
1.  Introduction
1.1.  Background

During the geological evolution of Mars, the climatic conditions changed dramatically which resulted in 
a reduced sustainability of liquid surface water (Jakosky, 2021). This climate change may have taken place 
over an extended period of time and may have been episodically interrupted by aqueous phases. A transi-
tion from humid to arid climates most likely has been accompanied by a shift from chemical alkaline and 
neutral, clay forming environments to acidic, sulfate forming conditions (e.g., Bibring et al., 2006; Chaves 
et al., 2018; Hurowitz et al., 2010; Kaplan et al., 2016; Peretyazhko et al., 2017). This environmental transi-
tion should be reflected in the composition and in the stratigraphy of geological units.

Various studies showed that the highlands in Mars' southern hemisphere host a wide variety of ancient fluvi-
al and lacustrine landforms, such as widespread valley networks (Alemanno et al., 2018; Hynek et al., 2010) 
and large basins that hosted paleolakes (e.g., Davila et al., 2011; Pajola et al., 2016; Wray et al., 2011). The 
morphological and mineralogical characteristics of the units related to these landforms and the associated 
aqueous processes are profound records of past climatic conditions on Mars. Although the highlands are 
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best known for their ancient age, younger units can be found as well. Together, the diverse units in the 
highlands with their large age range offer the opportunity to study the aqueous evolution of Mars through 
time. The ideal places to do so are where units of a wide age range are exposed in close spatial neighborhood 
(e.g., at geological windows), where stratigraphical relationships are clearly visible. The aim of this work is 
a better understanding and the reconstruction of various aqueous phases and geochemical environments of 
Gorgonum Chaos through Martian history. The results shed light on the past climate change of the planet. 
We selected a study region at the southeastern rim of Gorgonum Chaos, the easternmost sub-basin of the 
Eridania basin and part of Terra Sirenum (Figure 1). The identification of Ma'adim Vallis as an outflow 
channel and supposed shore-lines at the 1,100 m elevation level (Irwin et al., 2002, 2004) led to the assump-
tion that the Eridania basin hosted a paleolake near the Noachian/Hesperian boundary ∼3.7 Ga (Irwin 
et al., 2002). At that time, the Eridania paleolake was probably drained through the Ma'adim Vallis channel 
(Irwin et al., 2004) and the region provides a record of the major geological events happening during and 
after its formation. Therefore, it is a prime site to study the past geological history of the Martian highlands.

1.2.  Regional Setting

The eastern sub-basin Gorgonum Chaos has a diameter of ∼240 km and a maximum depth of −400 m with 
respect to the supposed shorelines. From east to southwest, Gorgonum Chaos is cross-cut by the Sirenum 
Fossae, a graben system that extends radially from the Tharsis region (Wilson & Head, 2002). In the north 
and west of Gorgonum Chaos, the floor is dissected by numerous fluvial valleys and forms irregular knobs 
and mesas (Howard & Moore, 2011; Wendt et al., 2013). Craters larger than 20 km in the vicinity of Gorgo-
num Chaos are intensely eroded and mostly filled with sediments (Capitan & Van De Wiel, 2011). Howard 
and Moore (2004) report that the basin displays no large impact craters superposing the flat basin's floor and 

Figure 1.  Cylindrical projected and color-coded Mars Orbiter Laser Altimeter (MOLA) digital terrain model (128 pixel/degree) of Eridania basin. The 
extension of the hypothesized paleolake is highlighted with the 1,100 m contour-line (Irwin et al., 2004) and the locations of the main sub-basins are marked 
with their names. The Ma'adim Vallis outflow channel is situated in the north of the basin. The extent of the study area is displayed as red frame in the 
southeast of Gorgonum Chaos.
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that this basin was possibly covered by an ice-sheeted paleolake. Where the floor of the presumed paleolake 
crops out, it is characterized by light-toned material, which often consists of hydrated minerals or chlorides 
(Adeli et al., 2015; Glotch et al., 2010; Grant et al., 2010; Osterloo et al., 2010; Wendt et al., 2013).

The study area extends over 30 × 50 km and is centered at 38.75°S and 190.25°E (Figure 2). In the southeast 
the study area is limited by Gorgonum's rim and has a northwest slope of an average dip of 1.1° toward the 
basin center. The study area was selected because it offers prominent morphological and albedo features, 
which differ significantly from the rest of the basin floor. An infilled, heavily degraded crater with a di-
ameter of ∼22 km occupies the east of the study area. Adjacent to this crater's western rim, a north-south 
elongated depression exhibits numerous morphologic features such as mounds, sinuous ridges and pits re-
sulting in an irregularly shaped surface. At the surface of this depression, light-toned materials are exposed. 
In the western range of the study is a similar, but smaller depression. Here, the formation of different mor-
phological features and the exposure of light-toned materials are limited to the vicinity of a small wrinkle 
ridge (Golombek et al., 2001; Schultz, 2000).

2.  Data Sets and Methods
2.1.  Imaging and Topographic Data

2.1.1.  Images

Geological mapping and morphological investigations were based on images acquired by the Context Cam-
era (CTX; Malin et  al.,  2007) and the High Resolution Imaging Science Experiment (HiRISE; McEwen 
et al., 2007) on board of the Mars Reconnaissance Orbiter (MRO) (see acknowledgments). CTX is a pan-
chromatic camera that provides images with 30 km width and a scale of 6 m/pixel. The HiRISE camera 
produces 6 km wide images in the red spectral range (550–850 nm) with a nominal ground pixel size of 
∼30 cm. HiRISE additionally provides color images of a 1.2 km wide area with measurements in the blue-
green (400–600 nm) and infrared (800–1,000 nm) range.

2.1.2.  Topography

The topography of surface features was analyzed via digital terrain models (DTM). A general topographic 
overview of the complete study area is provided by a DTM with a ground sampling distance of 125 m derived 
from stereo images acquired by the High Resolution Stereo Camera (HRSC; Gwinner et al., 2016) onboard 
the Mars Express Orbiter (MEX). In addition to the HRSC DTM, two high-resolution DTMs were generated 
from two stereo pairs of HiRISE images (ESP_048614_1410 and ESP_048825_1410; ESP_048469_1410 and 
ESP_047546_1410), using the open source software Ames Stereo Pipeline (ASP). Afterward, ASP was used 
to correlate the DTMs with topographic information from Mars Orbiter Laser Altimeter (MOLA; Smith 
et al., 2001). Based on the HiRISE images ESP_048825_1410 and ESP_048469_1410, the final HiRISE DTMs 
were orthorectified with ground sampling distances of 1 m. All datasets were merged into a GIS environ-
ment and projected into a sinusoidal projection to reduce geometric distortion.

2.2.  Spectral Data

2.2.1.  THEMIS

To investigate thermal infrared inertia, Thermal Emission Imaging System (THEMIS; Christensen 
et al., 2004) data on board the Mars Odyssey Orbiter were used. The multispectral sampling ranges from 5.5 
to 14.9 μm in 10 channels and is provided with a spatial sampling of 100 m/pixel. Daytime and nighttime 
measurements cover the entire study area and were compared with each other to analyze thermal radiance 
of surface materials. This provides information about physical properties, such as induration, particle size, 
and density (Mellon et al., 2000; Pelkey et al., 2003; Presley & Christensen, 1997).

THEMIS data were also used to analyze the mineralogy. The decorrelation stretch (DCS) technique ampli-
fies the contrast of uncorrelated multispectral bands and increases the potential to identify the composition 
of surface materials (Gillespie et al., 1986). Initial data are daytime measurements, using the sun as the 
light source. The result is a color-coded map of the observed area in which each color represents the pre-
dominance of a type of mineral. In this work bands 8 (11.8 μm), 7 (11.0 μm), and 5 (9.4 μm) of the THEMIS 
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Figure 2.  Overview of the study area based on Context Camera (CTX) imagery (6 m/pixel) combined with a High 
Resolution Stereo Camera (HRSC) derived digital terrain models (DTM) (125 m/pixel). In the southeast, the dotted 
black line marks a degraded crater with a prominent gap (dashed pattern). In the center and the west, the large and the 
small irregularly shaped depressions (dotted white lines) are encompassed by the flat basin floor. A wrinkle ridge in the 
northwest is highlighted with a dashed black line. Black boxes indicate the positions of enlarged figures in this study.
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measurements are used in red, green, and blue (RGB). This is a standard combination, provided by the 
ASU THEMIS-database. Images processed with the 8-7-5 stretch were checked for their color consistency 
and different colors have been assigned to specific minerals (Glotch et al., 2010; Osterloo et al., 2010; Pan 
et al., 2015).

