure of the mantle. This led me to start looking at
a series of geophysical problems that can be described as follows: we
have an earth; it is subjected to forces; we observe its response or
deformation; and ask ourselves can we infer a rheology or response
function for the Earth (Fig. 1A)? Can we discover what this elastic
and viscous structure of the planet is?

In geophysics there are a range of phenomena operating at different
frequencies that allow us to address, in principal at least, this question

! GAPOSCHKIN and LAMBECK 1971.
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OF MOON AND LAND, ICE AND STRAND

Deformation
D

Fig. 1A. Schematic representation of the Earth’s response to external or internal forc-
ing. The Earth has a response function Rg that determines its deformation D when
subjected to a force F (such as the gravitational attraction by the Moon, or an ice load
on its surface). The geophysical problem is of three types: (i) knowing F and observing
the D, determine Rg; (ii) knowing Rg and observing D, determine F; or (iii) a mixed
problem in which improvements on both F and Ry are sought from the inversion of
the observations D.
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Mantle response at different forcing frequencies

High Frequency Low Fr.equenqg

elastic
high Q
low attenuation

A

Response function

v
fluid g
low Q
high attenuation i
10" 107’ 10° 0.001 0.1 10 1000 10 0’
Time (years]

Fig. 1B. A schematic representation of the Earth’s response function as a function of
the period (or frequency) of the deforming force. At very high frequencies (periods of
the order of 1 second or less) the response of the solid Earth is essentially elastic. At
very low frequencies (periods of the order >107 years) the response (other than of the
outer lithosphere) approaches that of a fluid. Representative frequencies of some geo-
physical processes that deform the Earth and yield insight into the response are shown.
An important question is how does the transition from essentially elastic behaviour to
essentially fluid behaviour occur. Does it follow the blue or red trajectory, or a quite
different one?
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OF MOON AND LAND, ICE AND STRAND

of the earth’s response function (Fig. 1B). At one end of the spectrum
of forces we have the travel-times of seismic waves and the vibrations
of the earth to infer the elastic parameters and attenuation properties
in the period range from seconds to about an hour. At about 12 and
24 hours — as well as at longer periods — there are tidal deformations
of the solid earth that reflect mainly an elastic response at these longer
periods but an anelastic or viscous component also begins to appear.
Variations in the Earth’s rotation provide information at and near
the annual frequency as well as at multi-decadal scales. At the other
end of the spectrum, studies of tectonic processes reveal that much
of the mantle acts essentially as a fluid on time scales of millions of
years. The question was, and still is: how does the transition from es-
sentially elastic behaviour to fluid behaviour occur? Is its frequency
dependency something like the red spectrum in Fig. 1B, or does the
transition to near-fluid behaviour occur at lower frequencies, such
as the blue curve? To answer this, I started off by working my way
through the spectrum, the tidal band? (where the moon comes into
the story), the rotational band’, and the tectonic band*. Lastly I turned
to the glacial rebound problem’ — the response of the earth to the
waxing and waning of the ice sheets during glacial cycles — between
the high-frequency tidal and rotational deformations and the tectonic
part of the spectrum (Fig. 1B) and where the viscous behaviour of
the mantle becomes paramount.

In all of these studies I did not achieve what I set out to do. I did
not learn as much about the rheology of the Earth’s mantle as I had
hoped but instead learned a lot about how the other components in the
earth-ocean-ice-atmosphere system respond to external and internal
forcing. The Earth’s response will usually reflect the combined effect of
the solid and fluid regimes and, as a result, it will be contaminated by
movement in the oceans, movement in the atmosphere, change in the
ice sheets and by hydrological mass redistributions. So the inversion
problem of Fig. 1A becomes more complex: we observed the response,
or deformation; we may partially know both the mantle rheology and

LAMBECK et al. 1974.

LAMBECK 1980.

STEPHENSON and LAMBECK 1985.
NakADA and LAMBECK 1987.

[V N
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KURT LAMBECK

the forces, and from incomplete and contaminated observations we
formulate the inverse model to improve our understanding about the
earth’s rheology as well as the fluid regimes.

(GLACIAL REBOUND AND SEA LEVEL

I will illustrate some of the things I have said with what I call the
“Glacial Rebound” problem. This is the question: what happens to
the Earth and ocean when a large ice sheet waxes and wanes? How
does the Earth and ocean respond to the changing surface load of
ice and water? What observational evidence of this response can we
expect? | show this in a cartoon fashion here (Fig. 2): an ice sheet
that is 3-4 km thick and of 1000 km or more radius loads the litho-
sphere; the load stresses are propagated into the earth’s interior; the
stressed mantle material flows away; and the crust underneath the ice
sheet subsides.

Now, this occurs in a closed — nearly incompressible — planet, so
if the crust is pushed down somewhere, somewhere else it has to go
up. Hence around the big ice sheet a broad zone of an uplifting crust
develops and the earth’s surface deformation varies from location to
location and will have a characteristic time scale that is a function of
the mantle viscosity. Other things also happen. When the ice sheets
melt and the melt-water enters into the oceans, on average sea level
rises. But the gravitational attraction between the ice and water also
changes: during ice sheet growth it attracts the water so the ocean
surface is not only lowered because water is removed from the ocean
but the shape of its surface changes as it follows the new gravitational
potential. Also, as the earth deforms under the changing ice load this
gravitational potential, and hence ocean surface, is further modified.

But when ocean water is added or subtracted from the oceans and
the remaining water is redistributed in response to the changing grav-
ity field, the loads on the ocean floor are also changed and introduce
additional load stresses in the lithosphere that are propagated into
the mantle resulting in further mantle flow, surface deformation and
change in gravitational potential. Finally, as the mass distribution and
its inertia tensor of the earth-ocean-ice system is modified, so will the
earth’s rotation respond — as defined by the Euler equations — both in
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Fig. 2. Cartoon of the Earth-ocean
response to the growth of an ice
sheet. The sea level response con-
sists of several components. (i) As
the ice sheet grows, water is ex-
tracted from the ocean and globally
averaged sea level falls. (ii) During
ice sheet grows the gravitational
attraction between ice and water
is modified and the fall in sea level
near the ice sheet margin is greater
o than the globally averaged fall while
far from the ice sheet it is less than
the global average. (iii) The load
stresses are transmitted through the
effectively elastic layer (lithosphere) thereby inducing convection in the mantle, and
the crust beneath the ice sheet subsides. Further out from the ice margins the crust
is uplifted. (iv) This mantle flow and crustal deformation further changes the gravity
field and hence the ocean surface. (v) The removal and redistribution of water in the
oceans changes the surface water loads to which the crust and ocean respond with
additional sea level change.

terms of the rate of rotation and in the direction of the rotation axis
relative to the now not-so-solid earth, modify the centrifugal force,
equipotential surfaces and sea level. The conceptually simple concept
quickly becomes a complex coupling of components within the ice-
ocean-earth system that has to obey certain physical principles. That
is, consistent with what we know about the earth’s physical properties
from other geophysical and laboratory measurements and an ice load
that is compatible with geological and glaciological evidence. Together,
these processes, which I collectively call the ‘glacial isostatic effect’,
cause the sea level at any one time to be spatially variable and to differ
from the ‘eustatic’ signal, or globally averaged value.

In terms of Fig. 1A, the ‘force’ F is the time-dependent surface load
L of ice and water with the latter distributed in a gravitationally con-
sistent way (and therefore earth-response dependent), the ‘response’
R is the description of the earth’s rheology and includes its elastic
and viscous behaviour, and the ‘observations’ include changes in the
earth’s shape and gravity, in sea level, and in rotation.
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Of these observations, the most important ones are those of sea lev-
el because records are preserved in the geological record and provide
evidence for the times when the last great ice sheets were disintegrat-
ing, whereas the other observations are only recorded instrumentally
and ‘see’ only the tail end of the consequences of a deglaciation that
largely ended some 8000 years ago.

