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Abstract

Subglacial till can deform when overriding ice exerts shear traction at the ice-till interface. This deformation leaves a strain
signature in the till, aligning grains in the direction of ice flow and producing a range of diagnostic microstructures. Con-
straining the conditions that produce these kinematic indicators is key to interpreting the myriad of features found in basal
till deposits. Here, we used a cryogenic ring shear device with transparent sample chamber walls to slip a ring of temperate
ice over a till bed from which we examined the strain signature in the till. We used cameras mounted to the side of the ring
shear and bead strings inserted in the till to estimate the strain distribution within the till layer. Following the completion
of the experiment, we extracted and analyzed anisotropy of magnetic susceptibility (AMS) samples and created thin sections
of the till bed for microstructure analysis. We then compared the AMS and microstructures with the observed strain history
to examine the relationship between kinematic indicators and strain in a setting where shear traction is supplied by ice. We
found that AMS fabrics show a high degree of clustering in regions of high strain near the ice-till interface. In the uppermost
zone of till, k; eigenvector azimuths are generally aligned with ice flow, and S; eigenvalues are high. However, S; eigenvalues
and the alignment of the k; eigenvector with ice flow decrease nonlinearly with distance from the ice-till interface. There is

a high occurrence of microshears in the zone of increased deformation.
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1. Introduction

Many of the world’s fastest moving glaciers slip atop
till beds, and the mechanics active within these beds con-
trol glacier motion (Kamb 2001) and landform development
(Clark 1993). Till deforms when the shear stress exerted by
the overriding ice exceeds its yield strength, resulting in
strain within the deforming zone that facilitates much of the
overall glacier motion (Zoet and Iverson 2018, 2020; Hansen
and Zoet 2022). Advances in our understanding of till dy-
namics (Tulaczyk et al. 2000a, 2000b; Damsgaard et al. 2013;
Hansen and Zoet 2022) and coupling across the ice-till inter-
face (Creyts and Schoof 2009; Zoet and Iverson 2018, 2020)
emphasize that the physical properties of till—such as grain
size, permeability, and bearing capacity—directly influence
ice mass flux and therefore are central in affecting rates
of sea-level rise. Furthermore, experimental (Hansen and
Zoet 2022) and numerical (Damsgaard et al. 2020; Kasmalkar
et al. 2021) investigations demonstrate that the mechanics
of till deformation regulate subglacial sediment transport.
This in turn affects rates and locations of aggradation and
erosion at the ice-bed interface, as well as the formation
mechanisms for myriad glacial landforms, including drum-
lins (Menzies et al. 1997, 2016; Woodard, et al. 2020; Zoet
et al. 2021), flutes (Ives and Iverson 2019), grounding zone
wedges (Bart and Tulaczyk 2020), and moraines (Colman et al.
2020).
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Stored within the deposits of deforming till beds are kine-
matic indicators of past strain that convey flow conditions
of paleo glaciers (Fig. 1). Investigation into subglacial till de-
posits spans decades, with researchers employing a variety
of analytical and descriptive techniques (see Benn and Evans
2010, pp. 333-440 for a review). From these analyses, much
has been learned about subglacial processes, which in certain
cases upended prevailing theories in glaciology. Glacial geol-
ogists, for example, supposed that many fast-moving glaciers
were underlain by deformable beds based on their observa-
tions of subglacial till well before it was an accepted fact
in glaciology (Alley et al. 1986; see Boulton (1986) for a re-
view on the topic). Research of subglacial till began largely
through lithostratigraphic characterization, using tools such
as grain size analysis, grain shape analysis, color, lithology,
and clast fabric orientations, to describe and delineate till fa-
cies (Colgan et al. 2003). Over time, other methods to charac-
terize till deformation gained prominence as well, including
microstructural analyses (Menzies 2000; van der Meer et al.
2003; Menzies and Meer 2018) and anisotropy of magnetic
susceptibility (AMS) (Iverson 2017). Through the combined
application of these methods, as well as insights gleaned
through experiments, numerical modeling, and geophysi-
cal surveys, a picture of the deforming bed has emerged
of a heterogeneous mosaic of deforming and rigid sections
(Anandakrishnan and Alley 1994; Piotrowski et al. 2001;
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Fig. 1. Subglacial traction till that has been heavily strained
beneath Mulajokull glacier in Iceland. Ice flow is from left to
right along the white arrow. Ice axe shown for scale. Photo
taken by L. Zoet.

Shumway and Iverson 2009; Tylmann 2012; Kasmalkar et al.
2021).

