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Recent studies have brought attention to the enormous 
megafloods and the considerable amount of water 
found on and beneath the surface of Mars. These ancient 
megafloods have not only carved out Martian surface, 
but also altered its climate. In the present study, ancient 
flooding of four Martian water channels (Mangala, 
Kasei, Ravi and Ma’adim) has been examined. The 
MCC dataset of MOM and MOLA-HRSC DEM were 
utilized to identify and estimate the hydraulic parameters 
of the channels. The estimated parameters were used 
in empirical equations to determine the flood velocity 
and discharge of Mangala (9.7 × 106 to 1 × 108 m3/sec), 
Ravi (6.5 × 107 to 9.6 × 108 m3/sec) and Ma’adim Valles 
(1.0 × 108 to 1.5 × 109 m3/sec). Estimated discharge 
magnitudes were in line with previous studies, except for 
Kasei Valles (2.6 × 108 to 5.3 × 109 m3/sec), where over-
estimation was observed. The two-dimensional simula-
tions of full-bank floods were performed using the 
hydrodynamic model to generate scenarios of palaeo-
megafloods in the four valleys. 
 

Keywords: Ancient megafloods, hydraulic parameters, 
hydrodynamic model, Martian outflow channels. 

Objectives 

IT has been a constant human quest to understand the water 
signatures on any planet for determining its potential for 
life support and resources necessary for the survival of 
mankind. Mars has plenty of evidence indicating the exi-
stence of an aqueous environment in the past1,2. Deciphering 
the role of water in the evolution of the Martian landscape 
history has been an active area of research. The most 
compelling of all geomorphic evidences is the presence of 
outflow channels3–7, directly indicating the flow of massive 
amounts of water flowing over the Martian surface in its 
geological history. The first indication of such fluvial 
channels came from images sent by Mariner 9 in 1971–72, 

which was the turning point in the history of solar system 
exploration8,9. Although other theories have been put forth, 
it is widely acknowledged that outflow channels formed as a 
result of catastrophic fluvial activity with peak discharges 
of 109–1010 m3/s (ref. 1). The study of the landform assem-
blages connected to large-scale complexes of fluid-eroded 
troughs, including channel patterns, bedforms, streamlined 
uplands, grooves and scour marks, infers the ancient floods 
of Mars3. 
 Initial observations of channels and valley networks 
faced resistance in accepting them as waterworn, owing to 
contemporary cold conditions prevailing on Mars. Several 
alternative origins have been proposed, including lava10–12, 
hydrocarbons13, carbon dioxide (CO2) erosion14,15, glacia-
tion16 and surface material mobilization as debris flows. 
The close resemblance of the channels and valleys to terres-
trial water-flowing features, abundance of water ice, disco-
very of evaporites in the Meridiani Planum and elsewhere, 
and difficulties with other erosive agents all point to liquid 
water as the primary erosive agent that cut most of the 
channels and valleys17–19. Based on crater counting, most 
of the vast outflow channels are considered to have been 
generated in the Hesperian era20. Terrain visualization and 
hydrological processing of the Mangala region using the 
Mars Global Surveyor–Mars Orbiter Laser Altimeter (MGS–
MOLA) digital elevation model (DEM) revealed first- and 
fifth-order streams ranging from 10 to 700 km and 10 to 
200 km respectively21. Understanding Martian hydrology 
could provide some important clues about the water situa-
tion of ancient Mars. 
 In the present study, we examine and compare four major 
outflow channel systems, i.e. Mangala Valles, Kasei Valles, 
Ravi Valles and Ma’adim Valles (Figures 1 and 2), using 
data from Mars Colour Camera (MCC) on-board Indian 
Space Research Organisation’s (ISRO) first interplanetary 
mission, viz. the Mars Orbiter Mission (MOM). The main 
assumption here is that all the outflow channels were 
formed by a single outburst or release event22–25. The specific 
objectives of the present study are: (i) estimation of flood 
discharge in the four Valles using satellite-derived mor-
phologic and topographic observations and (ii) simulation 
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Figure 1. a, Full-disk MOM MCC images of Mars acquired (left) on 7 October 2014 from 66,247 km altitude and (right) on 4 October 2014 from 
the 76,680 km altitude from the Martian surface. Image credit: MOM-ISSDC, ISRO. b, Mars viking global digital image mosaic; https://pdsimage2. 
wr.usgs.gov/pub/pigpen/mars/viking/mdim21_color_byAMES/MDIM21_AMES_recolor_dd0_ly.jp2. 

 
 

 
 

Figure 2. MOM MCC imagery of Mars outflow channels: a, Mangala Valles (2 December 2014); b, Ravi Valles  
(5 December 2014); c, Kasei Valles (12 January 2018); d, Ma’adim Valles (7 June 2017). 

 
 
of flow pattern corresponding to estimated discharge magni-
tudes using hydrodynamic modelling. 

Megafloods observed on Mars 

Martian palaeochannels tend to congregate in specific areas 
of the Martian surface, which are frequently associated 
with volcanic provinces. The Mangala Valles outflow chan-
nels are more than 900 km long (Figure 2 a), starting near 
the Mangala Fossae, a large tectonic feature that intersects 
the volcanic plains of Daedalia Planum, flowing northward 
and draining into the southern Amazonis Planitia21,26. 
Kasei (Figure 2 b) and Ravi Valles (Figure 2 c) are located 
in the Circum–Chyrse region, east of the Tharsis bulge, 

and are associated with volcanic systems. This region is the 
hub for most of the prominent outflow channels of Mars, 
which are considered to be the primary source of Mars’ 
hypothesized Late Hesperian ocean over the northern low-
lands26,27. Previous mapping studies proposed a model for 
Kasei Valles erosion/evolution involving four periods of 
water activity and (at least) four episodes of volcanic acti-
vity28,29. 
 Kasei Valles has played a crucial role in linking the 
complex ancient Martian hydrosphere and an ancient 
ocean with its episodic flooding scenarios5,30. It is the 
largest of all the Martian outflow channels running 
3500 km long across the northern edge of Lunae Planum, 
400 km wide and 2500 km deep. It originates from Echus 
Chasma near Valles Marineris and runs northward before 

https://pdsimage2.wr.usgs.gov/pub/pigpen/mars/viking/mdim21_color_byAMES/MDIM21_AMES_recolor_dd0_ly.jp2
https://pdsimage2.wr.usgs.gov/pub/pigpen/mars/viking/mdim21_color_byAMES/MDIM21_AMES_recolor_dd0_ly.jp2


RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 125, NO. 11, 10 DECEMBER 2023 1218 

splitting into two eastward-flowing branches (North Kasei 
Channel and Kasei Vallis Canyon) at ~20°N. Both the sec-
tions recombine at ~63°W to empty into Chryse Planitia, 
forming a huge highland between the sub-channels known 
as Sacra Mensa22. These two deeply incised branches con-
sist of a plethora of teardrop-shaped islands, scoured sec-
tions, plucked zones and inner channels18. The discharges 
implied by the large size of the outflow channels have 
been estimated using different methods. These estimates 
are based on terrestrial river relationships that have been 
corrected for the lower gravity in Mars31 (see eq. (1)). Since 
the parameters used in eq. (1) here are determined empiri-
cally from terrestrial rivers, there remains a lot of uncertainty 
when applying it to the Mars’ channel system. In addition, 
we employ eq. (3) to compare our results. North of the 
Ganges Chasma lies an archaic outflow channel system – 
Ravi Vallis. Situated on the eastern edge of Xanthe Terra, 
the channel begins at ~0.75°S, ~42.4°W at the northeastern 
end of the Aromatum Chaos depression23. It flows east-
wards for about 205 km, where it segregates into two sec-
tions – a larger northern channel and a smaller southern 
channel, and is finally truncated by a fault on the western 
edge of the Hydraotes Chaos depression at ~0°N, 39°W 
(ref. 32). Most of the earlier researchers consider Ravi Vallis 
to be a channel eroded by the release of a fluid, most likely 
water, from the Aromatum Chaos depression23,33–35. Pre-
vious quantitative assessment of the formation of Ravi 
Vallis revealed that water discharge varied from 1 to 35 × 
106 m3/s (refs 28, 29). 
 Unlike circum-Chryse channels which head at a collap-
sed region of chaos, the Mangala Valles system heads at a 
linear fracture within the crust (Figure 2 a). This compli-
cated, criss-crossing outflow channel system is 900 km, 
north–south-trending, and located southwest of Tharsis 
bulge, extending northwards from its source in Mangala 
Fossa36. It is considered to be carved out by catastrophic 
floods and the release of massive amounts of water across 
the Martian surface17. This flooding was most likely caused 
by tectonic stretching and the formation of a graben, 
Mangala Fossa, at the head of the channels, potentially 
breaching a pressurized aquifer trapped beneath a thick 
cryosphere under the surface37–39. According to a recent 
study that used photogeologic analysis, geomorphic sur-
face mapping, cratering statistics and relative stratigraphy, 
the Mangala Valles was flooded at least twice and covered 
with lava at least three times during the Late Amazonian40. 
These alternating periods of aqueous flooding and volcan-
ism are comparable to other outflow systems on Mars, 
such as Ravi Vallis and Kasei Vallis28,29,33. Previous studies 
suggest a wide range of flow rates in the Mangala valles 
from ~5 × 106 to 108 m3/s, when the channel had been 
bank-full36,41. Finally, we study the irregular-shaped 
Ma’adim Vallis (Figure 2 d), one of the largest outflow 
channels on Mars. Its origin is considered to be a cata-
strophic palaeolake overflow, followed by a brief period 
of fluvial activity to partially incise its tributary network24. 

Running 700 km long from the hypothesized source – 
Eridania Basin42, 8–15 km wide and 2 km deep at some 
regions, it extends up to Gusev crater in the north43,44. The 
flow discharge of the valley is estimated to be in the 1–7 × 
106 m3/s range at initial depths24,45, implying the possibi-
lity of episodic flood occurrences. 

Materials and methods 

Data used 

Remote sensing datasets of two Mars orbiting missions 
have been used in the present study. The MCC imagery of 
MOM, which was acquired from ISRO’s Indian Space Sci-
ence Data Centre (ISSDC) portal, has been used for iden-
tifying and measuring the extent of mega outflows and top 
width of selected cross-sections on the Martian water 
channels. MCC is an electro-optical sensor that images the 
surface of Mars in true colours (0.4–0.7 µm R–G–B, 
Bayer pattern) according to its position in the orbital plane 
and lighting conditions, with changing spatial resolutions 
between 20 m and 4 km and with 16 different exposure 
settings46. Table 1 gives a summary of the MCC data used 
in the present study. All the acquired imageries were georef-
erenced products, except Ma’adim Valles, which was geo-
registered using image-to-image georeferencing method, 
and measurements were done using ArcMap tools. 
 The Mars Orbiter Laser Altimeter-High Resolution Stereo 
Camera (MOLA-HRSC) blended DEM data having a spa-
tial resolution of 200 m/pixel with an average horizontal 
accuracy of ~100 m and vertical uncertainty of at least 
±3 m has been utilized as baseline data for deriving topo-
graphical characteristics, channel profiling and visualiza-
tion of flood inundation in hydraulic modelling. It is a 
blend of DEM data derived from MOLA on the MGS of 
NASA and HRSC mounted on the Mars Express (MEX) 
spacecraft of the European Space Agency47. 

Estimation of flood discharge 

In the recent past, various empirical equations have been 
developed to account for the discharge of megafloods on 
the Martian surface. In the present study, we employ two 
widely used equations for discharge estimation, which are 
specifically tailored for Martian conditions. 
 (i) A modified Manning (eq. (1)) for maximum discharge 
quantification (Q) under uniform–steady flow conditions 
by accounting for the lower gravitational acceleration on 
Mars, which uses multiple channel properties (channel 
slope, gravity impact and channel roughness)1,22. 
 
