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Abstract - Direct evidence for Late Weichselian grounded glacier ice over extensive areas of the 
Barents Sea is based largely on indirect observations, including elevations of old shorelines on 
Svalbard and arguments of isostatic rebound. Such isostatic models are discussed here for two 
cases representing maximum and minimum ice-sheet reconstructions. In the former model the ice 

QSR 
extends over the Kara Sea, whereas in the latter the ice is limited to the Barents Sea and island 
archipelagos. Comparisons of predictions with observations from a number of areas, including 
Spitsbergen. Nordaustlandet, Edgetiya, Kong Karls Land, Franz Josef Land, Novaya Zemlya and 
Finnmark. support arguments for the existence of a large ice sheet over the region at the time of the 
last glacial maximum. This ice sheet is likely to have had the following characteristics, conclusions 
that are independent of assumptions made about the Earth’s rheological parameters. (i) The maxi- 
mum thickness of this ice was about 1500-2000 m with the centre of the load occurring to the 
south and east of Kong Karls Land. (ii) The ice sheet extended out to the western edge of the conti- 
nental shelf and its maximum thickness over western Spitsbergen was about 800 m. (iii) To the 
north of Svalberg and Frans Josef Land the ice sheet extended out to the northern shelf edge. (iv) 
Retreat of the grounded ice across the southern Barents Sea occurred relatively early such that this 
region was largely ice free by about 15,000 BP. (v) By 12.000 BP the grounded ice had retreated to 
the northern archipelagos and was largely gone by 10.000 BP. (vi) The ice sheet may have extend- 
ed to the Kara Sea but ice thicknesses were only a fraction of those proposed in those reconstruc- 
tions where the maximum ice thickness is centred on Novaya Zemlya. Models for the palaeoba- 
thymetry for the Barents Sea at the time of the last glacial maximum indicate that large parts of the 
Barents Sea were either very shallow or above sea level, providing the opportunity for ice growth 
on the emerged plateaux, as well as on the islands. but only towards the end of the period of 
Fennoscandian ice sheet build-up. 

INTRODUCTION 

The extent of Late Weichselian ice over the Barents 
Sea has been a subject of debate and difference of opin- 
ion during the last few decades with views ranging from 
the occurrence of only local ice sheets over the archipela- 
gos of the arctic islands (Boulton, 1979) to a major ice 
sheet grounded on the shallow sea floor of the Barents 
and Kara Seas and coalescing with the continent-based 
Fennoscandian ice sheet to the south, with a volume that 
rivals that of the latter (Denton and Hughes, 198 1; 
Grosswald, 1980; Elverhai and Solheim. 1983). Evidence 
for Late Weichselian grounded glacier ice over extensive 
areas of the Barents Sea is mostly indirect (Solheim et 
ul., 1990) and includes observations of relative sea level 
change for Svalbard and Kong Karls Land, Quaternary 
sediment distribution and submarine morphology of the 
Barents Sea and oxygen isotope data. One of the early 
arguments for a substantial ice sheet over the Barents Sea 
region was by Schytt et al. (1968), based on observed 
elevations of shorelines on Svalbard. Salvigsen ( 1981) 

*On leave from Research School of Earth Sciences, Australian 
National University, Canberra 0200, Australia. 

drew a similar conclusion from observations of elevated 
shorelines on Kong Karls Land but Boulton et al. (1982), 
however, drew, from similar evidence, the conclusion 
that the Late Weichselian ice sheet reached its maximum 
between about 13 and IO ka BP (before present) and that 
it was restricted to the Svalbard area. Peltier and 
Andrews (1976), in their ICE-l model, introduced a lim- 
ited ice cover over Svalbard and though they noted some 
incompatibility between their sea level predictions and 
the observations then available, they did not draw any 
conclusions about the possible extent of the ice over the 
region. Later, Tushingham and Peltier ( 199 I), in their 
ICE-3G global model of the ice sheets, indicated a strong 
preference for ice over Svalbard but noted that their 
model was not well constrained. Most recently, Elverhoi 
et al. (1993) concluded that the southern Barents Sea 
must have been ice free by about 15,000 BP in order to 
match the shoreline gradients in the Finnmark and 
Tromso areas. 

Recent views appear to favour the existence of a sub- 
stantial ice sheet over at least the Barents Sea (e.g. 
Solheim et al., 1990; Elverhoi et al., 1993), and the 
debate is now largely focused on the limits of such an ice 
sheet at the time of maximum glaciation, on the location 



2 Quaternary Science Reviews: Volume 14 

and relative importance of different ice domes, on the 
duration of the glacial maximum and on the glaciation 
and deglaciation history in latest Pleistocene and 
Holocene time, and on the mechanism for the formation 
of a large grounded ice sheet in a marine environment. 
For example, while a widely reached conclusion is that 
the extreme west coast of Spitsbergen remained ice free 
throughout Late Weichselian time (Boulton, 1979, 1990; 
Forman, 1989; Miller et al., 1989), Mangerud and col- 
leagues have progressively reached the conclusion that 
the ice sheet extended considerably further to the west 
(Landvik et al., 1987; Mangerud et al., 1992a; Svendsen 
et al., 1992). Another important question raised is 
whether the ice sheet formed a single large dome or 
whether it comprised several individual domes centered 
on the Arctic archipelagos and advancing onto the adja- 
cent shelf. 

Little quantitative and detailed modelling of the glacial 
rebound of the Barents region has yet been attempted 
although shoreline height-age relations have been 
described throughout the islands of the Svalbard archipel- 
ago with early Holocene elevations up to 70 m above sea 
level (e.g. Landvik et al., 1987; Salvigsen and Mangerud, 
1991; Forman, 1990); for Kong Karls Land with eleva- 
tions up to 100 m above sea level (Salvigsen, 1981); and 
for Franz Josef Land with elevations approaching 50 m 
(Forman et al., 1994). These elevated shorelines are 
attributed to crustal rebound associated with the deglacia- 
tion of the regional ice sheet and the concurrent rise in sea 
level associated with the melting of the more voluminous 
ice sheets over North America and Antarctica. For raised 
shorelines to occur, the local rebound must have exceeded 
the global eustatic sea level rise that occurred since the 
region first became ice free. At this time the eustatic sea 
level was at about -40 m (e.g. Nakada and Lambeck, 
1988: Fairbanks, 1989) so that the observed shorelines on 
these islands require crustal rebound of 100 to 150 m over 
the past 10,000 years. From analogies with rebound at 
locations near the margins of the Fennoscandian ice sheet, 
this qualitatively requires removal of a substantial ice 
sheet in Lateglacial time. 

