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Abstract

Postglacial rebound is the response of the Earth to the decay of ice-sheets. A postglacial rebound model explains crustal tilting and
rapid uplift at the northern Cascadia subduction zone that occurred during retreat of the Cordilleran ice-sheet. Observations
explained by the model include the shoreline tilts of two proglacial lakes that formed at 13.5}14 ka (14C yr ago) and rapid sea level fall
(land uplift) at 12}12.5 ka. Modelled mantle viscosity values range from 5]1018 to 5]1019 Pa s, and are consistent with previous
viscosity inferences from observations of crustal deformation following subduction zone earthquakes (1018}1019 Pa s). No lower limit
to subduction zone mantle viscosity is apparent from our model, but viscosity values equal to or larger than 1020 Pa s are de"nitely
ruled out. Our modelled subduction zone viscosity values are smaller than most upper-mantle viscosity estimates derived from
postglacial rebound studies of tectonically less-active regions (1020}1021 Pa s). The rapid observed uplift at 12 ka requires, in addition
to a low mantle viscosity, rapid unloading from a sudden collapse of remaining coastal portions of the southern Cordilleran ice-sheet.
The sudden collapse provides 0.18 m of global eustatic sea level rise, approximately 0.7% of the sea level rise associated with
melt-water pulse IA. Predictions of a global postglacial rebound model (ICE-3G) with a 1021 Pa s upper-mantle viscosity were
previously applied to geodetic data from this region to isolate signals associated with the earthquake cycle. Owing to the low-viscosity
values, and resulting rapid recovery of glacial deformation, our model predicts present-day postglacial rebound uplift rates at least 10
times smaller than ICE-3G (less than about 0.1 mm/yr). As the ICE-3G adjustments were substantial, this indicates the need for
re-evaluation of the geodetic data. ( 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

At its maximum extent about 14 ka (14C years ago),
the Cordilleran ice-sheet covered southwestern British
Columbia and Puget Sound in northwestern Washington
state (Fig. 1). During deglaciation from 14 to about 10 ka,
relative sea level fell from 200 m elevation to below pres-
ent-day sea level in the Fraser Lowland of southwestern
British Columbia (e.g., Clague et al., 1982). The amount
of postglacial rebound decreases to the west and south of
the Fraser Lowland.

The oceanic Juan de Fuca plate subducts beneath
western North America at the Cascadia subduction zone.
This area experiences large (M"6}7) earthquakes in the
continental crust and subducting slab (3 in the last 60 yr
in British Columbia and northern Washington State), as
well as great megathrust earthquakes (M"8}9), the
most recent of which occurred 300 yr ago (Satake et al.,

1996). If there is signi"cant crustal motion due to post-
glacial rebound in this area today, it must be estimated
and removed from strain observations in order to under-
stand the crustal strain arising from plate interaction
processes.

According to commonly used global models of post-
glacial rebound, such as ICE-3G (Tushingham and
Peltier, 1991) and ICE-4G (Peltier, 1994), the rebound
process is still causing active crustal deformation at the
western margin of North America at rates comparable to
that due to subduction earthquakes. Hence large correc-
tions have to be made to vertical geodetic data to reveal
earthquake-related deformation. For example, levelling
data across central Vancouver Island reported by
Dragert et al. (1994) showed that the west coast was
uplifting at a rate 2.8 mm/yr faster than 70 km further
inland. The ICE-3G postglacial rebound model, how-
ever, predicts a di!erential crustal motion of 1.2 mm/yr in
the opposite direction. Subtracting the rebound signal
from the levelling data led to an earthquake-related dif-
ferential uplift of 4 mm/yr (Hyndman and Wang, 1993;
Dragert et al., 1994). Because the rebound correction is
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Fig. 1. Tectonic setting of the northern Cascadia subduction zone, where the Juan de Fuca plate subducts beneath North America. Dashed lines show
the depth to the top of the subducting plate (Fluck et al., 1997). Heavy line shows the maximum extent of the Cordilleran ice-sheet at about 14 ka
(Clague, 1983). Location of pro"les from which Puget Sound proglacial lake shoreline tilts were determined are designated RH (Lake Russell-Hood)
and Br (western Lake Bretz). Relative sea level data locations are marked with "lled circles. FL is Fraser Lowland, SG is Strait of Georgia, and JF is
Juan de Fuca Strait.

over 40% of the observed signal, it substantially a!ects
further analyses.

The Cordilleran ice-sheet provides a transient load
that allows study of mantle viscosity at the convergent
Cascadia plate boundary. Many isostatic studies suggest
that upper-mantle viscosities in tectonically active re-
gions are low compared to plate interiors. Isostatic stud-
ies from less tectonically active regions generally favour
upper-mantle viscosities in the range of 1020}1021 Pa s.
Values of 2]1020 and 4}5]1020 Pa s have been esti-
mated for, respectively, the Australian continental coast-
line (Nakada and Lambeck, 1989) and Great Britain
(Lambeck, 1993). A re-examination of the Great Britain
observations, in which the upper-mantle was divided into
several layers, yielded the smallest viscosity values
(2}4]1020 Pa s) at the base of the lithosphere (Lambeck
et al., 1996). Haskell's (1935) canonical upper-mantle
value of 1021 Pa s has been used in modelling Laurentide
and Fennoscandian uplift data (e.g., Tushingham and
Peltier, 1991; Peltier, 1994). Formal inversions of obser-
vations related to Hudson Bay postglacial rebound
yields upper-mantle viscosity pro"les with the smallest
viscosity value around 2]1020 Pa s (Mitrovica and Pel-
tier, 1995).

Some studies of the Fennoscandian uplift, however,
"nd a low-viscosity layer beneath the lithosphere (the
asthenosphere) with viscosity less than 1020 Pa s. In these
studies the viscosity of the remainder of the upper-mantle

is assumed (or found) to be larger, so that the average
upper-mantle viscosity is larger than 1020 Pa s. Mit-
rovica and Peltier's (1993) inversions of Fennoscandian
rebound observations yielded a 90 km thick,
5]1019 Pa s asthenosphere, provided a thin (70 km
thick) lithosphere is assumed. A greater lithospheric
thickness led to a higher-viscosity asthenosphere. Fjel-
dskaar (1994, see references therein for earlier studies
arguing for a low-viscosity Fennoscandian astheno-
sphere) argues that the Fennoscandian rebound data
require an asthenosphere with viscosity less than
7]1019 Pa s and thickness less than 150 km. Some of the
di!erences in interpretation may arise from di!ering as-
sumptions used in calculating the viscoelastic response of
the Earth (Cathles and Fjeldskaar, 1997; Mitrovica,
1997). Recently an e!ort to analyze a comprehensive
northern European data set (including Fennoscandia
and Great Britain) "nds an e!ective upper-mantle viscos-
ity of 3}4]1020 Pa s (Lambeck et al., 1998). Apparently
the expanded set of observations can be explained satis-
factorily without a low-viscosity asthenosphere, although
whether viscosity pro"les featuring a low-viscosity as-
thenosphere can "t the observations equally well was not
determined.

