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ABSTRACT
FIELD AND LABORATORY STUDY OF THE FLAAJOKULL GLACIER, ICELAND
by
William R. Jacobson, Jr.
University of Wisconsin-Milwaukee, 2015
Under the Supervision of Professor Thomas Hooyer and Professor John Isbell
The increased surface melting of the outlet glaciers of the Vatnajokull Ice Cap has a

profound affect on the dynamics of the ice-bed couple and landform genesis. Soft-bedded
glaciers are largely inaccessible, which creates a problem. One challenge is to understand the
complex interactions of the glacier bed and its resultant depositional and deformational landform
systems. This study investigates an outlet glacier from the Vatnajokull Ice Cap, described herein
as the Fldajokull glacier system. To circumvent some of these problems, three separate projects
were conducted in this dissertation: (1) magnetic fabric study of effective pressure (difference
between the ice-overburden pressure and pore-water pressure) and shear rate (glacier velocity)
using a laboratory ring-shear device; (2) glaciological analysis of magnetic fabrics and c-axis
orientations of dirty ice veins; and (3) investigation of drumlin formation using magnetic till
fabrics and field relationships. Several hypotheses were addressed for each of these studies,
which include: (1) to determine if fabric strength is independent of shear rate and effective
pressure. This hypothesis was tested and the results confirmed that the fabric strength (S;
eigenvalue) was independent of shear rate and effective pressure. Based on these results,
effective pressure and shear rate cannot be interpreted from fabric strength evidence from glacial
deposits; (2) in the glaciological study, I hypothesized that the dirty ice veins were sub-vertically

sheared from the bed near the ice front, but then moderately deformed. Results from the
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magnetic fabrics indicate that the maximum K; susceptibility axis (77° plunge) is approximately
parallel to the vein margins verify that the injection was sub-vertical. The long axes of the
recrystallized ice grains (parallel to foliation plane defined by K, - K;) appeared to show a good
correlation with the plunge of the maximum K; susceptibility. Also, the eigenvector plunge of
the c-axes was approximately normal to the shear plane, which supports previous theory that c-
axes rotate away from the shear plane toward the vertical. Multi-maximum girdle fabrics from
the c-axes and associated textures from thin sections (e.g. nucleated grains, bulging of grain
boundaries and slips band) suggest that some deformation likely occurred after emplacement;
and (3) the Boulton hypothesis was tested using magnetic till fabrics and field relationships.
According to this idea, drumlins form due to hydrologic heterogeneity (permeability differences
in granular materials) causing a solid nucleus to form in the bed where sediment is accreted and
sheared in the direction of ice flow. At Fldajokull, the magnetic fabrics from sites B and C
mimicked the glacier flow direction with the longitudinal flow plane (K, - K3) approximately
parallel to the NNW-SSE drumlin long axis. The drumlin cores consisted of outwash sand and
gravels which likely acted as rigid obstacles in the bed. Ice overriding resulted in heterogeneous
deformation of the drumlin cores following the deposition of the upper basal till carapace. These
results support the Boulton hypothesis.

These studies demonstrate significant progress toward understanding fabric strength
development of soft-bedded glaciers. In linking studies (1) and (3) the ring-shear device was
used to provide insights into fabric strength development upon shear rate and effective pressure.
In the third study previous ring-shear experiments, magnetic till fabrics and field relationships

were used to understand modern drumlin genesis.
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CHAPTER 1: INTRODUCTION

The dynamics of the glacier bed (defined here as a soft bed) has important implications
for sediment transport and the creation of various landforms, including drumlins, eskers,
crevasse-squeeze-ups and moraines. The overlying ice near the glacier bed may creep (e.g. ice
grains move under their own weight due to gravity), but a large proportion of the movement
occurs in the underlying substrate. Ice can also decouple from its bed and slide along a
pressurized film of meltwater (Hooke et al., 1997). The complexity of the ice/bed interface is
affected by many factors but the effective pressure is of primary importance because it controls
the shear strength of the till (Clarke, 2005).

One overarching problem is our understanding of the coupled ice dynamics and glacial
depositional and deformational landform systems. Observations of soft-bedded glaciers are
largely inaccessible; although some opportunities have been made in subglacial tunnels (e.g.
Boulton at Breidamerkurjokull, Iceland) and along ice-margins. Limited exposure of this
environment ultimately has hampered progress.

Modeling deformations in the laboratory is an alternative (e.g. using a ring-shear
apparatus) vehicle for understanding processes at the glacier bed. Two salient variables
examined in this dissertation include: effective pressure (difference between the ice-overburden
pressure minus the pore-water pressure) and shear rate (glacier velocity) upon magnetic particle
fabrics. These variables were analyzed using anisotropy of magnetic susceptibility (AMS)
technique. One important hypothesis that was tested in these experiments was: Will an increase
in the effective pressure affect the critical state porosity and constrain particle rotation causing
the K fabric strength to increase. Hypothesis two relates to the shear rate. I hypothesized that

the K fabric strength might increase monotonically with glacier velocity suggesting a possible



dependence on the shear rate. These experimental tests are described more thoroughly in
Chapter 2.

In chapter 3 AMS and c-axis fabrics were applied to samples collected from dirty ice
veins on the glacier margin. Based on the vein characteristics and field relationships and
comparisons to other studies (Ensminger et al., 2001; Lovell et al., 2015), the debris was likely
injected from the bed near the ice front, but then moderately deformed. This hypothesis is
supported by the magnetic and c-axis fabric data which are included in this dissertation.

In chapter 4 the Boulton hypothesis of drumlin formation was tested on the drumlins at
Fldajokull. According to the Boulton hypothesis, the fabric within the drumlin carapace should
mimic the direction of sediment deformation with a strong fabric throughout the drumlin with a
potentially weak fabric defining the core. This hypothesis was tested and the fabrics were
interpreted using results from ring-shear experiments (Hooyer et al., 2008).

In the following sections I will discuss soft bed deformation and experimental work using
the ring-shear device, drumlin formation, and the physical properties of ice related to creep or

deformation.

1.1 Soft bed deformation beneath glaciers

For some time it has been known that glaciers can shear their basal sediments resulting
in increased glacier flow rates and sediment transport (MacClintock and Dreimanis, 1964). It
has also been suspected that shearing of basal sediments leads to a preferred orientation of debris
or a fabric in that sediment (Harrison, 1957; Evenson, 1971). Sheared fabrics have been
recognized through field investigation and experimental work (Benn, 1995; Larsen and

Piotrowski, 2003; Shumway and Iverson, 2009; Gensoto, et al., 2011) using a variety of



techniques including measuring clast and sand particle orientations and the use of magnetic
fabrics. Many of these methods have confirmed the same general conclusion: Particles align
parallel to the direction of shear and plunge mildly upglacier (Gensoto, et al., 2011).

Other than studying sheared glacial fabrics, it is also important to study the boundary
conditions at glacier beds. It is imperative to investigate conditions at glacier beds because of
global climate warming. Climate warming may cause instability in glacier flow which could
lead to changes in sea-level-rise. Mechanisms of glacier movement have been based on
numerous measurements (e.g. tilt meters and transducers) of glacier beds obtained through
boreholes (Blake et al., 1997; Kamb, 2001). The accuracy of these measurements is somewhat
limited by range of the instruments and positioning within the bed geometry making deformation
extrapolations difficult. Glacier movement may result from a combination of processes (e.g.
internal ice deformation, sliding along the ice/bed interface, ploughing of particles gripped in the
ice also referred to as lodgement, and deformation of the bed which may be either fault-like or
pervasive shear) (Fig. 1). The activation of these mechanisms is modulated by the water
pressure between the ice and the till bed. Hook et al. (1997) found that decreases in the water
pressure (higher effective stresses) increased the coupling between the glacier and the bed
whereas increased water pressures (lower effective stresses) weakened the coupling between the
glacier and the bed, allowing the glacier to move over the bed faster while deforming the bed
less. Measurements were collected from tilt meters embedded in the till and water pressures were
measured from boreholes and within the till. The surface velocity of the glacier was also
recorded from frequent surveys of a stake network (Hooke et al., 1997).

In addition to collecting field measurements on bed deformation and or sliding, these

processes can be modeled through experimentation. Explicitly these studies may focus on debris



entrainment within the basal ice and its impact on sliding and bed erosion (Byers et al., 2002;
Emerson, 2007; Iverson and Petersen, 2011; Zoet and Iverson, 2015). Empirical relationships
for estimating sliding speed, basal drag, effective pressure and ice/bed separation is achieved by
shearing a ring of ice over a sinusoidal bed with a mechanical device. Zoet and Iverson (2015)
found an important relationship indicating that drag (e.g. resistance from bed obstacles)
decreases up to 50% at steady glacier speeds (up to 350 m year™ ) if cavity formation on the lee
side of an obstacle covers 93% of the bed. This drag relationship is not accounted for in ice-sheet
models and has implications for changes in glacier boundary conditions driven by climate
variability (e.g. decreases in effective pressure due to surface melt-water input), which may
increase glacier sliding speeds. With the introduction of new technology, simulation of glacier

bed dynamics will be modeled more accurately through empirical relationships.

1.2 Experimental studies of soft bed deformation

Laboratory ring-shear experiments have been used most commonly to model soft bed
deformation (Iverson et al., 1997). Most of these experiments have focused on basal sediment
related to glacier flow (Iverson, 1999); grain fracturing (Hooke and Iverson, 1995), diffusive
mixing between till contacts (Hooyer and Iverson, 2000a), and more recently magnetic fabric
characterization (Iverson et al., 2008).

Experimental studies of magnetic fabric strength with the ring-shear device were used as
a basis for shear strain estimates on basal tills from the geologic record; however, only within the
shear strain window of 7-25 (Hooyer et al., 2008). Application of ring-shear results to field

situations are problematic because quantitative knowledge of shear strain at most field sites is



always poorly known, and the exact processes that formed the basal till are ambiguous, making it
difficult to estimate glacier motion and strain in the bed.

Clarke (2005) suggested that glacial investigators have inferred that the fabric strength of
a till decreases with increasing cumulative strain. Hooyer and Iverson (2000) disproved this
conjecture by experimentation using magnetic particle fabrics with the ring-shear apparatus.
They found that shearing actually strengthens the particle fabric at shear strains of 7-30;
however, once a steady state is achieved shear strain is no longer viable for interpreting fabric
(Fig. 2).

One criticism of the magnetic fabric work described in Figure 2 is that the fabric strength
might vary as a function of ice thickness (effective pressure) and shearing rate. To test this
hypothesis, we performed ring-shear experiments in order to isolate the effects of the effective
pressure (ice load minus the bed porewater pressure) and shearing rate on fabric development.

Ring-shear experiments have been useful for modeling fabric at the glacier bed; however
Hart (2009) proposed that these experiments do not accurately model the glacier bed. Hooyer et
al. (2008) strongly advocated “that we are not attempting to simulate the natural system which is
most likely impossible, but simplifying the system whereby we can observe the effect of

individual parameters while controlling other variables.”

1.3 Magnetic Fabrics-Anisotropy of Magnetic Susceptibility (AMS)

Anisotropy of magnetic susceptibility is an important technique which depicts preferred
orientation of magnetic minerals in unconsolidated sediments and or rocks. In this dissertation,
however, it was applied to temperate glacial ice and glacial sediments. The AMS technique

determines the three-dimensional state of strain, fabric strength and direction from the magnetic



ellipsoids. The technique provides an excellent spatial resolution because of its averaging effect
of many magnetic grains compared to traditional fabric techniques where only the long axis of
clasts are measured in outcrop with a compass. As discussed by Hooyer et al. (2008), in
deformed sediments such ellipsoids commonly arise from the shaped-preferred orientations of
magnetite, maghemite or other strongly magnetic particles which have magnetic fields aligned

with their shape elongations.

1.4 Drumlin formation

Drumlins are prominent landforms in glacial landscapes and cover between 15 to 70% of
the terrain in Canada, Ireland, Scandinavia, and Britain (Knight, 2010). Drumlins are tear-
dropped shaped landforms that form beneath the ice and typically have a long axis that is parallel
to the ice flow direction. Even though hundreds of papers have been written about drumlins,
there has been a lack of definitive hypotheses for their genesis simply because they form hidden
from view tens to hundreds of meters beneath the ice. Many ideas have been proposed about
drumlin genesis. One of the more popular ideas is that of Boulton (1987) who suggested that
drumlins may form where the effective normal stress (ice load minus the bed porewater pressure)
is high, which strengthens the sediment and inhibits deformation (Fig. 3). These areas of strong
till form the nucleus of a drumlin where sediment is subsequently accreted and sheared in the
prevailing direction of ice flow. Sediment is eroded between drumlins, where presumably the
effective stress is low. Hydrologic heterogeneity in the sediment allows the drumlins to nucleate
where the sediment is strong. Drumlins are important because they have been used to infer bed
conditions and flow dynamics of former glaciers and ice streams.

Another idea for the formation of drumlins is motivated by their association with



longitudinal crevasses. This has been recently observed at a small valley glacier named
Mulajokull in Iceland (Johnson et al., 2010). Johnson et al. hypothesized that deviations in
effective normal stress under and between the crevasses would have caused differences in
erosion at the glacier bed. For example, areas under the crevasses would have a lower effective
normal stress (higher pore water pressure) due to the smaller ice mass there. In this case a lower
effective normal stress protects the bed from erosion by preventing ice from infiltrating into the
sediment during basal sliding, which is thought to be the primary mechanism of glacier motion at
Mulajokull. In between the drumlins; however, the effective normal stresses would be higher
(greater mass) resulting in a stronger ice/bed coupling and hence greater erosion. Drumlins
would then be erosional remnants of a preexisting till layer.

Finally, drumlin growth may be effected by crevasse development at the glacier bed. This
was documented by Sharp (1985) where till was squeezed upward into the fractures at the base
of the ice at Eyjabakkajokull, Iceland. This process is driven by pressure gradients in the till
whereby the till is squeezed into areas of lower pressure. Evidence of this is based on diapir-like
structures within drumlin cores (Stanford and Mickelson, 1985). Despite these and many other

ideas not presented herein, it is still unclear how drumlins form.

1.5 Physical properties of ice

This section gives a brief discussion on the literature on deformation or creep of ice. Here
I discuss important terms such as basal plane, c-axis, dislocation, and creep. 1 will introduce the
flow law for ice and some of its flaws as well as improvements. Additionally, I will briefly

discuss ice crystal fabrics and their potential link to climate (Diprinzio et al., 2005).



1.5.1. Ice crystal structure

The water molecule consists of one oxygen and two hydrogen atoms. Our attention will
focus on terrestrial ice, ice Ih (known as ice-phase-one) because it is stable within the pressures
and temperatures within glaciers found on earth. The other eight forms of ice are stable only at
pressures in excess of about 200 MPa which are not achieved under glacial conditions and
therefore will not be considered here (Hooke, 2005). The crystal structure of ice Ih viewed
normal to the c-axis is shown in Figure 4. A tetrahedron is formed when each oxygen atom is
surrounded by four other oxygen atoms. This tetrahedron is joined in a manner that the
hexagonal rings form with the two oxygen bonds migrating slightly up and down around the
hexagonal ring (Fig. 5). The plane of these rings is defined as the basal plane (0001) of the

crystal structure. The axis normal to the basal plane is referred to as the c-axis.

1.5.2 Polycrystalline ice

Ice is a marvelous material due to its plastic behavior. Different types of ice may form
depending on its environment. For example, ice at the base of an ice sheet is distinctly different
from the overlying ice and may range from 0.2 m at Breidamerkurjokull, Iceland to >70 m at
Thule, Greenland. The overlying ice is a product of the firnification process (pressure burial of
successive snow layers) and is generally cleaner whereas ice at the base is dirty and contains
more chemical solutes and gases due to its interaction with the bed (Hubbard and Sharp, 1989).
On the other hand, dirty ice may also form by injection of debris-laden water within a crevasse at
the glacier bed (Bennett et al., 2000; Ensminger et al., 2001).

Ice is an assemblage of many crystals, known as a polycrystal. The orientation of ice

grains (c-axes) in a polycrystal is termed fabric. The grain size and shape (texture) are also used



to infer the stress state of the polycrystal and the microstructure refers to the grain boundary
network. The grain size varies from tenths of millimeters up to several centimeters in diameter.
Other authors have pointed out (Durand et al., 2006; Eichler, 2013), that no terminology
convention exists for the use of texture, fabric and microstructure in crystalline ice. In materials
science or geology these expressions (fexture, fabric, and microstructure) may refer to different

features.

1.5.3 Glen’s flow law
Glen (1955) described a constitutive relationship for the deformation of polycrystalline
ice. He described the behavior of ice as a non-linear viscous fluid. The following relationship

was experimental derived in the laboratory and is called Glen’s flow law:

j/z At

¥ - strain rate

A - fluidity, depending on temperature, impurity content, crystal orientation, revised as
the strain rate enhancement factor E.
7 - shear stress

n - stress exponent, typically varies from 1 to 3.

Glen’s creep experiments were formulated at stresses 10> and 10” times higher than those
in nature. These experiments did not address any micro-related processes (e.g. subgrain rotation
and migration recrystallization), which are important when attempting to model the system
accurately. Thus, a current challenge in glaciology is to develop a constitutive flow law that

incorporates recrystallization processes under natural ice conditions (Eichler, 2013).



