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1 | INTRODUCTION

Abstract

Glacial kettles are surficial depressions that form in formerly glaciated terrain when
buried stagnant ice melts within pro-glacial sediments, often deposited by meltwater
streams. Kettles, like other glacial landforms, provide insight into the impact of cli-
mate on landscape evolution, such as the extent and timing of glaciations. The geom-
etry of kettle features is variable, but existing theory does not explain the range of
observed morphologies. Our study aims to establish a quantitative relationship
between the depth of ice burial and the resulting morphology of terrain collapse in
kettle depressions. To do so, we simulated kettle formation in the laboratory by bury-
ing ice spheres of four sizes in well-sorted coarse sand at four different depths. As
the spheres melt at room temperature, a glacial kettle analog forms at the surface.
We scanned the resulting kettle topography with a portable LiDAR scanner to pro-
duce 3D digital elevation models of each depression, from which we measured each
depression’s depth and width and, in one instance, the time series of kettle forma-
tion. Using this data, we quantified the relationship between the sphere diameter,
burial depth and resulting dimensions of the kettle by developing a set of equations,
which we then applied to full-scale features. Our results indicate that ice burial
deeper than one sphere diameter corresponds to a decrease in depression depth and
an increase in depression width. This application offers insight into the
interdependence of ice burial depth and kettle geometry.
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Over time, however, the buried ice blocks melt, forming voids at
depth and disrupting the continuous surface. Eventually, these grow-

As glacial margins retreat, ice frequently breaks off from the terminus
of the glacier, often due to a combination of decreasing ice thickness,
meltwater interaction and basal friction (Hooke, 2019). The margin
properties—such as steepness, advancing versus retreating status and
internal temperature structure—will all affect the size and distribution
of ice blocks that shed off the front of glaciers. When ice blocks sepa-
rate from a land-terminating glacier, they are often buried by glacial
deposits like glaciofluvial sediments (Benn & Evans, 2014). Icebergs
may also be transported onto glaciofluvial outwash plains by floodwa-
ters, particularly during Jokulhlaups (Burke et al., 2010) where they
are subsequently buried by outwash sediments. While the ice blocks
are whole, these sediments create a continuous, nearly flat surface.

ing voids at depth cause the sediment surfaces to collapse. These col-
lapses create depressions on the landscape, called kettles, which
reflect the burial and melt-out processes that occurred. Kettles exhibit
a diverse range of shapes but are generally circular, and they fre-
quently populate pro-glacial outwash plains (Figure 1). Kettles in for-
merly glaciated landscapes vary widely in width and depth, ranging
from 5 to 13 km in diameter and achieving depths of up to 45 m
(Flint, 1971).

Once a depression has formed, it can fill with water. This often
occurs when the base of the kettle lake intersects with the water
table, allowing groundwater to fill the depression, but it may also fill
from accumulating surface water (Kentula, 1989). In either case, a
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FIGURE 1 Naturally occurring kettles. (a) Terrain shaded relief map generated from a digital elevation model (DEM) derived from light
detection and ranging (LIDAR) data of dry kettles in Bayfield County, WI. (b) Aerial photo of a range of kettles near Skeidararjokull glacier in
Iceland, captured via Google Earth satellite. [Color figure can be viewed at wileyonlinelibrary.com]

kettle filled with water is called a kettle lake. The paleoclimatic record
can be explored by analyzing the organic material collected from ket-
tle lake cores (Yansa et al., 2020). However, organic material does not
provide information about the initial formation of the kettle, such as
the factors that defined its depth and width—a key aspect of kettle
lakes that remains poorly understood.

Kettles not only provide insights into the past but they also hold
modern significance. Environmentally, kettle lakes represent one of the
largest and most hydrologically diverse groups of inland wetlands
(Gleason et al., 2011). The isolation of these kettle wetlands creates a
microclimate that serves as a refuge for vulnerable species (Gerke
et al., 2010) and fosters unique ecosystems. These ecosystems, in turn,
influence local flora and fauna, thereby promoting biodiversity. Socie-
tally, kettle lakes are also important. Communities that live in deglaci-
ated areas are often dependent on kettle lakes because they provide
resources like a water supply for agriculture (Vasi¢ et al., 2020).

