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Guide to Sessions 
 

 
Tuesday, May 16, 2017 — Dixie State University Zion Room 
 
7:30 a.m. Registration 

8:30 a.m. Dunes Workshop Introduction, Updates, and Priorities 

8:50 a.m. It Flows, Not Blows — Water Analogs and Insight for Venus, Titan, and Maybe Even Mars 

1:00 p.m. Small Bodies — Aeolian Processes and Bedforms on Planetary Bodies with  
Transient Atmospheres 

3:00 p.m. Dune Morphology and Response to Wind Regime 

5:00 p.m. Field Trip Logistics and Poster Ads 

6:00 p.m. Poster Sessions: 

 Bedform Morphology:  Origins, Activity, Analogs, Properties 

 Data Management 

 Grains Aloft and On the Ground 

 Instrumentation 

 It Flows, Not Blows — Water Analogs 

 
 
Wednesday, May 17, 2017 — Dixie State University Holland Building 
 
7:30 a.m. Field Trip:  Zion National Park and Coral Pink Sand Dunes 
 
 
Thursday, May 18, 2017 — Dixie State University Zion Room 
 
8:25 a.m. Introduction and dedication of the session 

8:30 a.m. Gale Crater Sand Dunes:  In Situ Observations from Mars 

1:00 p.m. Aeolian Morphology:  Dunes and Beyond 

3:00 p.m. Interactions Between Aeolian and Other Processes 

5:30 p.m. Field Trips:  The Vortex and Snow Canyon 

 
 
Friday, May 19, 2017 — Dixie State University Zion Room 
 
8:30 a.m. Grains and Sediment Transport:  Ending with Beginnings 

10:30 a.m. Workshop Highlights, Goals, and Publications 

12:00 p.m. Field Trip:  Zion National Park and Points Beyond 
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Program 
 

Tuesday, May 16, 2017 
DUNES WORKSHOP INTRODUCTION, UPDATES, AND PRIORITIES 

8:30 a.m.   Zion Room 
 

Chairs: Timothy Titus  
 Matthew Chojnacki  
 
8:30 a.m. Bryant G. * 

Introduction 
 

8:35 a.m. Chojnacki M. * 
Special Issue Update 
 

8:40 a.m. Titus T. N. * 
Goals and Objectives 
 

  
Tuesday, May 16, 2017 

IT FLOWS, NOT BLOWS — WATER ANALOGS AND INSIGHT  
FOR VENUS, TITAN, AND MAYBE EVEN MARS 

8:50 a.m.   Zion Room 
 

Chairs: Lynn Neakrase  
 Jacob Nienhuis  
 
8:50 a.m. Rubin D. M. * 

Comparison of Morphology, Dynamics, and Stratification of Eolian and Subaqueous Dunes [#3009] 
This work is a review of similarities and differences of eolian and subaqueous dunes. It compares morphology, 
dynamics, and stratification of dunes in these two fluids. 

 
9:20 a.m. Nienhuis J. H. *   Perron J. T.   Traykovski P. A. 

Mechanics of Marine Ripples and Implications for Planetary Analogs [#3005] 
We report on recent developments towards a firm mechanistic understanding of subaqueous ripple spacing 
that is essential for accurate ripple-derived (paleo) flow reconstructions of distant environments. 

 
9:50 a.m. Neakrase L. D. V.   Klose M. 

Comparing Terrestrial Seafloor Dunes to Venusian Dunes [#3049] 
Comparison of terrestrial subaqueous seafloor dunes morphology to Venusian dunes. We look at similarities 
in flow environment and how they relate to morphological similarities observed between the 
two environments. 

 
10:10 a.m. Sutton S. L. F. *   Nield E. V.   Burr D. M.   Bridges N. T.   Smith J. K.   Kok J. F.    

Turney F. A.   Marshall J. R. 
Towards a Classification Scheme for Aeolian Fluid Ejection:  Observations During High-Pressure Wind 
Tunnel Experiments [#3040] 
We present a classification of aeolian fluid ejections and transport based on observations from high 
atmospheric density wind tunnel experiments in the Titan Wind Tunnel. Implications for transport on Venus 
and Titan are discussed. 

 

http://www.hou.usra.edu/meetings/dunes2017/pdf/3009.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3005.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3049.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3040.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3040.pdf


10:30 a.m. Wang C. *   Bristow N.   Blois G.   Christensen K. T.   Anderson W. 
Large-Eddy Simulation and Experimental Research of Proximal Deformed Barchan Dunes [#3013] 
Large-eddy simulation and experimental measurements have been used on four different stages of two 
proximal deformed barchan dunes in high Reynolds number. Special fluid structure and sediment migration 
have been found in the flow channel area. 

 
10:50 a.m. Sakimoto S. E. H. *   Neakrase L. D. V.   Klose M.   Zimbelman J. R. 

Computational Modeling of Terrestrial Sub-Aqueous and Venusian Near-Surface Particle Trajectories 
and Transport [#3051] 
This study uses a Computational Fluid Dynamics (CFD) approach with commercial software to model particle 
trajectories within Venusian and sub-aqueous environments as a function of particle size, density, flow field 
velocity, and ambient conditions. 

 
11:10 a.m. PANEL DISCUSSION 

 
11:30 a.m. Lunch 
 
 

Tuesday, May 16, 2017 
SMALL BODIES — AEOLIAN PROCESSES AND BEDFORMS  

ON PLANETARY BODIES WITH TRANSIENT ATMOSPHERES 
1:00 p.m.   Zion Room 

 
Chairs: Philippe Claudin  
 Matt Telfer  
 
1:00 p.m. Tirsch D. *   Otto K. A.   Mottola S.   Hviid S.   Jaumann R.   Jorda L.   Kührt E.    

Matz K.-D.   Preusker F. 
What’s New on the Wind Tails on 67P/Churyumov-Gerasimenkow? [#3011] 
We search and classify wind tails associated with boulders on the comet 67P/Churyumov- Gerasimenkow and 
deduce the source region of the air-fall particles from the shape and direction of the bedforms. 

 
1:20 p.m. Jia P.   Andreotti B.   Claudin P. * 

Giant Ripples on Comet 67P Sculpted by Thermal Wind [#3010] 
Recent photos of comet 67P have revealed astonishing dune-like patterns. How can vapor outgassing produce 
a flow along the surface dense enough to transport grains? We explain the emergence and size of these 
bedforms, which are due to thermal winds. 

 
1:40 p.m. Kreslavsky M. A. * 

Gas of Dust Particles:  A Possible Mechanism of Aeolian Features Formation on Kilometer-
Size Bodies [#3047] 
Thermal motion of micron-size dust particles on kilometer-size bodies forms a dust “atmosphere” potentially 
capable of producing aeolian bedforms. This might explain ripples and other aeolian features 
on 67P/Churyumov-Gerasimenko. 

 
2:00 p.m. Telfer M. W. *   Parteli E. J. R.   Radebaugh J. 

Evidence Supporting Aeolian Depositional Origin of Landforms of Sputnik Planum, Pluto, from New 
Horizons Imagery [#3061] 
We describe dunes on Pluto, and suggest they result from availability of granular solids and local wind regime 
at the margin of an icecap and mountain range. 

 
2:20 p.m. PANEL DISCUSSION 

 
2:40 p.m. Break 
 

http://www.hou.usra.edu/meetings/dunes2017/pdf/3013.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3051.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3051.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3011.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3010.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3047.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3047.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3061.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3061.pdf


Tuesday, May 16, 2017 
DUNE MORPHOLOGY AND RESPONSE TO WIND REGIME 

3:00 p.m.   Zion Room 
 

Chairs: Claire Newman  
 Simone Silvestro  
 
3:00 p.m. Narteau C. *   Gao X.   Rozier O. 

Morphodynamics of Dome Dunes Under Unimodal Wind Regimes [#3032] 
Dome dunes are individual sand piles with a rounded shape and no slip face. Using numerical simulations and 
satellite imagery, we show how dome dunes can be used to provide a reliable source of information about 
local wind regimes. 

 
3:20 p.m. Tsoar H. *   Parteli E. J. R. 

The Implications of Symmetric and Asymmetric Barchans on Mars [#3003] 
Barchan dunes may undergo a transition to a seif dune under a bimodal wind regime. Understanding the 
barchan-seif dune transition is important for the research of dune field evolution and for the investigation of 
planetary climate and wind regimes. 

 
3:40 p.m. Jackson D. W. T. *   Cooper J. A. G.   Green A.   Beyers M.   Wiles E.   Benallack K. 

CFD Airflow Modelling Over Reversing Transverse Ridges, Mpekweni Beach, South Africa [#3025] 
Reversing dunes are relatively rare aeolian landforms on Earth with low net migration rates. Usually locked 
within a defined spatial area under bi-directional wind regimes, how and why these dunes move is examined 
using 3D CFD airflow modelling. 

 
4:00 p.m. Fernandez-Cascales L.   Lucas A. *   Rodriguez S.   Narteau C.   Spiga A. 

From Martian Dunes to Martian Winds [#3026] 
We’ve studied two dunefields on Mars near the north pole. From the dune orientations, which depend on the 
local coverage in dune material, we were able to estimate the direction and strength ratio of the two main 
winds blowing in the two sites. 

 
4:20 p.m. Lian Y. *   Newman C. E.   McDonald G. D.   Richardson M. I.   Malaska M. J. 

The Impact of Surface Properties and Dune Formation Hypothesis on Predicted Dune Transport and 
Orientations in the Aeolis Research Titan GCMs [#3045] 
We use Aeolis Research Titan GCMs to investigate the effect of wind stresses and topography on Titan’s 
dune transport and orientations at low latitudes, where the observations suggest the net transport of dune 
materials is predominantly westward. 

 
4:40 p.m. PANEL DISCUSSION 

 
 

Tuesday, May 16, 2017 
FIELD TRIP LOGISTICS AND POSTER ADS 

5:00 p.m.   Zion Room 
 

Chairs: Timothy Titus  
 Gerald Bryant 
 
5:00 p.m. Bryant * 

Field Trip Logistics 
 

5:20 p.m. Titus * 
Poster Lightening Ads 
 

http://www.hou.usra.edu/meetings/dunes2017/pdf/3032.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3003.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3025.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3026.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3045.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3045.pdf


Tuesday, May 16, 2017 
POSTER SESSION: 

BEDFORM MORPHOLOGY:  ORIGINS, ACTIVITY, ANALOGS, PROPERTIES 
6:00 p.m.   Zion Room 

 
Bernhardson M.   Alexanderson H. 
Inland Dunes of Sweden, an Aeolian Archive [#3030] 
The largest continuous dune field in Sweden, Bonäsheden has been investigated concerning its geochronology and 
geomorphology. The dunes were mainly formed by north-westerly winds shortly after the deglaciation of this part of 
Sweden (ca 10.5 ka). 
 
Urso A. C.   Chojnacki M.   McEwen A.   Dundas C. 
Ripple-Like Features on Recurring Slope Lineae (RSL) Fans in Valles Marineris, Mars [#3059] 
We explored the active ripples at RSL sites. These climbing ripples may be linked to RSL formation causing fading or 
sourced by the linea. 
 
Boyd A. S.   Burr D. M.   Tran L. T. 
Investigating Sand Sources and Origins in Aeolis Dorsa, Mars, via Quantitative GIS Techniques [#3016] 
We are mapping sand deposits and aeolian features in Aeolis Dorsa, Mars, while also developing and applying new GIS 
techniques to analyze their distribution. The results will be used to test multiple hypotheses for regional sand sources 
and origins. 
 
Scheidt S. P.   Bonnefoy L. E.   Sutton S.   Whelley P.   Hamilton C. W.   deWet A. P. 
Remote Sensing Analysis of Askja Pumice Megaripples in the Vikursundar, Iceland as an Analog for Martian Transverse 
Aeolian Ridges [#3020] 
We provide analysis of remote sensing data for these unique megaripples found in Iceland. Although other aeolian gravel 
ripples have been suggested as terrestrial analog for TARs on Mars, these are unique because of the Mars 
analog environment. 
 
Bridges N. T.   de Silva S. L.   Spagnuolo M. G.   Zimbelman J. R. 
The Argentinean Puna as an Aeolian Mars Analog:  Summary of Recent Results and Future Plans [#3036] 
The Argentinean Puna is an ideal analog laboratory for aeolian landscapes on Mars. Initial results have provided 
fundamental insights into how aeolian terrains form on Mars. We discuss results so far and future plans. 
 
Carson H.   Fenton L. K.   Michaels T. I. 
Using Atmospheric Modeling to Pinpoint Ripple Migration Timing in Meridiani Planum During the Last 400 ky [#3053] 
The sun breathed the wind / The wind waved back with ripples / But how long ago? 
 
Vaz D. A.   Silvestro S.   Sarmento P. T. K.   Cardinale M. 
Linking Ripples and Dune Morphodynamics on Mars [#3012] 
We present an integrated survey of ripples and dunes on Herschel Crater. We characterize and assign a morphodynamic 
meaning to different sets of ripples, which can be correlated with specific dune settings and wind regimes. 
 
Yizhaq H.   Katra I.   Kok J. F.   Silvestro S. 
A New Mechanism for the Transverse Instability of Megaripples and Implication for Martian Bedforms [#3007] 
Differences in sinuosity between normal and megaripples are due to grain size segregation. Accumulations of coarse 
particles allow further growth of the ripple, thus decreasing their migration rate and encouraging further accumulation of 
coarse grains. 
 
Hoover R. H.   Putzig N. E.   Fenton L. K.   Courville S. 
Thermophysical Characterization of Southern Hemisphere Dunes On Mars [#3063] 
Investigating thermophysical properties of southern hemisphere dunes on Mars as a way to identify subsurface volatiles. 
 

http://www.hou.usra.edu/meetings/dunes2017/pdf/3030.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3059.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3016.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3020.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3020.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3036.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3053.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3012.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3007.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3063.pdf


Putzig N. E. 
A SHARAD’s Eye View of Martian Dunes [#3054] 
SHARAD has been observing dunes on Mars for over ten years. While many dunes severely scatter the radar signals, others 
allow them to penetrate, revealing internal layering and underlying surfaces, some of which are related to subsurface ice. 
 
Lucas A.   Rodriguez S.   Narteau C.   Charnay B.   Rozier O. 
Wind Regime, Sediment Flux, and Bedform Response on Titan [#3027] 
Linear dunes observed within the equatorial sand seas on Titan are investigating from remote-sensing associated to 
predictions of global circulation models allowing sediment transport estimations and fine geomorphology analysis. 
 
Lewis R. C.   Bishop B.   Radebaugh J.   Christiansen E. H. 
A Comparative Analysis of Sediment Transport and Deposition Trends of the Sand Seas of Earth and Titan [#3041] 
The analysis of linear dune widths and spacings according to elevation and other variables such as proximity to sand sea 
margin on Earth and Titan provide better understanding of sediment transport and deposition patterns in sand seas. 
 
 

Tuesday, May 16, 2017 
POSTER SESSION:  DATA MANAGEMENT 

6:00 p.m.   Zion Room 
 

Neakrase L. D. V.   Huber L.   Chanover N.   Beebe R.   Johnson J. 
Submitting Data to the PDS:  Data Management Plans, Derived Data, and More [#3015] 
NASA’s PDS offers a range of services for aiding scientists in the preparation of data management plans and eventual 
submission of derived data to the PDS. Communication with the relevant discipline node is the key to a successful archive. 
 
Nield E. V.   Burr D. B.   Neakrase L. D. V. 
Archiving Experimentally Derived Threshold Wind Speed Data in PDS4 [#3014] 
We are creating a systematic, centralized, and searchable archive of old, new, and future threshold data from wind tunnel 
experiments and welcome additional contributions from the community. 
 
 

Tuesday, May 16, 2017 
POSTER SESSION:  GRAINS ALOFT AND ON THE GROUND 

6:00 p.m.   Zion Room 
 

Hayward R. K.   Titus T. N.   Bogle R. 
Mars Aeolian Analog:  Multi-Layer Saltation Sensor [#3004] 
Research at Grand Falls will characterize saltation and sand transport when two sediment populations are involved, arrive at 
sediment estimates for bimodal sand populations on Earth and Mars, and field test a multi-layer solid-state saltation sensor. 
 
Sunda A. M.   Hawyard R. K.   Titus T. N. 
An Analysis of Grain Size Distribution of Mobilized Sand at the Grand Falls Dune Site [#3017] 
The Grand Falls dune study site is located 40 miles northeast of Flagstaff, Arizona on the Navajo Reservation; dunes are 
composed of fine-grain quartz sand and coarse-grain basalt sand. 
 
Raack J.   Reiss D.   Balme M. R.   Taj-Eddine K.   Ori G. G. 
In Situ Sampling of Terrestrial Dust Devils and Implications for Mars [#3006] 
We report on first very detailed in situ sampling of relative dust devil particle loads and their vertical grain size 
distributions in heights up to 4 m. 
 
Reiss D. 
Orbital Observations of Terrestrial Dust Devils [#3029] 
Terrestrial dust devils have not yet been observed directly in satellite imagery. Here we report about orbital dust devil 
observations in the Taklamakan desert. Results are compared to orbital dust devil studies in Amazonis Planitia on Mars. 
 

http://www.hou.usra.edu/meetings/dunes2017/pdf/3054.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3027.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3041.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3015.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3014.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3004.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3017.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3006.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3029.pdf


Bristow C. S.   Moller T. 
Dust Production from Saltation of Aeolian Basalt Sands:  Analogue for Mars [#3034] 
We have measured the amount of dust produced by basalt sand in a saltation chamber. The results indicate that saltation of 
basalt sand is a viable method for the production of dust on Mars. 
 
Charles H. R.   Titus T. N.   Hayward R. K. 
The Mars Global Digital Dune Database:  Exploring Dune Field Mineral Composition [#3060] 
The Mars Global Digital Dune Database (MGD3) is a comprehensive compilation of the properties of martian dune fields. 
The next planned release will add mineral composition data for the larger dune fields in the equatorial and south 
polar regions. 
 
Lorenz R. D.   Horst S.   He C. 
Do Titan’s Dunes Glow in the Dark? [#3018] 
Titan’s carbon sands / May fluoresce pretty colors / When hit by UV. 
 
Yu X.   Hörst S. M.   He C.   McGuiggan P.   Bridges N. T. 
Direct Measurement of Interparticle Adhesion of Titan Aerosol Analogs (‘Tholin’) Using Atomic 
Force Microscopy [#3048] 
First direct measurements of interparticle forces between Titan aerosol/sand analog (‘tholin’) particles. Inform future 
theoretical and experimental studies of threshold wind speed. 
 
 

Tuesday, May 16, 2017 
POSTER SESSION:  INSTRUMENTATION 

6:00 p.m.   Zion Room 
 

Barnes J. W.   Turtle E. P.   Trainer M.   Lorenz R. D.   MacKenzie S. M. 
Dragonfly:  A New Frontiers Titan Dune Lander [#3044] 
Rotorcraft lander / In Titan’s organic sands / Is there life out there? 
 
Williams D. A.   Smith J. K. 
NASA’s Planetary Aeolian Laboratory:  Status and Update [#3002] 
This presentation provides a status update on the operational capabilities and funding plans by NASA for the Planetary 
Aeolian Laboratory located at NASA Ames Research Center, including details for those proposing future wind 
tunnel experiments. 
 
 

Tuesday, May 16, 2017 
POSTER SESSION:  IT FLOWS, NOT BLOWS — WATER ANALOGS 

6:00 p.m.   Zion Room 
 

Williams K. E.   Geissler P. E. 
Subaqueous Antidunes on the Surface of Venus? [#3038] 
In this work we proceed under the working hypothesis that aeolian antidunes may exist beneath the atmosphere of Venus. 
We use characteristics of transverse dunes from the Al-Uzza Undae region of Venus to constrain the properties of antidunes. 
 

http://www.hou.usra.edu/meetings/dunes2017/pdf/3034.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3060.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3018.pdf
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http://www.hou.usra.edu/meetings/dunes2017/pdf/3048.pdf
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http://www.hou.usra.edu/meetings/dunes2017/pdf/3038.pdf


 FIELD TRIPS 
 

Participants in field trips should bring hiking gear, including a small backpack (day pack), personal first aid kit, sun hat, 
sunscreen/chap-stick, canteen or CamelBak bladder, bandanas (2), gloves (if desired), and shoes for hiking on sand. 

 
Wednesday, May 17, 2017 

ZION NATIONAL PARK AND CORAL PINK SAND DUNES 
7:30 a.m.   Holland Building 

 
The workshop will include a full-day field trip to Zion National Park and Coral Pink Sand Dunes on Wednesday, 
May 17. This field trip will include multiple roadside stops in Zion National Park, followed by a moderate hike into the 
Coral Pink Sand Dunes. Articles providing scientific context for the stops made on this trip are available through the 
“Science Background” tab on this conference website.  

Stops in Zion will focus on the process implications of extensive cross-sectional exposures of ancient eolian dune deposits. 
The first stop will provide a panoramic view of the transition between fluvial deposits of the Kayenta Formation and eolian 
deposits of the Navajo Sandstone, and will include a cross-sectional perspective on slump structures from an ancient dune 
collapse. Two additional stops, in the vicinity of Checkerboard Mesa, will focus on depositional cycles within the 
sedimentary architecture. 

The final destination, Coral Pink Sand Dunes State Park, will provide the opportunity to explore an active dunefield 
developed within topographic constraints and shaped by seasonally reversing winds. Net sand transport is to the NE. The 
area of active accumulation extends some 13 km to the SW-NE as a 1 km swath of sand sheets and bedforms, some of 
which are stabilized by vegetation. Dunes of various types and sizes occur within this field, including parabolic and 
climbing dunes at the margins of a succession of transverse and barchan dunes that are aligned with the dominant transport 
wind direction. The focal point of the park overlook, a 30-m star dune, will be the primary destination of the hike.  

This trip is expected to last about 10 hours, which includes at least 4 hours of travel (roundtrip). Charter buses will depart at 
7:30 a.m. from the Holland Building. A box breakfast with juice and a box lunch with bottled water will be provided to 
each pre-registered participant. 

Thursday, May 18, 2017 
THE VORTEX AND SNOW CANYON 

5:30 p.m.   Holland Building 
 
Additional guided field trips will be available to those interested in further exploring the ancient dune deposits of the 
scenic, Navajo Sandstone. There are two options for local hikes on Thursday evening, after the talks are finished.   

• The first option is to an area called “The Vortex” which features extraordinary exposures of trough cross-
stratification, soft-sediment deformation, and giant weathering pits, along with beautiful views.  This ~3 hour hike 
is moderately strenuous and will require advance meal planning (box lunches from Even Steven’s will be available 
as an option).  

• The second Thursday evening option will target Snow Canyon, where a greater variety of stratification types is on 
display, including those representing a transition from stream to dune accumulations, and moki marbles (the 
“blueberries” discovered on Mars).  Dinner will be organized at a local restaurant, close to Snow Canyon.  
 

Friday, May 19, 2017 
ZION NATIONAL PARK AND POINTS BEYOND  

12:00 p.m.   Holland Building 
 
On Friday afternoon, after the presentations, there will be an excursion back to Zion National Park, and points beyond. 
This trip will include a hike along the Canyon Overlook Trail (~1 mile), amidst the details of the ancient slump deposit 
viewed from a distance on Wednesday’s field trip. From there, we will continue on to Kanab Canyon, where a different 
type of soft-sediment deformation complex in the Navajo Sandstone is displayed in extraordinary detail. Brief stops along 
the way will highlight various aspects of the architecture of the Navajo Sandstone, including abundant interdune deposits, 
which are absent in the Snow Canyon section and rare in Zion. A group dinner will be organized in Kanab that evening.  



Thursday, May 18, 2017 
GALE CRATER SAND DUNES:  IN SITU OBSERVATIONS FROM MARS 

8:25 a.m.   Zion Room 
Session dedicated to the memory of Nathan T. Bridges 

 
Chairs: David Rubin  
 James Zimbelman  
 
8:25 a.m. Introduction and dedication of the session 
 
8:30 a.m. Bridges N. T.   Ehlmann B. L.   Achilles C.   Cousin A.   Edwards C.   Ewing R.   Johnson J.   Lapotre M.   

Newman C. *   O’Connell-Cooper C.   Rubin D.   Sullivan R. 
Investigation of the Bagnold Dunes by the Curiosity Rover:  Summary of Results from the First Investigation 
of an Active Dune Field on Another Planet [#3031] 
Results from the first phase of Bagnold Dune Campaign are presented. We report on remote sensing studies, 
current processes, structures, grain characteristics, compositions, and mineralogies, and discuss implications 
for sand sources and transport mechanisms. 

 
8:50 a.m. Rubin D. M. *   Banham S. G.   Gupta S.   Anderson R. B.   Bridges N. A.   Edgar L. A.   Lewis K. W.   

Newman C. E. 
Long-Term Changes in Direction of Sand-Transporting Winds in Gale Crater, Mars [#3042] 
We have interpreted eolian sand-transport directions in three deposits spanning much of the evolution of Gale 
Crater:  Eolian cross-strata within the upper formation of Mt. Sharp and in the Stimson sandstone, and in the 
active Bagnold dunes. 

 
9:10 a.m. Cornwall C. *   Bourke M. C.   Jackson D. W. T.   Cooper J. A. G. 

Grainflow Morphologies and High Resolution Airflow Modeling of Bagnold Dunes, Gale 
Crater, Mars [#3019] 
We present a comparison between terrestrial field observations and images of the Namib dune slipface on 
Mars as well as an investigation of complex wind patterns on the Namib dune that may influence grainflow 
behavior and dune migration. 

 
9:30 a.m. Silvestro S. *   Vaz D. A.   Yizhaq H.   Popa C.   Deniskina N.   Esposito F. 

Large Ripples in Gale Crater (Mars):  Morphology and Dynamic [#3023] 
Large ripples morphology and dynamic in the MSL landing site is different from terrestrial impact ripples. 

 
9:50 a.m. Banham S. G. *   Gupta S.   Rubin D. M.   Watkins J. A.   Sumner D. Y.    

Grotzinger J. P.   Lewis K. W.   Edgett K. S.   Edgar L. A.   Stack K. M.   Bell J.   Ewing R. C.   Day M. D.   
Laportre M. G. A. 
Anatomy of an Ancient Aeolian Sandstone on Mars:  The Stimson Formation in Gale Crater [#3039] 
The Stimson formation, Gale Crater, is interpreted to represent a dry aeolian dune system.  Water played no 
role in the accumulation of this unit. 

 
10:10 a.m. Newman C. E. *   Richardson M. I.   Gómez-Elvira J.   Marin M.   Navarro S.   Torres J.   Viúdez-Moreiras D.   

Day M.   Kocurek G. A. 
Dune and Wind Observations and Predictions in Gale Crater on Mars [#3058] 
Recently the MSL rover provided the first in situ wind data for planetary dunes, which is invaluable for 
understanding how the dunes formed and as ground truth for validating models. We will present results and 
model predictions of winds and dunes. 

 
10:30 a.m. Richardson M. I. *   Newman C. E. 

Preliminary Large Eddy Simulation (LES) of the Flow Over Martian Dunes Using MarsWRF and HiRISE 
DTM Topography [#3055] 
In this presentation we will describe preliminary Large Eddy Simulations (LES) of the air flow over barchan 
dunes on Mars. 
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10:50 a.m. Bristow N. R. *   Wang C.   Blois G.   Best J.   Anderson W.   Christensen K. T. 
Experimental Measurements of Turbulent Flow Structure Associated with Colliding Barchan Dunes [#3046] 
Presented here are experimental measurements of turbulent flow structure around laterally offset barchan 
dunes in a collision process, where we use fixed-bed models in a refractive index matching flume to perform 
particle image velocimetry of the flow. 

 
11:10 a.m. PANEL DISCUSSION 

 
11:30 a.m. Lunch 
 
 

Thursday, May 18, 2017 
AEOLIAN MORPHOLOGY:  DUNES AND BEYOND 

1:00 p.m.   Zion Room 
 

Chairs: Hezi Yizhaq  
 Shannon MacKenzie  
 
1:00 p.m. Zimbelman J. R. *   Foroutan M. 

Transverse Aeolian Ridges:  Mars Spacecraft Data Analyses and a New Earth Analog [#3037] 
Curiosity rover provided the first close-up study of a martian TAR when it crossed a large aeolian bedform at 
Dingo Gap. Observations are similar to Rocknest, but distinct from megaripples crossed by Opportunity. New 
TAR analog; Lut Desert of Iran. 

 
1:20 p.m. Cardenas B. T. *   Kocurek G.   Mohrig D. 

The Jurassic Page Sandstone:  Coupling Aeolian Stratigraphic Architecture to Water Table and Sea 
Level Fluctuations [#3050] 
The stratigraphic architecture of the Jurassic Page Sandstone records signals of water table fluctuations, which 
were controlled by sea level fluctuations in the adjacent Carmel Sea. These methods are applicable to aeolian 
deposits on Mars. 

 
1:40 p.m. Radebaugh J. *   Bishop B.   Lewis C.   Narteau C.   Rodriguez S.   Gao X.    

Christiansen E. H.   Lorenz R. D. 
The Namib Sand Sea as an Analogue for the Belet Sand Sea, Titan:  Winds and Dune- 
Forming Processes [#3057] 
Namib winds blow strong / Titan winds form giant dunes / Correlate we can. 

 
2:00 p.m. Kerber L. * 

Controls on the Morphology of Yardangs [#3022] 
Yardangs are important indicators of wind erosion on planetary surfaces. This presentation outlines the 
variables that contribute to yardang formation in the terrestrial environment. 

 
2:20 p.m. PANEL DISCUSSION 

 
2:40 p.m. Break 
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Thursday, May 18, 2017 
INTERACTIONS BETWEEN AEOLIAN AND OTHER PROCESSES 

3:00 p.m.   Zion Room 
 

Chairs: Jason Barnes  
 Heather Charles  
 
3:00 p.m. Hansen C. J. *   Diniega S.   Hayne P.   Portyankina G. 

Mars’ North Polar Erg — Sculpted by Wind and Dry Ice [#3056] 
Wind and seasonal dry ice sculpt the dunes of Mars in the polar regions. Does snowfall play a role in driving 
sand avalanches and the development of new alcoves?  Interannual variability suggests this may be the case. 

 
3:20 p.m. Portyankina G. *   Hansen C. J.   Aye K.-M. 

Seasonal Small-Scale Phenomena on Martian Polar Dunes [#3052] 
We report on four martian years of high resolution observations of seasonal activity on martian polar dunes. 

 
3:40 p.m. McElwaine J. N. *   Diniega S.   Hansen C. J.   Bourke M.   Nield J. 

The Formation of Martian Dune Gullies by Dry Ice — Experiments and Modelling [#3035] 
Long narrow gullies have been observed to form in the spring on martian dunes. We present experiments and 
modelling to show that they may have been formed by blocks of dry ice. 

 
4:00 p.m. Liu B. *   Coulthard T. 

In Dynamic Equilibrium:  The Autogenic Landform Change in a Fluvial-Aeolian Interacting Field [#3001] 
A cellular aeolian/dune model and fluvial model are applied to simulate interacting process. Whilst various 
interacting behaviours have been observed in the simulations, an unexpected cyclic large scale landscape 
change is noticed. 

 
4:20 p.m. Malaska M. J. *   Lopes R. M. C.   Radebaugh J.   Kerber L.   Solomonidou A. 

What is the Ultimate Fate of Titan’s Dune Sands? [#3021] 
Dark Titan dune sands / Continue beyond sand seas / How far do they go? 

 
4:40 p.m. PANEL DISCUSSION 

 

http://www.hou.usra.edu/meetings/dunes2017/pdf/3056.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3052.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3035.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3001.pdf
http://www.hou.usra.edu/meetings/dunes2017/pdf/3021.pdf


Friday, May 19, 2017 
GRAINS AND SEDIMENT TRANSPORT:  ENDING WITH BEGINNINGS 

8:30 a.m.   Zion Room 
 

Chairs: Stephen Sutton  
 Rosalyn Hayward  
 
8:30 a.m. Lorenz R. D. * 

In-Situ Measurement of the Saltation Threshold of Titan’s Sands with Downwash from a 
Rotorcraft Lander [#3043] 
Let’s go do a test / Spin fans, blow sand on Titan / To get threshold speed. 

