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A B S T R A C T   

Antoniadi basin displays dark-toned dendritic ridges previously interpreted as inverted fluvial channels. Detailed 
observations of these dark-toned ridges as well as the geological units in the central region of Antoniadi basin are 
provided emphasizing images from the Colour and Stereo Surface Imaging System (CaSSIS), the High Resolution 
Stereo Camera (HRSC) and the High Resolution Imaging Science Experiment (HiRISE) instruments. Results show 
that the dark-toned ridges are part of the most recent geological unit as they overlie, and thus postdate all plains 
of the central Antoniadi basin, which is Early Amazonian based on its crater size-frequency distribution. Our 
observations of the dark-toned ridges are not consistent with inverted fluvial channels: they do not widen in the 
expected downstream direction, they display a rubbly texture and lack layering at high resolution, and have 
lobes with local levees in place of channel heads. In addition, the branched ridges are more mafic in composition 
and display a relatively higher thermal inertia than their surroundings. This suite of characteristics is better 
explained by volcanic flows developed as distributary channels rather than fluvial tributary channels. The 
occurrence of dikes in the east and west of the studied region supports that these flows were formed by lava, 
perhaps a’a like flows as suggested by the rubbly texture, but with an unusually high degree of digitation. 
Alternatively, such a geometry could be explained by the emplacement of the lava along pre-existing fluvial 
valleys, but neither the underlying topography, nor two nearby older craters, exhibit signs of fluvial erosion.   

1. Introduction 

Fluvial systems, and their sedimentary deposits, are key landforms 
for understanding the geologic history and evolution of the past climate 
on Mars. Among these landforms, inverted and exhumed channels are 
noteworthy, because they show the presence of fluvial activity in regions 
where fluvial erosion did not incise the bedrock but instead deposited 
sediments, such as in alluvial plains, delta plains or alluvial fans, and are 
thus valuable paleoclimate indicators (e.g., Pain and Ollier, 1995). 
Inverted channels have been reported on Mars, in various contexts and 
not exclusively within Noachian-aged, but also younger terrains, such as 
Valles Marineris plateau, Zephyria plains or Arabia Terra highlands (e. 
g., Mangold et al., 2008; Burr et al., 2010; Davis et al., 2016; Zaki et al., 
2021). Thus, identifying well-developed networks of inverted channels 
is of importance to characterize the type of aqueous processes involved 

and their extent in space and time. Antoniadi Basin is a Middle Noachian 
aged (Werner, 2008, Robbins et al., 2013) impact basin that has expe-
rienced several episodes of fluvial activity, including a tentative late 
stage as evidenced by possible inverted channels (Figs. 1-3) (Zaki et al., 
2020). These possible inverted channels have a dendritic pattern in plan 
view. 

A solid conclusion cannot be drawn from the visual identification of a 
dendritic pattern alone. Although dendritic landforms are traditionally 
considered as hallmarks of fluvial processes on Earth, several processes 
can produce similar landforms (De Blasio, 2022). For such cases, it is 
important to remain agnostic in regards to the process that may have 
shaped these landforms. However, constraints can be put on the pro-
cesses that most likely contributed to the formation of these surface 
features through observations across multiple datasets and integration 
of geomorphological observations with the local and regional context. 
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Thus, we will use a non-genetic term, “branched ridges”, for these 
landforms throughout the observation sections of the manuscript. After 
a description of the utilized datasets, we present the geological context 
of the Antoniadi basin, then describe the geological units and landforms, 
and focus on both their relative and absolute ages. A specific focus on the 
geometry of the branching ridges is provided before discussing their 
origin. 

2. Datasets 

Geomorphological interpretations are made using images in visible 
and near infrared wavelengths from the Colour and Stereo Surface Im-
aging System (CaSSIS, Thomas et al., 2017) onboard Trace Gas Orbiter 
of ExoMars, the High Resolution Stereo Camera (HRSC, Neukum et al., 
2004) onboard the Mars Express probe, from both the Context Camera 
(CTX, Malin et al., 2007) and the High Resolution Imaging Science 
Experiment (HiRISE, McEwen et al., 2007) onboard Mars Reconnais-
sance Orbiter, and the Thermal Emission Imaging System (THEMIS, 
Christensen et al., 2004) instrument onboard Mars Odyssey. CaSSIS data 
provide color/multispectral information, which can be used to put some 
general constraints on the composition of the surface (Thomas et al., 
2017; Tornabene et al., 2018a). The estimated band centers for the four 
CaSSIS broadband filters (as reported in the latest data release image 
headers and based on radiometric calibration v1.2) are: 495 (blue-green 
color, BLU), 678 nm (a broader “panchromatic” red filter, PAN), 836 nm 
(named RED, although in the infrared) and 939 nm (for the near- 
infrared, NIR) (Thomas et al., 2017). The two first bands, BLU and 
PAN are close to the first two bands used by HiRISE ensuring a consistent 
use of colors between the CaSSIS and HiRISE datasets; the two other 
CaSSIS filters, RED and NIR, split the HiRISE IR filter (~900 nm) into 
two filters designed, and have since been demonstrated (Tornabene 
et al., 2018a), to better discriminate between Fe-bearing phases, such as 
ferrous iron Fe2+ (mafic minerals) or ferric iron Fe3+ (hematite, etc.). 

Mars Orbiter Laser Altimeter (MOLA, Smith et al., 2001) gridded 
data were used to extract regional topography. For local observations, a 
DEM was constructed using HiRISE stereo image pairs on the branched 
ridges. This DEM was produced by stereophotogrammetry using USGS 
ISIS3 and BAE SocetSet software, with a spatial gridding of 1 m/pixel 
and an estimated vertical precision of 0.35 m (Kirk et al., 2003, 2008). 
This DEM is available on the PDS and from the HiRISE web page (htt 
ps://www.uahirise.org/dtm/dtm.php?ID=ESP_057678_2015). 

3. Geological context 

Antoniadi basin is a 330 km diameter impact basin localized in the 
east of Arabia Terra and dated from the Early to Middle Noachian (~3.9 

Gy, Werner, 2008, Robbins et al., 2013). Given the diameter, this basin 
was initially > > 5 km deep (e.g. Melosh, 1989). The basin rims 
currently have a maximum of 1.8 km of elevation above the floor, but in 
many locations they are only 500 m above the floor (Fig. 1), suggesting 
both erosion of the rim and substantial infilling by volcanic, impact and/ 
or sedimentary material, as observed for many Noachian basins on Mars. 

Fluvial landforms have been observed on the basin’s western and 
northern rim, with associated depositional fans and layered deposits 
(Zaki et al., 2020), which could have contributed to the erosion of rims. 
However, the interior of the basin appears to be devoid of fluvial land-
forms or obvious sedimentary deposits, with the possible exception of 
the dendritic features that are the focus of our study (Zaki et al., 2020; 
Mangold et al., 2021). These branched ridges are located close to the 
center of the basin, 20 km south of crater B, and 60 km south of the filled 
crater A (Fig. 2). 