If we break it down into simple components, the following would
be an approximation of our mathematical model for the glacial re-
bound process. For the response function R: the Earth has its fluid
dense core; a viscoelastic mantle whose layering and elastic behaviour
we know something about from seismology but whose viscous elements
#; are unknown; and a lithosphere that is relatively cold and rigid and
approximated by an effectively elastic layer of unknown thickness H.
The load L is defined in the two parts of ice and water. Of the former,
the ice margins are inferred from the geological record left behind
by the advancing and retreating ice sheets but the record is seldom
complete, particularly for the time before the Last Glacial Maximum
(LGM) ~ 25,000 to 20,000 years ago. Also, direct observational es-
timates of the thickness of the former ice sheets are only very rarely
recorded in the geological record and the mathematical description of
the ice load will contain unknown ice functions I,,. The description of
the water load itself requires knowledge of the ice history and of the
ocean basins and how these change during the glacial cycles, with the
latter provided by the glacial rebound formulation. The solution then
reduces to a set of equations relating observations O of the Earth’s
response (with observational uncertainties €) to the unknowns (I,,,77;,H)
through the convolution of the load L and response R functions

O + e =L(UI)* R(yp,H)

The challenges are in getting the formulation of L and R correct
and in having the appropriate observations that allow for a mean-
ingful solution for the unknown parameters (I,,;;,H). If this can be
achieved it then becomes possible to describe the behaviour of this
earth-ice-ocean system under the influence of the growth and decay
of ice sheets: the changing sea levels and shorelines around the world
through time, quantification of the last glacial cycle, and the flow laws
of mantle materials at millennium time scales.

At the start, faced with this inversion, I did what every geophysicist
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did; I assumed that we knew what the ice sheets were doing because
we have all seen ice sheet pictures in our geography textbooks. Some
of the questions we wanted to answer were: what variation in viscos-
ity occurs with depth in the mantle? How does it vary laterally from
one part of the planet to another? Is it different under the continents
from under the oceans? In particular, are our linear models, assumed
largely for reasons of mathematical and computational convenience,
adequate? But what we quickly discovered was that the results were
no better, or possibly worse, than the assumptions made about the
ice sheets and that we really did not have enough a priori information
about the past ice sheets. Nor did I initially appreciate the limitations
of much of the observational evidence that was available and I will
return to this evidence shortly. What did become clear was that a
major effort would be required to extract appropriate data sets from
the published literature, as well as to conduct new field investigations
in critical areas. So what I thought would be a brief interlude of in-
vestigating the response spectrum in Fig. 1B at an intermediate and
important frequency, quickly turned into a long-term wide-ranging
and interdisciplinary research program.

But, faced with (i) incomplete data that is subject to errors and
uncertainties, (i) the occurrence of processes other than the glacial re-
bound contributing to sea level change, (iii) an incomplete knowledge
of the ice history and (iv) overly simplified rheological models of the
Earth, you may well ask the question: is it worthwhile pursuing this
area of research at all? Or are we merely going around in circles?

My answer to the first part of this question is an unequivocal yes! It
is worth doing because if we can find a satisfactory solution we can also
address significant questions raised in other areas of geophysics, geology,
tectonics, archaeology, pre-history, marine biology and so forth.

A HEURISTIC DESCRIPTION OF GLACIAL REBOUND AND SEA LEVEL

Fig. 3 and 4 gives some representative examples of the evidence
for departures of sea level from its present position (Fig. 3) and for
the quantitative interpretation of such evidence (Fig. 4) from around
the world, ranging in time from the last maximum glaciation to near
the present. An immediate glance shows great spatial variety in past
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Fig. 3. Observational evidence indicative of the geographic variability of sea level change.
(A) A raised Boulder beach from Central Sweden, formed about 9000 years ago, at ~
200 m above present sea level. The location is south of the Angerman River site whose
sea level curve is shown in Figure 4. (B) Sea level markers on Lovgrund Island in the
Baltic near Givle (Sweden). The ‘Celsius’ rock, with sea level markers at 1732 (by Anders
Celsius), 1832 (by Charles Lyell), 1932 (by unknown hands), points to a sea level fall of
about 1m/100 years for the past 300 years. (C) Small lakes at ~ 40 m above present sea
level in Andgya (northern Norway) that contain sediments deposited in marine envi-
ronments. The age-height relationship of these sediments originally contributed to the
sea level curve shown in Figure 4. (D) A sediment core from southern Greenland for a
lake, with a similar history to that in (C), that is now isolated from the sea. The change
in colour from the blue-grey marine mud to darker organic-rich sediments marks the
time when the basin became isolated from the sea due to the uplift of the land (or fall
in sea level relative to the land).
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(E) Exposed in situ tree stumps from Borth Bog, Wales, at very low tide (www.janet-
baxterphotography.co.uk). The original trees died as a result of salt contamination of
groundwater due to rising sea level. Similar deposits produced the sea level curve for
Exmouth, southern England, shown in Figure 4). (F) An elevated fossil coral micro-atoll,
Orpheus Island, Australia, about 6000 years old that is indicative of a higher sea level
7000-6000 years ago compared to today (see Figure 4). (G) A large field of elevated
micro-atolls at Kiritimati (Christmas) Island in the Pacific indicating that here sea levels
have been nearly constant for the past 5000 years. (H) Coring into sediments from a
frozen lake in Vestfold Hills, Antarctica, yielding evidence for falling sea level along the
East Antarctic coast during the past 8000 years.
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sea level from one location to another, a variation that can also be
expected for recent sea level change and in a first approximation can
be understood as the combination of the Earth’s crustal deformation
in response to the deglaciation and the increase in ocean volume.

In the Gulf of Bothnia between Sweden and Finland, there are
boulder beaches that formed at a time when the ice margin stood at
the shoreline (Fig. 3A). These, along with other shoreline indicators,
now occur up to 200 meters and more above sea level, with the higher
ones dating from about 9000 years ago and followed by a nearly expo-
nential fall up to the present (Fig. 4A), a process that is still on-going
today at a rate of nearly 1 cm/year (Fig. 3B). Here the crustal uplift,
following the removal of some 2500-3000 m of ice, completely domi-
nates the sea level rise occurring from the melt water added into the
oceans during the global deglaciation phase (I will refer to this loosely
as the eustatic component) (Fig. 5A). Such observations provide some
constraint on the amount of ice previously over the locality, as well
as on the time constants of the mantle response. Similar variations
in sea level change are seen around the Hudson Bay of Canada. Not
that far away from Bothnia, in Norway on the island of Andaya, we
see a different behaviour, with an initially falling sea level, then rising,
and then falling again (Fig. 4B). The observations here are from the
discovery of marine sediments in small lakes that became isolated
from the sea as the land was uplifted and that are now up to about 40
meters above sea level (Fig. 3C). Here, the crustal rebound is smaller
because the site is near the edge of the former ice sheet. Initially this
rebound dominates over the eustatic component but at a later stage the
two are equal and of opposite sign. This is followed by a period up to
the end of the deglaciation when the eustatic component — primarily
from the much larger North American ice sheet — dominates. Finally
the remnant relaxation of the mantle takes over such that sea levels
locally are falling relative to the crust (Fig. 5B). This curve therefore
tells us when the bulk of the melting stopped, something about the
relaxation times of the mantle, and something about the ice thickness
before the area became ice-free. Similar sea level curves are seen in
southern Greenland, Scotland, the Maritime Provinces of Canada,
and, importantly, East Antarctica.

Further from the ice sheets again, such as in southern England, the
French Atlantic coast, or the southeast coast of the USA and across the
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Caribbean, the eustatic component becomes the dominant contribu-
tion but the crustal rebound remains significant. In this case the latter
is one of subsidence as the broad deformational-gravitational bulge
that formed around the ice sheet during the loading phase, relaxes
and subsides. Hence the total sea level is initially one of rapid rise
while the eustatic component dominates followed by a more gradual
rise during the post-glacial period (Fig. 5C). Evidence for this latter
period is often found as remnants of submerged forests or pre-historic
landmarks (Fig. 3E). Such curves therefore provide insight into the
amount and timing of the addition of melt water — of the total amount
of ice added — and, from the post-glacial part of the record, informa-
tion on the relaxation process.

Far from the former ice sheets, along continental coast lines or
at mid-ocean islands, sea levels at ~ 22,000 years ago were at -110
to -130 m meters, depending on locality, initially rising slowly then
rapidly until about 7000 years ago (see the Barbados and Sunda Shelf
results, Fig. 4E,F). Such observations provide essentially information
on the eustatic change but their variability from site to site also tells us
something about the mantle response function. At such sites, small-
amplitude highstands in sea level, ~ 6000 years old, are often seen (Fig.
3F,G), for example as fossil corals above their present growth limits.
This is mainly a consequence of the melt water loading the ocean
floor and the crust subsiding, partially dragging the coastal zones down
with it. This continues after the ice volumes have stabilized and coast-
al sea level will fall slowly. Hence the earlier period of sea level rise
changes to a time of sea level fall during the postglacial phase, leaving
the highstands (Fig. 5D). These corals can be particularly important
when they form ‘micro-atolls’ whose morphology indicates that they
grew up to the mean-low-water-spring tide level. Where they are abun-
dant they can provide a near continuous record of sea level change, as
for Christmas Island in the Pacific Ocean (Fig. 3G). At this latter site
the various isostatic and eustatic factors come together so as to nearly
cancel out and here we have clear evidence that sea level oscillations
on a multi-centennial time scales have not exceeded about 25 cm for
the few millennia before ~ 1900 AD (Fig. 4H).

