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ABSTRACT

Flutes are flow-parallel till ridges that form subglacially and are conspicuous geomorphic
indicators of slip at glacier beds. Flutes commonly have a boulder at their head, lodged in the
former till bed of the glacier. In the leading model of flute genesis, weak till of the bed flows into a
water-filled cavity where ice separates from the lee surface of the boulder. This cavity is displaced
downstream as it progressively fills with till and the flute lengthens. To test this hypothesis, we
studied in detail a parallel-sided flute, 250 m long, and a tapered flute, 5 m long, at the surge-
type glacier, Milajokull, in Iceland. More than 900 measurements of till magnetic susceptibility
anisotropy, calibrated experimentally, show that spatially averaged till flow converged toward
flute long axes, consistent with the cavity-fill hypothesis, and that till shear strains were small
(<7.6). Till density patterns indicate that decreasing water pressure in cavities, decreasing slip
velocity, and associated increases in ice pressure on the distal ends of the flutes consolidated
and strengthened till—an effect far more prominent in the long flute. This till strengthening
resolves the fundamental mechanical problem that undermines the cavity-fill hypothesis: how
a leeward cavity can be sustained well beyond the pressure shadow in ice created by a boulder.
Also resolved is how convergent fabrics in flutes are preserved, despite significant slip of ice
across them. These results provide the first evidence that flute elongation beneath wet-based

glaciers may require fluctuating water pressure and slip velocity.

INTRODUCTION

Slip at the beds of glaciers intensifies their
dynamic response to climate change, sometimes
with global environmental feedbacks (e.g., Ritz
et al., 2015). Although this slip is difficult to
observe directly, streamlined bedforms that can
result from it encode slip processes and subgla-
cial conditions. Developing mechanically viable
models of bedform genesis, therefore, is of wide-
spread interest (Stokes, 2018).

In the forelands of many glaciers are flutes:
low-relief, flow-parallel ridges that usually consist
of basal till. They are typically decimeters to a few
meters in width and height and several meters to
>1 km in length. On their up-glacier ends, they
commonly have a boulder, lodged in the till bed
during glacier slip, that motivates the leading con-
ceptual model of flute formation by temperate gla-
ciers (Boulton, 1976; Benn, 1994a; Hubbard and
Reid, 2006; Roberson et al., 2011; Eyles et al.,
2015; Ely et al., 2017; Hart et al., 2018). In this

*Current address: Department of Geosciences,
University of Wisconsin—-Milwaukee, Milwaukee,
Wisconsin 53201-0413, USA.

model, weak till of the bed flows laterally and
upward into a cavity in ice in the lee of the boulder,
where low ice pressure allows the cavity to form.
As till fills the cavity, the cavity is propagated
downstream so that the flute extends. Convergent
clast fabrics of some flutes support this idea (see
Benn and Evans [2010] for a summary).

Although flutes are associated with glaciers
with vastly different slip velocities and thermal
regimes, some hypotheses link flute length and
shape to basal conditions. Benn and Evans (1996,
2010) suggested that “parallel-sided” flutes,
commonly hundreds of meters long, reflect low-
viscosity till that flows into cavities faster than
ice creep closes them; shorter flutes with widths
and heights that decrease downstream (“tapered”
flutes) were attributed to till of higher viscosity
that squeezes less easily into cavities. Evans and
Rea (2003) noted that flutes of surge-type glaciers
in Iceland tend to be substantially longer than
those of non—surge-type glaciers and suggested
that periods of fast flow under steady conditions
elongated flutes. Ely et al. (2017) showed that
widths and heights of flutes are related to their
boulder size but flute length is not.

We collected data from flutes of the warm-
based, surge-type glacier, Mulajokull, in Ice-
land (Fig. 1), with the goal of resolving a fun-
damental mechanical problem that undermines
the cavity-fill model: how does till sufficiently
weak to squeeze into a cavity also hold the cavity
open on the flute’s downstream end, outside the
pressure shadow of the boulder? We applied two
techniques that have not been applied to flutes
previously: we measured patterns of till density
(to assess past stresses on till) and of till fabrics
based on till anisotropy of magnetic susceptibility
(AMYS)), calibrated to results of ring-shear experi-
ments, to assess till-deformation patterns. These
measurements point to a new hypothesis for flute
growth by cavity filling, redefine the glaciological
conditions for flute growth, and resolve how till
fabrics that reflect lateral till flow into cavities are
preserved, despite significant slip of ice across
flute surfaces. Our interpretations rest, in part,
on demonstrations (Iverson et al., 1998; Tulaczyk
et al., 2000) that tills do not behave as viscous
fluids but rather as Coulomb, compressible mate-
rials, with shear strengths dependent on effective
stress and bulk density.

