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Response of sediment to ice-sheet loading in northwestern
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ABSTRACT. Laboratory tests on sediment over-ridden by the last ice sheet in north-
western Germany reveal very low ice-induced pre-consolidation and high palaeo-pore-
water pressures. Sediment consolidation at the base of the glacier was largely controlled
by hydraulic properties of the substratum. Generally low permeabilities of the bed caused
sustained high pore-water pressure in over-ridden sediments close to the flotation point.
This implies a serious possibility of hydraulic lifting of the ice sheet. It is believed that the
reduced basal coupling limited the transformation of glacier shear stress on to the bed
sediments, which is indicated by a lack of sedimentological evidence for widespread per-
vasive bed deformation. Tee motion was probably focused at the glacier sole by some com-
bination of sliding and ploughing. However, isolated spots with deformation oceur, so that
the subglacial system in the study area can be characterized as a stable/deforming mosaic.

INTRODUCTION

Reconstructing the behaviour of Pleistocene ice sheets
requires accurate values for factors influencing the basal
boundary condition, such as mechanisms of subglacial melt-
water drainage and the behaviour of over-ridden unconsol-
idated sediment. Since no direct data on these parameters
are available, one must rely on inferences from signatures
left in subglacial sediments and ultimately use them for val-
idation of large-scale palaco-glaciological models of ice-
sheet dynamies.

The objective of this paper is to demonstrate unexpect-
edly high palaco-pore-water pressures within fine-grained
sediments over-ridden by the last (Weichselian) ice sheet in
northwestern Germany, as indicated by laboratory tests on
undisturbed till and clay samples. Among possible causes
for apparently sustained high water pressures, low hydraulic
conductivities of the substratum will be considered. An at-
tempt to reconcile high pore-water pressures with apparent
lack of field evidence for pervasive ice—bed deformation is
made. This leads to the conclusion there was a thin sub-
glacial water film, which locally separated subglacial sed-
iments from the shear stresses imposed on them by the
glacier movement.

SEDIMENT CONSOLIDATION

A vertical downward stress, o., applied to sediment causes

consolidation of the grain skeleton. Sediment consists of

largely incompressible minerals and pore space, filled with
air or water (Fig. 1a). When sediment is over-ridden by a
glacier, normal stress increases and initiates consolidation.
At first, there is consolidation due to expulsion of air, fol-

lowed by consolidation caused by squeezing of water out of

the pores. The latter accounts for most consolidation and
depends on the hydraulic and geometric properties of the
material and on pore-water recharge. If the pore-water can
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Fig. 1. Geostatic compaction of a clastic sediment (a) with
pore=water drainage (b)) and with limited pore-water drain-
age and fore-waler recharge (¢ ) ( modified after Boulton and
Dobbie, 1993). py is pore-water pressure, (T; is effective stress.
(¢) illustrates a subglacial system with low hydraulic perme-
ability under a warm-hased glacter. Note only slight changes
in Py and G; after loading in (¢).

drain freely from the sediment, consolidation is rapid and
significant with rapid pore-pressure dissipation (Fig. 1b).
On the other hand, if drainage is impeded, loading is ac-
companied by an increase in pore pressure and consolid-
ation will be very small (Fig. I¢), because normal stress is
supported to a large extent by water in the pores.
Therefore, sediment compaction is governed by effective
stress o, defined as
O"_ =0z Pw (l)
where py, is pore-water pressure.
From the stress history of sediments over-ridden by
glaciers, conclusions regarding the subglacial hydraulic
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Fig. 2. Typical consolidation curve from an oedomeler test.
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Point B corresponds to the pre-consolidation stress o,
regime can he drawn. In overconsolidated sediments the
) . . b - - .
past pre-consolidation stress o, caused by ice loading is
! . . . 2
greater than the recent overburden stress o, indicating fav-
ourable conditions for pore-water dissipation under the ice
sheet. The relation of these two stresses defines the over con-
solidation ratio (OCR):

o
OCR = J—p (2)
0
where o is derived from the bulk density of the overlying
sediments and their thickness.

