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Sea Level Change Through the 

Last Glacial Cycle 


Kurt Lambeck*and John Chappell 

Sea level change during the Quaternary is primarily a consequence of the 
cyclic growth and decay of ice sheets, resulting in a complex spatial and 
temporal pattern. Observations of this variability provide constraints on 
the timing, rates, and magnitudes of the changes in ice mass during a 
glacial cycle, as well as more limited information on the distribution of ice 
between the major ice sheets at any time. Observations of glacially 
induced sea level changes also provide information on the response of the 
mantle to surface loading on time scales of lo3 to lo5years. Regional 
analyses indicate that the earth-response function is depth dependent as 
well as spatially variable. Comprehensive models of sea level change 
enable the migration of coastlines to be predicted during glacial cycles, 
including the anthropologically important period from about 60,000to 
20,000years ago. 

Sea levels have fluctuated throughout geo- 
logical time, periodically encroaching or 
retreating across coastal plains. Changes in 
the relative positions of sea and land sur- 
faces are indicative of vertical movements 
of the land, changes in ocean volume, or, in 
most cases, of both. Figure 1 illustrates 
examples of observed sea level change on 
different time scales, from about 10' years 
to 1 year. Global changes occur on time 
scales of millions of years, with amplitudes 
on the order of several hundred meters (I, 
2) (Fig. 1A) and are associated mainly with 
plate tectonics-induced changes in ocean 
basin geometry. During the Quaternary, the 
dominant contribution to sea level change -
has been the periodic exchange of mass 
between ice sheets and oceans: ice ages 
being times of sea level lowstands and 
interglacials being times of relative high- 
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stands. Figure 1B gives a representative 
result of relative sea level change during 
the last glacial cycle as recorded in reef 
sequences of the Huon Peninsula, Papua 
New Guinea. Superimposed on the global 
signals are more regional and local changes 
caused by uplift and subsidence of the 
coastal zone or by changes in regional and 
local climate. At decadal, annual, and 
shorter intervals (Fig. lC), the climate-, 
meteorology-, and tide-driven changes be- 
come important. Observations of sea level 
change also indicate considerable spatial 
variation. This is illustrated in Fig. 2 for a 
number of tectonically stable sites or, as in 
the case of Barbados. for sites where it is 
possible to correct for tectonic uplift. The 
observed signals vary substantially from 
site to site, even when the localities lie 
relatively near to each other such as the 
Scandinavian Angerman and Andsya sites: 
At the first site, sea level has 
200 m in the past 9000 years, whereas at 
the second, the level 9000 years ago was 
near the present level. In contrast, at Bar- 

bados, sea level was about 30 m below the 
present level at that time. In southern En- 
gland, levels have risen slowly over the 
past 7000 years, but along the Australian 
margin they have fallen by a few meters 
during the same interval. The relative sea 
level change therefore exhibits complex 
temporal and spatial patterns that contain 
information about a range of Earth and 
climate processes. 