FIELD AREA AND METHODOLOGY

Miuilajokull is a piedmont glacier of the
Hofsjokull ice cap (Fig. 1) that has surged eight
times since A.D. 1924, with intervening quies-
cent periods of 5-30 yr (Bjornsson et al., 2003).
Stacked basal tills deposited during surges com-
pose the drumlinized glacier foreland (Fig. 1)
(Johnson et al., 2010; Benediktsson et al., 2016;
McCracken et al., 2016).

Two flutes—located up-glacier from the
limit of the last surge in 2008 and with stream-
lined boulders (~1 m in diameter) at their heads
(Fig. 1)—were studied in detail (see the GSA
Data Repository'). One flute is ~250 m long
and parallel-sided, with a height of 0.7 m and
width of ~1.4 m (Fig. 1). The other flute is of
approximately the same height and width near
its head, but tapers down-glacier and is 5 m long

IGSA Data Repository item 2019131, field area and sampling methodology, clast-fabric methodology, AMS methodology and fabric data, and ring-shear data, is

available online at http://www.geosociety.org/datarepository/2019/, or on request from editing @ geosociety.org.
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(Fig. 1). Horizontal platforms (<1 m?) at various
locations and depths in the flutes (Fig. DR1 in
the Data Repository) were excavated, and 25 or
more intact till samples were collected in each
platform by pressing plastic boxes into the till
(~18 mm cubes, volume of 6 cm?) and excavating
them (Fig. DR2).

The AMS of the Mulajokull till is controlled
by silt-sized, pseudo—single-domain and multi-
domain particles of titanomagnetite and titano-
maghemite (Ives, 2016). Importantly, these min-
erals have shape anisotropy, so orientations of
principal magnetic susceptibility reflect the pre-
ferred orientations of grains (Tarling and Hrouda,
1993). The measurement of each AMS sample
provided three principal magnetic susceptibil-
ity orientations. The distribution of these orien-
tations for multiple samples allowed fabrics to
be computed. Following Woodcock (1977) and
Benn (1994b), these distributions were defined
as isotropic, girdled, or clustered. To help assess
the generality of the AMS results, they were com-
pared to clast fabrics (83 fabrics, 2594 clasts)
compiled from studies of five other glacier fore-
lands (see the Data Repository; Rose, 1989; Gor-
donetal., 1992; Benn, 1994a; Evans et al., 2010;
Eyles et al., 2015). Insufficiently complete data
presentation precluded using other flute studies.

To calibrate AMS fabrics to strain orien-
tation and magnitude, the Milajokull till was
sheared in laboratory experiments (see the Data
Repository) and then sampled following the field
methodology. Results reinforce those of experi-
ments on other tills (Hooyer et al., 2008) and
indicate that orientations of the three principal
susceptibilities become strongly clustered and
steady at shear strains between 3.0 and 7.6. Ori-
entations of maximum (k) and minimum (k)
susceptibility cluster in the longitudinal flow
plane with azimuths parallel to shear, with k,
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Figure 1. Mulajokull (Ice-
land) and its foreland in
A.D. 2008 (from Jonsson
et al., 2014).The two flutes
of this study (purple trian-
gles) are located inside
the 2008 margin of the
glacier. Northing and east-
ing UTM coordinates are
shown. Also shown are
oblique photographs of
the studied parallel-sided
and the tapered flutes,
looking down-glacier and
up-glacier, respectively.
Boulder widths are ~1.5 m.

Outwash plain

Tundra

Till plain

Extra-marginal sediment
Lakes and rivers

Little Ice Age end moraine

clusters plunging up-flow 21°-29° and k; clus-
ters plunging 62°-69° down-flow. Systematic
and strong clustering of principal susceptibility
orientations with strain also demonstrates that
till disturbance during sampling does not sig-
nificantly disrupt the preferred orientations of
grains—a conclusion supported by AMS-based
fabrics from previous field studies of the Muila-
jokull till (McCracken et al., 2016).