Upper-mantle viscosity values from tectonically active
regions are generally smaller than 1020 Pa s. Most of the
studies focus on regions of active spreading or rifting.
Rapid early Holocene relative sea level changes observed
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Fig. 2. (a) Location of Lake Russell-Hood (triangles) and Lake Bretz
(diamonds) proglacial lake shoreline sites in the Puget Lowland (after
Thorson, 1989). The surface trace of the Seattle fault is dashed; the
shaded region is the projection of the thrust plane of this fault (after
Pratt et al., 1997), (b) Linear regression ("lled triangles and solid line)
showing the tilt of present-day shoreline elevations for Lake Russell-
Hood. Also shown is the linear regression after northern Lake Russell-
Hood sites are corrected for possible movement on the Seattle fault
(open triangles and dotted line; regression includes the four uncorrected
southern points). (c) Linear regression showing the tilt of present-day
shoreline elevations for western Lake Bretz. The eastern Lake Bretz
observations (open symbols) were not included in the regression.

in the mixed hotspot/mid-ocean ridge environment of
Iceland require that the viscosity of the asthenosphere be
less than 1019 Pa s (Sigmundsson, 1991). This is consistent
with crustal tilting related to historical thinning of the
Vatnajokull ice cap in Iceland, which gives a viscosity of
1018 to 5]1019 Pa s (Sigmundsson and Einarsson, 1992).
Relative sea level changes due to hydro-isostasy in the
backarc environment of western Japan indicate an as-
thenospheric viscosity as low as 5]1019 Pa s (Okuno and
Nakada, 1998). Analyses of deformed shorelines of Lake
Bonneville in the Basin and Range province of the western
United States suggest an upper-mantle viscosity in the
range 1019}1020 Pa s (e.g., Nakiboglu and Lambeck, 1983;
Bills and May, 1987), with one recent study placing the
viscosity of part of the upper-mantle (40}150 km depth) at
less than 1019 Pa s (Bills et al., 1994a).

Isostatic studies from subduction zones are limited in
number. An analysis of the highest shoreline of late
Pleistocene lake Minchin in the central Andes above the
subducting Nazca plate indicates that 5]1020 Pa s is
a "rm upper bound on the e!ective upper-mantle viscos-
ity (Bills et al., 1994b). Viscosity values of 1018}1020 "t
the observations equally well. Mid-Holocene sea level
observations in Japan in the forearc are consistent with
a low-viscosity asthenosphere (2]1019 Pa s) less than
50 km thick overlying a 2]1020 Pa s upper-mantle
(Maeda et al., 1992). A low-viscosity layer is not, how-
ever, needed to "t the observations.

This paper uses lake shoreline tilt and relative sea level
observations at the Cascadia margin to develop a
regional postglacial rebound model that predicts present-
day postglacial rebound crustal motion. Mantle viscosi-
ties less than about 1020 Pa s "t the observations well.
These viscosities are lower than those inferred for less-
active plate interiors; they may result from hydration of
the mantle wedge between the subducting oceanic plate
and continental lithosphere. They may also re#ect the
relatively hot mantle beneath the youthful (6 Ma at the
trench) subducting Juan de Fuca plate, but we cannot
di!erentiate between sub-slab and subcontinental mantle
wedge viscosity. An important consequence of a low
mantle viscosity is that present-day postglacial rebound
uplift rates at the Cascadia subduction zone are predicted
to be 0.1 mm/yr or smaller. This is a factor of 10 or more
smaller than the rates predicted by ICE-3G, and indi-
cates that geodetic observations from Cascadia should be
reinterpreted using a much smaller postglacial rebound
correction.

2. Observations

2.1. Puget Lowland proglacial lake shoreline tilts

The shorelines of proglacial lakes record crustal tilt
that originated during the early retreat of the Cordilleran

ice-sheet, when proglacial lakes ponded against the back-
wasting ice front in the Puget Lowland. Shoreline fea-
tures, mainly ice-contact deltas, which originally de"ned
a level surface, now slope southward. The present-day
tilts of the former shorelines of coalesced Lakes Russell
and Hood in southern Puget Lowland, and western Lake
Bretz in northern Puget Lowland (Fig. 2) were obtained
by linear regression of the elevations given in Table 1 of
Thorson (1989). They amount to 0.85 and 1.15 m/km for
Lake Russell-Hood and western Lake Bretz, respectively.
We did not use the eastern Lake Bretz observations,
which indicate smaller-amplitude elevation changes
along an east}west pro"le.
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The tilt observations may include a component of
tectonic vertical motion. The Puget Lowland is hy-
pothesized to overlie a north}directed thrust sheet,
14}20 km in thickness, that is experiencing north-south
compression. The thrust sheet is bounded to the east and
west by right-lateral faults along the base of the Cascade
Range and Olympic Mountains, respectively (Pratt et al.,
1997).

A major structural element in the Puget Lowland is the
east}west-trending Seattle fault (Fig. 2), a south-dipping
thrust fault. Movement on this fault would increase the
elevation of the surface above the thrust plane, a!ecting
the observed crustal tilts. According to Fig. 2 of Pratt et
al. (1997), the Seattle fault dips to the south at a relatively
steep angle of 563 near the surface (0}6 km depth) and at
a shallower angle of about 223 at greater depths (6}20 km
depth). At 20 km depth it reaches the horizontal basal
thrust underlying the entire Puget Lowland about 35 km
south of its surface trace (Fig. 2). The present slip rate on
the Seattle fault is uncertain. Here we use a slip rate of
0.7}1.1 mm/yr, thought to be applicable during the Quat-
ernary (Johnson et al., 1999), as an example of how slip
on a fault can a!ect the tilt observations. The uplift above
the Seattle fault due to fault slip since 14 ka was deter-
mined assuming the geometry given by Pratt et al. (1997)
and the maximum rate of 1.1 mm/yr. Sites located less
than about 6 km south of the surface trace would have
been uplifted 12.7 m since 14 ka, whereas sites farther
south above the more shallowly dipping portion of the
thrust plane would have been raised by 5.8 m.

A revised tilt was computed for Lake Russell-Hood by
subtracting 5.8 m from all but the four most southerly
elevations, which are assumed to be una!ected by slip on
the Seattle fault. One of the Lake Russell-Hood sites is
located within 6 km of the surface trace of the Seattle
fault, while two others are located to the west beyond the
inferred western limit of the Seattle fault (Fig. 2a). Conse-
quently, the 5.8 m adjustment may undercorrect one site
and overcorrect two others. Although the geometry and
slip rate of the fault are imperfectly known, our adjust-
ment of the tilt indicates the potential e!ect that fault uplift
has on interpretations of postglacial rebound in the region.
With this adjustment, the tilt rate for Lake Russell-Hood
is decreased by 0.09 m/km (11%) to 0.76 m/km.