 Q = AV, (1) 
 
 V = [gm SR4/3/gen2]1/2, (2) 
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Table 1. Description of MOM–MCC data utilized in the present study 

Data used (MOM MCC) Date Orbit no. Altitude (km) Area of interest 
 

MCC_MRD_20141004T182755906_D_D32 4 October 2014 000026 76,680 Full disk image 
MCC_MRD_20141007T030304716_D_D32 7 October 2014 000028 66,247 Full disk image 
MCC_MRD_20141202T125320762_D_D32 2 December 2014 000047 9,032 Mangala Valles 
MCC_MRD_20180112T211400908_D_D32 12 January 2018 000466 13,854 Kasei Valles 
MCC_MRD_20141205T064337319_D_GDS 5 December 2014 000048 11,392 Ravi Valles 
MCC_MRD_20170607T064533255_D_D32 7 June 2017 000384 5,103 Ma’adim Valles 

 
 
where V is the velocity (m/s) of flow, A the area (m2) of 
the trapezoidal cross-section, gm the gravity on Mars 
(3.7 m/s2), ge the Gravity on Earth (9.8 m/s2), S the channel 
slope, n the manning roughness/friction coefficient (0.035 
in the present study)6,22 and R is the hydraulic radius (ratio 
of flow cross-sectional area to the wetted perimeter). 
 (ii) Equation (3) (ref. 41) is also utilized for discharge 
estimation and comparison with the results of eq. (1). 
 
 Q = udw, (3) 
 
where Q is the discharge, u the mean velocity of water in 
the channel, d the water depth and w is the mean width of 
the channel. The mean velocity (u) of the flow is given by 
eq. (4) below41,48. 
 
 u = [(8dg sin α)/f ]1/2, (4) 
 
where d is the water depth (m), g acceleration (m/s2) due 
to gravity on Mars, α the bed slope of the channel and f is 
the dimensionless Darcy–Weisbach channel-bed friction 
factor (0.0246 considered in the present study) depending 
on the grain size distribution of the bed materials, the water 
depth and flow pattern41,48,49. 
 For results reliability and validation of the results, we 
calculated discharge using eqs (1) and (3) with the same 
channel characteristics in previously published studies and 
compared it with the present study. 

Visualization of Mars megafloods 

The hydrodynamic simulations for visualization of all 
flooding events under study were carried out using HEC-
RAS (Hydrological Engineering Centre – River Analysis 
System) 2D hydraulic modelling software50 using MOLA-
HRSC blended 200 m DEM, and flood discharges was 
calculated. Manning’s roughness coefficient was taken as 
0.035 (refs 6, 22). This modelling software is used only 
for visualization purpose and not for estimating the peak 
flood flow, as its source code needs to be modified according 
to Martian parameters such as gravity and specific weight 
of water on the surface of Mars. All simulations were per-
formed with flow parameters as estimated in this study for 
regenerating scenarios of Martian megafloods for visuali-
zation and flow pattern analysis. 

Results and discussion 

Four palaeo mega-outflow channels of Mars, i.e. Mangala 
Valles, Kasei Valles, Ravi Valles and Ma’adim Valles, 
which were carved out by catastrophic flooding events trig-
gered by groundwater or palaeolake outburst by the melt-
ing of subsurface ice due to volcanic activity, tectonic 
stretching and large basin outflow events22–24,41, were exa-
mined in this study. This sudden release of liquid water 
resulted in flooding and the carving out of these outflow 
channels. Similarly, on Earth, the melting of glaciers or 
ice caps can cause episodic flooding in certain regions, 
and volcanic activity can release large volumes of water 
from subsurface reservoirs (permafrost), resulting in epi-
sodic flooding. 

MOM MCC and MOLA-HRSC DEM-derived  
channel characteristics 

The extent of outflow channels was measured using MOM 
MCC data, and the geometry of the Martian channels un-
der study was derived from MOLA-HRSC 200 m DEM. 
The cross-sectional properties of Martian channels (width, 
depth, side slope, hydraulic radius, wetted perimeter and 
area) were determined at varying depths to full-bank depth. It 
was found that all the extracted cross-sections followed a 
trapezoidal shape (Figure 3). The side slope was estimated 
from the DEM-based extracted profile, which was further 
used to estimate wetted area, perimeter and hydraulic radius 
by varying depth and width. The calculated DEM-based 
top width of the channels was verified using MOM MCC 
imagery. By utilizing these characteristics, the discharge 
and velocity of flow were estimated using eqs (1)–(4). 

Observations inferred from MOM MCC data 

The extent of channels under study was determined using 
MOM MCC data (Table 2), and flow discharge was 
calculated at the widest section using eq. (3). The Mangala 
Valles was 873 km in length and 75 km at its widest point, 
and the estimated discharge was 9.0 × 107 m3/s and velocity 
was 10.8 m/s. The Kasei Valles, the largest outflow on Mars, 
was found to be approximately 2000 km in length and 
260 km in maximum width, the measured discharge was 
3.5 × 109 m3/s and velocity was 20.28 m/s. The Ravi 
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Figure 3. Profile graph of the cross-sections under study (derived using MOLA-HRSC blended 200 m DEM). 
 