Dry bulk densities of AMS samples from
flutes were measured to detect spatial differences
in consolidation. The large number of these sam-
ples (912 in the two flutes) yielded systematic
density patterns. Grain-size distributions of till
within and outside flutes were also measured.

Additional methodological details can be
found in the Data Repository, and in Ives (2016).

RESULTS

Dividing the two flutes into three longitudinal
sectors—left, middle, and right—and considering
all the samples within a sector as a single fabric
indicates that only k; orientations cluster, and that
AMS fabrics tend to converge toward flute center-
lines (Fig. 2A). This convergence is shown by the
orientations of k; clusters (recalling that k; clus-
ters have azimuths parallel to shear) and in two
of the zones by k, orientations that are distributed
along great circles (girdles) and symmetrically
disposed about orientations of k; clusters. The
clast fabrics from other glacier forelands, if com-
puted over these same longitudinal zones, also
indicate convergent fabrics (Fig. 2A). Despite
this tendency, local AMS fabrics measured and
computed over areas of <1 m? (a single platform)
(Figs. DR3 and DR4) display nearly 180° of vari-
ability in shearing azimuth, as indicated by k, and
k; orientations, with some major fabric modes
indicating divergent flow (Fig. 2B), especially in
the immediate lees of the boulders (Fig. DR4).

Clast fabrics measured locally in flutes from other
forelands also display divergent modes (Fig. 2B).

The average density of till is higher in the
long, parallel-sided flute (1624 + 150 kg m™)
than in the tapered flute (1519 + 140 kg m=) and
varies systematically (Figs. 3A-3D). In both
cases, a local density minimum exists within
~1.3 m downstream of the boulder at the flute
head. Upstream from the boulders, till density
is higher than in flutes. Across the widths of the
flutes, till density tends to increase toward their
centers, particularly in the parallel-sided flute.
Till grain-size distribution varied little and unsys-
tematically within flutes and between flutes and
adjacent till (Ives, 2016).

DISCUSSION

Despite local fabrics that are variable in the
flutes of this study and of other glacier fore-
lands (Fig. 2B), fabrics overall indicate that flow
was convergent (Fig. 2A), consistent with till
squeezed into the lee of an obstruction. This local
flow would not require high till shear strains. In
agreement with this inference, in both flutes only
k; orientations are clustered, suggesting, on the
basis of the ring-shear experiments (Fig. DRY),
shear strains too low to cluster &, (<3.0) and &,
orientations (<7.6).

Preservation of convergent fabrics and low
strain indicate that after till deposition, down-gla-
cier slip of ice across flutes did not shear them
significantly (see also Evans and Rea, 2003). For
example, a modest slip velocity of 200 m yr~!
(e.g., Bjornsson et al., 2003) during a 6 month
surge would shear a 1-m-thick till layer to a strain
of 100 if ice moved by bed deformation. Strains
of <10 would have reset the AMS fabric paral-
lel to the flute and would also have clustered the
three principal susceptibilities (Fig. DRS).

Why did ice not shear the till and reset its
fabric if the till were weak enough to be squeezed
into a cavity? More fundamentally, how was this
weak till able to support a cavity in the lee of a
growing flute, well down-glacier from the pres-
sure shadow of the boulder (Gordon et al., 1992;
Schoof and Clarke, 2008), when to sustain a lee-
ward cavity the bed immediately upstream must
support high ice pressure (Rothlisberger and Iken,
1981; Iverson, 1991)?

Till densities help answer these questions. The
tendency for till density to be high up-glacier from
boulders at the heads of flutes and low immedi-
ately down-glacier (Figs. 3A and 3B) is expected
from the pressure distribution in ice as it flows
past bed obstacles (e.g., Weertman, 1957). More
surprising are density variations across the widths
of the flutes (Figs. 3C and 3D). Till density might
have been expected to be smallest at the flute cen-
ter where the leeward ice-pressure deficit associ-
ated with slip was most severe. Instead, density
tends to increase toward flute centers, especially
in the long, parallel-sided flute (Fig. 3C). This
density distribution must have arisen when basal
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Figure 2. Generalized principal A
magnetic susceptibility orienta-
tions of till from flutes studied
at Mualajokull (Iceland) and
clast fabrics of flutes from five
other glaciers (Austre Okstind-
breen, Norway [Rose, 1989];
Lyngsdalen, Norway [Gordon
et al., 1992]; Slettmarkbreen,
Norway [Benn, 1994b]; Sand-
fellsjékull, Iceland [Evans
et al., 2010]; and Saskatchewan

