commensurate and incommensurate phases, which
we observed in the powder XRD patterns of 2-undec-
anone/urea and 6-undecanone/urea. Other phenom-
ena, such as dislocation effects on the positions of
the Bragg maxima, have not yet been documented.
See (6) and B. E. Warren, Phys. Rev. 59, 693 (1941).

19. The much weaker 3D ordering (with Ay =0 A) (6) of
guests in linear alkane/UICs can be understood in
terms of the same commensurate structures. [The
guest repeats for alkanone/UICs (Table 1) are all
within 0.1 A of those reported for the analogous al-
kane/UICs. See H. U. Lenné, H. C. Mez, W. Schlenk
Jr., Justus Liebigs Ann. Chem. 732, 70 (1970).]

20. To our knowledge, only UICs containing guests with

) Ay = 0Agrow as {001} plates.

21. This common theme of bridging ureas is repeated in
the crystal structure of 2,7-octanedione/urea. In this
context, the pronounced interchannel ordering and
extremely low aspect ratio for 2-tridecanone/urea
(Table 1) can be seen as a special consequence of
the commensurate relation (3¢, = 5¢;,), the bridging
by ureas of the terminal methyl ketone groups, and
the long chain length of the guest (which inhibits
guest protrusion).

22. In cases for which co-inclusion of guests is possible
(such as mixtures of 2-undecanone and 6-undecan-
one), the 3D ordering of guests is diminished consid-
erably, and needles are favored.

23. By solid-state NMR (72) and XRD, which probe intra-
and interchannel ordering of guests, the needles and
plates are structurally indistinguishable.

24, Mean aspect ratios for 2-dodecanone/urea and
2-undecanone/urea grown from isobutyl alcohol
were 6 *+ 2 and 13 + 7, respectively. See (2) for an
alternative role of solvent molecules.

25. In conjunction with this solvent dependence and
(22), we note that the most dramatic example of
habit modification we have observed occurred with
mixed UICs of 1,10-dichlorodecane and 1,10-dicya-
nodecane grown from a 7:1 mixture of the guests
and urea in isobutyl alcohol; the aspect ratios for
these crystals were remarkably high and ranged
from 500 to 2500.

26. The delicate nature of the {001} surfaces of 2-decan-
one/urea crystals resulted in continual etching during
imaging, which prevented an accurate picture of the
surface topography.

27. H. C. Chang, R. Popovitz-Biro, M. Lahav, L. Leise-

Mantle Viscosity and Ice-Age
Ice Sheet Topography

W. Richard Peltier

Ice-age paleotopography and mantle viscosity can both be inferred from observations
of Earth’s response to the most recent deglaciation event of the current ice age. This
procedure requires iterative application of a theoretical model of the global process of
glacial isostatic adjustment. Results demonstrate that the iterative inversion procedure
converges to a paleotopography that is extremely close to that from the ICE-4G model.
The accompanying mantle viscosity profile is furthermore shown to reconcile the re-
quirements of aspherical geoid anomalies related to the mantle convection process, thus
resolving a fundamental issue concerning mantle rheology. The combined model also
explains postglacial sea level histories for the east coast of the United States.

Gilobal signatures of the glacial isostatic
adjustment (GIA) process constrain both
the viscosity of Earth’s mantle and the
~weight of the extensive continental ice
sheets that existed on Earth’s surface at the
last glacial maximum (LGM). The theory
that has been developed to describe the
GIA process (1, 2) involves only these two
unknowns, as the elastic structure of the
spherically symmetric viscoelastic model
Earth is assumed to be fixed to that of the
seismologically constrained PREM (3). The
problem of applying this theory to infer
both deglaciation history and mantle vis-
cosity on the basis of the observed response
to deglaciation is nonlinear. Errors in our
knowledge of either mantle viscosity or de-
glaciation history could, in principle, prop-
agate into our inference of the other. The
widely varying inferences of mantle viscos-
ity that have appeared in recent literature
could thus be a simple consequence of er-

Department of Physics, University of Toronto, Toronto,
Ontario, Canada M5S 1A7.

rors in the deglaciation history (4). Similar-
ly, recently proposed models of the degla-
ciation history may be sensitive [for exam-
ple, see (5)] to errors in the model of the
radial variation of viscosity. Here I show
that the iterative solution of this nonlinear
problem converges to acceptably stable es-
timates of both mantle viscosity and degla-
ciation history and that the global model of
GIA so constrained reconciles the observed
postglacial relative sea level (rsl) history
along the east coast of the North American
continent for the first time.

