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The sea-level rise due to ice-sheet melting since the last glacial maximum was not uniform 
everywhere because of the deformation of the Earth’s surface and its geoid by changing ice 
and water loads. A numerical model is employed to calculate global changes in relative sea level 
on a spherical viscoelastic Earth as northern hemisphere ice sheets melt and fill the ocean basins 
with meltwater. Predictions for-the paw explain a large proportion of the global 
variance in the sea-level record, particularly during the Halacene. Results indicate that the oceans 
can be divided into six zones, each of which is characterized by a specific form of the relative 
sea-level curve. In four of these zones emerged beaches are predicted, and these may form even 
at considerable distance from the ice sheets themselves. In the remaining zones submergence 
is dominant, and no emerged beaches are expected. The close agreement of these predictions 
with the data suggests that, contrary to the beliefs of many, no net change in ocean volume 
has occurred during the past 5000 years. Predictions for localities close to the ice sheets are 
the most in error, suggesting that slight modifications of the assumed melting history and/or the 
rheological model of the Earth’s interior are necessary. 

INTRODUCTION 

Relict shoreline features of Holocene age 
well below the present sea level (e.g., Fair- 
bridge, 1961; Shepard, 1963; Emery and 
Garrison, 1967; Bloom, 1970) strongly 
support the belief that as the ice sheets 
retreated following the last glacial maxi- 
mum their meltwater increased the volume 
of the oceans. However, not all submerged 
indicators of shorelines of the same age 
lie at the same elevation, indicating that 
the ocean did not rise uniformly relative 
to the land. It has often been suggested 
that, because the Earth is not rigid, this 
nonuniform rise of reiative sea level would 
be expected even at large distances from 

1 Contribution number 614 of Cornell University 
Department of Geological Sciences. 

the melting ice (Daly, 1934; Wellman, 1964; 
Bloom, 1967; Walcott, 1972a; Chappell, 
1974; Cathles, 1975; Peltier and Andrews, 
1976). Walcott (1972a), in particular, con- 
sidered the global distribution of relative 
sea level during the past 20,000 years. He, 
among others, showed that because the 
reduced ice load caused gravitational (iso- 
static) disequilibrium, the land in regions 
once glaciated should rise relative to the 
sea surface. Peripheral to the glacial mar- 
gin, submergence is expected because 
material from this region is depleted when 
Earth material flows into the uplifting re- 
gion. Walcott’s major contribution, how- 
ever, was to show how relative sea level 
at great distances from the glaciated regions 
is affected by meltwater loading of the 
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ocean floor. Assuming that the effect 
of glacial unloading is negligible at great 
distances from the ice, Walcott found that 
the continents should rise slightly relative 
to the ocean floor. Walcott used viscous 
flat Earth models and decoupled the glacial- 
unloading problem from the water-loading 
problem. Cathles (1975) improved upon 
Walcott’s approach by using a more real- 
istic spherical viscoelastic Earth model. He 
allowed both glacial melting and the asso- 
ciated ocean filling to distort the solid 
surface of the Earth through time. His con- 
clusions support those of Walcott. Chappell 
(1974) considered a viscous flat Earth, but 
the sloping continental shelf in his model 
allowed the ocean to advance inland as the 
ocean basins filled. Peltier and Andrews 
(1976) used a different and more-exact 
approach to do an analysis similar to that 
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FIG. 1. Interactions among ice loads, water loads, 
and the deformable Earth: (A) The weight of the ice 
deforms the Earth and (B) the ice mass attracts the 
water. (C) The transfer of matter within the Earth 
distorts the geoid. Similarly, (D) the weight of melt- 
water depresses the Earth differentially and (E) more 
water flows into this depression, increasing the water 
load and (F) causing added deformation of the ocean 
floor. These processes are interrelated as indicated 
in (G), and all are included in the numerical model. 

of Cathles (1975). All of these methods 
have a common fault, they consider only 
the distortion of the solid surface of the 
Earth. In reality, the observed change 
in relative sea level is the change in distance 
between the ocean floor and the ocean 
surface. The surface of the equilibrium 
ocean is always at constant gravitational 
potential, and this surface defines the geoid. 
As ice melts on the surface of the Earth 
and matter within the Earth flows to com- 
pensate for the changing surface-mass 
distribution, the combined mass transfers 
affect the geoid. Farrell and Clark (1976) 
and Clark (1976) have shown that these 
changes of the geoid can be of the same 
order of magnitude as the oceanwide aver- 
age rise in sea level (commonly known 
as the eustatic rise) resulting from t‘Ae 
meltwater increase of the ocean volume. 

To calculate relative sea level, there- 
fore, the changes in separation between 
two dynamic surfaces-the ocean floor 
and the ocean surface-must be deter- 
mined. To do this properly requires consid- 
eration of the interactions schematically 
represented in Fig. 1 and described in the 
figure caption. These processes are inex- 
tricably related because the water load is 
a function of both the changing ice load 
and the changing distance between the 
ocean floor and the geoid (Fig. 1G). 
For a spherical viscoelastic Earth with 
realistic ocean configurations and glacial 
history, Farrell and Clark (1976) showed 
how to calculate the relative sea-level 
change at any location when the inter- 
actions of Fig. 1 are considered. Results 
of this “self-consistent” calculation of the 
history of the global sea level for a likely 
glacial history and Earth rheology are given 
below. 

THE MODEL 

The Earth behaves as an elastic material 
for applied stresses of short time scale 
(earthquakes) and as a fluid for stresses 
of long duration (centrifugal force), but 
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the 20,000-year time span for stresses in- 
volving glacial melting and Earth relaxation 
is of intermediate duration. Both elastic 
and viscous behavior will, therefore, be 
important. A Maxwell viscoelastic material 
is thus a plausible rheological model for the 
problem considered here, and it has been 
employed previously (Cathles, 1975; Pel- 
tier and Andrews, 1976). The behavior of 
this material is analogous to an elastic 
spring in series with a viscous dashpot. 
A stress applied to such an element causes 
immediate distortion of the spring but slow 
time-dependent distortion of the dashpot. 
In this study, the Earth model is a spheri- 
cally symmetric self-gravitating Maxwell 
material. The elastic properties and density 
vary with depth like those of a Gutenberg- 
Bulien elastic Earth model A (e.g., Alter- 
man et ul., 1961) determined by seismic 
methods. The anelasticity of the model is 
determined by a single parameter, the New- 
tonian viscosity V; we assume v to be 1V2 P 
(cgs.) throughout the Earth’s mantle and 0 P 
in the Earth’s core. The rheology of the 
real Earth may differ substantially from 
that of a Maxwell material. In particular, 
the relation between applied stress and 
strain rate may be nonlinear, which is to 
say that the material is not Newtonian. 
The philosophy which we adopt here is 
that the simple linear model should be 
subjected to direct test before it is rejected. 
Peltier (1974) discussed these matters in 
greater detail. 

The areal extent of the ice is approxi- 
mated on a 5” latitude x 5” longitude grid, 
and the ice thickness on each grid element 
is varied independently at IOOO-year inter- 
vals. Two glacial histories are considered 
and will be discussed in detail below. We 
also assume that isostatic compensation 
is complete by the time the ice sheets begin 
to disintegrate. 