2.2. Relative sea level observations

Late Pleistocene relative sea level changes at two local-
ities, Courtenay and Parksville (Fig. 1), on eastern Van-
couver Island (Mathews et al., 1970; Clague, 1980; Clague
et al., 1982), also constrain our postglacial rebound
model. At these sites sea level fell rapidly from about
150 m (Courtenay) or 100 m (Parksville) elevation to
below present-day sea level, possibly some tens of meters
below present-day sea level. This rapid sea level change
occurred in less than 1000 yr at approximately 12 ka.

The sea level observations may contain a component
of tectonic vertical crustal motion, but the e!ect, if any,
on our conclusions is likely to be small. To see this let us
assume, for illustrative purposes, that the relative sea
level sites are underlain by thrust faults similar to the
steepest part of the Seattle fault and experiencing the
same rate of slip. These hypothetical faults would shift
the elevations of the relative sea level observations up-
wards. Because the relative sea level change took place in
less than 1000 yr around 12 ka, the elevations would all
be shifted upwards by 10}11 m, with the younger obser-
vations shifted upwards by the lesser amount. Adjusting
the observations for slip on these hypothetical faults
would give 138 or 88 m of rapid relative sea level fall
around 12 ka at Courtenay and Parksville, respectively,
compared to 150 and 100 m for the unadjusted observa-
tions. The change could be accommodated by reducing
the thickness of the ice-sheet in the area by about 10%,
and would not signi"cantly a!ect our inferences of
mantle viscosity or the timing of ice-sheet retreat. The
above example is purely illustrative, however, as there is
no documented feature on eastern Vancouver Island
similar to the Seattle fault. Consequently, in the analyses
reported here, no adjustment is applied to the relative sea
level observations.

3. The model

The main goal of our modelling is to place limits on the
average mantle viscosity beneath southwestern British
Columbia and adjacent Washington State. We use a class
of Earth models widely utilized for postglacial rebound
modelling, in which material parameters vary only with
depth. Preliminary two-dimensional "nite element mod-
elling (results not shown) indicates that our viscosity
results are robust when more realistic subduction zone
structure, including a dipping slab, is included. Our
simple model consists of a spherical Earth with an incom-
pressible elastic lithosphere overlying a Maxwell vis-
coelastic mantle and #uid core (Sabadini et al., 1982). The
elastic rigidity of the mantle was "xed at an appropriate
upper-mantle value for the region, while the elastic
rigidity of the incompressible lithosphere was chosen to
provide the same #exural rigidity as a compressible litho-
sphere with seismically determined elastic constants. The
lithospheric thickness and mantle viscosity are treated as
the unknown parameters, and vary over a wide range.

Ice-sheet growth and decay in our model is con-
strained by ice-margin history (Dyke, 1996) and max-
imum ice-sheet elevation. For the Puget Lobe maximum
ice-sheet elevations were taken from a reconstruction by
Booth (1987), which is based on observed ice-margin
limits, indicators of ice #ow direction, and the physics of
ice #ow. For the rest of the Cordillera, the observed
maximum elevation of ice action (Wilson et al., 1958) was
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Fig. 3. (a) Advance and (b) retreat of the Cordilleran ice-sheet around
the time of its maximum at about 14 ka. Ice-margins are those of Dyke
(1996) with times of retreat modi"ed to re#ect an approximately 800 yr
ocean reservoir e!ect on 14C ages (Southon et al., 1990).

Fig. 4. The baseline ice-sheet model developed in this study at the
glacial maximum about 14 ka (heavy line). Ice-sheet thicknesses (m) are
given for each grid element. For comparison, the ICE-3G model
(Tushingham and Peltier, 1991), which is described with circular disks,
is shown in large circles.

assumed to apply to the Late Pleistocene maximum at
14 ka. This may overestimate the elevation by
100}200 m, as the few localities where comparison is
possible suggest the maximum limit of ice action is
100}200 m higher than the late Pleistocene ice limit, but
the di!erence is relatively small compared to the max-
imum thicknesses. The ice-sheet began to grow at 25 ka,
achieved its maximum size at 14 ka, and then disinteg-
rated rapidly (Fig. 3). The present-day ice cover was
reestablished by about 10 ka (Clague, 1989).

The Cordilleran ice-sheet chronologies used in the
ICE-3G (Tushingham and Peltier, 1991) and ICE-4G
(Peltier, 1994) global postglacial rebound models di!er
substantially from geological observations bearing on

the advance and retreat of the Cordilleran ice-sheet.
ICE-3G features peak ice-sheet conditions occurring
thousands of years earlier than observed and a complete
lack of ice cover in the Puget Lowland and on southern
Vancouver Island (Fig. 4). ICE-4G (Peltier, 1994) is de-
"ned on a smaller grid (13 latitude ]13 longitude) com-
pared to ICE-3G. It does include southern Vancouver
Island and Puget Lowland ice cover, but the cover is too
thin.

To represent the Cordilleran ice-sheet in more detail
than previous postglacial rebound models, we use a grid
with square elements 55 km on each side (Fig. 4). This
grid is about 1/20th the area of the ICE-3G Cordilleran
grid (Tushingham and Peltier, 1991) and about 1/3rd the
area of the ICE-4G grid (Peltier, 1994). Although the grid
is "ner than required in the interior of British Columbia,
where constraints on ice thickness and retreat history are
loose, it allows the history of the southwestern portion of
the ice-sheet to be represented in some detail. For each
grid element, the thickness of the ice is speci"ed at 14
times between 25 and 10 ka. Nine sets of thicknesses are
given in the "nal 4 kyr, between 14 and 10 ka, when the
Cordilleran ice-sheet rapidly disintegrated. To simplify
computation, the ice within each grid element is assumed
to be a circular disk identical in area to the correspond-
ing square element. The solid Earth responses (lake
shoreline tilts and relative sea level changes) to deglaci-
ation were computed using the methods described by
James and Ivins (1998).

In the following discussion the ice-sheet model, as
described above, is called the baseline model. In addition,
we will discuss variants to the ice-sheet model in which
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Fig. 5. (a and b) Crustal displacement and (c and d) crustal tilt resulting
from a circular disk of ice 200 km in radius and 1000 m thick loading
the surface of the Earth. In the left-hand panels the mantle viscosity is
1018 Pa s and results are given for lithospheric thicknesses of 20, 35, and
100 km. In the right-hand panels the lithospheric thickness is 35 km and
results are given for mantle viscosities of 1018, 1019, 1020, and 1021 Pa s.
On the horizontal axes distances are given from the centre of the disk;
the vertical dotted line in each panel shows the edge of the disk.

the ice-sheet elevation is increased or decreased by 10%
and in which deglaciation of the Juan de Fuca Strait is
delayed.