As a starting point, I used the recently
derived ICE-4G model of the history of
deglaciation since the LGM (1). The vari-
ations in continental ice sheet thickness in
this model were derived by inverting post-
glacial sl histories through the use of a
simple radial profile of mantle viscosity (re-
ferred to herein as M1), a three-layer model
incorporating a lithosphere of thickness
120.6 km, an upper mantle and transition
zone with a viscosity of 10! Pass, and a
lower mantle with a viscosity of 2 X 10?!
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rowitz, J. Am. Chem. Soc. 104, 614 (1982).

28. We have not yet determined the crystal structures
of 2,12-tridecanedione/urea or 2,13-tetrade-
canedione/urea, so the presence of true crystallo-
graphic threefold or sixfold screw axes for these
systems is still in question. For Cg and C,, dik-
etones, the metric properties of the diffraction pat-
terns do not allow us to exclude alternative super-
cells with 9cg = 11c¢y, (Cg) and 7¢g = 11¢y, (Cy),
but the oscillation photographs strongly favor the
commensurate relations.
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Pass. In the family of simple three-layer
parameterizations, this structure is the glob-
ally preferred structure (6, 7) when the
viscosity of the upper mantle and transition
zone is fixed to the nominal value of 10%!
Pass originally inferred by Haskell (8) on
the basis of his analysis of the postglacial
rebound of Fennoscandia. The ICE-4G de-
glaciation history differs significantly from
that of CLIMAP (9) and is currently in use
internationally as a lower boundary condi-
tion for a new generation of atmospheric
general circulation model reconstructions
of LGM climate. The issue of the validity of
ICE-4G is therefore rather important. 1 in-
vestigate this matter by fixing the deglacia-
tion history to ICE-4G and then refining
the viscosity profile by applying well-estab-
lished formal procedures. The refined vis-
cosity profile (M2) was then used to recom-
pute the response to deglaciation on which
basis the ICE-4G model was originally in-
ferred to demonstrate that full convergence
of the solution is obtained with minor mod-
ification to ICE-4G.

Mantle viscosity from GIA. The formal
procedure used to refine M1 was developed
in a series of recent articles (10-12) in
which the methodology of Bayesian infer-
ence (13) plays a critical role. The data (11,
12) include the relaxation spectrum for the
postglacial rebound of Fennoscandia (14)
(see Fig. 3B for a plot of the spectrum) and
site-specific relaxation times inferred from
14C-dated emergence histories from six sites
surrounding the Gulf of Bothnia, seven sites
surrounding Hudson Bay, and 10 sites in the
Canadian Arctic (Fig. 1, A and B). The
formal inversion is also constrained by two
anomalies of Earth’s present rotational state
(I1): the ongoing wander of the planet’s
axis of rotation at the rate of ~0.95° per
million years along the 76°W meridian and
the so-called nontidal acceleration of the
rate of axial rotation. This nontidal accel-
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eration corresponds to a rate of change of
the degree-two zonal harmonic of the grav-
itational potential, J,, in the range —2.5 X
107" to —3.5 X 107" year™! (11). With
the exception of these rotational con-
straints, the data in this set are either inde-
pendent (the Fennoscandian relaxation
spectrum) or only weakly dependent (site-
specific relaxation times) on the history of
surface loading (10). Such data therefore
provide a means of suppressing the nonlin-
earity of the inverse problem through which
errors in the loading history can propagate
into errors in the inference of viscosity.