The strain imposed by distinct stress conditions results in
a range of fabrics that can help elucidate the kinematics of
till deformation. Till squeezed into subglacial crevasses, for
example, undergoes pure shear, resulting in girdled fabrics
of elongated grains (Ankerstjerne et al. 2015). Alternatively,
grains in a deforming zone near the ice-bed interface un-
dergoing simple shear typically align with the direction of
maximum strain (McCrackin et al. 2016). This orientation
is a direct consequence of the Coulomb nature of the till
(Iverson et al. 1998), since a viscous till model predicts Jeffery-
style clast rotation (Hart et al. 2009), which is ill-suited to de-
scribe many observed characteristics of till deformation and
grain alignment (Iverson et al. 2008). Elongated clast fabrics
are therefore commonly used in kinematic analysis of sub-
glacial tills to ascertain flow direction and serve as indica-
tors of paleo strain orientation for certain conditions (e.g.,
matrix-supported clasts with sufficient strain) (McCrackin et
al. 2016). Explicitly linking the azimuths of till strain and
overall ice flow can be problematic when sufficient time
has elapsed between the times of ice flow and measurement
(Stanford and Mickelson 1985), when there is substantial lo-
cal variation in ice direction and till strain (Shumway and
Iverson 2009), or when macroscopic planes of shear are not
horizontal (Iverson 2017).

AMS is an effective technique to infer the kinematics of
till deformation as elongated magnetic grains arrange them-
selves systematically when deformed. The basis for AMS us-
age on tills was extensively developed in the laboratory using
sediment ring shear devices (Iverson et al. 2008; Jacobson and
Hooyer 2015), and the technique has been widely employed
in the field to interpret landform development (Shumway
and Iverson 2009; Gentoso et al. 2012; McCracken et al. 2016;
Spagnolo et al. 2016; Ives and Iverson 2019). AMS measures
the orientation of magnetic grains in till that align with the
direction of maximum deformation once strain has become

Fig. 2. Classification of microstructures and matrix types
identified in glaciated sediments (modified from Menzies
2000a, 2000b; Ravier 2014).
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sufficiently large (Iverson et al. 2008). When till samples with
shape-oriented magnetic minerals are collected and placed
in an applied magnetic field, the resultant induced magnetic
field can be measured to assess the strain history of the till.
Additionally, the alignment of grains in general (beyond
solely magnetic particles) can be observed microscopically
to interpret till deformation. Till samples, collected with
known orientations and prepared as thin sections, con-
tain a plethora of microstructures when imaged with petro-
graphic microscopes (Menzies and van der Meer 2018). These
microstructures—which include grain bridges, shear struc-
tures, rotation (turbate or galaxy) structures, microshears,
shear zones, among many others—represent the grain-scale
accommodation of strain and therefore convey information
regarding till strain direction and the local ice-flow azimuth
of paleo glaciers and ice streams (Fig. 2). The microstructures
of any sediment are composed of different components of
variable sizes and shapes (such as clays, silts, and sand grains)
distributed through a sediment in various random or ordered
patterns. The components are distinguished from each other
by their various crystalline, semicrystalline, or amorphous
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Fig. 3. Ring shear apparatus. (A) Full load frame with the gear box that drives the upper platen, torque sensor that measures
resistive torque to rotation, and vertical piston that supplies vertical overburden stress. (B) Close-up of the transparent sample
chamber with till emplaced in the bottom of the sample chamber and ice atop the till. Cameras are used to monitor the
movement of the till grains through the transparent side walls. (C) Schematic of the ring shear showing the Delrin teeth that
grip the upper surface of the ice ring as the ice ring is spun over the till bed. Water is allowed to drain through a series of
drainage ports, and water pressure is recorded with the pressure transducers. Figure from Hansen and Zoet (2022).
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structures when observed under a microscope. The sedimen-
tologist can observe a wide range of properties from such pat-
terns and modifications produced during depositional and
postdepositional processes. To assess sediment behavior at
the microscale, it is essential to establish relationships be-
tween the macroscopic and microscopic properties and phe-
nomena.

Numerous experimental studies have investigated AMS
and microstructure patterns in deformed till using split-cell
sediment ring shear devices (Miiller and Schliichter 2000;
Hiemstra and Rijsdijk 2003; Larson et al. 2006; Thomason
and Iverson 2006; Hooyer et al. 2008; Iverson et al. 2008).
These devices shear an annulus of water-saturated sediment
at a prescribed effective pressure and strain rate. In this con-
figuration, sediment in the upper half of the ring overrides
sediment in the lower half, while deformation is concen-
trated in a central shear band. Importantly, the total strain
imposed on the till is precisely known at the conclusion of
these experiments—meaning sediment extracted from the
central deforming zone provides a baseline to calibrate AMS
or microstructure measurements from the field, explore the
veracity of competing grain rotation models, or conduct mi-
crostructure analysis from thin sections. From this body of

Drain water T

work, it is evident that many features produced in the labo-
ratory bear a close resemblance to those observed in the field.
However, a key difference between these seminal laboratory
studies and the natural setting is the presence of a viscous,
temperate layer of ice that overlays the sediment and exerts
the shear stress at the ice-till interface that drives till defor-
mation.