4. Results

4.1. Proglacial shoreline tilts

First we use a simple ice-sheet history to set the stage
for discussion of our more detailed model. The simple
history shows how crustal displacements and tilts vary
with lithospheric thickness and mantle viscosity. The
simpli"ed ice-sheet is comprised of a single circular disk
of ice, 1000 m thick and 200 km in radius, that exists for
5000 yr. This approximates the spatial scale of the south-
western part of the Cordilleran ice-sheet and the time
period during which the Cordilleran ice-sheet was near
its maximum extent. The predicted crustal displacements
and tilts at 5000 yr are given for range of lithospheric
thicknesses (Figs. 5a and c ) and a range of mantle
viscosities (Figs. 5b and d). Shoreline features that formed
at the same time on a proglacial lake describe a level
surface; deglaciation and subsequent crustal uplift tilts
the formerly level shoreline up toward the centre of the
former ice-sheet.

A thin lithosphere supports less of the ice load than
a thick lithosphere and gives the largest amount of crus-
tal subsidence under the ice-sheet (Fig. 5a). The largest
tilts are produced at the edge of the ice-sheet and are
larger for a thinner lithosphere (Fig. 5c). The value of
mantle viscosity determines whether mantle relaxation is
complete during our 5000 yr time frame and the load has
attained isostatic equilibrium. The largest subsidence is
delivered by mantle viscosities of 1018 and 1019 Pa s
(Fig. 5b); at these smaller values mantle relaxation is
complete and no further subsidence will occur. At higher
viscosities (1020 Pa s) subsidence is nearly complete,
while for an even larger value (1021 Pa s) only about
one-third of the "nal subsidence has been attained after
5000 yr. Fig. 5 shows that a 100-km thick lithosphere is
too thick and a viscosity of 1021 Pa s is too high to
produce the observed tilts of 0.85 and 1.15 m/km for
Lake Russell-Hood and western Lake Bretz. Keep in
mind, however, that the history of the Cordilleran ice-
sheet is much more complex than our simple history. As
well, Fig. 5 shows only the crustal displacement and
crustal tilt. Changes to a level surface are a!ected by
gravitational potential changes, although the e!ect is
much smaller than crustal displacement changes. The
following discussion, using the detailed baseline ice-sheet
model described in Section 3 and its variants, takes into
account changes to the gravitational potential.

Predictions for the baseline model for the shoreline
tilts as a function of lithospheric thickness and mantle
viscosity are shown in Fig. 6. Smaller tilts are predicted

for a thicker lithosphere because a thick lithosphere does
not bend as much in response to the ice load. Smaller tilts
are also predicted for a larger mantle viscosity because
a more viscous mantle responds more slowly to the
imposed ice load, which was present in the Puget Low-
land and adjoining regions to the north for, at most, a few
thousand years. For mantle viscosities above about
1020 Pa s, there is little dependence of the tilts on lithos-
pheric thickness and the contours are nearly parallel to
the vertical axis. In contrast, for mantle viscosities below
about 2]1019 Pa s, there is relatively little dependence of
the tilts on mantle viscosity and the contours are parallel
(Lake Russell-Hood) or sub-parallel (Lake Bretz) to the
horizontal axis.

The slightly di!erent behaviour at lower viscosity
values between Lake Russell-Hood (contours are parallel
to the horizontal axis) and Lake Bretz (contours are
sub-parallel) is a consequence of the ice-sheet history and
assumed time of formation of these lakes. Radiocarbon
ages relevant to the advance and retreat of the Puget
Lobe are summarized by Thorson (1989) and Porter and
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Fig. 6. Predicted shoreline tilts (in m/km) for (a) Lake Russell-Hood
and (b) western Lake Bretz for a range of mantle viscosity values and
lithospheric thicknesses. Observed tilts, shown as heavy lines, are
0.85 m/km for Lake Russell-Hood and 1.15 m/km for western Lake
Bretz (see Figs. 2b and c). Solid circles indicate the baseline solution
satisfying both lake tilts.

Swanson (1998). They indicate that the Puget Lowland
was occupied by ice for perhaps 1500 yr, that the Puget
Lobe stood at its terminal position for a brief time
(100 yr?), and that retreat of the ice was more rapid than
the advance. In constructing the ice-sheet model, we have
assumed that the Puget Lobe attained its maximum size
at 14 ka and that it had retreated to the northern reaches
of the Puget Lowland 500 yr later. Lake Bretz is assumed
to have formed at 13.5 ka and Lake Russell-Hood at
13.7}13.8 ka. Because there is little change in the position
and thickness of the ice-sheet in the 200}300 yr following
the glacial maximum (the only change is that ice vanishes
from the two southernmost grid elements of the Puget
Lobe), the Lake Russell-Hood tilts (Fig. 6a) record the
maximum crustal de#ection due to the imposed ice load.
For viscosity values below a certain value (approximately
2]1019 Pa s) mantle relaxation following imposition of
the load is complete and the Earth had completely re-
sponded to the imposed load. In contrast, by the time
Lake Bretz had formed, the entire Puget Lobe had
melted and the Earth had begun to rebound. The largest
tilt for Lake Bretz (Fig. 6b) for a given lithospheric
thickness is achieved at a mantle viscosity of about
5]1019 Pa s. For higher viscosities, the mantle is slug-
gish and does not have time to completely respond to the
imposed load; this leads to smaller predicted tilts. For
lower viscosities, the mantle is more #uid and so is able to
respond more rapidly to the beginning of unloading
following the glacial maximum. This also leads to smaller
predicted tilts.

For each of the former lakes, the values of mantle
viscosity and lithospheric thickness that deliver a pre-
dicted tilt in agreement with the observed tilt are shown
in Fig. 6 by a bold line. The intersection of these bold
lines represents a common solution for both lakes.

A mantle viscosity of about 5]1018 Pa s and a lithos-
pheric thickness of about 34 km yields the best agreement
with the observed shoreline tilts of the two lakes. This
solution, which utilizes the baseline ice-sheet model and
assumes no fault uplift e!ect on the tilt observations,
constitutes our baseline solution.

Relatively small changes to the values of the observed
tilts can a!ect the viscosity solution substantially because
the predicted tilt contours are parallel or sub-parallel to
the viscosity axis in the region of the baseline solution
(Fig. 6). Inferences of mantle viscosity are also highly
sensitive to relative changes in the predicted tilts of the
individual lakes. If the predicted tilts of one lake are
proportionally a!ected more than the predicted tilts of
the other lake, the point of intersection of the individual
lake solutions can shift substantially along the horizontal
(viscosity) axis. In contrast, inferences of lithospheric
thickness tend to be sensitive to the absolute change in
the predicted tilts. For example, the same predicted tilts
can be obtained by using a larger load on a thicker
lithosphere.

