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ABSTRACT  We present sedimentological observations from the
Tiskilwa Till in northern Illinois, and the Sky Pilot Till in northern
Manitoba, that indicate deposition of these tills by subglacial defor-
mation.These generally homogenous tills grade downward into more
heterogeneous tills that incorporate underlying sediment into their
matrix, indicating entrainment of older sediments by sediment defor-
mation. Deformed sand inclusions within these tills imply deformation
of the tills and inclusions prior to deposition.The Tiskilwa Till has rela-
tively high fabric strength throughout its thickness, whereas fabric
strength in the Sky Pilot Till generally increases up-section in 2 to 3 m
thick increments. Fabric orientations in both tills rotate up-section,
possibly due to changes in ice-flow direction associated with the thic-
kening and thinning of ice, and changes in ice-flow divide location. In
both the Tiskilwa and Sky Pilot Tills, the change in fabric orientation
occurs over intervals of ~1 m, suggesting that the maximum depth of
deformation was ≤1 m insofar as any greater depth of deformation
would have reoriented till fabric during maximum ice extent and
retreat. In the case of the Sky Pilot Till, the up-section increase in
macrofabric strength indicates that strain increased up-section.These
data suggest that these tills were deposited in a time transgressive
manner as strain migrated upwards with the delivery of new till either
released from the ice base or advected from up-ice.

RÉSUMÉ  Observations sédimentologiques sur les tills de Tiskilwa,
Illinois, et de Sky Pilot, Manitoba. Les observations sédimentologiques
des tills de Tiskilwa, Illinois, et de Sky Pilot, Manitoba, indiquent que
ces tills sont issus d’une déformation sous-glaciaire. Ces tills, géné-
ralement homogènes, deviennent hétérogènes vers leur base et ils
incorporent du matériel sous-jacent dans leur matrice, ce qui indique
un déplacement des sédiments plus âgés par déformation. La pré-
sence d’inclusions de sable dans ces tills impliquent leur déforma-
tion avant leur dépôt. Le till de Tiskilwa présente une matrice très
cohérente sur toute son épaisseur tandis que celle du till de Sky Pilot
augmente vers le haut tous les 2 ou 3 mètres. La rotation de l’orien-
tation des matrices de ces deux tills est probablement associée aux
changements de l’écoulement glaciaire liés à l’épaisseur de la glace
et à la migration de la ligne de partage des marges glaciaires. Pour
ces tills, le changement d’orientation du matériel se produit sur des
intervalles d’environ 1 m, où la profondeur maximale de déformation
devrait réorienter le matériel du till durant le maximum glaciaire et le
retrait des glaces. Dans le cas du till de Sky Pilot, la section supé-
rieure montre une augmentation dans la force de cohésion du maté-
riel. Ces données indiquent que ces tills se sont déposés de manière
diachronique, où la force de tension a migré vers le haut, entraînant
le dépôt de matériel basal frais à partir de la base de la glace ou par
advection depuis la glace.

Manuscrit reçu le 18 juillet 2005 ; manuscrit révisé accepté le 9 décembre 2005 (publié le 2e trimestre 2006)
*E-mail address: carlsand@geo.oregonstate.edu
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INTRODUCTION

Warm-based ice sheets resting on beds of unconsolidated
sediment (soft beds) are thought to play important roles in
global climate and sea level change (Clark et al., 1999). In
modern polar ice sheets, warm-based ice streams will likely
modulate ice sheet responses to global warming (MacAyeal,
1992; Bentley, 1997). Similarly, warm-based Pleistocene ice
sheets may have influenced the responses and contributions of
the ice sheets to global climate change (MacAyeal, 1993; Clark,
1994; Marshall and Clark, 2002). Accordingly, over the past
two decades, considerable research has been directed toward
identifying and understanding the mechanisms governing the
movement of warm-based ice over soft beds.