Understanding this time-space variability 
is pertinent to a number of scientific disci- 
plines. The glacial signal not only provides a 
boundary condition on changes in ice sheets 
[both on the mass of ice and on the timing of 
past glaciations (3-6)] but also on the isoto- 
pic composition of the ice. Some of the spa- 
tial variability seen in the observational 
record is the result of Earth's adjustment to 
changing ice loads, and this signal contains 
information about the viscosity of the mantle 
(5. 7, 8).If the glacially induced changes are 
known, the paleo-sea level information pro- 
vides estimates of the rates of vertical tecton- 
ic movements (9) and constraints on tectonic 
processes. Once comprehensive sea level 
models are developed, it becomes possible to 
test hypotheses about the migrations of flora 
and fauna across shallow seas that are now 
covered by the ocean. Finally, to understand 
future sea level rise, the background "natural" 
signal must be known (10). Many of the 
factors contributing to changes in sea level 
are linked, either through physical processes 
or through observational evidence, and the 
success of the outcomes of the various sea 
level studies depends very much on the abil- 
ity to separate the different contributions to 
the observational record. 
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Observational Evidence 
Evidence for past sea level change occurs 
mostly in the form of raised or submerged 
shorelines, indicated by: for example, fossil 
coral reefs above their present growth posi-
tions or submerged in situ tree stumps. The 
observations usually form limiting values 
only: The sea level must have been lower 
than the tree roots at the time of their growth, 
and it must have been higher than the reef at 
the time of coral growth (11). The results in 
Fig. 2 are representative of the principal ma-
terials used to identify past sea levels. The 
Andsya result (12) is based on peats and 
sediments in shallow elevated basins that at 
some past time were in contact with the sea. 
Transitions from freshwater to marine depos-
its are indicative of marine flooding of the 
basin and of a relative rise in sea level, 
whereas the reverse sequence is indicative of 
a fall in level. Series of these isolation basins 
at different present-day elevations then yield 
detailed patterns of regional sea level change. 
The timing of the transgressions and regres-
sions is established by radiocarbon dating of 
materials deposited near the transition. The 
hgerman result (13) is from deltaic sedi-
ments that now occur up to 200 m above the 
present sea level. The time scale in this case 
has been determined by counting annual lam-
inations in the total sequence of seasonal 
deposits-varves-recorded continuously in 
the delta sequences from late glacial times up 
to the present. The southern England data 
(14) consist of submerged freshwater-estua-
rine transition peats and in situ tree roots. For 
the latter, a question is what is the relation-
ship between the local water table, whose rise 
terminates tree growth, and mean sea level. 
The Sunda Shelf evidence (15) is a mix of 
indicators that establish the progressive 
flooding of this broad shelf during the -last 
deglaciation. A question here is whether the 
sampled material represents in situ material 
or older material that was transported to the 
locality at a later time. The Barbados result is 
based on the age-depth relationship of fos-
sil corals (16-19), and the question here is 
what was the water depth at the time of 
coral growth (20,21). An important feature 
of the coral material is that it can be dated 
by both radiocarbon and uranium-series 
methods, and it provides the basis for cal-
ibratinglthe radiocarbon time scale for the 
interval that is beyond the capabilities of 
varve and tree-ring chronologies (22). The 
North Queensland record for the past 7000 
years is from micro-atoll formations of cor-
als whose living counterparts in open-sea 
environments occur up to mean low-water 
spring tide to within 10 cm or less. They 
provide, therefore, a precise indicator of 
paleo-sea level, except that local changes 
on reef flats over time may result in "pond-
ing," so that the corals grow to a-level 

higher than that of their open-ocean coun-
terparts (23, 24). 

These examples are indicative of some of 
the limitations of paleo-sea level indicators, 
but despite reservations about detail, well-
developed patterns of change do emerge. For 
areas near the centers of former ice sheets. 
such as the hgerman region or Hudson Bay 
of Arctic Canada (25), the pattern is one of 
falling sea level, from the time the sea first 
entered into the area until the vresent. The 
time series observed in Andsya is typical for 
margins of former ice sheets or centers of 
small ice sheets, such as over Scotland (26). 
The results for southern England are repre-
sentative of broad zones beyond the former 
ice, including the Mediterranean Sea and the 
Atlantic and Gulf of Mexico coasts of the 
United States. The Sunda and Barbados re-
sults are representative of locations far from 
former ice margins (27), as is the Queensland 
result for the past 7000 years, with the small 
highstand in mid-Holocene time varying sub-
stantially from location to location (28, 29). 

Fig. 1.Temporal varia-
tion in sea level at 
three time. scales. (A)-1O8 years as inferred 
from seismicsequence 
stratigraphy (7, 2). 
The higher frequency 
change reflects a com-
bination of global and 
local signatures, but 
the major oscillations 
are primarily global in 
origin, associated with 
continental breakup 
and the formation of 
new ocean ridge sys-
tems. (B) Relative sea 
level at Huon Peninsu-
la, Papua New Guinea, 
for the past -lo5 
years inferred from 
the height-age rela-
tionships of raised 
reefs and from sub-
mereed fossil corals 

Most of the available sea level data is for 
the period after the last deglaciation,because 
earlier records were mostly destroyed by ris-
ing sea levels at the onset of deglaciation or 
by advancing ice sheets during the lead-up to 
maximum glaciation. In areas of tectonic up-
lift, earlier records may be preserved when 
shorelines have been uplifted beyond the 
reach of the sea by the time the next high-
stand occurs. This is the case for the Huon 
Peninsula of Papua New Guinea, where ma-
jor reef sequences occur up to 1000 m or 
more above the present sea level and each 
reef crest corresponds to a time when sea 
level rise and tectonic uplift were about 
equal. The lower part of the sequences, in-
cluding submerged reefs, have been exam-
ined in detail (30-39, and it has been possi-
ble to establish the local sea level curve for 
the last glacial cycle illustrated in Fig. 1B 
(36, 37). The Huon records continue to be 
important for calibratingless direct indicators 
of sea level change, such as marine oxygen 
isotope records (33, 38), and for quantifying 
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some of the rapid changes in sea level in the 
period leading up to the Last Glacial Maxi- 
mum (LGM) (35, 39). Few corals from the 
older Huon Peninsula reefs have been accu- 
rately dated, although new results from else- 
where (40, 41) suggest that this should be 
possible. 