This tell-tale pattern of global sea level is what allows us to separate
the earth and ice contributions to sea level change. Whether the data is
from the centre or margin of the former glaciation, or whether it is far
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Fig. 4. Representative observations of sea level change since the time of the Last Glacial
Maximum from globally distributed areas that are free of tectonic movements or where
it has been possible to predict vertical land movement of tectonic cause (as in the case
of Barbados). Note the difference in time and elevation/depth scales for the different
locations. (A) Angerman River (northern Sweden); (B) Andgya (northern Norway); (C)
Nanortalik, southern Greenland; (D) Exmouth, southwest England; (E) Barbados; (F)
Sunda Shelf and South China Sea; (G) Orpheus Island, Australia; (H) Kiritimati Island,
Pacific Ocean; (I) Vestfold Hills, East Antarctica.
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Fig. 5. Schematic illustrations of the principal components of relative sea level change.
(A) Sites within the former margins of large ice sheets (e.g. Angerman River, Fig. 4). (B)
Sites near the margins of former ice sheets (e.g. Andaya, Vestfold Hills, Fig. 4). (C) For
locations outside of the former ice sheets and on the broad peripheral bulge that develops
there (see Fig. 2)(e.g. Exmouth, southwest England). (D) For continental margin sites
far from the former ice sheets (e.g. Orpheus Island, Australia). (E) For an ocean island
site (Barbados). The blue curves represent the spatially independent eustatic component
and the green curves represent the spatially variable isostatic component, including
the crustal response to the ice-water load and gravitational effects. The brown curves
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from these centres, each part of the sea level curve tells us something
about the ice sheets and about the Earth’s response function.

IN SEARCH OF OBSERVATIONAL EVIDENCE

As already mentioned, the most complete record of evidence for
sea level change is from the geological record: in the form of raised
or submerged palaeo shorelines, expressed as wave-cut platforms or
erosion notches, as tidal sediment deposits, or as in situ submerged
tree roots or emerged corals and bivalves (Fig. 3). The measurement is
one of the age and elevation of the fossil sea level indicator relative to
its present-day equivalent and represents a change in the ocean height
relative to the land. An elevated shoreline indicates either that sea level
has fallen because of a reduction in ocean volume — and hence, on
the glacial time scale, an increase in grounded ice — or that the land
has moved up. In most cases it will be a combination of the two: the
glacial rebound producing both ocean volume and land movement
changes, and other, so far unspoken off tectonic land movements. We
refer to this measure, therefore, as relative sea level. Issues that must
be assessed about such observations include: Is the formation position
of the sea level indicator known? Salt marsh deposits usually form
at the upper part of the tidal range, but has the tidal range changed
since their formation at this location? Corals, depending on species,
can grow up to a well-defined low tide level, but at what depth did
the in situ fossil sample actually live? Are the bivalves in situ or have
they been wind-blown up the shoreline or sunk post-death to a depth
below their normal habitat? Where was the saline water table relative
to mean sea level at the time that the now-drowned forest died? Have
the sediments within which the markers occur been compacted under
subsequent sediment loading or because of dewatering? Are the ages
of growth or formation of the sea level markers accurately preserved
in an ‘absolute’ time frame? Is the published sea level curve a com-
posite of observations from different locations between which spatial
variability can be expected because of the glacio-isostatic effects such
that it has to be de-constructed? And so forth.

So in developing the geophysical models we have to remind our-
selves that the observations are themselves the result of geological



OF MOON AND LAND, ICE AND STRAND

model assumptions and we have to ask ourselves each time: are the
fundamental assumptions made in obtaining these observations valid
or not? Fortunately over a period of decades, Quaternary geologists
have become increasingly aware of these issues such that the data
quality is only improving with time.

Archaeological evidence for past sea levels often comes in the form
of limiting values. Submerged sites of early settlement indicate that sea
levels at the time of human activity must have been below the site but
the unknown often is by how much? In some special cases we can be
more specific. One example is provided by coastal wells in Caesarea,
Israel, whose use were transformed from a source of fresh-water to a
rubbish bin once rising sea levels contaminated the groundwater.® A
more precise indicator is provided by Roman-epoch fish tanks, con-
structed between about 100 BC and 100 AD. Here the combination of
precise hydraulic requirements for regulating flow into and out of the
tanks with small amplitudes of the Mediterranean tides has provided
an effective tide gauge from 2000 years ago’.

What we have done over a period of time is to collect data, either
from published sources or from our own field experiments from critical
areas, for different parts of the world to address different aspects of the
overall solution or for particular geophysical, geological or archaeologi-
cal applications. Fig. 6 shows some of the areas where we have worked
in the past, with the red areas being ones that have been or are being
supported in part by the International Balzan Prize Foundation. I will
touch on some of those projects later.

ANALYSIS APPROACH

A few words on how our analysis of the glacial rebound prob-
lem has evolved over time may be appropriate to illustrate how we
try to separate out some of the unknowns. We started off with (i) a
preliminary ice model that produces a time-dependent function of
the globally integrated changes in ice volume AV,.(#), (ii) with an
initial parameterized function E of the Earth’s rheology, and (iii) a

¢ SIVAN et al. 2001.
7 CAPUTO & PIERI 1972; LAMBECK et al. 2004a.
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set of published observations. Then, following the global pattern of
the observations as illustrated in Figures 3 and 4, we separated the
analysis into two parts. The first is the ‘far-field’ analysis of data far
from the former ice margins where the sea level signal is determined
mainly by AV,..(#) and is insensitive to how the ice was distributed
between the various ice sheets.

The first inversions of the far-field data set yielded improved esti-
mates of these two functions AV,.(#) and E,, with E, denoting ocean
mantle response since the principal isostatic signal at the far-field
continental margin locations is from the change in water loading.
The second group of observations are from the ‘near-field’, within
or close to the former ice margins where the response is sensitive to
the details of the changes in the former ice sheets. These inversions
provide corrections to the model of the particular ice sheet being
analysed 0V..(#,¢) (¢ indicating a spatial dependence of the ice distri-
bution in addition to the time dependence) as well as estimates of the
predominantly continental mantle E. beneath the ice sheets. Inversions
are then carried out for each subgroup of data corresponding to the
major ice sheets of the northern hemisphere, starting with the smallest
(that over Britain) and working towards the largest (North America),
on the bases that the response to small ice sheets is primarily a func-
tion of the upper mantle viscosity and the response to large ice sheets
is also sensitive to lower mantle rheology.

At the end of the first iteration of far-field and near-field analyses,
we test the condition that

SOV (1.9) = AV, (1)

where the summation is over the number of ice sheets analysed. Any
discrepancy in this condition then leads to a search to where the ice
missing from (or in excess of ) the summation can be located or where
the local solutions need to be improved through introducing better ob-
servational constraints. The initial inference was that much of this ‘miss-
ing ice’ had to originate from Antarctica (whose earlier glacial history
is not well known) and this becomes the hypothesis to be tested.

In the second iteration of solutions, armed with the improved ice
sheet models and after a redistribution of the ‘missing ice’ we returned
to the far-field analysis, with improved observational data, and re-
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peated first the far-field solution and then the near-field solutions and
repeating the entire process until convergence occurs. Once reasonably
convergence was achieved we then turned our attention to the earlier
part of the glacial cycle.

The analyses of the individual ice sheets are largely limited to the
last deglaciation because records of earlier phases of ice sheet growth
and decay have been largely destroyed by the most recent ice history.
But this earlier period is important for at least two reasons. One is
that the analyses for the last phase of the glacial cycle are dependent
on some knowledge of the ice history leading up to the maximum
glaciation. The other is that this earlier period is important for under-
standing conditions at the time of onset of glaciation and for develop-
ing an improved understanding of the response of ice sheets and sea
level to changes in climate during interglacial conditions such as that
of today. Thus armed with what we have learned about the earth-ice-
ocean interactions for the past 20,000 or so years, and as part of our
iterative process, we use the increasingly sparse data to extend the
analyses further back in time: to the penultimate glacial maximum so
as to include the last interglacial period (~ 130,000 to 120,000 years
ago) that provides an important guide to the possible future behaviour
of sea level in recent millennia.®

SOME RESULTS: PAST AND RECENT

Global sea level and ice volume

The most recent iteration of the far-field analysis is illustrated in Fig.
7 and has involved two young researchers, Héléne Rouby from Paris
and Yiying Sun from Hong Kong, both partially supported from the
Balzan funds. They have put together new data sets for the sea level
change for the last 35,000 years from the Indian Ocean and the east-
ern and south-eastern coast of Asia and in so doing have considerably
expanded our far-field data base. This is leading to a much-improved
assessment of both the ice-volume function AV,..(¢) and the mantle
viscosity for ocean environments.