1.5.4 Recrystallization

Recrystallization occurs in all crystalline materials, e.g. rocks, glaciers as well as in
metals. Recrystallization during deformation is referred to as dynamic recrystallization. Poirier
(1989) emphasized two types of recrystallization processes: subgrain rotation recrystallization

and migration recrystallization.

1.5.5. Subgrain rotation recrystallization

Subgrain rotation recrystallization (also polygonization) involves the formation of new
grain boundaries resulting from the subdivision of older grains. This occurs when a stress is
applied to an ice grain. This process is depicted in Figure 6. These new neighboring grains have
a small angle of misorientation; however, high angles may develop with progressive stress. As
indicated by Cuffey and Paterson (2010) polygonization may have little effect on c-axis fabrics
with only slight deviations probably in the range of £5 degrees between neighboring grains.

Figure 7 shows an example of a thin section undergoing subgrain rotation recrystallization.

1.5.6. Migration recrystallization

Migration recrystallization is an important mechanism in fabric development and is
common in many temperate glaciers. This style of recrystallization is associated with high
temperature (close to the melting point, T> -12° C) which allows the nucleation of new, strain-
free grains (low density of defects) and the rapid migration of grain boundaries (Schulson and
Duval, 2009). These boundaries migrate because of the differences in free energy (Gibbs
energy) between crystals (Schulson and Duval, 2009) resulting from their curved boundaries

(pressure difference). The primary fabrics are destroyed while the strain-free grains form to the
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new stress and strain regime (Petersen, 2012). These new strain free grains typically have large
orientation gradients near their grain boundaries and often exhibit a c-axis girdle or multi-
clustered pattern (Alley, 1995, Diprinzio et al., 2005). An example of migration recrystallization

is shown in Figure 8.

1.5.7. Microinclusions and soluble impurities

Grain growth and migration of boundaries may be inhibited by the presence of solid
inclusions (microparticles) and soluble impurities. The concentration of debris and soluble
impurities significantly impacts the mechanical properties, recrystallization, grain growth,
electrical conductivity, and fabric development in ice (Paterson, 1991, Budd and Jacka, 1989,
Song et al., 2008, Taylor, 1992). The microstructural properties of the ice have been used to
infer patterns of deformation and provide clues to paleoclimate (Faria et al., 2010). In addition,
fabric measurements provide inputs for ice flow laws (Thorsteinsson et al., 1999) and for testing
fabric models (Alley, 1988; Faria et al., 2003).

The data within this dissertation pertain to the effect of the insoluble particles on the
physical properties of ice and its influence on fabric. The chemical component (soluble ions such

as Na*, CI") was not inspected.

1.5.8 Creep of polycrystalline ice

Plastic deformation of an ice body under the influence of stress is referred to as creep.
Even under the application of very low stress, single ice crystals can deform plastically. Creep is
characterized by the movement of dislocations (migration of linear defects) within a crystal

lattice. Movement may occur along grain boundaries or within individual crystals. Dislocations
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are linear defects or imperfections that develop during crystal growth or develop when crystals
are stressed (Poirier, 1985).

Two fundamental linear defects are edge and screw dislocations (Figure 9). In
dislocation theory, a Burgers vector (represents the magnitude and direction of a distortion in the
crystal lattice) is often used to describe the path of these dislocations (Weertman and Weertman,
1992). Migration of these defects ultimately causes slip of the two parts of the lattice against
each other causing deformation. Grain boundaries have been shown to restrict the propagation
of dislocations and hence creep (Richeton et al., 2005b). Most ice creep occurs along the basal
plane (dislocation glide) however, non-basal (prismatic) slip has been reported (Duval et al.,
1983). The coefficient of resistance along the non-basal planes is ~60 times higher than on the
basal planes.

New experimental investigations on ice plasticity have also revealed that dislocation
avalanches, resulting from dislocation “pile ups” (impediment of dislocations at grain
boundaries), are fundamental to understanding the development of stress heterogeneities inside
grains and the polycrystal (Duval et al., 2010). Furthermore, the study of ice rheology and
structure has helped parameterize models of glacier flow. According to Alley et al. (1992) there
may not be a simple flow rule that can characterize deformation of ice in glaciers. This assertion
largely stems from the fact that deformation processes compete against each other such as
dislocation glide (basal slip), dislocation climb and grain boundary diffusion; this presents a
problem with predicting a given process under certain ice conditions.

Ice exhibits three stages of creep: an initial decelerating primary creep, a stationary
secondary creep and finally a tertiary steady state creep. Figure 10 shows a typical creep curve

for polycrystalline ice under a constant stress (Petrenko and Whitworth, 1999). One ongoing
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problem with creep experiments is that it is difficult to reach steady state (tertiary stage) because
of the long time scales necessary, which are difficult to attain in the laboratory (century to

millennia).

1.5.9 C-axis development with creep

The evolution of ice fabrics has been investigated in the laboratory with artificial ice
(Wilson and Peternell, 2012; Azuma and Higashi, 1985) and likewise from natural cores
obtained from ice sheets or glaciers. C-axis fabrics record the deformational history in the ice.

In ice the orientation of a crystal is defined by the crystallographic axis (c-axis) that is
perpendicular to the basal plane. Ice with a random orientation of c-axes is considered isotropic,
while ice with a preferred orientation of c-axes is anisotropic (Kennedy et al., 2013). At the base
of an ice sheet, horizontal shear becomes more dominant than vertical compression and the ice is
strongly anisotropic favoring a “soft” orientation. The crystals tend to align with their basal
planes oriented horizontally and their c-axes oriented vertically, this fabric is referred to as
single-maximum (Alley, 1988). Ice fabrics (e.g. single-maximum and multi-maximum girdle)
develop by grain rotation combined with glide on their basal planes. In addition, dynamic
recrystallization processes may significantly contribute to fabric development (described in the
sections below). The rate at which crystals rotate (how quickly fabric evolves) depends
primarily on strain rate (on the order of 300 seconds per year for temperate valley glaciers)
which is a function of stress, temperature, impurity content and crystal orientations (Kennedy et
al., 2013; Paterson, 1991). During grain rotation, the c-axis in ice always rotates toward the
compressional axis and away from the tensional axes (Alley, 1992 see Figure 1 page 249). This

occurs because ice grains are constrained laterally by their neighbors.
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1.6.0 Ice crystal fabrics and their link to climate

It has been suggested that ice fabrics may provide a link for paleoclimate reconstruction.
Kennedy et al. (2013) highlights several important studies from Paterson (1991), Gusmeroli et al.
(2012) and Pettit et al. (2011). I will briefly summarize the salient information from these
studies which imply that fabric may have a link to climate. The first hint of this connection was
proposed by Paterson (1991). He showed that there were differences in texture and fabric at an
important boundary in an ice core from Greenland-Dye 3 (Ice Age/Holocene boundary). The Ice
Age ice at this boundary revealed smaller crystal size and stronger fabric than the Holocene ice.
Moreover, sonic velocities taken from profiles from Dome C, East Antarctica, Gusmeroli et al.
(2012) has shown transitions in the fabric (e.g. speed of compressional-waves are faster along the
c-axes providing a measure for fabric strength, strong fabric = high p-wave speed) that correlate
to glacial-interglacial transitions through the depth of the ice sheet. Finally, Pettit et al. (2011)
showed a strong correlation between 0'8 (an isotope of oxygen) and fabric data suggesting that
fabric records climate information. In the future, it may be possible for fabric to be utilized as
climate proxy.

I also propose that it may be beneficial to measure the magnetic anisotropy of
susceptibility on the dirty basal ice (GISP2 core) to aid in climate reconstruction. In chapter 3, I
discuss how this technique can be used to help locate unknown sheared layers in the ice core and

its importance to climate history.

2. Glaciological Setting
Iceland is located in a climatically variable area. The glaciers of Vatnajokull including

Flaajokull have been losing mass during the last century (Vaughan, et al., 2013). According to
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detailed models of ice dynamics and hydrology, Flowers et al. (2005) suggested that these
glaciers of southeast Vatnajokull are most sensitive to future warming of all outlet glaciers.

The Flaajokull glacier was an ideal location to conduct these investigations since it was
easily accessible off the main highway. In some cases a cross-section of the bed of the glacier
was visible along the ice margin yielding some insight into deformation processes. Moreover,
the drumlins at Fldajokull have been sculpted by the overriding glacier providing a good test of
the Boulton hypothesis. In addition, a commercialized freezer was available within a reasonable

distance (Foss Hotel Vatnajokull) for the preservation of the specimens.

3. Dissertation Objectives
1. I performed laboratory experiments using the ring-shear apparatus (we thank Neal
Iverson for allowing the use of this device) to test the hypotheses that shearing rate and
effective pressure do not impart a signature on fabric strength. A thorough knowledge
of soil mechanics and hydraulics was useful while working with the fabric device.
Fabric measurements included: anisotropy of magnetic susceptibility (AMS) methods,
hysteresis and high temperature susceptibility to determine grain size and magnetic

mineralogy.

2. I conducted a detailed glaciological investigation of two dirty ice veins located on the
margin of Fldajokull using a suite of analytical measurements including: anisotropy of
magnetic susceptibility (AMS) of dirty ice cores, high temperature susceptibility and
hysteresis measurements, c- axis orientations using the four axis Rigsby stage, thin
section analysis of grain scale processes, and ice core CT scans at General Electric.

As I discussed in the introduction, the vein characteristics and field relationships and
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comparisons to other studies (Ensminger et al., 2001; Lovell et al., 2015), the debris
was likely injected from the bed near the ice front, but then moderately deformed. This
hypothesis is supported by the magnetic and c-axis fabric data which are included in

this dissertation.

3. Lastly, AMS till fabrics were also collected from newly formed drumlins to test the
Boulton hypothesis. The premise of this hypothesis states that the fabric within the
drumlin carapace should mimic the direction of sediment deformation with strong

fabric throughout the drumlin with a potentially weak fabric defining the core.

4. Significance of Research

This work presents new information on fabric development using a ring shear apparatus,
magnetic particle fabrics and their relationship to c-axis orientations and also new details on
drumlin formation. To my knowledge, only one study using magnetic fabrics on polar ice has
been undertaken by Fleming et al. (2013); however, magnetic particle fabrics applied to debris
charged temperate ice has not been researched. In addition, there are no data comparing
magnetic fabrics to c-axis crystal orientations. Therefore, this dissertation will hopefully
improve and provide valuable instruction to scientists working in the glaciological community
and perhaps help characterize the magnetic fabric properties of ice cores for climate change
purposes (e.g. help locate unrecognized folds that have been sheared in ice cores). In addition,
magnetic till fabrics from ring-shear studies may provide a reference frame for estimating shear
strain (7-25) in glacial deposits. Both of these spectra will potentially contribute to improving
our understanding of internal ice processes (e.g. microstructual processes related to magnetic

fabrics in dirty basal ice) and the formation of glacial deposits.
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S. Dissertation Structure

This dissertation consists of three manuscripts written for publication in scientific
journals. The formatting style of these manuscripts will consist of three journals:
Geomorphology (Chapter 2, published), Journal of Glaciology (Chapter 3, resubmitted to
Journal with improved revisions) and Quaternary Science Reviews (submitted). A final chapter
will summarize the most important findings of these manuscripts at the end of this dissertation. |
also co-authored on a manuscript entitled, “Submarginal drumlin formation and late Holocene
history of Flaajokull”, southeast Iceland which is located in the appendix. My contribution to
this manuscript incorporated the analysis of magnetic anisotropy of basal tills from several

drumlins and its impact on drumlinization.
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Figure 1. Schematic diagram showing a velocity profile through a longitudinal
transect of a glacier underlain by till. Glacier motion may occur by internal ice
deformation, basal sliding, or deformation of subglacial sediment. (diagram
courtesy of Thomas S. Hooyer).
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Figure 2. AMS fabric strength, based on K; orientations (maximum principal
susceptibility), as a function of shear strain. A steady state fabric develops at a shear
strain of >~25 and remains strong to high strains. Experiments were conducted at an
effective stress of 65 kPa and a shearing rate of 400 m year'. Diagram acquired from
Iverson et al. (2008). Experiments are labeled B-7 to B-13.
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Resistant core

Figure 3. Boulton (1987) model of drumlin formation. (A) Streamlines in till deforming
around a better drained (e.g. zones of high effective stress) and less deformable core
(shaded). Thick lines labeled T, g indicate the deformation of initially straight markers in
the till as it passes the core. (B) Growth of drumlin by peripheral erosion (negative values)
and accretion to core (positive values) (acquired from Boulton, 1987).
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Figure 4. Examples of ice structures [[h] viewed down the c-axis. Small circles indicate
hydrogen sites. Diagram acquired from Hooke (2005).
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Figure 5. Illustrates the structure of ice [Ih] showing the two hexagonal rings (above and below)
and associated bonds migrating upward and downward. Ice structure is viewed normal to the c-
axis. Diagram acquired from Hooke (2005).
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Figure 6. An example of subgrain rotation recrystallization occurring in four steps. (1) All
dislocation types are at random, lines represent basal planes. Steps (2)-(4) demonstrate through

a successive stress the alignment of one type of dislocation forming a new grain boundary
(modified from Eichler, 2013).
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Figure 7. Ice thin section from the Vostok ice core, East Antarctica
photographed under cross polarizers. Sample collected at depth 2351 m;
scale in mm. Note the uniformly sized crystals resulting from
polygonization (from Schulson and Duval, 2009).

Figure 8. Ice thin section from Terre Adélie, East Antarctica,
photographed under crossed polarizers. Note the interlocking grain
structure and serrated boundaries representative of migration
recrystallization. Sample collected at 70 m depth. Finest division on
scale is Imm (from Duval and Castelnau, 1995).
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Figure 9. Examples of dislocations defects (a) edge and (b) screw types with Burgers vector, b,
in a cubic lattice using a Burgers circuit. (a) The Burgers circuit around an edge dislocation
(extra half-plane of atoms) marked with dislocation line 1. In the edge dislocation b L1. (b) A
Burgers circuit with a screw dislocation (circuit steps up or down to another plane). In the screw
dislocation b//l. Diagram from van der Pluijm and Marshak (1997).
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Figure 10. Creep curve of laboratory prepared polycrystalline ice with random grain orientations.
AB: elastic deformation; BC: primary creep; C: secondary creep; CD: deformation acceleration

due to dynamic recrystallization; DE: Steady state (tertiary creep) (from Petrenko and
Whitworth, 1999).
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Chapter 2: Laboratory Study of Fabric Development in Shearing Till: The Importance of
Effective Pressure and Shearing Rate
William R. Jacobson Jr." and Thomas S. Hooyer"

“Department of Geosciences, University of Wisconsin--Milwaukee, Milwaukee, 53201, USA

Abstract

Herein we present data on the shearing rate (glacier velocity) and effective pressure
(difference between the ice-overburden pressure and pore-water pressure) in the development of
magnetic fabric (anisotropy of magnetic susceptibility) using a rotary ring- shear device. A
Wisconsin-age basal till was used in the experiments and deformed toits critical state at shear
strains as high as 93. We also present data from hysteresis and high temperature susceptibility
experiments to identify the magnetic carrier in the basal till. Results showed little change in
fabric strength when varying the shearing rate in the speed range of 110 to 860 m/y-!. Moreover,
the effective pressure tests also showed an inconsistency in fabric between 30 and 150 kPa;
however, a slight strengthening effect was documented. Thus, the K; magnetic fabric strength is
independent of the shearing rate and effective pressure. This suggests that the fabric strength
upon these variables cannot be used as a benchmark for estimating shear deformation to the
geological record. The K| fabric strength in this study, however, remained consistent with
respect to other till particle fabric methods (e.g., sand and pebble) in which the same conclusion

was drawn: all particles align parallel to the direction of shear and plunge mildly upglacier.
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1. Introduction

The effective pressure and the shearing rate are important glaciological variables that
affect the distribution of deformation and flow on soft beds (Clarke, 2005; Rempel, 2009; Cuffey
and Paterson, 2010). In certain circumstances, these variables may have a bearing on fabric
development and genesis of subglacial landforms (Larsen et al., 2006b; Johnson et al., 2010;
Gentoso et al., 2011). Moreover, low effective pressure (difference between the ice-overburden
pressure and pore-water pressure) has been shown to inhibit deep bed deformation as well as
reduce vertical regelation (Alley et al., 1997; Iverson et al., 2007). Numerous laboratory studies
(Kamb, 1991; Iverson et al., 1998; Tulaczyk et al., 2000) have indicated that till strength is
insensitive to its deformation rate and varies directly with effective pressure, consistent of a
Coulomb-plastic rheology. These findings are also consistent with classical soil mechanics (e.g.,
Lambe and Whitman, 1979). Consequently, debate still exists as to whether till is best
characterized as a viscous rheology or a plastic rtheology (Hindmarsh, 1997; Fowler, 2003;
Rathbun et al., 2008). Furthermore, some field measurements (devices inserted in till) beneath
modern glaciers suggest a Mohr-Coulomb plastic rheology rather than a viscous rheology
(Clarke, 1987, Fischer and Clarke, 1994; Hooke et al., 1997; Truffer et al., 2001).

Despite these exciting developments, the effect on steady state fabric (referred to herein
as where the specimen reaches a critical value in porosity and strength) in response to changes in
effective pressure and shearing rate (glacier velocity) remains unknown.

