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Abstract: Circular landscape features, including kettle lakes, sinkholes, pingos, calderas, and craters,
develop from a variety of different geomorphic processes on Earth. On many rocky extraterrestrial
surfaces, including Mars, the most common circular landscape features are craters, and the density of
these craters is commonly used to estimate the age of the surface. On planetary bodies where fluvial,
volcanic, and glacial geomorphic processes are not present, alternative interpretations of circular
features can safely be ignored. However, Mars once hosted an Earth-like climate and many elements
of the Martian landscape that are visible today were formed by ancient fluvial, glacial, or volcanic
processes. In this work, we focus on the potential presence of postglacial kettle hole depressions
on Mars. We explore the size and density distribution of kettle lakes in three analog postglacial
landscapes on Earth and discuss the implications for planetary surface age dating if kettles and
craters are present together in the landscape on Mars.

Keywords: kettle; crater; glacial landscape

1. Introduction

When studying the geologic history of planetary surfaces, it is helpful to estimate the
surface age. This can be done relatively, using stratigraphy and geologic context (e.g., [1–3]),
and has even been done isotopically, using samples returned from the Moon [4,5] and using
instruments onboard the Mars Science Laboratory rover Curiosity [6,7]. Most commonly,
however, planetary surface ages are estimated using the density of impact craters (hereafter,
simply “craters”) [8–10]. Older surfaces host more craters, and by comparing the number
and size distribution of craters in a given area to production functions that describe the
rate at which craters form, the age of a surface can be quantitatively estimated [11–14].

Crater-based methods of dating planetary surfaces rely on craters being discernible
in the available data (i.e., satellite images) and differentiable from other, non-impact-
generated circular depressions (e.g., sinkholes, pingos, calderas). Although fresh craters
are distinguishable from other features by their sharp topography, characteristic depth-
to-diameter ratios, and radially splaying ejecta [15–19], degraded craters may become
less easily differentiable over time. Topographic diffusion causes rounding of crater rims,
sediment transport fills in crater basins, and surface processes rework the crater ejecta. The
processes that drive crater degradation and the processes that create non-impact circular
depressions depend on the particular planetary body. For example, volcanic deposition
reworks the surface of Venus and circular depressions include calderas and vents as well
as impact craters [20]. On Earth, resurfacing occurs over geologically short timescales via
aeolian, fluvial, volcanic, and glacial processes, as well as via recycling of tectonic plates.
Impact craters can be found on Earth, but so can many other circular depressions, including
sinkholes, pingos, calderas, and the topic of this work: kettle holes.

Among the many geomorphologic features associated with glacial landscapes (e.g.,
drumlins, eskers, moraines; [21]), kettle holes develop when ice blocks, left by a retreating
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glacier, melt and leave a depression in the surface (Figure 1; [21]). The detached ice blocks
sit on the surface and become partially or entirely buried. Later, when the ice melts, a void is
left behind, creating a topographic pit. Sometimes called “kettle lakes”, simply “kettles”, or
more generally “thermokarst lakes”, kettles vary in morphology depending on the amount
of debris in the ice, and whether or how the ice is buried after the glacier retreats [22,23].
They are usually approximately circular, and can have raised rims or be flush with the
surrounding plains (Figure 2). One work notably refers to a sub-type of kettles with raised
rims as “crater” type kettle holes, highlighting the morphological similarity between some
kettles and craters [24]. Another example of crater and kettle confusion comes from the
Chiemgau lake depression in Germany. The lake became popularly known as “Chiemgau
Impact” until the idea was debunked and the lake demonstrated to be a kettle hole, although
some misconceptions still persist [25].
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kettle holes are distinct, but significant morphological overlap exists between the two resulting fea-
tures. 