The method for calculating relative sea 
level has been described previously by 
Farrell and Clark (1976) and is reviewed 
only briefly here. For any spherically 
symmetric viscoelastic Earth model the 

time-dependent change in separation be- 
tween the Earth’s surface and the geoid 
caused by a point load placed on the Earth’s 
surface can be calculated (Peltier, 1974). 
This function is called a viscoelastic Green 
function (Peltier, 1974). In order to deter- 
mine the effect of a load with a realistic 
spatial distribution, the load is considered 
to be a collection of point loads, and the 
effects are added. Similarly, if the load is 
time dependent, the effects of all past loads 
are added to the effects of the present loads. 
Farrell and Clark (1976) showed that the 
explicit expression for sea-level change s 
at time t and position vector r is 

s(t,r) = 
il 

GE(r - r ‘)pg(t,r ‘)dW 
OCean 

+ G”(r - r’)pJ(f,r’)diY 
Ice 

G”(r - 7, r - r’) 

x [pws(T,r’) + pJ(r,r’)]dS2’ 

where: 

GE is the immediate-response elastic 
Green function, 

GV is the time-dependent viscous Green 
function, 

pw is the density of water, 
px is the density of ice, 
Z is the ice thickness, 
da’ is an element of area, 
kE corrects for the oceanwide average rise 

in sea level (eustatic rise), 
k, insures that mass is conserved, 
and the notation r -r ’ indicates the angu- 

lar distance between position vectors 
r and r’. 

The third term in Eq. (1) represents 
the slow deformation of the Earth from 
changes in both ice and water loads. 
The second term accounts for the im- 
mediate elastic sea-level response due 
to the change in ice load. The first term is 
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FIG. 2. A schematic illustration of the Heaviside Green function. The distortion of a reference shoreline 
1000, 5000, and 15,000 years after the melting of a point ice mass is illustrated in (A). Five distinct spatially 
dependent sea-level regions are given on the distance axis, which is only approximate. The sea-level change 
relative to the initial reference shoreline at selected locations in (A) is given in (B). Each region has a distinctly 
different expression in the sea-level record. In Region 1, for example, the land rises continuously relative to 
the sea (a); whereas in Region V, sea level rises rapidly initially, but this submergence is followed by slow 
emergence (g). 

the immediate sea-level change caused 
by changes in water load. The sea-level 
solution s is also found under the integral 
on the right side of Eq. (l), making this an 
integral equation. The integral equation 
results because the changing sea level 
causes a corresponding variation in the 
water load. This feedback effect described 
by Eq. (l), ‘therefore, accounts for all of 
the interactions illustrated in Fig. 1. The 
integral equation can be solved numerically 
with an iterative scheme that ensures the 
conservation of mass. Equation (1) con- 
verges rapidly upon a solution for sea level, 
and sea-level results can be compared 
directly to observed relative sea-level 
curves. No correction for eustatic rise in 

sea level is necessary. Hence for a given 
Earth rheology and glacial history, it is 
possible to calculate time-dependent rela- 
tive sea-level changes for any location. 
A very stringent test of the assumed Earth 
model and glacial history is therefore pos- 
sible, because for the model to succeed it 
must fit data from (1) the ocean centers, 
(2) the continental margins, (3) the fore- 
buige region, and (4) the glaciated regions. 

THE SEA-LEVEL GREEN FUNCTION 

Equation (1) indicates that the visco- 
elastic Green function is crucial in deter- 
mining worldwide sea-level changes. The 
form of the time-dependent Green function, 
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therefore, gives usefti4 insight into the ex- 
pected global sea-level response. Because 
of the utility of the ,concept, the Green 
function that results from a point load re- 
maining on the Earth’s surface is now briefly 
considered. This Heaviside Green function 
was calculated by Peltier (Peltier, 1974; 
Peltier and Andrews, 1976). It is the simplest 
treatment of the sea-level problem pre- 
sented in this study because the ice sheets 
are assumed to be collected into a point and 
all ocean-loading effects are ignored. To 
ensure clarity, we begin by considering 
a schematic illustration of the relative sea- 
level change at three different times (1000, 
5000, and 15,000 years) after removal of 
the point ice load (Fig. 2). The actual Heavi- 
side Green function used here was given 
by Peltier and Andrews (1976), and Fig. 2 
illustrates only its viscous part. It varies 
over several orders of magnitude and is 
difficult to interpret graphically, but Fig. 2 
contains all of the essential information 
in the Green function needed to interpret 
relative sea-level expression through time. 
The horizontal axis gives the approximate 
distance scale, while the vertical axis repre- 
sents relative sea-level change. Because of 
the unrealistic assumptions, only the shapes 
of these curves are considered relative to 
the original sea-level configuration. Actual 
amounts of sea-level change are more ap- 
propriately considered in subsequent sec- 
tions, where realistic ocean and ice configur- 
ations and all of the processes illustrated 
in Fig. 1 are included. 

Figure 2 is divided into five regions, each 
of which is characterized by a sea-level 
signature unique to that region. In Region-I 
the land rises continuously, relative to sea 
level, through the 15,000-year time interval. 
The rate of this emergence decreases through 
time. The total amount of emergence in 
Region I is a function of position, with 
greater emergence occurring closer to the 
point load. 

In Region II there is a continual submer- 
gence due to the presence of the collapsing 
proglacial forebulge, and the relative degree 

of submergence is again a function of posi- 
tion. For this viscosity model, the forebulge 
does not collapse in place, rather it “mi- 
grates” toward the ice load as it collapses 
(Peltier, 1974; Cothles, 1975). This migration 
produces a domain of transition between 
Regions I and II characterized by initial 
emergence followed later in time by a falling 
of the land relative to the sea surface (sub- 
mergence). Depending upon position with 
respect to the load, these relative motions re- 
sult in either more emergence than submerg- 
ence or more submergence than emergence. 
with greater submergence occurring at 
greater distances from the ice. Because 
of the migration of the collapsing forebulge, 
the time when the land stops rising relative 
to the sea and begins to submerge is depen- 
dent upon position. Submergence will com- 
mence at a later time for sites close to the 
ice than for sites at greater distances. 

In Region III the trend of relative sea- 
level change is just the opposite of the trend 
in the Transition Region. In Region III the 
land first sinks relative to the ocean’s sur- 
face and then emerges slightly. These rela- 
tive motions are also due to the time-depen- 
dent shape of the migrating forebulge, and 
again the time of maximum submergence is 
a function of location. 

In Region IV there is continual submer- 
gence, but of lesser magnitude than in 
Region II. At a great distance from the ice 
(Region V), the relative sea-level curve is 
not monotonic. Initial submergence is fol- 
lowed by slight emergence, but this emer- 
gence is much smaller in magnitude than 
the emergence in Region I. 

