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INTRODUCTION 

Hydrology of glaciers and ice sheets is of fundamental 
importance for glacial mass balance but also for the dynamic 
behaviour of the ice body. It has been demonstrated that ice 
movement velocity and glacier stability largely depend on the 
ability ofthe drainage system to evacuate the meltwater to the 
foreground (J. Menzies, 1995; D. 1. Benn, D. J. A. Evans, 
1998; R. LeB. Hooke, 1998). It can be generalised that under 
efficient drainage conditions capable of rapid meltwater trans
fer, glaciers remain stable being coupled to their beds. Con
versely, if water excess exists at the ice base, hydraulic lifting 
can occur leading to an unstable behaviour of the glacier, 
orders-of-magnitude increase in movement velocity and ulti
mately to glacier collapse. 

Impact of water pressure increase in the subglacial envi
ronment on glacier dynamics is two-fold. Firstly, if a glacier 
rests on unconsolidated permeable sediments, water pressure 
increase will reduce shear strength of this sediment which can 
initiate deformations of the substratum contributing to the 
forward movement of the glacier (G. S. Boulton, A. S. Jones, 
1979). Many researchers believe that bed deformation is an 

important if not major component of the total movement of 
soft-bedded ice sheets both in some modern (R. B. Alley et 
aI., 1986; G. S. Boulton, R. C. A. Hindmarsh, 1987) and past 
(R. B. Alley, 1991; P. U. Clark, 1994; J. K. Hart, 1995; G. S. 
Boulton, 1996) environments. Secondly, if the subglacial 
water pressure approaches the ice overburden pressure, the 
glacier will be lifted from the bed by a pressurised water layer 
and go afloat. Rapid increase in advance speed will follow, 
because the glacier weight can be no longer supported by the 
substratum. Surges of some glaciers are attributed to wide
spread basal separation (B. Kamb et al., 1985). 

In recent years numerous papers picked up the issue of 
interrelationships between different subglacial drainage sy
stems in the context of ice sheet behaviour both as conceptual 
and numerical models (see review in A. G. Fountain, J. S. 
Walder, 1998). Accurate determination of these drainage 
systems is difficult due to inaccessibility of modern glacier 
beds, and due to interpretation uncertainties with regard to 
past glaciations. There is a broad consensus that soft-bedded, 
temperate glaciers which this paper refers to, drain subglacial 
meltwater through conduits incised into the substratum (J. F. 
Nye, 1973; J. S. Walder, A. Fowler, 1994), through channels 
carved in basal ice (H. Rothlisberger, 1972), through a distri-
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distributed discharge along the icelbed interface 
(linked-cavity network, canal network, thin water fi lm) 

distributed discharge through the substratum 
(groundwater flow) 

non-distributed (discrete) discharge through channels 
(R and N-channels) 

Fig. 1. Schematic representation of subglacial meltwater drainage systems 
under a warm-based glacier resting on permeable substratum; those systems 
mayor may not operate simultaneously 

buted system of linked cavities at the icelbed interface (L. 
Lliboutry, 1968; B. Kamb, 1987), through a thin waterfilm at 
the ice base (J. Weertman, 1972) and through the permeable 
substratum as groundwater flow (G. S. Boulton, A. S. Jones, 
1979). Relative importance and interactions of these drainage 
systems can vary greatly being controlled by climatic (abla
tion rates), glaciologic (ice temperature) and geologic (sub
stratum permeability) conditions. 

One important aspect of reconstructing drainage systems 
of past ice sheets is validation using genuine geological data. 
This refers primarily to physical and numerical models, which 
must be constrained by the framework offield evidence. After 
a brief review of subglacial drainage systems, this paper gives 
examples of small (m-scale) buried ice-bed channels that 
originated during three major Pleistocene glaciations across 
the Central European Lowland, which were investigated in 
several outcrops in Germany and Poland. Together with well
known large-scale meltwater conduits (tunnel valleys) from 
the same area, these channels are interpreted as evidence that 
hydraulic transmissivity of the substratum did not suffice to 
drain all basal meltwater as groundwater flow. One possible 
consequence was temporary instability of these ice sheets 
during phases of water pressure increase, which could have 
led to rapid advances coupled with increased glaciotectonic 
activity. 