Glacial Isostasy 
When ice sheets melt, the resulting sea level 
change is spatially variable because of the 
deformation of Earth's surface under the 
time-dependent ice and water load and be- 
cause of the changing gravitational potential 
of the Earth-ocean-ice system. The combined 
deformation-gravitational effects are referred 
to as the glacio-hydro-isostatic contributions 
to sea level, and it is they that cause the 
spatial variability illustrated in Fig. 2. In a 
first approximation, sea level rises by an 
amount Ac,(t) that relates to the land-based 
ice volume Vi according to 

where A,(t) is the ocean surface area and p,, 
p, are the average densities of ice and ocean 
water, respectively. A<,(t) is the ice-volume 
equivalent sea level change, or simply the 
equivalent sea level change. It equals eustatic 
change if no other factors contribute to 
changes in ocean volume. The relative sea 
level change A(,,,(cp, t) at position cp and time 
t, ignoring possible tectonic displacements of 
the coastal zone, is 

4l;,,licp,t) = 45,(t) + A5,((P,t) + hC,(cp,t) 

(2) 
where the 45, and At, are the glacio- and 
hydro-isostatic contributions. Both are func- 
tions of position and time. The water depth or 
terrain height, expressed relative to coeval 
sea level, is 

where h(cp,t,,) is the present-day (to) bathy- 
metry or topography at cp. Both isostatic 
terms in Eq. 2 are functions of Earth rheology 
as well as of fluctuations in the ice sheets 
over time. 

In formerly glaciated areas, it is the 

glacio-hydro-isostatic term At, that domi- 
nates during and after deglaciation. It re-
sults in an uplifting crust at a rate that 
exceeds the effect of the increasing ocean 
volume, so that sea level locally falls [the 
Angerman result (Fig. 2)]. At the ice mar- 
gin, this rebound is smaller than it is near 
the ice center, and although the rebound 
dominates initially, it is the equivalent sea 
level rise from more distant ice sheets that 
becomes important later. When all melting 
has ceased, the residual rebound determines 
the local sea level change (the Anderya 
result). During ice sheet growth, mantle 
material beneath the loaded area is dis-
placed outward, and broad bulges develop 
around the loaded area. When the ice 
sheets, melt these bulges subside. This re- 
sults in signals where, after an initially 
rapid rise, relative sea level continues to 
rise slowly, once melting has ceased (the 
southern England result). Much further 
from the ice. the water load becomes the 
dominant cause of planetary deformation 
(this is the hydro-isostatic contribution 
A<,). Here the ocean floor is loaded by the 
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Fig. 2. Observed spa- 
tial variability of sea 
level change since the 
time of the LGM from 
tectonically stable ar- 
eas or areas where the 
tectonic rate is known 
and has been removed 
from the observed sig- 
nal. (A) Angerman, 
Gulf of Bothnia, Swe- 
den (73). (B) Andraya, 
Nordland, Noway 
(72). (C) South of En- 
gland (74).(D) Hudson 
Bay, Canada (4). (E) 
Barbados (76-78). (F) 
Bonaparte Gulf, north- 
west Australia (27). 
(G) Orpheus Island, 
North Queensland, 
Australia [(23)and un- 
published Australian 
National University 
data]. (H) Sunda Shelf, 
southeast Asia (75). 
Note the different 
time and amplitude 
scales. In the examples 
illustrated, all observed 
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the sea level indicators 
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mean sea Level. ALL 
time scales are in cal- 
endar years. 
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meltwater, producing subsidence of the sea 
floor and adjacent margins. This effect is 
most pronounced at continental margins far 
from the ice sheets, such as along the Aus-
tralian coast, and once melting has ceased, 
sea levels continue to fall at a slow but 
perceptible rate. This produces the small 
highstands seen at the .Queensland sites. 
Because the hydro-isostatic effect at a site 
depends on the distance from and distribu-
tion of the meltwater, the amplitudes of 
these highstands can vary substantially 
from site to site (42). 

The theory used for predicting isostatic 
corrections (43-51) has been tested against 
independent formulations and numerical 
codes. The parameters that quantify the 
predictions describe the earth-response 
function and the surface loading history. 
Once the ice load is defined, the water load 
history is determined from knowledge of 
the ocean basin geometry, including the 
deformation of the basin over time and any 
movement of grounded ice across the 
shelves, subject to the conditions that ice 
and water mass is conserved and that the 
ocean surface remains a gravitational equi-
potential surface at all times. The modifi-

cation of sea level by the time-dependent 
gravitational attraction between the solid 
earth, ocean, and ice is included, as is the 
effect of glacially induced changes in Earth 

.rotation on sea level. 