 

Table 2. Extent of Martian outflow channels under study observed using MOM MCC data and MOLA–HRSC DEM 

   Extent of palaeo channels and flood discharge calculations at  
maximum width with full bank depth of the channels 

 

 
Martain channel 

Observation  
location (lat/long) 

Full bank mean 
depth (m) 

Channel  
length (km) 

Maximum  
width (km) 

Velocity  
(m/s) 

Discharge (m3/s) 
using eqs (1) and (2) 

 

Mangala –15.29/–149.70  120  873  75 10.08 9.0 × 107 
Kasei 26.66/–52.33  680 2000 260 20.28 3.5 × 109 
Ravi 0.00/–40.02  640  297  70 27.83 1.2 × 109 
Ma’adim –18.74/177.02 1000  972  21 34.79 7.3 × 108 

 
 
Valles was 297 km in length and 70 km at its widest point, 
with an estimated discharge of 1.2 × 109 m3/s and velocity 
of 27.83 m/s. The Ma’adim Valles, with a calculated 
length of 972 km and a maximum width of 21 km, had an 
estimated discharge of 7.3 × 108 m3/s and velocity of 

34.79 m/s. Such megaflood events on Mars up to a scale 
of 109 m3/sec or higher are rare in the history of Earth37,51, 
except for the outflow of Scablands and Katla flood with 
an estimated discharge of 1.74 × 107 and 3 × 105 m3/s 
respectively51–53. 
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Table 3. Calculated water discharge at selected cross-sections for Mangala Valles with varying depths 

  Velocity (m/s) Discharge (m3/s) Velocity (m/s) Discharge (m3/s) 
 

 
Depth (m) 

Base  
width (m) 

Using modified Manning  
eqs (1) and (2) 

Using eqs (3) and (4) and  
Darcy–Weisbach friction factor ( f ) 

 

Cross-section 1 (lat./long.: –18.17/–149.38) 
 100 5,800 16.47  9.9 × 106 15.55 9.7 × 106 
 200 5,350 25.37  2.9 × 107 22.00 2.7 × 107 
 300 4,900 32.24 5.39 × 107 26.94 5.0 × 107 
 400 4,450 37.83    8 × 107 31.11 7.7 × 107 
 500 4,000 42.47    1 × 108 34.78   1 × 108 
Cross-section 2 (lat./long.: –13.07/–150.04) 
 100 10,400 9.67   1 × 107 9.20   1 × 107 
 200  9,200 14.77   3 × 107 13.01   3 × 107 
 300  8,000 18.59  5.4 × 107 15.94  5.5 × 107 

 
 

Table 4. Calculated water discharge at selected cross-sections for Kasei Valles with varying depths 

  Velocity (m/s) Discharge (m3/s) Velocity (m/s) Discharge (m3/s) 
 

Depth (m) Base width (m) Using modified Manning eqs (1) and (2) Using eqs (3) and (4) and Darcy–Weisbach friction factor ( f ) 
 

Cross-section 1 (northern Kasei Valles, lat./long.: 26.21/–69.75) 
  500 22,000 22.40 2.9 × 108 17.39 2.6 × 108 
 1000 13,500 31.56 6.9 × 108 24.59 7.5 × 108 
 1500  5,000 35.80 9.5 × 108 30.12 1.3 × 109 
Cross-section 2 (southern Kasei Valles, lat./long.: 22.33/–69.26) 
  500 39,900 23.59 5.0 × 108 17.39 4.0 × 108 
 1000 33,400 35.50 1.4 × 109 24.59 1.1 × 109 
 1500 26,900 43.91 2.4 × 109 30.12 2.0 × 109 
 2000 20,400 49.95 3.3 × 109 34.78 3.2 × 109 
 2800 10,000 55.74 4.4 × 109 41.15 5.3 × 109 

 
 
Study of mega floods calculations with varying depths 

The study of the megafloods for the four channels was 
conducted with varying depths. The adopted methodology 
was the same for all the channels under study. 
 
Mangala Valles: As discussed earlier, we derived various 
channel characteristics from MOM MCC and MOLA–
HRSC datasets. Keeping the top width of the cross-section 
constant, we varied the flood depth and bottom width 
(with bottom width decreasing with depth, as the channel 
is carved out from the initial top surface to the present-day 
visible bottom surface) to estimate the megaflood magni-
tude, considering that the channel was incised from the 
normal surface downwards. In the Mangala Valles, at its 
source cross-section 1 (Mangala Fossa), flood discharge in 
the range 9.9 × 106 to 1 × 108 m3/s using eq. (1) and 
9.7 × 106 to 1 × 108 m3/s using eq. (3), was estimated for a 
depth range 100–500 m, with a top width of 6250 m 
(Table 3). 
 At cross-section 2, a similar process was adopted for 
the calculations at varying depths and bottom widths. A 
flood discharge in the range 1 × 107 to 5.4 × 107 m3/s us-
ing eq. (1) and 1 × 107 to 5.5 × 107 m3/s using eq. (3) was 
estimated for a depth range 100–300 m, with a top width 
of 11,600 m (Table 3). 

Kasei Valles: The method used to estimate water discharge 
in Kasei Valles was consistent with that used in Mangala 
Valles. The Kasei Valles region consists of two tributar-
ies, namely the northern and southern Kasei Valles. In the 
northern Kasei Valles (cross-section 1), water discharge 
ranged from 2.9 × 108 to 9.5 × 108 m3/s when using eq. (1) 
and 2.6 × 108 to 1.3 × 109 m3/s with eq. (3) at a depth 
range 500–1500 m (Table 4). The southern Kasei Valles 
showed a range 5.0 × 108 to 4.4 × 109 m3/s when using eq. 
(1) and 4.0 × 109 to 5.3 × 109 m3/s with eq. (3) with a 
depth range 500–2800 m (Table 4). 
 
Ravi Valles: In the Ravi Valles region, the estimated water 
discharge ranged from a minimum of 7.3 × 107 m3/s to a 
maximum of 8.9 × 108 m3/s at cross-section 1 using eq. (1). 
When employing eq. (3), the calculated water discharge 
varied from 6.5 × 107 m3/s to 9.6 × 108 m3/s, based on a depth 
range 200–1200 m (Table 5). At cross-section 2, water 
discharge was found in the range 7.0 × 107 m3/s to 2.8 × 
108 m3/s using eq. (1) and 7.1 × 107 m3/s to 4.6 × 108 m3/s 
using eq. (3), with a depth range 200–700 m (Table 5). 
 