Slip along the ice-till interface is complicated by the vis-
cous coupling of ice to the till (Tulaczyk 1999; Zoet and Iver-
son 2018, 2020) and ongoing melt, which passes meltwater
through the till or moves along the ice-till boundary in ac-
cordance with the hydropotential gradient. Stress is trans-
ferred across the ice-till interface and, if sufficiently large,
will deform the underlying sediment (Zoet and Iverson 2020;
Hansen and Zoet 2022). The total motion of the ice is then
partitioned between till deformation and sliding along the
ice-bed interface. How the direction of ice slippage directly
translates into the strain azimuth preserved in the underly-
ing till and how the coupling across the interface affects the
microstructural deformation mechanisms in the deforming
till remain open questions. Passage of meltwaters through
the till may result in a spatially and temporally heteroge-
neous till yield strength and heterogeneous coupling of the

Can. J. Earth Sci. 60: 537-549 (2023) | dx.doi.org/10.1139/cjes-2022-0074 539

Downloaded from http://pubs.geoscienceworld.org/cjes/article-pdf/60/5/537/5841687/cjes-2022-0074.pdf
bv Dartmouth Colleae user


http://dx.doi.org/10.1139/cjes-2022-0074

‘Canadian Science Publishing

Fig. 4. Cumulative grain size distribution of Horicon till used
in the experiments. The D5, grain size is 530 um. Figure from
Hansen and Zoet (2022).
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ice-bed interface, which could result in a variation in the de-
formation structures from those resolved in sediment-only
shear devices.

With this study, we established a baseline to assess ice-
induced deformation of an underlying till bed. Using a novel
cryogenic ring shear device at UW-Madison with transparent
sample chamber walls, we sheared temperate ice over a layer
of subglacial till at prescribed slip rates and effective pres-
sures. We then evaluated deformation in the till bed using
four complementary techniques: (i) AMS, (ii) microstructural
analysis, (iii) excavating passive strain markers in the bed,
and (iv) computing displacement fields with digital image
correlation (DIC) from a photographic time series of deform-
ing till. Fabric analysis from AMS and microstructural obser-
vations were compared against the known depth-dependent
deformation history of the till from the beads and DIC. We
found that till deformation primarily localizes to a narrow
zone near the ice-bed interface, and a clear link exists be-
tween AMS fabrics, thin section microstructures, and the
amount of strain recorded in the till.

2. Methods

2.1. Ring shear experiment

We slid temperate ice over water-saturated till using
a large-diameter, cryogenic ring shear device in the UW-
Madison Surface Processes lab. The sample chamber of the
ring shear was constructed from two concentric, transpar-
ent acrylic cylinders (outer diameter: 60 cm; inner diame-
ter: 20 cm; height: 30 cm) mounted atop an aluminum base

plate (Fig. 3). A hydraulic ram at the base of the device ap-
plied a vertical stress that compressed the till and ice, sim-
ulating the overburden stress of the glacier. Water pressure
sensors, mounted to the external walls and ported to the in-
terior of the sample chamber, measured porewater pressure.
Effective pressure on the sediment was estimated by subtract-
ing the average water pressure from the average imposed
vertical stress over a given interval. The device is housed in
a large walk-in freezer with temperature control of + 1 °C,
and the sample chamber was immersed in a propylene
glycolfwater bath, regulated by an external circulator with
~0.01 °C precision. These combined temperature controls
kept the ice at its pressure melting point for the duration
of the experiment. A toothed upper platen gripped the top of
the ice ring and rotated at a prescribed rate, forcing the ice
ring to slip over the bed. An 11 cm thick layer of subglacial
till was placed in the base of the sample chamber, which was
sourced from the late Wisconsinan Horicon Member of the
Holy Hill Formation in Wisconsin, USA (Mickelson and Syver-
son 1997). The grain size distribution of the sediment was ap-
proximately fractal (Fig. 4), though clasts larger than 9.51 mm
were removed prior to emplacement to prevent boundary ef-
fects (Head 1989). Two vertically stacked FLIR digital cameras
mounted to the external perimeter of the glycol/water bath
tracked motion in the till through the transparent walls (Fig.
3). Grain displacement vectors determined from DIC were
summed to provide depth-dependent strain estimates of the
sediment at the outer boundary of the sample chamber for
areas of highly strained till (see Hansen and Zoet (2022) for
details on DIC). Four strings of vertical beads were inserted
in the till to serve as passive strain indicators, with two posi-
tioned at the outer boundary and two at the centerline, and
were primarily used to estimate strain in the areas of rela-
tively low strain. The ice ring was spun for ~9 days following
the parameters listed in Table 1. We integrated all recorded
strain at various layers within the till for comparison with
AMS and microstructure results. The various velocities re-
ported in Table 1 were used to infer the depth of deformation
asreported in Hansen and Zoet (2022). All other experimental
procedures are outlined in Hansen and Zoet (2022).