More complete models of the crustal rebound require 
a knowledge of two physical functions, the spatial and 
temporal ice sheet geometry and the planet’s response to 
surface loading, but if one is known, aspects of the other 
can generally be inferred from the shoreline age-height 
data (for example, Quinlan and Beaumont, 1981; 
Tushingham and Peltier, 1991; Lambeck, 1993~). A sim- 
ple glacial rebound model for the Barents and Kara seas 
was discussed by Nakada and Lambeck (1988) and fur- 
ther results were reported by Lambeck (1993a) in which 
the Earth response function was assumed known and ice 
sheet models were compared with the observations of sea 
level change. Conclusions reached in the latter paper 
included that a major ice sheet indeed existed over the 
Barents Sea region, possibly attaining a thickness of 
about 2500 m at the time of maximum glaciation, which 
extended as far to the west as the continental shelf of 
Spitsbergen. In this paper the inference of the Barents ice 

sheet from uplifted shoreline information is discussed 
further and models of the palaeo-water depths are devel- 
oped that may have repercussions for the initiation of the 
ice sheet growth. 

PRELIMINARY ICE MODELS 

Two preliminary ice models have been developed: a 
maximum (BK,,,) and a minimum (BK,,,) reconstruc- 
tion, although the latter still contains significantly more 
ice than has been proposed for some of the geomorpho- 
logical-based models in which ice sheets during Late 
Weichselian time occur only locally over the Arctic arch- 
ipelagos (Boulton, 1979). (These models were developed 
in 1992 before some of the recent results from the 
PONAM 1991 fieldwork (Moller et al., 1992) or from the 
papers by Mangerud and colleagues (e:g. Mangerud et 
al., 1992a; Svendsen et al., 1992; Elverhoi et al., 1993) 
became available but a number of suggestions made in 
these more recent papers are encompassed by the two 
models BK,,, and BK,,,.) 

One essential difference between the two assumed 
configurations is the extent of ice over the Kara Sea and 
the adjacent Russian land mass and the two limits have 
been selected largely to determine whether the ice sheet 
limits over this region can be constrained from available 
rebound data. For the maximum reconstruction (BK,,,), 
the ice sheet at the time of extreme glaciation at 18,000 
BP is based primarily on the reconstruction of Andersen 
(1981), Denton and Hughes (1981) and Grosswald 
(1983) and is very similar to that proposed by Everhoi ef 
al. (1993). In the west the ice limit coincides with the 
edge of western Spitsbergen and in the southwest the ice 
extends just to the west of Bjornoya, consistent with evi- 
dence for early deglaciation of this island (Salvigsen and 
Nydal, 1981; Salvigsen and Slettemark, 1993). In the 
north the ice limit extends out to the edge of the shelf, 
somewhat further out than proposed by Andersen (198 1). 
To the south the ice sheet is assumed to have been con- 
tiguous with the Fennoscandian ice sheet and to the east 
the ice sheet extends across the Kara Sea to the Russian 
platform. The maximum ice thickness of 3000 m over 
Novaya Zemlya proposed by Denton and Hughes (198 1) 
is adopted here also and the maximum ice volume is sim- 
ilar to that of the Fennoscandian ice sheet at the same 
time (Fig. 1). The subsequent evolution of the ice sheet 
has been constrained by the maximum reconstruction 
isochrones proposed by Andersen (1981) and by the ice 
limits at 13,000 and 10,500 BP suggested by Grosswald 
(1983). This ice retreat is much slower than that proposed 
by Elverhoi et al. (1992) where the Barents Sea is largely 
ice free by 15,000 BP and in this respect their model is 
similar to the minimum reconstruction discussed below. 
Also, the extent of the maximum ice model at Younger 
Dryas time is greater than appears to be supported by 
much of the more recent information. For example, 
Landvik et al. (1992) conclude that the glaciation was 
largely complete before about 10,000 BP. 
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FIG. 1. The maximum ice model BK,,, at (a) 18,000, (b) 
15.000. (c) 17,000 and (d) 10.000 BP. Ice height contours are 

500 m. 

In order to predict the glacial rebound, estimates of ice 
thickness are required through time. These have been 
estimated from empirical relations established between 
ice height and distance from the centre of the ice dome 
along selected profiles through the Denton and Hughes 
(1981) model at the time of maximum glaciation. These 
relations are then adopted to infer effective basal shear 
parameters which, on the assumption that they remain 
constant through time for each selected profile, together 
with the estimated ice-retreat isochrones. form the basis 
for predicting the time dependence of the ice heights 
(Lambeck, 1993b). 

In the minimum model (BK,,,) (Fig. 2) the ice at max- 
imum glaciation is restricted to the Barents Sea and the 
Kara Sea remained largely ice free, consistent with the 
alternative (minimum reconstruction) isochrones pro- 
posed by Andersen (1981) and with the arguments by 
Astakhov ( 1992) for a very limited Late Weichselian 
glaciation of the Russian Arctic lowlands east of the 
Urals. The centre of maximum loading has now been 
shifted to the Barents Sea and the eastern limit of the ice 
coincides approximately with the eastern coast of Novaya 
Zemlya. Consistent with the smaller adopted surface 
area, the maximum ice height at the time of peak glacia- 
tion has been reduced to 2400 m on the assumption that 
the empirical height-distance relations adopted for the 
maximum model are also valid here. 

