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Abstract
Fast moving palaeo-ice masses within the European Alpine Ice Cap (EAIC) during the Last Glacial Maximum within the 
large valleys of the European Alps are likely comparable in terms of their subglacial conditions to ice streams that drained 
the larger Quaternary Ice Sheets in Europe and North America. Unlike these continental-style ice sheets, the ice inundat-
ing the European Alps, like the Cordilleran Ice Sheet in North America, flowed through confined bedrock valleys that, at 
close to the glacial maximum, acted in a similar manner to ice streams. Little mention exists as to the extent of soft sedi-
ment basal deformation in these deep valleys although increasingly such conditions are known from several parts of the 
EAIC. The Drau (Drava) ice stream during the Alpine Last Glacial Maximum (= Würmian Pleniglacial, ~ 29 – ~20 ka) as well 
as small tributary glacier during the early Lateglacial phase of ice decay (~20 – 19 ka) appears as a temperate, fast-moving 
ice mass that would likely be underlain by soft deforming sediment. It is the underlying microsedimentology of parts of 
the Drau Valley catchment in the Lienz area of Austria that is the focus of this paper. The tills in the Isel Valley at Ainet reveal 
a detailed depiction of soft sediment deformation processes throughout the basal zones of this ice stream illustrative of 
temperate basal ice conditions and comparable to those tills of northern Austria under the Inn Ice Stream. The tills exhibit 
the characteristics of ongoing active soft-sediment deformation. The evidence from Ainet supports the contention that 
most likely subglacial processes beneath ice streams in the palaeo-EAIC were comparable to those today in Antarctica and 
in the Quaternary ice streams of the Cordilleran, Laurentide and North European Ice Sheets. 

Glacial sedimentology, deformable bed, paleogeography, Last Glacial Maximum, 
Alpine Lateglacial, Eastern AlpsKEYWORDS

Microsedimentology of tills near Ainet, Austria - were palaeo-ice 
streams in the European Alps underlain by soft deforming bed zones?

1. Introduction
Subglacial conditions beneath fast moving ice masses 
within the European Alpine Ice Cap (EAIC) during the 
Last Glacial Maximum within the large valleys of the Eu-
ropean Alps can be compared to ice streams that drained 
the larger Quaternary Ice Sheets in Northern Europe and 
especially the Cordilleran Ice Sheet in North America and 
the modern East and West Antarctic Ice Sheets. Unlike 
many of these continental-style ice sheets, the ice inun-
dating the European Alps, as in the case of the Cordilleran 
Ice Sheet in western North America (Clague and Ward, 
2011; Margold et al., 2013; Seguinot et al., 2016; Eyles et 
al., 2018), flowed first through confined bedrock valleys. 
The Alpine glaciers acted close to the glacial maximum 
in a manner similar to ice streams in the North American 
Cordilleran Ice Sheet (Dowdeswell and Elverhøi, 2002; 
Walter et al., 2014; Seguinot et al., 2016, 2018; Cohen et 
al., 2018; Eyles et al., 2018; Stokes, 2018). Understanding 
subglacial conditions beneath ice streams remains in-
complete (Cowan et al., 2012, 2014; Walter et al., 2014; 
Davies et al., 2018; Eyles et al., 2018; Narloch et al., 2020). 
The geological and rheological environments of ice 

stream beds play key roles in overall ice sheet dynamics. 
Evidence suggests that the presence of deformable basal 
sediments is a necessary pre-condition for fast-flowing 
ice streams (Winsborrow et al., 2010; Brisbourne et al., 
2017; Diez et al., 2018). Such sediments sustain subglacial 
till layers, which if water saturated and under high pore-
water pressure provide little resistance to ice flow (Rein-
ardy et al., 2011; Reinardy, 2010; Gao et al., 2012; Menzies 
et al., 2013; Smith et al., 2013). An improved knowledge 
of the subglacial environments may also illuminate con-
trols in basal ice activity in terms of overall ice sheet mass 
balance based upon a grasp of basal ice conditions. Ther-
mal regimes, sediment availability and rheology, as well 
as subglacial hydrology, may elucidate controls on ice dy-
namics in terms of ice sheet mass balance based on bas-
al thermal regimes, sediment flux and rheology leading 
to more ‘sophisticated’, reliable and verifiable models of 
fast confined ice flow in mountain terrains (see Diez et al., 
2018 and references therein).

In considering active subglacial processes beneath 
the European Alpine Ice Cap at the Alpine Last Glacial 
Maximum (AlpLGM), the model of Seguinot et al. (2018) 
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indicates that around 50 ice streams can probably be 
considered to have emanated from the inner regions of 
the mountain massif toward the margins (Ehlers et al., 
2011; van Husen, 1987, 2000). The high topographic relief 
of the Alps likely forced ice flowing out from the ice cap’s 
inner zone through long outlet valleys where higher bas-
al ice velocities enhanced by topographic constriction, 
explains their occurrence (Haeberli and Penz, 1985; Co-
hen et al., 2018). However, debate continues as to basal 
ice temperatures and sliding velocities, as well as basal in-
terface conditions whether on hard or soft beds in many 
inner and marginal zones of EAIC (Lindgren et al., 2016; 
Cohen et al., 2018). Little mention exists as to the extent 
of soft sediment basal deformation although increasingly 
such conditions are known from several parts of the EAIC 
(Menzies and Reitner, 2016, 2019; Büchi et al., 2017).