In the central part of Antoniadi basin where these ridges are 
observed, the crater floor is generally featureless at km-scale, with 
exception of small impact craters and wrinkle ridges. In the southern 
part of the basin, a number of platy landforms and linear ridges are 
visible (Fig. 1c), as expected in volcanic flood plains and observed in 
other regions of Mars (e.g., Vaucher et al., 2009), and in agreement with 
the global mapping suggesting lava plains (Fig. 1b). Antoniadi basin lies 
at the margin of the Syrtis Major Planum volcanic province (Fig. 1). 
Global scale mapping (Tanaka et al., 2014) suggests that the surface of 
Antoniadi basin is a continuation of lava flows from Syrtis Major Pla-
num. While there is a shallow spillway into the crater (Fig. 1b) sub-
stantial flooding of Antoniadi basin is not supported by the crater floor 
topography (Hiesinger and Head, 2004; Fawdon, 2016). As such, it is 
likely that that only relatively minor volumes of lava where transported 
from the plains of Syrtis Major Planum, but that most lavas may have 
been directly sourced from the periphery of the plume that fed Syrtis 
Major (i.e., from directly underneath Antoniadi, Fawdon, 2016). 

4. Observations 

4.1. Main geological units, landforms and structures 

The purpose of this sub-section is to provide a detailed description of 
the geological units and features in central Antoniadi basin. Given the 
scarcity of high-resolution imaging, we do not provide an exhaustive 
mapping of all landforms. We provide a context map at HRSC scale 
extrapolated from local observations at HiRISE and CaSSIS scales to 
localize the observed units and features of interest with respect to the 
stratigraphy and structural history of the Antoniadi basin (Figs. 1-2). A 
more detailed description of the branched ridges is provided in section 
4.2. 

Fig. 1. Regional context of Antoniadi Basin. (a) MOLA topography in color and contours mapped over Mars Orbiter Camera wide-angle mosaic. (b) Close-up on the 
geological map by Tanaka et al. (2014). (c) HRSC image (#H7382_0000) over SW Antoniadi basin showing volcanic terrains with a platy texture (ESA/DLR/ 
FU Berlin). 
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4.1.1. Impact craters and their ejecta 
To the east of the study area, a relatively fresh, deep 170 km diameter 

impact crater named Baldet (Fig. 1a) has left some ejecta on the crater 
floor, but these ejecta do not reach the landforms of the study area. The 
42 km-diameter crater A in the northern part of the study area has been 
filled nearly to the top of its rim (Fig. 2). Assuming a crater has a 
diameter D, we can estimate its initial mean depth d using eq. (1): d =
0.323 D0.538 for complex craters from 7 to 150 km in diameter (Torna-
bene et al., 2018b). The result gives an initial depth for this crater of 
~2.4 km. Thus, 2 to 3 km of material has filled this crater after its for-
mation (Fig. 2). The ejecta of crater A are mostly buried as well, except 
for few remnants along the outer rim (in yellow on the map Fig. 2b). 

South of crater A and north of the branched ridges, crater B, a 28-km 
crater, appears to be better preserved than crater A (Fig. 2). The 
empirical depth estimation from eq. (1) gives ~1.9 km for its initial 
mean depth, which is consistent with the current topography. Indeed, 
the elevation difference from the rim to the crater center is of ~2 km, 
and there is no obvious filling in its center. These observations indicate 
that the crater B interior is pristine. The crater’s inner rim is also fresh 
and only affected by mass wasting as observed in complex impact craters 
(e.g., Melosh, 1989). The crater walls do not display any fluvial or 
glacial landforms. 

The ejecta of crater B are partly preserved on its eastern side, 

blanketing the surrounding plains to a radial distance of ~15 km 
(Fig. 2b). However, the outer blanket of ejecta is not visible because 
smooth plains embay the ejecta in several locations. This is apparent 
because the ejecta have a rough, hilly surface with radial lineations, and 
so plains material covers the ejecta where they are low standing, while 
high standing ejecta are preserved. The contact between the units is 
typical of embayment of the ejecta, preserving the protruding radial 
patterns in several locations as well as isolated hills of ejecta, i.e. like 
kipuka on Earth (Fig. 4a-b). Ejecta are much less preserved or absent 
along the northern, western and southern sides of crater B. There, ejecta 
are observed immediately along the rim and locally as irregular patches 
of ejecta away from the crater rim. For instance, the CaSSIS image 
(Fig. 4c) along the southern rim of crater B shows the presence of few 
hills south of the crater rim with the same texture and patterns as the 
ejecta on the eastern side. These hills likely correspond to buttes from 
ejecta otherwise buried below flat, smooth plains. Thus, smooth plain 
materials have filled part of the rim and most of the interior of crater A, 
but also a large part of the ejecta and rim of crater B without contrib-
uting to infilling its interior, which is also supported by the absence of 
breaches in crater B’s rim. 

4.1.2. Plain units 
The smooth plains appear very flat; ranging from ~20 m to ~180 m 

Fig. 2. Central part of Antoniadi Basin. (a) HRSC image (#H7357_0000) showing the region of interest with two impact craters A and B (ESA/DLR/FU Berlin). (b) 
Context map of the main units and landforms observed in the central Antoniadi Basin (NASA/JPL/MSSS/The Murray Lab). (c) MOLA topographic contours mapped 
over CTX mosaic. The XY cross-section is interpreted from the topography and the geomorphic observations described in the section 4. Hr: Hesperian ridged plains. 
Sp1: Light- and medium-toned smooth plains. Sp2: Dark-toned smooth plains. Sp1f: Same plains with flow patterns. Sp2r: Dark-toned branched ridges within 
Sp2 plains. 
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Fig. 3. (a) Four CaSSIS NIR-PAN-BLU RGB composite images overlain on CTX mosaic in the region with branched ridges. CaSSIS image numbers, from left to right: 
MY35_009924_025, MY36_014986_159, MY35_13494_159, MY36_016771_020 (ESA/TGO/CaSSIS CC BY-SA 3.0 IGO). (b) Close-up of the CTX mosaic on linear 
ridges, potentially volcanic dikes. (c) Close-up on the two CaSSIS images with dark-toned, branched ridges lying on light-toned plains. 
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of elevation above the datum (Fig. 2c). These gentle plains display an 
overall light- to medium-tone in HRSC images, with locally darker units 
(Figs. 3-7). We first focus on the light- to medium-tone plains mapped as 
unit Sp1 (Fig. 2). Sp1 plains display widespread patterns of polygonal 
fractures at the 10 m scale in all high-resolution images (Fig. 4d, Fig. 5). 
In places, large-scale (km-wide) sinuous landforms appear as high- 
standing (Fig. 5). The same polygonal networks observed on Sp1 can 
be observed on these sinuous features where HiRISE images are avail-
able (Fig. 5b-d), suggesting they are part of the same material. These 

sinuous features are present west of the study area and within crater A 
(Fig. 2b). Within crater A there are elongated plates of platy, blocky 
material at a 100 m scale that are assembled along parallel orientations 
tracing sinuous patterns in plan view (Fig. 5a-b). When observed at the 
HiRISE scale (Fig. 5b), the blocky structure displays a rough texture 
whereas the material between plates is smoother and has polygonal 
patterns of fractures at the 10 m scale. No distinct boundary between 
these various patterns and smooth plains Sp1 is observed. We define as 
Sp1f, the plains that display sinuous and/or platy features, locally 