4.1.1. Ewects of slip on the Seattle fault
Fig. 7a and b illustrate the e!ect of uplift due to fault

slip. The calculations are identical to those shown in Fig.
6, but the observed tilt of Lake Russell-Hood, corrected
for the maximum e!ect of slip on the Seattle fault, is now
0.76 m/km (Fig. 2b; dashed line in Fig. 7a). The solution
for the Lake Russell-Hood tilts is shifted towards
a thicker lithosphere and higher mantle viscosity, where-
as the solution for Lake Bretz (bold line in Fig. 7b) is
unchanged. The intersection of the dashed line (Fig. 7a)
and the bold line (Fig. 7b) represents the value of mantle
viscosity and lithospheric thickness that deliver agree-
ment to the observed shoreline tilts of both lakes (point
C in Fig. 7a and b). This solution features a slightly
thicker lithosphere (37 km) and a mantle viscosity about
one order of magnitude larger (6]1019 Pa s) than the
solution that ignores fault uplift (point A in Fig. 7a and
b). Fig. 7 also shows an intermediate solution assuming
a Lake Russell-Hood tilt of 0.80 m/km, approximately
mid-way between the uncorrected and maximum uplift
corrected tilt values, given by point B.

Our maximum 11% decrease in the Lake Russell-
Hood tilt leads to an order-of-magnitude change in the
modelled viscosity. The tilts do not tightly constrain the
viscosity in this region because the amount of fault uplift
is uncertain. Uplift from other unmapped faults near
Lake Russell-Hood or Lake Bretz may possibly have also
in#uenced the tilts. We can, however, assign an upper
limit to mantle viscosity in this region based on the tilt
observations. From Fig. 7a, the maximum mantle viscos-
ity that delivers the required tilt of 0.76 m/km is about
1020 Pa s. From Fig. 7b, the western Lake Bretz tilt can
be satis"ed with any mantle viscosity less than or equal
to about 2]1020 Pa s. Assuming that the minimum
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Fig. 7. (a) and (b) Same as Fig. 6, except that the e!ect of slip on the
Seattle fault to the observed tilt of Lake Russell-Hood is shown (see Fig.
2b). The dots and arrows show the path of the solution satisfying the
observed tilts of both lakes as the observed tilt of Lake Russell-Hood is
decreased from 0.85 m/km (point A; no fault slip adjustment) to
0.76 m/km (point C; maximum fault slip adjustment). (c) and (d) Pre-
dicted shoreline tilts (in m/km) for (c) Lake Russell-Hood and (d)
western Lake Bretz for a range of mantle viscosity values and lithos-
pheric thicknesses when the ice-sheet surface is increased in elevation by
10%. The "lled circles indicate the solution satisfying both observed
shoreline tilts.

Fig. 8. Results of a sensitivity analysis for the shoreline tilt modelling.
Filled circles indicate the baseline solution (Fig. 6), the e!ect of possible
slip on the Seattle fault to Lake Russell-Hood tilts (Figs. 7a and b), and
the e!ect of increasing the size of the ice-sheet (Figs. 7c and d). We also
show the solutions for a smaller ice-sheet and for the case when
deglaciation of the Juan de Fuca Strait is delayed by 1500 yr. The
shaded region indicates the likely range of solutions, taking into ac-
count combinations of various e!ects. Seismicity depth ranges are given
for western Puget Sound (Ludwin et al., 1991).

possible tilt for Lake Russell-Hood is 0.76 m/km and that
the western Lake Bretz tilt value of 1.15 m/km is correct,
mantle viscosity values of 1020 Pa s or smaller are
required to satisfy the tilts of both lakes. If the
Lake Russell-Hood tilt were larger than 0.76 m/km
(corresponding to a smaller fault uplift correction), the
maximum mantle viscosity would be even smaller,
for example, 5]1019 Pa s for a tilt of 0.85 m/km with
no fault uplift correction (Fig. 7a).

4.1.2. Ewects of ice-sheet history on the solution
The solution is sensitive to changes to the ice load

history. Fig. 7c and d shows the predicted tilt contours
for the case in which the ice-sheet surface elevation was
increased by 10% for all times. Because most of the
ice-sheet was grounded above sea level, this increase
corresponds to a change in thickness of more than 10%

for most grid elements. The predicted tilts are larger than
those in the baseline model because the load is greater.
The intersection of the individual lake solutions, shown
as bold lines in Fig. 8, gives a solution in which lithos-
pheric thickness increases from 34 to 48 km. The in-
creased lithospheric thickness is needed to support
a thicker ice-sheet. The solution also features a mantle
viscosity value that is larger than the baseline solution by
about a factor of 10. The reason for the larger value is
that the increase in the Lake Russell-Hood tilts is slightly
larger than the increase in the Lake Bretz tilts, leading to
a substantial shift in the intersection of the two lines to
the right on Fig. 7c and d, towards a higher viscosity.

Fig. 8 summarizes the results of how the solution
changes as the ice load is varied or a fault uplift adjust-
ment is applied. The symbols indicate speci"c solutions
where generally one aspect of the calculation has been
changed relative to the baseline solution. The shaded
area represents the plausible solution space taking into
account reasonable combinations of various e!ects. In
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Fig. 9. Relative sea level observations at Courtenay and Parksville
(Clague, 1980) compared to model predictions for the baseline ice-sheet
and three mantle viscosity values. A lithospheric thickness of 35 km,
corresponding to the lake shoreline baseline solution (Fig. 6), is used
generate the predictions. A data point for Courtenay that is inconsistent
with the other observations is shown with an open circle. 14C ages on
marine shells incorporate an assumed marine reservoir correction of
800 yr (Southon et al., 1990).

addition to the e!ects of fault uplift and an increase in
ice-sheet size discussed above, the response to a 10%
decrease in ice-sheet surface elevation is also included. In
this latter case, the change in lithospheric thickness is
substantial, with a thinner ice-sheet decreasing the lithos-
pheric thickness from 34 to 26 km. The change in mantle
viscosity, however, is relatively small.

Finally, we explore the e!ect of varying the time of
deglaciation of Juan de Fuca Strait (Fig. 8). Upland areas
on southwestern Vancouver Island were ice free by 13 ka;
this is a minimum date as the radiocarbon ages were
obtained on peats that began to accumulate after deglaci-
ation (Alley and Chatwin, 1979). Following initial de-
glaciation of upland areas, there may have been
a stillstand or resurgence of ice in Juan de Fuca Strait,
but the time of this event is uncertain (Alley and Chatwin,
1979). Juan de Fuca Strait was, however, free of ice by
about 13.5 ka because by this time the northernmost
reaches of Puget Sound were experiencing glaciomarine
sedimentation (Thorson, 1989). The baseline model as-
sumes that deglaciation of southwestern Vancouver Is-
land was complete by 14 ka, 1,000 years before the dated
peats began to accumulate. Ice resurgence in the Juan de
Fuca Strait probably exerted a small load, so we assume
that the two grid areas corresponding to Juan de Fuca
Strait had no ice by 14 ka (Fig. 4). A variant to the
baseline model was constructed in which Juan de Fuca
Strait remained covered by ice (600 and 1500 m of ice in
the west and east grid areas, respectively) until 13.7 ka
and then rapidly melts. This late-deglaciation variant
overestimates the amount of ice in Juan de Fuca Strait
around 14 ka, and reveals the sensitivity of the Puget
Lowland lake tilts to variations in deglaciation history. It
increases the lithospheric thickness to 43 km and the
mantle viscosity to 1.5]1019 Pa s. The increased lithos-
pheric thickness is a consequence of having a larger load
from 15 to 13.5 ka. Mantle viscosity changes by only
a factor of 3.

