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Abstract

Mars is currently very cold and arid, with conditions that do not permit liquid water.
However, this may not always have been the case. Earlier in Mars’ history, atmospheric
conditions may have not only permitted water, but there may have been enough for an ocean-like
body of water to exist in the planet’s northern hemisphere until around 3.5 Gya. One
interpretation used to support the existence of this ocean has been laterally extensive
paleoshoreline features, originally interpreted via textural differences. They remain contentious
and deserve skepticism. Uncontentious paleoshorelines exist on Earth and are recognized not by
textural differences, but rather topography. Their determinant feature is subtle breaks in hillslope
with locally high slopes. The purpose of this experiment is to investigate whether these features
would have even been able to survive 3.5 Ga of slow Martian erosion. Despite the erosive forces
on Mars being slow, given the long timescale of which these paleoshoreline features would have
had to endure exposure to them, preservation seems unlikely. To investigate this, | obtained
topographic data containing known terrestrial paleoshorelines in Utah, originating from
Pleistocene paleolake Bonneville, and ran a numerical linear hillslope diffusion model on this

topography at Mars-like rates and durations.
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Introduction

Present day Mars is very cold and arid, with surface conditions that do not permit liquid

water (Carr and Head 111, 2010). This cold, dry Mars has existed for the past three billion years,

during the planet’s Amazonian period, of which it is still in today (Figure 1).

25 6Ga

40€a 3.7 Ga

4.1Ga

Figure 1. Comparative geologic timescale
showing both Earth’s (left) and Mars’ (right).
Based on timescale from Carr and Head I,
2003. Blue marker at 3.5 Ga represents time
that the proposed ocean would have ceased to
be present in the Northern hemisphere
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However, during earlier geologic periods, conditions were more conducive to an active
hydrologic cycle. There is abundant evidence that water flowed in rivers that both carved land,
incising the deep and integrated valley networks (Howard et al., 2005; Carr and Head I11, 2010;
Costard et al., 2017; Carr and Head, 2019)., and rivers that net-deposited sediment, building up
stratigraphy over time (Grotzinger et al., 2015). The ancient climate may have even permitted an
ocean-like body of water (Carr and Head, 2019). Mars has a unique dichotomous global
morphology, of which the northern hemisphere is characterized by a relatively smooth surface
that is lower in elevation than the higher elevation, more cratered southern hemisphere (Watters
et al., 2007) Several geomorphologic observations along the margin of this northern basin have
been proposed as evidence to substantiate the existence of an ocean in the basin until around 3.5
Ga. Furthermore, stratigraphic interpretations of deltaic deposits near the dichotomy boundary
also suggest the presence of water in the past and the potential for an ocean (DiBiase et al., 2013;
Hughes et al., 2019).

Paleoshoreline interpretations along the elevation dichotomy directly support the idea of
an ancient martian ocean, as they would have been formed by wave action in a basin-spanning
water body. Initial interpretations of these features were based solely on imagery of the surface
showing textural differences near the elevation dichotomy (Figure 2) (Parker et al., 1989; Parker
et al., 1993; Maling and Edgett, 1999). These proposed paleoshorelines run very long lateral
distances (~100 km in terms of order of magnitude) across the landscape, lending some credence
to the hypothesis that they had been formed by a planet-spanning process. Additionally, several
possible paleoshorelines have been mapped (Fig. 3) and have been used to infer water-level