The above discussion emphasizes the 
importance of the concept of the migrating 
forebulge and illustrates the approximate 
expression of it which should be evident 
in the sea-level record. The time-dependent 
configuration of the forebulge is a function 
of the viscosity profile, which may differ 
from the assumed profile of this model. 
Peltier (1974) has shown that if the lower 
mantle has a very high viscosity (10z4 P), 
the forebulge will not migrate as it collapses. 
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FIG. 3. Realistic distribution of glacial ice. A uniform 1000 m of ice was melted instantaneously at 18,000 B.P. 
from all of these glaciated regions. The immediate eustatic rise in sea level was then 77.5 m. 

For an Earth model with a low-viscosity 
aesthenosphere (102l P), the amplitude of 
the migrating forebulge will increase sub- 
stantially. The viscosity profile used here is 
thus a compromise between these two pos- 
sible viscosity profiles, and Peltier (1976) 
has described a method whereby the most 
likely profile may be determined. 

UNIFORM INSTANTANEOUS 
ICE MELTING 

In the previous discussion, the analysis 
of the Green function delineated the char- 
acteristic sea level response for five regions 
on a viscoelastic Earth model with uniform 
viscosity. Next, a more realistic case is 
considered, in which ocean loading and all 
of the interactions of Fig. 1 are included. 
Furthermore, the ice sheets have the real- 
istic spatial configuration illustrated in 
Fig. 3. The assumed glacial history is a 
simple one in which a uniform 1000 m of 
ice melt instantaneously (at 18,000 B.P.) 
from all glaciated regions of Fig. 3. The 
eustatic rise is then a step function in time 
with an amplitude of 77.5 m. Although the 
ice melts at one instant (18,000 B.P.), Fig. 
4 indicates that the relative sea level con- 
tinues to change during the following 10,000 

years as the Earth relaxes. The North Atlan- 
tic Ocean becomes deeper in contrast to 
the shallowing of the South Pacific. In 
regions under the ice, the relative sea level 
falls more rapidly than the oceans fill, re- 
sulting in emerged beaches.’ Similarly, 
in the South Pacific relative sea level rises 
while meltwater flows into the oceans, but 
when melting stops, sea level falls. 

Emerged beaches are easily observed 
and frequently dated, whereas submerged 
beaches are more difficult to identify and 
to date. However, there is at present con- 
siderable controversy over the significance 
and cause of emerged Holocene beaches 
found in regions far from glaciated areas. 
Some claim that these beaches were formed 
by a postglacial eustatic sea level higher 
than present and thereby infer important 
climatic changes (e.g., Schofield, 1964; 
Gill, 1965; Fairbridge, 1976). Others disa- 
gree with this contention and suggest that 
the numerous emerged beaches are either 

I Here, as in the remaining sections, we use the 
term “beach” rather loosely to include an entire 
assemblage of shore-zone landforms and sediments 
which are indicators of the position of local sea level. 
This assemblage includes such features as beaches, 
shore erosional platforms, reefs, deltas, coastal dune 
ridges, and salt-water marshes. 
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FIG. 4. Percentage of eustatic sea-level change predicted by the viscoelastic sea-level model with uniform 
instantaneous ice melting. At 18,000 B.P. a uniform amount of ice was melted from all Late Wisconsin ice 
sheets shown in Fig. 3; the change in sea level (expressed as percentage of eustatic sea-level rise) relative 
to the 18,000 B.P. shoreline is shown for (A) 17,000, (B) 12,000 and(C) 7000 B.P. The relative sea-level increases in 
depth in northern latitudes but slightly decreases in southern latitudes. In this case, 100% = 77.5 m. 

much older than Holocene or result from For instantaneous uniform melting, Fig. 5 
tectonic activity, or are not emerged at indicates six zones that have differing char- 
all but the work of infrequent storms (e.g., acteristic sea-level responses. Five of these 
Shepard, 1963; Jelgersma, 1966; Bloom, zones (Zones I-V) relate directly to the 
1970). In an effort to resolve this contro- regions mentioned in the preceding inter- 
versy, as we consider global changes in pretation of the Green function. In four of 
relative sea level in the remainder of this these zones (Zones I, III, V, and VI), emerged 
paper we shall devote considerable atten- beaches should be observed, but the cause 
tion to identifying regions where emerged and form of the emergence differ among the 
Holocene beaches are to be expected as zones. The remaining two zones (Zones II 
well as regions where they are not. and IV) will have no emerged beaches, but 
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FIG. 5. Illustration of the six sea-level zones for the uniform instantaneous melting case. Within each zone 
the sea-level signatures at all locations are similar to one another. Emerged beaches are expected in Zones 1, 
III, V, and VI, whereas Zones II and IV are continuously submerged. 

again the cause and form of their submer- 
gence will differ. 

Zone I: Glaciated Areas 

The regions once covered by ice exhibit 
a very large amount of emergence. Figures 
6A and 6B are representative of the emer- 
gence of sites which were once beneath 
the Laurentide and Fennoscandian ice 
sheets. The emergence is approximately 
three times the eustatic rise in sea level, 
and the immediate elastic emergence (the 
vertical line at 18,000 B.P.) is 25 to 30% of 
the total emergence. This large amount of 
immediate emergence is also inferred from 
field evidence for Greenland (Clark, 1976) 
and for Glacier Bay, Alaska (Clark, 1978). 
Implicit in the results of Farrell (1972) is 
the conclusion that approximately half of 
this instantaneous response is due to the 
changing gravitational attraction of the 
water by the diminishing ice mass. Hence, 
the glaciated areas rise much more rapidly 
than the corresponding rise of the ocean 
level from the addition of meltwater, and 
so emerged beaches are prevalent and per- 
haps 300 meters above present sea level 
for this simple glacial history. 

Zone II: Collapsing Forebulge Submergence 

In Zone II there is a continual submer- 
gence because of the collapsing forebulge. 

This submergence may assume a variety of 
forms, however, because of differing prox- 
imity to the ice and differing size of the ice 
sheets. On the Delaware continental shelf 
(Fig. 7A), for example, the predicted rela- 
tive rise in sea level is much slower than 
the predicted submergence of the conti- 
nental shelf of France (Fig. 7B). This is 
because the Delaware location is close to 
the margin of the larg’e Laurentide ice sheet, 
whereas the relative sea level curve for 
France is farther from the Fennoscandian 
ice sheet. Referring to Fig. 2, the portion 
of Region II closest to the ice will exhibit 
relatively little submergence for the first 
5000 years when compared to the parts of 
Region II more distant from the ice, where 
most of the submergence occurs during 
the first 5000 years. This effect is evident 
in Figs. 7A and 7B. 