Figure 1. Schematic comparison between kettle holes and craters. (a,b) Kettle hole formation. Kettle
holes form when blocks of ice left behind by a retreating glacier are buried by sediment (brown and
yellow layers), and then melt. The ice may be entirely (a) or partially (b) buried and may contain
little (a) or significant (b) sediment in the block interior. When the ice block melts, the surrounding
and overlying sediment collapses, forming a local pit that is often filled with water. In cases where
sediment was contained within the block of ice, a raised rim may form around the margins of the
kettle hole or lake (b). Craters also form local depressions of a similar scale to kettle holes (c,d). Simple
craters (as opposed to complex craters with central uplift peaks, not shown) form depressions with
respect to the surrounding topography and have raised rims (d). These rims may become degraded
(more rounded, lower relief) over time, and sediment infilling of the crater can change the depth-to-
diameter ratio and give the crater a flat floor (c). The formation mechanisms of craters and kettle
holes are distinct, but significant morphological overlap exists between the two resulting features.

On Earth, kettles can be found in the proglacial high latitudes in such locations as
Iceland [26], and high-latitude North America [27,28]. On Mars, kettles have also been
hypothesized to be present in northern circumpolar regions [29], as well as at lower lati-
tudes, including in Juventae Chasma [30], Kasei Valles [31], Ares Vallis [32], and Athabasca



Geosciences 2023, 13, 18 3 of 14

Valles [33]. On modern Mars, with its thin atmosphere, resurfacing is dominated by aeolian
transport at the equatorial and mid-latitudes, and by ice formation at the poles [34]. How-
ever, ancient Mars hosted a thicker atmosphere, flowing liquid water, and continental-scale
glacial processes [35,36]. Evidence of past and present glacial activity on Mars has been
found in geomorphologic (e.g., [37–39]) and radar (e.g., [40,41]) surveys of the Martian
surface. Landforms on Mars suggest that glaciers were intermittently present during the
Amazonian, Hesperian [37,42], and Noachian periods [43]. Cycles of glacial maxima and
minima have been identified based on superposition of glacial features [44], and mod-
els indicate that changes in obliquity may have influenced the formation and retreat of
glaciers [45]. During the late Hesperian, a large, elevated province known as the Tharsis
Rise was likely covered by an ice cap [42,46]. As recently as a few million years ago, alpine
glaciers were active [44] and glacial deposits down to latitudes of ~30◦ have been dated to
a recent ice age between 2.1–0.4 Mya [47]. Glaciers are still present on Mars today [39,41],
but while current conditions on Mars only allow for ice deposition and sublimation, atmo-
spheric conditions in Hesperian and Noachian [35] allowed for the participation of liquid
water during the development of the landscape as glaciers retreated, and therefore, likely
created Earth-like proglacial landscapes.

In this work, we study the size distribution and density of kettle lakes in three pre-
viously glaciated plains on Earth. We discuss whether ancient, degraded, kettle holes
presumed to be present on Mars could be misidentified as craters, and bound the potential
error kettle lakes could contribute to planetary surface age dating.
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Figure 2. Kettle holes on Earth and Mars. (A) An example of the studied kettle hole features from
Study Area C in Nunavut, Canada (see Figure 3 for location). (B) Degraded circular depressions
observed in satellite images of Mars in the vicinity of Juventae Chasma where kettle holes on Mars
have previously been interpreted [30]. HiRISE image ESP_024373_1895.
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Figure 3. Study areas on Earth. Kettle holes within the dashed lines were measured in each study
area. Lower right panel shows the locations of (A–C). (A) Kettle lakes in northern Ontario, Canada.
(B) Kettle and thermokarst lakes on Seward Peninsula, Alaska, United States. (C) Kettle lakes on
Baffin Island, Nunavut, Canada.