SUBGLACIAL DRAINAGE SYSTEMS 

Meltwater beneath a warm-based glacier (temperature 
above the pressure melting point) originates from melting of 

ice due to trapping of geothermal heat flux at the glacier sole 
(recharge usually estimated as about 6 mmlyr ice column 
equivalent; W. S. B. Paterson, 1993) and due to frictional heat 
at the icelbed interface (another 6 mmlyr at basal sliding 
velocities of 20 mlyr; D. E. Sugden, B. S. John, 1976). The 
meltwater volume produced due to these mechanisms can 
vary in accordance with glaciologic parameters such as ice 
temperature and flow velocity, and with geologic parameters 
such as thermal conductivity and mechanical properties of the 
substratum. For parts of northern Germany during the last 
glaciation J. A. Piotrowski (1997a) estimated the basal mel
ting rate as 36 mm/yr, which is similar to the inferred maxi
mum groundwater recharge at the ice sheet base of 30 mmlyr 
.postulated by G. S. Boulton et at. (1995). Subglacial environ
ment can be also supplied with meltwater reaching the bed 
through englacial conduits such as moulins and crevasses 
draining water from the ice surface and its interior CR. L. 
Shreve, 1985). In the ice margin proximity this is the major 
meltwater source altogether, whereas under a thicker ice 
cover its importance diminishes to probably negligible values 
far under the ice sheet. 

Subglacial meltwater is pressurised by ice overburden and 
its potentiometric surface follows the ice surface slope, so that 
a hydraulic gradient occurs which drives the water towards 
the ice margin where it discharges into subaerial water collec
tors such as rivers , lakes and the sea. Drainage systems at the 
ice base are largely known now due to numerous investiga
tions under modern glaciers and reconstruction for past ice 
sheets based on sedimentary and geomorphic record (see 
reviews in D. 1. Benn, D. 1. A. Evans, 1998, and A. G. 
Fountain, J. S. Walder, 1998), but the relationships between 
the particular components are still debatable. In general, sub
glacial meltwater can be evacuated to the ice margin (1) 
through a low-energy distributed system in which drainage 
occurs in a thin water layer along much portion of the ice/bed 
interface and within the bed as groundwater flow, and (2) 
through anon-distributed (discrete) system of channels and 
conduits capable of discharging large water volumes in a short 
time (Fig. I) . Both systems are hydraulically connected, alt
hough the interaction degree is rather limited. It should also 
be mentioned that in the 1980' s yet another discharge mecha
nism was postulated by J. Shaw (e.g. 1983), in which large 
volumes of previously stored meltwater are released and drain 
catastrophically under the ice sheet in a several-metres-thick 
water layer within few days. These large-scale subglacial 
floods are believed to have influenced global ocean level and 
possibly climate through a rapid input of large quantities of 
meltwater into oceans during the late Pleistocene (1. Shaw, 
1989). 

DISTRIBUTED SYSTEM 

Groundwater flow. If a glacier or an ice sheet moves over 
permeable sediments, basal meltwater would first enter the 
sediment and .be drained as groundwater flow. Because the 
system is pressurised by ice overburden. the drainage occurs 
analogue to water flow though a confined porous aquifer and 
the drainage capacity is governed by the Darcy law: 
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dh 
v=-K

dl 

in which v is the specific discharge, K is the hydraulic con
ductivity [ur] and dh/dl is the hydraulic gradient [I]. Altho
ugh this basic principle of groundwater flow is well 
established, it has not been applied to subglacial aquifers until 
recently (G. S. Boulton, A. S. Jones, 1979; E. M. Shoemaker, 
1986; N. E. Brown et al., 1987; C. S. Lingle, T. J. Brown, 
1987; G. S. Boulton etal., 1995; 1. A. Piotrowski, 1997a, b). 
The reason for this is probably that calculating meltwater 
discharge through the glacier bed requires good knowledge of 
spatial distribution of hydraulic conductivity as well as the 
hydraulic gradient, which is particularly difficult when recon
structions for past ice sheets are attempted. It is therefore not 
surprising that such studies lead to controversies, well illustra
ted by the on-going debate as to whether the unconsolidated 
sediments overridden by Pleistocene ice sheets had sufficient 
capacity to drain all subglacial meltwater or not. This is a 
question reaching beyond the issue of the drainage systems 
only, as it pertains to the general problem of ice sheet stability, 
which will be dealt with further in the text. 