Mulajokull

Other Flutes
A

Glacier, Canada [Eyles et al., N=9 Right
2015]) generalized in same way Mula-

(see text). A: Results, shown in jokull

lower-hemisphere, equal-area 50 0 50 50 0 50
stereoplots, based on group- N=19 Left N=21 Center N =26 Right
ing of individual anisotropy of | other /—\

magnetic susceptibility (AMS) | Flutes ! "
samples and clasts in left-hand 55 . 2 5o 5 2 % < )

(L), central (C), and right-hand
(R) longitudinal zones of flutes. Arrows indicate inferred shearing azimuths (question mark
indicates azimuth based on clustering of only minimum susceptibility, k;). For Mulajékull flutes,
lines indicate best fits to girdled maximum susceptibility, k;, axes, and rings indicate 95% con-
fidence limits for V, (mean-axis eigenvector) orientations of clustered k; axes. If orientations of
k, or k; axes are isotropic, they are not plotted. Plot is based on 713 AMS measurements. For
flutes elsewhere, lines indicate best fits to clast long-axis orientations that were girdled, and
rings (black) indicate 95% confidence limits for orientations of clustered clast long axes. Plot
is based on 2594 clasts. B: Rose diagrams indicating shearing orientations computed from
AMS and clast fabrics measured locally in three longitudinal zones. Each fabric was based on
at least 25 sample or clast orientations. Perimeter of diagrams is 50%. N is number of fabrics,
excluding those that were isotropic. See the Data Repository (see footnote 1) for criteria used
to define isotropic, girdled, and clustered orientation distributions.

water pressure and slip velocity decreased, and
the leeward cavity shrunk to confine the till. As
cavity water pressure decreased, glacier weight
would have shifted from the water in the cavity to
the weak till of the flute—as when ice increases

bedrock (Rothlisberger and Iken, 1981; Iverson,
1991; Anderson, 2014). The resulting ice pressure
would have been highest at the flute center, maxi-
mizing consolidation there. However, in cases
without sufficient confinement by ice, such as in

the immediate lee of a boulder where cavities in
the ice would have been largest, this enhanced ice

stresses on rock near cavities during falling cav-
ity water pressure and associated quarrying of
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Figure 3. Dry bulk density of till at various positions along lengths of parallel-sided (A) and tapered
(B) flutes and across widths of the parallel-sided (C) and tapered (D) flutes at Mulajokull, Iceland.
Purple zones within inset drawings show sampling regions. Error bars indicate 95% confidence
limits for means of samples (connected by black line) grouped over longitudinal increments
sufficient to include 10 or more samples. These limits indicate that across the widths of flutes,
particularly the parallel-sided one, variations in mean till density are significant. Gray bands in A
and B are boulder locations. See the Data Repository (see footnote 1) for more specific sample
locations and depths.
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pressure at the flute center would have squeezed
till outward causing divergent fabrics (Fig. DR4)
and reducing till consolidation (Figs. 3A and 3B).

HYPOTHESIS FOR FLUTE GROWTH
These observations provide a new, mechani-
cally viable hypothesis for flute growth by cavity
filling (Fig. 4). Both surge-type and non—surge-
type glaciers undergo fluctuations in basal water
pressure and speed, daily and seasonally (Cuffey
and Paterson, 2010). Till is squeezed into cavities
when subglacial water pressure and slip veloc-
ity are high, effective stress is low, and till is
weak, creating convergent till fabrics (Fig. 4A).
Subsequently, when cavity water pressure and
slip velocity decrease, the newly accreted till at
the flute’s end is consolidated by the associated
increase in ice pressure (Fig. 4B). This consoli-
dation increases till shear strength by increasing
friction angle and is largely irreversible when
effective stress later decreases (Lambe and Whit-
man, 1979). The strengthened till provides a suf-
ficiently rigid substrate to support a cavity during
the next period of high water pressure and slip
velocity and so allows the flute to grow down-
stream (Fig. 4C). Moreover, strengthening of the
till preserves its convergent fabric and inhibits its
erosion as ice slips over the flute. Sufficient till
consolidation would allow cavity position and till
deposition to propagate down-glacier to form a
long, parallel-sided flute. Alternatively, if con-
solidation after a water-pressure decrease were
insufficient, the cavity would remain confined
to the lee side of either the boulder or the last
consolidated increment of till added to the flute,
causing it to taper and end its growth. The lower
mean density and transverse density gradient
(Fig. 3D) of the tapered flute support this idea.