Hooyer et al. (2008) implied that an increase in effective pressure (pore-water pressure
reduction) will affect the critical state porosity, which may constrain particle rotation and
increase the fabric strength. Benn and Evans (1996) also suggested a similar argument upon the

fabric strength and effective pressure. Furthermore, Larsen and Piotrowski (2003) found that the
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size of the particles had no affect on fabric strength. On the other hand, Carr and Rose (2003)
proposed that a particle size dependence on fabric orientations that is driven by effective
pressure. These assertions were largely based upon microstructures observed in thin section and
on clast macrofabrics from a till sequence in central Scotland. Other geological investigations
(Dowdeswell and Sharp, 1986; Hart, 1994; Benn, 1995; Hart et al., 2009) have postulated that
the fabric orientation and strength varies as a result of changes in thickness of the deforming
layer, which is dependent on the applied stress (glacier velocity) and water pressure (matrix
strength). However, we argue that the assumptions from Carr and Rose (2003) on till fabric is
uncertain because of insufficient data pertaining to key variables such as the effective pressure,
shearing rate, and till deformation state (e.g., in a transient behavior or steady state condition).
These variables have an impact on particle fabric development. Nonetheless, these inferences
can be evaluated systematically in the laboratory to determine whether the shearing rate (glacier
velocity) and effective pressure influence till fabric strength.

These new ring-shear experiments differ from Hooyer et al. (2008) wherein the shearing
rates and effective pressures were varied as opposed to keeping these variables constant. This
experimental setup was necessary to confirm the effects on fabric development and to either
prove or disprove the above conjectures.

Herein, we present new findings on till particle fabrics using a customized ring-shear
apparatus. The fabrics were analyzed using the anisotropy of magnetic susceptibility (AMS)
technique that measures the orientation of magnetic minerals. The orientations of these minerals

are portrayed as an ellipsoid, where three-dimensional strain and magnitude are evaluated.
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2. Methodology

A ring-shear device was constructed to study the mechanical properties of till at high
strains (Iverson et al., 1997). The device shears sediment that is saturated between two horizontal
plates (Fig. 11). The shearing rate can be varied through nearly the full glacial range (0 to 1000
m/y '1) and normal stress (30 to 200 kPa). Pore water movement within the till can enter or exit

the sample chamber that is open to the atmosphere.

2.1 Experimental Procedure

A total of 12 experiments were performed with the Ozaukee till, a late Wisconsin-age
basal till that was deposited beneath the Lake Michigan Lobe. This till is light brown in color and
has a matrix grain-size distribution of 13% sand and 87% silt and clay. Six experiments, S1
through S6, were performed where the shearing rate was varied from 110 to 860 m/y "' covering
the full range of glacier speeds while maintaining a constant effective pressure of 85 kPa. The
remaining six experiments, E7 through E12, were performed where we varied the effective
pressure between 30 and 150 kPa and held the shearing rate constant. This till was chosen
because of its high clay and silt content, which is representative of many soft-bedded glaciers.

To begin the experiment, the till was initially saturated with distilled water and
disaggregated. In all experiments, particles <8 mm in diameter, one-tenth of the smallest
dimension of the annulus, were removed from the till specimen in accordance with geotechnical
procedures (Head, 1989). The saturated sediment was then loaded into the sample chamber of
the ring-shear device to a thickness of about 80 mm. Prior to applying the normal stress to the
till, three vertical columns of displacement markers consisting of plastic beads 5 mm in diameter

were placed across the width of the till to ultimately assess the distribution of strain. Upon
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completion of the test, the shear strain was calculated by dividing the total shear displacement at
the sample centerline by the shear zone thickness.

Prior to shearing, the normal-load plate and upper platen were positioned and a normal
stress of 85 kPa was applied to the till. Consolidation was measured by recording the change in
specimen thickness as a function of time, which typically occurred over a 24-h period. Once the
sample was finished consolidating, the yoke was adjusted to minimize the intrusion of sediment
along the sliding interface between the upper and lower walls. Vacuum grease was also applied
there to reduce friction while the base was rotating. The motor driving the ring-shear device was
then turned on, and the till was sheared to a predetermined displacement.

Following shearing, the ring-shear device was disassembled and strain markers were
located to define the shear zone. The upper portion of the till specimen, where no shearing
occurred, was removed to expose the top of the shear zone. A minimum of 50 plastic boxes (8
cm’) were then collected from the chamber. Unsheared samples have been examined in prior
ring-shear experiments and were not deemed relevant to this project.

Each box was measured for the anisotropy of magnetic susceptibility (AMS) with an
MEFK [-FA Multi-Function Kappabridge system. This system measures magnetic susceptibility
many times while rotating it through three orientations. The strength of the induced
magnetization of a given till sample, M, is given by kH, where the constant of proportionality k is
called the susceptibility and H is the magnetic field strength (Jelinek, 1978). In materials in
which the shapes or crystallographic orientations of mineral grains have become aligned, k varies
with direction such that a second-rank tensor is required to characterize it (Tarling and Hrouda,
1993). This tensor is visualized with a susceptibility ellipsoid that has lengths of its long,

intermediate, and short axes equal to the principal susceptibilities K; K, and K3, (Fig. 12). In
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addition, the AMS method reflects the volume-averaged effect of many magnetic particles and
provides excellent spatial resolution compared to macroscale pebble fabrics.

The shape of the AMS ellipsoid was also determined using equations provided by
Borradaile and Jackson (2004) that have been used in the past to characterize deformed rocks.
The percent total anisotropy (P%), where k, represents the volume susceptibility, represents the

mean of principal susceptibilities:

P% =100 (M] 0
kv

Two other important parameters provided by Jelinek (1981) that describe the AMS
ellipsoid include the shape parameter (7;) and the corrected degree of anisotropy (P;). The
ellipsoid is prolate if -1 < 7;< 0 and oblate if it is 0 < 7;< 1. If the ellipsoid is a sphere, P;=1 and

the value of P;will increase with increasing anisotropy.
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High temperature susceptibility (HTS) experiments were also conducted to determine the
mineralogy of the particles (Evans and Heller, 2003). The HTS system included a CS-2 furnace
apparatus linked to the Kappabridge. The mineralogy of magnetic particles was conducted on
fine-grained particles (clay and silt) that were <65 um. The sample was heated from 25 to
700°C and cooled back to 25°C while measuring the magnetic susceptibility. During the HTS
experiments, the unblocking temperature was usually reached (destabilization of magnetic
moments from the input of thermal energy). The unblocking temperature never exceeded the
Curie temperature and was used to identify the mineralogy of the magnetic particles.

Hysteresis experiments were performed to estimate the grain sizes responsible for the
anisotropy imparted on the sheared till. In these experiments an alternating magnetic field B was
applied to the fine fractions in opposing directions of magnetization (+800 mT). The variation in
the magnetization as a function of the applied magnetic field B was typically plotted (Fig. 13).
The shape of the loop depends on the mineralogy and sizes of magnetic particles (Iverson et al.,
2008). Several loop parameters were defined including the saturation magnetization Mg the
maximum magnetization attainable, the remanent saturated magnetization Mgg, the magnetization
under no applied field, and the coercivity of remanence B¢, the reverse applied field required to
reduce the saturation magnetism to O (Fig. 3). Day diagrams were used to assess particle size
where Mgsy/ Mg were plotted as a function of Bcg/B¢ (Dunlop, 2002) and parameters were
determined by analyzing the hysteresis data. Plotting the data on Day plots helped constrain
particle size.

The fabric strength and direction were determined using eigenvectors (V; V, and V3) and
corresponding eigenvalues (S;, S, and S3), respectively (Mark, 1973). The S, eigenvalue

represents the degree of clustering of K; orientations around the V; eigenvector. An S; eigenvalue
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of 0.33 indicates random alignment of K; orientations; whereas an S; eigenvalue of 1.0 indicates
K orientations that are perfectly aligned. The magnetic fabric was analyzed using the software

package SpheriStat3 from Pangaea Scientific.

3. Results
3.1 Strain Distribution

Locations of the marker beads excavated at the ends of experiments demonstrated that the
shear strain was distributed across the central portion of the till specimen (Fig. 14). The thickness
of this shear zone varied from 17 to 33 mm, with an average thickness of 22 mm for the first
series of experiments and 25 mm for the second set. Shear strains were calculated by taking the
displacement and dividing it by the shear zone thickness. Shear strains varied for the experiments
and ranged from 51 to 93. The parameters describing shear deformation from experiments is

summarized in Table 1.

3.2 Magnetic Mineralogy and Grain Size

Magnetite dominates the mineralogy of the Ozaukee till as indicated by the dependence
of magnetic susceptibility on temperature (Fig. 15). An abrupt reduction in susceptibility occurs
at temperatures around ~580 to 600°C, which is consistent with a magnetite Curie temperature
(Bertotti, 1998). In light of this finding, magnetite is a good petrofabric indicator (Fuller, 1964)
because it is morphologically controlled (e.g. magnetization is induced along the long axes of the
grains).

More information on the sizes of magnetic grains can be determined from the high

temperature susceptibility data. A marked peak in susceptibility occurred at 480°C (Fig. 15),
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which represents the so-called Hopkinson peak confirmed by Dunlop and Ozdemir (1997). This
peak implies that some of the grains of the Ozaukee till are <0.1pm (single-domain magnetite
particles). Therefore, this suggests that some of the finer grains are possibly contained within
larger rock fragments and do not contribute to the magnitude of anisotropy (Hooyer et al., 2008).

Figure 16 illustrates the shape of the hysteresis loop for the Ozaukee till. Hysteresis
parameters derived from the loop may provide further data for estimating particle sizes (Table 2).
The ratios of Mry/Mysand Bcr/Bchave commonly been used to estimate grain size. Moreover, the
ratios indicate a mean magnetite grain size of ~15 um (see Dunlop, 2002; Figs 8C, 8D, and 8E)
and plot within the pseudo-single domain range. Considering both of the size fractions (a
remnant single and pseudo domain), there are some magnetite grains >15 pm. An estimation of
the mass fraction of magnetic grains contained in these larger fragments was not analyzed; only
the fine fraction (<63 pm) was measured.

Tentatively, given the HTS and hysteresis results, the principal magnetic mineral in these

tills is magnetite and it is generally silt sized or smaller.

3.3 Anisotropy of Magnetic Susceptibility

The principal susceptibilities of the individual samples did not vary systematically with
either shearing rate and or effective pressure. The AMS ellipsoids were close to being spheres as
indicated by P;. Moreover, the mean volume susceptibility of the Ozaukee till was 712 + 156
uSI. Average percent anisotropy for samples from all experiments was 8.4 + 2.0% for the
Ozaukee till. Similarly, mean values of the shape parameter and the corrected degree of
anisotropy were near 0 and 1 (Table 3). Contrary to the shape parameter and corrected degree of

anisotropy, all K; axes (parallel to the long axes of the magnetite grains) show a strong

39



correlation with the shearing direction. Our results further suggested that the magnetic grains <63
pm were mainly responsible for the anisotropy imparted on the till during shearing.

The orientations of principal magnetic susceptibilities plotted on the lower hemisphere
stereonets detail the development of the microfabric from both experiments (Figs. 17 and 18).
We hypothesized that the K; fabric strength might increase monotonically with glacier velocity,
suggesting a possible dependence on the shearing rate. However, strong unimodal K| clusters
resulted regardless of changes in the shearing rate, which varied from 110 to 860 m/y'1 (Fig. 17).
The S, eigenvalues ranged from 0.93 to 0.98 (Table 4). In this case, in experiment S3 with a
shearing rate of 342 m/y'l, 3 of the 50 samples had K orientations outside the cluster, which
explains a reduction in S;. Conversely, the S| eigenvalue remained strong at 0.93. Fabric
directions, as indicated by eigenvectors computed from K, orientations, were relatively
consistent trending N-S (Table 4) with a mean upglacier plunge of 23°. The K, orientations
were roughly parallel to the shear plane and transverse to the shear direction; whereas, K3
orientations plunged steeply downglacier.

Figure 18 shows the results of test segments at different effective pressures (30 to 150
kPa) with a constant shearing rate of 400 m/y™'. Interestingly, these tests did not show any
change with respect to the orientation of the magnetic principal susceptibilities which was
illustrated in the shearing rate experiments. According to the regressed data, the fabric strength
variability was high (0.85 < S; < 0.99) (Fig. 16). The mean upglacier plunge was 20°. The S,
eigenvalues ranged from 0.91 to 0.96.

A strengthening affect over the given effective pressures is another important
qualification. The change in slope, the line defined by the data, represents a slight compaction or

a decrease in dilatancy; likewise, after inspection it appeared small (Fig. 18).
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4. Discussion
4.1 Laboratory Results

The magnetic fabric data from our experiments were similar and consistent with the work
of Iverson et al. (2008) in that their fabric was also controlled by silt-sized magnetite particles in

the till matrix; however, in their analysis the shear strain magnitude was varied.

4.2 Effective Pressure

Perhaps the most interesting result from this study is that the K; magnetic fabric is
insensitive to the effective pressure. Changes in effective pressure beneath soft-bedded glaciers
can cause unsteady deformation resulting in increased glacier flow (Iverson, 1999; Iverson et al.,
1999; Truffer and Harrison, 2006). In these latter studies it was reported that the till was not in
its critical state suggesting transient bed conditions (fluctuations in water pressure). In our study
the fabric coincides with a steady strength (shear resistance) and porosity (Skempton, 1985). We
hypothesize that the lack of dependence on the effective pressure on fabric may be linked in part
to its low diffusivity and permeability. Although, we did not measure the hydraulic diffusivity,
the Ozaukee till is relatively clay-rich. As pointed out by Iverson (2010), tills with low hydraulic
diffusivity are most susceptible to dilatant strengthening. These clay-rich tills are least likely to
consolidate significantly in response to an increase in effective pressure. In general, increases in
the effective pressure at the critical state will cause the rate of shear to decrease (e.g., shearing a
till in its critical state probably requires a greater shear stress than a till that is not in its critical
state or in its dilatant state). Again, this may be relevant because we observed a slight

strengthening effect (possible pore-water pressure decline) with increasing effective pressures
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(Fig. 18). Typically, we would suspect this to occur as the effective pressure increases

(Reynolds, 1885).

4.3 Ring-Shear Experiments

Previous test experiments by Iverson et al. (2008) indicated that the fabric strength was
dependent on shear strain at ~6-25, whereas the fabric strength stabilized when the shear strain
reached a magnitude >~25. These results are significant in that they can be used to identify weak
till fabrics in the geologic record that have been sheared to strains too small (<~6-25 for the ring-
shear tests) to be relevant to the pervasively high strains (10° - 10%) needed for most shearing of
glacier beds. Larsen et al. (2006a) came to similar conclusions when they showed that their
calibrated microstructures and microshears were also limited in strain reconstruction. They
concluded that the microstructures cannot be used as a proxy for strain because the fabric
strength becomes steady at strains above ~18.

The work conducted by Carr and Rose (2003) provided some merit; however, the
application of a stress-dependence on particle size for field interpretations may not be
appropriate. Our results using the magnetic fabric technique demonstrate a consistent orientation
in fabric and strength through various shear rates, effective pressures, and particle sizes
(typically silt to sand). A stress dependence on different size fractions is negligible. Moreover,
results from other ring-shear studies on sand particle fabrics (Thomason and Iverson, 2006) and
pebble-sized fabrics (Hooyer and Iverson, 2000) all confirm similar characteristics in fabric

orientations and strength, despite shape and particle size.
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4.4 Till Rheology

The rotational behavior of granular materials is often considered in till deformation
studies. The Jeffery model (1922) or March model (1932) is usually invoked to characterize
particle rotation in till. The Jeffery model is based on viscous assumptions of shearing a fluid
with the no-slip criteria. Comparatively, in the March model, slip occurs between the individual
grains and particles do not rotate through the shear plane, which is one requisite of maintaining
stronger fabrics. Strong field evidence for slip along clast surfaces (striated faces) has been
observed in sheared till (Benn, 2002). The March model has become increasingly favored as a
result of field and experimental studies on sediment deformation (Benn and Evans, 1996; Hooyer
and Iverson, 2000; Larsen and Piotrowski, 2003), although the Jeffery model also has been

suggested (Hicock, 1991; Hart, 1994).

S. Conclusions

The results of these experiments indicate that the fabric strength is independent of
effective pressure and shearing rate. Regardless of varying the shearing rate and effective
pressure, S; eigenvalues remained strong (0.91 to 0.98). Clustering of the maximum K;
susceptibilities in the direction of shear is controlled by magnetite particles that are silt sized or
smaller.

