Global glacial isostatic adjustment and coastal tectonics

W. R. PELTIER

Department of Physics, University of Toronto, Toronto, Ont., Canada M5S 147

(e-mail: peltieria atmosp.physics.utoronto.ca)

Abstract: A global and gravitationally self-consistent model of the process of glacial
isostatic adjustment (GIA) has been developed that extremely well reconciles the vast
majority of available records of Holocene relative sea-level history. not only from sites that
were ice covered at last glacial maximum (LGM) but also from sites that are well removed
from such locations. There do exist, however. data that have been construed to constitute a
significant challenge to this theory, namely, the long records of relative sea-level history
derived on the basis of U Th-dated coral sequences from the Huon Peninsula of Papua New
Guinea and from Tahiti in the central equatorial Pacific Ocean. Following a review of the
theoretical model and a discussion of the extent to which it is able to successfully reconcile a
very wide range of Holocene shoreline observations. the discussion focuses upon the
interpretation of these very important and interesting records. which are subject to different
levels and tvpes of tectonic contamination. These analvses suggest that existing estimates of
the levels of Holocene tectonic contamination at both locations may require revision. In this
context. it is suggested that the global model of the GIA process is sufficiently accurate that
the magnitude and form of local tectonic effects during the Holocene period might be
sensibly estimated by simply subtracting the GIA prediction for a given site from the

observed variation of relative sea level.

The late Pleistocene cycle of glaciation and degla-
ciation. which has been the dominant contributor
to climate system variability for the last 900 000
vears of Earth history, 1s indeliblyv recorded in the
geological record of relative sea-level (rsl) change.
As each of these 100000 vear quasi-periodic
cycles of ice-sheet advance and retreat involved
a fall and subsequent rise of eustatic sea level of
¢. 120m. it is hardly surprising that the record of
these events should be of such high quality. The
best proxy recordings of this glacial cycle. from a
long timescale perspective, undoubtedly consist
of those based upon oxygen isotopic measure-
ments made on the tests of Foraminifera
extracted from deep-sea sedimentary cores.
Shackleton (1967) demonstrated that the records
thereby derived on the basis of benthic species
provided a high-quality proxy for the amount of
land ice that existed on the continents at the time
in the past represented by the depth in the core at
which the isotopic measurement was made. It is.
of course. on the basis of records of this kind that
the important role played by orbital insolation
variations in driving the ice-age cycle was first
clearly established (Hays er al. 1976). Although
the linkage between orbital insolation forcing and
ice volume response is not nearly so direct as
Milankovitch had envisioned (e.g. see Tarasov &
Peltier (1997) for a recent discussion) it was
nevertheless clear on the basis of such data that
the small changes in the effective intensity of the
Sun. caused by temporal variations of the
geometric properties of the Earth’s orbit. were
able to induce significant cryospheric response.

Of primary interest in the present context will
be the variations of rsl that are associated with the
most recent deglaciation event. which began sub-
sequent to last glacial maximum (LGM) 21000
sidereal vears ago. Even though this event had
essentially ended by ¢.4000 years ago. rsl contin-
ues to change owing to this cause (by rsl. in all that
follows, I will imply sea level measured with res-
pect to the surface of the solid Earth). This linger-
ing memory of the deglaciation process is essen-
tially a consequence of the fact that the Earth’s
shape is continuing to deform because of the shift
in surface mass load that occurred during degla-
ciation as the vast Laurentide. Northwest Eur-
opean and southern hemisphere ice complexes
disintegrated and the meltwater thereby produced
was added to the ocean basins. This continuing
deformation is a consequence of the very high
value of the effective viscosity of the Earth’s man-
tle, which governs the timescale of the return to
gravitational equilibrium of the ice—solid earth—
ocean system subsequent to deglaciation. Because
this continuing relaxation of shape depends so
strongly upon mantle viscosity. observations of
the process may be employed to infer this Earth
property and its variation with depth. That such
inferences provide information of fundamental
importance will be clear by virtue of the fact
that knowledge of the steady-state creep resis-
tance of the mantle is required in the construc-
tion of mantle convection models of the process
of continental drift and sea-floor spreading.

In the discussion of these ideas to be presen-
ted in what follows. I will begin with a brief
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review of the theoretical structure of the global
model of the glacial isostatic adjustment (GIA)
process that has been under continuous refine-
ment at Toronto for some time. The origins of
this model lie in the analysis presented by Peltier
(1974) of the viscoelastic response of spherically
symmetrical models of the planet to variations
of surface mass load. Using the impulse response
Green function for the perturbation of the
surface gravitational potential derived for such
models by Peltier & Andrews (1976), Farrell &
Clark (1976) discussed the primitive form of a
*Sea-level equation’ that could be employed to
predict the variations of rsl that should occur as
a result of the combined influence of the
deformation of the solid Earth caused by the
changing surface load and the deformation of
the geoid (the surface of constant gravitational
potential that is coincident with mean sea level
(msl) over the oceans). This equation was
constructed by analogy with that introduced by
Platzman (1971) to describe the influence of the
elastic yielding of the sea floor onto the ocean
tides. In the studies by Clark er al. (1978) and
Peltier er al. (1978) this equation was more
accurately expressed and solved for the realistic
model of northern hemisphere deglaciation that
had been produced by Peltier & Andrews (1976)
and designated ICE-1. Further refinements to
the theoretical structure that were thereafter
introduced included the additional mathematical
analysis required to calculate the rotational
response to the glaciation—deglaciation process
(Peltier 1982; Wu & Peltier 1984), analysis of the
free air gravity anomalies associated with this
dynamical forcing (Wu & Peltier 1983; Mitro-
vica & Peltier 1989; Peltier et al. 1992), more
accurate spectral methods for the solution of the
sea-level equation itself (Mitrovica & Peltier
1991) and development of a technique with
which one might incorporate into the solution
the full influence of time dependence of the
coastline (Peltier 1994) and of the (rather less
important) feedback of the changing rotational
state of the planet onto sea-level history itsell
(Peltier 1998a,b). Various parts of this theore-
tical structure have been subsequently repro-
duced by others and the complete structure now
serves as basis for the continuing international
effort to fully understand the GIA process.
These contributions from workers outside the
Toronto group include those by Lambeck er al.
(1990), who employed a much simplified version
of the sea-level equation to investigate the
postglacial rebound of Fennoscandia; Lambeck
el al. (e.g. 1996), who performed a detailed series
of analyses of postglacial rsl histories of the
British Isles; Han & Wahr (1995), who have
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rederived the viscoelastic normal mode formal-
ism of Peltier (1976, 1985); and Fang & Hager
(1995), who have also invested effort to under-
stand the rudiments of the normal mode theory.
The implications of this work to our under-
standing of mantle rheology have also been
thoughtfully addressed in the recent literature by
Karato & Wu (1993).

In the following section of this paper 1 briefly
review the structure of this formal theory of the
GIA process. | will then focus upon the problem
of tuning the viscosity profile of the model, and
will examine the extent to which the theory is
able to accurately reconcile a globally distrib-
uted set of rsl histories obtained on the basis of
4C dating of various rsl indicators. Given the
rather good fit to such data that the model
delivers, further analyses are devoted to the
investigation of observations that have been sug-
gested to disagree profoundly with the theore-
tical predictions. Arguments are presented to the
effect that these concerns are not particularly
well founded, and conclusions are offered.

