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ABSTRACT. Regional studies of the response of the Earth to glacio-hydro-isostatic
loading on a time scãle of 10a years suggests that lateral variation iñ this teõponse occurs
and that effective upper mantle viscosities may range through an order of magnitude.
Highest values occui-beneattiithe Ca-nadiãn Shiéld anã lowesÑalues beneath thJPacific
Islands. The results are largely consistent with the evidence for lateral va¡iation in seismic
shear-wave velocities-

I  .  In t roduct ion

Seismic and gravity observations point to the occurrence of considerable lateral variation
in ma¡rtle structr.re which imply lateral variations in temperature and in mantle viscosiry. A
number of arguments point to the lateral viscosíty variations being at least as significant as
depth variations (e.g. Gasperini & Sabadini 1989; Richa¡ds & Hager 1990) and Sabadini et
al. (1986) have pointed out that the post-glacial rebound evidence should be able to
establish whether such variations indeed occur. Nakada & Lambeck (1989) noted that
some difference in mantle response to meltwater loading occurred between sites along the
Australian continental margin and Pacific Island sites and they suggested a strategy for
evaluating such variations globaily. . Some preliminary results are presented here for four
different locations and while each regional result needs to be improved through the
incorporation of additional sea-level data and improved ice models, some tentative patterns
of mantle viscosity structure are beginning to emerge that are consistent with other
observations of lateral variation in mantle parameters.

All solutions point to thele_being a sfong depth dependence in viscosity and this has been
represented by a high (102:Pa s) viscosity lithosphere and a two-layer sub-lithospheric
mantle model with the surface of contrast occurring af 670 km depth. Contrasts in
viscosity across this surface are in the range of 10-100. The choice of this depth is wholly
arbitrary and only a few models with alternate depths for the interface have been examined.
The solutions also point to the occurrence of significant va¡iations in mantle response
located primarily in the upper mantle and including the lithospheric thickness. The lowest
values of upper mantle viscosity occur beneath the southern Pacific region and the highest
values occur beneath North America, consistent with the lateral variations reported in
seismic velocities. Some of the lateral variations occur over relatively short distances. For
example, in the Australian region offshore sites point to significantly lower lithospheric
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thicknesses (H¿ - 50 km) than sites located inland from the continental margin where
H e -  1 0 0  k m .

The formulation adopted is the integral equation for sea-level change developed by Farrell
& Clark (1976) and which is solved using an iterative procedure as discussed by Nakada &
Lambeck (1987). The predicted sea-level change A((9,1.:t) at position (<p,I) and time t is
referred to present mean sealevel and is written schematically as the sum of four terms

a ( (9 , I : t )  =  a (e ( t )  +  Á ( ¡ (9 , ì " : t )  +  Â ( ¡ (9 ' 1 " : t )  +  ^ (w (9 , î " : t )  ( 1 )

Â(s is the equivalent sea-level rise; A(¡ is the modification of the sea-surface by
gravitational attraction of the ice and water loads for a rigid eafth, ^(i is the contribution
from changes in the ice load and A(y¿ is the deformation produced by the changes in the
water load as mass is exchanged between the ice sheets and oceans (see section 2 of
Lambeck 1991). The ice term may be considered as the glacio-isostatic contribution anrJ
the water term as the hydro-isostaúc contribution to sea-level change. The evaluation of the
terms in equation (1) requires an ea¡th model E, an ice model I, and a model O for the
ocean geometry.

EARTHMODEL¿

The Earth model is defined by realistic elastic parameters and density profile as
established from seismic data and the viscosity is described by 3 values: a high viscosity
(1025 Pa s) for the lithosphere of thickness H¿; an upper mantle viscosity 1u* from the
base of the lithosphere to the 670 km seismic discontinuity; a lower mantle viscosity t1¡¡
from this boundary down to the core-mantle interface. The core is assumed to have zero
viscosity. A linea¡ Maxwell rheology model is assumed to be valid and all parameters must
be considered as effective values which represent the Earth's response to change in surface
loading over a range of time, wavelength and stress scales specified by the load itself-

ICEMODEL/

The ice model is defined by the northern hemisphere ice sheet ARC3 of Nakada &
Lambeck (1989) (see also section 3 of Lambeck 1991). Nakada & Lambeck (1988a) have
argued for the existence of a major Anta¡ctic contribution to Late Pleistocene and Holocene
melting and the model adopted here is their model ANT3. Both the models ARC3 and
ANT3 have been defined with a 1o spatial resolution which appears to be adequate for the
sites examined here (see also Nakada & Lambeck 1987, 1988b).

