Coastal Engineering 177 (2022) 104176

: - ; - =
Contents lists available at ScienceDirect

Coastal
Ensi

Coastal Engineering

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/coastaleng

Transport properties of fast ice within the nearshore

S.E. Dodge ™, L.K. Zoet ", J.E. Rawling III ¢, E.J. Theuerkauf, D.D. Hansen

 Department of Geoscience, University of Wisconsin-Madison, Madison, WI, USA

® Department of Civil and Environmental Engineering, Geological Engineering Program, University of Wisconsin-Madison, Madison, WI, USA
€ Wisconsin Geological and Natural History Survey, University of Wisconsin-Madison, Madison, WI, USA

d Department of Geography, Environment, and Spatial Sciences, Michigan State University, East Lansing, MI, USA

ARTICLE INFO ABSTRACT

Keywords: Fast ice affects many coastlines in high- and mid-latitude regions, shaping the coastal morphology by acting as
Coastal geomorphology both a protective barrier from winter storms and as an erosive agent through sediment entrainment and trans-
Fast ice

port. It has been hypothesized that when sediment-rich ice is dislodged and transported beyond the depth of
closure by storm waves, sediment is permanently removed from the nearshore, starving the littoral system and
facilitating future erosion. However, despite this large potential impact on coastal sediment budgets, the rates
and mechanisms of sediment-rich ice transport are poorly constrained. This study investigates the sediment
entrainment process by fast ice, the mechanisms needed for ice mobilization, and the force needed to breakup
and transport sediment-rich ice. We find that the Coulomb frictional strength of the sediment regulates the fast
ice system and that the viscous rheology of the ice has no direct mechanical effect. Importantly, these results
show that only the frictional coefficient of the beach sediment needs to be measured to estimate the resistive
strength of the fast ice, significantly simplifying the requirements for evaluating the potential for fast ice

Sediment entrainment
Sediment transport

mobilization and associated sediment transport.

1. Introduction

Cold climate coasts represent more than 30% of the world’s coast-
lines (Lantuit et al., 2011), but shore protection strategies often do not
incorporate the effects of grounded icefoot complexes, referred to as fast
ice, because the processes that regulate their contributions to coastal
change are not well understood. Prior research has suggested winter fast
ice both limits sediment transport, acting as a protective barrier from
wave action in the nearshore (Marsh et al., 1973; Evenson and Cohn,
1979; BaMasoud and Byrne, 2012; Barnhart et al., 2014) and enhances
sediment transport, acting as a primary driver for nearshore erosion
(Miner and Powell, 1991; Barnes et al., 1994). While studies have
investigated the amount of sediment within the series of ice ridges and
lagoons found near the shore, commonly referred to as the nearshore ice
complex (NIC) (McCormick et al., 1991; Barnes et al., 1993), none have
quantitatively described the fundamental mechanics controlling near-
shore fast ice entrainment and transport. The potential for ice to trans-
port large volumes of sediment beyond the depth of closure, effectively
removing sediment from the nearshore system (Evenson and Cohn,
1979; Miner and Powell, 1991), should be accounted for in coastal
sediment budgets. This offshore transport occurs when sediment-rich ice
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blocks are mobilized during ice breakup, advected offshore as
free-floating pack ice, and eventually melt (Reimnitz et al., 1991; Barnes
et al., 1993, 1994). For example, in the Laurentian Great Lakes, most of
the sediment deposited beyond the depth of closure is hypothesized to
have been mobilized via ice processes (Reimnitz and Are, 2000). Esti-
mates of sediment delivery to the deep lake basin by ice are roughly
equal to the long-term supply of terrigenous sediment to the nearshore,
suggesting that even subtle changes in sediment transport via ice could
significantly affect the morphodynamics of cold-coast regions (Barnes
et al., 1994).

