
Sinuous Ridges and the History of Fluvial and Glaciofluvial
Activity in Chukhung Crater, Tempe Terra, Mars.
Frances E.G. Butcher1,2 , M.R. Balme2, S.J. Conway3, C. Gallagher4, N.S.
Arnold5, R.D. Storrar6, S.R. Lewis2, A. Hagermann7

, J. M. Davis8.

1Now at: University of Sheffield, UK; 2The Open University, UK; 3CNRS LPG Nantes, France; 4University College Dublin, Ireland; 5University of
Cambridge, UK; 6Sheffield Hallam University, UK, 7 Luleå University of Technology, Sweden; 8Natural History Museum, UK.

@fegbutcher

Click here to read the paper
Butcher et al. 2021, Icarus 357, 114131

f.butcher@sheffield.ac.uk

CC BY 4.0

https://doi.org/10.1016/j.icarus.2020.114131
https://doi.org/10.1016/j.icarus.2020.114131
https://doi.org/10.1016/j.icarus.2020.114131
https://creativecommons.org/licenses/by/4.0/


There are debris-covered glaciers in Mars’ mid-latitudes, but evidence that
they produced meltwater in the past is rare.
• The glaciers are currently completely frozen.

• Eskers emerging from mid-latitude glaciers
[1-4] indicate a handful of rare, localised
melt events ~110-150 Myr ago.

• Eskers are sinuous ridges of sediment
deposited by glacial meltwater flowing
through tunnels within/beneath the ice.

Oblique view of an esker in Phlegra Montes, Mars  identified by 
Gallagher and Balme (2015) [1]. HiRISE image draped on HiRISE DEM.

MOLA elevation map showing location of Chukhung crater [5] 
relative to candidate eskers identified in Tempe Terra [2-4] (yellow 

stars). Inset global map shows location of Tempe Terra and 
Phlegra Montes where the candidate esker shown to the left [1] is 

located.



Sinuous ridges emerge from glaciers in Chukhung crater: are they eskers?
• Chukhung crater is a ~45 km diameter impact 

crater in Tempe Terra. It formed 3.6–2.1 Ga [5].

• Extant debris-covered glaciers on the southern 
floor have a minimum surface age of ~330 Ma [5].

(See Butcher et al. 2021, Icarus [5] for age estimation methods)

Sinuous ridges emerging from moraines bounding debris-covered 
glaciers on the southern floor of Chukhung crater. CTX image 
overlain with CTX DEM [6]. Adapted from Butcher et al. 2021, 

Icarus [5].Context Camera image mosaic of Chukhung crater.
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Geomorphic mapping reveals a complex history of sinuous ridge formation
• Sinuous ridges in southern Chukhung emerge

from moraine-like deposits bounding glaciers.

• Sinuous ridges in northern Chukhung extend
from fluvial valleys on the northern crater wall.

Fluvial valley networks on the crater wall

Interpretations of key units
See Butcher et al. (2021, Icarus) [5] for full unit interpretations

Ice-rich ‘mantling’ deposits infilling topographic
lows on the southern crater wall.
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Valley-incised materials filling topographic lows on
the crater wall.

Debris-covered glaciers (>330 Myr old)

Moraine deposits bounding extant glaciers

Sinuous ridges (S1, S2, and N2-type – see next slide)

Plains materials continuous with N1-type sinuous
ridges (see next slide) – resistant fluvial deposits?

Host crater materials
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A geomorphic map of Chukhung crater. Adapted from Butcher et al. 2021, Icarus. [5] 
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N1 N2
Northern ridges

We classify the sinuous ridges into four subtypes:

Southern ridges
S1 S2

Adapted from Butcher et al. 2021, Icarus. [5]. N1: CTX image & DEM; N2/S2: 
HiRISE images & DEM; S1: CTX & HiRISE images, CTX DEM [6].

N1

N2

S2

S1

Adapted from Butcher et al. 2021, Icarus [5]. 



The southern sinuous ridges have numerous esker-like properties.
• They extend from deposits interpreted as moraines which

bound extant glaciers.
• They have similar morphologies to eskers on Earth.
• Both S1 and S2 ridges ascend local bed slopes, and S2

ridges escape over their host valley walls in multiple
locations. Eskers formed under hydraulic pressure can
ascend topography.

