
1.  Introduction
Mars has been famous for the presence and diversity of water-altered minerals since they were detected on 
the surface by the Mars Global Surveyor, Mars Express, and Mars Reconnaissance Orbiter missions (e.g., 

Abstract  An extensive distribution of water-altered equatorial layered deposits (ELDs) characterizes 
the densely cratered terrain of Arabia Terra (AT), Mars. The majority of these deposits reside within 
craters and are easily identified by laterally continuous layering. The processes that led to their formation 
have been widely investigated, but remain unresolved. Furthermore, their precise spatial distribution as a 
whole, as well as their relationship to one another individually, has yet to be fully appreciated. This work 
examines 1,013 craters and emphasizes 45 that were observed to contain ELDs within the eastern half of 
AT. We present the statistical relationships between crater characteristics (e.g., location, diameter, depth), 
as well as evidence supporting a southeast-northwest facies change. The 30–2,000-m range of measured 
deposit thicknesses, accompanied with individual layer thicknesses, correlate with crater elevation either 
due to water level differences within craters, or a proximal-distal relationship to the source. Air fall or 
fluid expulsion appear to stand out among all the prevailing depositional hypotheses, however the volume 
required to fill these craters in an ash fall scenario is in opposition with the locations of known volcanic 
provinces and the volume of ash that volcanic eruptions produce. This new evidence of a regional facies 
change provides a unique opportunity to better understand past climate and sedimentary processes on 
Mars, as well as the putative groundwater level in ancient AT. Ultimately, our results do not agree well 
with a unified depositional method for these deposits and the possibility of mixed origins should be taken 
seriously.

Plain Language Summary  Layer thicknesses of equatorial layered deposits (ELDs) 
within craters in western Arabia Terra (AT) show a regional NW-SE thickening, correlating with both 
elevation and latitude. The trend does not correlate with locations of established volcanic provinces 
or proposed locations of nearby calderas. Additionally, the volume necessary to completely fill craters 
may be problematic in an ash fall scenario. The discrepancy of ELD size between craters is problematic 
and requires specialized erosional intensities unique to each crater. Fluctuating water level might 
create a proximal-distal effect either from the putative ocean to the northwest which hinders thicker 
ELD formation, or fluid expulsion focused at Meridiani Planum which aids thicker ELD formation. 
Thinning and thickening sequences in individual craters suggests repeated changes from low to high 
energy environments. Low to moderate layer attitudes are indicative of compaction or draping during 
deposition over pre-existing topography, whereas steeply dipping layers suggests post-depositional 
deformation in specific craters. This implies post-depositional histories are often unique to individual 
craters. Observations demonstrate that determining the depositional method requires a regional overview 
to establish the controls that create these unique characteristics. Thus, a unifying depositional theory does 
not fit all characteristics of ELDs in AT and multiple or mixed origins should be considered.
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Bibring et al., 2006; Carter et al., 2013; Christensen et al., 2001; Gendrin et al., 2005; Murchie et al., 2009).

Among the surface features most often associated with water-altered minerals are the layered mounds and 
deposits, which captured the attention of scientists to such an extent that one was ultimately selected as the 
landing site for the Mars Science Laboratory (MSL). The origins of equatorial layered deposits (ELDs), often 
called light-toned layered deposits (LTD/LLDs) (Ansan et al., 2011; Catling et al., 2006; Mangold, Carter, 
et al., 2012; Salese et al., 2016; Sarkar et al., 2018; Tanaka & Platz, 2011; Weitz et al., 2010) or ILDs (interior 
layered deposits) (Al-Samir et al., 2017; Fueten et al., 2008, 2010, 2014, 2017; Komatsu et al., 2004; Lucchitta 
et al., 1994; Michalski & Niles, 2012; Noel et al., 2015; Okubo et al., 2008; Schmidt et al., 2018; Sefton-Nash 
et al., 2012; Sowe et al., 2011), are a topic of ongoing debate and remain one of the most coveted areas of 
planetary research. We recognize that the terms ELD, ILD, LTD, and LLD are often used interchangeably. 
For example, the difference between an ELD within a depression and an ILD has not been made clear, aside 
from “ILD” being the preferred nomenclature for layered deposits in Valles Marineris despite they too being 
located in the equatorial region. For purposes of this study, layered deposits are referred to as ELDs, speci-
fying layered deposits within the craters of Arabia Terra (AT) (Figure 1) and separating them from plateau 
deposits (Fergason & Christensen, 2008), while still recognizing that they both have similar chemical com-
positions and may share formation origins.

Although the composition, distribution, and post-depositional history (e.g., faulting, erosion, and alteration) 
of ELDs can be recognized, depositional processes remain difficult to determine (Annex & Lewis, 2020; 
Bennett & Bell,  2016; Cadieux & Kah,  2015; Day et  al.,  2019; Lewis & Haronson et  al.,  2014; Pondrelli 
et al., 2019, 2015; Zabrusky et al., 2012). ELDs are generally characterized by a high albedo relative to their 
surroundings, as well as by their laterally continuous layering (Annex & Lewis, 2020; Franchi et al., 2014; 
Lewis & Haronson et al., 2014; Pondrelli et al., 2019). ELDs formed within basins or craters tend to have 
significant volume, often filling the entire basin (Day et al., 2016; Franchi et al., 2014; Pondrelli et al., 2019). 
The need for more reliable methods to understand their distribution and formation processes, particularly 
at a regional scale, is vital to the future of Mars exploration. A variety of processes and depositional regimes, 
both sedimentary and volcanic, have been proposed to explain ELD formation and include lacustrine (Day 
et al., 2019; Lucchitta, 2010; Wharton et al., 1995; Wray et al., 2011), groundwater upwelling (Allen & Oe-
hler, 2008; Andrews-Hanna et al., 2010; Franchi et al., 2014; Pondrelli et al., 2015, 2019; Rossi et al., 2008), ash 
fall (Fassett & Head, 2007; Fueten et al., 2014; Kerber et al., 2012; Le Deit et al., 2013; Schmidt et al., 2018), 
diapiric uplift (Jackson et al., 2011), dust rich glaciers (Bennett & Bell, 2016; Fergason & Christensen, 2008; 
Michalski & Niles, 2012), aeolian deposition (Annex & Lewis, 2020; Kite et al., 2016, 2013; Lewis & Aha-
ronson et al.,  2014; Hayes et al.,  2011), and a combination of multiple processes (Bennett & Bell, 2016; 
Cadieux & Kah, 2015; Fueten et al., 2014; Le Deit et al., 2013; Schmidt et al., 2018; Zabrusky et al., 2012). 
These sedimentary deposits are widespread and their occurrence in AT was first identified by Malin and 
Edgett (2000). All proposed depositional methods have their own drawbacks, in that they can readily ex-
plain some features of the deposits while neglecting others. Regardless, the deposition and aqueous altera-
tion of layered deposits is generally accepted to have spanned across the Late Noachian and Early Hesperian 
(Bibring et al., 2006; Carr & Head, 2010; Lowe et al., 2020; Poulet et al., 2008). Deposition is thought to 
have occurred in the beginning of the Hesperian (Bibring et al., 2006; Poulet et al., 2008), more specifically 
between ≈3.83 and 3.56 Ga (Zabrusky et al., 2012), and marked by a commonly proposed global change in 
Martian climate (Bibring et al., 2006; Carr & Head, 2010). Some deposition may have occurred as recently as 
the Amazonian as determined for the Medusae Fossae Formation (Mandt et al., 2008; Morgan et al., 2015; 
Neukum et al., 2010; Werner, 2005). However, age determination is inhibited by the extensive erosion of 
subset craters used for age dating (Hartmann, 2005) and ELDs have been characterized previously as having 
a very low crater retention age (Pondrelli et al., 2019).