When more meltwater appears at the ice bed than can be 
evacuated through the substratum as ground water flow, the 
system is forced to develop additional storage and drainage 
modes as a linked-cavity network or channels. 

Linked-cavity network. Subglacial water-filled cavities 
separate the ice sole from the bed in a network consisting of 
numerous, broad and shallow water lenses linked by narrow 
connections referred to as orfices. These networks have been 
originally postulated for hard bedrock beneath glaciers by L. 
L1iboutry (1976) and B . Kamb (1987), but similar drainage 
system can also be envisaged for soft subglacial beds when 
elevated water pressure lifts the glacier from its bed in places. 
Water throughflow is limited by the narrow geometry of the 
oruces, so that the cavity system serves primarily as a storage 
reservoir of nearly stagnant meltwater whilst only a part of it 
is linked to subglacial channels. Cavity network configuration 
varies in time and space according to changes in water in and 
output. Stabi li ty of the entire system, however, is secured by 
the fact that there is no tendency for larger cavities to capture 
water from smaller ones (A. G. Fou ntain , J. S. Walder, 1998, 
equation 10), which prevents formation of an arborescent 
(branching) network typical for channels. This situation chan
ges under high discharge conditions when, due to increased 
melting rates, pressure drops in larger cavities causing drai
nage of water from smaller ones and ini tiation of channels (B. 
Kamb, 1987). 

Canal network. J. S. Walder and A. Fowler (1994) and 
P. U. Clark and J. S. Walder (1994) have proposed a slightly 
different system of distributed drainage on sof~ deformable 
subglacial beds. This is a network of broad, shallow canals 
interconnected in a braided system in which pressure/dischar
ge relations are the same as in the linked-cavity network, so 
that here too, larger conduits do not grow at the expense of 
smaller ones. This system, however, should be capable of 
transmitting larger water fluxes due to the absence of orfices. 
To-date, this theoretica lly conceived discharge mechanism 
has not been observed in any modern glacial environment yet. 

Subglacial water film. It is widely recognised that gla
ciers, whose soles are at the melting point, rest on a thin film 
of meltwater (1. Weertman, 1972) with a thickness of typically 
well under ca. 1 mm (B. Hallet, 1979). This water originates 
from pressure melting on stoss sides of bed obstacles and 
flows then to pressure shadow zones where it refreezes; for 
this reason it is referred to as regelation water film. Although 
contributing to the forward ice movement, this water film is 
obviously a rather inefficient drainage mechanism because of 
its small th ickness. Should the water film increase in thick
ness, it will become unstable and tend to develop a cavity or 
a proto-channel (J. F. Nyc, 1976). 

NON· DISTRIBUTED SYSTEM 

R-channels. Subglacial meltwater channels incised up
wards into basal ice have been often observed at ice margins 
and some have been investigated directly during low-dischar
ge times. Hydraulics of these channels was first analysed 
quantitatively by H. Rothlisberger (! 972) and hence they are 
referred to as R-channels. Under steady state conditicu.:::. water 
pressure in R-channels is slightly lower than pressure in the 
surrounding ice, so that melting of ice along the channel walls 
by frictional heat is compensated by ice creep into the channel 
(R. L. Shreve, 1972). Increase in water pressure results in 
enlarging of channel cross-sectional area, and pressure drop 
causes enhanced creep of ice into the channel which may lead 
to its complete closure. One conclusion from the theoretical 
analysis ofH. Rothlisberger (1972) is that water pressure in 
larger channels is lower than in smaller ones, so that a hydrau
lic gradient occurs between such channels if they communi
cate. This leads to water capture by large channels and their 
further enlargement resulting in the development of arbore
scent drainage system similar to a subaerial catchment area 
where smaller creeks drain into progressively larger ones. It 
is therefore understandable that along ice margins only few 
large channel portals occur which carry meltwater collected 
from smaller channels further under the glacier. Lateral pres
sure gradients between interconnected channels is perhaps the 
most important difference to the linked-cavity and canal drai
nage systems. When R-channels are fi lled with sediment, 
which is not destroyed by subsequent ice movement, eskers 
will be preserved after the deglaciation. Coarse-grained ma
terial found in most eskers indicate high flow and transport 
energy in R-channels, which make them efficient means of 
rapid meltwater evacuation. It is likely that many R-channels 
do not leave any recognisable topographic eJepression because 
of the sensitivity of the in-fill sediment to glacial erosion. 