2. Study Areas and Methods

Three post-glacial terrains in North America were selected for study based on their
abundance of approximately circular kettle and thermokarst depressions as established
in previous research. The first study area (Study Area A: 53.3◦ N, 83.0◦ W; [48]) is located
in northern Ontario, Canada, between the Ekwan and Attawapiskat rivers (Figure 3A),
and covers a total area of 2656 km2. The second study area (Study Area B: 66.3◦ N,
165.3◦ W; [49]) is located on the coast of Seward Peninsula, Alaska, east of the town of
Shishmaref, in the Bering Land Bridge National Preserve, and covers a total area of 840 km2

(Figure 3B). The final study area (Study Area C: 66.0◦ N, 73.5◦ W; [50]), is located in the
coastal southwest region of the Dewey Soper (Isulijarnik) Migratory bird sanctuary of Baffin
Island (Qikiqtaaluk) in Nunavut, Canada, and covers a total area of 4428 km2 (Figure 3C).

In each study area, kettle lakes were measured using Google Earth’s (version 7.0)
measurement tool and the most recent available satellite images (~15 m/px resolution).
Lakes were measured at approximately 1:150,000 scale and the lengths of both the short
and long axis of each lake were recorded. The ratio of these axes is reported in Table 1 and
demonstrates quantitatively the circularity of the kettle lakes in the study areas. For sim-
plicity, we hereafter refer to the lake “diameter” which in all cases is the measured long axis.
We use the long axis instead of the short axis as an upper bound of the potential measured
“diameter” in features, and therefore an upper bound on the potential contributed error to
a planetary surface age estimate. Both dry and water-filled kettle holes were included in
this study.



Geosciences 2023, 13, 18 5 of 14

Table 1. Kettle hole summary measurements.

Area A (Ontario) Area B (Alaska) Area C (Nunavut)

Total area studied (km2) 2656 840 4428

Number of kettle holes measured 814 599 908

Number of kettle holes >500 m in diameter 358 125 767

Kettle hole long axis (diameter); µ ± 1σ (m) 675 ± 707 364 ± 347 1039 ± 533

Kettle hole short axis; µ ± 1σ (m) 469 ± 448 241 ± 252 901 ± 467

Aspect ratio; µ ± 1σ (m) 1.46 ± 0.41 1.62 ± 0.50 1.18 ± 0.19

Power law slope of the differential dist. for d > 500 m −2.87 −2.35 −2.55

Power law slope of the differential dist. for d > 1 km −3.19 −3.12 −4.44

To bound how degraded kettle holes present on planetary bodies might influence crater-
density-based surface age estimates, we evaluated the kettle hole size frequency distributions
as though all kettles were interpreted as craters of the measured diameter. We present the
size frequency distributions based on the standard formats recommended by the 1979 Crater
Analysis Techniques Working Group [51], namely as cumulative and relative size frequency
distribution plots (Figure 4). Additionally, we further present the differential size frequency
distribution of the kettle hole data. Although not part of the 1979 recommendations, more
recent works have shown the utility of these plots in assessing the distribution [52–54], and we
present this third view for increased diversity. These three standardized formats are widely
used (e.g., [52,54–57]) and can be directly compared to populations of craters measured on Mars
in existing literature. Cumulative size distribution functions are generated by plotting the crater
diameter D versus the total number of craters, N, with diameter > D, normalized by the area, A,
in which the craters were observed (i.e., D vs. N/A). The differential size frequency distribution
plot is created by binning D and then plotting the crater diameter of the bin center, Dmid, versus
the number of craters in each bin, normalized by the bin width and study area (i.e., Dmid vs.
Nbin/(A(Dn − Dn−1))). By convention, the bin size is set to increase by a factor of root-2 at
increasing diameters. Finally, the relative size frequency distribution (or “R-plot”) is a derivative
of the differential plot but normalized to a Pareto (power law) trend with a slope in log-space
of −3 (i.e., proportional to D−3). If the data follow the −3 power law slope, as is expected for
populations of craters, the data will converge to a flat line in the R-plot (e.g., [55,58]). The actual
value for the power-law slope of the kettle hole distribution was measured using kettle holes
<500 m in diameter and separately with kettle holes >1 km in diameter (Table 1). The power-law
slope was found by applying a linear regression to the logarithm of the values in the differential
distribution (i.e., log10(Nbin/(A(Dn − Dn−1))) as the dependent variable and log10(Dmid) as the
independent variable). The slope of this regression represents the power law exponent in the
relationship of the form Nbin/(A(Dn − Dn−1)) ≈ cD−m where c is a constant of proportionality
and m is the slope of the linear regression in logarithmic space.