2.2.2.  CRISM

Hyperspectral data are provided by the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM; 
Murchie et al., 2007) onboard the MRO and were used to analyze the composition of surface material. The 
hyperspectral measurements cover a spectral range from 0.362 to 3.92 μm in 544 channels, each with a spec-
tral resolution of 6.5 nm (Murchie et al., 2007). The total spectral range is divided into two datasets with the 
1 μm wavelength as upper or lower limit, respectively. The short s-band represents visual (VIS) wavelengths 
and the longer l-band the near infrared (NIR) spectrum. We used CRISM data sets that cover the same area 
with minor offset and a spatial sampling of 13 × 16 m per pixel. Both data sets were collected in May 2016.

The resulting spectra are combined observations of the visual s-bands and near infrared l-band, both plotted 
into a single graph that terminates at 2.65 μm to cut off device-related disturbances. Using the CRISM pro-
vided CAT software in ENVI the results were corrected to minimize atmospheric (McGuire et al., 2009) and 
photometric (Murchie et al., 2007) influences. The obtained ratioed spectra were compared with the U.S. 
Geological Survey Digital Spectral Library (Clark et al., 2007) or spectra published in the PDS Geosciences 
Spectral Library by Bishop et al. (2008).

2.3.  Age Determination

The absolute model age determination was obtained by analyzing the crater size-frequency distribution. 
As counting areas, flat terrains with minor resurfacing effects and degradation were chosen. Craters with 
a diameter larger than 50 m were mapped at a scale of 1:15,000 with the CraterTool extension (Kneissl 
et  al.,  2011) in an ESRI ArcGIS 10 environment. We used the Craterstats2 software (Michael & Neu-
kum, 2010) to model the crater size-frequency distribution, applying the chronology function of Hartmann 
and Neukum (2001) and the production function of Ivanov (2001). The randomness of crater populations 
was tested with the method of Michael et al. (2012) to avoid secondary craters.

To constrain the age of the complex landforms, based on CTX images, 470 craters have been counted in the 
northwest of the study area on an area of 360 km2. A second crater count was obtained in the southeast of 
the study area with an extent of 315 km2 that gives the maximum model age of the surface.

3.  Results
3.1.  Morphology

3.1.1.  Southeastern Crater

From the southeastern rim of Gorgonum Chaos the terrain descends steeply from 1,100 m to 500 m altitude 
where the filling of the adjacent 22 km diameter impact crater forms an approximately horizontal plain 
(Figure 2). The altitude of the crater filling plain changes insignificantly from east to west and from south 
to the crater's center. To the crater's northern rim the plain gently slopes to 300 m. The crater is bounded by 
degraded walls whose crests descend outwards to the surroundings at an elevation of 100 m. The northern 
crater wall is breached by a prominent gap near the area where the crater plain reaches its topographically 
lowest altitude. The 1,500-m-wide and 60-m-deep gap continues as a broad sinuous valley toward the north.

3.1.2.  Depressions

In the study area, two depressions have evolved in the basin floor. To the west of the southeastern crater a 
large depression extends over ∼380 km2 that displays distinct signs of degradation (Figure 2). The floor of 
the 45 × 12 km, north-south oriented large depression slopes from east to west. In the east, the transition 
from the basin floor into the depression is gradational and defined by gentle slopes or minor terraces. The 
western rim of the large depression is characterized by two terraces. The altitude difference between the 
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floor of the depression and the basin floor is up to 150 m. The two terrace floors consist of significantly 
polygonized horizons of light-toned material.

The second depression covers an area of ∼50 km2 with an extent of 11 × 6 km. A wrinkle ridge, up to 500 m 
wide, crosses the study area from north to west and forms the eastern limit of this less extended depression. 
The highest elevations in this smaller depression are crests of the wrinkle ridge, which rise up to 70 m above 
the surrounding basin floor. The flanks of the crests steeply slope toward the depression floor, whose lowest 
point lies ∼100 m below the non-eroded basin floor.

3.1.3.  Sinuous Ridges and Circular Mounds

The two depressions are characterized by a number of positive topographical features. Several sinuous ridg-
es cross the large depression from east to west. The top surfaces of these sinuous ridges are flat and at the 
same elevation as the surrounding basin floor. Occasionally, a narrow trough marks the center of the ridge 
and follows its bends. The flanks slope down at an average angle of 25° and layering is often traceable over 
several hundreds of meters. The lateral width of the ridges substantially widens downslope from east to 
west. Only a few ridges cross the depression over its whole width and are traceable over a length of more 
than 15 km.

Another class of topographical features at the depression floors are circular mounds with diameters ranging 
from 0.5 to 2 km. Their top levels are at the same elevation as the surrounding basin floor and are covered 
with a 2–3 m thick layer of dark material. The mounds have flank slopes between 15° and 25° and rise up 
to ∼200 m above the ground of the depression. The western rims of some circular mounds with diameters 
larger than 1 km are the starting point of some sinuous ridges. At the point of contact between sinuous ridge 
and circular mound, both features have the same elevation that is comparable to the estimated uneroded 
basin floor.

In addition to circular mounds, several buttes with an irregularly shaped plan view range in their base diam-
eters from 0.3 to 1 km. Large buttes frequently have an elongated shape with a west-northwest to east-south-
east orientation. The top levels of buttes typically rise 50–100 m above the surface of the depression, but 
are less elevated compared to the top level of sinuous ridges and circular mounds. A distinctly polygonized 
layer on the top of buttes is related to the altitude of the terraces at the rim of the depression. This layer 
terminates in rough and nearly vertical scarps.

3.1.4.  Pits

Several isolated pits are present on the bottom of both depressions. Based on measurements on HiRISE-de-
rived DTMs the pits are ∼20 m deep, have an elliptical plan map shape, and a bowl-shaped cross-sectional 
profile. Their long axes range between 200 and 800 m in length and are oriented in a west-northwest to 
east-southeast direction. In the west of the large depression, the pits increase in size and merge to extended 
systems of incisions with a depth up to 50 m. Numerous parallel transverse aeolian ridges (TARs) (Balme 
et al., 2008) appear at the bottom of the pits. These TARs have a general north-northeast to south-southwest 
orientation and an either solidified or unconsolidated appearance. Their observed heights exceed 3 m and 
reach lateral lengths of several hundreds of meters.

3.2.  Geological Unit Description

Based on the imagery data of HiRISE and CTX, we created a geological map of the study area that displays 
five geological units (Figure 3). In addition, the wrinkle ridge and major channel systems are documented. 
The mapped geological units are distinguished by their texture, brightness, and color. These geological units 
are a light-toned polygonized unit (lNlp) at the floor of the depressions, an only locally appearing ridge unit 
(NHr), a light-toned rugged unit (NHlr) that is also found in the depressions, and a widespread dark cap 
unit (Adc) that covers the majority of the basin floor and minor areas of the depressions. A thin and smooth 
unit (lAs) covers the surface in the east of the map.