The observed strengthening effect over the pressure range may be a result of a small
decrease in critical state porosity with fabric strength; however, this could not be confirmed in
these experiments because it was not directly measured. In addition, our data suggest that the
sheared sediments behaved like a Coulomb plastic material and that the magnetic fabric

developed according to the March model. Furthermore, the ring-shear data cannot be used as
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proxies for interpreting fabric strength in basal tills of the geologic record.
From a soil mechanics perspective, these results are consistent with the fact that once steady

state is achieved (constant void ratio and volume) little variance occurs in fabric strength.
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Tables

Table 1. Parameters Describing Shear Deformation

Shearing Displacement at Shear Zone Shear
Experiment Sample Centerline (mm) Thickness /4 (mm) Strain y
Ozaukee Till

S1 1666 26 64.0
S2 1624 24 67.6
S3 1622 19 85.3
S4 1633 22 74.2
S5 1592 20 79.6
S6 1628 23 70.7
E7 1580 17 92.9
E8 1650 27 61.1
E9 1625 23 70.6
E10 1856 26 71.3
Ell 1672 33 50.6
E12 1628 23 70.7

Table 2. Hysteresis Loop Parameters for Fine (<63um) Fractions of the Ozaukee Tills

MRS Ms Bc BCR
(mAm’/kg) (mAm’kg)  (mT) (mT) MM, B./B,
Fine-116 0.011 0.088 13.5 36.7 125 271
Fine-144 0.008 0.075 13.7 37.6 106 274
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Table 3. AMS Data From Experiments (Ordered by Shearing Rate and Normal Stress)

Shearing  Normal

Shear

Experiment n__Rate (m/a) Stress (kPa) Strain K,'(uSI) K/'(uSI) K.'(uSD K. (uSD P’ T P%(%)
Ozaukee Till
S1 50 860 85 64.0  T710£123  734+124  720+£148 678+116 1.107+£.224 0.36+0.22 8.0£1.8
S2 50 680 85 67.6 697+£116  726+£122 698+117 667+£109 1.089+.152 0.08+0.24 8.5+2.1
S3 50 500 85 853 736214 7664220 736+£216  7064+207 1.087+.151 0.01+0.22 8.3+1.8
S4 50 342 85 74.2 684+113 713118 684+114 654+108 1.090+.152 0.06+0.19 8.6+1.6
S5 50 193 85 79.6 7544127 787+133  753£127 720£122 1.093+£.153-0.01+0.20 8.9+1.9
S6 50 110 85 70.7 740£169  768+174  740£169 711+£169 1.082+.012 0.01+0.18 7.8+1.5
E7 50 420 85 92.9 730147  651+151  632+148 608+141 1.071£.151 0.14+028 6.8+£2.6
E8 50 420 30 61.1 696+116  731+£117 687+£148 696116 1.088+.154 0.02+0.23 8.5+2.1
E9 50 420 150 70.6 694+£163  722+166  695+163 663+160 1.091+.153 0.11£0.16 8.6£2.2
E10 50 420 115 71.3 T48+£327 781£335  748+326  715+321 1.095+.157 0.07+0.20 8.943.7
Ell 50 420 70 50.6  715£106 749111 717107 680+£101 1.102+.153 0.09+0.19 9.6+1.8
El12 50 420 55 70.7  740+152  773£114 7394151 709+148 1.092+.152 -0.03+0.17 8.8+1.7

"Values represent the mean and +1 standard deviation.

Table 4. AMS Fabric Data
Eigenvector V, (°) Eigenvector V,(°)
Sample Shear
Group n Strain S, S, S, Trend Plunge Trend Plunge
S1 50 64.0 097 0.02 0.01 3 23 185 67
S2 50 67.6 096 003 0.01 1 28 172 62
S3 50 853 093 0.06 0.01 355 23 188 66
S4 50 74.2 098 0.01 0.01 360 23 182 67
S5 50 79.6 0.97 0.02 0.01 360 20 191 70
S6 50 70.7 097 0.02 0.01 358 23 186 67
E7 50 92.9 0.96 0.03 0.01 354 20 191 70
E8 50 61.1 0.96 0.03 0.01 1 21 180 70
E9 50 70.6 091 008 0.01 350 22 183 69
El10 50 71.3 092 007 0.01 0 16 189 74
Ell 50 50.6 0.96 0.03 0.01 359 19 191 71
E12 50 70.7 0.96 0.03 0.01 359 21 184 69
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Figure 11. (a) Cross-section of ring-shear device and (b) detail of sample chamber. Solid light-
gray components rotate (from Iverson et al., 1997).
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Figure 12. Anisotropy ellipsoid illustrating the three principal axes: maximum: K, , intermediate:
K5, and minimum: K3 . In this case, the maximum axis of the ellipsoid is aligned parallel to the
shear direction (from Shumway and Iverson, 2009)
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Figure 13. Idealized hysteresis loop where B and M are the applied and induced magnetic fields,
respectively. Mgis the saturation magnetization, Mgy is the remanent saturation magnetization,
Bcr is the coercivity of remanence, and B is the coercivity (from Hooyer et al., 2008.)
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Figure 15. Magnetic susceptibility, normalized to susceptibility at 25° C, during heating of the
fine fractions of the Ozaukee till. The dashed line represents the heating curve and solid line
represents the cooling curve. Fine fractions were separated by mechanical sieving.
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Figure 16. Hysteresis loop of representative sample of the Ozaukee till (high-field paramagnetic
and diamagnetic contributions have been removed). The hysteresis parameters for fine fractions
are listed in Table 2.
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Figure 17. AMS fabric strength, based on K; orientations (maximum principal susceptibility), as
a function of the shearing rate. Fabric strength, as characterized by S values, has been fitted to a
linear function and 95% confidence limits (dashed lines) computed on that basis. Lower
hemisphere stereonets accompany each data point showing the maximum (squares), intermediate
(triangles), and minimum (circles) principal susceptibilities. The direction of shearing is along
the x axis and the sense of shearing in the stereonets is bottom north (white arrow) and top south
(black arrow). Stereonet labels indicate experiment number (S1) and the number of samples (n).

53



S, eigenvalue (K,)

. Sense of
shear

— — — 95% confidence limits of regression

L 1 L | | I | 1 1 1 | 1 |
0 20 40 60 80 100 120 140 160 180
Effective normal stress (kPa)

|
200

Figure 18. AMS fabric strength, based on K; orientations (maximum principal susceptibility), as
a function of the effective normal stress. Fabric strength, as characterized with S; values, have
been fitted to a linear function and 95% confidence limits (dashed lines) computed on that basis.
Lower hemisphere stereonets accompany each data point showing the maximum (squares),
intermediate (triangles), and minimum (circles) principal susceptibilities. The direction of
shearing is along the x axis and the sense of shearing in the stereonets is bottom north (white
arrow) and top south (black arrow). Stereonet labels indicate experiment number (E1) and the
number of samples (n).
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Chapter3: Application of magnetic fabrics in dirty ice: a new fabric
proxy for ice cores?
William R. Jacobson, Jr.*

Department of Geosciences, University of Wisconsin-Milwaukee, Milwaukee, 53201, USA

Abstract

Small cores of dirty ice obtained in veins near the terminus of the Flaajokull Glacier,
Iceland have been investigated using two fabric methods, anisotropy of magnetic susceptibility
(AMS) and ice c-axis fabrics. Differences between these two fabric proxies and their importance
to the history of deformation are demonstrated. Results from these methods suggest that the
magnetic properties of the insoluble impurities (solid mineral particles) in the ice may provide a
better strain gauge than c-axis fabrics, which revealed a multi-maximum girdle, suggesting they
have been reset by recrystallization. The magnetic proxy indicated a bulk three-dimensional
strain signature (K;, K5, and K3) of subvertical shear consistent with field relations. Moreover,
variations in grain sizes and textural features (e.g. nucleated grains, bulging of grain boundaries,
boundary pinning by particles and slip bands) imply that intracrystalline deformation was
inhomogeneous and resulted from a combination of pure and simple shear. The veins were most
likely formed by injection from an overpressured basal water system into crevasses followed by

in situ freezing and deformation.

*Author.
Email address: wrjjr@uwm.edu (W.R. Jacobson, Jr.)
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1. Introduction

The magnetic properties of microparticles in glacial ice commonly have been used as an
indicator capable of documenting changes in dust sources and atmospheric transport processes
(Steffensen, 1997; Lanci et al., 2004; ZongQi et al., 2011). However, research on magnetic
particle fabrics (orientation of magnetic inclusions) in relation to glacier dynamics is limited
(Fleming et al., 2013).

A comparison between two fabric methods is presented using the classical Rigsby stage
technique for measuring c-axis fabrics as indicators of ice deformation (Langway, Jr., 1958;
Rigsby, 1960; Lipenkov et al., 1989; Alley, 1992; Tison et al., 1994a; Alley et al., 1995; also see
Diprinzio et al., 2005; Wilson and Peternell, 2011; Montagnat et al., 2014; Fitzpatrick et al.,
2014), and magnetic fabrics as deformation indicators, applied to dirty-ice veins from a
temperate glacier in southeast Iceland. Based on the vein characteristics and field relationships,
and comparisons to other studies (Ensminger et al., 2001; Lovell et al., 2015), the debris was
injected from the bed near the ice front, but then moderately deformed. This hypothesis is
supported by the magnetic and c-axis fabric analyses. The area is well-suited to a study utilizing

magnetic anisotropy owing to the terrane, which has an abundance of iron-bearing minerals.

2. Method and materials

Magnetic susceptibility measurements were performed on 84 samples from the terminus
region of Flaajokull glacier in southeast Iceland (Fig. 19). The samples were taken from two
veins enriched in debris (FL-1 and FL-2). Figures 20a and 20b show the vein in situ after

sampling.
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Samples were obtained with the use of a portable high torque hammer drill (Milwaukee
Fuel M18 XC) with a 29 mm diameter x 25 mm long tungsten carbide-tipped hole cutter. Core
sampling was completed by orienting the samples relative to magnetic north, and marking one
side of each core with red dye prior to extraction from the vein. Core samples were drilled
parallel to the foliation. Red dye was added to highlight the orientation mark after drilling of the
core.

In addition to the core samples, a debris-laden block (18 cm x 15 cm x 20 cm from FL-1)
was cut out via chainsaw for c-axis measurements. Several cavities were excavated in the glacier
in which to store samples temporarily. The specimens were transported in a cooler packed with
glacier ice to a local freezer ~13 km away. For transit from Iceland to the US, samples were
packed in a high-quality cooler (YETI) with 34 kg of pelletized dry ice. Upon arrival in the US,
the samples were immediately transported to the University freezer. The specimens arrived in
ideal condition for evaluation.

For magnetic analyses, ice core specimens were cut while still in the laboratory freezer
into pieces ~22 mm long (Fig. 21) (~10.5 cm?) in order to fit them into the test harness of the
susceptibility bridge (Fig. 21). Sawing was done manually, with a nonmagnetic beryllium-
copper blade, and care was taken to avoid melting or contamination. No other cleaning or
preparation was applied.

Debris concentrations were measured by cutting three relatively equal-sized blocks of
dirty ice (18 cm x 15 cm x 20 cm), in the field, melting them in polyethylene bags, waiting
several days to allow particle settling, and then decanting the water and measuring the volume
using a conventional plastic graduated cylinder. The debris was later dried and weighed in the

laboratory, before being used in the high-temperature susceptibility and hysteresis experiments.
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Thin sections were prepared from the FL-1 vein with a conventional band saw, and
manually shaved to ~0.5-1 mm (first-order to low second-order maximum birefringence colors).
Owing to the debris content, the ice did not bond well to the slides by freezing. It was found
through trial and error that chilled cyanoacrylate glue was the most effective technique for this
purpose (Daley and Kirby, 1984; Tison, 1994b). Mean thin section dimensions were ~50 x 75
mm. Thin sections were both cut parallel (XZ plane) and normal to the foliation (YZ plane).
Eleven were cut parallel to the foliation and five normal to it. C-axis orientations of a total 180
grains were measured in those sections cut parallel to the foliation, and 79 grains were measured
normal to it. Thin sections were photographed using a point-and-shoot Fujifilm XP Freeze Proof
camera for studying grain-scale features. The thin section slides were scanned, producing high-
resolution images of each sample.

C-axis measurements were conducted on a Rigsby universal stage (Langway, Jr., 1958)
and plotted on an equal-area net using 1 percent area contour with refraction corrections supplied
by Kamb (1959). C-axis parameters such as the orientation strengths (R) and fabric shapes
(eigenvalues) were calculated according to Adam (1989). When c-axes are randomly distributed,
R =0, and when they are clustered in a single maximum, R = 100%. The isotropy index of
Hockey (1970) was also calculated based on ratios of eigenvalues; I = 0 indicates clustering
while I = 1 indicates an isotropic distribution.

High-temperature susceptibility (HTS) and hysteresis experiments were conducted to
determine the magnetic mineralogy and grain size. These experiments were performed on a bulk
sample containing grain sizes ranging from clay and silt < 63 pm to sand > 63 um. The high-
temperature susceptibility was measured on an AGICO MFK/-FA Kappabridge coupled with a

CS4 Furnace Apparatus. The debris was step-heated from 25 to 700° C and cooled back to 25°C
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while measuring the bulk susceptibility. The susceptibility is typically reduced when the
unblocking or Curie temperature is reached (destabilization of magnetic moments due to thermal
energy); this helps in identifying the mineralogy of the magnetic particles. Hysteresis
experiments were performed at the Institute for Rock Magnetism at the University of Minnesota
using a 2 Hz vibrating sample magnetometer. Hysteresis loop parameters from these experiments
were used to help constrain particle size (Dunlop, 2002 (see Bertotti, 1998 for more complete
information on the theory of hysteresis of ferrimagnetic materials).

Principal directions of magnetic susceptibility K;, K,, and K3 were measured using the
AGICO MFKI-FA Automatic Kappabridge to determine. The magnetic susceptibility was
determined by inserting the specimen into a compensating pick-up coil. Once the bride re-
balanced itself, its pre-programmed algorithm combined the measurements in three-
perpendicular planes plus one bulk value to complete the susceptibility measurement. The
sensitivity of the pick-up coil at 976 Hz, 400 A/m peak is 2 x 10® (SI). For more detailed theory
of the Kappabridge system, see Jelinek (1978). The measurements were carried out as quickly as
possible (~ 90 s) to avoid warming the ice as this may cause a physical reorientation of the
particles (Lanci et al., 2012).

The principal susceptibilities K;, K;, and K3 typically are visualized with a susceptibility
ellipsoid. As discussed by Hooyer et al. (2008), in deformed sediments such ellipsoids
commonly are observed to arise from the shaped-preferred orientations of magnetite, maghemite
or other strongly magnetic particles, which have magnetic fields aligned with their shape
elongations. Figure 22 shows an example of a susceptibility ellipsoid in simple shear. The
magnetic fabric in many cases can be measured more accurately and repeatably, and with higher

spatial resolution, than the shape orientation of the particles.
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The susceptibility ellipsoid was characterized following Tarling and Hrouda (1993) and
Borradaile and Jackson (2004) with the percent total anisotropy P% (equation 1), the shape

parameter 7}, (equation 2), and the corrected degree of anisotropy P;, (equation 3; Jelinek, 1981).

P%:loo(MJ, (1)
kv

In [kz] —In (li
k k
ri=—— 22 (2) and
In (MJ + In (HJ
k3 k2

o) ) ) o

The ellipsoid is prolate if -1 < 7;< 0, and oblate if 0 < 7;< 1. If the ellipsoid is a sphere, P;=1,

and the value of P;will increase with increasing anisotropy.

The method of Mark (1973) was used to analyze the AMS fabric data. The fabric
strength and direction were determined using eigenvectors (V;, V, andV3), and corresponding
eigenvalues (S;. S, and S3) respectively. The S, eigenvalue represents the degree of clustering of
K orientations around the V; eigenvector. An S; eigenvalue of 0.33 indicates random alignment
of K, orientations, whereas, an S; eigenvalue of 1.0 indicates K; orientations that are perfectly

aligned.

64



3. Results
3.1 Magnetic Mineralogy and Grain Size

Debris concentrations and susceptibilities are given for FL-1 and FI-2 in Tables 5 and 6.
The volume susceptibilities are moderate despite low debris concentration, likely because of the
high concentration of ferromagnetic minerals eroded from the surrounding volcanic terrane.

The dependence of magnetic susceptibility on temperature is shown in Figure 23; both
samples show a reduction in susceptibility at a temperature of ~590-600° C, consistent with the
Curie temperature of magnetite (Bertotti, 1998).

Hysteresis parameters also provide information on the magnetic mineralogy and grain
size (Evans and Heller, 2003). The low coercivity of remanence (B¢g), (Table 7) and the field
saturation (M) at 200 mT indicate that most of the particles are magnetite (Fig. 24). Lanci et al.
(2008) showed that the corecivity of remanence and field saturation using Isothermal Remnant
Magnetization (IRM) aid in differentiating magnetic minerals contained in polar ice (e.g.
magnetite versus hematite) (see Figure 3). Typically, the saturation magnetization expected for
magnetite is about 0.2T, versus the higher saturation of ~3T for hematite.

Particle size was evaluated based on hysteresis ratios (Mgs/M; and Bcg/Bc) calibrated
with experimental data from Dunlop (2002). The values of the ratios indicate a mean magnetite
grain size of ~15 um (see Dunlop, 2002-Figure 8), which falls within the pseudo single domain
(PSD) range. Hooyer et al. (2008) found similar ratios for a Wisconsin-age basal till that they
mechanically sheared in the laboratory.

In conclusion, the HTS and hysteresis experiments indicate that magnetite is the

dominant magnetic mineral in the ice and that these particles are primarily silt-sized or smaller.
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Other magnetic minerals and grain sizes might be present; however, they are secondary

compared to the magnetite silt signal.

3.2 Anisotropy of Magnetic Susceptibility (AMS)

Calculations of the shape parameter (7}) of the AMS ellipsoids indicate a triaxial shape
for FL-1 and oblate for FL-2, following Hrouda (1982). The percent total anisotropy (P %)
averaged 2.5 £ 1.9% and the shaped parameter (7}) averaged 1(Table 6).