The northern and western margin of the minimum ice 
sheet are similar to those of BK,,, and in both models the 
western and northwestern edges of Svalbard have been 
assumed to be ice free throughout Late Weichselian time, 
this latter feature being consistent with many reported 
inferences drawn from geomorphological evidence from 
these islands (e.g. Mangerud et al.. 1987; Salvigsen et al., 
1990), although more recently it has been suggested that 
the ice sheet extended out to the western shelf margin 
(Mangerud et al., 1992a; Svendsen et al., 1992). The 
rates of ice retreat in the two models do differ substantial- 
ly, particularly in the south where in BK,,, the retreat 
from Bjornoyrenna (Bear Island Trough) occurs rapidly, 
such that by 16.000 BP much of the southern Barents Sea 
is ice free. This is consistent with recent results from the 
PONAM fieldwork (Elverhoi et al., 1992; Landvik et al., 
1992). By about 12,000 BP the ice in BK,,, has retreated 
to the Svalbard and Franz Josef Island archipelagos and 
to Novaya Zemlya and by 10,000 BP the only substantial 
ice remains over Novaya Zemlya. In contrast, the model 

BK,,,, following the reconstruction of Grosswald ( 1983), 
still contains a substantial ice sheet centred over Novaya 
Zemlya. the northern Barents Sea, and the Kara Sea as 
late as 10.000 BP 

In the glacial rebound predictions it will generally be 
necessary to include the growth phase of the ice sheet 
prior to the last glacial maximum although for the present 
the choice of the growth part of the cycle is not critical. 
The assumption made here is that since the last inter- 
glacial at about 125,000 BP the Barents ice sheet has 
been in phase with both the Fennoscandian ice sheet 
growth and decay and with the global eustatic sea level 
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FIG. 2. The minimum ice model BK,,, at (a) 18,000, (b) 15,000, Under the influence of the glacial rebound and the 
(c) 12.000 and (d) 10,000 BP. Ice height contours are 500 m. associated hydro-isostasy (the adjustment of the crust to 

change established from the oxygen isotope data by 
Chappell and Shackleton ( 1986). This results in the pres- 
ence of only a small ice sheet in the area during Middle 
Weichselian time with the build up to the last glacial 
maximum starting at about 30,000 BP (see Fig. 13 of 
Lambeck, 1993b). Recently it has been suggested that the 
Barents Sea was predominantly ice free during much of 
Mid-Weichselian time, that the ice build-up did not start 
until about 25,000 BP, and that the deeper parts of the 
southern Barents Sea were ice free as late as 22,000 BP 
(Mangerud et al., 1992a; Elverhoi et al., 1993). (But see 
Vorren (1992) for an alternative interpretation.) A conse- 
quence of the possible delay in ice sheet development 
over the Barents Sea, compared with the continental 
based Fennoscandian ice sheet, is discussed below. 

In the rebound modelling it will also be necessary to 
include the effects of the more distant ice sheets and the 
following have been adopted: for Fennoscandia the 
model is based on Andersen’s (1981) isochrones and the 
Denton and Hughes (1981) ice heights at the time of 
maximum glaciation (see Figs 1 and 2); for North 
America, including Greenland, it is based on a smoothed 
version of the ICE-l model of Peltier and Andrews 
(1976) (see Nakada and Lambeck, 1987); for Antarctica 
it is based on the model ANT3 previously proposed by 
Nakada and Lambeck (1988). In the subsequent discus- 
sion when reference is made to the minimum and maxi- 
mum models for the Barents Sea, it is understood that 
these other contributions are also included. 

SEA LEVEL DATA 

A considerable body of sea level observations exists 
for the Svalbard island group, including Spitsbergen 
(mainly from the western margin), Nordaustlandet, Bar- 
entsoya and Edgeoya, and Kong Karls Land. Further 
information exists for Franz Josef Land, the northern 
margin of Norway (Finnmark), and some ambiguous data 
from Novaya Zemlya. Table 1 summarises sources of the 
data used. Figure 3 illustrates the spatial distribution of 
sites from which some height-age information since the 
last glacial maximum is available and used in the model- 
ling while Fig. 4 illustrates the distribution of this data in 
time. Taken together, these two figures illustrate that the 
observation data exhibits a reasonable temporal and spa- 
tial distribution for testing ice models for the Barents 
region but not for the Kara region. All shoreline eleva- 
tions have been reduced to either the present formation or 
deposition height of similar materials or to mean sea level. 
The conventional radiocarbon time scale is used through- 
out, for both the ice sheet model and the sea level data and 
environmental corrections have been applied according to 
the values proposed by the individual authors. 

THE REBOUND MODEL 
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TABLE 1. Summary of observational data sources 

Region/Site 

Western Spitsbergen 
Broggerhalvaya 
Daudmanns0yra 
Erdmanflya 
Linnevatnet 
Mitrahalvtlya 
Ytterdalen 
Prim Karls Forland 
Wedel Jarlsberg Land 

Eastern and Central Spitsbergen 
Agardbukta 
Wilhelm0ya 

Nordaustlandet 
Murchisonfjorden 
Lady Franklin Fjorden 
Svartknaustlya 
Stor0ya 

Edgeaya and Barentseva 
Halvemaneaya 
Humlavika 
Barents0va 

Kong Karls Land 
East Kongs0ya 
Svensk0ya 

Franz Josef Land 
Hooker 
Nansen 
Eteridge 
Belle 
Klagenfurth 
Wilzchek 
Heiss 
Alexander 

Novaya Zemlya 
Nordenskiold 
Velkitsky 

Norway 
Finnmark 

Hopen 
Central Hopen 

Reference 

Forman et al. (1987) 
Forman ( 1990) 
Salvigsen ef al. ( 1990) 
Mangerud and Svendsen ( 1990) 
Forman ( 1990) 
Landvik et al. ( 1987) 
Forman ( 1990) 
Salvigsen and Elgersma (1991) 

Salvigsen and Mangerud ( 199 I ) 
Hoppe (1972) 

Olsen and Blake (1962) 
Olsen and Blake ( 1962) 
Salvigsen ( 1978) 
Jonsson (1983) 

Hoppe (1972) 
Mangerud et al. (1992b): Gulliksen et al. ( 1992) 
Mangerud et nl. (1992) 

Salvigsen ( 198 1) 
Salvigsen ( 198 1) 

Forman et al. (1994) 
Forman et ul. (1994) 
For-man et nl. ( 1994) 
Forman et al. C 1994) 
Forman et al. ( 1994) 
Forman ef nl. ( 1994) 
Forman et al. ( 1994) 
Forman et al. ( 1994) 

Forman et nl. ( 1994) 
Forman et al. ( 1994) 

Sollid et al. (1973) 

Hoppe et al. (I 969) 

the changing water load) the relative sea level change, at 
a position cp, h (latitude, longitude) and time I, before the 
present can be schematically expressed as (Farrell and 
Clark, 1976; Clark et al.. 1978: Nakada and Lambeck, 
1987): 

A<(cp> h:t) = AC&t, + A<,(cp, h:t) + A<J(p. h:r). (1) 

The first term on the right-hand side is the equivalent or 
eustatic sea level defined as 

A?&(t) = (plce x change in ice volume)/ 
(pKatel x ocean surface area). (2) 

