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1. Introduction
The northern (NPLD) and southern (SPLD) polar layered deposits of Mars contain stratigraphic sequences of 
ice and dust that have been extensively studied as paleoclimate records (see review in Byrne, 2009). It has been 
hypothesized for decades that these records are controlled by Mars' orbital and rotational variations (e.g., Cutts 
& Lewis, 1982; Laskar et al., 2002; Murray et al., 1973; Smith et al., 2016), similar to Milankovitch cycles on 
Earth (Hays et al., 1976). Demonstrating such a link is one of the driving goals of Martian polar science (e.g., 
Smith et al., 2020), but statistically distinguishing this signal from stochastic variability has proven challeng-
ing. In particular, climate signals can resemble red noise, where longer wavelengths have greater power than 
shorter wavelengths and successive time samples are not completely random. Because of this issue, some previ-
ous authors (Perron & Huybers, 2009) have argued that compelling identification of orbital signals in Martian 
ice stratigraphy would require the robust detection of two periodic wavelengths that not only have a significant 
concentration of spectral energy, but also whose ratio corresponds to the ratio of two controlling orbital periodic-
ities. Such an identification has been proposed in the sedimentary rock record of Mars (Lewis et al., 2008). Statis-
tically significant wavelengths have been identified in the exposed layering of the NPLD (Becerra et al., 2017) 
and SPLD (Becerra et al., 2019), but they mostly have ratios that differ from orbital periodicities. The mismatch 
between ratios was attributed to large time-variability of ice accumulation rates, but this explanation depends on 
the considered accumulation models, which often assume a priori that obliquity changes are the dominant control 
on polar ice accumulation rates (Hvidberg et al., 2012).

One path in advancing the field of Martian paleoclimate studies is to consider ice deposits other than the polar 
layered deposits (PLDs). Here, we consider ice deposits located within impact craters that are smaller than, and 
separate from, the PLDs. We argue that these crater deposits represent records in which orbital signals could 
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be more straightforward to identify because they are at lower latitudes than 
the PLDs and thus might be more sensitive to obliquity variations. These 
deposits may also represent relatively young stratigraphy that has undergone 
fewer cycles of accumulation and ablation compared to the PLDs. Previ-
ous work has identified 18 crater ice deposits in the northern hemisphere 
(Conway et al., 2012) and 31 crater ice deposits in the southern hemisphere 
(Sori et al., 2019). High-resolution images have been used to study surface 
morphology and constrain retreat rates of ice exposures in the northern 
deposits (Bapst et al., 2018; Brown et al., 2008). All the southern deposits are 
mantled with dust that mostly conceal their ice cores. Although subsurface 
radar sounding has been used to identify interior layering in one of the north-
ern deposits (Brothers & Holt, 2016), the types of quantitative signal analyses 
that have been extensively used on exposed layering in the PLDs have not 
previously been applied to these crater ice deposits.

Here, we argue that these outlier ice deposits reveal orbital forcing of recent 
Martian climate. Our strategy is to read the record that is expressed in ancient 
layers exposed at the surface, an idea that has broadly been used to infer 
paleoclimate history from glaciers on Earth in, for example, Greenland 
(e.g., Schaefer et al., 2009) and Antarctica (e.g., Baggenstos et al., 2018). In 
Section 2, we describe how we constructed the paleoclimate proxy we used 
in our analysis: The morphological shape of layers visibly exposed in an ice 
deposit in Burroughs crater. In Section 3, we describe the signal analysis we 

performed on this paleoclimate proxy and the results. In Section 4, we discuss implications of these results for the 
climate of Mars and comparisons to the SPLD. We give concluding remarks in Section 5.

2. Construction of Paleoclimate Proxies at Burroughs Crater
We studied the 49 crater ice deposits inventoried by Conway et al. (2012) and Sori et al. (2019) and found that 
one had widespread exposed layering suitable for paleoclimate analysis. This ice deposit is located in Burroughs 
Crater (Figure 1), a 117-km-diameter impact crater located at 72°S, over 200 km away from the SPLD. The ice 
deposit is 74 km in diameter and has exposed, visible layering around most of its perimeter. The entire deposit 
has a few 100s of meters of topographic relief, with as much as ∼200 m of relief visible in some of the layer 
exposures. Although 12 other crater ice deposits in the southern hemisphere and 10 crater ice deposits in the 
northern hemisphere have some degree of visible layering, they all have little topographic relief, are obscured by 
dune cover or other superposed material, are only seen in very localized exposures, or a combination of the above 
(see Figure 1 in Supporting Information S1). Only the Burroughs deposit has the extensive, thick, unobscured, 
exposed visible stratigraphy necessary to obtain meaningful paleoclimate results. Based on the fact that some 
internal layering has been observed in subsurface radar sounding at other deposits (McGlasson et al., 2021), we 
speculate that the reason only Burroughs has extensive, thick exposures is related to regional atmospheric effects 
that locally enhance erosion along the perimeter of the deposit, and not because Burroughs is unique in its layered 
nature.