Fig. 4. Contact between ejecta and plains east and south of crater B. (a) and (b) CTX mosaic close-ups of the contact between smooth plains (Sp1) and ejecta (Ej) 
showing embayment of the ejecta by the plain material. Dark blue arrows indicate location where plain material onlaps the ejecta, locally leading to isolated hills of 
ejecta (kipuka-like hills). (c) CaSSIS NIR-PAN-BLU composite image (#MY35_010430_024) showing crater B rim and ejecta partly buried by a smooth plain material 
(ESA/TGO/CaSSIS CC BY-SA 3.0 IGO) showing the same embayment of ejecta by smooth plains and the isolated hills. (d) HiRISE image (#ESP_054684_2020) close 
up showing the contact between plains and ejecta (NASA/JPL/University of Arizona). (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.) 
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displaying rougher, flow-like patterns, but are continuous with the 
smoother Sp1 plain unit (Fig. 2b). 

A second plains unit displays darker tones and rougher texture at 10 
m scale. It is present in the north, west and south of crater B (Fig. 2b, 
S1d, 5–10). This unit is named Sp2 as it is distinct from Sp1 material 
based on both texture and albedo. In all locations where HiRISE is 
available, the surface of the dark-toned unit Sp2 reveals a rough texture 
and numerous boulders, but without any apparent inner structure such 
as layers or lineations. Locally, specific features such as branched ridges 
and lobes display the same texture and tone than the dark unit Sp2 
(Fig. 5-10). The dark-toned unit containing branched ridges is named 
Sp2r hereafter (r for ridges), and on the context map (Fig. 2b). Spr2 is 
present mainly in the south and west of crater B. When present, Sp2 and 
Sp2r are always stratigraphically above Sp1. The boundary between Sp1 
and Sp2 is difficult to determine where the dark-toned Sp2 is etched by 
wind and only partly preserved, so the map at HRSC scale (Fig. 2b) only 
displays Sp2 where identified without ambiguity. 

4.1.3. Tectonic structures 
The crater floor exhibits a number of elongated, shallow relief 

landforms (100 m high at maximum), which include wrinkle ridges 
(Fig. 2), similar to those commonly observed inside many plains on Mars 
(Watters, 1993). Wrinkle ridges are surface expressions of compres-
sional tectonic structures often associated with volcanic plains (e.g., 
Plescia and Golombek, 1986) including Syrtis Major Planum (e.g., 
Hiesinger and Head III, 2004). Wrinkle ridges postdate the Sp1 plains in 
which they form, while their relationship with Sp2/Sp2r units is less 
obvious due to the discontinuous nature of these units. 

Thin, straight ridges are also present in several locations (Figs. 2, 3, 
6). These ridges are tens of meters wide, several kilometers long, and 
display only angular junctions (Fig. 3b), suggesting a tectonic or vol-
canic origin (e.g., dikes). We will refer to them as straight ridges in 
contrast to the wrinkle ridges and the networks of branched ridges 
described below. 

Fig. 5. (a) Close-up within crater A in the northern part of the studied region (HiRISE image ESP_ 28486_2035). (b) Close-up on the platy flows with polygonal blocks 
surrounded by smoother material. (c) Close-up on an arcuate ridge with same texture of material (polygonal fractures and local blocky plates). (d) Location south of 
crater A with plain material Sp1 with typical, polygonal fracturing overlain by Sp2 plain material type with dark tone and rubbly texture (HiRISE image 
PSP_8677_2035). 

N. Mangold et al.                                                                                                                                                                                                                               



Icarus 406 (2023) 115735

7

Fig. 6. (a) Close-up on the region studied with HiRISE data mapped over CTX mosaic and MOLA 10 m topographic contours. HiRISE images from left to right: 
PSP_007095_2020, ESP_034311_2020, ESP_057678_2015, PSP_001992_2015, ESP_013147_2015 (NASA/JPL/University of Arizona). Areas 1 to 3 are the three areas 
with branched ridges as explained in the text. (b) Map of branched ridges in areas 1 to 3 at HiRISE image scale (with CTX mosaic as background). Networks of 
branched ridges point toward a large 500 m wide ridge cross the terrain with an E-W direction. Residual ejecta (light yellow) are hills interpreted from their texture as 
initially part of ejecta of crater B before their burial by smooth plains. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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4.2. Detailed morphology of the branched ridges 

4.2.1. Qualitative observations 
Four areas display variably well-developed networks of branched 

ridges south and west of crater B (unit Sp2r, Figs. 2-3, 6). The most 
spectacular branched ridges are those present in areas 1 to 3 south of the 
crater B (Figs. 6-9). There, an East-West trending, ~20 km long, 0.5 to 1 
km wide ridge is present with the same dark tone and texture as unit Sp2 
(Fig. 6). This E-W ridge seems to forms a backbone with several ridges 
branching from it to the south (area 2) and north (area 3) while area 1 is 
mainly toward east of this E-W oriented ridge (Figs. 6, 7). 

Area 1 displays branched features covering an area of 5 by 10 km 
(Figs. 7a-c). These ridges are tens of meters in width and several hun-
dreds of meters long. In the northern part of this location, ridges display 
lobate shapes and widths reaching locally 300 m (Figs. 6, 7b-c). A 
straight ridge is present on the western boundary of these lobate fea-
tures. A similar set of branched, lobate ridges is observed southward 
(Fig. 7d). In both areas (Figs. 7b-e), branched ridges are locally in 
contact with each other (red arrows) and narrow at the base of each 
branch (yellow arrows). 

The largest field of branched ridges (area 2) is 10 by 10 km across 
located south of the E-W trending ridge (Figs. 2, 6, 8). These branched 
ridges are always superimposed on the light- to medium-tone substra-
tum crossed by a network of polygonal fractures typical of Sp1 unit. Here 
too, branched ridges are tens of meters in width and hundreds of meters 
to a few kilometers in length. They also display a dark-tone and a rubbly 
texture at high resolution. Detailed inspection of these landforms reveals 
that the edges of a few ridges are in contact with other ridges (e.g., in 
Fig. 8b, red arrows). The edges of some ridges display more resistant 
material such as levees (white arrows in Fig. 8c) and relatively lobate 
shapes (Fig. 8e). Several ridges present a narrowing along their path 
(yellow arrows in Figs. 8a, d). For instance, in Fig. 8d, we observe six 
minor branches (r1 to r6) connected to one trunk, which is often 

narrower than most of the branches. 
Area 3 is 3 by 6 km across at the western edge of this region (Fig. 6). 

These branched ridges are located north of the central E-W trending 
ridge (Fig. 9). They are in lower number than in areas 1 and 2. These 
branched ridges appear to have undergone more erosion as deduced 
from local gaps between residual hills elongated in the same direction 
(green arrows on Fig. 9). Fig. 9 also shows that the E-W trending ridge 
(at the bottom of the close-up) has the same texture as the branched 
ridges, and that the latter are connected to the former. 