The second term on the right-hand side of Eqn. (1). 
the ice-load term AC,. describes the incremental change in 
sea level that is associated with the deformation of the 

Earth under the changing ice sheets. It includes the con- 
tribution from the change in the gravity field produced by 
both the changing mass distribution of the ice and the 
redistributed mass within the mantle. This term will be a 
function of the rheological model of the Earth and of the 
temporal and spatial distribution of the ice sheets. The 
third term the water-load term AcW, defines the contribu- 
tion to the changing sea level produced by the adjustment 
of the Earth to the withdrawal of water from (or the addi- 
tion of water to) the oceans as the ice sheets grow (or 
decay). It includes the contribution from the associated 
changes in the gravity field and is a function of the earth 
rheology, of the shape of the oceans, of the change in sea 
level itself. and whether the ice sheet rests on the sea 
floor or on an emerged continent. Because of the depen- 
dence of the water-load term on the sea level change 
itself, Eqn. (1) is an integral equation which is solved 
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FIG. 3. Location of shoreline elevation-age sites used in the rebound solutions. 
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FIG. 4. Temporal distribution of relative sea level data in the 
Barents Sea area. 

iteratively, taking into consideration the time dependence 
of the coastline (Johnston, 1993; Lambeck, 1993~). The 
Earth model is described by elastic parameter and density 
profiles derived from seismic models, whereas the vis- 
cosity profile is approximated by a number of discrete 
layers of different effective linear viscosities whose val- 
ues are generally considered as unknowns, to be inferred 
from the observational data. 

In the present context, the response of the Earth to 
loading (the effective lithospheric thickness and the 
effective viscosity parameters) is assumed to be known 
and to equal those values determined for Fennoscandia 
by Lambeck (1993a) for a three-layered earth model: a 
lithosphere of effective elastic thickness 65 km, an upper 
mantle (down to 670 km depth) of effective Newtonian 
viscosity of 5 x I Ozo Pa set, and a lower mantle of viscos- 
ity 1O22 Pa set (see also Lambeck et al., 1990). Because 
of the differences in crustal structure and tectonic history 
between Fennoscandia and the Barents region some dif- 

ferences in the Earth’s response can be expected and 
results based on other earth models will be examined 
below. 

RESULTS OF COMPARISONS OF MODEL 
PREDICTIONS WITH OBSERVATIONS 

In comparing the observations with predictions the 
only free parameter introduced initially is a scale para- 
meter p for the ice heights of the Barents ice sheet. The 
observation equation is therefore written as: 

Ac,,(cp, h:t) + E,((P, h:t) = Ace(t) + ; p AL; + Ai& 
j= 1 

where: Ai0 = the observed shoreline elevation (reduced to 
mean sea level) at location (cp, h) and at time t for a total 
of S observations, E, = estimation of the observation error 
of each observation, A[, = equivalent sea level function 
for the totality of the ice assets, and p = scale parameter 
for the height of theph ice sheet. In this case all p values 
are set to unity except for the one corresponding to the 
Barents ice sheet. 

The procedure for solving the S equations for the 
unknown parameter p is to predict sea levels for the 
adopted earth parameters at each observation data point 
(a height and time) s(= 1 . . . S). The appropriate ice scale 
parameter p is then estimated by minimizing the quantity 

1 s 
‘3,Z = - c ( 

At;:’ - A51;Lcred 2 
> (3) 

s s=l c@ 

where W) is the standard deviation of the .rth observation. 
If the model is complete and accurate, the observation 
errors are Gaussian. and the assumed variances are 
appropriate, then the expected value of (J~ is unity. 
Instead, for BK,,, the minimum variance obtained is 
(13)? with B = 0.61 and for BK,,, this is (8.1)* with B = 
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TABLE 2. Summary variances, defined by Eqn. (4) for the 
regional comparisons of observations with the predictions based 

on the scaled maximum and minimum ice sheet models 

Variance 

Region 

Franz Josef Land 
Central and Eastern Svalbard 

PBK,,, PI%,,, 

37.55 4.11 
13.17 25.18 

1.15. Thus the estimated maximum ice thicknesses for 
the two ice models would be about 1850 m for BK,,, and 
about 2760 m for BK,,,. The ice sheet models BK,,, and 
BK,,, scaled by their appropriate p parameters are denot- 

ed by PBK,,, and PBK,, respectively. In terms of vol- 
ume of ice at the time of the maximum glaciation, the 
estimates for the two scaled models are 3.7 x lo6 and 2.5 
x lo6 km’ respectively. This compares with about 6.9 x 
lo6 km3 for the ice volume of the Fennoscandian ice 
sheet model and these results suggest that the Late 
Weichselian ice sheet over the Barents Sea was substan- 
tial but less voluminous than that over Fennoscandia. 

For both models the minimum variance estimates (3,? 
are much larger than the expected value of unity and 
there appears to be considerable potential for the refine- 
ment of model parameters. The greatest uncertainty lies 
in the ice sheet and improvements in this will be consid- 
ered first by examining comparisons between observa- 
tions and predictions based on the P-scaled maximum 
(PBK,,,) and minimum (PBK,,,) models for five regional 
subsets of the total data set. 

Franz Josef Lund 

The position of the ice sheet margin at maximum 
glaciation is essentially the same for the two models but 
the rates of ice retreat differ significantly, occurring more 
rapidly in BK,,, than in BK,,, (compare Figs 1 and 2). 
Applying Eqn. (3) to the observations from Franz Josef 
Land only yields the results summarised in Table 2. For 
this region the PBK,i, predictions clearly give better 
agreement with the observations than does PBK,,, and 
the observational data appears to be more consistent with 
early ice volume reduction over this area than with a 
model in which much of this reduction occurs after about 
13,000 Bl? This is illustrated, for example, by the com- 
parison of the observations and predictions for Hooker 
Island (Fig. 5a), a comparison that is typical for the other 
locations in this area. Here the maximum model system- 
atically overestimates the shoreline elevations, whereas 
the comparison with the minimum model suggests that 
the ice retreat over the region may have been somewhat 
faster than assumed. The generally satisfactory agree- 
ment between observations and predictions for these sites 
also indicates that the adoption of the ice sheet margin at 
the northern edge of the continental shelf was appropri- 
ate. 
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FIG. 5. Observed (with error bars) and predicted relative sea 
level curves, with the latter based on the two ice models BK,,, 
and BK,,, for (a) Hooker Island, Franz Josef Land, where the 
observational data is from Forman ef al. (1994), (b) for East 
Kongsoya. Kong Karls Land, where the observational data is 
from Salvigsen (1981) and (c) for Hopen Island, where the 

observational data is from Hoppe et al. (1969). 