The Drau (Drava) ice stream was selected as one of pos-
sibly many such streams emanating from the EAIC that 
can be defined by the presence of confined streamlined 
flow where evidence of subglacial streamlining can be 
observed (Stumpf et al., 2000; Clark and Stokes, 2003; An-
dreassen and Winsborrow, 2009: Stokes, 2011, 2018; Men-
zies and Reitner, 2016; Eyles et al., 2018) The Drau, when 
modelled, appears as a fast-moving ice mass that would 
likely be underlain by soft deforming sediment (Seguinot 
et al., 2018, fig. 4a). It is the underlying microsedimen-
tology of parts of the Drau Valley in the Lienz area of 
Austria that is the focus of this paper and from which an 
increased understanding of the sedimentological signa-
ture of these inner valleys beneath ice streams may be 
obtained and augmented (Menzies et al., 2013; Menzies 
and Reitner, 2016; Burschil et al., 2019). This work stems 
from and builds upon recent research in northern Austria 
in the tributary side valleys of the Inn Ice Stream in which 
soft deformation microstructures and rapid changes in 
localized stress levels can be distinguished within the 
subglacial tills. Similarly, these northern Austria tills il-
lustrate the effect of warm based subglacial sediment 
deformation associated with an array of microstructures 
that are known to exist in many other subglacial tills in 
northern Europe, Antarctica, and North America (Cowan 
et al., 2012, 2014; Rice et al., 2014, 2018; Menzies and van 
der Meer, 2018). The microstructures present within the 
tills at Ainet reveal, for the first time, a complex history of 
microfabric development resulting from ductile shearing 
and brittle deformation during the emplacement pro-
cesses under fast ice stream conditions.

2. Geological and geomorphological background
The study site at Ainet (Figs. 1, 2) is in the Schobergruppe 
range which represents the southern flank of the Hohen 
Tauern mountains in Eastern Tyrol (Austria). The Ainet site 
is part of the lower, downstream end of the Daber Valley, 
a tributary valley of the Isel Valley to the northwest of the 
city of Lienz, which is part of the Drau river catchment 
(Burschil et al., 2019). The present-day unglaciated catch-
ment reaches from cirques surrounded by ≥3000 m high 
peaks down to the floor of the Isel Valley at 700 m a.s.l.

Geologically, the Schobergruppe range consists of crys-
talline rocks of the Koralpe-Wölz nappe system of the 
Austroalpine Superunit (Linner et al., 2013). The Daber 
Valley catchment is predominantly composed of eclogite 
partly retrograded to amphibolite in its upper part, and 
paragneiss and micaschist in the middle and lower parts. 
During the AlpLGM, the Ainet area was part of the accu-
mulation zone of the glacier complex of the Eastern Alps 
with the Isel Glacier as the dominant branch of the Drau 
Glacier. The ice surface, in the valley sector of Ainet, based 
on trimline evidence was located at 2200-2300 m (Reitner, 
2003) with a surface slope of the glacier along the val-
ley axis in the range of 0.4 – 0.5% (0.2° – 0.3°), based on 
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Fig. 1: (a) Location of the study area around Lienz in the centre of the 
Eastern Alps. The AlpLGM ice extent (in pale blue; based on Ehlers et al., 
2011). (b) Map of the Lienz area with the village of Ainet in the Isel Valley 
as well as the tributary Daber Valley (DV). The extent of the geological 
map in Fig. 2 is shown by the red rectangle. The transparent pale blue 
area indicates the glacier-covered area during the climax of the AlpLGM 
with blue arrows showing ice-flow directions. Only the highest peaks 
(in grey) were nunataks (modified after Reitner et al., 2016).
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reconstructions by van Husen (1987) and Reitner (2003). 
The results of glacial erosion are evident on the flanks of 
the Isel Valley with moulded surfaces, roches moutonnées 
and oversteepened slopes which are partly characterised 
by deep-seated mass movements (Reitner and Linner, 
2009). The most impressive evidence of glacial erosion is 
the overdeepened Lienz Basin (c. 600 m depth, Burschil 
et al., 2019) which most likely extends 10 km upstream to 
the Ainet site (Reitner and Linner, 2009).

The sedimentary sequence of Ainet site (Fig. 3a) is locat-
ed on a prominent ridge east of the lower Daber Valley 
and consists of glacial and fluvioglacial deposits reach-
ing from 800 m to 1300 m a.s.l. (Reitner, 2003). These 
deposits can be subdivided in unconformity-bound-
ed (allostratigraphic) units (Reitner et al., 2016). Based 
on the regional geological setting, the lower till (Isel 
unit) represents a subglacial deposit of the Isel Glacier 
during the AlpLGM (= Würmian Pleniglacial) (van Husen 
and Reitner, 2011) lasting from ~29 – 20 ka with a cli-
max around 27 – 20 ka (Monegato et al., 2007). Delta 
deposits (Ainet unit) and the upper till (Daber unit) are 
typical of the early Lateglacial phase of ice-decay occur-
ring around 19 ka (Klasen et al., 2007; Reitner, 2007; Wir-
sig et al., 2016). Together with the evidence of the two 
younger lateglacial phases of glacier activity (Gschnitz 
stadial ~ 17 – 16 ka, and Egesen stadial; 12.9 – 11.7 ka) 
in the upper valley (Fig. 2), the sedimentary succession 
of Ainet represents the most complete glacial sequence 
of the Late Würmian (~29 – 11.7 ka) and of the Alpine 
Lateglacial (~19 – 11.7 ka) south of the Hohen Tauern 
mountain chain (Reitner et al., 2016). 