To compare the measured kettle distribution with actual crater data from Mars, craters
in the interior and immediate environs of Henry crater were measured using a mosaic
of images from the Context Camera (6 m/px; [59,60]) onboard the Mars Reconnaissance
Orbiter. Craters were measured in a 25,815 km2 square study area centered on Henry crater,
a ~170 km diameter crater in Arabia Terra [61,62]. We present actual Martian crater count
data rather than generating synthetic data from a Pareto distribution to show a real-world
example of variability and imperfect alignment with the −3 power law slope expected for
crater distributions (and assumed when creating the R-plot) [51,52].
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exposure age, assuming all the measured features were interpreted as craters. Ages for the kettle hole



Geosciences 2023, 13, 18 7 of 14

study areas are shown in (a). In (b), we show both actual Martian craters measured in Henry crater
(Figure 5), and the result of mixing that population with the kettle hole depressions measured in Study
Area A. The relative size frequency distribution (c,d), also called an “R-plot” emphasizes deviations
from the assumed −3 power-law exponent. In particular, at small diameters, the features under-fit
this assumed distribution. The R-plot is derived from the differential size frequency distribution
(e,f) in which features are binned in intervals of increasing size, scaling by the square root of two.
Epochs from Michael (2013), Equilibrium Function (EF) from Hartmann (1984), Production Function
(PF) from Hartmann and Daubar (2017), Chronology Function (CF) from Hartmann (2005) and
Michael (2013).

Geosciences 2023, 12, x FOR PEER REVIEW 8 of 15 
 

 

Figure 4. Size frequency distribution plots showing the populations of kettle holes in this study and 
craters in the Henry crater Martian study area. The cumulative size frequency distribution (a,b), was 
used to compare the feature distributions to Martian surface age isochrons and estimate a surface 
exposure age, assuming all the measured features were interpreted as craters. Ages for the kettle 
hole study areas are shown in (a). In (b), we show both actual Martian craters measured in Henry 
crater (Figure 5), and the result of mixing that population with the kettle hole depressions measured 
in Study Area A. The relative size frequency distribution (c,d), also called an “R-plot” emphasizes 
deviations from the assumed −3 power-law exponent. In particular, at small diameters, the features 
under-fit this assumed distribution. The R-plot is derived from the differential size frequency dis-
tribution (e,f) in which features are binned in intervals of increasing size, scaling by the square root 
of two. Epochs from Michael (2013), Equilibrium Function (EF) from Hartmann (1984), Production 
Function (PF) from Hartmann and Daubar (2017), Chronology Function (CF) from Hartmann (2005) 
and Michael (2013).  

 
Figure 5. Study area on Mars. (A) Henry crater as seen in a CTX image mosaic. The study area is 
approximately the extent shown. Craters measured in the Henry crater study area are outlined in 
white. (B) A Mars Orbiter Laser Altimeter topographic map of Mars with the location of the Henry 
crater (star). 

3. Results 
A summary of the measurements made in each study area is given in Table 1. The 

kettle hole diameters ranged from 12 m to 7 km. Qualitatively, the size frequency distri-
bution of the kettle holes is similar in each of the three study areas, following a power-law 
relationship that changes slope (exponent) from low to high crater diameters. Quantita-
tively, we used a Kolmogorov–Smirnov test [72] to test the null hypothesis that the kettle 
hole measurements from each area are normally distributed. The null hypothesis was re-
jected with >99.9% confidence (α < 0.001) for all three areas. Using a two-sample Student’s 
t-test with unequal variance, we tested the null hypothesis that the kettle holes in any two 
of the three study areas come from populations with equal means [73]. In all three combi-
nations of two study areas, the hypothesis was rejected, suggesting that there is no char-
acteristic mean kettle hole size that defines the size frequency distribution for kettle holes 
in general, but that it is instead locally controlled. 