Central and Eastern Svalbard 

This region includes the sites from Nordaustlandet, 
Edgeeya, Barentsoya, Kong Karls Land and eastern 
Spitsbergen. Table 2 summarizes the local solutions for 
the two ice sheets. Here the scaled maximum model 
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PBK,,,,, yields a better overall agreement with the obser- 
vations than does the scaled minimum model (PBK,,,,). 
as can be seen for the Kongstiya (Kong Karls Land) com- 
parison in Fig. 5b, a result that is typical for most of the 
other localities in this group. The differences in the two 
predictions is not so much a function of the ice load over 
the Kara Sea as of the difference in the models over the 
Barents area and the comparisons suggest that the scaled 

BBK,,,,,, model over-estimates the ice height in this loca- 
tion. In the maximum model the original ice height over 
Kongsoya is about 1600 m and this is scaled down to 
about 1000 m, where as in the minimum model the origi- 
nal height, also about 1.500 m, is scaled up to about 1800 
m and the comparison clearly favours the lower esti- 
mates. Alternatively the ice retreat occurred earlier than 
assumed in the minimum model. but from these observa- 
tions alone it is not possible to distinguish between the 
two interpretations. This ambiguity emphasises the 
importance of having a good spatial and temporal distri- 
bution of sea level data in order to obtain unique solu- 
tions for the ice sheet dimensions. 

One exception to this regional pattern is Hopen Island, 
to the south of Edge@ya, where sea level at 9000 BP was 
about 45 m above the present level (Hoppe et al.. 1969). 
For this location model PBK,,,,, yields the better agree- 
ment with the observations (Fig. 5~). The scaled ice 
heights for the two models over Hopen are about the 
same as the corresponding results for Kongsoya (i.e. 
1000 and 1800 m respectively) such that these compar- 
isons suggest that the ice height increases southwards 
from Kongsaya to Hopen. 

West Spitsbergen 

This region includes the sites along the west coast of 
Spitsbergen and Prins Karls Forland, from Kongsfjorden 
in the north to Bellsund and Van Mijenfjorden in the 
south. At these sites neither model yields satisfactory 
comparisons with the observations, as is illustrated in 
Fig. 6 for the minimum model at the sites of Ytterdalen 
and Daudmannsoyra. In both instances the predictions lie 
significantly below the observed levels and the discrep- 
ancy becomes even greater for the southern Prins Karls 
Forland site (Fig. 6~). Clearly, at these locations the 
rebound predicted from the removal of the Barents ice 
sheet is wholly inadequate to compensate for the rise in 
sea level produced by the melting of the major ice sheets 
of North America and Antarctica. 

Figure 7 illustrates the predicted elevations of shore- 
lines at selected epochs along a section through Isfjorden 
and orthogonal to both the west Spitsbergen coast and the 
assumed ice sheet limit. Observed levels at about 13,000 
BP for coastal sites such as Ytterdalen are about 30-40 m 
above their present level, whereas the predicted levels for 
this epoch lie below present sea level. One way to 
improve the agreement would be to increase the rebound 
by increasing the ice thickness over Svalbard and the 
Barents Sea, but the additional ice required is inconsis- 
tent with the central and eastern Svalbard sea level data 
which, as discussed above. favour a reduction in ice 
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Daudmannsaya and (c) southern Prins Karls Forland. The 
observational data are from Landvik ef al. (1987). Forman 
( 1990) and Forman ( 1990) respectively. The predictions are 

based on the model BK,,,,. 

thickness. In fact, the solution p > I for the minimum ice 
model is largely due to the west Spitsbergen data and 
solutions of Eqns (3) with (4) from which the Spitsbergen 
data is excluded point to a much smaller p value. 
Alternatively, agreement between observation and pre- 
diction could be improved by melting the ice sheet later 
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1994) and predicted values for the two scaled ice models 
PBK,,.,, and PBK,,,,, for Nordenskiold Bay, Novaya Zemlya. The 
arrows indicate the elevations of the marine limit for the two ice 

models. 

than assumed, but this is also incompatible with the com- 
parisons for sites to the east. A third possibility which 
only minimally perturbs agreement with the eastern 
Svalbard data is to shift the ice limit further beyond the 
western edge of Spitsbergen. An estimate of the amount 
of displacement required follows from Fig. 7 as about 
150 km: the amount by which the shoreline curve for 
13.000 BP must be translated westwards for the predicted 
level at the present margin of western Spitsbergen to be 
about 30-40 m as well as to yield raised Lateglacial 
shorelines on Prins Karls Forland. This places the ice 
limit not near the present coast, as assumed in the two ice 
models. but at the edge of the continental shelf. The max- 
imum ice thickness over western Spitsbergen in Late 
Weichselian time is likely to have been of the order of 
800 m. 