Transition Zone Between Z and II: 
The Ice Margin 

Regions. near the ice margin experience 
relative sea-leve! changes that are interme- 
diate between those of Zones I and II. At 
the margin of the ice’ sheets there is initial 
emergence followed by submergence. This 
is predicted at the edge of the Laurentide 
ice sheet for Newfoundland (Fig. 8A) and 
at the edge of the Fennoscandian ice sheet 
(Fig. 8B). The amount of submergence and 
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FIG. 6. Examples of relative sea-level (RSL) change 
in Zone I for the uniform melting case. Here, as in 
all succeeding figures of this type, positive values 
indicate elevation above present sea level and negative 
values indicate submergence. For sites under large 
ice caps, the land rises relative to sea level as seen 
here for (A) the center of the Laurentide ice sheet 
(61”N, 84”W) and (B) the Fennoscandian ice sheet 
(64”N, 36”E). 

the height of the oldest emerged beach is 
again dependent upon distance from the 
ice sheet (Fig. 2). Coasts close to the ice 
have greater emergence and less submer- 
gence than those slightly more distant from 
the ice. The Fennoscandian curve is for 
a locality very close to the ice margin, 
whereas the Newfoundland curve is more 
distant from the ice. The beach formed in 
Fennoscandia at 18,000 B.P. is 58 m above 
present sea level, whereas the correspond- 
ing Newfoundland beach has emerged only 
30 m. However, younger beaches are sub- 

1OOOYR BP Iwo **  BP 

FIG. 7. Examples of relative sea-level change for 
sites in Zone II, uniform melting case.. No raised beaches 
should be observed on (A) the east coast of the United 
States (39’N, 72”W) or (B) the continental shelf near 
France (45”N, 9%‘), because of the collapse of the 
proglacial forebulge. 

FIG. 8. Transition Zone between Zones I and II. 
Sea-level change in this region is controlled by the 
migration of the collapsing forebulge which causes 
initial emergence followed later in time by submer- 
gence. All localities are near the ice margin, and 
those closest to the ice have the greatest emergence 
and the least submergence. Typical sea-level curves 
are given for (A) Newfoundland (47”N, 60°W), (B) 
Fennoscandia (67”N, 12”E), and (C) the Labrador 
continental shelf (58”N, 6O”W). 

merged; the maximum predicted submer- 
gence is 22 m for Newfoundland and onIy 
15 m for Fennoscandia. In fact, Fig. 8C 
shows that on the continental shelf of Lab- 
rador, even farther from the ice-sheet mar- 
gin than Newfoundland, a beach formed 
18,000 years ago will now be at present sea 
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FIG. 9. Relative sea-level changes in Zone III, 
showihg emergence delayed in time. (A) For the 
dotida coast (30”N, 78”W), emergence of 0.50 m 
begins at 7000 B.P.; (B) more distant..from the ice 
(ll”N, 33”W) the emergence begins at 16,000 B.P. 

level and that the maximum submergence 
of younger beaches is 51 m. The sub- 
mergence characteristic of Zone II is found 
at slightly greater distances from the ice 
sheet. 

Zone III: Time-Dependent Emergence 

In Zone III there is initial submergence 
followed by slight emergence commencing 
several thousand years subsequent to the 
melting event. Figure 9A depicts the rela- 
tive sea-level curve for the eastern Florida 
continental shelf and indicates that beaches 
older than 11,000 B.P. are drowned whereas 
younger beaches are emerged. The highest 
beach, 0.52 m above present sea level, was 
formed at 7500 B.P. Even more distant 

FIG. 10. In Zone IV the land sinks relative to the 
ocean. (A) In the Indian Ocean (3”S, 51”E) the total 
predicted rise in sea level is 88 m (eustatic sea-level 
rise = 77.5 m). (B) Between South America and 
Africa (65, 24”W), the sea-level change is more com- 
plex and a 90-m rise of sea level is apparent. 

from the ice, but still in Zone III, the emerged 
beach is only 0.20 m high and occurs as 
early as 16,000 B.P. (Fig. 9B). This emer- 
gence is followed by a submergence of about 
0.80 m. In general, the emergence occurs 
soon after glacial melting in regions of Zone 
III more distant from the ice and occurs 
later but is of greater magnitude closer to 
the ice. 

Zone IV: Oceanic Submergence 

In Zone IV no emerged beaches are pre- 
dicted for this simple instantaneous melting 
case, and Fig. 10 depicts predicted sea-level 
curves from this region. The Indian Ocean 
(Fig. 10A) has continual submergence, 
whereas a locality between South America 
and Africa (Fig. IOB) has slight rising of 
land relative to the ocean at 17,000 B.P. 
However, subsequent submergence has 
drowned the beach. In addition to the geo- 
graphical separation, Zone IV can be dis- 
tinguished from Zone II because the rate 
of submergence in postglacial times is much 
less in Zone IV than in Zone II. 

Zone V: Oceanic Emergence 

Emerged beaches are characteristic of 
Zone V, and these beaches begin to emerge 
as soon as melting ceases (South Atlantic, 
Fig. 11). The maximum height of these 
beaches is again dependent upon location, 
with beaches very near present sea level 
in the northern portion of Zone V and in- 
creasing to about 3.5 m elevation near 
Antarctica. The raised beaches of Zone V 
can be distinguished from those of Zones I 
and III for reasons other than merely their 
geographical separation from the ice sheets: 
The emerged beaches of Zone I are in gen- 
eral two orders of magnitude higher than 
those of Zone V, and beaches in Zone V 
are about twice the height of those in Zone 
III. Furthermore, both Zones I and V have 
emerged beaches immediately following 
glacial melting, whereas the emergence of 
beaches of Zone III is delayed in time by 
several thousand years. 
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FIG. 11. The characteristic emergence of Zone V 
is illustrated here for a location at 235, 24”W. The 
2.5 m of emergence begins immediately after the 
melting ceases for this uniform instantaneous melt- 
ing case, and the beach formed before melting is now 
found at a depth of 87 m. 

Zone VI: Continental Shorelines 

The zones mentioned above apply only 
to interior regions of the oceans and not 
to regions on the landward margins of con- 
tinental shelves. Zone VI includes all con- 
tinental margins except those that lie in 
Zone II. Throughout Zone VI emergence 
occurs as soon as meltwater is no longer 
added to the oceans, and this emergence 
results from crustal tilting caused by load- 
ing of the ocean basins. As the ocean floor 
is depressed by the added meltwater, ma- 
terial within the Earth flows from under 
the oceans to under the continents, caus- 
ing the continents to rise. As the continents 
rise and the oceans sink, tilting occurs at 
the margins of the ocean, and emergence 
at such locations is predicted. A typical 
curve for the Brazilian coastline is given in 
Fig. 12. 

On any small island near the edge of the 
continental shelf in Zone IV (a zone of con- 
tinual submergence) there is no emergence. 
Closer to the present shoreline there are loca- 
tions where no postglacial submergence oc- 
curs, and at the present shoreline there are 
emerged beaches (Zone VI). In Zones III and 
V, emergence occurs on midoceanic islands 
as well as on continental shelves. The 
emergence of these continental shorelines 
will, in general, be greater than that found 
on midoceanic islands because the two ef- 
fects causing emergence are combined. In 
Zone II, the forebulge effects of the ice 

overwhelm the ocean-loading effects, so 
emergence on these continental shorelines 
is not predicted. 