fluctuations over time (Sholes et al., 2021).
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Figure 2. From Malin and Edgett, 1999.
Panels a and b show textural differences along
the martian elevation dichotomy that were
used by Parker et al., 1989 and Parker et al.,
1993 to interpret paleoshorelines. These
images are higher resolution than those used
in those early interpretations and are amongst
the first to be used in reexamining those
features.
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Figure 3. From Sholes et al., 2021. Map of all currently published paleoshoreline
interpretations on Mars.
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Despite numerous new interpretations of paleoshorelines being published in the decades
since the initial interpretations (Figure 3), they remain contentious. With advancements in
imaging, features previously attributed to paleoshorelines were able to be reexamined. From this,
some of these features were then reattributed to volcanic contacts (Carr and Head, 2003).
Reexaminations when planet-wide topographic datasets became available also revealed drastic
variations in elevation, on the order of several kilometers, across the lateral extent of these
features (Head Il et al., 1998; Carr and Head I11, 2003; Sholes et al., 2021). This is not
characteristic of shorelines, as sea level follows the equal gravitational potential (Carr and Head
I11, 2003). Attempts have been made to explain this by attributing these elevation differences to
true polar wander (Perron et al., 2007). This mechanism, which is the reorientation of the planet
relative to its rotation pole, can cause long-wavelength crustal deformation over very large
timescales. However, the validity of the true polar wander models has also been questioned so
there is no consensus regarding the elevation differences (Sholes et al., 2021).

The main point of contention regarding the Mars paleoshoreline interpretations that most
directly relates to this research, is that early interpretations were largely determined via textural
differences (Parker et al., 1989; Parker et al., 1993). True determinant features used to interpret
paleoshorelines on Earth are that of small-scale topography represented by subtle breaks in
slope (Figure 4) — not textural differences seen in plan-view imagery (Dickinson, 2001; Hare et

al., 2001).
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Figure 4. Profile of initial topography taken at black line (y = 1.0 km) seen in Figure 7. Each
shoreline is denoted by a very subtle topographic break in slope. The left side of the profile is
taken up by the hilly region of the DEM and the associated drainage channel present.

Is it probable, or even possible, that paleoshoreline topography on Mars might persist for
3.5 billion years, even at the slow erosion rates estimated for the martian surface? We cannot
directly measure these hypothesized paleoshorelines as they were 3.5 Ga to know how they
evolved, but we can use earth analogs and experiments to guide our interpretations of Mars.
Here, we used topographic data showing well-preserved Earth-analog paleoshorelines, and
numerically modeled their erosion at Mars-like rates and durations. Uncontested paleoshorelines
exist across Earth and may be able to serve as Mars paleoshoreline analogs. Three well
documented paleoshorelines with clear topographic signatures exist in modern day Utah,
belonging to paleolake Bonneville (Figure 5) (Benson et al., 2011; Oviatt, 2015). We
hypothesize that subtle paleoshoreline topographic features would not have been able to survive

long-scale martian erosion.
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Figure 5. From the Oviatt, 2015. Shows the extent of Lake
Bonneville at its highest water level, 15 kya.
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Lake Bonneville Background

Pleistocene paleolake Lake Bonneville (Figure 5) existed from 30 kya to 13 kya. Across
this timespan, the lake experienced several major water-level changing events that formed the
three paleoshorelines (Benson et al., 2011; Oviatt, 2015). In the order of oldest to youngest they
are called the Stansbury, Bonneville, and Provo shorelines. The determinant feature of
paleoshoreline topography is a break in hillslope, with the slope locally transitioning from
shallow above the paleo-water level to steep beneath it. They are typically formed via wave
action reworking and eroding the land, which can then remain as those small topographic
features following changes in water level (Dickinson, 2001; Hare et al., 2001).

Stansbury is the oldest of the three shorelines, dated at 25 ka and was formed during
water level oscillations at that time. The basin continued to fill with water and eventually reached
its peak height around 18 kya, represented by the Bonneville shoreline. The Bonneville flood
was an event that drained water from the basin en masse because of overfilling, and it left behind
the Bonneville paleoshoreline in its wake. Overfilling and flooding continued until 15 kya and
the Provo paleoshoreline was created during this 18 kya — 15 kya interval (Benson et al., 2011;
Oviatt, 2015).