The pre-consolidation stress is determined in a conven-
tional oedometer consolidation test (lerzaghi, 1923), in
which an undisturbed sample is subjected to a uniaxial nor-
mal stress that is stepwise increased. Void ratios &; reached
at the end of each stress increment are plotted against the
corresponding normal stress . (Fig. 2). After reaching a
vield point B, the curve dips steeply, indicating the trans-
ition between largely elastic and largely permanent deform-
ation. Point B corresponds to the pre-consolidation stress
0‘;), the highest effective stress that has ever been applied to
the sediment. The position of point B can be determined
graphically using, for example, the method of Casagrande
(1936).

For soft sediments over-ridden by a glacier, (T;, depends
on the ice-overburden pressure and the palaeo-pore-water
pressure. In this study, other factors potentially influencing
U;, such as diagenetic consolidation, weathering, ion ex-
change, fluctuations of pH and temperature, changes of sed-
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Fig. 3. Study area (hatched) and the sample localities
(ART-AKI3). Arrow indicales the main ice-movement direc-
tion of the Weichselian glaciation. Weichselian ice limit is
shown.

iment structure caused by secondary consolidation and
decrease of pore-water pressure caused by lowering of the
ground-water table are not taken into account as they are
probably of secondary significance given the geographic set-
ting of the samples and their relatively young age (Weichsel-
ian glaciation). Furthermore, the net effect of these factors
would probably be to increase the consolidation, which
would not affect our conclusions qualitatively.

SEDIMENT SAMPLING AND COMPRESSION TESTS

Weichselian sediments grouped in three regions of north-
western Germany were sampled at different distances from
the maximum ice limit (Fig. 3; Table I). Samples AK1-AKI0
come from the lower sedimentary complex of the Baltic Sea
cliff north of Kiel (Piotrowski, 1994¢). Five samples were
taken from sub-aquatic flow tills deposited in a water-filled
basin, which developed in front of the Weichselian ice sheet

Table 1. Busic sedimentological data for sampled Weichselian sediments. C is clay, St is silt, 8 is sand, G is gravel, My is median,
U is coefficient of uniformity ( Do/ Dyo ) Ce is coefficient of curvature ( D3, | Do Di )y w is water content, PL is plastic limit

and LL is liquid limat

Sample Laocation Facies @ Si S+G My i (18 u PL LL

% % mim %o % Y%
AKI Stohl ¢hff Sub-aquatic flow till 23 26 5l 0.062 100 0.28 14 10 22
AK?2 Stohl cliff Sub-aquatic low till 18 28 51 0.082 120 1.90 13 8 18
AK3  Swhl cliff Sub-aquatic flow ill 19 29 52 0.067 100 0.81 12 8 18
AK4  Stohlcliff Sub-aquatic flow till 18 34 48 0.059 90 111 13 H 2
AKS Stohl ehiff Clay breccia 43 5l 6 0.003 44 0.23 27 17 5
AK6  Stohl chiff Sub-aquatic Now till 17 31 52 0076 98 200 14 10 19
AK7  Dinisch-Nienhof Lodgement ull 28 37 40 0.016 310 0.02 12 9 18
AK8  Diinisch-Nienhof Lodgement till 16 28 36 0.075 110 4.8 13 9 18
AKY9  Surendorl Lodgement rill 19 27 34 0.070 120 041 12 L¢] 20
AKIO  Surendorf Lodgement till 23 27 50 0.062 130 0.11 13 9 22
AKIl  Briigge Lodgement till 11 21 68 0.130 133 9.72 17 7 16
AKI2  Briigge Lodgement till 12 16 72 0.170 192 17.75 8 10 3l
AKI3  Brugge Lodgement till 25 20 35 0.075 120 0.12 17 12 28
AKH  Heiligenhafen Johanmstal — Lodgement till 25 25 50 0.070 130 0.12 9 10 22
AKI5  Fehmarn Lodgement till 24 31 45 0.040 80 0.15 1 10 28

4¢
https://doi.org/10.3189/50022143000035103 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000035103

advancing out of the Baltic Sea depression on to the older
highlands (Piotrowski, 1994¢). An additional sample origin-
ates from brecciated glaciolacustrine clay deposited in the
same environment. These sediments were subsequently
over-ridden by the glacier, which reached its maximum
about 40 km further to the southwest. Another four samples
were taken from a lodgement till (sensu Dreimanis, 1989),
which was deposited on top of the over-ridden water-laid
sediments,

The second group of samples (AK11-AKI3) was taken
in a gravel quarry at Briigge Bissee, about 13 km inside the

ice limit. They are from lodgement tills deposited on top of

largely undisturbed Saalian and Eemian strata (Marks and
others, 1995, fig. 3).