Previous research has established the basic mechanisms behind
kettle formation and explored the factors contributing to kettle geome-
try. Maizels (1977) confirmed the assumption that kettles form from
the melting of buried ice through laboratory experiments. These experi-
ments tested multiple theories of kettle formation and found that the
depressions made by melting buried ice most closely resembled the
physical characteristics of natural kettles. In addition, Maizels (1977)
demonstrated that the size of a kettle is dependent on the depth at
which the ice is buried; however, Maizels (1977) focused on a qualita-
tive description of this concept without establishing a quantitative rela-
tionship. Maizels (**77) showed that kettle structure is also dependent
on the volume of sediment contained within the melting ice block. Ice
blocks that contain more sediment produce kettles with boulder-rich,
ringlike ridges on the edges of the depression (Maizels, 1997). Lolos
(2013) also explored the relationship between ice blocks and the
resulting depression using physical experiments and digital models. This
study quantified the volume of material transferred into the void
formed through the melting ice block and documented the alterations
to the surrounding sediment. Overall, studies have qualitatively linked
kettle morphology to the dimensions of ice and the depth of burial, but
more research is needed to understand and quantitatively define how
formation conditions dictate kettle morphology.

The role of kettles as part of the regional ground and surface water
hydrology has spurred investigations into kettle lakes, including the

factors that lead a kettle to develop into a wetland environment (Gétz
et al, 2018) and their modern environmental significance (Gerke
et al,, 2010; Gleason et al., 2011). G6tz et al. (2018) used a variety of
electrical geophysical methods to probe the base and regions surround-
ing kettle lakes, observing both the organic material accumulating at the
base of the lake and the till or outwash that lay beneath the lakebed. In
several instances, they found a zone of high electrical resistivity atop a
zone of low electrical resistivity within the outwash sediments beneath
the lake base. As electrical resistivity is often inversely related to sedi-
ment porosity, their findings indicate that some kettle lakes have a zone
of low porosity situated atop a zone of high porosity within the sedi-
ments. The porosity of the sediments surrounding the lake, along with
the overall shape of the lake, will directly affect the ability for groundwa-
ter to flow into and out of the lake, thus altering the limnology. Given
our current understanding of kettle depression formation, it is unclear
what effects the melt-out process may have on the overall shape of the
kettle and the hydrological properties of the surrounding sediments.
Despite the prevalence of kettles on the glacial landscape, the
specific formation conditions that dictate their morphology are not
fully understood. To better understand kettle formation and the fac-
tors contributing to variations in kettle geometry, we ran a series of
laboratory-based experiments. Using ice spheres of four different vol-
umes and a sandbox apparatus, we simulated kettle formation under
four different burial depths. Analyzing how the depth and width of
the depressions changed with increasing burial depth for four differ-
ent sphere volumes revealed relationships between kettle geometry
and ice sphere volume and burial depth, respectively. We then com-
pared these results to kettle depressions on a postglacial landscape in
Wisconsin to assess the validity of the equations we developed from
our experiments. Our study establishes the first quantitative relation-
ship between the ice burial depth, the ice block size and the resulting

depression’s depth and width.

2 | METHODS
21 | Lab experiments

To simulate kettle formation in the lab, we first froze water in a spher-
ical silicon mold, using four different silicon molds that generated ice
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spheres with four different diameters (4, 6, 7 and 10 cm). The
resulting ice sphere was then buried in a container
(72.4 x 49.8 x 38.6 cm) of well-sorted dry coarse sand (modal grain
diameter of 0.778 mm). Each size of sphere was buried at four differ-
ent depths, Z, to examine the effect of burial depth on depression
morphology, for a total of 16 different experiments. The four burial
depths were standardized based on the radius of the spheres, denoted
herein as ‘half-¢, ‘full-*, ‘double-* and ‘triple-buried’ (Figure 3a). Half-
buried refers to experiments in which the bottom of the ice sphere
reached one radius distance below the sand’s upper surface so that
half of the ice sphere was protruding above the sand surface
(Figure 2). For full-buried depth, the bottom of the sphere reached
one diameter’s distance below the surface so that none of the ice
could be seen above the surface. Double- and triple-buried meant that
the bottom of the sphere was two and three diameters below the
sand surface, respectively. We chose sand specifically as the burial
medium for two reasons: (1) many kettles are found in outwash