Methods

To investigate the likelihood of Mars paleoshoreline preservation, a linear diffusivity
model was run on Lake Bonneville paleoshoreline topography at Mars-like rates and durations.
Northern Central Utah 2020 LIDAR, 1 meter resolution digital elevation models (DEMs) from
near Promontory Point along Bear River Bay were obtained from the Utah Geospatial Research

Center to create a 2.411 km by 1.121 km rectangular extent containing sections of the three

12
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paleoshorelines (Figures 6 and 7). Names of the specific files used to compile into a larger DEM
are listed in Table 1. This topographic data served as the initial topography in the model. The

DEMs were converted into an array of the same dimensions for use within Python.

A, 5’ © Bonneville s.1.

@ DEM Boundary

Figure 6. The extent of DEM used in the model (grey box) with the three paleoshorelines
traced (Bonneville in green, Provo in blue, and Stansbury in purple).

13
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Figure 7. Initial DEM used in the experiment with the x and y axes being distance and the
color bar showing the elevation. The black bar at y = 1.0 km is where transects were taken to
view shoreline topography in profile view (Figures 9).
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DEM File Names

12TUL8370

12TUL8270

12TUL8269

12TUL8268

12TUL8266

12TUL8171

12TUL8170

12TUL8169

12TUL8168

12TUL8167

12TUL8166

12TUL8071

12TUL8070

12TUL8069

12TUL8068

12TUL8067

12TULT7967

12TUL8370

Baran

Table 1. File Names from the Utah Geospatial Research website.
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A linear hillslope diffusion model was created using the LandLab module for Python
(Hobley et al., 2017; Barnhart et al., 2020; Hutton et al., 2020). The governing equation behind

the model is as follows:

d
Z - pxv (Ea- 1)
dt

Here, % is the change in elevation over time (m yr?), D is the diffusion coefficient (or simply

diffusivity, m?yr?), and V is the curvature of the hillslope (m™) (Martin, 2000). Several erosional
mechanisms act on Mars’ surface, but they are generally slower than those on Earth (Diniega et
al., 2021). Some of these mechanisms, like soil creep or micro-impacting, behave diffusively and
are classified as hillslope processes (Howard, 2007). Diffusive hillslope processes can be
modelled mathematically via linear hillslope diffusion.

Diffusivity values, D, have been measured across Earth and are a function of climate and
lithology (Richardson et al., 2019). Due to this, the range of diffusivities observed on Earth
varies by several magnitudes. The Atacama Desert has a measured diffusivity value amongst the
lowest on Earth, at 10* m?yr~1 (Richardson et al., 2019). Mars diffusivities have been estimated
by observing the crustal erosion at impact craters, and they range from 10° m2yr=1 to
10° m?yr~1(Howard 2007; Golombek et al., 2014; Kite and Mayer, 2017).

We performed twelve experiments, during which two variables were changed and one
was kept constant. One of the variables we varied across experiments was the diffusivity value,
D (Eq. 1). Three values were chosen to represent Mars like conditions: 10° m2yr=1, 10"m2yr-1

and 10° m?yr—1 (Howard 2007; Golombek et al., 2014). The Atacama Desert diffusivity, 10"
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“m2yr—1, was also used in the model to compare how shoreline features fare against Earth
erosional values (Richardson et al., 2019).

The second variable that was altered throughout the experiments was a scale multiplier.
The x and y dimensions of the landscape were represented by the dimensions of the array, and
the elevation data (z axes) was stored within the array. Multiplier values of 1, 10, or 100, were
applied to the three dimensions, keeping the overall geometry of the topography the same while
increasing its size, in terms of area and relief, across experiments. Experiments with multiplier
values of 1 were the same 2.411 km x 1.121 km as the original DEM boundary, whereas for
multipliers of 10 and 100, these increased to 24.11 km x 11.21 km and 241.1 x 112.1 km
respectively. Total initial relief for the multiplier 1 experiments was also the same as the original
DEM at ~0.6 km, and for multiplier 10 and 100 experiments, initial relief was ~6 km and ~60 km
respectively. This was to test how the scale of shoreline features affects their preservation, with
the assumption that 10xand 100x features will erode slower than those at 1x scale. Time was
kept constant for each experiment, with 3.5 billion years being simulated across 350, 10° year

timesteps. These experimental parameter combinations are displayed in Table 2.

