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Figure 4.2: Conceptual model for the formation of the transverse ridges. Stereoplot orientations of
summary fabrics have been adjusted to agree with the ice flow direction of the figure. Processes at
times 2a and 2b (see uppermost row) may have occurred simultaneously. (a) Prior to transverse-ridge
formation, the fabric signature indicates downglacier simple shear. Idealized orientations of principal
susceptibilities are shown. (b and c) The transverse ridge forms by a combination of upward extrusion
and bulldozing of the ridge. High in the ridge, till extends laterally and vertically, producing weak
girdle fabrics (Fig. 3.6). Low in the ridge, the till is confined above by ice and overlying till, which
inhibits vertical rotation of sediment grains. Continued glacier slipping bulldozes the ridge, causing the
asymmetric cross-section and some fabric evidence of horizontal, downglacier shearing. For (a) and (b),
idealized orientations of principal susceptibilities are shown. For (c), measured summary fabrics are
shown and indicate the sum for processes depicted in parts (b) and (c).

when sheared to strains not sufficiently large to produce steady-state orientations, (2) k;
orientations that plunged shallowly upglacier and k3 orientations that plunged steeply
downglacier were the expected steady-state orientations, and (3) under increasing shear
strain, k3 orientations clustered first and remained in a steady-state orientation while
ki and ks required more strain to rotate into their respective steady-state orientations.
Based on these conclusions, AMS fabrics from Transverse Ridge 1 demonstrate that
downglacier shear strain during or after ridge formation was sufficiently large to produce
steady-state ks orientations but not large enough to produce consistent steady-state k;

orientations. If the glacier had slipped extensively across the ridges, their AMS signa-
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tures would indicate predominately downglacier shearing (e.g. Fig. 3.5¢). Thus, AMS
fabrics indicate that, although the glacier was still slipping during or after the formation
of the transverse ridges (in agreement with results from the parallel ridges) and caused
shear strains in the till sufficiently large to rotate k3 orientations into their steady-state
cluster plunging steeply downglacier, slip displacements were not enough to cause shear
strains sufficient to rotate most k; orientations to their steady state cluster plunging
gently upglacier. Rather, most k; orientations remained parallel to the ridge long axis,
reflecting flow-parallel shortening that occurred during bulldozing of the ridge.

The AMS fabrics, physical characteristics, and field and laboratory observations of
the Mulajokull rectilinear-ridge network support the crevasse-squeeze model. Grain-size
distributions, preconsolidation pressures, and till densities support a subglacial origin of
the sediments, as do observations of little till accumulating on the glacier surface. AMS
fabrics of the transverse ridges directly support the crevasse-fill model-a combination
of upward extrusion and downglacier shear—and fabrics from flow-parallel ridges do not
preclude it. Moreover, the geometry of these ridges and lack of boulders at their head

suggest the ridges are not flutes.

4.3 Conceptual model of ridge-network formation

A surge-type glacier in its surge phase produced this ridge network, so any model for
ridge formation must include glacier surging. The data of this study are most consistent
with the following conceptual model.

Prior to ridge formation the sediments of this area would have uniformly displayed
an AMS fabric pattern indicating downglacier simple shear (Fig. 4.1a,d, Fig. 4.2a), as
evidenced by fabrics from the drumlin surface (Fig. 3.5¢) (see also McCracken, 2015).
These fabrics likely result from simple shear of the subglacial sediment during and after

lodgment of debris from ice onto the bed.
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Glacier surging is most commonly characterized by a one- or two-year increase in ice
velocity of one or two orders of magnitude, which initiates high in a glacier and results
in a bulge on the glacier surface (Kamb et al., 1985). This zone of fast-moving ice, often
called the surge front, causes a strain regime that varies spatially and temporally. As the
surge front interacts with slower moving ice in front of it, the orientation of maximum
shortening is parallel to flow, which tends to open longitudinal crevasses (Rea and Evans,
2011). In contrast, upglacier from the surge front, an extensional strain regime in the
direction of flow is dominant, resulting in transverse crevasses. If these strain regimes
produced crevasses that penetrated the full depth of the glacier, ridges could have formed
by weak, water-saturated sediment squeezing upwards into the crevasses. This tendency
for crevassing was likely accentuated by flow of ice over the convexity of the drumlin—an
effect that clearly is sometimes operative at Mulajokull (Fig. 1.4) (Johnson et al., 2010).