Ice Volumes Through the Last Glacial 
Cycle 
The limits of the ice sheets at the time of 
the LGM and their subsequent retreat are 
well established for northern Europe and 
North America (52-54), but major uncer-
tainties remain for other areas, such as 
eastern Siberia (55). Knowledge is also 
limited about the ice cover over shelf areas 
adjacent to the continental ice masses, such 
as the offshore limits of grounded Antarctic 
ice during the LGM (52, 56). More uncer-
tain still is the ice thickness at LGM and 
late glacial times. In a few instances, this 
has been measured directly from trimlines 
on nunataks that stood above the ice. But 
this has not been possible for the major 
North American and northern European ice 
sheets, and the estimates of ice thickness 
are dependent on assumptions about snow 
supply and ablation and about the nature of 
the rock-ice interface. Information about 
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the growth and decay cycles of the ice 
sheets before the LGM is minimal, because 
the record was mostly destroyed by the 
advance and retreat.of the last glacial cycle 
and because the materials that may have 
survived are too old for reliable radiocar-
bon dating. 

The sea level signal at sites far from the 
former ice margins approximates the equiva-
lent sea level function (Eq. 1) to within about 
10 to 15%, and the isostatic contribution is 
mainly from the water loading, which is in-
sensitive to the details of the ice sheets, pro-
vided that the total ice volumes are correct to 
within about 10 to 20%. Also, these contri-
butions are not strongly dependent on Earth 
rheology within a broad range of values for 
lithospheric thickness and mantle viscosity 
(29). Hence, through an iterative procedure, it 
becomes possible to estimate changes in ice 
volumes 5 from observed sea levels AEy 
according to 

and Eq. 1. Figure 3 illustrates the resulting 
equivalent sea levels for the past 140,000 
years (57). The post-LGM result is well es-
tablished, with records from individual sites 
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giving concordant results within observation- 
a1 and modeling uncertainties. They indicate 
an irregular rate of glacial melting from the 
onset at about 19,000 years ago to the termi- 
nation at about 7000 years ago. However, the 
rate of melting has been variable: In two 
periods of rapid and sustained sea level rise 
from about 16,000 to 12,500 and again from 
11,500 to 8000 years ago, the rates of equiv- 
alent sea level rise approached 15 m in 1000 
years (16, 17, 31). These two phases of sea 
level rise appear to have been separated by a 
short interval when sea levels remained con- 
stant; if substantiated by future data sets, this 
suggests that the Younger Dryas interval was 
a period of global cessation of ice retreat. By 
7000 years ago, ocean volumes had ap-
proached their present day levels, but a small 
increase in ocean volume appears to have 
occurred until more recent times (3, 58). Be- 
cause the northern ice sheets had largely van- 
ished by 7000 years ago, this is suggestive of 
a small ongoing melting of parts of the Ant- 
arctic ice sheet (3, 59). 

The earlier part of the record indicates that 
sea levels fell rapidly toward the LGM low- 
stand about 30,000 years ago. Thus, if the 
LGM is defined by the timing of maximum 
global ice volumes, then this interval lasted 
about 10,000 years, which is longer than the 
interval usually inferred from the benthic fo- 
raminifera oxygen isotope record (60). Fur- 
thermore, the pre-LGM period is character- 
ized by substantial fluctuations in sea level of 
10 to 15 m about every 6000 years. The 
timing of these rapid change events during 
oxygen isotope stage 3 (01s-3) apparently 
coincides with Heinrich ice-rafting events re- 
corded in North Atlantic sediments (61), 
which suggests that they reflect major ice 
discharges from continent-based or shelf-
grounded ice sheets (62). Of note is that sea 

Table 1. Estimates for earth response parameters 
(with effective lithospheric thickness H,  and effec- 
tive viscosities q,,, q,, for the upper and lower 
mantle) for three different regions. The continen- 
tal mantle solution is based on sea level analyses 
for northern Europe (8, 51, 73), with the last 
solution including global rotational constraints for 
constraining lower mantle viscosity. The continen- 
tal margin results are based on the analysis of the 
late Holocene data from Australia (29, 58). The 
oceanic result is a solution of Pacific sea levels in 
which the lower mantle viscosity has been con- 
strained to the value in parentheses (80). 