Lastly, area 4 is an area 2 by 4 km located west of crater B (Fig. 1) 
that has a dense pattern of branched ridges (Fig. 10a-b). Despite being 
disconnected from the other areas, the branched ridges in area 4 have 
similar shapes, being tens of meters wide and hundreds of meters long 
(Fig. 10c-e). Here too, ridges are superimposed on a lighter-toned terrain 
with same polygonal texture typical of the Sp1 unit (Fig. 10e). These 
ridges are densely packed to the point that they are frequently in contact 
(red arrows in Fig. 10d). In addition, two ridges appear deflected by the 
presence of another ridge (orange arrows in Fig. 10d). Further north in 
the same area, the terrain displays a platy texture with individual plates 
of hundreds of meters wide separated by shallow trough several tens of 
meters wide (Fig. 10f). 

In summary, there are multiple, common characteristics displayed by 
the branched ridges in the four areas studied: a width of several tens of 
meters, a length of several 100 s of meters to several kilometers, a dark 
tone and a rough, rubbly surface texture with submeter-size blocks. No 
layering or internal fabric has been identified. The presence of a nar-
rowing along the path of main tributaries of most networks is frequent 
(yellow arrows in Figs. 7c, e, 8a, d, 9). Contacts between the edges of the 
branched ridges (red arrows) seems to be relatively infrequent where the 
ridges are eroded (Fig. 9) compared to locations where the ridges are 
dense and well-preserved from erosion (Figs. 7b-e, 10c-d). Lastly, a 
common characteristic of all the branched ridges in areas 1 to 3 is that 
they seem to be connected to the 500 m wide, E-W trending ridge. 

Fig. 7. (a) Networks of branched ridges in the area 1, east of the study location (close ups on HiRISE image ESP_013147_2015) (NASA/JPL/University of Arizona). (b 
to e) Close-ups and corresponding interpretations showing ridges with lobate shapes. Red arrows indicate locations where branches of distinct networks or sub- 
networks are in contact. Yellow arrows indicate locations with a narrow branch at the base of networks. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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4.2.2. Quantitative observations 
Branched ridges can be studied using the classical network approach 

of either Shreve or Strahler orders used for river networks (Strahler, 
1952). The Strahler method uses the number 1 for the smallest branches 
close to the head of the river, and each junction increases the order by 1 
until reaching the outlet (Fig. 11). This method is adapted to tributary 
channels, but can be used for distributary channels, with the lowest 
number corresponding instead to the terminal branch instead of the 
channel head. 

The pattern of the most dendritic, branched ridges in area 2 (Figs. 2 
and 8) exhibits a Strahler order of 5. Junctions of small branches that 
form larger trunks indicate a general organization toward north, 
assuming that the ridges are tributaries. Yet, the main regional slope at 
this location is of 0.3◦ toward the south (Fig. 12), thus in the opposite 
direction to that expected if the ridges were organized as tributaries. 
This means either (i) that the terrain was tilted in the exactly opposite 
direction to the flow after the branched ridges formed, or (ii) that the 
ridges are distributaries, thus formed by flows dividing into branches 
rather than branches connecting downstream. In the case (ii), the main 
slope direction toward the south is consistent with their geometry 
without requiring an additional regional tilt. 

Angles between branches were derived from the measurement of 77 
angles in the area 2 that contains the highest density of branches. These 
measurements correspond to junction angles assuming a tributary 

network, or bifurcation angles assuming a distributary network. The 
values are distributed from 5◦ to 85◦ with a median at 47.5◦ ±19◦

(Fig. 13). Lastly, the thickness of branched ridges was measured 
orthogonally to branches using the HiRISE DEM (Fig. 12). Thicknesses of 
individual branches never exceed 4 m, without showing any 
geographical differences either along increasing Strahler orders or to-
ward the north. 

4.3. Color and physical properties of the ridges 

4.3.1. Thermal imagery 
THEMIS data provide a way to estimate the relative thermal inertia 

of the material in the first centimeters of the surface, which is related to 
the relative strength of geological units (which can mean either their 
lithology or various degrees of cementation), or their burial below sand 
and dust mantling (Christensen et al., 2004). Although the thermal 
inertia signal interpretation is not unique, it can still help to further 
refine the differences between the units identified in visible images. In 
nighttime THEMIS data (Fig. 14a), both the branched ridges and the E- 
W-trending ridge are lighter, thus warmer, than the smooth plains sur-
rounding the branched ridges. This difference means that the branched 
ridges are made of a material more capable of retaining heat, which is 
often inferred to mean more cohesive materials, loosing heat more 
slowly compared to plains where the thermal signature is more 

Fig. 8. (a) Close-ups on area 2 with CaSSIS (#MY35_010430_024, NIR-PAN-BLU filters) containing networks of branched ridges named r, s, t and v (ESA/TGO/ 
CaSSIS CC BY-SA 3.0 IGO). (b to e) Close-ups on HiRISE (ESP_057678_2015) images (NASA/JPL/University of Arizona). Red and yellow arrows same as in Fig. 6. 
White arrows indicate lobate and high standing boundaries. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 

N. Mangold et al.                                                                                                                                                                                                                               



Icarus 406 (2023) 115735

10

consistent with material that exchanges heat with the atmosphere more 
rapidly. This is in agreement with the rubbly surface of cohesive blocks 
on the ridges as compared to that of the plains, which are smooth at the 
resolution of HiRISE data, although we cannot fully rule out that their 
elevated inertia may be attributed to less dust cover or cementation/ 
induration relative to their surroundings. This conclusion is consistent 
with the THEMIS daytime data (Fig. 14b) in which the ridges are darker, 
thus colder than the smooth plains that may be more dusty/less rocky in 
the first centimeters than the branched ridges. Thermal inertia has been 
computed from THEMIS data (Fergason et al., 2006) (Fig. 14c). 
Although many branched ridges are too narrow to be clearly visible at 
the scale of this map (100 m/pixel), values on the largest ridges, such as 
the E-W wide ridge scatter from 350 to 500 tiu (thermal inertia unit) 
compared to100–200 tiu for the underlying plains. Such values are in 
agreement with the qualitative assessment that the branching ridges are 
composed of relatively dust-free, rocky material. 

4.3.2. CaSSIS spectral channels 
We have performed a spectral analysis of the branched ridges and 

light-toned terrains using the available filters (3–4 filter combinations 
are possible) of the CaSSIS data that currently covers the site. There is 
one CRISM cube covering part of the area 2 containing branched ridges, 
but we do not present it because the corresponding spectra are domi-
nated by dust at the CRISM spatial scale and do not enable us clear 
mineralogical identification beyond what has been done using CaSSIS 
data. 