Climate-change driven atmospheric warming and associated warm-
ing of oceans and large-lakes has resulted in, and will continue to induce,
declines in the presence of winter shore ice as well as enhanced vari-
ability in ice dynamics, such as the timing of ice on/off (Filazzola et al.,
2020; Bartosiewicz et al., 2021). As annual surface temperatures in the
US and annual surface and ocean temperatures globally have risen in the
last 50 years (EPA, 2021; NOAA, 2022), overall lake ice cover percent-
ages have trended downwards in the Great Lakes (GLERL, 2021). These
changes will alter patterns of coastal evolution and necessitate changes
to shore protection strategies and coastal engineering designs; however,
future predictions are limited by the current mechanistic understanding
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of ice-associated sediment transport processes.

Previous studies of NICs have investigated their sediment composi-
tion, sediment entrainment in ice, and the impact of ice on coastal
morphology. Significant volumes of entrained sediment have been
observed in the NIC along freshwater coasts (Seibel et al., 1976; Barnes
et al., 1993; Miner and Powell, 1991; Kempema and Holman, 1994).
Nearshore erosion is enhanced when sediment-rich ice blocks from the
icefoot of the NIC are dislodged during both winter storm events and ice
breakup. These sediment-rich ice blocks are moved offshore as
free-floating pack ice, resulting in sediment loss through lakeward
transport to deeper waters (Reimnitz et al., 1991; Barnes et al., 1993,
1994). In marine settings, similar entrainment and transport processes
have been observed along Arctic coastlines associated with sea ice and
water-terminating glacial ice through the formation of an immobile
icefoot (Short and Wiseman, 1974; Walker, 2005). Though ice formation
along these coastlines does reduce the erosional impact of seasonal
storm waves, the permanent removal of sediment from the nearshore by
ice entrainment and rafting ultimately contributes to beach and bluff
erosion along fresh and marine coastlines (Forbes and Taylor, 1994;
Kelletat et al., 2013). However, there is limited data on these
ice-associated sediment transport processes and no quantitative infor-
mation on the mechanics of sediment entrainment and mobilization of
debris-rich fast ice.

Previous studies have also examined the engineering properties of
ice-block pileup in the context of offshore ice-pad construction by
testing the frictional behavior of debris-free ice over unconsolidated
sediments (Kovacs and Sodhi, 1980; Sodhi et al., 1983; Shapiro and
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Metzner, 1987; Zyryanov et al., 2002; Barker and Timco, 2003; Barrette
and Timco, 2008; Lepparanta, 2013). Though the mechanics controlling
the mobilization of debris-free ice blocks differ from those controlling
fast ice with entrained debris, they provide bounding parameters for
expected mobilization resistance. Many of these studies estimated fric-
tion by dragging large blocks of ice over sediment under different
normal loads and measuring the resistance to slip (Sodhi et al., 1983;
Shapiro and Metzner, 1987; Barker and Timco, 2003; Barrette and
Timco, 2008). Reported coefficients of friction in these experiments span
a wide range from 0.39 to 2.4 (see Barrette and Timco, 2008, and ref-
erences therein). Dragging debris-free ice over sand, Barrette and Timco
(2008) found that the system effectively behaved like a Coulomb ma-
terial with a frictional coefficient of 0.39, which was lower than that of
the sediment alone. However, they observed that friction values
increased to a level comparable with the sand when stresses imposed by
ice pileup caused the underlying sediment to deform.

Does fast ice with a debris-rich basal layer behave mechanically
similar to a debris-free layer, or do the mechanical aspects of the basal
debris significantly alter the system’s mechanics? Given that fast ice can
entrain large volumes of basal debris, understanding the conditions that
mobilize it is important for constraining the potential contribution to
coastal erosion. In this study, we examine sediment entrainment and
mobilization associated with nearshore fast ice freeze-on. We combine
observations of entrained sediment from nearshore sediment cores with
laboratory experiments to examine the rates of sediment entrainment
within the grounded icefoot and the physical mechanisms that regulate
the mobilization of the sediment-rich ice.