Although it is generally agreed that such movement involves
some combination of sliding and deformation of underlying sed-
iment, determining the relative contribution of each, and the
details of the mechanical processes by which they act or inter-
act, has remained elusive. Initial studies using seismic reflec-
tivity to evaluate basal conditions beneath Ice Stream B (now
the Whillans Ice Stream) in West Antarctica, for example, indi-
cated that a metres-thick, saturated, dilatant sediment layer
was deforming pervasively beneath the ice stream, account-
ing for the ice stream’s fast velocity under extremely low driving
stress (Alley et al., 1986; Blankenship et al., 1986). Models
assuming pervasive deformation based on linear or mildly non-
linear viscous flow offered some promise for explaining fast ice-
flow as well as the high sediment flux rates suggested from the
mass of fine-grained glacial sediment deposited beneath the
southern margin of the Laurentide Ice Sheet (LIS) (Alley, 1991;
Jenson et al., 1995). However, field studies in boreholes and
laboratory testing of modern and Pleistocene till suggested that
subglacial till is too weak to balance basal shear stress (Kamb,
1991; Humphrey et al., 1993; Fischer and Clarke, 1994; Iverson
et al., 1994, 1998; Engelhardt and Kamb, 1998), and that ice
movement must therefore occur primarily through basal slid-
ing, with some as yet unidentified mechanism required to sta-
bilize ice movement (Iverson et al., 1994; Hooke et al., 1997;
Engelhardt and Kamb, 1998).

Studies of the sediment record provide valuable observa-
tions and insights by which to constrain inferences, assump-
tions, and hypotheses regarding basal conditions and
processes (Clayton et al., 1989; Alley, 1991; Hicock, 1992;
Hicock and Dreimanis, 1992; Johnson and Hansel, 1999;
Boulton et al., 2001; Hooyer and Iverson, 2000a, 2002;
Piotrowski et al., 2001, 2004; Larsen et al., 2004). Nevertheless,
attempts to discern mechanisms of ice movement from the sed-
iment record are complicated by the fact that processes
beneath modern ice sheets are, to a first order, not directly
observable, thus obviating a process-based approach to under-
standing sedimentation. Accordingly, interpretations of the sed-
iment record have largely been based on deductive reasoning,
which has often led to conflicting interpretations of even the
same sedimentological features (Boulton et al., 2001; Piotrowski
et al., 2001). Piotrowski et al. (2004) tried to reconcile these
conflicting interpretations with observations from tills deposited
by the Scandinavian Ice Sheet that suggested a mosaic of
deforming and decoupled sliding spots. Conceptually, this is an
attractive model, but in the absence of direct observations,

unequivocal sedimentological evidence of subglacial processes
has yet to be demonstrated.

Here we present sedimentological observations of the
Tiskilwa Till deposited by the Lake Michigan Lobe along the
southern LIS margin, and the Sky Pilot Till deposited near the
centre of the LIS in the Hudson Bay Lowlands, Manitoba
(Fig. 1). Because these two regionally significant tills are rep-
resentative of many fine-grained tills deposited beneath the
LIS, developing a better understanding of the processes
responsible for their formation will provide important con-
straints on LIS behavior over soft-bedded regions.

TILLS UNITS

The Tiskilwa Till was deposited by the south-to-southwest-
flowing Lake Michigan Lobe during the Last Glacial Maximum,
~21.5 to 19 14C ka BP (Hansel and Johnson, 1996). It is one of
the most extensive till units in the midcontinent (Wickham and
Johnson, 1981) and is characteristic of the fine-grained tills
that underlie much of the southern LIS (Mickelson et al., 1983).

Johnson and Hansel (1990) conducted a detailed sedi-
mentological study of the Tiskilwa Till at its type locality
(Wedron Quarry, Illinois). Basal heterogeneous Tiskilwa Till is
separated from an overlying homogeneous facies of Tiskilwa
Till by an abrupt contact. Both the homogeneous and hetero-
geneous till facies have strong macrofabrics. Additionally, both
facies contain sand inclusions, but the inclusions in the het-
erogeneous facies are more deformed than those in the homo-
geneous facies. Johnson and Hansel (1990) suggested that
the sand inclusions were either deformed remnants of a sub-
glacial drainage system or proglacial material incorporated
into the till during ice advance. They interpreted the hetero-
geneous till to be a product of subglacial deformation whereas
the overlying homogeneous till was deposited by lodgement
with some subglacial deformation.