Samples AKI4 and AKI5 originate from lodgement tills
in a Baltic Sea cliff about 80-90 km inside the ice limit at
Heiligenhafen Johannistal and the Isle of Fehmarn, respec-
tively, At both localities, thick Tertiary clays (Tarras—Ton)
with very low hydraulic permeability occur just a few
metres below the sampled sediments. These clays constitute
a regional aquitard at the base of the Quaternary deposits.

At all localities, the undisturbed samples were collected
from unweathered sediments at least several metres below
the present land surface and at least ahout 40 cm into the
[resh exposure wall. Only massive units with no evidence
of fissures or joints were sampled. Steel cylinders, 10 cm in
diameter and 20 em long, were mechanically driven into
the sediment and then cut out. In the laboratory, specimens
for oedometer testing were prepared by pressing a steel cut-
ting ring into the central part of the eylinder to extract the
sediment for mounting in the oedometer cell. The steel rings
were 50 mm in diameter and 14 mm high. Every sample was
tested in at least two parallel experiments. Sedimentological
data for the samples are given inTable |

In the oedometer experiments under fully drained con-
ditions and with a fixed cutting ring, samples were loaded in
ten successively greater stress increments from 196 to
6272 kPa, to ensure that the pre-consolidation stresses were
clearly exceeded. Each load increment was applied for 24
hours. After 24 hours consolidation had essentially stopped.
At the end of the test the stress was reduced to that of the first
stress increment.

All consolidation curves exhibit initially elastic and then
permanent sediment deformation (example in Figure 4). In
some samples, determination of the pre-consolidation stress

G’I was not unequivocal, because of the similar dip angle of

both parts of the curve or a rather long transition between
the two. Despite several repeated tests, sample AK10 yielded
no clear data and will be omitted from further consider-
ations. The pre-consolidation stresses were determined
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Table 2. r'matmd stress paramelers cr (recent overburden
stress ) (md cr ( pre-consolidation .ﬂ'ms.t ), overconsolidation
ratios ( OCR ) rmn' ice thickness above the potentiometric sur-
Jace (heie) calculated from 10 kPa== 111m and assuming
95% consolidation. Although 100% consolidation requires
infinile time, afler 93% consolidation Is reached, additional
compression is very slow ( Taylor, 1948) and can be neglected
Jor practical reasons ( Sauwer and Chiistiansen, 1991)

Sample a, 7, OCR s
kPa kPa m
AKI 260 525 2.02 6l
AK?2 260 310 1.19 36
AK3 330 380 I 5] 14
AK4 320 230 0.72 27
AK5 415 540 1.30 62
AKG 370 310 0.92 40
AK7 170 270 1.59 32
AKS8 350 350 1.00 4
AK9 160 245 1.53 29
AKI1I 220 240 109 28
AKI2 210 230 1.10 2]
AKI3 40 78 1.94 9
AKH 100 140 140 16
AKI5 100 140 140 16

using the graphical method of Casagrande (1936) (see
Craig, 1988, p.238-46). The test results are summarized in
Table 2, where data for parallel tests for the same sample
have been averaged to give mean values for each sample.
Averaging was applied only to parallel samples which
yielded similar consolidation curves and J;, values which
did not differ by more than 100 kPa,

All samples exhibited unexpectedly low a"p values which,
in relation to the recent overburden stress (T:, give very low
overconsolidation ratios; in a few cases the recent overbur-
den stress was even roughly equal to the maximum pre-con-
solidation stress. If pore-water had been at atmospheric
pressure upon loading by the glacier, the implied ice thick-
nesses range between 9 and 61 m. Clearly, these are unreal-
istically low values and instead must be considered as being
representative of the ice thickness above the potentiometric
surface (Table 2; see also Sauer and others (1993) for a
similar conclusion). Pore-water pressures were apparently
very near or at the ice-overburden pressure. This can be ex-
plained by generally low hydraulic transmissivity of the sub-
stratum which hampered efficient drainage of subglacial
meltwater. In the study area, aquitards with conductivities
of about 2 x 10 "ms
fers by a ratio of 16:1

" dominate volumetrically over aqui-
( Piotrowski and others, 1996; Pio-
trowski, 1997a), so that the drainage capacity of the glacier
bed was easily exceeded. Piotrowski (1997a) has shown that
only about 25% of meltwater released subglacially could
have been evacuated to the ice-sheet foreground as ground-
water flow (see also Piotrowski, 1994b, 1997 b).