Model H1 "Ium TI,
(km) (x1020 Pa's) (x1022 Pa's) 

Continental 65-85 3-5 0.5-3 
mantle 

Continental 65-80 1.5-2.5 0.5-3 
margin 
mantle 

Oceanic -50 -1 (1) 
mantle 

level falls during this period occur in similar- 
ly short time intervals and that ice accumu- 
lation also appears to have been a rapid pro- 
cess (39). 

What the equivalent sea level results do 
not reveal is where the ice was located. Re- 
bound data from within former ice margins 
provide some constraint on the ice volumes 
of individual ice sheets, and solutions for 
LGM and late glacial ice volumes suggest 
that the maximum ice thickness over North 
America and Europe is unlikely to have ex- 
ceeded about 2000 to 2500 m (4, 8). This 
leads to a total Northern Hemisphere ice mass 
that is less than that required to explain the 
global estimates inferred from the equivalent 
sea level function and to the conclusion that 
Antarctic ice volumes were greater at the 
LGM than they are today by 25 to 30 m of 
equivalent sea level. Rebound analyses from 
sparse data from the Antarctic margin support 
a post-LGM reduction in ice volume, but the 
field data are inadequate for complete analy- 
ses (63, 64). In particular, because the obser- 
vational records postdate the ice retreat, the 
early part of the ice load for both hemispheres 
is not well constrained (6, 65), and the distri- 
bution between individual ice sheets of the 
total LGM ice volume inferred from the distal 
sites remains unsatisfactory. 

Figure 3 also indicates the change in 
volume of ice throughout the last glacial 
cycle relative to the present-day ice vol- 
ume. This volume includes all grounded 
ice, including ice on the shelves that dis- 
placed seawater. The excess ice at the LGM 
is about 5.2 X lo7 km3,which is about 5% 
greater than the glaciological lower esti- 
mate established by the Climate: Long-
range Investigation, Mapping, and Predic- 
tion (CLIMAP) project but 30% less than 
CLIMAP's upper limit estimate (66). From 
the mean isotopic 6180 composition of sea- 
water at the LGM. that of the excess ice is 
(pi/po) Vi,t 6 1 8 q t  = Vo,o 81800,0 - Vo,t 
61800,t, where Vi,,, 6180i,t and V,,,, 61800,t 
are the volumes and oxygen isotopic com- 
positions of the excess ice and the oceans at 
the LGM, and V,,, , 61800,0 are the corre- 
sponding present-day values. Recent data 
(67, 68) from deep sea sediments indicate 
that 61800,t of seawater at the time of the 
LGM was about 1 F 0.1 per mil (%o) higher 
than today, and with a present ocean vol- 
ume V,,, = 1. 37 X lo9 km3, the globally 
averaged 6 1 8 0 , ,  is about -27%0. With 20 to 
25% of the excess ice located in Antarctica, 
where ice cores show LGM isotopic com- 

positions of around -50%0, the average bulk 
composition of the Northern Hemisphere 
LGM ice must have been about -20%0. This 
is significantly heavier than that of LGM 
Greenland ice (= -40%0) (69), which sug- 
gests that the precipitation that nourished 
much of the LGM ice sheet was isotopical- 

ly less depleted than that falling at the 
higher latitudes of Greenland. 

Mantle Viscosity 
The viscous response of the mantle to chang- 
es in surface loads is documented by nurner- 
ous geophysical and geological observations, 
including the relative sea level changes them- 
selves (70). Laboratory experiments at repre- 
sentative mantle temperatures indicate that 
terrestrial materials deform nonlinearly when 
exposed to stress, but linear viscoelastic mod- 
els appear to be adequate for describing ob- 
served glacial rebound phenomena. Thus, 
over the range of stress differences and time 
scales representative of glacial rebound (-30 
MPa and lo3 to lo5 years, respectively), the 
mantle effectively behaves as a linear vis- 
coelastic body. Geological and geophysical 
observations also indicate that the uppermost 
part of Earth, the lithosphere, responds elas- 
tically to surface loads of long duration 
(-lo6 years), even when the load-induced 
stress in the underlying mantle has relaxed. 
Hence, a viscoelastic mantle with overlying 
elastic lithosphere provides a good first-order 
description of the planet's response to glacial 
loads. The depth dependence of the elastic 
parameters, as well as of density, are estab- 
lished from seismic models of radial Earth 
structure, but the viscosity profile is parame- 
terized and, in some cases along with the 
effective thickness of the lithosphere, is in- 
cluded as unknown in the inversion of re- 
bound and related data (5, 7, 8, 51, 71). 

