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The Thickness of the Continental Lithosphere

W. R. PELTIER

Department of Physics, University of Toronto

Two independent sets of geophysical data are shown to be particularly sensitive to the thickness of the
continental lithosphere. Both are connected with the response of the planet to the last deglaciation event
of the current ice age. The first set of data consists of relative sea level histories in the age range 0-10 kyr
B.P. from sites along the eastern seaboard of North America. Such data appear to require a continental
lithospheric thickness in excess of 200 km. The second set of data consists of the ILS record of the
motion of the rotation pole over the time range 0-75 years B.P., which reveals a secular drift at the rate
of 0.95 (+0.15) deg/10° vears toward Hudson Bay. When the viscosity profile of the mantle is fixed to
that required to explain free air gravity and relative sea level data from within the ice margin and the
observed nontidal acceleration of planetary rotation, then these observations also suggest a continental

lithospheric thickness of the same order.

I. INTRODUCTION

It is well known that lithospheric thickness is an earth prop-
erty that exhibits strong lateral heterogeneity. The reason for
the thickness heterogeneity of oceanic lithosphere is easily un-
derstood to be a consequence of the temperature dependence
of viscosity. If, by the word lithosphere, we mean the region
near the surface of the planet in which the steady state shear
viscosity is effectively infinite, then we can understand the
observed thickness variations on a very straightforward basis.
Since the oceanic lithosphere is an intrinsic part of the large-
scale convective circulation of the mantle [Peltier, 19807, it
follows from the thermal boundary layer nature of this high
Rayleigh number flow that boundary layer thickness and thus
lithospheric thickness should increase as the square root of
ocean floor age [Peltier, 1981a; Jarvis and Peltier, 1982]. It is
the exponential dependence of viscosity upon temperature
that ensures that the thickness of the thermal boundary layer
and the thickness of the lithosphere are closely connected.

The prediction of the theory of thermal convection, that
lithospheric thickness should increase as the square root of the
age of the seafloor, is rather precisely borne out by the obser-
vations. Indeed, the fact that a relatively simple model of ther-
mal convection can also reconcile the observed variations of
heat flow and bathymetry, subject only to the assumption that
the oceanic lithosphere is to be interpreted as the thermal
boundary layer of the large-scale flow in the mantle, is striking
testimony to the success of the convection hypothesis itself
[Peltier, 1980: Jarvis and Peltier, 1982]. The hypothesized
direct link between the oceanic lithosphere and the mantle
general circulation, which is so nicely compatible with the
observations, provides a much more compelling explanatory
famework than that embodied in plate models [e.g., Parsons
and Sclater, 19777, since it does not beg the question as to why
the plates move.

Our knowledge that the thickness of oceanic lithosphere
(LO) does increase as the square root of seafloor age is based
upon several different lines of evidence. For example, studies
of surface wave dispersion and attenuation across oceanic
paths [e.g.. Forsyth, 1975: Canas and Mitchel, 1978 Canas et
al., 19807 show that the thickness of the near-surface region, in
which wave speeds are high and attenuation is low, exhibits
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just this age dependence. It has also proven possible to esti-
mate the age dependence of LO by studying the flexural re-
sponse of the seafloor to surface loads associated with sea-
mounts and with oceanic islands, like Hawaii. This method is
different from the seismological method, which infers LO by
measuring the depth to a low-velocity high-attenuation zone,
but leads to qualitatively similar results. The model that has
usually been employed to invert the flexure data is that em-
ployed by Walcotr [1970a]. which consists of a thin elastic
plate over an inviscid substratum. Analyses summarized by
Watts and Daley [1981] show that the data also require that
LO increase as the square root of seafloor age, although the
inferred thicknesses are systematically less than the seismic
thicknesses by about a factor of 2. This discrepancy is nor-
mally attributed to a strong dependence of the apparent thick-
ness upon the age of the load used to make the measurement.
The ultimate reason for the reduced thickness observed flex-
urally is that on the time scale over which seamount loads
have been applied, the lower part of the lithosphere has ex-
perienced viscous relaxation. A third kind of information that
has provided a useful constraint on the variation of LO con-
sists of magnetotelluric data taken with ocean bottom magne-
tometers on seafloor of various ages. The summary by Olden-
burg [1980] shows that these data require the presence of a
subsurface high-conductivity layer, presumably associated
with locally high temperatures and some partial melting,
which is in beautiful accord with expectations based upon
models of thermal convection at high Rayleigh number [Pel-
tier and Jarvis, 1982]. The depth to the good conductor in-
creases roughly as the square root of sea floor age, and the
conductivity contrast decreases, presumably on account of a
decrease of the fraction of melt. These electrical data fit the
seismological picture very well. In summary, then, the ob-
served lateral heterogeneity of the thickness of oceanic litho-
sphere is strong but reasonably well understood.

Unfortunately, the same level of understanding cannot be
claimed with respect to continental lithosphere. The current
lack of concensus concerning the thickness of continental
lithosphere (LC) is at least in part due to the fact that surface
wave seismological data are of little use in these regions. There
is little support in surface wave dispersion and attenuation
measurements from continental paths for the existence of any
subsurface low-velocity and high-attenuation zone. Since LO
was inferred seismologically as the observed depth to such a
zone, the same seismic method is not readily applicable to the
measurement of LC.
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Fig. 1. Location map for sites along the eastern seaboard of North America from which radiocarbon controlled relative

sea level histories are available.

In order to infer LC we are obliged to employ other infor-
mation, and there are several sources to which we can appeal.
The first consists of heat flow observations, which when used
in conjunction with supplementary data (heat source distri-
butions) can be employed to infer the magnitude of this pa-
rameter. Using this source of information, Sclater et al. [1980]
obtained a continental lithospheric thickness near 120 km,
which is approximately equal to the thickness of old oceanic
lithosphere. Another line of argument, based upon pet-
rological and body wave seismological considerations, has led
Jordan [1981] to conclude that the thickness of continental
lithosphere was in excess of 250 km. This is sufficiently differ-
ent from the estimate of Sclater et al. [1980] that we might
reasonably inquire as to which is nearest the truth. A recent
reanalysis of the heat flow data by Davies and Strebeck [1982]
tends to reinforce the plausibility of the thick lithosphere
model preferred by Jordan but cannot be construed as re-
quiring it.