The relation between high pore-water pressure and the
hydraulics of the substratum is particularly obvious for
samples AKH and AK15, which are underlain by thick ‘Ter-
tiary clays. When over-ridden by the glacier, this regional
aquitard hindered meltwater dmmagc from the ice base
and triggered pore-water pressure build-up in the sediment
to heads corresponding to the flotation point. At those local-
ities, the inferred ice thickness above the potentiometric sur-
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face was about 16 m, while the inferred total ice thickness h
was probably about 400m (calculated from h=
(AVL +t) x 1.25 (cf. British Glaciological Society, 1949)
with A = 1.0 as an approximation for a low-profile ice slope
(e.g. Mathews, 1974; Sauer and others, 1993), L (distance to
ice margin) = 85000 m, t (topographic correction, account-
ing for the difference in elevation between the ice bed at the
sampled locality and the ice margin) =28 m and corrected
for 25% isostatic depression (Embleton and King, 1975,
p-171)).

There 1s no clear relationship between the pre-consol-
idation stresses and distance to the ice margin (1.e. ice thick-
ness), which indicates that sediment consolidation was
largely controlled by hydraulic properties of the substratum.

One important conclusion from the above is that the
method of inferring past ice thickness from pre-consolid-
ation stresses in over-ridden sediments must be treated with
extreme caution (cf. Boulton and Dobbie, 1993). Indeed, ice
thickness in Finland calculated by Aario (1971) from pre-
consolidation data was much smaller than could be ac-
cepted, based on independent geological data. Brown and
others (1987) calculated ice thicknesses for the Puget Low-
land, which turned out to be about three times too small.
Also, ice thicknesses obtained by the same method for
northern Germany by Khera and Schulz (1984) are about
one order of magnitude too small in comparison with other
evidence. The same refers to the data of Alai-Omid (1976)
reconstructed for parts of northwestern Germany. The
reasons most often quoted for these unreliable results were
problems with consolidation tests and sample disturbances,
sediment weathering and early diagenesis, macroscopically
invisible discontinuities and inhomogeneity in the case of
glacial tills. If these error sources are minimized, compres-
sion tests may yield accurate ice thickness only above the
potentiometric surface, which can differ substantially from
the total ice thickness. Examples of total ice-thickness
calculations from consolidation parameters cross-checked
and confirmed by independent data (e.g. Harrison, 1958
Kazi and Knill, 1969) can possibly be explained by excep-
tionally high hydraulic transmissivities of the substratum.

DID SUBGLACIAL SEDIMENTS DEFORM PERVASIVELY?
Considering high pore-water pressures, pronounced
deformations of the sediment can be expected. The shear
strength, 77, of sediment is given by the Coulomb equation

TT=c+ (0. — py)tano (3)
where ¢ is cohesion and ¢ is angle of internal friction. High
pore-water pressures facilitate sediment deformation by red-
ucing the effective normal stress, 0. — Py, on the sediment.
From the high pore-water pressures inferred above, it fol-
lows that deformation of subglacial sediment must be con-
sidered a strong possibility for the study area.

Deforming beds have been discovered beneath modern
glaciers resting on unconsolidated sediments in Iceland
(Boulton, 1979, 1987; Boulton and Jones, 1979), in North
America (Engelhardt and others, 1978), in the Alps
(Schliichter, 1983) and are believed to occur beneath some
ice streams in Antarctica (Blankenship and others, 1986;
MacAyeal, 1989). Boulton and Hindmarsh (1987) believed
that sediment deformation beneath Breidamerkurjokull
(Iceland) contributes between 80 and 95% of the forward
movement of the glacier. Beneath Trapridge Glacier
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Fig. 5. Undisturbed, bedded outrwash sand and gravel under a
Weichselian till. Gravel pit al Briigge, about 15 km south of
Riel.