3.2.1.  Late Noachian: Light-Toned Polygonized Unit (lNlp)

A unit of light-toned material is exposed at the floor and flanks of the two depressions. It has a smooth sur-
face and is gently undulating. Its appearance is irregularly polygonized with an average polygon diameter of 
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less than 5 m (Figure 4a). This unit presents two distinct layers L1 and L2 that are characterized by polygons 
larger than 5 m and in the formation of two terraces (Figure 4b). The lower L1 layer crops out where erosion 
has cut a series of pits into the floor of the larger depression. These pits exclusively occur within unit lNlp 
and layer L1 represents their upper rim. Several pits display curvilinear albedo-features that result from 
deposited dark sand or ash and trace the layer (Figure 4c). Within layer, L1 polygons are slightly larger than 
∼5 m, but are more emphasized compared to the surrounding material. This layer is traceable over several 
kilometers, presenting a constant thickness of ∼15 m. The second, upper layer L2 abundantly appears as 
the top layer of buttes. The individual polygons in this layer appear less firmly connected to each other 

Figure 3.  A geological map of the study area overlain on Context Camera (CTX) images. Geological units as well as major topographic features are displayed in 
this map.
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Figure 4.  Morphologic details of five geological units, shown at HiRSE images (0.3 m/pixel). Colored images are in IRB combination. (a) Light-toned and 
distinctly polygonized unit lNlp. The inset shows an enlarged view of the polygons. (b) Terraces at the western rim of the large depression. The topographically 
lowest level in the southeast (lower right) is the bottom of the depression, the middle level represents layer L1 within lNlp, and the upper level reflects layer L2. 
(c) Curvilinear structures in some pits suggest a layering of unit lNlp. The dark material is accumulated sand or dust. (d–f) Unit NHr crops out at upper flanks 
of sinuous ridges and is characterized by irregular polygonization and bright material in refilled cracks. (g) Shown is the surface of unit NHlr. (h) A thin layer 
of Adc forms elongated structures (white arrows) and overlies lNlp. (i) Bright unit lAs at the south-facing slope of the southeastern crater rim. The white arrows 
point to distinctly visible layers of the unit. In the lower half of the image north-south oriented TARs are visible. Image references: panels (a, b, e, f): HiRISE 
ESP_047546_1410; panels (c, h): HiRISE ESP_048614_1410; panels (d, g): HiRISE ESP_045977_1405; panel (i): CTX J03_045766_1410.
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and at steep slopes appear to be separated blocks. The L2 layer is ∼30 m thick and is traceable over tens of 
kilometers. Comparisons with other regions of Gorgonum Chaos make it very likely that lNlp forms most 
of the Gorgonums basin floor.

The absolute model age of the unit was calculated from two crater counting areas. The first crater counting 
area was the non-eroded basin floor in the southwest of the study area and gives a minimum model age of 
late Noachian 3.73 Ga (+0.07/−0.15 Ga) (Figure 5a). Although the surface is covered with an Amazonian 
dark cap unit (Adc), this unit is thin enough that larger craters in the underlying unit lNlp can be detected. 
The plain floor of the southeastern crater was the second counting area. The result is based on compara-
tively few craters and gives an estimated model age of about 3.65 Ga (+0.11/−0.75 Ga) (Figure 5b). This age 
is slightly younger, but still within the error tolerance of the age determination of the southwestern basin 
floor. Both modeled ages indicate a unit formation during Late Noachian (Michael et al., 2012).

3.2.2.  Noachian-Hesperian: Ridge Unit (NHr)

The upper surface of sinuous ridges and circular mounds consists of a unit with irregular polygonization 
(Figures 4d–4f) and a distinctly lower albedo than lNlp. This unit has a thickness of ∼20–25 m and the size 
of the polygons is about 10 m in diameter. The polygons are separated from each other by high-standing 
material that is significantly brighter than the polygons and appears like refilled cracks. At some ridges, the 
unit shows subtle layering which is traceable over several hundreds of meters. Due to the limited observable 
surface area, an absolute age determination of the unit via crater counting is not feasible. Its maximum age 
is limited by the underlying Late Noachian lNlp and the minimum age may reach far into the Hesperian 
before the next younger unit was deposited.

3.2.3.  Noachian-Hesperian: Light Rugged Unit (NHlr)

A bright unit without signs of polygonization is exposed within the larger depression adjacent to its eastern 
rim. Its albedo appears slightly lower than of unit lNlp, which is directly beneath. The thickness of unit 
NHlr varies significantly; at the bottom of the depression, the unit covers the underlying lNlp only 2–6 m 

Figure 5.  Absolute model ages of (a) the flat basin floor and (b) the southeastern crater filling. The model age of lNlp is displayed in black and of draping unit 
Adc in blue. The upper left boxes represent the extent of the study area and the gray shadow the position of the crater counting area. The plots on top display 
the randomness of the crater distribution in the counting area. Values between −1 and 1 mean ideal randomness, the gray zone is still acceptable.
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thick and often allows the observation of the underlying unit. Within the depression, the surface of the 
unit is highly irregular and gives a rugged and unstructured appearance. To the east and south, the surface 
becomes more planar (Figure 4g) and the thickness of the unit increases to an indefinable level, since no 
lower boundary is observable.

Due to the irregular and rugged surface of the unit, the number and size of existing craters cannot be deter-
mined and an absolute age modeling is not feasible. NHlr was deposited on top of lNlp and NHr. For that 
reason, the maximum age is younger than the age of ridge-forming NHr. The minimum age is not possible 
to determine and may extend far into the Hesperian.

3.2.4.  Amazonian: Dark Cap Unit (Adc)

The noneroded basin floor of southeastern Gorgonum Chaos is flat and covered by layer Adc that appears 
sandy or dusty at its surface. Single boulders of ∼1–2 m size accumulate where this unit terminates. The 
albedo of this capping unit is considerably lower than that of the underlying units in the study area (Fig-
ure 4h). In high-resolution images, the dark cap appears locally solidified and does not exceed a constant 
thickness of ∼2–3 m. In addition to the flat basin floor, this unit is also deposited on top of sinuous ridges, 
circular mounds, and buttes. The crater counting at the southwestern flat basin floor suggests an age of 
∼1.79 Ga (±0.29 Ga) (Figure 5a). A second crater counting at the surface of the refilled southeastern crater 
reveals a surface age of ∼764 Ma (±200 Ma) (Figure 5b). Despite their discrepancy, both modeled ages indi-
cate a formation age of this unit during the Amazonian period.

In both depressions, this dark cap occurs with limited lateral extent, linked to local topography. The unit 
forms single patches or elongated structures with a width of about 150 m and a length up to 3 km, oriented 
in a west-northwest to east-southeast direction (Figure 4h). This is the same orientation of elongated pits, 
buttes, and TARs.

Adc seems to form a different subunit in different places. On top of the noneroded basin floor, HiRISE 
images reveal areas of Adc of considerably higher brightness and of variable extent. These areas of Adc are 
characterized by a subunit of unconsolidated Amazonian bright material (Abc), which forms small-scaled 
ripple-structures on top of distinctive flat areas.

3.2.5.  Amazonian: Transversal Aeolian Ridges (At) and Loose Material (Al)

At is characterized by areas with TARs and has been developed on top of Adc, on the bottom of the depres-
sions, and large craters. The albedo of the TAR material varies considerably between different places. In the 
depressions, the albedo of some adjacent TARs differs significantly between that of unit Adc and extremely 
dark areas. The dominating orientation of the crests of the TARs is from south-southwest to north-north-
east (Figure 4i). Our DTM-based measurements show that the crests exceed an elevation of 3 m above the 
surrounding terrain and a lateral extent of several hundreds of meters. A distinct age determination of the 
TARs is not possible, but occasionally underlying Amazonian units and their undegraded surface suggest 
an Amazonian age.

At the inner rims of both depressions and at the base of sloped features, a unit of loose material was depos-
ited. This Amazonian loose unit (Al) covers local areas of the depressions floor and appears much thinner 
than Adc. It has a uniform and smooth surface, is of similar albedo as unit Adc and is probably material that 
was transported away from unit Adc and was deposited elsewhere.