2.  Geological Setting
AT is a large regional dichotomy which represents the transition between the southern highlands and the 
northern lowlands (Evans et al., 2010; Smith et al., 2001; Zuber et al., 2000) (Figure 1). Well known for a high 
density of craters, many of which contain ELDs (Cadieux & Kah, 2015; Day et al., 2019; Franchi et al., 2014; 
Pondrelli et al., 2019; Zabrusky et al., 2012), AT represents a unique geologic story which combines the 
dynamics of sedimentary deposition, erosion, crustal dynamics, explosive volcanism, and groundwater 
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activity (Andrews-Hanna et al., 2007, 2010; Bishop et al., 2008; Day et al., 2016; Evans et al., 2010; Lewis & 
Aharonson et al., 2014; Molina et al., 2017; Pondrelli et al., 2015; Salese et al., 2019; Silvestro et al., 2021; 
Whelley et al., 2021). These processes have produced a plethora of features including meandering valleys 
and deltas (Bishop et al., 2008; Molina et al., 2017; Salese et al., 2019). Additionally, many have proposed 
the existence of an ocean in the northern hemisphere and interpreted the western side of AT to represent a 
shoreline (Di Achille & Hynek, 2010; Rodriguez et al., 2016; Webb, 2004). The landing site of the ESA/RO-
SCOSMOS ExoMars 2022 rover was ultimately selected in Oxia Planum (Vago et al., 2015, 2017), an area of 
western Arabia Terra, based on the rich assembledge of fluvial geomorphology, sedimentary deposits, and 
hydrated mineral detections (Lakdawalla, 2019; Quantin-Nataf et al., 2021).

AT and its surroundings have a nearly two decade long history of aqueous mineral detection. Approximate-
ly 250 km south of the mapping area, in Meridiani Planum, sulfur-rich sedimentary deposits and layered 
sandstones were studied in-situ by the Opportunity Rover in Eagle crater, and phyllosilicates in the rim of 
Endeavour crater. Datasets from the Visible and Infrared Mineralogical Mapping Spectrometer (OMEGA) 
likewise revealed sulfates (Arvidson et al., 2005; Gendrin et al., 2005; Griffes et al., 2007; Poulet et al., 2008) 
and phyllosilicates (Noe Dobrea et al., 2012; Poulet et al., 2008; Wray et al., 2011; Wiseman et al., 2010). In 
the northwest area of the mapping area of Oxia Planum, detections in the valley network Mawrth Vallis 
demonstrated the abundance of sulfates from the Compact Reconnaissance Imaging Spectrometer for Mars 
(CRISM) (Noe Dobrea et al., 2011) and phyllosilicates from both OMEGA (Loizeau et al., 2010) and CRISM 
(Bishop et al., 2008; Loizeau et al., 2012, 2015; Wray et al., 2008), as well as a mixture of assemblages which 
represented changing environments (Bishop et  al.,  2020). Additionally, phyllosilicates have been detect-
ed within nearby Mclaughlin crater (Gou et al., 2014; Michalski et al., 2013, 2019) and even serpentine 
(Michalski et al., 2019). This rich assemblage ultimately led to the selection of Oxia Planum for the ExoMars 
rover landing site, which will continue with in-situ spectral analyses of layered deposits. Unfortunately, AT 
tends to have a layer of dust that covers the interior of the craters and their ELDs, impeding the extraction 
of reliable spectra in the other four observations (Mangold et  al.,  2009). Thus, the reliability of CRISM 

Figure 1.  (a) MOLA-colorized DEM showing the location of the study area. (b) Close-up of the study area marked by the white square in Figure 1a with the 
corresponding section of Tanaka et al., (2014) global geological map of Mars. Locations of Figures 5–7 are marked.
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datasets is severely inhibited in the study area. However, regardless of this dust hindrance, the association 
of ELDs with aqueous minerals is certain and their implications to past climate and water on Mars is well 
established.

The possible importance of groundwater either in directly contributing to the ELD deposition or in fa-
voring their preservation through cementation has been proposed by Andrews-Hanna et al. (2007, 2010), 
Franchi et al. (2014, 2020), Michalski et al. (2013), Newsom et al. (2003), Oehler and Allen (2010), Pon-
drelli et al. (2011, 2015, 2019), Pozzobon et al. (2019), Rossi et al. (2008), Salese et al. (2019), and Zabrusky 
et al. (2012). The topographic characteristics of the region (i.e., absence of a dichotomic boundary, but grad-
ual and gentle decreasing in elevation from the Southern Highland to the Northern Lowlands) make AT the 
best geological setting to investigate the potential relation between groundwater presence/fluctuations and 
ELD deposition/preservation. For these reasons, AT was chosen as the study area since the dozens of ELDs 
residing here across such a wide area (>2,000,000 km2) provides a great opportunity to observe region wide 
trends which might yield important clues to the history of water on Mars.

We aim at providing regional constraints on the controls and processes leading to ELD deposition by iden-
tifying the distribution (latitude/longitude and elevation) of the ELD deposits within the craters in AT, the 
geometrical patterns within the different basins (e.g., thickness and height of the stratigraphic boundaries), 
and the association with main morphological elements (e.g., channel, mounds). The goal is to understand 
in detail the depositional and aqueous history of Mars. We also investigate the layer thicknesses variations 
in order to recognize possible common trends. Here the goal is understanding whether the controls on dep-
osition and/or preservation are in common or localized, while alluding to the location of the source area of 
the sediments. Layer thicknesses of ELDs within single craters such as Bequerel, Crommelin, Danielson, 
Sera, and Jiji (Annex & Lewis et al., 2020; Cadieux & Kah, 2015; Lewis & Aharonson, 2014), as well as 
Kotido crater (Pondrelli et al., 2019), have been measured previously. These are reexamined and holistically 
considered in this study with the addition of new measurements from other ELDs, extending the scope and 
understanding of the stratigraphic section across the entire AT in order to better constraint their genesis and 
climate implications in the Martian evolutionary history.

3.  Materials and Methods
3.1.  Data

A Context Camera (CTX; 6 m/pixel) (Malin et al., 2007a) mosaic registered to a High-Resolution Stereo 
Camera (HRSC; 50 m/pixel) (Jaumann et al., 2007; Neukum & Jaumann, 2004) composite digital elevation 
model (DEM) of the eastern side of the MC-11 quadrangle (U.S. Geological Survey, 1973) forms the base 
data for the study. A Mars Orbiter Laser Altimeter (MOLA; 463 m/pixel) (Smith et al., 1999) DEM was used 
for observing topography of MC-12 (Coles et al., 2019), but was not used for direct measurements. Large 
scale measurements including crater depths and total deposit thicknesses were obtained using HRSC ele-
vation data. These measurements were then compared to the results obtained from the Garvin equations 
(Garvin et al., 2003). Small-scale landforms and layering were examined within High-Resolution Imaging 
Science Experiment (HiRISE) stereo imagery (100–40 cm/pixel) (McEwen et al., 2007). All layer attitude 
and thickness measurements were obtained from HiRISE DEMs computed in house using the NASA AMES 
Stereo Pipeline (Shean et al., 2016).

3.2.  Garvin Equations

Deposit thicknesses were determined by the elevation difference between the highest and lowest areas of the 
deposit. Crater depth was determined by the elevation difference between the crater rim and the lowest area 
of the crater floor. Each measured crater depth was then compared to those determined by the Garvin equa-
tions which are a set of crater diameter (D) versus crater depth (d) power laws (Garvin et al., 2000; 2003):

  0.40.36 · (7 100 km)d D D�

 0.211.27 · ( 100 km)d D D�
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By comparing the measured crater depth values to those determined by the Garvin equations, it can be in-
ferred which craters might be deeper than is measurable due to deposit infill covering the true crater floor. 
This difference can then be used as a reference for certain deposits that might have significant sections 
buried, which implies the deposit is thicker than what can be measured.

3.3.  Measuring Layer Thicknesses

Several studies have previously described the fundamentals of obtaining layer thickness and attitude 
from orbital data in an effort to find stratigraphic trends within layered deposits across Mars (e.g., Fueten 
et al., 2014, 2008; Lewis & Aharonson, 2014; Lewis et al., 2008). In 19 HiRISE stereo pairs covering 13 craters 
containing ELDs, layer thicknesses were obtained by measuring elevation and distance between each layer 
along a line parallel to slope within the GIS software Global Mapper (Blue Marble Geographics, 2011). The 
resulting measurements had an average error of ±0.4 m, a combination of vertical resolution and the place-
ment of points on layer edges (in general, error decreases with thickness). Multiple transects were measured 
within each HiRISE image. A total of 1,237 layer thickness measurements were taken along 231 transects.

Accurate layer thickness measurements are obtained by correcting for the dip of the layers. Depending 
on dip direction, dips will result in measured layer thicknesses either higher or lower than the true layer 
thickness. Horizontal distance between two points can affect the measured layer thicknesses greatly. Large 
horizontal distances create larger errors, even if the dip is shallow. To correct for dip and minimize error, the 
tangent of the dip angle is multiplied by the horizontal distance x between two points and then subtracted 
from their vertical distance y. This value is then multiplied by the cosine of the dip angle:

       tan cosy x‐�

Dips were obtained using the Orion software (Pangaea Scientific, 2011). AT has extensive dust cover which 
can obscure thinner layers and create the illusion of thicker layering which in reality are benches able to 
project through the veneer of dust. Thus, all layers are selected manually by observing elevation relief and 
their horizontal continuation. Transects are chosen by identifying the path of least obstruction. No transects 
passed through fold hinges where significant error can occur from changing lateral thickness. Layers are 
not selected based on alternating albedo or a computer algorithm (Table 1).