The principal questions about the result- 
ing effective viscosity are whether it is depth 
dependent and whether it is spatially variable. 
Answers come largely from the glacial re- 
bound analysis itself, because there is as yet 
no satisfactory theory for Earth's interior that 
allows the viscosity structure to be predicted 
from ab initio considerations. What is impor- 
tant in inversions of sea level data for mantle 
viscosity is that considerable trade off can 
occur between viscosity and lithospheric 
thickness. For example, in some solutions the 
lithospheric thickness has been set to an a 
priori value of 120 to 125 km (4,5, 7, 71), but 
this may lead to estimates for upper mantle 
viscosity that are higher than if both this 
viscosity and lithospheric thickness are con- 
sidered as unknowns in the inversion (72, 
73). The depth dependence of the effective 
mantle viscosity has been well established, 
with the average viscosity for the lower man- 
tle exceeding that of the upper mantle by a 
factor of 50 to 100 (8, 73-75), which is 
consistent with independent estimates based 
on inversions of geoid and seismic tomo- 
graphic data (75-77). Depth dependence of 
the viscosity has also been identified within 
the upper mantle (above about 670 km depth) 
(5, 51, 73). 

Models of upper mantle structure from the 
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inversion of seismic shear wave or attenuation 
data indicate that lateral variation in material 
properties occurs (78) and that corresponding 
variations in mantle temperature and hence up-
per mantle viscosity can be expected. Opera-
tional models for glacial rebound with lateral 
mantle structure do not yet exist, and it is 
questionable whether the observational data 
base is adequate for global inversions for both 
lateral and depth variation in mantle response 
when, at the same time, there remain uncertain-
ties about the ice load history. Thus, in the 
absence of global solutions for a laterally vari-
able mantle response, an alternate strategy is to 
cany out regional solutions and to seek viscos-

tle flow beneath the continental lithosphere. 
For onlv a few localities is there sufficient 
field evidence that enables regional response 
parameters to be estimated, but, in a first 
approximation, the two regional results indi-
cate that oceanic mantle viscosity is less than 
continental mantle viscosity. This is consis-
tent with known thennal and seismic wave 
propagation differences between the two re-
gions as well as with some preliminary sea 
level analyses for Pacific island regions (80). 
This result has as consequence that when 
estimating past ice volumes from sea level 
data for different localities, different param-
eters may need to be used according to the 

ities that are representative of regional mantle representative mantle conditions. This has 
conditions only (79). been done for the results illustrated in Fig. 3, 

Table 1 summarizes representative results where "continental margin" parameters have 
for three-layered models corresponding to been used for the Huon, Bonaparte, and 
three different regions: Scandinavia, Austra- Sunda observations and "oceanic" parameters 
lia. and the southern Pacific. In the first two have been used for Tahiti and Barbados. 
solutions, the search has been conducted 
within broad limits of the three parameters, 
and the solutions indicate that lateral variabil-
ity in effective upper mantle viscosity may be 
important. For continental-margin Australia, 
the isostatic effect is primarily the result of 
the response to water loading, with a flow of 
mantle material from beneath the ocean litho-
sphere to beneath the continental lithosphere. 
The resulting upper mantle viscosity is rep-
resentative, therefore, of average ocean and 

Shoreline Recanstructions 
At one level,the isostaticreboundmodel can be 
seen as an interpolation device for predicting 
sea level change from spatially and temporally 
incomplete observational evidence. The real 
challenge lies in the interpretationof the effec-
tive parameters introducedto describe the earth 
responseand load history.But for predictingthe 
course of shorelines through time, this latter 
step is not important provided that the parame-

continental mantle values. In contrast, the ters are internallyconsistentwith the fragments 
Fennoscandian rebound largely reflects man- of available observations. With the schematic 

Fig. 4. Shoreline reconstructionsfor the BassStrait between mainland Australia and 
Tasmania. This shallow sea was above sea level during times of lowstand but was 
periodically inundated during the time of human occupation of Australia. The 
lowest two land contours, identified by changes in shades of green, correspondto 
25 and 50 m above sea level. The pale blue areas denote freshwater or marshy 
depressions. (A) At the peak of the last glaciation,25,000 years ago. (B)At 17,500 
years ago, when the relative sea level had risen sufficiently for it to enter the Bass 
basin from the west (the western sill) and form an estuarine environment. (C) At 
14,000 years ago, when the sea level rise reached the barrier in the east and 
Tasmania became isolated from the Australian mainland. These model reconstruc-
tions assume that tectonic movements of the sea floor have been negligible during 
the last glacial cycle and that any erosion of, or sedimentationon, the sea floor has 
been insignificant. (D) The change in elevation, with respect to coeval sea level, of 
the lowest points (the sill locations) for the land bridges between the mainland and 
Tasmania, to the east and west of the central depression. The interval between 
40,000 and 36,000 years corresponds to the time of the first known human 
occupation of Tasmania. 