IMPLICATIONS

Although the unsteady basal water pressure
and slip velocity that typify many glaciers are
well established, this study provides the first evi-
dence that these unsteady conditions are required
for flutes to extend beyond the pressure shadow
of their boulders. Water-pressure decreases are
required to compact and strengthen the distal till
of the flute to allow subsequent cavity growth
when the glacier speed again increases. This pro-
cess allows the flute tip itself to become the obsta-
cle from which the next cavity launches, allowing
parallel-sided flutes to extend. Such flutes may
indeed be more likely to form beneath glaciers
that sometimes slip rapidly (e.g., Benn and Evans,
2010) because high basal water pressure and fast
slip would be associated with weak mobile till
and long cavities. However, these results do
not preclude flutes of all lengths from forming
beneath slow-moving glaciers (e.g., Eyles et al.,
2015; Hart et al., 2018) if they change their
speeds diurnally or seasonally, or during a surge
as water pressure and ice speed fluctuate (Kamb
et al., 1985). Also, flute-forming processes tied
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A high water pressure, cavity extension, fast ice motion

M’ weak till flows into water-filled

w cavity, developing fabric

boulder

till

B low water pressure, cavity collapse, slow ice motion

_» till densifies and strengthens
as ice pressure increases

C high water pressure, cavity propagation, fast ice motion

B —— weak till flows into new cavity,

i extending flute

Figure 4. Hypothesis for glacial flute growth.
A:Weak till flows into the cavity down-glacier
from a boulder when basal water pressure and
sliding speed are high. B: When water pres-
sure and sliding speed decrease, the cavity
shrinks, ice pressure on the till increases,
and the till consolidates and strengthens.
C: When water pressure and sliding speed
again increase, the consolidated, strength-
ened till allows the separation point of ice at
the head of the cavity to move downstream.

to non-standard ice rheology (Schoof and Clarke,
2008) or polythermal glaciers (e.g., Baranowski,
1970; Roberson et al., 2011) are not precluded.
These results highlight how steady-state mod-
els of bedform streamlining may fail to describe
essential physics.

ACKNOWLEDGMENTS

We thank T.S. Hooyer for initiating this project. We are
grateful to G. Gadd, J. Esler, R.G. McCracken, L.K.
Zoet, and the undergraduate students of the Miilajokull
field team for their field assistance. For logistical sup-
port, we thank 1.0. Benediktsson, A. Schomacker, and
M.D. Johnson. We thank R.S. Anderson and three
anonymous reviewers for their helpful comments on
the manuscript.

REFERENCES CITED

Anderson, R.S., 2014, Evolution of lumpy glacial land-
scapes: Geology, v. 42, p. 679682, https://doi.org
/10.1130/G35537.1.

Baranowski, S., 1970, The origin of fluted moraine at
the fronts of contemporary glaciers: Geografiska
Annaler, v. 52, p. 68-75, https://doi.org/10.1080
/04353676.1970.11879809.

Benediktsson, f.C., Jonsson, S.A., Schomacker, A., John-
son, M.D., Ingélfsson, 0., Zoet, L., Iverson, N.R.,
and Stotter, J., 2016, Progressive formation of mod-
ern drumlins at Muilajokull, Iceland: Stratigraphical
and morphological evidence: Boreas, v. 45, p. 567—
583, https://doi.org/10.1111/bor.12195.

Benn, D.I., 1994a, Fluted moraine formation and till
genesis below a temperate valley glacier: Slett-
markbreen, Jotunheimen, southern Norway: Sedi-
mentology, v. 41, p. 279-292, https://doi.org/10
.1111/5.1365-3091.1994.tb01406.x.

