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Abstract

The depositional history of alluvial fans on Mars provides insight into the climatic
conditions during the time of fan formation in the late Hesperian to early Amazonian. However,
traditional stratigraphic analysis of the alluvial fan deposits is not possible across most of Mars.
This study assesses the use of thermal inertia data as a tool for sedimentologic interpretation of
437 Mars alluvial fans. Based on previous work demonstrating the relationship between
depositional style, grain size, and thermophysical properties, this study uses analysis of the
thermal inertia of alluvial fan surfaces across the global population of fans on Mars to make an
assessment of depositional styles that built the alluvial fans. The thermal inertia values across the
global population of fans are indicative of sand- to pebble-sized sediment. The variability of
grain sizes across the global population is more homogenous than expected based on
comparisons to terrestrial alluvial fans. Nearly all Mars alluvial fans have an average thermal
inertia that corresponds to pebble and smaller grain size, and < 1% of Mars alluvial fans have an
average thermal inertia that corresponds to cobble-sized grains. Spatial patterns of thermal inertia
variability on alluvial fan surfaces show a small number of fans with evidence for either
downslope fining or channelization, but the majority of fans show no recognizable geologic
patterns in surface thermal inertia. The interpretation of the thermal inertia-derived grain size
suggests that either there is widespread mantling of unconsolidated sand across the surface, or
that Mars alluvial fans were built by primarily sand-sized sediment, which may be indicative of
lower energy sediment transport events.
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1 Introduction

The depositional style and associated sedimentary characteristics of alluvial fans can be
used to interpret environmental conditions of deposition, including water volumes, transport
energy of runoff events, and potential climatic conditions. On Earth, alluvial fans are primarily
built by a combination of bedload transport and sediment gravity flow processes (Blair, 1999;
Ventra and Clarke, 2018). Determination of depositional processes in terrestrial fans is typically
done through stratigraphic analysis of subsurface layers. Sediment gravity debris flows are
poorly sorted deposits containing pebble- to cobble-sized or larger clasts suspended in a fine
grain matrix, while deposits from bedload transport are typically dominated by sand- to pebble-
sized sediment with very little matrix material (Blair and McPherson, 2009; Larsen and Steel,
1978; Ventra and Clarke, 2018). On the surfaces of terrestrial alluvial fans, the bimodality of
debris flow deposits is rarely preserved in the long term due to winnowing of fine grained
material, resulting in a concentration of larger clasts on the surface (Blair and McPherson, 1992;
Nishiizumi et al., 2005). In alluvial fan sedimentology, the clast size on a fan surface can be
indicative of depositional style and transport energy within a deposit. The two end-member cases
can be described as A) a concentration of cobble- to boulder-sized clasts suggesting the presence
of debris-flow deposits, and B) ubiquitous sand-sized sediment suggesting relatively low-energy
bedload transport. Within that range a variety of mixed-case scenarios are possible, which we
collectively interpret as uncertain depositional style within this study.

Grain size of sedimentary surfaces is not directly measurable across most of Mars due to
the limited resolution of orbital visible image datasets and the small number of sites visited by
landed missions. The available visible-image CTX data (~5 m/px) is too low resolution to detect
individual clasts. Larger boulder-sized clasts are detectable in HiIRISE image data (~30cm/px),
but because multiple adjacent pixels are required to confidently resolve an object, smaller
boulders (~25 — 90 cm diameter) along with the cobble and smaller clasts are still below the limit
of resolution. The global coverage of HIRISE data is also too sparse to use as an analysis tool for
a global population of alluvial fans. In comparison, there exists near global coverage of THEMIS
infrared data and derived thermal inertia (T1) data products (Christensen et al., 2013; Fergason et
al., 2006).

TI values derived from THEMIS nighttime infrared images can be used as a proxy for
grain size on Mars (Edgett and Christensen, 1991; Edwards et al., 2009; Nowicki and
Christensen, 2007). The quantitative relationship between TI values and sedimentary grain size
has been confirmed with rover grain size observations in areas where the surface sediment
characteristics are homogeneous over the scale of a THEMIS image footprint (Ahern et al., 2021;
Edwards et al., 2018; McCarty and Moersch, 2020; Yingst et al., 2016). Previous studies of
terrestrial alluvial fans have shown that thermophysical properties of terrestrial fan surfaces
correlate to sedimentary characteristics of surface deposits, including grain size (Hardgrove et
al., 2010, 2009).

In this study, we analyze the average and range of T1 values within individual fan
surfaces to interpret the sedimentary grain size of each alluvial fan deposit and investigate
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regional and global trends in grain size across a global population of alluvial fans on Mars. We
also investigate common spatial patterns of TI distribution on alluvial fan surfaces to assess
potential depositional trends. From the TI spatial patterns and TI-derived grain size we infer the
likely depositional style of each alluvial fan and discuss the possible implications for Mars
climate during the late Hesperian to early Amazonian, when alluvial fans are thought to have
formed (Holo et al., 2021; Kite, 2019; Rodriguez et al., 2005; Warner et al., 2009).

2 Background

2.1 Alluvial fans on Mars

Alluvial fans are found on Mars concentrated across the cratered highlands and the high
southern latitudes (Mondro et al., 2023; Wilson et al., 2021). Alluvial fans are formed by
sporadic, high-energy sediment transport events interspersed with periods of inactivity (Beaty,
1990; Blair and McPherson, 1994; D’Arcy et al., 2017; McDonald et al., 2003). Previous work
suggests that Mars alluvial fans formed during the late Hesperian to early Amazonian during the
final stages of liquid water activity on the surface (Carr and Head, 2010; Holo et al., 2021).

Age dating of alluvial fans on Mars depends on an accurate assessment of the
surrounding surface. Because the alluvial fan surfaces are typically too small to accurately date
by crater counting, previous work has relied on an interpretation of cross-cutting and
superposition relationships in crater floor deposits along with dating fan-hosting craters (Grant
and Wilson, 2011; Holo et al., 2021; Palucis et al., 2014). Recent work has focused on refining
the age dating of craters by crater counts on the ejecta of large craters, which in turn gives a more
precise age for the upper limit of fan formation within those craters. At least some alluvial fans
were found to be hosted in craters that are < 2.5 Ga, indicating fan formation conditions persisted
into the Amazonian in at least some regions (Holo et al., 2021). This is consistent with findings
from previous work which used cross-cutting relationships of crater floor deposits to date
individual fans (Palucis et al., 2014) and small populations of fans (Grant and Wilson, 2011).