The cumulative size frequency distribution of kettle holes in each of the three study 
areas follows the same trend commonly observed in measurements of craters on Mars 
(Figure 5). Namely that, at large diameters, the distribution is approximately linear (in 

Figure 5. Study area on Mars. (A) Henry crater as seen in a CTX image mosaic. The study area is
approximately the extent shown. Craters measured in the Henry crater study area are outlined in
white. (B) A Mars Orbiter Laser Altimeter topographic map of Mars with the location of the Henry
crater (star).

To understand how kettle holes misidentified as craters might influence a derived
surface age, we compared the measured population of kettle holes to isochrons representing
the expected population of craters on a surface of a given age [11,63,64]. Isochrons are
determined based on an assumed production function describing the history of Martian
crater generation with time [63], an assumed saturation equilibrium at which point craters
generated obliterate at least one already present crater and the density can no longer
increase [65], and an assumed chronology function with defined epochs [66]. By fitting
the data to an isochron with a given slope and intercept (adjusted for the formation of
secondary craters at small diameters [63,67,68]) the approximate exposure age of the surface
can be estimated [63,64,69,70]. In this work, we used the widely used CraterStats software
tool (version 2.0) [11,71] to create the cumulative, relative, and differential size frequency
distribution plots for both kettle holes in our three study areas and in Henry crater on
Mars. We further used the tool to conduct a best fit of the data to isochrons and estimate
an age that would be interpreted if the kettle data were erroneously included in a crater
dataset. We present the estimated “age” of the kettle hole populations and superimpose
the data from Area A on Henry crater measurements (Figure 5) to estimate how surface
age estimates could be influenced by the addition of non-crater kettle morphologies. For
this last case, we added data from Area A and assumed the study area size of the Henry
crater region, analogous to a kettle hold field unnoticed in a large study area. Kolmogorov–
Smirnov and t-tests were used to assess the normality of the kettle data and compare study
areas to each other.



Geosciences 2023, 13, 18 8 of 14

3. Results

A summary of the measurements made in each study area is given in Table 1. The kettle
hole diameters ranged from 12 m to 7 km. Qualitatively, the size frequency distribution of
the kettle holes is similar in each of the three study areas, following a power-law relationship
that changes slope (exponent) from low to high crater diameters. Quantitatively, we used a
Kolmogorov–Smirnov test [72] to test the null hypothesis that the kettle hole measurements
from each area are normally distributed. The null hypothesis was rejected with >99.9%
confidence (α < 0.001) for all three areas. Using a two-sample Student’s t-test with unequal
variance, we tested the null hypothesis that the kettle holes in any two of the three study
areas come from populations with equal means [73]. In all three combinations of two study
areas, the hypothesis was rejected, suggesting that there is no characteristic mean kettle
hole size that defines the size frequency distribution for kettle holes in general, but that it is
instead locally controlled.

The cumulative size frequency distribution of kettle holes in each of the three study
areas follows the same trend commonly observed in measurements of craters on Mars
(Figure 5). Namely that, at large diameters, the distribution is approximately linear (in log-
log space) following a power law slope of ~−3. At smaller diameters, this slope shallows
and the distribution “rolls over”. The causes of this shallowing in crater distributions and
potential causes in the populations of kettles are discussed in the next section, but we note
here that the shallowing of the distribution at small diameters is present in both the kettle
(Figure 4a) and the Mars data from Henry crater (Figure 4b). The diameter position at
which the cumulative size frequency distribution shallows differs across the three terrestrial
study areas and Mars. For the kettle measurements, the position is between 150 m and 1 km,
whereas in the Henry crater, the shallowing occurs nearer ~30 m. The shallowing at small
diameters is highlighted in the relative size frequency distributions (R-plots; Figure 4c,d),
which show a sharp downward trend and deviation from the assumed −3 power law for
diameters ~<1 km. For diameters >1 km, the kettle hole data are distributed around a
horizontal line, similar to the expectation for craters on Mars.