3.2.6.  Late Amazonian: Smooth Unit (lAs)

CTX images show that the northeastern study area and the heights adjacent to the southeastern crater are 
covered by a few meters-thick and smooth unit. The unit extends with constant thickness atop plains, rough 
terrains, or at crater walls and comprises no visible structures. Numerous irregular shaped windows were 
formed and reveal an uneven underlying surface. At south-facing slopes of the southeastern crater rim the 
unit appears much thicker and presents distinct few meters-scaled layering (Figure 4i). Where dust does not 
cover the unit, it appears very bright compared to the surrounding material. In CTX images, the unit lacks 
visible fresh, superposed impact craters, indicating a very young Late Amazonian age. Erosion of potential 
craters leading to a preimpact unit appearance is unlikely. Since the unit is very thin, the complete erosion 
of craters would also erode the unit itself.
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3.3.  Thermal Analysis and Spectroscopy

3.3.1.  Thermal Analysis

3.3.1.1.  Daytime IR

Daytime THEMIS data display high variations in their infrared brightness (Figure 6a). The overall variation 
of daytime surface temperature in the region is 29 K. Two distinct regions with low infrared brightness 
correlate very well to those regions that are geological mapped as lNlp and NHlr (Figure 3) and indicate the 
lowest surface-temperatures in the study area. They stand out against the surrounding flat basin floor and 
demonstrate the complex morphology of the depressions at a hundred meter scale. The flat basin floor sur-
rounds the low infrared brightness areas by presenting an increased and slightly varying infrared brightness.

The spectra of brightest and warmest regions are dominated by slope effects. Northwest-facing crater walls 
are sun-exposed and thus distinctly warmer than southeast sloping walls. Therefore, the thermal signature 
of steep slopes does not contribute useful data to a material analysis.

3.3.1.2.  Nighttime IR

Two THEMIS nighttime datasets were used to analyze the study area. I02684006 was acquired during south-
ern Martian autumn and delivers surface temperature variations of 24 K. I07902021 displays surface tem-
perature variations of 14 K during southern Martian summer. Despite the seasonal and temperature offset 
between the two datasets, they provide comparable results: The temperature differences are reversed to 
the contrary compared to daytime measurements that low infrared brightness regions display the highest 
brightness during nighttime (Figure 6b). The basin floor displays moderate to low thermal signatures rela-
tive to the regions of high infrared brightness. The surface of the southeastern crater filling appears consid-
erably darker and more uniform than the basin floor in the western parts of the study area. The boundaries 
between units of high and low infrared brightness are sharp and enable a clear distinction of morphological 
features.

These observations indicate that the depressions are characterized by materials with increased thermal in-
ertia, which store thermal energy more effectively and suggests solid rock exposed at the surface (Fergason 
et al., 2006), in contrast to the flat basin floor that is covered with less competent to unconsolidated Adc.

Figure 6.  Thermal Emission Imaging System (THEMIS) imaging of the study area. (a) In thermal infrared (TIR) radiance during daytime, the depressions 
appear very dark. (b) The TIR radiance of the same area during nighttime. Here the depressions appear very bright. (c) A false-color image of the daytime 
TIR radiance in decorrelation stretch (DCS) 8-7-5 bands in RGB combination. Olivine appears purple and pyroxene green (Pan et al., 2015). The figure is a 
combination of two images with a visible boundary.
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3.3.2.  Spectroscopy

Most of the study area is covered by dust and therefore spectra are not suitable for the determination of 
minerals beneath. In this study, most analyzed CRISM spectra were obtained at dust-free and north-facing 
slopes, where insolation by the sun is higher (Figure 7a).

Figure 7.  Spectra of the surface obtained from Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) data. The geographic position of the datasets 
presented in panels (a) and (b) are marked in Figure 2. (a) Locations of analyzed spectra are marked with colored numbers on a false-color image (red: 2.5 μm; 
green: 1.5 μm; blue: 1.08 μm). (b) Ratioed CRISM spectra that are related to the marked positions in (a). Noise signals at 1.65 μm and around 2 μm are partially 
masked. (c) Shown are laboratory spectra (Clark et al., 2007) of analog materials to compare with CRISM spectra.
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The spectral ratio BD1900R (Viviano-Beck et al., 2014) was used to get a general overview of the occurrence 
of hydrated minerals. With this ratio a strong absorption band at 1.9 μm was observed exclusively at unit 
lNlp and NHr. This narrow absorption band at 1.9 μm is related to H-O-H stretching and indicates the pres-
ence of hydrated minerals such as phyllosilicates, sulfates, and hydroxides (Clark et al., 1990). NHlr and 
Adc display sparse to no such signals. A detailed classification of hydrated minerals such as phyllosilicates 
or sulfates is not possible with the ratio BD1900R and was done by a more precise analysis of local spectra. 
A further significant absorption band at 1.4 μm, caused by the O-H stretch (Clark et al., 1990), is an addi-
tional indicator of hydrated minerals. Due to weak signals of this band in our data, the spectral ratio does 
not enable any robust detections.

3.3.2.1.  Al-Phyllosilicates

Unit lNlp crops out at several locations in the western parts of the two CRISM data sets. The measurements 
reveal a very prominent absorption band at 2.21 μm and a less expressed band at 2.19 μm (Figure 7b). This 
doublet is indicative for Al-OH vibrations (Clark et al., 1990). A spectral artifact can be excluded due to 
similar signals at different locations where this unit crops out. A much less pronounced, but recognizable 
absorption band at 1.41 μm indicates hydroxyl groups (Clark et al., 1990). This band is significantly reduced 
as compared to those of laboratory spectra, though observable at the predicted wavelength. Therefore, the 
spectra are interpreted as related to Al-phyllosilicates and likely to kaolinite, with laboratory spectra com-
parable to CCJB25 (Bishop et al., 2008) taken as reference (Figure 7c). The discrepancy between expected 
and observed signal strengths might be explained by imprecise atmospheric corrections or a decreasing 
performance of the CRISM instrument itself.

3.3.2.2.  Sulfates

In the east of the CRISM data sets, corresponding to an outcrop of layer L1 in unit lNlp, absorption lines at 
2.27 and 1.85 μm are detected. Absorption bands around 2.4 μm frequently result from hydrated sulfates 
and their combinations with water (Cloutis et al., 2006). Absorption bands around 1.9 μm might be related 
to stretching and bending vibrations of polyhydrated sulfates (Cloutis et al., 2006). A third band, charac-
teristic for sulfates, is may be located at 1.48 μm, but difficult to recognize due to the background noise. 
Comparison with analog laboratory spectra of LASF21A (Bishop et al., 1995) might suggest the presence of 
jarosite (Figures 7b and 7c). However, due to the background noise, this is not certain.

3.3.2.3.  Chlorides

Where NHr crops out, CRISM spectra lack distinct absorption bands, but are characterized by constant-
ly increasing reflectance to higher wavelengths until 2.65  μm. This otherwise featureless appearance of 
spectral data is unique to chlorides (Glotch et al., 2010; Viviano-Beck et al., 2014). As a reference to verify 
supposed chlorides, we used laboratory measurement HS433 from the USGS Digital spectral library (Clark 
et al., 2007) and data provided by Viviano-Beck et al. (2014).

Chloride-bearing materials have also been observed in THEMIS DCS 8-7-5 data, where minor blue-colored 
areas are related to chloride-rich material (Osterloo et al., 2008, 2010). At these locations NHr crops out 
at sinuous ridges and circular mounds within the large depression. These spectral features corresponds 
to CRISM data, but an exact correlation of the THEMIS data to a distinct unit is difficult, due to their low 
spatial resolution.

3.3.2.4.  Olivine

CRISM data from several Adc outcrops show a broad and deep absorption band centered at 1 μm and a 
shoulder around 1.2 μm. From 1.5 μm to higher wavelengths the spectra show no prominent absorption 
bands. According to Burns (1993) and the C1OL02 laboratory spectrum from the PDS Geosciences Spectral 
Library, the analyzed spectra match well with those of magnesium-rich olivine.