AMS fabrics from the specimens are plotted on equal area stereonets (Fig. 25). Fabrics
from FL-1 clearly show triaxial ellipsoids. The magnetic ellipsoid is subvertically oriented, as
shown by the plunge of 77° of the mean V; eigenvector (Table 8). In contrast, FL-2 shows
oblate ellipsoids with a scattered pattern and with a mean plunge of 65° for the V| eigenvector.
The FL-2 fabrics are not as strong, perhaps indicating smaller cumulative strain. The well-
developed susceptibility clusters of FL-1 represent a bulk strain signature of subvertical shear,

perhaps also with inheritance from emplacement, as discussed below.

4. Ice c-axes

Results of the fabric analysis from FL-1 vein are presented in Figure 26. Following
Cuffey and Paterson (2010, and references therein) these fabrics and the associated textures are
not completely diagnostic, but likely indicate that some deformation with recrystallization has
occurred to create multi-maximum girdle fabrics. C-axis orientations from both planes (XZ // to

foliation and YZ L foliation) exhibited similar eigenvector angles of 78° and 70°, respectively.

66



5. AMS relationships to c-axis development from FL-1 vein

The rate at which crystals rotate (how quickly fabric evolves) depends primarily on strain
rate, which is a function stress, temperature, impurity content and crystal orientations (Kennedy
et al., 2013). The strain rate (300 seconds per year for temperate valley glacier) has a strong
influence on the how the c-axes and the K; susceptibility axes react under varying strain rate
conditions over time. In this study sub-vertical shearing is clearly shown by eigenvector plunge
of the maximum K susceptibility axis (77°). The eigenvector plunge (78°) measured from the c-
axis (e.g. YZ shear plane) rotated approximately toward the vertical. The relative orientation and
strength of these eigenvectors depends on the history and state of deformation.

Fleming et al. (2013) showed that sub-horizontal shearing of cold dirty basal ice from a
surging glacier in Svalbard develops a magnetic anisotropy pattern where the minimum
susceptibility axes (K3) are sub-vertical, defining the pole to the magnetic foliation and shear
plane (K; — K3) and the K, susceptibility axes plunge mildly up-glacier. Fleming et al. (2013)
did not measure the c-axis orientations but it is likely that the c-axes would show a strong
correlation with minimum susceptibility axes (K3). Grain shape elongations also appeared to

show a good correlation with the plunge of the maximum K; susceptibility and c-axes.

6. Grain scale evidence

The debris bands studied here are dominated by debris-laden ice, but with some layering
parallel to the debris faces and a few regions having low concentrations. Careful study of our
sections (e.g. Figure 27¢ and 27b), shows features that probably represent bulging grain
boundaries and the nucleation of new grains. Evidence of boundary pinning was also observed

in thin section (Figure 27d).
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Ice crystal sizes in the dirtier ice were too small for c-axis analyses, so the results
presented here are not fully representative of the ice present, being restricted to coarse-grained
layers (Figure 28) or large crystals embedded in finer-grained matrix (Figure 29). These large
crystals may have several origins, possibly including frazil crystals entrained in the upwelling
water that filled the veins, or crystals form by “recovery” grain-growth following deformation.

Our sections bear some resemblance to ice from the cold (-17° C) dirty ice of Taylor
Glacier, Antarctica (Samyn et al., 2008). Similar to our situation, they reported crystal ribbons in
debris-bearing ice, which they attributed to discontinuous grain growth, and which tended to
show c-axis orientations not unlike ours and which may arise from migration recrystallization
(Kamb, 1959; Anderton, 1974; Gow and Williamson, 1976; Duval and Castelnau, 1995; Cuffey
and Paterson, 2010).

Slip bands and a possible tilt boundary were also observed (Figure 30). Gold (1966)
found similar observations in deforming ice in the laboratory where the ice was deformed in
compression by 5% at -9° C. Others have also reported deformation features in the form of slip
bands and tilt boundaries on the surfaces of ice grains (Kipfstuhl and others, 2006). Taken
together with c-axis fabrics, these data suggest that some deformation has occurred in the vein

ice after emplacement.

7. Paleoclimatic implications

The magnetic fabric approach is still in its infancy and may prove to be fruitful. This
technique can be applied to the folded dirty ice from the base of the Greenland Ice Sheet (e.g.
GISP2, GRIP, Dye 3 and Camp Century). Previous workers (Alley et al., 1997; Gow et al.,

1997; Jacobson and Waddington, 2004; Bender et al., 2010) have verified disturbances in ice
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layering (e.g. crystal striping and overturning) and have semiquantitatively assessed the mixing
rate between the clean ice and the dirty ice. Furthermore, the dirt in these layers may provide a
magnetic proxy for evaluating small deviations in shear strain directions, which may be vital for
understanding the disrupted stratigraphy and its impact on the climatic record. Also merging of
AMS data with the microstructural features and c-axis orientations would provide insight into the
connections between these deformation elements.

Another consideration to address is that ice fabrics have a limited value for reconstructing
strain because of recrystallization. Given this tenet, the insoluble mineral particles will be a
better indicator of the bulk strain history.

Ensminger et al. (2001) of the Matanuska Glacier found that the dirty ice bands resulted
from injection of turbid waters into basal crevasses; however, the Flaajokull veins clearly
suffered more shear deformation after refreezing. In some circumstances debris will affect the
deformability of ice, often softening it (Alley et al., 1986b; Paterson, 1991; Song et al., 2008).
Thus, it is not surprising that the injected debris-rich layers served as shear zones. Furthermore,
there is a high probability that shearing caused the fineness of the ice crystals; however, the
effect of micro-inclusions on grain boundary sliding and grain growth cannot be ruled out
(Herron and Langway, Jr., 1979). Further support for this was demonstrated by Baker and
Gerberich (1979) who found that dispersed-solid inclusions (0.1mm) decrease the average ice-
crystal size by inhibiting growth during recrystallization (see Figure 3). Cahn (1965) has also

observed this phenomenon during recrystallization experiments from metals.
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7. Conclusions
Both fabric techniques described in this work, optical and magnetic, have been
successfully applied to two dirty ice veins located on the ice-margin of the Flaajokull Glacier,

Iceland. The following preliminary results can be drawn from this study:

e HTS and hysteresis measurements indicate a magnetic mineralogy that is silt-sized or
smaller. Magnetite is the dominant signal given the resultant magnetic properties.

¢ Insoluble inclusions from veins FL-1 and FL-2 indicate a cumulative strain signature of
simple shear, which is reflected in the subvertical AMS ellipsoid orientation. However in
FL-2, the lack of clustering of the K susceptibilities suggests that the strain was
insufficient to develop a fabric.

¢ Particle inclusions behaved as passive markers and are reliable indicators of strain. Most
of the particles appeared along grain boundaries implying that the fabric formed primarily
from slip along the grain boundaries during shear deformation.

e Recrystallized ice grains from the textural analysis (e.g. ribbons and elongated grains)
suggest two shearing directions, which probably developed during intracrystalline
deformation; subvertical and lateral slip (in the plane of foliation XZ).

e The mean K, plunge of 77° in samples FL-1 shows a strong correlation with the
orientation of long axes of the recrystallized ice grains observed in thin section.

e Evidence of grain scale processes (e.g. nucleated grains, bulging of grain boundaries,
boundary pinning by particles, slip bands and a tilt boundary) implies that intracrystalline

deformation was inhomogeneous and resulted from migration recrystallization.
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¢ The distribution of c-axes also suggests a deformation pattern characteristic of migration
recrystallization, which requires high stresses and temperatures. This fabric likely
developed from a combination of pure shear and simple shear resulting in a composite
fabric.

e Foremost, this is the first study in which c-axis fabrics have been coupled with the

magnetic fabric method.
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Tables

Table 5. Debris Concentrations of the Flaajokull Ice Veins'
Water (mL) Debris weight (g) Weight % Mean weight %

Fl-1a 1759 81.0 4.6 9.7
Fl-1b 1847 264.6 14.3
Fl-1¢ 1682 175.4 10.4
Fl-2a 1134 70.0 6.1 5.3
F1-2b 1883 86.8 4.6
Fl-2¢ 1389 74.9 5.3

‘Debris concentration is measured in weight percent and averaged over three samples.

Weight percent is calculated as : weight of debris |
weight of water

Table 6. AMS Data from the Debris-laden Veins

Site n K'(uShH K'(uSDhH K (uSh) K,'(uSh P N PY%"(%)
FL-1 48 5520116 5524122 563+117 5424109 1.043+,152  1.69+£0.24 1.7¢1.8
FL-2 36 4374113 446+118 4380114 4274108 1.033:4.152  0.31.60.19  32+1.6

“Values represent the mean and + | standard deviation

Table 7. Hysteresis Loop Parameters for the Bulk Clay and
Silt (<63um) to sand (>63um) Fractions of the Melted Debris

MRS Ms Bc BCR

(Amz/kg) (Amz/kg) (mT) (mT) M, /M, B./B.
FL-1 .2827 1.58 12.8 363 .178 2.82
FL-2 .3537 2.03 11.2 32.1 .174 2.85
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Table 8. AMS Fabric Data

Eigenvector V (%) Eigenvector V(%)
95% Confidence Ellipsc 95% Confidence Ellipse
. . § Maximum Minimum Maximum Minimum
Site no S S, 8¢ Trend Plunge Angle  Angle  Trend Phinge Angle  Angle
FT-1 48  0.67 0.24 0.09 155 77 12.8 5.3 277 9 8.6 8.2
FL-2 36 0.60 021 0.19 156 65 16.7 4.5 25 16 14.7 9.9

Table 9. Statistical Ice Fabric Parameters® from the
Flaajokull Glacier

R(%) S5 5 S, /

FL-la 3845 053 025 022 041
FL-1b 4037 051 028 021 041

“These parameters were calculated from 180 crystals randomly sclected
from 11 sections from FL-1a (parallel to foliation) and from 79
crystals from 5 sections from FL-1b (perpendicular to foliation).
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Figures
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Figure 19. (a) Location of Vatnajokull ice cap (black square) at the south-eastern margin of the
Flaajokull glacier (b) A LiDAR hillshade model from 2010 showing the ice margin and location
sites (courtesy of the Icelandic Meteorological Office). Extensive glacier retreat has occurred

since 2010. Ice flow is from the NNW to SSE. Icelandic man made rock levees are marked with
black lines.
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Figure 20a. An oblique view of the FL-1 ice vein looking north, note the drill holes in the vein
and the well-defined boundary between the dirty ice and the annealed ice can be observed.
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Figure 20b. Close-up view of the vein. Shearing was observed along the vein boundary where
the dirty ice is interleaved with the clean ice, forming irregular folds. A well-defined foliation
(subvertical) was also observed as indicated from the dashed line in vein.
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Figure 21. An oriented ice core sample shown after cutting. Both sections of the sample were
used in the AMS analysis.
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Figure 22. (a) Anisotropy ellipsoid illustrating the three principal axes: maximum: K;,
intermediate: K, and minimum: K3 (from Shumway and Iverson, 2009). (b) Stereoplot with
clustering of principal susceptibilities in simple shear.
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Figure 25. AMS fabrics depicted on equal area lower hemisphere stereoplots from veins FL-1 and
FL-2. Each data point on the stereonets (a) and (c) represents the maximum (squares),
intermediate (triangles), and minimum (circles) principal susceptibilities, n denotes the number of
measurements. The eigenvalues and eigenvectors, magnetic susceptibility, and vein azimuths are
shown beside the stereoplots. Stereonets (b) and (d) are based on the maximum K, orientation
distributions, 1% contour.
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Figure 26. (a) Schematic block model illustrating the c-axes with reference to the magnetic
particles, foliation and local strain axes. For clarity the foliation plane is displayed on the outer
vein boundary (red dashed line) in the XZ plane (SSW-NNE). The orange arrows on the vein
represent a complex system of (1) lateral shear and (2) subvertical shear. The direction of the
magnetic ellipsoids within the foliation plane was probably caused by subvertical shear. The
direction of glacier flow is NNW to the SSE. (b) and (c) actual data from c-axis distributions
parallel to and normal to foliation with 1% contour. All stereonets are equal area lower-
hemisphere projections; n, of measured c-axes and eigenvectors (V3) are shown at the bottom of
the stereonets. The orientation strengths (R) and eigenvalues (S;-S3) are shown beside the
stereoplots.
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Figure 27. (a) Ice photographed under crossed polarizers note the location of particles along
grain boundaries (opaque areas shown with arrows). Thin section from the XZ plane (SSW-
NNE). (b) Possible evidence of nucleation (examples are circled). Grains usually form near
triple junctions. The grain usually grows in the direction of the convex edge. Overlying grid is
I-cm. Thin section from the XZ plane (SSW-NNE). (c) Bulging part of a grain boundary
(arrows) has penetrated its neighboring grain. Thin section from the YZ plane (WNW-ESE).
(d) Bulging (white arrows) and pinning (yellow arrow) of grain boundaries by hard inclusions,
shown in visible light. Thin section from the YZ plane (WNW-ESE).
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Figure 29. An example of a dirty ice thin section under crossed polarizers, showing grain
elongations (black and white arrows), notice the subvertical alignment (top of image is
“up” and bottom of image is “down”. This sample was cut parallel to the foliation (XZ
plane-SSW-NNE). Centimeter scale shown at bottom of thin section.
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Figure 30. Microphotograph of possible slip bands in central grain (white arrows). Note the
wavy and bent appearance of the slip bands. These bands result from strain localization and may
be produced by shearing, bending and or twisting.
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Chapter 4. Drumlin formation at the Flaajokull Glacier, Iceland
William R. Jacobson, Jr.*
University of Wisconsin-Milwaukee, Geosciences Department P.O. Box 413, Lapham Hall 366,
Milwaukee, WI 53201 USA
Abstract
Recent drumlin exposures near the margin of Fldajokull, a non-surge type outlet glacier
of Vatnajokull, Iceland exhibits anisotropy of magnetic susceptibility (AMS) fabrics indicating a
consistent long axis trend generally parallel (maximum principal susceptibility, K;) to the
drumlin long axis. The longitudinal flow plane, defined by the K; and K3 magnetic
susceptibilities plunge mildly up-glacier. These fabrics were observed in the drumlin cores (sand
and gravels) and in the overlying basal till carapace. Moreover, on one of the drumlins the
fabrics suggested only consolidation, inferring that the ice was static at that time. Rotary ring-
shear tests provide a reference for strain and suggest shear strains of <10 during drumlinization.
It is concluded that the cores of the drumlins consisted of pre-existing deposits which
have been likely eroded by proglacial meltwater prior to drumlinization. Subsequent ice
overriding resulted in heterogeneous deformation of the drumlin cores following the deposition
the upper basal till carapace. These composite bedforms, however, support a depositional model
given the fact that they formed primarily from subglacial deposition. Additionally, the basal till
carapace at site A might have formed in a crevasse beneath the ice instead of at the glacier

margin which has been previously suggested.
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1. Introduction

Numerous theories for drumlin formation have been proposed; however, no consensus
has been reached on their genesis (Knight, 2010), and it is likely that they are polygenetic.
Despite this lack of consensus, Patterson and Hooke (1995) identified three factors that are
common to drumlin growth; these include compressive flow, formation near the ice margin and
high subglacial water pressures. These conditions have been observed in modern drumlin fields
formed by active glaciers (Johnston et al., 2010; Jonsson et al., 2015). In any case, drumlins may
represent erosional products of pre-existing deposits (Whittecar and Mickelson, 1979),
depositional or both, and their formation is favored by the large sediment fluxes associated with
warm-based glaciers (Boulton, 1987; Menzies, 1979; Kriiger and Thomsen, 1984; Hart, 1995).
Additionally, frozen sediment cores have been suggested and may provide the contrast favoring
drumlinization (Hooke and Medford, 2013; Winguth et al., 2004).

Drumlins emerging from beneath retreating ice margins in Iceland provide particularly
good targets for study of drumlin formation. As emphasized by Johnston et al. (2010) the active
Muilajokull drumlin field in Iceland may be unique in being shaped by the current glacial regime.
Moreover, Smith et al. (2007) documented the possible formation of a drumlin beneath an
Antarctic ice stream.

In this paper, magnetic fabric measurements are presented from two drumlins which have
been recently exposed along the margin of Flaajokull, a non-surging outlet glacier of the
Vatnajokull ice cap, SE-Iceland. The kinematics of deformation is explored in these drumlins
and interpreted from the fabrics using a customized ring-shear apparatus which allowed fabric to
be calibrated to till strain (Shumway and Iverson, 2009; Thomason and Iverson, 2006). Jénsson

et al. (2015) indicated that the Fldajokull drumlins were formed from sticky spots in the bed (e.g.
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resistant glaciofluvial cores) which were later streamlined with a subglacial traction till.
Furthermore it has been suggested that the drumlin cores may be erosional features of pre-
existing deposits, on the other hand, our data suggests that one of the cores was deformed as a

result of overriding ice.

2. Flaajokull Glacier

Fldajokull is a temperate glacier that drains the south-eastern part of the Vatnajokull ice
cap (Fig. 31a). Flaajokull is approximately 25 km long with an area of 170 km? and an average
thickness range of 313-317 m (Hannesdottir et al., 2015). It descends from approximately 1480
to 40 m a.s.l. and terminates on a flat sandur plain called Myrar. The climate at the terminus is
characterized by an annual precipitation rate that may total up to 1,500 mm or more (Bjérnsson
and Pélsson, 2008). The glacier flows to the south-east between Mt. Fléfjall and Mt.
Heinbergsfjoll (Fig. 31b) and the ice margin is split into two lobes by flow around Mt. Jokulfell
(Jénsson et al., 2015).