The third technique that has been employed to measure LC
makes use of the response of the earth to surface loading. The
loads that have most often been employed for this purpose are
those applied by the continental ice sheets that existed on
Canada and Scandinavia during the last glacial maximum
about 18,000 years ago. One of the first measurements of LC
using the observed crustal response to these loads was that by
McConnell [1968], whose analysis of Sauramo’s [1958] shore-
line data from Fennoscandia led him to suggest a continental
lithospheric thickness near 120 km, i.e., the same as that sug-
gested by Sclater et al’s [1980] analysis of the heat flow data.
A similar attempt to measure LC was made by Walcott
[1970b, c], who analyzed flexure data from the margin of the
Laurentide ice sheet and also obtained LC ~ 120 km. Except
for the anomalously thin lithosphere that has been found for
the high heat flow Basin and Range Province through analysis
of the isostatic response to loading of the crust by Pleistocene
Lake Bonneville [Wu and Peltier, 1982], it would therefore
appear that most data require LC ~ 120 km and imply that
the value preferred by Jordan [1981] is implausible.

There are, however, good reasons to doubt the validity of
inferences of continental lithospheric thickness that have been
obtained through previous analyses of glacial isostatic adjust-
ment. The validity of the inference by McConnell [1968], for

example, is hard to accept because the data that he employed
consisted entirely of strandline information from sites within
the ice margin. Theoretical analyses of the sort to be discussed
in this paper show, however, that such data may not depend
strongly on lithospheric thickness. Only at sites that are im-
mediately external to a load whose scale is as large as the
Laurentian ice sheet does the response depend strongly on LC
(see section 3 of this paper). For a load of Fennoscandian
scale, however, the realization at interior sites does not depend
on LC. Walcott’s [1970b, ¢] analyses are similarly open to
question. His inference of continental lithospheric thickness
was based upon strandline data from proglacial lakes Agassiz
and Algonquin. What Walcott did was to assume that the
response at such sites near the ice margin would be in isostatic
equilibrium, and he used a steady state flexure model consist-
ing of a thin elastic plate over an inviscid substratum to invert
the strandline data for the flexural parameter and thus for
lithospheric thickness. This is the same model as was later
employed to infer LO from seamount data. Rigorous calcula-
tions of isostatic adjustment reported by Wu and Peltier
[1982], however, do not support the hypothesis that the re-
sponse near the ice margin is in equilibrium and therefore
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Fig. 2. Relative sea level data from several of the sites located in
Figure 1. This figure is adapted from one by Bloom [1967].
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Fig. 3. Observed and predicted RSL histories at six sites along the U.S. East Coast. The observations are denoted by
the hatched regions, and the theoretical predictions are for models that differ from one another only in their lower-mantle
viscosities. Lithospheric thickness is fixed at L = 120.7 km, upper-mantle viscosity at v = 102! Pa s, and the short-dashed,
long-dashed, and solid curves are the predictions for models that have lower-mantle viscosities vy, of 10*', 10?2, and

5% 10*2 Pas,

imply that Walcott’s inference of LC could be substantially in
error.

In this paper I will describe analyses of two different kinds
of glacial isostatic adjustment data, one local and the other
global, both of which appear quite strongly to require
LC ~ 200 km. The first set of data consists of relative sea level
histories from the eastern seaboard of the continental United
States, while the second consists of polar wander observations
for the past 75 years collected by the International Latitude
Service (ILS). In the next section of this paper a detailed dis-
cussion is provided of the relative sea level record for sites
south of the city of Boston along the U.S. East Coast. The
observations are compared with the predictions of a theoreti-
cal model that has a fixed lithospheric thickness of 120 km
(i.e., the value preferred by McConnell, Sclater, Walcott, and
others). These comparisons establish that there are large dif-

respectively. This figure is based upon calculations previously reported by Wu and Peltier [1983].

ferences between theory and observation and that these vary
systematically from north to south along the coast, suggesting
that some property of the model has been incorrectly specified.
Attempts are described to remove the systematic error by
varying the sublithospheric viscosity profile, but such attempts
fail. In section 3 of the paper it is shown that the systematic
error may be entirely removed if the lithospheric thickness is
simply increased to a value somewhat in excess of 200 km.
Section 4 provides an analysis of the secular drift of the rota-
tion pole that is evident in the ILS path, which shows that this
observation may also be fit by the isostatic adjustment model
but only if the continental lithospheric thickness implied by
the data is on the order of 200 km. The two kinds of data are
therefore in reasonable agreement in requiring a large value of
LC with implications that are discussed in the concluding
section 5.
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Fig. 4. Deviation of observed and predicted elevations of beaches
of age 4000 and 6000 years as a function of distance along the U.S.
East Coast measured from Southport. The theoretical predictions em-
ployed are those for the model with a constant mantle viscosity of
10*' Pa s and 1066B elastic structure.

2. ReLaTIVE SEA LEVEL HISTORIES

The location map in Figure 1 shows the geographic region
with which we will be concerned in this section, the ecastern
seaboard of the continental United States. This region is par-
ticularly important for our purposes because it extends from
the location of the ice margin at glacial maximum. The lo-
cation of the margin is clearly indicated on the figure and
passes roughly through the cities of Boston and New York
with a northeasterly-southwesterly orientation. Many of the
coastal features in this region such as Long Island, Martha’s
Vineyard Island, Cape Cod, etc., are simply debris from the
terminal moraines of this section of the Laurentide ice sheet.
For the most part, and for reasons that will shortly become
clear, we will here focus on coastal locations from Massachu-
setts south to Florida, and our interest will be in the history of
sea level fluctuations at such locations during the thousands of
years that have passed since the disintegration of the Laur-
entian ice sheet.