The global theory of GIA and rsl change

The record of sea-level history that is contained
in the geological record is a recording of the level
of the sea relative to the deforming surface of the
solid Earth. It is this fact which makes the inter-
pretation of the record as challenging as it so
clearly is. If we define this rsl history to be
S(0, A, 1), with @ and A latitude and longitude,
respectively, and ¢ time, then we might usefully
express rsl history in the following schematic
fashion:

SO\, 1) = CO\ D)[GO, X\ 1) — RO.N1)] (1)

in which C(#, A1) is the so-called “ocean func-
tion’, which equals zero over land or land-locked
water and unity over the surface of the global
ocean. In equation (1). G(6, A, r) is the geoid of
classical geodesy which is defined by the surface
of constant gravitational potential that is coin-
cident with msl over the oceans and R(#, A, 1) is
the local radius of the solid Earth. To predict the
function S(6, A, r) we are therefore obliged to
develop a theory on the basis of which we may
compute the triplet of functions (C, G, R). The
key ingredient of such a theory, as previously
mentioned, was provided by Peltier (1974) who
developed a mathematical structure with which
one could calculate both G and R assuming C to
be fixed to the present-day ocean function.
That analysis. which was based upon the appli-
cation of first-order perturbation theory, led to
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the re-expression of equation (1) in the form:

SO, 1) = CO\ 1)

X {j dr’ J Jdﬂ LG N, th
L -
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in which © is the surface of the Earth, L is the
history of variations of surface mass load (mass
per unit area) that occur as a result of the
glaciation—deglaciation process, ¢* and T' are
respectively viscoelastic surface load Green
functions for the gravitational potential pertur-
bation and radial displacement, and the function
A®(t) is constructed so as to ensure that the
variation of surface mass load is mass conser-
ving in the sense that only the mass of water
produced by melting (or accreting) continental
ice appears in (or disappears from) the oceans.
The argument ~ in these Green functions is
simply the angular separation between source
point (#’,\) and field point (A, \), a spatial
dependence which results from the assumption
that the Earth model of interest is spherically
symmetrical in its physical properties. From a
mathematical perspective the right-hand side of
equation (2) is a (triple) convolution integral.
The theory required to construct ¢* and I'" was
presented by Peltier (1974) and Peltier &
Andrews (1976), and requires knowledge only
of the radial viscoelastic structure of the planet.
From a technical perspective the challenge posed
by equation (2) arises because of the composite
property of the surface load L. This may be
made explicit by expanding it in the form

L0, A 1) = pll(0, N, 1)+ po SO, A 1) (3)

+

2)

in which p; and p, are the densities of ice and
water, respectively, and / and S are respectively
ice and water ‘thickness’. We consider L to be
positive when the net mass per unit area is
increasing and negative where it is decreasing.
Clearly, when equation (3) is inserted in equa-
tion (2) the resulting equation will be seen
to constitute an integral equation for the rsl
history S(f, A, 1), as S now appears not only on
the left-hand side but also under the triple
convolution integral on the right-hand side.
Given an assumed history of ice-sheet thickness
variations f(6, A, t) and a radial viscoelastic
structure for an assumed spherically symmetri-
cal model of the planetary interior, we could
proceed to solve this integral equation to predict

S(6, A, t) and to compare these predictions with
geologically inferred rsl histories. In this process
we would construct the function A®(r) such as
to ensure conservation of mass by insisting that

L PwS(1)dQ2

j W{J dt'J [dQ'L(ﬁ’rp’,.f')
c =+] .

AD(1)

1l

x [G(t — 1) — R(r — f’}]}d&2+ - pwA

= —M(1) (G

in which the integral on the left-hand side is the
mass that has been added to the oceans by time
¢, which must equal the mass of water produced
by melting ice, here defined as M(¢). The nega-
tive sign affixed to this function on the right-
hand side of equation (4) is employed to indicate
explicitly that M;(r) itself is negative when this
component of the surface mass load is being
removed from the surface. By defining

D) M) 1
g pwd()  AQD)
dr’ dQ L', &', t'
([ o [ Jaorren
x[G(:—:’)—R(:—:’)]> (5)

in which A(r) is the surface area of the oceans at
time ¢ and (), indicates integration over the
oceans, we will then ensure that solutions to
equation (2) conserve mass. Because of the form
of the A®(1)/g correction to equation (2), one
should not expect that the amount of sea-level
rise that occurs far from the ice sheets will be
well approximated by the first term on the right-
hand side of equation (5).

Although it is precisely the form of the sea-
level equation (2) that 1 have employed as basis
for most of my work on the GIA process, there
are in fact two potentially relevant physical
effects that are not included in this version of the
theory. These are, respectively, the influence of
the time dependence of the ocean function
C(#, A\, t) and the feedback onto sea level of the
changing rotational state of the planet. T will
return to a discussion of the important former
effect below. The latter effect turns out to be
small but it is difficult to be certain that this is
so without actually doing the calculation. To
accomplish this we proceed iteratively by first
solving equation (2) to determine the global rsl
history S by assuming C to be constant and
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including a model of the history of ice-sheet
loading and unloading before LGM (this may be
constructed by employing the SPECMAP 680
record of Imbrie er al. (1984)). Given the
complete history of surface mass loading L, we
then solve the Euler equation

d
& (Jijwj) + gipwidigw; = 0 (6)

in which J;; is the moment of inertia tensor of
the planet, w; are the components of its angular
velocity vector and & is the Levi-Cevita
alternating tensor. Assuming a biaxial model
for the undeformed shape of the planet (see
Peltier & Jiang (19964) and Peltier (1997) for the
complete but unnecessary triaxial theory), highly
accurate solutions to equation (6) may be
constructed by employing the standard pertur-
bation expansion:

w; = Qb+ my)
Jip=1Ij i # ]

Jn=4+1I (7)
Jn=A+4+1In
J3=C+ I

in which (A4, A, C) are the principle moments of
inertia, €2 is the angular velocity of the unper-
turbed Earth, and J;; and m; are assumed small
fluctuations away from the unperturbed basic
state. On substitution of equation (7) into
equation (6) and dropping all terms of higher
order than first in the fluctuations we obtain the
following decoupled system of equations for
polar motion and rotation, respectively:

i 5
—m+m={Y
Jr

(8a)
=0, (8b)

in which the so-called excitation functions are ¥
and W3, o, =(C— A)Q/A is the Chandler
wobble frequency of the rigid Earth,
m=nm +imy, U= W, +il,, i=+/—1 and the
W, are, with the dot indicating time differentia-
tion, respectively,

I b
WG-S5 ©a)
I __i|3
T2 (C—4) QC-4) L)
=2 (%)

C

As discussed in detail by Peltier (1982) and Wu
& Peltier (1984), equations (8) may be solved
most efficiently by using Laplace transform tech-
niques to determine the w;() once L(6, A, t) has
been fully determined by solving the sea-level
equation (2).

Given the solution to equation (8) we may
simply incorporate the influence of the changing
rotation into equation (2) by extending it as:

it
S0, A, t) = C@, \ :}{J dr’ [ JdQ’
-0 J0
x [L{G’, X, G50y, t—1')

+ RO, N, )G (. 1 - :’)}

Ad(1) }
fmt (10
% )
in  which the Green function G} =

[o(y, t—1") /g —T(v, t — 1t )] is the same kerncl as
in equation (2), TR(9’, X', ) is the variation of
the centrifugal potential because of the changing
rotational state which, following Dahlen (1976),
may be written (to first order in perturbation
theory, to be consistent with the approximation
employed to solve equation (6)), as

+1
R =Woo Yool N+ Y UanYou(8, N)

m=-—1

(1)

where
Voo = 2us(1)Qa®

T = —Lws(1)Qa2\/4/5

Uy = (w1 — iwn)(Q?/2)1/2/15
oy = (W) + iw2)(Qa®/2)4/2/15

and the tidal-loading Green function (‘ is
expressed in terms of tidal Love numbers h
and k] as

Gyl 1) = Z [+ &7 (1) — B ()P (cos )

=5

(12)

just as the surface-loading Green function GL
is exprcsscd in terms of surface load Love 11u111~
bers &} and k} as

G5, ) =— Z [1+ kF(2) = R (0)]Py (cos 7)
f

(13)
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Both sets of viscoelastic Love numbers are cal-
culated using the theoretical ideas and methods
developed by Peltier (1974, 1976, 1985). There
will be no purpose served by reviewing these
technical details here.