3. Methods
Till samples obtained at the Ainet site were in exposures 
high above the village and taken from the eastern side 
of the valley (Figs. 2, 3a). Both exposures, at sites A and 
B, were bulk sampled and sampled for micro-sedimen-
tology, and were over 4 metres in height with a total of 
10  larger samples taken for micro-morphological analy-
ses (5 at each site) (Figs. 4a, 4b). Samples AI-1 to AI-4 were 
from the Daber unit (early Lateglacial phase of ice-decay) 
at site B, whereas samples AI-5 to AI-10 were from the 
older Isel unit (AlpLGM) at site A (Table 1). All lithofacies 
descriptions were done based on Eyles and Miall (1984) 
and Keller (1996). The bulk samples (sites A to D) were ob-
tained for grain-size analyses, clast shape and lithology 
(sample size > 10 kg) and analyzed according to Reitner 
(2005) and Reitner et al. (2010).

3.1 Field sampling 
In order to obtain a series of subsamples for thin sec-
tion analyses, samples were obtained from distur-
bance-free cleaned vertical exposures using Kubiëna 
tins or as bulk samples where necessary, then transport-
ed, and prepared for resin impregnation using standard 
micro-morphological techniques (Rice et al., 2014, 2018; 
Menzies and van der Meer, 2018). Sampling was carried 
out on a sediment exposure face cleaned parallel to 
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Fig. 2: Simplified map showing the Quaternary sediments of the Daber 
Valley with important outcrops (A-E) (shaded relief image from TIRIS on-
line map of the province of Tyrol: www.tirol.gv.at).
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known ice direction (using till macrofabrics to indicate 
main ice direction, Reitner et al., 2010). Samples were 
taken at 90° into the cut exposure face parallel to the ice 
flow direction and therefore the assumed the direction of 
principle axis of stress. Once the samples were obtained, 
they were plastic wrapped and transported back to the 
laboratory for preparation and thin section production 
(Rice et al., 2014; Menzies and van der Meer, 2017). On 
curing and hardening, the samples were thin sectioned 
to approximately 35 μm in thickness and placed upon 
5 × 7 cm glass slides for examination using a low magnifi-
cation (<50×) petrological microscope.

3.2 Analyses 
There is considerable spatial variability in matrix grain 
size, and clast type and size in the thin sections. Detailed 
descriptions of all the thin sections obtained including 
sediment colour, and microstructures present concern-
ing all the samples are presented in Table 1. On each thin 

sections all microstructures present were counted. The 
definitions of the microstructures used in this paper have 
been used extensively in previous literature: definitions 
can be found in Menzies and van der Meer (2018, chap-
ter 21). The thin sections shown in Figs. 6, 7, 8, and 9 are 
the best representative thin sections images available. An 
exhaustive illustration of all thin section images would be 
too large for publication. 

4   Results and interpretation regarding genesis and 
palaeogeography

4.1  Field evidence and macroscopical description
Site A (WGS 84 46°51.954’ N, 12°42.151’ E, 945 m a.s.l) 
represents the stratigraphically - lowest deposit (Isel 
unit, Figs. 2, 3). It is a grey, highly consolidated massive 
and matrix-supported diamicton (lithofacies Dmm(s)) 
with sub-horizontal shear planes (fissility) and rare stri-
ated clasts lying unconformably on bedrock (Fig. 4a, 
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and sample 5 in Fig. 5a). The clasts consist of predom-
inantly paragneiss and mica schist but also of eclogite 
and quartz veins and, thus, lithologies (Fig. 5b) which 
are present on the northern side of the Isel Valley. Such 
a provenance is also indicated by the occasional oc-
currence of the prominent tonalite, which appears to 
have been quarried from 10 km up valley. This deposit 
is interpreted as characteristic of subglacial traction till 
(mélange) (Menzies, 1990; Hoffmann and Piotrowski, 
2001; Evans et al., 2006; Rice et al., 2018; Menzies et al., 
2018) deposited by the Isel Glacier. It is unconformably 
overlain by a sediment package dominated by sandy 
gravels partly with boulders (Ainet unit). In all outcrops 
examined, clinoforms made up of planar-bedded sedi-
ment with a gentle dip of 10° to 20° towards the SW are 
evident. In the lower part, a transition to sandy and silty 
layers with isolated glacially shaped clasts, interpreted 
as dropstones, are present. A typical stratigraphic situa-
tion occurs at site D (46°52.102’N, 12°42.676’E, 1190 m.) 
with clast-supported planar-bedded gravel (Gcp; sam-
ple 2) and massive to graded sand (Sm, Sg; sample 1; 
Fig. 4c) with occasional dropstones (Smd) (see Eyles and 
Miall, 1984; Keller, 1996 for lithofacies code system). 
The uppermost layers consist of well-rounded cob-
bles where occasionally cracked pebbles are present 
(Fig. 4d). In total, this deposit is interpreted as a suite 

of deltaic sediments. It is overlain by a grey, highly-con-
solidated, macroscopically massive, matrix-supported 
diamicton with shear planes (lithofacies Dmm(s); Daber 
unit) which composes the surface of the ridge from 
around 1300 m down to ~1000 m a.s.l. with outcrops 
at the site B (Fig. 4b, 46°52.062’N 12°42.292’E, 1060  m 
a.s.l, sample 4) ) and site C (46°52.125’N, 12°42.541’E, 
1170  m a.s.l., sample 3). Some of the outcrops, as at 
site E (46°52.151’N, 12°42.615’E, 1205 m a.s.l.), show de-
formed sand-stingers within the diamicton (Fig. 4e). In 
contrast to the diamictons at site  A, a visually evident 
much higher proportion of eclogite / amphibolite is 
evident in the larger clasts (>32 mm). This deposit is a 
subglacial traction till originating up-ice from the upper 
Daber Valley catchment. 