The Sky Pilot Till is part of a regionally extensive surface
unit that was deposited across the Hudson Bay lowland some-
time during the Late Wisconsin (after ~25 14C ka BP and some-
time before 8 14C ka BP) (Dredge and Nielsen, 1985; Nielsen
et al., 1986; Dredge and Nixon, 1992; Thorleifson et al., 1992;
Dyke, 2004), and may be a representative substrate for a large
area underlying the centre of the Laurentide Ice Sheet during
the last glaciation. The till is fine-grained (Nielsen et al., 1986)
with a gravel fraction of ~4%, and contains a high proportion of
carbonate content in both its matrix (39%) and clast component
(76%), reflecting a bedrock source from the middle of Hudson
Bay (Roy, 1998). Fabric strength is moderately strong in the
Sky Pilot Till (Roy, 1998) showing some regional variability
(Nielsen et al., 1986; Roy, 1998).

METHODS

We examined two exposures of the Tiskilwa Till in Putnam
County, Illinois (the Friday Three and Clear Creek sections)
and one exposure of the Sky Pilot Till along the Nelson River,
approximately 55 km northwest of Gillam, Manitoba (the
Limestone section) (Figs. 1-2). Macrofabric was measured
every metre by determining the long axis orientation on
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FIGURE 1. (A) Digital elevation shaded relief map of central North
America. Solid circle is location of Tiskilwa Till exposures in Illinois.
Open square is location of Sky Pilot Till exposure in Manitoba, JL
denotes the James Lobe, DL denotes the Des Moines Lobe, GBL
denotes the Green Bay Lobe, LML denotes the Lake Michigan Lobe,
HEL denotes the Huron-Erie Lobe. (B) North-central Illinois location
map (modified from Johnson and Hansel, 1999). Solid circle shows the
location of the Friday 3 and Clear Creek sections. (C) Northern
Manitoba location map (modified from Roy, 1998). Open square shows
the location of the Limestone section.

(A) Carte des élévations du centre de l’Amérique du Nord. Le cercle
plein et le carré ouvert montrent l’emplacement des parties exposées
des tills de Tiskilwa, Illinois, et de Sky Pilot, Manitoba; le sigle JL
montre l’emplacement du lobe de James, DL, le lobe de Des Moines,
GBL, le lobe de Green Bay, LML, le lobe du Lac Michigan et HEL, le
lobe de Huron-Érié. (B) Carte de localisation du centre-nord de l’Illinois
(adaptation de Johnson and Hansel, 1999). Le cercle plein montre
l’emplacment du site de Friday 3 et de Clear Creek. (C) Carte de loca-
lisation du nord du Manitoba (adaptation de Roy, 1998). Le carré
ouvert montre l’emplacement de la section de Limestone.
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25 elongate pebbles (2 to 10 cm in length, long to intermedi-
ate axis ratio of >2:1) over an area 20 cm high x 30 cm wide.
Fabric data was plotted on lower-hemisphere Schmidt dia-
grams and fabric shape determined following Hicock et al.
(1996). Eigenvalues (S1, S2, S3) and eigenvectors (V1, V2,
V3) were determined following Mark (1973). It has been sug-
gested that 50 pebble measurements are required to deter-
mine statistically significant fabric variability from between
sample variability (Benn and Ringrose, 2001). However,
Larsen and Piotrowski (2003) demonstrated that a smaller
number of pebble measurements still produced significant fab-
ric results. We thus use 25 measurements in accord with the
previous work of Johnson and Hansel (1999) on the Tiskilwa
Till. Thin section samples of Tiskilwa Till were taken from the
same depth as macrofabric measurements. The high carbon-
ate content of the Sky Pilot Till precluded its thin sectioning.
Samples for grain size analysis by pipette method were col-
lected every 0.5 m. Ten samples were analyzed from the
Friday 3 section and 15 samples from the Limestone section.
At the Clear Creek section, two samples of the Tiskilwa Till
and three samples of the 1-m gradational basal contact were
analyzed for grain size. The Friday Three section contained
fragments of wood throughout the section. We noted the loca-
tion, orientation and abundance of wood and dated six sam-
ples by radiocarbon.