Jiji North contains layering associated with the ejecta blanket of a secondary crater in the center of the 
crater. These layers were measured as well and included although we recognize their origin may be wholly 
separate from ELDs in other craters. Jiji North does contain ELDs in the southeast area of the floor adjacent 
from to the crater wall, but is not covered by HiRISE. The layers were measured with CTX elevation data 
and presented in the supplementary data.

4.  Results
4.1.  Crater Categorization and Deposit Distribution

A total of 1,013 craters were examined in the mapping area and categorized into six types according to 
morphologic features and the characteristics of any present infilling (Figures 2 and 3a). Crater types were 
not based on size or age, thus each of the six types can have a wide range of crater ages (Mangold, Adeli, 
et al., 2012) All craters resolvable in CTX imagery and with diameters >1.5 km were considered. These six 
types of craters are: ELD bearing, flat-floor, impact deposits, central peak, featureless, and uncertain. ELDs 
were observed in 79, a flat-floor (craters with a flat-topped infilling) in 43, impact deposits in 34 (craters 
filled at least partially with impact ejecta), a central peak (non-depositional related to the impact process) 
in 252, 548 featureless craters (Figures 2 and 3). The uncertain crater type describes 60 craters that had a 
degree of uncertainty (generally due to lack of high resolution imagery) of whether what was observed is 
an ELD, an impact deposit, or a central peak. Flat-floor craters have a distinctly high thermal inertia and 
are evenly filled (perhaps by lava) almost to the crater rim. Featureless craters vary from flat to bowl shaped 
topography, however those with flat topographies do not have the high thermal inertia indicative of the 
flat-floor crater type. Measurements were focused on 45 ELD craters in the MC-11 quadrangle and were 
categorized into three groups characterized by their geographic location and grouping. The three groups, 
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named Lower Mawrth, Upper Mawrth, and Southern Region, are relatively isolated from each other and re-
side at differing elevations of −5,100 to −3,900 m, −4,400 to −3,000 m, and −3,300 to −1,900 m respectively.

Layered deposits of Meridiani Planum were not considered for this study in order to better constrain those 
of AT, although this study recognizes the likelihood of a shared origin between them. The exact boundary 
between AT and Meridiani Planum is not well defined and therefore several ELDs at or within 100 km of 
the marked boundary in Figure 3 were also measured.

4.2.  Layered Deposit Groups

We grouped the 45 craters containing ELDs within the area outlined by the white-dashed line in Figure 3a 
into three groups: Southern Region, Upper Mawrth, and Lower Mawrth (Figure 4). ELDs were placed into 
these three groups based on their location and the similarities shared between deposits within each group. 
The total thickness of ELDs within craters from the three groups decreases from the southeast to the north-
west. Southern Region craters have the highest average deposit thickness of 485 m. Upper Mawrth cra-
ters have an average deposit thickness of 333 m. Lower Mawrth craters have the lowest average deposit 
thickness of 160 m (Table 2). Furthermore, there are a variety of morphological and structural differences 
between the three groups.

The Southern Region deposits (e.g., Figure 5) are not only very thick (observable thickness avg. = 456 m), 
but also cover a large percentage of the crater floor, in some cases entirely (e.g., Kotido and Crommelin). In 
some instances, there are prominent central mounds (e.g., Crommelin and Firsoff), while in others the de-
posit favors one side (e.g., Sera, Jiji North, Jiji South, and Vernal) or even two sides as seen in Danielson. The 
deposits often are eroded into buttes (e.g., Sera and Jiji South) and bedding exhibits layers of high and low 
resistance to erosion creating saw tooth patterns. Deposits often have small conical mounds superimposed 

Stereo pair Crater No. of transects No. of measurements

ESP_042991_2020 ESP_043136_2020 McLaughlin 5 23

ESP_040222_2020 ESP_040367_2020 McLaughlin 2 13

ESP_040156_2020 ESP_040512_2020 McLaughlin 5 15

ESP_033391_2020 ESP_037149_2020 McLaughlin 2 8

ESP_028354_2025 ESP_043070_2025 McLaughlin 4 17

PSP_007599_2020 PSP_007454_2020 McLaughlin 5 17

ESP_022288_2035 ESP_022354_2035 Oyama 12 83

ESP_020811_1955 ESP_020956_1955 Trouvelot 13 50

PSP_001546_2015 PSP_001955_2015 Becquerel 15 173

PSP_001546_2015 PSP_001955_2015 Becquerel B 10 98

PSP_003788_1820 ESP_020679_1820 Firsoff 8 30

PSP_008416_1830 PSP_008772_1830 Firsoff 19 58

ESP_016776_1810 ESP_016921_1810 Kotido 3 13

PSP_002733_1880 PSP_002878_1880 Danielson 13 109

PSP_002047_1890 PSP_001902_1890 Sera 24 122

ESP_037267_1890 ESP_037834_1890 Sera 13 59

ESP_057245_1890 ESP_057456_1890 Sera 14 72

ESP_017013_1880 ESP_016657_1890 Jiji South 50 215

ESP_019347_1890 ESP_037267_1890 Jiji North 9 25

B18_016657_1881 B19_017013_1881 Jiji North 5 37

Table 1 
HiRISE Stereo Pairs Used to Measure Layer Thicknesses Displayed in Figure 9. The Crater Names That Each of the 
Stereo Pairs Cover is Indicated, as Well as the Total Number of Transects and Individual Layer Measurements
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(Franchi et al., 2014; Pondrelli et al., 2011, 2015, 2019; Pozzobon et al., 2019) (Figure 5b). Deposits show 
varying thinning and thickening bedding sequences, faulting, folding, layer dips >30° (Figure 5d).

Upper Mawrth craters (e.g., Figure  6) show intermediate characters between the other groups not only 
in terms of average thickness (observable thickness avg. 302 m). They do not cover the entire crater floor 
but show locally extensive ELD sequences. Within Becquerel and Trouvelot ELD form mounds that are 
obliquely shaped and emplaced off center from the crater, each in the southeastern side of the crater. Upper 
Mawrth deposits appear to have been more susceptible to aeolian erosion than the other groups as is evi-
denced by a higher occurrence of yardangs, particularly within Trovoulet (linear features that trend SW-NE 
in Figure 6a).

Deposits within the Lower Mawrth craters (e.g., Figure 7) are thinner (observable thickness avg. = 160 m) 
and generally have a patchy appearance with no predictable distribution. They appear more friable and 
brittle in respect to the other groups. However, there are instances where layered buttes have formed (Fig-
ure 7b). Also, albedo contrast between layering is more extreme than the other groups (e.g., Figure 7c).

The difference between the inferred depth (derived from Garvin equations) and the measured depth (Ta-
ble 2) can be a simple way to view the hypothetical thickness of a deposit in cases where the lower sections 
of the deposit are not observable due to burial. The resulting inferred deposit thicknesses have averages 
of 789 m (Southern Region), 174 m (Upper Mawrth), and 513 m (Lower Mawrth). However, these values 
do not accurately describe every situation, notably Trouvelot and Rutherford (both in the Upper Mawrth 
crater group) where observable depth was greater than the inferred depth. Therefore the observed deposit 
thicknesses are taken at face value, while considering the importance of the inferred deposit thicknesses in 
individual circumstances.

Figure 2.  Examples of the six crater types featured in the crater identification map of Figure 3. All examples are presented in CTX imagery. (a) Equatorial 
layered deposit (ELD) (2.6°, −9.3°). (b) Flat-floor (3.5°, −14.2°). (c) Impact deposit (7.1°, 21.3°). (d) Central peak (21.5°, −1.5°). (e) Featureless. (f) Uncertain 
(18.7°, −15.6°).
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4.3.  Measurements and Trends

Measurements reported in Table 2 were used to compare each deposit thickness to the diameter, depth, 
elevation, and latitude of the crater they are contained in. Measurements revealed positive correlations be-
tween deposit thickness and the crater depth, diameter and latitude (Figures 8a and 8b). These correlations 
are more apparent within the Southern Region and Upper Mawrth deposits, whereas the Lower Mawrth 
deposits maintained lower thicknesses regardless of crater size. Elevation of the crater rim and floor do not 
appear to be major influences on the thickness of the deposit (Figures 8c and 8d). Deposits tend to not be 
associated with a central peak (formed from impact) nor do they tend to form centered layered mounds; 
rather deposits are more often in either an irregular spatial position within the crater (e.g., Becquerel, Trou-
velot, Jiji) or cover the crater floor evenly (e.g., Kotido). Uniquely, Rutherford and Trouvelot are observed 
612–743 m deeper than their inferred depths produced by the Garvin equations. All other craters have ob-
servable depths either equivalent or, more commonly, shallower than the inferred depths.