Using only the large diameter craters (>500 m and >1 km), we approximated the
slope of the linear portion of the differential size frequency distribution (Figure 4e,f). The
results of this analysis are shown in Table 1 and all lie within 1 of the assumed slope for
craters of −3, with the exception of >1 km diameter features in Area C which are notably
more steeply distributed. Using the >500 km kettle diameters (that approximately parallel
the Martian isochrons), we calculated an approximate surface age that would have been
estimated if this population of features were assumed to be craters on Mars.

If the observed kettle lakes were present on Mars and assumed to be craters, Study
Area A would have an estimated surface age of 4.0 Ga ± 8 Ma, Study Area B an estimated
surface age of 3.9 Ga ± 10 Ma, and Study area C an estimated surface age of 4.0 Ga ± 5 Ma.
This process was repeated for the measurements of craters on Mars in Henry crater and
again for the population of data that is a combination of the Henry crater and Area A data.
In the latter case, the addition of the non-crater kettle hole data increased the estimated
surface age by 15% from 3.2 Ga to 3.7 Ga.

4. Discussion

The idea that degraded circular depressions on Mars may not all be formed by impacts
has been highlighted by previous studies [74–76]. In this work, we focus on kettle holes
and assume, based on ample evidence of Martian glaciation [33,38] and proposed examples
of kettle holes on Mars [30,31], that kettle holes developed on Mars at one time. Allowing
for slight differences between Earth and Mars kettle morphologies based on the lower
gravity, we further assume that the size frequency distribution of kettles observed on Earth
is representative of kettle distributions on Mars, particularly for those formed when Mars
had a more Earth-like atmosphere [77].

For regions where kettle holes and craters are both present on Mars, it then becomes
necessary to differentiate between the two. Morphological differences noted in the intro-
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duction may fade with time, leaving the size and size frequency distribution as potential
differentiators. If kettle holes were larger or smaller than typical craters, or confined to a
particular size, then features in that size range could be specifically targeted. Similarly, if the
size frequency distribution of kettle holes differed significantly from craters, then a mixed
population of craters and kettle holes would exhibit a skewed or misshapen distribution
that would warn of the inclusion of non-craters (i.e., including kettle measurements would
change the slope of the data to be dissimilar from crater isochrons).

However, the range of observed kettle diameters overlaps with the range of crater
diameters and does not exhibit a characteristic diameter, making considerations of one
diameter or diameter range insufficient for differentiation. Similarly, the size frequency
distribution of the kettle hole data, rather than being dissimilarly distributed to Martian
craters (e.g., following something other than a power-law relationship with diameter and
a slope of −3) matches macro-scale trends in crater distribution. The size range, from
meters to kilometers in scale, is analogous to the size range of typical craters, but more
importantly, the distributions of size and density parallel the Mars cratering isochrons at
diameters > 500 m. Fitting the large kettle diameters to a power law approximation yielded
slopes of −3 ± 0.7 in all but one case. This variability is similar to what is found in
populations of measured craters on Mars, meaning that if a population of Martian kettle
holes was mixed with a population of craters, the combined distribution would not likely
be recognizable as erroneous, based on the distribution alone. Superposition of similarly
distributed data would drive the estimated surface age older than the actual age but would
not change the overall shape of the distribution.