Each of these measures of the response of
the planet to the last deglaciation event of
the current ice age may be related to the
mantle viscosity profile through a relation
of the form

3R = Jnrz FK(r) 8log v(r) dr (1)
!

h

in which 8R is the variation of the response
that is induced by a variation in the radial
profile of mantle viscosity v(r) (parameter-
ized in terms of its logarithm). The functions
FK(r) are the Fréchet kernels (13), which
measure the sensitivity of the response to
depth-dependent variations of viscosity. For
the individual components of the Fen-

noscandian relaxation spectrum, the values
of FK(r) have been derived analytically on
the basis of a viscoelastic extension of Ray-
leigh’s variational principle of elasticity (15).
For both the site-specific relaxation times
and the rotational data, the values of FK(r)
must be determined by direct numerical
analysis based on the construction of multi-
ple solutions of the forward problem for post-
glacial rsl history (10) using the theory de-
scribed in (1, 2). The Fréchet kernels for all
three data types are complementary (Fig. 2):
(1) The Fennoscandian relaxation spectrum
provides excellent coverage of the upper
mantle and transition zone; (ii) the site-
specific relaxation time data extend this sen-
sitivity into the lower mantle, with the max-
imum sensitivity of Fennoscandian data re-
siding in the transition zone and the maxi-
mum sensitivity of the Laurentide data
residing in the upper part of the lower man-
tle; and (iii) the rotational data provide sen-
sitivity from the surface to the core-mantle
boundary. The depths of maximum sensitiv-
ity of the site-specific relaxation times from
central Fennoscandia (Angermanland) and
Canada (Bathurst Inlet), revealed by inspec-
tion of the Fréchet derivatives, demonstrate
this differential sensitivity. It is precisely be-
cause of the complementary nature of these
data, along with their weak dependence on

Fig. 1. (A) Fennoscan-
dian, (B) Canadian, and
(C) North American
east coast locations
from which 14C-dated
rsl data were taken for
the analyses. The rsl
data from the Canadi-
an and Fennoscandian
sites are all dominated
by postglacial rebound
of the crust and are
characterized by an ex-
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surface of the sea since deglaciation was complete. The time constants for rebound at these sites ( Table
1) constitute one of the primary data sets used to infer the depth dependence of mantle viscosity.

Fig. 2. Fréchet kernels FK(r) for the 0

three different types of data used to
infer the depth dependence of
mantle viscosity. (A) Kernels for in-
dividual spherical harmonic constit-
uents of the Fennoscandian relax-
ation spectrum (74). (B) Kernels for
the relaxation time observation at
Angermanland,  Sweden, and
Bathurst, Canada, for M1 (thick line)
and the uniform viscosity model
(thin line). (C) Kernels for both polar
wander speed (PW) and the non-
tidal acceleration of rotation (J2) for
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M1 (thick line) and the uniform vis-
cosity model (thin line).
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deglaciation history (the rotational data do
not share this characteristic), that makes the
combination of them so useful for mantle
viscosity inference. We have also computed
the Fréchet derivatives for two different start-
ing models. One is M1, and the other is a
model with a uniform mantle viscosity of 0.9
% 10%! Pas from the base of the lithosphere
to the core-mantle boundary and a litho-
spheric thickness of 120.6 km. Comparison of
the kernels for these two starting models (Fig.
2, B and C) provides a measure of the extent
to which the inverse problem for viscosity
has been successfully linearized through use
of the logarithmic parameterization.

The radial profiles of mantle viscosity
obtained from the formal inversion of all of
the data (Fig. 3A) are essentially the same,
independent of the starting model. The Fen-
noscandian relaxation spectrum constrains
the upper mantle and transition zone viscos-
ity to ~0.4 X 10%! Pa-s, slightly lower than
the nominal value of 10?! Pass originally
inferred by Haskell (8). Below the 660-km
discontinuity, the viscosity rises somewhat,
but less so than in many early analyses (16)
based on nonhydrostatic geoid data. The
inversions initialized with M1 and the uni-
form-viscosity model (called M2 and M3,
respectively) deliver radial variations of
mantle viscosity whose averages from the
base of the lithosphere to a depth of 1171
km (a radius of 5200 km) are, respectively,