The distribution of Adc matches with an increased purple coloring at THEMIS DSC 8-7-5 data (Figure 6c) 
that is also indicative for a surface dominated by olivine (Pan et al., 2015). Notably, the surface of the south-
eastern crater is characterized by an almost homogeneous purple coloring in THEMIS DSC data. Additional 
purple signatures are less intense in the northern and western parts of the study area and within the de-
pressions (Figure 6c).
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3.3.2.5.  Pyroxene

Some CRISM spectra of Adc display two very broad absorption bands from 0.8 to 1.4 μm and from 1.8 to 
2.5 μm. Due to the stretching of the detected bands, a clear identification is difficult. Broad bands around 1 
and 2.3 μm suggest calcium-rich pyroxenes (Burns, 1993). An additional signal of low absorption at 0.8 μm 
makes a correlation to sample NBPO51 (PDS database) reasonable and supports the identification of calci-
um-rich pyroxene. In THEMIS DSC 8-7-5 data, Adc also equals to a green color coding in addition to purple 
(Figure 6c) and is also related to pyroxene-rich surface material (Pan et al., 2015). This is because Adc was 
defined in an imagery mapping and not in a spectral mapping.

Sand or dust enriched with iron oxides cannot be ruled out as alternative source of the detected spectra, due 
to strong absorption bands of iron oxides around similar wavelengths.

3.4.  Stratigraphy

The late Noachian light-toned polygonized unit (lNlp) is the oldest observable material in the study area. 
Where depressions have been eroded into the basin floor, this unit presents a thickness of at least 200 m 
(Figure 8a). The lower limit of lNlp and therefore actual thickness is not observable. The unit includes two 
layers with varying grade of polygonization. The lower layer L1 forms significant amounts of the ground 
level of the large depression and is about 15 m thick (Figure 8a). The upper layer L2 commonly forms the 
top layer of buttes and is approximately 30 m thick. The vertical distance between the two layers varies from 
more than 100 m in the center of the study area to 20 m in the north toward the center of Gorgonum Chaos.

Unit lNlp is directly overlain by Noachian/Hesperian ridge units (NHr) (Figure 8b) that forms the unit of 
sinuous ridges and circular mounds. It is the stratigraphically oldest unit after the basin floor (lNlp). NHr 
appears at isolated locations of limited lateral extent and is ∼25-m thick. The elevation of its upper level is 
approximately equal to that of the inferred basin floor.

In depressions and to the east of the study area, lNlp is overlain by the Noachian/Hesperian light rugged 
unit (NHlr). Within the large depression NHlr often lies directly on top of layer L1, but it can also be locally 
less elevated than surrounding features composed of older lNlp. This indicates that NHlr has been deposited 
after the formation of the depression and the disconformity between lNlp and NHlr marks a stratigraphic 
hiatus between both units (Figure 8b).

At the basin floor and within the depressions all units and the preexisting morphology are draped by Ama-
zonian dark cap unit (Adc) with constant thickness. All previously described units are occasionally covered 
by TARs (At) of Amazonian age. The lateral extent of contiguous areas with TARs varies from several kilo-
meters at the flat basin floor to isolated features at the bottom of pits in unit lNlp or atop NHr.

Predominantly in the east and south of the study area, the Late Amazonian smooth unit (lAs) seems to 
superpose the rugged surface of NHlr and Adc. In CTX images, lAs appears as the uppermost and therefore 
youngest mapped unit in the study area.

4.  Discussion
4.1.  Liquid Water

4.1.1.  Formation of Basin Floor Until Lake Drainage

The bowl-shaped morphology of Gorgonum Chaos (Wendt et al., 2013) with its generally flat surface indi-
cates a uniform deposition of unit lNlp, which conforms with the slope of the basin floor. The source materi-
al of lNlp could have been dust, volcanic ashes, or fine sands, transported via air fall to the surface of the hy-
pothesized paleolake and subsequently sunken down to the bottom of the paleolake. The formation of lNlp 
from fluvially transported debris from higher elevations around the basin is less likely, since no alluvial fans, 
river deltas or other signs of transported clastic material were observed. This alternative transport process 
would result in less uniform and more uneven morphology of the floor near the rim of Gorgonum basin.

Within the unit lNlp, we observed outcrops rich in phyllosilicates (Figure 7). There are several potential 
formation processes for these phyllosilicates. Either the phyllosilicates were formed in situ by chemical 
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alteration after the postulated air fall material came in contact with the water of the paleolake. Alternative-
ly, the air fall material could already have contained the phyllosilicates or a rising water table altered the 
material after its deposition (Grotzinger et al., 2005). A combination of these processes seems also plausible. 
Which of the mechanisms was the dominant, one cannot be determined with the available data. In all cases, 
the accumulation of kaolinite in lNlp indicates that the material had to go through a process that enriched 
Al-phyllosilicates.

The upper layers of unit lNlp lack possible Fe/Mg-phyllosilicates that could have been transported away. As 
reported elsewhere on Mars (Carter et al., 2015; Le Deit et al., 2012; Loizeau et al., 2018), during periods of 
relative humidity, water could have transported away mobile Fe/Mg-ions from upper layers of the unit, re-
sulting in an enrichment of Al-phyllosilicates, (e.g., kaolinite) at these locations. The upper layers in which 
Fe/Mg-ions may have been depleted by precipitation should be only few meters thick (Le Deit et al., 2012; 
Loizeau et al., 2018), but not tens of meters, as observed in the study area. The lack of Fe/Mg-phyllosilicates 
might be attributable to limited available spectral data or imprecise measurements.

Figure 8.  (a) The interpretive cross section of profile line AA' (drawn in Figure 3) is based on a High Resolution Imaging Science Experiment (HiRISE) derived 
digital terrain models (DTM). The terrain is exaggerated by factor 10 and the color of the units relates to those of the legend of the geological map (Figure 3). (b) 
A chronostratigraphic column displaying the mapped units in their relations with each other.
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Differently polygonized layers L1 and L2 within lNlp might have their origin in changing environmental 
conditions with variable availability of water or changing temperatures (El-Maarry et al., 2010, 2014). The 
detected jarosite in layer L1 suggests the release of substantial amounts of sulphur-rich volatiles to the at-
mosphere. This could lead to the subsequent formation of sulfates as jarosite (Farrand et al., 2009). Eventual 
climate change to an environment with arid periods, consistent with jarosite as a water-limited weathering 
product (Elwood Madden et al., 2004) could have led to the polygonalization of unit lNlp by desiccation. 
Within the so interpreted desiccation cracks, jarosite accumulated and documents the change of the chem-
ical environment, since jarosite forms in rather acidic environments (Papike et al., 2006).

4.1.2.  Fluvial Systems

After the drainage of the Eridania paleolake at the end of Late Noachian (Irwin et al., 2002, 2004), the slight-
ly lithified sediments were exposed to the atmosphere and were susceptible to erosion processes. Fluvial 
systems heading from the rim of Gorgonum Chaos toward its center could have eroded channels into the 
flat surface of the basin floor and thus into lNlp.

Incised valleys are distributed along the whole rim around Gorgonum Chaos (Howard & Moore, 2011). 
The water source for the fluvial systems was probably precipitation driven runoff, as described by Burr 
et al. (2009). This took place around the Noachian-Hesperian transition when the water level of the pale-
olake dropped but there was still a limited amount of liquid water on the surface. Another possible water 
source could be thawing ice from permafrost beneath the surface, which released meltwater during impact 
events or episodic volcanic activity. However, evidence for this hypothesis was not found in the study area. 
Feeding the rivers from groundwater seems unlikely, as the required reservoirs in the elevated basin rim 
seem to be too limited in their extent to store significant amounts of groundwater.

In the study area, the general direction of river channels from east to west correlates with the slope of 
the basin floor in this region of Gorgonum Chaos (Figure 9). The network type can be categorized as sub-
parallel (Burr et al., 2009). In the east of the large depression, the mostly refilled southeastern crater may 
have served as a reservoir from which a fluvial system was fed through a gap in the northern crater wall 
(Figure 9). In the west of the large depression, channels are traceable at the flat basin floor. Inside the large 
depression, between the supposed reservoir and the channels, a number of sinuous ridges were observed.