Observations of sea level are much more difficult to make in
this region than they are at sites that were once under the ice
sheet, for the simple reason that relict beaches are drowned
rather than raised. The explanation of this is straightforward
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dynamically. At glacial maximum the weight of the ice de-
presses the earth’s surface beneath it, and the material from
the depression is squeezed out into the immediately peripheral
region where the land is elevated. After ice sheet disintegra-
tion, this deformation is reversed through the process of iso-
static adjustment. Sites that were once ice covered are con-
tinuously elevated out of the sea by the viscous inflow of
material from the peripheral region. Beaches are successively
cut into the land as it rises and may be dated using the '*C
method. As material flows out of the peripheral region, the
surface here sinks below sea level, and the oldest beaches are
thus found at the greatest depth below the present level of the
sea. The fact that the East Coast of America is presently sub-
merging explains many of the unique properties of its near-
shore environment, for example, the extensive occurrence of
salt marshes. In order to reconstruct local histories of the
variation of sea level from this “drowned” coastal region, one
is clearly forced to dredge for old beach material, and particu-
lar care must be taken to ensure that such material is in situ
[e.g.. Bloom, 1967]. Clearly, there are a number of nearshore
erosional processes that are quite capable, in principle, of ver-
tically displacing such material and thereby obscuring the sea
level record.

A summary of several relative sea level (RSL) histories from
the region is given in Figure 2, which is modified from Bloom
[1967]. All of the sea level histories illustrated here show that
submergence has been continuous over the past 10-12 kyr.
The amounts of submergence have been generally less than 10
m during the past 6 kyr, which contrasts with the amounts of
emergence that have been realized over the same time period
at sites within the ice margin where uplifts in excess of 100 m
are the rule. Of greatest importance for present purposes is the
observation from Figure 2 that there does not appear to be a
marked systematic variation of the sea level histories as one
moves from south to north along the coast. All that can be
inferred is that the amount of submergence appears to be less
at the southern terminus of the region, Florida, than it is in
the north. One might be tempted to ascribe a large fraction of
the variation to error in the data and perhaps even to despair
that any theoretical use could be made of them. As we will
show in what follows, this initial reaction is unwarranted.
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Fig. 5. Comparison of predicted and observed RSL histories at two interior sites: (a) Ottawa Islands and (b) North-
west Newfoundland, based upon the disk load theory. The dashed, solid, and dotted curves are predictions for models that
have lithospheric thicknesses of 120, 195, and 245 km, respectively.
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2.1.  Comparisons of Predicted and Observed RSL

In order to make sense of the above-described observations
we require a theoretical model that is capable of predicting
RSL histories accurately. Such a model has been developed
over the past decade in a sequence of articles that began with
Peltier [1974]. This paper was devoted to an analysis that
showed how one could describe the complete viscoelastic re-
sponse of the planet to gravitational interaction with a surface
mass load. This theory was subsequently extended by Peltier
[1976]. who showed how the viscous part of the response
could be described using a normal mode formalism. Peltier
and Andrews [1976] applied the theory to the explanation of a
global set of RSL histories subject to the approximation that
the rise of sea level over the global ocean produced by ice
sheet disintegration was uniform. Farrell and Clark [1976]
showed how this approximation could be relaxed to include
the self-gravitation of the oceans, and a preliminary sequence
of comparisons of the full theory with observations was given
by Clark et al. [1978] using the numerical methods discussed
in detail by Peltier et al. [1978]. The theory has now been
employed to describe many deglaciation effects other than
RSL variations, including free air gravity anomalies [Peltier,
1981b, 1982; Peltier and Wu, 1982; Wu and Peltier, 1983] and
the observed nontidal acceleration of planetary rotation [Saba-
dini and Peltier, 1981; Peltier, 1982, 1983; Peltier and Wu,
1983].

In this theory the prediction of relative sea level S(6, ¢; 1) is
obtained as a solution of the following integral equation (see
Wu and Peltier [ 1983] for a recent review):
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S(0, ¢, t) relative sea level change;
p; density of ice;
P, density of water;
g surface gravitational acceleration;
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Fig. 6a. Same as Figure 5 but for Boston.
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L0, ¢, t) mass loss history of the ice sheets:
@'(0, ¢, t) Green’s function for the gravitational potential

perturbation forced by a point mass load:
Ay surface area of the oceans;
integral over the surface area of the oceans;
integrated mass loss history of the ice sheets,
equal to —{p,S>,
*. & convolutions over the ice sheets and oceans,
respectively

Equation (1) is an integral equation because the unknown
relative sea level history S appears both on the left-hand side
of the equation and under the convolution integrals on the
right-hand side. The inputs to the sea level equation are the
surface glaciation history L/(#, ¢, t) and Green’s function for
the gravitational potential perturbation ¢’, which depends
upon the radial viscoelastic stratification of the planet. The
function Li(6, ¢, t) was first estimated by Peltier and Andrews
[1976], who provided a tabulation of it called ICE-1. This was
refined by Wu and Peltier [1983], who call the resulting glaci-
ation history ICE-2 and also present tables of it. The main
difference between ICE-2 and ICE-1 is that the new model
includes a melting event for Antarctica, although this part of
the new glaciation history will not be employed in the sea
level calculations discussed here. The second of the functions
required to implement the sea level calculation, the impulse
response Green’s function ¢'(0, ¢, ¢), is calculated using the
theory and numerical methods discussed by Peltier [1974,
1976] and recently reviewed by Peltier [1982] and Wu and
Peltier [1982].

The earth models employed for the RSL calculations have
their elastic structures fixed to that of model 1066B [Gilbert
and Dziewonski, 1975], which fits a large set of normal mode
and body wave seismic data. The steady state shear viscosity
of the core is taken equal to zero so that different earth
models differ from one another only by virtue of their mantle
viscosity profiles and lithospheric thicknesses. The effect of the
lithosphere upon the viscoelastic response to surface loading
was first discussed with respect to spherical models by Peltier
[1980]. More detail is given by Peltier [1982] and Wu and
Peltier [1982]. It is important to note that the earth model
that is employed to invert the RSL data has no lateral hetero-
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geneity, This might be considered a problem insofar as inter-
preting the RSL data [rom sites shown in Figure 1 is con-
cerned because these sites are near the boundary between con-
tinent and ocean. Clearly, if the RSL data suggest a litho-
spheric thickness in excess of that appropriate to old ocean
floor (~120 km), this is unambiguously attributable to the
continental component of the model, particularly so since the
continental margin along the U.S. East Coast is especially
broad. Once L, and ¢' are determined, the sea level equation
(1) is solved using a finite element method discussed in detail
by Peltier et al. [1978].