22 T T T
A
n -
© = =
1
2
2 21t
§ Uniform viscosity
5
D J
<) .
- M3
20 L . . L . |
3000 2500 2000 1500 1000 500 0
Depth (km)
’g .
g 1.2 B ) T . T T T
m - Fit to five beaches ,
=) ) .
= } Fit to six beaches
=
o o8 * Angermanland (raw data) i
£
c
.
® 04F
x
© *
[
§ 0.0 . . . .
g 10 1.2 1.4 1.6 1.8 2.0
c

log (Degree)

Fig. 3. (A) The a posteriori viscosity models ob-
tained by simultaneously inverting all three data
sets for which sample Fréchet derivatives are
shown in Fig. 2. (B) The McConnell (74) relax-
ation spectrum for Fennoscandia (symbols)
compared with the fit achieved with models M1
and M2 (lines). The misfit at high wave number
suggests that the viscosity in the immediately
sublithospheric region may have to be further
reduced.



0.87 X 10%! and 0.76 X 10?! Pas. The
difference between each of these values and
the nominal viscosity inferred by Haskell (8)
is small. No pronounced increase of viscosity
across the 660-km discontinuity exists in
these models, and any such variation in the
radial average over a length scale of 500 km
or greater on either side of this horizon is
ruled out. This result is in accord with many
earlier analyses of glacial rebound data (17).
Comparison of the two final models shows
that the thin high-viscosity feature near the
660-km discontinuity in the M2 model is an
artifact of the step discontinuity in viscosity
that characterized M1 at this depth. The
existence of a feature of this kind is not ruled
out by the data, however, and because such
a feature might be expected on physical
grounds if the convective circulation were
episodically layered by the influence of the
660-km phase transformation [see (18) for a
discussion], models in this class are especial-
ly interesting. Models with a thin low-vis-
cosity layer directly above the 660-km dis-
continuity (19) are also not excluded.

In both inversions, the viscosity of the
mantle below a depth of about 1200 km is
inferred to be ~3.5 X 10%! Pas. A higher
viscosity would be inferred for the lower
800 km of the mantle if we were to include
the influence on the rotational data of con-
tamination associated with the present-day
melting of land ice on Antarctica and
Greenland (11, 12). The viscosity in this
lowermost region of the lower mantle could
therefore be as high as 10?2 Pa's. The best
two-layer approximation to the M2-M3 av-
erage would have the interface near a depth
of 1170 km and an increase in viscosity by
a factor of 4 across it. This two-layer model
is similar to M1, in which the interface was
assumed to occur at the depth of the 660-
km discontinuity and the inctease to be by
a factor of 2 from the nominal Haskell value
of 102! Pas. That the increased depth to the
region of higher viscosity in the formally
derived models should be accompanied by
an increase in the viscosity enhancement is
clear on the simplest physical grounds. The
viscosity increases across the entire mantle
in these models, from the region immedi-
ately beneath the lithosphere to the core-
mantle boundary, by a factor of 10 to 20.

Comparison of the Fennoscandian relax-
ation spectrum (14) with the fit to this spec-
trum achieved with viscosity models M1 and
M2 (Fig. 3B) demonstrates that M1 predicts
relaxation times that are excessively high for
all wave numbers, whereas M2 fits the ob-
served spectrum extremely well at the long-
est wavelengths. The critical wave number
beyond which relaxation times decrease is
strongly controlled by lithospheric thickness;
this property of the observed spectrum is also
well fit by M2, although the shortest relax-

ation times are not, because only the relax-
ation times in the stable long-wavelength
tail of the spectrum were used in the formal
inversion. Also shown in Fig. 3B is the re-
laxation time deduced by Monte Carlo fit to
the rsl history at Angermanland River (Fig.
1). That the relaxation time at this site is in
accord with that for the longest wavelength
components of the McConnell spectrum is
strong evidence that the quality of this data
set is high at longest wavelengths. To further
verify the nature of the fit of the a posteriori
models to the data, we present in Table 1
prior and a posteriori model fits to the char-
acteristic relaxation times observed at the
sites shown in Fig. 1, A and B.

