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Introduction:  The images taken by the High Reso-

lution Imaging Science Experiment (HiRISE) show that 

meter-scale boulders, as observed by landers [1] and 

rovers [2], are present across the entire surface of Mars. 

The bulk of these boulders are likely sourced from im-

pact events, but it is not currently clear what processes 

affect these boulders once they have been deposited. 

Boulder clustering in the northern plains was initially 

observed with the Mars Orbiter Camera (MOC) as so-

called “Basketball Terrain” [3]. This terrain was re-

vealed by HiRISE to be clusters of boulders or “boulder 

piles” [3]. HiRISE images also showed that boulders 

cluster along the edges of thermal contraction polygons 

[4]. Several processes have been suggested to ex-

plain this apparent clustering, including gravitational 

slumping [3], [5] and cryoturbation [3]. More re-

cently, a process was suggested which involves cy-

clical deposition of H2O and CO2 ices [6]. As martian 

winter approaches, a layer of CO2 ice is deposited on 

top of H2O ice rich soil, forming a brittle cap, locking 

surface boulders into place. Throughout the martian 

winter, the soil beneath the cap cools and contracts, 

leaving fractures and cracks at the margins of con-

traction. In the spring, the CO2 layer rapidly subli-

mates, leaving the boulders free to move with the ex-

panding soil towards the margins of contraction. This 

“ice ratcheting” mechanism is predicted to move 

boulders on the order of 1 mm/yr in current martian 

conditions and may still be active today. 

In this work, we measure the extent and degree 

of boulder clustering in the northern plains quantita-

tively. The immense detail of HiRISE images has im-

peded quantitative analysis of boulder populations at 

large scales. Manual analysis of these images is too 

work-intensive to be practical for more than a few im-

ages, so automation is necessary to perform widespread, 

quantitative analysis. We will use the Martian Boulder 

Automatic Recognition System (MBARS) to automati-

cally locate and measure boulders in HiRISE images 

containing polygonal terrain.  

The Martian Boulder Automatic Recognition 

System, MBARS: The automatic identification and de-

lineation of boulders is a fairly well developed tool used 

in many publications using both MOC [1] and HiRISE 

[1], [2], [4] images. MBARS relies primarily on the ca-

pabilities of the existing methodology described by 

Golombek in 2008 [1]. MBARS is automated, in that it 

requires little user input, and can be used without pro-

gramming knowledge. Our adaptation of Golombek’s 

work relies on the isolation and segmentation of boulder 

shadows to determine their geometry. Once isolated 

from the image, ellipses are fit to the shadows. The mi-

nor and major axes of the ellipses are measured and used 

to calculate the width and height of the boulder. This 

method is shown to be statistically robust, typically hav-

ing errors approaching 1-2 pixels for the diameter and 

location of detected objects [1]. The images taken by 

HiRISE are taken at <10° off nadir with the exception 

of images in stereo pairs [7]. By excluding the high-an-

gle images in stereo pairs, we can neglect the effect of 

viewing angle, as the observed size difference is less 

than 1 pixel for objects smaller than 15m.  

Figure 1: Boulders clustering along thermal con-

traction polygon edges in HiRISE image 

PSP_001341_2485 in Vastitas Borealis. From Orloff 

2013 [6]. 

Methodology: Our goal is to quantitatively describe 

the amount of clustering, and therefore the amount of 

sorting, that has occurred in the boulder fields of the 

northern plains. Quantitative assessment of the cluster-

ing adds to existing qualitative evidence, and will pro-

vide strong constraints to existing models of boulder 

sorting [3], [5], [6]. We expect that four different pat-

terns will be present in the boulder distribution in the 

northern plains. First and foremost is the polygon-edge 

clustering that we are interested in examining. This is 

marked by elongate, curvilinear chains of boulders 

along the edges of thermal contraction polygons. We 

also expect to see the boulders cluster in groups as in the 

“Basketball Terrain”  [3]. The third pattern is the radial 

distribution of boulders surrounding impact craters. 
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While some impact-de-

rived boulders will not 

have a visible crater (i.e. 

“Ghost craters” [8]), most 

will be associated with 

visible craters. The fourth 

pattern is the unpatterned 

boulder population that 

covers most of the north-

ern plains.  

Figure 2. Prelimi-

nary results of Moran’s i 

test on simulated boulder 

distributions. Two boul-

der fields were generated 

based on unpatterned 

(left)and polygonally patterned (right) terrain. Clus-

tered boulders show an i value an order of magnitude 

higher than the unpatterned distribution, suggesting 

that this statistical test is able to detect the type of clus-

tering seen in martian boulder fields. 

To isolate the polygon-edge clustering, we examine 

the spatial autocorrelation of boulders using Moran’s i 

test [9] implemented in Python using the Python Spatial 

Analysis Library (PySAL) [10], [11]. This test provides 

an i value between -1 and +1 that is a measure of the 

spatial autocorrelation present in the image. Values near 

zero suggest no autocorrelation, while value near ±1 

suggests either auto (+1) or anti (-1) correlation. Prelim-

inary examination of simulated boulder distributions 

show that the unpatterned boulder distribution gives i 

values about an order of magnitude below the polygo-

nally clustered boulder distribution (Figure 1). The 

“boulder pile” clustering pattern gives an i value com-

parable to the polygonally clustered terrain and well 

above the unpatterned terrain. Radially clustered (i.e. 

crater-sourced) boulder distributions give i values a fac-

tor of 2-3 below polygonally clustered boulders. In these 

simulated distributions, the difference in i value is large 

enough that changes in i value can be attributetd to 

changes in clustering behaviors. In practice, polygon-

edge and “boulder pile” clustering may be less apparent 

in HiRISE images, and could contribute less to i values. 

Several steps will be taken to prevent the crater-sourced 

clustering from interfering with the assessment of po-

lygonal and “boulder pile” clustering. Selecting images 

with similar crater populations (both in size and num-

ber) will minimize the impact of craters on the change 

in Moran’s i between images. In addition, we can re-

move craters and their immediate surroundings from 

images in order to isolate the contribution to Moran’s i  

from intercrater regions.  

We will select images with large expanses of flat ter-

rain to maximize the visibility of polygonally clustered 

terrains.We will use several N-S oriented transects to 

examine the variation in clustering behavior across dif-

ferent regions in the northern plains. Several factors that 

are related to latitude (e.g. depth to ice table, minimum 

temperature, CO2 frost thickness) vary along these tran-

sects and are expected to impact the clustering behavior. 

Expected Results: Using Moran’s i test,  we expect 

to make a robust measurement of boulder clustering at 

large scales in the northern plains of Mars. This will 

serve as a strong test of the proposed clustering methods 

[3], [5], [6] and may inform the development of new 

models.  

From Orloff’s proposed clustering mechanism, we 

have several expectations as to how the degree of clus-

tering may change with decreasing latitude. First and 

foremost, we would expect that at latitudes below ~65° 

this process will no longer function due to a lack of reg-

ular CO2 frost deposition [12]. Second, it is likely that 

as the thickness of the seasonal frost cover decreases, 

the mobility of boulders decreases, and it is possible that 

larger boulders may become entirely immobile. In addi-

tion, the seasonal temperature swing may impact the de-

gree of expansion and contraction and therefore the ef-

ficiency of clustering. This work serves as one of the 

first observational assessments of suggested clustering 

processes as well as the first case study using the newly 

developed boulder-detection system, MBARS. 
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