FIGURE 2 Profile image of a 10-cm ice sphere half-buried within
a container of well-sorted, coarse sand. The bottom of the ice sphere
is positioned at a depth equal to one radius (5 cm) below the sand
surface, with approximately half the sphere protruding above the sand
surface. [Color figure can be viewed at wileyonlinelibrary.com]
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comprised of sand-sized particles, and (2) sand generally lacks cohe-
sion as a factor in its shear strength. This allowed the experiments to
be more generalizable to larger scale field observations where the
effects of cohesion on morphology development would be minimized
relative to the lab scale. We also note that the sand used for these
experiments was collected from our field area in Bayfield County,
Wisconsin, where numerous kettles are located, making it a realistic
sediment in which kettles form. The sand’s upper surface was leveled
by hand using a flat object after each sphere was buried. The sand
was intentionally not packed or compressed during the burial or level-
ing process. The ice was then left to fully melt at room temperature
without disruption. To ensure that the depression reflected ice that
had entirely melted, the experiment was left for at least 8 h. As the
ice sphere melts, the highly permeable sand allows the meltwater to
flow down the steepest hydropotential gradient, which is vertical in
our experiments due to the absence of a water table or surface slope.
It takes in excess of 6 h for the ice block to melt. Given the high per-
meability and the relatively slow rate of melt, the transmissivity of the
sediment was sufficient to ensure all melt water flowed effectively
vertically toward the base of the container without ponding around
the melting sphere. Between each ice sphere burial, the sand was
allowed to dry completely to prevent any moisture from affecting the
sediment’s cohesion and, consequently, the shape of the depression.
In one additional experiment, a 10-cm sphere was full-buried, and the
resultant depression morphology was measured every 30 min for a
total duration of 6.5 h. This experiment provided insights into the
time-dependent evolution of depression morphology during the melt-
out process.

For each melted ice sphere, a three-dimensional scan of the
sand’s depressed surface was collected using a NextEngine Ultra HD
3D scanner and ScanStudio software (Figure 3b). To capture the
entire kettle depression, the scanner was set to ‘wide lens’ mode and
oriented normal to the surface at ~70 cm. These settings resulted in
an accuracy of 0.0149 mm, estimated by measuring the deviation of a
scan taken of a precisely flat manufactured rock slab from a perfectly
flat plane. Due to the darker tone of the sand, the ‘dark subject’ set-

ting was utilized. The scans were converted to XYZ files, from which a

FIGURE 3 (a) Conceptual diagram of the four burial depths (half, full, double and triple) used in the experiments. The diagram shows that
with progressively deeper burial, the resulting kettle’s depth decreased, while the width increased. (b) DEM of a full-buried 10 cm ice sphere. For
each experiment that was done a DEM was created from the 3D scan of the sand’s surface. [Color figure can be viewed at wileyonlinelibrary.com]
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Digital Elevation Model (DEM) was created in QGIS to constrain the
depression morphology (Figure 3b). On each DEM, four elevation pro-
files were made along four different transects that were taken at even
intervals around the circular depression, and the same four positions
were used for all depressions. Using these elevation profiles, we mea-
sured the depth and width of the depressions. Depth, D, was defined
as the distance from the lowest point on the profile to the mean ele-
vation of the horizontal sand surface, while width, W, was measured
across the depression from one break in the slope to the opposite
break (Figure 4a). The average depth and width were calculated from

the four profiles collected from each DEM. From these averages, we

Experimental
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0 10 20
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estimated a proxy for 2D volume (D-W) and the aspect ratio (D/W).

We chose these shape metrics because they are relatively easy to
obtain when measuring natural field depressions.