4.1. Small Diameter Kettles and Craters

At diameters <500 m, the kettle holes become less abundant, causing a change in the slope
of the distribution that could be diagnostically useful in differentiating these features on Mars.
However, the same behavior, a “roll over” in the distribution at small diameters, also appears in
small craters on Mars [57,78]. In craters, the flattening of the distribution at small diameters has
been attributed to obliteration [78,79] and resolution limitations [57,80]. The exact diameter at
which a population of small craters changes slope on Mars varies across the planet and depends
on the local resurfacing processes and impacted substrate [79,81]. Secondary craters, craters
formed by the material ejected by other crater-forming impacts [67,82], further complicate the
use of small crater diameters in planetary surface age dating. Whereas resurfacing processes
work to reduce the number of observable small craters with respect to the overall population,
secondary crater formation increases the number of non-random, non-primary small craters.
Many works have proposed methods of correcting for or incorporating secondary craters into
estimates of surface age [63,83–85]. As non-random, non-primary, circular depressions in the
ground, secondary craters and kettle holes both pose a significant source of uncertainty with
respect to surface age dating. Similarly, both features occur at diameters reasonable for primary
craters, but their upper limit in diameter is lower than for primary craters over geologic time.

The cause of rollover in the distribution of kettle holes in this work is not evident from
the data, but we can speculate about the potential explanation. One notable difference
between crater populations and the populations of kettles studied in this work is the
position of the rollover in the cumulative distribution. The image resolution (~15 m/px)
is approximately an order of magnitude below the diameter at which each of the study
site distributions changes slope (Figure 5). This suggests that image resolution is not
responsible for the flattening of the kettle distributions. Obliteration could account for the
loss of some kettle features but is unlikely in this case. Kettles necessarily form in a single
geologic event (the receding of a glacier), and any post-formational obliteration would
influence all of the kettle holes similarly. The study areas in this work were chosen for their
clarity of exposure, and it is unlikely that obliteration selectively removed only some of
the kettle holes. One possible explanation for the size of the kettle holes is a characteristic
size of the ice blocks left behind by the glacier. Given that the Student’s t-test rejected the
hypothesis that the different study areas reflect populations of similar means, if there is
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a characteristic block scale and variability defining the kettle size frequency distribution
is must be dependent on the particular glacier (height, retreat rate, etc.). An inversion
of this idea might one day help determine the properties of glaciers on Mars, but kettle
sizes are not characteristic enough to easily distinguish them from craters (either primary
or secondary).

4.2. Uncertainty

When measuring craters to determine a potential age, some best practices reduce the
uncertainty and improve the reproducibility of results. For example, using a consistent
viewing scale and resolution of images while studying the area, as well as defining a geolog-
ically distinct (not mixed) surface. Previous work has suggested a method for identifying
a minimum area needed to expect a statistically robust estimate of surface age [86]. Even
with precautionary measures, one previous work found that trained observers varied in
their assessment of an area by plus or minus 10–35% [87].

The results in Figure 5 highlight two scenarios in which, if kettle hole terrains devel-
oped after glaciers receded on Mars, the surface age determined when not differentiating
between kettles and craters could be significantly overestimated. First, a geologically young
surface on which kettles developed (with an actual surface age of ~0.0 Ma). The study areas
in this work are analogous to ~1000 km2 areas on Mars, densely populated with kettles,
but with actual ages of approximately zero. In this scenario, assuming all kettle holes are
craters overestimated the true 0 Ma age by ~4 Ga. This first scenario places a bound on
the potential contributed error but assumes a freshly deglaciated surface and a study area
focused on the kettle population, an unlikely situation to encounter on present Mars.

Second, the mixed population of Henry crater data and Study Area A measurements
represents a situation where data collected from a ~10,000 km2 scale area unknowingly
include a ~1000 km2 scale area of kettle-rich terrain. In this example, if the kettle holes are
not differentiated, the addition of non-crater measurements increased the estimated age by
15% or ~300 Ma.