2.2. Anisotropy of magnetic susceptibility

Upon completion of the experiment, the ice ring was
melted in place and water drained from the sample chamber.
By melting the ice rather than extracting it, delicate deforma-
tion structures near the ice-bed interface were preserved. The
bed was then allowed to further drain and air dry for ~24 h,
at which point the till was still moist, indicating no desicca-
tion occurred. In total, 94 cubic AMS sample boxes, sized 25
mm x 25 mm x 20 mm, were inserted for sample collection
over five depth intervals. AMS sample boxes were pressed in
the till as 4 x 5 grids with ~1 cm spacing (Fig. 5a). The ori-
entation of each sample was recorded on each box and their
positions were denoted by photographs of the box placement.
Boxes were then gently removed with a spade, while scraping
excess till aside, and then capped. Minimal disruption to the
sample occurred through the emplacement and removal of
the box, largely due to the lack of large obstructing clasts in
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Table 1. Experimental metrics.
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Velocity

(m/yr) Duration (h) Displacement (m) Tgp (m) Strain, y (-)
100 23.133 0.264 0.009 29.34
100 22.433 0.256 0.009 28.45
25 30.5 0.087 0.025 3.48
50 5.5 0.031 0.019 1.65
100 13.466 0.154 0.008 19.22
300 5.8 0.199 0.007 28.38
100 1.03 0.012 0.008 1.47
100 44.583 0.509 0.0165 30.85
300 44.5667 1.526 0.0157 97.21
100 13.5 0.1541 0.01 15.41
300 15.45 0.529 0.0087 60.82

Note: Ty, is the thickness of the shear band and y is the strain.

Fig. 5. Sample collection following the completion of the experiment. (a) AMS sample collection from 2-4 cm depth interval.
The white arrow denotes the direction of ice flow. (b) Microstructure tin placed in the till prior to extraction for the 0-4 cm
depth interval from which thin section 1 (TS1) was produced. Ice flow is in the direction of the white arrow.

the till. Because the till contained no clasts >9.51 mm, AMS
boxes were less prone to obstructions compared with field
sampling. This process was repeated a total of five times to
collect samples at five depths with the upper four layers con-
taining 20 samples and the lowest most layer containing only
14. The upper surfaces of the emplaced boxes were approxi-
mately 0, 2, 4, 6, and 8 cm below the ice-bed interface. AMS
samples were then sealed in plastic wrap and stored in a re-
frigerator to minimize desiccation until the samples were an-
alyzed.

We measured the AMS of our samples using an AGICO
Kappabridge KLS-3 magnetic susceptibility meter at the
University of Wisconsin-Madison. The Kappabridge created
an applied magnetic field, H, and the sample reacted by pro-
ducing a unique induced magnetic field, M, where M = kH.
Here, k is the susceptibility constant (Tarling and Hrouda
1993). The k was determined by measuring the induced mag-
netization of a given sample, ignoring any remnant magneti-
zation. Samples were manually placed in three mutually
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perpendicular orientations and automatically rotated
through 15 different orientations in the applied magnetic
field. Samples showing large error (>2%) in any principal
axis direction were not included in this dataset, as they
were disrupted and not representative of the bulk sample.
In total, two samples were discarded from the dataset. The
resulting dataset can be extrapolated to find the principal
magnetic susceptibility axes. When anisotropic k can be
represented using an ellipsoid with long, intermediate, and
short axes that are proportional to the principal susceptibil-
ity orientations, kq, ky, and k3, respectively. AMS data were
automatically averaged over the sample volume, reducing
the significance of single-grain differences, to give the bulk
anisotropy of the sample. Eigenvalues and eigenvectors were
calculated for k using Steronet 11 following procedures of
Mark (1973). Eigenvectors represent the directionality of the
susceptibility tensors, whereas eigenvalues, S, represented
the lengths of the same tensor. We collected the Horicon till
used in this experiment from the exact location sourced by
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Fig. 6. Thin section orientation. Thin section 1 (TS1) is ori-
ented parallel to ice flow and spans the upper 4 cm of the
till, whereas thin section 2 (TS2) is also oriented parallel to
ice flow and captures 4-8 cm below the ice-till interface.

Ice flow o
- T -_— -_— -_— - -_— -_—
[
: TS1
[
[ e
|
|
| TS2
I 4cm
|
-7 ] T~
= 2cm

Vreeland et al. (2015); therefore, we assume the magnetic
carrying mineral is magnetite as they determined.

2.3. Microstructural analysis

We also collected samples of the till following the ex-
periment to produce sedimentological thin sections for mi-
crostructure analysis. Tin boxes, sized 4 cm x 5 cm x 9.5 cm,
were pressed vertically into the bed near the centerline (Fig.
5b). Till around the box was gently removed, and the box was
extracted. This process was repeated twice with one sample
collected at ~0-4 cm depth and a second sample collected at
~4-8 cm depth. The long axis of the sample tin was oriented
parallel to the mean ice flow direction, and the top, bottom,
and sense of shear were recorded on the box. Lastly, the tins
were capped, wrapped in plastic, and stored in a refrigerator
until they were prepared as thin sections.