The branched ridges appear as a distinct dark blue in all CaSSIS NIR- 
PAN-BLU (NPB) color-infrared images with slight variations toward 
lighter colors that may be related to local dust-cover. A color band ratio 
composite (CBRC) using CASSIS NIR/PAN, PAN/BLU and PAN/NIR in 
R-G-B (i.e., CBRC-NPBa; Tornabene et al., 2018a) accentuate these dif-
ferences (Fig. 15), which generally relate to differences in ferrous vs. 
ferric content. In contrast, the plains and straight ridges display lighter 
colors in CaSSIS NPB, and from yellow to orange in the CBRC with some 
green areas suggestive of mixing eroded blue and yellow components 
(Fig. 15). 

These differences in colors can be plotted as spectra to compare with 
laboratory data on Earth. Of all the CaSSIS images taken over the 

investigation site, image MY35_010430_024_0 offers the best quality and 
covers the majority of the key surface features and associated local units. 
MY35_010430_024_0 also provides a low estimated dust opacity (~0.01) 
and sufficiently high incidence for shadows (~36◦) required for 
correction and analysis through the dark object subtraction (DS) method 
(Tornabene et al., 2018a, 2018b), which is necessary to minimize the 
impact of ferric dust aerosol scattering on surface spectra. Unfortu-
nately, this CaSSIS cube was only taken with three filters (NIR-PAN- 
BLU) and not all four. Despite this, we can use the three filters to make 
some inferences regarding the general composition and possible dust- 
cover with respect to the units represented in the scene. 
MY35_010430_024_0 DS-corrected I/F spectra of the main E-W ridge (R) 
and branched (Br1 and Br2) features consistently have a lower reflec-
tance and a deflection toward 1 μm, which is usually due to the presence 
of unaltered ferrous component such as mafic minerals, namely pyrox-
ene and olivine (Br1 to Br3, Fig. 15b-c). This trend is observed for the 
bluest portions of the E-W trending and branched ridges (extracted from 
various locations to test these possible variations). They also show a 
significant reduction in a BLU band absorption when compared to the 
spectral characteristics of the lighter-toned substrate, including a 
reduction in the PAN/BLU ratio and the overall slope from IR to blue. 
The CaSSIS 3-point spectra have shapes most consistent with High 
Calcium Pyroxene (HCP) and an Fe-rich olivine endmember (i.e., faya-
lite); however, without the 4th filter or knowing if a 2 μm absorption is 
present, it is difficult to assign a specific phase or rule out if these 
characteristics are due to mixing Low Calcium Pyroxene LCP or Mg-rich 
olivine with some ferric component. Nevertheless, these spectral char-
acteristics are sufficient to support that the branching ridges are domi-
nated by a mafic component when compared to its surroundings, and are 
likely basaltic in composition. Bluer plains of intermediate reflectance 
(P1 and P2) when compared to the branched ridges, display a weaker 
but similar deflection to higher wavelengths, also suggestive of mafic 
minerals. 

The light-toned substratum Sp1 under the branched ridges displays 
consistent deflections toward the BLU band, a lack of IR deflection and 
higher PAN/BLU and NIR/BLU ratios (L1 to L3 on Fig. 15b-c). Such 
slopes may be attributed to a ferric component, e.g. hematite or ferric 
dust. An alteration component is possible based on the lab spectra of 
phyllosilicates (nontronite in Fig. 14d), but the number of bands and 
wavelength sensitivity range of CaSSIS makes it impossible to evaluate 
their presence. As before, mixing of components to explain difference in 
slopes and deflections is difficult to rule out, but we have sufficient in-
formation to say that these units are ferric-component dominant. 

Another CaSSIS image, MY36_016771_020_0, which lies east of area 
1 in Fig. 3, was taken with all 4 filters and offers a good DS correction, 
but only provides spectra from units Sp1 and Sp2; despite this, the DS- 
corrected spectra extracted from MY36_016771_020_0 for these two 
units shows similar spectral characteristics to the Sp1 and Sp2 spectra 
from 3-filter MY35_010430_024_0. The consistency between the two 
provides support for the previous interpretations of the 
MY35_010430_024_0 results. 

Overall, the dark color in panchromatic images and dark blue color 
in color composites from CaSSIS data support the presence of mafic 
minerals in all the branched ridges (Sp2r unit) and the dark-toned plains 
unit (Sp2). Smooth plains Sp1 with intermediary tone also display sig-
natures consistent with the presence of mafic minerals but the lighter- 
toned areas of Sp1 suggest a predominance of ferric component, 
rather than mafic mineral signature. 

4.4. Chronology 

4.4.1. Crater count model ages 
Crater retention ages are estimated using tools developed by Michael 

and Neukum (2010) based on isochrons developed by Hartmann and 
Neukum (2001). A first crater distribution plot was done using an HRSC 
image on a suitably large area of 1232 km2, which corresponds overall to 

Fig. 9. HiRISE image PSP_007095_2020 showing networks of dark-toned ridges 
(Sp2r) superimposed on light-toned plains (Sp1) in area 3 (NASA/JPL/Uni-
versity of Arizona). Yellow arrows same as in Fig. 6. Green arrows show loca-
tion with erosion of branches showing that ridges are more eroded than in areas 
1 and 2. The branched ridges are connected to the wider E-W trending ridge 
that displays similar rubbly texture at <10 m scale. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Fig. 10. (a) CaSSIS image MY35_009924_025 with NIR-PAN-BLU filters of area 4 west of crater B (ESA/TGO/CaSSIS CC BY-SA 3.0 IGO). (b) Close-up on CaSSIS 
image with a network of dark toned ridges sequestered in a local low. (c and e) Close-ups in HiRISE image (PSP_007240_2020) showing details of branched ridges 
(NASA/JPL/University of Arizona). (d) Interpretation of (c) showing ridges that are in contact to each other’s (red arrows). Orange arrows indicate locations where 
ridges have changed their orientation after contact with other ridges. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.) 
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the light-toned plains Sp1 mapped in the area of interest (Fig. 16). We 
have measured the diameter of 111 craters from 0.2 to 1.55 km. The 
downturn of the plot at <300 m seems related to the image quality, 
which is relatively low probably due to lightening conditions and dust. 
The distribution does not show any significant upturn at large diameters 
that could mean two phases of deposition. To be conservative, we fit the 
isochron with craters >400 m. The estimation made using the corre-
sponding 38 craters gives an age of 2.56 Gy − 0.41/+0.37, which cor-
responds to the Early Amazonian epoch (Michael and Neukum, 2010). 

A second crater distribution plot is performed on a CaSSIS image on 
the part of the floor where the branching ridges are the most developed 
over a total area of 61 km2 (Fig. 16). We have measured the diameter of 
86 craters from 0.1 to 1 km. The distribution shows a downturn at low 
diameters (<150 m) that can be explained both by an effect of image 
resolution and a degradation of the surface that has erased some of the 
smallest craters. To be conservative, we fit the isochron with craters of 
200 m and higher. The estimation made for the 23 corresponding craters 
gives an age of 2.49 Gy − 0.51/+0.49. Taking craters larger than 150 m 
does not modify the result significantly. 

The agreement between the two results show that the crater reten-
tion age of plains in the area of the branching ridges is of ~2.5 ± 0.5Gy, 
in the Early Amazonian epoch. Note that the large error bar for both 
plots is not only due to the relatively low number of craters used for the 
fit. This period of Mars’ past is the most challenging for the estimation of 
crater counts, because the model has the largest error bars for that 

period (Michael and Neukum, 2010). 