The grain size analyses (Fig. 5a) shows that the upper 
till (Daber unit) is finer grained than the lower till with an 
≥ 20 % higher content of fines (clay and silt). However, 
the grain-size distribution of the tills is within the range 
of other Alpine tills (Reitner, 2005; Reitner et al., 2010; 
Menzies and Reitner, 2016, 2019). The clast lithology dis-
tribution (Fig. 5b) is for all four samples (tills from sites A, 
B, C and delta deposit from D) and is quite uniform with 
a dominance of paragneiss and mica schist in the grain-
size fraction 8-32 mm. The higher eclogite and amphib-
olite content in the upper till, based on clasts > 32 mm, 
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is absent from the smaller grain-size classes, most likely 
due to a higher resistance of these lithologies to glacial 
comminution compared to “weaker” ones (paragneiss, 
mica schists). Interestingly, the lower subglacial till (Isel 
unit) shows similar clast roundness (Fig. 5c) as the over-
lying delta foreset deposits possibly indicating that the 
source material of the delta deposits is reworked till 
from the surrounding valley flanks. The higher content 
of subangular clasts in the upper till samples is signifi-
cant but there is no higher portion of subrounded clasts 
which could be expected due to glacial comminution.

The additional field and laboratory data support the 
principal interpretation of this sequence by Reitner et al. 
(2016) as a document of two different glacial advances. 
The Isel unit made up of a subglacial traction till over-
lying bedrock is best explained as a deposit of the Isel 
Glacier (a branch of the Drau Glacier/Ice Stream) flow-
ing along the valley axis during the AlpLGM (Figs. 1, 3b). 
The formation of the Ainet unit consisting of predom-
inantly coarse-grained deltaic sediments took place in 
a small, ephemeral ice-dammed lake (Fig. 2, with a po-
tential maximum extent) with a varying extent after the 
Isel Glacier has lost an ice thickness of around 1000 m 

following the collapse of the AlpLGM glaciation. Based 
on the dip of the foreset beds and the limited round-
ness of the clasts (Fig. 5c), the infill was deposited af-
ter a rather short transport distance by a precursor of 
the Daber creek. The Daber unit, consisting again of a 
subglacial traction till, documents an advance of the 
Daber (Valley) Glacier over the delta deposits (Ainet 
unit) south-westward towards its Lateglacial maximum 
position (Fig. 3c). Such a setting is characteristic of the 
early Lateglacial phase of ice-decay, when local glaciers 
reacted with brief re-advances after separation from the 
decaying glacier complex by (Reitner, 2007). Cracked 
pebbles within Ainet unit (Fig.  4d) support this sce-
nario, indicating additional loading typical for glacially 
overridden clast-supported deposits (e.g.  van Husen, 
1977). The sand deformed layers, typically roughly lin-
ear in form but sheared parallel to the main ice direc-
tion (south-westward), within the till at site E (Fig.  4e) 
were interpreted by Reitner et al. (2016) as a result 
of ice-bed-decoupling, most probably due to a high 
groundwater table during the advance into the lake 
with the deformation structures as an evidence of de-
formable bed conditions. The presence of deformation 

Ainet Samples 
AI

Colour Munsell
Colour

Domain 
(dm)

Grain stacks 
(gls)

Rotation 
(rt)

Edge-to-Edge 
grain crushing (E)

Microshear 
(ms)

Deformation 
bands (db)

LGM
(Isel unit; site A)

8ap b/gb 7.5YR 5/2 • • • • • •

9ap g 7.5YR 5/ • • • • •

9cp g 7.5YR 5/ • •

9gp g 7.5YR 5/ • •

10ap dkb/rb 7.5Yr 3/2,  
5YR 6/4

• • • •

10dp dkb/rb 7.5YR 3/2,  
5YR 6/4

• • • •

10fp dkb/rb 7.5YR 3/2,  
5YR 6/4

• • • • •

10np dkb/rb 7.5Yr 3/2,  
5YR 6/4

• • • •

Lateglacial
(Daber unit; site B)

3ap lb 7.5YR 6/4 • • • •

3dp b/lb 7.5YR 6/6 • • • •

3ep g 5/ • • • • • •

3fp b/rb 5YR 5/2 • • • •

2ap rb 5YR 4/2 • • • • • •

2cp rb 5YR 4/2 • • • • •

2fp lb/dkb 7.5YR 3/2 
7.5Yr6/6

• • • • • •

2kp g 7.5YR 5/ • • • • •

Table 1: Summary of microstructures in the Ainet samples. Abbreviations are:  Colour column: dkb - dark brown, g - gray, lb – light brown; b/lb – 
brown -light brown; dkb/lb – dark brown – light brown;  b/rb – brown- reddish brown; rb – reddish brown; dkb/rd – dark brown , reddish brown; Munsell 
column: All colours are of the 7.5YR or 5YR Hue with varying Chroma. Microstructures: rt = rotation structures; gls = grain stacks; ‘E’ = edge-to-edge grain 
fractures, ms = microshears, and db = deformation bands. All microstructures are described in van der Meer and Menzies (2011).
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structures (deformed sand layers, shear planes) and the 
additional evidence from micro-sedimentology of these 
tills, discussed below, suggest there is clear evidence 
that these subglacial sediments were formed in warm 
wet-based subglacial conditions.