In Figure 3 we compare observed and predicted RSL histor-
ies al six sites along the eastern seaboard of the United States
for three different mantle viscosity profiles with the litho-
spheric thickness held constant at 120 km, that is equal to the
value of LC estimated by Sclater et al. [1980] on the basis of
heat flow data. These results are from calculations described
in greater detail by Wu and Peltier [1983] but have been
collected together in a single new figure motivated by the
present application. All earth models have an upper mantle
viscosity of 10?! Pa s from the base of the lithosphere to the
seismic discontinuity at 670-km depth. The short-dashed lines
on each plate are the predicted RSL histories for a model
whose lower-mantle viscosity vy is also 102! Pa s (10%* P),
the long-dashed lines are for a model with v = 10?2 Pa s,
and the solid curves are for a model with vy = 5 x 10> Pas.
Inspection of the individual plates in Figure 3 reveals a rather
confusing picture. At Boston the uniform viscosity model is
very strongly preferred, since it is the only model that correct-
ly predicts the strongly nonomonotonic RSL history observed
at this site. As pointed out by Peltier [1974], this behavior is
just that expected to be produced by migration of the fore-
bulge, and since such migration is prevented in models that
have very high lower-mantle viscosity, such models cannot fit
the data. As [ have elsewhere argued in detail, the uniform
viscosity model is also preferred by RSL data [rom sites within
the ice margin (e.g., around Hudson Bay), but some very
modest (approximately x 3) increase of viscosity does seem to
be required to fit free air gravity and nontidal acceleration of
rotation data [Peltier and Wu, 1982, 1983; Peltier, 1982,
1983].
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As one moves south along the coast from Boston, however,
there are large and apparently nonsystematic errors between
observation and the predictions of the uniform viscosity
model. At Clinton, Brigantine, and Delaware the uniform vis-
cosity model provides the worst of the three model fits to the
data, but although an increase of lower-mantle viscosity does
reduce the misfits at these sites somewhat, this alteration of
the model is not able to remove the misfits completely. At
Southport, South Carolina, the situation reverses again, as the
data here prefer the uniform viscosity model once more. At
this site an increase of lower-mantle viscosity increases the
amount of emergence predicted for the past 6 kyr, whereas at
the more northern sites this change had reduced the predicted
emergence. Moving still further south to Florida in Figure 3/
we see that the model with highest lower-mantle viscosity is
now preferred by the data. The picture presented by this set of
comparisons is therefore rather complicated.

Since we know that high lower-mantle viscosity is excluded
by RSL data from within the ice margin and also by free air
gravity and nontidal acceleration of rotation observations, it is
natural to inquire as to whether other conceivable modifi-
cations of the mantle viscosity profile, which are not ruled out
by such data, might be able to eliminate these misfits. Such
attempts were made by Wu and Peltier [1983], who discussed
them in relation to their Figure 27, and were shown to provide
no self-consistent resolution of the problem. It will be useful to
establish, however, that there is in fact a highly systematic
behavior of the misfits of the predictions of the uniform vis-
cosity model to the observations. If one plots the deviation in
meters of the predicted from the observed height of a beach
horizon of fixed age as a function of distance along the coast,
measured positive north from Southport, then one obtains the
result shown in Figure 4. For both the 6- and 4-kyr horizons
the misfits between this model and the observations fall on
straight lines [Wu and Peltier, 1983] for sites south of the city
of Boston, the implication being that some simple property of
the model has been misspecified. (Note that this misfit falls
rapidly to zero at Boston itself, as illustrated in Figure 4.) On
the basis of the previously discussed analyses we must suspect
that the problem is not with the viscosity of the lower mantle,
and the question remains as to what it might be. In what
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Fig. 6d. Same as Figure 5 but for Florida.
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follows, we will discuss a minor adjustment of the model that
can solve this problem. First, however, we will introduce a
simplified form of the theory, in terms of which this discussion
can be more easily pursued.

3. INFLUENCE OF LITHOSPHERIC THICKNESS

Although the comparisons between theory and observation
discussed in the last section were all presented within the con-
text of the gravitationally self-consistent model embodied in
(1), essentially the same results would have been obtained if
these comparisons had been made using a much simpler ver-
sion of the theory. In this section of the paper we will first
establish the validity of this statement and then proceed to
exploit the simpler version of the theory to understand the
influence on the relative sea level response of variations of
lithospheric thickness.

3.1. Approximate RSL Histories From Radial Displacement
Calculations: Theory

Since the response to surface loading in the near field of an
ice sheet is dominated by the direct change in planetary radius
forced by glacial unloading and the influence of the water load
in the oceans is small in comparison [Wu and Peltier, 1983]
except for times in excess of ~8 kyr B.P., the latter may be
neglected as a first approximation, and the RSL history re-
placed by the variation of radius. For many purposes we may
further simplify the calculation by replacing the actual ice
sheet disintegration history by an equivalent disk load ap-
proximation. For a circular disk of radius x, with center at O
we may represent the load per unit area that this ice sheet
applies to the earth as L(y, 1), where 7 is the angular distance
from O and 1 is time. The radial displacement response at a
field point Q due to L(y, r) may be calculated by convolution
of L with the appropriate space-time Green’s function G(0, 1).
If the angular distance OQ is equal to 0, then the response
R(0, t) is

R0, 1) = J. j L0, )Gy, t — ') da’ dt’ (2)
o JA

where 3" is the angular distance between Q and the element of
surface area da’ and A is the total area covered by the ice
sheet. Now the impulse response Green’s function G(y, t) has
the normal mode expansion [ Peltier, 1976]

G(0, 1) = GHO)(1) + 3. Y r;" exp (—s,"1)P,(cos 0)  (3)
nJ

where G&(0) is the elastic contribution to the total response
and r;" and s;" are the initial amplitude and inverse relaxation
time of the jth normal mode of viscous gravitational relax-
ation for the spherical harmonic of nth degree. In writing G(0,
t) as in (3) we are using a modified form of Green’s function
for radial displacement. Normally [e.g., Peltier, 1976] we write
this function as