The flow-parallel ridges formed by filling longitudinal crevasses that reached the bed
of the glacier with basal till. The fabrics of Parallel Ridge 1 indicate that after the till
was squeezed upwards into the crevasse (Fig. 4.1b), downglacier shearing was sufficient
to overprint fabric signatures related to upward extrusion with flow-parallel shear fabrics
(Fig. 4.1c). The tendency for Parallel Ridge 1 to be left-laterally offset at each transverse
ridge (Fig. 2.1b) is likely due to the crevasse pattern when the ridges formed. The reverse-
herringbone fabrics of Parallel Ridge 2 indicate that transverse motion directed away from
the ridge crest was associated with the formation of the ridge, and downglacier shearing
was not sufficient to erase the transverse fabric signature. There are two possible sources
of transverse motion: lateral expansion of the till (black arrows in Figure 4.le) that
was accommodated by the opening of the crevasse, and the sides of the crevasse causing
transverse shear of underlying till as the crevasse opened (red arrows in Figure 4.1e).
The stronger tendency for flow-parallel shear fabrics in Parallel Ridge 1 may suggest

that it formed earlier than Parallel Ridge 2 and thus has experienced more shear.
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The transverse ridges also formed by filling of crevasses at the bed with basal till
(Fig 4.2b) but with clear evidence of flow-parallel shortening in the ridge caused by
some combination of extrusion of till due to the prevailing effective stress gradient and
bulldozing by the upglacier wall of the crevasse (Fig. 4.2c). In Transverse Ridge 1 a
component of bulldozing is indicated by the asymmetry of the ridge. High in the ridge
shortening resulted in weak girdled fabrics (Fig. 3.6) like those expected if both ridge-
parallel and vertical extension of till occurred. In contrast, lower in the ridge and nearer
its flanks particles were less free to rotate toward the vertical, owing to the weight of
overlying till and ice, but were free to rotate toward the trend of the ridge, causing
ridge-parallel and nearly horizontal k; orientations (Fig. 4.2c). Shear strain that also
would have accompanied bulldozing, particularly at depth, was apparently of sufficient
magnitude to rotate ks orientations into a cluster indicative of horizontal, flow-parallel
shear but of insufficient magnitude to rotate most k; orientations, so that only a minor
sub-cluster of k; orientations reflects that shear (Fig. 4.2c). These data indicate that
basal slip was still occurring when the ridges formed but that total shear strains in
the bed associated with basal slip were small during ridge formation and insufficient to
overprint the effects of flow-parallel shortening on till extrusion.

This explanation of the Mulajokull rectilinear-ridge network is consistent with the
crevasse-squeeze model that has been described based on observations of ridges in the
forefield of another Icelandic surge-type glacier (Sharp, 1985) and also based on observa-
tions of washboard moraines deposited by a Pleistocene surge-type glacier (Ankerstjerne
et al., 2015; Cline et al., 2015). Although the ridges of this study fit into the crevasse-
squeeze model, the AMS fabric patterns of the transverse ridges of this study are different
in some ways from these earlier fabric studies. For example, the tendency in Transverse
Ridge 1 for k; orientations to be largely horizontal and parallel to the ridge but not also
vertically oriented to form a girdled fabric was not observed by Ankerstjerne et al. (2015);

this difference could reflect differences in the geometry of the ice-ridge interface during
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ridge formation, which would affect the kinematics of till shortening and extension. The
flow-parallel ridges also are consistent with a crevasse-squeeze model, but fabrics alone
do not preclude their formation as flutes. This ambiguity indicates the importance of
ancillary data in making interpretations. At Mulajokull, the lack of boulders at the
heads of flow-parallel ridges and the quite different scale of nearby flutes with boulders

at their heads (Ives, 2016) leave little doubt that the ridges are not flutes.