4.2 Micromorphological descriptions

4.2.1  Isel unit samples (Alpine LGM; site A, in Figs. 2, 
3a, 4a)

Sample AI-8 is a single representative sample of a ma-
trix-supported, massive diamicton taken from location A. 
The description of the micromorphology is based on one 
subsample (AI-8ap; Table 1). Subsample AI-8ap contains a 
large subrounded clast and two clay-rich lee-side shad-
ow deposits of clay (green) (Fig. 6a). This thin section car-
ries a strong shear sense direction to the upper right of 
the sample which might be interpreted as a shear sense 
of around 33° NE in relation to the sample azimuth of 48° 
NE. A rotation structure to the right of this clast (with a 
clockwise sense of rotation) and several lineations and 
grain stacks occur. Extensive edge-to-edge grain crush-
ing events (E) can be noted (Menzies et al., 2013). Two 
deformation bands occur at the upper right of the large 
clast at approximately 90° to each other (indicative of a 
strongly different shear sense direction beyond the edge 
of the large clast) which may have strongly influenced 
the deformation partitioning in this part of the sediment 
(Fossen et al., 2017, 2019). The thin section was taken at 
48° NE parallel to the exposure face.

Sample AI-9 was taken 3-4 m to the right and above AI-8 
(Fig. 4a). The micro-morphological description is based 
on three subsamples (AI-9ap, AI-9cp, AI-9gp; Table 1). The 
thin section was taken at 47° NE parallel to the exposure 
face and carries the same sense of shear oblique to the 
sampling orientation as did Sample AI-8. Subsample AI-
9ap contains a large zone of crudely banded clays (green) 
(Fig. 6b) that has been offset by a moderately (left) dip-
ping extensional (normal) fault that can also be observed 
in AI-9cp. To the right of the fault plane can be seen 
several sub-parallel deformation bands (orange) and an 
elongated rotation structure. To the left of the crack/fis-
sure a microshear and a deformation band appear to be 
oriented almost at 90° to the other deformation bands 
and lineations in the sample. Subsample AI-9cp is like AI-
9ap with a similar fault plane (Fig. 6c). This thin section 
contains a large area of intruded clay (green) along the 
fault plane that appears to have been spread from the 
leftward direct into the diamicton at this site. Subsample 
AI-9gp contains a large massive clay (green) intruded into 
a relatively coarse diamictic unit (Fig. 6d). Along fissure 
(possibly the result of localized faulting as seen the previ-
ous two images) and void edges even finer clay appears 
to have been deposited (dark green) (Fossen et al., 2019). 
Several sub-parallel deformation bands (orange) occur 
within the coarser diamicton.

Sample AI-10: The location of sample AI-10 occurs less 
than a metre above AI-9 (Fig. 4a). The thin section was taken 
at 46° NE parallel to the exposure face. The micro-morpho-
logical description is based on four subsamples (AI-10ap, 
AI-10dp, AI-10fp, AI-10np; Table 1). Subsample AI-10ap is a 
typical diamicton that has been strongly deformed in mul-
tiple directions as seen by the cross-cutting lineations and 

Fig. 5: (a) Grain size-distribution, (b) clast lithology and (c) roundness of 
different subglacial tills and delta deposits from sites A-D (for location 
see Figs 2, 3). Grain-size: f – fine; m – medium; c – coarse. Lithofacies: Sm 
– Sand, massive; Gcp – Gravel, clast-supported, planar-bedded; Dmm(s) 
– Diamicton, matrix-supported, massive with shear-planes.
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grain stacks (Fig. 7a). A large domain with a slightly higher 
clay content occurs in this image that seems to be chrono-
logically older than most of the other microstructures. The 
domain appears to have been overprinted by other micro-
structures thus the chrono-sequence suggested. Subsam-
ple AI-10dp is a reddish brown diamicton with several large 
diffuse particle-oriented zones that define deformation 
bands bending around larger subrounded clasts that also 
show surrounding rotation structures (Fig. 7b). Subsample 
AI-10fp is a heavily deformed diamicton with many rotation 
structures, as well as microshears and deformation bands 
(orange) (Fig. 7c). A large, diffuse, clay-rich domain occur in 
this thin section. The large clast in the lower centre of the 
image illustrates well the effect of deforming rotation of 
smaller particles (van der Meer, 1993, 1996, 1997; Hiemstra 
and van der Meer, 1997; Phillips, 2006). This thin section ex-
hibits many closely spaced rotation structures illustrative 
of the strong, possibly, repeated local deformation this 
diamicton as undergone. It seems likely that the rotation 
structures are of multiple generations (Schoneveld, 1977; 
Simpson and De Paor, 1993; Passchier and Trouw, 2005; 
Phillips, 2006; Fossen et al., 2017, 2019). Subsample AI-10np 
is like the other AI-10 subsamples in that it carries all the 
typical microstructures seen in the other samples (Fig. 7d).