2.2 Thermal Inertia as a proxy for grain size and depositional style

Surface temperatures inferred from thermal infrared spectral radiance measurements are
used to calculate the thermal inertia of particulate material (Edgett and Christensen, 1991,
Kieffer et al., 1977; Nowicki and Christensen, 2007; Presley and Christensen, 1997a, 1997b).
Thermal inertia values are related to the effective grain-size via a physical and analytical model
of radiation transport (Kieffer et al., 1977). A material’s thermal inertia is a measurement of how
resistant the material is to changes in temperature. It is defined as

TI=(kpC)*?,

where k is the thermal conductivity, p is the bulk density, and C is the specific heat capacity of
the surface (Kieffer et al., 1977). The units of thermal inertia (T1) are [J-m 2-K*-s 2] although
for simplicity, they are referred to as thermal inertia units (tiu) in this manuscript. For rock and
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regolith material, thermal inertia is primarily controlled by the thermal conductivity, which is
dominated by variations in grain size (Presley and Christensen, 1997). The temperature of fine-
grained sediment, which has a low TI and exhibits larger diurnal temperature changes, changes
rapidly under insolation and cools down faster at night. Coarse-grained sediment or highly
indurated surfaces, which have high TI, take much longer to heat up under insolation but are able
to retain heat much more effectively at night, resulting in smaller diurnal temperature changes.

Using the framework developed by previous studies of Mars (Edgett and Christensen,
1991; Nowicki and Christensen, 2007; Presley and Christensen, 1997a, 1997b) which confirm T
values that correlate to specific grain sizes, it is possible to relate the T1 of alluvial fan surfaces
to sedimentary grain size in Mars sedimentary environments. In terrestrial landscapes, apparent
thermal inertia (ATI) is used as a proxy for relative Tl (Gupta, 2018). An exact, quantitative
relationship between grain size and T1 is not applicable to terrestrial conditions due to the
variability of weather, humidity, and presence of water in the atmosphere and at the surface,
which drastically affects measurable T1 of terrestrial sedimentary material because of its high
heat capacity. However, previous work on terrestrial alluvial fans shows that there is a
correlation between the relative thermophysical characteristics of alluvial fan surfaces and grain
sizes of the sediment at the surface (Hardgrove et al., 2010, 2009). In a survey of alluvial fans in
the Death Valley region, the total diurnal change in surface temperature (AT = Tmax - Trmin) IS
highest for fine-grained material, while cobble- and boulder-covered surfaces and indurated
features have low AT values (Hardgrove et al., 2010, 2009). Apparent thermal inertia is inversely
correlated to AT in the equation for ATl when albedo variations are small across the region of
comparison (Gupta, 2018). While these results do not provide a precise quantitative relationship
between grain size measurements and AT values in terrestrial settings, the demonstrated
correlation supports the use of T to determine depositional grain size on Mars alluvial fans
based on the established quantitative framework of T1 and grain size.

Debris-flow deposits are identified in outcrop as thick sections of matrix-supported
material dominated by clasts that are cobble size up to the size of large boulders, with very little
sand material (Blair and McPherson, 2009). Across the lateral exposure of alluvial fan surfaces,
debris-flow deposits can be identified by accumulations of coarse (cobble or larger) clasts in lobe
shaped deposits (Blair and McPherson, 1992). While debris flow sediment is typically bimodal,
with coarse clasts suspended in a fine-grained, clay-rich matrix, the fine grained sediment has a
shorter residence time on fan surfaces post-deposition, as fine grained material is more
susceptible to winnowing and downslope transport from reworking (Beaty, 1990; Blair and
McPherson, 1992; Nishiizumi et al., 2005).

Bedload transport deposits are identified in outcrop as planar layers 10s of cm thick,
composed of sand- to cobble-sized sediment (Blair and McPherson, 2009). Laterally extensive
bedload transport events that are not channel-confined are referred to as sheet floods (Blair and
McPherson, 1994). Exposure of sheet-flood deposits across alluvial fan surfaces are identified by
laterally extensive deposits of well- to moderately-sorted sand to pebble material (Blair, 2002,
1999). Downslope fining of grain sizes on alluvial fan surfaces is common on sheet-flood fans,
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as finer sediment requires less transport energy and is carried further (de Haas et al., 2014;
Ventra and Clarke, 2018).

The alluvial fans on Mars are thought to be at least 2.5 Gy old and are hypothesized to
have been depositionally inactive since then (Holo et al., 2021). Because of the combination of
post-depositional reworking in the form of channelization and aeolian erosion of inactive fan
surfaces, pristine sheet flood or debris flow features are unlikely to be recognizable on the
modern surfaces of Mars alluvial fans. Traditional stratigraphic analysis of alluvial fan
depositional history cannot be duplicated on Mars short of targeted rover exploration. As a
proxy, we are assessing the sedimentary characteristics of alluvial fan surfaces from orbital data.
While the surface analysis does not allow for stratigraphic analysis of successive depositional
events within a single fan, analysis of surface sedimentary grain sizes across the global
population of alluvial fans still provides insight into global trends in the final stages of fan
formation.

In analyzing modern alluvial fan surfaces, we are not necessarily characterizing the most
recent fan deposits but instead, are characterizing what is currently at the surface after ~2.5 Gy
(Holo et al., 2021) of non-deposition and erosion. The majority of alluvial fans are thought to
have formed between the Early Hesperian and the Early Amazonian (Kite, 2019). However there
is some evidence that alluvial fan formation overlapped with the formation of valley networks in
the Late Noachian (Moore and Howard, 2005) and more recent work suggests that alluvial fan
formation could have persisted into the middle Amazonian (Holo et al., 2021). With these
uncertainties in mind, there are three possible interpretations we can make about what is
currently exposed at the surface of the alluvial fans. Modern fan surfaces are either A) the final
stage of fan deposition with no significant erosion since then, B) an eroded surface parallel to the
original depositional layers, or C) an eroded surface exposing different levels of previously-
buried deposits (Table 1).