The fully exposed drumlins are located in the north-eastern part of the forefield in front
of the glacier (Fig. 32). The drumlin are oriented SSE-NNW in accordance with the ice-flow
direction. The drumlins are draped by a number of flutes and recessional push moraines. The
drumlins have been formed proximal to a large end moraine complex described by Jénsson et al.
(2015) as the 1995 end moraine. Drumlin dimensions range from 430-580 m in length, 115-130
m in width, and 8-13 m in height. The highest points on these drumlins are situated at the
downglacier end near the moraine complex. The surface of these drumlins consisted of
numerous streamlined boulders lodged in the substrate with striations trending in the direction of

glacier flow.
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3. Methods

Two drumlins within the forefield were selected for detailed investigations. The
stratigraphy and sedimentology from Jénsson et al. (2015) is adopted in this preliminary report.

Till fabric samples were collected in the years 2012 and 2013 for anisotropy of magnetic
susceptibility (AMS) measurements. A minimum of 25 plastic boxes (8 cm’) were used in the
sampling process and a total of 457 till samples were collected in four stream-cut sections (A-D
Figure 2 for locations). The samples were collected vertically through the drumlins near their
centerline. All of the till samples were collected within a depth range of 13 to 90 cm. Magnetic
fabrics are presented in the form of equal area nets, lower hemisphere projections.

In the laboratory at the University of Wisconsin-Milwaukee each box was measured for
the anisotropy of magnetic susceptibility (AMS) with an MFK/-FA Multi-Function Kappabridge
system. This system measures magnetic susceptibility numerous times while rotating it through
three orientations. The strength of the induced magnetization of a given till sample, M, is given
by kH, where the constant of proportionality & is called the susceptibility and H is the magnetic
field strength (Jelinek and Kropacek, 1978). In materials in which the shapes or crystallographic
orientations of mineral grains have become aligned, k varies with direction, such that a second-
rank tensor is required to characterize it (Tarling and Hrouda, 1993). This tensor is visualized
with a susceptibility ellipsoid that has lengths of its long, intermediate, and short axes equal to
the principal susceptibilities K;, K, and K3, (Figure 33). Estimations of three-dimensional
strain, fabric strength and direction may be ascertained from these ellipsoids. In addition, the
technique provides an excellent spatial resolution because of its averaging effect of many
magnetic grains compared to traditional fabric techniques where only the long axis of pebbles are

measured in outcrop with a compass. The fabric strength and direction were determined using

95



eigenvectors (V;, V, and V3) and corresponding eigenvalues (S, S, and S3) respectively (Mark,
1973). The S, eigenvalue represents the degree of clustering of K; orientations around the V;
eigenvector. An S; eigenvalue of 0.33 indicates random alignment of K, orientations; whereas an
S, eigenvalue of 1.0 indicates K, orientations that are perfectly aligned. The magnetic fabric was
analyzed using the software package SpheriStat3 from Pangaea Scientific. In addition to the
AMS measurements, we conducted high temperature susceptibility (HTS) and hysteresis
experiments. These experiments were evaluated on the fine-grained particles (clay and silt) that
were less than 65 pm. The unblocking temperature was used to identify the mineralogy and

hysteresis loop parameters helped target the particle size.

4. Description of localities

4.1 Site A

Figure 34 displays a transverse cut through drumlin 1 exposing an upper till carapace
(Till 1) and a lower unit of glaciofluvial outwash. As indicated these drumlins were likely the
result of sticky spots in the bed (Boulton, 1987). At this site a total of 181 AMS samples were
collected in the till carapace (Till 1) from three vertical profiles. Previously, the till carapace has
been interpreted as a recessional push moraine by Kriiger, (1995). Using K;, the maximum
principle susceptibility, S; eigenvalues for sites A1-A3 were 0.51, 0.60, and 0.54, respectively.
These weak fabrics indicate that the till has not been sheared to steady state conditions which
require high shear strains (see Fig. 35a, b for steady state ~20). Magnetic fabrics from Al and
A2, however, show a pure shear strain signature with longitudinal shortening oriented along the
drumlin long axis X’-X (SSE-NNW) and vertical extension. Such a fabric signature is not

surprising considering that the drumlin is deposited on an adverse slope just down ice from an
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overdeepening due to glacier erosion. Most glaciers are in compression in such a situation. In
contrast, fabric A3 reflects simple shear directed roughly parallel to the drumlin long axis.
Fabrics from ring-shear experiments of other tills demonstrate similar results and reinforce that
fabric A3 has likely experienced a shear strain of ~7 (Hooyer et al., 2008). The K, girdle,
however, suggests that there was insufficient strain to cluster K; orientations (see fabric

transition from B-13 to B-7-Batestown till, Fig. 35b).

4.2 Site B

Site B is located within Drumlin 2 (see Figure 32). At this site 31 samples were collected
from a platform bench within the outwash core sediments approximately 90 cm from the drumlin
crest (Figure 36). The S, fabric strength was moderate reflecting an eigenvalue of 0.73. The
AMS K, eigenvector was 360° with a plunge of 18° up-glacier. The longitudinal flow plane (K;
— K3) was approximately parallel to the SSE-NNW drumlin long axis. This up-glacier K; dip
orientation has been reported in numerous field studies (Gentoso et al., 2011; Evenson, 1971;
Larsen and Piotrowski, 2003; Piotrowski et al., 2006) and has been reproduced in the laboratory
by ring-shear tests (Jacobson, Jr. and Hooyer, 2015; Hooyer and Iverson, 2002). This fabric
indicates that the outwash core has been likely sheared to strains of ~7 according to ring-shear

tests (Iverson et al., 2008).

4.3 Site C
Figure 37 shows a meltwater stream cut through Drumlin 2 exposing the same units from
site B. At this site 31 AMS samples were collected from Till 1 and 34 samples within the

drumlin core sediments. The microfabrics from the sampling areas show significant clustering of
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K, K», and Kj susceptibilities. The S; eigenvalue for the upper Till 1 layer was 0.68 and 0.66 for
the outwash sediments. The AMS V, eigenvectors for these fabrics were 12° and 2 ° with a
plunge of 13° and 1°, respectively. Interestingly, these fabrics are well clustered although the
fabric strength is relatively moderate in the range of 0.65 to 0.75. Both fabrics revealed a
horizontal shear plane (defined by K, susceptibilities) which was approximately parallel to the

drumlin long axis.

4.4 Site D

Site D is located in the proximal end of Drumlin 2 and is incised by a transverse
meltwater channel (Figure 38). This site also shows the same two units from sites B and C, Till
1 and a lower unit of coarse outwash materials. The upper till unit is up to 0.7 m thick and the
lower boundary is sharp (Jonsson et al., 2015). At this site three trenches were dug (D1, D2, and
D3) and 60 samples were collected from each trench. The upper unit has been previously
interpreted as a subglacial till and the lower unit as glaciofluvial outwash (Evans et al., 2006).
AMS microfabric results of S; eigenvalues were 0.52, 0.54 and 0.46, respectively. These fabrics
are relatively weak (similar to fabrics B-9, B-12, B-13 from Hooyer et al., 2008) and do not

indicate shearing but simply consolidation of the till.

S. Discussion

Given the fact that the underlying bed materials consists of coarse-grained outwash the
drumlin cores probably nucleated from the high-strength bed patches (low porewater pressure).
As emphasized by Jonsson et al. (2015) these drumlins are similar to the drumlins formed at

Breidamerkurjokokull (Evans and Twigg, 2002) and Skeidararjokull (Waller and other, 2008).
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Based on the AMS fabrics from Drumlin 1 the upper till may have formed at the base of
the ice in a crevasse. This is supported by fabrics A1 and A2 that indicate that till was shortened
nearly parallel to flow leading to upward and lateral extension of till. These fabrics are located
on the downglacier side of the ridge; this is not surprising because the till would be confined by
the ice there. In contrast, on the up-glacier side of the ridge it was sheared subglacially as is
indicated by fabric A3 however to an insufficient strain. At the margin of Flaajokull it is not
uncommon to observe crevasse squeeze-ups (sediment squeezed into cracks beneath the ice)
forming in situ over the drumlin surface. Moreover, similar fabrics have been documented in old
moraines from the Des Moines Lobe (Ankerstjerne, in press). Crevasse squeeze-ups have also
been identified at Eyjabakkajokull, Iceland (Sharp, 1985). Formerly, this upper till has been
interpreted as a recessional push moraine (Kriiger, 1995) superimposed over the drumlin.

The AMS fabrics from sites B and C (Drumlin 2) revealed that the core of the drumlin
was sheared in the direction of glacier flow in accordance with upper till layer. It is apparent that
shearing of the till occurred on the distal end of the drumlin suggesting converging flow on the
down-glacier sides during its readvance from 1966-1995. However, at the proximal end (e.g.
stoss-side) of the drumlin at site D the fabrics only indicate consolidation implying that the ice
was likely static at that time. Moreover, divergent shear or longitudinal shortening on the up-
glacier sides was not observed.

Boulton’s bed deformation model is a good fit for these drumlins because of the
following evidence: proglacial cores of sand and gravel, occurrence of bullet-shaped clasts with
striated surfaces in till, fissility of the till, and bed deformation in the upper till and outwash
sediments. Moreover, it has been suggested that the drumlin cores predate drumlin formation

indicating that meltwater erosion may have influenced the drumlin morphology prior to ice
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overriding. This has been discussed elsewhere by Kriiger and Thomsen (1984) and Méller and
Murray (2015).

The variability in fabric strength (0.46-0.73) at sites B, C, and D is likely attributed to
heterogeneous bed deformation during drumlin growth. Heterogeneous bed deformation has
been previously demonstrated beneath modern glacier beds (Alley et al., 1993; Fischer and
Clarke, 2001; Hooke et al., 1997; Iverson et al., 2007). As emphasized by Fisher and Clarke
(2001) the ice-bed couple is strongly modulated by the water pressure and the stresses at the bed
are heterogeneous often mimicking the distribution of the basal water system leading to
irregularities in bed deformation and sliding. Moreover, drumlin nucleation at Fldajokull was
likely driven by hydrologic heterogeneity due to strength differences in the bed (e.g. high
effective stresses result in a high-strength patch) causing the upper till to be plastered onto these

more resistant spots.

6. Ring-shear experiments

Laboratory ring-shear experiments have contributed a great deal of information on
understanding the rheology and physical properties of subglacial tills (Iverson, 1997; Hooke and
Iverson, 1995). More recently, ring-shear studies have focused on estimating the amount of
strain that a till has experienced by use of magnetic fabric (Vreeland and Iverson, 2015).
Magnetic fabric results from ring-shear tests on multiple tills subjected to shear indicate that K;
orientations tightly cluster and plunge 20-30° up-glacier (Iverson et al., 2008). The K;
orientations thereby indicate the direction of shear whereas the degree of K; clustering is an
indicator of the approximate strain magnitude (Hooyer et al., 2008). Steady state fabric strength

indicated by the S; eigenvalue of K, susceptibilities, however, does not occur until shear strains
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greater than ~10 (S; eigenvalue >0.8 see Fig. 35b). Using ring-shear tests as a reference,
Flaajokull S; eigenvalue strengths were 0.54-Site A3, 0.73-Site B, C1-0.68 and C2-0.66 from
Site C. Clearly, these fabrics indicate shear strains <10 according to the fabric strength curve.
Obviously, the sheared fabrics did not attain the steady state values indicative of high strains
(e.g. 100). Furthermore, the fabrics unequivocally demonstrate simple shear which is in
accordance with ring-shear experiments on other tills (e.g. fabric from Site B is strikingly similar
to the D-1 fabric from the Douglas till member, eigenvalue strength is also similar 0.76, see Fig.
35a). Foremost the fabrics are not representative of the high pervasive shear strains required by
the bed deformation model. In contrast the weak fabrics observed at site D (e.g. 0.46-0.54)

represent a consolidation fabric which is often observed prior to shearing (e.g. O shear strain).

7. Conclusions
From our multi-testing approach and study of the Flaajokull drumlins, it can be

concluded that:

® Proglacial meltwater erosion reshaped the original morphology of the sand and gravel
cores in front of Fldajokull prior to drumlinization. Subsequent advancement of the ice
over Drumlin 2 (formed sub-marginally during 1966-1995) led to deformation of the core
materials and deposition of the overlying basal till. AMS fabrics are in accordance at
Sites B and C and indicate shearing in the direct of glacier flow approximately parallel to
the drumlin long axis. Although this landform composite resulted from a complex
interaction of subglacial erosion, bed deformation, and lodgement, a depositional model

1s best suited for these drumlins.
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e Based on the AMS fabrics from the upper till carapace from Drumlin 1 (Site A) it may be
re-interpreted as a crevasse-squeeze-up instead of a recessional push moraine which has
been previously hypothesized.

e Site D located on the stoss end of the drumlin demonstrates no evidence of subglacial
shearing suggesting a static environment.

® According to ring-shear experiments the Fldajokull tills reflect shear strains of <10.

¢ These drumlins are polygenetic in origin which is not a surprise; however, hydrologic

heterogeneity was likely the main cause for drumlinization.
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Figure 33. Anisotropy ellipsoid illustrating the three principal axes: maximum: K; , intermediate:
K5, and minimum: Kj3. In this case, the maximum axis of the ellipsoid is aligned parallel to the
shear direction (from Shumway and Iverson, 2009).
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Figure 34. Drumlin 1 Site A looking north-northwest showing the upper Till 1 layer and the core
of glaciofluvial sediments. Magnetic fabrics are shown in profiles Al, A2, and A3. Note the
different fabric pattern (e.g. K; and K, susceptibilities arranged in a band) shown in A1 and A2 in
contrast to A3. Glacier flow is from left to right.
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Figure 35. AMS fabrics from laboratory experiments using a mechanical ring shear
apparatus, showing the eigenvalue strength as a function of shear strain from the Douglas
till (a) and Batestown till (b). The eigenvalue strength is a measure of clustering of the K;
susceptibility. Principal susceptibilities are plotted on lower-hemisphere stereoplots from a
minimum of 25 or more till samples. Estimated shear strain magnitude for the Flaajokull
fabrics may be less than 10 as indicated from laboratory shear strain values (from Hooyer
et al., 2008).
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Figure 36. Drumlin 2 Site B looking westward showing the upper Till 1 layer and the underlying
outwash core in a lateral meltwater channel. Note the moderate eigenvalue strength S; and its
similar fabric pattern from ring-shear experiments (see Figure 35a Douglas till D-1).
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Figure 37. Drumlin 2 Site C showing the upper Till 1 layer and the lower outwash core materials.
Note the well developed clustering of the magnetic susceptibilities and the upglacier plunge of
the maximum K in the upper till 1. Dashed-line represents approximate contact between Till 1
and outwash materials.
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Figure 38. Site D looking south-southeast showing the exposed upper till 1 and outwash core of
Drumlin 2 in a transverse meltwater channel. Dashed-line represents approximate contact
between Till 1 and outwash materials. Note the weak fabric clustering of magnetic
susceptibilities.
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Chapter 5: Conclusions

Our understanding of the ice dynamics and depositional and deformational landform
systems remains limited because soft-bedded glaciers are difficult to access. To resolve this issue
experimental research with a ring-shear laboratory device was implemented to investigate the
shear rate and effective pressure upon fabric strength. Magnetic till fabrics were collected
recently from several drumlins which have been discovered along the rapidly receding ice
margin of Fldajokull. Previous ring-shear experiments (Hooyer et al., 2008) provided a
benchmark for shear strain estimations on till samples which have formed under current glacial

conditions.

In the second chapter the laboratory ring-shear device revealed that the fabric strength is
independent of effective pressure (30 kPa to 150 kPa) and shearing rate (110 to 860 m year™).
Regardless of varying the shearing rate and effective pressure, S; eigenvalues remained strong
(0.91-0.98). Clustering of the maximum K susceptibilities in the direction of shear is controlled

by magnetite particles that are silt sized or smaller.

The observed strengthening effect over the pressure range may be a result of a small
decrease in critical state porosity with fabric strength; however, this could not be confirmed in
these experiments because it was not directly measured. In addition, our data suggests that the
sheared sediments behaved like a Coulomb plastic material and that the magnetic fabric
developed according to the “March model.” Furthermore, this ring-shear data cannot be used as

proxy for interpreting fabric strength in basal tills.

From a soil mechanics perspective, these results are consistent with the fact that once a
steady state is achieved (constant void ratio and volume) there is a little variance in fabric

strength.
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In the third chapter the magnetic mineral particles within the ice were analyzed to test
whether the dirty ice veins were sub-vertically sheared from the bed near the ice front, but then
moderately deformed. The highlights from this chapter indicate that the magnetic particles in the
temperate ice behaved as passive markers and are reliable indicators of strain. Most of the
particles appeared along grain boundaries implying that the fabric formed primarily from slip
along the grain boundaries during shear deformation. The magnetic proxy indicated a bulk
three-dimensional strain (K, K;, and K3) signature of subvertical shear consistent with field
relations.