(Yukon), deformation of the subglacial till accounts for more
than half of the motion (Clarke and others, 1984).

Beds that underwent significant deformation are also
postulated to have existed beneath large parts of the Pleisto-
cene ice sheets ( Menzies, 1989; Hart and others, 1990; Alley,
1991; van der Meer, 1994), although this issue and particu-
larly the sedimentological evidence are still a subject of de-
bate (c.g. Brown and others, 1987; Autig and others, 1989;
Clayton and others, 1989). Obviously, the presence or ab-
sence of a subglacial deforming layer has serious conse-
quences for glacier dynamics and therefore for the stability
of ice sheets.

Analysis of geological data from northwestern Germany
has led Piotrowski (1994a, 1995) to the conclusion that the
Weichselian ice sheet advanced over a relatively stable sub-
stratum with no evidence preserved of pervasive strain of
the bed sediments. This refers both to the older strata over-
ridden by the glacier and to the major part of the Weichsel-
ian till itself.

Pervasive deformation of the sub-till sediments is consid-
ered unlikely, because these sediments are, in most accessi-
ble exposures, typically undisturbed (Fig. 5), with the
exception of large-scale folds indicative of low strain rates.
In most cases, these sediments are stratified sands and grav-
els separated from the overlying till by a sharp disconfor-
mity. There is no gradual transition in to the till, as would

Fig. 6. Undisturbed Eemian palacosol ( B, brown earth) with
Iruncated humus hovizon, developed on Saalian outwash (C)
and covered by Weichselian tll ( A ). Exposwie at Siek, about
20 km south of Kiel.
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Fig. 7. Sand clusters at the base of Weiwchselian till indicating
low homogenization of till and thus low deformation rates.
Saalian till is visible in the lowermost 20 cm. Gravel pit at
Briigge, about 15 km south of Riel.

be expected if the sub-till sediments had been subjected to
pervasive deformation. Because there is little doubt that
the bed was in contact with ice before the till had been em-
placed, it seems that basal shear stresses have not caused any
significant deformation of the bed. This is also indicated by
the preservation of Eemian palacosols beneath Weichselian
tills. There are well over 30 documented localities in north-
western Germany, where Eemian weathering horizons un-
derlie the Weichselian till (Stephan, 1981; Felix-Henningsen
and Stephan, 1982; Walther, 1990, p.34; Piotrowski, 1996,
p.89). In most cases, these are remarkably well-preserved,
largely undisturbed brown earths, para-brown earths and

pseudogleys. Typically, only the uppermost centimetres of

these palacosoils are truncated or sheared to some degree
but complete profiles are also known. Figure 6 shows a
well-preserved Eemian brown ecarth developed on undis-
turbed Saalian outwash. Only the humus horizon is trun-
cated and the soil is capped by the Weichselian till.

It may be argued that the subglacial deforming bed was
only restricted to the concurrent till, which was separated
from the underlying sediments by a rheological boundary.
This till is typically up to a few metres thick and, where not
covered by outwash, it is the surficial sediment. Although
there has undoubtedly been some deformation within the
till layer, there 1s at present no evidence of a widespread per-
vasive deformation. This is indicated by the following data:

1. If'till deformation was significant, the till should now be
concentrated near the ice-sheet limit (Haeberli, 1981).
This is not the case for the Weichselian till in the study
area. Till thickness is somewhat uniform and local thick-
ness undulations do not correlate with the distance to the
ice terminus. Although several conspicuous end mor-
aines are present, which indicate considerably long ice-
front stagnation coupled with efficient sediment supply,
there is no evidence of till pile-up due to transport in the
deforming bed on proximal sides of these moraines. Out-
wash concentrations along the [ormer ice margin corre-
late well with outlets of subglacial meltwater channels
(e.g. Ehlers and Wingfield, 1991, fig. 1: Piotrowski,
1994b) and cannot be attributed to ice streams
potentially capable of transporting outwash sediments.

