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The enigmatic formation of the Valles Marineris 

northern troughs:  The processes that resulted in Valles 

Marineris trough (chasma) formation are conjectural. It is 

little questioned that extensional tectonics played a signif-

icant role in the opening of the chasma, as testified by, e.g., 

the many shallow grabens parallel to the troughs on the sur-

rounding plateau, structural evidence [1, 2], and dilation on 

dykes parallel to the troughs [1, 3]. Structural control is es-

pecially well defined in the southern troughs (e.g., [4]), but 

looser in the northern troughs, for which some poorly char-

acterized “ancestral basins” [5], for instance formed by col-

lapse into huge and deep open fractures [6], have been ad-

vocated to explain the oval-shaped trough topography. 

An extensive survey of the floor of Ophir Chasma re-

veals exposures of a deep dyke swarm, the Ophir Chasma 

Dyke Swarm (OCDS), suggesting that magmatic dilation 

as well as erosion significantly contributed to trough deep-

ening, without any required contribution of collapse into 

subsurface voids. 

New observations in Ophir Chasma:  The Ophir 

Chasma floor displays a dense network of dykes (Fig. 1), 

which can be observed in the visible spectral range on CTX 

(5 m/pixel) and HiRISE (25 cm/pixel) images. 

 

Figure 1. The Ophir Chasma Dyke Swarm (red). The back-

ground image is a CTX image mosaic (5 m/pixel). HiRISE 

footprints are in in white. 

The thickest dykes are also apparent on THEMIS ther-

mal infrared images (100 m/pixel). Many of those that can 

be mapped at HiRISE resolution are several tens of meters 

thick (Fig. 2). CRISM spectral data analysis reveal a mafic 

composition, with Mg-rich olivine and high-Ca pyroxene 

(Fig. 3). In some areas, dykes show a sulfate-rich spectral 

signature taken as testimony of hydrothermal weathering 

[7, 8], rather than transportation of sulfates weathered from 

chasma walls [8, 9]. 

 

Figure 2. Examples of dyke outcrops on the floor of Ophir 

Chasma, imaged by the HiRISE camera. 

 

Figure 3. Color composite of spectral indexes [10, 11] com-

puted on a CRISM image (frt00020bfe_07_if165l_trr3) lo-

cated in Fig. 1: red: olivine (OLINDEX2); green: ferric coat-

ing on dark rock (ISLOPE1); blue: high-Ca pyroxene 

(HCPINDEX). The dykes appear as narrow white lineaments 

in the lower left half of the image, indicating that they contain 

all three kinds of minerals. 

Implications for chasma formation mechanism:  

Dyke thickness primarily depends on the Young's modulus 

of the host rock (e.g., [12]), which increases with hydro-

static pressure, hence globally, with depth. The widespread 

occurrence of dykes several tens of meters thick on the 

floor of Ophir Chasma suggests that the current exposure 

level is closer to the level of neutral buoyancy of Martian 

mafic magmas, estimated to ca. 11 km [13], than to the sur-

face. Exposure of dikes emplaced at such depths requires 

that the exposed chasma floor has been intensely eroded 

after their emplacement. 
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Erosional systems:  Rivers.  In most geomorphologi-

cal systems, where erosion and deposition are controlled 

by subaerial river networks, large depressions are the locus 

of thick sedimentary infillings. Depressions that match the 

dimensions of the Valles Marineris chasmata on Earth in-

clude rifts as well as mountain foreland basins, which are 

fed by river networks and are commonly filled by kilome-

ters of sediments. The observations reported here in Ophir 

Chasma are not consistent with such systems, which would 

deeply bury any dyke intruded in the basement. 

Glaciers.  Subglacial erosion by ice and meltwater is a 

process that allows to carve valleys efficiently without fill-

ing the floor with thick sediments. Pervasive glacial land-

scapes were demonstrated in Valles Marineris, where past 

and fossil valley glaciers have been identified [1, 14]. We 

suggest that the floor of the central Ophir Chasma may 

have followed an evolution similar to the bedrock of Ant-

arctic ice streams (Fig. 4). Its current low elevation would 

thus result from a combination of dyke dilation and tec-

tonic stretching, and subglacial erosion over kilometers. 

 

Figure 4. A former ice stream may have filled Ophir Chasma 

(b) and eroded the bedrock over several kilometers, following 

processes that are currently active in Antarctica, with (a) the 

example of the Rutford Ice Stream [15]. 