To create the thin sections, we followed the methods out-
lined by Rice et al. (2014). To remove water from the pore
spaces in preparation for the epoxy, the tins were placed in
an acetone decanter, so that acetone slowly replaced the wa-
ter in the pore volume. The acetone was cycled every ~4
days and after ~30 days of cycling, we assumed the pore-
water had been replaced by the acetone and removed the
sample from the decanter. At this point, Spurr’s Low Vis-
cosity Embedding Media Kit epoxy compound was added to
the sample. Once the epoxy penetrated the sediment pore
space, the sample was cured in the oven for 24 h. Hardened
samples were cut and ground down to 30 um thickness. The
thin sections were cut vertically (2 cm x 4 cm) and oriented
parallel to the ice flow direction (Fig. 6). The two thin sec-
tions presented here were effectively stacked atop each other,
representing a continuous profile of deformation extending
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from the ice-bed interface to a depth of ~8 cm (Fig. 6). The
thin sections were then photographed on a petrographic mi-
croscope (Zeiss® Axio Imager.M2m) digital imaging device.
Composite images of thin sections were compiled, and subse-
quently, microstructures were annotated at 6.3x magnifica-
tion in plane polarized light (after Rice et al. 2019). Numerous
images were taken of each thin section and stitched together
using the imaging software to create a composite mosaic for
each thin section. Each composite image was then mapped
using CorelDraw20”.

Sediments in thin section can be subdivided into two ma-
jor component parts: (i) particles <30 um in size (or less than
the thickness of the thin-section sediment slice) termed ma-
trix (what has in the past been termed groundmass or ma-
trix), and (ii) particles >30 um in size termed skeleton grains
or components (Fig. 2). A further group, a combined arrange-
ment of matrix and grains, is termed S-matrix, with recogniz-
able sets of microstructures. Matrix fabrics are illustrative of
clay particle orientation within matrix, under various levels
of strain, and they range from very strong orientation (unis-
trial) to random orientation (omnisepic) and are symptomatic
of ductile deformation of clay-sized particles that compose
the matrix. The S-matrix microstructures are subdivided into
those which illustrate the dominance of (i) ductile, (ii) brit-
tle, and/or (iii) polyphase (ductile and brittle, one overprinted
on the other) styles of deformation, and those structures
clearly indicative of porewater-induced forms due to the in-
fluence, or impact of porewater pressures, and/or porewa-
ter disruption to the surrounding sediment (Fig. 2). Many, if
not all, of these microstructures can be observed within tills.
Only the number and size of structures may vary from type
to type.

Thin-section microstructure was analyzed using standard
techniques but, importantly, the interpretations of the thin
sections were conducted by a subset of the study group
(e.g., Menzies) who did not conduct the experiment and
from whom the deformation profile knowledge was with-
held to avoid biasing the interpretation. High-resolution im-
ages were imported into a graphics software package and
each microstructure type was identified and digitized into
CorelDraw20®. Then, upon examination of the thin section,
a detailed microfabric-microstructural “map” of the thin sec-
tion was produced (Phillips et al. 2011; van der Meer and
Menzies 2011) like those seen in Fig. 2. Consequently, a large
dataset of individual microstructure types including size and
orientation (fabric) can be obtained from either the whole, or
key parts of the thin section. These data establish the spatial
distribution and relationships between microstructures and
microstructure fabrics.

3. Results

During this experiment, we implemented a range of effec-
tive pressures (8-113 kPa) and slip speeds (25-300 m/yr) over
a period of ~9 days for a total ice displacement of ~3.72 m
at the outer boundary (Table 1). Overall, the total displace-
ment within the most deformed zone (upper ~2 cm of the
till) equated to a shear strain of approximately 316 (see Table
1) (Fig. 7a). The deflection of the strain markers in the till bed
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Fig. 7. Strain estimation. (a) Displacement results from DIC velocimetry in the upper layer (~4 cm) of the till. (b) Displacement
of beads that were originally vertical. Photo spans from the ice-till interface (at the top of the photo) down to ~10 cm depth.
Ice flow was from left to right as indicated by the black arrow. Each box on the scale is 1 cm. The displacement in the upper
~2.5 cm is great enough that the beads have been advected out of the image. The green boxes in (a) and (b) span the same
zone, but the horizontal axis’ scale is vastly different. (c) Strain estimates for the entire deforming zone estimated from (a) and

(b) binned into 2 cm layers.
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indicates that shear strain greater than 1 extended to a depth
of ~6 cm below the ice-bed interface (Fig. 7b). We bin strain
results from the DIC and the beads into 2 cm thick layers (the
size of the AMS boxes) spanning the thickness of the bed and
estimate shear strains for each bin (Fig. 7c). The absence of
beads in the top layer of the till column shown in Fig. 7b re-
sults from large strain (>>10) in that region where the beads
were advected out of the photo’s field of view. For the upper
~2 cm where strain was very high, we estimate shear strain
from the DIC measurements shown in Table 1 and Fig. 7a.
In the bottom ~8 cm where strain was smaller, we estimate
shear strain directly from the beads (Fig. 7b). The strain pro-
file in the bottom 8 cm of the bed has a concave down profile
(Fig. 7), and the thickness of the highly deformed zone is ~40
times the median grain size, D5y ~ 0.530 mm (Fig. 4). Shear
strains greater than ~10 are sufficient to develop steady-state
fabric and microstructure (Iverson et al. 2008).