Fig. 1. a) Google Earth image of Lake Superior. The
orange star on the zoomed-in image denotes our
study site, Bayview Beach (46.747253, —90.883667).
b) Aerial image of transect location (dashed black
line) at Bayview Beach. The inset shows the location
of the three ice cores collected within the shoreline.
The black circle is core BV20-18; the red circle is core
BV20-19; and the orange circle is core BV20-22. The
ice core hole diameter measured 7.5 cm. Both of the
images are looking S-SE. ¢) Three ice cores collected
from the shoreline, BV20-18, BV20-19, and BV20-22
with visible sediment adhered to the base of each
core. Ice cores BV20-18 and BV20-22 were sampled
parallel to each other to collect a duplicate core.
These cores were taken from water depths of 10-19
cm. d) A field image of ice cores BV20-22 (closer to
shore) and BV20-19 showing decrease of frozen
sediment lakeward. The cores in ¢) and d) were
collected where the ice directly froze into the bed,
meaning water depth was effectively 0 m in the
winter months (no gap between the base of the ice
and lakebed).
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2. Study area and methods

To investigate sediment entrainment and mobilization processes
associated with nearshore ice, we first collected ice cores along a
roughly 75 m transect from Bayview Beach (BVB), a site located along
the Lake Superior coast (Fig. 1a-b). BVB is a low-energy beach with
persistent winter ice cover and no ice morphologic variability. We
selected this site because of its history of consistent ice coverage and low
energy wave conditions during winter (GLERL, 2021) and collected ice
cores to quantify sediment content in the fast portion of the NIC. Rates of
basal sediment entrainment were estimated with a 1-D Stefan Equation
and compared to cores with sediment frozen to their base. Finally,
sediment from the BVB site was sheared in a direct shear and a novel
cryogenic ring shear apparatus to investigate mechanical controls on the
strength of the nearshore fast ice portion of the NIC (e.g., ice, frozen
sediment, and/or unfrozen sediment).

2.1. Ice cores

We obtained ice cores using a SIPRE hand auger drill with an
attached Stihl BT-121 engine that collects samples up to 3 m in length in
1 m segments with a diameter of 7.5 cm. Three cores, collected near the
shoreline at BVB, contained abundant beach sediment frozen to their
base and spanned the boundary between frozen and thawed sediment
(Fig. 1c). We observed a visible decrease in sediment freeze-on drilling
lakeward (Fig. 1d). Ice thickness and water column depth were recorded
through the core holes using a measuring rod. To determine the volume
of the debris-rich portion of the BVB20-19 ice core, we isolated it and
briefly submerged it in a graduated cylinder, while noting the change in
water level. We then weighed the ice/sediment mixture, melted the ice,
and subsequently weighed the leftover sand to determine porosity and
bulk density for this portion of the core.

2.2. Stefan Equation

We used a 1-D solution of the Stefan Equation to estimate the depth
of fast ice penetration into beach sediment (zpax) due to freeze-on from
cold atmospheric conditions:

48knF
L

Zmax = A (l)
where ) is a correction coefficient used in the modified Berggren formula
to account for the effects of volumetric heat, k is the thermal conduc-
tivity of the frozen sand, n is an air-surface temperature correction
factor, F is a freezing index factor that depends on atmospheric tem-
perature, and L is volumetric latent heat of fusion of water (Table 1)
(Aldrich, 1956; UFC, 2004; Roland et al., 2021). The values used for this
calculation are based on a sediment porosity of 0.40 and a sediment/ice
bulk density of 1.9 g/cm®, which we measured directly from the
BVB20-19 core. The Department of the Army and the Air Force defines
freezing degree-days (FDD) as the difference between the average daily
air temperature and 0 °C (TM Army, 1987). We estimated cumulative
FDD at the BVB site for the interval spanning from 01/16,/2020, the first
day lake ice was observed, to 02/21/2020, when the cores were
extracted. We set the freezing index (F) equal to the cumulative FDD,
similar to the approach Kurylyk and Hayashi (2016) employed to predict
maximum seasonal frost penetration depth. We then compared 2, to

Table 1
A summary of the values used to calculate the depth of maximum ice penetration
in the icefoot of the Nearshore Ice Complex.