One assumption of the model is that the 
ocean area remains constant through time 
(i.e., the continental margins have vertical 
sides), but this assumption is not realistic. 
The rising sea will differentially load the 
sloping continental shelves (Chappell, 
1974), and the differential loading will affect 
the magnitude of the emergence. Further- 
more, the model does not have a “litho- 
sphere,” and this assumption will also affect 
the amount of tilting. The methods described 
in Peltier (1974) may be employed to calcu- 
late Green functions for an Earth model 
with a perfectly elastic lithosphere, and 
these will subsequently be used in a more 
refined ocean-loading model. The present 
model, therefore, will give accurate results 
in the southern hemisphere only for mid- 
oceanic islands. Emergence should occur 
in Zone VI, but the present model is not 
sufficiently refined to predict the amount of 
emergence accurately. The form of the pre- 
dicted emergence, however, should be simi- 
lar to the observed form. 

REALISTIC DEGLACIAL HISTORY 

The preceding analysis emphasized that 
the sea-level response to even a very simple 

1000 YR BP 

FIG. 12. Emergence on continental coastlines (Zone 
VI) is caused by crustal tilting from adjacent water 
loads. This emergence, shown here for the east coast 
of Brazil (Y’S, 37”W), is predicted for almost all 
continental margins. In Brazil the beach formed imme- 
diately after instantaneous uniform melting at 18,000 
B.P. is now 16 m above present sea level for the instan- 
taneous uniform-melting ice history. 
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glacial history can be quite complex. For 
a more realistic glacial history, in which 
glaciers melt slowly as the Earth relaxes, 
the sea-level response is even more con- 
voluted. The method we have outlined 
above is capable of dealing with such com- 
plexities, and worldwide relative sea-level 
changes for a realistic history of deglacia- 
tion are now considered. A rigorous test of 
the model is possible because its predictions 
can be compared to relative sea-level ob- 
servations anywhere. 

In this analysis, the Laurentide ice sheet 
is assumed to have obtained a maximum 
thickness of 3500 m over Hudson Bay at 
16,000 B.P., the time of maximum extent 
of the Late Wisconsin glaciation. For the 
Fennoscandian ice sheet we have assumed 
a maximum thickness of 2700 m at that 
same time. We specify the ice-sheet melting 
histories at lOOO-year intervals, with the 
southern extent of the Laurentide ice sheet 
retreating northward followed by a rapid 
disintegration of the ice over Hudson Bay 
at 7000 B.P. Peltier and Andrews (1976) 
give an assumed glacial thickness for each 
grid point for six dates during the past 18,000 
years. This study follows their history, 
although linear interpolation of their values 
was employed to determine glacial thick- 
nesses at lOOO-year intervals. In addition, 
their history was shifted 2000 years in time 
such that the 18,000-year ice thicknesses 
tabulated as ICE-l (Peltier and Andrews, 
1976) correspond in the present model to 
the 16,000-year thicknesses. The ice thick- 
nesses at all subsequent times are similarly 
displaced in time. A similar adjustment in 
origin time was employed in the calculations 
of Peltier and Andrews (1976); however, the 
temporal resolution employed in their cal- 
culation was coarse, and ambiguities were 
thereby introduced. This temporal shift 
gives a model eustatic curve which matches 
observed curves more closely (e.g., Shep- 
ard, 1963). We assume that no ice melts 
after 5000 B.P., and Fig. 13 gives the 
eustatic rise in sea level accompanying this 
history of glacial melting. No change in 

ocean volume occurs after 5000 B.P., and 
eustatic sea level in the model is never 
higher than at present. The total rise in 
global average sea level for this model is 
75.6 m. Both the total rise in eustatic sea 
level since the last glacial maximum and 
the form of the sea-level curve during the 
past 7000 years are in dispute (Fair- 
bridge, 1961; Shepard, 1963; Bloom, 1970; 
Miimer, 1971). Fairbridge (1976) believed 
that eustatic sea level was higher at approxi- 
mately 5000 B.P. than it is at present, 
whereas Bloom (1970) supported the idea 
that sea level has continued to rise since 
that time. Our model curve is a compromise 
between these opposing views and has the 
added benefit of conceptual simplicity. 

For the realistic melting case only Nor- 
them Hemisphere ice sheets are included 
in the model, but retreat of the Antarctic 
ice sheet may have occurred as well (Hol- 
lin, 1962). The effects upon global sea level 
of possible future Antarctic ice sheet fluctu- 
ations were considered by Clark and Lingle 
(1977), and we are currently modeling the 
global sea-level changes due to past fluctua- 
tions of the Antarctic ice sheet. The model 
is not expected to fit all of the relative sea- 
level data, and we have not attempted to 
improve the fit by manipulating either the 

FIG. 13. Model eustatic sea-level curve compared 
to Shepard’s (1%3) sea-level curve. In the model, 
eustatic sea level is never higher than at present, and 
no change in eustatic sea level has occurred since 
5000 B.P. (i.e., the ocean volume has not changed 
since that time). 
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FIG. 14. Predicted change in sea level (in meters) since the Late Wisconsin maximum (16,000 B.P.) The 
melting of a realistic ice load in lOOO-year time steps since 16,008 B.P. gives this nonuniform sea-level change 
relative to the 16,000 B.P. shoreline for (A) 13,000, (B) 8000, (C) 5000, and (D) 0 B.P. The time-dependent sea- 
level change at selected localities can be compared directly to observed emergence or submergence curves. 
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FIG. 15. Illustration of the six sea-level zones for the realistic melting case. The zones correspond to those 
of Fig. 5, but the boundaries are shifted due to the more complex sea-level history. Emerged beaches are again 
predicted for Zones I, III, V, and VI, and localities in Zones II and IV are submerged. 

glacial history or the rheological model of 
the Earth’s interior. Disagreements between 
predicted sea-level curves and those which 
are observed may therefore indicate which 
of these assumptions requires modification 
and how extensive these modifications 
must be. The results in this paper are there- 
fore to be regarded as preliminary, and 
refinement is in progress. 

Figure 14 gives a global view of sea-level 
evolution during the past 15,000 years with 
the sea level of 16,000 B.P. as a reference 
surface. The change in sea level since 16,000 
B.P. dramatically illustrates that the rise 
in relative sea level is not uniform. By con- 
sidering a global distribution of predicted 
relative sea-level curves, the six previously 
described zones, which have fundamentally 
different sea-level responses (Fig. 15), are 
again evident. The boundaries of these 
zones do not correspond exactly to those 
of Fig. 5 for the uniform melting case, be- 
cause the glacial history is now much more 
complex. The forms of the relative sea-level 
curves within each zone are, however, 
similar. 

Zone I: Glaciated Areas 

In Zone I (Fig. 16) the gradual unload- 
ing of the ice through time again causes 
the land to rise more rapidly than the ocean 
surface. Because the ice sheets began to 

retreat slowly, and then their disintegra- 
tion accelerated, the shape of these curves 
differs from those of the instantaneous 
uniform-melting case. In particular, the 
realistic curves have an inflection point 
at the time of most rapid melting (compare 
Figs. 16 and 6). In reality, there are no data 
for Zone I during the early stages of emer- 
gence, because the land was still covered 
by a considerable thickness of ice and 
beaches could not form. After all of the ice 
has retreated from a particular locality, 
beaches may form, and a record may exist 
of the relative changes in sea level. 