RESULTS

TISKILWA TILL

At the two Illinois sections, the Tiskilwa Till is a reddish-
brown, massive, homogeneous, fine-grained diamicton 5 to
6 m thick (Figs. 3-4). It overlies the grey, more heterogeneous
Delavan Till with a ~1 m thick gradational contact. Thin sec-
tions of Tiskilwa Till from up to 2 m above the Tiskilwa-Delavan
contact reveal small (<0.5 cm) inclusions of Delavan Till in the
Tiskilwa Till matrix. At the Clear Creek section, the base of the
Delavan Till is exposed and grades into underlying proglacial
sediment over ~1 m thick interval (Fig. 3F). The Delavan and
Tiskilwa Tills have a uniform grain size throughout the sections
(Fig. 4A-B; Table I). At the Clear Creek section, however, the
gradational contact between the Delavan Till and underlying
sediment shows greater variability in grain size. Also at this
section, sand inclusions in both till units are up to 1 m thick,
have abrupt contacts with the surrounding till, and are deformed
in the direction of ice-flow. Some inclusions contain balls of
Tiskilwa Till within the sand and have diapirs of till rising into the
sand (Fig. 3D). If the sand contained any original sedimentary
structures, then they have been erased by deformation.

The till contains glacially transported wood aligned with
regional ice-flow, with greatest abundance near the base of
the Friday 3 section (Fig. 4A;Table II). Radiocarbon dates on six
pieces of wood range from 31.4 14C ka BP to >49.9 14C ka BP,
with a general trend of decreasing age up-section followed by
an increase in age at ~3 m.

Macrofabric is strong throughout the Tiskilwa Till, as indi-
cated by principle eigenvalues (S1) between 0.74 and 0.85
(Fig. 4) with the fabric having a unimodal to spread unimodal
shape (Hicock et al., 1996).Thin sections also indicate strong
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FIGURE 2. Bluff exposures. (A) Friday 3, IL. (B) Clear Creek, IL.
(C) Limestone section, MB.

Sections exposées. (A) Friday 3, IL. (B) Clear Creek, IL. (C) Limestone,
MB.
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FIGURE 3. (A) Cleared exposure
of Tiskilwa Till at Friday 3. (B) close
up of uniform Tiskilwa Till from
Friday 3. (C) Clear Creek expo-
sure. (D) Deformed sand inclusion
with Tiskilwa Till within the sand at
Clear Creek. (E) The basal contact
between the Delavan Till and
underlying sediment at Clear
Creek. (F) Gradational contact
between Delavan Till and underly-
ing sediment at Clear Creek.

(A) Partie exposée du till de
Tiskilwa au site de Friday 3. (B) Vue
rapprochée de la partie homogène
du till de Tiskilwa au site de
Friday 3. (C) Partie exposée du site
de Clear Creek. (D) Inclusion de
sable dans le till de Tiskilwa au site
de Clear Creek. (E) Zone de
contact basal entre le till de
Delavan et les sédiments sous-
jacents au site de Clear Creek.
(F) Zone de contact gradationnel
entre le till de Delavan et les sédi-
ments sous-jacents au site de
Clear Creek.
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FIGURE 4. Tiskilwa Till section data. (A) Friday 3. (B) Clear Creek.
Solid line is eigenvalues and dashed line is eigenvector azimuth. The
radiocarbon date at 2.1 m from Friday 3 is >49.9 14C ka BP. (C) Pebble
orientation from Friday 3 and Clear Creek. Numbers indicate the depth
(m) in the section from which the data were collected.

Observations sur le till de Tiskilwa. (A) Friday 3. (B) Clear Creek. La
ligne pleine représente la valeur propre et la ligne pointillée fait réfé-
rence à l’azimuth du vecteur propre. La date au radiocarbone à 2,1 m
au site de Friday 3 est >49.9 14C ka BP. (C) Orientation des galets
aux sites de Friday 3 et de Clear Creek. Les chiffres indiquent la pro-
fondeur (m) où les données ont été récoltées.
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alignment of particles in the Tiskilwa Till matrix. Macrofabric
principle eigenvectors (V1) shift direction upward through the
section from N40E to N60E, returning to N40E near the top of
the Tiskilwa Till (Fig. 4).