Figure 3.  A crater identification map of the six crater types showing their distribution and frequency. Color-coded crater identifications are shown over a 
grayscale HRSC and MOLA DEMs. The white-dashed box represents the location of Figure 4. A frequency graph shows the quantity of each crater type.
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Of the 45 ELD craters measured from the MC-11 quadrangle (Figures 4 and 8 and Table 2), 13 were meas-
ured with 19 available HiRISE stereo pairs to determine layer thicknesses. The distribution of the layer 
thickness measurements is shown in Figure 9. A total of 1,237 layer thicknesses were measured, and al-
though the number of measurements taken from each group is not equal due to the distribution of available 
HiRISE stereo pairs, we suggest that southeast-northwest trends are present.

Similar to deposit thicknesses, layer thicknesses decrease from the southeast to the northwest (Figure 9). 
Southern Region craters have the highest average layer thicknesses of 8.05 m and range 1.49–24.44 m. Up-
per Mawrth craters have average layer thicknesses of 5.12 m and range 3.76–14.63 m. Lower Mawrth craters 
have the lowest average layer thicknesses of 1.73 m and range 0.12–6.66 m. In general, the thicker deposits 

Figure 4.  45 craters containing equatorial layered deposits (ELDs) within the MC-11 quadrangle are classified into three groups: Southern Region (blue), 
Upper Mawrth (dark green), and Lower Mawrth (light green). Background: Grayscale HRSC DEM and MOLA DEM mosaics. Cross-section X-X’, located 
approximately parallel to the regional slope of the land, shows the broad elevation change in crater depth across the study area and the relative difference of 
deposit thickness between the three groups.
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Table 2 
List of All Measured Dimensions of the 45 Craters That Were Put Into the Three Groups: Southern Region (blue), Upper 
Mawrth (Dark Green), and Lower Mawrth (Light Green)

Note. Inferred Depth is calculated using the Garvin power law equations described in Section 3.2. The difference between 
the Inferred Depth and the Observed Depth can be used to suggest the thickness of an equatorial layered deposit (ELD). 
The craters can be located by their coordinates and by referencing Figure 4.
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tended to have thicker layering (Figure 8f). Various thinning and thickening sequences were observed re-
gionally and within individual deposits. Regionally, thickening from −4,000 to −3,500 m, thinning from 
−3,500 to −3,300  m, thickening from −3,000 to −2,400  m, and thinning from −2,400 to −2,000  m was 
observed (Figure 9a). Furthermore, the putative long-term water level of −4,000 m (Salese et al., 2019) cor-
relates well with a change of average layer thickness from 5.11 m (average of layer thickness at elevations 
from −3600 to −3300 m) to 1.60 m (average layer thickness at elevation from −4,100 to −5,100) (Figure 9a).

Our layer thickness measurement averages match well with those done previously in some of these craters 
(e.g., Annex & Lewis, 2020; Cadieux & Kah, 2015; Lewis & Aharonson, 2014, 2008). Measurements also re-
veal that the range of thicknesses and amount of thinning and thickening sequences within these deposits 
is more complicated than the measurements presented in Annex and Lewis (2020), which is a reflection of 
our measurements covering more craters to the northwest and at lower elevations. Our measurements in 
Kotido and those presented in Pondrelli et al. (2019) seem to match the unit described in Annex and Lew-
is (2020) present within the craters Kaporo, Yelapa, Wulai, and Alofi further west of our study.

Figure 5.  Example imagery of the Southern Region deposits. (a) Group of smaller mounds (some show layering) superimposed upon a larger equatorial 
layered deposit (ELD) within Vernal. (b) Example of layerless mounds superimposed upon a larger ELD within Kotido. (c) HRSC topography of Crommelin 
showing the massive ELD mound which fills the crater and reaches the rim in height. (d) 3D view of the high layer attitudes that can be present in some craters, 
in the case Danielson. The red line represents the trace of a layer. The transparent plane which extends outward represents the bedding plane associated with 
the layer. (e) Example of laterally continuous layering within Firsoff.
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Figure 6.  Example imagery of the Upper Mawrth deposits. (a) Becquerel crater and the secondary crater “Becquerel B”. White box locates the high albedo 
isolated ELD mound. (b) The high albedo, isolated ELD mound within Becquerel. (c) Close-up of figure (b. (d) The high albedo, isolated ELD mound of 
Trouvelot. Yardangs trend SW-NE across the ELD mound surface. (e) Close-up of figure (d).
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Jiji North contains two separate ELDs, one associated with the rim of a secondary crater (thickness = 131 m, 
layer thickness avg.  =  8.32) and another separate ELD observed on the south-southwest side (thick-
ness = 250 m, layer thickness avg. = 9.56). The association with a secondary crater and small thickness 
(131  m) is evidence that it is a pedestal crater deposit. The other ELD lacks HiRISE coverage, but was 

Figure 7.  Example imagery of the Lower Mawrth deposits. (A) Oyama crater. (b) Layering within Oyama. (b) Close up of figure (b). (d) Layered buttes within 
McLaughlin. (e) Close up of figure (d).
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Figure 8.  Deposit thickness graphs using measurements from the “Observed Deposit Thickness” column in Table 2. Figure 8f uses layer thickness averages 
presented in Figure 9.
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measured with CTX derived topography (supp. mat.) and matches well with those measured in Jiji South 
and Sera.

4.4.  Layer Attitude Measurements

The layer attitudes vary across the region, but are generally sub-horizontal. As was observed in layer thick-
nesses, average dip values decrease southwest to northeast (Figure 10a). Although the majority of layers 
are sub-horizontal, there are many instances where layering exceeds dips of 10° and several unique craters 
with dips as high as 44° (e.g., Danielson, Firsoff, Sera, Becquerel, and Becquerel B) (Figure 10a). Layer dips 
of the Southern Region deposits range 0°–43° with an average of 6.9°. Layer dips of the Upper Mawrth de-
posits range 0°–44° with an average of 7.6°. Layer dips of the Lower Mawrth deposits range 0°–17° with an 

Figure 9.  Graphs showing layer thickness. The legend corresponds to both graphs. Colors represent the three groups 
presented in Figure 4. Each measurement is placed as a horizontal dash to convey the ±0.4 m average error. (a) 
Elevation versus layer thickness graph with black dashed line marking the putative long-term water level presented in 
Salese et al. (2019). (b) Latitude versus layer thickness graph.
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Figure 10.  Layer attitude analysis. (a) Rose diagrams display preferred strike directions, color coded for distinguishability. Bar graphs display dip frequency 
with a superimposed black line showing the Gaussian curve of the data. Each column represents the three crater groups Southern Region, Upper Mawrth, 
and Lower Mawrth. The top row shows the combined data of the three groups. (b) Graph of dip value frequency for each of the three groups (frequency is 
normalized).



Journal of Geophysical Research: Planets

SCHMIDT ET AL.

10.1029/2021JE006974

17 of 29

average of 4.5°. Interestingly, the Southern Region ELDs have a gradual decline in frequency as dip values 
increase, whereas the Upper Mawrth ELDs have chaotic fluctuations in frequency as dip values increase 
(Figure 10b). Statistical analysis of the dips revealed that the ELD with Danielson contains two groups of 
dips (averaging at 4.5° and 19.2°), which does not exist in the other craters measured.

Only rarely does dip exceed values that can be considered above the angle of repose of these materials. On 
Earth, the angle of repose varies depending on grain size roughly between 34° (dry sands) and 45° (dry grav-
el) which has been shown to be similar on Mars, at least in dry sands (Atwood-Stone and McEwen, 2013). 
Regardless, high dips measured in the Southern Region deposits are found within the limbs of folds in 
Danielson [mentioned previously by Murana (2018)], Firsoff, Kotido, Jiji South, and Sera. High dips in Bec-
querel and Becquerel B are not observed in association with folding, but rather deformation features similar 
to faulting, landslides, and collapse.