The orientation of c-axes (e.g. derived from a block of dirty ice collected via chainsaw
from the vein) revealed a multi-maximum girdle distribution characteristic of migration
recrystallization. The eigenvector plunge of the c-axes was approximately normal to the shear
plane which supports previous theory that c-axes rotate away from the shear plane toward the
vertical.

Our sections also bear some resemblance to ice from the cold (-17° C) dirty ice of Taylor
Glacier, Antarctica (Samyn et al., 2008). Similar to our situation, they reported crystal ribbons in
debris-bearing ice, which they attributed to discontinuous grain growth, and a tendency to
display c-axis orientations not unlike ours, which may have arisen from migration
recrystallization (Kamb, 1959; Anderton, 1974; Gow and Williamson, 1976; Duval and
Castelnau, 1995; Cuffey and Paterson, 2010). Slip bands and a possible tilt boundary were also
observed. These fabrics likely developed from a combination of pure shear and simple shear
resulting in a composite fabric.

In short, the three-dimensional state of strain recorded from the principal susceptibility

axes (K, K;, and K3) in the ice may provide a better gauge than c-axis fabrics. The veins were
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most likely formed from injection of an overpressured basal water system into crevasses
followed by in situ freezing and deformation.

This technique may further serve as a tool for paleoclimatic investigation on the dirty ice
cores retrieved from the Greenland Ice Sheet (Alley et al., 1997; Bender et al., 2010). As Bender
et al. (2010) demonstrated in the GISP2, shearing in the ice core reduces layer inclination
making deformation unrecognizable in the core width. Given this principle, magnetic anisotropy
of the debris may provide a fingerprint for recognizing deformation and provide a directional

window for tracing sheared layers in an ice sheet.

The fourth chapter introduces mechanisms of drumlin formation in the forefield of
Flaajokull. It is suggested that the drumlins are nucleated from hydrological heterogeneity in bed
hereafter called the Boulton hypothesis (Boulton, 1987). Some of the major highlights from this
manuscript include the following: (1) Proglacial meltwater erosion reshaped the original
morphology of the sand and gravel cores in front of Fldajokull prior to drumlinization.
Subsequent advancement of the ice over Drumlin 2 (formed during 1966-199) led to deformation
of the core materials and deposition of the overlying basal till. Fabrics are in accordance at Sites
B and C and indicate shearing in the direction of glacier flow, which was approximately parallel
to the drumlin long axis. (2) The drumlins likely resulted from a complex interaction of
subglacial erosion, bed deformation, and lodgement, a depositional model is best suited for these
drumlins. (3) The till carapace from Drumlin 1 (Site A) may be re-interpreted as a crevasse-
squeeze-up instead of a recessional push moraine, which has been previously interpreted. These
drumlins are also similar to the drumlins formed at Breidamerkurjokdkull (Evans and Twigg,
2002) and Skeidararjokull (Waller et al., 2008). Another important highlight is that the

Flaajokull tills likely only experienced shear strains of <10 according to ring-shear tests.
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The results of this work have contributed new evidence as well as confirmed existing
hypotheses of drumlin genesis, demonstrated traditional methods with more sophisticated
techniques, (e.g. optical c-axis measurements coupled with magnetic fabrics), and employed
engineering mechanics of shearing sediment from an experimental standpoint. The results
presented from this research will hopefully provide further insight into magnetic ice fabrics and

their much anticipated use in paleoclimatic ice core analysis.
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Abstract

Flaajokull is a non-surging outlet glacier draining the south-eastern part of the
Vatnajokull, SE-Iceland. Fldajokull was stationary or advanced slightly between 1966 and 1995
and formed a prominent end moraine. Glacial retreat since then has revealed a cluster of 15
drumlins. This study focuses on the morphology and sedimentology of the drumlins. They are
100-600 m long, 40-130 m wide, and have cores of glaciofluvial sediment or till. The drumlins
are draped by about 1 m thick, massive subglacial traction till. The glacier forefield is
characterized by a number of arcuate and saw-tooth, terminal and recessional moraine ridges,
overridden moraines with fluted surfaces, and glaciofluvial outwash. Some of the drumlins
extend towards the 1995 end moraine but terminate abruptly at the moraine and are not observed

in front of it. This suggests that they were formed sub-marginally during the 1966-1995 terminal
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position. The sedimentary structure of the drumlins is best explained by the sticky spot model.
Dating and dendrochronological analyses of birch logs found on the surface of one of the
drumlins indicate that the valley was forested around 2100 cal. yr BP, after which the glacier

started to reform, possibly due to an abrupt change in climate.

1. Introduction

Drumlins are important landforms of many Pleistocene landscapes and, although they
have been extensively studied, the exact nature of their formation is still enigmatic (Menzies,
1979; Patterson and Hooke, 1995; Clark and others, 2009). It is widely accepted that drumlins
form beneath glaciers through ice-substrate interaction (Benn and Evans, 2006); i.e. through
deposition, erosion, deformation or a combination of these processes. Drumlins are usually
thought to have formed some distance behind the ice front. This is reflected in ice stream models
(Stokes and Clark, 2001), in the active temperate glacial landsystem model by Evans (2003), and
has been suggested for well-studied drumlin fields, such as the Great Lakes region drumlin fields

of North America (Kerr and Eyles, 2007; Maclachlan and Eyles, 2013).

Drumlins are not as common in the forefields of modern glaciers as in Pleistocene
landscapes. Single drumlins or drumlins in small groups have been observed in modern glacial
environments in Iceland (Kriiger and Thomsen, 1984; Boulton, 1987; Kjar and others, 2003;
Schomacker and others, 2006; Waller and others, 2008; Schomacker and others, 2012) ,
Antarctica (Rabassa, 1987), Switzerland (van der Meer, 1983) and Alaska (Haselton, 1966). To
date, however, the only modern drumlin field that has been described is at Mulajokull, Central

Iceland (Johnson and others, 2010; Jénsson and others, 2014).
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The Little Ice Age (LIA) in Iceland started around AD 1250 (Geirsdottir and others,
2009) and peaked at the end of the 19" century. After a more or less continuous retreat from their
LIA terminal positions during the most of the 20" century, most Icelandic outlet glaciers
experienced a minor re-advance during the last quarter of the 20™ century that generally
culminated around 1995 (Sigurdsson, 2003). During the following accelerated retreat
(Sigurdsson, 2013), drumlins have been revealed at the margins of some Icelandic glaciers,
including Mulajokull (Johnson and others, 2010; Jonsson and others, 2014), S6lheimajokull
(Schomacker and others, 2012; Slomka and Eyles, 2015), Breidamerkurjokull (Evans and Twigg,
2002), Sléttjokull (Kjer and others, 2003) and Skeidararjokull (Baltrinas and others, 2014;

Waller and others, 2008).

At Flaajokull (Fig. 1), an outlet glacier from Vatnajokull, south-east Iceland, a cluster of
fifteen drumlins has become exposed following a retreat of the glacier from a large end moraine
formed in 1995 (termed the 1995 end moraine in this paper). Fldajokull is a non-surging glacier,
and like all Icelandic outlet glaciers considered to be a temperate glacier (Bjornsson and Palsson,
2008). We describe Fldajokull with reference to the active temperate glacier landsystem model of
Evans and Twigg (2002) and Evans and others (1999), and in line with the approach of Evans
and others (2015). According to this model, the forefield of temperate outlet glaciers is divided
into three depositional domains: a) areas of extensive, low amplitude marginal dump, push and
squeeze moraines derived largely from material on the glacier foreland and often recording
annual recession of active ice, b) glaciofluvial landforms, and c) subglacial landforms such as

flutes, drumlins and overridden end moraines.

We describe the morphology and sedimentology of the fifteen drumlins within the

recently exposed forefield and present a detailed geomorphological map in order to understand
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drumlin formation and the development of the active temperate landsystem at Fldajokull. In
addition, a simplified Holocene glaciation history for Fldajokull is reconstructed based on
previously published research and '*C dates and dendrochronological analysis of birch logs

sampled from the surface till of one of the drumlins.

2. Methods
2.1 Geomorphological mapping

Mapping of landforms was undertaken using a combination of remote sensing and ground
surveys (2012-2014). An airborne 2.5-m LiDAR DEM covering the glacier and about 2 km into
the forefield was visualized as a terrain shade-relief model and used along with panchromatic
aerial photographs, with 0.5-m pixel size, taken in 1982 and 1989 by Landmzlingar Islands
(National Land Survey) for mapping the forefield. The LiDAR data were recorded in 2010 by the
Icelandic Meteorological Office and the Institute of Earth Sciences of the University of Iceland
(J6hannesson and others, 2013). All data were handled in ESRI ArcGIS 10 in the UTM/WGS84
reference system, and elevations are in meters above sea level. Sediments and landforms were
mostly mapped on the basis of the LIDAR DEM data but the orthophotographs were used both
with the LiIDAR and exclusively in the south-east part of the forefield, where LiDAR data were
unavailable. The length and width of the drumlins were measured in ArcGIS. The height of
drumlins that are surrounded with water was measured from the water surface, which defines
their basal plane height. Four drumlins were not fully exposed from under the ice margin and

were not measured.
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2.2 Sedimentological logging

Four stream-cut sections (A-D; see Fig. 6 for locations) in the drumlins were cleaned and
logged following the data chart by Kriiger and Kjar (1999). The lithology and principal
sedimentological characteristics, i.e. grain size, sorting, clast content, matrix-clast relationship,
and clast roundness of each unit were described in the field along with the nature of their basal
contacts and their lateral extent. Interpretation of units was both done in the field and on basis of

anisotropy of magnetic susceptibility measurements, see below (section 2.4).

2.3"c dating of birch logs

Three birch logs were discovered embedded in sediments on top of the northernmost
drumlin. The dendrochronology of the logs was analyzed at the Swedish National Laboratory
for Wood Anatomy and Dendrochronology, Lund University, and two of them were dated using
Accelerator Mass Spectrometry (AMS) at Lund University Radiocarbon Dating Laboratory. The

dates were calibrated in OxCal 3.10 using the atmospheric data from Reimer and others, (2013).

2.4 Anisotropy of magnetic susceptibility (AMS)

We collected till specimens in the years 2012 and 2013 for anisotropy of magnetic
susceptibility (AMS) measurements. These measurements were taken from three drumlin
sections (A, B, C see Fig. 6). A minimum of 25 plastic boxes (8 cm’ ) were used in the collection
process for sampling. Principal directions of magnetic susceptibility (K;, K, and K3 ) were
measured using the AGICO MFK/-FA Fully Automatic KappaBridge to determine the three-
dimensional state of strain, which is visualized with a susceptibility ellipsoid (Jelinek and

Kropécek, 1978). Furthermore, the ellipsoids are used to identify the three-dimensional strain
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style, direction and magnitude of the microfabric (e.g. allows simple shear to be distinguished
from pure shear) and therefore to infer patterns of till deformation. Perhaps more importantly,
the magnetic fabric provides excellent spatial resolution because of its averaging effect of many
magnetic grains rather than the orientation of a single grain.
In addition to the AMS measurements, we conducted high temperature susceptibility

(HTS) and hysteresis experiments. These experiments were performed in order to determine the
magnetic carrier and grain size. HT'S experiments were evaluated on the fine-grained particles
(clay and silt) that were less than 65 um. The unblocking temperature was used to identify the
mineralogy and hysteresis loop parameters helped target the particle size. The magnetic fabric

data were analyzed using the procedure outlined by Mark (1973).

3. Regional setting and geomorphology

3.1 Fldajokull

Flaajokull is an approximately 13 km long, non-surging outlet glacier draining the south-
eastern part of the Vatnajokull ice cap (Bjornsson, 2009; Fig. 1). The glacier flows to the south-
east between Mt. Flafjall and Mt. Heinabergsfjoll, and terminates on a flat sandur called Myrar.
The present glacier snout is split into two lobes by Mt. Jokulfell. The small drumlin field is

associated with the north-eastern lobe (Figs 1c¢ and 2).

The ice front variations of Fldajokull have been recorded from 1894 and with some
continuity from 1930 (Fig. 1b). There is, however, a gap in the records between 1972 and 1991
and again from 2000 to 2009. We added two ice front positions from aerial images taken in 1982
and 1989 to get a more complete record (Fig. 1b). The record shows a rapid retreat between ca.

1930 and 1942, and again after 1998, but a still-stand or even a minor re-advance between 1966
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and 1995. After 1995 the Flaajokull ice margin has retreated rapidly and is now (2013) located

706 m inside the moraine.

According to radio echo soundings from year 2000, the glacier occupies a 60-m deep
depression inside the present ice margin North of Mt. Jokulfell (Fig. 1¢). This depression gets

gradually shallower towards the 1995 end moraine (Palsson and Bjornsson, 2000).

Direct velocity measurements of Fldajokull do not exist. However, a velocity of a few meters to a
few tens of meters per year is presumed based on both measured and modeled velocities at the
adjacent Hoffellsjokull glacier, which rests in a similar topographic and climatic setting just 11

km east of Flaajokull (Adalgeirsdoéttir and others, 2011).

3.2 Geomorphology of the forefield

The landforms at Flaajokull are divided into four groups based on the glacial
environment in which they are formed, i.e. subglacial, ice-marginal, supraglacial and
glaciofluvial. Subglacial sediments and landforms are common in the forefield of Flaajokull.
About half of the forefield is classified as a subglacial till plain (Fig. 2). The till plain is generally
fluted with the most prominent flutes occurring on overridden, drumlinized end moraines, such
as the one located about 1.3 km from the ice front (Figs 2 and 4), (Evans and others, 2015). The
flutes range between 1 and 90 m in length and ~0.5 and 1.5 m in width. More flutes than
indicated on Fig. 2 were observed in the field but were not mapped because of their small size or
low resolution of the LiDAR image and/or aerial photographs. In addition to the flutes, we have
mapped 15 drumlins, which are described in more detail in section 4. Evans and others (2015)
described a number of crevasse fill ridges but most of these ridges are interpreted as recessional

moraines in the present study.
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Ice-marginal landforms are widespread at Flaajokull. Multiple arcuate (dark brown in
Fig. 2) and saw-tooth (red in Fig. 2; Burki and others, 2009) moraine ridges can be found in the
forefield (Figs 2 and 6). The outermost terminal moraine is from the Little Ice Age (LIA)
maximum in 1894 (Hannesdéttir and others, 2014) and the innermost one from the re-advance
that terminated in 1995. This moraine is about 30 m wide and 10-25 m high above the
surroundings, and conspicuous in the proximal part of the forefield, which probably owes to the
fact that the ice margin was stationary around this position for a long time, supplying large

amounts of sediment for moraine build-up (Fig. 5c¢).

There are a number of smaller recessional moraines in the forefield, formed during minor
late winter/early spring re-advances. These moraines are best preserved in the area inside the
1995 end moraine (Figs 2 and 5a). The recessional moraines are continuous for only short
distances with individual segments ranging from a few meters to a few tens of meters in length
and displaying a saw-tooth pattern. They are usually about 1.5 m wide and 0.5-1 m high and

consist most commonly of till.

Supraglacial landforms are rare at Fldajokull. However, surface fractures were observed
within the hummocky moraine on the proximal slope of the 1995 end moraine (Fig. 2),
indicating melting of buried ice. Glaciofluvial sediments (sand and gravel) and landforms
(drainage channels, sandur plains) from various meltwater outlets are conspicuous in the
Flaajokull forefield (Fig. 2). The river Holmsa drains Flaajokull and runs towards south, just east
of Mt. Jokulfell, (Figs 1, 2, and 6), leaving behind a braided sandur. Fluvial plains and drainage
channels are most extensive close to the present day H6lmsa outlet. In the northern part of the
forefield, channels from former outlets close to Flafell are inactive because of the retreat of the

glacier and damming of river outlets.
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4. Drumlin morphology and sedimentology

4.1 Size and morphology

We mapped 15 drumlins at Fldajokull, four of which are only partly exposed and their
exact size is thus not known (Fig. 6). The size of the fully exposed drumlins varies greatly. In the
northern part, four large drumlins occur (numbered 1-4 in Fig. 6), ranging from 430-580 m in
length, 115-130 m in width, and 8-13 m in height above the surrounding water table (Figs 2, 3a,
and 6), and with an elongation ratio of 2.4-4.8. All these drumlins extend towards the 1995 end
moraine but not beyond it. This is most obvious at drumlin 3, which is parabolic in shape at the
downglacier end (Fig. 6). Further south, there are four more drumlins (drumlins 5-8 in Fig. 6),
extending to the 1995 end moraine. These drumlins are 120-210 m in length, 40 to 110 m in

width and 3-8 m high, with an elongation ratio of 1.4-3.

Closer to the ice, three spindle shaped drumlins have completely emerged from the ice
(drumlins 9-11 in Figs 3c and 6). These drumlins are located in a proglacial lake that is dammed
by man-made dikes but also represents the downglacier end of the subglacial overdeepening.
Because these drumlins are partly under water, their full size could not be determined. Even
when this is taken into account it seems clear that they are considerably smaller than the
drumlins further north, all being about 50 m wide and ranging in length from around 160 to 280

m, giving an elongation ratio between 3.2 and 4.7.