N-channels. In areas where basal meltwater can erode the 
substratum easier than it can carve upward into the ice as in 
areas of soft, unconsolidated sediments, N-channels develop 
(J. F. Nye, 1973). Their dimensions vary through several 
orders of magnitude between just few centimetres and several 
hundreds of metres. N-channels can be studied on erosional 
surfaces exposed after deglaciation as well as they can be 
reconstructed from borehole data iffilled with sediment. Most 
spectacular channels of this type are known as tunnel valleys, 
which occur throughout the Central European Lowland stret-
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Fig. 2. Location of sites discussed in the text (dots) 

ching for many tens of kilometres and reaching over 500 m 
depth in places (I. Ehlers et al., 1984). N-channels occur as 
isolated features or they can create a network of arborescent 
or non-arborescent drainage systems. Such drainage systems 
develop from former distributed flow networks whose capa
city was exceeded by meltwater surplus which could not have 
been accommodated by other, more static drainage modes 
anymore. As opposed to R-channels, the N-channels are not 
affected by glacier movement directly and can develop thro
ugh down-cutting at one place even under highly mobile ice 
sheets. Discharge rates in N-channels can be occasionally 
extremely high, as indicated by reconstruction of some Plei
stocene tunnel valleys where meltwater fluxes could have 
been in the range offew thousands m3/s during short-lasting 
outburst phases (e.g. I. A. Piotrowski, 1994). 

Several studies of subglacial drainage systems indicate a 
possible chain reaction and switching to successively more 
efficient drainage modes a,';; the meltwater volume at the ice 
base increases. At first, the meltwater is drained through the 
permeable substratum (I exclude the regelation film from 
further considerations due to its negligible importance for the 
total water transfer). As soon as the maximum hydraulic 
transmissivity of the bed under Darcian flow conditions is 
reached, the pressurised water would accumulate at the 
ice/bed interface and drain through the linked-cavity/canal 
system. Further increase of the water volume imposes evolu
tion into a non-distributed drainage, in which Rand N-chan
nels efficiently evacuate meltwater to the foreground and 
secure glacier stability, Because these drainage systems leave 
different signatures in the geologic record, it is often possible, 
by studying them, to reconstruct the history of the subglacial 
hydrology for a given ice sheet. 

FIELD EVIDENCE OF SMALL N-CHANNELS 

Large-scale N-channels preserved as tunnel valleys are 
extensively documented in the Central European Lowland 

(e.g. F. Grube, 1983; I. Ehlers et al., 1984; G. Schwab, 1996; 
S. Kozarski, 1966/1967; M. Pasierbski, 1979 ; W. Niewiaro
wski, 1995), but much smaller channels of possibly the same 
origin have largely escaped attention of researchers thus far. 
In this section I give some examples of such buried channel 
exposed in outcrops in Germany and Polang. Location of the 
outcrops is shown in Figure 2, 

BROGGE 

In a gravel pit at Briigge, some 20 km south of Kicl in 
north-west Germany a series of m-scale buried channels of 
the Weichselian Glaciation are exposed. The channels are 
incised into outwash sediments and filled with till. Example 
given in Plate I, Figure I shows a bifurcated channel of about 
3 m depth and 5 m width at the top cut into parallel-bedded 
outwash. The channel bottom is undulating due to bifurcation, 
with the deepest part occurring in the middle of the incision. 
The steep-sided flanks dip at the angle of up to 80· , and a 
15-cm-Iong overhanging wall occurs in one place. The ou
twash into which the channel in incised is entirely undistur
bed, so that an impression is given of "razor-blade" erosion 
process during channel formation. The channel is filled with 
coarse-grained till showing ductile deformation structures 
(flame structures with minor folding) at the bottom. In the 
central part the till exhibits few, attenuated subhorizontal 
stringers of fine-grained sorted material up to 3 em thick. 
Outside the channel, this till continuously merges into a 1-2 
m thick sheet of regional extent. The maximum extent of the 
ice sheet that created the channel was probably only a few 
kilometres away (1. A. Piotrowski, 1996); thus the channel 
can be considered an ice-marginal feature. Its origin was 
clearly due to channelized meltwater erosion at the ice base, 
either in a single conduit that wandered laterally or by two 
conduits thatlatermerged into one. Subsequently, the channel 
was filled with basal till which was accompanied by minor 
gravity deformations and washing. 

