
ORIENTATION OF CALCIUM SULFATE VEINS AND THEIR IMPLICATIONS FOR FLUID 
CIRCULATION EVENTS AT GALE CRATER, MARS.    S. R. Borges1, M. Nachon2, D. Y. Sumner2, F. 
Rivera-Hernandez2, M. Bjørnerud1, R. Kronyak3, L. Kah3, W. Rapin4, J. L’Haridon5, 1Lawrence University, 711 E. 
Boldt Way Appleton, WI, 2University of California Davis, 1 Shields Ave. Davis, CA, 3University of Tennessee, 
Knoxville, TN, 4Caltech-GPS, Pasadena, CA, 5LPGN, Université de Nantes, France 

 
 
Introduction: The Curiosity rover (Mars Science 

Laboratory, MSL mission) has been used to observe 
white calcium sulfate veins that cross-cut sedimentary 
rocks exposed in Gale Crater. These veins occur at 
locations along the rover path, starting at Yellowknife 
Bay [1, 2]. They continue throughout much of the 
>250 meter thick mudstone-dominated Murray 
formation, and are also present in the discordant cross-
bedded sandstones of the Stimson formation [1-6]. The 
presence of veins suggests a complex fluid circulation 
history, which started after the lithification of the 
Murray formation, representing the existence of a 
lacustrine environment, and after the lithification of the 
Stimson formation, recording an aeolian environment. 
Thus, they extend the period for which fluids may have 
been present in Gale Crater. Understanding these veins 
is essential in assessing the timing of subsurface fluid 
flow in relation to past habitable environments on 
Mars. 

This work quantifies vein orientations in order to 
constrain stresses during the emplacement of veins 
within a well-exposed area of the Murray formation at 
the Bagnold Dunes area (Fig. 1). 

 
Data and Methods: Veins from 7 sites at the 

Bagnold Dunes area were chosen for analysis due to 
good visibility and minimal dust coverage (Fig. 1). 

 
Figure 1: Curiosity rover path on left and the Bagnold 
Dunes study area on right  
 

Data: All data used in this project are publicly 
available from NASA on the PDS (Planetary Data 
System), the MSL Curiosity Analyst’s Notebook, and 
the raw images NASA website. 

Methods: Each visible white vein was noted and its 
relative width annotated for each Mastcam image (Fig. 
2). Relative widths were determined using a relative 1-
3 scale, 1 being the thinnest and 3 being the widest.  

ImageJ was used to evaluate angular relationships of 
all veins with respect to the azimuth of the Mastcam 

image, obtained from the image’s label. Orientations 
(strikes) of each vein were then determined with 
respect to geographic North. These were plotted in rose 
diagrams produced by the program Stereonet. These 
plots can be used to identify joint sets, which are 
extensional fractures that form under various types of 
stresses ranging from tectonics to burial, uplift and 
cooling[7].  If the joints were initially produced by 
hydraulic fracturing, we would expect to see a 
common orientation of the veins [7]. 

 

 
Figure 2: Example of Mastcam image with and without 
annotations. Each vein measured is numbered and 
color coded to represent its relative width. Curved 
veins, in yellow, were not measured.  
 

Results:  Vein orientations varied at individual sites 
along the rover path (Fig. 3a) and at the scale of the 
study as a whole (Fig. 4a).   

 

 

     
Figure 3: (a) Rose diagrams of all vein orientations 
depicted on an orbital image of the Bagnold Dunes 
area (b) Only widest vein orientations are displayed. 
Each diagram corresponds to a Mastcam image. 
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When veins are grouped by width  (Fig. 3b), 
orientations of the widest veins, though variable, show 
possible maxima at 020 and 315 (Fig. 4b). 
 

 
Figure 4: (a) Combined orientations of all the veins 
(1010 measurements total, cf Fig. 3a). (b) Combined 
orientations of the widest veins (158 measurements 
total, cf Fig. 3b). 
 

Vein intersections and textures: Curved vein 
geometries are present throughout the Mastcam images 
studied and appear in all vein widths. Thin veins were 
commonly oriented quasi-perpendicular to wide veins 
(Fig. 5a). Cross-cutting, offset  and branching veins 
(Fig. 5b) of all widths were present as well.  

ChemCam and MAHLI images indicate that most 
of the veins have a blocky, internal texture (Fig. 5c), 
although some appear to be fibrous (Fig. 5d). 

 

.   
Figure 5: Examples of MAHLI and ChemCam images 
to illustrate vein textures and intersections between 
veins. 
 

Interpretation and Discussion:  Our results, 
indicate that there was not a single stress orientation 
related to the veins’ emplacement in this area. In these 
analyses, dips were not measured because of the lack 
of major vertically exposed outcrops, thus limiting the 
3D determination of the stress deformation; however, 

small vertical outcrops in the area and several other 
outcrops along the rover path in the Murray show 
white veins that tend to have a steeply (vertically) 
dipping orientation. Horizontal least principal stresses  
(σ3) are thus indicated, for at least some of the veins, 
but with a wide range of orientations.  

A question is whether the veins created the 
fractures or if those were preexistent and were later 
filled by precipitates. Curved veins suggest that pre-
existing fractures governed local stresses and re-
directed later cracks. The non-fibrous veins observed 
could be related to the infilling of pre-existing joints; 
crystals generally grow in open cavities [7]. A minority 
of the veins appear to be fibrous (Fig. 5d), but the 
resolution of the images limits interpretation. The few 
fibrous-textured veins observed may track the opening 
trajectory of tension fractures and document the 
fractures’ formation.  

Conclusion: We hypothesize that multiple fluid 
events occurred in this area and veins formed both 
after the formation of fractures and during. If we had 
found a consistent trend in orientation amongst all of 
the veins or the widest, it would indicate these 
fractures formed at the same time [7]. However, we see 
fracture networks that indicate multiple generations of 
joints are present in this area. We also deduce from the 
veins’ textures that at least a few of these veins formed 
after the creation of pre-existing cracks. This indicates 
that different geologic processes, perhaps over an 
extended period of time, resulted in the formation of 
the white veins of the Bagnold Dunes area. 

As these veins record possible evidence of an 
ancient habitable subsurface environment at Gale 
Crater, where groundwater fluids reacted with host 
rock, their emplacement story and timing needs to be 
better constrained. Veins textures and their geometrical 
relationships should be further investigated to 
determine a relative timing of fracture formation and 
their possible emplacement mechanisms. 
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