Option A is unlikely as it assumes that exposed surfaces experience minimal erosion over
2.5 Gy, which is not consistent with Mars observations. Option B assumes that wind erosion
would deflate all fan surfaces precisely parallel to bedding so that only a single depositional
layer is exposed at the surface which is inconsistent with Mars’ wind-scoured landscape. Option
C is the most likely scenario as it accounts for post-depositional wind erosion and allows for the
most complexity within a large global system. Even if the style of alluvial fan deposition
changed through time across the whole system, a global population of fans with a range of
depositional grain sizes, observed as a variety of erosional states, would be expected to capture
that variability. From the viewpoint of option C, if there were any significant variability in
depositional style and associated sedimentary characteristics either spatially (across the
population) or temporally (within the building of a single fan) we would expect to see a mix of
grain sizes across the population of fans. If the alluvial fans across the global population were
homogeneous in depositional style and associated sedimentary characteristics throughout the
time of fan formation, then we would expect to see similar grain sizes on the majority of the
alluvial fan surfaces.
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3 Methods for analysis of Mars alluvial fans

3.1 Selection of alluvial fans

Earlier work produced a catalog of 775 alluvial fans on Mars (Mondro et al., 2023). We
mapped the boundaries of each alluvial fan from visible CTX images (Dickson et al., 2018) and
THEMIS day IR images. For the purposes of the mapping process, we defined the depositional
boundaries of alluvial fans using visible changes in surface texture that follow an approximately
radial pattern away from the identified fan apex location.

We assessed the availability and quality of THEMIS TI data coverage at each feature in
the global catalog. We calculated the average dust cover index (DCI) value (Ruff and
Christensen, 2002) for each alluvial fan surface and eliminated those features with an average
DCI < 0.95, which is noted as the cutoff between “dust-covered areas” with high DCI and “dust-
free areas” with low DCI in Ruff and Christensen (2002). As Tl variations are most sensitive to
grain size differences (Edgett and Christensen, 1991; Presley and Christensen, 1997a), abundant
dust covering the fan surfaces will produce TI values that do not accurately represent the
sedimentary characteristics of the alluvial fan deposits at the surface.

THEMIS-derived TI data coverage contains small gaps across the surface of Mars and is
overall more sparse in high latitudes (Fergason et al., 2006). We eliminated alluvial fans that
have no or partial T1 coverage in the THEMIS-derived T1 Global Mosaic (Fergason et al., 2006).
We also eliminated alluvial fans for which the available TI data are unreliable or inconsistent. To
determine data reliability, we assessed the TI data covering the fan in comparison to surrounding
TI image images within the T1 mosaic. We eliminated alluvial fans covered by outlier TI images.
TI images were considered to be outliers if they contain nearly uniform T1 values in either the
highest (T1 > 670 tiu) or lowest (T1 < 50 tiu) TI grain size categories in contrast to all
surrounding T1 images. Alluvial fans were considered to have inconsistent T1 data if the fan
spanned more than one TI image where the adjacent pixel values across the boundary of adjacent
TI images jumped by more than one TI grain size category.

3.2 Thermal inertia and grain size of alluvial fans

Previous work has established sedimentary grain size ranges that correlate to specific
ranges of T1 values on Mars (Edgett and Christensen, 1991; Nowicki and Christensen, 2007).
Based on the results of these previous studies, we defined sedimentary grain size categories by
the associated TI value. Due to the uncertainties of the TI values used in the TI global mosaic,
we also defined intermediate grain size categories. The derived TI values have an overall
uncertainty of 20% globally (Fergason et al., 2006). For the TI values at boundaries between
grain size categories, we calculated an uncertainty window from +10% to -10% of the boundary
TI value. The resulting ranges of T1 values are categorized as an uncertain grain size range; for
example, “sand to pebble” for the uncertainty range between the “sand” TI category and the
“pebble” TI category (Table 2).
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On each alluvial fan for which we confirmed TI data coverage, we extracted T values
from all pixels within the mapped boundary of the fan from the T1 global mosaic. For each
alluvial fan T1 raster, we calculated the mean and standard deviation of T1 values within each fan
outline. We define “meanT]|” as the average of all TI pixel values within the mapped outline of
each alluvial fan and “StDv” as one standard deviation of the range of T1 pixel values that are
used to calculate meanTI. We designated grain size categories for the mean TI value of each
alluvial fan, along with grain size categories for the T1 values one standard deviation above and
below the mean. The standard deviation of Tl values on an alluvial fan surface shows the range
of T1 values and functions as a representation of large-scale heterogeneity in grain size across the
surface. We used both the meanT| of the fan surface and the range of TI, defined as +/- one StDv
around the meanT], to interpret the likely depositional style.

We visually assessed the spatial variability of T1 values across each fan surface and
qualitatively described each alluvial fan based on common TI spatial patterns that are seen within
the global population of alluvial fans. Five general patterns are used to describe spatial
variability of T1 on alluvial fan surfaces. “Gradational” and “channelized” patterns are
descriptive of geologic features that have been identified on terrestrial alluvial fans (de Haas et
al., 2014; Ventra and Clarke, 2018). “Regional” and “distinct” patterns describe the fan’s Tl
values in comparison to the surrounding surface material when there is no clear spatial pattern
within the fan boundaries. The fifth category is used to describe fans with no clear pattern of
spatial variation within the fan or relative to its surroundings. We also visually surveyed the full
global population of alluvial fan T1 values to assess whether there are any global patterns in the
distribution of alluvial fan grain sizes or TI spatial patterns correlated to specific geologic
regions.

4  Results and Discussion

4.1 Thermal inertia and grain size of alluvial fans

Of the 437 alluvial fans analyzed in this study, 362 have a meanT]I that correlates to
sand-sized sediment (Figure 1). A total of 25 alluvial fans have mean TI values corresponding to
a finer-grained, dusty to sandy surface, and 13 alluvial fans have mean TI values suggesting
pebble to cobble-sized sediment (Table 2). The highest mean T1 of an alluvial fan correlates to
the “pebble to cobble” grain size category. The number of alluvial fans in each grain size
category, as categorized based on the average TI, forms a narrow normal distribution with sand-
sized sediment as the mean and small numbers of outliers above and below.