The dip directions (presented as strike in the rose diagrams of Figure 10a) do not show a particular direc-
tion when combined for each group (top row of Figure 10a), indicative of the majority of layering being 
sub-horizontal. However, ELDs of individual craters (e.g., Danielson, Firsoff, and Kotido) do show an over-
whelming preferred dip direction.

5.  Discussion
ELD distribution in AT has important implications for determining a variety of unresolved questions re-
garding the history of Mars. Due to their widespread occurrence and unique character, unraveling their dis-
tribution and relationships provides a significant contribution to understanding the past climates on Mars. 
It is unclear if the ELDs are formed by a unified depositional method or if layering is produced by different 
processes based on location. Central to these questions is determining precisely what controls the thickness 
of a layer and why some craters have thin layers while others have thick layers.

5.1.  Regional Trends

5.1.1.  Layer Thicknesses

Our measurements demonstrate that ELDs display distinct changes in morphology (Figures 5–7), deposit 
thickness (Figure 8e), and layer thickness (Figure 9) from the northwest to the southeast of the mapping 
area. This trend is somewhat complicated by the influence by other controls associated with crater dimen-
sions (Figure 8), as well as by the presence of so many featureless craters (Figure 3a). The southeast to 
northwest decrease of both the average ELD thickness (from 456 to 302 m–160 m) and the average layer 
thicknesses (from 8.05 to 5.12 m to 1.73 m) suggest the presence of a latitude-dependent control or proxi-
mal-distal relationship to the source, while the relationship between crater dimensions and deposit thick-
ness suggests in turn a relation with the accommodation space. However, many craters are left empty and 
different spatial placements of the ELDs within the craters are observed. For example, there is a significant 
difference between the off center, isolated mound of Becquerel (Figure 6b), and the large central mound 
which reaches the crater rim within Firsoff. Other differences include the positioning of the ELD within 
Danielson which resides on the NE and SW crater walls to the ELDs of both Jiji and Sera which resides 
mostly on the SE wall. Such varying spatial positions are even more peculiar when compared to the ELD 
within Kotido which has a relatively flat and observably thin deposit which covers the entire floor.

Layer thickness shows a significant change at the 15° latitude, which might signify an extent of reach of 
depositional processes effecting lower latitude craters (e.g., atmospheric dust saturation culminating around 
the equator). Additionally, this change is observed at an elevation of −4,000 m, the same elevation as the pu-
tative long-term water level (Salese et al., 2019), which might also represent a regime change due to stand-
ing water. The relationship between deposit thickness and crater dimension is pronounced in the Southern 
Region deposits, where deposit thickness increased with crater depth and diameter. It is less pronounced in 
the Upper Mawrth deposits and non-existent in the Lower Mawrth deposits, which suggests a change in en-
vironment and factors which influenced the depositions between the Southern Region and Lower Mawrth.
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Measurements show that the thickness of a deposit is more heavily influenced by crater depth and latitude 
than by the rim elevation and floor elevation. Although craters with the lowest rim elevations have the 
thickest ELDs, the majority of craters do not show a significant correlation between these parameters (Fig-
ure 8d). Furthermore, rim elevation might have been greatly reduced by erosion over time thus revealing 
more details of this relationship will require an analysis of erosional rates acting on these rims. In the case 
that rim elevation did influence the ability for material to be deposited within a crater, we assume that 
higher rims would impede this. Since the majority of ELD thicknesses do not show a relationship with rim 
elevation, this might indicate the ability for material to pile up inside a crater could be influenced by the en-
vironment inside the crater (e.g., water-level). Alternating thicknesses and apparent differences in erosional 
resistance has been suggested to reflect differential cementation (Cadieux & Kah, 2015). We suggest it may 
reflect the influence of the water level on different packages of strata or grain size. Our measurements do 
not show that bedding patterns reflect changes in orbital cycles (Lewis & Aharonson, 2014), although the 
regional trend may also reflect timing differences of deposition in different regions of AT as suggest recently 
by Annex & Lewis, 2020.

Lower deposit thickness within the Lower and Upper Mawrth groups might indicate the existence of high 
erosion rates unique to the northwest region of the study area. However, this assumes the Lower and Up-
per Mawrth craters were filled to the crater rims as observed in many craters of the Southern Region. We 
find this unlikely as yardangs are not a major feature of the Lower Mawrth ELDs. The two ELD mounds in 
Becquerel and Trouvelot are isolated and unique to the craters (Figure 6) and without the presence of other 
ELDs on the crater floors, there is no evidence that these craters once contained a larger crater-wide deposit. 
Furthermore, there are many craters of the Southern Region which contain ELDs of the same thickness as 
the Lower and Upper Mawrth craters (Table 2) which doesn't agree well with specific regional differences 
in erosion intensity as the major influence of ELD thickness. We also find it unlikely that every crater was 
completely filled to the rim and subsequently eroded to their present thicknesses because the ELDs within 
Firsoff and Crommelin are both as high as the crater rim. A scenario like this where one ELD can be com-
pletely eroded to something sparse, while others can remain as tall as the entire depth of the crater, requires 
drastically different erosion rates between craters of the same group and is thus not favorable.

Thus, while there are other variables to consider, it appears that latitude and elevation influences layer 
thickness more than anything else. However, it is unclear what the ratio of influence between latitude and 
elevation might have been for these deposits. Moreover, the existence of an ocean (Baker et al., 1991; Di 
Achille & Hynek, 2010) influencing the Upper and Lower Mawrth deposits could be a major factor as well. 
Elevation would be a major influence in terms of groundwater as the graph in Figure 9a combined with the 
putative long-term water level demonstrates and latitude would be a major influence in a dust rich atmos-
phere concentrated at the equator or a volcanic province ejecting ash from the south. However, the precise 
duality of water level and air fall is difficult to constrain if ELDs can be produced by fluid expulsion.

5.1.2.  Layer Attitudes

Apart from the layer thickness trend, it is also observed a decrease in the range of layer thicknesses from 
southeast to northwest. A large range of layer thicknesses implies a more high energy or chaotic control(s) 
on deposition, which may be consistent with a proximal-distal relationship to the source but also with dif-
ferent depositional processes operating in different contexts.

ELDs show a wide variety of dip values and directions, but there are instances of individual craters having 
ELDs with unique dip values and preferred dip directions (Figure  10). Layer attitudes are significantly 
more complicated than those measured in Valles Marineris (Fueten et al., 2008, 2010, 2014, 2017; Schmidt 
et  al.,  2018) where dips rarely exceed 20° (Okubo et  al.,  2008) (e.g., Figure  5d). Folding is much more 
common in these ELDs and those observed in this study are much tighter compared to those presented in 
Schmidt et al. (2018) from Valles Marineris. There are many locations where dips are above the angle of 
repose for material with a grain size that could be transported by air or deposited by fluid-expulsion [34° 
from Atwood-Stone & McEwen (2013)] (Figure 10). Although there are many factors that contribute to the 
angle of repose (e.g., grain shape and moisture content) (Al-Hashemi & Al-Amoudi, 2018) we interpret high 
dips and localized preferred dip directions as reflective of each crater having either a unique post-deposi-
tional history, a pre-existing topography that influenced layer attitudes (for dips <34°), or a combination of 
the two. Thus, many of the higher dips might represent intense deformation that was localized to certain 
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individual craters, or possibly indicate regional compression (e.g., Danielson, Firsoff, Sera, Becquerel, and 
Becquerel B). Low dip values (below the angle of repose) might occur when layers were draped over a preex-
isting topography during deposition as described in Schmidt et al. (2018). Fold hinges parallel to crater rims 
could represent draping over secondary rims. Sets of parallel fold hinges could represent local faulting that 
produced enough vertical offset prior to deposition to create a pre-existing topography. Dip frequency shows 
that craters such as Becquerel and Danielson are particularly unique in this regard and are interpreted as 
having post-depositional deformational events as a major influence in high dips (Figures 5d and 6b). Such 
events could include subsidence, loss of volume from the dissolution of salts, or fluid pressure if springs 
were present below. Therefore, although layer thicknesses follow the southeast-northwest trend, layer atti-
tudes have the tendency to be more unique to each crater while showing a lesser southeast-northwest trend.