2.2 | Field observations

For our field data analysis, we focused on a region on the Bayfield Pen-
insula in Wisconsin (Figure 1a), where numerous kettles formed as the
Lake Superior Lobe of the Laurentide Ice Sheet retreated from the Bay-
field Highlands. Their formation coincided with the final phase of

(b)

0 100 200 300 400
Distance (m)

FIGURE 4 Conceptual diagram of elevation profiles used to determine depression dimensions. (a) Experimental kettle: Depth is measured
from the lowest point to the mean elevation of the surrounding semi-flat sand surface. Width is measured between opposite breaks in slope.

(b) Natural kettle in Bayfield County, WI: Depth is measured from the lowest point to the mean elevation between two opposite breaks in slope
when kettles are overlapping and a flat surface is unclear, and width is measured using the same procedure as experimental kettles. The y-axis in
this figure is vertically exaggerated, making the kettle appear very deep and narrow, but without exaggeration the kettle is relatively wide and

shallow. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Summary of sphere radius, burial depth, depression dimensions, aspect ratios and 2D volume for the 16 experiments conducted.

Ice

SphereRadius Ice sphere burial Resulting depression
(cm) depth (cm) depth (cm)
2 2 1.34

2 4 1.61

2 8 1.58

2 12 0.81

3 248

3 2.62

3 12 1.68

3 18 1.08

3i5 3.5 2.84

35 7 3.37

3.5 14 1.68

35 21 1:29,

5 5 2.74

5 10 5.00

5 20 2.62

5 30 2.06

Resulting aspect ratio  Resulting 2D volume

Resulting depression et (Do v
width (cm) (--) (cm?)
6.42 0.21 8.60
8.53 0.18 13.74
10.09 0.16 15.98
17.86 0.05 14.55
10.03 0.25 24.90
12.56 0.21 32.94
12.61 0.13 21.25
17.61 0.06 19.07
11.28 0.25 32.12
14.79 0.23 49.88
14.10 0.12 23.65
18.27 0.07 23.62
14.17 0.19 38.83
0.24 0.24 103.53
14.64 0.18 38.36
17.16 0.12 35.43
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retreat during the Wisconsin Glaciation, when the Lake Superior Lobe
advanced and retreated in Wisconsin multiple times between approxi-
mately 31.5 and 11 ka before present (Mickelson & Attig, 2017). Due
to the Bayfield Peninsula’s relatively high elevation compared to the
adjacent landscape and the sandy outwash in which the kettles formed,
the local water table lies hundreds of meters below the base of the ket-
tles, rendering them devoid of water or ‘dry’ (Fehling et al., 2022).
While less common, dry kettles are ideal for our purposes as they allow
us to easily estimate depth (D) from LiDAR data, which cannot pene-
trate water in kettle lakes. These kettles have likely experienced some
changes from hillslope processes after their formation. However,
because the slopes are relatively shallow and they are not filled with
water, their alterations are minimal compared to other kettles. The
LiDAR data from this region has a roughly 1.5-m horizontal resolution
and is publicly available (Wisconsin State Cartographer’s Office, 2023).

In this region, we identified 88 distinct kettles. Each kettle was
measured with four elevation profiles, using the same method as the
experimental data, to estimate their average depth and width. Calcu-
lating an average was particularly important for the field data due to
the nonuniform shape of the kettles, caused by their overlap with one
another. Following a similar process as the experimental data, width
was measured across the depression from one break in slope to the
diametrically opposed break in the slope (Figure 4b). However, due to
the overlapping of kettles in some situations, there was not an
extended flat surface surrounding the kettle that could be used as a
border for the top of the depression. In those instances, the depth
was measured from the lowest point on the elevation profile to the
mean elevation between the two opposite breaks in slope. The shapes
of the kettles were also graded based on the level of interference with
nearby kettles (Figure S3). A kettle with a ranking of 5 indicates that
no other kettles overlap it, while a kettle with a ranking of 1 indicates
that at least 4 kettles overlap its perimeter.