4.4.2. Relative stratigraphy and interpretation of the geological units 
Crosscutting relationships show that craters A and B are the oldest 

structures in the part of the Antoniadi basin studied. Crater A has been 
filled by all plain units (Sp1, Sp1f, Sp2, and Sp2r). Crater B seems to be 
better preserved, but the smooth plains embay or bury crater B ejecta, 
thus demonstrating that these plains postdate both craters A and B. If 
crater B was younger than these plains, we would observe these plain 
materials emerging under ejecta sections, rather than an embayment 
relationship (Fig. 4a-c). Sp1 and Sp1f seem to be in stratigraphic con-
tinuity, which we interpret as different expressions of the same unit, 
with local platy texture and viscous flow patterns typical of volcanic 
lavas (Fig. 5). The presence of polygonal fractures at a 10 m scale could 
be associated with other processes (desiccation, cooling, periglacial 
thermal contraction cracking, etc.), but similar patterns were also 
identified as indications of volcanic flow cooling in the South Elysium 
region (Ryan and Christensen, 2012). The presence of wrinkle ridges, 
which are landforms typically found in volcanic plains on terrestrial 
planets (e.g. Watters, 1993), and the flat, thick fill (~2 km) within crater 
A, are two observations also in agreement with such a volcanic origin. In 
color data, Sp1 have various tones with intermediate toned consistent 
with mafic minerals, but lighter tones require a ferric component in the 
surface material. 

Sp2 and Sp2r are observed to always superpose Sp1, thus they 
postdate Sp1, and craters A and B as well (see cross-section in Fig. 2c). 
There is no evidence that any material above Sp2/Sp2r ever existed in 
the study area, such as residual buttes. No Sp2/Sp2r material is observed 

Fig. 11. (a) Image of Colorado delta on Earth showing a river network formed 
by seepage (Image Google Earth, Maxar technologies). (b) Sketch showing 
Strahler orders (Strahler, 1952). 

Fig. 12. HiRISE image with corresponding Digital Elevation Model made from 
HiRISE images ESP_057678_2015 & ESP_057546_2015) (available at www. 
uahirise.org/dtm/dtm.php?ID=ESP_057678_2015) (NASA/JPL/University of 
Arizona). Letters n to t corresponds to networks or sub-networks on which 
bifurcation angles have been measured. 
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stratigraphically at the base of crater B ejecta either. Sp2/Sp2r is thus 
the uppermost type of material mapped in central Antoniadi basin. 
Mafic minerals explain the dark bluish color. We infer that this material 
is not exhumed or preserved from a thicker unit, but is rather the last 
episode of deposition in the center of Antoniadi basin. In addition, the 
observation that Sp1 plains have a ferric component, suggests either that 
Sp1 plains are composed of volcanic material that has been oxidized or 
coated by dust before the deposition of Sp2 (possibly implying a time 
gap), or that the Sp2r rocks display cleaner basaltic spectra because they 
have been etched by wind due to their higher standing position. The 
nature of Sp2r is discussed in section 5.1. 

Craters A and B do not present any obvious evidence of fluvial or 
glacial landforms. Amazonian craters are generally fresh and do not 
exhibit fluvial erosion, while Hesperian craters display frequent incision 
by fluvial activity (Mangold et al., 2012), although there are a few ex-
ceptions (e.g., Mojave crater, Williams and Malin, 2008). The lack of 
fluvial landforms on both craters suggests that an Early Amazonian age 
is plausible for these craters, as suggested by their presence on basin 
floor, thus after the formation of the Hesperian-aged flood volcanism 
associated with Syrtis Major Planum regional activity (Tanaka et al., 
2014; Fawdon, 2016). 

Based on both crater counts and relative stratigraphy, we can sum-
marize the age of the units as follows: (i) Craters A and B are both older 
than the plains Sp1, thus formed before 2.5 Ga, and just after the Hes-
perian flows associated with the major building phase of Syrtis Major 

Planum; (ii) Sp1 formed at ~2.5 Ga in the Early Amazonian from flood 
volcanism; (iii) The branching ridges form at ~2.5 Gy as well, or later. 
At this stage, the age of the branched ridges is consistent with the Early 
Amazonian age suggested by Zaki et al. (2020), but is contrary to De 
Blasio (2022) who refers to them as Noachian landforms. A Noachian 
age is excluded by the stratigraphy and not supported by the crater 
counts. 

5. Discussion on the formation of the branching ridges 

5.1. Tributary or distributary flows? 

The branched ridges display a high spatial density and a peculiar 
dendritic pattern, which is the main reason that these ridges have been 
interpreted as fluvial landforms (Zaki et al., 2020) or dendritic pre-
cipitates (De Blasio, 2022). The most intuitive explanation would favor a 
formation as inverted channels from deposition of fluvial sediments by 
river flows, and their later preservation against erosion by inversion of 
relief (e.g., Zaki et al., 2021). Hereafter, we discuss the observations in 
favor of either tributary flows (such as rivers) of distributary flows (such 
as alluvial fans, lahars or lava flows) for the formation of these branched 
ridges. 

Fluvial landforms follow empirical laws that are well determined 
from terrestrial studies. When several order 1 tributaries join, they form 
a tributary of order 2 that is usually wider, because the discharge rate of 
the latter is equal to the sum of the discharge rates of all order 1 streams. 
In all areas studied, we observe that the width of the branched ridges 
does not increase when increasing their order, even for orders 4 or 5; the 
one exception is the big E-W trending ridge. In some places, we observe 
six order 1 ridges joining to form one order 2, which appear to be nar-
rower than the six order 1 tributaries (Fig. 8d). This narrowing along the 
path is observed at several locations (yellow arrows in Figs. 7-10). Dif-
ferential erosion of ridges could be due to better preservation along 
more cemented or coarser sections, and this effect could explain the 
narrowing. However, one would need to explain why erosion would be 
more efficient for higher Strahler orders. The relatively uniform thick-
ness and texture of branched ridges does not favor any strong difference 
in erosion from place to place within a given network. 

Assuming order 1 tributaries are valley heads (as in fluvial flows) 
would also imply that these order 1 segments should be the smallest 
tributaries. Yet, order 1 segments are often larger than order 2 and 
display a lobate shape in plan view (Figs. 7-9). In addition, several order 
1 segments seem to be in contact each other (red arrows on Figs. 7-8, 
10). These two observations are contrary to expectations for valley 
heads, which to initiate require a flow coming from a source such as a 
spring, which are naturally separated from each other. Terrestrial ex-
amples of river flows show that order 1 flows usually do not connect 
together (Fig. 11a). In contrast, if the flows are distributary, then ter-
minal deposits could display lobate shapes and could stop on other 
branches of the same order. It would also explain why some flows 
deviated from their main flow direction (orange arrows in Fig. 10). De 
Blasio (Fig. 16 in De Blasio, 2022) also identified locations where small 
topographic ridges have deviated the formation of ridges southward, 
and formed terminal lobes, again, unlike tributary channels. 