A further aspect of theory that will be of
particular interest, however, is that required to
incorporate the full impact of the changing
coastline that occurs as land becomes inundated
by the sea as sea levels rise because of ice-sheet
melting and as land that was once ice covered
rises out of the sea as a result of the process of
postglacial crustal ‘rebound’. To understand
how these additional influences may be incor-
porated into the theory it is helpful to begin by
noting that both forms of the ‘sea-level equa-
tion’, namely, those represented by equations (2)
and (10), are constructs of first-order perturba-
tion theory that deliver solutions for the history
of rsl change with respect to an unspecified and
thus arbitrary datum. It is precisely this arbitrari-
ness that may be exploited so as to incorporate the
full influence of ocean function time dependence.
We simply fix this datum by determining a time-
independent field 7'(6, A) such that

80, A, tp) + T'(0, N) = Ty(6, A)

in which S is a solution to either equation (2)
or (10), t, is the present time and 7p(6, A) is the
present-day topography of the planet with
respect to sea level determined, say, by the
ETOPOS5 model (or some other higher-resolu-
tion model if one is available). If we then
construct a time-dependent topography for the
planet by computing

0, A, 1) = 80, A, ) + [Tp(0, A) — S0, A, t,)]

and correct this by adding to 7(8, A\, t) the
thickness of ice I(f, A, t) to obtain

PT(. A, 1) = T(0, A\, t)+ I(6, M, 1)
=S80, \, 1)+ T'(0, \) + 10, \, 1)
(14)

it will be clear that where T+ I is positive there
is (perhaps ice-covered) land that stands above
sea level and that where T -+ [ is negative there is
ocean. We may then define a ‘first estimate’ of
the time-dependent ocean function as the func-
tion C'(6, A, 1) that is unity wherever T+ [ is
negative. Given this first estimate we then return
to equation (2) or (10) and solve it again
incorporating this form of the time dependence
of C(f, A, 1)=CY6, A\, ). Given the new

solution S(6, A, t), we then determine a new
7'(8, )) and thus a new C = C*(@, A, {) using
equation (14). We continue this iterative process
until the solution for C(@, A, 1) converges,
which typically occurs in just a few iterations.

Very recently, a further refinement of this
theory has been developed which has both
increased the accuracy of the computation of
palaeotopography as defined in equation (14)
and improved the understanding of mass bal-
ance when this is examined from the perspective
of the eustatic sea-level rise expected on the basis
of the total ice melt and the net sea-level rise that
is predicted by solving equation (2) or (10). This
involves a subtle aspect of the theory that has
not been explored until recently (Peltier 1998¢)
which is as follows. We consider the evolution of
sl Stg(f, A, ) at a point on the landscape that is
ice covered at LGM but which later comes to be
inundated by the sea. Here I employ the sub-
script IS to denote inland sea. At such points the
time series for Sys that is delivered by solving
equation (2) or (10) has the following mathe-
matical form:

Sis(f, A\, t = tp) = AS;S(S, MH(t—1p)

+ S0, A 1> 1p)  (15)
in which (6, ) is the time of ‘deglaciation’
when the sea first occupies the region at latitude
and longitude A, ASis < 0 is a spontaneous fall
of sea level that is delivered by the solution of
equation (2) or (10) at the instant rp, H(r — 1p)
is the Heaviside step function (+1 for ¢t > tp and
zerofort < tp)and S50, A, ¢ = tp)isa function
that vanishes at + = tp and thereafter decreases
with time so as to represent the fall of rsl that
occurs in the inland sea as a consequence of
postglacial rebound of the crust. Solutions to
equation (2) or (10) deliver an abrupt fall of sea
level at ¢ = tp because at that instant there is a
marked difference in the gravitational potential
between such locations and that which defines the
surface of the exterior ocean with this potential
being higher than the surface ocean because of the
influence of glacial rebound. Solutions to equa-
tion (2) or (10) therefore deliver a sharp drop of
sea level at the instant of deglaciation ¢ = 1 even
though the region is being inundated. This is a
source of mass to the exterior ocean and
constitutes an additional removal of load from
the deglaciating region. As this removal of load
can only represent, in fact, an additional removal
of ice, it is clear that ASis is actually to be
associated with an ‘implicit’ component of the ice
unloading history. I call this ‘implicit ice’ and its
contribution to the loading history, expressed in
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terms of an equivalent ice thickness, may be
computed from the expression

L@, A, 1) = pulex(8, A, 1) + puASisH(t — Ip)
o Pw
= [IE)((G, A, f) +EAS[SH(=' = x'[))jl

= pillex(8, M\, 1)+ T8, A\, 1)] (16a)

in which Zgx(0, A, t) is the ice thickness history
determined by tuning the model (see below) to fit
rsl observations from the ice-covered region, and
Iy (@, A, 1) is the implicit ice that was also
removed to deliver the mass to the exterior
ocean that is obtained from the solution of
equation (2) or (10). In this solution the ice load
Iim ‘masquerades’ as a fall of sea level.

A second contribution to the implicit compo-
nent of the ice load is connected to the field
S(#, A, t) in equation (15). It will be clear that,
for rsl to be able to fall in regions that were ice
covered at LGM but which are inundated by the
sea at t = tp, there must be water in the ice-
covered region subsequent to tp! Now, in the
solution of equation (2) or (10), the unloading of
these regions is fully accounted for, partly by Ji:x
and partly by /},,. What is not accounted for, in
this equation that derives from the application
of first-order perturbation theory, is the net mass
of water that fills the depression of the surface
that exists at t = fp. This water must, of course,
also be delivered by the ice that disappeared
from the surface as inundation occurred. This
additional contribution to the net implicit ice
applies no load to the surface at ¢ = tp, onl

contribute to the thickness of ice that must
have existed on the surface at LGM and thus to
the palaeotopography defined in equation (14). It
may also be computed very accurately as follows.
We simply compute the present altitude of the
marine limit with respect to msl as a function of
geographical position, say ML(0, A, 1,). and to
this we add the present-day bathymetry, say
D(6, A, tp), to obtain, in ice thickness equivalent
form, this second contribution to implicit ice as

I3 = %[ML(B, A tp)+ DO, A, 1)]  (16b)
1

In computing the full palacotopography in
equation (14) we must therefore also include
this second contribution from implicit ice to
obtain

PT(0, A, 1) = T(0, A, 1) + Iex(0, A, ©)
+ (0, A, 1) + (6. M, 1)

Examples of the results obtained from this
refinement of the palaeotopography calculation
will be provided in what follows.

Before employing this theory to illustrate in
detail the extent to which postglacial rsl histories
may be explained in terms of it, it will be useful
to first illustrate the general forms that such
solutions possess. To this end I will immediately
consider the nature of the solution obtained
when the radial variation of mantle viscosity is
fixed to that of model VM2 shown in Fig. 1. The
origins of this model will be described in the next
section. With the radial elastic structure of the
model also fixed to that of the Preliminary

subsequently as rebound occurs, but it does “Reference Earth Model (PREM: Dziewonski &
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Fig. 1. The viscosity models VM1, VM2 and VM3, which are discussed in detail in the later sections of the text.
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Fig. 2. Time slices through the ice-thickness maps that constitute the ICE-4G model of deglaciation (note that
these are slightly modified from the fields derived by Peltier (1994, 1996), primarily by an increase of the ice
thickness over the Laurentide complex that was centred on Hudson Bay).
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Anderson 1981), solutions will be discussed for
the ICE-4G deglaciation model of Peltier (1994),
examples of the northern hemisphere isopacks
for which are shown in Fig. 2. Notable in this
figure are the extensive North American and
Northwest European ice complexes that existed
at LGM in which the thicknesses of the con-
tinental ice sheets, were typically of order 4 km.
In the southern hemisphere component of ICE-
4G there was also significantly more ice at LGM
than at present over West Antarctica and also
significant ice cover over Western Patagonia.