3 | RESULTS
3.1 | Experimental results

Table 1 gives the dimensions of each experimental kettle, and
Figure 5 shows the relationships between the aspect ratio and 2D

volume with nondimensionalized burial depth (2), respectively. We
normalized Z by sphere diameter (2R, where R is radius) to scale the
results and enable comparison between the different sphere sizes.
We find that as the depth of burial increased, the resulting depression
generally decreased in D and increased in W. For all four diameter
sizes, the depth of the depression of the double-buried sphere
(Z/2R = 2) was less than that of the full-buried ice sphere (Z/2R = 1).
Interestingly, the peak 2D volume (D-W) was observed in all cases
when the sphere was full-buried (Figure 5b), exhibiting a non-
monotonic response in which volume decreased with both shallower
and deeper burial than full-burial. The aspect ratio (D/W) continually
decreased with increasing burial depth (Z/2R) (Figure 5a). In summary,
when the ice was buried deeper, the ratio of depth to width of the
depression decreased. For three out of the four ice sphere sizes,

120 T T
Ice Radius
100 i —.—2 cm T
—8—3cm
& 80r 3.5¢cm |
$E_>, —e—5cm
=
X
(m]

Z/2R

FIGURE 6 Non-monotonic model best fit to the relationship
between 2D volume and normalized burial depth. The function fit to
this datais b- Z51) where x represents the normalized burial depth
and b is the appropriate coefficient for the fit. [Color figure can be
viewed at wileyonlinelibrary.com]

(b)
Ice Radius FIGURE 5 Relationships
betw t rati d 2D
> om etween ?spec ra. io an. :
volume with nondimensionalized
—e—3cm : ;
3.5 cm |- burial depth. (a) Aspect ratio as a
—5cm function of nondimensionalized

burial depth. This diagram shows
that the aspect ratio decreases
continuously with increasing

® burial depth. (b) 2D volume as a
function of nondimensionalized
burial depth, demonstrates a non-
monotonic relationship, with full
burial showing the largest 2D

(a)
0.3 T T T T 120
0.25% 100 1
<
0.2¢ & 80Ff
£
E 15 2 60 +
Sy 0. . =
Ice Radius ) X
0.1 ' Ze—2 cm | 1 0 40t
—e—3cm
0.05 3.5¢cm 1 I 201
—e—5cm
0 . . . . 0
0.5 1 1.5 2 2.5 3 0
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volume. [Color figure can be
Z/2R viewed at wileyonlinelibrary.com]
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the aspect ratio was largest when the ice was half-buried (Z/2R = 0.5) For the 2D volume, the non-monotonic equation includes a single
(Figure 5). fitting parameter, m, that scales the amplitude of the function, which
From these observations, we generated functions that estimate we found to be consistent between all sphere sizes (m ~5) (Figure S1).
the 2D volume and aspect ratio of a depression from the radius and The aspect ratio was well-described by a function dependent on the
burial depth of the sphere (Equations 1 and 2, respectively; Figure 6). nondimensionalized burial depth, exhibiting a linear decrease with a
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FIGURE 7 Time-lapse sequence showing the formation of a kettle from a full-buried 10 cm ice sphere over a 6.5-h period. The absolute
dimensions evolve over time, which supports lateral sediment transfer during melt out. The color bar is elevation relative to the average original
surface height in cm. [Color figure can be viewed at wileyonlinelibrary.com]
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slope | = —0.65 from a vertical offset ¢ = 0.27 (Figure S2). The values

of | and ¢ were again consistent between all sphere sizes, bolstering
confidence in their scalability. Importantly, these two relationships
can be solved together numerically, assuming a spherical ice block, to
estimate Z and R from depressions on the landscape. Note that a sim-
ple analytical solution was not found, so the solution required a
numerical solution.

D-w=mg2(_ /2R __ (1)
1+(Z/2R)?)’
%:(%)Hc, 2

The time-dependent response of the system shows that the
depression steadily grew with time (Figure 7). The width of
the depression grew linearly for the first 2 h and then eventually
approached a consistent width for the remainder of the melting time.
The depth of the depression also grew linearly until it reached its final
depth after ~6.5 h.