Layer attitudes and folding could have formed syndepositionally or after deposition. Syndepositional-de-
rived dip values roughly corresponding or exceeding the angle of repose of the materials might be related to 
syndepositional gravitative process (e.g., clinoforms) or syndepositional cementation (e.g., fluid expulsion) 
respectively. Post-depositional dip values might derive from sliding along the crater walls or topographic ir-
regularities, or differential compaction. Faulting, generally characterized by high-angle and limited offsets, 
is locally diffuse, and there are deposits with little to no observed faulting in close vicinity to deposits with 
extreme faulting (e.g., Jiji versus Danielson or Trouvelot versus Becquerel). Subsidence may have lowered 
the crater floors unevenly and produced folding structures, however many of the folds are observed in areas 
close to the crater rim and in relatively thin deposits, suggesting the importance of sliding along the crater 
walls. We argue that many of the measured high dip values and chaotic dip directions pose challenges for 
the katabatic wind hypothesis (Kite et al., 2013) if they are syndepositional.

Subsidence may have had a role in layer thickness variations because complex craters have a period of 
collapse and even uplift after impact. However, the timescale of crater collapse is generally thought to be 
shorter in comparison with the accumulation rate of sediments (Melosh and Ivano, 1999). Additionally, it 
is unlikely that numerous craters would be undergoing the same stage of early formation at the same time. 
Thus, while subsidence may not describe the regional layer thickness trend, it might explain thickening 
upwards trends and folding within individual craters.

5.1.3.  Crater Group Relationships

The Upper Mawrth crater group is unique in that it is the only group to have isolated ELD mounds. The 
similar layer thickness average of the ELDs within Becquerel and Trouvelot, coupled with their isolated, 
off-centered spatial positions on the crater floors (Figure 6), suggests these are of a shared environment 
either from being fringe deposits from the extent of deposition favored the Southern Region craters, or they 
are a separate deposition entirely.

Based on layer thicknesses, the ELD within Becquerel B is more closely related to those of the Lower Maw-
rth crater group, although geographically grouped with the Upper Mawrth crater group. Since Becquerel B 
has a similar elevation to the Lower Mawrth group, these layer thicknesses are evidence of the existence of 
the long-term −4,000-m water level which could influence the formation of thinner layers. However, since 
Becquerel B has some of the highest dips measured in this study, it had a unique post-depositional process 
not undergone by the Lower Mawrth deposits. Lower Mawrth deposits are a mix of eroded crater floor and 
subsequent alteration, shoreline levels that create the illusion of layering, and clays as observed nearby in 
Mawrth Vallis (Loizeau et al., 2012). Small craters in the floor of Oyama for example show layering in the 
crater wall implying that the crater floor itself is layered. However, there are layered conical buttes in both 
Oyama and McLaughlin that are very similar to those observed in the Southern Boundary craters such as 
Jiji South, Sera, and Vernal (Figure 5a), implying a similar erosional process took place across the study 
area akin to the process described in Franchi et al. (2020), which proposes that these features are points of 
higher erosional resistance due to compositional changes caused by capillary forces located beneath them.

It is also proposed that our measurements from Kotido (1.49 m avg. layer thickness) represent a unit related 
to a stratigraphic section originally discovered in Crommelin by the measurements of Lewis and Aharon-
son (2014) (2.5-m avg. layer thickness). They are both likely from a later deposition that created a veneer 
on the flanks of Crommelin's ELD mound and filled the floor of an empty Kotido. These could represent 
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changing conditions from a groundwater upwelling/evaporation setting to a lacustrine setting if a crater 
was able to sustain standing water for a period of time and form thinner layers.

5.2.  Garvin Power Law

The majority of craters have large differences between their measured crated depth and Garvin power 
law derived crater depth (Table 2). On average, the total calculated difference was 492 m (Southern Re-
gion = 730 m, Upper Mawrth = 174 m, Lower Mawrth = 513) and indicates the possibility that craters can 
be deeper than measurable due to infill covering the crater floor. This means that some of these craters have 
significant sections of buried ELD. For example, Firsoff and Vernal craters have Garvin depths of 1,318 and 
1,570 m respectively, deeper than their measured depths (Table 2). As demonstrated previously by Franchi 
et al. (2014), these values might indicate that the true thickness of the deposit is the combined measurable 
deposit thickness and Garvin depth. Conversely, Trouvelot and Rutheford crater have Garvin depths 743 
and 612 (respectively) shallower than the measured depth (Table 2). This might indicate a unique erosional 
process which excavated part of the crater floor, or that the crater floor underwent partial collapse. Since 
Trouvelot and Rutherford do not have very exceptionally large deposits, we find subsidence induced from 
weight load of the ELD to be unlikely. However, deep sections of crater floor may have formed from local 
collapse, perhaps due to groundwater upwelling or loss of volume below the surface.

5.3.  ELD Deposition

5.3.1.  Aeolian Deposition

The presented regional study provides insights into possible processes and controls for ELD deposition. 
ELDs may source from above (air fall and/or pyroclastic) (Annex & Lewis,  2020; Bennett & Bell,  2016; 
Cadieux & Kah,  2015; Kite et  al.,  2013; Le Deit et  al.,  2013, Lewis & Aharonson et  al.,  2014; Michalski 
& Niles,  2012; Zabrusky et  al.,  2012), from surficial drainage, either of fluvio-lacustrine or glacial (Day 
et al., 2019; Fueten et al., 2017; Niles & Michalski, 2009) or from subsurface through fluid upwelling (i.e., 
subsurface-fed lakes: Salese et al., 2019) fluid expulsions processes (e.g., Allen & Oehler, 2008; Pondrelli 
et al., 2015, 2019; Pozzobon et al., 2019; Rossi et al., 2008) or diapirism (Jackson et al., 2011). Separate from 
the other processes, groundwater upwelling might also contribute to ELD preservation by promoting di-
agenetic processes able to harden the deposits and preserving them from the following erosion as observed 
for example in Meridiani Planum (e.g., Grotzinger et al., 2005). Moreover, all ELDs were not necessarily 
produced by a single depositional process.

Aeolian deposition, particularly by ash fall or dust, is an attractive solution for explaining many of the ob-
servations (Annex & Lewis, 2020; Kite et al., 2016, 2013; Lewis & Aharonson et al., 2014; Hayes et al., 2011). 
Also, layer thicknesses and layer uniformity resemble somewhat ILDs studied in VM which have previ-
ously been proposed to have formed from aeolian deposition (Fueten et al., 2014; Kite et al., 2016; Schmidt 
et al., 2018). In general, the thickness of an ash deposit decreases as distance from the source increases, 
which can explain the observed basin and layers thickness trends if a volcanic province to the east such 
as Syrtis Major (3,500 km east) is the ash source (Fassett & Head, 2007). Depositional geometry would be 
consistent since most of the deposits appear to drape the original topography only rarely exceeding the angle 
of repose. Formation of hydrated minerals from volcanic ash has been proposed previously in Meridiani 
Planum (McCollom & Hynek, 2005) and fits into an ash origin of these deposits as well.

Deposition by air fall (either dust or ash) has several problems, most of which stem from deposits being 
present in less than 10% of the craters (Figure 1). This may be a factor of age if featureless craters represent 
impacts that happened after the depositional period. However, older craters are typically those with larger 
diameter, and our measurements showed that crater diameter does not influence the likelihood of it con-
taining a deposit, only that larger diameter favors a thicker deposit. The relationship between large diameter 
craters and thicker deposits is likely due to the depth of penetration also being larger, thus there is more 
accommodation space for a deposit. ELDs display aeolian erosional features and are generally thought to be 
more extensive in the past (Zabrusky et al., 2012). However how much more extensive these deposits were 
is a fundamental question still debated. It is often suggested that layered deposits within craters and layered 
deposits on the plateau share the same depositional method (Bennett & Bell, 2016). Layered deposits are 
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prolific on the plateau of Meridiani Planum and although they are not as common in AT, the ELDs tend to 
have the general appearance of being separate from them (Flahaut et al., 2015; Pondrelli et al., 2015). If all 
the Southern Region craters (Figure 4) were completely filled from ash fall or dust, we can approximate the 
minimum volume of material required by using the group's average crater dimension (Table 2), solving for 
the volume of a half ellipsoid, and then multiplying that by the number of craters in the group (24):

 
    

  
14 2

3 24
2

π d r r
v

�

The volume of material required is over 23,000 km3 and is compounded if deposition continues to also cover 
the plateau. Moreover, combining explanations of how this material is eroded and where it is transported 
creates a very unrealistic setting. Even the largest volumes of single deposits of ash on Earth do not exceed 
10,000 km3 (Bryan et al., 2010). Perhaps many separate eruptions occurred and were part of a long duration 
of volcanic activity in which ash did not fill the craters entirely and were only deposited on the plateau in 
sporadic patches. The Syrtis Major volcanic province makes a strong candidate for the location of such erup-
tions, however based on pyroclastic ejecta modeling, ash from Syrtis Major would not have been distributed 
in the study area (Kerber et al., 2012). In order to refine the ash fall origin hypothesis, modeling predictions 
must coincide with these craters, or an undiscovered buried volcanic province is the source. The supervolca-
noes proposed by Michalski and Bleacher (2013) are not suitable candidates for the source of these deposits 
because their northwest location would not lead to the regional trends presented in this work.