We conducted a campaign to acquire high resolution images of Burroughs using the High Resolution Imag-
ing Science Experiment (HiRISE, McEwen et  al.,  2007) aboard the Mars Reconnaissance Orbiter (MRO). 
In total, we obtained 18 HiRISE images of the Burroughs ice deposit. Of these 18 images, 6 images are 
stereo pairs of visible layering around the deposit's perimeter, from which we constructed 3 digital eleva-
tion models (DEMs). These 6 images were taken during southern summer (solar longitude ranging from 
268° to 320°). The images have a resolution of ∼25  cm/pixel, while the DEMs can reliably resolve eleva-
tions of ∼1  m. The DEM that features the largest stratigraphic section of exposed layers (188  m) is 
shown in Figure  2a (ID: DTEPC_058362_1070_057650_1070_A01), while the other two DEMs (IDs: 
DTEPC_057439_1075_057241_1075_A01 and DTEPC_057716_1080_057,848_1,080_A01) are available on 
the HiRISE website. From these 3 DEMs, we derived stratigraphic profiles of layer protrusion.

Figure 1. A layered ice deposit in Burroughs crater. Contextual image is from 
the Thermal Emission Imaging System instrument aboard the Mars Odyssey 
spacecraft, showing Burroughs crater and the interior ice deposit at 72°S, 
117°E. North is up in this image. Insets are High Resolution Imaging Science 
Experiment (HiRISE) images showing widespread layer exposures. From top 
to bottom, the HiRISE image IDs are ESP_057848_1080, ESP_057439_1075, 
and ESP_058362_1070. These three HiRISE images are part of stereo pairs, 
from which high-resolution digital elevation models were constructed.
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Layer protrusion of icy stratigraphy on Mars has been shown to be a useful paleoclimate proxy. The degree to 
which icy layers on Mars protrude from a background slope is a reliable proxy for composition, with layers that 
protrude farther from a background slope being more dust-rich and resistant to erosion (Becerra et al., 2016). 
This topographic metric may be more reflective of internal properties, like composition, than layer brightness 
(Herkenhoff et al., 2007). We constructed protrusion profiles in the following way. First, we extracted three topo-
graphic profiles from the HiRISE DEMs, 5 m apart and each extending from the top of the layered stratigraphy 
to its bottom, perpendicular to the layers. Second, for each profile, protrusion was calculated by using a moving 
window method. At each point along the topographic profile, protrusion was calculated by measuring the normal 
distance between the topography and the linear fit of the topography at the center of the window. We selected a 
window size of 350 m horizontally, based on the fact that is has been shown to be a reliable size for polar stratig-
raphy (Becerra et al., 2016) and that this window size captures the apparent topographic relief seen in layers of the 
ice deposit (e.g., Figure 2b). Finally, we averaged the three protrusion profiles together to reduce any noise intro-
duced by local roughness variations not dependent upon internal layer properties (although in practice, we found 
that this averaging did not significantly affect our results because the topographic and protrusion profiles were 
sufficiently similar, Figure 2 in Supporting Information S1). This process was repeated for each of the three DEMs 

Figure 2. Ice deposit topography as a paleoclimate proxy. (a) High Resolution Imaging Science Experiment-derived digital 
elevation model (DEM) DTEPC_058362_1070_057650_1070_A01, showing layer topography over ∼200 m of stratigraphic 
relief. (b) Typical topographic profile of layer topography, represented by dashed line in (a). (c) Layer protusion profile 
extracted from this DEM and used in our analysis.
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at Burroughs. It has been shown that this method yields robust paleoclimate 
proxies for icy stratigraphy on Mars (Becerra et al., 2016, 2017; 2019). An 
example protrusion profile is shown in Figure 2b.