3.2 | Field results

Of the 88 kettle depressions identified in the Bayfield Lidar data, ket-
tle widths ranged from 26 to 347 m (average width, W, = 114 m),
and depths ranged from 3 to 38 m (average depth, D, = 13 m). This
variation resulted in a wide range of aspect ratios. To ensure that our
experimental results could be scaled up to the size of naturally occur-
ring kettles, we compared the aspect ratios between the experiments

0.25F ' 3
0.2} = -
®

S 0.15¢ :

(]
)
0.1¢ -
0.05f -
Field Experimental

FIGURE 8 Box and whisker plot comparing the distribution
aspect ratios for field and experimental kettles. The box indicates the
interquartile range, where 50% of the data is found, and the whiskers
extend from the minimum to maximum aspect ratio values for each
data set. [Color figure can be viewed at wileyonlinelibrary.com]

and the field data. We found that our field and experimental aspect
ratios overlap, providing more confidence in the scalability of these
results (Figure 8); 100% of the Bayfield kettles’ aspect ratios fall
within the experimental aspect ratios and the interquartile ranges
have 61% overlap. Specifically, the middle 50% of the Bayfield kettles’
aspect ratios were between the values of 0.1 and 0.15, while the mid-
dle 50% of the experimental aspect ratios ranged from 0.12 to 0.22.
We found that for the grade 5 kettles (n = 11), Wz =76 m and
D.vg = 8.5 m, and for the combined grade 4 and 5 kettles (n = 47),
W,y = 109 m and D,,g = 12.4 m (Figure 9a). Using Equations 1 and
2, we can estimate the Z and R needed to produce kettles with these
dimensions (Figure 10). For the grade 5 kettles, the ice sphere would
have had a radius of ~35 m and had its base buried to a depth of
85 m (so roughly 50 m of sediment atop the ice sphere). In this loca-
tion, the depth of the outwash is ~120 m (Fehling et al., 2022). Esti-
mates of Z and R from the solutions of Equations 1 and 2 for all five

grades are plotted in Figure 9b.

4 | DISCUSSION

These laboratory results provide the first quantitative relationship of
kettle depression geometry resulting from variation in burial depth
and ice sphere size. The nondimensionalized experimental aspect
ratios overlap with the aspect ratios of the natural kettle depressions.
This indicates the range of parameters we have explored in the lab are
possible in nature and provides confidence in the scaling of the lab
results to the field scale as a first-order approximation. It was
expected that the volume of the kettle depression would increase as
the burial depth approached full burial, simply because the ice sphere
occupies more space underneath the surface as it approaches full bur-
ied. However, interestingly, at burial depths greater than full buried,
the volume of the depression decreased with increased burial depth.
A potential explanation for this phenomenon is that the sediment ini-
tially situated atop and adjacent to the buried ice must undergo wide
scale reorganization and deformation as it moves into the void space
created by the melting ice block. This act of sediment reorganization
causes the mobilized sediment to undergo repacking (e.g., grain
rearrangement) as it moves into the void. As the sediment moves into
the newly forming void from the region surrounding the ice block, its
overburden stress (stress from the overlying sediment) is reduced
from its initial condition when adjacent to the ice block. In response,
the mobilized sediment attains a higher porosity after repacking
because of the reduced overburden stress, following standard consoli-
dation theory (Lambe & Whitman, 1991). This proposed increase in
porosity in the zone surrounding the kettle agrees with the geophysi-
cal observation of Gotz et al. (2018), who imaged a potentially low
porosity zone immediately below the depression of a kettle lake. The
sediment surrounding the lake, which has higher porosity, would facil-
itate greater permeability and groundwater flow into and out of the
lake. Conversely, those ice blocks that were buried ‘full’ or shallower
should exhibit much less or possibly no change in the porosity in the
surrounding sediment as the ice block melts because little to no sedi-
ment is positioned atop the melting ice block; thus, less reorganization
of sediment takes place. This leads to less hydrologic permeability and
a decrease in the potential for groundwater flow into and out of lakes.
In this manner, the formation mechanisms of the kettle as they relate
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to a specific burial depth would directly impact the limnology of lakes
that may develop within the kettles.