Summary of values used to calculate the maximum ice penetration depth

k [cal/m/°C/h] n A F [°C days]

L [cal/m®]

1728 0.9 0.85 159 6.1 x 107
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the observed thicknesses of the sediment-rich layers frozen to the base of
the BVB cores (Aldrich, 1956; UFC, 2004; Kurylyk and Hayashi, 2016;
Roland et al., 2021).

2.3. Direct shear

To constrain the internal angle of friction of the unfrozen beach sand
(¢ps), we conducted direct shear experiments in an ELE International
device (Fig. 2a), following ASTM standard 3080 (ASTM
D3080/D3080M-11, 2011). Sand from BVB (which is identical to the
material entrained in the ice cores) was first dried and sieved using a
#10 (2 mm) screen, which removed ~2% of the total sample by weight.
The stainless-steel sample chamber (sized 10 x 10 x 2 cm) consisted of
two halves of equal thickness divided horizontally. The sample box was
filled with BVB sand and mounted in the direct shear device (Fig. 2b)
under a loading platen. We then applied a prescribed normal stress, oy,
to the sample using a leveraged weight. During shear, the upper portion
of the sample was held stationary while an actuated ram drove the
bottom half horizontally. This produced a shear force that mobilized
sand particles to create a shear plane. The sample was sheared at a
constant rate (2-3 mm/min) for a displacement of ~1 cm, while an
inline load cell measured the shear force at 1-s intervals. Normal stress
was calculated as:

_10-w-g
A

on 2
where W is the leverage weight, g is the gravitational constant, A is the
area of the shear box, and 10 is the leveraging ratio provided by the
moment arm. Because the sample was dried prior to shear, there was no
pore water pressure, so oy equals the effective normal stress, ¢'pg. Mean
critical state shear strength of the sand (zps) was calculated from the
measured shear force as:

LC.
Tps = Tg 3

where LC is the mean resistive force measured by the load cell over an
interval when deformation reached critical state.

Following this protocol, six experiments were completed over a
range of ¢'ps (20, 39, 78, 118, 177, and 255 kPa). From these results, we
calculated ¢pg as the arctangent of the slope of a linear regression be-
tween ¢’ ps—7ps. Grain size distribution of the BVB sample was measured
with a Malvern Mastersizer 2000E and determined to be poorly graded,
coarse-grained sand with a modal grain diameter of 0.788 mm.

2.4. Ring shear

We used a novel cryogenic ring shear device (Fig. 3a-b) to simulate
the shearing of a frozen ice/sediment block over an unfrozen saturated
sediment bed. This experiment tested if the slip resistance of sediment-
rich ice is mechanically controlled by the ice, the sediment, or some
combination of both. The ring shear device resides in the Surface Pro-
cesses walk-in freezer at UW-Madison’s Department of Geoscience (see
Hansen and Zoet, 2022 for instrumentation detail). Cryogenic ring shear
studies have provided valuable insights into ice-bed mechanics within
glaciology (Zoet and Iverson, 2015, 2016, 2018, 2020; Zoet et al., 2021;
Hansen and Zoet 2022), but they have not been employed in coastal
studies prior to this work. The annular sample chamber (inner diameter
= 0.2 m; outer diameter = 0.6 m; height = 0.3 m) sits in a
temperature-controlled glycol/water bath, regulated by an external
circulator at ~0.01 °C precision. The sample chamber has an aluminum
baseplate lined with a rubber mat to minimize slip at the bottom
boundary. Twelve drainage tubes evacuate water from the chamber as
the sample contracts under pressure, ensuring drained conditions.