The distribution of TI values within each fan, described by the grain size category of the
mean T1 +/- one standard deviation, rarely spans more than two grain size categories within a
single fan (Figure 1). A histogram of standard deviation values of each fan across the global
population shows that most fans have a small range of T1 values across the surface (Figure 2),
often encompassing only one or two grain size categories. There are 309 alluvial fans that have
surface TI values where the mean and +/- 1 standard deviation T1 values for the fan surface all
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fall within the range of sand-sized grains, indicating general homogeneity in the TI-derived grain
sizes of the alluvial fan surfaces across the global population. The resolution of THEMIS TI data
(~100m/pixel) means that there exists the possibility of grain size heterogeneity within a single
pixel. The TI values are derived from THEMIS nighttime data (Fergason et al., 2006) which
means that the TI of a single pixel is biased towards the warmer, in this case coarser-grained,
material within the scene. Changes in sorting or dominant grain size between pixels would result
in more variability in T values across a fan surface, with an increased proportion of coarse-
grained material resulting in an increase in T values (McCarty and Moersch, 2020). In light of
the TI bias towards larger grain sizes, the global prevalence of sand-sized TI-derived grain size is
somewhat surprising and is perhaps indicative of more uniform global processes.

Dusty fans, as indicated by TI-derived grain size, are few in number (Table 2) because
most of the dust-covered fans were eliminated by DCI. The 5 alluvial fans which have an
average TI that falls in the dust grain size category were likely not captured by the DCI filter due
to some overlap between the cutoff of high dust coverage in the DCI, which is derived from
lower-resolution TES data, and TI-derived sediment grain size, which is derived from relatively
higher-resolution THEMIS data.

All 4 of the alluvial fans that have a meanT| in the “pebble to cobble” range occur
within THEMIS images where the TI values are anomalously higher than the surrounding
THEMIS images. The THEMIS images that cover these alluvial fans were not different enough
from the surrounding images to be eliminated as outliers (Section 3.1), however, they do show
some evidence that the high TI values are regional artifacts in the data acquisition or processing
and are not limited to the alluvial fans or confined to particular sedimentary features, suggesting
that the “pebble to cobble” grain size designation may be larger than the actual sedimentary grain
size of the surface. Of the 9 alluvial fans with average T1 values that fall into the “pebble” range,
5 also within THEMIS images showing anomalously high TI, similar to the settings of the
“pebble to cobble” alluvial fans. The other 4 “pebble” alluvial fans are found in craters where the
entire crater floor has relatively high TI values. Uniformly high TI values across the full extent
of a crater floor could be indicative of coarse-grained crater fill material, or could be a result of
induration or other alteration processes.

4.2 Spatial patterns of Tl

The spatial patterns of T1 values across individual alluvial fan surfaces are qualitatively
defined by whether T1 appears to vary in a systematic way and whether the pattern of variation
appears to correlate with visible surface features (Figure 3). “Channelized” and “gradational”
categories both represent patterns in spatial T1 variation that are interpreted to be representative
of geologic features on the surface. On channelized fans, variations in thermal inertia values
follow visible channel features on the alluvial fan surface (Figure 3B), and the channels have a
slightly lower TI compared to the surrounding fan surface, indicating that the channels have been
filled with finer grained material. Fluvial channelization, which is common across alluvial fan
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surfaces, functions primarily as a secondary reworking process (Blair and McPherson, 2009; de
Haas et al., 2014) and, therefore, is not directly indicative of primary depositional style.

Alluvial fans with gradational T1 patterns have one of two related patterns (Figure 3A).
Some of the gradational patterns show a fining downslope, evidenced by TI values gradually
decreasing downslope along the fan surface. A downslope fining of surface grain sizes is also
observed on terrestrial alluvial fans and is indicative of deposition from bedload transport as
fine-grained material is carried further as transport energy levels drop (Blair and McPherson,
2009; Ventra and Clarke, 2018). Gradational patterns where grain size decreases downslope are
often seen on sheet-flood dominated fans as a result of the different transport distances of
different grain sizes through bedload transport of sediment during sheet flood events (Blair,
2002). However, downslope fining is also observed on debris-flow dominated fans which
experience surface reworking of debris flow sediment (de Haas et al., 2014). Other fans with
gradational patterns show a coarsening downslope with TI values gradually increasing along the
surface of the fan. This may be a result of post-depositional erosion exposing lower sedimentary
layers, which happen to be coarser than the most recent deposits, at the toe of the fan. The
increasing T1 downslope may also be a result of increasing levels of induration approaching the
floor of the crater.

Spatial TI patterns that are described as “unclear” (Figure 3E) have some variability of
TI across the fan surface that is not correlated with any visible surface feature and that may not
be confined to the fan. It may instead be a part of a more regional pattern of variation with no
clear source. Spatial T1 patterns that are described as “distinct” (Figure 3D) have overall TI
values which are different from the surrounding crater floor by at least two grain size categories,
but which do not show any recognizable variation within the alluvial fan surface. The TI patterns
described as “regional” (Figure 3C) have TI values with no distinct variation within the fan
surface and show little to no contrast with the TI of the surrounding crater floor material. The
“regional” TI patterns could indicate that either a) the source material and sediment transport
processes filling the crater are similar all around the crater rim with no clear distinction between
individual alluvial fans, or b) the alluvial fans and crater floor alike are covered by aeolian
transported sand.

All five TI spatial patterns are found throughout the global population of alluvial fans
(Figure 4). The TI spatial patterns show no clear correlation with mean T1 or inferred grain size
of the fan surfaces (Figure 5). The alluvial fans with average TI in the lowest (dust, meanTI <
170 tiu) and highest (pebble and pebble to cobble, meanT| > 484 tiu) grain size categories (Table
2) have TI patterns that are described as distinct, or regional, which are not related to any
diagnostic depositional characteristics or sedimentary interpretations. There is also no clear
correlation between fan size and mean TI or spatial T1 patterns (Figure 5).