4.4 Implications

The results of this study illustrate that AMS fabrics provide a more comprehensive in-
dication of strain patterns than do clast fabrics. For example, the evidence of downglacier
shearing (e.g. orientations of k3) in Transverse Ridge 1 could not be indicated by clast
fabrics alone. Although some spatially-related clast fabrics (Fig. 3.3a,b) and AMS fab-
rics (Fig. 3.7g) agree (i.e., orientations of both clast long axes and k; agree), the three
AMS principal susceptibilities more completely describe the strain pattern (Iverson et
al., 2008). The strong tendency for k; orientations from Transverse Ridge 1 to be parallel
to the ridge axis and nearly horizontal (Fig. 3.7a,d) is not seen in the clast fabric mea-
sured in the till of Transverse Ridge 1 (Fig. 3.3c). Clast fabrics are, nevertheless, useful
where collecting intact AMS samples is especially difficult, such as in the cohesionless

sorted-sediment body of Transverse Ridge 1.
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This research also illustrates that a single diagnostic AMS fabric pattern is not able
to characterize crevasse-squeeze ridge formation. AMS fabrics from the transverse ridges
of this study are somewhat different from AMS fabrics reported at a similar washboard
moraine interpreted as a crevasse-squeeze ridge in lowa (Ankerstjerne et al., 2015). AMS
fabrics with &y and k3 orientations forming a girdle indicative of upward extrusion were
more common in the lowan ridge than in the ridges at Mulajokull, and the strong ten-
dency for nearly horizontal, ridge-parallel k; orientations was not observed at the ridge
in Towa. Differences in AMS fabric patterns are not surprising because the kinematics of
extrusion are unlikely to be identical for all crevasse-squeeze ridges.

The strong evidence that the glacier was still slipping at its bed when the ridges
formed contradicts the common thought that transverse crevasse-squeeze ridges form
after a glacier stagnates (Stalker, 1960; Galon, 1973; Clarke et al., 1984; Sharp, 1985;
Bennett et al., 2003). Rather, the continued sliding that bulldozed the transverse ridges
at Mulajokull likely promoted ridge formation. Glacier stagnation occurs after a surge
event, a fact that has been used to correlate the preservation of transverse crevasse-
squeeze ridges with surge-type glaciers (Sharp, 1985; Bennett et al., 2003). However, if
crevasse-squeeze ridge formation does not require stagnation (e.g. Ankerstjerne et al.,
2015), are transverse crevasse-squeeze ridges alone diagnostic of surging?

In the absence of surging, the longitudinal ice extension necessary to form transverse
crevasses is unlikely near glacier margins, so transverse crevasses may indeed be a good
indication of surging, but orthogonal, crevasse-squeeze ridge networks are likely still more
diagnostic of glacier surging than transverse ridges alone. Orthogonal ridge networks
have been reported exclusively at surge-type glaciers (Sharp, 1985; Bennett et al., 1996;
Boulton et al., 1996; Bennett et al., 1999), whereas transverse crevasse-squeeze ridges
have been reported at non-surge-type Icelandic glaciers (Hoppe, 1952; Galon, 1973). The
combination of longitudinal shortening at the head of the surge front to form longitudinal

crevasses and longitudinal extension at its rear, to form transverse crevasses, together
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with crevasse filling due to the high mobility of basal till from the high basal water
pressure associated with surging, may make orthogonal ridge networks unique to surge-
type glaciers. This recognition of orthogonal ridge networks as surge indicators highlights
the importance of establishing that longitudinal sets of ridges formed by the crevasse-

squeeze mechanism, rather than by other possible mechanisms.
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CHAPTER 5. CONCLUSIONS

The physical characteristics of the Mulajokull rectilinear-ridge network indicate that
the ridges formed in agreement with the crevasse-squeeze model (e.g. Sharp, 1985; Anker-
stjerne et al., 2015; Cline et al., 2015). Patterns of preconsolidation pressures and till
densities, grain-size distributions, and past crevasse swarms over the location of the ridges
support their subglacial origin. AMS fabrics indicate a combination of upward extrusion
and downglacier shearing of till into the mouths of crevasses that extended to the bed.