Bed erosion of 1600-2500 m since 34 Ma (0.05 – 0.07 

mm/yr) was reported  in the trough below the Lambert 

glacier East Antarctica [16]. At a similar rate of 0.050 

mm/yr in Valles Marineris, 8000 m of cumulated erosion 

(the elevation difference between the Ophir Chasma floor 

and the surrounding plateau) would be achieved in only ca. 

160 my. However, on Earth, glacier bed erosion rate may 

be significantly faster in some cases: 300–600 mm/yr of 

subglacial erosion has been measured below Pine Island 

Glacier, West Antarctica, over 49 years, a high rate 

achieved by fast flowing ice and the presence of soft water-

saturated sediments [16]. Up to 1 m/yr has been interpreted 

at the Rutford Ice Stream [15]. 

Glacier bed erosion by several thousands of meters in 

Valles Marineris troughs would therefore not be excep-

tional, nor unrealistic in terms of required time. However, 

erosion of several thousand meters of glacier bed is more 

easily achieved by multiple cycles of ice flow, glacier bed 

deepening, ice melting (Earth) or sublimation (more likely 

in common Mars conditions), and isostatic rebound. Such 

a cyclicity has been observed in Antarctica and has been 

attributed to orbital changes [17]. Orbital cycles are exac-

erbated on Mars [18], due to the absence of orbit stabiliza-

tion by a heavy natural satellite such as the Earth's Moon. 

Multiple glacial erosion cycles, the terms of which remain 

to be explored, may have vigorously contributed to erosion 

and deepening of the Ophir Chasma floor. 

Wind.  ILD fluting indicates aeolian erosion of the 

chasma walls around the OCDS [19], and dark dunes are 

abundant on chasma floor ([9], blue on Fig. 3). ILD mate-

rial is weak [19] but mafic dykes are much more resistant 

to wind erosion. It is unclear how efficient wind-carving 

may have been in OCDS exhumation. 

Conclusion:  Erosion, perhaps subglacial erosion, may 

have been the main mechanism by which Ophir Chasma 

formed. The dyke density on the Ophir Chasma floor testi-

fies, however, to significant crustal dilation, implying sig-

nificant extensional tectonics too. The first step in the for-

mation of Ophir Chasma is thus interpreted to have been 

dyke dilation and tectonic stretching, then glacier bed ero-

sion, resulting in several kilometers of additional topo-

graphic lowering. Other Valles Marineris northern chas-

mata might have formed in a similar way. 

References: [1] Mège D. and Bourgeois O. (2011) 

EPSL, 310, 182–191. [2] Peulvast J.-P. et al. (2001) Geo-

morphology, 37, 329–352. [3] Mège D. and Gurgurewicz 

J. (2016) 48th LPSC, Abstract (this year). [4] Schultz R. A 

(1991) JGR, 96, 22777–22792. [5] Schultz R. A. (1998) 

Planet. Space Sci., 46, 827–834. [6] Tanaka K.L. and 

Golombek M. P. (1989) Proc. LPSC 19th, 383–396. [7] 

Rodriguez A. and van Bergen M. J. (2016) Geol. Mijn-

bouw, 95, 1–17. [S8] Mangold N. et al. (2008) Icarus, 194, 

519–543. [H9] Wendt L. et al. (2011) Icarus, 213, 86–103. 

[I10] Pelkey S. M. et al. (2007) JGR, 112, E08S14. [J11] 

Salvatore M. R. et al. (2010) JGR, 115, E07005. [K12] 

Gudmundsson A. and Loetveit I. F. (2005) J. Volcanol. Ge-

otherm. Res., 144, 311–327. [L13] Wilson L. and Head J. 

W. (1994) Rev. Geophysics, 32, 221–263. [M14] Gourronc 

M. et al. (2014) Geomorphology, 204, 235–255. [16] 

Thomson S. N., et al. (2013) Nature Geosci., 6, 203–207. 

[O16] Smith A. M. et al. (2012) GRL, 39, L12501. [P15] 

Smith A. M. et al. (2007) Geology, 35, 127–130. [Q17] 

Pekar S. F. and DeConto, R. M. (2006) Palaeogeogr., Pal-

aeoclim., Palaeoecol., 231, 101–109. [18] Laskar J. et al. 

(2004) Icarus, 170, 343–364. [19] Sowe et al., LPS 

XXXVIII, Abstract #1568. 

1110.pdfLunar and Planetary Science XLVIII (2017)