The pattern of branched ridges does exhibit similarities to networks 
formed from groundwater seepage. Yet, such networks display bifurca-
tion angles of 72◦ on Earth, a value obtained in a seepage network over 
5000 bifurcations in 100 km2 (e.g. Devauchelle et al., 2012), an area 
similar in size to the areas 2 and 3. This number of 72◦ corresponds to 
2π/5, a value that is explained by theoretical considerations (Devau-
chelle et al., 2012). Here, we observe bifurcation angles grouped around 
47◦, distinct from that of seepage networks. Bifurcation angles of the 
valley networks can also vary according to climate conditions (Seybold 
et al., 2018) or debris flows regime (Hooshyar et al., 2017). Arid regions 
on Earth display bifurcation angles <50◦ that could potentially explain 
the low values of branched ridges. Yet, values computed by Seybold 

Fig. 13. (a) Close-up on junctions of two ridges showing how bifurcation angle 
are measured. (b) Statistical diagram with number of bifurcation angles plotted 
along circular lines in bins of 5◦. 
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et al. (2018) represent valley systems over huge watersheds (> > 100 
km2) at a scale different from the channels studied. Moreover, in the 
second possibility, debris flows cannot explain the emplacement on 
relatively flat plains as they require steeper slopes to form and propagate 
(e.g., Iverson, 1997). 

Taking area 2 as a reference, the current slope is oriented to the SSW 
by 0.3◦, so it is able to explain the geometry of branched ridges only if 
they are distributary channels that flow in that general direction.Yet, the 
location south of area 1 and the wide E-W ridge do not fit the directions 
of current topography, suggesting a substantial modification afterward, 
whatever their initial process of formation. From the Fig. 7 we infer that 
the N-S wrinkle ridges could have uplifted the eastern region of the study 
area. Therefore, it is possible that some of the branched ridges have been 
tilted by the wrinkle ridge, and had a different initial orientation. That 
said, an initial orientation of the slope consistent with tributary flows 
would assume the main E-W wide ridge to be the location of the previous 
lowest point, i.e. a simple inversion of topography cannot explain why 
areas 2 and 3 are converging toward the wide E-W ridge. These obser-
vations also do not fit the multiple lines of evidences favoring that favor 
the ridge geometry being explained by viscous lobes, but suggest that 
they formed before the structure of the wrinkle ridge. Note also that the 
N-S wrinkle ridge has the same orientation as the fractures from which 
lobate ridges emerge in area 1, suggesting an reactivation of these 
structures, or a coeval evolution. 

Another observation can be made when comparing the patterns from 
area 1 to 3 (Fig. 17). In area 1, the shape of branched ridges is relatively 
well-preserved from erosion, with lobate shapes and local levees. In area 
3, the ridges are strongly affected by erosion, while in area 2 the erosion 
is moderate. We interpret that the differences in the shape of ridges is 
only due to differences in eolian erosion from east to west in the area 

studied. Indeed, these examples show that the pattern is actually very 
similar in all locations. For instance, Fig. 17 shows that we can recon-
struct a network of branched ridges similar to that in area 1 by inter-
polating the assumed previous perimeter (dotted lines) around these 
more eroded ridges, showing that most branched ridges actually started 
with lobate, rounded shapes. 

Overall, distributary flows can explain most observations more easily 
than tributary flows (Fig. 17c). In particular, it can explain that the order 
1 segments are terminal lobes locally ending in contact with previous 
lobes. Distributary channels can form by several processes (e.g., alluvial, 
lahars, lava flows, etc.) that are discussed in the next section. 

5.2. Did the branched ridges form by lava flows? 

Inverted channels can form as tributary channels (such as common 
river flows) and as distributary channels such as in alluvial or delta fans. 
As discussed above, distributary channels can better explain the 
observed characteristics. Inverted fluvial channels are composed of 
sedimentary deposits, with internal bedding, deposited by river flows as 
sandstones or conglomerates that become more consolidated and have a 
higher resistance against eolian erosion than surrounding flood deposits 
dominated by siltstones and mudstones. They are left in relief after 
exhumation, but surrounding terrains usually contain residual buttes of 
the partly eroded, softer deposits. These characteristics are also valid on 
Mars (Fig. 18) (e.g., Williams et al., 2009). Yet, none of these charac-
teristics are observed around the branched ridges located within Anto-
niadi basin. In addition, their rough, massive texture is distinct from 
other inverted channels observed on Mars. Inverted channels on Mars 
usually have a low thermal inertia (dark on THEMIS nighttime images, 
Fig. 18), while at Antoniadi basin they appear to have a higher thermal 

Fig. 14. (a) Night-time THEMIS mosaic showing branched ridges and the connecting E-W trending, wide ridge with a light tone consistent with relatively high 
thermal inertia. (b) Day-time THEMIS mosaic displaying opposite tones as expected for daily observations for which dusy/sandy material is more quickly heated. (c) 
Thermal inertia map of the location. 
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inertia than underlying terrains (Fig. 14). The composition of branched 
ridges is likely basaltic based on their CaSSIS multispectral character-
istics, and comparable to other areas on Mars where a basaltic compo-
sition can be generally inferred from a bluish color, (Delamere et al., 
2010). Overall, these characteristics point toward a basaltic composition 
such as in lava flows. 

Lava flows can explain many characteristics of the observed ridges, 
such as the presence of terminal lobes and preserved levees, localization 
along dikes, rubbly texture and lack of internal bedding, high thermal 
inertia and basaltic composition. The regional context is also mostly 
volcanic and lack fluvial landforms. Crater A has been filled by a huge 
amount of deformed material that we interpret as volcanic flows (Fig. 5). 
Crater B ejecta have also been buried below a material forming smooth 
plains Sp1 that can be interpreted as a volcanic filling. The polygonal 
cracks observed within Sp1 questions its origin, given that sedimentary 
rocks can display regular cracks, but similar cracks have been observed 

extensively in the volcanic region of Cerberus Fossae (e.g., Ryan and 
Christensen, 2012). In addition, none of the craters A and B displays any 
sign of fluvial erosion and filling while Sp1 is stratigraphically younger 
than both craters. 