The cross-sectional profiles of these ridges range between sharp-crested and flat-topped. The width of the 
ridges increases westwards and may reflect the longer duration that the east of the ridges was exposed to 
aeolian erosion. Therefore, the ridges are less wide in the east. Where the flat tops of the ridges are broad, 
narrow troughs are running along the trend of the inverted ridges and are identified as the original river 
channels. We interpret the sinuous ridges in the large depression of the study area as inverted paleochan-
nels of a former fluvial system, as reported elsewhere on Mars (Davis et al., 2016; Lefort et al., 2012; Pain 
et al., 2007; Skinner et al., 2021).

We assume that at the end of the stage of fluvial erosion the availability of water decreased and minor 
amounts of water carried the sediments that refilled the channels. NHr is the result of this deposition and 
chloride salts detected in this unit indicate a transport of material mobilized by brines. The age of NHr 
cannot be determined exactly, but is limited between the underlying Late Noachian lNlp and the Late Hes-
perian, when evidence of sufficient surface water is still confirmed in this and other regions on Mars (How-
ard & Moore, 2011; Hynek et al., 2010; Mangold et al., 2004; Werner & Tanaka, 2011; Wendt et al., 2013). 
When the channels fell dry, the characteristic desiccation cracks emerged with their polygonal to blocky 
morphology (Goodall et al., 2000; El-Maarry et al., 2010, 2014; Pascuzzo et al., 2019). CRISM data and visual 
investigation suggest that the desiccation cracks were refilled with evaporitic chlorides when small amounts 
of liquid water were available again (Figures 4d–4f).

The morphological analyses reveal that NHr is more erosion-resistant than the directly underlying lNlp. 
This enhanced competence is either a consequence of the filling of cracks in NHr with coarse fluvial depos-
its or due to cementation of single sediment grains (Kerber et al., 2017). The chlorides from brines might 
work as cement and would be sufficient to enable this process, consistent with the notion of Williams 
et al. (2018) that fluvial channels on Mars are typically inverted due to cementation, as opposed to clast 
armoring or lava filling. A changed grain-size may also have an effect on the consolidation of the material, 
whereby larger grains increase the resistance to erosion. Briny water could have transported gravel or small 



Journal of Geophysical Research: Planets

HAACK ET AL.

10.1029/2021JE006903

17 of 27

rocks, which accumulated on the channel ground and caused an additional increase in grain-size and there-
fore the consolidation of the unit. This more consolidated unit protected the underlying lNlp from aeolian 
erosion (Burr et al., 2009), thus fluvial channels were exhumed and inverted into ridges. The increased rel-
evance of wind erosion supports the inversion of features at numerous locations on Mars (Pain et al., 2007).

We interpret circular mounds or mesas within or at the rim of the large depression as inverted impact cra-
ters. As with the formation of inverted channels, filling of craters with sediments and their subsequent ce-
mentation with chlorides is most plausible. This is supported by the emergence of inverted channels at the 
western rim of some inverted craters (Figure 9). These craters probably were filled with water and streams 
started from their rims until the craters were refilled with salty sediments.

4.1.3.  Glacial Systems?

Although glacial conditions have been predicted for the highlands at the late Noachian (Wordsworth 
et  al.,  2013) and recently some morphological evidence for glacial processes has been identified (e.g., 

Figure 9.  An enlarged section of the northern part of the large depression based on Context Camera (CTX) image 
J03_045766_1410 (6 m/pixel). Recognizable are sinuous ridges (solid blue lines), circular mounds (blue circles), several 
pits (yellow arrows), and a spillpoint in the northern crater wall with the assumed direction of flowing water (dashed 
blue lines).
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Bouquety et al., 2019; Grau Galofre et al., 2020), we could not find any glacial landforms in the study area. 
However, it has been suggested that sulfate formation on Mars may have occurred under glacial conditions 
(Michalski & Niles, 2012), and recently it was indeed found that jarosite can be formed in deep ice on Earth 
(Baccolo et al., 2021). As the amounts of water to form the relatively small valleys in our study area may 
have been generated under a “late Noachian icy highland” scenario (Palumbo et al., 2018), we cannot ex-
clude that the climatic conditions in our study area at the time after the drainage of the Eridania paleolake 
were dominated by an overall cold and dry climate.

We consider it unlikely that the observed sinuous ridges are eskers. Glacial eskers usually present longi-
tudinal discontinuities in width and height and have a narrow and steep-sided morphology with sharp or 
rounded crests (Pain et al., 2007). In contrast, the observed sinuous ridges are continuously flat topped over 
several kilometers and are mostly wider than high. This is typical for inverted channels. The apparent ab-
sence of other evidence of glaciation in the study area also argues against a formation as eskers.

4.2.  Aeolian Erosion and Deposition

4.2.1.  Aeolian Erosion

The two depressions observed at the eastern flank of the basin are the result of erosion and degradation in 
this area. Additionally, the inverted features in the depressions are clear indications of an active erosional 
mechanism. Fluvial, glacial, or aeolian erosion may have been the formative process of both depressions: 
Fluvial erosion would require an extensive inflow of liquid water, which means the presence of valleys or 
inlet channels at the eastern side of the basin. This has, however, not been observed in this area. Addition-
ally, the eroded material with liquid water had to be deposited at the downstream side of the basin. We have 
not found any evidence of large depositional features in the area.

The large depression most likely started to form at the rim of the southeastern crater. After the water of the 
paleolake receded, the southeastern crater wall was in an exposed position to the wind system compared 
to the basin floor. This may be an explanation why the crater rim was a preferred starting point for aeolian 
erosion. The observation of elongated buttes and parallel traces of aeolian erosion suggests winds from 
west-northwest during the erosion of the large depression. The wind eroded the flanks of the southeastern 
crater rim and created an erosion front that excavated westwards into unit lNlp. Variations in the unit's con-
solidation or superposing deposits of unit NHr reduced the erosion rate, because they may be more resistant 
against erosion. This caused the formation of terraces, and inverted morphologies. Where layer L1 started to 
erode, pits evolved through erosion of the weaker underlying material. At the western rim of the depression 
the abrasion was increased possibly by the emerged lee side and thus stronger aeolian turbulences (Pye & 
Tsoar, 2009). Parallel crests at the bottom of the pits could be lithified TARs or Periodic Bedrock Ridges 
(PBR) (Silvestro et al., 2021) which form in interaction with TARs and may differ somewhat from the domi-
nating wind direction during this period. Their orientation is south-southwest to north-northeast, compara-
ble to that of much younger TARs, and may indicate a local wind system that was stable during long periods 
of Gorgonum's history. Similar to L1, capping layer L2 prevented the underlying material from complete 
erosion. Due to its higher elevation and longer exposure to erosion, only detached buttes remained. The 
orientation of the slightly elongated buttes to west-east is a result of erosion caused by wind (Armstrong & 
Leovy, 2005; Golombek & Bridges, 2000) that constantly came from a western direction.

Buttes, pits, and TARs were found to a minor extent in the area of the smaller depression that is located 
directly adjacent to a wrinkle ridge. We interpret these morphological features as indicators for an equiv-
alent origin of the smaller depression by aeolian erosion. The wrinkle ridge is part of an extended system 
of tectonic features that is related to the rise of the Tharsis region (Chicarro et al., 1985; Capitan & Van De 
Wiel, 2011; Mueller & Golombek, 2004). The wrinkle ridge was formed on the Gorgonum basin floor in the 
post-Noachian period (Carr & Head, 2010) after the final deposition of lNlp and NHlr (Wendt et al., 2013). 
This would constrain the age of the wrinkle ridge to the Middle to Late Hesperian. A local verification of 
this estimated age is not possible, due to the lack of datable units in the vicinity of the wrinkle ridge. After 
its folding and exposure to the erosional wind system, the wrinkle ridge may have acted as a starting point 
for the rapid abrasion of lNlp. Due to the development of the wrinkle ridge long after the basin was desic-
cated, there was less time to erode a more extended depression. Geomorphologically, both depressions in 
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the study area are deflation basins and were formed under similar initial conditions at an elevated crater 
rim or wrinkle ridge.