DRANSKE 

Another smalI channel of similar origin occurs at Dranske 
on the Isle of Rugen, at the base of a Weichselian till (PI. I, 
Fig. 2). The 1.5-m-deep channel is eroded into largely undi
sturbed, parallel-stratified outwash. The channel has an ove
rall V-shape and its flanks undulate strongly with overhanging 
sections in places. As in-fill material a massive, rather coar
se-grained till occurs, which continues outside the channel as 
an up-to-2-m-thick till sheet. To the right of Ihe channel, the 
till exhibits deformed pockets and stringers of silt and fine 
sand, apparently derived from the local substratum. The till in 
and outside the channel is evidently one and the same sedi

. mentologic unit since no boundary occurs in between . Contact 
between the channel fill and the underlying outwash is extre
mely sharp, which suggests focused erosion by fast flowing 
meltwater stream. As in Brtigge, no sorted sediments occur at 
the channel base. Ice limit of this advance is within few 
kilometres to the south-west. 
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NIEOERSTEINBACH 

A strikingly similar fossil channel is exposed in 
Niedersteinbach, central Germany (PI. II, Fig. 1). This about 
0.8 m deep and 1.5 m wide channel derives from the Elsterian 
Glaciation which reached its limit about 10 km further to the 
south. The channel is carved into cross-bedded, coarse-grai
ned outwash, underlain in turn by another till. Within 20 cm 
from the channel bottom, the outwash is slightly disturbed 
with ductile deformations and step-like normal faults dipping 
towards the channel. The channel is found at the base of a 
several-m-thick till, being itself filled with this till. The till 
both inside and outside the channel is massive and stone rich, 
In some places along the tiIl base, undeformed stringers and 
lenses of sand, occur. There is no glaciofluvial material at the 
channel bottom, and till rests directly on a sharp erosional 
plane carved into the underlying sediment. 

WELZOW-SOO 

In the Welzow-Siid open cast lignite mine in eastern 
Germany several buried channels of the Saalian age are 
exposed. Most of them are tens of metres deep and would fall 
into a tunnel valley category. Here I focus on one smaller 
channel , whose detailed sedimentology and genesis is subject 
of another paper (J. A. Piotrowski ef al., in print). 

The channel is 5 m deep, distinctly U-shaped and carved 
into almost completely undisturbed, parallel-bedded outwash 
sediments (PI. II, Fig. 2). As it is the case with other channels 
described in this paper, the Welzow-Slid channel is bounded 
from the surrounding deposits by a distinct erosional sunace, 
Its flanks are very steep and overhanging in few places, and 
its width varies between 3 m at the bottom and 4.5 m at the 
top. Right beneath the channel there is a silty-clayey diapir 
contorted towards the channel axis, which suggests that the 
water pressure in the channel was lower than the pressure 
around it. This in turn indicates that the channel served as 
drainage pathway for the groundwater from the surrounding 
aquifer (J. A. Piotrowski ef aI., in print). 

The channel fill consists of three sediment units, that is 
cross-bedded meltwater sand and gravel at the bottom, fine
grained, largely massive till in the middle, and crudely strati
fied to massive outwash sand at the top. At the uppermost part 
of the in-fill a boulder lag with well-rounded stones occurs. 
This heterogeneous in-fill indicates a non-uniform channel 
formation, with meltwater erosion phase succeeded by till 
deposition, which possibly led to a temporary channel closure. 
A second erosion phase followed, which removed a part of 
the till before the channel was ultimately closed by outwash 
deposition at the top. Occurrence of outwash in the channel 
together with lack of glaciotectonic disturbances in the surro
unding sediments provides a convincing evidence of mel twa
ter erosion as the formation mechanism. The limit of this ice 
advance was 25 km further south. 