Table 2. Variables Across Experiments
EXPERIMENT 1 2 3 4 5 6 7 8 9 10 11 12

TIME (GA) 35 35 35 35 35 35 35 35 35 35 35 35
DIFFUSIVITY | 104 105 107 10° 10¢ 10° 107 10° 10% 10° 107 10°
(M2YR™)

MULTIPLIER 1 1 1 1 10 10 10 10 100 100 100 100

17
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A DEM and slope map was saved at every timestep for all twelve experiments.
Topographic difference maps were created by subtracting the data in the initial DEMs from the
timestep 350 (final) DEMs. Transects were made from each DEM along the line
y =1 km x multiplier value (y = 1 km, 10 km, or 100 km). Shoreline preservation was

determined visually by examining these transects throughout time.

Results

Figure 8 shows an array of difference maps produced from each of the twelve
experiments. The columns represent which diffusivity was used, and the rows represent the scale.
The stair-step dividing line separates experiments that showed little topographic change from
those that showed visible erosion. On the left side of the line, the maps appear nearly
monochromatic. This monochromatic teal is associated with very little change in the topography
in any of these six experiments. On the right side of the line, the difference maps show more
variability in color, meaning that the model noticeably eroded the landscape. Shades of yellow
represent a positive change associated with sediment infilling, and shades of blue and purple
represent erosion. In particular, the difference maps show that the most change occurred at
locations that match the positions of the modern-day paleoshorelines, as well as the drainage
network that postdates and cross-cuts the paleoshorelines. This should be expected, given that
these are the regions with the steepest initial slopes, and diffusive erosion will most rapidly
rework steep slopes. The most drastic topographic changes occurred in experiments using 1x

multipliers and high diffusivities (10° m2yr~1 and 10*m2yr~1). Experiments at 10x and 100x
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scale, and those at low diffusivities (107 m2yr~—1and 10° m2yr~1), showed no noticeable

topographic change in the difference maps.
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Figure 8. Shows difference maps made for each experiment by subtracting the initial DEM
from the final DEM. The columns represent the different diffusivities used and the rows
represent the different scales. The stair-step line separates the experiments that showed little
difference (left) from those that noticeably eroded (right).

We chose two specific experiments to further examine using a topographic transect that

captured each paleoshoreline in the initial DEM. These experiments (3 and 7, Table 2) were
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performed using the same diffusivity value, 10" m2yr~1, but using two multipliers, 1x and 10x.
The 1x experiment, being smaller scale, lost any identifiable paleoshoreline topographic
features. Figure 9 shows a profile at y = 1 km of the initial topography, with breaks in slope from
the three paleoshorelines denoted. Figure 9 shows the final transect topography from this
experiment surrounded by the red box, and none of these features remain, with the important
topographic breaks-in-slope being completely smoothed out. The opposite is true for the 10x
experiment, which retained its features. Figure 9 also shows the final transect topography for this
experiment surrounded by the blue box. Though they slightly changed, those three topographic

breaks in slope denoting the paleoshorelines still remained at the end of the simulated 3.5 Ga.

1.71 . Bonneville Shoreline
\ .
161 Drainage Channel Provo Shoreline
1.5- / Stansbury Shoreline
— 1.4
=
=
c 1.3 .
o 0 0.2 0.4 0.6 0.8 1.0
©
>
@
(VN ]
174 \ Bonneville Shoreline
\
16 Drainage Channel Provo Shoreline
15- / Stansbury Shoreline
14
13