Global erosion rates decreased after the Noachian-Hesperian transition by 2–5 orders of magnitude (e.g., 
Golombek et al., 2014; Warner et al., 2020). Therefore, the incision of both depressions came largely to an 
end until the Late Hesperian. The decreased erosion rates during the Amazonian may have been capable 
of removing weakly consolidated air fall material locally, but were not sufficient to deepen the depressions 
substantially.

4.2.2.  Aeolian Deposition of NHlr

Based on our HiRISE observations, NHlr is predominantly unstructured (Figure 4g) and susceptible to ero-
sion processes that modified its morphology. This leads to the assumption that NHlr is only slightly lithified. 
A material of similar appearance was found and classified as loess-like by Grant and Schultz (1990) and was 
named “Electris deposit.” They also found that the material is depleted in hydrated minerals. Abundant 
amounts of Electris deposits were found in the region of Sirenum Fossae, interpreted as aeolian deposits, 
and dated to middle to late Hesperian (Grant & Schultz, 1990; Grant et al., 2010). However, despite the inter-
pretation as aeolian material, deposition from volcanic ash airfall cannot be ruled out (de Pablo et al., 2005). 
We conclude that NHlr is an equivalent unit and its age can be derived more precisely as compared to the 
relative age approximation in relation to older units lNlp and NHr. In the east of the study area the thickness 
of NHlr cannot be estimated and might exceed tens to hundreds of meters. This would be consistent with 
Electris deposits observed in Eridania basin (Adeli et al., 2015) and in the center of Gorgonum Chaos in par-
ticular (Wendt et al., 2013). The appearance of the unit within the large depression and the absence of it in 
the small depression implies that it was either deposited between the formation of both depressions or the 
unit was completely removed from the small depression. The lack of absorption bands in the spectral ratio 
BD1900R (Viviano-Beck et al., 2014) excludes the presence of considerable amounts of hydrated minerals in 
NHlr. This suggests that the formation of the unit was not affected by liquid water. The option of an impact 
ejecta origin of NHlr, suggested by its vicinity to the rim of the southeastern crater, can be rejected due to 
the absence of hydrated minerals. An impact younger than lNlp would produce ejecta from the underlying 
unit lNlp, which presents distinct signs of hydration. If the crater and its ejecta are older than the hydrated 
basin unit lNlp, ejected material would not drape younger lNlp, which NHlr does.

4.2.3.  Deposition of Air Fall

Based on our results of the model age determination, unit Adc was most likely deposited during the early 
to middle Amazonian (see Section 3.2, Figure 5). In a region of possible volcanic activity, 200 km southwest 
of the study area, Brož et al. (2015) identified volcanic domes and cones with a model age between 660 Ma 
(±100 Ma) and 470 Ma (±100 Ma). The surface-age of the southeastern crater filling is comparable to the 
age of these volcanic activities, taking into account the varying result of the deposition model ages for this 
unit in the study area. Unit Adc contains ultramafic magnesium-rich olivine and calcium-rich pyroxene and 
lacks hydrated minerals such as phyllosilicates (Figure 7c). This olivine-rich material was exposed to the 
surface over extended time periods, which indicates the absence of water and thus arid climate conditions 
during and after its deposition. Otherwise, the presence of water would have led to rapid chemical alteration 
of olivine into secondary minerals (Bach et al., 2006). Lateral extent, homogeneous thickness, age, and min-
eralogy of unit Adc make an interpretation as volcanic material plausible, which might have been deposited 
by air fall. The characteristics of Adc are similar to the dark mantling in Mawrth Valles described by Loizeau 
et al. (2007, 2010, 2018) and Kremer et al. (2018). The spectral analyses presented in these studies also report 
pyroxene-rich materials and support the results of our study.

The orientation of elongated deposits of Adc at the bottom of depressions is consistent with those of TARs 
or elongated pits in the study area. They were interpreted as a result of aeolian erosion by constant wind 
from west-northwest to east-southeast. Inside the depressions, almost the entire unit was removed except 
some local remains. Adc directly drapes lNlp, but was sparsely found on top of NHlr. This might be ex-
plained by the minor solidification of NHlr on whose weak and rugged surface a firm coverage of Adc could 
not form, because both units were preferentially transported away by abrasion.

The density of olivine (4.3 g/cm3, Deer et al., 1992) is significantly higher than the density of pyroxene 
(3.6 g/cm3, Deer et al., 1992). Exposed to constant wind, the pyroxene could have been transported away 
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more easily, while olivine remains on top of the basin floor (Mangold et al., 2011). In return, the pyroxene 
could accumulate at the lee sites within the two depressions and causes the darker appearance of the accu-
mulated material. Therefore, the albedo variations of the subunits of Adc could be explained by wind-driv-
en separation caused by different mineral densities.

Large quantities of unconsolidated unit Al, originating from Adc, suggest a susceptibility of the cap to 
abrasion. Therefore, the notion that unit Adc appears moderately solidified based on the observation of oc-
casionally shed boulders, could be misleading. Despite the very thin Amazonian atmosphere this material 
formed TARs with similar albedo as Adc. The orientation of the TARs indicates a constant wind direction 
from west-northwest. A targeted spectral analysis was not possible, but where extended areas of TARs occur, 
THEMIS DCS 8-7-5 data are characterized by purple and green signatures, suggesting olivine and pyrox-
ene, respectively. This is because the majority of the TARs are formed directly on Adc or in the immediate 
vicinity of this unit. The ripples of subunit Abc appear slightly lighter than the superimposed unit Adc. In 
addition to the described mineral segregation, it is conceivable that the ripple-covered surface of Abc causes 
an improved capability of oriented reflection of sunlight. This would be supported by the generally north-
south striking ripples or TARs (see Figure 4i) in combination with almost 70° solar incidence angles of the 
CTX images. The surface of Adc without ripples or TARs could lead to a rather diffuse light scattering and 
thus a darker appearance.

4.3.  Chronology of Surface Modification

Based on our geomorphological observations, spectral analyses and the stratigraphical relation between 
geological units, we were able to reconstruct the geological history of the study area (Figure 10). This in-
cludes interpretations of the absolute model age of deposition of the geological units, the environmental 
conditions during their formation and the formative processes, which led to the resurfacing phases.

Large basins on Mars are commonly filled with extrusive magmas to a horizontal level (Irwin et al., 2004). 
In contrast, the bowl-shaped topography of Gorgonum Chaos is untypical for basins of this size. The old-
est observed unit lNlp (Figure  8b) at the basin floor was probably formed as an air fall deposit (Grant 
et al., 2010; Wendt et al., 2013) that sunk down to the ground of the hypothesized Noachian Eridania paleo-
lake system before 3.7 Ga (Irwin et al., 2002, 2004) (Figure 10). The sedimentation of this aeolian transport-
ed material led to deposits of approximately constant thickness resulting in the bowl-shaped topography of 
the basin. Scarps around the −300 m and −50 m contour lines of Gorgonum Chaos suggest an ice-cover of 
the hypothesized paleolake (Howard & Moore, 2004). However, these features are located outside the study 
area and we do not see evidence of past ice cover in our region.

The drainage of the Eridania paleolake through Ma'adim Vallis started around the Noachian-Hesperian 
transition 3.73 Ga (+0.07/−0.15 Ga) ago (Irwin et al., 2002, 2004). Resurfacing processes started immediate-
ly after the paleolake fell dry and the former lake floor deposits were exposed to surface conditions. Impacts 
started to form craters and fluvial systems incised valleys into the weak basin floor sediments, driven by 
precipitation or episodic melting events (Craddock & Howard, 2002; Wordsworth, 2016) (Figure 10). A pos-
sible source reservoir for liquid water of the fluvial systems could be the crater in the southeast of the study 
area. It is almost completely filled with sediments that might originate from adjacent southern highlands. 
The gap in the northern rim of the southeastern crater (Figure 9) could have been a spill-over point and is 
morphologically reminiscent of an outflow channel from which water could have fed the fluvial systems. 
North of the study area, other inverted channels were found with dimensions and orientation very similar 
to those in the study area. This implies that the southeastern crater was only a local reservoir for spatially 
limited river systems, since more distant rivers could not have been fed from the southeastern crater. The 
generally similar appearance of inverted channels within and outside the study area makes a common 
origin plausible.