Likewise, AMS data show that deformation is pronounced
in the upper 2 cm of the till, but the degree of fabric develop-
ment decreases substantially with depth (Figs. 8 and 9; Table
2). In the upper 2 cm of the till, the k; eigenvector azimuth
(~190°) generally aligns with the ice flow azimuth (N-S) and
has an apparent up ice-plunge of 21° (Fig. 8a). This top layer
(0-2 cm) is contained entirely within the highly deformed
zone, and the S; eigenvalue is large (S; = 0.94) indicating a
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high degree of clustering around a central vector. As depth
increases, the amount of strain and corresponding S; eigen-
value decreases (Fig. 8; Table 2). Between depths of 2 and 6 cm,
eigenvalues are of medium strength (S; = 0.74 and S; = 0.70
for depth intervals of 2-4 cm and 4-6 cm, respectively); how-
ever, differences in their k; azimuth indicate different de-
grees of deformation. At 2-4 cm depth (Fig. 8b), deformation
is generally aligned with the k; azimuth (188.9°) with the ice
flow direction (N-S), whereas at the 4-6 cm depth, the k; az-
imuth (158.8°) begins to vary from the ice flow direction (N-
S) (Fig. 8c¢). In the bottom 6-10 cm of the till (Figs. 8d and
8e), eigenvalues are low (S; = 0.57 and S; = 0.51), and eigen-
vector orientation does not align with the ice flow direction
(also see Table 2). This indicates that deformation in that zone
was insufficient to align the particles, which generally agrees
with the observed deflection of the beads (shear strains <0.5).
The apparent plunge in the upper highly deformed zone (21°)
from the shear plane has been observed in other labora-
tory studies, which they attribute to the formation of Riedel
shear planes developing in the deformed zone (Iverson et al.
2008).

The distribution of microstructures observed in both thin
sections (Figs. 10a and 10b) suggests localized shear strain
and a shear stress that generally falls below the tills shear
strength at depth. Both thin sections lack discrete porewater
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Fig. 8. AMS results. Lower hemisphere stereo plots with ice flow direction (N-S). The eigenvalues of the k; (max), k; (int), and ks
(min) are shown for each depth interval. The points cluster more tightly in the highly deformed till near the ice-bed interface
(0-2 cm) and begin to decrease with depth. Arrows in lower right indicate sense of shear.
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passageways, such as water escape structures, nondiscrete
clay cutans, or open void spaces (see Figs. S1 and S2 for these
and additional microstructures). The upper thin section (~0-
4 cm depth), hereafter denoted TS1 (Fig. 10c), is clastrich
with many subangular and subrounded small grains and few
large clasts. There are no substantial clast-free areas of ma-
trix, and no domains are present. Domains are recognized in
thin section images as areas of differing grain size, clay con-
tent, or color, or having a distinct subfacies property (e.g.,
clast content and angularity, clay matrix, etc.) (Menzies and
van der Meer 2018, p. 768). Domains in thin sections occur
as aggregations of fine-grained (clay) particles slipping under
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compressive stress; as reorientated aggregates within failure
zones (deformation shear zones and/or bands); or as cutans
(argillans) deposited in dilated pore spaces. Domains are of-
ten overprinted by later structures and may have an impact
on the orientation and reorientation of subsequent forma-
tion of other microstructures. Clasts are relatively evenly
distributed throughout the sediment, indicating it was ho-
mogenized during transport and emplacement (Fig. 10). In
addition, we identify less than five edge-to-edge grain crush-
ing events at grain contacts (edge-to-edge) (Fig. S1), which may
indicate either (i) low effective pressure leading to few grains
“touching”, or (ii) fine grains cushioning larger grains.
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Fig. 9. Strain versus S; eigenvalue. S; eigenvalues increase
rapidly with strain but level off around 0.9. For comparison,
the eigenvalues from Iverson et al. (2008) are also shown,
which were also completed on the Horicon till but without
the presence of ice.

0.95 =~ »
09 o @ 1

0.85r i

o
(o]

T

[ ]
L

S, Eigenvalue
> o 5
(9} ~ (&)

o
2}
1

® This study )l
e lverson et al., 2008

05 1 ! = \
50 300 350

0.55

o

100
Shear strain

Grain stacks are common throughout TS1 with a slightly
higher concentration in the central portion of the slide (Fig.
10; Figs. S1 and S2). Their dominant orientation is subverti-
cal and orthogonal to the prevailing microshear direction.
As grain stacks are often indicative of early stages of per-
vasive deformation, it is likely clasts readjusted in the till
when vertical stress was first applied, inducing deformative
flow in a near vertical manner. Microshears are more preva-
lent, especially in the upper part of TS1 (Fig. 10), and their
fabrics exhibit a bimodal distribution. The dominant micros-
hears (denoted with a light pink stress zone in Fig. 10c) stretch
from upper left to lower right consistent with R1-type Riedel
shears. The second population of microshears (unshaded in
Fig. 10c) tend to stretch from lower left to upper right in
accordance with an R2-type Riedel shear. It is possible that
these two groups of microshears indicate separate phases of
shearing (Gehrmann et al. 2017) or that they represent R1 and
R2 Riedel shears. Rotation structures appear distributed ran-
domly throughout the thin section, though they typically oc-
cur around larger clasts (see Figs. S1 and S2). Collectively, the
microstructures identified in TS1 indicate principal stresses
passed from the upper surface of the till bed from left to
right. It might be further surmised that effective pressure
was low since the stress dissipation seems rapid into the un-
derlying sediment pile with few edge-to-edge grain crushing
events.