A comparison of the predicted emergence 
curve and the emergence data for the Ot- 
tawa Islands is given in Fig. 16A. The shapes 
of the curves are similar, but the fit is poor, 
with the predicted emergence exceeding the 
observed emergence by as much as a factor 
of three. The error in the model is due to 
either an incorrect glacial history or an 
incorrect viscosity profile or both. The 
former case suggests that too much ice was 
removed (3.500 m), that the ice actually 
melted much earlier, or that isostatic equil- 
ibrium was not attained before the ice sheet 
disintegrated. If the glacial history is cor- 
rect, the predictions indicate that the as- 
sumed viscosity is too high, because the 
relaxation time is too long. Figure 16B, 
however, indicates that the predicted curve 
for Inugsuin Fiord is correct for the last 
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5000 years, but predictions exceed observa- 
tions for earlier times. If the cause is again 
due to the viscosity, this result, with an 
apparent relaxation time that is too short, 
suggests that the model viscosity is too low. 
The real lateral change in viscosity between 
Hudson Bay and Baffin Island is probably 
very slight, but the glacial history can be 
quite variable between these regions. We 
therefore believe that these errors are 
largely caused by an incorrect glacial his- 
tory. 

Peltier and Andrews (1976) did an analy- 
sis similar to that reported here and em- 
ployed a similar glacial history. However, 
their results were in excellent agreement 
with the Ottawa Islands data (see also An- 
drews and Peltier, 1976). The differences 
between our prediction for the Ottawa 
Islands and theirs (375 m at 7000 B.P.) 
derive predominantly from the 2000-year 
shift in time between our respective ice- 
melting histories. Without this time shift 
our prediction exceeds that of Peltier and 
Andrews (1976) by only 170 m at 7000 B.P. 
Furthermore, if no water is decanted from 
Hudson Bay during uplift (an assumption 
implicit in the Peltier and Andrews calcu- 
lation), then our predictions for 7000 B.P. 
differ by only 70 m. Also, Peltier and An- 
drews did not consider changes of the geoid 
but accounted only for the displacement 
of the ocean floor. Finally, as previously 
mentioned, their melting history was only 
coarsely sampled in time, whereas that 
employed in the present calculation had 
higher resolution. It is therefore not sur- 
prising that the two calculations differ. 

The discrepancy between the present 
prediction and the observation at the Ottawa 
Islands site requires explanation. The total 
thickness of ice over Hudson Bay just prior 
to its disintegration is assumed in the model 
to be 2000 m. Immediately following the 
collapse of this central dome of the ice sheet 
(at 7000 B.P.), the actual thickness of water 
in the Bay was approximately 400 m (pres- 
ent depth, 200 m, plus -200 m of emer- 
gence since 7000 B.P.). In the model, how- 
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FIG. 16. Comparison of predictions to observations 
in Zone I. The poor fit for (A) the Ottawa Islands (59.5”N, 
8O”W; Andrews and Falconer, 1%9) and (B) Inug- 
suin Fiord, Baffin Island (693”N, 7O”W; Loken, 1965) 
suggests that the model glacial-melting history may be 
in error (see text for discussion). 

ever, where the predicted emergence is 
about 500 m since 7000 B.P., the total water 
depth is 700 m at 7000 B.P. For there to 
be a total ice thickness of 2000 m at 8000 
B.P., the amount of ice melted in the model 
would have to be on the order of 1300 m, 
or that portion of the ice sheet that was 
above sea level. In the present model the 
assumed total ice thickness at 8000 B.P. 
is then 2700 m. Reducing this value to the 
more reasonable value of 2000 m (- 1300 m 
above sea level before collapse) would 
have two effects, each of which would re- 
duce the predicted emergence. The reduced 
effective ice load would result in a decrease 
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FIG. 17. Predictions for two localities within the 
Transition Zone between Zones I and II. Peat and 
oyster data from (A) Prince Edward Island (47”N, 
6o”W; Kranck, 1972) and(B) Boston (43”N, 71”W; Kaye 
and Barghoom, 1964) show the characteristic emer- 
gence followed by submergence. 

of the predicted emergence. This reduc- 
tion would, in turn, reduce the amount of 
water decanted from Hudson Bay, further 
reducing the amount of uplift. These effects 
will be included in future calculations, 
and we expect a much improved fit to the 
emergence curve as a consequence. 

Transition Zone Between I and II: 
The Ice Margin 

The characteristic emergence followed 
by submergence within the transition be- 
tween Zones I and II is predicted for the 
Maritime Provinces and Massachusetts by 
the model. Here again, the ice history is 
very important in fitting the data. The best 
match for the Maritime Provinces is for 
Prince Edward Island (Fig. 17A). 

In the Boston area the fit is worse, with 
much greater predicted submergence than 
observed (Fig. 17B). Perhaps too much ice 

was melted from the Boston area in the 
model, and this amplified the relative sea- 
level effect. On the other hand, the misfit 
may be due in part to the lack of a litho- 
sphere in the present model, as suggested 
by Peltier and Andrews (1976). 

Zone II: Collapsing Forebulge Submergence 

It is well known that the east coast of 
the United States has been submerging 
since at least 7000 B.P., and this submer- 
gence is predicted for the coasts of New 
Jersey, Virginia, and Georgia (Figs. 18A, 
B, and C). With the exception of Georgia, 
the error of fit is large, with the predicted 
submergence exceeding the observed sub- 
mergence by a factor of two. The glacial 
history may again be responsible, but it is 
just as likely that the Earth rheology may 
be an important factor as the data become 
distant from the ice. Peltier and Andrews 
(1976) suggested that the Earth model used 
here needs modification because it does not 
have a perfectly elastic lithosphere. In 
other models (McConnell, 1968; Cathles, 
1975), it has been shown that such a litho- 
sphere will tend to decrease the amount 
of submergence and increase the area of 
Zone II. Peltier has constructed Green 
functions for Earth models with litho- 
spheres, and these are currently being em- 
ployed to refine the predictions of relative 
sea level. 

The present rates of submergence are 
also useful data, and Walcott (1972b) has 
summarized the observations. In the Gulf 
of Maine, New Jersey, Virginia, and Geor- 
gia, the predicted present rates of submer- 
gence are 3.1, 5.3, 3.9, and 0.15 mmlyr, 
respectively. For Maine, New Jersey, and 
Virginia, the rates of current submergence 
compare satisfactorily with the observed 
values. However, the total extent of the 
region of predicted submergence is too 
narrow since the Southern Georgia pre- 
dicted submergence rate is much less than 
the observed rate of 2 mm/yr. Here is fur- 
ther evidence for a lithosphere that could 
increase the area of Zone II. 
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FIG. 18. Relative sea-level curves for Zone II, a zone of continuous submergence caused by the collapsing 
forebulge. The predicted submergence is excessive, suggesting either that the model glacial history is incorrect 
or that the lithosphere may be important here. (A) Brigantine, New Jersey, 39.4”N, 74.4”W (Stuiver and 
Daddario, 1%3); (B) Virginia, 37.6”N, 75.7”W (Harrison et al., 1%5; Newman and Rusnak, 1%5); (C) Georgia, 
3l”N, 81.4”W (Wait, 1968); (D) Bermuda, 32.3”N, 64.7”W (Neumann, 1971); (E) Atlantic continental shelf, 
35”N, 6TW (Emery and Garrison, 1967). 
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Bermuda is also in Zone II, and its mid- 
oceanic location makes it a desirable datum 
because it should not be affected by the 
crustal tilting at continental margins that 
may affect sites along the eastern seaboard. 
Figure 18D again indicates that predicted 
submergence exceeds observed submer- 
gence . 