8 LAMBECK et al. 2006, 2010a. DUTTON and LAMBECK 2012.
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What we see is that globally the ice sheets contained some 52 mil-
lion cubic kilometers more ice on the continents and grounded on
the shelves than today. When this was added to the oceans, starting
at about 20,000 years ago, it raised globally averaged sea level, the
eustatic sea level introduced earlier, by some 135 m over ~ 13,000 years
at a long-term average rate of ~ 10 mm/year. Periods of particularly
rapid addition of melt water around 14,500 years ago are quite clearly
identified in this global compilation (corresponding to the Bolling
interstadial interval when temperatures in the northern hemisphere
were relatively — compared to the earlier glacial conditions — warm)
with a eustatic rise of ~ 20 m in about 500 years (~ 40mm/year). At
about 12,500 years for a duration of 500 years the rise slowed down
and sea levels may even have stabilised for this short time interval,
corresponding to the Younger Dryas cold period in which the northern
hemisphere again approached near glacial conditions. By ~ 7000 years
ago the melting had largely ceased and eustatic sea level stabilized
(but not local sea levels) and ocean volumes increased only slowly
thereafter, at ~ 0.5 mm/year, until before about 2500 years ago.

With this solution for AVi..(#) and the earth parameters E, we can
predict local and regional sea levels in the far-field for the past 20,000
years and compare this with the observational evidence, as is done
in Figure 7B. Agreement is within both observational and model un-
certainties and this suggests that we have a very effective interpolator
of the spatial- and time-variable sea level for areas far from the for-
mer ice sheets and that is relatively independent of how the ice was
distributed between the ice sheets. Hence we can use such models
with a high degree of confidence to reconstruct palaeo shorelines and
bathymetries in areas such as the Persian Gulf, the Red Sea, and Bass
Strait between the Australian continent and Tasmania, to examine
possible land bridges and migration routes (Fig. 8). Early migration
into Sumer from the east could, for example, have occurred along an
evolving Euphrates river-lake-swamp system (Fig. 8A) that flowed into
the Indian Ocean at Hormuz until about 7000-6000 years ago when
sea levels peaked a meter or two above its current level and flooded
the Euphrates Delta and the Hammar Lakes as far as the Sumerian
sites of Obeid, Ur and Eridu®. More recently, it has been possible to

° LAMBECK 1996.
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reconstruct the topography and bathymetry at the southern end of the
Red Sea (Fig. 8B) and examine the conditions for crossing the residual
waterway at times of sea level lowstands going as far back as ~ 400,000
years.'” One of the things that we are currently examining are the tidal
conditions through the very much-restricted Bab-el-Mandeb at glacial
times and whether these would have hampered human movements out
of Africa into the Arabian Peninsula as suggested by some archaeologi-
cal evidence. In the Australian example, the reconstructions identify
windows of opportunity for early settlement of Tasmania as well as the
timing of long intervals of isolation.!! We have not yet revisited these
questions using our most recent and higher resolution solutions but this
is something that we will endeavour to do with the Balzan funding.

On Ice Sheets

Fennoscandinavia, with a long record of careful studies of the
landscape evolution since the last glaciation, is a key area for devel-
oping and testing the rebound models and using the sea level data to
constrain models of the ice sheets. Fig. 9 illustrates some representative
examples of observations of sea level across this region and these can
be readily understood from the schematic illustrations in Fig. 5. The
Angerman River observations we have already seen and point to this
location being near the center of the former ice sheet. The Andaya
result, likewise, we have seen and is representative of many locations
along the Norway coast except that the area here was ice-free much
earlier than further south (see the Bugn, Ser Trendelag, result). In
south western Norway almost no change in sea level occurred for
over a period of 16,000 years indicating that the isostatic and eustatic
components tended to balance out throughout this period and that
there could not have been thick ice over the North Sea to merge with
the Scottish ice. In the Oslo Graben there appears to have been a
rapidly falling sea level after the area became ice-free following the
Younger Dryas cold period, suggesting rapid retreat of initially thick
ice. In the Danish Bzlt region observed Late-Glacial sea levels never
rose above present pointing to the ice cover over that area having

10 T AMBECK et al. 2011.
11 T AMBECK and CHAPPELL 2001.
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been relatively thin, probably less than about 300 m. So even from
a rather casual examination of the field date it becomes possible to
infer properties of the former ice sheet.

Over a period of several years we were able to put together a large
database of some 3200 observations with each point providing a rela-
tionship between land and ocean surface movements or between ice
thickness and mantle rheology. From the inversion of this database,
coupled with an interpretation of the field data pertaining to the ice
movements back and forth across the region, we have been able to
develop a quite comprehensive model of the evolution of this ice sheet
from the time of the onset of the last full glacial cycle starting at about
120,000 years ago. I show just three epochs here (Fig. 10). The first,
for ~ 28,000 years ago, is leading into the Glacial Maximum with ice
reaching its maximum extent across the North Sea while a large part
of Finland and south of the Baltic was still largely ice-free. By 21,000
years the ice sheet has grown east and southwards, but at the same time
thinning over the Gulf of Bothnia, which is suggestive of a collapse
of the central ice dome, reaching its maximum limits across Denmark
and the North German Plain. By the third epoch, corresponding to the
Younger Dryas at 12,500 years ago, a significant retreat had occurred
leaving a large lake, the Baltic Ice Lake, at some 25 m above the sea
level and overflowing through the Danish Belts. Fig. 11, comparing

Fig. 8. Palacogeographic reconstructions for three locations. (A,B) The Persian Gulf at
15,000 and 12,000 years ago respectively. At the former epoch the level of the Indian
Ocean is below the sill of Hormuz and a large freshwater lake/swamp system develops
in the lower part of the Gulf. Shortly after, global sea level has risen above the sill and
the first marine incursion into the Gulf occurs. The Gulf floor provides a gently sloping
terrain, in contrast to the rugged terrain immediately to the north, on both sides of the
river system, similar to the more recent landscape of the Hammar Lakes, and a rather
obvious migration route out of India into Mesopotamia. (C,D) The southern end of
the Red Sea at 20,000 and 12,000 years ago. At the former period the entrance to the
Red Sea is defined by a long and narrow channel that bifurcates into a series of shallow
channels at the latitude of the Hanish Islands. The maximum crossing distance between
Africa and Arabia via the then-existing islands is only a few km with intervisibility of
both shores at all times. Even at 12,000 years ago the channels remain narrow. (E,F) Bass
Strait between the Australian continent and Tasmania at 18,000 and 14,000 years ago.
During the glacial period most of the Strait was above sea level with a central shallow
basin fed by north-flowing rivers from Tasmania. By 14,000 years ago the land-bridge
had become tenuous. Short-duration connections may have existed between the end of
the last interglacial and the onset of the last glacial maximum.
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model predictions with the observations, indicates a high degree of
agreement and that here also we have a reliable predictive model for
sea level and shoreline migrations through time.

Less deterministic is the solution for the North American ice sheet
for which there is a much less satisfactory observational database.
Nevertheless we have been able to make some progress. The classical
picture of this ice sheet is of a large single dome centered over the
Hudson Bay. Instead our inversions indicate that the ice sheet is more
likely to have consisted of multiple domes with one to the west of the
Hudson Bay, another, smaller one, to the south, a third over Quebec
Province, and further ones over the Arctic islands of Canada. There
is still work to be done on improving this model with Balzan Fellow
Anthony Purcell.