Validation of the mantle viscosity mod-
el. To establish that the refined viscosity
structure is a substantial improvement on
M1, it is necessary to demonstrate that the
model has predictive power. We have there-
fore examined rsl histories from the east
coast of the North American continent and
the northern coast of the South American
continent. Our database of *C-dated rsl his-
tories (7) contains time series from a large
number of such locations (17 of which are
shown in Fig. 1C). It has previously proven
difficult to reconcile the rsl time series from
the northernmost part of this region except
by the introduction of an unacceptably large
(20) enhancement of lithospheric thickness
(7, 21). The combination of ICE-4G with
the refined viscosity profile M2 fits the ma-
jority of the data from sites along this coast
without any increase of lithospheric thick-
ness from the value of 120.6 km that char-
acterizes M1 (Fig. 4). In contrast, M1 over-
predicts the rate of sea level rise at all sites
along the northernmost segment of the
coast. With the exception of the tightly
clustered set of four locations south of New
York (Brigantine, Chester River, Cape May,
and Bowers, Delaware), the fit at all sites is
better in M2 than in M3, the latter of which
has too low a viscosity in the upper mantle
and transition zone (Fig. 4). The refined
model M2 was recently used (20) in conjunc-
tion with ICE-4G in an analysis of the secu-
lar trend of sea level recorded on the U.S.
east coast in order to extract an improved
measure of the residual signal that could be
related to climate change [as discussed previ-
ously from a global perspective (22)].

Unlike the site-specific relaxation time
data from locations within the LGM mar-
gins of Laurentide and Fennoscandian ice
that were used to constrain the viscosity
models and are only weakly dependent on
deglaciation history, the rsl time series from
sites that straddle the collapsing glacial
forebulge, which dominates the dynamics
along the U.S. east coast, depend strongly
on deglaciation history as well as on the
radial viscosity profile. The good fit to these

SCIENCE « VOL.273 =

6 SEPTEMBER 1996

f RESEARCH ARTICLES

data would be destroyed if either the degla-
ciation model or the viscosity profile were
substantially modified.

The stability of ICE-4G. To further eval-
uate the stability of the ICE-4G reconstruc-
tion, we considered the response to deglacia-
tion from the perspective of global and re-
gional maps of the present-day rate of rsl rise.
To construct these predictions, we per-
formed gravitationally and topographically
self-consistent analyses (1) with the sea level
equation, using ICE-4G as input along with
viscosity models M1 and M2 (Fig. 5). The
difference between the two predictions (Fig.
5) is largest in the region along the U.S. east
coast whose dynamics are governed by the
collapsing forebulge of the Laurentide ice
sheet. The refinement of M1 to produce M2
thus leads to a strong modification of the
response only in the geographical region in
which the misfit of the M1-based theory to
the observations was most pronounced. The
M2-based model rectifies this misfit. For
most of North America, the differences in

Darien, GA

’ Charleston, SC

Everglades, FL

-6 4 2 0 -6 4 2 0

Time (103 years before present)
Fig. 4. Comparisons of predictions of the gravita-
tionally and topographically self-consistent theory
of postglacial rsl change with '“C-dated observed
histories (crosses) for 16 sites along the east coast
of the continental United States (Fig. 1C). The rsl
histories predicted using ICE-4G (M1) overpredict
the present-day rate of rsl rise at every point along
the northern position of the coast (dotted lines).
The predictions produced using the combination
ICE-4G (M2), on the other hand, fit the data ex-
tremely well (dashed lines). M3 (solid lines) is no-
tably inferior, except at the four closely spaced
points south of New York (Bregantine, Cape May,
Chester River, and Bowers).

1361



the predictions for the ice-covered region
between M1 and M2 are small (Fig. 6),
demonstrating that no significant adjust-
ment to the ICE-4G thickness history is
required to accommodate the modification
to the viscosity structure.