Channelized TI spatial patterns are only seen between 30°N and 30°S (Figure 4).
Channelized fan surfaces are observed in visible morphology at all latitudes (Mondro et al.,
2023) but do not always show a corresponding TI surface pattern. The alluvial fans that have
channelized TI spatial patterns show lower TI values within the channels, indicating finer-

10
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grained channel fill. Channelized fans with no corresponding TI variations may be lacking the
finer grained channel fill, or could have experienced either post-depositional diagenesis of the
surface sediment that alters the T1 or mantling of the surface with unconsolidated sediment that
obscures original T1 variations. It is unclear why these processes would not affect the lower
latitudes as strongly. It is also possible that the concentration of channelized TI patterns in the
lower latitudes is coincidental, as there is a higher concentration of all alluvial fans within that
region.

4.3 Tl implications for grain size and depositional style

The T1 analysis of this global population of alluvial fans indicates that most alluvial fan
surfaces on Mars are composed of sand-sized sediment. Interpretation of TI of sedimentary
surfaces on Mars can be contextualized by two different scenarios: either the TI values are
representative of depositional grain size from alluvial processes or the Tl values are not
representative of original depositional grain size. The overall fine-grained alluvial fans and the
relatively small range of average grain sizes represented in the global population of fans on Mars
have different implications depending on the framing in which TI values are assessed.

If the T1 values of the alluvial fan surfaces are not representative of the original
depositional grain size, then the most likely interpretation of the overall fine grain size of alluvial
fans and small range of grain sizes is that the surface is mantled with aeolian sand deposits or in
situ post-depositional breakdown of material across fan surfaces. The analysis of alluvial fans
excluded features with high dust coverage, eliminating dust mantling as a likely explanation. The
global trend of alluvial fan TI-derived grain size may be indicative of global, long-term, in-place
regolith generation, which is breaking down coarser material into sand-sized sediment on a slow
timescale. It is also possible that the T1 values indicate widespread mantling of aeolian sand
across the surface outside of recognized dune fields. As aeolian-transported sand would be
unlikely to be constrained to only alluvial fan surfaces, this would affect all Mars surface
investigations using TI.

If the T1 values are representative of the original depositional grain sizes, the T1 values
provide insight into possible sediment transport processes. Based on TI-derived surface grain
size, we interpret likely sheet flood deposits as finer grained (meanTI of “sand to pebble” or
smaller) with a smaller range of grain sizes (T values +/- one StDv that span two or fewer grain
size categories) and interpret likely debris flow deposits as coarser grained (meanTI of “cobble”
or larger) with a larger range of grain sizes (T values +/- one StDv that span 3+ grain size
categories. Because of the inherent uncertainty in defining the grain size cutoffs of specific
depositional styles, alluvial fans in which the meanT]l is in the range of “pebble” and “pebble to
cobble” grain sizes are categorized as a possible mixed style fan and are generally interpreted as
uncertain depositional history.

All but 13 of the alluvial fans included in this study are categorized as likely sheet-flood
dominated fans based on the mean TI grain size categories. The other 13 alluvial fans are
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categorized as possible mixed depositional style fans based on the mean TI grain size categories.
There are no alluvial fans with a mean T1 in the range of cobble or larger grain size. The
sediment making up these alluvial fans was sourced from the catchment areas located along
crater rims. The vast majority of the alluvial fans in this study are found across the cratered
highlands in craters that are older than 2.5 Gy. The Mars crust across the cratered highlands is
primarily volcanic, mostly basaltic (Ehlmann and Edwards, 2014), which suggests that alluvial
fan catchments were most likely eroding into volcanic bedrock exposed in the topography of the
crater rims. Ongoing degradation of the oldest craters has produced low-relief or absent crater
rims in the modern day (Forsberg-Taylor and Howard, 2004; Kreslavsky and Head, 2018),
which has resulted in the original full extent of many of the alluvial fan catchments being
severely degraded. A better understanding of the sediment generated by aqueous erosion
processes, preserved in alluvial fans, will help to further constrain the models of crater rim
degradation and the conditions under which different erosion processes occur.

4.4 Implications for depositional environment and Mars climate

Sheet-flood dominated fans are formed primarily by sediment transported as bed load or
suspended load. The specifics of sediment transport in these conditions are affected by flow
velocity, bed sheers stress, hydraulic roughness, channel morphology, and other parameters that
can vary widely in a range of surface flow conditions (Kleinhans, 2006). Sediment size and
sediment volumes can be used to more accurately define bedload sediment transport conditions
to inform calculations of flow parameters and water volumes (Stucky de Quay et al., 2019). This
global assessment of alluvial fan grain size and depositional style will provide important
constraints on future models of surface water activity and analysis of the controls on sedimentary
depositional systems. The sediment grain size results presented here can also be combined with
modeled flow parameters to develop more precise estimates of sediment discharge and
depositional rates for specific alluvial fan systems.

Sheet floods and ubiquitous sand-sized sediment also suggest a lack of matrix-forming
material (i.e. phyllosilicates) in the alluvial fan source catchments. Previous work on terrestrial
alluvial fans has shown that generation of matrix-supported sediment-gravity flows is typically
associated with a significant source of clay minerals in the catchment, either from physical
weathering of clay-rich sedimentary rocks or alteration of igneous or metamorphic bedrock
(Blair and McPherson, 1994; Levson and Rutter, 2000; Nichols and Thompson, 2005; Ventra
and Clarke, 2018). Lack of evidence for debris-flow deposits across this global population of
alluvial fans indicates that the fan source catchments do not contain high quantities of
phyllosilicates. Spectral evidence for the widespread alteration of basaltic crust into
phyllosilicate minerals is primarily seen in Noachian units (Ehlmann and Edwards, 2014), during
the proposed “warm and wet” conditions of early Mars (Craddock and Howard, 2002; Ramirez
and Craddock, 2018; Wordsworth, 2016). If clay mineral alteration at the surface had continued
into the era of alluvial fan formation, or if remnant clay minerals were present in the original
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catchment areas, we would expect to see more evidence for coarse debris-flow sediment on the
alluvial fan surfaces rather than the ubiquitous sand-sized sediment that the T1 data indicate.

