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Introduction and Motivation: It is now known 

unambiguously that wind-driven bedform activity is 
occurring at scattered sites across Mars today [for a 
review see 1]. However, many of these reports are only 
based on a few sets of observations separated by 1–2 
Mars-year-intervals, yielding preliminary but incom-
plete information. Moreover, volumetric sand fluxes, 
which are independent of dune size, have only been 
documented for a few sites.  

The Noachian-aged Meridiani Planum-Arabia Ter-
ra region is host to abundant intracrater low-albedo 
dark and light streaks, sand patches, and dune fields 
[for a review see 2]. All of these landforms are present 
in the vicinity of the Opportunity rover, now located 
on the edge of Endeavour crater. Bedforms within En-
deavour crater have produced ample evidence for intra-
crater aeolian change [3, 4], but may not be representa-
tive for the region. 

Here we investigate and quantify dune activity 
across central Meridiani. Related questions include: 
What are the regional variations of aeolian bedform 
transport rates, migration directions, and volumetric 
sediment fluxes?  Similarly, are there substantial spa-
tial differences in dune construction times (or turnover 
times) and do those point to variations in climate?  

Data Sets and Methods: To estimate dune migra-
tion rates, bedform displacements were measured using 
repeat fine-scale (25 cm/pix) images from the High 
Resolution Imaging Science Experiment (HiRISE) [5]. 
Dune heights (for sediment flux estimates) can be ob-
tained using a slip face length height technique [6] and 
equation (1):  

(1)  H = Ls × Tanθ, 
where Ls is the measured adjacent slip face length, θ is 
the assumed angle of repose, yielding dune relief (H). 
A slip face angle of 33° was used, as this value is a 
common average value for terrestrial [7] and martian 
[8] dunes. In addition, Endeavour crater possesses one 
HiRISE Digital Terrain Model (DTM) (at 1 m post 
spacing) constructed from a stereo pair [4]. Slip face 
height measurements were within ~8% of those meas-
ured with DTMs in one trial (typically +/-1 m).  

Results: Thirteen dune field sites were examined 
with repeat HiRISE observations separated by one-half 
to three Mars years. Sites were classified into three 
categories: confirmed bedform migration (6), bedform 
change (4), and no detection (3) (Fig. 1). Locations 
with migrating dunes include, Endeavour, east Firsoff, 
and several unnamed craters. At some sites clear 
changes had occurred but bulk dune migration was 

ambiguous, showed evidence for ripple movement, 
bedform deflation, or dune border modification (e.g., 
Xainza crater). The remaining sites showed no detect-
able changes.  

Meridiani barchan, barchanoid, and dome dunes 
were detected translating 1–6 meters between images, 
resulting in migration rates of 0.1–5 m/Earth-year 
(0.2–11 m/Mars-year) (Fig. 2; time periods are in Earth 
years unless explicitly stated). The observed sediment 
transport direction was dominantly to the south-to-
southeast, consistent with a regional northwesterly 
wind regime. Dune crest relief ranged from one to for-
ty meters in height.  

 Volumetric sand flux at the crests of dunes can be 
obtained from the product of the bedform height and 
associated migration rate [9]. This metric is useful for 
comparison to other planetary dune fields and can be 
related to erosion rates [10]. Meridiani dune fluxes 
ranged from 1 to 20 m3 m-1 yr-1 and can span an order 
of magnitude for a given site (Table 1; Fig. 2). The 
largest crest fluxes correspond with tall but slowly-
advancing barchan dunes (e.g., Fig. 3) – alternatively, 
large fluxes were also observed for small but extreme-
ly fast-translating dome dunes [4]. 

Figure 1. Meridiani dune activity classifications shown on 
a THEMIS day infrared mosaic. Average dune sand flux 
estimates of HiRISE monitored sites are provided (green 
circles in units of m3 m-1 yr-1). Dune fields are mapped in 
yellow.  
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All bedforms possess a characteristic time period 
referred to as the turnover time, which is the period a 
bedform takes to travel its own stoss-to-lee length in 
the downwind direction [11]. Given dune migration 
rates and lengths along the direction of transport (50–
350 m), turnover times span from 10–1500 Earth-years 
(5–800 Mars-years). 