Comparison of an S1-type sinuous ridge in Chukhung crater, Mars 
and an esker in southern Finland, Earth. Both ascend the walls of 

their host valleys. Adapted from Butcher et al. 2021, Icarus [5]. 
Mars basemap: CTX image and DEM [6]; Earth basemap: LiDAR 

DEM, National Land Service of Finland

S2 ridges ascending over their host valley walls (between white arrows). In the right-hand 
panel, an S2 ridge weaves along the crest of the southernmost N1 ridge then extends 

East across valley-adjacent plains. Left: HiRISE image and DEM; Right: HiRISE & CTX 
images, CTX DEM [6]. Adapted from Butcher et al. 2021, Icarus [5]



We interpret the N1 ridges as inverted palaeochannels formed by subaerial
fluvial drainage in northern Chukhung crater.
• N1 ridges extend from fluvial valleys on the northern crater wall and exhibit evidence of

palaeochannel migration and erosion of surrounding materials.
• Fluvial drainage pre-dated the formation of the glaciers in southern Chukhung [7]

Schematic of inverted fluvial palaeochannel formation
Adapted from Butcher 2019 (PhD thesis) [8]

Resistant (e.g. 
coarse or 

indurated) 
materials

Erosion

Aggradation

A large N1 ridge network alongside N2 ridges. Location shown in inset map. 
Basemap: Context Camera images. Adapted from Butcher et al. 2021, Icarus. [5]



The origins of N2 ridges are ambiguous.

• They are morphologically similar to
esker-like S2 ridges in the south...

…but they are not associated with
extant glaciers or glacigenic deposits.

• They are spatially associated with N1
ridges interpreted as inverted fluvial
palaeochannels, and one example
extends downslope from an N1 ridge…

…but they do not have clear
associations with the northern crater
wall valleys, and are morphologically
distinct from N1 ridges.

Examples of N2 ridges (location shown in inset map). HiRISE image and DEM [6]
Adapted from Butcher et al. 2021, Icarus. [5]



• Eskers and inverted fluvial palaeochannels share many
morphologic similarities. When landscape context supports either
origin, it can be difficult to distinguish between them.

• S2 ridges are morphologically similar to N2 ridges, which aren’t
associated with glacigenic deposits or extant glaciers but are
spatially associated with N1 ridges interpreted as inverted fluvial
palaeochannels.

• The young glacigenic deposits on the southern crater wall/floor
might obscure evidence for a pre-glacial inverted fluvial
palaeochannel origin of the southern ridges.

• Ascent of bedslopes by S1 ridges is not necessarily indicative of an
esker origin. Inverted palaeochannels can cross contemporary
undulations, e.g., due to differential erosion during exhumation [9].

BUT, the escape of S2 ridges over their host valley walls cannot be adequately 
explained by existing models of inverted palaeochannel formation.

Could the southern ridges be inverted fluvial palaeochannels too?
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Five possible scenarios:

Scenario 1:
• N1, N2, S1: inverted fluvial palaeochannels
• S2: eskers
Scenario 2:
• All northern ridges (i.e. N1 & N2): inverted fluvial palaeochannels
• All southern ridges (i.e. S1 & S2): eskers

Scenario 3:
• All ridges in Chukhung crater: inverted fluvial palaeochannels

Scenario 4:
• N1: inverted fluvial palaeochannels
• S1, S2, and N2: eskers
Scenario 5:
• N1 and S1: inverted fluvial palaeochannels
• N2 and S2: eskers

Most likely 
based on 

current 
evidence

Would require 
explanation of 

valley ‘escape’ by 
S2 ridges

Would require 
explanation of lack of 

preservation of 
glaciers and other 

glacigenic deposits in 
northern Chukhung.



A brief history of fluvial and glaciofluvial activity in Chukhung crater

• Chukhung crater was formed by an impact 3.6–2.1
Ga, after the ‘wettest’ phase of Mars’ geologic
history.

• Fluvial valleys and inverted palaeochannels in
northern Chukhung crater demonstrate protracted
phase(s) of subaerial fluvial drainage despite the
general transition to cold, hyper-arid climate
conditions through Mars’ Hesperian period.

• Glaciers advanced over (at least) the southern
floor of Chukhung crater, and have a minimum
surface age of ~330 Ma.

• Sinuous ridges emerging from the glaciers could
be eskers formed by wet-based glaciation, but
further investigation is necessary to test this.

Adapted from Butcher et al. 2021, Icarus. [5] 
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