3. Paleoclimate Analysis
We searched for periodicities in the stratigraphic profiles using Fourier trans-
forms. For the averaged protrusion profile from the DEM with the greatest 
topographic relief (representing layer exposures with apparent stratigraphic 
depth 188 m), we found a spectral structure similar to a lag-1 autoregres-
sive process, a type of red noise relevant in climate records (e.g., Perron & 
Huybers, 2009). To test the significance of our result, we randomly generated 
20,000 synthetic protrusion signals with the same mean, standard deviation, 
and lag-1 autocorrelation as the real protrusion profile. We found that two 
wavelengths in the Fourier power spectrum of the real protrusion profile had 
power higher than that of 95% of the randomly generated profiles at those 
wavelengths. Those two wavelengths occur at 15.6 and 6.5 m (Figure 3), with 
a ratio of 2.4. The other two averaged protrusion profiles, from the other two 
DEMs, did not display power above the 95% statistically significant thresh-
old, which we interpret as resulting from their smaller stratigraphic section 
(<100 m).

The 2.4 ratio of dominant wavelengths in the 188-m-deep stratigraphy is the 
same as the ratio between the periodicity (Laskar et al., 2004) of Mars' obliq-
uity changes (∼120 kyr) and that of precession in Mars' argument of perihe-
lion (∼51 kyr), which has been proposed to control recent ice accumulation 

(Montmessin et al., 2007). This match between ratios is what has previously been argued to be the requirement 
for confident detection of an orbital signal in Martian ice (Perron & Huybers, 2009). Our detection allows us to 
invert for an average accumulation rate of the Burroughs crater deposit by interpreting that the 15.6 m wavelength 
corresponds to a time interval of 120 kyr and the 6.5 m wavelength corresponds to a time interval of 51 kyr. The 
inferred average accumulation rate is 0.13 mm/yr (“yr” and “Myr” always refer to Earth years in this paper). If the 
exposed stratigraphy does not contain prolonged (10s of kyr or more) periods of net sublimation such that large 
parts of the record are missing, then the 188 m of stratigraphy were emplaced over 1.4 Myr. Our inferred accu-
mulation rate is consistent with, but at the lower end of, estimates of the accumulation rate of the SPLD (Becerra 
et al., 2019), and may suggest lower net accumulation at outlier deposits compared to the PLDs.

The total depth of the Burroughs ice deposit is greater than the 188 m of exposed stratigraphy analyzed here. 
Topographic analysis (Sori et al., 2019) and depth-corrected SHARAD radargrams (Figure 3 in Supporting Infor-
mation S1) both show that the total ice mound thickness is ∼600 m. If the average accumulation rate of the 
analyzed 188-m-thick exposure is representative of the entire stratigraphic column of the Burroughs deposit, then 
the entire ice deposit was emplaced over 4.5 Myr. If the top of the deposit was emplaced near the present-day 
(see Section 4.2) and there are no prolonged episodes of net sublimation (i.e., large missing parts of the record), 
then this emplacement duration would imply an age of the Burroughs ice deposit of 4.5 Ma. An age of 4.5 Ma 
would correspond to a large change in average obliquity that occurred (Laskar et al., 2004) between 4 and 5 Ma.

4. Discussion
4.1. Consistency of the Climate Record in Burroughs

We argue that the local layering, corresponding protrusion profiles, and ensuing Fourier analysis at the sections 
exposed in HiRISE images are a climate record representative of the entire Burroughs crater deposit for three 
reasons.

First, individual layers can be visibly traced around the perimeter of the deposit in images that have a lower 
resolution, but wider footprint, than HiRISE images, like those from MRO's Context Camera (CTX, Malin 

Figure 3. Identification of orbital forcing. Spectral power (black line) as a 
function of wavelength for the average protrusion profile derived from the 
digital elevation model in Figure 2a. Average spectral power for a red noise 
process, calculated from 20,000 randomly generated protrusion profiles with 
the same mean, standard deviation, and lag-1 autocorrelation as the real 
protrusion profile, is shown as a solid red line. The 95% confidence level, 
calculated from those same 20,000 simulations, is shown as a dashed red 
line. Spectral power for the real protrusion profile exceeds that of 95% of the 
randomly generated profiles at wavelengths 6.5 and 15.6 m.
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et al., 2007). Similar procedures have shown the consistency of the climate record expressed in layer protrusion 
at the NPLD (Becerra et al., 2016).