0 2 4 6 8 10

Distance Across Transect (km)
Figure 9. Shows final timestep transects for two experiments. The top one in the red box is
from experiment 3 (Table 2) and the bottom one in the blue box is from experiment 7 (Table
2). The top profile shows complete erosion of any discernable paleoshoreline topographic
features, with the landscape being completely smoothed out. The bottom profile retained its

paleoshoreline topographic features.
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Figure 10 shows distributions of initial and final slope for these two experiments. The

histogram on top shows distributions for the 1x experiment with the red bars being the initial

slopes and the black being the final. All the red bars denoting high slope values (around 60 - 80

degrees) were lost by the end of the experiment and an overall lowering in slope is seen by there

being more values in the 20 — 30-degree range than initially present. The lower histogram shows

initial slope values in blue and final in black for the 10x experiment. The distributions of these

slopes are similar, with no noticeable loss in high slopes values or overall lowering of slope. This

corresponds with this experiment showing retention of its subtle topographic paleoshoreline

features.

5e5
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1e5
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® Final

20 40 60 80

0
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® Final

20 40 60 80
Slope (degrees)

Figure 10. Shows slope distributions for
experiments 3 and 7 (Table 2). The top
histogram lost its high slope values and
showed an overall decrease in the distribution
whereas the bottom histogram’s distribution
remained largely the same.
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Discussion

Despite there being variability paleoshoreline topographic features preservation across
experimental parameter space, our results suggest that we should be skeptical of the previously
interpreted Mars paleoshorelines. The only diffusivity value used that showed shoreline retention
regardless of the scale modifier was the smallest Mars diffusivity, 10°°m2yr~1. This value was
estimated from impact crater erosion (Howard 2007; Golombek et al., 2014), located in hard
Martian crust. However, Lake Bonneville paleoshorelines were carved into sedimentary rocks,
which erode faster than hard crust. That 10° m?yr~* value may not accurately represent their
erosion since diffusivity may be lithology dependent (Martin, 2000; Richardson et al., 2019).
Indeed, some stretches of proposed paleoshorelines on Mars expose stratigraphic layers,
suggesting that have indeed undergone erosion and topographic modification since their
formation (Sholes et al., 2019), consistent with our results.

Here, our model only accounted for erosion from topographic diffusion. However,
diffusive hillslope processes may represent only a minor component of sedimentary rock erosion
on Mars, with wind-driven sand abrasion performing most of the erosion (Cardenas et al., 2022).
Prior work has suggested that aeolian abrasion may not behave diffusively (Cardenas et al.,
2022), and so a potentially significant erosive process was not represented by the erosion in this
model. Thus, the results from these twelve experiments are minimal--case scenarios for martian
erosion, and any actual paleoshorelines formed 3.5 Ga on Mars may have undergone additional

significant erosion via aeolian sand abrasion.
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Ultimately, we suggest the most important result of our work is that the modern
topography of Mars is at best an ambiguous representation of the ancient topography. There is
evidence that some of the largest-scale topographic features, including the topographic
dichotomy and large impact basins, have persisted for billions of years (Andrews-Hanna et al.,
2008; Golombek et al., 2014). However, there is also evidence that sedimentary rocks, including
those likely to host paleoshorelines, have been significantly reworked (Day et al., 2016; Sholes et
al., 2019). In places, the erosion of sedimentary rock is estimated to have removed km of
material over hundreds of km? (Cardenas and Lamb, 2022; Fassett and Head, 2008). We strongly
suggest future studies of a martian ocean turn to the stratigraphic record which, rather than

potentially being reworked by erosion, is revealed by it.

Conclusion
Here, we performed numerical experiments to test whether Earth-analog paleoshoreline
topography might survive 3.5 Ga of diffusive erosion at Mars-like rates. Our experiments
showed that paleoshoreline topography on Mars might have been susceptible to reworking,
sometimes leaving key identifying features unrecognizable. Thus, true nature of many of these
supposed Mars paleoshoreline is still up for debate. Instead of hoping to find fully preserved
topography to infer ancient Mars oceans, we suggest turning to stratigraphic evidence instead, as

erosion does not rework stratigraphy in the same manner as topography.
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