The Fennoscandian ice sheet in north-
western Europe represents about 10% of the
total ice mass in [CE-4G. In the M1-based
model, the present-day rsl-fall signal over
the Gulf of Bothnia reaches a maximum of
1.1 cm year~!, whereas it is 0.72 cm year™!
for the M2-based model (Fig. 6). Because
the observed maximum rate of rsl fall in this
region is near 0.9 mm year™! (23), the M1-
(M2-) based model overpredicts (underpre-
dicts) this rate. The reason why the present-
day response at the center of Fennoscan-
dian rebound is significantly reduced in
the M2-based calculation is evident from
the Fréchet kernels for the individual
components of the Fennoscandian relax-
ation spectrum (Fig. 2). The rebound pro-
cess in this region is most sensitive to
upper mantle and transition zone viscosi-

Fig. 5 (right). Global predictions of the present-day rate of rsl rise for M1 and M2 and the
difference between those predictions (M1 — M2).
predictions of these two models occurs in the region of postglacial forebulge collapse
along the east coast of North America. The diminished rate of rsl rise in this region
predicted by the M2-based model, which allows the ICE-4G deglaciation history to
achieve the high-quality fit to the observations shown in Fig. 4.
Site-dependent relaxation times from Hudson Bay, Arctic Canada, and Fennoscandia. T
denotes the observed relaxation times (with standard errors) (which were estimated by a
Monte Carlo procedure), and T, denotes the predicted relaxation times based on M1. T,
denotes the relaxation times for the final model obtained by formal inversion of the
complete data set, which includes the McConnell relaxation spectrum and the two
rotational constraints as well as the site-specific relaxation times listed here. Unif., uniform

viscosity model.

ty, and it is precisely over this depth range
that viscosity has been reduced in the
refinement of M1 to produce M2. The
isostatic adjustment process therefore pro-
ceeds more quickly in Fennoscandia in the
M2-based model, leading to a significant
reduction in the predicted present-day
rate of rsl fall when the loading history is
held fixed to ICE-4G.

Because the M2-based model now under-
predicts the observed maximum present-day
rate of rsl fall in Fennoscandia, the process of
iterative refinement must be continued. The
difference between the original LGM thick-
ness in the ICE-4G model for northwestern
Europe and that for the refinement required
to accurately predict the present-day ob-
served rate of rsl fall over Fennoscandia using
the M2 viscosity profile is shown in Fig. 7A.
The adjustment to the ICE-4G thickness
history required to eliminate the misfit is
very modest over most of the region, reach-
ing a maximum of 800 m in a localized
region centered over the head of the Gulf of
Bothnia. As a fraction of the total mass of

The largest deviation between the

Table 1 (below).

T, (10° years) T, (103 years) T, (103 years)
Sites

axzb M1 Unif. M2 M3

Hudson Bay
James Bay 3.64 = 0.68 6.69 4.66 5.01 4.55
Ottawa Island 3.06 + 0.52 4.92 2.50 416 3.67
Ungava Pen. 3.34 £ 0.83 410 1.90 4.09 3.70
Richmond Gulf 7.23 +3.18 5.84 3.64 4.62 4.04
Churchill 5.70 £ 2.02 5.23 3.09 4.66 4.18
Keewatin 5.73 = 4.60 4,99 3.13 4.47 410
Southampton (Is) 4,69 * 1.61 4.60 2.55 4.24 3.89

Arctic Canada
Sam Ford Fiord 5.35 + 3.49 4.32 3.10 5.28 5.56
Tay Sound 277 +1.29 4.20 2.75 4.57 5.04
Milne Inlet 4.35 * 2.52 4.54 3.18 4.66 5.11
Baird Pen. 4.50 +1.50 5.62 4.42 5.64 6.00
Ipik Bay 2.95 + 0.67 6.19 4.83 5.95 6.31
Igloolik Is. 4.63 +1.94 5.40 3.99 4.99 5.10
Bathurst Inlet 493 +2.14 5.66 3.84 5.03 4.83
Somerset Is. 5.38 + 4.00 4.25 2.37 4.62 4.98
Cape Storm 5.57 = 2.11 5.00 3.68 4.70 5.36
Bay Fiord 5.82 + 3.26 6.33 4.97 5.08 5.73