Ma’adim Valles: The Ma’adim Valles region was evaluated 
using the same methodology as mentioned earlier. At cross-
section 1, a water discharge range 1.2 × 108 to 1.2 × 109 m3/s 
was estimated using eq. (1) and 1.0 × 108 to 1.5 × 109 m3/s 
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Table 5. Calculated water discharge at selected cross-sections for Ravi Valles with varying depths 

  Velocity (m/s) Discharge (m3/s) Velocity (m/s) Discharge (m3/s) 
 

Depth (m) Base width (m) Using modified Manning eqs (1) and (2) Using eqs (3) and (4) and Darcy–Weisbach friction factor ( f ) 
 

Cross-section 1 (lat./long.: –0.81/–42.34) 
 200 19,000 18.40 7.3 × 107 15.55 6.5 × 107 
 400 17,000 28.19 2.1 × 108 22.00 1.8 × 108 
 600 15,000 35.59 3.8 × 108 26.94 3.3 × 108 
 800 13,000 41.45 5.6 × 108 31.11 5.2 × 108 
1000 11,000 46.13 7.3 × 108 34.78 7.3 × 108 
1200 9,000 49.84 8.9 × 108 38.10 9.6 × 108 
Cross-section 2 (lat./long.: –0.40/–41.35) 
 200 17,500 17.49 7.0 × 107 15.55 7.1 × 107 
 400 12,100 25.23 1.7 × 108 22.00 2.0 × 108 
 600 6,700 29.55 2.6 × 108 26.94 3.7 × 108 
 700 4,000 30.72 2.8 × 108 29.10 4.6 × 108 

 
 

Table 6. Calculated water discharge at selected cross-sections for Ma'adim Valles with varying depths 

  Velocity (m/s) Discharge (m3/s) Velocity (m/s) Discharge (m3/s) 
 

Depth (m) Base width (m) Using modified Manning eqs (1) and (2) Using eqs (3) and (4) and Darcy–Weisbach friction factor ( f ) 
 

Cross-section 1 (lat./long.: –21.79/177.41) 
 300 16,250 23.85 1.2 × 108 19.05 1.0 × 108 
 600 14,000 36.11 3.5 × 108 26.95 2.9 × 108 
 900 11,750 44.98 6.1 × 108 33.00 5.4 × 108 
1200  9,500 51.60 8.6 × 108 38.11 8.4 × 108 
1500  7,250 56.47 1.0 × 109 42.60 1.1 × 109 
1800  5,000 59.83 1.2 × 109 46.67 1.5 × 109 
Cross-section 2 (lat./long.: –17.26/177.62) 
 300 15,400 23.74 1.1 × 108 19.05 1.0 × 108 
 600 13,000 35.75 3.3 × 108 26.95 2.8 × 108 
 900 10,600 44.26 5.6 × 108 33.00 5.2 × 108 
1200  8,200 50.41 7.8 × 108 38.11 8.1 × 108 
1500  5,800 54.69 9.6 × 108 42.60 1.1 × 109 

 
 
using eq. (3), with a depth range 300–1800 m (Table 6). It 
was observed that the estimated range of water discharge us-
ing eq. (3) is higher than that obtained from eq. (1). At 
cross-section 2, the estimated water discharge ranged from 
1.1 × 108 to 9.6 × 108 m3/s using eq. (1) and 1.0 × 108 to 
1.1 × 109 m3/s using eq. (3), with a depth range 300–1500 m 
(Table 6). 
 It is worth noting that the water discharge estimates are 
crucial for understanding the magnitude of past catastrophic 
floods that may have occurred in these regions. These dis-
charge estimates provide valuable insights into the hydro-
logical processes that shaped the Martian landscape. The 
findings from this study can help improve our understand-
ing of the geological and hydrological history of Mars, and 
provide important information for future Mars missions. 

Flood visualization 

Calculated discharge at selected upstream cross-sections 
was given as input boundary condition for flood simulation 
(Figures 4 and 5). In Kasei Valles, a discharge amount of 

1 × 109 m3/s was given to the northern tributary and 2 × 
109 m3/s to the southern tributory (Figure 2). In both the 
channels, water flows eastward into Chryse Planitia. A 
discharge of 9 × 108 m3/s was used for Ravi Valles at its 
origin, which flowed eastward into the Camiling depression. 
The Ma’adim Valles and Mangala Valles both flow north-
ward into the Gusev crater and the southern Amazonis 
Planitia respectively. The outflow amount of 1 × 108 m3/s 
was used in the upstream of Ma’adim Valles and 5 × 
107 m3/s in the upstream of Mangala Valles. All channels 
were simulated for bank full-level flood depth. 

Comparison of estimated discharge with previous  
studies 

A comparsion of the estimated discharge from the out flow 
channels with previous studies was done, with location, 
width and depth taken from the published literature (Table 
7). Most of the estimated discharges were found to be in 
agreement with previous studies23,24,31. However, the 
measured discharge for the largest outflow channel system 
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Figure 4. Kasei Valles: (a) topography and (b) after megaflood simulation. Ravi Valles: (c) topography and (d) after megaflood simulation 
(background image in (a) and (c): MOLA HRSC DEM; (b) and (d): Mars Viking Global digital mosaic MDIM21). 

 
 

 
 

Figure 5. Ma’adim Valles: (a) topography and (b) after megaflood simulation. Mangala Valles: (c) topography and (d) after megaflood simulation. 
Background image in (a) and (c): MOLA HRSC DEM; (b) and (d): Mars Viking Global digital mosaic MDIM21. 
 
 
on Mars, viz. Kasei Valles was found to be overestimated 
previously6,22. 
 Multiple equations have been developed for the estimation 
of water channel discharge of the Martian landscape. How-
ever, there is still uncertainty in considering the most  
appropriate methods for obtaining precise results. In the 
present study, we utilized a modified Manning eq. (1) which 
uses Manning’s coefficient as a channel friction factor1,22, 
considering that all the outflow channels were formed by 

single flooding events. Another equation for the estimation 
flow magnitude (eq. (3)), which uses the Darcy–Weisbach 
channel bed friction factor, has also been used41,48. 
 After comparing the results of eqs (1) and (3) at initial 
depths, similar outflow discharges were estimated, but 
with increasing depths, there was an increase in the differ-
ence between the results. For eq. (3), which uses depth 
and width of the channel rather than area based on actual 
cross-section shape, in future studies we suggest using area 
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Table 7. Comparison table of calculated water discharge at selected outflow channels of Mars – the present study and previous studies 