Discussion and Summary: The majority of dune 
sites in the study area with sufficient HiRISE data 
clearly showed aeolian activity, if not bulk bedform 
migration. Sites with no detections had particularly 
large, contiguous dark dunes (e.g., Bopolu crater), or 
only possessed images with a small temporal separa-
tion, making analysis difficult. Migration rates of most 
Meridiani dunes are near the averages from global 
studies (~1 m yr-1) [1, 13], but several outliers exist 
that showed evidence for rapid sediment transport in 
short periods of time [4, 14].  Some of these detections 
are likely due to short-term diurnal and seasonal winds. 
Mesoscale atmospheric modeling can provide more 
detailed insight into such wind patterns [15]. 

Dune crest fluxes also showed substantial variation 
across the study area and per site (Fig. 2)  For compar-
ison, Nili Patera barchan dunes have reported values 
ranging from 1–5 m3 m-1 yr-1 [10]. Relatively slow ter-
restrial dunes in Mauritania [9] and Antarctica [16] 

show comparable fluxes (Fig. 2); but those of active 
barchans on Earth are an order of magnitude higher. 
Nevertheless, dune sand fluxes described herein and at 
other locations on Mars (e.g., Herschel crater, Nili 
Patera [10, 14, 17]) demonstrate the potential for high 
rates of aeolian sediment transport and the potential for 
prolonged landscape modification of Mars.  

The turnover time of aeolian bedforms is a measure 
of how long it takes to respond to major (~90°) chang-
es in wind patterns. Estimated turnover times for the 
six sites with migrating dunes (Table 1) are significant-
ly shorter than modeled martian obliquity cycles of 
100,000–200,000 Earth years [18]. This result implies 
that it is not necessary to invoke paleoclimate wind 
regimes to explain morphologies of large dark dunes 
and demonstrates dunes here are capable of being con-
structed by the modern climate of Mars. This is not 
thought to be the case for many Meridiani aeolian fea-
tures (e.g., plains ripples, transverse aeolian ridges), 
which, based on their morphology and superpositional 
relationships, appear to be relic landforms last shaped 
by ancient (50 ka to >>200 ka) wind regimes [2].  
 Acknowledgments: This research was supported in part 
by NASA MDAP Grant NNX13AK68G and the 
HiRISE/MRO mission. 

 References: [1] Bridges N. et al. (2013) Aeolian Res., 9, 
133–151. [2] Fenton L. et al. (2015) Aeolian Res., 16, 75–99. 
[3] Chojnacki M. et al. (2011) JGR Plan., 116, E003675. [4] 
Chojnacki M. et al. (2015) Icarus, in print. [5] McEwen A. et 
al. (2007) JGR Plan., 112, E05S02. [6] Bourke M. et al. 
(2006) Geomorph. 81, 440–452. [7] Pye  K. and H. Tsoar  
(1999) Aeolian sand and sand dunes, Unwin Hyman, Lon-
don. [8] Atwood-Stone C. and A. McEwen (2013) Geophys. 
Res. Lett., 40, 2929–2934. [9] Ould Ahmedou D. et al. 
(2007) JGR Earth Surf., 112, F02016. [10] Bridges N. et al. 
(2012) Nature, 485, 339–342. [11] Allen J. (1974) Earth Sci. 
Reviews, 10, 263–342. [12] Hayward R. et al. (2007) JGR 
Plan., 112, E002943. [13] Banks M. et al. (2014) LPS XLV, 
Abstract #2857. [14] Ayoub F. et al. (2014) Nat Commun., 5, 
10.1038/ncomms6096. [15] Michaels T. (2014) LPS XLV, 
Abstract #2897. [16] Bourke M. et al. (2009) Geomorph., 
109, 148–160. [17] Runyon K. et al. (2015) LPS XLVI, Ab-
stract #1999. [18] Laskar J. et al. (2004) Icarus., 170, 343–
364.  

Table 1. Average values for migrating dune sites a.  
Dune Field 
ID and  
Coordinatesb 

Rate  
(m yr-1) 

Crest Flux 
(m3 m-1 yr-1)  

Turnover 
Time (yr)  

3524+023 0.3 2.3 680 
3556-023 0.4 9.5 773 
3590+037 0.1 1.2 1346 
3592+040 0.2 1.6 668 
3548-024 0.5 2.9 410 
3548-023 3.7 6.8 23 
a All time periods are in Earth years. 
b See [12] for naming convention.  

Figure 2. Log-log plot comparison of dune migration 
rates vs. heights for martian and terrestrial dunes. Diago-
nal lines are isopleths of sand flux. Other sites include: 
Nili Patera [10], Mauritania [9], Antarctica [19]. 
 

Figure 3. The largest migrating dune detected (40-m-
tall), which translated 0.5 m in the 3 Mars years between 
images. Site 3556-023, just north of Endeavour.  
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