The Late Pleistocene-Holocene equivalent sea-level curye corresponding to this Arctic-
Antarctic ice model and which has been de¡ived from incomplete series of sea-level data in
the far-field from about 20 000-6000 years BP, can be tested against the recently published
Barbados sea-level curve of Fairbanks (1989). This data pet provides an important
continuou.S record of rising sea-level for the past 17 000 years at-a site far from former
areas of glaciation and where the sea-level rise provides a good approximation of the
equivalent sea-level curve, or of the volume and timing of the addition of meltwater into the
oóeans (i.e., the Â(s term in equation l). The corr"ective terms A(r, Â(i,Â(*are not
entirely negligible at this site bur their model parameter dependence is not strong so that this
record provides an independent test of the adopted meltwate¡ model. The comparison of
predicted and observed results is illusrrated in Figure 1 and the agreement is satisfactory,
lending support to the ice model proposed by Nakada & Lambeck (1988a) in which
Antarctic melting has not only been important in its conribution to the total sea-level change
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but in which this melting has occurred at about the same time or up to 1000 years after the
Arctic melting.

In Figure I and for all other comparisons between observations and predictions the l4C
time scale is maintained because this is also the time scale used to defîne the ice melting
histories. Only if the 14C time scale departs significantly in a non-linear way f¡om thé
sidereal time scale will this lead to discrepancies. From Bard et al.'s (1990) calibration of
the l4C time scale using UÆh dating meth-ods, departures from linearity are relatively small
when compared with many of the age determination uncertainties associated with the
deglaciation histories.

OCEANGEOMETRY MODEL O

Because sea-levels in Late Holocene time at sites far from the ice sheets (far-field sites)
a¡e sensitive to the water load term Á(* in equation (1) a detailed model of the coast lines is
required (Nakada & Lambeck 1987) and, furthermore, the time dependence of this function
must be considered and the 3 time step ocean geomeüy model used by Lambeck & Nakada
(1990) has been adopted. In the curi'ent models thebcean function is defrned with a 10'
spatial resolution and expanded into spherical harmonics up to degree 180 and the solution
of(l) converges adequately for all sites considered here.
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Figure 1. The observed sea-levels of Fairbanks (1990), referred to the conventional radioca¡bon Lime scale,
compared with the predicted values for tr¡/o Eanh models wirh He = 50 km.
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3 . Austral ian Holocene sea-level

The Australian continent is generally considered to be tectonically stable and quatemary
sedimentation rates have generally been low such that the margin provides a good base for
measuring sea-level change since late Pleistocene time. Furthennore, the continent lies far
from sites of former glaciation such that the sea-level change is primarily determined by the
Â(" andÂ(* terms in equation (1) and their evaluation does not require detailed ice
models. The Late Pleistocene and Early Holocene observations from this region provide
good cdnstraints on the equivalent sea-level term Â(" while the late Holocene observations
constrain the Earth models as well as models for recent changes in ocean volume (Nakada
& Lambeck 1989). Observations frorn two parts of New Zealand have also been
considered, Hauraki Gulf and Christchurch, and both localities a¡e believed to be
tectonically stable (Wellm an 197 9; Gibb 1986).
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Figure 2. Contributions A(¡ and A(* to the mid-Holocene h¡ghstand at four sites in Australia. Port Pi¡ie
and Cape Spencer lie in Spencer's Gulf, South Aust¡alia, and Rockingham Bay and Karumba are in North
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The Late Holocene sea-levels along the coast line are charactenzedby sea-levels first
reaching their present value at about 6500-6000 a BP. Generally, a highstand has
developed by about 6000-6500 a BP whereafter the levels have dropped more or less
uniformly to their present value (e.g. Chappell 1987). The highstand amplitudes are
typically 1-1.5 m but can ¡each 3 m in certain cases where amplification occurs by coastal
geometry effects on the Â(* term. In discussing these highstands it is important that all
observations of past levels are compared to the levels at which comparable features form
today. For example, emerged fossil corals must be compared with their present growth
positions; the base of older chenier ridges must be compared with the levels at which these
features are forming today.