390

Benn, D.I., 1994b, Fabric shape and the interpretation of
sedimentary fabric data: Journal of Sedimentary Re-
search, v. 64A, p. 910-915, https://doi.org/10.1306
/D4267F05-2B26-11D7-8648000102C1865D.

Benn, D.I., and Evans, D.J.A., 1996, The interpretation
and classification of subglacially-deformed materi-
als: Quaternary Science Reviews, v. 15, p. 23-52,
https://doi.org/10.1016/0277-3791(95)00082-8.

Benn, D.I., and Evans, D.J.A., 2010, Glaciers and Gla-
ciation: New York, Routledge, 802 p.

Bjornsson, H., Palsson, F., Sigurdsson, O., and Flowers,
G.E., 2003, Surges of glaciers in Iceland: Annals
of Glaciology, v. 36, p. 82-90, https://doi.org/10
.3189/172756403781816365.

Boulton, G.S., 1976, The origin of glacially fluted sur-
faces—Observations and theory: Journal of Gla-
ciology, v. 17, p. 287-309, https://doi.org/10.1017
/S0022143000013605.

Cuffey, K.M., and Paterson, W.S.B., 2010, The Physics
of Glaciers (fourth edition): Oxford, Butterworth-
Heinemann, 693 p.

Ely, J.C., Graham, C., Barr, I.D., Rea, B.R., Spagnolo,
M., and Evans, J., 2017, Using UAV acquired pho-
tography and structure from motion techniques
for studying glacier landforms: Application to the
glacial flutes at Isfallsglacidren: Earth Surface Pro-
cesses and Landforms, v. 42, p. 877-888, https://
doi.org/10.1002/esp.4044.

Evans, D.J.A., and Rea, B.R., 2003, Surging glacier
landsystem, in Evans, D.J.A., ed., Glacial Land-
systems: London, Arnold, p. 259-288.

Evans, D.J.A., Nelson, C.D., and Webb, C., 2010, An
assessment of fluting and “till esker” formation
on the foreland of Sandfellsjokull, Iceland: Geo-
morphology, v. 114, p. 453—465, https://doi.org/10
.1016/j.geomorph.2009.08.016.

Eyles, N., Boyce, J.I., and Putkinen, N., 2015, Neogla-
cial (<3000 years) till and flutes at Saskatchewan
Glacier, Canadian Rocky Mountains, formed by
subglacial deformation of a soft bed: Sedimen-
tology, v. 62, p. 182-203, https://doi.org/10.1111
/sed.12145.

Gordon, J.E., Whalley, W.B., Gellatly, A.F., and Vere,
D.M., 1992, The formation of glacial flutes: As-
sessment of models with evidence from Lyngs-
dalen, North Norway: Quaternary Science Re-
views, v. 11, p. 709731, https://doi.org/10.1016
/0277-3791(92)90079-N.

Hart, J.K., Clayton, A.I., Martinez, K., and Robson,
B.A., 2018, Erosional and depositional subglacial
streamlining processes at Skalafellsjokull, Ice-
land: An analogue for a new bedform continuum
model: Journal of the Geological Society of Swe-
den, v. 140, p. 153-169, https://doi.org/10.1080
/11035897.2018.1477830.

Hooyer, T.S., Iverson, N.R., Lagroix, F., and Thoma-
son, J.F., 2008, Magnetic fabric of sheared till: A
strain indicator for evaluating the bed deforma-
tion model of glacier flow: Journal of Geophysical
Research, v. 113, F02002, https://doi.org/10.1029
/2007JF000757.

Hubbard, T.D., and Reid, J.R., 2006, Analysis of flute
forming conditions using ice sheet reconstruc-
tions and field techniques: Geomorphology, v. 74,
p- 137-151, https://doi.org/10.1016/j.geomorph
.2005.07.013.

Iverson, N.R., 1991, Potential effects of subglacial
water-pressure fluctuations on quarrying: Journal
of Glaciology, v. 37, p. 27-36, https://doi.org/10
.1017/S0022143000042763.

Iverson, N.R., Hooyer, T.S., and Baker, R.W., 1998,
Ring-shear studies of till deformation: Coulomb-
plastic behavior and distributed strain in glacier
beds: Journal of Glaciology, v. 44, p. 634—-642,
https://doi.org/10.1017/S0022143000002136.