Second, we found layers throughout the interior of the deposit in radar sounding data. We used MRO's Shallow 
Radar (SHARAD, Seu et al., 2007) instrument to search for horizontal subsurface reflectors within the Burroughs 
deposit. Reflected power may come from not only the surface, but also any subsurface interfaces, like internal 
layers. We analyzed SHARAD tracks that passed through the Burroughs ice deposit for evidence of widespread 
horizontal reflectors, and found several such reflectors (see Figure 3 in Supporting Information S1). To determine 
if these found reflectors represent internal layering, we must reject the alternative hypothesis that they are caused 
by “clutter”. Clutter is power reflected from off-nadir topography that arrives at similar delay times as it would if 
it were reflected from a subsurface interface, and thus could mimic internal ice deposit structure. We conducted 
clutter simulations (Choudhary et al., 2016) using topographic data that yielded artificial radargrams of expected 
power return from off-nadir surface topography. This technique is commonly used on Earth (Holt et al., 2006) and 
Mars (Picardi et al., 2005). We found several internal reflectors in Burroughs that were not predicted in the clutter 
simulations. We interpreted this result to mean that the reflectors likely represent real internal layering, and that 
visibly exposed layers are not just features at the surface but extend throughout the deposit and are representative 
of the Burroughs ice stratigraphy as a whole, similar to what has been observed at the Korolev crater ice deposit 
in the northern hemisphere (Brothers & Holt, 2016).

Third, we used a tuning procedure called dynamic time warping to tune the three protrusion profiles from the 
three Burroughs DEMs to each other, and found that the three profiles matched with statistical significance. We 
used dynamic time warping to quantitatively determine the likelihood that different pieces of stratigraphy repre-
sent the same climate record. Dynamic time warping is a signal matching technique first developed for speech 
pattern recognition but more generally used to compare two time series with uncertainties in their time dimension 
(Sakoe & Chiba, 1978). This tuning procedure has been applied to terrestrial paleoclimate records (Haam & 
Huybers, 2010) and has been validated for use in Martian ice stratigraphy (Sori et al., 2014). We used dynamic 
time warping to tune each of our three stratigraphic columns of Burroughs protrusion to one another. Each tuning 
yields a cross correlation. For each tuning, we also tuned the Burroughs stratigraphy to 1,000 randomly generated 
pieces of synthetic protrusion that had the same mean, standard deviation, and lag-1 autocorrelation as the real 
stratigraphy. We noted the cross correlation for all 1,000 cases. If the cross correlation in the tuning between real 
pieces of stratigraphy was greater than the tuning in 90% or more of the random cases, we considered the match 
significant. A significant match implies that two columns are stratigraphically similar, possibly because they 
formed contemporaneously. We found this significance test was met for each tuning of a Burroughs protrusion 
profile to another Burroughs protrusion profile.

The most direct interpretation of the (a) consistency of visible layers around the perimeter of the deposit in CTX 
images, (b) the detection of internal layering in SHARAD radargrams, and (c) the significant matches between 
different pieces of Burroughs stratigraphy quantified by dynamic time warping is that local visible layer expo-
sures and the subsequent paleoclimate analysis on them are representative of the Burroughs ice deposit as a 
whole.

4.2. Comparison With the PLDs

Why were we able to identify a ratio of periodicities that exactly matched orbital periodicities in the Burroughs 
ice deposit, when similar studies of the PLDs (Becerra et al., 2017, 2019) have yielded more complex orbital forc-
ing scenarios? To test for a possible connection between Burroughs and the SPLD, we used tuning to compare the 
three Burroughs protrusion profiles to protrusion profiles previously derived (Becerra et al., 2019) at 16 different 
sites throughout the SPLD. For the tuning, we used the same dynamic time warping procedure (Sori et al., 2014) 
described in Section 4.1, but the two signals being compared are now a protrusion profile from Burroughs and a 
protrusion profile from the SPLD, rather than two Burroughs profiles to each other.

We found that a statistically significant match does not exist between visible layers at Burroughs crater and layers 
exposed in the SPLD, using the same 90% threshold described in Section 4.1. Our favored interpretation of these 
results is that the climate record of Burroughs and the SPLD do not overlap in time. The SPLD surface age has 
been reported to be at least 10 Ma (Herkenhoff & Plaut, 2000) or 30 Ma, and may be as old as 100 Ma (Koutnik 
et al., 2002). Some nuance to these ages is warranted because the SPLD is likely composed of units that represent 
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different periods of accumulation (Kolb & Tanaka,  2006; Milkovich & Plaut,  2008), potentially including a 
younger layer at some locations (Smith et al., 2016; Whitten & Campbell, 2018), but the estimates do imply an 
age of order 10s of Myrs for the bulk of the SPLD.