4.2.2  Daber unit samples (Lateglacial phase of ice 
decay; site B in Figs. 2, 3a, 4b) 

Sample AI-3 is the stratigraphically lowest sample from 
location B.  The various characteristics of this single rep-
resentative sample are described here based on four sub-
samples (AI-3ap, AI-3dp, AI-3ep, AI-3fp; Table 1). Sample 
AI-3 is a fine grained diamicton with a high concentration 
of small subangular to subrounded clasts. Macro-sedi-
mentology reveals a strong clast fabric, with an exotic 
clast provenance, and subangular and subrounded clasts 
within a fine-grained matrix. This distinct sedimentolo-
gy in conjunction with the overall micro-sedimentolog-
ical evidence (for a glossary of terms see: Menzies, 2000, 
2012; Rice et al., 2014; Menzies and van der Meer, 2018), 
suggests this diamicton is a subglacial till (Fig.5a; sam-
ple 4) (Phillips et al., 2018; Büchi et al., 2017; Evans, 2017; 
Menzies and van der Meer, 2018). Thin section samples 
were taken at an orientation of 44° NE, parallel to the 
exposure face. The thin sections shown in Figure 6 were 
randomly chosen as illustrative of micro-sedimentologi-
cal conditions in this diamicton.

Subsample AI-3ap (Fig. 8a) shows rotation structures (in 
yellow) (where no true sense of rotation direction can be 
established), grain stacks (black dashed lines) and a series 

Fig. 6

(a) AI-8ap (b) AI-9ap

(c) AI-9cp (d) AI-9gp

0.1 cm

0.1 cm 0.1 cm 0.1 cm 0.1 cm

0.1 cm 0.1 cm 0.1 cm

Fig. 6: Photomicrographs of thin sections (AI-8ap, 9ap, cp, gp) from sample sites A in LGM sediments (Fig. 3a). Note all the images are in plane light and 
have an annotated duplicate. In sample AI-8ap note higher clay content domains in green, and evidence of edge-to-edge grain crushing events marked 
as “E”. In samples AI-9ap, 9cp and 9gp note higher clay domains in green. In sample AI-9gp zones of very high clay content (darker green) along the edges 
of the high clay content can be observed. Note microshears are solid blacklines, grain stacks are black dotted lines, rotation structures are thin yellow 
lines, deformation bands are in orange. Note scale (1 mm) on each image and top of each thin section is at the top of the image.
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of deformation bands (orange). Deformation bands are 
differentiated based on the alignment of elongate sand 
grains and the presence of a locally oriented micro-plas-
mic fabric. A strong preferred orientation of the bands 
to shear direction occurs obliquely from bottom right to 
upper left. Subsample AI-3dp exhibits a strong preferred 
orientation with numerous near parallel deformation 
bands (orange) clearly showing an oblique upper left ori-
entation (possibly indicative of a sinistral sense of shear), 
as in AI-3ap (Fig. 8b). Several rotation structures and grain 
stacks can be seen. A large ‘comet’ structure (green) can 
be seen in the centre from upper centre left to lower 
centre right that designates some partitioning of defor-
mation around this structure. This ‘partitioning’ might in-
dicate a shear shadow (an area of lower strain) in the lea 
of the comet structure indicating an oblique shear sense 
from left to right parallel to ice shear direction. Subsample 
AI-3ep contains similar deformation bands (orange) as the 
previous samples (Fig. 8c). Two larger subrounded clasts 
appear to split the thin section microstructures into two 
groups with many deformation bands in the upper right 
quadrant oriented like those in subsamples AI 3ap and 
3dp (Fig. 8b). It seems likely the clasts acted as localized 
strain partitioning elements in the general deformation of 
the matrix. Grain stacks in the lower quadrant cross-cut 

each other and a group of near parallel microshears occur 
below the large clast to the left of the image. Sub sample 
AI-3fp with a reddish-brown matrix contains several large 
subrounded clasts (Fig. 8d). Several large rotation struc-
tures can be observed as well as deformation bands (or-
ange), the latter possibly post-date the rotation struc-
tures. The effect of the large clasts and rotation structures 
would appear to indicate a chrono-sequence of deforma-
tion partitioning that may illustrate changing rheological 
conditions possibly a reduced localized pore water con-
tent (Menzies et al., 2016). Grain stacks appear to exhibit 
no orientation although a large number near-parallel the 
deformation bands. Sample AI-2 is located less than a me-
tre above AI-3 and will be described based on four sub-
samples (AI-2ap, AI-2cp, AI-2fp, AI-2kp; Table 1). Subample 
AI-2ap has a reddish-brown matrix (Fig. 9a). Distinctive 
multiple deformation bands and near-parallel grain stacks 
(black dashed lines) cross this sample (orange) as well as 
several small rotation structures (yellow). This thin sec-
tion sample was taken at 46° NE parallel to the exposure 
face. Subsample AI-2cp is reddish-brown matrix diamicton 
dominated by a large subrounded clasts around which 
clusters a series of rotation structures and deformation 
bands (Fig. 9b). The deformation bands have possibly 
been formed from multiple generations of differing shear 

Fig.7: Photomicrographs of thin sections (AI-10ap, dp, fp, np) from sample site A in LGM sediments (Fig. 3a). Note all the images are in plane light and 
have an annotated duplicate. In samples AI-10ap and 10fp note large clay-rich clay domains in green. In sample AI-10dp note necking structures as thin 
green lines. Note microshears are solid black lines, grain stacks are black dotted lines, rotation structures are thin yellow lines, deformation bands are in 
orange. Note scale (1 mm) on each image and top of each thin section is at the top of the image.