G0, 1) = —:- Y h(1)P,(cos 0) @)

where a and m, are the earth’s radius and mass, respectively,
and where h, is the surface load Love number, which is usu-
ally written

h,(t) = h,Eo(r) + Z q;" exp (—s;"t) (5)

J
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Fig. 7. Deviation of the predicted sea level from the observed as a
function of the lithospheric thickness employed in the theoretical
model. The variance reduction is illustrated for four of the sites shown
in Figure 1. All sites south of Boston agree in requiring a lithospheric
thickness near 250 km when the viscosity of the mantle is held con-
stant at the value of 10*! Pa s (10?2 P).

so that

GH(0) = ;‘1‘_ Y h,EP,(cos 0)

¢ n
and

[

rjn — ;E qjll
Explicit solutions for the radial displacement response to disk
load disintegration histories are provided by Wu and Peltier
[1983], who obtain a spectral representation for the solution
(2) in the form of a simple quadrature for loading histories L,
expressible in the form

Liy, t) = Lo(y) f(1) (6)
where

Lo(0) = p[ed(eg — 0)]"2 0<0<a, (7)

Lo(@®) =0 0 > a,

is assumed for the profile of ice thickness, as is consistent with
the assumption that the ice sheet is perfectly plastic in its
material behavior. The parameter p, in (7) is the density of ice,
and A is taken to give a maximum thickness of 3500 m with
o = 15°, which fits the observed maximum form of the Laur-
entian ice sheet reasonably well.

Although the influence of the fluctuation of ice sheet volume
through time is not terribly important at sites within the ice
sheet margin [Wu and Peltier, 1982], it could conceivably be
more important at sites near the margin itself. Accordingly, we
shall approximate the time dependence f(t) on the basis of
oxygen isotope data taken from deep-sea sedimentary cores.
Broecker and Van Donk [1970] showed that the ratio '*0/'¢O
as a function of depth in deep-sea sedimentary cores, which is
direct proxy for the time variation of continental ice volume
[Shackleton, 1967], was characterized by a slow buildup of the
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PELTIER: THICKNESS OF THE CONTINENTAL LITHOSPHERE

thick lithosphere into the complete sea level calculation will
equally well rectify the misfits originally revealed with it. This
is explicitly demonstrated by the data shown in Table 1, in
which observed RSL variations at six East Coast sites are
compared directly with the predictions of the same gravi-
tationally sell-consistent model embodied in (1) as was em-
ployed to reveal the misfits originally. For the purpose of
these calculations a lithospheric thickness of 245 km was em-
ployed. Inspection of the data in this table shows that the
variance reduction effected by the increased lithospheric thick-
ness is very similar to that obtained with the simple model.
The fact that this single alteration of the radial viscoelastic
structure of the earth model at once removes the discrepancy
between theory and observation at all sites along the U.S. East
Coast is rather strong circumstantial evidence that the thick-
ness of the continental lithosphere must be somewhat in excess
of 200 km. In the next section we will briefly discuss a second
observational datum that appears to require a value for LC
that is of the same order.

4. LiTHOSPHERIC THICKNESS FROM
PoLAR WANDER OBSERVATIONS

The second observational datum that will concern us is
obtained from the data set illustrated in Figure 8. This shows
the variation of the location of the earth’s pole of rotation as a
function of time over the past 75 years relative to the surface
geography. The polar motion is separated into x and y com-
ponents relative to coordinate axes shown on the inset polar
projection with origin at the conventional international origin
(CIO). The figure is based on data collected by the ILS [Vin-
cente and Yumi, 1969]. Most obvious on this figure is the
periodic oscillation whose amplitude variations exhibit a

YEAR

Fig. 8. Polar motion record from A.D. 1900 showing the location
of the pole relative to the Conventional International Origin along
the x and y coordinate direction shown on the inset polar projection.
The locations of the main Pleistocene ice sheets at glacial maximum
are indicated by the stippled regions.
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TABLE 2. Ineitia Perturbations 1,® With Realistic Oceans and
Circular Ice Sheets

I,;% kg m? 1,38 kg m?
Laurentia only (L) 1.203 x 10*! 3.491 x 1032
Fennoscandia only (F) —7.504 x 10*" —3.227 x 10*
Antarctica only (A) 4211 x 103 5.370 x 10*°
L+F —6.301 x 10 3.168 x 10*?
L+F+A —5.880 x 107! 3.222 x 1032

characteristic beat period that is very close to 7 years. This is
due to the superposition of earth’s free Eulerian nutation
(Chandler wobble), whose period is near 14 months, and the
forced annual wobble, whose period is 12 months. The obser-
vation that concerns us here, however, is the slow secular drift
of the pole upon which the dominant oscillatory disturbance
is superimposed. The direction of this drift is as shown by the
arrow on the inset polar projection, and the drift rate is
0.95 + 0.15 deg/10° years [e.g., Dickman, 1977]. Because the
direction of drift is very nearly toward the centroid of the
ancient Laurentide ice sheet, we should not be too surprised
to learn that this slow polar wander is a memory of the planet
of the last deglaciation event of the current ice age. We should
furthermore expect that the observed drift rate might be em-
ployed to constrain the viscoelastic stratification of the earth’s
mantle.

That these data might be employed to this effect is an idea
that was developed at length by Peltier [1982] and Peltier and
Wu [1983], whose theoretical analysis reveals the existence of
serious flaws in prior attempts to employ these data for this
purpose [ Nakiboglu and Lambeck, 1980; Sabadini and Peltier,
1981]. The new theory shows that the predicted speed of polar
wander depends not only upon the viscosity of the mantle but
also upon the magnitude of the lithospheric thickness as well
as other characteristics of the viscoelastic stratification. A very
brief discussion of the implications of the data insofar as litho-
spheric thickness is concerned was recently provided by Pel-
tier and Wu [1983]. Because of the extensive discussion to be
found in these papers and by Wu and Peltier [1984], we will
not attempt to provide a similarly complete discussion here
but rather will simply summarize the results and add some
new information to that which has already appeared.