In Fig. 3 I show the present-day predicted rate
of rsl rise for these choices of the input fields and
for both the version of the sea-level equation
that excludes the influence of rotational feed-
back (equation (2)) and that which includes this
effect (equation (10)). The top and middle plates
of Fig. 3 show these respective solutions,
whereas the bottom plate displays the difference
between them. Evident upon inspection of these
illustrative results is that the influence of
rotational feedback upon this characterization
of the sea-level response to deglaciation is
extremely weak and is strongly dominated by
the degree two and order one pattern that is
forced entirely (see equation (11)) by the polar
motion component of the rotational response to
deglaciation. That the influence of rotational
feedback is weak not only from the perspective
of the present-day rate of rsl rise driven by the
GIA process but also from the perspective of
the complete history of rsl change is demonstrated
in Fig. 4, where I have compared predicted and
observed rsl histories at six different locations.
The first two, from Barbados and the Huon
Peninsula, are U/Th-dated coral records that will
figure prominently in what is to follow. The
remaining four are from sites that are as close as
possible to the extrema of the degree two and
order one pattern that characterizes the contribu-
tion to the rsl record by rotational feedback. Even
at these locations, where the influence of the
feedback is most intense, it is clearly extremely
weak and negligible for most purposes. This
contradicts the claim to the contrary made
recently by Bills & James (1996).

One final aspect of the general form of the
solution upon which I will comment here
concerns the time-dependent topography of the
planet with respect to sea level that develops as a
result of the deglaciation process. Figure 5
illustrates the northern hemisphere component
of this field determined for the ICE-4G (VM2)
model by executing the steps described in
equations (14)—(16). Evident by inspection of
this figure will be the vast land bridges that
existed at LGM in both the present-day Bering

Strait, which was then entirely dry land (the
continent of ‘Beringia’), and the present-day
English Channel. At that time, most of the
present-day Indonesian Archipelago was dry
land, and a vast land bridge also connected
Australia to Papua New Guinea. These aspects
of the global ‘topographically self-consistent’
solution to the sea-level equation were first
described by Peltier (1994). Figure 6 illustrates
the time dependence of the coastline in several of
these locations in terms of what I have previously
called ‘inundation maps’, on the basis of which
one may infer at a glance the time at which a
particular land bridge first became impassible.
Also of note in the second plate of Fig. 6, which
simply portrays the regions of the Aegean
Archipelago and Mediterranean Sea that are
predicted to have been dry land at LGM but
which are now beneath the sea, is that there are
many candidates for Atlantis!

Tuning the model parameters

Although some evidence has already been
presented to the effect that the ICE-4G (VM2)
model successfully fits a considerable range of rsl
observations, it will prove useful, before provid-
ing a more systematic demonstration of this fact,
to discuss the procedure that has been followed
to arrive at the two required input components
of this model. These components consist respec-
tively of the radial viscosity profile (VM2) and
the deglaciation history (ICE-4G). As the model
of deglaciation history has been discussed at
length by Peltier (1994, 1996), I will focus herein
on the viscosity structure.

Focusing then upon the radial profile of
mantle viscosity, the profile VM2, or rather the
family of VM2-like profiles, has been inferred
(Peltier 1996, 1998b; Peltier & Jiang 1996h, 1997)
through application of a formal Bayesian inver-
sion procedure based upon the use of the simple
VM1 profile shown in Fig. | as starting model.
As a first estimate of the viscosity profile, VM1
has several properties which strongly suggest it
to be highly appropriate. Of these, the most
important will be clear on the basis of inspection
of Fig. 7, which shows a sequence of predic-
tions of the non-tidal acceleration of planetary
rotation (represented by .J, which is the time
rate of change of the degree two axial compo-
nent of the gravitational potential field of the
planet) and the speed of polar wander as a func-
tion of the viscosity of the lower mantle with the
upper mantle and transition-zone viscosity fixed
to 10?' Pas. In each of these calculations the
lithospheric thickness has been held fixed to
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Fig. 3. Predictions of the present-day rate of rsl rise using the VM2 viscosity model and the ICE-4G
deglaciation history. Results are shown for analyses performed that both exclude (top plate) and include (central
plate) the influence of rotational feedback and (bottom plate) the difference between these predictions, which
isolates the influence of the changing rotation alone.
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Fig. 4. Relative sea-level histories at six significant locations illustrating the negligibly weak impact of rotational
feedback upon the Holocene record. The Barbados and Huon Peninsula sites are the two primary locations from
which coral-based records are available. For the latter site only the raw data are shown, uncorrected for any
influence of tectonic uplift. The final four sites are located as close as possible to the centres of the degree two and
order one structure that characterizes the contribution of rotational feedback on rsl history. It is at these locations
that the influence of this feedback is maximum. The continuous curve in each frame represents the rsl history that
includes rotational feedback whereas the dashed curve is that obtained excluding this effect. The inset in each
plate represents the difference between these two histories on a scale that ranges between —3.5m and +3.5m.
Both sets of calculations were performed with the ICE-4G (VM2) model.

120.6km. In Fig. 7a and b the range of the results will demonstrate that both of these rota-
observed values of these properties of Earth’s tional observables are fitted by precisely the same
present-day rotational state (see Peltier & Jiang  viscosity model, namely that labelled VM1 in
(1996b) and Peltier (1997), for a full discussion)is ~ Fig. 1, as the value of lower-mantle viscosity
shown as the hatched region. Inspection of these  preferred by both observations is seen to be
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Fig. 5. Time-dependent topography of the northern hemisphere of the planet from LGM to present according to
the ICE-4G (VM2) model of the GIA process. These results include the contributions from both explicit and
implicit ice.
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Fig. 6. Inundation maps for the Bering Strait, Australia-Papua New Guinea and the Indonesian Archipelago.
Also shown is a map centred on the Greek archipelago showing the regions that would have been dry land at

LGM (shown as beige) but which are today sea covered.

2 x 102! Pas. Because these rotational observa-
bles depend upon entirely independent compo-
nents of the moment of inertia tensor (see
equations (9)) it is highly unlikely, in my view,
that they could be reconciled by precisely the
same model of the radial viscoelastic structure if
both observables were not primarily controlled
by the GIA process. Furthermore, these rota-
tional data are sensitive essentially to the average
value of the viscosity from the base of the
lithosphere to the core-mantle boundary (cmb).
This may be seen by computing the Fréchet
kernel FK®(r) for either of the rotational data, as
this appears in the expression for the perturba-
tion of an arbitrary measure of the response 6R

that is induced by a perturbation in the viscosity
model élog;, v(r) as

SR = | rPFKR(r)éloggr(r)dr
Jb

(17)

in which b and a are the radii of the cmb and the
Earth, respectively. The Frechet kernels for each
of the rotational data, computed at the model
VMI, are shown in Fig. 8c. Because these
functional derivatives for both J, (J2) and
polar wander speed (PW) are very slowly
varying functions of radius r it is clear from
equation (17) that these data determine essen-
tially the average value of »(r) through the
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Fig. 7. (a) J> as a function of lower-mantle viscosity vy when the upper-mantle and transition zone viscosity is
fixed to the value vyn = 1.0 x 10*! Pas and the lithospheric thickness is L = 120.6 km. Results are shown for both
of the models of glaciation history for which inertia perturbations are shown in Fig. 3. (b) Polar wander speed as a
function of lower-mantle viscosity v, with other parameters as in (a).

mantle. Because VM1 fits both observations it
seems clear that this model has the correct value
of this Earth property.