To counter ash as a source, a blanketing air fall scenario recently proposed by Annex and Lewis  (2020) 
for craters in this area argues dust accumulation. However, this depositional hypothesis also fails to ad-
dress the existence of many featureless and flat-floor craters adjacent to those with LEDs. It is claimed that 
modern dust accumulation rates can account for the infill of the nine craters in the study, but does not 
explain why craters such as Danielson, Firsoff, and Crommelin have deposits with thicknesses of 1,575, 
1,716, and 2,145 m, respectively, but craters such as Becquerel, Trouvelot, Kotido, Sera, Jiji and others do 
not even reach 500 m in thickness. If the wind itself is the driving force of sedimentation, as proposed by 
Kite et al. (2013), then presumably wind direction is the reason of such differing spatial position geometries 
mentioned earlier, but this does not explain the presence of completely different depositional geometries 
and morphological association. Groundwater-driven cementation might have led to the preservation of 
more materials inside the deepest craters. However the amount of necessary erosion, the presence of ran-
domly located featureless craters, and the association of the ELD with different morphologies suggest that 
dust and/or pyroclastic deposition, might have been part of the depositional processes, but are unlikely to 
have been the only process leading to ELD deposition.

5.3.2.  Lacustrine Deposition and Water Level

While no major regional drainage and associated crater breaches were found to constrain a lacustrine dep-
osition fed by surficial drainage(Annex & Lewis, 2020; Pondrelli et al., 2015, 2019; Salese et al., 2019), la-
custrine deposition may fit well with the observations, if the lake depth was dependent on a fluctuating 
regional water-table. Generally, changes in water level followed by periods of stability might reflect the 
changing thicknesses with elevation. Thinning and thickening sequences could be a reflection of different 
depositional trends of lacustrine deposition reflecting different ratio between accommodation space and 
accumulation rate. Lacustrine systems might be either clastic- or evaporite-dominated systems. Clastic dep-
osition should be associated to sapping channels along the crater rims debouching in the standing body of 
water through deltas, and all related morphologies/environments (e.g., terraces and channels). This mor-
phofacies association is present in the Lower Mawrth craters (Salese et al., 2019), and locally in the Upper 
Mawrth craters (e.g., in Bequerel B), but becomes absent moving southeastward to the Southern Region 
craters. This distribution corresponds roughly to an elevation of the top of such deposits between −3500 
and −4000 m below Mars datum, that correspond to the groundwater level inferred by Salese et al. (2019). 
Similar observations within McLaughlin crater have also been proposed to represent a water level at an 
average elevation of −4,635 m (Michalski et al., 2019). This provides strong evidence for the interaction of 
water and these deposits. Even if deposited into dry craters, this water level may have fluctuated enough to 
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influence their lithification and alteration. Lithification is likely the result of a cementation from chemical 
precipitation in pore space from water.

Evaporite-dominated lacustrine systems would reflect water upwelling and almost immediate precipitation 
from an ephemeral body of water (i.e., playa) or in association with aeolian deposition as evaporative pump-
ing in the capillary zone (i.e., sabkha). Many deposits display superimposed mounds 50–300 m in diame-
ter and are strong candidates for the deposition of material by groundwater activity (Franchi et al., 2014; 
Pondrelli et al., 2015, 2011, 2019; Pozzobon et al., 2019). They are often in collinear groups where escaping 
water might take advantage of a pre-existing fault or less resistant layer (Allen & Oehler, 2008; Pozzobon 
et al., 2019). The ELDs generally display uniform and lateral continuous layering that could not be produced 
by these smaller conical mound producing springs. Grindrod and Balme (2010) demonstrated that if water 
upwelling created the >7 km high layered mound within Hebes Chasma, it would have required an unreal-
istic pressure gradient to reach the higher elevations of a layered mound. This suggests a strong upwelling 
force would also be needed for water to penetrate the ELDs and form conical mounds on top. However, 
since the ELDs examined in our study area only once exceed 2 km in height (Crommelin), the high pressure 
required is less of a problem than in Hebes Chasma. At a minimum, it is likely that groundwater influenced 
ELD lithification and alteration in a type of sabkha or playa condition (Day et al., 2019).

However, lakes as a depositional method do not explain layer attitudes, plateau deposits, and deposits ob-
served in several craters where layering exists at elevations at or just below the elevation of the crater rim. It 
is possible ELDs were deposited by a different method, but then lakes contributed to their alteration. Equal-
ly, upwelling groundwater may have deposited the ELDs while simultaneously filling the craters with deep 
standing water. Thus, craters at higher elevations may have been more susceptible to water level changes, 
whereas craters at lower elevations remained submerged more often. In this scenario, it is possible that 
changing layer thicknesses represent changing accommodation space due to constantly changing water 
depth. Groundwater activity sourced at the Meridiani-Arabia boundary is reinforced by global hydrology 
modeling (Andrews-Hanna et al., 2007) and the regional thickness trend may indicate that deposition is 
influenced by the proximity to Meridiani Planum. However, one problem with this is the presence of ELDs 
in Henry and other craters in the east (longitudes 10°–20° in Figure 2), which are some of the largest lay-
ered mounds in AT. These ELDs are much further away from Meridiani Planum, which might suggest that 
groundwater activity is not strictly sourced to a particular location and could be more widespread (Salese 
et al., 2019).

Considerable discussion exists in the literature about the nature of lacustrine deposits versus ash fall depos-
its versus spring mounds, however the ability for all three processes to have coexisted has yet to be appreci-
ated. It is unclear if some of the spring mounds presented by Allen and Oehler (2008), Franchi et al. (2014), 
Pondrelli et al. (2011, 2015, 2019), and Pozzobon et al. (2019), and are just heavily eroded portions of once 
united ELD and their layering indistinguishable, creating the illusion of a layerless mound separate from 
the ELD (Figure 5b). If we assume these mounds are erosional features of a once larger ELD, a discussion 
should at least attempt to address what process erodes infilled craters in this manner. Perhaps the process 
invoked by Franchi et al. (2020), where the layered conical mounds represent points of higher erosional re-
sistance due to capillary forces beneath them, could also produce collinear groups of mounds (Allen & Oe-
hler, 2008) if the increased capillary force was following faults. In addition, it isn't obvious that the ELD lit-
erature of AT is referencing all the features correctly in the debate of spring mounds versus long continuous 
layers filling craters. Without a credible erosional process, mounds weathered from air fall deposits (dust 
or ash) is problematic. These mounds are not streamlined and they are devoid of yardangs, making a wind 
erosion difficult to argue. It is also unlikely that kilometers of continuous layering can by produced by a 
single spring. Furthermore, it has already been established by Grindrod and Balme (2010) that thick depos-
its might not be produced solely from groundwater upwelling due to unrealistic water pressure gradients.

5.3.3.  Diapirs, Dusty Glaciers, and Lava

We found that several previously proposed depositional methods do not explain well the observed regional 
trend. Diapiric uplift, although might be argued locally within craters with isolated mounds (e.g., Bec-
querel and Trouvelot), does not match well with the observed complexity of the regional basin and layer 
thicknesses trends. The lack of glacial morphology does not fit well with a dusty glacier scenario (Niles & 
Michalski, 2009). Although the layer thickness trend could be tied to the deposition of northward receding 
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glaciers, it requires continual, repeated glaciations to deposit individual layers. A period of seasonal stability 
to maintain such repeated glaciations has been suggested previously and linked to obliquity changes (Lewis 
& Aharonson, 2014; Niles & Michalsk, 2009), however the spatial positions of the deposits are too chaotic 
and do not align in a northward direction as would be expected. A lava flow origin for these deposits, as 
proposed for some layered plateau deposits around VM (Leone, 2014) and in Meridiani Planum (Hynek 
et al., 2002), does not fit well with observations. These deposits lack flow structures. Furthermore, contin-
uous layering across tens to hundreds of kilometers is implausible if each layer represented a separate lava 
flow. It is also difficult to reconcile lava flows with the perceived rhythmic bedding (Cadieux & Kah, 2015; 
Lewis & Aharonson, 2014) within packages of some sections. Furthermore, the rims of these craters lack 
geomorphological evidence of lava that poured from the plateau. That being said, the “flat-floor craters” 
presented in Figures 2b and 3a probably represent a lava infill.