4.2. Relative sea level changes

Relative sea level observations for the two Vancouver
Island sites indicate extremely rapid (a few hundred
years?) sea level fall around 12 ka (Mathews et al., 1970;
Clague et al., 1982) (Fig. 9). The observations are
tabulated by Clague (1980) and consist of radiocarbon
ages on features having a de"ned relation to sea level. In
the Courtenay area (Fig. 9a) "ve of the six ages indicate
that sea level fell from 150 m to less than 21 m in a few
hundred years around 12 ka. Because the sixth age, indic-
ating that sea level was above 37 m around 11 ka, is in
con#ict with the three older ages at 21 and 53 m elev-
ation, we do not use it in our analysis. In the Parksville
area (Fig. 9b), radiocarbon ages on marine material at
106 and 108 m elevation indicate a higher sea level about
12}12.3 ka. The marine limit in this area is less than

136}138 m. Four ages on a marine delta at 52 m elev-
ation indicate that it formed slightly before 12 ka.

Predicted sea level curves were generated using the
baseline ice-sheet history and an Earth model with
a lithospheric thickness corresponding to the baseline
solution (Fig. 9). We chose three di!erent values of
mantle viscosity that encompass the range of values used
in analyzing the proglacial lake shoreline tilts:
5]1018 Pa s is the viscosity of the baseline solution;
5]1019 Pa s corresponds to values found when we in-
creased the ice-sheet thickness or applied a fault uplift
adjustment to the Lake Russell-Hood tilts; and 1020 Pa s
is the plausible upper limit of mantle viscosity, as dis-
cussed in Section 4.1.1. A sea level history using a viscos-
ity value of 1020 Pa s appears to be ruled out by the
observed relative sea level fall, which is much more rapid
than the predicted fall at both sites. Better agreement
with observed relative sea level history is obtained with
a value of 5]1019 Pa s; this agreement could be im-
proved by shifting the time of deglaciation earlier,
especially at Courtenay. But the lowest value of mantle
viscosity (5]1018 Pa s) best follows the rapid relative sea
level fall indicated by the observations.

The rapid fall indicates not only a low viscosity, but
also a rapidly decreasing load immediately prior to, or
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Fig. 10. (a) The ice-sheet volume history, expressed as meters of sea
level equivalent, for the baseline ice-sheet (solid line) and a variant in
which deglaciation occurs relatively uniformly (dotted line). Volumes
are calculated for the portion of the ice-sheet located west of the Coast
Mountains and ranging, from south to north, from Puget Lowland to
northern Vancouver Island. The time of meltwater pulse IA (mwp-IA)
(Fairbanks, 1989) is indicated with vertical dashed lines. (b) and (c)
Relative sea level predictions at Courtenay and Parksville for the two
ice-sheet histories and a mantle viscosity of 5]1018 Pa s.

during, the formation of the dated shoreline features.
Fig. 10a shows changes in the volume of the baseline
ice-sheet model and a variant featuring relatively uniform
deglaciation from 14}11 ka. Volumes are shown for the

portion of the ice-sheet located west of the Coast Moun-
tains and extending south from northern Vancouver Is-
land. Relative sea level predictions for Courtenay and
Parksville are given in Figs. 10b and c for the two
di!erent deglaciation histories and a low mantle viscosity
of 5]1018 Pa s. The steadily decaying ice-sheet produces
a relative sea level curve that falls too soon and too
gradually. Field data from this area require that portions
of the ice-sheet in the vicinity of eastern Vancouver
Island maintain much of their mass until around 12.5 ka,
and then collapse rapidly in a few hundred years.

This rapid deglaciation occurred during the "rst half of
meltwater pulse IA (mwp-IA) (Fairbanks, 1989),
a 1000 yr period extending from approximately 12.5 to
11.5 ka, during which global eustatic sea level rapidly
rose 24 m. The change in volume of coastal ice in south-
ern British Columbia during this period, shown by the
baseline ice model of Fig. 10a, contributed about 0.18 m
to sea level rise. About 80% of the rise occurred in the
"rst 500 yr (12.5}12 ka). Although 0.18 m is a small con-
tribution (0.7%) to the meltwater pulse, the contribution
raises the possibility that a number of ice-sheets contrib-
uted water to mwp-IA. The cause of the rapid deglaci-
ation in coastal British Columbia at this time is
uncertain, but is probably related to warming during the
preceding 2000 yr, rising global sea level, and the devel-
opment of a calving embayment in the Strait of Georgia.

Unless the ice-sheet history is known independently,
the relative sea level observations only provide an upper
limit to mantle viscosity. At viscosity values of
5]1018 Pa s, the relative sea level predictions closely
mimic the ice-volume history. Note that the temporary
slowing of deglaciation of the baseline ice-sheet from 13
to 12.5 ka (solid line, Fig. 10a) is mirrored by a slowing of
sea level fall at the same time (solid lines, Fig. 10b and c).
Reducing the mantle viscosity below 5]1018 Pa s does
not signi"cantly change the relative sea level predictions,
showing that in this mantle viscosity regime relative sea
level is controlled chie#y by ice-sheet history.

5. Discussion and summary

Our postglacial rebound modelling indicates an aver-
age upper-mantle viscosity for the northern Cascadia
subduction zone no larger than 1020 Pa s. Lake shoreline
tilts imply mantle viscosities of 5]1018}5]1019 Pa s
and show that 1020 Pa s is a plausible upper bound on
mantle viscosity. The relative sea level observations sug-
gest a slightly smaller upper limit of 5]1019 Pa and do
not constrain the lower limit. In contrast, most upper-
mantle viscosity values inferred from postglacial rebound
observations in less tectonically active regions are larger
than 1020 Pa s.