sea level equation (Eq. 2) solved, water depths 
at any time in the past follow from Eq. 3, and 
the paleo shorelines at time t correspond to the 
contours h(q, t) = 0.Thus, provided that the 
present-day shallowwater bathymetry is known 
with high resolution, it becomes possible to 
examine the migrations of shorelines through 
time for intervals for which sufficient observa-
tional data exist to constrain the isostatic vari-
ables. Predictionsof shorelinessincethe time of 
the LGM have been published for both global 
(81) and regional reconstructions(82-84),and 
these can provide useful insights into the inter-
pretation of prehistoric sites. For example, an 
absence of fish bones in the Late Palaeolithic 
strata of Franchthi Cave in Greece may have as 
much to do with the shoreline being far away at 
that time than with the evolution of fishing 
skills (83, 85, 86).Likewise, the gradual trans-
formation of a broad valley with large freshwa-
ter lakes and a major river system into a sub-
merged Persian Gulf from the LGM to about 
8000 years ago may well have been a powerhl 
factor in human migrations during the period, 
leading up to the pre-Sumerian settlements in 
lower Mesopotamia (84, 87, 88). 

The timing of the flooding of the Bass 
Strait between the Australian mainland and 
Tasmania similarly provides an important in-
put into the debate about early human move-
ments in pre-LGM times (89-91). The debate 
here concerns the first arrival of humans in 
Tasmania as compared to their first occupation 
of other southern regions of the continent. The 
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oldest human occupation site in Tasmania has 
been dated at -36,000 to 40,000 calendar years 
(91), compared with about 56,000 to 68,000 
years at Lake Mungo in southeastern Australia 
(92, 93), and a question that has been raised is 
whether the Bass Strait provided a barrier to 
earlier occupation of Tasmania. Figure 4 illus- 
trates the reconstruction of this waterway at the 
LGM and at two post-LGM critical periods. At 
the height of the last glaciation (Fig. 4A), the 
strait was exposed, with a large depression in its 
center connected but inaccessible to the south- 
em ocean via a low and broad valley. During 
the subsequent deglaciation, the sea first en- 
tered this depression from the west at about 
17,500 years ago (Fig. 4B), and the eastern land 
connection was broken about 3500 years later 
(Fig. 4C), leaving Tasmania isolated from the 
Australian mainland. The locations where these 
separations occur also determine the separa- 
tions for earlier periods, and the predicted min- 
imum elevations (Eq. 3) for the eastern and 
western land connections is given in Fig. 4D. 
(The error bars on these sill elevations are 
similar to those in Fig. 3A.) This indicates that 
Tasmania was isolated from mainland Australia 
from the time of the penultimate deglaciation at 
about 135,000 years ago until about 43,000 
years ago, with the exception of several short 
periods when an eastern land connection may 
have existed (at -76,000, 68,000 to 62,000, 
and 46,000 years ago). At any of these times, 
this land bridge would have been tenuous (with 
elevations only about 5 m above the coeval sea 
level), largely devoid of vegetation, and sus- 
ceptible to flooding at times of high seas 
and storms. The first sustained land con- 
nection on the eastern side occurred at 
about 43,000 years ago, at which time the 
shoreline reconstruction is very similar to 
that in Fig. 4C for 14,000 years ago, with 
minimum elevations of the sill less than 
about 10 m above the coeval sea level. This 
connection may have broken up briefly at 
around 37,000 years ago, but otherwise the 
eastern land route remained effectively 
above sea level from about 43,000 years 
ago until 14,000 years ago. The coinci- 
dence of the earlier date with the earliest 
occupation of Warreen Cave suggests that 
this was probably the time when humans 
first crossed the Bass Strait. 
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Trends, Rhythms, and Aberrations in 