2. Although there is no agreed criterion to identify posi-
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Fig. 8. Slightly deformed sand clusters at the base of Weichsel-
wn till indicating low homogenization of till and thus low

deformation  rates. Massive Saalian (il underlies the
Weichselian till. Gravel pit al Bissee, aboul 14 km south of
Kiel.

tively a till that has been pervasively deformed to large
strains (Paterson, 1994, p. 170), it scems possible to define
structural features that indicate that a till has not been
pervasively deformed. Because advanced deformation
leads to material homogenization, intact clusters of un-
consolidated sorted sediments in till indicate that this till
was unlikely to have undergone any pronounced
deformation. In numerous sections, the Weichselian sub-
glacial tills indeed contain irregular to sub-rounded in-
clusions of sand and silt, which are typically up to about
0.5m in diameter (Figs 7 and 8). Such clusters occur
mostly in the basal parts of the tills. The clusters occa-
sionally exhibit brittle deformations such as [ractures
and their upper surfaces are often smoothed or trun-
cated. They are interpreted as parts of the substratum
that have been incorporated into the glacier base, trans-
ported some distance and then redeposited together
with the tll matrix. Although some minor post-sedi-
mentary movement probably occurred, the largely in-
tact structure of the clusters and the sharp lithological
boundary with the till preclude any significant sediment
homogenization.
Sediment deformations in the study area seem to be re-
stricted to largely isolated low-strain glaciotectonic phe-
nomena that occur in spatially isolated arcas of wedging-

Fig. 9. Ploughing marks within a till at the Ballic Sea cliff al
Marienfelde, about 15 km north of Kiel.
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Fig. 10. Heavily ploughed and occasionally fractured till at the
Baltic Sea cliff at Friedrichsorl, about 5 km north of Kiel.

out subglacial aquilers, areas of pronounced older topo-
graphy, areas of sharp lithologic contrasts in the substratum
(e.g. fine-grained infills of tunnel valleys) and where the ice
sheet advanced over permafrost (Piotrowski, 1993). Deform-
ation in the Heiligenhalen area (sample AKI14) is of pre-
Weichselian (Saalian) age and little is known about the pa-
laco-glaciologic conditions at that time.

ICE MOVEMENT BY BASAL SLIDING

1f subglacial sediment deformation did not contribute much
to the ice movement in the study area, the movement must
have been focused along the ice—bed interface. Indeed,
there is good evidence to demonstrate glacier sliding over
the bed. In numerous places, ploughing marks and slicken-
sides occur both at the till base and within the till itsell ( Figs
9 and 10). Occasionally, there are thin silt and clay laminae
along these discontinuities which indicate temporal ice—bed
separation in addition to ice motion (Fig 11). Brown and
others (1987) also found that either sliding at the ice—till
interface or localized shearing was probably the main ice-
motion component under high subglacial water-pressure
conditions of the Puget lobe in North America. Ehlers and
Stephan (1979) gave examples of features at the base of ulls
such as ribs, wedges, edges, slickensides and undulations

Fig. 12, Heavily weathered crystalline boulder with dispersion
tail stretching in the down-ice direction (to the left) from the
upper, flaltened surface of the boulder. The boulder is resting
in the till matrix. The tail originated due to erosion of the
upper surface of the boulder by the sliding ice base. The
boulder was embedded in largely stable subglacial sediment
(see Fig. 14b). Gravel pit at Briigge, about 15 km south of
Riel.

from northwestern Germany, which also indicate ice sliding
over the substratum.

Another group of evidence [or sliding 1s tails on upper-
lee sides of allochthonous blocks embedded in ull (Figs 12
and 13). Figure 12 shows a weathered crystalline boulder
abraded on top and stretched down-ice for several deci-
metres. Note a sand cluster above the boulder which, for
the reasons given above, makes pervasive deformation
unlikely. Furthermore, il this sediment section was to
deform pervasively, the boulder should be expected to have
rotated, which should have led also to a second. shorter dis-
persion tail at the bottom in the opposite direction, as
shown schematically in Figure 14a. Instead, the boulder
was probably stabilized to a large degree after its emplace-
ment and it was simply subjected to abrasion by the ice sole
sliding above (see Iig. 14b). A similar feature is shown in
Figure 13, where a lens of sandy till is stretched only down-
ice, at the top.