As the availability of surface water decreased in the Hesperian, the valleys and craters were refilled with 
late-stage fluvial sediments, transported by brines. Evaporitic chloride salts from these briny solutions filled 
the space of desiccation cracks and cemented the newly formed sediments within fluvial valleys and craters 
to unit NHr (Goodall et al., 2000). Due to this cementation, unit NHr is more solidified compared to under-
lying lNlp. Subsequent aeolian erosion reshaped the basin floor, preferential at wind-exposed morphologies. 
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Figure 10.  Interpreted chronology of deposition and erosion with associated model ages in southeastern Gorgonum 
Chaos. The color scheme of the units is consistent with the legend in Figure 3. Distinctly polygonized layers within unit 
lNlp are indicated in medium gray.
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In the study area the aeolian erosion started at the western rim of the southeastern crater and formed the 
large depression. The orientation of the long axis of the depression if likely controlled by NE-trending 
ancient extensional basins and ranges that formed in the early Noachian (Anderson et al., 2019). Later, 
during Hesperian tectonics (Chicarro et al., 1985; Baker & Head, 2009; Mueller & Golombek, 2004; Wilson 
& Head, 2002), a wrinkle ridge was formed in the northwest of the study area. This ridge started to erode 
and the small depression evolved. Due to the increased consolidation of NHr and of layers L1 and L2 within 
lNlp, extensive abrasion of underlying material was prevented. This resulted in the development of inverted 
landforms, terraces, and local pits within the depressions (Figure 10).

Until the Late Hesperian the depressions were partly refilled with NHlr (Figure 9) that is reminiscent of 
loess-like Electris deposits (Grant et al., 2010). Due to the reduced competence of NHlr, it is more suscep-
tible to abrasion and was eroded faster than older units. After the removal of NHlr from major parts of 
the large depression, possibly previously buried TARs or PBRs were exhumed again or PBRs formed after 
exposure of lNlp. The lithification of TARs and the PBRs are evidenced by their polygonized appearance 
and enhanced resistance to subsequent erosion. Their orientation is the same as of the younger and possibly 
active TARs and indicates a west-northwest to east-southeast wind direction. From Early to Late Hesperian 
aeolian erosion rates decreased dramatically and the growth of the depressions came to an end.

During the Amazonian until ∼764 Ma (±200 Ma) ago Adc was formed of mafic (olivine- and pyroxene-rich) 
air fall material under dry conditions. The material of this unit is of volcanic origin (Kremer et al., 2018; 
Loizeau et  al.,  2010,  2018) and uniformly drapes the study area. Subsequently, large amounts of Adc, 
especially in the depressions, were eroded by wind and redeposited as subunits Abc, At and Al (Bourke 
et al., 2010).

The layered appearance of youngest unit lAs at south-facing slopes is explainable by periodic deposition 
and preservation. In more flat areas the unit seems to be removed after every phase of deposition. The white 
color and the occurrence of lAs at latitude between 30–50° leads to a classification of the unit as latitude 
dependent mantle (LDM). LDM is ubiquitous at these latitudes on Mars and forms as a layered dust-ice 
mixture in the course of obliquity changes of the Martian spin axis and related climate changes (see review 
by Forget et al., 2017, and references therein). LDM is not older than 10 Ma (Mustard et al., 2001; Kreslavsky 
& Head, 2002; Willmes et al., 2012). Distinct layers within the unit might represent different periods of 
obliquity change. These are preserved at pole-facing slopes, in contrast to sun-exposed areas where the unit 
decayed at the end of an obliquity change cycle.

4.4.  Context Within Eridania Basin

Despite the large spatial extent of the Eridania basin and its division into sub-basins, a number of simi-
larities between these individual sub-basins could be observed. The most striking is the presence of thick 
deposits rich in phyllosilicates, indicating the presence of liquid water in the early history of Mars (Adeli 
et al., 2015; Golder & Gilmore, 2013; Leask et al., 2017). Another common characteristic of the deep centers 
of the sub-basins, such as Ariadnes Colles, Atlantis Chaos, or Gorgonum Chaos, is the presence of depos-
its enriched in sulfates and their decreasing concentration toward the basin rims. On the other hand, the 
amount of chlorides increases toward the shallow rims (Leask et al., 2019; Michalski et al., 2017). This trend 
can be confirmed in our study area, since chlorides could be detected comparatively frequently and sulfates 
only occasionally. The origin of these minerals cannot be conclusively determined in the study area. Due to 
its marginal position within the basin no traces of possible hydrothermal processes could be observed, as the 
latter are hypothesized for the deep regions of the basins, where they could have transported sulfates from 
the crust to the lake sediments (Michalski et al., 2017).

Our suggestion that the liquid water in the paleolake may originate partly from episodically melting ice 
reservoirs is also consistent with observations from other regions of Gorgonum Chaos and the surrounding 
areas (Capitan & Van De Wiel, 2010; Márquez et al., 2005). Volcanism could repeatedly thaw ice-rich depos-
its and provide replenishment of groundwater reservoirs and subsequent water influx into Eridania basin.
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5.  Conclusions

1.	 �We produced a geological map of southeastern Gorgonum Chaos, which includes major morphological 
features and five geological units with model ages ranging from Late Noachian to Late Amazonian. 
Stratigraphic and spectral analyses reveal a very diverse mineralogy, which has evolved during Martian 
history.

2.	 �Gorgonum Chaos hosted a lake, which was drained or desiccated ∼3.7 Ga ago. During the existence of 
this paleolake air fall material was deposited at the basin floor and formed a unit of light-toned material 
that is enriched in kaolinite and is at least 200 m thick. The eventual desiccation of the lake during the 
climate change to more arid and acidic environments led to polygonization of the basin unit and its 
enrichment in jarosite. Channels and craters were incised into the surface by rivers and impactors and 
were filled with liquid water. The hydrated minerals, kaolinite and jarosite, and fluvial erosion indicate 
an active hydrologic system, which was still active after drainage and desiccation of Gorgonum Chaos.

3.	 �The Hesperian was characterized by alternating phases of sedimentation and aeolian erosion. Fluvial 
valleys and craters were refilled with sediments around the Noachian-Hesperian transition and chlo-
ride-rich salts from brines cemented the filling. Subsequent abrasion formed depressions at the surface 
of the basin floor. During this process, the refilled channels and craters were exposed and preserved as 
inverted morphological features. Subsequently, the depressions were refilled with loess-like material 
and were partly excavated again. Low amounts of hydrated minerals in this loess-like material indicate 
predominantly arid conditions in Gorgonum Chaos during this period.

4.	 �Episodes of Amazonian volcanic activity in the region of Eridania basin sourced the thin deposited layer 
of air fall materials composed of olivine and pyroxene. The stability of olivine under ultra-arid condi-
tions suggests the complete loss of surface water around the Hesperian-Amazonian transition.

5.	 �The duration of water sustaining conditions in the geological history of Gorgonum Chaos remains un-
certain, but could be improved by further age determinations by crater counting. This would inform the 
question of how long the fluvial systems were active after the desiccation of the lake and constrain the 
period in which the depressions were formed by abrasion.

6.	 �Morphology and mineralogy in southeastern Gorgonum Chaos document phases of climate change 
from a humid and alkaline/neutral environment at the end of the Noachian, through arid and more 
acidic environments in the Hesperian to the ultra-arid conditions in the Amazonian, which we still 
observe on Mars today.
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