 
8:50 a.m. Rodriguez S. *   Le Mouélic S.   Barnes J. W.   Charnay B.   Kok J. F.   Lorenz R. D.   Radebaugh J.   

Narteau C.   Cornet T.   Bourgeois O.   Lucas A.   Rannou P.   Griffith C. A.   Coustenis A.   Appéré T.   
Hirtzig M.   Sotin C.   Soderblom J. M.   Brown R. H.   Bow J.   Vixie G.   Maltagliati L.   Courrech du Pont S.   
Jauman R.   Stephan K.   Baines K. H.   Buratti B. J.   Clark R. N.   Nicholson P. D. 
Singular Activity Over Titan’s Equatorial Dunefields at Equinox [#3024] 
We detect events over Titan’s equatorial dune fields that might be dust storms, indicating that strong winds 
can blow during equinoxes and that underlying dunes can be currently active. 

 
9:10 a.m. MacKenzie S. M. *   Barnes J. W. 

A New Candidate Sand Source in Titan’s Equatorial Region? [#3062] 
Searching for sources / Of Titan’s organic sands / Is that a playa? 

 
9:30 a.m. Titus T. N. *   Hayward R. K.   Bogle R. 

Grand Falls Dune Field — Sediment Flux Measurement and Analysis at a Mars Analog Site [#3008] 
A suite of instruments (sediment catchers, anemometers, and a saltation sensor) have been located at the 
Grand Falls Dune Field site for three years. The data from this site have been used to estimate the size of 
sediment flux for several events. 

 
9:50 a.m. Chojnacki M. *   Banks M. E.   Urso A. C. 

Global Extremes in Martian Bedform Migration and Sand Flux Rates [#3033] 
Results demonstrate substantial geographic heterogeneity in dune sediment fluxes across the planet. 
Geographic and temporal variations will be discussed. 

 
10:10 a.m. PANEL DISCUSSION 

 
 

Friday, May 19, 2017 
WORKSHOP HIGHLIGHTS, GOALS, AND PUBLICATIONS 

10:30 a.m.   Zion Room 
 

Chair: Timothy Titus  
 
10:30 a.m. Session Chairs * 

Session Chair Syntheses 
 

11:10 a.m. Titus T.* 
EOS, Special Issue, and a Goals Document 
 

11:30 a.m. Titus T.* 
Next Workshop Location and Timing 
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Introduction:  Aeolian systems are widely docu-

mented across the solar system, however aeolian strata, 
the preserved expression of migrating dune fields, have 
only been documented on Earth and Mars. The Stim-
son formation, Gale crater, represents one of a few 
documented examples of a thick aeolian succession 
which has been ground-truthed beyond the earth [1]. 

The accumulation of aeolian strata depends on 
many factors, including: sediment supply; wind direc-
tion and intensity; and the generation of accommoda-
tion space, however the role of water is commonly 
overlooked. Water can play a significant role in accu-
mulation of aeolian successions, allowing sediment 
undersaturated wind to generate strata, were aeolian 
deposits would otherwise not accumulate.  

Dry aeolian systems, where water plays no role in 
sediment accumulation, relies purely on aerodynamic 
variations in sediment transport rate, such that sedi-
ment influx is greater than outflux. This requires dunes 
to grow until the depositional surface is covered, and 
dunes start to climb over the stoss slope of the preced-
ing dune. Formation of interdune areas in dry systems 
represents an area of sediment bypass on the deposi-
tional surface, where there is no mechanism for sedi-
ment preservation. Fine-grained sediments (mud to fine 
sands) rarely accumulate in significant thicknesses in 
these systems, as there is no mechanism to prevent 
wind-winnowing from occurring.  

Damp and wet aeolian systems are controlled by 
the relative position of the water table and its capillary 
fringe to the depositional surface. Sediment transported 
across a moist depositional surface can adhere, and 
over time cause accumulation of strata. Critically, this 
allows dunefield accumulation from a sediment under-

saturated wind, and for the accumulation of fine grain 
particles which would otherwise be wind-winnowed. 
Where the interdune becomes wet, interdune deposits 
may be characterized by fluvial facies, evaporites, mi-
crotopography, and deformation structures associated 
with dune migration. 

Using models developed from terrestrial aeolian 
successions, we aim to characterize the Stimson for-
mation, and reconstruct the original dune field from the 
stratigraphic succession represented as the Stimson 
formation. 

Geological setting: Gale is a 155 km diameter im-
pact crater located ~5°S of the Martian equator, that 
contains a ~5 km high mountain (Aeolis Mons) of lay-
ered rock at its center [2]. Since August 2012, the low-
er-most 200 m of stratigraphy has been explored using 
the rover Curiosity, yielding a host of sedimentary en-
vironments. The Bradbury group and lower Murray 
formation represent the first ~100 m of succession, 
represent interfingered fluvial, deltaic, and lacustrine 
sediments, with minor aeolian interbeds. The Murray 
formation represents the next 100°m, characterized by 
interbedded lacustrine mudstone and lake-margin sand-
stones. The Stimson formation unconformably overlaid 
~75 m of Murray formation, consisting of blocky and 
grey meter-scale cross-bedded sandstones which were 
juxtaposed against the smooth-surfaced, tan-colored 
and horizontally laminated Murray mudstones. 

Methods: To document sedimentological features 
within the Stimson formation, Curiosity’s suit of engi-
neering and scientific cameras were used: outcrop-
scale images were recorded using Navcams and Mast-
cams, recording the sedimentary architecture, and faci-
es relationships, while grain-scale textures were rec-
orded using the Mars Hand Lens Imager (MAHLI). 
Architecture was analyzed by mapping bounding sur-
faces associated to determine geometric relationships 
of depositional elements. These relations, combined 
with facies analysis were used to determine style of 
deposition, and sediment accumulation to reconstruct 
the dunefield.  

 

Figure 1: Damp and dry aeolian system architecture 
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Architectural observations: Stimson outcrops are 
typically characterized by cross-bedded sandstones 
with sets of cross-beds between 40-80 cm thick (Fig. 
2). Within the sets, cross-strata comprise repetitive 
laminations that are a few millimeters thick and typical-
ly sub-parallel. Cross-laminations downlap onto the 
underlying bounding surface with an asymptotic profile 
and are truncated at their top by an overlying bounding 
surface. Based on set thickness, texture and three-
dimensional geometries of laminations, these sets of 
cross-beds are interpreted to represent the preserved 
basal section of sinuous-crested aeolian dunes. Cross-
laminations were formed by sediment accumulation on 
the lee-side of a dune, leading to incremental dune ad-
vance in a down wind direction. We interpret the cross-
laminations to comprise mainly wind-ripple stratifica-
tion due to the uniformity of lamination thickness and 
their highly parallel character. Distinct grain-flow stra-
ta have not been observed. Palaeocurrent analysis 
based on measurements of 139 foreset azimuths indi-
cate a wind regime that drove dune migration towards 
the northeast. Cross sets are separated by erosional 
bounding surfaces which appear sub-horizontal and 
largely sub-parallel at outcrop-scale, but upon closer 
inspection, undulate through the stratigraphy by several 
tens of centimeters, resulting in the lateral pinch-out of 
sets (Fig. 2). Bounding surfaces can be traced over 
distances of up to 40 m, before they are truncated by 
younger bounding surfaces. These erosional surfaces 
are interpreted to have been scoured by migrating 
dunes as they climbed over the stoss slope of the pre-
ceding dune, eroding its stoss and upper part of the lee 
slope. Minor erosional bounding surfaces can be ob-
served within some cross-bed sets, which typically cut 
across the set obliquely the top to the base, and trun-
cate underlying laminations, while superseding lamina-
tions are parallel to the bounding surface. These 
bounding surfaces are interpreted to represent reactiva-
tions surfaces, which signify changes in wind direction, 
wind reversals, or a hiatus in dune migration and deg-
radation of the lee slope.  

Reconstruction of the Stimson dunefield: From 
analysis of the sedimentary architecture, and compari-
son with terrestrial aeolian strata, we interpret the 

Stimson formation to represent strata deposited in a 
dry-aeolian dune system. This interpretation is based 
on the absence of horizontally-bedded fine-grained 
interdune deposits, and other sedimentary features 
characteristic of wet systems, such as: wavy or crinkly 
laminations; mottled facies [3]; microtopography; de-
formational structures caused by dunes migrating over 
wet substrates [4]; evaporite deposits; [5] or facies of 
certain fluvial origin. Dune-field morphology can be 
reconstructed from set thicknesses, and the spatial ex-
tent of the Stimson formation mapped on orbital imag-
es using empirical relationships derived by observa-
tions of terrestrial aeolian systems. We interpret that 
cross-sets of 40-80 cm thickness would have been de-
posited by dunes between 8–11 m high [6], with an 
estimated wavelength between dune-crests of up to half 
a kilometer [7] (assuming preserved sets represent 
main dunes within the dune-field). The presence of 
common reactivation surfaces suggest a complex wind 
regime, where wind direction frequently changed direc-
tion, reversed, or abated. The absence of interdune 
deposits preserved between cross-sets indicates that 
dunes had grown to occupy all available space on the 
depositional surface, allowing a positive angle of 
climb, and accumulation of sediment which was pre-
served in the stratigraphic record. Sinuous crested 
dunes migrated towards the northeast, oblique to the 
regional dip of the deflationary unconformity that cuts 
across the underlying Murray formation. 

The accumulation of dry aeolian system strata on a 
deflationary unconformity is significant in that it signi-
fies an environment devoid of liquid water at the sur-
face, and in the shallow subsurface, suggesting that 
Gale crater was an arid environment at time of deposi-
tion of the Stimson formation. 

References: [1] Banham, S.G. et al (2016) LPSC 
XLVII, 2346-2347. [2] Grotzinger et al, (2015) Sci-
ence, 350, 6257. [3] Metz, J. M., et al. (2009) Journal 
of Sedimentary Research 79 (5) 247-264. 
[4] Mountney, N. P. (2006) Sedimentology 53 (4) 789-
823. [5] Kocurek, G. (1981) Sedimentology 28 (6) 
753-780. [6] Rubin, D.M. & Hunter. R.E. (1982) Sed-
imentology 29 (1) 121-138. [7] Lancaster, N. (1988) 
Sedimentary Geology 55 (1-2) 69-89. 

Figure 2: Typical expression of architecture of the Stimson formation (Bridger Basin, sol 1099, mcam04872) 
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Dragonfly: A New Frontiers Titan Dune Lander. Jason W. Barnes1; Elizabeth P. Turtle2; Melissa Trainer3;               
Ralph D. Lorenz2; Shannon M. MacKenzie1,  
1University of Idaho, Moscow, Idaho USA; 2JHU/APL, Laurel, MD USA; 3NASA Goddard Space Flight Center,               
Greenbelt, MD, USA. 
 

Introduction: We propose a Titan lander mission       
for New Frontiers to sample both organic sands and         
water ice to assess prebiotic chemistry, to evaluate        
habitability, and to look for biosignatures. We carry a         
mass spectrometer to determine molecular masses of       
surface materials. A gamma-ray and neutron      
spectrometer will assess the bulk and inorganic atomic        
fractions within the regolith. We will monitor       
atmospheric conditions and listen for seismic activity       
using a meteorological and geophysics package. And a        
suite of cameras will characterize the landing site and         
provide context for each sample. 
 

Initial Landing Site: Dragonfly will initially land       
within the Shangri-La organic sand sea. Titan’s       
longitudinal dunes are typically ~50-100 m high, and        
are separated from one another by 2-4-km-wide       
interdunes. Thus the organic sand seas provide access        
to both organic sand sediments and potentially       
sand-free solid material in the interdunes within a short         
distance from one another. 
 

 
Figure 1: Aerial view of the Namib Sand Sea showing dunes           
(orange) and sand-free interdunes (yellower). The Namib       
dunes provide our best expected terrestrial analog for the         
Titan dunes that Dragonfly would visit. 
 

Titan’s Sand: We presently do not know (1) how         
Titan’s sand grains are manufactured, (2) from where        
they are sourced, (3), under what wind regime(s) the         
dunes operate, and (4) if there are permanent sinks for          
sand. The Dragonfly mission will shed light on all of          
these questions. Chemistry will be a strong       
discriminator for the mechanisms behind sand creation       
(Barnes et al. 2015). The roundedness of grains, as         
viewed by our microscopic imager, will evidence how        
far they have been transported. Our on-board       

meteorological package will monitor wind speed and       
direction over the course of the mission. And exposed         
layering could reveal the potential existence of buried        
sand, potentially lithified into sandstones.  

Our mission architecture a “relocatable lander”:      
the entire lander is a quadcopter capable of taking off          
and flying up to tens of km in a single hop to achieve             
long-range mobility. We can use the rotors to        
empirically measure sand transport by running them at        
varying speeds to observe the saltation threshold (see        
abstract by Lorenz et al.). 

Dragonfly would represent an exciting next step in        
the exploration of Titan, and in so doing would answer          
fundamental outstanding questions that we have      
regarding the nature of Titan’s dunes and the organic         
sands of which they are composed. 

 
 

 
Figure 2: Cassini near-infrared color view of Titan’s globe.         
The dark brown areas that extend from west to east along the            
equator are Titan’s sand seas. 
 

Astrobiological Significance: The organic sands     
represent an end product of Titan’s organic cycle. As         
such, the composition of the organic sand will reveal         
how far in complexity space organic chemistry can        
progress in the absence of life. Dragonfly will detect         
amino acids, lipids, and sugars if present down to the          
ppb level. Such a search makes sense in the organic          
dune sands because they represent a chemical       
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Dragonfly: A New Frontiers Titan Dune Lander:  Jason W. Barnes et al. 

concentration of organics -- so instead of a search for a           
needle in a haystack, we can look for the hay in a            
haystack. The solid organic compounds in the dunes        
also represent those that might potentially seed an        
impact crater’s liquid water melt pool, in which        
aqueous chemistry might progress. 

 

 
Figure 3: Artist’s conception of the Dragonfly rotorcraft lander         
on the surface of Titan. 
 

References:  
[1] Barnes J.W. et al. (2015) PS, 4:1 
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Sweden is not famous for its dune fields, and rightfully 

so; compared to most other countries of the world the 

Swedish dune fields are humble in size. Also, many of 

them are inactive and covered by vegetation. Due to 

this the dune fields of Sweden have been left largely 

unexplored the last decades. This is unfortunate since 

many of the dune fields in Sweden are valuable palaeo-

environmental time capsules, recording e.g. past wind 

patterns. We have therefore studied a number of these 

dune fields and dunes in south-central Sweden using 

LiDAR (Light Detection And Ranging) based remote 

sensing, sedimentological field investigations, optically 

stimulated luminescence dating and ground-penetrating 

radar. Here we present one example, Bonäsheden, the 

largest continuous dune field in Sweden, covering 

around 15.5 km
2
. The dunes of Bonäsheden are primar-

ily of a transverse type, mainly formed by north-

westerly winds, in contrast to most dunes present in 

former periglacial areas of the world, where parabolic 

dunes often are the most common type. The lumines-

cence ages show that the majority of the dunes formed 

shortly after the deglaciation of this part of Sweden, 

around 10.5 ka, and later events of sand drift in the 

area were limited. Still, there seem to have been an 

ongoing phase of dune formation for 1,500 years, with 

a shift at 10 ka from primarily north-westerly dune 

forming winds to westerly dune forming winds. The 

reason behind this change in wind direction is still un-

known, but the retreat of the Scandinavian Ice Sheet 

from the area would mean that the katabatic winds 

would have had a progressively smaller impact on the 

dune field. 
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INVESTIGATING SAND SOURCES AND ORIGINS IN AEOLIS DORSA, MARS, VIA QUANTITATIVE 

GIS TECHNIQUES. A. S. Boyd1, D. M. Burr1, and L. T. Tran2, 1Department of Earth and Planetary Sciences, 
2Department of Geography, University of Tennessee, Knoxville, TN. (aboyd21@utk.edu) 

 

Introduction: The widespread distribution of 

sand on Mars [1-3] prompts the question of its 

source(s), or regions from which it has been 

transported, and more fundamentally, its genetic 

origin(s). At present, sand sources have been resolved 

in cases where sources lie close to the visible sand 

deposit [e.g., 4-6], but the sources of many sand 

deposits on Mars remain unresolved. 

This study investigates the potential origins and 

source regions of sand deposits in the Aeolis Dorsa 

(AD) region of Mars. AD is located just north of the 

highland-lowland boundary (HLB)] and includes the 

twin plateaus Aeolis and Zephyria Plana (Fig. 1a). 

These plana comprise the westernmost extent of the 

Medusae Fossae Formation [MFF; e.g., 7, 8], the first 

of two bedrock units in this study area. The MFF is a 

layered unit that is hypothesized to be volcaniclastic 

in origin [e.g., 8, 9]. The second bedrock unit consists 

of blocky massifs located primarily in the AD 

southern depression (Fig. 1a). A low-elevation 

medial basin (‘AZP medial basin’; Fig. 1a) separates 

Aeolis and Zephyria Plana. Both dark and dust-

covered sand deposits are found within AD. 

Transverse dunes, scour marks, and wind streaks co-

occur with some of these sand deposits.  

The location of AD suggests four potential 

sources for AD sand: the MFF itself, Elysium Mons 

to the north, the Cerberus plains to the east, and the 

highlands to the south.  The first three of these source 

regions would also point to a primary igneous origin 

for the sand. The goal of this work is to determine 

whether sand deposits in AD originate from the MFF, 

and/or are sourced from any surrounding region(s). 

We are addressing this question via quantitative 

analysis of sand distribution and inferred wind 

directions from aeolian features. 

 Hypotheses: Regional geology supports four 

working hypotheses for AD sand source(s) (Fig. 1a): 

1. Elysium Mons: AD sand could originate as sand-

sized volcaniclastic sediments from Elysium Mons or 

via erosion of effusive Elysium lava flows. 

Southward transport of these sediments to AD would 

result in aeolian feature orientations indicative of 

southward winds, e.g., scour marks on the north sides 

of obstacles. Sand would likely be concentrated in the 

north of AD and/or in the AZP medial basin. 

2. Cerberus plains lavas: Impact cratering and/or 

 [potentially ongoing; 10] seismic activity in the 

Cerberus plains (CP) to the east of AD might both 

produce sand-sized sediment derived from extensive 

CP lavas [11]. High sand concentrations on the 

eastern side of Zephyria Planum, co-located with 

aeolian features indicating westward winds, would 

support this hypothesis.  

3. Southern highlands: Dark sand occurs on the 

southern highlands south of AD [1, 12]. This sand 

may be transported northward across the HLB into 

lower-elevation AD. If AD sand is coming from the 

southern highlands, a higher concentration of sand 

should occur in the southern depression, with aeolian 

features indicating northward transport winds.  

4. In situ bedrock weathering: Bedrock weathering 

occurs in the southern depression and on the two 

plana. If sand is concentrated on the two plana, and 

inferred wind directions appear to be locally 

controlled rather than favoring an external source, 

then the MFF and/or the blocky massifs may be 

source(s) of AD sand. 

Data and methods: We are mapping sand 

deposits and associated aeolian features in ArcMap 

on a 6-m/px-resolution basemap of visible-

wavelength images from the Mars Reconnaissance 

Orbiter Context Camera [CTX; 13].  High-Resolution 

Imaging Science Experiment [HiRISE; 14] images 

are used to identify smaller aeolian features. Mars 

Orbiter Laser Altimeter [MOLA; 15] elevation data 

are used to constrain potential topographic controls 

on sand distribution. Sand deposit mapping is being 

conducted at a scale of ~1:100,000. Sand deposits are 

recorded as polygons within one of four 

classifications: dark sand sheets, partially dust-

covered sand, dust-covered (bright) sand, and dark 

sand within bedrock troughs (Fig. 1a). Sand deposits 

in troughs are mapped separately because their small 

size makes mapping individual deposits difficult, but 

their clustering tendency makes mapping groups of 

such deposits practical. Additional data are recorded 

in an attribute table in a binary system (Table 1). 

These data include the presence/absence of dunes, 

scour marks, wind streaks, and dark bedrock erosion, 

along with each feature’s orientation. Orientations are 

recorded as any combination of N, S, E, and W, 

where, e.g., “N” = 315°-045°, “E” = 045°-135°, “S” 

= 135°-225°, “W” = 225°-315°, “NW” = 225-045°, 

“NE” = 315-135°, “N 180°” = 270-045°, etc.  

We are analyzing the geospatial distribution of 

sand deposits via two different approaches. In the 

first approach, we will apply three methods: Average 

Nearest Neighbor; Ripley’s K function; and quadrat 

overlay on the centroids of sand deposits to analyze 

their clustering and/or geospatial distribution. With 

the second approach, we will utilize a moving-

window technique to derive various attributes of sand 

deposits and create multiple raster layers (i.e., lattice 
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data) for these attributes. We will apply several 

spatial statistical tools suitable to lattice data (e.g., 

global and local Moran’s I, Getis-Ord’s G statistic) 

on those raster layers to explore spatial pattern and/or 

distribution of sand deposits and their attributes (e.g., 

size, shape, orientation).  Finally, we will compare 

the results from the approaches on their usefulness in 

exploring sand deposits and similar features on Mars.   

 Preliminary results: Preliminary mapping has 

been completed over ~70% of AD. Most sand 

appears to be located upon, or at the edges of, Aeolis 

and Zephyria Plana. The AZP medial basin is largely 

devoid of sand. The confinement of sand largely to 

Aeolis and Zephyria Plana may be due to (1) sand 

being sourced dominantly from the MFF, or (2) that 

the two plana acting as effective sand traps. 

Most scour marks wrap around the northerly 

sides of obstacles (Fig. 1b). Wind streaks occur 

primarily in bedrock troughs, extending southward 

(Fig. 1c). These features indicate locally variable 

winds, but regional dominance of southward-directed 

winds. The regional southward trend may be due to 

(1) dominant winds coming from the north, or (2) 

winds controlled by local N-S trending topography. 

In the southern depression, some sand is 

eroding in situ from dark layers in the massifs. 

Although the southern depression shows substantial 

bedrock erosion, it is ~500 m lower than elsewhere in 

AD, and sand sourced from the massifs is unlikely to 

travel out of the southern depression. Thus, although 

massifs are sourcing sand within the southern 

depression, source(s) of sand elsewhere in AD 

remain unresolved. We will complete mapping and 

data analyses, and subsequently evaluate the relative 

likelihood of sand sources based on our analyses and 

observations. The results of this study will be used in 

conjunction with spectral analyses and climate 

models to further constrain the likely contributions of 

various potential AD sand sources and origins. 

 References: [1] Hayward R. K. et al. (2007) 

JGR, 112, E11007. [2] Hayward R. K. et al. (2009) 

JGR, 114, E11012. [3] Hayward R. K. et al. (2014) 

Icarus, 230, 38-46. [4] Langevin Y. et al. (2005) Sci, 

307, 1584-6. [5] Mangold N. et al. (2007) JGR, 112, 

E08S04. [6] Chojnacki M. et al. (2014) Icarus, 232, 

187-219. [7] Sakimoto S. E. H. et al. (1999) JGR, 

104, E10. [8] Bradley B. A. et al. (2002) JGR, 107, 

E8. [9] Mandt K. E. et al. (2008) JGR, 113, E12011. 

[10] Roberts G. P. et al. (2012) JGR, 117, E02009. 

[11] Keszthelyi L. et al. (2004) G3, 5. [12] Tirsch D. 

et al. (2011) JGR, 116, E03002. [13] Malin M. C. and 

Edgett K. S. (2001) JGR, 106, 23429-570. [14] 

McEwen A. S. 

et al. (2007) 

JGR, 112, 

E05S02. [15] 

Smith D. E. et 

al. (2001) JGR, 

106, 23689-

23722. 
Figure 1. a) CTX 

basemap of AD 

showing initial sand 

mapping and notable 

landforms. Inset 

shows regional 

context and external 

potential sand 

sources. b) Scour 

marks with denoted 

orientations. Arced 

lines represent extent 

of lettered compass 

direction. c) Wind 

streaks (white arrows 

denote orientation). 

(Credit, b & c: 

NASA/JPL/Univ. of 

AZ)  

 

Feature type
Length 

(m)
Area (m)

Scour 

marks:
N E S W NW NE

N 

180°

Tr. 

dunes:
E-W N-S

Wind-

streaks:

Extending 

to S

Following 

troughs

Bedrock 

erosion

dark sand in 

trough
6.97E+03 2.49E+06 1

dark sand 2.98E+04 1.20E+07 1 1 1 1 1 1

dark sand 1.40E+04 9.29E+06 1 1 1 1 1

dark sand 4.99E+04 5.18E+07 1 1 1 1 1 1

Table 1. Simplified attribute table with information regarding mapped sand deposits. See text for orientation information.
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Introduction  

Wind transport of particles is a fundamental geological 
process on solid bodies with atmospheres. On Mars, which 
currently lacks competing water-based physical and 
chemical weathering agents, aeolian processes play a 
dominant role in forming and modifying the landscape (e.g., 
1). Such dry conditions have, by and large, existed for 
billions of years on the planet, such that major portions of 
the Martian stratigraphic record are reflective of conditions 
that are more akin to deserts and high altitude terrains on 
Earth. Many features are familiar to us on Earth, such as 
dunes, impact ripples, and yardangs. However, other 
common Martian features such as dune megaripples [2], 
Transverse Aeolian Ridges (TARs; 3-8), and periodic 
bedrock ridges [9, 10] remain enigmatic because of a 
relative lack of appropriate terrestrial analogs. Deciphering 
the origin and evolution of these features is important if we 
are to fully understand the way the wind affects the Martian 
landscape. 

 Gravel megaripples and yardang fields in Catamarca 
province, Argentina [11-14], at an elevation of ~4500 m, are 
located in one of the windiest parts of the Argentinean Puna 
and have been used as an analog to study Martian TARS 
and yardangs by these authors [12,14-16] and other 
investigators [8,10,11,13] (Figure 1). The region has also 
been used to investigate dust devils under the relatively low 
atmospheric pressures [17]. Here we summarize our 
published work [14-16], how it fits into other investigations, 
and discuss plans for future studies that we hope to pursue. 
Results of Initial Campaign 

In several field campaigns, we collected samples, made 
morphometric and wind profile measurements, and set up an 
autonomous weather station.  Back in the U.S., 
granulometric measurements of grain size, shape, and 
composition were made [14], and wind tunnel investigations 
of field samples conducted to determine threshold speeds 
[16]. The results of this work has been reported in several 
investigations by this team. Major results are: 

1) Lithic and pumice gravel-capped bedforms in the 
Argentinean Puna [11-13], although extreme by Earth 
standards, have morphologic and dynamic characteristics 
in common with Martian Transverse Aeolian Ridges 
(TARs) and megaripples [14-16] The Puna gravel 
bedforms consist of lithics and pumice that have similar 
equivalent weight to basalt sand and hematite concretions 
composing the granule ripples at Meridiani Planum, Mars.  

2) A model (field observations informed by in-situ 
wind measurements and wind tunnel experiments) for the 
development of these bedforms and applied basic scaling 
calculations to Mars has been developed. Dense gravel 

clasts can initially only move under gusty conditions, 
with the impact of saltating pumice and sand lowering 
threshold. Pumices can saltate without the impact of 
sand, indicating that they are both an impelling force 
for other pumices and lithics, and are the most likely 
clast constituent to undergo transport.  

3) Gravel clasts, mostly locally derived by erosion 
of the bedrock ignimbrite, move by saltation impact 
induced creep, largely by impact of saltating pumice, 
but also, less efficiently, under the influence of 
saltating sand. 

4) Aerodynamic roughness heights of 1–3 cm 
obtained from measured wind profiles appear to have 
been relatively insensitive to the angle at which the 
wind was incident upon the bedforms [15].  

5) Gravel ripples nucleate on pre-existing 
topographic highs. Once large megaripples stabilize, 
wind flow characteristics coupled with continued 
saltation of pumice and sand act to deepen the 
ignimbrite bedrock troughs between the ripple crests. 
These observations could help reconcile current 
models of TARs with periodic bedrock ridges that 
may be produced by aeolian erosion. 

6) The gravel “bedforms” grow through a model 
of infiltration and percolation of sand trapped by wind 
agitated gravels clasts. In this way, the gravel armor is 
lifted upwards over time forming the bedform. 

7) The Martian aeolian environment is similar to 
the Puna in terms of having grains of variable size and 
density, infrequent wind gusts, and saltating sand, 
implying that some TARs on the planet may have 
formed in a similar way. For equivalent weight 
materials, the resistive forces for the ripple surfaces 
are about the same in the Puna and on Mars meaning 
that threshold speeds must be ~7× greater on Mars 
than on the Puna. Such strong winds are infrequent on 
Mars. The Puna can therefore be considered a Martian 
environment on “fast-forward” and therefore one of 
the most compelling analog aeolian environments 
available.   

Proposed Future Work 
Because our previous work was largely 

characterization and semi-quantitative, several key 
questions remain. Among the most important are: 1) 
What are the wind characteristics and required wind 
speeds that drive gravel movement? 2) What are the 
saltation regime characteristics that motivate the 
movement and accumulation of gravel bedforms? 3) 
What are the rates of migration and growth of gravel 
megaripples? 4) What do the transport paths of the 
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gravel clasts look like and how is that related to the 
saltation and creep regimes? 5) How important is pre-
existing topography for the formation of the gravels?  6) 
How does the meter-scale topography of the bedforms 
impact wind regime, saltation regime and gravel 
megaripple formation? 7) What are the feedbacks 
between bedrock topography and gravel megaripples? 
And, most importantly, 8) What is the applicability and  
implications for Mars? 

Pending NASA funding we, plan to undertake further 
studies to address these questions. The investigations can 
be roughly grouped within three broad science objectives 
that employ new, innovative field techniques combined 
with detailed analysis. 

1) Determine wind speeds and roughness heights at 
four locations to gauge the effect of topography and 
conditions on sand and clast transport. With our 
estimates of threshold speeds from previous work  and 
one surface weather station [15], we next need to look at 
the variability of winds and see at which locations various 
pumice and lithic sizes are likely to get transported, either 
through direct lifting or by impact-induced creep. Toward 
this end, will set up stations that will measure the wind 
speed and temperature profile at 5 logarithmically-spaced 
elevations. This will be done at 4 locations in the Puna. 

Long term temperature, wind speed and direction, air 
density, and humidity has been measured since 2013 by a 
meteorological station located in the Salar de Incahuasi 
field ~15 km away [15].  This will continue as a long-
term baseline data set for the region.  During each field 
campaign, separate mobile meteorological stations will be 
established at Campo Purulla and the Campo Piedra 
Pomez to complement the permanent station at Salar de 
Incahusai. The results  will provide measurements 
temperature, wind speed and direction, air density, and 
humidity continuously at three field sites. 

2) Measure saltation flux and infer migration and 
growth rates of gravel megaripples and local abrasion 
rates. Sand flux will be measured with BSNE sand 
catchers at the same locations as the wind profile stations, 
with the sand weighed at periodic intervals to get a 
diurnal flux in two different field seasons. We will 
employ Sensit sensors to also measure flux and get an 
estimate of saltation kinetic energy. Lucite rods, deployed 
on the first field season and retrieved the next, will be 
attached to a 2 m mast to measure the relative kinetic 
energy flux profile and get an estimate for abrasion rates 
in the region. Finally, the transport paths of pumices and 
lithics will be tracked by embedding the clasts with radio 
frequency identification or passive integrated transponder 
tags.  A “place and relocate” methodology will be 
employed in which the tracers are put in defined locations 
(inter-ripple, ripple stoss, ripple crest, ripple lee) and then 
tracked in the next field season with a wand-style antenna 
detector. 
3) Develop an integrated model for Puna aeolian 
transport, sedimentation, and erosion that informs the 

development of aeolian features on Mars. From our 
field data, we will be able to calculate aeolian sediment 
fluxes as a function of clast density and size, and 
estimate the efficiency of winds in various geographic 
settings for mobilizing and transporting clasts through 
both saltation and creep. We will also have estimates of 
abrasion rates. We will be able to scale these results to 
Mars conditions considering wind tunnel and 
theoretical values for thresholds that will differ from 
those in the Puna. Convolving our flux measurements, 
saltation energies (Sensit), and mass loss from the lucite 
rods, we will be able to measure the relative abrasion 
efficiency in the Puna, the first time this has been done 
in such a Mars analog setting. Although lucite differs 
from rock, with a different mass loss susceptibility, it 
can be compared to laboratory measurements of 
geologic materials [18]. These calculations can be 
applied to Mars by considering the greater saltation 
speeds on the planet. 
Conclusions: The Argentinean Puna is an ideal analog 
laboratory for studying the formation and evolution of 
megaripples, abraded terrains, and other landscapes on 
Mars. Initial results have provided fundamental insights 
into how aeolian terrains form on Mars, Further studies 
promise to provide much more detailed quantitative 
information on the rates of landscape modification that 
can applied to the Martian environment. 