                    Discharge in  
                previous studies 

Estimation by eq. (1) in 
the present study 

Estimation by eq. (2) in 
the present study 

 

 
Martian channel 

Depth  
(m) 

Width 
(km) 

Velocity 
(m/s) 

Discharge 
(m3/s) 

 
Reference 

Velocity 
(m/s) 

Discharge 
(m3/s) 

Velocity 
(m/s) 

Discharge 
(m3/s) 

 

Mangala Valles 100 14 15 2 × 107  3 13 1.8 × 107 15.55 2.1 × 107 
Kasei Valles 374 83 32 1 × 109  6 18.14 4.3 × 108 21.27 6.6 × 108 
Ravi Valles  50 25 24.39 3.0 × 107 23 16.46 2.0 × 107 24.39 3.0 × 107 
Ma’adim Valles 100  5 – 5 × 106 24 7.45 3.7 × 106  7.45 3.7 × 106 

 

 
based on the shape of the cross-section as used in eq. (1), 
which can be derived from improved DEMs. Considering 
the cross-sectional area based on the actual shape of the 
channel will provide more precise results for eq. (3). The 
HEC-RAS hydrodynamic model or any other open-source 
HD model with updated Martian parameters can be used 
to perform such flood simulations in future studies. 
 Similarly, in future studies, we can develop a region or 
outflow channel morphology, friction or roughness factors 
using high-resolution satellite data as well as better reso-
lution DEMs, as demonstrated by Leask et al.23,33,41. By 
gaining insights from the analysis of such ancient mega-
floods on Mars, understanding of the Earth’s palaeoflood 
scenarios or hydrological system can also be improved. It 
is now clear that megafloods are a common phenomenon 
with significant geological importance. In both North Ame-
rica and Asia, they were associated with glacial ice mar-
gins from the Late Pleistocene54. Modern evidence of such 
scenarios exists in Iceland, and their most spectacular ef-
fects occur on Mars54. Perhaps, the most significant effect 
of high-energy megafloods is observed when sediment-
charge flows emerge from confined continental valleys to 
enter adjacent ocean basins54, like the relationship of the 
Martian outflow channels and Oceanus Borealis26. Similar 
processes have been documented for the Missoula floods 
that carved out the Channeled Scabland52. 
 Like on Earth, where the largest flooding is associated 
with glaciation, volcanism, or their combination, associa-
tion of palaeoflooding is associated more with volcanism 
in the case of Mars55. However, a combination of the two 
mechanics may have produced the largest floods during 
the Hesperian55. By studying the sediment deposits, geo-
logical features and hydrological patterns linked with these 
Martian floods, we can gain valuable insights into the be-
haviour and impacts of large-scale flood events on Earth, 
and enhance our understanding of planetary evolution, in-
cluding the factors that drive changes in hydrological sys-
tems. 

Conclusion 

Four Martian outflow channels (Mangala Valles, Kasei 
Valles, Ravi Valles and Ma’adim Valles), which were 
carved out by catastrophic megaflooding events, have been 

analysed in the present study. The magnitude of flood dis-
charges was estimated and flood scenarios were generated. 
The extent of outflow channels was studied using MOM 
MCC data and discharge magnitude was estimated at maxi-
mum channel width. The cross-sectional profiles were ob-
tained using MOLA-HRSC DEM. Two cross-sections on 
each channel were marked and categorized with varying 
depths. For estimating water discharge at different depths, 
we utilized empirical equations (eqs (1) and (3)). Discharge 
of all channels was estimated from the initial possible 
depths to full-bank depths, with a range of ~106–109 m3/s 
for these four outflow channels. Results from both equations 
compared with recent studies, at most of the channels as 
per general hydraulic theory for single outflow flood events, 
the calculated discharge varied from higher to lower rate 
as we go from upstream to downstream. All the outflow 
channels were simulated using 2D hydrodynamic model to 
visualize these extreme floods scenarios. 
 Further development and improvement in the hydrody-
namic models with Martian parameters can reveal more 
aspects regarding exploration and hydrological discover-
ies on the surface of the red planet. Future lander/rover 
missions to or near the vicinity of these outflow channels 
can be planned to gain valuable information about sedi-
ment transport and deposition processes. This information 
can be used to enhance our understanding of past flood 
episodes, better interpretation of sedimentary records on 
Earth and help the scientific community develop more 
comprehensive models and theories about the behaviour 
of planetary-scale hydrological systems and associated 
land-surface processes. 
 
 

1. Carr, M. H. and Carr, G. B. A. M. H., Water on Mars, Oxford Uni-
versity Press, University of Michigan, 1996, p. 229. 

2. Nazari-Sharabian, M., Aghababaei, M., Karakouzian, M. and 
Karami, M., Water on Mars – a literature review. Galaxies, 2020, 
8, 40. 

3. Baker, V. R., The Channels of Mars, University of Texas Press, 
Austin, USA, 1982, 1st edn, p. 198. 

4. Baker, V. R. and Milton, D. J., Erosion by catastrophic floods on 
Mars and Earth. Icarus, 1974, 23, 27–41. 

5. Duran, S. and Coulthard, T. J., The Kasei Valles, Mars: a unified 
record of episodic channel flows and ancient ocean levels. Sci. 
Rep., 2020, 10, 18571. 

6. Robinson, M. S. and Tanaka, K. L., Magnitude of a catastrophic 
flood event at Kasei Valles, Mars. Geology, 1990, 18, 902. 



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 125, NO. 11, 10 DECEMBER 2023 1225 

7. Goudge, T. A. and Fassett, C. I., Incision of Licus Vallis, Mars, 
from multiple lake overflow floods. J. Geophys. Res.: Planets, 
2018, 123, 405–420. 