However, it is also clear that this model does
not provide an acceptable fit to all data related
to the GIA process. An extremely important
example of a dataset that is not fitted by the
VMI model consists of the relaxation spectrum
for Fennoscandian rebound originally inferred

by McConnell (1968). His analysis of the strand-
line data for the post-glacial recovery of this
region led him to infer the variation of relaxation
time (shown as its inverse) as a function of
spherical harmonic degree / shown in Fig. 9, in
which the star symbol plotted adjacent to the
low-degree asymptote at a relaxation time near
4600 years represents the relaxation time infer-
red by a Monte Carlo derived exponential fit to
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Fig. 8. Frechet derivatives for a representative set of the data related to the GIA process. (a) shows a sequence of
kernels for the inverse relaxation times of a number of spherical harmonic degrees of the McConnell relaxation
spectrum based upon the analytical formula of Peltier (1976). (b) shows Frchet derivatives for the site-specific
relaxation times at sites near the centre of Laurentide rebound (Bathurst Inlet; this is actually a high Arctic site)
and at the center for Fennoscandian rebound (the Angerman River site). (c) shows kernels for the non-tidal
acceleration of rotation (J;) and polar wander speed (PW) that were determined numerically using the procedure
embodied in equations (8a) and (8b) of the text. Inspection of this suite of kernels, all of which were computed on
model VM, which is employed as starting model in the Bayesian inversions, demonstrates that the observables
whose sensitivity to viscosity variations they represent offer the potential of significant resolution from the Earth’s

surface to the cmb.

the rsl record at Angerman River, which is located
near the centre of Fennoscandian rebound. Also
shown in this figure are the theoretically predicted
spectra for the VM1, VM2 and VM3 viscosity
models shown in Fig. 1. Inspection will show that
the relaxation spectrum predicted by VM1 is such
that relaxation times are too long at all spherical
harmonic degrees, implying that upper-mantle
and transition-zone viscosity is too high. That it is
in fact the viscosity over this range of depths to
which the Fennoscandian relaxation spectrum is
sensitive is demonstrated in Fig. 8a, which shows
Fréechet kernels for these relaxation time data for
several values of the spherical harmonic degree,
computed on the basis of the exact mathematical
formula for them given by Peltier (1976). It will be
clear by inspecting the spectrum for the VM2
model, also shown in Fig. 9, that the softer upper
mantle and transition zone that characterize VM2
allow this model to fit the McConnell data
extremely well.

The final set of data employed in the formal
Bayesian construction of VM2 consists of a set of
21 relaxation times inferred on the basis of Monte
Carlo fits of an assumed exponential uplift curve
toindividual rsl histories at sites that were once ice
covered and at which the rsl records are distinctly
exponential in form. Fifteen of these sites are in
Canada and six in Sweden and Norway. These
locations and the data from them are discussed in
detail by Peltier (1996, 19985). Examples of the
Freéchet derivatives for such site-specific relaxa-
tion time data are shown in Fig. 8b for the
Angerman River site in Sweden discussed pre-
viously and for the Bathurst Inlet site in the
Canadian high Arctic. Inspection of these func-
tions demonstrates that the rsl data controlled by
the post-glacial recovery of the Laurentian plat-
form are most sensitive to the viscosity in the
upper part of the lower mantle, whereas those
from Fennoscandia are most sensitive to shal-
lower transition-zone structure.
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Fig. 9. The relaxation spectrum for Fennoscandian rebound of McConnell (1968) based upon both five and six
strandline inversions. Also shown as the star symbol adjacent to the low wavenumber asymptote of the spectrum
is the inverse relaxation time inferred from Monte Carlo fit to the rsl history at the Angerman River location,
which is located near the centre of Fennoscandian rebound. Theoretical predictions of the spectrum are shown for
models VM1, VM2 and VM3 in Fig. 1 as well as for model MF of Mitrovica & Forte (1997).

On the basis of this discussion it should now
be clear why the formal Bayesian inversion of
the totality of the above-described data deliver
VM2 when VMI is employed as the initial
estimate. Because VM1 is too stiff in the upper
mantle and transition zone to fit the McConnell
spectrum, the viscosity in this region must be
reduced. However, this reduction reduces the
mean viscosity of the mantle, which is unac-
ceptable to the rotational data. The latter data
therefore require that the lower-mantle viscosity
be increased to restore the mean value of vis-
cosity to that in VM 1. This adjustment occurs
primarily in the lower part of the lower mantle
because model VM1 fits the site-specific relaxa-
tion time data from the Hudson Bay region very
well, meaning that the viscosity in the upper part
of the lower mantle, to which these data are
most sensitive (see Fig. 8), is held fixed near that
in VM1, namely 2 x 10°! Pas.

It will serve no useful purpose here to review
the formal mathematical procedure employed in
the Bayesian inversion which delivers VM2 from
the VM1 first guess. The interested reader will
find detailed discussions of this procedure in the
studies by Tarantolla & Valette (1982, 1984),
Jackson & Matsu'ura (1985) and Backus (1988).
It will be useful, however, to end this discussion
of the procedure employed to deduce the radial
viscosity profile by illustrating the range of
VM2-type models that may be derived by

applying variations on the basic procedure.
Examples of such profiles are shown in Fig. 10a
and b. In Fig. 10a the two versions of VM2 differ
from one another only because the site-specific
relaxation time data employed in the inversion are
deduced from the envelope sampled form of the
rsl curves as in the archive of Tushingham &
Peltier (1992) or from the raw age—height pairs
directly. The former procedure leads to the ver-
sion of VM2 shown as the heavy continuous line
in Fig. 10a, whereas the latter procedure leads to
the thin continuous line. These two variations
of VM2 are clearly very close to one another.
In Fig. 10b the raw data based version of VM2
from Fig. 10a is compared with a new version in
which the forward predictions of the site-specific
relaxation times were made using the version of
the sea-level equation in which the full influence
of time-dependent ocean function was included,
an influence that was neglected in the inversions
for which results are shown in Fig. 10a. Inspec-
tion of Fig. 10b will show that in this most
accurate of the inversions the viscosity in the
upper part of the lower mantle is somewhat
elevated above 2x10?' Pas but only very
slightly. In this model the ratio of the viscosity
in the upper part of the lower mantle to that in
the upper mantle and transition zone is approxi-
mately five.

It will be useful to end this section with a very
brief discussion of the relation between models in
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Fig. 10. Viscosity profiles determined by simultaneous formal Bayesian inversion of the Fennoscandian
relaxation spectrum of McConnell (1968), the site-specific relaxation times from 23 ice-covered sites in Canada
and Fennoscandia, and the non-tidal acceleration of the rate of axial rotation. In (a) the dashed line is the VM1
viscosity profile employed as starting model in the inversion process, and two versions of the final model are
shown as the dark and light continuous lines, respectively, these being distinct versions of VM2, The former of
these two inferred models has been obtained using site-specific relaxation times obtained from fits to the envelope
sampled data compiled by Tushingham & Peltier (1992), whereas the latter was obtained on the basis of site-
specific relaxation times deduced from the raw data themselves. In (b), where the dashed line again indicates
VM1, the two versions shown are the final VM2 model (that based upon use of the raw data to determine the site-
specific relaxation times) and a further version in which the starting model predictions were made with the version
of the model that included the full influence of time dependence of the ocean function. Incorporation of the latter
effect in the forward model slightly decreases the forward predictions for the site-specific relaxation times and
therefore slightly increases the inferred viscosity in the upper part of the lower mantle, essentially back to the
value of 2 x 10?' Pas that is characteristic of the starting model VM1 in this region.