 
Fig. 1: a) Megaripples and smaller inter-ripples in the 
Campo Purulla field. The arrow shows the direction of 
the strongest winds (pointing downwind) b) An 
example of uncovered sinuous bedrock ridges on the 
ignimbrite surface near the northeast margin of the 
Campo Piedro Pomez field (~28 km ENE from Campo 
Purulla).  
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Introduction: At the 4th International Planetary 
Dunes Conference in 2015, plans were presented for the 
Bagnold Dune Campaign by the Curiosity rover in Gale 
Crater, Mars. This was advertised as the first investigation 
of an active dune field on another planetary surface. Here, 
at the 5th Dunes Conference, we summarize results from 
the campaign, which, at the time of writing this abstract, 
derive from 14 papers published, in press, or submitted 
[1-14]. The focus of the first phase was the investigation 
of two barchan dunes, High Dune and Namib Dune. 
Preliminary results from the second phase of the 
campaign, within linear dunes to the south, is currently 
ongoing and will also be presented. 

Prior to arriving at Mars, it was recognized that 
the traverse path of the MSL Curiosity rover would pass 
through a sand dune field that had previously been shown 
as migrating. The first in situ study of an active dune field 
on another planetary surface was recognized as a unique 
opportunity well tied to MSL science objectives. 
Curiosity was better suited than any previous Mars 
mission to mount a series of investigations to address 
fundamental questions on Martian sand dunes, centered 
both on their current state and how they tie into the 
planet’s geologic history.  

Implementation: Rover Traverse and 
Activities: Phase I of  the Bagnold Dune Campaign 
spanned Sols 1162 to 1253 (Nov. 13, 2015 - Feb. 14, 
2016) and was partitioned into four science sub-phases: 1) 
Entering the dune field (Sols 1162-1180) the rover parked 
in roughly equally separated azimuths (314.2°, 193.1°, 
and 75.7°, respectively) to assess the local wind field and 
determine the ideal location to measure the strongest 
winds later in the campaign. 2) Activities near and at 
High Dune (Sols 1181-1184), including MAHLI and 
APXS measurements of undisturbed and disturbed sand 
and dune material 3) Namib Dune slip face observations 
(Sols 1198-1214): For 16 sols the rover was parked 15 m 
in front of Namib Dune, affording the opportunity to 
undertake long term change detection observations. 
REMS provided measurements showing the influence of 
the dune on wind recirculation [12]. 4) Coordinated 
Measurement Campaign at Gobabeb, Namib Dune (Sols 
1221-1244): Activities included wheel scuffing into the 
dune to reveal internal structure; MAHLI, APXS, and 
ChemCam on disturbed and undisturbed sands; scooping 
and sieving of sand into <150 µm and 150 µm - 1 mm 

size fractions, with the former delivered to CheMin and 
both to SAM, and piles dumped on to the surface 
investigated with MAHLI, APXS, and ChemCam; 
change detection observations; and DAN in its active 
mode when driving off the dune to assess hydrogen in 
the dune interior.  

Major Results 
1. Dune remote sensing signatures and ground truth 

for orbital observations 
The dunes were measured with all Mastcam filters 

(visible to VNIR) and ChemCam passive (UV to 
VNIR) spectroscopy [8]. A continuum of spectral 
features observed between coarse- and fine-grained 
dune sands suggests that mafic grains, ferric materials, 
and airfall dust mix in variable proportions depending 
on aeolian activity and grain sorting [8]. Measurements 
from the REMS ground temperature sensor convolved 
with the predicted thermal inertia from MAHLI-derived 
particle sizes show good agreement with THEMIS 
thermal inertias, providing ground truth data that can be 
used for other dunes on Mars [5]. Plagioclase and 
olivine closely match orbital TES thermal infrared 
measurements, but the pyroxene is lower in CheMin 
(which is restricted to <150 µm in size) [1]. Reflected 
infrared spectroscopy from CRISM matches to a 95% 
confidence level the CheMin measurements [1]. 
Mineralogy estimated from orbital CRISM observations 
are within 10 wt. % of that derived from CheMin [10]. 
Such results are proving useful in providing ground 
truth data for spectral unmixing calculations using the 
Hapke radiative transfer model [11]. 
 2. Current dune processes, rates, and structures 
 REMS wind measurements confirm GCM predictions 
of dominant northerly daytime winds up Mt. Sharp and 
nightly southerly downslope winds, with a clockwise 
rotation between these times [12]. In the lee face of 
Namib Dune, blockage of northerly daytime winds 
results in a westerly [12] and easterly flow, the latter of 
which especially contributes to dune ripples seen on the 
lee face [7]. Based on HiRISE seasonal observations and 
global circulation model predictions, Curiosity 
investigated the dunes in the least windy time of the year 
[2]. Nevertheless, change detection images from 
Mastcam and RMI document grain scrambling and 
minor grainflow. Some of the most significant events are 
correlated to the highest wind speeds recorded by REMS 
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at friction speeds of 0.3-0.4 m s-1, values that are below 
fluid threshold on Mars [2]. As shown by [14], grain 
detachmant may occur under such cases when turbulent 
eddies harness grains that are more exposed to the wind 
than would be the case in a sand bed. Under these 
conditions, grains act as triggers that drive further saltation, 
resulting in a cascade of grain motion that can explain the 
extensive evidence for sand movement on Mars today. 

The structures of Martian dunes exhibit 
similarities and differences with their terrestrial 
counterparts, the elucidation of which points to important 
aspects of environmental control on dune formation. The 
close-up imaging by Curiosity, including the use of stereo 
images to derive high resolution topography, has provided 
important new information. Impact ripples and grainflow 
and grainfall deposits are similar on the two planets, with 
angle-of-repose slopes measured between 29 and 33 
degrees. However, larger-scale ripples are fairly common 
on Martian dunes but rare on Earth [7]. Their commonality 
on the planet may be due to the higher kinematic viscosity 
in the Martian atmosphere such that fluid drag processes, 
akin to those in water, contribute to large ripple formation 
[9]. Where they can be preserved on the lee slopes of 
dunes, they should produce a sandstone stratigraphy that is 
unique to Mars [7]. 
 4. Grain sizes, sorting, shapes, and colors 
 MAHLI and RMI images, including those in size-
segregated piles, show that sand size varies from 40 µm to  
600 µm , with most sand grains  less than 250 µm [4,6]. 
The sand is generally well rounded, with some angular 
light-toned grains, perhaps representing local Murray 
bedrock or calcium sulfate-rich vein fragments. Despite the 
size range, the grains are the most well sorted so far 
measured on Mars [6]. Colors are variable, although 
generally consistent with mafic compositions of pyroxene, 
plagioclase, olivine, and opaque phases. Colors include 
opaque gray of various shades, translucent yellow, opaque 
reddish, opaque white/light, translucent green, and 
translucent colorless grains [6]. 
 5. Chemistry, Mineralogy, and Volatile Contents of 
Dune Sands 

Elemental results come from APXS and 
ChemCam, mineralogy from the <150 µm size fraction  
from CheMin, volatiles upon release from both the <150 
µm and 150 µm - 1 mm size fractions from SAM, and 
hydrogen from ChemCam, SAM, and DAN. Distinct from 
other Martian fines, the Bagnold sands have lower sulfur, 
chlorine, and hydrogen contents and elevated silica. The 
sands also have elevated pyroxene and olivine, especially 
as estimated for the coarser 150 µm - 1 mm size fraction 
in which Fe and Mn are elevated [1,6,13]. Reconciling the 
bulk elemental composition measured by APXS and 
ChemCam versus the mineralogy from CheMin indicates 
that a missing x-ray amorphous phase with 42% minimal 
abundance also exists. The <150 µm fraction has a greater 
proportions of plagioclase and the amorphous phase 
compared to the 150 µm - 1 mm fraction. Within the 

amorphous phase, the amount of silica is 20% greater, 
perhaps resulting from some sands being derived from 
local Murray mudstones. 
 The low S and Cl from ChemCam and APXS are 
consistent with the smaller sulfur dioxide release 
measured by SAM [4,13]. Given that the amorphous 
component at Rocknest (an indurated sand shadow 
investigated early in the mission) was volatile-rich and 
CheMin shows that the proportion of minerals to 
amorphous materials is the same for the two aeolian 
deposits, the Bagnold amorphous component indicates 
either 1) a lower degree of chemical alternation, 2 grains 
containing it were somehow physically sorted out, or 3) 
a greater retention of volatiles for soils that have a higher 
specific surface area compared to the dunes. The latter is 
consistent with ChemCam and APXS analyses of the 
<150 µm material that shows a stronger H, S, and Cl 
signal compared to the coarser piles [4,13]. This may be 
why CheMin, which is limited to <150 µm, indicates a 
similar amount of a volatile-rich amorphous component, 
whereas ChemCam, DAN, and SAM show a lower bulk 
H measurement [4]. 
 

Discussion and Implications 
The results of the Bagnold Dune campaign have 

broad implications. In the modern environment, we 
now have a better understanding of aeolian transport 
rates, the mechanisms for wind moving sand, and 
unique structures that form under Martian conditions. 
The sand characteristics and compositions are 
consistent with a derivation from a basaltic source, 
including possible local contributions. A clear 
geochemical difference is apparent from fresh sands to 
indurated bedforms to sandstones. These physical and 
chemistry data should influence our interpretation of 
the Martian stratigraphic record. 

 
 Ongoing Studies: At this writing, MSL is 
investigating longitudinal dunes to the south. This is 
during a high wind season, in which more activity is 
apparent. Initial results will be reported at this and future 
conferences. 
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Introduction:  Dust is almost ubiquitous on Mars cov-

ering much of the planet’s surface having been spread 

around the planet by dust storms [1]. Analysis of dust 

by the Mars Exploration Rovers indicates a basaltic 

composition for the protolith [2].  In this paper we use 

samples of aeolian sands derived from basaltic hinter-

lands in an experiment to simulate dust production 

from basalt dune sands within a saltation chamber. In 

addition, we used samples from gypsum dunes because 

gypsum is found within dune fields on the northern 

plains of Mars. The results show that saltating basalt 

sands produce more dust than quartz sands, and some 

potential Mars analogue materials can potentially pro-

duce large amounts of dust. 
The majority of the surface of Mars is covered by a 

layer of dust that gives the planet its characteristic red-

dish hue. The dust has been described as an assemblage 

of clay and fine silt sized particles (< 5 μm), that con-

tains primary igneous minerals: olivine, pyroxene feld-

spar and magnetite, as well as sulphate bearing altera-

tion/weathering products [3]. Dust covers large areas of 

Mars, especially the regions of Tharsis, Arabia and 

Elysium [4], with dust deposits reaching thicknesses of 

20m or more in Arabia [5]. Given the cold and arid 

conditions that occur on the surface of Mars wind ero-

sion, sediment transport and deposition are extremely 

important, and aeolian movement of sand on the sur-

face of Mars is a potential source of fine grained sedi-

ment or dust. These arid conditions have apparently 

prevailed for around 3.7 Ga [6, 7]). On Mars there is 

evidence for aeolian activity from dust storms [1], dust 

devils [8], avalanches on dune slipfaces [9], wind rip-

ple movement [10], sand dune migration [11], and 

abrasion from saltating sand is a likely cause of erosion 

on the surface of Mars [11].  However, it is suggested 

that most fine grained (dust) particles on Mars are 

probably produced from ancient volcanic, impact and 

fluvial processes [12], and that rates of primary dust 

production on Mars are very low and that the dust is 

more likely to be derived from extensive reworking of 

fine grained, silt and clay sized sediments and aggre-

gates. In this paper we test a selection of Mars ana-

logue dune sands in a saltation chamber to determine 

how much dust might be produced by saltating basalt 

sands. 

Martian Dune sands: On Mars, sand dunes com-

monly appear to be darker than the surrounding soils 

and the low albedo are indicative of mafic minerals and 

a basaltic composition [13]. Spectral analysis of the 

dark dunes and sand sheets on Mars indicates that they 

nearly all have the same mafic composition and that 

they are most likely to be derived from volcanic rocks 

[13].  The North Polar dunes are basaltic with a hy-

drated mineral believed to be gypsum [14]. 
Earth Analogues: Basalt dune sands are found on Earth 

[15], and these relatively rare dunes are considered to 

be analogues for Martian dunes [13]. Basaltic dunes on 

Earth are rare, most likely due to a combination of 

chemical and physical weathering on Earth’s surface. 

In contrast the surface of Mars is cold and dry with 

limited chemical weathering [16] and combined with a 

basaltic crust this has resulted in widespread dark (ba-

saltic) dunes and dust on the planet’s surface.  

In our experiment we use samples from sand dunes on 

the Islands of Hawaii and Iceland as analogues for 

Martian sands. We selected these samples because the 

islands have a basaltic crust with little or no quartz 

sand and the volcanic activity is recent so that the 

sands have undergone only limited weathering and 

alteration. This is consistent with observations of dust 

on Mars where [2] conclude that Martian dust is 

formed from parent basaltic rocks by physical process-

es including: diurnal temperature cycles, comminution 

by meteoritic impacts, and wind abrasion. However, 

[2] also note that the dust particles cannot be exclusive-

ly unaltered ‘small basaltic rocks’ because the presence 

of ferric oxides indicates that some chemical alteration 

must have taken place. 

Physical experiments on Mars analogue mafic minerals 

and basalt grans has been conducted by [17] and [16].. 

A Mars erosion devise (MED) constructed by [17] 

could operate at low pressure and simulate grain im-

pacts under Mars atmospheric pressure. [17] used a 

modified Bond air mill to investigate the durability and 

rounding of mafic grains, volcanic glass and basalt 

rock fragments, as well as a mix of minerals, glass and 

basalt together. They found that olivine became round-

ed most rapidly and achieved a high sphericity within 

two hours, in contrast, augite and labradorite took 

slightly longer to become well rounded and retained a 

platy shape never achieving a high sphericity with the 

two and a half hour experiments. They found that the 

volcanic glass and basalt were the slowest to decrease 

in grainsize and took longer (7 hours) to become well 

rounded [17]. Our experiments run for 72 hours in a 

saltation chamber produce significant amounts of dust 
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suggesting that saltation of basaltic sands is a viable 

source for dust on Mars. 
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Introduction: Barchan dunes are three-

dimensional (3D) topographic features generated by 

geophysical flows in the presence of sediment mobi-

lized over a hardly erodible substrate and are important 

in a number of engineering and geophysical applica-

tions [1]. While barchan dunes are traditionally associ-

ated with aeolian environments on the Earth’s surface, 

satellite imagery has shown their prevalence in the cra-

ters of Mars, and high resolution maps of river bed 

topologies have revealed the occurrence of such dunes 

in subaqueous environments as well. These observa-

tions have sparked inter-disciplinary interest in these 

bedforms, particularly for their geomorphological, en-

vironmental and engineering significance. 

Barchans typically occur in fields with significant 

heterogeneity in dune size and migration rate. In this 

situation, the interaction between barchans of different 

sizes produces complex processes such as collision, 

amalgamation and breeding [2]. While the morphology 

of barchan dunes has been widely studied, the interac-

tion between turbulent flows and barchans is limited to 

a few recent studies [3,4].  The number of direct flow 

measurements is even fewer with respect to the interac-

tion mechanisms occurring when barchans are in close 

proximity. This lack of data is partially due to the geo-

metric complexity of these bedforms that introduces 

significant challenges in high-resolution optical flow 

diagnostic techniques such as particle image veloci-

metry (PIV). As a result, the processes involved in the 

collision and breeding of such dunes remains poorly 

understood and therefore the impact of turbulence is 

not adequately incorporated in many current numerical 

models. 

In this paper, we study the flow field surrounding 

idealized, fixed physical models with high-resolution 

planar PIV. The baseline case of an isolated barchan is 

compared to several stages of a collision involving a 

smaller upstream barchan dune (UBD) that is laterally 

offset from a larger downstream barchan dune (DBD). 

At each stage of the collision processes the morpholo-

gy of the DBD is modified by elgonating its horn to 

mimic the asymmetry observed in nature during colli-

sions [5,6].  

 

Methods:  Access to the flow field around these 

geometrically complex dunes is achieved using a re-

fractive index matching (RIM) approach.  Transparent 

models of barchan dunes, whose shape was based upon 

previous work [3], were fabricated by casting ure-thane 

material into 3D printed molds. The models were fixed 

in a RIM flow tunnel that employs an aqueous solution 

of sodium iodide (~ 63% by weight) as the working 

fluid, and rendered invisible, thus facilitating unimped-

ed data collection around the entire bedform system.  

Planar measurements at high spatial and temporal reso-

lution were conducted in the x-y (i.e. wall-normal) and 

x-y (wall-parallel) plane at several elevations away 

from the wall in order to reveal the 3D nature of the 

flow. An example of these measurements is shown in 

Fig. 1, where the case of an offset collision is reported. 

The measurements conducted in this work would be 

impossible in either a wind or water tunnel owing to 

laser blockage and/or aber-ration upon light interaction 

with the barchan models. In contrast, because the re-

fractive indices of the fluid and the solid models are 

matched precisely in the present experiments, no loss 

of laser energy or laser deflection is present as light 

passes through the solid models, while optical aberra-

tions are also minimized. 

The work presented here complements Large Eddy 

Simulations performed at the University of Texas – 

Dallas in a combined effort to understand the flow 

physics around these complex bedforms in such a way 

that the numerics can be validated experimentally. 

 

Results:  The single point turbulent statistics ob-

tained from the flow fields provide some insight into 

the dominant flow features that may be correlated with 

sediment transport processes. Figure 1 shows a combi-

nation of mean streamwise velocity measurements in 

one wall-parallel plane (at a height of 0.25h, where h is 

the height of the larger barchan) and one wall-normal 

plane (at the centerline). Streamlines reveal the ensem-

ble averaged structure of the flow, where a large recir-

culation region exists in the lee of the dune, extending 

roughly 4.8h downstream from the crest, ending at the 

reattachment point. This region of the flow is charac-

terised by low momentum, separated flow moving back 

upstream at up to 0.3UFS, where UFS is the mean free 

stream velocity. The streamlines also show the signifi-

cant amount of spanwise motion in the leeside.  

Contour maps of turbulent kinetic energy (TKE) 

(Figure 2) and Reynolds shear stress (RSS) show high 

levels of turbulence being produced from the horns and 

crest, along the three-dimensional shear layer that de-

velops as flow separates over the leeside. These high 

concentrations of TKE and RSS extend a significant 

distance downstream, elevated from the floor, suggest-
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ing the impact that an upstream barchan dune would 

have on the sediment transport associated with a down-

stream barchan in close proximity. 

 
Figure 1: Mean streamwise velocity contours in 0.25h wall-

parallel plane and centerline wall-normal plane plotted with 

streamlines for isolated barchan. 

 
Figure 2: Turbulent kinetic energy contours contours in 

0.25h wall-parallel plane and centerline wall-normal plane 

for isolated barchan configuration. 

 

Indeed, this effect is clearly shown in the subse-

quent dune-dune collision experiments. As the UBD is 

introduced upstream, the wake of the DBD develops an 

asymmetry which grows as the UBD moves closer to 

the DBD. Flow over the horn of the DBD in-line with 

the UBD is sheltered by the presence of the UBD, and 

consequently flow separation over the horn weakens, 

though the levels of TKE and RSS increase due to the 

higher levels of turbulence being produced by the 

UBD. Within the interdune space, flow channeling 

mechanisms can be seen as well as a strong “wake 

veering” effects for the UBD (Figure 3). Their behav-

ior is consistent with recently published LES simula-

tions using similar geometries [7]. 

Our results indicate that the shear layer may have 

important morphodynamic implications, since it em-

bodies a significant fraction of the RSS and thus plays 

a central role in the erosion processes induced by the 

barchans. These measurements are the first step to-

wards linking, in a quantitative fashion, the energy dis-

sipation due to turbulent mechanisms (i.e. shear layers) 

to localized erosion phenomena (i.e. erosion at the 

stoss side) that have been highlighted by previous qual-

itative mobile bed experiments involving interacting 

bedforms [2]. 

 
Figure 3: Mean streamwise velocity contours in 0.25h wall-

parallel plane and centerline wall-normal plane plotted with 

streamlines for final collision configuration. 

 

Conclusions:  This study provides accurate 2D 

flow measurements of the turbulent flow surrounding 

fixed, interacting barchan dune models. Using planar 

PIV in conjunction with a refractive index matching 

technique, the mean flow structure around dunes in 

different configurations was measured and is presented 

here.  

Comparisons of the experimental results shown 

here and those garnered by LES are underway, includ-

ing quantitative assessment of the wake-veering phe-

nomena and using observed turbulence phenomena to 

explain erosion patterns previously observed in nature 

and lab experiments involving mobile dunes.  In addi-

tion, fixed-bed models that reflect the morphological 

asymmetry observed in previous mobile-bed observa-

tions are under study by both LES and experiment. 

Further work remains to fully extract the dominant 

flow structures and mechanisms correlating to sediment 

transport and morphological change associated with 

these types of interactions. Future experiments to aid in 

this endeavour include time-resolved and 3D PIV 

measurements which will help to characterize and re-

solve important structures in the flow.  
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THE JURASSIC PAGE SANDSTONE: COUPLING AEOLIAN STRATIGRAPHIC ARCHITECTURE TO 
WATER TABLE AND SEA LEVEL FLUCTUATIONS.  B. T. Cardenas , G. Kocurek, and D. Mohrig, Universi-
ty of Texas at Austin, Austin, TX (contact: benjamin.cardenas@utexas.edu). 

 
 
Introduction:  Parameters defining aeolian dune 

field patterns, including dune height and dune spacing, 
are a function of dune field development time [1-2]. 
Over time, dune spacing and height increase. This 
change in pattern could be preserved in the rock rec-
ord, and should display as a vertical increase in set and 
grainflow thickness [3] in systems preserving the com-
plete development stages of the dune field.  

Herein, we examine the stratigraphic architecture of 
the Page Sandstone along 1.5 km of outcrop in north-
ern Arizona. Field measurements and maps are used to 
determine which developmental phases of the dune 
field are preserved. The spatial and topographic ar-
rangement of these phases are then used to test hypoth-
eses regarding paleo-environmental conditions, which 
can affect when and where deposits are preserved. 

The Page Sandstone: The Page Sandstone (Fig. 1) 
is the deposit of the Page coastal dune field during the 
Jurassic. It overlies and in is separated from the Navajo 
Sandstone by the continental-scale J2 unconformity 
[4]. During the Jurassic, the adjacent Carmel Sea expe-
rienced several fluctuations in sea level, affecting the 
position of the water table in the Page Erg [5]. High-
stands in the Carmel are associated with high water-
table elevations in the Page dune field that are tied to 
development of polygonally-fractured sabkha surfaces 
[5-6], and the preservation of some portion of underly-
ing aeolian cross-strata. The packages of lowstand aeo-
lian strata, bounded by sabkha deposits and/or polygo-
nally-fractured surfaces (Fig. 1) represent parasequenc-
es within the overall transgressive succession of the 
Page Sandstone. 

The occurence of an extensive wet sabkha surface 
prohibited dune field development and this lack of 
wind-blown sand lead to surface deflation down to 
elevation of the water table [5]. As such, each parase-
quence bounding surface represents a reset of the dune 
field pattern, and provides an opportunity to correlate 
stratigraphic architecture to paleo-environmental con-
ditions. 

Results: The Page Sandstone is dominated by large 
sets of cross-strata composing 8 parasequences (Fig. 
1). The uppermost parasequence represents a com-
pound dune field and is ignored here. Parasequences 
range in thickness from 1-15 meters and are most 
commonly a single set thick (Figs. 1 & 2). Relief on 
parasequence surfaces ranges from 6-12 meters. There 
is no relationship between local parasequence thickness 
and the number of stacked cross-strata sets found at 

that location. There is however a relationship between 
basal relief along a parasequence surface and parase-
quence thickness (Fig. 2).  

These results indicate there is almost no preserva-
tion of the early, developing dune field. Instead, the 
record is dominated by large, later-stage dunes which 
mined any potential deposits of the earlier dune field. 
Although topographic lows along parasequence surfac-
es do preserve a thicker section, it is still preserving 
cross-strata associated with later-stage dunes. The re-
lief along the parasequence surfaces is hypothesized to 
be the result of these same erosional episodes. Relating 
local parasequence surface relief to local polygonal 
fracture dimensions is ongoing work testing this hy-
pothesis. 

The inferred cannibalization of the earlier dune 
field deposits is confirmed at two locations above the 
J2 surface. At both locations, a single parasequence 
preserves several meters of thin stacked sets of cross-
strata composed of relatively thin grainflows, indicat-
ing deposition by smaller dunes [3]. In both locations, 
this architecture is laterally discontinuous due to the 
truncation of these deposits against a much thicker set 
of cross-strata with thicker grainflows (Fig. 3). In one 
example, this architecture is associated with a topo-
graphic depression 10 meters in depth on the J2 sur-
face. The topography of the J2 surface is unknown at 
the second location. Their preservation is unusual at 
the studied outcrops and likely aided by their deposi-
tion in high-accommodation topographic depressions. 

Conclusions: Parasequence architecture of the 
Page Sandstone preserves a record of intense erosion. 
Instead of stacks of climbing dunes and inter-dune sab-
khas indicating a wet system [7-9], the architecture is 
dominated by single, large cross-strata sets associated 
with large erosional dunes. These dunes generally 
completely cannibalized earlier deposits within the 
parasequence, and potentially the upper parts of lower 
parasequences. Within parasequences, there is no evi-
dence of a near-surface water table encouraging climb 
or even limiting erosion. Water table did rise episodi-
cally to create the ubiquitious parasequence surfaces 
[5], but significant erosion of the upper parts of para-
sequences is associated with the formation of these 
surfaces due to a wet, limited sediment supply. Erosion 
of that surface further continued via mining by later 
dunes associated with the following parasequence. Alt-
hough the extensive erosion recorded in the Page Sand-
stone makes the parasequences an incomplete record of 
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the dune field’s development, the architecture of the 
parasequences is still extremely informative of the 
coupling of migrating dunes, the water table, and an 
adjacent large body of water. As such, similar methods 
applied to aeolian sandstones on Mars [10-11] could be 
extremely informative of the martian paleo-
environment. The scale of observations made here is 
possible with rover data or potentially high-resolution 
orbital data. 
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G.N. and O’Sullivan R.B. (1978) U.S. Geol. Survey 
Prof. Paper 1035-A. 29 pages. [5] Havholm K.G. et al. 
(1993) Spec. Publs. Int. Ass. Sediment, 16, 87-107. [6] 
Kocurek G. and Hunter R.E. (1986) JSR, 56, 895-904. 
[7] Kocurek G. and Havholm K. G. (1993) AAPG 
Memoir, 58, 393-409. [8] Carr-Crabaugh M. and Ko-
curek G. (1998) SEPM Spec. Pub., 59, 213-228. [9] 
Mountney N.P. and Jagger A. (2004) Sedimentology, 
51, 713-743. [10] Watkins J. et al. (2016) LPS 
XXXXVII, Abstract #2939. [11] Milliken R.E. et al. 
(2014) GRL, 41, 1149-1154.

 
Figure 1 – Left: Representative photo of the Page Sandstone. Person for scale. Note the thick sets and the capping 
Carmel Fm. Right: Polygonal fracture terminating at the top at a parasequence boundary (surface the person is on). 
 

Figure 3 – Thinner sets of cross-strata truncated by a typical large set of cross-
strata (arrow points to erosional surface). Scene is ~3 m high. 

Figure 2 – Relationships de-
scribed in text. Top: r2 = .08. 
Bottom: r2 = .84. Colors cor-
respond to different outcrops. 
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Introduction:  The climatic system of Mars is pri-

marily driven by the absorption of shortwave solar ra-

diation (insolation), modulated by the emission of 

longwave radiation to space. The chief parameters 

which control the insolation over seasonal and longer 

intervals are the axial obliquity, the orbital eccentricity, 

and the season (Ls) of perihelion. Small variations in 

Mars’ orbital configuration translate into potentially 

large changes in atmospheric density and wind stress. 

Over the course of Mars’ history, the wind has 

played a major role in both sculpting the landscape and 

recording the planet’s climate variations. The only 

well-constrained ancient period of bedform migration 

has been that of coarse-grained “plains ripples” in 

Meridiani Planum, which are inactive today and last 

experienced significant migration ~50-200 ka [1]. It 

was proposed [1] that known variability in Mars’ orbit 

was responsible for influencing wind patterns that mo-

bilized the ripples. Since then, the discovery of a large 

but geologically young CO2-ice reservoir in the south 

polar layered deposits was announced, with the ramifi-

cation that Mars’ atmospheric pressure may have been 

double its current value in the recent past [2,3]. 

 
Figure 1. Daily mean insolation in Meridiani Planum at 

eccentricity and Ls of perihelion states that have occurred 

in the past 400 ky. Circles correspond with Cases #1-24; 

the present-day is outlined in a rectangle. 

GCM simulations: The NASA Ames Research 

Center Mars global climate model (MGCM) [4-6] was 

run with a 5ºx6º horizontal grid with 24 vertical levels 

(more numerous within the boundary layer than aloft). 

This model explicitly predicts the CO2 and H2O cycles 

(including water-ice cloud microphysics), with atmos-

pheric dust loading prescribed as a function of season 

and location based on TES dust opacity data from 

Mars Year 26. Potential sand transport (PST) from 

each 1.5 Mars-hour output snapshot was calculated 

using [7]. 

Table 1. GCM simulations run in this study 

Case # psurf ea Oblb Lp
c 

0 7 mbar 0.093379 25.2193 250.925º 

25 14 mbar 0.093379 25.2193 250.925º 

1 7 mbar 0.0585 25.19º 84º 

2 7 mbar 0.0725 23.04º 84º 

3 7 mbar 0.0865 29.49º 84º 

4 7 mbar 0.1110 25.19º 108º 

5 7 mbar 0.0725 23.04º 132º 

6 7 mbar 0.0865 23.04º 132º 

7 7 mbar 0.1005 27.34º 132º 

8 7 mbar 0.1005 23.04º 252º 

9 7 mbar 0.0655 29.49º 276º 

10 7 mbar 0.0795 25.19º 276º 

11 7 mbar 0.0935 23.04º 276º 

12 7 mbar 0.1005 27.34º 348º 

13 7 mbar 0.0655 23.04º 12º 

14 7 mbar 0.0865 20.89º 12º 

15 7 mbar 0.1110 23.04º 12º 

16 7 mbar 0.0725 23.04º 36º 

17 7 mbar 0.1005 27.34º 36º 

18 7 mbar 0.0655 25.19º 180º 

19 7 mbar 0.0935 27.34º 180º 

20 7 mbar 0.1110 23.04º 180º 

21 7 mbar 0.0725 25.19º 228º 

22 7 mbar 0.0865 25.19º 228º 

23 7 mbar 0.0725 29.49º 324º 

24 7 mbar 0.0865 23.04º 324º 
aeccentricity, bobliquity, cLs of perihelion 

We have simulated annual wind patterns in 25 or-

bital configurations (see Table 1), which were selected 

to represent the range that has occurred over the past 

400 ky, and also that of the present day (Case #0). Cas-

es #1 through #24 were selected to span the distribu-

tions of eccentricity and Ls of perihelion, which (using 

[8]) produce a wide range of seasonally-varying insola-

tion magnitudes in Meridiani Planum (see Fig. 1). The 

original hypothesis driving this work was that changes 

in the seasonal pattern of insolation in Meridiani 

Planum (mainly due to varying eccentricity and Ls of 

perihelion) would be the primary driver affecting wind 

patterns (and thus bedform activity), and that these 

changes would impact winds more than variations in 
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obliquity (which varies from only 20-26º in the past 

~350 ky, in contrast to the 15-35º variations over the 

past 3 Ma [8]). Finally, Case #25 represents the pre-

sent-day orbital configuration, but with a thicker at-

mosphere that could affect net transport, as well as 

wind patterns. 