4.3. Differentiating Kettle Holes from Craters

Given the magnitude of the potential error contributed to an age estimate by kettle
misidentification, it is worth discussing whether mistaking a kettle hole for a crater is a
realistic error a human observer could make. Certainly, freshly formed craters and freshly
formed kettles will have differentiating features that can be identified even in satellite
images (Figure 1). Fresh craters have sharp rims raised above the level of the surrounding
plains, and rayed ejecta that extend multiple crater radii from the impact. Kettle holes
have flat floors, no or only slight rims, and form in proglacial terrains where other glacial
landforms provide differentiating context (e.g., drumlins, kames, eskers, etc., all suggest a
glacial origin; [21]). However, surfaces of interest on Mars may be millions or billions of
years old. Although fresh craters and fresh kettles may be readily distinguished, millennia
of fluvial and aeolian erosion worked to degrade Martian topography of both kettles and
craters. The differentiating topography of both features becomes muted, and flat floors
develop in the basins from sedimentary infilling. Over time, kettles and craters converge on
the same morphology: an approximately circular hole in the ground. Although including
a paleo-proglacial terrain in a study area would likely be noticed by a trained observer
(e.g., local variability in morphology and density of the features), the potential error is still
worth a note of caution. In the case where kettles and craters have been morphologically
degraded and are not immediately differentiable, other methods of differentiation must
be found. Based on the results of this work, the size frequency distributions of craters
and kettles are similar enough that they do not provide a straightforward mechanism
of differentiation on their own. Despite the similarities, two differentiating features are
notable in the measured distributions: (1) the diameter at which the kettle size frequency
distribution changes slope (150 m–1 km) is large with respect to the image resolution,
and (2) kettles overpopulate the expected saturation equilibrium density, as would not be
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expected to occur with craters. More specifically, the R-plot in Figure 4c shows how kettle
holes with diameter ~1 km overpopulate and plot above the solid line that represents the
saturation equilibrium. Whereas newly formed craters will eventually replace one another
in their formation, the density of kettles slightly exceeds this expected value. However, this
over-saturation is closely tied to the small and densely populated study area. Diluting the
total area observed by even a small amount would overwhelm this signal.

In the absence of a statistical metric for differentiation, the observer must rely heavily
on interpretation and geologic context. To some extent, this work has already been done.
Geologic maps of Mars exist at global scale [9,88]. Craters >1 km in diameter have been
identified and cataloged on Mars and these catalogs include information about the context
and preservation state [15,82,89]. For smaller craters, however, the responsibility of geologic
interpretation and contextual information rests with the observer.

As with most geomorphological studies of Mars, this work only employed satellite
imaging when interpreting and measuring the surface. Other tools and methods to dif-
ferentiate degraded craters and kettle holes could be used and might provide a reliable
distinguisher. For example, craters have a characteristic depth to diameter ratio that could
be measured with digital elevation models and likely differs from the depth to diameter
ratios of kettle holes [16,90]. However, determining a surface age may involve measuring
a large number of input craters, making investigation of features individually or even in
groups potentially impractical. Previous research also concluded that kettles are clustered
as compared to craters, and a nearest neighbor analysis can be used [74]. Regardless of the
method, one must first be aware of the potential need for such a method of differentiating
between craters and non-craters, making interpretation of the geologic context the most
important first step.

In practice, the assumption that circular features on Mars are craters holds well. Planet-
wide, the total number of impact-generated-craters on Mars far exceeds the instances of
any other single circular-depression-forming mechanism. Further, in cases where circular
depressions are not impact craters (e.g., sublimation pits in polar regions, calderas at the
peaks of volcanoes), they can often be distinguished by a trained observer and geologic
context. The aim of this work is not to suggest a community-scale oversight or past error,
but to advocate caution. With the advent of machine learning [76] and other automated
image processing methods [91], simple assumptions that work well most of the time, may
lead to significant error in particular cases. Here, we give an example of the potential error
that could arise in regions of past glaciation. True, craters and kettles can generally be
differentiated, but after more than a billion years of erosion on Mars, when estimating the
age of a surface, it is worth remembering: not every circle is a crater.
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