On the outer Atlantic shelf, the predic- 
tion once more overestimates the submer- 
gence between the present and 13,000 BP. 
(Fig. 18E). Before this time, it drastically 
underestimates the submergence by about 
30 m. The results suggest that the eustatic 
sea-level rise may have been greater than 
that assumed. A eustatic rise of 103 m would 
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FIG. 19. Zone III sea-level curves in which emerg- 
ence is delayed’k time. The emergence is so slight 
(<0.75 m) that it may be undetected in the sea-level 
record in these localities. (A) Florida, 29”N, 84”W 
(Scholl and Stuiver, 1%7); (B) Gulf of Mexico, 27”N, 
95”W (Curray, 1960). 

be necessary to fit the submerged beaches 
at 130 m. However, there may be consider- 
able error in these data, and, as we shall show 
in the next section, the implication is con- 
tradicted by measurements at other sites. 
Either the rheological model or the deglaci- 
ation history (or both) could be contributing 
to this discrepancy. 

Zone III: Time-Dependent Emergence 

Zone III covers a very limited area of 
the globe, and its diagnostic feature, an 
emerged beach formed only a few thousand 
years ago, would be difficult to observe 
since the emergence should be (in general) 
less than 0.50 m above present sea level. 
The Florida Everglades lie on the border 
of this zone, and the predicted curve (19A) 
is close to the observed submergence. There 
is disagreement, however, in one detail: 
The model predicts slight present-day emer- 
gence (0.04 mm/yr), whereas the observa- 
tions demand present-day submergence 
(2 mm/yr). Substantial agreement with the 
observations at this site was also obtained 
by Peltier and Andrews (1976). 

The Gulf of Mexico also lies within Zone 
III and has a very long record of sea-level 
observations. Figure 19B shows that the 
predicted submergence is only moderately 
in excess of that observed. The prediction 
indicates a maximum submergence of 90 m 
with a rise in model eustatic sea level of 
only 75 m. For a eustatic sea-level rise of 
103 m, deduced from the Atlantic conti- 
nental shelf data, the predicted sea level in 
the Gulf of Mexico at 16,000 B.P. would 
be approximately 120 m. The observed 
level of 85 m indicates that either (1) the 
model is wrong, (2) the data for one of the 
studies is in error, or (3) tectonism is impor- 
tant in at least one locality. 

Another locality that is within Zone III 
is the Aleutian Islands. The model predicts 
an emerged beach, 0.20 m high, that formed 
2000 years ago. Powers (l%l) describes 
a beach 2 to 3 m above sea level that was 
formed 4000 to 5000 years ago on most of 
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FIG. 20. Sea-level change in Micronesia near the 
boundary of Zone IV and Zone V. The fit to the data 
(6.7”N, 163”E; Bloom, 1970) is excellent. 

the Aleutian Islands. The regularity of the 
beach suggests that tectonism was not re- 
sponsible for the emergence. The maximum 
amount of emergence predicted anywhere 
in Zone III is only about 0.75 m, so the 
Aleutian emergence may be due to some 
additional cause such as ice unloading 
(Black, 1974). 

Zone IV: Oceanic Submergence 

The best evidence for a region of con- 
tinued submergence, distant from the ice 
(Zone IV), comes from Micronesia, which 
lies on the boundary between Zones IV and 
V. The predicted curve for the Marshall 
Islands is compared to data from Truk, 
Kusaie, and Ponape Islands in Fig. 20. Nu- 
merous rubble-topped terraces in Micro- 
nesia suggest that sea level may have 
dropped slightly until about 2000 B.P. be- 
fore rising again to its present level (Shepard 
et al., 1967). The predicted curve indicates 
0.35 m of emergence, which commenced at 
5000 B.P. and was followed by submergence 
of 0.15 m beginning between 3000 and 2000 
B.P. This matches the scenario described 
by Shepard et al., (1967). There is also 
excellent agreement with the data from Truk 
Island for the time period 7000 to 5000 B.P. 

Much of the Indian Ocean is also in Zone 
IV, and Stoddart (1971) claimed that al- 
though emerged beaches ring the Indian 
Ocean they are absent in the central Indian 
Ocean. This is in excellent agreement with 
theory. Furthermore, Thomson and Walton 
(1972) believed that sea level was never 
higher than at present on the Aldabra Atoll 
north of Madagascar. This atoll is in a loca- 
tion relative to Zone V similar to that of 
Micronesia and has essentially the same 
form of predicted sea-level curve with about 
0.15 m of emergence. It would be interest- 
ing to determine if the Marshall Islands 
and Aldabra Atoll have similar rubble- 
topped geomorphic features. 

Zone V: Oceanic Emergence 

Characteristic of Zone V is emergence 
that occurred as soon as the ocean volume 
ceased to increase. Figure 21, depicting 
predicted sea levels on a north-south tran- 
sect across Zone V, indicates that this 
emergence is in general 1.5 to 2.0 m. Fur- 
thermore, the highest beach was formed 
at 5000 B.P., the time when meltwater 
ceased to enter the ocean basins. Figure 
22 shows how the height of this 5000-B.P. 
beach varies with latitude between 70”s 
and 45”N (longitude = 165”W). It is evident 
that one must not simply look for a “2-m” 
beach or emerged reef. There are numerous 
claims that throughout the South Pacific 
old raised marine terraces approximately 
5000 years old are at elevations of about 
2 m (Russell, 1961). Certainly, several of 
these may be caused by local tectonism, 
but it is difficult to discount all of them. 
Here is further evidence to suggest that 
eustatic sea level stopped rising at 5000 
B.P. This result also indicates that a higher 
eustatic sea level 5000 years ago is not 
necessary to explain the numerous reported 
emerged beaches and reefs in the South 
Pacific. 

Zone VI: Continental Shorelines 
Claims of sea levels higher than present 

come from essentially every continent. 
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FIG. 21. Predicted relative sea-level curves for a 
transect from south to north of the Pacific Ocean along 
the meridian 16s”W. (A) Curves indicating emergence 
for the region between 703 and 52%; (B) the decrease 
in maximum height of the 5000-B.P. beach in going 
from 40’5 to 2”N; (C) submergence of the MOO-B.P. 
beach (Zone IV) and the delayed emergence of Zone 
III seen in the traverse from 11”N to 44”N. 