Results: The present-day case reflects a relatively 

high PST, the 4
th

 highest of the 25 7-mbar GCM cases. 

However, the high pressure case (Case #25) had the 

highest net potential sand transport, at nearly twice that 

modeled for the present-day. 

In all simulations, peak winds occurred during 

northern summer and winter. The peak northern sum-

mer winds blew in the morning (0800-0900h) from the 

SE to SW, reflecting both Hadley return flow and the 

diurnal thermal tide (both of which pull wind north-

ward). The peak northern winter winds blew in the 

morning (~1000h) from the east, being driven by both 

planetary rotation and flow up the Isidis/Syrtis Major 

slope (enhanced by the diurnal thermal tide).  

 
Figure 2. Total annual potential sand transport correlates 

with obliquity (black outline = present day). 

 
Figure 3. Total annual potential sand transport correlates 

with Ls of perihelion (black outline = present day) 

Because higher obliquity strengthens both the Had-

ley circulation and the thermal tide, higher PST corre-

lates positively with obliquity (see Fig. 2). Eccentricity 

does not have a simple relation to annual PST (not 

shown), but Ls of perihelion does (see Fig. 3). In par-

ticular, an Ls of perihelion near northern winter solstice 

(similar to today) enhances both the Hadley return flow 

and diurnal tide, strengthening the winds. Cases #9 

and #23, which had a high obliquity and Ls of periheli-

on near northern winter solstice, produced the highest 

PST (with the exception of the high-pressure 

Case #25). 

Figure 4 shows daily mean insolation in Meridiani 

Planum at four different seasons, and the correspond-

ing mean PST at that season for each GCM simulation. 

Northern winter and summer both correlate strongly 

with local insolation (with correlation coefficients of 

0.882 and 0.748, respectively), reflecting the strong 

impact of insolation on global winds. 
 

 
Figure 4. Seasonal insolation patterns in Meridiani 

Planum correlate with seasonal mean potential sand 

transport (black outline = present day, gray outline = high 

pressure case). 

Further work: Continued work will focus on 

changes in wind direction with both orbital configura-

tion and higher air pressure, and their collective impact 

on bedform alignment in Meridiani Planum. We will 

also investigate smaller-scale flows using a mesoscale 

atmospheric model. 
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Introduction:  The Mars Global Digital Dune Da-

tabase (MGD3) is a comprehensive compilation of the 

properties of Martian dune fields. Key fields in the 

database include the locations, sizes, dune types, and 

approximate volume. The MGD3 was released in three 

parts, based on location: equatorial (EQ), the north 

pole (NP), and south pole (SP))[1,2,3]. The next 

planned release will add mineral composition data for 

the larger dune fields in the equatorial and south polar 

regions.  

While we are fortunate that Mars Science Laborato-

ry (MSL) “Curiosity” Rover [4] was able to sample the 

informally named “Bagnold dunes,” we must rely on 

satellite data to determine the composition of other 

dune fields on Mars. This next release incorporates 

thermal emission spectra in a user-friendly format to 

facilitate advances in Mars aeolian research. 

Background:  In order to better understand both 

surface and atmospheric processes on Mars, we need to 

understand how Martian dune fields are formed. For 

this it is important to determine the composition (min-

eralogy) of the sand. While dune field composition has 

often been treated as homogeneous in the past, it is not 

unreasonable to think that some, especially the largest 

dune fields, may have different mineral compositions 

in different regions due to aeolian sorting and different 

sediment sources. Recently, the composition of one of 

the large equatorial dune fields, Ogygis Undae, was 

analyzed, and there are indications that different min-

eral types may be present in different abundances 

across the field [5].  

Collecting compositional information for as many 

dune fields as possible will aid in the advancement of 

Mars aeolian research. Within a single dune field, ana-

lyzing mineral components can be the first step in piec-

ing together its formation and history.  

Methods: The compositional data were taken from 

the Mars Global Surveyor (MGS) Thermal Emission 

Spectrometer (TES), available in the Java Mission-

planning and Analysis for Remote Sensing (JMARS) 

from Arizona State University (ASU) [6,7]. The TES 

spectra were then separated into their surface and at-

mospheric components using the Davinci program, also 

designed by ASU [8]. A mineral library developed by 

D. Rogers and R. Fergason, which includes 44 mineral 

endmembers from 8 groups, was used to obtain a best 

fit for the composition of the dune fields [9]. The data 

used in this analysis were constrained to daytime, warm 

surface (above 250 K) and clear atmosphere (9-µm 

dust extinction below 0.2 and 11-µm ice extinction 

below 0.05) [5]. In this abstract, TES data within such 

constraints will be referred to as “high quality data.”  

There are a total of 1293 dune fields between the 

EQ and SP portions of the MGD3, and the majority are 

smaller in size than a typical TES observation (the area 

covered by the 6-element TES detector array is ~9 km 

by ~6 km--to give some idea of the size of dune fields 

which can be analyzed using this method [6]). The 

composition portion divides all these dune fields into 

three data groups A, B and C. Data group A consists of 

dune fields which are covered by at least two high 

quality TES orbits which do not overlap. Data group B 

contains dune fields with only one such high quality 

orbit, and data group C contains the remainder of the 

dune fields with inadequate TES coverage.  

The final release will contain the composition re-

sults, the location from which the data was taken, and 

other relevant information. There will also be a section 

containing nighttime thermal inertia data, which can 

potentially be correlated to grain size in sand [10]. 

Results:  Data collection for the equatorial region 

is complete and some preliminary analysis of the larg-

est of these dune fields has been performed. Using the 

data to examine some sample dune fields aids us in 

creating an efficient and user-friendly format for the 

future release. Fig. 1, below, shows the locations and 

average mineral abundances for some of these dune 

fields. 

Ogygis Undae.  Ogygis  Undae is the sixth largest 

dune field on Mars outside the North Polar erg, and is 

located west of Argyre Planitia. Like many other Mar-

tian dune fields, Ogygis Undae is composed of basaltic 

sand. However, there appears to be an uneven distribu-

tion of mineral groups from west to east (see Fig. 1). 

Plagioclase feldspar in particular ranges from nearly 

40% abundance to values below the detection limit 

[11]. Pyroxene also varies, with low-Ca endmembers 

dominating in the interior of the dune field and high-Ca 

endmembers becoming more prevalent near the eastern 

and western boundaries of the field. One possibility we 

have proposed for this variation is a bimodal distribu-

tion of two different basaltic sand populations, similar 

to a known bimodal terrestrial dune field at Grand 

Falls, AZ [12].  

Regardless of the cause of this variation, dune 

fields such as Ogygis Undae demonstrate the need for 

more detailed analysis of the processes controlling aeo-

lian structures on Mars.  
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Dune Field 2332-530. One of the dune fields cho-

sen for preliminary analysis is identified in the MGD3 

as 2332-530. This dune field is somewhat smaller in 

area than Ogygis Undae and is located in Hussey 

crater. Compared to Ogygis Undae, this dune field is 

remarkably homogeneous. With a slight exception for 

the westernmost orbit, dune field 2332-530 is high in 

plagioclase feldspar (approximately 19-28%) and high-

silica phases  (approximately 18-28%). Pyroxene 

abundances for the dune field are similarly high across 

the dune field (21-29%), but the proportion of high to 

low-calcium pyroxene endmembers does vary. Olivine 

is lower in abundance (6-13%), although the amount is 

generally above the detection limit [11]. The presence 

of plagioclase feldspar, pyroxene and olivine indicates 

that 2332-530 can be summarized as a generally ho-

mogeneous basaltic dune field (Fig. 1) 

Particle Sizes: Thermal inertia, also obtained by MGS 

TES,  can potentially be related to particle sizes [13]. 

These data are included in the next MGD3 release as 

well, since in some situations it may be valuable to 

compare effective particle sizes of sand populations 

with composition. In the case of Ogygis Undae, the 

slight variation in grain sizes, derived from nighttime 

thermal inertia data, could result in different velocity 

thresholds, creating a bimodal distribution [5]. Again, 

uneven sorting of sand populations occurs in some ter-

restrial dune fields, and may occur on Mars as well 

[12].  

Conclusion: Ogygis Undae, the “Bagnold dunes” 

and a few others exemplify what can be learned when 

the composition of Martian dune fields are extensively 

studied. The upcoming expansion of the MGD3 will 

allow analysis methods used on these dune fields to be 

applied to several hundred additional dune fields on 

Mars. In many individual terrestrial dune fields, we 

find unique qualities due to the sources and geological 

processes which formed them. A readily available da-

taset will help us to analyze the behaviors of individual 

dune fields, which we can then compare to one another. 

Use of this database in the coming years will aid with 

creating a better picture of aeolian activity on Mars. 
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Figure 1: In this image, the most abundant mineral groups found in five dune fields from the equatorial re-

gion are shown. In the case of Ogygis Undae, the results for the western and eastern halves are shown sepa-

rately due to the differences in mineral composition of each half. Some variation in the mineral groups has 

been noted in dune field 3124-080, but a more thorough statistical analysis is required. (Background image 

from THEMIS Day IR 100 m Global Mosaic version 12.0 [14,15]) 
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Introduction and Motivation: The last decade of 

Mars exploration has revealed that the current (tenu-
ous) atmosphere is capable of moving surface sedi-
ment. Notably, low albedo, aeolian sand ripples and 
dunes are actively migrating across the surface today, 
which has implications for local wind regimes and 
regional climate [for a review see 1]. Indeed, aeolian 
processes have likely been the predominant geo-
morphic agent for most of Mars’ history, in contrast to 
the Earth where aqueous processes dominate. 

Global studies have shown geographic variations in 
bedform activity status (e.g., active, no detection) 
based on change detection using high resolution orbital 
images [1, 2]. More detailed investigations have quan-
tified volumetric sand fluxes, which are independent of 
dune size, but are limited to just a few locations [3–6]. 
These measurements are important, as they relate to 
climate, surface erosion and landscape evolution [7]. 

This paper intends to seek out the average and ex-
treme properties of active bedforms across Mars. Re-
lated questions include: What is the spectrum of 
transport parameters for active bedforms? What re-
gions host the swiftest and volumetrically most signifi-
cant sand dunes and what might be the contributing 
factors to those high values.  

Data Sets and Methods: To assess aeolian activi-
ty, we have utilized images acquired by the High Reso-
lution Imaging Science Experiment (HiRISE) [8] cam-
era (0.25–1 m/pix). For image orthorectification and 
dune topography, Digital Terrain Models (DTMs) (at 1 
m post spacing) were constructed from HiRISE stereo 
pairs. For locations that lacked DTMs, manual registra-

tion of image sub-regions was performed for change 
detection. Lee front advancements were recorded in 
several locations per dune, then averaged. Volumetric 
sand fluxes of the dunes can be obtained using the 
product of the estimated height and the bedform dis-
placement over the intervening time (typically 2–3 
Mars years), producing units of m3 m-1 yr-1 in time 
units of Earth years. See [6] for full methodology.  

 Results: Global bedform monitoring sites are lo-
cated within craters, canyons, fossae, patera, polar ba-
sins, and extracrater terrain (Fig. 1). [9] 

Migration Rates and Activity (Fig. 2, top panel) – 
Average dune migration rates reach up to 2.1 m/yr, but 
the average across all sites was 0.5 m/yr (std. dev. +/-
0.4 m/yr). Average ripple rates were also around 0.5 
m/yr (std. dev. +/-0.6 m/yr) [e.g. 1, 2, 10]. Other than 
the north polar region, non-detections were found 
across the globe [e.g. 1, 10], but most notably at the 
high southern latitudes. For example, [10] only found 
ripple movement or no detections for sites south of 
57°S latitude. 

Figure 1. Examples of high flux dunes in (clockwise 
from upper left): Hellespontus, Olympia Undae, Nili 
Fossae, and Mawrth Vallis. White scale bar is 500 m and 
all panels are at the same scale. 
 

Fig. 2. Global trends in active bedforms (averages per 
site). (top) Migration rates (m/yr) are for dunes (cyan). 
Triangles indicate sites with active ripples (black) and 
null-detections of bedform changes (white) [2]. (middle) 
Average heights (m) of migrating dunes. (bottom) Crest 
flux estimates (units of m3m-1yr-1). Dune field distribution 
is shown in red [9] and base map is MOLA shaded relief. 
Also see [7] and [10]. 
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Bedforms Height (Fig. 2, middle panel) – Ripple 
heights are generally unresolved by HiRISE topogra-
phy, but estimates for Nili Patera ripples were between 
20–40 cm [3]. Heights for migrating sand dunes vary 
widely (1-90 meters tall), where the tallest occur in 
Syrtis Major and Olympia Undae, but most are 10–20 
meters-tall (Fig. 3). Although larger dunes >100-m-tall 
have active superposed ripples, no clear bulk migra-
tions have been observed. 

 Bedform Sand Fluxes (Fig. 2, bottom panel) – 
Sand dune crest fluxes are in the range of 0.8-17.6 m3 

m-1 yr-1 (Fig. 3) while individual dunes may exceed 25 
m3 m-1 yr-1. The average and standard deviations for all 
sites investigated are 6.5+/-4.9 m3 m-1 yr-1. For context, 
these flux values are often an order of magnitude less 
than for dune fields on Earth, but larger than earlier 
reports for Mars [3, 6]. Reptation-driven ripple fluxes 
(assuming heights of 30 cm) are lower and range 0.1-
0.6 m3 m-1 yr-1.  

Discussion: Results demonstrate substantial geo-
graphic heterogeneity in bedform migration rates and 
sediment fluxes across the planet. Whereas migration 
rates are more spatially variable, dune fields with the 
highest fluxes are located in the North Polar Erg, Nili 
Patera/Fossae region, Mawrth Vallis, and Hellespontus 
(Fig. 1). We note slipface movement and the high 
fluxes detected at high northern latitudes (>70°) are 
compounded by seasonal CO2 frost. However, volume 
estimates there suggest that this process contributes no 
more than 20% of the local sand movement [11].  

Spatial variations are prominent at every site, with 
some dunes estimated to have fluxes five times greater 
than adjacent dunes. These trends are in part due to 
variation in the heights of neighboring dunes, but also 
local dune density and sand availability. For example, 
sites where the HiRISE monitoring sequences are lo-
cated on the stoss-side of the dune field, often have 
isolated barchans transition into closely-spaced bar-
chans or barchanoids – in these cases, sand availability 
will increase while fluxes decrease downwind (e.g., 
Nili Patera [3], Herschel [12]). This trend may be 

caused by the increased roughness associated with the 
leading-edge dunes and the resultant thickening of the 
internal boundary layer [13]. Conversely, some sites 
showed dunes with more consistent or decreasing flux-
es downwind. For example, locations with moderately-
spaced or “trains” of barchans appear to allow the wind 
to flow between stossward dunes relatively unper-
turbed, resulting in comparable rates of transport (e.g., 
Endeavour; Fig. 1).  

As noted above, sites in the extreme south (<57°S) 
are often static [10]. This evidence is consistent with 
the hypothesized stabilization of high southern latitude 
dune fields, based on their degraded morphology, fol-
lowing climate change [14]. Along with general lower 
abundance of mapped dune fields [9] and active bed-
forms [10], we also find noticeably lower migra-
tion/flux rates east of the Isidis Basin, across Aeolis 
(including Gale [15] and Herschel [12]) towards Valles 
Marineris (Fig. 2). Although global circulation models 
generally fail to produce substantial surface winds in 
these regions, they also suggest that for Meridiani and 
north polar regions [1]. Boundary conditions, particu-
larly antecedent ones (e.g., sediment supply, topogra-
phy, prevalence of dust mantles) may be important 
factors retarding regional dune development.  

Finally, we note considerable seasonal and annual 
variations in bedform transport rates. High frequency 
seasonal ripple monitoring [4] showed a three-fold 
increase in fluxes during perhelion, whereas the high-
est rates of reported dune transport (4–12 m/yr) oc-
curred over the Mars year 31 perhelion season [5]. 
Similarly, the highest ripple rates detected yet (~5 m/yr 
[16]) also occurred over perhelion. That detection was 
further compounded by the Mars year 28 (2008) global 
dust storm. Future efforts will be employed in under-
standing these factors and the overall temporal and 
spatial distribution of sand movement across Mars.  
 Acknowledgments: This research was supported in 
part by NASA MDAP Grants NNH14ZDA001N and the 
HiRISE/MRO mission. We would like to thank UofA 
students and staff for assistance with DTM production. 
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Figure 3. Log-log plot of (average) migration rates vs. 
heights for 36 dune field monitoring sites across Mars 
(Fig. 1). Rates for 20–40-cm-tall ripples are also shown. 
Diagonal lines are isopleths of sand flux.  
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Introduction: One of the leading goals in investi-

gating aeolian processes on Mars is to explore the 
boundary conditions of sediment transport, accumula-
tion, and dune morphology in relation to wind regime as 
well as to quantify migration rates and sediment flux 
[1]. We present a qualitative and quantitative compari-
son between terrestrial field observations and images of 
preserved grainflows on the Namib dune slipface. We 
also investigate complex, bedform-scale wind patterns 
on the Namib dune that may affect grainflow magni-
tudes and frequencies, and ultimately influence martian 
dune field migration and sediment flux.  

Analysis Techniques: A series of ground-based, 
high resolution laser scans with registered GPS points 
and video recordings were collected in the Maspalomas 
dune field in Gran Canaria, Spain to investigate grain-
flow frequency, morphology and approximate volume 
estimates of redistributed sediment for each type of 
grainflow observed (Fig. 1). Volume estimates were cal-
culated assuming a wedge shape and inputting grain-
flow thicknesses and area measurements extracted from 
the laser scan data.  

Grainflow thicknesses of a few grainflows on the 
Namib slipface were estimated using shadow length and 
the sun’s elevation at the time of observation. Only 
grainflows with easily discernable shadows were used. 
Volume estimates were estimated similarly to the 
Maspalomas grainflows using the volume of a wedge to 
quantify redistributed sediment.  

We investigate 3D airflow surface dynamics of the 
Namib dune in Gale Crater using Computational Fluid 
Dynamics modeling to look at the interaction between 
wind velocity, flow patterns and sediment transport as 
well as potential slope destabilization mechanisms at the 
bedform scale using an initial velocity of 7m/s and 
winds from the northeast with a kinematic viscosity of 
5.83 x 10-4 m2s-1 to simulate average springtime condi-
tions.  

Results:  
Earth:  Grainflow thickness ranged from 0.5mm to 

7cm, generally becoming thinner upslope. Grainflow 
morphologies we identify are hourglass, funnel, lobe, 
and slab flows (Fig. 1; Fig. 2a-d). Hourglass flows were 
most common, initiating around 30 cm downslope from 
the brink and are triggered due to a localized over steep-
ening from settling airborne sediment [e.g. 2 – 11]. 
These flows have been well documented in the literature 
and we estimate that they redistribute moderate amounts 

of sediment, averaging around 20,000 cm3 per flow. 
Funnels and lobe morphologies transported minor 
amounts of sediment and were often (but not exclu-
sively) observed to be triggered mid-slope by minor 
slope instabilities likely due to return flow currents on 
the slipface, localized over steepening, or destabiliza-
tions in the proximity of larger grainflow events. Funnel 
grainflows transported sediment downslope in a shal-
low, linear, trough, depositing small sediment fans at the 
bottom of the slipface with an average volume of ap-
proximately 1,000 cm3. Lobe flows were thin, superfi-
cial flows and rarely transported sediment to the toe of 
the slipface but redistributed roughly twice as much sed-
iment as funnel flows. Slab flows were infrequent but 
redistributed significant amounts of sediment over a 
large area of the slipface averaging 180,000cm3, and 
typically spanning 5 m horizontally.  

Mars: The Namib slipface displays a number of dis-
tinct hourglass grainflow morphologies, similar to those 
observed in Gran Canaria along with a few potential 
lobe flows (Fig. 2a and b). In contrast to field observa-
tions, the lobe flows identified on the Namib slipface 
tended not to form mid-slope and those that did form 
mid-slope appeared to initiate due to disturbances from 
larger hourglass flows. A series of horizontal cracks 
were mapped on the Namib slipface but it is unclear if 
these tensional cracks are similar to the ones observed 
in the Maspalomas slab flows.  

Namib slipface grainflows were estimated to be 
thinner than Maspalomas grainflows, ranging from 

Figure 1. Grainflow mor-
phologies identified on a 
slipface in the Maspalo-
mas dune field, Spain in-
cluding hourglass flows 
(top) that leave behind an 
alcove, minor funnel flows 
that transport sediment 
downslope through shal-
low, linear troughs and 
flattened lobe flows (mid-
dle), and slab flows (bot-
tom) that initiated as a se-
ries of horizontal tensional 
cracks a few centimeters 
from the crest and af-
fected large areas of the 
slipface. 
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0.5mm to about 2cm. The volume of sediment estimated 
to be redistributed by hourglass flows on the Namib 
slipface ranged from about 3,000 to 25,000 cm3, com-
parable to some of the Maspalomas hourglass flows, 
while lobe grainflows only mobilized between 6 and 
170cm3 of sediment, significantly smaller than lobes 
and funnels in Maspalomas. 

CFD Results.  We are conducting an ongoing inves-
tigation into possible trigger mechanisms for the grain-
flows identified on the Namib slipface. We begin with a 
simple CFD airflow model that takes into account mar-
tian atmospheric and surface conditions. Early model-
ing results show airflow, displayed as color coded 

streamlines, accelerating up the stoss slope and steering 
effects flowing around the lee side of the dune (Fig. 3), 
likely resulting in the formation of the ripples seen in 
Figure 2. No turbulent flow on the slipface was ob-
served in the modeling results for the specific spring-
time conditions used here. We continue to investigate 
possible triggers for grainflow initiation on the slipface 
using a variety of velocities and variable seasonal wind 
directions.   

Conclusions:  Terrestrial studies of slipface ad-
vancement and dune migration have identified mecha-
nisms for triggering grainflow such as lee slope destabi-
lization due to neighboring grainflow or over steepening 
from grainfall accumulation [e.g. 2-11] and complex, 
turbulent airflow patterns on the slipface [12, 13]. In ter-
restrial aeolian environments, grainfall introduces new 
sediment on to the lee slope while complex airflow re-
distributes sediment across the slipface, quickly filling 
in alcoves and rebuilding the slope to the angle of repose 
until localized over steepening from grainfall triggers 
another grainflow. The preservation of a variety of 
grainflow morphologies on the Mars Namib slipface 
and little evidence of filled in alcoves may indicate that 
grainfall is not a primary mechanism in rebuilding the 
slipface and triggering further grainflows. More inves-
tigation of airflow currents on the slipface is needed to 
understand how sediment is added to and redistributed 
on the lee slope. We continue to investigate potential 
triggers for the grainflows imaged by Curiosity rover 
using CFD modeling. 
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Figure 2. Slipface morphologies from Maspalomas 
(A-D) and Namib dune (E). Hourglass flows are 
mapped in red (A and E); lobes are magenta (B and 
E); ripples are blue (E) and tensional cracks are 
mapped in yellow (C, D, and E).  

Figure 3. Airflow modeling results for Namib dune 
for springtime conditions recorded by Curiosity 
from sol 54. Streamlines indicate airflow paths and 
are color coded for velocity along with the surface, 
where warmer colors indicate greater velocities.  
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     Introduction: Dunes provide a unique set of infor-
mation about local wind regimes on planetary bodies
where in-situ meteorological measurements are scarce.
Wind directional  variability and sediment availability
are known to control the dune growth mechanism and
the  subsequent  dune  shape  and  orientation  [1,2].  In
zones of high  sediment  availability (i.e.,  mobilizable
sediment  in  the  inter-dune  areas),  dunes  grow  in
height  perpendicularly  to  the  maximum  gross  bed-
form-normal transport  [3].  This dune growth mecha-
nism is henceforth referred as BI, the “bed instability
mode”. In contrast,  in  zones of low sand availability
(i.e.,  non-mobilizable  bed  in  the  inter-dune  areas),
dunes elongate in  the direction of the resultant  sand
flux  by deposition  at  the  dune  tip  of the  sediment,
which is transported along the crest. This dune growth
mechanism is henceforth referred as F, the “fingering
mode” [4].
     On Mars,  dunes cover an area estimated around
975,000 km2 [5-7] of which 86% belong to the North
Polar Region. Fifty years of Martian surface observa-
tion show that  dunes are still  active on Mars [8]. In
Polar Regions, because of the seasonal CO2

 
cap, sedi-

ment  transport  may only occur  from  late  spring  to
early autumn,  hence during  approximately 30% of a
Martian year [8]. Modern winds on Mars are therefore
supposed to contribute to shape sand seas. Neverthe-
less, wind regimes on Mars are still under debate. Ac-
tually,  they  essentially  rely  on  the  predictions  of
Global Circulation Models (GCM).

Here, we show that both dune growth mechanisms
coexist on Mars and that there is a strong dependence
of dune orientation  on sediment  availability. We use
this dependence at two different sites at the border of
the largest sand sea to infer new constraints on the lo-
cal multi-directional wind regimes. 

     Methods: To link dune morphology to the local
sediment  cover,  we study the  north  polar  region  of
Mars where dunes are mostly composed of unaltered
basaltic [9-10] and andesitic [11] grains. At the border
of the largest sand sea, in the boreal circumpolar  re-
gion, we choose a zone of transition in terms of sedi-
ment availability and wind direction (Fig. 1a). We fo-
cus on two specific dune fields located at 79°N-235°E
and  79°N-247°E (Fig.  1b).  In  these two dune fields
which are less than 140 km apart,  bright areas corre-
spond to the  Martian  bedrock and  dark  areas  corre-
spond to thick sediment layers. From the images of the
Context Camera (CTX) on-board the Mars Reconnais-
sance Orbiter (MRO), we extract dune orientations di-

rectly from the  identification  of crest-lines  and  esti-
mate the sediment cover using the ratio of dark pixels
to the total number of pixels, helped by the statistics of
the brightness distribution within the images. The sed-
iment cover around each dune is computed over a cir-
cle centered at  the middle of the crest  with a radius
equal to the largest wavelength observed in the dune
field.

Figure 1 : Martian  Polar Regions of interest. a.  Dune fields  and
dune coverage around the Martian North pole. Black lines show the
wind direction inferred from geomorphic features and dunes [12]. b.
Studied dune fields. c. Close-ups on dunes with different orientations
in site 1 (left) and site 2 (right). 

   To determine dune orientation  on Mars  using the
methodology based on  the  two dune growth  mecha-
nisms  [1,2],  we interpolate  to  small-time  scales  the
near-surface winds predicted from the Laboratoire de
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Météorologie Dynamique (LMD) GCM [13]. In addi-
tion,  we use the geographic  limits  of the  CO2 polar
cap during one Martian year to restrain our analysis to
the  seasons of possible sediment  transport,  when no
CO2 ice is deposited on the surface [14]. 

     Results: In both sites, where there is no bedrock in
the inter-dune, we clearly observe linear dunes with a
wavelength around 400-500 meters and a North-South
orientation.  Wherever  bedrock  is  apparent  between
linear  dunes,  their  orientations change (Fig.  1c).  On
site 1, linear dunes may break-up into barchan dunes,
which  are  all  migrating  to the  East  considering  the
orientation of their horns.  On site 2, there are asym-
metric barchan dunes (finger dunes) that elongate and
migrate  to  the  South-West  considering  their  longest
arms and the orientation of the slip face of their mo-
bile head, respectively.
     Dune orientation with respect to sediment cover  is
shown in Figs. 2a,d.  In  both sites,  there is a depen-
dence of dune orientation on sediment availability and
a  significant  difference  in  dune  alignment  between
zones of high  and low sediment  cover (pink lines in
Figs.  2a,d).  Nevertheless,  two distinct  behaviors  can
be observed: in site 1, there is a continuous transition
in dune orientation, whereas in site 2, there is a sharp
transition for sediment cover ranging from 60 to 80%.
This difference in behavior can be emphasized using
the standard  deviation of an error  function, which is
100 times larger in site 1 than in site 2. 
     Using the outputs of the GCM [13], the predicted
dune  orientation  agrees  with  observations  for  both
dune growth mechanisms in site 1. In site 2, the wind
regime does not significantly change. Yet the predicted
orientation for finger does not match at all orientation
observed in the field. 
     
     Discussion: Thanks to the high contrast between
the dune material and the non-erodible ground in high
latitude on Martian  dune fields, this is the first time
that  the dependence of dune orientation on sediment
availability  is  observed  and  quantitatively  investi-
gated.  Field examples shown in Figs. 1 reflect the di-
versity of dune  shape  and  orientation  that  could  be
produced  in  the  polar  regions  of Mars.  Changes  in
dune orientation according to sediment cover demon-
strate  that  the  two dune growth  mechanisms coexist
on  Mars  and  that  the  two sites  under  investigation
have been exposed to multi-directional wind regimes.
This  dependence  takes  different  forms  for  different
dune-fields, indicating that sediment cover alone can-
not be the sole control parameter for dune orientation.
Dune field boundary conditions and the long-term ero-

sion-deposition  rates  along  the  sediment  transport
pathways should  also be taken  into  account.  At  the
borders of the largest sand sea on Mars, we can now
distinguish  two main  features from the relations  be-
tween dune orientation and sediment cover:

 Outbound elongation of finger dunes (site 1).
 Inbound migration of finger dunes (site 2).

Most importantly, these dune features may be related
to the  wind  regimes and  the  long-term evolution  of
dune fields to provide new constraints on local climate
conditions.

Figure 2 : Dune crest orientation function of sediment cover for site
1 (a) and site 2 (d). Squares are mean values computed in non-over-
lapping sliding windows. Dark green lines are the best fit to the data
using  the  error function.  Horizontal  lines give the  predicted dune
orientation for F and BI using dunes (violet) and the outputs of GCM
(gray). (b, e) Wind roses extracted from GCM. (c, f) Flux roses com-
puted from the GCM winds. Arrows show the predicted dune orienta-
tion for  F (black) and BI (red).
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Introduction:  Every winter the north polar region 

of Mars is covered by a seasonal polar cap of dry ice.  
This seasonal cap covers the dunes of the north polar 
erg with a layer up to 1 m deep.  The CO2 condenses 
from the atmosphere or falls as snow [1, 2].  In the 
spring the ice sublimates and a large variety of associ-
ated phenomena proceed [3].   

The Mars Reconnaissance Orbiter (MRO) has been 
in orbit around Mars since 2005.  The MRO High 
Resolution Imaging Science Experiment (HiRISE) has 
returned thousands of images over 5 Mars years of the 
spring sublimation process.  In the first northern spring 
of MRO’s first Mars year in orbit, MY29, the goal was 
simply to document and further our understanding of 
the seasonal processes.  In the second Mars year we 
started to compare ice-free images of the dunes to look 
for changes.  The dunes of the north polar erg are par-
ticularly challenging because they are dark basalt sand 
and low light levels make it difficult to see subtle 
changes.  Surprisingly however there are substantial 
changes from one Mars year to the next [4], as shown 
by the large new alcove in Figure 1.    

 

  
Figure 1.  Two ice-free images with similar light-

ing are compared.  The left image, ESP_027394_2640, 
was acquired at Ls 118 in MY31.   On the right a new 
alcove 57m wide has developed with sand avalanching 
down onto the surface for tens of meters. The image on 
the right, ESP_036387_2640, was taken at Ls 124.  
These images are at one of our standard monitoring 
sites known informally as “Buzzel” at lat / lon = 84.0N 
/ 233.2E. 

 
New Alcoves:  What process is causing these sand-

falls?  Is it fierce autumn winds or the presence or sub-
limation of seasonal ice?  This has been a topic of de-
bate ever since the discovery that the dunes are so re-
markably active [5, 6, 7].  If we knew precisely when 
the new alcoves were forming this would be quickly 
solved, however there is a large swath of time that 

HiRISE cannot effectively image as the north polar 
region is cloaked by the polar hood in the fall and hid-
den in the darkness of polar night in the winter.   
HiRISE campaigns to image as early as possible in the 
spring and as late as possible into the fall have shown 
us that on the order of 80% of the alcoves form in the 
fall-winter timeframe that HiRISE cannot image, with 
the remaining ~20% happening in the spring and none 
showing up in the summer [7]. 