SKY PILOT TILL

In the study area, the Sky Pilot Till is a massive, homoge-
neous diamicton overlain by proglacial and lacustrine sedi-
ment. It is ~6 m thick, with a 1-m gradational contact into the
underlying ~3 m thick Long Spruce Till (Figs. 5-6). Long Spruce
Till overlies the interglacial Nelson River Sediments (Dredge
and Nielsen, 1985; Klassen, 1986; Nielsen et al., 1986, Dredge
and Nixon, 1992; Roy, 1998), which are deformed into the
matrix of the Long Spruce Till (Fig. 5C). The Nelson River
Sediments have an abrupt basal contact with the underlying
Amery Till. Deformed sand lenses are present in all three till
units. Grain size of the Sky Pilot and Long Spruce Tills is rela-
tively uniform throughout the units (Fig. 6; Table I).

Eigenvalues are moderately strong (S1 between 0.50 and
0.81) in the three till units at the Limestone section. In the Sky
Pilot Till, there is a general trend of increasing strength up-sec-
tion in 2 to 3 m increments. The stronger fabrics have a uni-
modal to spread unimodal shape while the weaker fabrics are
spread bimodal in shape (Fig. 6; Hicock et al., 1996).
Eigenvectors change orientation up-section from north-north-
east in the Amery Till to east-southeast in the Long Spruce to
northeast in the Sky Pilot Till, identifying significant changes in
ice-flow direction associated with deposition of each till (Dredge
and Nielsen, 1985; Nielsen et al., 1986; Dredge and Nixon,
1992; Thorleifson et al., 1992; Roy, 1998). Within the Sky Pilot
Till, eigenvectors rotate up-section from N45E to N75E (Fig. 6).

DISCUSSION

We interpret the sedimentological features of the Tiskilwa Till
to be most consistent with deposition from a subglacial deform-
ing layer. The heterogeneous basal facies of the Tiskilwa Till
indicates that the older Delavan Till was reworked and rede-
posited within a zone of mixing during the Tiskilwa ice read-
vance. The basal 1 m of the Delavan Till matrix also includes
underlying sediments, suggesting a similar process of defor-
mation and incorporation.

Further evidence of deformation is suggested by the sand
inclusions. The sand may have been originally deposited in

subglacial canals that were incised into the till at the base of the
ice and subsequently deformed as they were entrained into
the deforming subglacial sediment (Fig. 3D; Clark, 1997).
Tiskilwa Till balls in the sand may have originated as englacial
sediment that melted off the roof of a canal into the underlying
canal sediments. Alternatively, the till balls may represent till
that was detached and incorporated into a sand body during
deformation of the sediment mass. The inclusion of these till
balls in the sand rules out the synchronous deposition of the
sand and till by melt-out because the till must have existed
prior to sand deposition to have the till included in the sand.

The fabric data of the Tiskilwa and Delavan Tills are strong
throughout its thickness. Classical fabric interpretation (e.g.
Dowdeswell and Sharp, 1986; Hicock et al., 1996; Lian et al.,
2003) would suggest that till genesis can be inferred from fab-
ric strength and shape. However, laboratory results using a
ring-shear device suggest that fabric strength is not unique to
a specific genesis (Hooyer and Iverson, 2000b). Fabric
strength in these laboratory-deformed tills increased with
increasing accumulated strain with highly strained tills having
a strong fabric (similar to lodgement and melt-out tills).
Similarly, these fabrics exhibited unimodal to spread unimodal
shape similar to lodgement or melt-out tills suggesting that
fabric shape is also not indicative of genesis. Based on the
independent evidence for deformation (gradational basal con-
tacts with reworked till and deformed sand inclusions), we
interpret our fabric data from the Tiskilwa and Sky Pilot Tills as
indicators of accumulated strain and local ice-flow direction
(Bennett et al., 1999; Larsen et al., 2004) but do not attempt
to infer genesis from them.