NIET i\ZKOWO 

At Nietijzkowo, about 20 km south of Poznan (Poland), a 
set of subglacial bedforms occurs at the base of the Weichse
lian till (L. Kaczmarek, 1992). Plate III, Figure I depicts a 
bifurcate incision at the till base similar to the channel at 
Brtigge, although smaller. The incision is interpreted as a 
small N-channel. Its depth is at maximum about 50 em, and 
the width reaches its maximum of 1.2 m in the central part of 
the channel. Further up, an overhanging flank on the left 
reduces the channel cross-section. The in-fill consists of a 
massive, occasionally fractured sandy till which extends Oll

tside the channel as a 2-3 m thick sheet, interpreted by L. 
Kaczmarek (1992) as lodgement till. The underlying outwash 
is undisturbed around the channel, and it is separated from the 
channel fill by sharp erosional surface. This surface exhibits 
em-scale undulations, particularly in the vicinity of the over
hanging flank. The ice sheet under which the channel origi
nated reached its outermost position about 15 km further to 
the south. 

The buried N-channels described above seem to have 
several common features, which suggest their origin under 
similar boundary conditions. All of them are steep-sided with 
partly overhanging flanks, the contacts to the surrounding 
material is well defined and sharp, sediments around the 
channels are typically undisturbed, the channels are filled 
mainly with till which conformably merges with till sheets 
around the channels, they are incised into outwash sediments 
typically at least several metres thick, and they are found in 
sub-marginal zones of past ice sheets. 

DISCUSSION AND CONCLUSIONS 

It seems now widely accepted that a casual relationship 
exists between hydraulic characteristics of bed sediments and 
channel formation such as that channels develop when not all 
basal meltwater can be evacuated as groundwater flow (E. M. 
Shoemaker, 1986; G. S. Boulton, R. C. A. Hindmarsh, 1987; 
J. A. Piotrowski, 1997a). If this is correct, then a key factor 
is the transmissivity of the substratum, determined by the 
thickness of the unconsolidated layer and its hydraulic con
ductivity (K in the equation above), both of which can vary 
over several orders of magnitUde. Restricting these conside
rations to the Central European Lowland, it can be stated that 
because the thickness of the unconsolidated sediments varies 
typically between few tens to few hundreds of metres, the 
factor controlling the bulk transmissivity are the K-values 
which range between <10-9 for clays and I mls for gravels 
(R. A. Freeze, J. Cherry, 1979). In a series of papers, G. S. 
Boulton and co-workers (e.g. G. S. Boulton ef at., 1995, 1996) 
postulated that outside the Scandinavian shield all the basal 
meltwater discharge could have been drained as groundwater 
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flow. This was based on a generalisation of the unconsolidated 
sediments to just one hydrogeologic unit with conductivity of 
about 10-3 to 10-4 mis, which corresponds to medium sand. 
More realistic, however, is a sandwich-like substratum inclu
ding layers with much lower conductivity (clay, silt, till). 
Accordingly, J. A. Piotrowski (1997a, b) concluded that in 
north-west Germany only about 114 of the basal meltwater 
volume could drain as groundwater. and the rest was evacu
ated through channels. This suggestion based on geostatistical 
regionalisation of hydrogeologic parameters in the substra
tum (J. A. Piotrowski ef ai., 1996, 1997) is supported by 
abundant occurrence aftunnel valleys in the area. The current 
paper,. documenting also small-scale fossil channels gives 
further support to the idea that subglacial sediments were 
insufficient to drain all basal meltwater in central Europe. This 
seems to hold for all three major glaciations in this area 
(Elsterian, Saalian and Weichselian Glaciations). 

Assuming validity of this conclusion, it is tempting to 
speculate on the stability of past ice sheets, which is among 
other factors influenced also by the subglacial hydraulics. 
Initiation of channelized drainage must have been preceded 
by porewater pressure increase in the substratum, which could 
have facilitated pervasive bed deformation, as postulated by 
many recently (see reviews in J. Menzies, 1996, and D. I. 
Benn, D. J. A. Evans, 1998). Other studies, however (e.g. J. 
A. Piotrowski, A. Kraus, 1997; J. A. Piotrowski, S. Tulaczyk, 
in print) suggest that water pressure increase resulted in 
widespread separation of ice from the bed by a thin meltwater 

layer which prevented transformation of glacier-induced she
ar stresses to the bed. It follows that in those times the ice sheet 
was possibly unstable due to enhanced basal sliding, which 
could have resulted in rapid movement velocity increase and 
surges. 