Ives, L.R.W., 2016, Magnetic minerology and fab-
rics of small-scale glacial flutes, Mulajokull and

Breidamerkurjokull, Iceland [M.S. thesis]: Ames,
Towa State University, 214 p.

Johnson, M.D., Schomacker, A., Benediktsson, 1.0,
Geiger, A.J., Ferguson, A., and Ing6lfsson, ().,
2010, Active drumlin field revealed at the margin
of Mulajokull, Iceland: A surge-type glacier: Ge-
ology, v. 38, p. 943-946, https://doi.org/10.1130
/G31371.1.

Jonsson, S.A., Schomacker, A., Benediktsson, f.O., In-
golfsson, ()., and Johnson, M.D., 2014, The drum-
lin field and geomorphology of the Muilajokull
surge-type glacier, central Iceland: Geomorphol-
ogy, v. 207, p. 213-220, https://doi.org/10.1016/j
.geomorph.2013.11.007.

Kamb, B., Raymond, C.F., Harrison, W.D., Engelhardt,
H, Echelmeyer, K.A., Humphrey, N., Brugman,
M.M., and Pfeffer, T., 1985, Glacier surge mech-
anism: 1982-1983 surge of Variegated Glacier,
Alaska: Science, v. 227, p. 469-479, https://doi
.org/10.1126/science.227.4686.469.

Lambe, T.W., and Whitman, R.V., 1979, Soil Mechan-
ics: New York, Wiley, 553 p.

McCracken, R.G., Iverson, N.R., Benediktsson, f.O.,
Schomacker, A., Zoet, L.K., Johnson, M.D.,
Hooyer, T.S., and Ing6lfsson, 0., 2016, Origin of
the active drumlin field at Mulajokull, Iceland: New
insights from till shear and consolidation patterns:
Quaternary Science Reviews, v. 148, p. 243-260,
https://doi.org/10.1016/j.quascirev.2016.07.008.

Ritz, C., Edwards, T.L., Durand, G., Payne, A.J.,
Peyaud, V., and Hindmarsh, R.C., 2015, Potential
sea-level rise from Antarctic ice-sheet instabil-
ity constrained by observations: Nature, v. 528,
p. 115-118, https://doi.org/10.1038/nature16147.

Roberson, S., Hubbard, B., Coulson, H.R., and Boomer,
1.,2011, Physical properties and formation of flutes
at a polythermal valley glacier: Midre Lovénbreen,
Svalbard: Geografiska Annale: Series A, Physical
Geography, v. 93, p. 71-88, https://doi.org/10.1111
/3.1468-0459.2011.00420.x.

Rose, J., 1989, Glacier stress patterns and sediment
transfer associated with the formation of super-
imposed flutes: Sedimentary Geology, v. 62,
p. 151-176, https://doi.org/10.1016/0037-0738
(89)90113-9.

Rothlisberger, H., and Iken, L., 1981, Plucking as an
effect of water-pressure variations at the glacier
bed: Annals of Glaciology, v. 2, p. 57-62, https://
doi.org/10.3189/172756481794352144.

Schoof, C.G., and Clarke, G.K.C., 2008, A model
for spiral flows in basal ice and the formation of
subglacial flutes based on a Reiner-Rivlin rheol-
ogy for glacial ice: Journal of Geophysical Re-
search, v. 113, B05204, https://doi.org/10.1029
/2007JB004957.

Stokes, C.R., 2018, Geomorphology under ice streams:
Moving from form to process: Earth Surface Pro-
cesses and Landforms, v. 43, p. 85-123, https://
doi.org/10.1002/esp.4259.

Tarling, D.F.,, and Hrouda, F., 1993, The Magnetic Ani-
sotropy of Rocks: London, Chapman and Hall,
217 p.

Tulaczyk, S., Kamb, W.B., and Engelhardt, H.F., 2000,
Basal mechanics of ice stream B, West Antarc-
tica: 1. Till mechanics: Journal of Geophysical
Research, v. 105, p. 463-481, https://doi.org/10
.1029/1999JB900329.

Weertman, J., 1957, On the sliding of glaciers: Journal
of Glaciology, v. 3, p. 3338, https://doi.org/10
.1017/S0022143000024709.