Our small viscosity values for the northern Cascadia
subduction zone are, however, consistent with values
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Table 1
Viscosity from subduction zone earthquakes

Subduction zone Viscosity range
(Pa s)

Reference

Aleutian and Alaska 1.2 - 2.2]1018 Wahr and Wyss (1980)
NE Japan &1019 Thatcher et al. (1980)

Cohen (1984)
Suito and Hirahara (1999)

Nankai &5]1018 Thatcher and Rundle (1984)
Nankai &2]1019 Miyashita (1987)
NE Japan 7]1018}1.3]1019 Rydelek and Sacks (1990)
Cascadia 1018}1019 Wang et al. (1994)

inferred from studies of crustal deformation following
subduction zone earthquakes elsewhere (Table 1). The
subduction zones of Table 1 di!er substantially in the age
of subducted oceanic crust, and their thermal regimes
and hence viscosity structures must also di!er substan-
tially. Despite these di!erences, the viscosities have
a relatively small range (1018}2]1019 Pa s) and agree
with the postglacial rebound results reported here. In
particular, Wang et al. (1994) used "nite element methods
to explore how interseismic crustal deformation at the
Cascadia subduction zone is a!ected by mantle rheology.
They reported that a viscosity of 1018}1019 Pa s in the
mantle wedge beneath the continental lithosphere and
above the subducting slab agrees closely with crustal
strain observations on Vancouver Island.

Agreement in viscosity values estimated from subduc-
tion zone, crustal deformation studies, and from this
postglacial rebound study, suggests that at least some
portion of the Earth response following subduction zone
earthquakes involves viscoelastic relaxation of the
mantle. Down-dip fault creep, however, can also success-
fully explain the uplift following some subduction zone
earthquakes (e.g., 1964 Alaska earthquake, Cohen et al.,
1995), and deformation following subduction zone earth-
quakes may involve both fault creep and viscoelastic
relaxation to varying degrees for di!erent subduction
zones and for di!erent earthquakes at the same subduc-
tion zone.

In contrast, postglacial rebound must primarily in-
volve mantle relaxation because the amount of uplift is
too large and takes place over too great an area to be
explained by motion on a fault or series of faults. For
example, the maximum height of features related to post-
glacial sea level (i.e., the marine limit), following retreat of
the Cordilleran glacier in the late Pleistocene, is about
200 m in the Fraser Lowland, 150 m on eastern Van-
couver Island, 25}50 m on western Vancouver Island,
and 50 m in northern Puget Sound (Clague, 1989; Fig.
1.14). Adjusting for about 70 m of eustatic sea level rise in
the Holocene, this implies 270, 220, 95}120, and 120 m of
land uplift, respectively. The pattern of uplift is spatially
coherent, the amount of uplift correlates with the recon-

structed thickness of the ice-sheet, and the uplift is repro-
duced by the postglacial rebound models developed here.

Postglacial rebound and hydro-isostatic studies are
a tool to directly probe subduction zone mantle viscosity
(Maeda et al., 1992; Bills et al., 1994b). The viscosity
values found here can be used as input to future
geodynamic studies of the Cascadia subduction zone,
including studies of the earthquake cycle. Similar studies
in other regions of convergent tectonics where ice-sheets
have waxed and waned, or where there is a record of the
crustal response to sea level change, could also provide
constraints on rheology. Alaska and Patagonia are two
regions of active tectonics which feature substantial gla-
cial #uctuations up to the present day. Ivins and James
(1999) have shown, for Patagonia, that a detectable verti-
cal crustal response to Holocene and Recent ice mass
#uctuations depends on the mantle viscosity being su$-
ciently small. If the viscosity is too large then the mantle
does not have time to respond signi"cantly to the rela-
tively recent and short-lived Holocene glacial #uctu-
ations. (The requirement of a su$ciently low mantle
viscosity to produce substantial uplift rates in response to
recent ice mass changes was earlier found by Sigmun-
dsson and Einarsson (1992) and Wolf et al. (1997) for
Iceland.) More precise knowledge of upper-mantle vis-
cosity would be useful for separating the geodetic strain
signature of neotectonics from that of past surface load-
ing events in tectonically active regions with Holocene
glacial #uctuations.

An important result arising from the small mantle
viscosity values found here is that present-day crustal
motion due to disappearance of the Cordilleran ice-sheet
is predicted to be a tenth of a millimeter per year or less.
Northern Cascadia di!ers from the Patagonian case be-
cause Patagonia has experienced signi"cant ice mass
changes up to the present-day, whereas the ice mass
changes occurred in the late Pleistocene in northern
Cascadia. A substantial present day response for north-
ern Cascadia depends, therefore, on the mantle being
su$ciently viscous that isostatic recovery is still occur-
ring at a signi"cant rate. Fig. 11a shows the present-day
vertical crustal motion assuming that the baseline ice-
sheet loaded an Earth model with a 35 km thick litho-
sphere and a 1020 Pa s mantle. Modelled uplift rates on
Vancouver Island are no larger than about 0.05 mm/yr,
and peak uplift rates on the mainland are about
0.1 mm/yr. Viscosities lower than 1020 Pa s, which are
implied by the lake shoreline and relative sea level obser-
vations, yield even smaller present-day uplift rates.

These rates contrast with the much larger, 1-to-2-
mm/yr predictions of ICE-3G for Vancouver Island
(Tushingham and Peltier, 1991) (Fig. 11b). Peak ICE-3G
rates exceed 5 mm/yr in the interior of British Columbia.
The ICE-3G calculations feature an upper-mantle viscos-
ity of 1021 Pa, a lower-mantle viscosity twice that, and
a 120-km thick lithosphere. Although the ICE-3G
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Fig. 11. Predicted present-day crustal uplift (mm/yr) for (a) the baseline
ice-sheet and a 1020 Pa s mantle viscosity, and (b) the ICE-3G deglaci-
ation history and a 1021 Pa s upper mantle viscosity.

rheology model is based on a large set of relative sea level
observations (e.g., Tushingham and Peltier, 1992), it is
apparently not suitable for the Cascadia subduction
zone, and may not be suitable to other subduction zones
if the viscosity values of Table 1 are representative. As
illustrated in Fig. 6, a viscosity of 1021 Pa s is too high to
explain more than a fraction of the observed tilt of either
lake shoreline. Such a viscosity also produces relative sea
level change that is too slow to explain the observed
rapid sea level fall on eastern Vancouver Island. In the
absence of more detailed postglacial rebound models,

crustal motion predictions from ICE-3G were previously
applied to geodetic data from coastal British Columbia
to isolate the tectonic signal and better evaluate seismic
hazard (Dragert et al., 1994; Hyndman and Wang, 1995).
The results reported here suggest that a much smaller
postglacial rebound correction should be applied to Cas-
cadia geodetic data.

Our modelling, however, does not incorporate the
hydro-isostatic e!ect of the load caused by Holocene
global eustatic sea level rise. A few meters of relative sea
level change are observed in northern Cascadia in the
late Holocene (Hutchinson, 1992), and it is possible that
hydro-isostasy contributes to it. If so, a hydro-isostatic
adjustment may need to be applied to geodetic observa-
tions. The size of this adjustment is unlikely to be as large
as the ICE-3G adjustment, but may be larger than our
maximal postglacial-rebound-modelled 0.1 mm/yr.