Novaya Zemlya 

Novaya Zemlya represents a key area in any discus- 

sion of the extent of glaciation in Arctic Europe but it is 
also a poorly studied area and improved data is critical. 
Figure 8 illustrates the predicted sea levels for the two 
scaled models at Nordenskiold Bay (near Archangel Bay) 
on the northwest coast of Novaya Zemlya. Clearly the 
consequences of the two models are markedly different 
because of the contrasting assumptions made about the 
extent of ice over the Kara Sea. Thus height-age obser- 
vations of palaeo-shorelines from this island should per- 
mit a robust discrimination to be made between the two 
ice models if it were not for the fact that the evidence 
since the last glacial maximum is both limited and con- 
tradic-tory. Andersen (198 1) refers to observations along 
the northwest coast of Novaya Zemlya where Grenlie 
(1940) reported raised shorelines and marine terraces at 
elevations up to 320 m near Archangel Bay and up to 
300-220 m near Sukhoi Bay and which he considers to 
be of Late Weichselian or Holocene age on the basis of 
their gradients and correlations with shorelines in north- 
ern Norway. On Vaigach Island, near the southern tip of 
Novaya Zemlya. Andersen refers to marine shells and 
terraces that lie as much as 165 m above present sea level 
and which he also infers to be of Late Weichselian or 
Holocene age. According to Grosswald (1980). marine 
terraces on Novaya Zemlya at altitudes of from 40 to 80 
m to well over 100 m, show no evidence of having been 
overriden by ice and his inference is that they are of post- 
glacial age. By analogy with the western Spitsbergen sit- 
uation, such high shorelines cannot be produced by ice 
models that terminate at the eastern edge of the island 
and, instead, these inferred height-age observations 
imply a very substantial ice sheet over Novaya Zemlya 
that extends eastwards into the Kara Sea. This is illustra- 
ted in Fig. 8 by the two predicted sea level curves for 
Nordenskiold Bay where only the maximum model pre- 
dicts elevations in excess of 100 m since Lateglacial 
time. Recently, however. Forman et al. ( 1994) have dated 
some low-altitude shorelines at this last-mentioned loca- 
tion and observed a much reduced uplift, with approxi- 
mately 4000 year old shorelines occurring at elevations 
of less than 10 m. results that are more consistent with 
the minimum model. In both models the region becomes 
ice free only after 10.000 BP and the predicted marine 
limits for the maximum and minimum models are about 
250 and 60 m respectively. The former is roughly consis- 
tent with the observations quoted by Andersen and 
Grosswald but Forman et nl. report that the marine limit 
occurs here at only about 11 m. If confirmed, this would 
suggest that the northwest coast of Novaya Zemlya did 
not become ice free until about 6000 BP. 

Finnmark 

Two well-developed raised shorelines, the Tapes 
which formed at about 6500 BP and the Main Line which 
formed at about 10.300 BP. occur in the Finnmark region 
of northern Norway. Both exhibit pronounced north-dip- 
ping gradients (e.g. Sollid et al.. 1973). The elevations 
and gradients of these shorelines are determined largely 
by the rebound of Fennoscandia but if the ice sheet is as 
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large as proposed in the above models, the Barents Sea 
rebound can make a significant contribution, reducing the 
gradients from what they would be in the presence of the 
Fennoscandian ice sheet alone. A suggestion of this can 
in fact be seen in the isobase gradients, particularly for 
the Main Line, which are less steep in the Finnmark area 
than further to the west. Figure 9 illustrates the observed 
and predicted gradients of the shorelines for the two ice 
sheet models defined by the right-hand side of Eqn. (3) 
and the p parameters determined previously @BK,,, and 

PBK,,, which includes the other distant ice sheets). Also 
illustrated are the contributions from the individual ice 
sheets; the P-scaled Barents ice sheet models only 
(denoted by oBK,,,* and PBK,,,*), the Fennoscandian 
(fenn) ice sheet only, and the combined far-field ice 
sheets of Laurentia, Greenland and Antarctica (far-field). 
At 10,300 BP (Fig. 9b) the total maximum model PBK,,,, 
gives better agreement with the observed shoreline than 
does the minimum model, with the latter significantly 
underestimating the elevations. This suggests that the 
actual ice retreat from the southern Barents Sea may have 
been less rapid and occurred somewhat later than 

assumed in model PBK,,,. By 6500 BP both scaled mod- 
els predicted similar gradients and elevations but neither 
corresponds well with the observed value for the Tapes 
shoreline (Fig. 9a) and the comparison points to there 
having been somewhat more ice in the southern Barents 
Sea, relative to the northern region, than assumed in the 
minimum model, consistent with the earlier conclusion 
that the ice thickness may have increased southwards 
from Kongsgya. 

Russian Arctic Coast 

The two ice models predict quite different sea levels 
along the coast of western Siberia. particularly eastwards 
of the Ural Mountains, with the maximum model predict- 
ing well elevated shorelines of early Holocene age and the 
minimum model pointing to emerging coastline since 
deglaciation. This is illustrated in Fig. 10 in the form of 
the sea level isobases at 9000 BP, corresponding approxi- 
mately to the end of glaciation as assumed in both models. 
Thus these curves represent approximate upper limits to 
elevations of marine shorelines predicted by the two mod- 
els. Unfortunately, there is little quantitative data for the 
region against which these models can be tested, but some 
recent qualitative observations are helpful. Thus, 
Astakhov (1992) notes a general absence of Holocene 
raised shorelines to the east of the Urals and this argues 
strongly against the maximum reconstruction. The one 
exception occurs on the western coast of the Yamal 
Peninsula where he refers to raised shorelines at 8-10 m 
elevations, rising to 20-30 m westwards along the Pai-Hoi 
Range (see Fig. 10). The minimum model predicts that 
sea levels remained below or near their present level since 
the deglaciation of this region whereas the maximum 
model predicts levels in excess of 50-100 m for the corre- 
sponding time. For the minimum model the Yamal 
Peninsula lies outside the zone of crustal uplift and raised 
Holocene shorelines cannot be achieved simply by an 
upwards scaling of the ice heights in this region. Instead, 
if the observations reported by Astakhov are substantiated 
by quantitative dating, then they point to there being some 
ice over the Kara Sea in Late Weichselian time but only a 
small fraction of that assumed in the maximum model or 
probably less than about 500 m. Also, Mangerud et al. 
(1994) note that an aerial survey of the Pechora River 
area, west of the Urals, did not reveal raised shorelines. 
For this location both rebound models point to higher than 
present sea levels during Holocene time for the region 
(Fig. lo), suggesting that there is excessive ice in the 
model for this region. Andersen’s (198 1) isochrones and 
the Denton and Hughes (198 1) minimum reconstruction 
point to a substantial ice load south and southwest of 
Novaya Zemlya and it is this that produces the predicted 
highstands in the Perchora River area. This load, centred 
on Ostroy Kolguyev, also has the consequence of opening 
the Baltic Sea to the Barents Sea, via the White Sea, in 
Lateglacial time and in the absence of evidence for this 
(Rainio and Saarnisto, 1991), it must be concluded that 
both ice models overestimate the ice in this region. 
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FIG. 10. Mean sea level isobase predictions for Arctic Russia at 9000 BP for the maximum ice model (solid lines) and the 
minimum ice model (dashed lines). Contour intervals are SO m. 