Of greater uncertainty are the changes in Antarctic ice volume
since the time of maximum glaciation, in large part because there
are few ice-free areas where records of ice retreat can be observed.
But when we compare the most-recent estimates of ice volumes from
our regional solutions with the total change in ice volume inferred
from the global solution, we find a substantial difference, equivalent
to ~ 20-25 m of global sea level change. We can only explain this in
terms of the Antarctic ice sheet having been significantly larger dur-
ing the last glacial maximum and we distribute the ‘missing’ ice, into
Antarctica, guiding our distribution by locations of offshore moraines
and simple glaciological models. Unless you are a glaciologist, it may
not seem a surprising result that this ice sheet was significantly larger
in the past but the limited available field evidence does not appear
to support this. We were aware of this inference already in 1988 and
one of the first things we did was to seek new information on crustal
rebound along the Antarctic margin, from sediments collected in small
lakes that were once in contact with the sea'?, similar to the basins
of northern Norway (see Fig. 3). This did lead to the inference that
substantial reduction in ice did occur in this area of the Vestfold
Hills. But can this be extrapolated to much of the rest of East Ant-
arctica, as is required to explain the above 20-25 m of missing ice?
So another test is to examine areas beyond Antarctica that should

12 ZWARTZ et al. 1998.
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be subsiding if there had been a substantially larger Antarctic ice
sheet. Opportunities for this are few because many of the far south-
ern shores occur in tectonically active areas or are not conducive to
the precise preservation of shoreline information. But locations have
recently been found in Tasmania and, with the assistance of Balzan
funding for Brigid Morrison from the University of Tasmania, we have
identified crustal subsidence that appears to be consistent with our
Antarctic ice models. This is still an on-going project and we plan to
collect further data during 2014.

Mantle rheology

We have described our earth response functions with what are little
more than zero-order approximations of the behaviour of real earth
materials. Hence they must be considered as ‘effective’ parameters that
describe an integrated response over length scales comparable to the
scale of the ice sheets and oceans and over time scales commensurate
with those of the unloading cycle. Nevertheless, some useful indica-
tors are beginning to emerge. One is the depth dependence of the
‘effective’ Newtonian mantle viscosity, with an increase in value of
~ 20-100 between the depth averaged upper and lower mantle values.
The other is evidence for lateral variation in effective viscosity of
the upper mantle from low values near 10*° Pa s beneath oceans
and ~ 5x10?° beneath the North American continent. How these
inferences may relate to the behaviour observed in the laboratory
presents some challenges but the fact that the patterns observed
are consistent with evidence from seismic-wave attenuation experi-
ments, for example, is encouraging. One of the things that we will
be doing through Balzan funding is explore alternative formulations
of the rheology.

Sea levels in the Mediterranean

In working in the Mediterranean I have enjoyed the support of

many researchers in geology, geodesy and archaeology, most notably
in Italy from Drs Fabrizio Antonioli from ENEA"” and Marco An-

B Agenzia nazionale per le nuove tecnologie, I’energia e lo sviluppo economico soste-
nibile, Rome.
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Fig. 10. Ice sheet reconstructions for Scandinavia at three epochs during the last glaciation.
(A) At 28,000 years ago, corresponding approximately to the global onset of maximum
glaciation and to the maximum advance of the Scandinavian ice onto the Norway Self
and North Sea. (B) At 21,000 years ago when the ice has reached its maximum limits
over Denmark and northern Germany, but not yet in the east. (C) At 12,500 years ago,
a cold period known as the Younger Dryas, when the Baltic formed a freshwater lake
about 25 m above coeval sea level, draining out across the Oresund and Danish Belts.
Tce-thickness contours (blue) are 200 m. The positive relative sea level contours (indi-
cating the local change in sea level from the epoch to present) are indicated in orange,
and negative contours in red, with contour intervals of 40 m for 28,000 year, 150 m for
21,000 year, and 30 m for 12,500 years ago.
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Fig. 11. (A) Comparison of model predictions with observed values across Fennoscan-
dinavia and northern Europe. The high correlation (>99%) between the two indicates
that the ice-earth model parameters are effective for predicting sea levels and shoreline
locations for sites across this region. Some significant discrepancies between the two
occur pointing to inadequacies in the ice model over the Andoya near the time of maxi-
mum glaciation (B) or over the Oslo Graben (C) where the very rapid fall in sea level
observed at around 11,000 years ago is predicted to occur earlier.
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zidei from INGV'™ and their colleagues. We have learnt a lot about
regional geology, sea level and coastal archaeology but much can still
be done so what I say here should only be seen as an interim report.
The Mediterranean is a region where sea level has been and continues
to be under the influence of the deglaciation of the two great north-
ern hemisphere ice sheets over northern Europe and North America.
As a result, it is mostly a region of rising sea level from the time of
the onset of deglaciation up to the present as mantle materials flow
towards the region beneath the decaying ice sheets (similar to Figs.
4D, 5C). At the same time the water load within the Mediterranean
has increased by some 135 m, depressing the sea floor and adjacent
margins regionally by amounts that are a function of the distribution
of this water load. This is illustrated in Fig. 12A for 20,000 years ago.
Combined, these two contributions result in a regional variation in
LGM sea levels from about 100 m to 135 m below present, with as-
sociated strong gradients in the load stresses in the lithosphere and
crust across the continental margins. The question could be asked
whether these additional stresses modulate in some way the tectonic
stress state such that we can expect a causal relation between past sea
level rise and seismicity.

The pattern illustrated in Fig. 12A is predicted, but with time-
dependent amplitudes, for the next 20,000 years up to the present.
Geological evidence for sea level change abounds around the shores
of the Mediterranean (Fig. 13) but testing of this model is difficult
because it is also a region of active tectonics driven by the conver-
gence of the African and Eurasian tectonic plates. Within this region
of geological turmoil there are areas of quiescence identified by low
levels of seismic activity and by shorelines of last interglacial age that
lie within a few meters of present-day sea level. Thus we have a basis
for developing predictive models for sea level across the region: we
(i) develop our isostatic models; (ii) test them outside the Mediter-
ranean region for general validity; (iii) identify the more stable parts
within the Mediterranean to test the validity of the models there and
fine tune the regional earth-model parameters if required; (iv) predict
the isostatic-eustatic change and compare this with observations of

4 Tstituto Nazionale di Geofisica e Vulcanologia, Rome.
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Fig. 12. Mediterranean sea level reconstructions at (A) the Last Glacial Maximum, and (B)
at 6000 years ago. The contours represent the position of palaeo sea level with respect to
present. In (A) exposed areas at 20,000 years ago are in the pale brown shades. Much of
the northern Adriatic is exposed at this time with a nearly enclosed shallow lagoon in its
central part. Sediment cores from this location could be important for testing the model.
Note the land bridge to Malta and the closure of the Messina Strait. The Black Sea is
isolated from the Mediterranean at this time and for a substantial time thereafter.
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past sea levels for the tectonically active areas and estimate rates of
tectonic uplift and subsidence; (v) combine the isostatic and tectonic
contributions to predict rates of future change due to this combined
geological signal to provide the background signal upon which recent
contributions of anthropogenic cause are superimposed®.

Geological and archaeological data from the more stable regions
and for the Holocene period largely support the eustatic-isostatic mod-
els developed to date'® but additional information is desirable for the
earlier period. One area worth examining further is in the central
Adriatic where a shallow-water basin is predicted during the LGM,
sediments from which could provide a good test of the early part of
this model. If anyone in the audience has access to such material I
would appreciate hearing about it.

The predicted sea level change 6000 years ago assuming tectonic
stability is illustrated in Fig. 12B. The mid-Holocene highstands well
developed further from the former ice sheets (as in Fig. 3G) are not
seen here (with possible one or two exceptions, in the southeast cor-
ner of the Mediterranean and in the Gulf of Gabeés in Tunisia) and
sea levels have continued to rise to the present. One example of this
is shown in Fig. 14, as the comparison of observations with model
predictions for the Tiber Plain'’. The former are of three types: up-
per limits to past sea level, in the form of terrestrial material that was
deposited above sea level; lower limits consisting of marine organisms
that live in shallow marine waters; and ‘transitional’ deposits from the
inter-tidal zone. Hence the actual sea level curve must lie between
the two limiting types of observations and through the transitional
ones, very much as the model prediction. While the challenge is to
test these models further, we do appear to have a reasonably effective
predictive model for at least the isostatic contributions to sea level.
Any new observations are most welcome!

Despite room for improvement (could do better, I hear one of my
teachers say long ago!), I consider that we have a good first-order
predictive model for the background sea level change during an im-
portant period of early human movements and coastal settlements,

B LAMBECK et al. 2010b.
16 T AMBECK et al. 2004b.
17 LAMBECK et al. 2010c.
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as well as for looking at future change. But I will first digress to an
earlier period in geological time for which our models may also be
relevant. This is time of the Messinian Salinity Crisis'®, about 5.5 mil-
lion years ago when the Strait of Gibraltar was closed by the tectonic
convergence of Africa and Europe. This resulted in an enclosed sea that
became desiccated through evaporation of more than 2000 m of water
or about 15 times the magnitude of the glacial melt water loading. The
Earth’s response to this unloading would have been similar in pattern
to that illustrated in Fig. 12A, but scaled upwards, with a differential
sea-floor rebound across the basin of about 600 m. With deviatoric
stresses in the lithosphere reaching several MPa, major failure may
have occurred in the crust around the entire basin. This calculation,
to my knowledge, has not been done in detail but the tools are there
to do it using the well-tested glacial isostatic formulation.