There may also be a component of permanent defor-
mation in vertical crustal motion observations. Kelsey
et al. (1994) describe uplifted shore platforms in coastal
Oregon, located south of the area shown in Fig. 1, that
have experienced vertical motion ranging from nil to
about 0.9 mm/yr of uplift over the past 100 kyr. Abrupt
changes in the uplift rate occur at several localities along
the Oregon coast, and in all cases can be related to
a speci"c fold or fault structure. For the most part these
rates are a few tenths of a millimeter per year, and so
would not critically a!ect our interpretation of late Pleis-
tocene glacial uplift and tilting, as argued above for the
Seattle fault. They may, however, need to be considered
when attempting to explain spatial variations in the
Holocene sea level record in northern Cascadia. Late
Holocene sea level observations in northern Cascadia
indicate relative vertical crustal motion of 1}1.5 mm/yr
between western Vancouver Island and the Fraser Low-
land in the last few thousand years.

Does the modelled lithospheric thickness pertain sol-
ely to the elastic thickness of the continental lithosphere,
or to the combined elastic thickness of the continental
lithosphere and subducting oceanic lithosphere? Al-
though a de"nitive answer requires numerical calcu-
lations that incorporate the three-dimensional structure
of the subduction zone, we can comment on how our
"ndings relate to the depth range of continental crustal
and slab seismicity in western Puget Sound (Ludwin et
al., 1991; Fig. 8). The baseline solution has a lithospheric
thickness of 34 km, showing that the lake shoreline tilts
respond to an e!ective elastic thickness somewhat
greater than the seismogenic upper crust (about 30 km),
yet less than the depth to the bottom of slab seismicity
(about 55 km). This can be interpreted as indicating that
the lake shoreline tilts respond to the e!ective thickness
of two elastic plates, one overlying the other, with a con-
tact that allows free sliding (no transmission of shear
stress), but that transmits a load (transmission of normal
stress).
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This interpretation can be explored by noting that the
resistance to bending of an elastic plate is proportional to
the cube of its thickness (Turcotte and Schubert, 1982), so
the e!ective elastic thickness t

%
is related to the elastic

thickness of the overriding continental lithosphere t
#
and

the elastic thickness of the subducting oceanic plate t
0
by

t3
%
"t3

#
#t3

0
.

The bottom of crustal seismicity occurs at 30 km depth in
western Puget Sound, while slab seismicity occurs from
about 40}55 km depth (Ludwin et al., 1991; Fig. 8). The
depth ranges of active seismicity indicate the portion of
each plate that behaves like an elastic-brittle material.
Assuming that the seismicity depth ranges correspond to
the portion of each plate that contributes to its elastic
rigidity, then t

#
is 30 km and t

0
is 15 km, giving an

e!ective lithospheric thickness t
%
of 31 km. This probably

gives a minimum estimate of the e!ective lithospheric
thickness because below the bottom of seismicity in each
plate is a region that is too hot to sustain brittle behav-
iour, yet not hot enough to readily #ow.

An upper limit to the e!ective elastic thickness can
be obtained by assuming that nearly the entire continen-
tal lithosphere behaves like a rigid elastic plate, and
increasing t

#
to 35 km. As well, if we assume that the

subducting slab is elastic for temperatures below 8003C
(Ranalli, 1987), then the elastic thickness of the oceanic
plate is increased to 25 km (see thermal modelling by
Oleskevitch, 1996). This gives an e!ective elastic thick-
ness t

%
of 39 km. Based on these simple rheological argu-

ments using thermal modelling and seismicity depth
ranges, the e!ective elastic thickness ranges from
31}39 km. This is consistent with the modelled lithos-
pheric thickness of the baseline solution (34 km) and the
solution adjusted for Seattle fault uplift (37 km), and
lends strong support to the postglacial rebound model-
ling presented here.

The agreement between the e!ective elastic thickness,
based on seismicity and thermal modelling, and our
postglacial rebound modelled elastic thickness, suggests
that the shoreline-tilt-constrained viscosities pertain to
the mantle beneath the subducting slab. With the present
uncertainties, however, it is possible that the modelled
lithospheric thickness relates only to the continental
lithospheric thickness. In this case there would be a low-
viscosity zone at the base of the continental lithosphere
underlying western Puget Sound. De"nitive answers
await more detailed modelling, which should incorporate
subduction zone structure and seek a "t to the entire
pattern of proglacial shoreline tilt.

The relative sea level observations are from eastern
Vancouver Island where the depth to the top of the
subducting slab is greater than in Puget Sound (Fig. 1).
The relative sea level data may, therefore, be more sensi-
tive to mantle viscosity above the subducting plate and
below the continental lithosphere (the &mantle wedge')

than the shoreline tilts. Although the present analysis
does not require di!erent viscosity values for the two
locations, this is not ruled out owing to the wide range of
plausible viscosity solutions. If the maximum allowable
viscosity values represent the actual viscosity values, and
if the relative sea level observations are primarily samp-
ling mantle wedge viscosity and the shoreline tilt obser-
vations are primarily sampling sub-slab viscosity, then
the sub-slab viscosity is greater than the mantle wedge
viscosity.

Mantle wedge and sub-slab viscosities might be deter-
mined if the number and precision of relative sea level
observations were increased. For example, Lambeck et
al. (1996) determine the viscosity values of a "ve-layer
Earth model, based on 424 relative sea level observations
from Great Britain. Discrimination of sub-slab and
mantle wedge viscosity would require observations close
to the subduction front, where the mantle wedge is non-
existent, and farther inland toward the volcanic arc,
where the subducted slab is deep and the mantle wedge is
thick. More precise mantle viscosity estimates than those
reported in this paper would constrain dynamic models
of plate interaction processes, such as models of the
earthquake cycle. Progress on re"ning estimates of
mantle viscosity must necessarily proceed simultaneously
with re"ning the ice-sheet history because modelled
mantle viscosity depends on the ice-sheet history, as was
shown in the discussion of the lake shoreline tilts.

The relative sea level observations analyzed here re-
quire rapid drawdown and collapse of the ice-sheet
around 12.5}12 ka, coincident with meltwater pulse IA
(Fairbanks, 1989). A detailed reconstruction of the retreat
and collapse of the coastal portions of the Cordilleran
ice-sheet might provide insights into the interplay be-
tween climate warming, sea level rise and the mass bal-
ance of ice-sheets that are partly marine-based. Such
a reconstruction would be relevant to studies of the
stability of contemporary ice-sheets, such as in West
Antarctica, that are grounded below sea level and that
might be destabilized by a variety of processes (e.g.,
Hughes, 1975; Mercer, 1978). More precise relative sea
level observations from Cascadia would, however, be
required for this reconstruction.
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