the class VM2 to those which have recently been  tical to VM2 throughout the upper mantle and
advocated by other workers. The closest of these  transition zone, approximately a factor of two
other models to VM2 is that derived by Lambeck  higher in viscosity in the upper part of the lower-
et al. (1990) by trial-and-error fits to a set of rsl  mantle (4.5 x 10?! Pas), and essentially equal in
curves from Fennoscandia. Their model is iden-  the lower part of the lower mantle (in fact, these
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workers quoted a range of allowed lower-mantle
viscosities of (2-7) x 10! Pas). In the analyses
presented herein, it is the data from the Hudson
Bay region of Canada that collectively require the
viscosity to be somewhat lower in the upper part
of the lower mantle. Mitrovica & Peltier (1995)
suggested that the site-specific rsl data from the
Hudson Bay region exhibit a significant spread in
relaxation times ranging from a low near 2000
years (Ottawa Islands) to a high near 7600 years
(Richmond Gulf). Advocates of higher values of
viscosity in the upper part of the lower mantle
than that in VM2 (e.g. Mitrovica 1996; Forte &
Mitrovica 1996; Mitrovica & Forte 1997; Simons
& Hager 1997; to be referred to collectively in
what follows as MFSH) have focused entirely

upon the Richmond Gulf record and ignore all
the rest, an approach which introduces significant
bias as there is no reason to believe that the Rich-
mond Gulf record is superior to any of the
others. It has, in fact, become clear in the course
of recent analyses (Peltier 1998¢) that the pre-
viously published high estimate of the relaxa-
tion time at Richmond Gulf (Mitrovica & Peltier
1995) is in error. Rather than being near 7600
years as suggested by Mitrovica & Peltier (1995),
it i1s in fact best estimated as 3400 + 400 years on
the basis of a complete reanalysis of all available
4C data from the southeast Hudson Bay region
when these are properly transformed onto the
sidereal timescale using the Calib. 3.0 software
of Stuiver & Reimer (1993). The VM2 model
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Fig. 11. (a) The inverse relaxation time spectrum for Fennoscandian rebound of McConnell (1968) compared
with the prediction of a model in the VM2 class and compared with the predictions for two additional models that
differ from VM2 by the presence of a 70 km thick layer immediately overlying the 660 km discontinuity in which
the viscosity is reduced either by one or two orders of magnitude from the value near 0.45 x 10! Pas that

otherwise obtains in this region of VM2.
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predicts precisely this relaxation time in south-
east Hudson Bay near the centre of uplift. It is
therefore clear on this basis that the inferences of
viscosity presented by MFSH are untenable.
Further evidence of this fact is clear on the basis of
analysis of the upper-mantle and transition-zone
viscosity structures of the MFSH models. Those
models of the shallow structure include both
extremely soft transition zones and higher-visc-
osity upper mantles. Structures of this kind would
appear to be ruled out entirely by the McConnell
(1968) spectrum for Fennoscandia rebound as
demonstrated in Fig. 9, where the spectrum of the
Mitrovica & Forte model (denoted MF) is com-
pared with those of the VMX models as well as
with McConnell’s data. If models of this type are
to beentertained it is clearly incumbent upon their
advocates to prove that the McConnell (1968)
spectrum is very significantly in error. Otherwise
the VM2 model must be strongly preferred, a
model which is similar to that earlier advocated by
Lambeck et al. (1990) although with significantly
lower contrast in viscosity across the spinel-post
spinel phase transition at 660 km depth.

It is very important to realize, however, that the
VM2 family of models may in no sense be
construed to represent a ‘uniquely’ preferred
solution to the one-dimensional mantle viscosity
inverse problem. Although one can argue this
point formally, it is probably more useful to dem-
onstrateit by providing a specific example. To this
end, Fig. 11a shows results for the McConnell
spectrum obtained using a perturbed version of
the VM2 profile in which a thin low-viscosity layer
is inserted into the structure immediately above
the 660 km seismic discontinuity, with the viscos-
ity in this layer being fixed to either 102’ Pas or
10" Pas. The presence of such a structure has
been inferred to be required in viscosity models
derived by inversion of the non-hydrostatic geoid
anomalies that are supported by the mantle
convection process (e.g. Forte et al. 1993a, b;
Pari & Peltier 1995). Even though models of the
perturbed kind shown in Fig. 11a are essentially
identical with those required by these data, inso-
far as the radial variation of viscosity is con-
cerned, it is clear that such models do not fit the
McConnell (1968) relaxation spectrum and they
are therefore untenable insofar as the GIA data
are concerned. However, it is possible to further
perturb the structure so as to recover the good fit
to the McConnell spectrum as shown in Fig. 11b.
The results shown in this figure demonstrate that
the presence of the soft layer may be easily
accommodated simply by increasing the viscosity
of the rest of the transition zone back towards the
value in VM1, namely 10! Pas. Models of this
kind would not be ruled out by the data yet they

differ significantly from VM2. As the transition
zoneisrich in garnet and as this mineral has a high
creep resistance, one may be tempted to argue that
such models are actually to be preferred. For
present purposes, however, these analyses are
presented simply to demonstrate the extreme
degree of non-uniqueness in the radial variation
of viscosity that the data allow.

Model-data intercomparisons for rsl history

As discussed in the last section, very few of the
rsl data that are actually available have been
employed to tune the radial viscosity profile of
the model; in fact, the only data used in this way
are those from sites located near the centres of
the Laurentian and Fennoscandian ice sheets,
and from Barbados, where the coral-based
record of Fairbanks (1989), which extends to
LGM, has been used to constrain the total ice
melt in the deglaciation model. All of the
remaining data may therefore be employed to
verify the quality of the ICE-4G (VM2) model.
In the discussion to follow, the focus of the first
subsection will be upon rsl data that actually
constrain the time-dependent elevation of the
shoreline and that usually derive from '“C
dating of mollusc shells or wood specimens
whose indicative meaning in the landscape
suggests that the sample records a former level
of the sea. In the second subsection the focus will
shift to the U/Th-dated coral records of rsl
history mentioned in the Introduction.

Relative sea-level histories beyond the ice
sheet margins

The *C data that will be employed in this
subsection to test the quality of the ICE-4G
(VM2) model constitute an extremely small
subset of the ¢. 600 individual rsl records that
arc now contained in the database at the
University of Toronto. This database has yet
to be published and constitutes a considerable
improvement upon the reconnaissance collection
of Tushingham & Peltier (1991, 1992). Rather
than being based upon sampling the envelope of
the set of age—height pairs that are derived from
each sample, the new data base consists of the
raw data themselves and it is these data that will
be employed for comparison purposes herein.
When these data are compared with the predic-
tions of the theoretical model we must of course
transform from 'C time to sidereal time, and
for this purpose we employ the Calib. 3.0
program of Stuiver & Reimer (1993), which
links the extensive tree ring database for the
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Holocene to the coral-based U/Th calibration of
Bard er al. (1990) for the late glacial period.
One of the most important regions in which the
model may be subjected to rigorous test com-
prises the entire eastern seaboard of the con-
tinental USA. This is because even the earliest
analyses based upon the VM 1 model (Peltier et al.
1986; Tushingham & Peltier 1992) demonstrated
that there were significant misfits between the ob-
servations and the predictions such that the
rates of sea-level rise predicted to be occurring
as a result of the collapse of the proglacial fore-
bulge were much higher than observed in this
geographical region. That these misfits are
essentially completely eliminated by ICE-4G
(VM2) is demonstrated in Fig. 12, which com-
pares observations with theoretical predictions at
Montreal, Quebec (which was located just inside
the ice sheet margin), Boston, Massachusetts
(which was located very close to the ice sheet
margin itself), Brigantine, New Jersey (which was
located outboard of the ice sheet near the crest of
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Fig. 12. Examples of *C-dated sea-level curves from
four sites on the east coast of the North American
continent: Montreal (Quebec) in Canada, and Boston
(Massachusetts), Brigantine (New Jersey) and Lilliput
Creek (North Carolina) in the USA. The carbon dates
for the individual samples have been converted to
sidereal years using the U/Th-based calibration of
Stuiwer & Reiner (1993) and the raw data, corrected in
this way, are compared with the predictions of the
ICE-4G (VM2) model.

the forebulge) and Lilliput Creek, North Car-
olina. All of these data are well fitted by the
theoretical predictions, demonstrating, as pre-
viously documented by Peltier (1996), that the
previously evident misfits are eliminated. This is
rather important because the modification to
VMI to produce VM2 primarily involves a
reduction of the creep resistance in the upper
mantle and transition zone that was required to fit
the rsl data from Fennoscandia. As this modifica-
tion to the structure also allows the model to
reconcile North American data, this suggests that
the upper-mantle and transition-zone viscosity
below North America are essentially the same as
beneath Northwestern Europe. A global repre-
sentation of the marked difference in the rsl
history predicted by the VM1 and VM2 viscosity
models when the ICE-4G deglaciation history is
employed in the calculation is provided in Fig. 13,
which shows the present-day predicted rate of rsl
rise for both models as well as the difference
between them. The difference between these pre-
dictions is clearly largest along the US east
coast, in precisely the region where the misfits
of the VMI-based theory to the observations
were largest.