Interannual Variability:  In the quest to find the 
driving process for alcove development we now have 
records for 4 locations that span 4 Mars years.  In the 
process of this analysis it has become obvious that the 
number of alcoves that form in a given Mars year is 
variable.  At a single site there can be a large differ-
ence from one year to the next.  For example, at Buzzel 
between MY29 and MY30 we detected 57 new al-
coves, while between MY30 and MY31 there were 97 
new alcoves.  Similar variability has been found at 
“Kolhar” (lat / lon = 84.7N / 0.7E), “Tleilax” (83.5N / 
118.6E) and “Palma” (76.2N / 95.4).   

It would be easy to assign this variability to global 
atmospheric events such as the presence or absence of 
a dust storm the previous summer.  However the years 
that we see for example more alcoves are not the same 
across the 4 sites.   The maximum for Kolhar occurred 
in MY30-31, Tleilax in MY28-29, Buzzel in MY30-31 
but MY29-30 in Palma.  This leads to a new hypothe-
sis that alcove formation is linked in some way to re-
gional storms. 

Winter snowstorms.  Data from another MRO in-
strument, the Mars Climate Sounder (MCS) has shown 
that 3 – 20% by mass of the seasonal polar cap is due 
to snowfall rather than direct condensation from the 
atmosphere [2].  Coordinated studies between the 
HiRISE and MCS teams are underway to correlate 
locations of snowstorms in the winter to enhanced 
numbers of new alcoves visible in the spring. 
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Introduction: If you could send a single instrument 

to Mars to study aeolian features, what would it be? 

This question has guided the field work at our Mars 

analog site, the Grand Falls dune field. The site is an 

active dune field of barchan and dome dunes, com-

posed of quartz and basalt sand [1] (Figure 1). We 

have monitored sediment flux there since 2013 [2, 3], 

using a Sensit solid-state saltation sensor (S4) and a set 

of three Big Spring Number Eight (BSNE) passive 

sediment samplers, at 20, 50, and 100 cm above 

ground level (AGL). The samplers are “weighing 

BSNEs” that automatically weigh and log accumulated 

sediment weight. Wind data is collected from a set of 

three anemometers installed at the same heights as the 

weighing BSNEs. We have been testing a “Mars 

BSNE” that records data as time-lapse photos of the 

sand as it accumulates in the collection chamber. Our 

research has been extended another three years and 

expanded to include an experimental multi-layered 

solid-state saltation sensor (MLS4, Figure 2). We will 

evaluate its suitability to be part of an instrument pay-

load on a Mars rover or lander. 

 

Figure 1. a) Context map for GF dune field 

showing relationship to cinder cones (possible 

source of the basalt sand) and to the LCR (source of 

the quartz and basalt sand). Map is from Google 

Earth. b) Microphotograph (1.3 mm grid) of sample 

from a basalt ripple crest, courtesy Jim Zimbelman. 

 

Previous Research: In our previous work at Grand 

Falls, we sought to 1) test whether the “Mars BSNE” 

could be used to estimate flux rates, 2) estimate the 

sediment flux rate at Grand Falls using conventional 

methods, and 3) field test whether hysteresis, the con-

tinuation of sand transport by lower velocity winds 

once saltation has been initiated, could be responsible 

for the higher than expected flux rates observed by 

Bridges et al. [4] in sand dunes on Mars.  

 

Figure 2. a) MLS4, before being deployed to 

field. In field, sensors will be 20, 40, 60, 80, and 100 

cm AGL. b) close-up of one Sensit on MLS4, c) 

close-up of a Sensit in usual in-ground position (in 

place since 2013). 

 

As we collected and analyzed data, several observa-

tions shaped the focus of our new study. 1) We esti-

mated flux rates using conventional methods (the mass 

of sediment collected in the weighing BSNEs). These 

estimates suggested that, under some conditions, a bi-

modal distribution of grain size/density of the source 
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sand could significantly increase flux rates. 2) The 

“Mars BSNE” showed potential. However, increased 

photo resolution, a sediment collection chamber that 

shows more detail, and night imaging, would be needed 

to make the instrument viable for accurate flux rate 

estimates or hysteresis studies. 3) Hysteresis analysis 

could also not be conducted using the weighing 

BSNEs. While they recorded sediment weight each 

minute, the uncertainty within those measurements due 

to wind vibrations, was larger than any increase in sed-

iment mass over a period of a few minutes. The weigh-

ing BSNEs were also sensitive to an apparent diurnal 

effect, likely the result of condensation of water at 

night and evaporation of water during the day (Figure 

3). 4) The S4 is not sensitive to either wind vibration or 

diurnal moisture effects, more reliably indicates the 

start and stop of saltation events, and thus is better for 

hysteresis studies. 5) S4 measurements can be calibrat-

ed using the sediment mass collected in the BSNEs and 

used to estimate flux rates.  

We concluded that 1) the S4 may be a more valua-

ble single instrument than a BSNE to send to Mars, and 

2) before we can evaluate role of hysteresis, we must 

characterize the effect of bimodal grain size/density 

population on flux rate. Based on these conclusions, we 

decided to build a new instrument to test at Grand Falls 

and to refocus our research.  

 

Figure 3. Comparison of the BSNE cumulative 

weights to calibrated S4. Red, green, and blue lines 

refer to BSNEs at 20, 50, and 100 cm heights re-

spectively. Black line is estimate of mass calculated 

from S4 voltage, using the calibration coefficient. 

 

New Research: The objective of our new research 

is to characterize saltation and sand transport when two 

distinct sediment populations are involved, and arrive 

at sediment estimates appropriate for bimodal sand 

populations on Earth and Mars. In the process, we will 

determine whether MLS4 can be used to estimate sed-

iment flux at an established Mars analog site, and thus 

evaluate the utility of MLS4 as part of an instrument 

payload on a rover or lander. 

Bimodal grain size/density background. The Grand 

Falls dunes consist primarily of quartz and basalt sand. 

The basalt sand tends to be coarser and less rounded 

than the quartz sand. There are at least two known dune 

fields on Mars with bimodal mineral compositions: 

Olympia Undae [e.g. 5, 6] and Ogygis Undae [7]. It is 

a reasonable assumption that the two distinct mineral 

compositions are also different in size and/or density, 

thus resulting in differing threshold velocities and dif-

ferent scale heights for the sediment flux.  

Science questions. (1) What is the effect of bimodal 

sediment populations on sediment flux estimates? (2) 

What is the wind shear needed to only mobilize a sin-

gle population? (3) What is the wind shear needed to 

mobilize both populations? (4) How much can this 

effect increase the estimated Mars flux for dune fields 

with bimodal populations?  

The instrument. Each S4 in the MLS4 has a piezoe-

lectric sensor that records impacts from all directions. 

MLS4 must be sensitive enough to not only detect im-

pacts from saltating particles, but also from particles 

being carried in suspension. We have found only one 

case where this concept has been tested. In May 1991, 

at Owens Lake, CA, a 4-level saltation sensor was test-

ed and acquired particle flux as high as 50 cm AGL 

[8]. This example suggests that the MLS4 concept has 

merit and its viability should be explored. 

Summary: Based on three years of study at the 

Mars analog site, we have refocused out research. We 

will characterize saltation and sand transport when two 

distinct sediment populations are involved, arrive at 

sediment estimates appropriate for bimodal sand popu-

lations on Earth and Mars, and field test MLS4. 
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Introduction:  Investigation of eolian dunes, 

specifically dune morphology and thermophysical 
properties, provides insight into local climate and 
climate trends. Characterizing apparent thermal inertia 
and small-scale variations within dune fields provides 
insight into near surface compositions, which can 
inform local to regional climate trends. Previous 
research of southern hemisphere dunes has identified a 
poleward trend in changing morphologies from active 
to stabilized dunes [1]. Six morphological classes of 
dunes were established, and it is hypothesized that the 
changing trends can be attributed to variations in the 
degree to which subsurface ice cements dunes in place 
and inhibits their activity. Sharp-crested dunes are 
located nearest the equator and are the most active 
dune type observed whereas sand sheets with few low, 
rounded bedforms are located nearest the pole and are 
the most stabilized dune type observed.  Intermediate 
dune types become increasingly more stabilized with 
increasing latitude. The Mars Odyssey Neutron 
Spectrometer identified a 20% increase in hydrogen 
concentrations, potentially indicative of subsurface ice, 
poleward of 50°S [2] coinciding with a decrease of 
dune activity poleward of 60°S [1]. Using 
morphological and thermophysical characterization of 
dunes, our research investigates the presence of 
subsurface ice in the southern hemisphere of Mars. 

Thermal Inertia: Thermal inertia, a combination 
of thermal conductivity, heat capacity, and density, can 
be used to infer grain size, induration, rock abundance, 
and bedrock exposure [3]. Additionally, seasonal and 
diurnal variations of apparent thermal inertia (ATI, 
derived assuming constant properties) may result from 
material heterogeneities and can be used to interpret 
surface and subsurface properties [3,4]. Research 
presented will focus on the analysis of thermophysical 
properties of dune fields to interpret near-surface 
properties and composition. 

Methods: We analyzed 171 of the largest dune 
fields in the southern hemisphere that had been 
previously mapped and classified morphologically [2]. 
In this work, we assessed the large- and small-scale 
thermophysical properties and related them to the 
morphological class for each dune field. Using JMARS 
[5], we mapped areas of high sand coverage with little 
bedrock exposure and areas of low sand coverage with 
high bedrock exposure to assist in characterizing the 

thermophysical properties of each dune field. We 
assessed the ATI of each dune field as derived from 
brightness temperatures obtained by the Mars Global 
Surveyor Thermal Emission Spectrometer (TES) and 
the Mars Odyssey Thermal Imaging System 
(THEMIS). We used TES values to identify the large-
scale heterogeneities of each dune field at 3 km/pixel 
scale and THEMIS values to identify small-scale 
variations at 100 m/pixel scale. We compared the TES 
data to results from two-component heterogeneity 
models to investigate and identify a variety of 
materials (sand, dust, duricrust, and rock or ice [4], 
where rock and ice are thermally equivalent) by 
examining their diurnal and seasonal ATI variations 
[3,4]. We used the THEMIS data to investigate the 
small-scale features on the surface to help better 
identify near-surface properties. Together, TES and 
THEMIS analysis provides information about the 
properties of the upper few centimeters of the surface 
and can be used to track subsurface ice through the 
identification of a rock or ice thermal signature. In 
addition to two-layer heterogeneity models, we are 
employing models of laterally mixed materials and 
slopes to investigate their effects on ATI.   

Results: Of the 171 dunes we investigated, 
approximately half have ATI signatures that closely 
match thermal signatures represented in two-material 
heterogeneity models. The most common type of 
thermal signature is that of 'crust over dust' models 
while many dune fields had thermal signatures similar 
to those of 'dust over crust,' 'dust over sand' and 'dust-
crust mix' models.  We identified 12 sharp-crested 
dune fields, all of which have a thermal signature most 
closely matching 'crust over dust'. Thirteen other dune 
fields, ranging morphologically from slightly degraded 
to sand sheet, also have thermal signatures most 
similar to 'crust over dust'. Sharp-crested dunes are 
unique in that no other morphological class only 
matched a single thermal class. Additionally, half of 
the dunes identified as slightly degraded have a 
thermal signature of 'crust over dust.' Degraded dunes 
and sand sheets dominantly match 'dust over sand' 
models. Dunes matching best to 'dust-crust mix' and 
'dust over crust' models varied from slightly degraded 
to degraded. Only six dune fields, ranging from 
degraded to slightly degraded, had a potential match to 
a rock or ice thermal signature.  
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In our analysis of THEMIS data, we divided dunes 
into three types based on variations in ATI [6]. Type 1 
dunes have lower ATI compared to surrounding 
material and exposed interdunes. Type 2 dunes have 
crests with higher ATI compared to the troughs and 
interdunes. Sand sheets are classified as Type 3 dunes 
and exhibit a homogenous ATI with no interdunes.  

Discussion: The available heterogeneity models do 
not fully explain the observed thermal behavior. For 
example, the Type 1 dune fields have a significant 
amount of exposed bedrock and underlying material. 
Therefore TES observations incorporate dune and non-
dune material and as a result, the simple two-
component models cannot provide an accurate 
depiction of the thermal behavior of these dune fields. 
Additionally, Type 2 dunes exhibit high ATI along the 
crests, which could indicate duricrust or cemented 
material along the crest. This contradicts the 
hypothesis that these less degraded dunes located 
closer to the equator are active, since active dunes 
would likely have lower ATI as a result of finer 
grained material along the crest.  

Future Work: The next step for this research is to 
explain the discrepancies between derived ATI and 
predicted dune activity and thermal behavior. Models 
will be employed to investigate the influence of slope 
on ATI and will include horizontal mixtures of 
materials and vertical layering not already considered. 
We expect this additional modeling work to provide 
more insight into the derived ATI and how it relates to 
composition, morphology and activity of a dune field.    
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M. T. (2007) Icarus, 191, 52-67. [5] Christensen, P.R.; 
Engle, E.; Anwar, S.; Dickenshied, S.; Noss, D.; 
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P21A-2073. 

               
Figure 1: THEMIS Daytime IR 100-m resolution image 
of a sharp crested dune field located at 12.6°E, 54°S 
(Image from THEMIS Day IR Global Mosaic v12.0) 

 

 
Figure 2: Seasonal apparent thermal inertia for the dune field 
in Figure 1. TES measurements (symbols and solid lines) are 
compared with modeled values (dashed lines) for 2AM 
(blue) and 2PM (red) TES observation times. Colored labels 
on the left axis indicate model upper-layer thickness in 
centimeters. The data correlate best with a model of 1.8 cm 
crust over dust (dot-dashed lines). 

 
 

 
Figure 3: THEMIS apparent thermal inertia (I33864004) 
overlain on a HiRISE image (ESP_013017_1325) located at 
19.5°E, 46.6°S. These Type 2 dunes have crests with higher 
ATI than that of interdunes and troughs.  
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Introduction: Reversing dunes [1,2] are relatively 

rare aeolian landforms that manifest apparently ‘stable’ 

dunefield dynamics with low net migration rates, and 

result in dunes effectively being ‘locked’ within a de-

fined spatial area under strong bi-directional wind re-

gimes. Unvegetated dunes are free to respond to the 

direct forcing of winds moving across their surfaces 

and can respond very quickly to changes in wind direc-

tion. How and why they move under bi-directional 

winds dictates the dynamics of the dunefield. 

 

We still do not fully understand how surface air-

flow dynamics alters when flow quickly reverses over 

transverse dunes and when stoss slopes rapidly assume 

the tole of lee slopes and vice versa. 

 

 
Fig. 1  (a) Mpekweni site and wind rose of Port Alfred 

(to west) (b) the northern section of the dune field sur-

veyed (c) the TLS 3D area of computational domain 

over which the CFD model was run (d) bi-directional 

winds operating at reversing dunefield site. 

 

Mpekweni is located on the Eastern Cape, South Africa 

and is subjected to strong bi-modal winds. The dune 

field is composed of sediment D50mean of 0.28mm and is 

actively mobile between the fixed Pleistocene fossil 

dunes and the beach. 

 

Methods: Using computational fluid dynamics model-

ling (OpenFOAM CFD code) with a RNG k-ε solver 

over a 3-D surface mesh [3], we present preliminary 

findings within a reversing transverse dune field at 

Mpekweni, Eastern Cape, South Africa. The main 

dunefield stretches 3km along the coast and is posi-

tioned between two estuaries, Mpekweni in the west 

and Mtati in the east (Fig. 1a,b) . Using a terrestrial 

laser scanner we surveyed an area of 750m x 750m to 

capture detailed topographic 3D dune surface to use in 

the CFD model.  

 

CFD computational cell resolution was 1m x 1m, and 

two wind direction scenarios were considered; SW and 

NE winds (Fig.1 inset and d) which relate to local met 

rose at Port Alfred. Each simulation had a logarithmic 

inlet with an input of 10ms-1 at 30m from the surface 

and a roughness parameter of 0.05m. Output was pre-

sented in the form of surface flow streamlines and su-

perimposed over 3-D topo data. Cross-sectional slices 

of the boundary layer over the dunes was also present-

ed to show detached and other flow characteristics. 

 

Results:  

 
Fig. 2 Streamlines showing detached flow in lee and 

higher un-detached flow above crests under SW flows 

 

SW flow results in: 

 Dominance of lee slope flow separation 

 Suppressed turbulence on stoss slope 

 Stress more widely distribution on stoss 

slopes 

 

 

 

 

SW 
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Fig. 3 Reversed wind direction (from NE) showing 

streamlines and largely attached flow in lee of dunes 

with now shaper inclined stoss slopes focussing flow to 

the crests 

 

NE flow results in: 

 Reduced flow separation  

 Focussing of stress on crests 

 Clustering of transport potential at crests? 

 

 

 

 
Fig. 4 Surface shear velocity plot showing a more even 

distribution of stress across the stoss slopes 

 

 
Fig. 5 Surface shear velocity plot showing a tightly 

focussed  distribution of stress across the crest areas 

 

Discussion & Conclusions:  Results detail the behav-

iour of wind flow over transverse dunes under oppos-

ing (reversing) wind directions. During SW winds, 

flow behaves in a classic fashion where detachment 

and stoss side shear stress is evenly spread over gentle 

slopes with large undulating low shear zones in lee-

ward wake of crests. However, when flow is flipped 

(NE winds), model results show more focussed stress 

along the crests and higher disturbance into the bound-

ary layer over a less aerodynamic surface. These pro-

cesses contribute to the reversing sequence these dunes 

undergo, with NE winds initially round the crests and 

then migrating dunes to the SW. 

 

Main conclusions: 

- Evidence of 3D flow, helical separation under SW 

winds i.e. significant flow steering and re-direction as 

the SW flow has more significant flow separation 

- Simulated flow separation and steering for the re-

versed NE wind is heavily suppressed, likely due to the 

shallow change in the new ‘stoss’ slope.  

- SW flow shows typical increased u* on the stoss 

slope (but distributed over larger area) and large undu-

lating low shear zones in the leeward wakes.  

- For NE winds, high shear is isolated to dune crests.  

- Results highlight the complex nature of reversing 

transverse dunes, initially rounding the crests with fo-

cussed shear stress, then eventually reforming into fully 

transverse dunes in the opposite direction. 

 

[1] Bristow et al. (2010) EPSL, 289, 30-42.  Author A. 

B. and Author C. D. (1997) JGR, 90, 1151–1154. [2] 

Burkinshaw et al. (1993) Geo. Soc. Lon., 72, 25-36. 

[3] Jackson et al. 2013 Geomorphology 187, 86-93.  
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Introduction: The OSIRIS camera on board the 

ESA's Rosetta spacecraft has revealed unexpected bed-
forms  (Fig 1) on the comet 67P/Churyumov-
Gerasimenko [1], whose features suggest that they 
belong to the family of ripples and dunes [2]. Howev-
er, the existence of sedimentary bedforms on a comet 
comes as a surprise: it requires sediment transport 
along the surface, i.e. erosion and deposition of parti-
cles. When heated by the sun, the ice at the surface of 
comets sublimates into gas. As gravity is extremely 
small, g=2. 10-4 m/s2, due to the kilometer scale of the 
comet [3], the escape velocity is much smaller than the 
typical thermal velocity. Outgassing therefore feeds an 
extremely rarefied atmosphere, called the coma, 
around the nucleus. This gas envelope expands radial-
ly. By contrast, ripples and dunes are formed by fluid 
flows parallel to the surface, dense enough to sustain 
sediment transport. The presence of these apparent 
dunes therefore challenges the common views of sur-
face processes on comets and raises several questions. 
What could be the origin of the vapor flow exceeding 
the sediment transport velocity threshold? How could 
the particles of the bed remain confined to the surface 
of the comet rather than being ejected into the coma? 

Outgassing and thermal winds:  We have mod-
eled both seasonal and diurnal time variations of the 
atmosphere characteristics in a simplified spherical 
geometry. At perihelion, we find that the pressure 
drops by ten orders of magnitude from day to night. 
The comet's atmosphere therefore presents a strong 
pressure gradient that drives a tangential flow from the 
warm, high pressure towards the cold, low pressure 
regions, in a surface boundary layer. It reverses direc-
tion during the day and is maximal at sunrise and sun-
set, with a shear velocity u* on the order of a fraction 
of the thermal velocity. 

Threshold for grain motion:  The vapor density 
in the coma is orders of magnitude lower than that of 
air on Earth. The threshold shear velocity ut above 
which sediments are transported by a wind is quantita-
tively determined by the balance between gravity, hy-
drodynamic drag and cohesive contact force. We find 
that, sufficiently close to perihelion, grains at the cen-
timeter scale, such as those observed by Rosetta near 
the bedforms, can be transported by the afternoon 
thermal wind (Fig. 2). Importantly, this is only a small 
fraction of the time, around 15% of the comet's day. 
The asymmetry between sunrise and sunset winds, 
resulting from thermal inertia (some heat is stored in 

the superficial layer during the morning and released in 
the afternoon), has an important consequence: the 
morning wind is not strong enough to entrain grains. 

20 m

effective
wind

 
Fig 1: View of the comet's bedforms in the neck (Hapi) re-
gion by OSIRIS narrow-angle camera dated 18 September 
2014, i.e. before perihelion. Superimposed yellow marks: 
position of the ripples from a photo dated 17 January 2016, 
i.e. after perihelion providing evidence for their activity. 
Photo credits: ESA/Rosetta/MPS. 

Sediment transport:  Given the very large density 
ratio between grains and vapor, the length needed to 
accelerate grains to the wind velocity is much larger 
than the comet size, meaning that the grains actually 
keep a velocity negligible in front of that of the wind. 
The moving grains are thus submitted to an almost 
constant drag force equal to that when the grains are 
static. We argue that the mode of sediment transport 
along the comet's surface is traction, where grains re-
main in contact with the substratum on which they roll 
or slide (Fig. 3). There are important differences with 
Earth that prevent a cometary saltation [4] in which the 
grains would move by bouncing or hopping. The flow 
is turbulent above a viscous sub-layer, typically 0.7 m 
thick at perihelion, where turbulent fluctuations are 
damped by viscosity. After a rebound, grains with 
enough energy to reach the turbulent zone would be 
entrained into suspension, since the settling velocity is 
much smaller than turbulent fluctuations. These grains 
would acquire a vertical velocity larger than the escape 
velocity, on the order of a meter per second, and would 
eventually be ejected into the coma. 
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Fig 2: A Time evolution of the velocity ratio u*/ut calculated 
along the comet's orbit around the sun. Time is counted with 
respect to the zenith, at perihelion. Bold orange lines: enve-
lopes of the daily variations (inset), emphasizing the maxi-
mum and minimum values. Inset: Zoom of the evolution of 
u*/ut during one comet day, at perihelion. The day/night al-
ternation is suggested by the background grey scale. Wind is 
above the transport threshold in the afternoon (counted posi-
tive) and in the morning (negative). B Schematic of the out-
gassing (blue) and the resulting winds (red arrows) driven by 
pressure gradients from illuminated to shadow areas. 

Bedforms:  Aeolian dunes and subaqueous ripples 
form by the same linear instability, which is now well 
modeled and quantitatively tested against laboratory 
measurements. The destabilizing effect results from the 
phase advance of the wind velocity just above the sur-
face with respect to the elevation profile. The stabiliz-
ing mechanism comes from the space lag between sed-
iment transport and wind velocity. It is characterized 
by the saturation length Lsat defined as the sediment 
flux relaxation length towards equilibrium [3,5,6]. As 
all other parameters are known, Lsat is the key quantity 
selecting the most unstable wavelength λ. Applying 
linear stability analysis for 67P, we compute this wave-
length, and empirically find that it approximatively 
scales as λ~Lsat

3/5(ν/u*)2/5. We use here the analogy 
with subaqueous bedload, for which controlled exper-
iments on emerging subaqueous ripples allow us to 
deduce Lsat=24d and retain this law for traction on the 
comet. The mean grain diameter d observed at the sur-
face of the comet in the Ma'at region is in the range 10-
40 mm. The model correspondingly predicts an emer-
gent wavelength between 10 and 20 m, in good agree-

ment with the observed crest-to-crest distance. For 
such grains, the traction sediment flux is computed on 
the order of 4. 10-5 m2/s. The corresponding ripple 
growth time is 5. 104 s. For comparison, the total time 
during which sediment transport takes place during a 
revolution around the sun, which is around 106 s, is 20 
times larger. The ripples therefore have enough time to 
emerge and mature during one comet revolution. 

Traction

Ejection

Viscous
boundary
layer

 
Fig 3: Schematic of the vapor flow (red arrow) above the 
granular bed. Grains rebounding on the bed can reach the 
upper turbulent zone and are eventually ejected in the coma, 
which prevents the existence of saltation. The only mode of 
sediment transport along the bed is traction. Violet back-
ground: viscous sub-layer close to the bed, typically 
10ν/u*=0.7 m thick close to perihelion. 

Conclusion: Although generated by a rarefied at-
mosphere, these bedforms are therefore analogous to 
ripples emerging on granular beds submitted to viscous 
shear flows. The analog of aeolian dunes would have 
an emergent wavelength of 108 m due to the extremely 
large density ratio on the comet [5,6], i.e. much larger 
than the comet itself. Similarly, using the comet's val-
ues, the analogue for aeolian ripples would produce a 
pattern of wavelength 104 m [7]. The quantitative 
agreement we can reach here shows that our under-
standing of the coupling between hydrodynamics and 
sediment transport is able to account for bedform 
emergence in extreme conditions and provides a relia-
ble tool to predict the erosion and accretion processes 
controlling the evolution of small solar system bodies. 
This abstract is a summary of [8], where more details, 
as well as a proper bibliography, can be found. 

 
References:  [1] Thomas N. et al. (2015) Science 

347, aaa0440. [2] Charru F., Andreotti B., Claudin P. 
(2013) Ann. Rev. Fluid Mech. 45, 469-493. [3] Sierks 
H. et al. (2015) Science 347, aaa1044. [4] Thomas N. 
et al (2015) AA 583, A17. [5] Claudin P.,  Andreotti B. 
(2006) EPSL, 252, 30-44. [6] Durán O., Claudin P.,  
Andreotti B. (2011) Aeolian Res., 3, 243-270. [7] Du-
rán O., Claudin P., Andreotti B. (2014) PNAS 111, 
15665-15668. [8] Jia P., Andreotti B., Claudin P. 
(2017) PNAS 114, 2509-2514. 
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Introduction: Yardangs are wind-eroded ridges 

common in regions of Mars [1] and in the most arid 

deserts on Earth. Yardangs have also been documented 

on both Venus [2] and Titan [3]. Throughout the years, 

studies of yardangs have concentrated on particular field 

sites, and therefore conclusions relating to the 

controlling parameters on yardang morphology have 

been highly divergent.  

Observations: 

Many parameters affect yardang morphology. The 

following list describes the major parameters and how 

they affect terrestrial yardang fleets.  

(1) Deflation vs. Abrasion. The wind erodes 

yardangs both through the abrasion of the yardang 

head as well as deflation of the yardang flanks, and it 

is clear that the strength of the substrate plays a large 

role in determining the relative importance of these 

two processes. For example, at Roger’s Dry Lake, 

where the yardangs are made of lightly indurated 

aeolian dune sands, Greeley et al. [1975; 4] observed 

that yardang heads were undercut, suggesting that 

particles up to the saltation height were responsible for 

eroding the yardang, followed by mass wasting of the 

overhangs. In 2015, the author returned to the same 

yardangs, and found that while the overhang had 

indeed collapsed, the entire flank of the yardang next 

to it was also missing, suggesting a large role for 

deflation (Figure 1).  

    In the Chinese National Yardang Geopark near 

Dunhuang [5], where the yardangs are formed of 

lacustrine sediments, yardangs experience deflation 

through the pluvial formation of thin, clay flakes that 

are subsequently plucked from the yardang flanks 

(Figure 2-3). In contrast, the harder ignimbrite 

substrate of the Campo de Piedra Pomez yardangs in 

Argentina greatly reduces the possibilities for plucking 

or deflation.   

(2) Ridges vs. Troughs. Some yardang fleets are 

defined by a largely flat plane interrupted by wind-

sculpted ridges, while other fleets are defined by 

unshaped remnant topographic highs interrupted by 

long, straight troughs filled with sand. In the latter 

case, it is the presence of the troughs which channel the 

sand and create the illusion of defined ridges from 

above (Figure 4). 

(3) Pre-existing Shapes vs. Wind-formed shapes. 

While many yardangs owe their major relief to the 

wind, others are simply pre-existing knobs and mesas 

that have been modified by the wind. In some cases, 

pre-existing fluvial canyons have been accentuated by 

the wind, leaving yardang-like features between them 

[6]; (Figure 5). 

(4) Isolated vs. Interfering. Widely space yardangs 

achieve a more “perfectly streamlined” appearance 

than closely spaced yardangs, which cause interference 

in the incoming wind profile. 

(5) Burial vs. Erosion. The level of current activity 

of a yardang fleet is partially controlled by the 

availability of sediment compared to the wind’s ability 

to move it [7]. 

(6) Isotropic Substrate vs. Layered Substrate vs. 

Fractured Substrate. Isotropic substrates lead to 

smooth yardang flanks and evenly spaced yardangs. 

Strings of yardangs can nucleate along substrate 

fractures, and fractures can speed yardang erosion 

through mass wasting. Layered substrates can yield 

flat-topped “layer-cake” yardangs, and differential 

erosion of the layers can enhance gravity-driven mass 

wasting. Resistant, dipping beds can control the 

locations of yardangs as well, as is the case in the 

Qaidam Basin of China (Figure 6) 

(7) Original flank texture vs. Water-Dominated 

Texture vs. Wind-Dominated Texture. In many 

yardangs original lacustrine bedding and/or aeolian 

cross-bedding can be seen. In others, a patina of water-

deposited clay flakes or a carapace of salt-cement is 

seen (Figure 2). In the windiest, driest places, yardang 

flanks are dominated by aeolian fluting.  

(8) Water erosion vs. Wind Erosion vs. Mass 

Wasting. Many terrestrial yardangs flanks are heavily 

modified by pluvial gullying. Martian and extremely 

arid terrestrial yardangs are dominated by aeolian 

faceting. Periodic flooding of inter-yardang troughs 

can create crusty salt pans that retard further aeolian 

downcutting. Occasionally, rivers can cut through a 

fleet of yardangs, undercutting yardang flanks and 

accelerating mass wasting.   

(9) Constant Winds vs. Changing Winds. 

Yardangs need mostly unidirectional winds to form, 

but bidirectional winds or slightly shifting winds can 

create stubby, dual-headed yardangs.  

References:  

[1] Ward, A.W. (1979) JGR 84, B14, 8147–8166. 

[2] Greeley, R. (1992) JGR 97, E8, 13319–13345. [3] 

Radebaugh, J. et al. (2015) LPSC 46, Abs. 2746. [4] 

Ward, A.W., and Greeley, R. (1984) GSA Bull. 95, 7, 

829–837. [5] Dong, Z. et al. (2012) Geomorphology 

139-140, 145-154. [6] Perkins, J.P., et al. (2015) Nature 
Geoscience 8, 305-310. [7] Barchyn, T.E. and 

Hugenholtz, C.H. (2015) GRL 42, 5865–5871.  
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Fig 1. Evolution of a yardang over 83 years. Note undercutting of foreground yardang in 1975 and missing 

yardang flank between 1932 and 2015 (red arrows). The interyardang troughs have been filled in by a 

significant amount of sand since 1975 [4].  

Fig 2. Rain-mobilized clay from higher on the yardang 

is deposited on the yardang flank. At first, these tendrils 

are flakey and vulnerable to deflation. If they have a 

chance to build up, however, they can shield the 

yardang from further erosion (see mud crust). Kumtagh 

Desert, China. 

Fig 3. Remobilized clay from infrequent rainfall. 

Lut Desert, Iran.  

Fig 4. The megayardangs of the Lut Desert in 

Iran grow taller as their interyardang corridors 

are deepened. The yardangs themselves show 

little sign of wind erosion.    