Four more drumlins are currently emerging from the ice margin and have not been completely
exposed (drumlins 12-15 in Figs 2 and 6). Their size is therefore not known but three of them
seem to be relatively small while the one furthest south appears to be larger according to Figs 2
and 6. The geometry and elongation ratio of the fully exposed drumlins, number 1-11, is

summarized in Table 1.
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4.2 Stratigraphy and sedimentology

The stratigraphy and sedimentology of the drumlins was investigated in four excavated
sections (A, B, C and D; see Fig. 6). The sections are located in three large drumlins in the
northern part of the forefield and oriented perpendicular to the long axis of the drumlins. Section
A is located in the proximal end of drumlin 1 (Fig. 7a), section B (Fig. 9a) is in the centre of
drumlin 2 (Fig. 9a), and sections C and D are located within drumlin 4, with section C in the

proximal part and section D in the distal part (Figs 9c and 11).

Section A — Section A is located at the proximal end of drumlin 1 (Fig. 6). The section is
4.2 m high and consists of two stratigraphic units (Figs 7 and 9a). The lower unit, A-1, comprises
massive, rounded gravel that is at least 4 m thick with its lower contact being unexposed (Fig. 8).
The upper unit, A-2, is, at the macroscale, a massive, matrix-supported diamict that has silty-
sandy matrix and is unconsolidated (easy to excavate). The unit is rich in sub-rounded to sub-
angular clasts, typically ranging from 2-50 cm in diameter. The unit is about 0.6 m thick but the
thickness varies laterally between 0.3 and 0.8 m. The contact with the underlying gravel is sharp.
The surface is covered with a clast pavement. The AMS microfabric shows significant clustering
of the K, K, and K3 susceptibilities, with a shallow dip of K;. This indicates a till shearing
direction toward the southeast roughly parallel to the drumlins long axis (K; up glacier plunge
of 11°) with an approximately horizontal shear plane (defined by K, susceptibilities). The gravel
is interpreted as proglacial outwash and the surface diamict as subglacial traction till (Table 1,
Fig. 8; Evans and Benn, 2004; Evans and others, 2006, 2015).

Section B— Section B is located in the centre of drumlin 2 (Fig. 6). The section is 3.2 m
high and consists of two till units (Figs 10a and 10). The lower unit, B-1, is a diamict that is at

least 2 m thick but its base is unexposed. At the macroscale, the diamict is massive, matrix-
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supported with sandy-gravelly matrix. It is rich in clasts that are up to 40 cm in diameter and
mainly sub-angular to sub-rounded. Unit B-1 is unconsolidated and easy to excavate. The upper
unit, B-2, is generally about 1 m thick diamict but the thickness varies between 0.4 and 1.2 m
with the lower boundary being gradational. At the macroscale, the diamict is massive, matrix-
supported with silty-sandy matrix and moderately clast rich, with clasts being mainly sub-
rounded to sub-angular and up to about 30 cm in diameter. The diamict is poorly consolidated
and easy to excavate and the surface is covered with a clast pavement. The AMS microfabric
illustrates a girdle distribution of K; and K, susceptibilities with an average K3 plunge of 54°
defining the pole to the shear plane (K;-K; plane). The mean K; susceptibility orientation
plunges 11° upglacier, which is approximately parallel to the shearing direction and drumlin long
axis. The lower unit, B-1, is interpreted as a subglacial traction till (Evans and others, 2006;
Evans and others, 2015). The upper unit, B-2, is expressed in a recessional push moraine at this
site (Kriiger, 1995). However, it has similar characteristics as unit B-1 below and was thus
probably initially deposited as a subglacial traction till that subsequently got pushed by the ice
margin during a recent late winter/early spring re-advance (Kriiger, 1995).

Section C — Section C is located in the proximal end of drumlin 4 (Fig. 6). The section is
2.8 m high and shows two units (Fig. 11). The lower unit, C-1, comprises a massive, coarse
gravel with an exposed thickness of over 2 m. The upper unit, C-2, is a diamict that is at the
macroscale massive, matrix-supported with silty-sandy matrix, rich in 5-40 cm large, sub-angular
to sub-rounded clasts and easy to excavate. The surface is covered with a clast pavement. The
diamict is up to 0.7 m thick and the lower boundary is sharp. Section C, shows an AMS fabric
broadly similar to section B; however, K; axes cluster at 77° and gently plunge at 19° upglacier.

K3 axes cluster at 190° and plunge moderately at 73°, perpendicular to the shear plane. Shearing
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is subparallel to the glacier flow direction toward the southeast. The lower unit was interpreted as
glaciofluvial outwash and the upper unit as subglacial traction till (Evans and Benn, 2004; Evans

and others, 2006, 2015).

Section D — Section D is located in the distal end of the same drumlin as section C, i.e.,
drumlin 4 (Fig. 6). The section is 2.1 m high and consists of two units (Figs 12 and 13). The
lower unit, D-1, is over 1 m thick diamict with its lower boundary unexposed. At the macroscale,
the diamict is massive, matrix-supported with sandy-gravelly matrix and rich in <30 cm large
clasts. The diamict is easy to excavate. The upper unit, D-2, is an easily excavated diamict, at the
macroscale massive, matrix-supported with silty-sandy matrix and moderate content of up to 20
cm large clasts. The diamict is typically about 1 m thick but the thickness is variable, with a
sharp conformable lower contact to D-1. The surface is covered with clast pavement and there is
a sand lens in the top of the unit. This AMS fabric site displays significant clustering of K;, Ko,
and K3 susceptibilities, as also revealed from section A. The mean K, susceptibility axes cluster
at 002° and plunge 1° upglacier. K, susceptibilities cluster at 093° approximately normal to the
K clusters. Ks clusters are oriented at 183° and steeply plunge at 85°. The longitudinal flow
plane (K;-K3 plane) is approximately parallel to the drumlin long axis. Both units, D-1 and D-2,
are interpreted as subglacial traction tills and the sand lens at the top as a small channel fill

(Evans and others, 2006, 2015).

5. Chronology

About 70 m south-west of section A (Fig. 6), compact, greyish to bluish sediment was
observed at the surface of drumlin 1 down to about 10-20 cm depth. We interpret this sediment

to be peat/palaeosol originating in the valley now occupied by the glacier. The sediment has been
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deformed and dislocated by the advancing glacier and finally deposited on top of the drumlin.
The sediment contains birch logs that are 15-60 cm long and 10-20 cm in diameter (Fig. 14).
Two of the birch logs were sampled for Hc dating. The first sample, LuS 10801, gave Hc age of
2165 + 35 BP and calibrated age range with 95,4% probability of 2310-2055 BP. Analysis of the
shape of this specimen and its tree-rings indicates that this tree was 20-30 cm in diameter and
rather fast growing, suggesting relatively warm conditions (Fig. 14a). The second sample, LuS
10802, gave Hc age of 2105 + 35 BP and calibrated age range with 93,1% probability of 2155-
1990 BP. Dendrochronological analysis indicates that the sample is from a 25-40 yr old tree with
dense tree-rings, suggesting colder growing conditions (Fig. 14b). The third sample, ISO00 (Fig.
14c), was not dated but allowed for a more accurate dendrochronological analysis showing 84
tree-rings (Fig. 14d). This tree was growing by 0.5 mm/yr on average during the first 60 years
when an abrupt decrease in growth rate (tree-ring width) to 0.05 mm/yr occurred (Fig. 14d and
e). The dense rings in the outer part of this tree could indicate that it is of a similar age as the
second sample (LuS 10802). The dates and the dendrochronological analyses of the tree logs not
only suggests that the valley was forested and that Fldajokull was considerably smaller or absent
at that time, but also that the glacier started to expand sometime after c. 2100 BP, possibly due to

an abrupt climate deterioration.

6. Discussion
6.1 Drumlin formation

In two sections located at the proximal end of drumlins, sections A and C, glaciofluvial
sediments make up about four fifths of the section height and are overlain by subglacial traction

till on top. Although our dataset lacks definitive indications of erosion in the form of erosional
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unconformities, this could suggest that the drumlins at Fldajokull are formed by a combination of

erosion of pre-existing outwash sediments and deposition and shearing of till.

The glaciofluvial sediment in the drumlin cores suggests that the drumlins were formed
around sticky spots in the substrate where higher resistance to basal sliding, erosion and
deformation caused the deposition of the subglacial traction till (Boulton 1987; Piotrowski and
others, 2004; Stokes and others, 2007). Subsequently, the continuous flow of the glacier in this
area between 1966 and 1995 shaped the till-draped sticky spots into drumlins. This corresponds
to proposed mechanisms of drumlin formation at Breidamerkurjokull (Evans and Twigg, 2002)
and Skeidararjokull (Boulton 1987; Waller and others, 2008), both southern outlets of the
Vatnajokull ice cap, and suggests that the location and distribution of the drumlins is mainly
controlled by the hydrological and sedimentological properties of the substrate, rather than e.g.

being related to crevasses (Alden, 1911; Johnson et al., 2010).

The drumlins at Flaajokull have a relatively low elongation ratio (1.4-4.8) and they all
terminate abruptly at the 1995 moraine; however, there is no indication of erosion and truncation
by meltwater at their distal end in front of the moraine. We suggest that the drumlins were
formed sub-marginally during the 1966-1995 advance that terminated at this position; hence,
they do not extend beyond it. It is worth stressing that this advance was not a surge but rather a
response of the glacier to a continuously positive net mass balance over this period. It can thus
also be concluded that the drumlins at Fldajokull were formed under ‘normal’ ice velocities like
previously reported from e.g. Sléttjokull and S6lheimajokull in Iceland (see Kriiger, 1987, 1994;
Kriiger and Thomsen, 1984; Schomacker and others, 2012) rather than under substantially
enhanced velocities (ice streaming or surging), as has been suggested for highly elongate

Pleistocene drumlins (e.g. Hart, 1999; Stokes and Clark, 1999, 2002; Briner, 2007; Hess and
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Briner, 2009) and for drumlins formed by surge-type glaciers in Iceland (e.g. Boulton, 1987;

Hart, 1995; Waller and others, 2008; Johnson and others, 2010).

6.2 Glaciation history

The dates of the tree logs in the drumlins at Flaajokull of around 2100 years BP indicate
that the valley now occupied by the glacier had been ice-free and that the glacier started to
reform at around that time. This correlates with the glacial history of Eyjabakkajokull, a surge-
type outlet of the north-eastern part of the Vatnajokull ice cap, as reconstructed from sediment
cores from Lake Logurinn that receives meltwater from the glacial river draining
Eyjabakkajokull. The results from Logurinn indicate that Eyjabakkajokull did not exist from
9000-4400 years BP after which the glacier started to reform. The surges of Eyjabakkajokull
started around 2200 years BP and the glacier continued to expand until about 1700 years BP
when it reached a size it maintained until the onset of the Little Ice Age (Striberger and others,
2012). This is somewhat similar to the results of Geirsdéttir and others (2009), who suggest that
the onset of the Neoglaciation in Iceland was sometime after 6000 years BP with increasing
glacial activity between 4500 to 4000 years BP and even more between 3000 and 2500 BP, when
temperatures were the lowest during the Holocene apart from the LIA. This is in line with
chronological data from e.g. S6lheimajokull (a southern outlet of the Myrdalsjokull ice cap) and
Kviarjokull (at southern outlet of the Vatnajokull ice cap) which suggest that these glaciers had
their maximum Late Holocene extent around 1800 and 3000 BP, respectively (Thorarinsson,
1956; Schomacker and others, 2012). The results from Flaajokull, therefore, contribute to a

growing set of evidence from different locations in Iceland that outlet glaciers reformed in the
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late Holocene after having been absent or considerably smaller since the early Holocene, and that

these fluctuations were driven by climate changes.

Conclusions

¢ The forefield of Fldajokull contains fifteen drumlins that have become exposed during ice
marginal retreat since 1995. The drumlins are 100-600 m long, 40-130 m wide and 5-10

m high, with an elongation ratio of (1.4-4.8).

® The drumlins consist of glaciofluvial sediment in their cores and subglacial traction till
on top. We suggest that glaciofluvial deposits acted as sticky spots onto which the
subglacial traction till was deposited due to resistance to basal sliding, erosion and

deformation.

e The fact that the drumlins at Fldajokull occur just proximal to the 1995 end moraine and
not beyond it indicates that they were formed in a sub-marginal setting during a period of
still-stand or minor re-advance from 1966-1995. If the drumlins were older, they would

most likely have extended beyond the 1995 moraine.

¢ The drumlins formed under ‘normal’ low-velocity ice flow conditions during the 1966-

1995 re-advance and cannot be related to any kind of fast-flow events (e.g. a surge).

e New datings of birch logs and the known age of the LIA terminal moraines suggest that
the valley presently occupied by Fldajokull was ice free and carried a birch forest around
2100 cal. yr BP and that the glacier expanded thereafter to reach its maximum Holocene

extent in 1894.

135



Acknowledgements

This study was funded by the University of Iceland Research Fund and the Icelandic
Research Fund (RANNIS) as part of our drumlin studies in Iceland. Anton Hansson at the
Swedish National Laboratory for Wood Anatomy and Dendrochronology, Lund University,
Sweden, is gratefully acknowledged for taking the photographs used in Fig. 14d and e. We thank
Richard Waller for a highly constructive review that significantly improved the manuscript. We

also thank an anonymous reviewer and the scientific editor, Chris Stokes, for useful comments.

136



Table 1

Drumlin no. | Length (m) | Width (m) | Height (m) | Elongation ratio
1 430 115 12 3.7
2 470 130 10 3.6
3 240 100 13 2.4
4 580 120 8 4.8
5 210 110 8 1.9
6 210 90 8 23
7 150 110 8 1.4
8 120 40 3 3
9 160 50 3 32
10 280 60 4 4.7
11 220 50 3 4.4
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Figure 1. (a) Location of Fldajokull (square) at the south-eastern margin of the Vatnajokull ice
cap. (b) Variations of the glacier snout since 1930 (data from the Icelandic Glaciological Society
at spordakost.jorfi.is). Note the still-stand and minor re-advance from 1966-1995. (c) A view of
Flaajokull and its forefield from the south—east in 2007. Photo courtesy of Snavarr
Gudmundsson.
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Figure 2. Geomorphological map of the Flaajokull forefield. The map is based on aerial

photographs recorded in 1989 and LiDAR data from 2010. Map projection and datum: UTM

28N, WGS 84. Scale 1:32,000 on large map and 1:13,000 on insert map.
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Figure 3. (a) A prominent drumlin in the northernmost part of the forefield, with recessional
moraines on top. The 1995 end moraine can be seen in the foreground. Note a person for scale
(arrowed). (b) A view of a sharp-crested drumlin in 2011. Note a person for scale (arrowed). (c)
View from the glacier towards north-east showing partly exposed drumlin (white arrow), and
few other drumlins further away (black arrows) in 2012.
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Figure 4. (a) An overridden end moraine in the central forefield. Ice flow was away from the
viewer. (b) The same overridden end moraine seen from above indicated with white arrows. The
distal part of the moraine has been subject to glaciofluvial erosion. Ice flow was from right to left.
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Figure 5. (a) A recessional moraine forming at the ice front in the spring of 2010. Person for
scale. (b) An old end moraine in the forefield of Flaajokull (arrowed). The width of the moraine
is approximately 30 m. (c) View to the West along the crest of the 1995 end moraine. Note the
sawtooth shape of the moraine. Ice flow was from right to left.
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Figure 6. A LiDAR hillshade model from 2010 showing the ice margin and the drumlins
(numbered 1-15). Sections A, B, C and D are marked with black circles. Fully exposed drumlins
are shown with white outlines, partly exposed drumlins, which were mapped on a 2014 satellite
image, with dashed white outlines. The 1995 end moraine is black with white outlines. Man-
made levees and dikes are marked with black lines. The asterisk marks the location of the birch
logs found in the surface deposits at drumlin 1.
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Section A

Figure 7. (a) A view from the South toward the northernmost drumlin, location of section A is
indicated. (b) The top of section A. The spade is pointed at the lower boundary of the top till. (c)
The northernmost drumlin in the field, view from East. Section A (not visible) is located in the
far end of the drumlin. The drumlin is about 13 m high.
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Figure 8. (a) Sedimentological log from section A. (b-c) Explanations of lithofacies codes and

symbols used in this and other logs in Figs 10, 11, and 13.
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Figure 9. (a) An overview of section B looking away from the glacier. The section is about 8§ m
high. (b) Section B, the spade is pointed at the contact between units B-1 and B-2. (c¢) An
overview of section C.
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Figure 10. Sedimentological log from section B. Explanations of symbols and lithofacies codes
can be seen in Fig. 8.
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Figure 12. (a) Overview of section D. The view is towards the glacier along the long axis of the
drumlin. Person for scale by the section. (b) An overview of section D along the channel in
which it occurs. Person for scale.
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Figure 13. Sedimentological log from section D. Explanations of symbols and lithofacies codes
can be seen in Fig. 8.
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Figure 14. (a) Sample LuS 10801 dated to 2310-2055 cal. yr BP. The sample is the outermost
part of a tree that was 20-30 cm in diameter, as indicated by the curvature of the sample. The
width of the tree rings indicates relatively warm growing conditions and high growth rates. A
pair of tweezers for scale. (b) Sample LuS 10802 dated to 2155-1990 cal. yr BP.
Dendrochronological analysis indicates a live-span of 25-40 years and low growth rates (dense
tree-rings). (¢) Sample IS000. This sample was not dated but analysed for dendrochronology. (d)
And (e) Close-ups showing the tree-rings of sample ISO00 with the growth rates indicated. The
arrow points at the sharp boundary between higher and lower growth rates, which probably
indicates an abrupt change in climate and growing conditions.
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