Solving Equations 1 and 2 together provides a means to estimate
an ice block’s burial depth and radius from the field data. This is possi-
ble because the burial depth and size affect the depression shape in
two distinct ways. The volume of the depression scales in one manner
following Equation 1 with sphere size and burial depth. By using
Equation 1 in combination with a volume estimate of a depression, we
can estimate a nondimensionalized burial depth, though a unique solu-
tion of R and Z does not exist from Equation 1 alone. However, by
combining Equations 1 and 2 to assess D and W, we can identify a
unique combination of R and Z if the buried object resembles a sphere
or is roughly equant in shape (we will detail additional limitations
below). Figure 10 shows the range of solutions for aspect ratio and
volume. There are only a limited number of R and Z combinations that
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can satisfy both Equations 1 and 2 for measured D and
W observations. As a sphere of a given size becomes buried deeper,
the volume of the depression first increases and then decreases past
the threshold of full burial. At the same time, the volume of a depres-
sion is directly proportional to the volume of the sphere for a given
depth (e.g., a larger block of ice will produce a larger depression than a
smaller block of ice buried at the same relative depth). However, as a
sphere of a given radius is buried deeper, its aspect ratio linearly
decreases, leaving a depression that becomes shallower and wider.
We hypothesize that is because there is a ‘cone’ of effective sediment
that is positioned upwards, so that the widest part of the cone is
nearest to the surface, from the buried ice block at an angle related to
the sediment’s friction angle (Figure 11, Figure S4). Our experiments
suggest a sphere buried in sediment that has a friction angle, ¢, will
affect a region at the surface, W that follows (Figure S5):

160
o Rating - +
V140' Y 1
-o'c- e 2
S120¢ 3 e 4
o 4 '...’
T 100} N A ¢
= 5 o)
@ g o be o

I o2 ]
3 ° o & . ©
*g ) e RS M e
LK J

."a 40. 4 . 4 4 + B
L )

20

10 15 20 25 30
Estimated Radius (m)

FIGURE 9 (a)Scatter plot of measured depth and width values of 88 naturally occurring kettles from Bayfield, WI, and ranked from least
disrupted (5) to most disrupted (1). (b) Scatter plot of estimated ice burial depth and estimated radius calculated using Equation 1 and Equation 2.

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Diagrams demonstrating the numerical solution. (a) The black lines represent potential values of ice burial depth (Z) and ice
radius (R) that match a kettle’s calculated 2D volume and aspect ratio. (b) The intersection of the blue and black lines indicates where the
potential depth and width satisfy both Equation 1 and Equation 2. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 11 Conceptual diagram depicting the melting of ice
spheres buried at two different depths and their impact on the
growth and shape of the resulting depression. [Color figure can be
viewed at wileyonlinelibrary.com]
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For a sphere buried 10 m with ¢ =30°, this would equate to
W =11.5 m, whereas a sphere buried 5 m will affect a zone that is 6 m
in width. At the same time, the sediment from the affected cone
region must fill in the void created by the melting ice block. Therefore,
the same size sphere will necessitate a greater depression, D, when
buried 5m than 10 m since the area of sediment within the affected
cone is smaller for the shallower burial, and hence necessitating the
resulting D value will be larger for the 5 m burial than 10 m (since sedi-
ment is being drawn in from a smaller region). An exact solution for
D with Z and R is speculative due to the changing sediment porosity
associated with the melt out, which does not allow volume to be con-

served but should scale like the following:

__ 2R? tan(90 — ¢)
He—ar @

where « is a fitting parameter that accounts for the change in porosity
associated with the sediment rearrangement. The details for deriving
Equations 3 and 4 are shown in the supplemental material. We note
that the expressions for D and W in Equations 3 and 4 are only appli-
cable for ice blocks that are full-buried or deeper. The time-dependent
evolution of the depression largely showed a linear change in D and
W as the morphology approached the final depression geometry.