Fig 5. Fluvial canyons in Argentina that have 

been accentuated by the wind [7]. Image from 

CNES/Astrium accessed via Google Earth 

(22.54˚S 68.20˚W).    

Fig 6. Yardangs in the Qaidam Basin, China, 

responding to the underlying structure of the 

substrate. Image from CNES/Spot accessed via 

Google Earth (38.62˚N 92.84˚E).    
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Introduction:  Images of comet 67P/Churyumov-

Gerasimenko nucleus obtained by Rosetta mission 

show a number of morphological features strongly re-

sembling aeolian features on the Earth and Mars [1,2]. 

They include wind tails of boulders, longitudinal stria-

tions in smooth apparently loose material, and, most 

conspicuous, a patch of ripples in Hapi region. The 

major ripples have spacing of ~12 m and height of a 

few decimeters [1]; smaller ripples have ~5 m spacing. 

The presence of such features is puzzling, because 

the comet obviously lacks any “normal” atmosphere 

and winds. However, the comet nucleus does produce 

gas due to its activity (sublimation of volatile ices: 

CO2, CO, N2, etc.), and a number of authors attributed 

aeolian-like features to this gas. Before the ripples on 

67P were discovered, A. Cheng et al. [3] had analyzed 

morphology of three other, imaged at a worse resolu-

tion comets (103P/Hartley 2, 81P/Wild 2, 9P/Tempel 

1) and suggested a role of particles lifted by gas flow in 

formation of morphological features. They had esti-

mated that the outgassing is sufficient for lifting sand-

size and larger particles. They had noted that, because 

of the divergent gas flow geometry, “classic” saltation 

and, therefore, formation of the “classic” aeolian bed-

forms is unlikely. Several later works [e.g., 4-6] have 

argued for saltation or reptation in the comet environ-

ment, however, those treatments have caveats. The 

molecule free path in cometary gas jets is much longer 

than sand particle size (Kn>>1), therefore aerodynamic 

treatment of gas flow interaction with particles is not 

applicable; corrections for non-zero Kn considered in 

[6] are only valid for weakly rarefied gases (Kn~1); the 

treatment in [6] also ignores the essentially divergent 

nature of the gas flow on comets. If dust particles are 

entrained into gas jets, they are likely to get velocities 

above the escape velocity, and therefore would mostly 

escape rather than produce bedforms [1].  

N. Thomas et al. [1] suggested that the “aeolian” 

features are produced by fall of relatively large parti-

cles lifted with low velocities by gas. I was able to re-

produce the observed boulder-related ventifacts with a 

simple cellular-automata-type model of erosion by fall-

ing particles [7], but fail to produce anything resem-

bling ripples with such kind of modeling. 

Here I propose a principally different mechanism 

potentially capable of formation of aeolian features on 

low-gravity bodies.  

Gas of dust particles on low-gravity bodies:  

Free dust particles on a low-gravity body would fly and 

form a specific dust atmosphere due to their thermal 

motion. Below I present order of magnitude estimates 

for such an atmosphere assuming conditions for Hapi 

region of 67P: gravity g = 10-4 m s-1, and temperature 

T = 200 K, which corresponds to a dark low-thermal-

inertia surface under direct sunlight with 60° incidence 

angle at 3 AU from the Sun (these illumination condi-

tions are typical for Hapi region). Dust particles are 

assumed to have diameter d = 0.5 µ (typical dust in 

cometary coma) and material density of ρ = 1 g cm-3. 

In the thermal equilibrium, dust particle has a ther-

mal energy of ½kT per degree of freedom, where k is 

the Boltzmann constant. The “atmosphere” of such 

particles has a scale height H = kT / mg ~ 4 m, where m 

is particle mass defined by d and ρ. In the terrestrial 

conditions, such an atmosphere is not forming, because 

under terrestrial gravity H << d for any d. The dust 

atmosphere is forming only when H > d, that is parti-

cles are sufficiently small: d < (kT / ρg)1/4 ~ 10 µ. The 

typical particle velocity is c = (kT / m)1/2 ~ 6 mm/s, and 

the thermal spin rate is ~0.5 c / d ~ 6000 rotations per 

second. 

If the gas of dust particles is rarefied, its density 

ρg << ρ, many properties of such gas are the same as of 

an ideal gas. The speed of sound is equal to 

c ~ 6 mm/s. The adiabatic lapse rate is zero. Specific 

heat is defined by heat capacity of dust particles (kinet-

ic energy of thermal motion and spin is negligible in 

comparison to the internal energy of the particles). 

Viscosity, if calculated as for an ideal gas, 

0.09(ρkT/d)1/2 ~ 2×10-7 Pa s is extremely low, however, 

correct viscosity calculation should take the restitution 

coefficient (non-elastic particle collisions) into ac-

count. The latter is also true for all thermal conductivi-

ty and diffusion coefficients. 

If the dust particles at the surface are abundant, the 

gas density next to the surface is ρg ~ 0.5ρ exp(-E/kT), 

where E is the characteristic bound energy of a dust 

particle, which is very poorly defined. Even if the par-

ticles are “loose” and “free”, they are bound to each 

other with van der Waals forces. Energy of van der 

Waals interaction of two spheres of diameter d is usual-

ly parameterized following Hamaker’s theory as 

E ~ (1/24)A d/l, where A is the Hamaker constant on 

the order of ~10-21 – 10-19 J, which depends on particle 

material, and l is on the order of a few atomic distances 

(>0.1 nm) and depends on “clearness” of the particle 

surface: the presence of adsorbed volatiles, nano-scale 

surface irregularities, etc. Typical values for freshly 

grounded rocks, lunar regolith, etc. (A ~ 10-20 J, 
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l ~ 0.4 nm, [8]) give E/kT ~ 70, and no dust atmosphere 

would exist. Organic material of cometary dust may 

have a lower A, and due to adsorbed volatiles l might 

be greater; diversity of individual particle properties 

may lead to a gentler dependence than exp(-E/kT). 

These factors together may give a way for some dust 

atmosphere, at least for smaller, submicron particles. 

On the other hand, particle deformation at the contact 

is ignored by Hamaker’s theory, but might be signifi-

cant for soft organic particles, which would make them 

much more cohesive (increase E) and thus preclude 

formation of the dust atmosphere. I assume for a while 

that ρg is not negligible.  

Pressure at the surface is P = ρggH. The maximum 

possible pressure (if E << kT) is 0.5ρgH ~ 0.02 Pa. 

Geometric optical depth of the atmosphere 

τ = 1.5(ρg/ρ)(H/d). Optical depth is ~2τ for short wave-

length λ, and ~6τ(d/λ)4 for long wavelength. Radiative 

time scale of a thin dust atmosphere is ~ 1 s and does 

not depend on d for micron-scale and smaller particles. 

Real dust atmosphere would consist of a range of parti-

cle sizes, each with its own H, which would produce 

strong stratification in the atmosphere. Winds in the 

dust atmosphere can be generated by thermal tides. 

Formation of dust atmosphere on tilted surfaces would 

lead to supersonic downhill flow.  

The mean free path in a thin (ρg/ρ << 1) atmos-

phere is ~0.1(ρ/ρg) d. For sand-size particles Kn>>1, 

and the classic theory of saltation initiation is not ap-

plicable. It is obvious, however, that particles slightly 

larger than the typical atmosphere-forming dust may be 

mobilized and transported by reptation. The mean free 

path is always much shorter than the incipient bedform 

spacing, which is also proportional to (ρ/ρg) according 

to Claudin & Andreotti [9]. This means that the fluid 

dynamic-based theory of the incipient bedform spacing 

is applicable to the dust atmosphere. In a sense, 

transport by the dust atmosphere is more resembling 

sub-aqueous rather than sub-aerial transport: the range 

of saltation particle size between suspension and repta-

tion is narrow, the upper boundary of the atmosphere is 

close to the surface and may affect bedform formation, 

similarly to shallow water. 

Application to 67P:  Hapi region with the ripple 

patch coincides with the area of the lowest gravitation-

al potential (corrected for the centrifugal potential) 

[10] on the nucleus. Its “watershed” comprises over a 

half of the nucleus area. The region has the highest 

albedo and the lowest red spectral slope on the nucleus, 

which is consistent with higher concentration of fine 

dust in comparison to the other regions. This suggests 

global transport of fine dust downslope, which would 

be a straightforward consequence of formation of dust 

atmosphere. Striations on loose material on slopes and 

boulder-associated ventifact-looking features might 

result from (supersonic) flow of dust gas downslope. 

The ripple patch is not located at the lowest portion 

of the Hapi basin: a slope of ~10° is reported in [1], 

however, the gravity model based on assumption of 

homogeneous nucleus material might be inaccurate. 

If the smallest observed ripples are incipient bed-

forms following Claudin & Andreotti [9] scaling, and 

they are formed by 10 µ (1 mm) particles, the required 

atmosphere density is ρg ~ 10-4ρ (10-6ρ), and corre-

sponding τ ~ 150 (1.5). This means that such a dust 

atmosphere, if existed, would be opaque and readily 

seen in the available images, but it actually is not ob-

served. This might mean that the dust atmosphere has 

never formed (because of cohesion), and the ripple 

formation mechanism is different. It is also possible 

that the dust atmosphere is optically thin, it (slowly) 

form ripples, but they do not follow the scaling law due 

to some peculiarities of the diluted gas of dust parti-

cles. Alternatively, it is possible that the ripples are 

relic from a past epoch, where a dense dust atmosphere 

was forming. Later much atmosphere-forming dust 

might be blown away by outgassing (which indeed was 

observed in Hapi region) or might stuck to the surface 

(significantly increased E) due to diffusion. There 

might be a seasonal cycle of accumulation and removal 

of fine dust in Hapi, and Rosetta might arrive too late 

to see a dense dust atmosphere. 

Application to other bodies:  Formation of dust 

atmosphere and related geomorphic features is possible 

for bodies in some size range. For bodies smaller than 

~100 m, the scale height exceeds the body radius, and 

the extended dust atmosphere would escape. For bod-

ies larger than ~100 km, H is too short, and no real 

atmosphere is forming, while thermal-induced dust 

mobility might play some role up to ~1000 km bodies. 

Comets are probably better for dust gas than asteroids 

because of presumably lower cohesion. Higher surface 

temperatures favor dust atmospheres.  

References: [1]  Thomas N. et al. (2015) A&A, 

583, A17. [2] Tirsch D. et al. (2015) 4th Int. Planet. 
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P. et al. (2016) EGU General Assembly, #19501. 
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[8] Scheeres D. et al. (2010) Icarus, 210, 968–984. [9]  

Claudin, P. & Andreotti B. (2006) Earth Planet. Sci. 

Lett., 252, 30-44. [10] Sierks H. et al. (2015) Science, 
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A COMPARATIVE ANALYSIS OF SEDIMENT TRANSPORT AND DEPOSITION TRENDS OF 
THE SAND SEAS OF EARTH AND TITAN. R.C. Lewis1, B. Bishop1, J. Radebaugh1, E.H. Christiansen1. 
1Brigham Young University, Department of Geological Sciences, Provo, UT 84602, corbinlewis13@gmail.com 
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Fig. 1 Width and spacing measurements in the Belet Sand 
Sea. The estimated maximum extent is in green and the loca-
tions of the dune width and spacing measurments are in blue. 

Fig 2. Topographic maps of Sand Seas. The Namib Sand Sea 
(left) has a general increase in elevation west to east (approx. 
100-800 m). Note the black clusters that represent locations of 
measurement. Belet (right) has lower elevation in its center. 

 Introduction: Saturn’s moon Titan has strik-
ing geomorphological similarities to Earth including a 
pervasive set of eolian landforms. Large, linear dunes 
form on both bodies in sand seas--sedimentary bodies 
that are transported and deposited by eolian processes 
[1]. On Titan, the sand seas are concentrated in the 
equatorial region and are very large; for example, Belet 
sand sea is approximately 3.3 ± 0.6 million km2 and has 
a sand volume of 610,000-1,270,000 km3 [2,3,4]. Most 
present day terrestrial sand seas are significantly smaller 
than those on Titan. The largest sand sea on Earth, the 
Rub’ al Khali, covers an area of ~560,000 km2

 [5]. The 
latitudes where sand seas are found on Earth also vary 
much more than sand seas on Titan, related in large 
part to the more complex Hadley circulation cells on 
Earth. 

Despite different atmospheric and grain 
compositional differences, the similarity in the shape, 
size and spatial trends of linear dunes of the Namib, 
Arabian, and Australian deserts and the Belet Sand Sea 
of Titan suggest that comparisons of dune parameters 
between them will yield a better understanding of Ti-
tan’s dunes [6,7,8]. The morphology of the linear dunes 
indicates required wind direction and strength and sedi-
ment supply [6]. The morphology and spacing of dunes 
reflect changes in sand supply and wind conditions 
[9]. Previous studies of dune width and spacing trends 
have provided insights into dune-forming conditions on 
Earth [10,11] and Titan [12]. An in-depth study of ele-
vation and its influence on width and spacing trends of 
the linear dunes of Earth and Titan will lead to a better 
understanding of surface-atmosphere interactions. 

Approach: A previously established trend 
within Titan’s dune fields is that dune widths are 
generally greater at low latitudes, which 
generally correlates with the centers of 
the sand seas [4,8,12,13,14]. However, 
the influence of elevation or locations 
of sand sea boundaries on dune width 
and spacing is not as well understood 
on Titan or Earth. Our new method for 
measuring dune parameters allows for 
collection of large data sets and better 
spatial correlation across the sand seas. 
Using images collected by Cassini’s 
Synthetic Aperture Radar (SAR) in 
Arcmap 10.3, we developed a system for 
measuring width and spacing over large areas every 500 
meters along each dune. The data are collected by auto-
matically measuring the distance between hand-drawn 

segmented lines that trace the dark and bright radar 
boundaries, indicative of dune margins. The dune width 
and spacing measurements on Titan are then correlated 
with elevation obtained from a global topographic map 
[15]. We are currently using this method in the Belet 
Sand Sea on Titan (T49, T61, T91)(Fig. 1), in conjunc-
tion with previously collected data (T21 and T8), and 
have begun collecting measurements in the Namib Sand 
Sea on Earth for comparison. We will apply this method 
to an additional terrestrial sand sea, the Rub’ Al Khali. 
In addition to understanding spatial trends, we will also 
compare influential characteristics of the sand seas such 
as proximity to the sand sea margin and elevation. 

Results and Discussion: Titan’s main dune 
fields occupy the lowest elevation areas in the equa-
torial regions, with the exception of Xanadu [16]. In 
the Belet Sand Sea, we see only a weak correlation of 
decreasing width and spacing with increasing elevation 

from the center to the eastern margin, which 

¯

0 100 20050 Km
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is also the migration direction, through the system. 
Dunes with larger widths and spacings tend to be con-
centrated towards Belet’s center. There are also larger 
dune-to-interdune ratios at lower elevations across 
Titan [17]. This could be a result of lower elevation 
in this location or perhaps lower wind velocities, both 
of which would cause greater sediment accumula-
tion versus bypassing [17,18]. The eastward increase 
in elevation in the eastern portion of Belet (Fig. 2) 
may have a strong effect on the dune spatial trends. 
Measurements in the Namib Sand Sea also suggest a 
weak relationship between dune width and elevation 
(Fig. 3). Previous studies show the largest widths are 
in the center of the dune field [18]. This may suggest 
influence by variables other than elevation such as 
proximity to the sand sea margin or varying sand 
supply and wind parameters. However, we do observe 
an increase in variation of dune spacing as elevation 
increases. In addition, dunes in the north-central portion 
of the Namib exhibit a trend of decreasing spacing as 
elevation increases (Fig. 4).  

It appears that sediment supply and wind 
source are more consistent on Titan’s surface than on 
Earth due to the dominance of linear dunes on Ti-
tan. On Earth, though linear dunes are dominant, we 
observe many different types of dune forms within 
sand seas. However, the resolution of our Titan images 
may prevent the identification of similar variations in 
dune form. A sign of dune field maturity is uniform 
dune morphology [10,12]. Also, small dunes form in 
short periods of time while long-term, consistent wind 
conditions produce large dunes [19]. In the Namib Sand 
Sea, the dominant linear features are likely very old, 
possibly as old as the Pliocene, but are superimposed by 
younger features such as flanking linear and crescentic 
dunes [10]. Sediment supply is also a likely factor lead-
ing to the dominance of linear dunes on Titan. 
 Conclusions: New analyses of dune widths 

Fig.4 Spacing according to Elevation by differing locations 
in Namibia. Average spacing measurements for 50 m inter-
vals of elevation are represented. Overall, variability in spac-
ing increases with increased elevation. The North Central 
group exhibits decreasing spacing with increasing elevation.

Fig. 3 Width according to Elevation by differing locations 
in Namibia. Average width measurements for 50m intervals 
of elevation are represented. There is no apparent trend. 

in the Belet sand sea support the correlation between 
dune width and latitude. Larger dune widths and 
spacings in the center of the Belet Sand Sea suggest 
that the elevation in the topographic basin constrain 
dune size. In the Namib, new analyses of dune width 
and spacing suggest elevation exerts little control 
on dune morphology bringing into question other 
variables such as proximity to the dune field margin. 
Further analyses of dune parameters in relation to 
these controls, and the further delineation of these 
variables, will allow for a better understanding of sed-
iment transport and deposition patterns in sand seas 

on Earth and Titan. 
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168-179. [4] Arnold K. 2014 MS Thesis, BYU. [5] 
Wilson, I.G., (1973) Geology 10, 77-106.[6] Lorenz, 
R.D. et al., (2006) Science 312, 724-727. [7] Neish, 
C.D. et al., (2010) Icarus 208, 385-394. [8] Le Gall, 
A. et. al., (2011) Icarus 213, 608-624. [9] Radebaugh, 
J. et al., (2010) Geomorphology 121, 122-132. [10] 
Ewing, R.C., et al., (2006) Earth Surface Processes and 
Landforms 31, 1176-1191. [11] Lancaster, N., (1988) 
Geology 16, 972-975. [12] Savage, C.J., et al., (2014) 
Icarus 230, 180-190. [13] Williams and Radebaugh, J., 
(2014) DPS Abstracts. [14] Mills, Radebaugh and Le 
Gall 2013. LPS XLIV Abst. 2305. [15] Lorenz, R.D. et 
al., (2013) Icarus 225, 367-377. [16] Radebaugh, J. et 
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THE IMPACT OF SURFACE PROPERTIES AND DUNE FORMATION HYPOTHESIS ON PREDICTED 
DUNE TRANSPORT AND ORIENTATIONS IN THE AEOLIS RESEARCH TITAN GCMS.  Y. Lian1, C. E. 
Newman1, G. D. McDonald2, M. I. Richardson1, M. J. Malaska3, 1Aeolis Research (600 N. Rosemead Blvd., Suite 
205, Pasadena, CA 91107, lian@aeolisresearch.com), 2 Georgia Institute of Technology (School of Earth and At-
mospheric Sciences, Atlanta, GA 30308), 3Jet Propulsion Laboratory/Caltech (Pasadena, CA 91109).   
 

 
Introduction: Dunes dominate Titan’s equatorial 

regions and likely reflect the magnitude and direction 
of winds over the current or past climate epochs [1]. 
Their morphology and interaction with small-scale 
topography suggests that net transport of dune material 
is westerly (i.e., from the west), in contrast with theory 
and modeling that predicts easterly winds should dom-
inate at low latitudes [2]. One explanation is that mate-
rial is only moved by wind stresses above a relatively 
high threshold, and that exceptionally strong westerlies 
sometimes occur that exceed this threshold, whereas 

peak easterlies largely do not. Dunes would then form 
primarily during the periods when such strong wester-
lies occur. 

Possible mechanisms that have been proposed for 
producing strong westerlies include (i) seasonal varia-
bility, with strong westerlies occurring around both 
equinoxes [2], (ii) mesoscale circulations produced 
during methane storms generating regionally strong 
westerlies [3,4], and (iii) the effects of topography on 
wind speed/direction at different orbital epochs [5].  

Figure 1: Top panel shows -180 to 0° E, bottom panel shows 0 to 180° E. Predicted net transport directions (black 
arrows) and dune orientations (red lines) assuming Fingering Mode hypothesis, based on TitanWRF surface wind 
stresses over 1 Titan year with a preliminary topography map included, assuming a threshold of 0.018 Pa and calcu-
lating fluxes as in [10]. Also shown (blue lines) are observed dune orientations from [11].  
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However, another constraint on the dune-forming 
winds is the orientation of dunes on the surface, and no 
study has yet demonstrated a good match to both the 
inferred direction of material transport and the ob-
served dune orientation at all locations on Titan’s sur-
face. Current aeolian theory suggests that, in areas of 
unlimited sediment supply, dune orientations will be 
determined by the Gross Bedform-Normal Transport 
(GBNT) hypothesis of [6], whereas in areas of limited 
sediment supply they will be determined by the Finger-
ing Mode hypothesis of [7].  

[5] showed net transport and GBNT dune orienta-
tion predictions using three atmospheric models of 
Titan’s near-surface circulation, including the Ti-
tanWRF General Circulation Model (GCM) [8,9]. We 
will present results from both Aeolis Research Titan 
GCMs (TitanWRF and the Titan MITgcm), and will 
additionally look at Fingering Mode predictions.  

Figure 1 shows predicted dune orientations (red 
lines) and net transport directions (black arrows) in 
TitanWRF with topography, using the Fingering Mode 
hypothesis, while Figure 2 shows net transport direc-
tion only from the Titan MITgcm. Although both mod-
els predict easterly transport when run with a flat sur-
face, the inclusion of topography appears to cause re-
sults to diverge, and far more low latitudes westerly 
net transport appears to be predicted in the MITgcm 
than in TitanWRF. 

We will focus on the impact of including realistic 
surface properties and examine whether mismatches 
between observed and predicted dune orientations - as 
well as the model-to-model differences - may be due to 
smaller-scale topography and dynamic processes such 
as eddy activities.   
 

Figure 2: As Figure 1 but showing only net transport directions predicted by the Aeolis Titan MITgcm.  
 
References: [1] Radebaugh J. et al. (2008) Icarus, 

194 (2), 690-703. [2] Tokano, T. (2010) Aeolian Res., 
2 (2-3), 113-127. [3] Lucas, A. et al (2014) Geophys. 
Res. Lett., 41, 6093–6100. [4] Charnay, B. et al. (2015) 
Nat. Geo., 8, 362-366. [5] McDonald et al. (2016), 
Icarus, 270 (15), 197-210. [6] Rubin D.M. and R.E. 

Hunter (1987) Science, 237 (4812), 276-278. [7] Cour-
rech du Pont et al. (2014) Geology, 42 (9), 743-746. 
[8] Newman, C.E. et al. (2011) Icarus, 213 (2), 636-
654. [9] Newman, C.E. et al. (2016) Icarus, 267, 106-
134. [10] Lettau, K. and H.H. Lettau (1978) IES re-
port, 101, 110-147. [11] Malaska, M.J. et al. (2016) 
Icarus, 270, 183-196. 
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Aeolian and fluvial systems are usually studied in-

dependently which leaves many questions unresolved 

in terms of how they interact. When sand dunes and 

rivers coincide with each other, the interaction of sedi-

ment transport fluxes between the two systems may 

lead to change in either or both systems therefore can 

significantly change surface morphology. An inventory 

is presented from 230 globally distributed study sites 

from locations where fluvial and aeolian systems inter-

act with each other. At each location key attributes, 

wind/river direction, net sand transport direction, dune 

morphology, river channel pattern were identified and 

relationships between each factors were analyzed. The 

survey results show that there are about 47% of all ex-

amples in which the rivers flow parallel to the wind 

direction and braided rivers are the dominant channel 

pattern (42%). Longitudinal dunes rather than trans-

verse dunes are most frequently associated with these 

braided channel patterns, possibly due to transverse 

dunes being associated with low sediment availability 

and therefore the aeolian sediment flux is insufficient 

to change the river channel type. In contrast meander-

ing rivers occur more frequently when sand sheets 

dominate the aeolian system. Overall, cresentic dunes 

are the most common dune type (55%) where fluvial 

and aeolian systems interact. Furthermore, six types of 

interaction were classified that reflect a shift in domi-

nance between the fluvial and aeolian systems. Results 

from this classification confirm that fluvial and aeolian 

processes can influence each other, but that only cer-

tain types of interaction were significant: the meeting 

angle and dune type, the meeting angle and interaction 

type and finally channel pattern and interaction type. 

Based on this analyzes, a cellular aeolian/dune 

model and fluvial model are used to simulate interact-

ing processes. Different factors (wind/water speed, 

sediment supply) are examined to investigate the trig-

gers that may switch the dominance between processes 

and the consequent changes in morphology that may 

occur. Whilst various interacting behaviours have been 

observed in the simulations, an unexpected cyclic large 

scale landscape change is noticed where river channels 

would avulse around dunes significantly altering the 

river/dune configuration and affecting sediment output, 

which give us the chance to set up a link between sys-

tem intrinsic dynamic processes and geomorphic 

change. In addition, for an abrupt or major landscape 

change to occur, the common explanations are un-

doubtedly due to the influence of climatic change, tec-

tonics or even human activities. Nevertheless, this as-

sumption could has prevented researchers from consid-

ering that large scale of landform instability may be 

inherent and driven by internal forces in the system in 

dynamic equilibrium. Hence, a sudden landscape 

change may be inherent in the normal development of a 

fluvial-aeolian interacting field and that a change in an 

external variable is not always required for a signifi-

cant geomorphic event to occur but depends on the 

system intrinsic geomorphic threshold. If this geo-

morphic threshold condition can be identified, not only 

will different explanations for some landform or hydro-

logic, sedimentologic and stratigraphic anomalies 

emerge but also the ability to identify unstable land-

forms and to predict their change. 
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In-Situ Measurement of  the Saltation Threshold of Titan's Sands with Downwash from a Rotorcraft Lander 
 Ralph D. Lorenz1  1Johns Hopkins Applied Physics Laboratory, Laurel, MD 20723, USA (ralph.lorenz@jhuapl.edu) 

 
 
Introduction:   The precise conditions under which 

Titan's vast fields of organic sand dunes [1] were 
formed are unknown.  Tokano [2] showed that the pre-
dicted dune orientations resulting from wind histories 
generated by a global circulation model were apprecia-
bly sensitive to the chosen saltation threshold speed. 
Knowledge of this parameter would be valuable for the 
interpretation not only of the orientation of the dunes, 
but estimates for their construction and reorientation 
timescales and ultimately the origin of the sand itself 
[3]. However, without knowledge of what the sand 
actually is and how it behaves under Titan conditions, 
these interpretations – however elaborate the circula-
tion models driving them [4,5] – must be considered 
uncertain.  

Threshold Estimates :  As reviewed by Lorenz 
[6], the freestream windspeed corresponding to the 
saltation threshold on Titan is likely just over 1 m/s  (a 
friction speed – a measure of wind stress – of ~0.04 
m/s) – see figure 1.  This follows from applying terres-
trial empirical expressions, with adjustment for sedi-
ment and atmospheric density, and Titan gravity  (but 
with the implicit assumption that cohesion is similar for 
Titan and Earth sediments in their respective environ-
ments).  Burr et al. [7]  report some wind tunnel exper-
iments that partly replicate Titan conditions and indi-
cate higher speeds than some of these expressions.   
However, these experiments using lower-density mate-
rials to simulate low gravity only address part of the 
unsteady saltation physics. 

 
Fig. 1. Saltation threshold (friction speeds – for 
freestream windspeeds multiply by ~20) given uncer-
tainties (curves) in composition and cohesion. Blue 
ellipses indicate measurements [7]. 

Furthermore, as noted in [6], triboelectric effects 
may be rather significant for Titan, since the atmos-
pheric and surface electrical conductivity at the surface 
will be rather low. 

Another effect at Titan that is challenging (as on 
Earth) is the possible role of varying methane/ethane 
moisture. Even a small amount of water moisture on 
Earth can modify the threshold speed appreciably [e.g. 
8], and the sediment at the Huygens landing site was 
measured to be damp [9]. 

It would therefore be desirable to measure the 
tranport threshold in-situ on Titan.  The Dragonfly re-
locatable lander (fig.2) being proposed by APL to the 
NASA New Frontiers program [10,11] offers such an 
opportunity.  

 

 
Fig. 2. Artist's impression of the Dragonfly relocatable 
lander. Outboard rotors allow the controlled applica-
tion of wind stress to surface materials. 
  

Threshold Measurement:  The typical approach 
to measuring saltation threshold [8]  is to apply a linear 
airflow across a sediment deposit in a wind tunnel, 
sometimes with upstream manipulation of the boundary 
layer velocity profile via roughness elements. Some-
times portable wind tunnels are deployed in the field to 
capture sediment characteristics not fully replicated in 
laboratory analog materials.   A  more convenient ap-
paratus, the PI-SWERL [10], applies a wind stress to a 
surface by spinning an annular rotor (with radial sup-
ports) immediately above the surface inside an 
'upturned-bucket'  housing  (an arrangement not unlike 
a lawnmower).  Although a complex Couette-like 
shearing flow is produced internally, the net effect on 
sediment-lofting is quite reproducible and field com-
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parisons show an excellent correlation of this method 
with portable wind tunnels [11]. 

This precedent suggests that flows imposed by oth-
er systems could provide useful threshold information. 
Notably, propulsion systems for soft-landing apply gas 
jets downwards which, especially in the case of rocket 
exhaust into vacuum or Mars' atmosphere, can erode 
the surface under the lander, as observed with Phoenix 
and Apollo.  

On Titan, the dense atmosphere allows thrust for 
soft-landing (or indeed, flight) to be easily generated 
by wide rotors, producing much lower jet velocities 
and much less erosion.  

Rotor Downwash: The characteristic downwash 
('induced') velocity from a rotor is typically calculated 
from simple momentum considerations (T=AρV2) us-
ing actuator disk theory.  A vehicle on Titan (ρ=5.4 
kg/m3, g=1.35 ms-2) with a loading (T/Ag) of about 
100kg per rotor, with rotor area A of 1m2, will have a 
downwash velocity of about 5 m/s.  

This broad downwash jet will entrain air, widening 
and weakening with distance below the rotor plane. If 
the rotor plane is 1 rotor diameter above the surface, 
the outflow velocity will be approximately the same as 
the induced velocity.  

In fact the interaction of rotor downwash with sur-
face sediments has become a topic of intense study 
(e.g. [12,13]) in the context of recent military helicop-
ter operations in deserts  (notably Afghanistan) where 
dust-lifting at landing ("brownout") has caused some 
loss of pilot situational awareness.  Field tests, flow 
visualization experiments, and Computational Fluid 
Dynamics (CFD) studies have been applied to the phe-
nomenon.  

 
Fig.3.  Schematic [13] of the flow structures beneath a 
rotor above a plane.  The downwash turns and advects 
flow structures (e.g. tip vortices) and lofted sediments 
radially away from the vehicle.  
 

Specifically, the sediment-raising appears more ef-
ficient than would be expected from simple uniform-jet 
effects. In particular, the vortices spiralling down [13] 
from the rotor blade tips (figure 3) give local velocity 

enhancements, and their unsteady shear stress applied 
to the ground initiates saltation and suspension. 

These complications aside, as in the case of the PI-
SWERL, it seems probable that the flow complexity 
can be calibrated out. 

Experiment Implementation:  As with the PI-
SWERL, two broad classes of experiment can be imag-
ined.  In one, the rotor is spun at progressively higher 
speeds, imposing progressively higher wind stress on 
the surface  (with the rotor loading described earlier, 
the imposition of a ~2m/s wind speed on the surface, 
likely above threshold, would produce a thrust of only 
about 5% of the vehicle weight if only a single rotor is 
powered, so such an experiment can be conducted safe-
ly on the surface without inadvertent take-off.)  The 
threshold is deduced by observing at what speed sedi-
ment begins to move.   This is relatively easy to deter-
mine with dedicated instrumentation (e.g. the PI-
SWERL uses light-scattering sensors to measure sus-
pended dust in real-time) : one possibility is to detect 
sediment movement via the production of triboelectric 
charging and its effect on local electric fields (e.g.  
[14]); another is to take images at successive intervals 
and detect motion via blurring or surface change.  A 
second approach, yielding a less direct measure of 
threshold but a more direct measure of net transport, is 
to run the rotors at some specific power setting for an 
extended interval and observe net surface change (e.g. 
formation of scour around pebbles or similar).   