Fennoscandia
Ingoy 6.75 + 4.18 6.90 7.01 6.22 4.65

Bjugn 5.51 +2.36 9.71 7.06 5.70 5.49 8 24
Oslo 6.08 = 1.57 8.26 6.44 5.34 5.62
Fjallbacka 560 *1.77 12.00 8.63 7.82 7.35
Stockholm 3.25 £ 0.73 8.45 6.34 5.75 4.95
Angermanland 494 +1.41 8.57 6.52 5.27 5.08
1362 SCIENCE e« VOL.273 ¢ 6 SEPTEMBER 1996

Fennoscandian ice in ICE-4G, the in-
crease in the ice load is about 15%. From
a global perspective, the increased eustatic
rise effected by the adjustment to ICE-4G
is 1.6 m, less than 2% of the ICE-4G total.
The present-day predicted rate of rsl fall
for the Fennoscandian region according to
the thickness history that incorporates the
required adjustment to ICE-4G and the
M2 viscosity model (Fig. 7B) now satisfies
the observational constraints (23).

Because the ICE-4G model is highly sta-
ble under refinement of M1 to produce M2,
it is clear that the previously produced pa-
leotopographic maps (1) now in use by the
Paleoclimate Model Intercomparison Project
require no significant modification.

Mantle viscosity. Several earlier radial
viscosity models [see (24)] also based on
interpretations of GIA data (Fig. 8A) are
clearly incompatible with models M2 and
M3 in that they are characterized by exces-
sively high viscosity in at least the upper-
most part of the lower mantle. Detailed anal-
yses of these regionally derived comparison

004082 6
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models using the formal theory of Bayesian
inference (10) have shown them to be sub-
optimal. Our work demonstrates that such
regionally distinct models are not required to
reconcile the observational data, implying
that the GIA phenomenon is relatively in-
sensitive to the lateral viscosity variations
that must exist in the convecting mantle as

A0 0 0 8 A
Sea level rise (mm/year)

=14 =12

a result of the thermally activated nature of
the solid-state creep process. Of these re-
gionally derived models, the closest to the
M2-M3 average is that deduced by Lambeck
etal. [L]JN (24)] on the basis of trial and error
fits to Fennoscandian rebound data. Al-
though this model is unacceptably stiff in the
upper 500 km of the lower mantle, the vis-

14 12 <10 8 -6 4 2 0O 2 4
Sea level rise (mm/year)

Fig. 6. Predictions of present-day rsl rise for the regions of North America and northwestern Europe that
were covered with ice at the LGM. For each region, the predicted rates of rsl rise are shown for both M1

and M2.
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Fig. 7. (A) The LGM adjustment to ice sheet thickness (in meters) that must be introduced to correct the
small misfit of ICE-4G (M2) to observations of the present-day rate of uplift of the land relative to the sea
in Fennoscandia. (B) The present-day rate of rsl rise over Fennoscandia predicted with the modification

to ICE-4G shown in (A).
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cosity in the upper mantle and transition
zone, which controls the response in Fen-
noscandia according to the Fréchet deriva-
tives (Fig. 3), is essentially the same as that

" in the M2-M3 average profile. It is notable

that all of the comparison models (Fig. 8A)
are similar to M2-M3 in this region; only in
the lower mantle are they unacceptably stiff
according to these formal analyses.

Radial viscosity models based on anal-
ysis of nonhydrostatic geoid (NHG) anom-
alies related to the process of mantle con-
vection have also been produced (Fig. 8B),
and the relation of these to the GIA-de-
rived results is especially important. The
earliest of such models (such as HR in Fig.
8B) was characterized by an increase in
viscosity by a factor of 100 across the 660-
km seismic discontinuity. More recent anal-
yses of the same data with improved theo-
retical models have demonstrated that such
extreme variations of viscosity are not re-
quired, although these models (RW and
FPDW on Fig. 8B) are at least superficially
discordant with our inferences based on
GIA analysis. That such disagreement is
only superficial, however, is demonstrated if
we superimpose a rescaled version of the
most recent NHG-derived model (18) and
M2 (Fig. 8C). In this context, rescaling
simply involves multiplication of the vis-
cosity profile by a constant (in this case,
0.37), a modification that does not impact
the fit of theory to the NHG data (I8).