EARTH MODEL DEPENDENCE OF ICE SHEET 
CONSTRAINTS 

Consider the four earth models summarized in Table 
3. All have a lithosphere of effective thickness 80 km and 
realistic density and elastic moduli profiles. They differ 
only in their viscosity structure and together they encom- 
pass a wide range of viscosity profiles that has been vari- 
ously proposed in the literature. Model A has a uniform 
mantle viscosity of 10” Pa set and corresponds approxi- 
mately to models favoured by Peltier and colleagues (e.g. 
Tushingham and Peltier, 1991). In model B the viscosity 
below 670 km depth has been increased to lo?’ Pa set, 
and the comparison of predictions based on these two 
models should illustrate the importance or otherwise of 
the choice of lower mantle viscosity. Model C differs 
from model B in that it includes a low viscosity layer 

below the lithosphere down to a depth of 200 km and, 
other than a thicker lithosphere, is comparable to the 
model favoured by Fjeldskaar and Cathles (199 1). Model 
D is the same as that used in the previous section except 
that the lithospheric thickness has been increased to the 
same value as in the other models used in these tests. All 
four earth models are loaded by an ice cap with a circular 
base of radius 1000 km at the time of maximum glacia- 
tion, a near-parabolic cross-section and a maximum ice 
height of 1600 m. The height and radius of the ice dome 
decreases as melting proceeds at a rate that is similar to 
that adopted in the more realistic models (Fig. 11). The 
ice dome rests on a continent of the same dimension as 
the ice sheet at its maximum extent. Earlier load cycles 
are ignored, as are contributions from other ice sheets 
other than as contributing to the overall eustatic change 
that is assumed to be the same as for the more complete 

TABLE 3. Summary of lithospheric thickness Hand viscosity parameters for the four earth models. For all models realistic density and 
elastic moduli are used 

Model 
H 

km 
n(H-200 km) 

Pa set 
q(200-670 km) 

Pa set 
q(> 670 km) 

Pa set 

A 80 lo?’ 10” 10” 
B 80 10” IO” 10:’ 

C 80 5 x 10” 10” ,O’? 

D 80 4 x 10” 4 x 10”’ ,022 



12 Qunternary Science Reviews: Volume 14 

2 
I. 800 
.%J 
8 
8 ._ 

400 

0 
0 2 4 6 8 10 12 

radius of ice sheet (degrees) 

FIG. Il. Cross-section of the radially symmetric ice model, as 
function of time. used for comparative tests of sensitivity of ice 

sheet parameters on earth structure. 

model discussed earlier. Figure 12 illustrates predicted 
sea levels for the different earth models at two localities: 
one near the centre of the ice dome corresponding 
approximately to the site of Kongs@ya, the other at the 
edge of the ice sheet at the time of maximum glaciation 
corresponding to the western Spitsbergen localities. At 
the former site the predictions of relative sea levels for 
the past 10,000 years are of a magnitude comparable to 
that observed. and the simple models give a reasonable 
representation of the rebound predicted by the more real- 
istic models as well as of the observed sea level change. 
Thus, while these models are very much simpler than can 
be expected for the Barents ice sheet, the comparative 
patterns of sea level change should give a realistic indica- 
tion of the sensitivity of the sea level predictions, and 
hence of the ice sheet inference. on the choice of each 
model parameters. Near the centre of the load all models 
predict similarly sea level curves for lateglacial and post- 
glacial times (Fig. 12a), illustrating a well known result 
that observations from the centre of rebound do not pro- 
vide significant depth resolution for the mantle viscosity. 
particularly if the ice thickness is also unknown. 
Nevertheless, all models lead to the same conclusion, that 
for a wide range of plausible earth models a substantial 
thickness of ice over the Barents Sea is required. For 
example, to produce equal maximum rebound. while 
model A requires about 30% less ice than does model B, 
both require a major ice sheet over the region in order to 
yield shorelines at the observed elevations. 

Figure 12b illustrates similar comparisons for the site 
at the ice margin. Here all models predict shorelines for 
Lateglacial times that lie well below present sea level. 
Raised shorelines at these marginal sites can be achieved 
by significantly increasing the ice thickness, but this 
would lead to excessive rebound near the centre of the 
ice sheet, and a more satisfactory modification of the ice 
model is to increase the radius of the ice sheet. The mag- 
nitude of the required increase is earth model dependent 
and ranges from about 250 km for model A to 300 km for 
model C. These estimates exceed the distance out to the 
continental shelf west of Spitsbergen but they represent 
upper limits in that smaller increases suffice if the ice 
thickness near the ice limit is also increased or if the ice 
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FIG. 12. Predicted sea levels for the four different earth models 
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for a site at the edge of the ice sheet limit at the time of the 

glacial maximum. 

retreat occurs less rapidly. However, the important result 
is that all four models lead to the conclusion that the ice 
sheet must have extended out to the edge of the shelf in 
order for 10,000 year old beaches to be preserved along 
the western side of Spitsbergen at 30-40 m above present 
sea level. 

IMPLICATIONS FOR THE ICE DISTRIBUTION 
AND ICE RETREAT 

The comparison of the observations of raised shore- 
lines in the archipelagos of the Barents Sea with model 
predictions supports arguments for the existence of a 
large ice sheet over the region at the time of the last 
glacial maximum and most recent studies of other lines 
of evidence have already reached this conclusion (see the 
Introduction). This ice sheet is likely to have had the fol- 
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lowing characteristics, conclusions that are independent, becoming unstable as a result of the rising sea level. 
other than in detail, of assumptions made about the while the Fennoscandian ice sheet at this time was pri- 
Earth’s rheological parameters. marily land based. 

(i) The maximum thickness of the ice is likely to 
have been about 1.500-2000 m with the centre of 
the load occurring to the southeast of Kongsoya. 

(ii) The ice sheet extended out to the western-edge of 
the continental shelf, consistent with the conclu- 
sion reached by Mangerud et al. (1992a) and 
Svendsen et al. (1992) on the basis of sedimento- 
logical and geomorphological data for the western 
margin. Its maximum thickness over western 
Spitsbergen is likely to have been about 800 m. 

(iii)To the north of Svalbard and Franz Josef Land the 
ice sheet at the time of maiimum glaciation 
extended out to the northern shelf edge. 

(iv)Retreat of the grounded ice across the southern 
Barents Sea occurred relatively early, but possibly 
not as fast as proposed in the minimum model 
(Fig. 2), such that this region &as largely ice free 
by about 15,000 BP. This is consistent with the 
interpretation by Jones and Keigwin (1988) of a 
flux of light isotopes into Fran Strait at about this 
time as well as with rebound modelling of the 
Finnmark area (Elverhei et al., 1993 ). 

(v) By 12,000 BP the grounded ice had retreated to 
the northern archipelagos and was largely gone by 
10,000 BP. 

