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Introduction:  Valley networks on the Martian sur-

face have been noted as evidence for past water cycles 

and surface run-off on Mars for many years [e.g. 1–3]. 

The duration, intensity and surface conditions that led 

to valley formation are still ambiguous. Many of the 

networks have characteristics that resemble terrestrial 

systems. For example, the valleys commonly originate 

at or adjacent to drainage divides [4], some of which 

have numerous tributaries with drainage densities com-

parable to low-end terrestrial valley systems [3]. Alt-

hough clearly indicative of fluvial activity, their impli-

cations for climatic conditions are vague. 

On Earth, climatic conditions strongly relate to the 

fluvial characteristics of drainage basins. These are 

determined by morphometric and scaling properties. 

The specific relationships we are investigating are 

Hack’s Law (the relationship between valley length [L] 

and drainage area [AD]; Equation 1: L=kaAD
n, where ka 

is a constant and n is the Hack’s exponent) [5]; and 

Flint’s Law (the relationship between valley slope [S] 

and drainage area [AD]; Equation 2: S=ksAD
-θ, where ks 

is the steepness index and θ is concavity) [6]. These 

laws describe both perennial and ephemeral terrestrial 

valleys systems [e.g. 5, 6]. Extensive data analysis of 

several thousand basins has found that the value of n 

ranges between 0.5 and 0.6 on Earth in a variety of 

environments and location [e.g. 7]. The value of θ is 

related to the rate of uplift and environment in which 

the valleys formed. θ is typically 0.4 - 0.5 for active 

terrestrial orogens, i.e. perennial systems [6]. However, 

θ has been observed to vary between 0.22 and 0.63 for 

nonequilbirum channels incising a rift margin in the 

Sierra Madre Occidental, Mexico [8]. Measurements of 

rivers in arid climates suggest a lack of downstream 

variability in slope resulting in linear valley profiles 

[e.g. 9]. Furthermore, although variable rock type and 

surficial cover would be expected to complicate dis-

charge characteristics, the correlation between θ and 

rainfall intensity is robust [10]. 

Hack’s Law is reliant on a uniform source of fluid 

across the basin, e.g. precipitation. Similarly, networks 

with fractal geometries have been interpreted as the 

result of runoff of a uniform source of fluid across the 

basin [e.g. 11]. If a valley network is fractal, the cumu-

lative valley length (including all tributaries [Ltc]) is 

proportional to area (A) regardless of the scale 

(log(Ltc)=ΦLlog(A)+log(C), where ϕL is the fractal di-

mension and C is a constant). Therefore, if a system is 

fractal, but does not have an n value between 0.5 and 

0.6 it has potentially undergone PVTM. 

Most Martian valley networks formed in the Late 

Noachian to Early Hesperian ~ 3.8 – 3.6 Ga [3] and are 

relics of the climate at that time. Although the plan-

forms of valleys are relatively well preserved, the level 

of modification to the Martian surface post-valley ter-

mination is currently unknown, and therefore, the to-

pography may not be representative of their time of 

formation. 

Previous authors have found difficulty in finding 

these scaling laws in channels on Mars [12, 13, 14, 15]. 

However, we suspect that this was due to the selection 

of the valleys rather than a universal difficulty. Firstly, 

it has previously been acknowledged that some of the 

valleys selected were not formed by precipitation, a 

necessary factor for applying Hack’s Law [14, 15]. 

Secondly, to test if these laws apply to Martian chan-

nels, they must be applied to an area that has not been 

altered topographically since the valley stopped devel-

oping. Although studies attempted to avoid localised 

post-valley termination modification (PVTM) [15], 

modification to the regional slope was nevertheless 

overlooked as the most impactful effect on the scaling 

relationships. Finally, present Martian DEMs may not 

be of high enough resolution to precisely acquire the 

data required to calculate these relationships. There-

fore, we suggest that these scaling relationships may 

hold true on Mars if the valley has formed via precipi-

tation and has not undergone PVTM. 

In this study we investigate both fractal relation-

ships and Hack’s and Flint’s scaling laws for basins 

that are potentially void of PVTM on both local and 

regional scales. These results are compared to valley 

networks which appear to have undergone PVTM. This 

will aid in verifying whether Mars does not abide by 

these scaling laws or the valleys are not representative 

due to PVTM. Furthermore, it will reveal information 

about the climatic conditions of formation. 