23
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Fig. 8. (A) The M2-M3 average viscosity profile
(solid line) compared to three alternative viscosity
models previously inferred on the basis of glacial
isostatic adjustment data. (B) The M2-M3 average
viscosity profile (solid line) compared to three al-
ternative viscosity models previously inferred on
the basis of nonhydrostatic geoid anomaly data.
(C) The M2 viscosity profile compared with the
profile recently inferred on the basis of nonhydro-
static geoid (NHG) analyses (78) in which the latter
profile has been rescaled by dividing the viscosity
at each depth by a factor of 2.7. See (24) for curve
labels and citations.
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Models RW and FPDW (Fig. 8B) can be
similarly rescaled to bring them into equally
close accord with the M2-M3 average de-
duced on the basis of our GIA analyses.
Also shown on Fig. 8C as heavy dashed
lines are the modifications to M2 that are
effected by specific modifications to the
input data set. The deepest of the regions so
delineated is one in which viscosity is ele-
vated so as to overlap more precisely with
the NHG result when account is taken of
the contamination of the rotational data
that may be caused by the ongoing rise of
mean global sea level (11, 12). In the shal-
lowest of these regions, immediately be-
neath the 660-km discontinuity, the slight
diminution of viscosity below that in M1
and the NHG result may be eliminated by
constraining the GIA-derived viscosity
model so as to predict the maximum free-air
gravity anomaly that is compatible with the
rsl observations. The thin layer of low vis-
cosity in the NHG-derived result does not
represent a significant departure from the
GIA profile, because the GIA data are not
particularly sensitive to its presence.

That GIA- and NHG-derived radial vis-
cosity profiles have been shown herein to
be fully compatible [see also (11, 12)] is
extremely important. This result goes to the
heart of our understanding of mantle rheol-
ogy, for it implies that the solid-state creep
mechanisms that govern mantle flow are
not significantly transient. The viscosity
that governs the relatively short time scale
GIA process is essentially the same as the
viscosity that governs the long time scale

Fig. 9. (A) Free-air gravity A

anomalies over the Lau- M1

mantle convection process that is required
to support observed NHG anomalies. Be-
cause non-Newtonian creep mechanisms
are by necessity transient, our result suggests
that viscous mantle dynamics may be essen-
tially Newtonian in the sublithospheric re-
gion where temperatures approach the
melting temperature. This conclusion is
highly significant.

That the GIA- and NHG-derived viscos-
ity structures are fully compatible also enables
resolution of what has been recognized as a
profound geophysical paradox (25) related to
the origin of the free-air gravity anomaly over
the Laurentian platform that is centered on
Hudson Bay. The maximum predicted
present-day free-air gravity anomalies over
this region (Fig. 9) for the M1- and M2-based
models of GIA in the spherical harmonic
degree range from 2 to 8 based on calculations
that account for the influence of past cycles of
glaciation and deglaciation (26) are, respec-
tively, 11 and 8 mgal, whereas the observed
anomaly in this degree range (25) is near 28
mgal. The dominant contribution to the free-
air gravity anomaly over Laurentia must
therefore lie in the mantle convection process

rather than in glacial isostatic disequilibrium. -

On the basis of detailed theoretical analyses in
which the results of seismic tomography are
used to constrain the internal density field,
the convection contribution can be accurate-
ly modeled (18, 27). The total anomalies
derived from the superposition of these two
contributions (Fig. 9) fit the observations (25)
extremely well and thus settle this additional
outstanding issue.

M2

rentian platform based
on GIA analysis (25) us-
ing viscosity models M1
and M2 and computed in
the range of spherical
harmonic degree from
2 through 8. (B) Total
anomalies from the su-
perposition  of  that
caused by the GIA pro-

cess and that caused by
mantle convection com- B

M2 + SF1K

puted using mantle to-
mography model SF1K
(27). The latter process
dominates the observed
signal described in (25).
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