Alluvial fans are built by repeated episodes of surface water runoff that transports
sediment to the fan surface. Alluvial fan formation continuing into the Amazonian (Holo et al.,
2021) indicates that liquid water was flowing at the surface at least sporadically as recently as
2.5 Ga. Amazonian climate is generally thought to be dominated by more glacial conditions
(Dickson et al., 2012; Fassett et al., 2010). However, the hypothesized occurrences of sporadic
surface water flow during intermittent warmer periods within the hypothesized “cold and wet”
climate models of the Noachian to Hesperian period (Bishop et al., 2018; Fairén, 2010; Segura et
al., 2002; Wordsworth et al., 2017) would have persisted for longer than initially proposed, into
the early Amazonian (Adeli et al., 2016; Hauber et al., 2013), to support alluvial fan depositional
environments.

5 Conclusions

Thermal inertia analysis of alluvial fan surfaces on Mars provides a way to make a high-
level assessment of the sediment grain size that makes up the alluvial fans. Across the global
population of alluvial fans on Mars, mean T1 values of individual fan surfaces indicate that the
vast majority of fan surfaces consist of sand-sized sediment. If the T1 values are not
representative of the original depositional grain size, this may be indicative of widespread
regolith generation or aeolian mantling across the surface of Mars. If the T1 values are
representative of the original depositional grain size, the global catalog of alluvial fans represents
a surprisingly homogeneous population of depositional environments. These results would
indicate that the vast majority of alluvial fans on Mars were primarily formed by bedload
transport of sediment in sheet flood or fluvial conditions. Finer grained sediment in alluvial fans
is indicative of lower energy bedload transport and an absence of debris-flow events.

This global survey of alluvial fan thermophysical properties will enable future work to
further investigate the sedimentary characteristics of individual alluvial fan surfaces using
additional datasets and analytical methods. A future analysis of HiIRISE image data across the
full alluvial fan population, including requesting HiRISE data for the features that have no
coverage, would provide additional insight into larger surface features that may be associated
with depositional events or the observed T1I spatial patterns. The climatic and geologic controls
on alluvial fan depositional style in terrestrial systems is a useful starting point for Mars
sedimentary analysis but more work still needs to be done to investigate and validate the precise
relationships between controlling factors in Mars depositional systems.

Data Availability

A table of alluvial fan location used for this study, along with a summary of thermal
inertia values and associated grain size categories, is made available in a publicly accessible
online data archive (https://doi.org/10.22541/essoar.167768127.72084291/v3). The FanID
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identifier included in this table links this database to a previously published database
(https://doi.org/10.5061/dryad.qjg2bvgk0) of alluvial fans on Mars (Mondro et al. 2023). The
FanID identifiers in both databases refer to the same features, allowing for further exploration of
fan characteristics.

Funding Acknowledgement
This work was partially funded by J. Moersch’s Mars Odyssey Participating Scientist grant
(Arizona State University Subaward #10-254).

References

Adeli, S., Hauber, E., Kleinhans, M., Le Deit, L., Platz, T., Fawdon, P., Jaumann, R., 2016.
Amazonian-aged fluvial system and associated ice-related features in Terra Cimmeria,
Mars. Icarus 277, 286-299. https://doi.org/10.1016/j.icarus.2016.05.020

Ahern, A.A., Rogers, A.D., Edwards, C.S., Piqueux, S., 2021. Thermophysical Properties and
Surface Heterogeneity of Landing Sites on Mars From Overlapping Thermal Emission
Imaging System (THEMIS) Observations. Journal of Geophysical Research: Planets 126.
https://doi.org/10.1029/2020JE006713

Beaty, C.B., 1990. Anatomy of a White Mountains debris-flow - the making of an alluvial fan,
in: Rachocki, A.H., Church, M. (Eds.), Alluvial Fans: A Field Approach. John Wiley.

Bishop, J.L., Fairén, A.G., Michalski, J.R., Gago-Duport, L., Baker, L.L., Velbel, M.A., Gross,
C., Rampe, E.B., 2018. Surface clay formation during short-term warmer and wetter
conditions on a largely cold ancient Mars. Nature Astronomy 2018 2:3 2, 206-213.
https://doi.org/10.1038/s41550-017-0377-9

Blair, T.C., 2002. Sedimentary processes and facies of the waterlaid Anvil Spring Canyon
alluvial fan, Death Valley, California. Sedimentology 46, 913-940.
https://doi.org/10.1046/J.1365-3091.1999.00259.X

Blair, T.C., 1999. Cause of dominance by sheetflood vs. Debris flow processes on two adjoning
alluvial fans, Death Valley, California. Sedimentology 46, 1015-1028.

Blair, T.C., McPherson, J.G., 2009. Alluvial fans processes and forms, Geomorphology of Desert
Environments. https://doi.org/10.1007/978-1-4020-5719-9J4

Blair, T.C., McPherson, J.G., 1994. Alluvial Fans and their Natural Distinction from Rivers
Based on Morphology, Hydraulic Processes, Sedimentary Processes, and Facies
Assemblages. SEPM Journal of Sedimentary Research Vol. 64A, 450-489.
https://doi.org/10.1306/D4267DDE-2B26-11D7-8648000102C1865D

Blair, T.C., McPherson, J.G., 1992. The Trollheim alluvial fan and facies model revisited
[WWW Document]. GSA Bulletin. URL
https://pubs.geoscienceworld.org/gsa/gsabulletin/article/104/6/762/182720/The-Trollheim-
alluvial-fan-and-facies-model?casa_token=RmBH3EbZfncAAAAAe-
gfG2snADWATSUAGUIMEucm7a96Y Mt6W27XwpovdGpV1rCNIIXNRquGpAKUOMN;]
VRIKQ-WS (accessed 5.7.22).

Carr, M.H., Head, J.W., 2010. Geologic history of Mars. Earth and Planetary Science Letters
294, 185-203. https://doi.org/10.1016/J.EPSL.2009.06.042

14



531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576

Christensen, P.R., Fergason, R.L., Edwards, C.S., Hill, J., 2013. THEMIS-Derived Thermal
Inertia Mosaic of Mars: Product Description and Science Results - NASA/ADS, in: 44th
Lunar and Planetary Science Conference.