5.4.  Alteration

Although no mineralogical data is presented in this study, the mineralogy of layered deposits presented in 
previous studies (Andrews-Hanna et al., 2010; Loizeau et al., 2012, 2015; McKeown et al., 2009; Michalski 
et al., 2019; Zabrusky et al., 2012), shows clays constitute the majority of the deposits in the northwestern 
area and hydrated sulfates seem to be associated with larger mounds in the southeast. This change is likely 
tied to the regional layer thickness trend and invokes the idea of a regional facies change. Perhaps clays tend 
to form at lower elevations due to a relationship with water level or the formation of hydrated sulfates is 
the product of water from a different source. The water source in the southeast would have then been more 
sulfur rich or deposits compositionally had more sulfur than in the northwest. It is unclear whether the 
clays and hydrated sulfates are coeval, but alternating units observed in Gale Crater (Thomson et al., 2011) 
and Meridiani Planum (Flahaut et al., 2015) suggests they are different ages.

The Compact Reconnaissance Imaging Spectrometer (CRISM) has detected a vast expanse of hydrated min-
erals across the mapping area. In the northwest, Mawrth Vallis has shown predominately clays (Loizeau 
et  al.,  2012,  2015) as well as Mclaughlin Crater (McKeown et  al.,  2009; Michalski et  al.,  2019). Further 
southeast, analyses have detected hydrated sulfates associated with ELDs at the boundary between AT and 
Meridiani Planum (Andrews-Hanna et al., 2010; Zabrusky et al., 2012), as well as a mix of both hydrated 
sulfate and clay units in Meridiani Planum (Flahaut et al., 2015). Unfortunately, most CRISM observations 
of ELDs in AT are impeded by a fine layer of dust (Allen & Oehler, 2008; Zabrusky et al., 2012), thus no 
extensive CRISM analysis has been published on these deposits. Among similar deposits outside of AT, 
CRISM analyses have shown the presence of alternating units of clay and hydrated sulfates in Aeolis Mons 
inside Gale crater (Thomson et al., 2011) and predominately hydrated sulfates with smaller areas of mixed 
clays in the ILD mounds of VM (Fueten et al., 2014; Schmidt et al., 2018). This scale of hydrated alteration 
likely required the stability of liquid water at the surface and thus occurred during a time when the atmos-
phere was much thicker.

6.  Conclusions
We conclude that a unified depositional method of ELDs in AT does not fit the full range of data and ob-
servations presented here. Furthermore, post-depositional histories are often drastically different between 
ELDs which have created unique deformational features, as well as deposit forms and shapes.

Putative super volcanoes in the northwest such as Eden Patera are not sources for any of these deposits. An 
origin as dust deposits eliminates the need for a volcanic province, but could require periods of equatorial 
dust saturation. Equatorial atmospheric dust saturation could explain the regional deposit thickness trend, 
however it does not explain the large number of craters without an ELD. The existence of many featureless 
craters and the diverse spatial placement of ELDs within craters remain significant problems. The absence 
of yardangs on most of these deposits negates the fact they have low retention ages, and when combined 
with the craters without ELDs, shows that not all craters present at the time of deposition necessarily had an 
ELD that was eroded away. Furthermore, dust deposits of non-glacial loess on Earth do not form layering, 
thus a control is required that regulates layer formation and layer thickness. Controls could be periods of 
high and low atmospheric dust saturation, particle size, and water level present within a crater at the time 
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of the formation of a layer are all possible controls to the formation of layering. The long term water level 
elevation of −4,000 m can be used to separate the existence of thicker layers from craters only containing 
thinner layers, which further supports the existence of a northwest-southeast facies change. It does not 
mean that the higher Southern Region ELDs were deposited into dry craters. Many aspects of their layer 
structure and alteration imply water interaction or even deposition into standing water. Furthermore, dep-
osition into dry craters would be unlikely given their proximity to the intense aqueous history of Meridiani 
Planum. Due to their off-center spatial placement, the two ELD mounds in Trouvelot and Becquerel may 
very well be the result of fluid expulsion or even salt diapirism, or at the least a much different wind pattern 
within the crater than those in the Southern Region.

Apart from deposition, groundwater activity associated with Meridiani Planum may have contributed much 
to the post-depositional environment by influencing the lithification and alteration of the ELDs. Upwelling 
may have been influenced by a fluctuating regional water table that contributed to periods of standing 
water within craters. This would have left craters at lower elevations submerged more often than those at 
higher elevations. Large ranges of layer thicknesses at higher elevations reflect the high energy conditions 
produced in such a scenario (Schmidt et al., 2018). Additionally, groundwater behavior may be influenced 
by differences in lithology and the amount of faults. A later deposition of ground water upwelling produced 
the small conical mounds that are superimposed on the older deposits (Figure 5b). Conical mounds are 
features commonly discussed associated with some of the ELDs of the Southern Region craters, yet are are 
not observed in all ELD bearing craters. This suggests their occurrence is more exclusive to the conditions 
of individual craters, rather than whole groups of craters. It also suggests they are younger. However, their 
formation mechanism may still represent a process which influenced ELD deposition.

Comparisons between layer thickness measurements on the ELDs in AT (this study as well as others) and 
those done previously on the ILDs in VM (Annex & Lewis, 2020, Fueten et al., 2014, 2017; Lewis & Ahar-
onson, 2014; Schmidt et al., 2018), at this point suggests that ILDs and ELDs were produced from separate 
depositional events, or from a shared global event where conditions favored thicker layering in VM (e.g., 
distance to source or speed of deposition vs. water level). In VM layering thins upwards in elevation, where-
as in AT layering thickens upwards in elevation (Fueten et al., 2014; Schmidt et al., 2018). However, due to 
their overwhelming similarity, the depositional processes are likely similar and the high energy environ-
ment that produced thicker layering in ILDs and ELDs may have endured in both regions simultaneously.

Further analysis of the layer thicknesses of these deposits may reveal thickening and thinning sequences 
shared between localized craters that may represent a shared sedimentary unit, as proposed by Annex and 
Lewis (2020) to exist in several craters. Similar measurements must also be attempted in craters further 
east, however higher amounts of dust covering these deposits causes thinner layering to be observed which 
reduces the reliability of layer thickness measurements obtained from them. Arguably the largest downfall 
of this work is that HiRISE stereo pairs are not available for every deposit found, thus the presented data 
does not represent the complete character of these deposits and their regional relationships. Thus, more 
high resolution stereo imagery is needed to acquire a complete and comprehensive stratigraphic succession 
of these deposits.

Future work includes constraining lateral fluctuations of layer thicknesses of certain deposits, determining 
timing of folding and faulting, and analyzing deposits for unconformities within ELDs as observed in VM 
(Fueten et al., 2017; Schmidt et al., 2018) which can help to indicate interval periods in deposition. Future 
work must be done to characterize the nomenclature of ELDs, ILDs, LTD/LLDs, intracrater deposits, and 
plateau deposits so that we can move forward with a clear and universal definition of when they should 
be applied. Future work should also attempt to differentiate the ages of craters in AT so it can be reliably 
understood which craters existed at the time of ELD deposition and which did not. Lastly, work to constrain 
the possibility that the three groups represent three different zones of alteration is needed.

Data Availability Statement
All of the HiRISE, CTX, and HRSC data used in this study are available from the Planetary Data System 
(PDS) node at their respective archives listed and linked here: https://pds.nasa.gov/datasearch/subscrip-
tion-service/SS-20150302.shtml (Malin et  al.,  2007b; McEwen et  al.,  2005; McEwen  2006; McEwen & 
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Team, 2009) and https://www.cosmos.esa.int/web/psa/mars-express (Heather et al., 2013a, 2013b). Satel-
lite imagery and topography were processed in-house with ISIS (Integrated Software for Imagers and Spec-
trometers) available online at https://isis.astrogeology.usgs.gov. Processed data was projected into a Global 
Mapper 15.0 GIS software environment. Data for this work is publicly available at: https://doi.org/10.5281/
zenodo.5150395 (Schmidt, 2021).
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