We placed a 12-cm-thick layer of BVB sand at the base of the sample
chamber and then filled the sample chamber with deionized water until
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Fig. 3. a) Design schematic of the ring shear device. b) Operational ring shear with sample chamber lifted into the rotating platen (Image: Ethan Parrish).

the water level was ~10 cm above the surface of the sand. At the start of
the experiment, we set the height of the glycol bath level with the sand
and the bath temperature to 6.5 °C to simulate heat stored in the lakebed
from warmer months. Similarly, the ambient temperature in the walk-in
freezer was set to —10 °C to simulate cold winter atmospheric temper-
atures. This temperature gradient initiated a freezing front that migrated
from the top down toward the sediment bed. As ice approached the sand,
we lowered the glycol bath to a point 5 cm below the sand-ice interface
(Fig. 4a), which allowed the water column to freeze entirely and ice to
penetrate the top layer of sediment. In this configuration, the upper
layer of the exposed sand froze to a depth of ~2.0 cm while a thawed
sand layer persisted at the base of the sample chamber (Fig. 4b)—
analogous to a fast-freezing front migrating into lake sediments during
cold winter conditions (see Fig. 1). When the frozen/thawed boundary
reached its steady state position, we raised the glycol bath level to the
top of the sample chamber, set the bath temperature to 0.2 °C, and raised
the ambient freezer temperature to O °C. This thermal condition induced
a small amount of melt around the perimeter of the sample chamber,
which minimized drag from the ice against the acrylic walls.

At this stage of the experiment, a normal stress was applied to the
sample via a vertical ram, and slip was initiated by rotating the upper
platen at a constant rate of 99.5 m/yr. This forced the frozen ice/sedi-
ment layer to shear atop the unfrozen sediment in the base of the sample
chamber, mimicking the mobilization of a fast ice block in nature.
Cameras mounted on the outer wall monitored the movement of sand
through clear acrylic walls, confirming that slip occurred along this
frozen/thawed sediment boundary. A torque sensor mounted along the
central axis recorded resistance to shear, and three pressure transducers
installed in the sidewalls measured the pore water pressure. Once torque
reached its steady state following each stress step, we stopped the
experiment and relieved the torque by spinning the rotating platen
backwards until torque reached its original resting value. This process
was repeated for six effective stresses, o’'rg ~55, 99, 100, 116, 143, and
190 kPa, reported here as the mean normal stress applied to the ice ring
over an interval during which critical state deformation occurred minus
the concurrent average pore water pressure.

In the ring shear, mobilized sediment (both thawed and frozen)
supplied boundary drag as it sheared against the acrylic walls. To isolate
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Fig. 4. a) The glycol/water mixture is lowered 5 cm below the top of the sand. The water freezes from the top down, allowing the ice to penetrate into the unfrozen sand bed
similar to fast ice. b) Ice grows from the top of the sample chamber down into the sediment bed. The frozen/unfrozen boundary was observed ~2.0 cm below the top of the sand.

drag induced at the slip interface between frozen/thawed sediment, we
subtracted this wall drag (calculated separately for the thawed and
frozen sections) from the overall torque record. For the thawed
deforming layer (~1.4 cm thick) subjacent to the frozen sand/ice block,
we followed a protocol similar to Zoet and Iverson (2018). First, we
measured the frictional coefficient of BVB sand against an acrylic plate
in the direct shear (~0.29, Fig. 2c) over a range of normal stresses (oy =
19-157 kPa). We then calculated the torque imposed by drag at the
inner/outer boundaries by multiplying the measured frictional coeffi-
cient for sand on acrylic by: i) the horizontal effective stress, ii) the
respective contact area (inner or outer circumference x thickness of the
mobilized layer), and iii) the respective inner or outer radius. We esti-
mated the horizontal effective stress by multiplying ¢'gs by a factor, s =
(1-sin(pps)) VOCR, where OCR is the over consolidation ratio (here
equal to 1), and ¢y is the friction angle of the BVB sediment measured in
the direct shear. For the layer of frozen sand (~2 cm thick), we
employed a similar approach with one key difference—we assumed
horizontal stress was similar to that of a confined elastic solid cylinder
under uniaxial compression, where horizontal stress equals (¢'rs v)/(1-V)
and v = 0.4 represents Poisson’s ratio of a saturated ice/sand mixture
near the pressure melting point (Christ and Park, 2009; Christ et al.,
2009; Park and Lee, 2014). We subtracted torque induced by the com-
bined wall drag at the inner/outer boundaries from the overall torque
measurements, resulting in a corrected torque, T, that relates solely to
frozen/thawed sediment interactions. We then converted T to a shear
stress, 7gs, using an analytical solution for torque integrated over an
annular disc with respect to radial position:

3 T

"2 R R @

TRs

where R; = 0.1 m and R, = 0.3 m are the inner and outer radii of the
sample chamber respectively.

Similar to the direct shear experiments, we computed the internal
angle of friction for the ring shear experiments, ¢ , from the arctangent
of the slope of a linear regression between ¢’gs and 7gs. By comparing
@rs With @pg , we can ascertain if the two contrasting systems (i.e., dry
sand versus frozen/thawed saturated sediment) exhibit similar frictional
properties and thereby identify the mechanisms controlling the resistive
strength of a debris-rich ice block resting on a thawed sediment bed. We

note that because of the presence of ice, it was unknown at the onset of
the experiment if the 0’ gs—7gs relationship would be linear (Coulomb) or
non-linear (have a viscous component).

3. Results
3.1. Sediment properties and Stefan Equation

Sediment and ice mass in the debris-rich portion of the sediment core
BVB20-19 (Fig. 1c) were 411 g and 99 g respectively. The volume of the
sediment-rich section of this core was 260 cm®, and the density of the
BVB sand was 2.61 g/cm®. Using these values, we estimate that the
porosity and the bulk density of the sediment-rich ice layer in the core
was 0.40 and 1.9 g cm3, respectively. For comparison, we also
measured the porosity of BVB sediment with no ice or water in the pore
space after it was consolidated under a load approximately equal to the
weight of ice overburden inferred from our cores (o5 ~ 0.5 kPa). This
dry porosity was 0.39, nearly identical to the porosity of the debris-rich
ice.

Implementing the parameter values in Table 1, Equation (1) predicts
a maximum ice penetration depth of 0.37 m between the time of shore
ice formation in January 2020 and core retrieval in February 2020. Our
use of Equation (1), however, does not account for the conduction of
heat through the pure ice layer atop the freezing sediment or the addi-
tion of stored heat from lower sediment layers. Therefore, our Stefan
solution should be viewed as a maximum depth and only used as a first-
order approximation. Indeed, cores collected closest to the shore show
ice only penetrated the sediment to depths of 0.18 m and 0.13 m.
Adhered sediment thickness has a nonlinear trend with time (Eq. (1)).
The observed discrepancy between predicted zmax and the observed
depths of ice penetration is in part due to the difficulty of extracting heat
from the pore volume water at depth, as distance from the cold atmo-
sphere increases.

3.2. Direct shear and ring shear

In both the direct shear and ring shear experiments, 7 increased
linearly with increasing ¢’ (Fig. 5), indicating Coulomb behavior (i.e.,
7 = ¢ tang). Steady-state friction angles are effectively the same for both
devices within estimated uncertainty: ¢, ~30.5 = 1.7° compared to



S.E. Dodge et al.

160 T T T T

140 7 -

© 7
X 120F -
= :-_Z
5 /
@ 100 o= -
® %
o 8of o= -
(2] =é
®
© 60f = = .
L2 /
(0]
O i Ao- .
= e 7= [ 1 RS data
o # — — ity 7=0580"+23

20F [ ) DS data -

=‘= — — fity: 7=0590"+081
0 " ; i " i
0 50 100 150 200 250 30C

Effective stress, o' [kPa]

Fig. 5. Critical state shear stress varies linearly with effective stress for both the
ring shear (black squares) and direct shear (red circles) experiments, indicating
Coulomb frictional behavior. Dashed lines show linear regressions computed for
the respective data (R? ~ 0.99 for both fits). All reported values for shear stress
and the ring shear effective stresses are averages calculated over an interval
when deformation was at critical state. Effective stresses for the direct shear are
applied by weights hung from a lever arm and not measured directly. Vertical
error bars denote the standard deviation. Horizonal error bars for effective
stress are smaller than the marker width and omitted for clarity.