Woodcock, N.H., 1977, Specification of fabric shapes
using an eigenvalue method: Geological Society
of America Bulletin, v. 88, p. 1231, https://doi.org
/10.1130/0016-7606(1977)88<1231:SOFSUA>2
.0.CO;2.

Printed in USA

www.gsapubs.org | Volume 47 | Number 5 | GEOLOGY | Geological Society of America

Downloaded from https://pubs.geoscienceworld.org/gsa/geology/article-pdf/47/5/387/4680656/387 .pdf
bv Stephen Matthew Crabtree


http://www.gsapubs.org
http://www.geosociety.org
https://doi.org/10.1130/G35537.1
https://doi.org/10.1130/G35537.1
https://doi.org/10.1080/04353676.1970.11879809
https://doi.org/10.1080/04353676.1970.11879809
https://doi.org/10.1111/bor.12195
https://doi.org/10.1111/j.1365-3091.1994.tb01406.x
https://doi.org/10.1111/j.1365-3091.1994.tb01406.x
https://doi.org/10.1306/D4267F05-2B26-11D7-8648000102C1865D
https://doi.org/10.1306/D4267F05-2B26-11D7-8648000102C1865D
https://doi.org/10.1016/0277-3791(95)00082-8
https://doi.org/10.3189/172756403781816365
https://doi.org/10.3189/172756403781816365
https://doi.org/10.1017/S0022143000013605
https://doi.org/10.1017/S0022143000013605
https://doi.org/10.1002/esp.4044
https://doi.org/10.1002/esp.4044
https://doi.org/10.1016/j.geomorph.2009.08.016
https://doi.org/10.1016/j.geomorph.2009.08.016
https://doi.org/10.1111/sed.12145
https://doi.org/10.1111/sed.12145
https://doi.org/10.1016/0277-3791(92)90079-N
https://doi.org/10.1016/0277-3791(92)90079-N
https://doi.org/10.1080/11035897.2018.1477830
https://doi.org/10.1080/11035897.2018.1477830
https://doi.org/10.1029/2007JF000757
https://doi.org/10.1029/2007JF000757
https://doi.org/10.1016/j.geomorph.2005.07.013
https://doi.org/10.1016/j.geomorph.2005.07.013
https://doi.org/10.1017/S0022143000042763
https://doi.org/10.1017/S0022143000042763
https://doi.org/10.1017/S0022143000002136
https://doi.org/10.1130/G31371.1
https://doi.org/10.1130/G31371.1
https://doi.org/10.1016/j.geomorph.2013.11.007
https://doi.org/10.1016/j.geomorph.2013.11.007
https://doi.org/10.1126/science.227.4686.469
https://doi.org/10.1126/science.227.4686.469
https://doi.org/10.1016/j.quascirev.2016.07.008
https://doi.org/10.1038/nature16147
https://doi.org/10.1111/j.1468-0459.2011.00420.x
https://doi.org/10.1111/j.1468-0459.2011.00420.x
https://doi.org/10.1016/0037-0738(89)90113-9
https://doi.org/10.1016/0037-0738(89)90113-9
https://doi.org/10.3189/172756481794352144
https://doi.org/10.3189/172756481794352144
https://doi.org/10.1029/2007JB004957
https://doi.org/10.1029/2007JB004957
https://doi.org/10.1002/esp.4259
https://doi.org/10.1002/esp.4259
https://doi.org/10.1029/1999JB900329
https://doi.org/10.1029/1999JB900329
https://doi.org/10.1017/S0022143000024709
https://doi.org/10.1017/S0022143000024709
https://doi.org/10.1130/0016-7606(1977)88<1231:SOFSUA>2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88<1231:SOFSUA>2.0.CO;2
https://doi.org/10.1130/0016-7606(1977)88<1231:SOFSUA>2.0.CO;2

	Genesis of glacial flutes inferred from observations at Múlajökull, Iceland
	ABSTRACT
	INTRODUCTION
	FIELD AREA AND METHODOLOGY
	RESULTS
	DISCUSSION
	HYPOTHESIS FOR FLUTE GROWTH
	IMPLICATIONS
	ACKNOWLEDGMENTS
	REFERENCES CITED

	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Data Repository item 2019131
	Citation