Fig. 7
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direction application. Grain stacks exhibit no apparent ori-
entation and several patches of near parallel microshears 
can be noted. Sub sample AI-2fp contains a large argillan 
(light brown) bordering the large fracture in the centre of 
the image (Fig. 9c). A smaller argillan can be noted in the 
lower right corner of the image. The image is, however, 
dominated by the large ‘till pebble’ (in green) that is in the 
centre of the image. Several grain stacks and deformation 
bands cross the till pebble that suggests they were em-
placed post-till pebble emplacement. Subsample AI-2kp 
exhibits considerable evidence of deformation in the 
form of many clay-rich domains and related grain stacks 
and rotation structures (Fig. 9d). There is the appearance 
of a lattisepic plasma fabric in cross-polarized light. There 
is also an indication of an oblique lower right to upper left 
orientation for many of the linear microstructures.

5  Discussion

5.1 Discussion of the micro-morphology 
In all the above samples, distinct microstructures indica-
tive of various levels of brittle and ductile multi-genera-
tional deformation occur. It is evident that these subglacial 
tills were formed in a temperate wet based environment 

likely under soft sediment deforming traction conditions 
(Piotrowski et al., 2004; Lee and Phillips, 2008; Phillips et 
al., 2011; Vaughan-Hirsch et al., 2013; Büchi et al., 2017). 
In many instances differing domains attest to scaveng-
ing subglacial activity, the rotation of the matrix due to 
multiple localized shear directions, micro-shearing, and, 
in many places, zonal deformation (deformational parti-
tioning) in the form of the development of deformation 
bands. Grain stacks, and in places, edge-to-edge grain 
crushing events, and between large clasts evidence of 
necking occurred all indicative of relatively intense soft 
sediment deformation (Menzies and van der Meer, 2018). 
There appears to be little difference between the tills of 
LGM and Lateglacial age other than a difference in mi-
croclast fabrics (Table 1 and Fig. 3a). These microfabrics 
of clasts (orientation of long-axis of clasts) are likely in-
dicative of altered ice flow directions across the eastern 
slope of the Isel Valley, as might be expected (Evenson, 
1971; Carr and Rose, 2003). The microclast fabric for the 
Lateglacial till (Daber unit, site B) exhibits mean azimuth, 
when corrected to thin section sampling azimuth, repre-
senting an orientation of 66° and the AlpLGM (Isel unit, 
site A) till has an azimuth, when corrected to thin section 
sampling azimuth, indicating an orientation of 97° (rose 

Fig. 8

(a) AI-3ap (b) AI-3dp

(c) AI-3ep (d) AI-3fp

0.1 cm

0.1 cm 0.1 cm 0.1 cm 0.1 cm

0.1 cm 0.1 cm 0.1 cm

Fig. 8: Photomicrographs of thin sections (AI-3ap, dp, ep, fp) from sample site B in Lateglacial sediments (Fig. 3b). Note all the images are in plane light 
and have an annotated duplicate. In subsample AI-3dp a comet structure is outlined in green. Note microshears are solid blacklines, grain stacks are 
black dotted lines, rotation structures are thin yellow lines, deformation bands are in orange, the symbol “E” indicates edge-to-edge crushing, and small 
green lines are necking structures. Note scale (1 mm) on each image and top of each thin section is at the top of the image.
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diagrams in Fig. 3a). It is likely that the younger tills are 
sourced from the older tills with some reduction in clast 
sizes and crushing of the matrix following this second 
phase of deposition (Evans, 2017). Both younger and 
older tills, likewise, exhibit similar suites of microstruc-
tures (Table 1). However, this may be remarkable as the 
younger till (Daber unit) was formed during a brief time 
period by a comparably small tributary glacier. Rework-
ing of Lateglacial lake deposits during the advance might 
have resulted in a more fine-grained matrix in the Late-
glacial till (see grain size distribution in Fig. 5a) (Menzies 
and Reitner, 2016, 2019). The explanation for their like-
ness must be that once yield strength is overcome in the 

soft deforming sediment layer a comparable set of micro-
structures is formed (Menzies et al., 2016).

In specific terms, the thin sections can be variously inter-
preted by way of differing deformation events or phases. 
For example: (1) in AI-3ep (Fig. 8c) the slight deviation of 
short distance lineations (microshears) and grain stacks 
below the large clast in the upper left side of the image 
may be explained by the clast acting as a shadow within 
the stress field of subglacial deformation. (2) The orien-
tation in AI-2ap (Fig. 9a) of the deformation bands might 
indicate reworking and re-orientation under subglacial 
ductile stress conditions. (3) The sediment unit in AI-9ap 
(Fig. 6b) appear to have been deformed in two dominant 
directions the upper direction conforms to some extent 
with the ground slope and edge of the valley wall which 
may be the result of subglacial deformation processes as 
the ice mass moved across the valley side. (4) It seems 
likely in AI-10fp (Fig. 7c) many of the rotation structures 
are probably interrelated as noted above.