Nakada & Lambeck (1989) and Lambeck & Nakada (1990) have discussed the
observations for the Australasian region and used them to obtain estimates for both the
mantle parameters and the equivalent sea-level curve and only a few characteristic results
are illustrated here. Figure 2 illustrates the predicted contributions to the Holocene
highstand amplitudes at four sites for the ice model (ARC3 + ANT3) and for Earth models
with H¿ = 50 km and variable upperlìum and lower t1¡r mantle viscosities. After
6000 a BP ^(e = A(r = 0. Considerable different patterns are predicted for the nearby
sites at Port Pirie and Cape Spencer because the former site lies effectively 200 km inland
from the coastal site of Cape Spencer. Likewise, different patterns are predicted for two
sites on either side of the Cape York Peninsula because of the different geometries of the
coastline which controls the disEibution of the water load. These amolitudes can eenerallv
be matched with the observed highstands only if r'¡un'5 tOzo Pa s arid qlm 5 lõ'21 Pa ;
but such models predict a much more rapid drop to the present level than is actually
observed @gure 3).

While the ice term contribution is small it is not insignificant but it is nearly constart over
regions in the far-field. Also, any change in ocean volume in late Holocene time has a
nearly constant effect on sea-level over a region because the corresponding self-gravitation
term Â(r will be negligibly small for small modifications of the equivalent sea-level curve.
This suggests that spatial differences of sea-level sites from nearby sites (p,q) may provide
a measure of the Earth's response to loading that is largely independent of assumptions
made about the ice models. That is, for sites p,q the spatial different is def,rned as

ô((p,q) = Â((p) - ¡((q) = ̂ ($) -  ̂ ($) ( 2 )

Figure 4 illustrates such differential predictions for the four sites considered in Figure 2
for three different values of H¿ For these sites, the lithospheric dependence of the
predicted differential sea-level change is not very srrong. Also illustrated are the parts of
the solution space that satisfy the observed spatial differences for the sites. Results from
these and othe¡ locations can then be used to estimate the optimum mantle parameters using
either a graphical procedure or an inversion method. .Figure 5a summarizes the viscosity
solutions co-rresponding to three different H¿ values (50, 100, 150 km) obtained from the
inversion of observed highstands at the l0 locations discussed by Lambeck & Nakada
(1990; Table 2) for eastern and southern Australia and New Tnaland. H¿ : 200 km does
not give a satisfactory solution.
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Figure 3. Observed (with enor bars) and predicted sea-levels for the Late Holocene emergence at two

Australian sites' The predicted results are lor a model with r¡ut = 1920 Pas' r¡1¡¡ = 1921 p^s which
generally matches the observed amplitude of the highstand at 6000 a BP but not the rate of change in sea-

level from this rime to the present.

The solution with the least variance suggests that the optimum value is about Hg = 70-

100 km; Ium = Q-Ð1020 Pa s and i ì*  = (5-30)1021 Pa s. The lower mantle
viscosity is the least well determined parameter but all solutions suggest that Tlh >> 1'lum.
Evidenie from sites across the condnènhl shelf and from tidal river estuaries extending a
considerable distance inland indicate that some lateral variation in parameters occurs,
particularly in Ho; with H¿ - 50 km for the shelf region and H¿ = 100-150 km for the
inland coniinentil region- Comparisons of observalions with predictions based on this
model a¡e given in Lambeck & Nakada (1990).
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Figure 4. Differential sea-levels for the nvo pairs of sites (Port Pirie and Cape Spencer in South Ausualia,
and Karumba and Rockingham Bay in northern Queensland) at the time of the mid-Holocene highstand.
The shaded areas correspond to the solution space that satisfy the observed spatial differences.