Probably the best location in the world from
the perspective of the quality of the post-glacial
rsl data that are available from it, however, is
the British Isles. This region is also especially
interesting because it is not only located in the
region of forebulge collapse that surrounds the
previously glaciated region of Fennoscandia but
it was also glaciated in the north, where a
significant mass of ice was located over the
highlands of Scotland. Furthermore, the coast-
line of this region experienced significant varia-
tion subsequent to LGM, when a vast land
bridge connected Britain to France. Figure 14
shows the locations of four sites from which
high-quality rsl data are available, superimposed
upon the inundation map which illustrates the
way in which the coastline is predicted to have
evolved based upon the ICE-4G (VM?2) model.
Figure 15 compares predicted and observed rsl
history at Tay Valley and North Solway Firth,
Scotland, both sites in the northern region that
was once ice covered. and at the Fenlands and
Bristol Channel locations in the south, which
remained ice free. Inspection of these compar-
isons clearly demonstrates that the ICE-4G
(VM2) model very accurately predicts even the
very complex and highly non-monotonic rsl
histories that obtained in the northern region,
where a complex interplay occurs between the
process of post-glacial rebound of the crust that
causes sea level to fall and rising sea levels
caused by the melting of distant ice sheets. The
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Fig. 13. Present-day rates of sea-level rise predicted using the VM1 and VM2 viscosity models in conjunction

with the ICE-4G deglaciation history. The difference between

the predictions of these models is maximum along
the US east coast, as shown in the final part of the figure.
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Fig. 14. Inundation map for the British Isles on which are superimposed the locations of the two sites in Scotland
and the two sites in England for which the rsl data are described in the text. TV, Tay Valley; SF, Solway Firth;

F, Fenlands; BC, Bristol Channel.

fact that the ICE-4G (VM2) model fits these
data extremely well is important because it has
been previously argued that the data from this
region required a rather high value of the
viscosity of the lower mantle, in fact near
102 Pas (Lambeck et al. 1996), and therefore
considerably in excess of the viscosity over the
same range of depths that had been inferred
previously on the basis of rsl records from the
immediately adjacent Fennoscandia region
(Lambeck et al. 1990). Clearly, models with
such large radial viscosity contrasts are not, in
fact, required by the data from the British Isles.
The interested reader will find a far more
detailed discussion of the post-glacial sea-level
history of the British Isles in the study by Peltier
& Shennan (1998).

Moving further still away from the main
centres of glaciation into the region that I have
previously referred to as the ‘far field” of the ice
sheets, Fig. 16 compares predicted and observed
rsl histories at a sequence of sites that extends
from the Caribbean Sea along the east coast of the
South American continent to the northern part
of Argentina. The first plate in this sequence
once more reproduces the fit to the U/Th-dated
coral sequence from Barbados, a record that was
actually employed to tune the ice load compo-
nent of the model (Peltier 1994) as mentioned
previously. Moving further south to Recife and
Santos—Itanhaem, in Brazil, and Bahia Solano,
in Argentina, we note that the most apparent
characteristic of the records of rsl history, both
observed and predicted, is the existence of a
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Fig. 15. Examples of '*C-dated rsl curves from four
sites in the British Isles: Tay Valley and Solway Firth
in the once ice-covered region of Scotland, and the
Fenlands and Bristol Channel, which were both
beyond the southernmost extent of the Scottish ice
sheet. As discussed in the text, the records from
Scotland are highly non-monotonic, because of the
superimposition at these locations of the influence of
rebound of the crust owing to ice removal and the
influence of the collapse of the Fennoscandian
forebulge and continuing addition of mass to the
oceans caused by the melting of both Laurentide and
Fennoscandian ice.

mid-Holocene high stand that occurs at
¢.Skasp. The fit to the observed highstand is
excellent at Santos—Itanhaem, acceptable at
Bahia Solano but less so at Recife where a
significant phase shift appears to exist. As will be
discussed in detail elsewhere, the southernmost
east coast of Argentina, Patagonia, appears to
be experiencing some tectonic uplift, presumably
because of the increasingly close proximity to
the Chile trench as one moves further south-
wards along the east coast.

In the final sequence of intercomparisons,
shown in Fig. 17, the mid-Holocene highstand of
sea level continues to be the most prominent
feature of the records of rsl history. These
records are all from the Pacific Ocean sector,
and from north to south correspond to Osaka
Bay, Japan, Rota Island in the Marianas,
Balding Bay, Australia, and Christchurch, New
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Fig. 16. Examples of '*C-dated sea-level curves from
four sites along the east coast of the South American
continent from Barbados in the north to Recife and
Santos—Itanhaem on the coast of Brazil, and to Bahia
Solano in Argentina. It is interesting to note that
although the data from the northern sector of the coast
are fairly well fitted by the ICE-4G (VM2) based
theory, as one moves further to the south the data
show increasing evidence of the action of the influence
of tectonic uplift (a detailed analysis of this tilting
effect will be provided elsewhere).

Zealand. The theoretical prediction of the sea-
level history at each of these locations is again
dominated by the existence of a mid-Holocene
highstand with maximum height above pre-
sent sea-level occurring at ¢. 5 ka BP and achieving
an amplitude of ¢. 2m. As previously mentioned,
it was the prediction of this feature which is
extremely well expressed across the entire Pacific
Ocean, that attracted such attention to this work
when solutions of the sea-level equation were
first reported by Clark er al. (1978) and Peltier
et al. (1978). A more recent discussion of the
data that constrain this feature from the archive
of Tushingham & Peltier (1992) was presented
by Mitrovica & Peltier (1991). All of these
records, most of which are constrained by a very
small number of data points, are reasonably well
explained by the theory. In the next subsection,
we will consider a series of records which have
been construed to pose a considerable challenge
to the global theory.
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Fig. 17. Examples of *C-dated sea-level curves from
four sites in and on the margin of the Pacific Ocean,
ranging from Osaka Bay in the north to Christchurch,
New Zealand, in the south. At the intermediate sites
of Rota Island and Balding Bay, Australia, the
mid-Holocene highstand of sea level is especially
apparent.

Coral-based records of rsl change:
the Pacific Ocean sector

At several points in the above discussion, I have
drawn attention to the fact that the ICE-4G
(VM2) model was tuned in terms of the total ice
amount so that it would fit the U/Th-dated
coral-based rsl record from Barbados. The
reason for focusing upon this record is that it
is unique from a number of points of view. First,
it is the only accurately dated rsl record which
extends back to LGM and which therefore can
be used to constrain the amount by which sea
level rose from that time to the present. Second,
however, is the fact that this record is composed
almost entirely of age—depth measurements on
the coral species Aquapora palmata. As this
Caribbean species is known to live at a depth
that is within 5 m of sea level, this record may be
assumed to constitute a good recording of
changing sea level itself. Of course, it is also
well known that Barbados is rising at a rate that
is usually assumed to be near 0.35 mm per year,
implying that to derive actual sea level from the
raw age—depth data for the Barbados sequence
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Fig. 18. The total eustatic sea-level rise is shown from
the model that both excludes (T') and includes (T) the
influence of implicit ice as discussed in the text in
connection with equations (14)-(16). Also shown are
the individual contributions from North America

(N, N'), Eurasia (E, E'), Antarctica (A) and
Greenland (G, G').

one needs to make a tectonic correction. The
magnitude of this correction is therefore such as
to require sea level to have risen at Barbados
since LGM by ¢. 7m more than suggested by the
raw data. The position that I will adopt for
present purposes, as I have done in the past, is
that if the theoretically predicted rsl history at
Barbados is such that the prediction goes through
the raw data points themselves then, given the
observed range of living depths of 4. palmata, no
further correction to the data is required. This is
particularly true as the best estimate of the rate of
tectonic uplift at Barbados is probably closer to
0.25 mm per year than to 0.35 mm per year. The fit
of the ICE-4G (VM2) model to the Barbados data
has been shown previously in Figs 4 and 14, where
the predicted rise of sea level at this location is
seen to be just slightly less than 120 m. It is impor-
tant to note that this is slightly greater than one
might expect based upon the net mass of “explicit’
ice that is melted across the glacial-interglacial
transition, though one must remember that deter-
mination of the rise of sea level at any given site
requires a correction to the effect expected on the
basis of mass alone (see equations (4) and (5)).
The sea-level rise based upon the consideration of
ice-mass alone (both explicit and implicit as
discussed previously), for each of the main sec-
tors in which melting occurs, is shown in Fig. 18,
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inspection of which shows that one would expect
sea level to rise by only 106.7 m if only the explicit
ice melted in ICE-4G were to be added uniformly
to ocean basins of fixed present-day area. On the
other hand, when the influence of implicit ice is
properly taken into account, the discrepancy is
much reduced, as the predicted total eustatic rise
increases to 117.8 m.