5.2 Discussion of the subglacial conditions
The tills examined along the eastern slopes of the Isel 
Valley near Ainet show clear evidence of a subglacial soft 
sediment deformation signature (Cowan et al., 2012; Phil-
lips et al., 2018). The subglacial sediments in the Isel Val-
ley of differing ages and emplaced under likely differing 
ice thicknesses show a remarkable similarity. That they 
should be similar in micro- and macro-sedimentology is 
not so peculiar as they have both been formed within a 
soft sediment deforming layer where, once the sediment 
is stressed beyond its yield strength, similar patterns of 
microstructures and be expected to develop. As in oth-
er locations sediment beneath an ice mass exhibits this 
form of transport and emplacement mechanism. Once a 
critical shear stress is reached locally and acts upon the 
saturated underlying unfrozen sediment, sediment mo-
tion can take place (Walter et al., 2014; Phillips et al., 2018; 
Narloch et al., 2020). Within the sediment, shear zones 
are likely to form and, at least temporally, effective shear 
within microscale shear bands (deformation bands) de-
creases leading to mobilization (Schultz and Siddhart-
han, 2005; Ballas et al., 2015; Fossen et al., 2017; Brandes 
et al., 2018; Philit et al., 2018; Carey et al., 2019; Menzies 
and Reitner, 2019). The mobilization leads to deformation 
structures forming and evolving as the sediment may 
temporarily immobilize due to loss of porewater pres-
sure or reduction in shear stress levels as the sediment 
episodically moves across its bed or ephemeral freezing 
conditions (Walter et al., 2014; Christianson et al., 2016; 
Menzies and Reitner, 2016; Menzies et al., 2016; Spagno-
lo et al., 2016; Phillips et al., 2018; Swift et al., 2018). The 
‘stick-slip’ mobilization / immobilization is likely seen in 
the variations of types of microstructures formed in the 
change of rheological phases from brittle to ductile and 
vice versa at different times and places within the sedi-
ment. The evolution of microstructures alluded to by 
Menzies et al. (2016) appear to indicate evolutionary se-
quence related to pore water content stress levels and as 

Fig. 9: Photomicrographs of thin sections (AI-2ap, cp, fp, kp) from 
sample site B in Lateglacial sediments (Fig. 3b). Note all the images 
are in plane light and have an annotated duplicate. In sample AI-2cp 
a light-yellow halo is shown around a large clast indicative of a higher 
clay content and domain change. In sample AI-2fp a green shade indi-
cates a till ‘clot’ or ‘pebble’ showing a higher clay content and domain 
change. Also clay argillans, following pore voids, are shown in pink. In 
sample AI-2kp light green shows presence of higher clay content in the 
sediments. Note microshears are solid blacklines, grain stacks are black 
dotted lines, rotation structures are thin yellow lines and, deformation 
bands are in orange. Note scale (1 mm) on each image and top of each 
thin section is at the top of the image.
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consequence levels of deformation maturity. This evolu-
tionary sequence is seen to occur in many tills as well as 
those at Ainet. This rheological partitioning of subglacial 
sediment into mobile and immobile zones is observed 
in these tills in the Isel Valley (Menzies and Reitner, 2016, 
2019). The effect of this ‘stick-slip’ process is to develop 
polyphase deformation conditions as evidenced in these 
samples from the Isel Valley (Hart et al., 2019).

6  Conclusions
Investigations of the micro-sedimentology of tills in the 
Isel Valley illustrate that these subglacial tills were depos-
ited under temperate soft sediment deforming traction 
bed conditions. With the additional utilization of mi-
cro-sedimentological analyses, an improved understand-
ing of subglacial ice dynamics can be achieved leading 
to the development of new subglacial soft sediment 
models (Menzies et al., 2016). It seems likely with a high 
subglacial sediment flux that subglacial tills, investigated 
here, were emplaced along the valley sides under mobile, 
temperate basal ice conditions. The tills are of differing 
ages, but no readily visible difference could be detect-
ed between the tills as is expected, being formed from 
over-yield stress levels. It is likely that the younger till was 
derived from the older till unit with a slight decrease in 
overall grain size and possibly a finer matrix as a result of 
subglacial transport. Both tills carry almost identical suits 
of microstructures illustrative of having undergone the 
same mechanisms of transport and emplacement. 

It is clear, at least, in the Drau Valley catchment in central 
southern Austria that subglacial conditions at the height 
of the last glaciation and later at the demise of the EAIC 
exhibited conditions not unlike those today underlying 
modern West Antarctic ice streams. The micro-sedimen-
tological evidence supports the contention that in this ice 
stream wet temperate soft-bedded deforming conditions 
prevailed, both during the LGM and Lateglacial phase of 
the EAIC. This research strongly supports previous work 
done in northern Austria where comparable findings oc-
curred within the subglacial tills of the Inn Ice Stream’s 
bed (Menzies and Reitner, 2016, 2019). Future research 
along the Drau valley and other locations in Austria are 
planned where fast ice streams occurred using micro-sed-
imentological techniques that can illustrate geological 
conditions in a way unlike in the past. Knowledge of the 
subglacial environments using micro-sedimentologi-
cal techniques illuminates controls in basal ice activity 
in terms of overall ice sheet mass balance based upon a 
grasp of basal thermal regimes, sediment availability and 
rheology, as well as subglacial hydrological conditions.
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