Field experiments, supplemented by CFD, will 
permit the calibration of rotor rpm to imposed wind 
stress for single- or multiple-rotor experiments, and 
identify the most efficient observation approaches.  
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Introduction:   Titan's vast fields of organic sand 

dunes likely contain compounds which may fluoresce.  
The absence or presence, and possibly color, of fluo-
rescent emission, may make a useful classification 
technique for Titan surface material. 

Composition:  While Titan's dunes [1] cover a 
substantial fraction of its surface, the composition of 
Titan's sand is not known, but (as reviewed in [2]) 
seems likely to be principally organic.  It is optically 
dark, and has a low dielectric constant [3].  A near-
infrared signature [4] associated with aromatic com-
pounds correlates with the dunes, although is very non-
specific.   Since photochemical products from which 
the sand is presumably derived include nitriles and 
other N-bearing species, it is likely incorrect to refer to 
the sand as just 'hydrocarbons' – the incorporation of 
nitrogen into laboratory tholins is well-documented.  
Mass spectra of the upper atmosphere taken during 
Casssini flybys [5]  show a broad peak consistent with 
polycyclic aromatic hydrocarbons (PAHs), likely also 
including N-substituted PAHs  ("PAN-Hs"). 

 
Figure 1. Structures of some simple PAHs : 
Phenanthrene and Coronene are seen in figures 2,3 ; 
Anthracene and Napthalene have been tentatively iden-
tified in Cassini flyby data [5] 

 
Fluorescence:  Many aromatic organics, and espe-

cially PAHs, exhibit fluorescence. Even when stimulat-
ed by near-UV light such as that from an inexpensive 
light-emitting diode (LED) 'black light'  (typically these 
emit at 390nm), prominent fluorescent emission can be 
seen without special photodetectors (figures 2 & 3).  

In fact, fluorescence is used to detect PAHs (typi-
cally from petroleum contamination) seawater.  Time-
gated laser methods are used to enhance sensitivity and 
specificity – crude oil dilution to 10 parts per billion 
can be detected via pyrene fluorescence [6]. Prototype 
Mars instruments have reliably detected PAHs in Ata-
cama soils at 10s of ppb levels [7].  

 

 
Figure 2. Samples (clockwise from top left) - Terrestri-
al silicate sand (Erg Chebbi, Morocco), Tonic water 
(contains quinine), ACS Coronene 97%,  "Tide" pow-
der detergent (contains an 'optical brightening agent'), 
ACS Phenanthrene 95% at bottom left. Samples are in 
white plastic trays. 

 
Figure 3. Same samples as figure 1, seen with a stand-
ard digital camera (Casio EX-RZ10) in darkness, with 
samples illuminated with a near-UV LED flashlight 
(390nm).  The sand is totally dark ; some faint fluores-
cence is seen from the quinine solution and the 
phenanthrene, and strong yellow fluorescence from 
coronene. 
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The relevance for fluorescence at Titan was noted 

by Hodyss et al. [8]  They measured fluorescence of 
tholins and aqueously-altered tholin materials, which 
are of particular interest astrobiologically since hydrol-
ysis of laboratory tholins can yield amino acids [9] and 
other important prebiotic molecules. Hodyss et al. [8] 
noted that tholins were most responsive to excitation at 
410nm, and unaltered (in acetonitrile solution) emitted 
most strongly at 471nm (blue). However, aqueously-
altered tholin in ice had a fluorescent emission peaking 
around 550nm (green).  Spectroscopy or even color 
imaging could discriminate these emissions : we have 
ourselves noted with the naked eye that tholin hydroly-
sis products fluoresce prominently, whereas at least 
some unaltered tholin samples showed no glow under 
390nm illumination.  

 
Application to Future Missions:  The strong ab-

sorption of blue and UV light by Titan's haze (which is 
what gives Titan its orange color)  means no solar UV 
reaches Titan's surface.  Haze absorption, and strong 
Rayleigh scattering by the thick nitrogen atmosphere 
likely make long-range (km) remote sensing challeng-
ing  at UV wavelengths, but the immediate vicinity of a  
lander could be lit with a UV floodlight, and/or the 
close-in workspace of a robotic arm/hand lens camera 
could be equipped with UV LED illuminators, as on 
MAHLI on MSL  (which has 2 LEDs emitting at 
365nm [10] and has been used to search for fluorescent 
minerals [11]).   

Imaging at night on Titan with UV LED illumina-
tion could detect fluorescence easily, and there seems a 
rather higher  a priori likelihood of finding fluorescent 
materials on Titan than on Mars. The Dragonfly relo-
catable lander concept [12] could make such measure-
ments in a number of locations, sampling both dune 
sand and aqueously-altered materials  of 
astrobiological interest [13]. By identifying composi-
tional gradients  (with mass spectrometric analysis [14] 
of sands, and bulk elemental analysis by gamma-ray 
methods [15])  in a dunefield, such a mission may in-
form the sand source material and transport processes 
at work on Titan [16,17]. 

 
Speculations:  A topic of future study is to assess 

whether likely Titan sand material might exhibit tribo-
luminescence  (either direct mechanical stimulation of 
light emission, or via triboelectric charging [2] and 
glow discharge effects).  A landed mission should take 
long-exposure night-time images, especially if it is 
windy, just in case. 
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WIND REGIME, SEDIMENT FLUX AND BEDFORM RESPONSE ON TITAN.  A. Lucas1, S. Rodriguez1, C.
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Introduction:  Linear  dunes observed within the
equatorial sand seas on Titan are one of the most strik-
ing findings after  Cassini-Huygens mission [1,2].  As
we reach the Cassini mission’s dusk, fundamental ad-
vanced in our knowledge of these large bedforms have
been made from remote-sensing associated to predic-
tions of  global circulation models  allowing sediment
transport estimations and fine geomorphology analysis.
The question of either these dunes are responding to
past and/or current wind regimes is still under debate
and requires a mulch-disciplinary view to be answered
[3-5].  Here we integrate all  the knowledge and con-
straints  we  have  accumulate  during  the  13  years  of
Cassini mission from remote-sensing [6-9], theoretical
consideration for dune  growth mechanisms [4,10,11]
and climate models [12-14] in order to provide new in-
sights on wind regime, sediment flux and bedform re-
sponse on the Saturn’s largest moon.

Methods  : We  present  state-of-the-art  inversion
technique based on radiative transfer in both IR and
micro-wave  domains  in  order  to  assess  the  physical
properties of the sand seas, including both dune mate-
rial  and bedrock beneath [15, 16].   Then we present
how  dune  morphodynamics  depends  on  sediment
fluxes  (i.e.,  directionality  and  supply)  [4,11,17,18].
Hence we show how the wind regime can be assessed
from the geomorphic analysis of bedforms. 

Results :  We show that dunes and interdunes have
significantly different physical properties both in terms
of composition and surface roughness, suggesting dif-
ferent grain size. Consequently, our remote-sensing in-
version argues in favor of sedimentary armoring in be-
tween  the  dunes  and  hence  that  inter-dune  material
does not contribute to the dune’s morphodynamics and
that Titan’s dune grow primarily by elongation parallel
to the direction of the resultant sediment flux. 
Additionally potential secondary bedforms, also called
defect have been investigated. Our findings show that
the may reflect second sediment fluxes associated to a
multi-directional wind regime. 
By  integrating  our  results,  we  show  that  sand  seas
evolve  under current  multi-directional  wind regimes.
Consequently sediment inventory and climatic condi-
tions are being re-evaluated.
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Figure 1 – Equatorial sand seas at Titan’s surface
after Cassini-Huygens mission.
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A NEW SOURCE FOR SAND?  S. M. MacKenzie  and J. W. Barnes 

A NEW CANDIDATE SAND SOURCE IN TITAN’S EQUATORIAL REGION? S. M. MacKenzie1 and J. W.               
Barnes1, 1University of Idaho, Moscow ID USA 

 
Introduction: Longitudinal dune fields of organic      

sands cover most of Titan’s equatorial region [Lorenz        
2006 Radebaugh 2008, Barnes 2008, Janssen 2009       
Rodriguez 2014]. At the end of the Cassini mission,         
many questions surrounding these landforms remain      
unanswered, including how sand-sized particles are      
formed [Barnes 2015].  

 
One possible formation mechanism is the erosion       

and transport of evaporite from a playa, akin to the          
gypsum dunes of White Sands National Monument.       
Evaporite deposits are located across the surface of        
Titan, including in the interdunes of some dunefields        
[Barnes 2008, Bonnefoy 2016] and the equatorial       
basins Tui and Hotei Regio [MacKenzie et al. 2014].         
[Barnes et al 2015] looked for spectral similarities        
between these basins but did not find a correlation with          
the dune spectra. New observations of Titan’s leading        
hemisphere with the Visual and Infrared Mapping       
Spectrometer (VIMS) onboard Cassini reveal a new       
candidate source of evaporite material in Titan’s       
equatorial region (Figure 1). 

 
Methods: We analyze the spectra of the new        

candidate feature and compare with those of the dune         
fields using the methods of [Barnes et al 2015] to          
identify similarities. Methane and trace gas absorption       
restricts our analysis to the seven wavelength windows        
at which VIMS can observe the surface of Titan. To          
address atmospheric effects within the windows (to       
first order) we apply the empirical correction of [Le         
Mouelic et al 2012].  

However, as demonstrated by [Mackenzie 2016]      
and hypothesized by [Cordier et al 2015], not all         
evaporite deposits on Titan are identical in       
composition (within the resolution of VIMS). We       
investigate all Cassini observations to look for       
temporal changes and compare the spectral signatures       
of this feature with other evaporite deposits, employing        
the spectral signature identifying techniques of [Clark       
et al 2003]. 

 
Results: Our findings constrain the likelihood of a        

playa source for Titan sands within the equatorial        
region. The proximity of source to dunefield would        
address a lingering problem with the evaporite sand        
hypothesis: the difficulty of transporting sand from the        
poles (the location of most evaporite deposits) to the         
equator (uphill and upwind).  

 
 

 
Figure 1: Potential candidate for playa-fed sand       
formation as seen by Cassini VIMS in November 2015         
(T114). Here the VIMS data is colored R=5 um, G= 2           
um, and B = 1.3 um; thus, the red color of the feature             
is consistent with the unique brightness of evaporite        
deposits at 5 um.  
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Introduction:  Titan’s vast sand seas are composed 

of organic materials arranged in linear dunes [1, 2]. The 

dunes have been identified by Cassini spacecraft infra-

red and radar remote sensing instruments [3]. The infra-

red dark and radar-dark dunes are confined to the equa-

torial zone, while immediately poleward are the radar-

dark but infrared bright (at 0.93 m) mid-latitude plains. 

The apparent west to east surface transport directions 

diverge poleward from the equator and converge in the 

midlatitude regions at roughly latitude 35 degrees in the 

midlatitude plains [4,5]. This suggests that ISS dark 

dune materials should be transported in the average di-

rection eastward following the linear dune crests from 

the equatorial zone and deposited in the mid-latitude 

plains [5]. Yet ISS dark materials are not observed in 

the mid-latitude deposition belts. Why? Where do the 

dune materials go?  

We have begun mapping and examining the charac-

teristics of Titan’s dune terrains and also the terrains in 

immediate contact with dunes in order to constrain the 

deposits of Titan dune materials. 

Dune/Plains boundary: Fig 1 shows an annotated 

ISS image of the contact of linear dunes of the E 

Belet/W Shangri-La Sand Sea with mid-latitude Ca-

ladan Planitia. At location 1 in the figure, infrared-dark 

E Belet dunes oriented SW-NE terminate at infrared 

bright plains. At location 2, Aura Undae is composed of 

infrared-dark dunes that are either sourced in Aura Un-

dae or result from Shangri-La dune sands transported 

across location 1. Location 3 is a large area of feature-

less infrared-bright undifferentiated plains of Caladan 

Planitia. Analysis of Cassini VIMS data suggest that this 

southern section of Caladan Planitia has a more dune-

like spectral response compared to northern areas of Ca-

ladan Planitia, interpreted as small amounts of dune ma-

terials being mixed in this area [6]. Downwind, near 4, 

the thin infrared-dark lanes of Tlaloc Virgae are inter-

preted as being transported sands that are focused by 

small hummocky and mountainous topographic obsta-

cles [7]. Afekan Crater is immediately W of 5, and the 

locally elevated rim and ejecta blanket causes dune sand 

material to deposit around and upwind of the crater, but 

lack of downwind deposits suggests the sands disperse 

or are removed so that by 6 infrared dark materials are 

no longer observed. A regional embayment of Shangri-

La at 6 may be due to a locally elevated area at 8 pushing 

Fig 1. Infrared (0.93 m) image of the Shagri-La, Aura Undae, Caladan Plantia and Tlaloc Virgae features. Red outlines are crater terrin 

units, orange and yellow are hummocky mountainous terrain units respectively. Numbers refereed in text. Transport vectors from Malaska 

et al., 2016 are indicated with white arrows. The dark area at upper right (immeditately above “6”) is a mosaic artifact. 
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additional infrared-dark dune sand material northeast-

ward. The interpreted features in the Fig. 1 area are all 

consistent with dune sand material being transported 

across the infrared bright terrain. However, a lack of a 

deposit downstream from 6 suggests that the materials 

are either destroyed or modified so that large linear 

dunes or infrared dark materials are not observed at 

higher latitudes.  

Possible fates of dune materials:  A detailed SAR 

image of the contact between Aura Undae and Caladan 

Planitia and is shown in Fig. 2. The dunes are seen to 

extend into and terminate in Caladan Planita. The linear 

dunes indicated by white arrows break up into a series 

of linear dunes that bend (likely due to a local wind field 

induced by topography) and eventually thin and termi-

nate in Caladan Planitia.  

 

 
Fig 2. SAR and infrared image of NE (downwind) edge of Aura Un-

dae where it contacts with Caladan Planitia. Yellow arrows show ab-

rupt termination of dunes, white arrows show thinning and break up 

of dunes with eventual termination. Scene is just to east of label  “2” 

in Fig. 1. 

 

Likely reasons for the termination of the dune mate-

rials and lack of extension into the plains include: 

Interception by fluvial channels: On Earth, dune 

fields are terminated in locations where rivers and chan-

nels intercept sediments and prevent downwind 

transport. We do not observe channels and rivers in the 

undifferentiated plains. Although these could be sub-

resolution, channels and rivers should collect to larger 

channels, but these are not observed [7]. Since we ob-

serve dune materials traversing the plains from spectral 

analysis and are concentrated in Tlaloc Virgae, this sug-

gests dunes are not fully prevented, but could be atten-

uated by subresolution channels in the plains.  

Termination due to changing wind direction. On 

Earth the Namib Sand Sea is terminated by a changing 

wind regime tht creates star dunes at the edges of the 

dune field. This effectively traps the sediments in the 

Namib Sand Sea. On Titan, there is no evidence of ter-

minal star dunes, although these may be below the res-

olution limit of Cassini SAR (200 m per pixel).  How-

ever, the parallel alignment of wind-aligned features 

across the entire region suggests a consistent wind pat-

tern beyond the sand sea that extends into and across the 

plains area [5].  

Attenuation due to humid plains. If there is as shal-

low liquid table in the plains, wetting  could trap migrat-

ing dune sediments and prevent the formation of dunes, 

or prevent them from growing larger (Le Gall et al. 

2011; Rodriguez et al. 2014). The spacing of dunes near 

higher latitudes is consistent with a decreasing sand sup-

ply. However, if the dune sediments are being trapped 

in the plains, a mechanism would need to be invoked 

that would make the trapped sediments brighter in infra-

red wavelengths, consistent with the observations. 

Physical destruction of dune materials due to fria-

bility. The exact makeup of the dune materials is un-

known. It is possible that the dune grains are friable and 

could physically or chemically (via dissolution) break 

down as they proceed in the longtrack position. This 

process occurs for terrestrial sand grains composed of 

gypsum[8]. Following breakdown, the grains are com-

posed of fine dusts which may no longer form dune 

sands. Another mechanism would be required to cause 

the dusts to become infrared bright. 

Subresolution dunes. The dune sand materials could 

still exist, but break up into sub-resolution barchan 

dunes that traverse the landscape. This explains the lack 

of linear dunes, but does not explain the infrared bright-

ness. An IR modifying process would be required as 

well.  

Chemical modification of dune materials. This may 

be accelerated by entering higher latitude areas where 

rainfall is thought to be more abundant[9]. Leaching and 

partial dissolution of the surface of dune materials may 

change their cohesivity and infrared reflective proper-

ties, possibly due to leaching or efflorescence.  

Acknowledgments: This research was supported by 

the NASA CDAP program. This work was carried out 

at the Jet Propulsion Laboratory, California Institute of 

Technology, under contract with NASA. Government 

sponsorship is acknowledged. 

References: [1] Lorenz et al. (2006) Science 312, 

724-727. [2] Radebaugh et al. (2008) Icarus 194, 690-

703. [3] Rodriguez et al. (2013) Icarus 230, 168-179. 

[4] Lorenz and Radebaugh (2009) GRL 36, L03202. [5] 

Malaska et al. (2016) Icarus 270, 183-196. [6] Lopes et 

al. (2016) Icarus 270, 168-182. [7] Malaska et al. (2016) 

Icarus 270, 130-161. [8] Jerolmack et al. (2011) JGR 

Earth Surface 116, F02003. [9] Moore et al. (2014)  

JGR Planets 119, 2060-2077. 

3021.pdfFifth Intl Planetary Dunes Workshop 2017 (LPI Contrib. No. 1961)
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Figure 1: Zig-Zag gullies in a Dune Field in Kaiser
crater, HiRISE PSP 010749 1325

Introduction Long, narrow grooves found on the
slopes of martian sand dunes were first reported by Man-
gold et al. [1] and are most likely the result of large
blocks of dry ice (figure. 1. Imaging by the Mars Orbiter
Camera (MOC) on the Mars Global Surveyor and the
High Resolution Imaging Science Experiment (HiRISE)
on the Mars Reconnaissance Orbiter has demonstrated
that these linear gullies are found within many dune
fields and on sandy crater walls within the mid-latitudes
on pole-facing slopes [2, 3]. These slopes typically range
from 7 to 12◦ (well below the angle at which a dry granu-
lar material is expected to flow [4, 5, 3]), but the gully al-
coves and grooves appear to originate within the steeper
upper slope [can be > 25◦; 4]. Over the past six Mars
years, HiRISE images show that existing grooves have
elongated and new grooves have formed at the start of
each spring, demonstrating that these features are active
in the present-day Martian climate.

The dry ice block hypothesis is consistent with the
observed morphology, location, and current activity: that
blocks of carbon dioxide ice break from over-steepened
cornices as sublimation processes destabilize the surface
in the spring, and these blocks move downslope, carv-
ing out levéed grooves of relatively uniform width and
forming terminal pits.

Fieldwork: To test this hypothesis, we have per-
formed experiments at two dune fields, Grand Falls in
Arizona and Coral Pink in Utah. Dry ice blocks were
released and on a variety of slopes and their positions

Figure 2: Setup on a falling dune at Grand Falls. Two
high resolution video cameras, two calibration targets
and a Terrestrial Laser Scanner are visible.

Figure 3: Ripples are gradually smoothed out by the re-
peated passing of the CO2 blocks.

tracked in three dimensions using video cameras. In ad-
dition Terrestrial laser scanning was used to create dig-
ital terrain models and to map the changing morphol-
ogy of the surface (figure 2). The data is combined to
produce trajectory data for each block measured as arc
length down the thalweg as a function of time. The re-
sults show that steady movement is possible on slopes of
as little as five degrees.

Modelling: A model for the levitation of CO2 blocks
was developed in [6]. The flow of CO2 gas within the
sand bed is given by Darcy’s law. The heat flux is calcu-
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lated by solving a heat diffusion equation which have the
result that, with Martian parameters, a block will levitate
when

t < t∗
H

R
=
H

R

(
πµh

4gkeρsρ

)2

= 2.9
H

R
s,

where ρs is the bulk density of sand, c is the heat ca-
pacity and κs is the thermal conductivity of sand. Thus
even blocks of high aspect ratio (H/R) can levitate for
a few seconds. The extended model had the same ba-
sic equations for heat flow and CO2 flow, but when the
block is levitating the heat flux will be much lower. Con-
duction now takes places through a combination of solid
conduction and gas phase conduction with a linear tran-
sition depending on the CO2 pressure relative to the solid
pressure. The temperature boundary condition under the
block then becomes

h =
Tz=0 − Ts

r

[
κs +

pz=0

Hρsg

Tz=0 − Ts
r

(κg − κs)

]
,

where κg is the thermal conductivity of CO2. This heat
flux under the block now depends on the position, since
the pressure is spatially varying and a numerical solution
is required. As the block moves it also encounters fresh
sand which is hotter enhancing the mobility.

Finally there is an equation for the motion of the
block. It is driven down the slope by gravitymg sin θ and
resisted by a frictional force proportional to the blocks
weight minus the supporting CO2 pressure. Finally there
is a form drag due to ploughing like interactions with sur-
face roughness. Taking s to be the coordinate down the
thalweg (steepest descent slope) the equation of motion
is

ms̈ = mg sin θ − µ(mg cos θ − F )− 1
2ρsRrṡ

2,

where F is the CO2 pressure integrated under the block,
C is a drag coefficient width and r a roughness length
characterising the surface. The surface roughness r de-
pends on the initial condition of the sand surface and then
develops as blocks are released and remodel the surface.
If there are initially ripples the surface roughness is high
and reduces over time (figure 3). If the surface is initially
smooth the blocks induce surface undulations similar to
washboard road or moguls (figure 4).

Acknowledgements: Funded by NASA MFRP
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the State of Utah and Tim Titus.

Figure 4: The initially smooth surface develops a wah-
board pattern after multiple passings.
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Introduction:  Dome  dunes  are  individual  sand
piles with a rounded shape and no slip face. They are
not only incipient or disappearing dunes, they can also
reach a steady-state or a giant size (Fig. 1c) . They are
frequently  observed  in  dune  systems  on  Earth  and
Mars  [1,2].  Nevertheless,  unlike  other  dune  types,
dome  dunes  cannot  be  classified  according  to  the
orientation  and/or  the  sinuosity  of  their  crestlines.
Hence,  they  have  not  been  the  subject  of  intense
research  and  there  are  still  uncertainties  about  the
conditions under which they develop. 

 Mainly  observed  in  zones  of  low  sediment
availability, dome dunes are not isolated objects. They
generally  occur  in  dome-dune  fields,  in  which  all
individual  structures  share  common  morphological
properties (e.g., size, shape, planar contour), as in star-
dune fields [3].  In addition, they often coexist  either
with  barchan  or  linear  dunes  along  the  sediment
transport pathways. This indicates that the shape and
the spatial distribution of dome dunes are not randomly
selected  and,  as  for  the  other  dune  types,  their
morphology  and  dynamics   are  likely  to  reflect  the
wind regimes under which they develop.

The  relation  between  dune  shapes  and  wind
regimes  has  always  been  a  major  issue  in  aeolian
geomorphology.  For  obvious  reasons  of  simplicity,
most  studies  have  concentrated  on  unidirectional  [4]
and bidirectional wind regimes [5]. Under bidirectional
wind  regimes,  steady-state  dome  dunes  have  been
reported in laboratory and numerical  experiments for
divergence angle smaller  than 90° [6,7].  In  all  other
cases, dunes show always a clear orientation which can
be  theoretically  related  to  two  independent  dune
growth  mechanisms  according  to  sand  availability
[8,9]. It appears that, more than the number of winds
[3],  the  dispersion  of  the  distribution  of  sand  flux
orientation could be the main control parameter for the
systematic  development  of  dome  dunes.  However,
such a dispersion have never been investigated before.

Here we analyze the morphology of  dome dunes
and the wind regimes in different arid deserts on Earth
using satellite  imagery  and the surface winds of  the
ERA-Interim  project  [10].  We  compare  these
observations to the output of a numerical dune model
in  which  the  sole  control  parameter  is  the  standard
deviation  of  a  normal  distribution  of  sand  flux
orientation.  Using  this  so-called  unimodal  wind
regimes, we study the conditions for the development
of dome dunes and show how the dispersion of sand

flux  orientation  could  be  derived  from  field
observations.

Figure 1: Transition from barchan to dome dunes (a) Flux
roses of normal distributions of sand flux orientation with
different  standard deviations.  (b)  The  RDP/DP-value  with
respect to the dispersion of sand flux orientation in different
terrestrial dune fields (circles) and for normal distributions
(line). (c) Example of a population of giant dome dunes in
the Taklamakan (40°14' N, 83°31' E). (d) Steady-state dunes
using a cellular automaton dune model [11].

Methods:  We study 12 barchan and dome dune
fields  on  Earth:   Chad (16°41'  N,  17°54'  E),  Sudan
(21°14'  N,  27°12'  E),  Egypt  (26°46'  N,  30°00'  E;
20°30' N, 27°07' E), Mauritania (26°41' N, 16°26' W;
26°28'  N,  16°17'  W; 21°07'  N,  14°07'  W; 19°30'  N,
15°28'  W; 22°11'  N,  12°05'  W; 19°53'  N, 14°09'  W;
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18°59' N, 14°09' W), China (40°14' N, 83°31' E). For
all  these dune fields,  we compute the distribution of
sand  flux  orientation,  its  standard  deviation  and  the
corresponding RDP/DP-values using the 10 m surface
wind  of  the  ERA-Interim  project  and  the  same
transport  law as  in  [8,9].  From satellite  imagery, we
extract the planar contour shape of different dunes to
estimate the dune shape asymmetry, i.e. the coefficient
of variation of the distances between the center of mass
of the dune and points regularly spaced on its contour. 

We  run  numerical  simulations  using  a  cellular
automaton dune model [11] and a normal distribution
of sand flux orientation (Fig. 1a). The initial condition
is a conical sand pile. Its volume is much larger that
the volume of sand transported by individual winds to
ensure that the dune keeps a memory of its shape over
the  period  of  wind reorientation.  To reach  a steady-
state dune morphodynamics, all the sediment which is
ejected downstream is randomly reinjected upstream.
When a statistical steady-state is reached, we estimate
the dune migration rate as well as the dune asymmetry
using the same method as in natural dune fields (see
above).

  

Figure 2:  Morphodynamics of dome dunes.  (a) Asymmetry
of  the planar contour shapes with respect  to the standard
deviation  of  the  distribution  of  sand  flux  orientation,  The
black curve corresponds to a model of planar contour shape
shown on  the  top  x-axis.  (b)  Migration rate  of  numerical
dome dunes with respect to their height for different standard
deviations of a normal distribution of sand flux orientation.

Results:  Fig. 1b shows the RDP/DP-values with
respect to the dispersion of sand flux orientation in the
different  dune  fields  (points)  and  for  normal
distributions of sand flux orientation (curve). There is a
transition  from  barchan  to  dome  dunes  when  the
standard deviation exceeds 40°. This is confirmed by
the  numerical  simulations  that  also  show  the
disappearance of the slip face above 40° (Fig. 1d). This
dispersion correspond to a  RDP/DP-value  of  0.8,   a
threshold value commonly used to limit the domains of
occurrence of barchan and linear dunes in bidirectional

wind regimes. Here we show that it is also the same
value in unimodal wind regimes to limit the domains
of occurrence of barchan and dome dunes. 

Fig. 2a shows dune asymmetry with respect to the
dispersion of sand flux orientation both in natural dune
fields  (squares)  and  in  the  numerical  simulations
(circles).  A simple model for planar dune-contour is
also superimposed to this relation (line) to capture the
transition from crescentic  to  ovoid shapes through a
single parameter which characterizes the downstream
arc of the planar dune-contour. These relations show
that the dune asymmetry can be used to estimate the
dispersion of  sand  flux orientation.  In  the numerical
simulations, smaller dome dunes are faster than larger
ones (Fig. 2b). Taking into account this dependence on
dune height, the migration rate is proportional to the
RDP-value (inset in Fig. 2b). This is in agreement with
results obtained from barchan dunes [12], confirming
that a speed-up ratio of 1.6 is a reasonnable value in
the model [9].

Conclusion: In this study, we start to document the
impact  of the variability  of  sand flux orientation  on
dune  morphodynamics.  Considering  only  unimodal
wind regimes described through a normal distribution
of  sand flux orientation, we characterize the transition
between  barchan  and  dome  dunes.  Then,  the
comparison between field observations and numerical
experiments  show how dome dune  morphodynamics
(size,  shape  and  migration  rate)  is  sensitive  to  the
dispersion of the distribution of sand flux orientation
and the subsequent  resultant sand flux. We conclude
that,  in combination with other  dune types (barchan,
linear  and star  dunes),  dome dunes could  serve as  a
working template to integrate the variability of wind
directionality  in  aeolian  geomorphology. However,  a
number  of  important  issues  remain  for  future
investigation.  The  most  important  is  related  to  the
seasonal  variability  of  wind orientation  which  imply
multimodal distributions of sand flux orientation. 
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Introduction:  Dunes on Venus have been long 

debated since their discovery in radar data from Ma-
gellan in the early 1990s[1]. Due to the thick atmos-
phere on Venus many have suggested that the surface 
boundary layer on Venus may behave much like the 
subaqueous environment at the bottom of the ocean on 
Earth [2,3]. We aim to compare seafloor dunes with 
what is known about dunes on Venus, examining mor-
phologies and potential similarities in particle entrain-
ment capabilities. The goal of this work is to under-
stand morphologic parameters of dunes formed in 
more viscous flow environments in the hopes of using 
the more diverse marine literature for comparison to 
Venus. 

Venusian Dunes:  There are only two identified 
dune fields on Venus, referred to as Al-Uzza Undae 
(centered at 67°N, 91°E) and Menat Undae (centered 
at 25°S, 340°E). Both dune fields consist of topograph-
ically constrained low lying areas with north-south 
trending transverse dunes [1,4]. These have been re-
ported to be on the order of 20-60 m in height (Al-
Uzza) and 0.5-5 km in length, ~0.2-0.5 km in width 
and spaced ~0.5 km [5,4]. The Al-Uzza Undae and 
Menat Undae encompass areas of 17,120 and 1290 
km2, respectively [4].  

In the absence of further surface data from Venus, 
exact flow conditions can only be hinted at from the 
few measurements from the Soviet Venera 9, 10, 13, 
and 14 landers. Wind data from ~1 m above the sur-
face suggest that wind speeds are on the order of 0.2-
1.3 ms-1[6]. Some particulate material was seen to have 
moved in Venera 13 images suggesting wind speeds 
can be above particle entrainment threshold. 

Terrestrial Seafloor Dunes: Terrestrial seafloor 
dunes have been known since the 1960s once side-
scanning sonar systems became available and the bot-
tom of the ocean became a target for mapping (e.g., 
[8]). Isolated barchan dunes to transverse dune forms 
are common in seafloor environments with responsible 
currents (flow velocities) of 0.3-2 m s-1 as reviewed in 
[3]. Typical areas where seafloor dunes are found in-
clude topographically constrained valleys and local 
topographic lows where sediment can accumulate. 
Sizes of seafloor dunes can be 10-100+ m in length 
with heights ranging from 10s of centimeters to a few 
meters in height. Dune spacings are typically on the 
order of tens of meters.  

Similarity of Environments: Similarity of the two 
environments depends on many aspects including basic 

parameters for flow velocity, fluid viscosity, the ability 
to entrain particles in order to build dune forms, and 
not least the resulting bedform geomorphology. For 
subaqueous environments, marine communities tend to 
use the observed bedforms to constrain the flow ve-
locity [9]. In many ways our current knowledge about 
the Venusian surface resembles aspects of the suba-
queous seafloor environment with regard to particle 
movement and dune formation.  

Estimates of the threshold friction velocity for par-
ticle entrainment  suggest very low values for both 
Venusian (< 2.7 cm s-1) and  for subaqueous (< 1 cm    
s-1) environments for sand-sized particles as reviewed 
in [3] (Fig. 1). Higher-viscosity fluid environments 
such as Venus or the seafloor also mute the ability for 
cascades in saltation or splash-driven continuation of 
particle entrainment. The higher-viscosity environment 
reduces particle momentum, leading to shallower par-
ticle trajectories and slower particle speed [11]. In both 
cases (Venus and seafloor) this could lead to smaller 
dunes, shorter wavelengths and closer spacings. 