It is worthwhile to note that the steep-sided geometry of 
all channels presented here speaks against bed deformation, 
because in such a system rather wide and shallow canals 
would form (J. S. Walder, A. Fowler, 1994; P. U. Clark, J. S. 
Walder, 1994). 

It is difficult to say how long did the small channels 
operate and how far under the ice were they, but the distance 
to the limit of the relevant ice advance gives a maximum 
constraint for the latter. All channels given here can be con
sidered sub-marginal features at the scale of the ice sheet, 
which is consistent with the idea of water capture into single 
conduits in the proximity to the ice margin as discussed 
earlier. 

Although much work has been recently done on subglacial 
hydraulic systems in the context of mass transfer and ice sheet 
behaviour, further studies are badly needed which would 
incorporate both theoretical models and the sedimentologic 
work, because mainly cross-checked interdisciplinary re
search can contribute to a real progress in this field. 
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SYSTEMY KANALOWE DRENAZU PODLODOWCOWEGO: PRZYKLADY TUNELI TYPU N 
Z EUROPY SRODKOWEJ 

Streszczenie 

Podane prLyklady niewielkich (rz<ld wielkosci w metrach) subglacjal
nych tuneH w6d roZ(opowych typu N z obszaru srodkowej Europy omz zoane 
wicl koskalowe rynny tego samego typu wskazuj<l na istotnl} rol~ drenai.u 
kanalowego podczas gl6wnych zlodowacen plejstoceriskich nn tyrn terenie 
(fig. 1.2). PrLCwodnosc hydrauliczna osad6w podlodowcowych pozwalala 
na drenazjedynic czesci w6d subglacjulnych przez podlozc w pos(aci wody 

gruntowej. Pozostala cz~c byla drenowana tunelarni 0 znacznej wydajnosci 
hydraulicznej, wcic;tymi w podlote i zachowanymi do dzis w zapisie geolo
gicznym. Tunele te majl} strome sciany, S'l wypelnione gl6wnie gJin<l zwalo
W<l i S<l ostro oddzielone od niezaburLOnych osad6w otoczenia pofalowuJ1<1 
powierzchni<l erozyj n<l (tab!. I- III). leh polotenie w strcfach submarginal· 
nych dawnych zlodowacen jest zgodne z teoriij glacjologiczn<l. 

EXPLANATIONS OF PLATES 

PLATE I 

Fig. I. Buried subglacial meltwarer channel of Weichselian age at Briigge, 
Schleswig-Holstein, north-west Gcnnnoy. Note undisturbed character of 
outwash sediments in the bed and channel bifurcation. The channel is filled 
with till. Flow direction into the exposure face 

Fig. 2. Buried subglacial meltwater channel of Weichselian age m Dranske, 
Isle of Rugen, north-east Gennany. Note the largely undisturbed character of 
outwash sediments in the bcd, partly overhanging channel flanksnnd massive 
till as in-fill sediment. Flow direction roughly into the exposure face 

PLATE 11 

Fig. 1. Buded subglacial mcltwater channel at the base of thick Elslerian ti ll 
al Niederstcinbach, Saxony. eastern Germany (arrow). Ellipsoid feature 

beneath the channel is due to secondary iron oxidation. Flow direct ion 
roughly into the exposure face 

Fig. 2. Buried subglacial meltwater channel of Saalian age at Welzow-Siid. 
Saxony, eastern Gennany. Note the undislurbed character of outwash surro
unding the channel and very steep channel flanks. The channel is filled with 
outwash (bottom), (ill (midd le) and outwash (top). Flow direction out of the 
exposure face. Detailed account in J. A. Piotrowski el 01. (in print) 

PLATE 111 

Fig. I. Buried subglacial meltwater channe l of Weichselian age at Niet<ltko
wo, west-central Poland. Note the undisturbed character of outwash surroun
ding the channel, its steep, partly overhanging nanks and the trough 
bifurcation. The channel is filled with massive. pnrtly fissured till 
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