Could other types of flow explain dendritic ridges better than lava 
flows? Mud volcanoes are thought to exist on Mars in the northern plains 
(Oehler and Allen, 2010; Brož et al., 2020). The low viscosity of mud 
could potentially explain a higher degree of branching. However, mud 
volcanoes elsewhere on Mars (Cuřín et al., 2023) are made of fine- 
grained material and thus would be dark in night-time THEMIS im-
ages, or of low thermal inertia, in contrast with the studied ridges. They 
are made of soft muddy material also distinct from the ridges’ rubbly 
texture. Mass wasting such as landslides and gravity flows could 
potentially explain the rubbly texture, but they commonly do not form 
as digitate flows. In addition, the local slope is low (0.3◦ at most) and no 
surrounding topography could explain gravity flows over such flat 

Fig. 15. (a) CaSSIS color images (#MY35_010430_024) in NIR-PAN-BLU filters as RGB and a color band ratio composite (CBRC-NPB) corresponding to CaSSIS filters 
ratio as following: NIR/PAN, PAN/BLU and PAN/NIR plotted as RGB (ESA/TGO/CaSSIS CC BY-SA 3.0 IGO). (b) Locations for which spectra are provided as examples 
are branched ridges (Br1 to Br3), light-toned plains (L1 to L3) and medium-toned plains (P1 and P2). (c) Comparison between these example spectra (left) with 
spectra from laboratory measurements (right). 
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terrains. Layered impact ejecta can locally display lobate patterns, but 
no branching pattern has ever been reported in such a context. Ejecta are 
emplaced by processes of high energy and high velocity, so they would 
show a major direction of flow (such as southward assuming crater B is 
the source), which does not explain the opposite northward or the 
eastward orientation of the some of the branched ridges and their link 
with local fractures in area 1. Lastly, an explanation as (bio)chemical 
precipitates (De Blasio, 2022) seems to us unlikely given the difference 
of scale from dendritic precipitates (such as manganese dendrites 
formed at centimeter scale) as well as due to the recent age of these 
processes in the Amazonian, well after the Noachian era during which 
life could potentially have formed. 

Yet, lava flows can present digitations, but they do not typically 
appear as branched as observed here. Lava flows can display braiding as 
frequently observed for low viscosity pahoehoe flows in Hawaii (Die-
tterich and Cashman, 2014). Here, the rubbly texture would better point 
toward a’a type of flows, which are usually more viscous and colder than 
pahoehoe flows. Comparisons made with the a’a flows of the 1961 Askja 
eruption in Iceland (Blasizzo et al., 2022) show the same type of rubbly 
texture, size of flows and local digitate nature, but their extent is much 
more limited (Fig. 19). 

A first scenario to explain the extreme digitate shape of these flows 
could come from the putative presence of pre-existing fluvial valleys, 
later filled by lava flows after a topographic tilt to explain the filling in 
an opposite direction, toward valley heads. Such a case is frequently 
observed on Earth when lavas flow within pre-existing fluvial valleys 
and surrounding rocks are sediments that are soft enough to be eroded 
before the lava flows, producing an inversion of the preexisting channels 
relief (e.g., Pain and Ollier, 1995; Wyk de Vries Van et al., 2022). This 

hypothesis could explain the dendritic pattern without requiring sedi-
mentary deposits. Nevertheless, the topography of the surrounding 
light-toned plains does not show any pre-existing river systems at this 
stratigraphic level. These locations are among the deepest of Antoniadi 
basin, and so it is difficult to explain that fluvial erosion would have 
been able to erode a location where sediments should accumulate, and 
would not have eroded the rims of craters A and B. Indeed, according to 
the stratigraphy, such fluvial erosion would postdate Sp1 plains, thus 
also the formation of both craters A and B, which are not affected by 
fluvial erosion. 

A second scenario assumes that the digitate flows are peculiar lava 
flows producing this pattern. In such scenario, we have no definitive 
explanations for the reasons of the well-expressed branches. Neverthe-
less, digitate flows have been observed in subaqueous lava flows at Pico 
Island (Azores, Portugal) (Mitchell et al., 2008). This context is excluded 
for such a case on Mars, but Mitchell et al. (2008) mention that the 
density contrast below water would mimic density contrast related to 
lower Mars gravity. The recent eruptions of Nishinoshima volcano 
(Japan) in 2017 (Kaneko et al., 2019) display impressive digitate mar-
gins of a’a lava flows when reaching flat surfaces (Fig. 19) although 
those are not as dendritic as those observed at Antoniadi. More study of 
the composition of the ridges and of the regional context may help to 
understand these specific characteristics. 

6. Conclusion 

Antoniadi basin displays dark-toned dendritic ridges that could 
represent important examples of late-stage fluvial landforms if formed as 
inverted channels. However, careful observations of these branched 

Fig. 16. Crater distribution using HRSC scale on 1232 km2 (lower right image) and CaSSIS image on 61 km2 (top right image). For the HRSC image, 111 craters from 
200 m to 1.55 km were measured. The downturn at <300 m is likely related to image quality. The age estimation made using the 38 craters >400 m gives an age of 
2.56 Gy − 0.41/+0.37. For CaSSIS image, 86 craters from 100 m to 1 km were measured. The age estimation made for the 23 craters >200 m gives an age of 2.49 Gy 
− 0.51/+0.49. Note that the upturn of the crater distribution plot above the isochron at diameter > 700 m is due to the presence of a single ~1 km diameter crater, 
which has a low effect on the statistical fit. 
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ridges utilizing multiple datasets, providing morphologic, morpho-
metric, thermophysical and color/multispectral constraints, show that 
they do not have characteristics consistent with fluvial channels. The 
pattern of ridges in Antoniadi basin lack downstream widening and, 
unlike contributory systems, have connected branch terminations, 
permissible in a distributary system. Furthermore, the dark ridges 
exhibit no evidence of layering suggestive of sedimentary deposition. 

Instead, they are dark, blue in color, have a rubbly texture and higher 
thermal inertia relative to their surroundings. Given a basaltic- 
predominant composition deduced from CaSSIS color/multispectral in-
formation, these overall characteristics are better explained by volcanic 
flows developed as distributary flows rather than an inversion of 
contributory fluvial channel deposits. 

While the degree of branching of these flows is not common for lava 

Fig. 17. (a) Close-ups on branched ridges from areas 
1 (left) to 3 (right). Scale is the same in all images but 
images have been reoriented to provide better com-
parisons. We interpret the differences in shape to a 
difference of erosion, stronger going toward east, i.e. 
toward area 3. (b) Example of area 3 with dotted lines 
corresponding to presumed initial shape of ridges. 
The pattern is similar to branched ridges from area 1. 
(c) Interpretation of a branch of network as a flow 
formed by a distributary network.   

Fig. 18. (a) THEMIS night-time mosaic of inverted channels interpreted as fluvial on the plateau of Juventae Chasma. Inverted channels are narrow with dark tone 
indicating relatively low thermal inertia. (b) CTX mosaic of the same inverted channels. 
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flows on Earth or Mars, one explanation could be that lava flows formed 
within pre-existing valleys, forming inverted landforms (Zaki et al., 
2020). Yet, the underlying topography does not present clear evidence 
of fluvial erosion. Local geological units that are stratigraphically older, 
including notably two large craters, do not display any signs of such 
activity. In addition, the fluvial scenario would also imply a tilt between 
the formation of rivers with a northward direction, and the subsequent 
filling by lava flows in the opposite direction. Given the overall context 
of the study area with many flow features and of dikes interpreted as 
volcanic, we favor an explanation of these patterns by distributary lava 
flows. 

The term “equifinality” qualifies in geomorphology the fact that 
distinct processes can produce morphologically similar landforms (e.g., 
Haines-Young, 1982). Dendritic landforms conjures in our minds river 
networks. The example of the dendritic ridges in the Antoniadi basin 
shows that initial impressions can be incorrect, yet a comprehensive 
morphological study can reveal subtle differences that are key to an 
informed interpretation. 
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