Data and Methods:  A combination of the Bahia 

et al. [2019] (~25 m per pixel) and Hynek et al. [2010] 

(~100 m per pixel) valley maps in addition to valleys 

generated from three DEMs of varying resolution 

(HRSC DEM, 200 m per pixel; MOLA DEM, 463 m 

per pixel; 1 km DEM, 1000 m per pixel) were used [3, 

15]. Varying resolution data sets were utilised to eval-

uate if resolution is a limiting factor when applying the 

scaling laws. DEMs also allowed for the acquisition of 
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basin elevation data and, from this, slope and drainage 

area calculation. Considering the valleys generated 

from the DEMs are based on present topography, dis-

crepancies between generated and identified valley 

placement [Hynek et al., 2010; Bahia et al., 2019] like-

ly indicates the basin has undergone PVTM.  

To differentiate between basins that appear to have 

and have not experienced PVTM, the Bahia et al. 

[2019] Valley Discordance Map was used. This map 

highlights areas, at varying scales, in which slope di-

rection has changed since valley termination. From 

this, six basins were chosen four of which are largely 

compatible with present slope direction (< 45° discord-

ance) at all resolutions (200 m – 50 km) and two which 

are largely discordant (> 45° discordance). All basins 

entrench Late Noachian to Early Hesperian aged sur-

faces, between 0° - 30°S and 20°E - 20°W. All data 

extraction used ArcMap 10.2.1. For each basin the 

process of generating networks and AD values from the 

DEM was repeated three times, once for each resolu-

tion of DEM. This was accompanied by the two da-

tasets of visually identified networks. Therefore, there 

were five valley network datasets taken at a range of 

resolutions (25 m per pixel – 1 km per pixel) for each 

basin. For each of these datasets valley length from the 

source to a given point down valley (Lx), drainage area 

at length Lx (Ax) and Ltc at length Lx were calculated at 

eleven intervals of Lx. By plotting log(Lx) against 

log(AD) and log(Ltx) against log(A) the values of n, ka 

and ϕL were found for each basin. 

  To determine the most accurate values of θ and ks, 

three methods were used, all of which were tested on 

Basin 4, the non-discordant valley system with the 

longest main valley, chosen due to its well-defined 

source elevation and length. The first two methods (M1 

and M2) employ a similar method to those used in ter-

restrial and previous Martian studies, based on the rela-

tionship expressed in Equation 2 [e.g. 14]. The values 

of θ and ks are determined by plotting log(S) against 

log(AD). M1 inserts values of S extracted via the GIS 

software every 250 m, and M2 inserts values of S cal-

culated manually down valley from elevation and 

length data. The final method (M3) is derived from 

Equations 1 and 2, involving the use of change in ele-

vation from source elevation (z0-z) and Lx. To conclude 

which method determines the most accurate values of θ 

and ks, the four derived variables (ka, n, ks and θ) were 

used to reconstruct the profile. Equation 1 was used to 

calculate AD at intervals of 250 m down the valley. 

These values of AD and the values of θ and ks from the 

different methods, were incorporated into Equation 2 

to reconstruct the valley profile. 

Results:  Resolution appears to have a negligible 

effect on the results of AD and L, however a notable 

effect on Ltc, with higher resolution resulting in greater 

values of Ltc. Furthermore, valleys generated from 

MOLA and 1 km DEM result in false positives (i.e. 

valleys not present within the imagery).  

Both discordant valley networks had discrepancies 

between generated and identified valley placement. 

Furthermore, these areas generated greater amounts of 

false positives than the non-discordant basins.  

All basins had ϕL ~ 1. Three of the non-discordant 

basins have n between 0.5 and 0.6, and one of the non-

discordant and both discordant basins having n > 0.6. 

Furthermore, all those basins with n > 0.6 showed no 

relationship between S and AD. The non-discordant 

valley with n > 0.6 exhibits a convex profile.  

The most accurate values of θ and ks were deter-

mined using M3, resulting in a reconstructed profile 

comparable to the true valley profile. For Basin 4; θ = 

0.26±0.024and ks = 1.57±0.013. Similar values were 

found to reconstruct the profiles of the non-discordant 

basins with n between 0.5 and 0.6.  

Discussion: Martian valley networks are present 

with a similar relationship between L and AD to that 

which appears in terrestrial systems (n = 0.5 - 0.6); 

effectively supporting Hack’s Law. Those that have n > 

0.6 lack a relationship between S and AD, suggesting 

that these basins have undergone PVTM.  It is likely, 

therefore, that they had n between 0.5 and 0.6 at their 

time of formation. Considering these basins are fractals 

and present within Noachian aged surfaces, like the 

non-discordant basins with n = 0.5 – 0.6, the environ-

mental conditions at their time of formation may have 

been relatively similar and may have θ ~ 0.26. The θ 

values of these profiles suggest that these Noachian 

valley networks did not reach equilibrium and, there-

fore, experienced ephemeral precipitation. 
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