The lower thin section, TS2 (Fig. 10d), is also clast-rich but
contains several domains that are slightly coarser than the
surrounding sediment and likely incorporated prior to defor-
mation. Both grain stacks and microshears exhibit a joint,
subvertical, parallelism. The microshears here (Fig. 10d) are
steeply angled and have a stronger preferred orientation than
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in TS1 (Fig. 10c). These are possible R2-type shears due to
stress diminution with depth within the sediment. The do-
mains here are intact and behave as a cohesive unit that will
experience progressive rounding due to transport. As the do-
mains are largely subrounded in TS2, they indicate a lack of
transport under stress compared with TS1 and thus reduced
homogenization under shear strain deformation.

4. Discussion and conclusions

Overall, the vast majority of shear strain in the till occurred
in the ~2.5 cm of the bed near the ice-bed interface, but small
amounts of deformation extended through the full depth
(Fig. 7). In total, till flux through the upper ~2.5 cm where
pervasive deformation occurred was approximately 20-fold
greater than the deeper portion of the bed (Fig. 7). Though
beads recorded small strain between depths of 4 and 10 cm,
AMS was not particularly diagnostic at this low level (Table
1). Strain at the lower depths contributes minimally to ice
flow; however, it is possible over extended periods of time
that tills could become sufficiently deformed to exhibit well
aligned fabrics and critical state porosities. For example, we
measure a shear strain of ~0.40 for the bottom 2 cm of the
bed, which accumulated over ~9 days. If the conditions of
the experiment were to persist for ~1 year, this bottom layer
till could hypothetically reach a shear strain of ~10. This
would produce well-defined fabrics and a critical state poros-
ity, all without ever deforming rapidly. This could explain
why zones of deep deformation (several meters) have been
inferred from active source seismic analysis of basal Antarc-
tic tills (Blankenship et al. 1986), while borehole observations
from those same ice streams (Kamb 2001) have shown that
slip facilitating strain typically localizes in a zone near the
ice-bed interface on the order of 10°-10! cm deep.

In general, our AMS results replicate observations from
previous ice-free deformation experiments that used a split-
cell ring shear device with the same Horicon till (Iverson et
al. 2008; Vreeland et al. 2015). This agreement indicates those
results are robust in their application to shear induced by
ice slippage (Fig. 9). Maximum S, eigenvalues (S; = 0.90) re-
ported by Iverson et al. (2008) were slightly lower than ours
(S1 = 0.94). Furthermore, Vreeland et al. (2015) reported an
up-ice plunge of 28° in highly deformed Horicon till, whereas
we record a 21° up-ice plunge. The ~7° difference here is gen-
erally small compared with the full range of possible plunges;
nonetheless, the influence of the ice could be responsible
for this small variation. The flow of meltwater through the
upper layer of the till near the ice sole may elevate porewa-
ter pressures to the point where local shear strength is fur-
ther decreased relative to till deeper in the bed (Tulaczyk et
al. 2000a). However, the greater degree of mobility does not
appear to significantly affect the steady-state fabrics and mi-
crostructures that develop in the till. This likely stems from
the observation that fabric reaches its maximum S; eigen-
value beyond strains of ~10 (Iverson et al. 2008), reflecting
a balance between many competing factors that work to set
the overall structure of the deforming zone. Though water
flow induced by ice melt may enhance the mobility of sed-
iment near the ice-bed interface, this simply causes the till
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Table 2. AMS results.

Sample depth ~ Number of Eigenvector Eigenvector Shear
(cm) samples k Eigenvalue, S  azimuth (°) plunge (°) strain
0-2 19 k1 0.94 190.4 21.1 316
0-2 19 k> 0.90 282.9 7.7 316
0-2 19 k3 0.91 31.9 67.4 316
2-4 20 k1 0.74 188.9 17.5 1.98
2-4 20 ) 0.70 283.8 17.7 1.98
2-4 20 k3 0.83 60.3 66.0 1.98
4-6 19 k1 0.70 158.8 15.5 1.17
4-6 19 k> 0.64 248.7 9.2 1.17
4-6 19 k3 0.75 0.5 75.8 1.17
6-8 20 k1 0.57 158.5 10.9 0.43
6-8 20 ka 0.54 254.0 1.1 0.43
6-8 20 k3 0.77 330.2 78.3 0.43
8-10 14 k1 0.51 175.9 17.7 0.42
8-10 14 k> 0.47 114.3 5.5 0.42
8-10 14 k3 0.68 17.9 62.5 0.42

to reach the steady-state fabric sooner provided the forcing
conditions do not change (e.g., effective pressure, ice flow
direction). In effect, our results indicate that the complex-
ity of the cryogenic ring shear is not required to accurately
assess fabric development in sandy subglacial tills and that,
to a first order, split-cell sediment ring shear devices suffice
for this analysis. Two areas that warrant further examination
are the effects of a suprajacent ice layer (i) on deformation
structures in fine-grained, clay-rich tills and (ii) in the matrix
around ploughing clasts. Different mechanics may operate in
the till matrix of fine-grained, matrix-supported tills (in con-
trast with the sandy Horicon till tested here). Their general
reduction in permeability may cause even greater elevation
of pore pressures near the ice-bed interface. Such an effect
could cause shallower deformation or potentially decouple
the ice from the bed reducing deformation within the till.
Similarly, large ploughing structures at the ice-bed interface
drive deformation deeper in till (Tulaczyk et al. 2001; Zoet
and Iverson 2020), which may produce a range of diagnostic
fabrics and microstructures in the lee of the ploughing obsta-
cle.