8. McCauley, J. F. et al., Preliminary Mariner 9 report on the geology 
of Mars. Icarus, 1972, 17, 289–327. 

9. Sharp, R. P. and Malin, M. C., Channels on Mars. GSA Bull., 1975, 
86, 593–609. 

10. Carr, M. H., The role of lava erosion in the formation of lunar rilles 
and Martian channels. Icarus, 1974, 22, 1–23. 

11. Leverington, D. W., Volcanic rilles, streamlined islands, and the 
origin of outflow channels on Mars. J. Geophys. Res.: Planets, 
2004, 109(E10), 1–14; https://doi.org/10.1029/2004JE002311. 

12. Dundas, C. M. and Keszthelyi, L. P., Emplacement and erosive ef-
fects of lava in south Kasei Valles, Mars. J. Volcanol. Geotherm. 
Res., 2014, 282, 92–102. 

13. Montgomery, D. R. and Gillespie, A., Formation of Martian out-
flow channels by catastrophic dewatering of evaporite deposits. 
Geology, 2005, 33, 625–628. 

14. Hoffman, N., White Mars: a new model for Mars’ surface and at-
mosphere based on CO2. Icarus, 2000, 146, 326–342. 

15. Tanaka, K. L., Kargel, J. S., MacKinnon, D. J., Hare, T. M. and 
Hoffman, N., Catastrophic erosion of Hellas basin rim on Mars in-
duced by magmatic intrusion into volatile-rich rocks. Geophys. Res. 
Lett., 2002, 29, 37-1–37-4. 

16. Lucchitta, B. K., Ice sculpture in the Martian outflow channels.  
J. Geophys. Res.: Solid Earth, 1982, 87, 9951–9973. 

17. Carr, M. H., The Martian drainage system and the origin of valley 
networks and fretted channels. J. Geophys. Res.: Planets, 1995, 
100, 7479–7507. 

18. Carr, M. H., The Surface of Mars, Cambridge University Press, 
Cambridge, UK, 2006, p. 297. 

19. Masursky, H., An overview of geological results from Mariner 9. J. 
Geophys. Res., 1973, 78(20), 4009–4030; https://doi.org/10.1029/ 
JB078i020p04009. 

20. Hartmann, W. K. and Neukum, G., Cratering chronology and the 
evolution of Mars. In Chronology and Evolution of Mars (eds Kal-
lenbach, R., Geiss, J. and Hartmann, W. K.), Springer Dordrecht, 
The Netherlands, 2001, pp. 165–194. 

21. Thakur, P. K. and Bhardwaj, A., Hydrological parameter extraction 
and analysis of Mangala valles of Mars., In Proceeding of Seventh 
International Conference of Mars, California Institute of Technology, 
USA, Abstract ID: 3116, 9–13 July 2007, p. 2. 

22. Williams, R. M., Phillips, R. J. and Malin, M. C., Flow rates  
and duration within Kasei Valles, Mars: implications for the for-
mation of a Martian ocean. Geophys. Res. Lett., 2000, 27, 1073–
1076. 

23. Leask, H. J., Wilson, L. and Mitchell, K. L., Formation of Ravi 
Vallis outflow channel, Mars: morphological development, water 
discharge and duration estimates. J. Geophys. Res.: Planets, 2006, 
111(E8), 1–14. 

24. Irwin III, R. P., Howard, A. D. and Maxwell, T. A., Geomorphology 
of Ma’adim Vallis, Mars, and associated paleolake basins. J. Geo-
phys. Res.: Planets, 2004, 109(E12009), 1–33. 

25. Bargery, A. S. and Wilson, L., Erosive flood events on the surface 
of Mars: application to Mangala and Athabasca Valles. Icarus, 
2011, 212, 520–540. 

26. Baker, V. R., Strom, R. G., Gulick, V. C., Kargel, J. S., Komatsu, 
G. and Kale, V. S., Ancient oceans, ice sheets and the hydrological 
cycle on Mars. Nature, 1991, 352, 589–594. 

27. Clifford, S. M. and Parker, T. J., The evolution of the Martian hy-
drosphere: implications for the fate of a Primordial Ocean and the 
current state of the Northern Plains. Icarus, 2001, 154, 40–79. 

28. Chapman, M. G. et al., Noachian–Hesperian geologic history of the 
Echus Chasma and Kasei Valles system on Mars: new data and in-
terpretations. Earth Planet. Sci. Lett., 2010, 294, 256–271. 

29. Dundas, C. M., Cushing, G. E. and Keszthelyi, L. P., The flood lavas 
of Kasei Valles, Mars. Icarus, 2019, 321, 346–357. 

30. Rodriguez, J. A. P. et al., Evidence of an oceanic impact and mega-
tsunami sedimentation in Chryse Planitia, Mars. Sci. Rep., 2022, 
12, 19589. 

31. Komar, P. D., Comparisons of the hydraulics of water flows in 
Martian outflow channels with flows of similar scale on earth. Icarus, 
1979, 37, 156–181. 

32. Leask, H. J., Wilson, L. and Mitchell, K. L., Formation of Ravi 
Vallis outflow channel, Mars: Morphological development, water 
discharge, and duration estimates, J. Geophys. Res., 2006, 111(08070), 
1–10; doi:10.1029/2005JE002550. 

33. Leask, H. J., Wilson, L. and Mitchell, K. L., The formation of 
Aromatum chaos and the water discharge rate at Ravi Vallis. Lunar 
and Planetary Science Conference Abstracts, 2004, XXXV (1. pp. 
CD-ROM). 

34. Rodriguez, J. A. P., Sasaki, S. and Miyamoto, H., Nature and hydrolog-
ical relevance of the Shalbatana complex underground cavernous 
system. Geophys. Res. Lett., 2003, 30. 

35. Nelson, D. M. and Greeley, R., Geology of Xanthe Terra outflow 
channels and the Mars Pathfinder landing site. J. Geophys. Res.: 
Planets, 1999, 104, 8653–8669. 