Returning to the more recent period of Fig. 12A, what we also
see are much expanded continental shelves leading to land bridges
between some of the present islands. For Italy these occur between
Calabria and Sicily; between Corsica and Sardinia with a sea cross-
ing between Italy and Corsica reduced to the separation between I.
di Capraia and Cap Corse; and between Sicily and Malta with the
separation of the latter from North Africa reduced but still some 60
km wide. This raises the question whether evidence for the migration
of fauna and flora across the region and between the islands has been
missed because the then favourable coastal routes are now submerged
and beyond ready scrutiny?

Any discussion of past migration routes is of course compounded
by tectonic considerations. For example, the timing and duration of
the Calabria-Sicily land bridge will be a function of the tectonics of
the region, but using the strategy outlined above, of identifying where
vertical tectonics is likely to be important and correcting for it using
independent estimates, it is possible to develop realistic scenarios of
the evolution of this land bridge, including of the tidal and other envi-
ronmental conditions, as reported a few days ago in Il Messaggero.®

I earlier mentioned the Roman epoch fish tanks which, in order
to function effectively, must bear a very sharply defined relation to

18 HsU et al. 1973.
1917 September 2013.
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Fig. 13. Examples of observational evidence for local relative sea level change across
the Mediterranean. A. Three raised marine terraces from Lamezia Terme, Calabria, at
elevations of ~ 150, ~ 400 and ~ 600 m above present sea level, probably corresponding
to successive interglacials. This area is characterized by long-term land uplift. B. Sea
caves in Gibraltar at present sea level and at three distinct higher levels corresponding
to successive interglacials and pointing to systematic, long-term tectonic uplift of the
coast (Photo G. Bailey). C. Erosion notch, about 7-8 m high observed along the cliffs
of the Gulf of Orosei and of Last Interglacial (~120,000 to 130,000 years) age. Areas
where this shoreline occurs a few meters above present sea level are assumed to have
been tectonically relatively stable. D. A more recent erosion notch from the same area
as (C) probably formed during the slow and gradual local sea level rise of the past
7000 years.
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E. Submerged speleothems from a cave on the island of Argentarola, Tuscany. The spe-
leothems developed when the cave was above sea level but growth was interrupt and
overgrown with marine encrustations during a subsequent flooding phase. F. An ero-
sion notch from western Crete (near Balos) of Late Holocene age. The notch is above
present formation level and is indicative of a rapid uplift event. G. The incomplete
Roman fishtank at Phalasarna (Crete), now at ~ 6 m above sea level, and probably
abandoned because of land uplift following the 365 AD earthquake (Note the fault that
cuts across it). H. The partly excavated and now uplifted Roman harbor of Phalasarna,
circa 50 BC, showing the quay and in situ bollards. Marine crustaceans (on the shaded
wall) suggest that the uplift occurred after about 1600 years ago, at the time of a major
earthquake at 365 AD and associated tsunami. The archaeological and geological evi-
dence illustrated in F, G, and H point to long-term episodic uplift of western Crete at
rates of several mm/year.
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1. Erosion notches in limestone cliffs of the Perachora Peninsula (Gulf of Corinth) indi-
cating a series of episodic uplift events during the past few thousand years. J. Submerged
temple foundations from Hellenic to early Christian Periods at Kenchria on the Saronic
Gulf, less than 20 km east off Perachora. Here the evidence points to rising sea level
during the past 3000 years. Trends of local change can change rapidly from locality to
locality. K. Aerial view of Torre Astura (near Rome) showing the submerged remains
of extensive fishtanks (image from www.bing.com/maps). Fishtanks are found in many
locations around the Mediterranean and most abundantly on the Thyrhennian coast of
Ttaly near Rome and date mainly from the Augustan Epoch. Their construction methods,
and functions are well documented in classical writings of Pliny, Columella, and others.
Their functionality is tightly controlled by the tides at the time of construction and the
location of inflow-outflow channels and other tidally-controlled features, above or
below present sea level, provide an excellent indicator of sea level since the time of
construction. L. Oblique view of the same location as in K.
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M. The outer walls of a fishtank at La Banca (near Torre Astura). The tops of the
foundations of the walls were constructed above sea level to protect the inner struc-
tures from wave-action. Remains of timber posts inserted into the foundations permit
the structures to be radiocarbon dated and confirms the Augustan date. Here sea level
today lies above the functional levels of the channels and sluice gates controlling flow
into the tanks, indicating that locally sea level has risen by ~ 1.5 m since the time of
construction. N. A partly cleaned in situ sluice gate in one of the channels controlling
flow into and out off the tank at La Banca. The vertical side of the cleaned stone (or
lead in some other fishtanks) contains holes to allow exchange of water between the
sea and tank (the grey area at the level of the black and lower markers on the 20 cm
division measuring rod). Sliding grooves in the walls (see particularly the one on the
left-hand side) allows the gate to be raised. The lower level of the channel is marked by
the black stone (of volcanic origin, possibly from the nearly Alban Hills, that is more
resistant to biological erosion) beneath the gate. The top of the wall on the right hand
side marks the lowest level crepzdo. O. A fixed sluice gate in position without sliding
groves from Ventotene Island. P. Two levels of crepido, with the lowest level partly buried
by sediment and the outer wall of a fishtank.
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Q. The Roman Epoch fishtank from near Caesarea, Israel, with the channels still at sea
level. In the distance, where the man is standing, there is a coralline algal rim that marks
the position of present sea level and which contains information on changes typically
for the last few hundred years. R. The remains of the Roman market, often referred to
as the temple of Serapis, Pozzuoli, with marine borers in the column at ~ 7-8 m above
present sea level that indicate that the area has undergone successive subsidence and
uplift since the time of construction associated with the volcanism within the Flegrei
Caldera. Photos by Marco Anzidei (INGV), Fabrizio Antonioli (ENEA) and the author

unless otherwise noted.
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the tides at their time of construction. Today most of these fish tanks
along the Tyrrhenian coast are submerged (Fig. 13) and from the re-
covered sluice gates, channels and foot walks (crepzdines) we have been
able to establish that sea level has risen locally by ~ 1.3 m over the
past 2000 years. Much of this rise is part of the background isostatic
signal but, by comparing this with 100-year tide gauge records from
nearby sites we have been able to ascertain that the present rate of
sea level rise, of about 1.5 mm/year recorded at nearby tide gauges,
is a relatively recent phenomenon that cannot be attributed to past
geological processes.

This is as far as I can go today. What I have tried to do is provide
some insight into the processes that have caused sea level to change
through time and how the study of these processes may lead to a bet-
ter understanding of problems that are of interest to different areas of
science and in some cases important to society. I have also indicated
several times that it is still a work in progress. I am coming to the end
of my career and I am hoping that the Balzan funding is going to be
able to help a new group of researchers continue with this work. If
that is successful then I think the Balzan Prize money will have been
very worthwhile. Thank you very much for this opportunity.
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DISCUSSION AND QUESTIONS

Giuseppe Orombelli: My task here is to promote debate but first
of all T would like to thank Professor Lambeck for such a clearly
presented lecture on a topic which is both highly interesting and also
highly intriguing and complicated because it connects several parts
of the Earth’s system. I work on the relationship between changes in
sea level and climate in addition to sea level changes and ice sheets.
Professor Lambeck in his lecture showed several examples of the infor-
mation that we can obtain on past climate and environmental changes
by studying changes in sea level. He illustrated for instance the de-
velopment of the Scandinavian and the Laurentide ice sheets during
the Last Glacial Maximum. He also spoke about the connection be-
tween changes in sea level and archaeology or — if you wish — human
evolution and the history of man. This is important because sea level
changes greatly affected the land bridges that previously connected
continents together. So this topic is useful both for interpreting the
past and also for understanding the present. Thus I would like to
solicit questions regarding the present including the rate of sea level
rise, which is obviously very relevant for the future! Before doing
that however I would like to get in an introductory question or two.
Professor Lambeck what are the major contributions that sea level
studies have brought to the understanding of climate and environ-
mental changes in the past?