GLACIAL REBOUND AND THE ONSET OF 
GLACIATION 

The occurrence of an ice sheet over the central 
Barents Sea in Lateglacial time does raise the question of 
the formation of ice sheets in a marine environment. 
Several suggestions have been made. For example. 
Denton and Hughes (1981) suggested that the ice sheet is 
the result of a gradually thickening of sea ice in a shal- 
low-water environment. Alternatively, the ice sheet could 
be the result of ice growth outwards from the individual 
island groups with the ice streams coalescing to form a 
single entity (see for example, Elverhai et al., 1993). This 
latter process would be much facilitated if at the same 
time the now relatively shallow banks, such as 
Storbanken, Sentralbanken and Spitsbergenbanken. were 
also above or near sea level so as to act as additional foci 
of ice growth. These banks now lie at a water depth of 
below about 150 m and deeper than the generally accept- 
ed eustatic sea level Ace at the time of the last glacial 
maximum but the isostatic contributions A<,+Ac,V for this 
region can be significant. 

The available information about the extent of the ice 
over the Kara Sea and over the western Russian plain 
remains ambiguous. The older but unquantified observa- 
tions reported by Andersen and Grosswald point to an ice 
sheet that must extend well to the east of Novaya Zemlya 
in order to produce raised shorelines up to 200 m above 
present sea level of Lateglacial or Holocene age. In con- 
trast, the few height-age observations by Forman et al. 
(1994) indicate that the ice sheet was limited to the east- 
ern margin of the island but, at the same time, these data 
appear to require extensive ice cover over the island until 
mid-Holocene time. Dated material from the higher lev- 
els is obviously required, as is information from the 
Russian mainland in order to estimate the ice sheet limits 
over the Kara Sea. The reported observations by 
Astakhov (1992) rules out the model with a thick ice 
sheet over the Kara Sea but somewhat more ice is 
required in this region than has been assumed in the min- 
imum model, consistent with Astakhov’s conclusions. 

The glacial rebound model Eqn. ( 1) predicts the posi- 
tions of past sea level relative to the present level as a 
function of position $I and time t, measured with respect 
to the present. More relevant, however, is the water depth 
H($. t) which is related to A<($. h;t) by 

H(@, hit) = HJO, h) - A<(@ h:t) 
= H”(@, h) - {AC,(t) + Ail(cp. h:r) + &(cp, h:r)l 

The comparisons of predictions with observations are 
not consistent with the maximum model in which, analo- 
gous to the Fennoscandian ice cover, a significant ice 
sheet remains at about 10,000 BP as proposed by 
Grosswald (1983). Instead. retreat of ice over the Barents 
Sea appears to have been very much faster than was the 
case over Fennoscandia (Fig. 2), despite the more 
northerly latitude of the former region. The decay of the 
southern Barents ice sheet coincides with the early rise in 
eustatic sea level and the subsequently rapid disintegra- 
tion is presumably a consequence of the Barents ice sheet 
being, by Lateglacial time, largely marine based and 

where H,,(Q, h) (a negative quantity) is the present water 
depth at @, h. Figure 13a illustrates the results for the 
palaeobathymetry of the Barents Sea at the time of the 
last glacial maximum at 20,000 BP This is based on the 
‘Fennoscandian’ earth model, the bathymetric data from 
the 5’ x 5’ ETOPO-5 data base, the previously introduced 
ice sheet model for Fennoscandia (Fig. 2) (less the 
Barents contribution) and the more distant ice sheets of 
Laurentia and Antarctica. In the absence of a local ice 
sheet, the principal isostatic contribution in the Barents 
Sea region comes from the mantle response to the 
Fennoscandian ice sheet and takes the form of a sea-floor 
uplift as the ice sheet develops to the south. The magni- 
tude that this ‘peripheral bulge’ can attain is not large 
but, when combined with the assumed eustatic sea level 
change for this time of -130, it is sufficient for a substan- 
tial part of the Barents Sea to become either very shallow 
or to actually lie above sea level, particularly over 
Spitsbergenbanken. Hopenbanken, to a lesser degree over 
Storbanken, and over the shallow banks west of Novaya 
Zemlya. 

Because the maximum limit of the Fennoscandian ice 
sheet appears to have been maintained for a relatively 
short interval, the peripheral bulge continues to grow 
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FIG. 13. F ‘redicted water depths in the Barents Sea at (a) 20,000 BP, (b) 16,000 BP in the absence of an ice sheet over the area. Dark 
green area .s represent land that is now above sea level while the paler green areas were emerged at the corresponding epochs. Areas cov- 
ered I my icl e are in white. The palaeowater depth contours are at 50. 100, 200, 500 and 1000 m. The red contours represent the palaeo sea 
levelr i wit1 1 respect to the present level at 50 m intervals. The yellow contour is the zero isobase. Contours within the ice covered areas 
are pi xitiv Fe. Sforbanken, above sea level at 20,000 to 16,000 BP is now at 150-200 m below sea level. Likewise Sentralbanken at less 

than 50 m depth at 16,000 BP is now at -200 m. 
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some time after the maximum ice sheet limits are attained 
and, for the model under consideration, this occurs at a 
rate that is equal or faster than the rise in global eustatic 
sea level until about 16,000 BP (see Fig. 13b). The result, 
therefore, is that the plateau develops primarily only after 
the Fennoscandian ice sheet has reached or approached 
its maximum limit and persists above sea level for sever- 
al thousand years, providing the opportunity for ice 
growth in an emerged environment that lags behind the 
Fennoscandian ice sheet. Thus. independent of any other 
forcing functions, the ice growth over the Barents Sea 
can be expected to be initiated only towards the end of 
the Fennoscandian ice sheet build up. 

The size of the emerged area illustrated may represent 
a lower limit and if the eustatic sea level at the time of 
maximum global glaciation is increased to -150 m the 
predicted emerged area is substantially increased, corre- 
sponding approximately to the 2.5 m depth contour in Fig. 
13a. Likewise, if the upper mantle viscosity is reduced 
the emerged area will also increase in size. Some recent 
results have suggested that marine conditions existed in 
the Barents Sea as late as 23,000 BP (Hald et al., 1990; 
Elverhei et al., 1993). and the ice growth may indeed 
have been facilitated by the emergence of parts of the 
shallow sea floor, at the time of the glacial maximum, 
under the influence of the Fennoscandian isostatic adjust- 
ment. 
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