4. Northwestern European Holocene sea-levels

The most studied a¡ea of glacial rebound is Scandinavia yet su¡prisingly no definitive
results have yet been obtained. This is in large part due to the fact that the relative sea-level
change is described primarily by the ice term Â(¡, the successful evaluation of which
requires both ice model and earth model parameters. Inadequacies in the former can
translate into errors in the inference on earth structure, particularly if sites nea¡ the forrner
ice margin are used in the solution. Rebound predictions from sites near the centre of the
ice sheet are not very dependent on the details of the ice model at its margin but they are
directly proportional to estimates of the ice thickness used and, insofa¡ as such ice models
are functions of the adopted model for isostasy, there is a danger of circular argument.
Also, observations from one or several sites nea¡ the centre of the rebound alone will not in
general lead to good resolution for the depth va¡iation of the Earth's viscosity.

Observations outside of the former ice sheet margin, but sufficiently near for sea-level to
be strongly influenced by the rebound, are important for effecting solutions for depth
dependence of the viscosity because of the different way in which the terms in equation (1)
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contribute to the sea-level curve when compared with the central ice sheet sites. Also
important is that predictions at these sites are not strong functions of the details of the ice
model at its margin. For sites in the two regions the spatial differences (2) are primarily
proportional to the ice tern, or

a((r,o)=^(Í:¿-^(!1L ( 3 )

where the subscript F refers to the Fennoscandian ice term. The spatial differences a¡e,
thereforç, largely free from assumptions made about the contributions to sea-level from the
other major ice sheets. Generally, these observations do not give a strong resolving power
for the effective lower mantle viscosity and, in particular, provide primarily a lower limit to
this parameter (see, for example, Figure 12 of Lambeck 1990). Time scale problems may
occur in the Fennoscandian reeion where varve time scales have been introduced and these
need to be reduced to the l4C õcale. Figure 5b illustrates the acceptable solutions obtainecl
from an inver5ion of observations from four sites and supported by additional observations
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from three sites nea¡ the ice margin occupied by the Fennoscandian ice sheet at the time of
the last maximum glaciation. They indicate that for this region 100 -< H¿ 5 150 km,
îum = (3-5) 1020 Pã s and r1lm = iZ-l¡t}2r Ya s. Comparisons of observations with
these model predictions are given in Lambeck et aI. (1990). These solutions are consistent
with the Scottish data for glacial rebound (Lambeck 1991).

5. North American Holocene sea-levels

The major area of glacial rebound is centred over the Hudson Bay area of North America
where up to 150 m of rebound has occured over a wide area during the past 7000 years.
Like the Fennoscandian example, predictions of rebound are strongly dependent on the
adopted ice model, particularly for sites near the margin of the ice sheet (see, for example,
Figure 7 of Lambeck 1990). Despite this, observations from marginal sites, such as
Boston or New York, have been widely used to test mantle viscosity models (e.g. Cathles
1975; Wu & Peltier 1983).

Walcott (1972) has summarizedthe Hudson Bay data for three locations: CapeHenriena
Maria, Ottawa Island, and Churchill (see Figure 6a). For the fust site the relative sea-level
change is almost linear in time for the past 7000 years whereas for Ottawa Island the
rebou4d exhibits a decreasing rate for this same interval from 7000 a BP to the present.
Prediitions for the three sitês-a¡e illustrated in Figure 6a for twó eafth módels and the ice
model (ARC3 + ANT3) of Nakada & Lambeck (1990). (Model E4 is for a uniform
mantle viscosity of 1021 Pa s and mode! 815 has a lower mantle viscosity of 1022 Pa s
and an upper nìantle viscosity of 5x1020 Pa s.) These predictions are insensitive to the
choice of lithospheric thickness and a value of 100 km has been adopted. In both these and
all other plausible earth models, the predicted sea-levels are signihcantly greater than the
observed values and this indicates that the adopted ice thickness over the a¡ea is excessive
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Figure 6. Observed sea-level change at tlree sites in the Hudson Bay, Canada (from Walcott 1972).
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as has previously been noted by Quinlan & Beaumont (1981) and Wu & Peltier (1983).
Models in which the ice thickness has been reduced to707o of the adopted value, such that
the maximum ice thickness over the Hudson Bay is reduced from 3500 m to about
2500 m, are generally i¡ much better agteement although discrepancies between observed
and predicted values still a¡e of the order of 30 m for the period 4000-7000 a BP. Of the
two chosen models illusfrated in Figure 6a E15 provides a better agreement for Cape
Henrietta Maria, with the higher viscosity for the lower mantle leading to a more linear
change in sea-level than does the uniform viscosity model. At Churchill E4 provides a
better agreement