@rs ~30.2 £1.2°, (Stated uncertainties here represent the arctangent of
the standard error associated with the slope of linear regression between
o’— 7 with associated p-values for the coefficient <10~ Both linear fits
give y-intercepts slightly greater than zero (2.3 £ 2.7 kPa and 0.81 +
4.2 kPa for ring shear and direct shear data, respectively). However, in
both cases, the magnitude of the y-intercept is smaller than the associ-
ated standard error (reported here as plus-or-minus values), and the
corresponding p-values > 0.05, indicating the intercept coefficients are
not statistically significant. Furthermore, since BVB sand is poorly-
graded and coarse-grained, we assume that cohesive strength is negli-
gible and the true intercept in o'~ space is likely zero (Lambe and
Whitman, 1969).

In the ring shear experiment, we visually observed that the slip
interface between frozen and thawed sediment occurred at a depth ~2.0
cm below the surface of the sand bed. Sediment frozen to the base of the
ice ring moved as a coherent block superjacent to a thin layer of
deforming sand ~1.4 cm thick. Beneath this deforming layer, the sand
bed was stationary.

4. Discussion

The close match in friction angles between the direct shear and ring
shear experiments (Fig. 5) demonstrates that sediment at the base of the
frozen layer of fast ice regulates the mobilization strength of the system
and that ice has no direct mechanical effect on the resistive stresses. It
was previously unknown if the fast ice would break within the ice itself,
at the boundary between debris-free and debris-rich ice, or at the
frozen/thawed boundary. In our ring shear experiments, the “weak link”
was clearly the frozen/thawed boundary (Fig. 4b), and resistance to slip
exhibited a Coulomb response. It therefore follows that blocks of ice
with sediment adhered to their base slipping over a thawed bed can be
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treated as a Coulomb material with a friction angle equal to that of the
sediment. This observation has implications for nearshore sediment
transport since sediment-laden ice blocks can travel beyond the depth of
closure when mobilized. Importantly, because the friction angle of the
beach sediment controls resistance to motion, similar analysis can be
done elsewhere simply by measuring this parameter—a much less
onerous process than conducting cryogenic ring-shear experiments.

The coefficient of friction we measured for debris-rich ice slipping
atop thawed sediment (0.58-0.59) is higher than the value Barrette and
Timco (2008) reported for debris-free ice (0.39). This indicates that in
locations where debris-free ice abuts debris-rich basal ice, the
sediment-rich ice provides more resistive stress. Furthermore, the wide
range of frictional coefficients previously observed in ice-on-sediment
slip experiments can be reinterpreted from our observations. Since the
transparent sample chamber walls of the ring shear reveal the precise
location of the slip interface, we can clarify previous ambiguities. Ex-
periments with reported friction coefficients less than the strength of the
underlying sediment truly measured debris-free ice slipping atop the
bed; whereas those with friction coefficients nearly equal to the sedi-
ment likely had basal debris adhered to the base of the ice block. Ex-
periments with very high friction coefficients were likely partially frozen
to the base of the sample chamber. Sediment entrainment within the ice
block increases the resistive stress in a manner akin to the ice-rubble
“skirting” effect proposed by Weaver et al. (1991) to protect offshore
structures.

Knowing the mechanical properties regulating the system, we can
estimate wave heights needed to mobilize subaerial ice/sediment
blocks. The resistive stress provided by the weight of the ice/sediment
block and ¢ can be estimated from laboratory experiments to resolve the
minimum wave height, H, required for dislodgement and mobilization.
We follow Nott’s (2003) treatment of forces needed to mobilize a sub-
aerial boulder but, importantly, modify his resistive stress equation to
one of Coulomb frictional resistance, f;, in accordance with our findings:
fs = abcpy,gu, where py, is the average bulk density of the ice/sediment
block, y = tang is the measured coefficient of friction, a is the width of
the block, b is the length of the block, c is the height of the block, and g is
the gravitational constant. We solve Nott’s equations (1)-(3) and our
new f; (in place of their equation (4)) to produce a new version of their
equation 25 for a Coulomb material. We note that Nott made an alge-
braic error in their paper which we have fixed here.