36. Ghatan, G. J., Head, J. W. and Wilson, L., Mangala Valles, Mars: 
assessment of early stages of flooding and downstream flood evolu-
tion. Earth Moon Planets, 2005, 96, 1–57. 

37. Carr, M. H., Formation of Martian flood features by release of water 
from confined aquifers. J. Geophys. Res.: Solid Earth, 1979, 84, 
2995–3007. 

38. Hanna, J. C. and Phillips, R. J., Tectonic pressurization of aquifers 
in the formation of Mangala and Athabasca Valles, Mars. J. Geophys. 
Res.: Planets, 2006, 111(E3), 1–15. 

39. Leask, H. J., Wilson, L. and Mitchell, K. L., Formation of Mangala 
Fossa, the source of the Mangala Valles, Mars: morphological deve-
lopment as a result of volcano-cryosphere interactions. J. Geophys. 
Res., 2007, 112, E02011. 

40. Keske, A. L., Hamilton, C. W., McEwen, A. S. and Daubar, I. J., 
Episodes of fluvial and volcanic activity in Mangala Valles, Mars. 
Icarus, 2015, 245, 333–347. 

41. Leask, H. J., Wilson, L. and Mitchell, K. L., Formation of Mangala 
Valles outflow channel, Mars: morphological development and water 
discharge and duration estimates. J. Geophys. Res. Planets, 2007, 
112. 

42. Baker, D. M. H. and Head, J. W., Geology and chronology of the 
Ma’adim Vallis-Eridania Basin region, Mars: Implications for the 
Noachian-Hesperian Hydrologic Cycle. In 43rd Lunar and Plane-
tary Science Conference, Abstract ID, 1252, 2012, p. 2. 

43. Cabrol, N. A., Grin, E. A., Landheim, R., Kuzmin, R. O. and Greeley, 
R., Duration of the Ma’adim Vallis/Gusev crater hydrogeologic 
system, Mars. Icarus, 1998, 133, 98–108. 

44. Cabrol, N. A., Grin, E. A. and Landheim, R., Ma’adim Vallis evo-
lution: geometry and models of discharge rate. Icarus, 1998, 132, 
362–377. 

45. Kleinhans, M. G., Flow discharge and sediment transport models 
for estimating a minimum timescale of hydrological activity and 
channel and delta formation on Mars. J. Geophys. Res.: Planets, 
2005, 110(E12003), 1–23. 

46. Arya, A. S. et al., Mars colour camera: the payload characteriza-
tion/calibration and data analysis from Earth imaging phase. Curr. 
Sci., 2015, 109, 1076. 

47. Fergason, R. L., Hare, T. M. and Laura, HRSC and MOLA blended 
digital elevation model at 200 m v2. Astrogeology PDS Annex, US 
Geological Survey, 2018; http://bit.ly/HRSC_MOLA_Blend_v0. 

48. Wilson, L., Ghatan, G. J., Head III, J. W. and Mitchell, K. L., Mars 
outflow channels: a reappraisal of the estimation of water flow ve-
locities from water depths, regional slopes, and channel floor prop-
erties. J. Geophys. Res.: Planets, 2004, 109(E09003), 1–10. 

49. Bathurst, J. C., Flow resistance through the channel network. In 
Channel Network Hydrology (eds Beven, K. and Kirkby, M. J.), 
John Wiley, Hoboken, NJ, USA, 1993, pp. 69–98. 

https://doi.org/10.1029/2004JE002311
https://doi.org/10.1029/JB078i020p04009
https://doi.org/10.1029/JB078i020p04009
http://bit.ly/HRSC_MOLA_Blend_v0


RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 125, NO. 11, 10 DECEMBER 2023 1226 

50. Hydrologic Engineering Center, HEC-RAS Hydraulic Reference 
Manual, Version 5.0 CPD-69, US Army Corps of Engineers, HEC, 
Davis, California, USA, 2016. 

51. Wyrick, J., Fluvial indicators of hyperconcentrated flows – with 
application to the floods on Mars. Hydrol. Sci. Technol., 2003, 
287–298. 

52. Baker, V. R., Large-scale erosional and depositional features of the 
Channeled Scabland. In The Channeled Scabland (eds Baker, V. R. 
and Nummedal, D.), National Aeronautics and Space Administra-
tion Planetary Geology Program, Washington, DC, 1978, pp. 81–115. 

53. Tómasson, H., The jökulhlaup from Katla in 1918. Ann. Glaciol., 
1996, 22, 249–254. 

54. Baker, V. R., High-energy megafloods: Planetary settings and sedi-
mentary dynamics. In Flood and Megaflood Deposits: Recent and 
Ancient Examples (eds Martini, I. P., Baker, V. R. and Garzon, G.), 
Int. Association of Sedimentology, Special Publication 32, Black-
well, Oxford, 2002, pp. 3–15. 

55. Burr, D. M., Palaeoflood-generating mechanisms on Earth, Mars, 
and Titan. Global Planet Change, 2010, 70, 5–13. 

 
 
ACKNOWLEDGEMENTS. We thank the Indian Space Research Orga-
nisation, Bengaluru for providing the necessary facilities and technical 
support to carry out this study; Indian Space Science Data Centre for Mars 
Orbiter Mission-Mars Color Camera data and Astropedia-USGS Astro-
geology Science Center, Flagstaff, Arizona, USA, for MOLA-HRSC 
DEM. We also thank anonymous reviewers for useful comments that 
helped in improvement of our manuscript. 
 
 
Received 6 March 2023; revised accepted 25 August 2023 
 
 
doi: 10.18520/cs/v125/i11/1216-1226 

 

 
 
 
 


	Objectives
	Megafloods observed on Mars
	Materials and methods
	Data used
	Estimation of flood discharge
	Visualization of Mars megafloods

	Results and discussion
	MOM MCC and MOLA-HRSC DEM-derived  channel characteristics
	Observations inferred from MOM MCC data
	Study of mega floods calculations with varying depths
	Flood visualization
	Comparison of estimated discharge with previous  studies

	Conclusion