Global Climate 65 Ma to Present 

James Zachos,'* Mark ~agani,' Lisa Sloan,' Ellen tho ma^,',^ Katharina Billups4 

Since 65 million years ago (Ma), Earth's climate has undergone a signifi- 
cant and complex evolution, the finer details of which are now coming to 
light through investigations of deep-sea sediment cores. This evolution 
includes gradual trends of warming and cooling driven by tectonic pro- 
cesses on time scales of l o 5  to l o7  years, rhythmic or periodic cycles 
driven by orbital processes with lo4- to 10'-year cyclicity, and rare rapid 
aberrant shifts and extreme climate transients with durations of l o3  to 
lo5years. Here, recent progress in defining the evolution of global climate 
over the Cenozoic Era is reviewed. We focus primarily on the periodic and 
anomalous components of variability over the early portion of this era, as 
constrained by the latest generation of deep-sea isotope records. We also 
consider how this improved perspective has led to the recognition of 
previously unforeseen mechanisms for altering climate. 

the global climate system (8-15). More-
over, in altering the primary boundary con- 
ditions andlor mean climate state, some or 
all of these events have altered system sen- 
sitivity to orbital forcing (16), thereby in- 
creasing the potential complexity and di- 
versity of the climate spectrum. This would 
include the potential for unusually rapid or 
extreme changes in climate (1 7, 18). 

Although Earth's climatic history has 
been reconstructed with an array of proxies 
applied to both marine and terrestrial sedi- 
ment archives, much of the progress in 
resolving the rates and scales of Cenozoic 
climate change can be attributed to the 
development of high-resolution deep-sea 
oxygen (6180) and carbon (6I3C) isotope 
records (19). Since the early 1970s, 6l8O 
data have served as the principal means of 
reconstructing global and regional climate 
change on a variety of geologic time-scales, 
from millennia1 to tectonic. These records 
are multidimensional in that they provide 
both climatic and stratigraphic information, 
and can be quickly generated with automat- 
ed mass svectrometers. The first marine 
isotope records were relatively coarse, but 
still provided valuable insight into the gen- 
eral structure of the Pleistocene glacial and 
interglacial cycles (20). These were fol-
lowed by records delineating the long-term 
patterns of Cenozoic climate change (21- 
23) and, eventually, the first global compi- 
lation of records for the Cenozoic (resolu- 
tion of lo5 to lo6 years) (24). 

The last decade has witnessed a rapid 
growth in the inventory of high-resolution 
isotope records across the Cenozoic, aided by 

Through study of sedimentary archives, it 
has become increasingly apparent that dur- 
ing much of the last 65 million years and 
beyond, Earth's climate system has experi- 
enced continuous change, drifting from ex- 
tremes of expansive warmth with ice-free 
poles, to extremes of cold with massive 
continental ice-sheets and polar ice caps. 
Such change is not unexpected, because the 
primary forces that drive long-term climate, 
Earth's orbital geometry and plate tecton- 
ics, are also in perpetual motion. Much of 
the higher frequency change in climate (lo4 
to lo5 years) is generated by periodic and 
quasi-periodic oscillations in Earth's orbit- 
al parameters of eccentricity, obliquity, and 
precession that affect the distribution and 
amount of incident solar energy (Fig. 1) 
(1). Whereas eccentricity affects climate by 
modulating the amplitude of precession and 
thus influencing the total annual/seasonal 
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solar energy budget, obliquity changes the 
latitudinal distribution of insolation. Be-
cause the orbital parameters vary with dis- 
tinct tempos that remain stable for tens of 
millions of years (2), they provide a steady 
and, hence, predictable pacing of climate. 

The orbitally related rhythms, in turn, 
oscillate about a climatic mean that is con- 
stantly drifting in response to gradual 
changes in Earth's major boundary condi- 
tions. These include continental geography 
and topography, oceanic gateway locations 
and bathymetry, and the concentrations of 
atmospheric greenhouse gases (3). These 
boundary conditions are controlled largely 
by plate tectonics, and thus tend to change 
gradually, and for the most part, unidirec- 
tionally, on million-year (My) time scales. 
Some of the more consequential changes in 
boundary conditions over the last 65 My 
include: North Atlantic rift volcanism, 
opening and widening of the two Antarctic 
gateways, Tasmanian and Drake Passages 
(4): collision of India with Asia and sub- , ,>

sequent uplift of the ~  i	 ~ ~ ~ ~and ~ i b ~ t ~ ~  ~	 lthe greater availability of high-quality sedi- 
'latea' (j); of Panama and of ment cores recovered by the Deep Sea Dril- 
the Central American Seaway (6) (Figs. ling Project (DSDP) and Ocean Drilling Pro- 
and 2); and a sharp decline in pCO, (7). gram (ODP). The improved perspective pro- 
Each of these tectonically driven events vided by these records has led to some of the 
triggered a major shift in the dynamics of most exciting scientific developments of the 
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