Figure 19 shows the locations of the addi-
tional sites in the Pacific basin that will be of
interest for the remainder of this subsection,
namely, the Huon Peninsula of Papua New
Guinea, Tahiti and Sumba and Morley Islands.
At each of these locations coral-based records of
rsl change are also available for which the age
control is based upon U/Th dating (Edwards
1988). It is clearly interesting to enquire as to
whether or not the global theory is also able to
reconcile these additional observations, the most
important of which are probably those from the
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Huon Peninsula (Edwards 1988; Chappell &
Pollach 1991; Ota et al. 1993). On the basis of
their observations of the uplifted Pleistocene
interglacial terraces near the Kwambu—Kilasairo
location, Chappell & Polach (1991) inferred a
late Pleistocene average rate of tectonic uplift at
Huon of 1.9 mm per year. In Fig. 20a, I show
not only the raw data for Huon but also the
corrected data when this rate of tectonic uplift is
employed to reduce them, along with the
theoretical prediction based upon the ICE-4G
(VM2) model. Whereas the raw data lie somewhat
above the theoretical prediction at young age, it is
clear that when the data are corrected by
assuming the conventional rate of tectonic uplift
they lie considerably below the theory, so far
below as to suggest that perhaps the theory may
be in error (see comments by Edwards (1995)).
Also shown in Fig. 20, however, are comparisons
between observations and theoretical prediction
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Fig. 19. Location map for the equatorial Pacific Ocean region showing the locations of the islands from which
information on rsl history is available. The data from those islands for which names are given are discussed in the
text. The numbering scheme for the other locations is that employed in the global recompilation of rsl data that
has been continuing at Toronto for the past several years.
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Fig. 20. The raw and tectonic uplift corrected coral-based records are shown, along with the predicted sea-level
histories based upon model ICE-4G (VM2) for (a) the Huon Peninsula, (b) Papeete Harbour, Tahiti, (¢) Morley

[sland and (d) Sumba Island.

for the rsl history at Morley Island (Eisenhauer
et al. 1993) and Sumba Island (Bard er al. 19965),
whose locations are also shown in Fig. 19.
Inspection of the intercomparisons at these sites
demonstrates that at these locations theory and
observations agree rather well, although in the
case of Sumba Island the data are sparse
(essentially only two points). At Sumba there is
an estimate, noted in the figure, of the rate of
tectonic uplift active at this location, and it will
be noted that when this correction is applied to
the data the fit of the two data points to the
theory is excellent. At Morley Island the obser-
vations and theory agree very well if allowance is
made for a small living depth correction. Both of
these additional datasets are consistent with the
existence of a mid-Holocene highstand in the
sea-level record but neither data set actually
resolves the feature.

It is nevertheless clear that when the Huon
data are ‘corrected” by assuming that the con-
ventional Pleistocene rate of tectonic uplift also

applies during the Holocene period then the fit
of the theory to the data is anomalous in that it
is 50 poor. The most apparent anomaly concerns
the absence of the mid-Holocene highstand in
the rsl record when the 1.9 mm per year tectonic
uplift rate is used to make the correction. It
seems clear on this basis that the 1.9mm per
year average rate of Pleistocene uplift at the
Kwambu-Kilasairo site on the Huon Penninsula
is not characteristic of the Holocene period. To
determine the rate that has actually been char-
acteristic of this most recent epoch we might best
proceed by asking what is the rate that must be
assumed to minimize the misfit between observa-
tions and theoretical prediction. The results of
this analysis are shown in Fig. 21. Depending
upon whether one minimizes the misfit over the
entire dataset or only over the last 9000 years one
infers a best rate of tectonic uplift between 0.3 and
0.65mm per year, although the minimum in
variance is rather flat so that the rate is not
accurately determined. As suggested by Peltier
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Fig. 21. (a) Variance reduction between the prediction of the rsl history on the Huon Peninsula for the ICE-4G
(VM2) model and the observations as a function of the rate of tectonic uplift assumed for the purpose of
correcting the observations. Variance reduction is shown based upon the use of all available data and the use of
only data younger than 9 ka. With the former assumption the “best-fitting” rate of tectonic uplift is found to be
0.35 mm per year. (b) Fit of the tectonically corrected data to the ICE-4G (VM2) prediction.

(1995), it therefore seems clear that the rate of
tectonic uplift at Huon during the Holocene
period has been much less than the Pleistocene
average rate.

One final piece of analysis that warrants
discussion here, concerning the tectonic contri-
bution to Holocene sea-level history, relates to
the data for Tahiti (Bard er al. 19964), which are
also shown in Fig. 19. At Tabhiti, unlike at Huon,
the theoretically predicted rsl history delivered
by the ICE-4G (VM2) model lies above the
observations rather than below. However, rather
than being subject to tectonic uplift. Tahiti is
subject to tectonic subsidence. This is perhaps
primarily a consequence of the fact that the

island is emplaced in lithosphere that sinks is it
cools while moving away from the East Pacific
Rise at a rate near 12 cm per year. Now the rate of
subsidence that has been suggested to be char-
acteristic of Tahiti is near 0.2 mm per year, but
when this correction is applied to the data it does
not significantly improve the fit to the observa-
tions. When an additional correction is made for
the influence of living depth (E. Bard, pers.
comm.) the misfit is further reduced (see the
figure). However. the data still do not contain
the clearly evident mid-Holocene highstand of sea
level that is observed to be characteristic of all rsl
data from far field locations. Further analysis of
the data at Tabhiti is clearly warranted.
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On the basis of all of the data discussed in this
subsection, it is clear that when the model is
tuned to fit the history of post-glacial sea-level
change at Barbados, as well as those from ice-
covered sites, then the model also fits far field rsl
histories at locations that were not employed to
tune the model parameters. The model must
therefore be considered highly successful.

Conclusions

In the previous sections of this paper, I have
both reviewed and extended the global theory of
post-glacial sea-level change that has been devel-
oped over the past two decades. This theory is
now rather fully articulated and has been shown
to reconcile a wide range of geophysical and
geological data. One of the most active areas of
current application involves the investigation
of the extent to which space geodetic data may
be brought to bear to further constrain model
parameters. Three different types of such data
have now been shown to be useful adjuncts to
the geological and astronomical measurements
that have been the conventional focus in such
work. These consist of observations of the non-
tidal acceleration of axial rotation based upon
the use of LAGEOS satellite laser ranging data
(Peltier 1983; Yoder et al. 1983), observations of
the rate of radial displacement based upon the
use of VLBI observations (Argus 1996) and,
most recently, observation of tangential motions
associated with the GIA process based upon
global positioning system (GPS) observations
(BIFROST 1997). Application of these measure-
ment systems is expected to prove to be
especially useful in understanding the relative
contributions of tectonics and glacial isostasy to
individual records of rsl history.
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