The thermodynamics of the melting sphere in the lab are likely dif-
ferent than those in the field. However, the time-dependent melt-out
progression (Figure 7) indicates that the depression grows in a manner
that is not self-similar. This means that the kettle morphology at an
intermediate melt-out stage is different from the final shape of the ket-
tle. While the D-W continues to grow with time as expected (Figure 7),
interestingly, the D/W also continues to grow with time (Figure 7). This
means that the final aspect ratio is not achieved until the melt out is
completed. At an intermediate stage of melt-out, the aspect ratio is
smaller than at the final melt out, meaning the depressions are relatively
shallower and wider compared to the final aspect ratio. This suggests
that kettles initially grow faster in width than they do in depth, indicat-
ing the need for sediment to be transferred laterally as melt-out occurs,
which supports the general model proposed above.

These experiments are highly idealized but appear to capture
important aspects of kettle formation despite their limitations. A pri-
mary concern is how well the experimental observations scale to field
conditions; for example, sediment composition in the field would likely
include additional grain sizes beyond sand-sized particles. Those mix-
tures of grain sizes would give rise to more complex interactions as the
ice block melted. If there were a large component of fine-grained parti-
cles, electrostatic interactions could give rise to an appreciable cohesion
component that would ultimately affect the transport of the particles
during deflation. However, many kettles form in outwash deposits
where much of the fine-grained particles have been removed and the
composition is largely sand-sized particles (Hagg, 2022). The mecha-
nisms by which sand-sized grains (or larger) move should not be appre-
ciably different in the field than in our experiments. Thus, we feel the
use of sand in our experiments represents a valid first approximation. In
addition, the ice spheres in our experiments are orders of magnitude
smaller than in a natural setting. We have attempted to limit the scale-
dependent aspects via the use of sand particles (thereby reducing the
importance of cohesion) and limiting the minimum size spheres we use
to >10x the maximum grain size in accordance with standard soil
mechanics procedures (Head, 1989). By limiting the low end of our
sphere size, we have reduced some of the complexities that would arise
from force chain formation and deformation mechanics as the sediment
was mobilized (Hansen & Zoet, 2022). An additional limitation of our
experimentation is the simplified geometry we have chosen for our ice
blocks, in that they are limited to only a sphere shape. We chose a
sphere as a simplified starting point, but by no means are all ice blocks
spherical in shape. Our experimental results are likely reasonable for
equant-shaped ice blocks (even if not spherical) but could deviate signif-
icantly if the ice blocks have one axis that is much longer than the
others. This likely holds for equant shapes as any protuberances atop a
sphere will have a greater surface area to volume ratio and thus melt
faster than the other regions, pushing the block towards a spherical
shape where this analysis is more appropriate. Further experimentation
is needed to examine the complexity that non-equant shapes would
impose upon the relationships we have found. Additionally, Ice blocks
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that are stranded atop outwash plains (e.g., Burke et al., 2010) will
require some time to be partially or fully buried and would experience
syn-depositional melting. This would change the shape and size of the
ice block during burial, introducing yet another complexity that war-
rants further investigation. Acknowledging these limitations, we believe
these findings are a useful first-order approximation for how the mor-
phology of kettle depressions relates to the ice that formed them.

5 | CONCLUSIONS

This study provides the first empirical evidence quantitatively linking
the size and depth of an ice block to the morphological depression it
leaves on the landscape. In our experiments, we found that the size of
the ice block and the burial depth affect the aspect ratio and the vol-
ume of the depression. Specifically, the aspect ratio linearly decreases
with increasing burial depth, and the volume follows a non-monotonic
pattern: It increases with burial depth until the ice block is completely
buried beneath the sediment surface, after which the volume decreases
with increasing burial depth. The range of results found in the experi-
ments overlaps with the range observed in nature. In addition, there is a
zone of sediment that is affected by the melt out, in which sediment is
mobilized and the porosity is altered, in agreement with field geophysi-
cal observations. Time-dependent melt-out measurements showed that
the width of the depression initially grew faster than the depth during
melt out, resulting in a depression morphology that changed signifi-
cantly over time before reaching its final shape. Overall, the relation-
ships found in this study allow us to use the dimensions of a kettle to
estimate the size of the ice block and the depth at which it was buried.
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