Craddock, R.A., Howard, A.D., 2002. The case for rainfall on a warm, wet early Mars. Journal
of Geophysical Research: Planets 107, 21-1-21-36. https://doi.org/10.1029/2001JE001505

D’Arcy, M., Whittaker, A.C., Roda-Boluda, D.C., 2017. Measuring alluvial fan sensitivity to
past climate changes using a self-similarity approach to grain-size fining, Death Valley,
California. Sedimentology 64, 388-424. https://doi.org/10.1111/sed.12308

de Haas, T., Ventra, D., Carbonneau, P.E., Kleinhans, M.G., 2014. Debris-flow dominance of
alluvial fans masked by runoff reworking and weathering. Geomorphology 217, 165-181.
https://doi.org/10.1016/J.GEOMORPH.2014.04.028

Dickson, J.L., Head, J.W., Fassett, C.1., 2012. Patterns of accumulation and flow of ice in the
mid-latitudes of Mars during the Amazonian. Icarus 219, 723-732.
https://doi.org/10.1016/j.icarus.2012.03.010

Dickson, J.L., Kerber, L.A., Fassett, C.I., Ehlmann, B.L., 2018. A GLOBAL, BLENDED CTX
MOSAIC OF MARS WITH VECTORIZED SEAM MAPPING: A NEW MOSAICKING
PIPELINE USING PRINCIPLES OF NON-DESTRUCTIVE IMAGE EDITING. Lunar
and Planetary Science Conference. https://doi.org/10.1029/2010JE003755

Edgett, K., Christensen, P., 1991. The particle size of Martian aeolian dunes. Journal of
Geophysical Research 96, 22765-22776. https://doi.org/10.1029/91JE02412

Edwards, C.S., Bandfield, J.L., Christensen, P.R., Fergason, R.L., 2009. Global distribution of
bedrock exposures on Mars using THEMIS high-resolution thermal inertia. Journal of
Geophysical Research 114, E11001. https://doi.org/10.1029/2009JE003363

Edwards, C.S., Piqueux, S., Hamilton, V.E., Fergason, R.L., Herkenhoff, K.E., Vasavada, A.R.,
Bennett, K.A., Sacks, L., Lewis, K., Smith, M.D., 2018. The Thermophysical Properties of
the Bagnold Dunes, Mars: Ground-Truthing Orbital Data. Journal of Geophysical Research:
Planets 123, 1307-1326. https://doi.org/10.1029/2017JE005501

Ehlmann, B.L., Edwards, C.S., 2014. Mineralogy of the Martian surface. Annual Review of
Earth and Planetary Sciences 42, 291-315. https://doi.org/10.1146/annurev-earth-060313-
055024

Fairén, A.G., 2010. A cold and wet Mars. Icarus 208, 165-175.
https://doi.org/10.1016/J.ICARUS.2010.01.006

Fassett, C.1I., Dickson, J.L., Head, J.W., Levy, J.S., Marchant, D.R., 2010. Supraglacial and
proglacial valleys on Amazonian Mars. Icarus 208, 86-100.
https://doi.org/10.1016/j.icarus.2010.02.021

Fergason, R.L., Christensen, P.R., Kieffer, H.H., 2006. High-resolution thermal inertia derived
from the Thermal Emission Imaging System (THEMIS): Thermal model and applications.
Journal of Geophysical Research: Planets 111, n/a-n/a.
https://doi.org/10.1029/2006JE002735

Forsberg-Taylor, N.K., Howard, A.D., 2004. Crater degradation in the Martian highlands:
Morphometric analysis of the Sinus Sabaeus region and simulation modeling suggest fluvial
processes. Journal of Geophysical Research 109. https://doi.org/10.1029/2004JE002242

Grant, J.A., Wilson, S.A., 2011. Late alluvial fan formation in southern Margaritifer Terra, Mars.
Geophysical Research Letters 38, n/a-n/a. https://doi.org/10.1029/2011GL 046844

Gupta, R.P., 2018. Remote Sensing Geology, Third Edit. ed. Springer-Verlag.

Hardgrove, C., Moersch, J., Whisner, S., 2010. Thermal imaging of sedimentary features on

15



577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622

alluvial fans. Planetary and Space Science 58, 482-508.
https://doi.org/10.1016/j.pss.2009.08.012

Hardgrove, C., Moersch, J., Whisner, S., 2009. Thermal imaging of alluvial fans: A new
technique for remote classification of sedimentary features. Earth and Planetary Science
Letters 285, 124-130. https://doi.org/10.1016/j.epsl.2009.06.004

Hauber, E., Platz, T., Reiss, D., Le Deit, L., Kleinhans, M.G., Marra, W.A., De Haas, T.,
Carbonneau, P., 2013. Asynchronous formation of Hesperian and Amazonian-aged deltas
on Mars and implications for climate. Journal of Geophysical Research: Planets 118, 1529—
1544. https://doi.org/10.1002/jgre.20107

Holo, S.J., Kite, E.S., Wilson, S.A., Morgan, A.M., 2021. The Timing of Alluvial Fan Formation
on Mars. The Planetary Science Journal 2, 210. https://doi.org/10.3847/PSJ/AC25ED

Kieffer, H.H., Martin, T.Z., Peterfreund, A.R., Jakosky, B.M., Miner, E.D., Palluconi, F.D.,
1977. Thermal and albedo mapping of Mars during the Viking primary mission. Journal of
Geophysical Research 82, 4249-4291. https://doi.org/10.1029/J5082i028p04249

Kite, E.S., 2019. Geologic Constraints on Early Mars Climate, Space Science Reviews. Springer
Nature B.V. https://doi.org/10.1007/s11214-018-0575-5

Kleinhans, M.G., 2006. Flow discharge and sediment transport models for estimating a minimum
timescale of hydrological activity and channel and delta formation on Mars 110, 1-23.
https://doi.org/10.1029/2005JE002521

Kreslavsky, M.A., Head, J.W., 2018. Mars Climate History: Insights From Impact Crater Wall
Slope Statistics. Geophysical Research Letters 45, 1751-1758.
https://doi.org/10.1002/2017GL075663

Larsen, V., Steel, R.J., 1978. The sedimentary history of a debris-flow dominated, Devonian
alluvial fan—a study of textural inversion. Sedimentology 25, 37-59.
https://doi.org/10.1111/J.1365-3091.1978.TB00300.X

Levson, V.M., Rutter, N.W., 2000. Influence of bedrock geology on sedimentation in Pre-Late
Wisconsinan alluvial fans in the Canadian Rocky Mountains. Quaternary International 68—
71, 133-146. https://doi.org/10.1016/S1040-6182(00)00039-2

McCarty, C.B., Moersch, J.E., 2020. Remote characterization of physical surface characteristics
of Mars using diurnal variations in apparent thermal inertia. Icarus 345, 113739.
https://doi.org/10.1016/J.ICARUS.2020.113739

McDonald, E. V, McFadden, L.D., Wells, S.G., McFadden, E., 2003. Regional response of
alluvial fans to the Pleistocene-Holocene climatic transition, Mojave Desert, California.
Geological Society of America Special Paper.