The theoretical analysis presented in the above-cited papers
leads to a predicted speed of polar wander in response to the
Pleistocene glacial cycle, which takes the form

Q Mot
myt) = —— IjJR(le(I) + D, f(1) + z E; P (Jr*e_l")) ©)

Aﬂ'o i=1
in which
LA
D|="ls_ Z < (loa)
=15
N-=1
D, = -fsqw)/ I14 e
i=1
i N o R(—A)\ [¥-1
- Lgl A) | Z*JRJ( 4) /H[,i_k —4)  (10c)
A =1 5 k¥

The functions g(s) and R(s) that appear in (10) are defined as

N-1 N

gs)=s[[G6+4)— [I(s+s)

i=1 i=1
N-1

Ris)=[IGs+ ) —[] (s +s)

i=1 i#j
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Fig. 9. Plot of the function 1 + k,*(s) as a function of the Laplace

transform variable s for models with lithospheric thicknesses of L = 0
km (short-dashed curve), L = 120 km (long-dashed curve), L = 195
km (dash-dotted curve), and L = 294 km (solid curve). Since the iso-
static factor [, =lim (s—0) [l + k,%s)], the divergence of these
curves at small s indicates the increase of I, with L discussed in the
text, Plots are shown for both compressible and incompressible
models, which are otherwise identical.

and the /; are the roots of the degrees N — I polynomial,

Oy — 1(s) = Z QJ[H (s + Si)] = 1:[ (s + 4)

i#j i=1

(11)

where

N
Z (Iiffr.‘il-}

i=1

sz(fjfsj)/ (12)
and N is the number of modes of viscous gravitational relax-
ation required to describe the time domain response to point
forcing of the surface load and tidal Love numbers of degree 2.
The r; and ¢; are the initial amplitudes of these modes in the
surface load and tidal Love numbers, k,* and k,”, respec-
tively. These Love numbers have the following explicit La-
place transform domain forms:

& (ry/s)
L, — — e |
k) =(—-1+1) SJ-; 5+5) 9 (13)
. Yo (t;/s)
ko T(s) = k., — FLS |
< (") . sjgl (S + Sj} (14)

The factor [, in (13) is called the isostatic factor by Munk and
MacDonald [1960] and is extremely important for present
purposes, as will become clear momentarily. Its value is deter-
mined almost exclusively by the thickness of the lithosphere,
and so it is partly through this factor that LC influences the
rotational response to deglaciation. The parameter k. in (14) is
called the fluid Love number [e.g, Munk and MacDonald,
19607 and is the value toward which k," tends in the limit of
long time (i.e., as s— 0). It may be estimated astronomically
from the hydrostatic flattening, which gives k, ~ 0.934 [e.g,
Lambeck, 19807]. Among the remaining parameters in the solu-
tion (9) are the rotation rate €, the equatorial moment of
inertia A, and the Chandler wobble frequency of the deform-
able earth o, The numbers I,® (j =1, 2) are the pertur-
bations of the inertia tensor that would be produced by the

PELTIER : THICKNESS OF THE CONTINENTAL LITHOSPHERE

surface ice and water loads if the earth were rigid, and the
function f(t) describes the glacial chronology (the same func-
tion as appears in (6)). The inertia perturbations produced by
models with realistic oceans and circular ice cap approxi-
mations to the major ice sheets are listed in Table 2. For the
purposes of the calculations to be discussed here, the ocean
basins have been assumed to fill uniformly as the ice sheets
melt and to be described by the ocean function [Balmino et al.,
1973]. This is a good approximation as evidenced by the exact
calculations described by Wu and Peltier [1983]. The f(t) we
will assume in these calculations is a modified version of (8),
which includes a deglaciation phase with a finite duration of
10* years that is linear in time, so that the glaciation phase
lasts 9 x 10* years, and the duration of individual glaciation
pulses remains 10° years.

Inspection of the form of the solution (9), in which m; =
;/Q gives the component of the polar wander velocity in the j
direction, shows that at a time like the present of apparent
hiatus in a previously continuous glacial cycle, the functions
f={f=0. Therefore the polar wander velocity may differ from
zero only because of the third term in brackets on the right
hand side of (9), which contains the convolution integrals f*
e~ *" and therefore depends upon the history of loading. The
expression for the coefficients E; that appear in (9) is given
explicitly in (10¢), inspection of which reveals a joint depen-
dence of the solution on the lithospheric thickness through I,
and on the mantle viscosity profile through r;, s;, and 4;. The
strength of the dependence on lithospheric thickness is shown
in Figure 9, where the function 1 + k,*(s) is plotted as a func-
tion of s on a log-log scale for several values of the litho-
spheric thickness L and for both compressible and incom-
pressible earth models that are otherwise identical. Since I, =
lim (s— 0) [1 + k,™(s)]. it is clear that the strong divergence of
these curves in the small s limit is a manifestation of the
strength of the dependence of I, upon L. For lithospheric
thicknesses of L =0, 120.7, 195.6, and 295.3 km the corre-
sponding values of I, for the compressible models are, respec-
tively, {.=0, 0.009, 0.016, and 0.027. All of these computations
have been done for an earth model with 1066B elastic struc-
ture [Gilbert and Dziewonski, 1975], a constant mantle vis-
cosity of 102! Pa s, and an inviscid core. Inspection of this

_jx{\l 05 ——== COMPRESSIBLE
' —— INCOMPRESSIBLE
L =120.7 km
00 L 1 s L
1.0

L=2853 km

-

O'—OS -4 -2 0 2

LOGIO (s)

Fig. 10. Plot of the spectral amplitude —k,(s) as a function of
the Laplace transform variable for models with lithospheric thickness
of L =120.7 km and L = 295.3 km. Calculations are shown for both
elastically compressible and for elastically incompressible models,
which are otherwise identical.
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figure further shows that the value of [, is significantly different
for an incompressible model (the incompressible equivalent of
1066B) than it is for a compressible model (1066B), a fact that
has not previously been pointed out.