The till of the ridges was sourced from the bed rather than the glacier surface. Till
clasts have been highly rounded by subglacial transportation (e.g. Boulton, 1978). Sur-
ficial debris is the only other likely source of ridge till, but the surface of Mulajokull
is currently, and was in the past, mostly free of till (Fig. 1.4). Vigorous groundwater
flow (caused by subglacial pore-water pressure gradients) produced a dike-like sand and
gravel body in one of the ridges by winnowing the fine sediment fraction from the till
(Fig. 3.1) and helping it to locally flow upward. The till of the ridges and drumlin has
been loaded by the weight of the glacier as indicated by past maximum effective stresses
(i.e., preconsolidation pressures) that exceed overburden pressures by 33-83 kPa in the
ridges and by an average of 142 kPa on the drumlin surface. Patterns of till density sup-
port the preconsolidation-pressure results: areas with higher till densities have higher
preconsolidation pressures (Fig. 3.2).

AMS fabrics support the crevasse-squeeze model for the ridge network. The transverse
ridges formed by a combination of upward extrusion and downglacier bulldozing by the

still slipping glacier (Fig. 4.2), as evidenced by, respectively, girdled pure-shear fabrics
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high in the ridge (Fig. 3.6) and k; orientations largely perpendicular to flow (Fig. 3.7a).
Orientations of k3 (Fig. 3.7c) and a subset of k; orientations that form an upglacier-
plunging elongate cluster both indicate simple shear but to low strains, demonstrating
that the glacier was slipping during or after ridge formation (e.g. Hooyer et al., 2008,;
Iverson et al., 2008). Evidence of downglacier simple shear was more pronounced in the
parallel ridges. Fabrics from Parallel Ridge 1 (Fig. 3.7g-i) indicate downglacier shearing
to high enough strains that fabric evidence of upward and lateral extrusion has been
fully overprinted (Fig. 4.1a-c). Reverse-herringbone fabrics from Parallel Ridge 2 (Fig.
3.5d) were formed by the cumulative strain of downglacier shear and localized transverse
motion associated with crevasse opening (Fig. 4.1d-f).

The crevasses responsible for the ridges formed in response to the temporally- and
spatially-variable strain regime produced by glacier surging. Weak, water-saturated sub-
glacial till was squeezed upwards into crevasses partly due to effective pressure gradients
between the crevasse and the surrounding area, as indicated by patterns of till preconsol-
idation pressure and density. In contrast to the idea that a glacier must stagnate before
the formation of ridges in order to preserve them (Stalker, 1960; Galon, 1973; Clarke et
al., 1984; Sharp, 1985; Bennett et al., 2003), AMS fabrics clearly point to slipping during
and after ridge formation.

This research has important implications for how crevasse-squeeze ridges and other
subglacial bedforms are studied and used to infer bed-deformation kinematics and glacier

surging:

e Strain patterns in till produced by ridge formation vary from ridge to ridge. Thus,
no single AMS fabric pattern characterizes the formation of all crevasse-squeeze

ridges.
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e AMS fabrics more comprehensively describe strain patterns than do more com-
monly measured clast fabrics, so future studies that attempt to infer subglacial

processes from landforms would benefit from the measurement of AMS fabrics.

e Glacier stagnation is not a requirement of the crevasse-squeeze model, in agreement
with a recent study of a late-Wisconsinan washboard moraine (Ankerstjerne et al.,

2015).

e Rectilinear, crevasse-squeeze ridge networks are more diagnostic of glacier surging

than transverse ridges alone.
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APPENDIX. PRECONSOLIDATION PLOTS

Results of six successful consolidation tests, from which preconsolidation pressures
were determined. Data are plotted according to the engineering standard (ASTM, 2011).
The preconsolidation pressure (07,), calculated using the method of Casagrande (1936),

is reported on each plot.
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