In a few exposures, bedded sediments underlying till are

Fig. 11. Sub-horizontal fractures in basal till at the Baltic Sea
cliff at Surendorf, about 20 km northwest of Kiel. Fractures
are filled with silty clay (e.g. below the spatula ), which indic-
ates ice—bed decoupling. Fractures exhibil minule slickensides
in places and they are interpreted as sliding planes al the
glacier base.
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Fig. 13. Clusterof a sandy till with dispersion tail strelching in
the down-ice direction ( to the left) from the upper corner of
the cluster. The cluster is embedded in a silty clay Weichselian

till. Explanation as in Figure 12. Gravel pil al Briigge, about
15 km south of Kiel.
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Fig 14 Simplified model representation of erosion lails from a
clast below an active ice base moving over a deforming bed ( a )
and moving over a largely stable bed (b). In (a) vertical
distribution of veloeity vectors in the deforming bed is such that
the deformation rate increases towards the ice base. Therefore,
clasts tend to be dragged forward over the substiatum, which
should lead to dispersion trails on the lower up-ice side of the
clast. Al the same time, a dispersion tail is produced on the
upper dowwn-ice side, where sliding velocily exceeds the deform-
ation rale. This process can be accompanied by clast rolation in
the case of well-rounded clasts. In (b ). the clast vests firmly
within the largely stable bed and the dispersion tail originates
only in the down-ice direction along the sliding base of the
alacier.

sheared along sub-horizontal planes to a depth of about 20
30 em, named by Stephan (1989) a zone of intensive shear-

shear strength T,

Piotrowski and Kraws: Response of sediment to ice-sheet loading

ing. The spacing between individual planes and the mag-
nitude of displacement decreases downwards. In most
cases, the maximum measured slip 1s not more than a few
decimetres, so that the contribution of shearing of sub-till
scdiments to ice motion was rather limited.

All these data strongly suggest that mainly basal sliding
and ploughing were major mechanisms of ice motion which
was focused at the glacier sole. Apparently, pore-water pres-
sures near the ice-overburden pressure reduced the strength
of the ice—sediment interface much more than that of the
sediment. This was recently demonstrated in the modern
environment by Iverson and others (1995), who showed that
at Storglaciiren in northern Sweden shear strain rates of the
bed decrease during periods of high water pressures and
surface speed. This suggests that fast glacier flow may be as-
sociated with some combination of ice sliding over the sub-
stratum and ploughing rather than with pervasive bed
deformation (Clark, 1995; Iverson and others, 1995),

CONCLUSIONS

Reconstruction of palaco-hvdraulics of subglacial fine-
grained sediments over-ridden hy the last ice sheet in north-
western Germany reveal high pore-water pressure in the
substratum. Pore-water pressure was probably close to the
ice-llotation point and local lifting of the ice sheet from the
bed by meltwater seems likely, especially in arcas of low
hydraulic conductivity of the substratum. Ice bed decoup-
ling along a thin water film reduced transmission of shear
stresses on to the bed, which could have resulted in a wide-
spread stability of the substratum. This is also indicated by
no evidence of pervasive bed deformation. Locally, how-
ever, deformation occurs, so that the study area can be en-
visaged as a mosaic of largely undeformed substratum with
isolated spots of deformed bed where probably no signif-
icant reduction in ice-to-bed contact occurred | Fig. 15). The
outermost part ol the ice sheet which rested on permafrost,
together with these spots, has supported glacial stresses and
stabilized the ice sheet. The major contribution o ice move-
ment was probably basal sliding and ploughing on top of the
overpressured substratum sediments.

deforming spots

52

shear stress T

Fig. 15. Schematic representation of the relationship between subglacial shear stresses T and shear st rength of subglacial sediments
71 for the study area. The shear stresses transmilted lo the ice bed were typically lower than the sediment shear st renglh, which was
caused by reduced ice~bed coupling as a result of high basal water pressures. 'This was the reason_for the apparent stability of the
glacter substratum. Only where ( due to lower water pressure ) the shear stress was assumed by the substratum, sediment deform-

ation has occurred. This model implies low deformation rates under conditions of very high water pressures and high ice-movement

velocities caused by enhanced basal sliding.
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