Throughout both thin sections, we identified a variety of
microstructures, with microshears, grain stacks, and rota-
tional structures being the dominant forms. Notably, they
point to an initial rheological phase change from pervasive
deformation (likely under vertical loading) to localized strain
during shear, such that several generations of microstruc-
tures appear in the mapped thin sections. In the upper por-
tion of the TS1 (depth ~0-3 cm), microshears are colocated
with a region of high strain, and their dominant orientation
(~18° from horizontal) agrees with the expected orientation
of Riedel shears (Fig. 10c). Additionally, the observed orienta-
tions of the R1- and R2-type shears may give rise to the 21° up-
ice plunge of the grains that we resolved through AMS in the
upper 2 cm of the till (Thomason and Iverson 2006; see their
figure 7). In the lower 5 cm of the thin sections (i.e., ~3-8 cm
depth in the bed), some microshears are present but plunge at

amuch steeper angle, ~60° and ~120° from horizontal in the
direction of ice flow (Fig. 10d). We hypothesize these features
developed during the initial loading and consolidation phase
of our experiment. During this process, the till bed experi-
ences pure shear that could hypothetically produce steeply
dipping microshears that would subsequently be erased in
zones of large deformation (i.e., the top ~2.5 cm of the bed).
Rotational structures populated both thin sections, even in
zones of minimal (but nonzero) strain (Table 2). The presence
of subrounded domains (due to transport as noted above) in
the lower 4 cm of the thin sections also indicates minimal
strain. Microshears therefore appear to be better diagnostic
indicators of high total strain, whereas rotational structures
seem to represent some finite amount of strain that can be
quite low. It is worth noting that grain stacks develop un-
der pervasive shear, as opposed to microshears and rotation
structures that form once the sediment focuses shear local-
ization that results in nonpervasive deformation. These thin
sections were interpreted initially without any knowledge of
the strain accumulation, and the inferred dynamics agree
well with the known history of the till and distribution of
shear strain (Fig. 7). This analysis emphasizes that in the cor-
rect hands, microstructure analysis is a valuable diagnostic
tool for highly deformed tills.

These results serve as a baseline for comparison with in-
situ tills. In many ways, they should be viewed as a “best case
scenario” for natural tills, since many complexities encoun-
tered in nature were either precisely controlled and/or mea-
sured in these experiments. This level of monitoring is
obviously not possible in the natural world, so caution would
be wise in interpreting natural samples beyond the level of
detail captured in this study since available information may
be insufficient to resolve very fine details.

In summary, we find that highly deformed till is con-
fined to a narrow band near the ice-bed interface but small
amounts of shear strain extend deeper into the till bed.
These deeper zones likely do little to regulate glacier drag
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Fig. 10. Thin sections. Microstructures of TS1 and TS2. Ice
flow is from left to right in all images: (a) TS1 from 0—4 cm
depth, (b) TS2 from 4-8 cm depth, and (c) TS1 microstructures.
The microshears (shown in blue) are dipping down ice as R1
shears, while a few high-angle microshears are dipping up
ice, which may be R2 shears. (d) TS2 samples from a depth
of 4-8 cm below the ice-till interface in the zone where the
till deformation was minimal. The R1 shears found in TS1
are largely absent but the high-angle shear structures persist.
The high-angle microshears in TS2 could be the result of pure
shear imposed from the initial consolidation of the till.

and advect relatively small volumes of till. However, with
adequate time, it is possible that sufficient strain could
accumulate within them as to appear highly deformed. AMS
results show high eigenvalues in zones of extensive defor-
mation (upper ~2 cm), with eigenvectors oriented in the
direction of ice flow. These findings are consistent with
behavior previously observed in split-cell sediment ring shear

* Canadian Science Publishing

devices. Furthermore, microstructures (especially micros-
hears) are abundant in zones of high deformation, and their
orientations generally align with the plunge of particles mea-
sured by AMS. Till flux through the highly deformed upper
~2.5 cm of the bed is approximately 20-fold greater than the
deeper portion—emphasizing that controls on deformation
in this upper zone are of central importance for landform
construction and erosion (Hansen and Zoet 2022). Lastly,
since the properties of this narrow deformation zone heav-
ily influence glacier slip (Zoet and Iverson 2020), identifying
and examining them in the geologic record is critical to con-
straining glacier flow mechanics. The current study describes
the kinematics within the highly deformed zone, providing a
reasonable set of characteristics that can be used as diagnos-
tic indicators.
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