The location with perhaps the most sea- 
level data is Recife, Brazil (Fairbridge, 
1976), and these data are typical of those 
found elsewhere. Figure 23 shows that the 
agreement between the predicted and ob- 
served variation is excellent. This site might 
be expected to exhibit continual submer- 
gence (Zone IV), but because of its loca- 
tion on the continental margin, the crustal 
tilting described in the uniform melting case 
causes emergence. The predicted curve 
for a region just east of Recife on the con- 
tinental shelf (in Zone IV) shows the ex- 
pected submergence. When the continental 
margin curve and the continental shelf 
curve are drawn superimposed upon the 
eustatic sea-level curve suggested by Fair- 
bridge (1976), the predicted curves bracket 
the Fairbridge curve. These predictions 
are for regions less than 100 km apart, and 
the differences in the two curves suggest 
that even local interpretations of relative 
sea level are affected by water loading. 

Holocene sea-level curves from Australia 
and Mauritania also show a good fit to the 
model. Furthermore, the emerged beaches 
that ring the Indian Ocean (Stoddart, 1971) 
are also predicted. Sea-level curves from 
continental margins in Zone V have slightly 
greater emergence than those of the South 
Pacific islands, because continental tilting 
is superimposed upon the general falling of 
relative sea level of Zone V. Sea-level 
curves from the continental shelves of 
Mauritania and Brazil would indicate sub- 
mergence (Zone IV), but such curves off 
the coast of Australia would indicate emer- 
gence (Zone V). 

DISCUSSION 

Walcott (1972a) outlined three regions 
where the sea-level expressions should 
differ: (1) rapid and large uplift under the 
melting ice sheet, (2) submergence peri- 
pheral to the ice sheets, and (3) coastal tilt- 
ing causing emergence on continental shore- 
lines distant from the ice. This study sup- 
ports these suggestions, and itself suggests 
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FIG. 22. Predicted height of the XlOO-B.P. beach 
for a transect from 70”s to 44”N along longitude 165”W 
in the Pacific Ocean. The height of the beach is 
evidently quite variable. 

three additional regions not mentioned by 
Walcott because he decoupled the problems 
of ice unloading and ocean loading. The 
region of time-dependent emergence (Zone 
III) is of limited area and only modest 
expression in the sea level record, but it 
might be detected if field workers became 
aware of its predicted location. 

The region of slight submergence (Zone IV) 
is recognized by the lack of emerged beaches 
on midoceanic islands. The central Indian 
Ocean is a notable example. Zone V is 
characterized by emerged beaches of up to 
2 m that should be approximately 5000 
years old. Walcott suggested that there 
might be similar regions, but he believed 
they would be defined by proximity to con- 
tinents rather than proximity to the ice load. 
The effect of the ice certainly has a far- 
reaching influence. To substantiate this 
prediction, field data from a north-south 
transect of the Pacific Ocean are required. 

Although agreement with observations is 
not perfect, the predictions of this model 
suggest that sea levels from all over the 
world may be explained without invoking 
any change in eustatic sea level during the 
past 5000 years. Any net changes in eusta- 
tic sea level during this time were probably 
less than 1 m, and perhaps less than 0.50 m. 
Such changes in eustatic sea level would 
be expressed as a shift of the line separat- 
ing Zone IV from Zone V. For example, 
a net increase in eustatic sea level by 1 m 
since 5000 B.P. would cause the line to 

shift southward approximately 22” (-2500 
km) so that Zone IV is enlarged in area. Con- 
versely, if eustatic sea level has fallen 1 m 
in the past 5000 years, Zone V will be 
enlarged and the boundary will move ap- 
proximately 44” north (-5000 km). 

In the Gulf of Mexico, where a continuous 
record of relative sea level extends through- 
out the past 18,000 years, the predictions 
slightly overestimate the observed sub- 
mergence. This suggests that the eustatic rise 
in sea level may have been less than 75 m, the 
assumed value. On the North Atlantic con- 
tinental shelf the predictions underestimate 
observations, suggesting that the eustatic 
rise may have been approximately 100 m. 
The discrepancy is not resolved by this 
model, and the total rise in sea level since 
18,000 B.P. is still uncertain. 

Predictions of emergence for regions 
in glaciated areas (Zone I) are the most in 
error, largely due to an incorrect glacial 
history. It is possible to improve the fit 
considerably by considering the inverse 
problem, using the sea-level data to cal- 
culate a glacial history that is consistent 
with the data. This problem has been solved 
for an elastic Earth, and Clark (1978) has 
used this method to calculate ice histories 
for the time span 1910 to 1960 A.D. at Gla- 
cier Bay, Alaska. A similar inversion for 
the time-dependent glacial history on a 
viscoelastic Earth also is possible. Inversion 

I. *I 1 I 
4 2 0 

1000 YR BP 

FIG. 23. Crustal tilting from water loading causing 
emergence at continental shorelines (Zone VI). At 
Recife, Brazil (6”S, 36”W; Fairbridge, 1976), approxi- 
mately 3 m of emergence is predicted (heavy line) on 
the coastline, whereas on the continental shelf, 100 km 
east of Recife, continued submergence (dashed line) 
characteristic of Zone IV is predicted. The fit to the 
data is excellent. The Fairbridge eustatic curve (light 
line) is bracketed by these predicted curves. 
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theory provides not only an efficient man- 
ner of fitting the data but also an estimate 
of the degree of departure from uniqueness 
of the resulting ice history and of the asso- 
ciated errors in the ice thickness estimates. 
The reconstruction of the past ice sheets 
from sea-level data is therefore possible. 

The error of fit in the forebulge region 
(Zone II) is also large and may be due to 
an incorrect Earth rheology as well as to a 
faulty ice history. Peltier (1976) has con- 
structed a theory of inference which may 
be employed to use the emergence (sub- 
mergence) data to constrain the viscosity 
profile of the model. As he has described, 
the inverse problem is completely nonlinear 
since the relative sea-level data are sensi- 
tive to both the Earth’s rheology and to 
the deglaciation history. An iterative ap- 
proach to the data inversion is therefore 
necessary. We hope this procedure will 
converge upon a glacial history and an 
Earth viscosity that is consistent with sea- 
level data throughout the world for the 
past 18,000 years. 

CONCLUSION 

There are no “stable” regions where 
eustatic sea level can be measured, because 
deglaciation and the addition of water to 
the ocean basins deform the Earth and 
change the observer’s point of reference. 
Rather, by considering the relative sea- 
level changes at individual locations through- 
out the world and comparing these obser- 
vations to the predictions of a self-consis- 
tent model, it will ultimately be possible 
to infer a eustatic sea-level rise. Although 
the present model falls short of this goal, 
it is satisfying that in spite of its simplicity 
(constant eustatic sea level since 5000 B.P. 
and constant viscosity throughout the 
Earth’s mantle), it can explain a large pro- 
portion of the observed variance in the 
global sea-level record. The preliminary 
results given here serve as a general hy- 
pothesis that may be tested by field studies 
of relative sea level. Such studies will ul- 
timately dictate the appropriate modifica- 

tions of the model which are required for 
accurate sea-level predictions. In making 
these modifications, much may be learned 
about past glacial histories and about the 
rheology of the Earth’s interior. 
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