To constrain the surface age of the Burroughs ice deposit, we analyzed the size-frequency distribution of super-
posed craters. We searched THEMIS and CTX images and determined there are no craters with diameter 300 m 
or greater superposed on the Burroughs ice deposit. Inferred cumulative cratering rates (Hartmann, 2005) at this 
size are 3.483 × 10 −11 yr −1 km −2, and the ice deposit has total surface area approximately 4,300 km 2. The proba-
bility p that a surface area A which experiences cratering rate N does not form any craters over a time t is given by:

� = ln(1∕�)∕�� (1)

Using this equation, we concluded that the Burroughs surface age is less than 30 Ma with 99% confidence, less 
than 20 Ma with 95% confidence, and less than 10 Ma with 80% confidence. These age estimates represent crater 
retention ages. Based on these constraints, it is likely that the entirety of the 4.5 Myr emplacement duration for 
the Burroughs deposit has occurred since the formation of most of the SPLD.

We propose that a hypothesis advanced by Becerra et al. (2017) is correct: That strongly variable ice accumu-
lation rates lead to alterations of the ratio of orbital periodicities in the PLDs. Complex ice accumulation rates 
recorded in PLD stratigraphy could result from their deposition over long timespans, especially for the SPLD, 
or from geographically heterogenous accumulation and sublimation over their great areal extent (e.g., Brown 
et al., 2016). The Burroughs ice mound was emplaced over a timespan at least several times lower than the SPLD 
was and is much smaller than the SPLD, and thus may record a climate with less overall variation in accumulation 
rates than the thicker and larger SPLD. This hypothesis is supported by the observation (Becerra et al., 2019) 
that some stratigraphic subsections of the Promethei Lingula region of the SPLD display similar power spectra. 
Alternatively, the regional-scale climate of crater ice deposits may be fundamentally different than at the PLDs, 
perhaps with crater topography having important influence on ice accumulation or preservation that leads to a 
different relationship between orbital changes and climate record.

5. Conclusions
We conclude that an ice deposit in Burroughs crater reveals that recent Martian climate has been strongly orbit-
ally controlled. The average accumulation rate at Burroughs has been 0.13 mm/yr, which implies that the visibly 
exposed stratigraphy formed over 1.4 Myr if no major hiatuses are present in the record. If the exposed stratigra-
phy is representative of the entire Burroughs deposit, then the ice formed over 4.5 Myr. Finally, if the most recent 
layer formed near the present-day as suggested by the superposed cratering record, then the age of the deposit is 
about 4.5 Ma, which corresponds to a large change in Mars' obliquity. Ultimately, confirmation of absolute ages 
will require sample analysis either in situ or via sample return, but our results at least show that the onset of ice 
formation is consistent with strong control by obliquity variation at around 4–5 Ma.

Our work shows that non-PLD ice deposits on Mars represent valuable, readable records of orbitally forced 
paleoclimate. In particular, south polar climate over the last few Myrs may be recorded most effectively not in 
the current SPLD, but in separate crater ice deposits. We thus argue that the crater ice deposits are particularly 
well suited for studying the climate of the late Amazonian. We speculate that lower latitude deposits like that in 
Burroughs are more readily deposited and removed during orbital cycles compared to the NPLD and SPLD, as 
non-PLD reservoirs may act as fundamentally different sources and sinks of ice and dust than the PLDs (Levrard 
et al., 2007). Although Burroughs Crater contains the only outlying crater ice deposit with substantial exposed 
layering appropriate for paleoclimate analysis of topography, future studies could attempt to read the record of 
subsurface layers observed in SHARAD data at other outlier icy deposits (McGlasson et al., 2021). On Pluto, 
small crater ice deposits separated from the primary ∼1000-km-diameter ice sheet by 100s of km, similar to the 
distance between Burroughs crater and the SPLD, are observed (White et al., 2017). We suggest that future stud-
ies consider high-resolution imaging or radar sounding of outlier ice deposits on any planet they are found on as 
a method of obtaining potentially valuable climate records.
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Data Availability Statement
Figures and the data used in our analysis are additionally available online at https://figshare.com/articles/
journal_contribution/Sori_et_al_GRL_2022_data/19204875
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