Mondro, C.A., Moersch, J.E., Fedo, C.M., 2023. An updated global surey of alluvial fans on
Mars: distinguishing alluvial fans from other fan-shaped features through morphologic
characterization. Icarus 389, 115238. https://doi.org/10.1016/j.icarus.2022.115238

Moore, J.M., Howard, A.D., 2005. Large alluvial fans on Mars. Journal of Geophysical Research
110, E04005. https://doi.org/10.1029/2004JE002352

Nichols, G., Thompson, B., 2005. Bedrock lithology control on contemporaneous alluvial fan
facies, Oligo-Miocene, southern Pyrenees, Spain. Sedimentology 52, 571-585.
https://doi.org/10.1111/j.1365-3091.2005.00711.x

Nishiizumi, K., Caffee, M.W., Finkel, R.C., Brimhall, G., Mote, T., 2005. Remnants of a fossil
alluvial fan landscape of Miocene age in the Atacama Desert of northern Chile using
cosmogenic nuclide exposure age dating. Earth and Planetary Science Letters 237, 499-507.
https://doi.org/10.1016/J.EPSL.2005.05.032

16



623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668

Nowicki, S.A., Christensen, P.R., 2007. Rock abundance on Mars from the Thermal Emission
Spectrometer. Journal of Geophysical Research: Planets 112, 5007.
https://doi.org/10.1029/2006JE002798

Palucis, M.C., Dietrich, W.E., Hayes, A.G., Williams, R.M.E., Gupta, S., Mangold, N., Newsom,
H., Hardgrove, C., lii, F.C., Sumner, D.Y., 2014. The origin and evolution of the Peace
Vallis fan system that drains to the Curiosity landing area, Gale Crater, Mars. Journal of
Geophysical Research: Planets 705-728. https://doi.org/10.1002/2013JE004583.Received

Presley, M.A., Christensen, P.R., 1997a. Thermal conductivity measurements of particulate
materials 2. Results. Journal of Geophysical Research 102.

Presley, M.A., Christensen, P.R., 1997b. The effect of bulk density and particle sorting on the
thermal conductivity of particulate materials under Martian atmospheric pressures. Journal
of Geophysical Research 102, 9221-9229.

Ramirez, R.M., Craddock, R.A., 2018. The geological and climatological case for a warmer and
wetter early Mars. NATuRe GeosCieNCe | 11. https://doi.org/10.1038/s41561-018-0093-9

Rodriguez, J.A.P., Sasaki, S., Kuzmin, R.O., Dohm, J.M., Tanaka, K.L., Miyamoto, H., Kurita,
K., Komatsu, G., Fairén, A.G., Ferris, J.C., 2005. Outflow channel sources, reactivation,
and chaos formation, Xanthe Terra, Mars. Icarus 175, 36-57.
https://doi.org/10.1016/J.ICARUS.2004.10.025

Ruff, S.W., Christensen, P.R., 2002. Bright and dark regions on Mars: Particle size and
mineralogical characteristics based on Thermal Emission Spectrometer data. J. Geophys.
Res 107, 5127. https://doi.org/10.1029/2001JE001580

Segura, T.L., Toon, O.B., Colaprete, A., Zahnle, K., 2002. Environmental effects of large
impacts on Mars. Science 298, 1977-1980.
https://doi.org/10.1126/SCIENCE.1073586/SUPPL_FILE/SEGURA.SOM.PDF

Stucky de Quay, G., Kite, E.S., Mayer, D.P., 2019. Prolonged Fluvial Activity From Channel-
Fan Systems on Mars. Journal of Geophysical Research: Planets 124, 3119-31309.
https://doi.org/10.1029/2019JE006167

Ventra, D., Clarke, L.E., 2018. Geology and geomorphology of alluvial and fluvial fans: current
progress and research perspectives. Geological Society of London Special Publication.
https://doi.org/10.1144/SP440.16

Warner, N., Gupta, S., Muller, J.P., Kim, J.R., Lin, S.Y., 2009. A refined chronology of
catastrophic outflow events in Ares Vallis, Mars. Earth and Planetary Science Letters 288,
58-69. https://doi.org/10.1016/J.EPSL.2009.09.008

Wilson, S.A., Morgan, A.M., Howard, A.D., Grant, J.A., 2021. The Global Distribution of
Craters With Alluvial Fans and Deltas on Mars. Geophysical Research Letters 48.
https://doi.org/10.1029/2020GL091653

Wordsworth, R., Kalugina, Y., Lokshtanov, S., Vigasin, A., Ehlmann, B., Head, J., Sanders, C.,
Wang, H., 2017. Transient reducing greenhouse warming on early Mars. Geophysical
Research Letters 44, 665—-671. https://doi.org/10.1002/2016GL071766

Wordsworth, R.D., 2016. The Climate of Early Mars. Annual Review of Earth and Planetary
Sciences 44, 381-408. https://doi.org/10.1146/annurev-earth-060115-012355

Yingst, R.A., Cropper, K., Gupta, S., Kah, L.C., Williams, R.M.E., Blank, J., Calef, F.,
Hamilton, V.E., Lewis, K., Shechet, J., McBride, M., Bridges, N., Frias, J.M., Newsom, H.,
2016. Characteristics of pebble and cobble-sized clasts along the Curiosity rover traverse
from sol 100 to 750: Terrain types, potential sources, and transport mechanisms. Icarus 280,
72-92. https://doi.org/10.1016/j.icarus.2016.03.001

17



669

18



	Abstract
	1 Introduction
	2 Background
	3 Methods for analysis of Mars alluvial fans
	4 Results and Discussion
	5 Conclusions