Kurt Lambeck: 1 think the first thing such studies are providing
is a quantification of the relationship between climate and the ice
sheets through the sea level part. For example, we have not known
how thick ice sheets were in the past. There have been glaciologically-
based estimates but now we have good constraints on that from the
sea level analyses. I believe we have got that problem partly solved. I
have presented a model for the ice-earth-ocean interactions that works
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well for the last 20,000 years. Now, from the principles I have learned
from this I can extrapolate back in time. We have done that for Scan-
dinavia and for northern Russia, for example, and one of the results
is confirmation of the concept that at the onset of a new glacial cycle
the activity seems to be all in the East: with the ice forming in the Kara
Sea area moving onto the land, moving south, and back and forth until
it reaches its maximum at the so called Saalian, covering large parts of
northern Europe as far east as the Russian Taymyr. If this is correct it
tells us that the Arctic Ocean plays a very important role because that
movement back and forth is only possible if the Arctic Ocean is open
so as to provide a good supply of moisture. I try not to speculate in
cases like this but one can ask the question: What happens if the Arctic
Ocean opens up fully today? Is this going to produce a flow of cold
air in contact with comparatively warm water into that northern part?
Is it going to change precipitation? In the absence of other forcing,
would it actually result in the regrowth of ice up there?

Gruseppe Orombellr: 1 know that you worked also on the last inter-
glacial, what about the ice sheets during the last interglacial? Can you
hypothesise what might have been responsible for a 4 to 5 meters plus
rise in the sea level?

Kurt Lambeck: 1 thought a year or so ago that we had that problem
solved, mainly from the western Australia record where there is over
15 hundred kilometers of fossil coral reef that identify sea levels at
about the same level of ~ 3-4 m and where, behind the reefs you can
see old lagoon structure with morphological evidence of where the
sea level was. This is what led to the 4 to 5 meters that we favoured
recently in Science. 1 had heard about some corals in the Seychelles
that Barbara Wohlfarth from Stockholm had dated some years back
and which were reported to be 8 or 9 meters above sea level. So I
made the mistake of suggesting to one of my colleagues to go there
and observe and date them. And they are indeed at those elevations
and of last interglacial age. What does this difference mean? 4 to 5
meters we can accommodate by a large part of melting of Greenland
— we know from the ice core data that about half of the ice sheet has
gone — and we can probably accept a few meters of melt water from
West Antarctica (although this remains an open question) so that one
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can explain the 4 to 5 meters as being the response of those ice sheets
to a global warming of a few degrees Celsius. But 8 meters or 9 meters,
as the Seychelles data requires, changes that picture totally because
then we had to have a large melt component from East Antarctica as
well and for which there is no substantial observational or model
evidence. I am reluctant to overthrow my good western Australian
record with one observation from the Seychelles and I am tempted
to say that perhaps there are some strange tectonics going on there.
We need to corroborate that evidence from other sites. As I said before,
I thought I had the problem solved but I am back to square one.

Giuseppe Orombelli: Thank you. Now I would like to open the
floor to questions from the public concerning this part of the topic
before handing over to my colleague for the part concerned with
geophysics.

Maria Bianca Cita Sironi: According to your in depth experience
what do you think is more reliable, the deep sea record where you have
no tectonics or the record from the coastal areas? On land you may
have passive continental margin where sea level changes are usually
well expressed. One problem is if you have to go to active continental
margins that are strongly affected by neo-tectonics, how do you dis-
criminate tectonic signals from the glacio-eustatic signals?

Kurt Lambeck: That is an important question. For those of you who
are not familiar with it, I have been talking about direct observations
of sea level change as recorded locally in coastal environments. There
is another way of looking at global changes in sea level, looking at
the oxygen isotopic composition of sediments on the deep sea floor.
This isotopic composition reflects the ratio of fresh water, added into
the ocean from melting ice sheets, and salt water, with the freshwa-
ter, originating as snow precipitation, having a higher content of the
light oxygen isotope than the ocean. If you can measure fluctuations
in this isotopic ratio then you have a first order estimate of the sea
level change globally. The trouble is that there are other factors that
contribute to this ratio, temperature for example or if you are looking
at it in near-closed basins like the Mediterranean or Red Sea you may
have local hydraulic conditions as well. Hence one of our aims is to
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try and develop a sea level record that is totally independent of the
isotope information and then to compare it with the isotopic record
to calibrate the latter and to use it to interpolate and extrapolate from
the sea level observations. To use the example of the Red Sea cores,
people have speculated that there are oscillations in sea level during
the last interglacial of the order of 5 meters or more on timescales
of hundreds of years. Now physically I find that implausible because
imagine the situation today. How can you produce a 5 meter sea level
rise? The ice sheets would have had to have melted rapidly in Green-
land and in West Antarctica on sub-millennium time scales. Perhaps
that is possible but then they have to be rebuilt again within the same
short period. I have a suspicion that that tells us more about the noise,
the precision of the isotopic sea level interferences than it does about
the real changes. This is where independent high-resolution observa-
tions of sea level change during this interval become most important.
Having said that, the isotopic record is extremely important for look-
ing at the longer period cycles and that has been a marvellous piece
of work with which I have no quibbles whatsoever.

Giuseppe Orombelli: One might be interested in knowing some-
thing about the present rate of sea level rise and the accuracy of future
rates. We know that the IPCC (Intergovernmental Panel on Climate
Change) report will be published shortly. Professor Lambeck may
have something to tell us?

Kurt Lambeck: The conclusions from the instrumental records have
not changed very much from the previous report, showing that there
has been a substantial sea level rise in the last hundred years, which
from comparisons with our earlier fish-tank analysis for example and
also with some very recent evidence from salt-marsh deposits, indicates
that this rise could only have started about a hundred years ago. The
recognition has set in nevertheless that superimposed upon the secular
rise of the last 100 or so years, there are decadal-scale cycles of change
so that linear extrapolation is a very dangerous thing to do, as is any
other mathematical extrapolation that does not contain the physics
of sea level change. For the last two decades we have records of sea
level change from satellite altimetry and this has been a remarkable
achievement. That record suggests that there has been an upturn in
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the rate of rise starting about 20 years ago and as we see it also in
the tide gauge record something happened there. But if you look at
the whole record critically you find similar periods where sea level
has gone up faster than the 100 year average and then slowed down
again. So I do not think one should extrapolate that 3 mm per year
but one can probably safely extrapolate 1.5 to 2 mm per year.

Giuseppe Orombellr: 1 will now hand over to Professor Carlo Do-
glioni who is much more expert in geophysics and geodynamics.

Carlo Doglioni: Professor Lambeck, thank you for your very in-
formative lecture. Let us move down deeper in the earth now and my
first question concerns your viscosity results that we were discussing
before. Viscosity is the resistance to shearing, it measures how a fluid
reacts to a shear but with the glacial isostatic adjustment we meas-
ure only vertical movements which just load and unload the mantle
without having an indication of what is the shear for example in the
low velocity zone. That is very important because the values which
are obtained from glacial isostatic rebound are used to calculate the
viscosity of the upper mantle and as you know, as we were discussing,
if there is a thin layer — let’s say — 50 kilometers thick it is practically
invisible to the loading of a 3,000 kilometer wide ice cap. I think the
contribution of such studies is fundamental but I am afraid that the
viscosity values which are obtained do not give us enough information
about the viscosity under shear in the top part of the upper mantle,
could you comment on that?

Kurt Lambeck: As usual you have hit the nail right on the head
because that is a very important question and I did not want to dwell
too much on the viscosity results because of the complexity of their
interpretation. What we are usually very careful to say is that our
estimates are effective viscosities. They are parameters that describe a
particular class of observations and you have to be careful about how
you apply them to a totally different class of problem, in your case,
mantle convection. You are saying correctly that our numbers may not
be relevant if you want to examine the extent to which the lithosphere
can be decoupled from the upper mantle for example. We have to
take our limited approach because there is no geological observation
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of horizontal displacements in response to glacial rebound. There is a
geodetic observation from the modern-day very high precision position-
ing with GPS, where for example, we begin to see around Scandinavia
a pattern of outward radiating horizontal displacements. But the cur-
rent GPS observations and analysis methods are not yet adequate to
be able to invert the data for the horizontal shear viscosity. There are
also issues of contribution to this pattern from the North American ice
sheet and the extent to which stresses are transmitted across the mid-
Atlantic ridge, contributions to the displacements from other tectonic
processes and definition of long-term stable reference frames. It is going
to take some time but I am sure that we will get there.

Carlo Doglioni: Well, I think this is a crucial issue because most of
the geodynamic evidence indicates that there is a decoupling between
the lithosphere and the underlying mantle but if you apply a viscosity of
10%° Pascal-second the viscosity would be so high that the decoupling
would be inhibited. We do see decoupling so from shear way splitting,
the Hawaii plume, many other indications about that and there are
more and more indications that the low velocity zone is a very low
velocity in terms of shear waves and this would suggest a much lower
viscosity than so far expected from glacial isostatic rebound.