For incompressible models the value of I, for a given litho-
spheric thickness is significantly greater than for a compressive
model that is otherwise identical. Because [, is a small quantity
that is a strong function of L, the logarithmic plot clearly
reveals the large differences in the small quantity. Figure 10
plots k," itself as a function of the Laplace transform variable
s for compressible and incompressible models and for two
values of the lithospheric thickness L; s is nondimensionalized
with a characteristic time of 10® years. This figure provides a
reminder of the extent of the distortion of the amplitude spec-
trum that is produced when one plots log,, [1 + k,%(s)] as in
Figure 9. Figure 11 provides a useful summary of the depen-
dence of I; upon L for both compressible and incompressible
models. For both models /,— 0 is L— 0. However, for a fixed
L the isostatic factor I, for the incompressible model exceeds
that for the compressible model by about 250%. It is therefore
clear that if a particular observation requires a particular
value of I to explain it, one must take the elastic compress-
ibility of the real earth (at least of the lithosphere) into ac-
count in the calculation; otherwise one might make a substan-
tial error.

Figure 12 illustrates a sequence of different simplified elastic
earth structures for which the solution (2) has been evaluated
in detail. They consist of a model with homogeneous elastic
properties shown as the dashed lines, a model that has a high-
density core but no internal mantle discontinuities (model 1),
one which includes the effect of the core and the 670-km dis-
continuity (model 2), and finally the most complex model,
which includes the 420-km discontinuity also (model 3). A
complete discussion of the solutions for all of these simple
layered models will be found by Wu and Peltier [1984]. Here
we will focus upon the trade-offs involved between litho-
spheric thickness L and deep mantle viscosity v,y for the most
complicated of these elastic structures, namely, that labeled 3
on Figure 5. We will assume that the rotational data should
be sensitive to the planetary average value of lithospheric
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Fig. 11. Plot of the isostatic factor I, as a function of lithospheric

thickness L for both compressible and incompressible models, which
are otherwise identical. Note that the isostatic factor for the incom-
pressible model is about 2.5 times larger than that for the compress-
ible model for all values of L.
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Fig. 12. Elastic properties for a sequence of simplified incom-
pressible earth models. V; is the shear wave velocity and p the density.
Only the compressibility of the lithosphere is retained.

thickness L = (2LO + LC)/3 and thus that the mean conti-
nental thickness will be given by LC = 3L — 2LO, where we
have further assumed that the earth’s surface is two-thirds
oceanic and one-third continental. Some information will also
be provided on the sensitivity of the polar wander datum to
the presence of internal density discontinuities in the mantle in
order to emphasize the high degree of sensitivity that it pos-
sesses to all of the characteristics of the internal viscoelastic
structure.

Figure 13 shows a plot of the secular determinant (DET) for
the degree 2 response, the zeros of which determine the dis-
crete spectrum of N inverse decay times s;, which are required
in the solution (9). Also shown in this figure is the degree
N — 1 polynomial (POL = Qy _,), whose zeros determine the
discrete set of N — 1 associated relaxation times 4;, which also
appear in this solution. Model 3 has nine modes s, and there-
fore eight associated inverse relaxation times 4;. These modes
are labeled in Figure 14, which shows their fractional
strengths §; = r;/s;/Zr;/s; for surface load forcing and g;=
t;/s;/Zt;/s; for tidal forcing. The mode labeling procedure is as
by Peltier [1976], MO being the (dominant) mode supported
by buoyancy across the free outer surface of the model, LO by
the lithosphere-mantle interface, CO by buoyancy across the
mantle-core interface, and M1-M2 by buoyancy forces across
the 670- and 420-km discontinuities, respectively. The modes
labeled T1-T4 are transition modes that are not efficiently
excited [Peltier, 1976]. Inspection of Figure 14 shows that the
fractional strengths of the modes for surface load and tidal
forcing are significantly different from one another. These dif-
ferences are such that MO carries a substantially greater frac-
tion of the variance in the tidal spectrum than it does in the
surface load spectrum. The greatest difference, however, is in
the importance of the M1 mode. It is quite strongly excited by
surface load forcing but only very weakly excited by tidal
forcing. We note here, as previously, that the presence of the
M1 mode is supported by the buoyancy force, which has been
assumed in the model to operate across the 670-km disconti-
nuity when it is deflected by an imposed surface or tidal load.
Because of the differential sensitivity of this mode to excitation
by tidal and surface load forcing and because this differential
sensitivity is very important in the solution (9), the observed



11,314

SGN (DET) * LOG o (ABS(DET))

((,,01x70d) 58v)0'907) * (10d) N9S

=308 | - L 1 1 | =
-6 -5 -4 iy -2 -1 0 I
LOG 5(-5)
Fig. 13. Plot of the secular function (DET) for elastic model 3 of

Figure 15 and of the associated polynomial (POL). The zeros of DET
determine the discrete spectrum of N inverse relaxation times s;, and
the zeros of POL determine the discrete spectrum of N — 1 inverse
relaxation times /4;.

polar wander in the ILS path might eventually prove a useful
datum for discriminating as to whether the M1 mode is re-
quired in the earth model. A brief discussion of the importance
of this effect on the polar wander prediction will be provided
below.

Of greatest interest for our present purpose, however, is the
result shown in Figure 154, which summarizes the region of
LC — vy space within which it is possible to fit the polar
wander speed obtained from the data shown in Figure 8. In
obtaining LC from L we have assumed a mean thickness for
oceanic lithosphere of 60 km. Any combination of LC and v,
within the hatched regions will fit the observed speed of 0.95
deg/10° years to within the observational error of 0.15 deg/10®
years. The trade-off calculation has been performed for a
single and most plausible choice of the time 1 of the observa-
tion from the midpoint of the final deglaciation event in the
model, and at this time the boundaries of the region in which
acceptable solutions exist have been drawn for models as-
suming seven prior 10%-year cycles of loading. Further in-

100
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crease of the number of prior cycles from the maximum of
seven that we have employed here does not lead to any signifi-
cant change in the location of the boundaries. Since oxygen
isotope data from deep-sea sedimentary cores seem to require
t' between the values of 11 and 12 kyr, the model appears to
require a value of LC that is near 200 km when the lower-
mantle viscosity is fixed to the value near v,y = 3 x 10?! Pas,
which is required by recently analyzed Lageos laser ranging
data [Peltier, 1983]. This value of LC is somewhat smaller
than that inferred from the sea level data, but there are several
possible explanations of this discrepancy.