The consistently strong fabric in the Tiskilwa Till suggests
that the till underwent substantial strain throughout its thick-
ness over time (Hooyer and Iverson, 2002; Larsen et al.,
2004), regardless of the depth of the deformation at any one
location or time. Fabric data from Tiskilwa Till ~50 km to the
northeast of our sites have shown similar strong fabrics
(Johnson and Hansel, 1990, 1999) suggesting that the strong
fabric of the Tiskilwa Till is regionally extensive. We interpret
the up-section shift of the eigenvectors observed at two loca-
tions km’s (check distance) apart to reflect changes in local
ice-flow direction. These changes, however, are consistent
with regional ice-flow changes associated with the advance
and retreat of the Lake Michigan Lobe (Johnson and Hansel,
1999). Specifically, initial advance of the lobe over the site
would have been from a more northeasterly direction, with

TABLE I

Grain size data for till units with standard deviation

Till Unit

Sky Pilot

Long Spruce

Amery

Tiskilwa

Delavan

Sand 
(%)

17

21

30

45

45

Standard 
deviation

2

6

2

1

Silt 
(%)

57

54

40

39

42

Standard 
deviation

7

7

5

1

Clay 
(%)

26

25

30

16

13

Standard 
deviation

7

2

5

1

TABLE II

14C ages from Friday 3 section, IL

Lab ID #

AA57002

AA57003

AA57004

AA57005

AA57006

AA57007

Sample

F3-1

F3-3

F3-5

F3-7

F3-9

F3-12

Material

Wood

Wood

Wood

Wood

Wood

Wood

Pretreatment

None

None

None

None

None

None

14C Age

>49 900  

31 630

31 380

40 700

35 010

37 160

1 sigma

370

320

1 400   

500

660
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flow shifting to a more westerly direction as the margin
reached its limit and ice thickened over the site. A reverse
flow-direction sequence would then occur as the lobe retreated
and ice thinned over the site. The preservation of the shifting
macrofabric orientation constrains the maximum depth of the
deforming layer to ≤1 m thick. If the till was actively deforming
to a greater depth, then earlier ice-flow directions recorded
by the macrofabric would have been re-oriented by subse-
quent changes in ice-flow direction (e.g. MacClintock and
Dreimanis, 1964).

The tills exposed along the Nelson River, Manitoba, display
sedimentological features generally similar to the Tiskilwa Till,

and we similarly attribute the formation of these features as a
result of subglacial sediment deformation in accord with the
interpretations of Roy (1998). The deformed sand inclusions
may be remnant subglacial canals of a basal drainage system,
as we suggested for the Tiskilwa Till, or they may represent
interstadial events (Dredge and Nixon, 1992). Regardless of
their origin, they are deformed into the till implying that the till
was deformed with them. Gradational contacts between the
Sky Pilot and the Long Spruce Tills, and between the Long
Spruce Till and underlying interglacial sediment (Figs. 5 and
6A), suggest a similar process of deformation and incorporation
of preexisting sediments into an actively deforming sediment

AAA CC

DD

BB
10 cm10 cm10 cm

FIGURE 5. (A) Limestone section of the Sky Pilot Till. (B) Close up of
the Sky Pilot Till. (C) Deformed sediment into the Long Spruce Till.
(D) Deformed sand lens in the Sky Pilot Till.

(A) Section de Limestone du till de Sky Pilot. (B) Vue rapprochée du
till de Sky Pilot. (C) Sédiments déformés à l’intérieur du till de Long
Spruce. (D) Lentilles de sable déformées dans le till de Sky Pilot.
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FIGURE 6. (A) Sky Pilot Till sec-
tion data from the Limestone sec-
tion. Solid line is eigenvalues and
dashed line is eigenvector azimuth.
(B) Pebble orientation from the
Limestone section. Numbers indi-
cate depth (m) in the section from
which the data were collected.

(A) Observations sur la section de
Limestone du till de Sky Pilot. La
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référence à l’azimuth du vecteur
propre. (B) Orientation des galets
au site de Limestone. Les chiffres
indiquent la profondeur (m) où les
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layer. Based on the gradational contacts, we suggest that much
of the till was transported in the deforming layer and originated
from the mixing of the underlying sediment with till derived from
up-ice. The till was then deposited when strain migrated
upwards with the delivery of new till either released from the
overlying ice or advected from up-ice.