The spatial differences ofsea-levels at these sites (as defined by (3) butfortheLaurentide
ice term) are free from assumptions about the contributions from all ice sheets other than
the Laurentide ice sheet. This becomes important if the volume of this ice sheet is reduced
because this requires additional ice from other areas so as to maintain the total eq'ìjvalent
sea-level curve that is constrained by the far-field observations. Because the three sites are
relatively close together compared with the dimensions of the ice sheet these spatial
differences are primarily sensitive to the upper mantle viscosity (Figure 7) and the
corresponding solution for the lower mantl-e is poorly constrained. The inversion for Earth
modef parameters (îum,rl¡,¡) and a single ice height scaling parameters p¡.. follows from
the method used by Lambeck et al. (1990) for the Fennoscandian analysis. (All Laurentide

Cape Henrrietta Maria- Ot tawa ls land-Churchi l l

r v v  ¡  l u m  l o g  1  u m

Figure 7. Two examples of spatial differences at 6000 and 4000 years BP between Cape Henrietta Ma¡ia
and Churchill for H¿ = 100 km as a funcfional of upper (num) and lower (1¿¡1) mantle viscosity.
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ice heights at all epochs are scaled by this factor Blss.) The viscosity solution is
summarized in Figure 5c. With p¡ss and r¡rn established from these spatial differences it is
possible to estimate rl¡¡ from the relative sealevels at the three sites themselves once the
equivalent sea-level curve is modified to allow for the reduction in the Laurentide ice
volume. Figure I illusrates the sea-levels predicted for three different lower mantle
viscosity módels and the best agreement is obtained with î0m = 2-5 x 1022 Pa s.
Figure 8 also illustrates the predictions at two other sites not used in the analysis.
Agreement with observations is reasonable for the Southampton Island site but less
satisfactory for the Ungava Peninsula site (northern Quebec) which lies close to the ice
margin in Holocene time.

6 . Pacific Island Holocene sea-level

At very sm4ll ocean islands the addition of meltwater will produce little or no differential
response between the island and the seafloor. Thus if melting ceased at 6000 a BP sea-
level since that time will have remained very near to present level and no highstand will
have developed. For larger islands the meltwater load induces mantle flow from beneath'
the oceanic lithosphere to the mantle beneath the island, producing some differential verJical
movement between the island and the seafloor (Nakada 1986). Now Holocene highstands
can occur whose amplitudes will be a function of island size as well as of the Earth rnodel.
The differential Holocene amplitudes are particularly dependent on lithospheric thickness.
The thicker this layer the smaller arc the predicted highstands for any island and the smaller
are the spatial differences for nearby islands of different sizes (see, for example, Figure 6,
Lambeck 1990).

Small highstands are noted at many island sites but the evidence is often ambiguous
because the islands may be tectonically unstable and it is difficult to separate the hydro-
isostatic component from other causes. Observations in the southern Pacific indicate
highstands that a¡e typically of the order of 0.5-1.0 m (e.9. Pirazzoli et al. 1988; Yonekura
et al. i984) for small and intermediate size islands and reaching up to 2 m for larger
islands such as Vitu Levu (Nunn 1990) (see also Miyata et al. 1990). These observations
also suggest that sea-levels, particularly at the smaller islands, reached their present level
after 6000 a BP and that the maximum elevations occurred as late as 4000-3000 a BP.
Rebound models for which melting ceased abruptly at 6000 a BP, however, predict the
development of highstands at about this time, followed by a nearly uniform fall in level to
the present level. These predictions are consistent with the observed patterns only for ice
models in which a small amount of meltwater has been added to thé ocean volume during
Late Holocene time.

The island evidence bea¡s closer examination than it has hitherto received but a tentative
conclusion drawn from these differential highstand amplitudes is that the upper mantle
viscosity beneath these islands is less than-1020Pas.'The spatial differeñðes do not
provide tight consrraints on the lower mantle viscosity but comparisons of predictions and
observations of the sea-levels themselves using this upper mantle value and the concomitant
small correction to the far-field equivalent sea-level, yields a lower mantle viscosity that is
consistent with the values obtained for the otherregions (Figure 5d).
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7 . Is there evidence for lateral variation in mantle viscosity?