One of these is illustrated by the trade-ofl diagram between
Ap/p (670 km) and v,y shown in Figure 15b. The models
employed here are of type 2 on Figure 12; that is, they have a
single density discontinuity at 670-km depth in the mantle,
which is capable of producing a buoyancy force when it is
deflected from its equilibrium position by surface loading. The
polar wander calculations that delivered the bounds shown on
Figure 15b employed an earth model with lower-mantle den-
sity of p.y = 4372 kg m *, while the upper mantle density
was varied through the sequence pyy = 4372, 4300, 4200, and
4100 kg m~ to produce the sequence Ap/p,y = 0, 1.65, 3.93,
6.22% of values of the percent change of density in the model
at this depth. The sequence of associated elastic shear wave
velocities employed was 6117, 5947, 5711, 5475 m s~'. The
results of the polar wander speed calculations for this se-
quence of models (with L fixed at 120.7 km) show that the
polar wander speed prediction is also sensitive to the presence
of any nonadiabatic density variation that may exist at
670-km depth. For fixed v,y and L, increasing Ap/p (670 km)
increases the predicted speed. Clearly, the lower value of LC
implied by the polar wander speed calculations summarized in
Figure 15a from that implied by the U.S. East Coast RSL data
could be increased by decreasing Ap/p (670 km) below the
6.2% used for the models of Figure 15a. It is not my purpose
here to suggest that this avenue is required, however, but only
to point out that the sensitivity of the polar wander datum is
such that too much should not be made the discrepancy of the
value of LC inferred from it and that suggested by the RLS
data. The latter provide by far the more unambiguous esti-
mate of this parameter. A second and more reasonable expla-
nation of the discrepancy between LC inferred flexurally and
LC inferred from the rotation data is that not all continental
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Fig. 14. Fractional strengths for tidal and surface load forcing of the nine modes of viscoelastic relaxation supported
by the radially heterogeneous structure of model 3 of Figure 15. The fractional strength denotes the fraction of the total
viscous relaxation that is carried by the mode in question; thus the sum of the fractional strengths over all modes equals

unity.
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Fig. 15. (a) Trade-off between continental lithospheric thickness LC and lower-mantle viscosity v, for elastic model 3
of Figure 12. The calculations employ fixed Ap/p (670) = 6.2%, and the predicted polar wander speed is for a time ' = 11
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deg/10° years. (h) Trade-off between Ap/p (670) and lower-mantle viscosity v, for a sequence of calculations with fixed
' = 120.7 km. The solid lines on each plate show the upper and lower bounds (in degrees per million years) the broken
lines are for the preferred values of 0.95 deg/10° years for the present polar wander speed.

lithosphere has the enhanced thickness inferred from the
former method (e.g., the Basin and Range Province of the
continental United States).
5. CONCLUSIONS

In this paper I have provided a preliminary quantiative
analysis of two different sets of geophysical data, both of
which appear to require a continental lithospheric thickness
near 200 km for their understanding. Although the measure-
ment based upon RLS data is unambiguously associated with
the thickness of continental lithosphere, LC, the number ob-
tained from the rotation data is presumably a planetary
average value L. To infer LC from the rotation data, we are
obliged to assume that L represents a geometric average of LC
and LO. Only by assuming that the average oceanic value is
known can we then constrain LC with these data. It is in-
teresting that when we employ seismic surface wave data to
constrain the average value of LO to a value near 60 km, the
rotation data then imply a value of LC that is somewhat
lower than that suggested by the RSL data from the East
Coast of the United States (i.e., near 200 km compared with
the value near 245 km, which was apparently required by the
RSL data). Some of this discrepancy can be understood in
terms of the trade-off between LC and v, in the RSL calcula-
tion. The data shown on Figure 3 establish that the modest
increase of v, required by the Lageos data, from the nominal
upper mantle value of 10*! Pa s to a value near 3 x 10! Pa s
for vy, is such as to allow one to fit the East Coast RSL
observations with a somewhat smaller value of LC than the
uniform mantle viscosity calculations require. We have also
shown in the previous section that the value of LC suggested
by the polar wander data would be increased if the nonadia-
batic increase of density (or effectively nonadiabatic increase
of density) across 670-km depth were considerably smaller
than the 6.2% employed for the variable L polar wander
analyses. A more important bias on the rotationally inferred
LC is probably that due to the neglect of regions (like the
Basin and Range) where LC is known to be small.

In any event, and on the basis of the arguments presented
here, it seems clear that the thickness of the continental litho-
sphere must be considerably greater than the value of 120 km
previously obtained by McConnell [1968] and Walcott
[1970¢] on the basis of rebound and flexure analysis and rein-
forced by Sclater et al. [1980] using arguments based upon the
analysis of heat flow data. On the other hand, our analyses do
provide some support for the larger value of continental litho-
spheric thickness preferred by Jordan [1981] on the basis of
body wave seismic and petrological data.

The implications of the analysis presented here are varied. If
the continental lithospheric thickness is as great as our data
appear to require, then there are several different geodynamic
models, for example, those for continental collision and for
sedimentary basin formation, which will certainly require re-
vision.

Finally, although it is unlikely that the qualitative con-
clusion reached here, that LC must be much greater than 120
km, will require modification as effort continues, it should be
obvious that as yet we have not explored all of the trade-offs
involved between allowed variations in the mantle viscosity
profile and variations of the lithospheric thickness in the con-
text of different models of the internal elastic structure. These
trade-offs are currently being assessed during the course of an
analysis of the complete inverse problem for mantle viscosity
using the formalism developed by Peltier [1976]. In this
analysis we are employing all four currently available types of
isostatic adjustment data: (1) relative sea level histories, (2)
free air gravity anomalies, (3) nontidal acceleration of rotation
and J, data, and (4) polar wander constraints. A recent sum-
mary of what has been learned through analysis of the for-
ward problems for each of these observations is provided by
Peltier [1982]. Results [rom the application of formal inverse
theory to the same data will be presented in future pub-
lications.
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