Kurt Lambeck: Actually this is a very useful discussion and raises
some issues that we will need to follow up on. I am trying to recall the
results from analysis of the displacement fields following the large recent
earthquakes. These lead to viscosities that are distinctly lower than
what we get from the glacial rebound and we have been interpreting
these in terms of transient creep behaviour but I now wonder, listen-
ing to your question, whether it is actually because one is a vertical
response and the other is an horizontal one. So you may have touched
upon something that is very useful.

Carlo Doglioni: Yes, you were talking about nonlinear rheology.
I mean we may have also a strength weakening and it depends from
the wavelength of the force which is acting on the lithosphere so this
may be important and the wavelength of the oscillations that you are
describing in terms of glaciation is —let us say — a very short wavelength
with respect to the tectonic. There is another topical issue for exam-
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ple that the upper mantle particularly the top of the asthenosphere
is considered a superadiabatic condition so the temperature could be
much higher than so far expected. In fact evidence suggests that the
amount of melting may be even higher than 2% or 3% so this would
even lower the viscosity in the upper mantle but the question is still
that the isostatic rebound from deglaciation is not able to see a thin
layer. That was the channel flow by Cathles in 1975.

Kurt Lambeck: 1f it is a very thin layer, as you said in your earlier
question, the stress is just propagated straight across it and you don’t
see the effects of it. We have done some experiments with one of
the well constrained ice sheets, the British ice sheet. It is a small ice
sheet so it does not stress the lower mantle and you have then got a
direct upper mantle signal. From that we have suggested that there is
some viscosity layering in the upper mantle but that the increase with
depth is no more than a factor of 2 or 3, going from perhaps 2 or 3
times 10?° to 5 or 6 times 10%, it is not terribly dramatic. The problem
we have is that there is a limit to how far we can push the rebound
models and I think I have gone about as far as I am prepared to go.
This is because there is a fundamental problem regarding inadequate
knowledge on the ice sheets. Many people have been doing lots of
fancy modelling, showing all sorts of stratification in the mantle using
the nearest ice sheet at hand, ignoring the fact that these ice models
are quite uncertain.

Carlo Doglioni: Are there any more questions please?

Question from the audience: A question about sea level markers.
We used for the last interglacial the higher sea level marker. Do you
think it is possible to use also the lower sea level marker, I mean the
position at which the sea level was at in the Last Glacial Maximum, as
a way to reconstruct the behaviour of the crust and so of the isostatic
and tectonic movements? Because on the continental margin we are
able to depict what is the maximum depth at which the sea level was
or at which the sea level was eroding the seafloor, so can — in your
opinion — that bring a new field for establishing the behaviour of dif-
ferent parts of the crust and so to prove the models for the vertical
movement of the crust?
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SEA LEVEL CHANGE DURING GLACIAL CYCLES

Adviser for the Balzan General Prize Committee: Enric Banda

Sea levels have changed throughout the Earth’s history, and have
impacted on the movements of species between land masses, including
human movements over the more recent period of the past 100,000 or
so years. The causes include tectonic and climate processes, and over
the past million years it is the latter, with the cyclic growth and decay
of the great ice sheets, that has been most important. Understanding
how sea level has changed helps understand the fundamental processes
that have shaped the earth through time. It is a truly interdisciplinary
area of research involving the disciplines of solid-earth geophysics,
geology and geochemistry, underpinned by physics and mathemat-
ics, with implications for past climates and human pre-history. The
research component of the Balzan Prize addresses some important
elements of this broad subject.

ResSEARCH THEMES

1. Geophysical modelling of interactions between ice sheets, the
solid earth and sea level. When ice sheets melt or grow, they stress the
earth and change the gravity field, which together leads to a complex
spatial pattern of sea level change. Modelling of these interactions
rests on a number of hypotheses that need testing, something that is
now possible because of both enhanced computational facilities and
observational data. Numerical modelling developments include refine-
ment of our models through improved characterisation of the Earth’s
rheological parameters and improved inversions of field data for infer-
ring the ice sheet history. One of the goals is to develop a version of
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the numerical models suitable for use by ‘non-experts’ so as to make
the methodology available to geologists and archaeologists. Another
goal is to develop the next iteration of ice sheet models with a par-
ticular focus on the Antarctic ice sheet, which up to now has played a
rather passive role in the discussion of past sea levels, despite it being
important in assessing the future of this ice sheet in a framework of a
warming planet. Other targets include an improved ice sheet model
for southern Greenland and improvements in the North American
ice sheet model. These models provide improved reference points for
testing climate models under conditions very different from today as
well as the basis for palaecogeographic reconstructions during recent
glacial cycles to explore possible constraints on human migrations.

2. Past interglacials as analogs of the present interglacial. The past
interglacials that occur about every 110,000 years are periods when
climate was similar to today and sea levels were close to present-
day values. The last interglacial is particularly important because
its traces are best preserved in the geological record. Its climate was
similar to today, but possibly a few degrees warmer, and sea levels
were 4-6 meters higher than today. But the precise timing of this oc-
currence and any variability within the interglacial interval remains
poorly constrained. Yet this information is important in the context
of current climate change debate for understanding the sensitivity of
ice sheets to changes in temperature. Field sites from which we have
preliminary information include: western and northern Australia, the
Seychelles and the Mediterranean. Earlier interglacials will also be
examined including the Pliocene (~ 3 million years ago), when the
global glacial-interglacial cycles were markedly different from those
of the past 800,000 years.

3. The present interglacial (the Holocene). Ocean volumes have
remained approximately constant during the past 6000 years, but pe-
riodically the argument arises that large amplitude (1-2 m) changes
have occurred within relatively short time periods (a few hundred
years). If correct, this has major implications for the instability of the
climate system when the planet is not in an ice age. There are many
reasons why this question remains debated. One is of the nature of
the observational evidence. Another is land movement caused by tec-
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tonic and global dynamic processes. A third is the ongoing interac-
tion between the past ice sheets and the solid earth and oceans. We
address these issues to arrive at what should be a definitive answer
to the question of sea level (and hence climate) stability or instability
during interglacial periods.

TuE RESEARCH PLAN

The funding has enabled a research associate to be appointed for
2 years at the Australian National University (ANU) to work on the
modelling aspects of the various components of the earth-ocean-ice
system. The appointee, Dr Anthony Purcell, has experience in this
research area, so as to build on past work. A second appointment of
a Post Doctoral Fellow, Dr Hélene Rouby, has been made together
with the Ecole Normale Supérieure (ENS) in Paris to work on the
analysis of sea level data to develop high-resolution models for sea level
change in low- and mid-latitude regions. This is part of a longer-term
proposal to transfer the ANU software and experience to ENS for
use by French researchers and to introduce a more complex mantle
rheology into our models.

Support has also been provided to Ms Ye-Ying Sun from the
University of Hong Kong (UHK) to work as a Balzan Student at
the Australian National University (ANU) during 2013 compiling
and analyzing sea level data from South East Asia, from Malaysia to
Japan, and learning the elements of geophysical modelling. This work
is significant for both the global studies and for examining the past
subsidence rates of the large east and southeast Asian river deltas.
Contributions to two field projects have been made to permit students
to extend their PhD work. One is a project with Ms Brigid Morrison
from the University of Tasmania to collect further core samples from
sites in Tasmania, and to provide radiocarbon dating, to examine the
rise of sea level during the past 7000 years. The significance of this
study is that it may answer questions about the role of Antarctica to
the global sea level change since the last glacial maximum. The other
project has provided support for PhD student Belinda Dechnik from
Sydney University to participate in fieldwork in the Seychelles that
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examines earlier interglacial reefs that are now above sea level. These
projects focus on specific scientific targets that bring together young
and experienced researchers in selected field environments, in the req-
uisite laboratory methods and in computational methods. Further field
projects involving young researchers in Australia are being examined
and will be gradually introduced over the next two years.

Sea level is an important component of the four-yearly Intergovern-
mental Panel on Climate Change assessment of the science of climate
change. The Final Draft of the Working Group 1 report was deliv-
ered in May 2013. It highlights many of the important questions for
which better answers are required. It is expected that by the Balzan
Foundation research inspired the project will contribute significantly
to providing useful answers.

RESEARCHERS

Belinda Dechnik
Brigid Morrison
Anthony Purcell
Hélene Rouby
Ye-Ying Sun
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