The use of the spatial differential sea-level values means that to within a good
approximation the parameters obtained refer to the mantle beneath the region considered
and this offers the scope for examining whether lateral variation in mantle response occurs.
Models of upper mantle structure from inversions of seismic shear wave (e.g. riy'oodhouse
& Dziewonski 1984; Tanimoto 1990a) or attenuation (Romanowitz 1990; Tanimoto 1990b)
data indicate that considerable lateral va¡iation occurs and that correspondingly large lateral
variation in temperature and viscosity can be expected. In fact, the regional rebound
solutions suggest just such a variation although much of the evidence is still of a
preliminary nature. All viscosities are effective parameters only and the two viscous mantle
layers have their contrast at the same depth in all regions considered.

Figure 9 gives a schematic illustration of the results. The ocean island data yields an
effective viscosity beneath oceanic lithosphere in the central and southwest Pacific where
seismic S-wave velocities are anomalously low in the upper mantle. Certainly, further
analyses of the ocean island data, with particula¡ attention to groups of islands of different
dimensions within the same region, is required. Attention also needs to be given to the
tectonic contributions to sea-level change for these island sites.

The Australasian solution points generally to a somewhat higher value for the upper
mantle viscosity. These observations reflect primarily the effect of the deformation of the
continental margin by the change in water loading in the offshore aÍea, and the associated
viscosity parameters refer to some combination of continental and oceanic mantle
conditions with a weighting towards the latter. The seismic data for the Tasman Sea region
and for eastern Australia are generally indicate ofrelatively low shea¡ velocities in the upper
mantle and the upper mantle viscosities can be expected to be lower than average. Some
lateral variation in mantle response within the Australasian area has also been noted and it
would be desirable to attempt solutions for subsections of this region, particularly since
comparable regional variation can also be seen in the S-wave solutions of Tanimoto
(1990a.
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The northern European solution points to a somewhat higher value for the upper mantle
viscosity beneath this region when compared with the Australian data. These parameters
represent average values beneath the Gulf of Bothnia, a¡d the No¡th Sea reglon and values
lower than "purely continental" viscosities can therefore be expected. Whar would be
useful here are inãependent solutions based on subsets of the data, as for the Scottish
rebound (Lambeck 1991), and for northeastern Europe which may produce effective
prìrameters that are more representative of continental mantle conditions. However, for the
latter sites improved models for the extension of the ice sheet on to the Barents-Ka¡a shelf
and on to the Russian Platform will be required. The shear wave velocities over the a¡ea
range from near normal to higher than average in the upper mantle and lower th,an average
in the lower mantle (Tanimoto 1990a). The lower value for the viscosity of the lowe¡
mantle found for this region may, however, be more a result of the way in which the
mantle is süessed than of lateral va¡iation. The Fennoscandian ice sheet is of sufficiently
short wavelength for it not to stress significantly the mantle beneath about 1000 km and the
derived viscosity value may indicate a more complex depth dependence of this parameter
than has been assumed in the adopted model. The highest viscosities are obtained for the
North American region. This is alio the "coldest" region of the Ea¡th's mantle as measured
by the zone of low attenuation and high S-wave velocities beneath the North American
shield and extending beneath the \rest Atlantic ocean (Tanimoto 1990þ; Woodhouse &
Dziewonski 1984).

8 .  C o n c l u s i o n

The regional studies of the response of the Ea¡th to surface loading on a time scale of 104
years suggests that lateral variation occurs in this response and that effective upper- mantle
viscositiéi may range through nearly an order of magnitude. Highest values occur beneath
the Canadian shietd and lowest values occur beneath the Pacific Islands. The results are
largely consistent with the evidence for lateral variation in seismic velocities.

fhe lower mantle results also suggest there there may be some lateral variation in
effective viscosity but this may also be the result of a more complex depth dependence_than
has been assumed in the model calculations. Improved ice models are required, free from
assumption about the Earth's response, to permit the use of much of the high.quality.data
that eiists at sites near the formèr ice sheei margins such as along the Atlantic margin of
North America or in northern Europe. Improved sea-level observations from stable ocean
islands, both for Early and Late Hólocene, are required to improve the eustatic sea-level
model and viscosity estimates for oceanic mantle.
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