In the case of the Sky Pilot Till, the up-section shift in eigen-
vector orientation indicates that local ice-flow migrated west-
ward as the till was deposited, consistent with changes in
regional ice-flow (Dyke, 2004). Fabric orientations of Roy
(1998) from the Sky Pilot Till are consistent with our fabric
data showing a shift in ice flow towards the west up-section.
The Sky Pilot Till, however, may exhibit variability in fabric ori-
entation based on four fabric measurements distributed over
~20 km (Nielsen et al., 1986). Our data, supported by that of
Roy (1998), suggest that fabric orientation changed with depth
in the till as ice-flow direction changed, indicating that
observed regional fabric variability may be due to the varying
depth at which the till fabric was measured. Multiple fabrics
distributed throughout the till thickness are thus needed to
distinguish local fabric variability from ice-flow variability.

Such changes in ice-flow direction recorded in till sections
suggest that vertical examination of till fabric may delineate
past changes in ice-flow during one advance and also the
position of ice-flow divides in regions that otherwise lack sur-
ficial flow indicators (e.g. drumlins, flutes, lineations, stria-
tions). Unlike the Tiskilwa Till, however, the fabric strength of
the Sky Pilot Till generally increases up-section in 2 to 3 m
increments, suggesting an up-section increase in accumula-
tion of strain, consistent with increasing sediment strength
and decreasing strain with depth in the till. Similar to the
Tiskilwa Till, the preservation of the migrating eigenvectors
limits the depth of deformation in the Sky Pilot Till to ≤1 m.Till
may have been deposited continuously at both locations in
Illinois and Manitoba as indicated by the migration of eigen-
vector orientation up-section that reflect changes in ice-flow
direction (Johnson and Hansel, 1999; Dyke, 2004).

It is interesting that the Tiskilwa and Sky Pilot Tills show
similar features such as their deformed sand inclusions, basal
contacts and migrating till fabrics, despite their differing depo-
sitional contexts with respect to the Laurentide Ice Sheet.
While both tills were deposited by warm-based ice, the
Tiskilwa Till was deposited under a fast-moving lobe of the ice
sheet, whereas the Sky Pilot Till was deposited near the cen-
tre of the ice sheet near or under an ice divide.The similarities
between the two tills suggest that similar ice sheet motion and
depositional processes were operating at both locations under
the Laurentide Ice Sheet.

Hooyer and Iverson (2000a) used laboratory and field data
to show that the contact between two tills in Minnesota con-
tained a 40-cm thick mixed zone. They argued that the weak
fabric strength (principle eigenvalues (S1) between 0.44 and
0.67) of the till deposited by the Des Moines Lobe in Iowa and
Minnesota (Fig. 1) did not experience strain >2, and thus attrib-
uted much of the lobe motion to sliding (Hooyer and Iverson,
2002). This is in contrast to our data from the Lake Michigan
Lobe (east of the Des Moines Lobe) that show mixing between
the Delavan and Tiskilwa Tills in a zone up to 1 m thick and

that the Tiskilwa Till experienced greater strain. Accordingly,
we suggest that, to a first order, these sedimentological prop-
erties of tills (basal contacts, fabric strengths) provide some
diagnostic information with respect to distinguishing between a
large contribution to ice motion by sliding versus sediment
deformation, as well as the depth of the deformation zone (e.g.
Larsen et al., 2004). In particular, we would expect that where
sliding makes a larger contribution to ice motion, strain in the
underlying till would be smaller and hence the fabric of the
underlying till to be weaker. Where conditions favor a larger
contribution by deformation, fabrics would presumably be
stronger. The central question then becomes what properties
of the till and conditions of the subglacial environment deter-
mine the relative contribution of sliding or deformation.

CONCLUSIONS

Our observations of till sections from the Lake Michigan Lobe
and Hudson Bay Lowlands suggest that sediment deformation
may have occurred to depths up to 1 m in the Tiskilwa Till and
Sky Pilot Till. The vertical uniformity of the strong fabric in the
Tiskilwa Till suggests large accumulated strain in a deforming
section up to 1 m thick that migrated upward over time. The
upward-strengthening fabric in the Sky Pilot Till, on the other
hand, suggests an upward increase in strain through time.The
relative contributions of sliding and sediment deformation can-
not be discerned from the observations reported here.The uni-
formly strong fabric of the Tiskilwa Till and the strong fabric in the
upper portion of the Sky Pilot Till, however, leave open the
prospect that whatever deformation took place involved rela-
tively high strain rates and sufficiently thick deforming layers to
transport a significant mass of fine-grained sediment.
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