H> pbbang” — zcmpwabc";

~ 025 p,,(Cqac* + Cicb?)5g )

We set y = 0.59, which equals the tangent of our measured internal
angle of friction from the direct shear (¢,s = 30.5°). We implement
height parameters (¢ = 0.27 m) for the ice block based on the values
measured in the BVB20-19 core (Fig. 1c) for a unit area (a, b = 1 m). We
use the measured bulk density from the sediment-rich portion of the core
(1.9 g/em®) and the density of ice (0.92 g/cm®) to estimate a bulk
density for the block, py;, = 1.17 g/cm® based on the core dimensions (20
cm of ice, 7 cm of debris laden ice). We take the parameters for the
coefficients of mass (Cp,), drag (Cy), lift (Cp, instantaneous flow accel-
eration (ii), and wave transformation (5) from Nott (2003). Using these
parameters, we estimate the critical wave height needed to dislodge the
ice block in terms of frictional resistance instead of rotational moment.
We estimate that under favorable thermal conditions the critical wave
height needed is H ~1.6 m. Despite the many assumptions of this model,
it serves as a preliminary attempt to link wave characteristics to the
potential for sediment-laden ice transport. These results indicate that
with Coulomb friction of the underlying sediment regulating the
detachment strength of ice/sediment blocks, the mobilization of fast ice
could occur with moderate wave conditions for our study site. Wave
heights of this magnitude occur regularly in the Great Lakes (e.g.,
Davidson-Arnott and Pollard, 1980; Booth, 1994) and are even more
likely in marine settings due to the larger fetch.

Based on the results of this study, if waves of sufficient magnitude are
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present during an ice breakup event, mobilization of sediment-rich ice in
the nearshore is likely. If offshore winds occur during or shortly after the
breakup, sediments encased in ice can potentially be rafted to deeper
waters, deposited beyond the depth of closure, and removed from the
nearshore sediment budget. Colder, more persistent winter conditions
will drive ice penetration deeper into the lakebed, allowing for a higher
volume of sediment to become entrained within the ice. However, these
conditions also favor a more extensive NIC that may only breakup once
per season, which could lower the probability of ice block dislodgement
and transport offshore by multiple winter storm events. Warmer, shorter
winters will decrease ice penetration and reduce the amount of sediment
that can be entrained in the icefoot, but these conditions may result in
multiple icefoot build-up and break-up events due to a less extensive
NIC, increasing the potential for offshore movement of sediment-laden
ice. Interestingly, due to the nonlinear nature of the Stefan solution
and the greater number of NIC breakup and reformation events in
milder, cold-coast settings, maximum sediment loss may not occur in the
coldest freezing climates but rather in those that lie in an intermediate
range.

5. Conclusion

Winter fast ice in cold climate environments can significantly impact
coastal geomorphic evolution if debris-rich ice is dislodged and rafted
out to deeper waters, permanently removing sediment from the littoral
system. Here we show that a substantial amount of sediment can be
frozen into ice in areas where ice is in direct contact with the bed. We
also show that the system is mechanically regulated by the frozen/
thawed sediment contact and effectively behaves as a Coulomb material
despite the viscous rheology of the ice. This means that only the friction
angle of the beach sediment needs to be measured to estimate the
resistive strength of the fast ice, significantly reducing the complexity of
evaluating potential sediment entrainment and transport in cold coast
regions. Wave heights required to move such sediment-rich ice blocks
are modest, and if wave height/energy is large enough, ice blocks with
entrained sediment can be transported offshore to deposit sediment
beyond the depth of closure.
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