Conclusions: Many similarities between the Venu-
sian atmosphere and subaqueous seafloor dune envi-
ronments suggest that these are analogous to some 
extent. The morphological differences between sea-
floor and Venusian dunes and and the lower subaque-
ous threshold friction speeds suggest that seafloor con-
ditions are somewhat more extreme than the Venusian 
environment in terms of particle entrainment.  Howev-
er, seafloor dune processes may provide a closer repre-
sentation of what may be happening in Venusian 
dunes. Together with knowledge about dunes on Earth 
and Mars, dune morphologies could possibly be repre-
sented as a continuum of conditions from the seafloor 
aqueous environments through Venus, terrestrial aeoli-
an dunes, and ending with Martian dunes, relating pri-
marily to the viscosity of those environments and how 
the viscosity effects the threshold conditions for parti-
cle entrainment, saltation trajectories, and impact-
driven saltation.   

Terrestrial subaqueous seafloor dunes can help un-
derstanding how different parameters affect the bulk 
morphology of dunes as well as put constraints on the 
movement of grains on Venus, including sediment 
availability. The seafloor is clearly not a sediment 
starved environment, yet has fluid-driven controls on 
dune formation.  

Several other uncertainties about how deep sea 
‘storm’ events affect the longevity and movement of 
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dunes in a seafloor environment could be good predic-
tors of what to expect on the surface of Venus, until 
more data from the Venusian surface is available.  
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Figure 1. Comparison of particle threshold friction speed, u*t, as a function of particle size, Dp, [12] for Mars, 

Earth (air), Venus, and Earth (water) showing approximate optimal particle size at local minima (left) [3]. Cartoon 
of comparison of idealized dunes in each environment with rough estimates of height and widths  [2,4,5,10].  
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Introduction:  Traditionally NASA’s Planetary 

Data System (PDS) has been responsible for interfac-
ing with missions and instrument teams for production 
of data archives of planetary data. In response to the 
NASA Plan for Increasing Access to the Results of 
Scientific Research, which involves ensuring long-
term accessibility of digital scientific data and peer-
reviewed publications, many more investigators are 
turning to the PDS for their archiving needs for derived 
data.  This includes data resulting from further analysis 
of mission observations, modeling results used to in-
terpret NASA mission data, groundbased telescopic 
observations, and laboratory and field measurements.  
The PDS has modernized its archiving approach by 
moving to a new archiving standard, PDS4 [1]. This 
new standard at its core is an XML-based, model-
driven system for storing metadata in the new labels.  

PDS4 and XML:  The PDS is now using the PDS4 
archive standard for controlling the metadata labels for 
all new data coming into the archive. This new system 
is driven by a core information model that maintains 
the standard for archiving. All possible label outcomes 
are derived from this information model and the labels 
are expressed in XML. XML (Extensible Markup Lan-
guage) is a well-known standard designed for easy 
management of data over the internet. It is readily ed-
itable with most modern text editors, though specific 
XML editors exist (e.g., Oxygen (subscription), 
Eclipse (free)). The XML label format is controlled by 
the Information Model and guarantees consistency 
across all of the PDS. All products that have labels can 
be registered in the PDS4 Central Registry allowing 
ease of access through any of the PDS search engines. 

Data submitted to the PDS is organized into Bun-
dles, Collections, and Products. Products represent the 
file-level organization and include not only the data 
files themselves but also document sets and browse 
images, etc. with corresponding labels. These products 
can be organized into logical Collections, usually by 
processing level or purpose (e.g., data_raw, da-
ta_calibrated, browse, document, geometry, etc.). All 
collections are then organized by project as a Bundle. 
Bundles contain all data and documentation useful for 
describing, explaining, and using the data.   

Data Management Plans: Most data analysis pro-
grams through ROSES [2] now require a Data Man-
agement Plan (DMP). The requirements of data man-
agement may vary by program, but in general all re-
quire data providers (PIs) to demonstrate how the data 

produced in their project will be accessible beyond the 
terms of their grant. In most cases, programs require 
the use of the PDS or some other PDS-equivalent ar-
chive. PDS is mandated to peer review all data coming 
into the archive and to preserve and maintain data for 
more than 50 years. The resulting restrictions on data 
formats are for usage of simple, proven formats (e.g., 
ASCII/CSV tables, FITS, IMG, PDF/A, etc.).  

A good DMP should include basic information 
about the planned data submission, including what 
format and how much data there will be, and how it 
will impact the planetary community. A letter of sup-
port from the relevant PDS node is now required by 
many programs and should demonstrate that the node 
and the PI are in agreement of what is expected in the 
submitted data. PIs should demonstrate within the 
DMP that they understand the archiving process and 
what their responsibilities will be with respect to sub-
mitting data to the node. For PDS-equivalent archiv-
ing, the PI should demonstrate that the proposed ar-
chive location will maintain the data for a significant 
period of time (letter of support) and that the data have 
been reviewed or vetted with some sort of agreement 
from the facility or in peer-reviewed publications to 
prove equivalence. 

Derived Data: In response to these new require-
ments for derived data produced by grant programs 
and published in journals, PDS has widened the scope 
of the data that can be archived. In the past PDS pre-
dominantly archived mission and mission-related data 
from spacecraft sent anywhere in the Solar System. 
Currently laboratory experiments/simulations, analog 
field studies, astronomical observatory observations, as 
well as new calibrations or combinations of mission 
data are fully acceptable under PDS4.  

For aeolian research, typical data, outside of mis-
sion data that have been submitted to PDS include 
wind tunnel experiments/observations, analog field 
data for particle entrainment and flux studies and la-
boratory data pertaining to atmospheric compositional 
constraints. Many of these data are currently in the 
preparations stage but should be available later this 
year.  

Conclusions: The key to creating a good archive is 
a good relationship with the PDS. For many PIs this 
begins with the DMP and the letter of support from the 
appropriate node. This process should begin as early as 
possible with contacting the PDS node and beginning 
to discuss the data to be archived. The node will pro-
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vide you with a basic timeline of responsibilities for 
archiving. This will include helping tailor XML labels 
to your needs, including agreeing upon accepted ar-
chive formats for data and documentation. The final 
peer-review process should also be discussed and 
budgeted into the DMP. Typically peer review and lien 
resolution can take up to a month to complete, so sub-
mission of the data to PDS must be scheduled well in 
advance of the end of funding.  

For projects that are not funded, PDS is still availa-
ble to help archive your data. Derived data are often 
overlooked because of production late in a project’s 
timeline. Projects often plan to create derived products 
but run out of time and/or money during their nominal 
funding period. PDS is still available for help after 
funding runs out, but the key to success is communi-

cating with the node to schedule your project. Figure 1 
illustrates an example of the division of labor on any 
project coming into the Atmospheres Node. Early and 
good communication with the relavant node is essen-
tial for producing a good DMP and hopefully in turn, a 
good archive. 

References: [1] PDS Archiving Documentation, 
https://pds.nasa.gov/pds4/doc/index.shtml [2] Research 
Opportunities in Space and Earth Sciences 2017 
(ROSES-2017), 
https://nspires.nasaprs.com/external/solicitations/summ
ary.do?method=init&solId=%7BE757EF32-60E6-
76AE-A276-21A1F8BA96BB%7D&path=open [3] 
PDS Atmospheres Node website, 
http://atmos.nmsu.edu 

  
 
 
 
Figure 1. A step-wise list of the archiving responsibilities for planning an archive submission, including what 

the supporting node will provide. This example is specific to the Atmospheres Node, although it will be similar for  
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Introduction:  Recent measurements by the Mars 

Science Laboratory (MSL) rover in the Bagnold Dune 
field in Gale Crater provided the first in situ wind data 
for planetary dunes [1]. Orbital observations indicate 
that much of this dune field is currently active, with 
some dunes / ripples observed to move a good fraction 
of a meter per Mars year. Measuring the wind field for 
present day conditions is thus very valuable for under-
standing how the dunes formed and continue to evolve, 
and to provide ground truth data for validating atmos-
pheric models that can be used to predict the dune-
forming winds at other times, locations, and epochs. 

We will describe the wind measurements made 
near the dunes and their impact on understanding and 
predicting dune-forming winds on Mars. 

REMS wind measurements:  As described in 
[2,3,4,5], the Rover Environmental Monitoring Station 
(REMS) wind sensor consisted of two horizontal 
‘booms’ mounted on MSL’s Remote Sensing Mast 
(RSM) at a height of ~1.5m, one pointing forward and 
one pointing at 120° to the side/rear. The original re-
trieval scheme first determined which boom was least 
affected by flow around the RSM, then used its meas-
urements to retrieve wind direction and speed.  

Loss of the side/rear pointing boom.  Unfortunate-
ly, the side/rear-pointing boom was found to be largely 
non-functional after landing [4,5]. Since the retrieval 
then relied entirely on data from the front-facing boom, 
which sits in the RSM’s wake for winds from the hem-
isphere to the rover’s rear, it is not possible to properly 
retrieve ambient wind directions or speeds for winds 
coming from the hemisphere to the rear of the rover.  

For ‘front’ winds, however - i.e., winds coming 
from the hemisphere in front of the rover - both wind 
direction and wind speed can be retrieved. During the 
Bagnold Dunes Campaign, optimum rover headings 
for wind measurements were prioritized over other 
science and engineering constraints, due to their im-
portance for better understanding the aeolian processes 
responsible for forming the dunes.  

Loss of nighttime wind measurements.  The remain-
ing boom also experiences significant electronic noise 
during cold periods, which causes further difficulties in 
obtaining useful data for a portion of each night. 

Wind Investigations: During the Bagnold Dunes 
Campaign, good rover headings for obtaining wind 
measurements were prioritized in three investigations: 

The Wind Characterization Investigation. This was 
designed to characterize the wind field just outside the 
dunes in N. late spring. Wind direction changes by 
180° over each sol but the wind sensor can only meas-
ure winds coming from the hemisphere in front of the 
rover, multiple rover headings were needed. Wind was 
measured in five very different directions for several 
sols each, to build up a full picture of the wind field.  

 
Figure 1: 5-minute median horizontal 1.5m wind directions 
and speeds for all ‘front’ winds measured during the Wind 
Characterization Investigation at Ls~67-75°. Colors indicate 
measurements made on different sols. Hodograph shows 
winds averaged over all 19 sols. Top two panels are from [5]. 
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Figure 3 shows the 5-minute median wind speeds, 
directions, and wind hodograph over the 19-sol period. 
Wind direction shifts from westerlies before ~10:00 to 
northwesterlies with occasional northerlies, with peak 
wind speeds in the early afternoon. At ~17:00 or 18:00 
the wind direction changes again to easterlies then to 
predominantly southeasterlies/southerlies, although the 
timing of the wind reversal and the duration of the 
easterlies varies greatly from sol to sol. There is gener-
ally clockwise turning of the wind direction between 
the upslope/downslope periods, particularly in the 
morning. The loss of overnight hours to noise makes it 
impossible to form a full picture of the circulation, 
particularly the strength and direction of downslope 
nighttime winds, for this location and season. Howev-
er, the ~08:00 to midnight dataset is extremely useful 
for validation of mesoscale models. 

 
Figure 2: 1Hz ‘front’ wind speed distributions at 2pm during 
the Wind Characterization Investigation (top) and in the lee 
of Namib Dune (bottom). From [5]. 

The Namib Lee Investigation. This occurred while 
the rover spent several sols facing ~WNW while in the 
lee of Namib Dune, thus measured changes to the day-
time wind pattern in the lee of a large dune on Mars. 
Figure 2 shows broadening of the wind speed distribu-
tion when in the lee of Namib Dune. This is consistent 
with an increase in wind variance resulting from the 
development of turbulent structures, as in high resolu-
tion simulations of dunes on Earth and Mars [6,7]. 

The Namib Side Investigation. This occurred while 
the rover spent several sols facing ~NNW sitting on 
the western side of Namib Dune, facing a heading of 
either -14° or -20°, thus measured daytime winds in 
order to support aeolian change detection experiments. 

Implications for understanding dune formation:  
Using the Wind Characterization wind data as ground 
truth for Ls~67-75°, we adjusted the setup and assump-
tions made in the MarsWRF atmospheric model until it 
best reproduced the results shown in Figure 1. We then 
ran the model over 1 Mars year and used the predicted 
wind field to predict sand transport directions and dune 
orientations assuming ample and limited sediment 
availability, i.e., using respectively the Gross Bedform-
Normal Transport [8] and Fingering Mode [9] hypoth-
esis. Figure 3 shows the best fit results in each case. 

 
Figure 3: Dune predictions in Gale Crater using MarsWRF 
winds. Black arrows show predicted net transport direction, 
orange lines predicted dune orientation, blue and red lines 
observed Barchanoid dune orientations, green lines observed 
linear dune orientations. Note that for the Fingering Mode 
the predicted orientation is that of the dune train for Bar-
chanoid dunes, thus is not parallel to individual dune crests.  

References: [1] Silvestro et al. (2013) Geology, 
41(4), 483-486. [2] Domínguez et al. (2008) Plan. Space 
Sci. 56, 1169-1179. [3] Gómez-Elvira et al. (2012) 
Space Sci. Rev. 170, 583-640. [4] Gómez-Elvira et al. 
(2014) J. Geophys. Res. 119, 1680-1688. [5] Newman 
et al. (2017) Icarus, in press. [6] Omidyeganeh et al. 
(2013) J. Geophys. Res. Earth Surf. 118, 2089-2104. 
[7] Jackson et al. (2015) Nat. Comm. 6, 8796. [8] Ru-
bin and Hunter (1987) Science 237(4812),276-278. [9] 
Courrech du Pont et al. (2015) Geology 42(9),743-746. 
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Introduction:  Aeolian activity has been docu-

mented on Earth, Mars, Venus, Titan and has been 

suggested to occur on some icy bodies [1-4]. To better 

understand the movement of sediment on these bodies, 

it is critical to understand the threshold wind speed. 

Since Bagnold’s seminal research, data obtained in 

wind tunnels have been used to derive models of 

threshold speed [5-9]. In the 1970’s, the Planetary 

Aeolian Laboratory (PAL) was established. This facili-

ty consists of wind tunnels designed to mimic specific 

atmospheric conditions such as density or kinematic 

viscosity. In the last 40 years, PAL has released a 

wealth of information about threshold wind speed [6-

9]. This information has been dispersed to the aeolian 

community through a variety of journal publications, 

conference presentations, and technical memorandums. 

The threshold data published in these older papers are 

becoming increasingly inaccessible due to their analog 

nature, while data in recent publications may not be 

widely released due to the lack of a distribution plat-

form. At the same time, newer planetary wind tunnels 

(e.g., from the Aarhus Mars Simulation Facility) are 

generating new data.  Such wind tunnel data are critical 

for, e.g., understanding the onset of aeolian processes 

and calibrating threshold models. 

Purpose of the Archive:  The purpose of this work 

is to increase the amount and quality of aeolian thresh-

old wind speed data available to the community. We 

will do this by creating a publicly available archive of 

threshold speed data, hosted by the NASA Planetary 

Data System (PDS) Atmospheres Node. With contribu-

tions from the community, the aim of the archive is to 

preserve all past, current, and future data from thresh-

old experiments. Researchers can use it as part of their 

Data Management Plan for projects funded by NASA. 

Collecting Data:  Under the PDS4 archiving 

standard, data are arranged in bundles.  Each bundle 

will contain all the data related to a single aeolian pa-

rameter. Currently, there is one bundle that hosts the 

threshold speed data products. Data for the bundle 

were collected from the following sources: 1) Journal 

and book publications where threshold wind speeds 

were derived from wind tunnel experiments under 

Earth, Mars, Venus, and Titan conditions; 2) Un-

published records detailing any threshold speed exper-

iments conducted at PAL (ex. NASA Technical Memo-

randa, graduate student reports);  3) Ongoing threshold 

speed experiments in the Titan Wind Tunnel.  

Graphs and tables from the first two sources are 

scanned into a computer and digitized into a numeric 

format using the freeware GetData. Other parameters 

explicitly stated in the publication (e.g., bed composi-

tion, atmospheric pressure) and variables that could be 

derived using parameters stated in the publication (e.g 

Reynolds number, kinematic viscosity) are transcribed. 

The collected data are compiled into spreadsheets that 

are converted to CSV files to be submitted to the PDS. 

Archive Format:  Under  PDS4 the threshold wind 

speed bundle contains ‘collections’ of data by type 

(e.g., graphs, tables) and content (e.g., raw data, re-

duced data). Within the collections, data products are 

organized into project folders representing a single set 

wind tunnel experiment (Fig.1).   

 For the threshold wind speed data the collections 

are as follows: 

1) browse: images of threshold experiments, organized 

by planetary body 

2) data_raw: experiment data, when available, in table 

format and organized by planetary body 

3) data_reduced: threshold speed data, in table format 

and organized by planetary body 

4) document: supplementary material describing how 

the archive was created  

5) context: used by PDS4 to manage internal refer-

ences. The context collection contains a list of PDS-

internal references detailing the facilities and instru-

ments used in this bundle. (e.g., Planetary Aeolian La-

boratory, Titan Wind Tunnel, etc.)  

6) XML_schema: used by PDS4 to list which versions 

of the XML schema were used in the bundle. The XML 

schema collection provides a list for internal cross-

referencing. 

Future Work:  The threshold speed bundle is still 

in development stage; it is expected to go live within 

the next year for contributions from the community. 

Although this initial version of the archive will contain 

only threshold data, we are striving to make the archive 

readily extensible to other aeolian parameters.  We 

hope it will be expanded with 1) more bundles repre-

senting different aeolian parameters (e.g., flux) and 2) 

data from computational models.  

Thus, we are actively seeking data to put into the 

archive. Please contact us to learn more about how to 

contribute. 

Acknowledgments:  This work is supported by the 

NASA Planetary Data Archiving, Restoration, and 

Tools program. 
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Introduction:  Sand ripples are small bedforms that 

are widely distributed across the sea floor and in fluvial 

channel beds. Ripples are formed by waves and cur-

rents, and ripple spacing is governed by flow intensity. 

This relationship makes ripples a useful (paleo) flow in-

dicator of flow depth, wave period, and flow velocity on 

Earth as well as on other planets. 

What governs ripple spacing? Many studies have 

shown that spacing correlates with the wave orbital di-

ameter [1], grain size, and shear velocity [2], however a 

full mechanistic explanation is still incomplete. A 

mechanistic explanation is necessary to appropriately 

reconstruct ripple (paleo) environments we cannot rec-

reate in laboratory environments on Earth. 

 In addition to ripple spacing, many ripples also dis-

play characteristic patterns as they evolve in response to 

changes in flow conditions. A mechanistic perspective 

of ripple shape might explain the origin of observed rip-

ple features that predominantly occur during periods of 

flow adjustment.  

Methods: Here we use a lattice Boltzmann numeri-

cal flow model (LBM) to study the flow mechanisms 

that control ripple spacing [3]. The LBM solves the 

Boltzmann equations and uses an LES formulation to 

efficiently investigate flow and turbulent dynamics and 

their interaction with a rippled bed morphology. We 

drive the LBM with either an oscillatory flow or a uni-

directional flow. 

To investigate how ripple patterns adjust to chang-

ing flow conditions, we combine the LBM with labora-

tory flume experiments. In the laboratory flume we use 

a wave paddle to produce oscillatory flow conditions 

[3]. 

We also combine the LBM with data from a tripod 

located in ~4 m water depth offshore of Martha’s Vine-

yard, MA [4]. This field study uses ADCP, rotary 

sidescan sonar, and pressure sensors to measure ripple 

geometry and tidal and wave-driven flows continuously 

for 50 days. With the LBM we reproduce key elements 

of the flows observed in this field study to investigate 

the detailed flow mechanics controlling ripple spacing 

and ripple adjustment. 

Results: With the LBM we ran different combina-

tions of oscillatory flows and ripple spacings (Fig. 1). 

We find that the separation zone that develops on both 

sides of the ripple crest during each orbital cycle is key 

in controlling ripple spacing. The separation vortex 

drives flow and sediment from the trough between two 

ripples up towards the ripple crest. When the ratio be-

tween the orbital diameter and ripple wavelength is 0.65 

– the observed equilibrium spacing [1] – we find that the 

sepearation vortex flow up to the ripple crest is maxim-

ized (Fig. 1d). We suggest that this feedback drives or-

bital wave ripples to their equilibrium spacing [3].  

 

 
Fig. 1: Wavelength selection for orbital wave ripples. 

(a-c) panels show flow velocity magnitude and structure 

for different ripple sizes and identical flow conditions. 

(d) separation zone shear stress directed towards the rip-

ple crest for different orbital diameter (d) and ripple 

spacing (λ) combinations. Figure from [3]. 

 

In oscillatory flow laboratory experiments where we 

impose a sudden decrease in wave period (and therefore 

orbital diameter), we find that ripples adjust by forming 

new ripples on the flanks of existing ripples. These new 

ripples then migrate into each trough.  

In flume experiments where we impose an increase 

in wave orbital diameter, we find that the originally 

straight ripple crests buldge and become increasingly 

sinuous before breaking up to form larger ripples. Com-

bining these experiments with the LBM, we find that if 

orbital diameters are too large for a ripple spacing (λ/d 

< 0.65, Fig 1a), ripples buldge because their crests pref-

erentially migrate to a neighbouring crest that is closer. 

This crest instability ampliflies any initial perturbation 

in the original ripple pattern and can lead to the ob-

served breakup and bulging of ripples [3]. 

Investigating the spacing for ripples under tide-

driven (~ unidirectional) flow in our LBM, we ran 

model simulations with different flow velocities and dif-

ferent ripple spacings. We find that the shear stress at 

the ripple crests, a proxy for migration rate, depends on 
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the spacing between ripples. If two ripples are spaced 

relatively far apart, the shear stress at the downstream 

crest decreases, which would correspond to a decrease 

in the downstream ripple migration rate and the spacing 

between the two ripples. This suggested feedback leads 

to a ripple spacing that is dependent on flow velocity 

and also shows similar scaling to the field observations 

of tide-driven bedforms.  

Conclusion: We report on model experiments, 

flume studies, and field observations of sand ripples in 

oscillatory (waves) and unidirectional (tidal) flow envi-

ronments. By combining the LBM with ripple observa-

tions, we can infer physical mechanisms governing ob-

served ripple shapes. Firm understanding of these phys-

ical mechanisms can lead to better ripple-derived 

(paleo) flow reconstructions of distant environments. 

For example, we envision LBM simulations with re-

duced gravity or different fluid densities to investigate 

altered dynamics of flow separation behind ripple crests 

and their effect on wave ripple spacing. 
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Introduction: Polar dunes on Mars are known to 
be very active areas during local spring because the 
condensation-sublimation cycles of CO2 and H2O act 
most dynamically in the high latitudes. Dark dune ma-
terial contrasts bright volatile deposits in the visible 
and creates high gradients in the thermal wavelengths. 
This leads to fast localized sublimation of the ices. The 
interplay of dust and CO2 and H2O creates spectacular 
phenomena like dark and bright fan deposits, dark 
downslope streaks, seasonal polygonal cracks, dark 
and bright banding (or “fried eggs”), etc. [1, 2, 3].  

These phenomena alongside with wind erosion are 
believed to play large role in currently ongoing modi-
fication of the polar dunes. New alcoves and gullies 
have been detected on polar dunes [4, 5], furrows are 
observed to appear and be erased every year on the 
northern dunes [1, 6], and recently more persistent 
dendritic troughs were detected nearby dunes in the 
southern hemisphere [7]. Furrows and dendritic 
troughs are linked to solid-state greenhouse effect and 
their creation mechanism fits within Kieffer’s model 
[8]. The exact mechanism for gullies and alcoves crea-
tion is still debated while CO2 is believed to play a 
major role in it [9, 5].  

In this work, we will concentrate on the seasonal 
activity observed on the dune fields situated in both 
hemispheres between latitudes 70o and the poles. We 
use observations by the High Resolution Imaging Sci-
ence Experiment (HiRISE) on the Mars Reconnais-
sance Orbiter (MRO). 

We have accumulated 4 Martian years (MYs) of 
high-resolution data of HiRISE observations of dune 
fields in the northern and 5 MYs – in the southern 
hemisphere. In each hemisphere HiRISE monitors se-
lected locations to produce temporally resolved cover-

age every season [1]. High priority is given to the most 
dynamic times in spring. 

Northern polar dunes: In the northern hemisphere 
dunes are mostly located in a vast band that almost 
completely surrounds the northern residual polar cap. 
The sand forming these dunes is extremely dark and 
probably consists of basaltic rock fragments. It is either 
sourced from the polar cap itself [10] or basal unit un-
derneath it [11].  

Figure 1 shows the development of spring activity 
over dunes in the region dubbed Kolhar. It is hard to 
select a single location to serve as an example for the 
general behavior of polar dunes in spring because eve-
ry location shows some specific developments. Never-
theless, Kolhar shows several very distinctive patterns: 
In summer, when the area is free of ice cover, Kolhar 
dunes are dark and show high contrast to the underly-
ing substrate (panel a). In early spring the dunes show 
no contrast to the substrate because they both are cov-
ered by the opaque ice (panel b). It is predominantly 
CO2 ice with inclusions of water ice. Water ice and 
porosity are believed to make the ice opaque. Several 
dark fan-shaped deposits are visible on this panel. 
Smaller ones are on the substrate and larger ones are 
near the dunes’ crests. These are believed to be the 
deposits of cold jet eruptions according to the Kieffer’s 
model [8]. For Kieffer’s model to work, some solar 
energy should penetrate through the seasonal ice layer, 
which means the layer is not completely opaque. In 
panel c) most of the dark deposits blended with the 
background. This effect of dark deposits brightening 
and general brightening of the surface is observed 
throughout the polar regions [12]. There are two hy-
potheses aiming to explain this: first, the water that is 
subliming from lower latitudes (where maximum 

 
Figure 1 HiRISE image sequence illustrates development of activity from summer of MY 32 to spring of MY 33 
on northern polar dune field Kolhar. This region is located at lat = 84.7°N and lon =  0.7°E.  
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spring temperatures at these times are rising fast) re-
deposits at higher latitudes and thus brightens the top 
surfaces in high latitudes [12]. Or the brightening of 
the top surface happens by cleaning it. The dust inclu-
sions in the top layer of ice get warmed up by increas-
ing solar illumination, allowing them to sublime ice 
around themselves. Now, the dust inclusions sink 
deeper down into the ice leaving the brighter cleaner 
layer above [8]. The dark fans from panel b) have de-
formed into so-called “fried eggs”: dark-bright-dark 
banding surrounding the original vent of the cold jet 
that created the fan deposits. Often when “fried eggs” 
form on dunes crests, the dark streaks develop by start-
ing from their centers and running down the dune 
slopes. Later in spring more and more fan deposits are 
observed on the dunes (panel d). These are heavily 
modified by the wind. It’s worth noticing that the di-

rection of this wind does not coincide with the wind 
that shaped the dunes. The dunes at this point of time 
are still covered by the seasonal ice layer and hence are 
not mobile. The higher the latitude of the dune field, 
the smaller is the time window when winds can modify 
the dunes because of the protection by the ice layer.  

Figure 2 shows a close-up on another “fried egg”.  
These intriguing features have been observed in many 
of the northern polar dunes.  

Southern polar dunes: In the southern hemi-
sphere, polar dunes are less abundant and are often 
confined within craters. Seasonal activity on these 
dunes seems to be a mix of what happens in the north-
ern polar dunes and in southern polar regions where 
cold CO2 jets form dark and bright fan deposits and 
blotches. For example, Figure 3 is a close-up on the 
dune field in Jeans crater that shows features similar to 
the above-mentioned “fried eggs”. Blotches that start 
uniformly dark show a dark core with a brighter wide 
rim around it followed by another narrow dark rim at 
Ls=191o. The availability of the loose sand material is 
also believed to promote the erosion by CO2 jets, 
which might explain why many of the new channels 
were detected near the dunes [7]. 
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Figure 3 Jeans crater (ESP_011575_1105, lat = 70°S, 
lon = 153°E, Ls = 191°) dunes show similar features to 
the northern polar dunes. 

 

 
Figure 2 “Fried egg” in Kolhar region. HiRISE images ESP_042000_2650, ESP_042422_2650, and 
ESP_042989_2650 were taken at Ls = 12.1°, 27.6°, and 47.5° respectively. The “fried egg” feature started as a 
wind-modified deposit possibly from CO2 jet eruption and outgassing from underneath the seasonal ice layer. 
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A SHARAD’S EYE VIEW OF MARTIAN DUNES.  N. E. Putzig, Planetary Science Institute, 1546 Cole Blvd, 
Suite 120, Lakewood, CO 80401, nathaniel@putzig.com. 

Introduction: The Shallow Radar (SHARAD) on 
the Mars Reconnaissance Orbiter (MRO) transmits 
radio pulses swept from 25 to 15 MHz, yielding a 
range resolution (wavelength) of 15-m above the sur-
face and lower in the subsurface (e.g., ~8.5 m in water 
ice, ~5.5 m in basaltic materials) and a lateral resolu-
tion of ~3–6 km, reducible along-track in processing to 
0.3–1 km [1]. Transmitted signals reflect from dielec-
tric interfaces and are recorded back at the spacecraft. 
The strongest returns typically come from the nadir 
surface, and these may be followed by later returns 
from subsurface geologic boundaries and off-nadir 
surface topography. Roughness at interfaces within the 
footprint of the radar signal can induce scattering that 
may greatly reduce the power and coherence of the 
returns. The vertical scale of many dune forms is on 
the order of the radar wavelength, so such scattering 
effects are often encountered in SHARAD observa-
tions of dunes on Mars. If the scattering is pronounced, 
it typically precludes obtaining subsequent returns 
from interfaces that may exist below the surface of the 
dunes. Where dune forms are smaller or missing (e.g., 
sand sheets), SHARAD obtains a stronger surface re-
turn and sometimes subsurface returns. 

Data and Methods: SHARAD has 
been operating at Mars for over 10 
years and has acquired substantial 
coverage (32% globally and 85% in 
the polar regions at the 3-km scale). 
Due to their scattering effects, dunes 
have not been extensively targeted 
with SHARAD. However, dunes often 
occur in conjunction with known or 
expected layered materials that are 
being targeted, and the SHARAD 
Team is working toward infilling cov-
erage globally to assess surface 
roughness. As a result, most larger 
dune fields across the planet have at 
least some coverage, and those in the 
polar regions have dense coverage. 

For each observation acquired, the 
SHARAD team produces radargrams, 
which are profiles of returned power 
along-track vs. signal delay time. Sev-
eral processor variants exist, and for 
the work shown here, I use radargrams 
from the processor developed at the 
Jet Propulsion Laboratory (i.e, that 
used by [2]). Because off-nadir surface 
topography often produces returns 

(termed clutter) in the radargrams that may interfere 
with or be mistaken for subsurface returns, the team 
also creates cluttergrams using a digital elevation 
model (DEM) of the surface, usually produced from 
Mars Orbiter Laser Altimeter (MOLA) observations 
[3]. True subsurface returns seen in a radargram will 
not have a corresponding feature in the cluttergram.  

To assess SHARAD observations over Martian 
dune fields, I compare radargrams against cluttergrams  
as well as imagery (typically a THEMIS image mosaic 
[4]) and the MOLA DEM to provide context. In some 
instances, I find features in the radargrams at delay 
times later than the surface return with no correspond-
ing cluttergram features, and these often are  nearly 
parallel to the surface, suggestive of layering. 

Results: Many dunes across the southern hemi-
sphere, ranging from those found in Valles Marineris 
near the equator to those seen atop the south polar lay-
ered deposits are of a scale well below the SHARAD 
wavelength, and these produce strong surface returns. 
In some instances, such as for dunes found in Lowell 
crater (Fig. 1) and in Ganges Chasma, subsurface re-
turns below the dune surfaces are evident in the 

 5 µs

 50 km

(a) (b)

(d)(c)

Figure 1. Radargram (a), cluttergram (b), THEMIS image mosaic (c), and 
MOLA DEM (d) for a portion of SHARAD observation 16080-01 over 
Lowell crater (279°E, 52°S). The dune field at the crater’s center yields a 
strong surface return that is followed by a more diffuse return (at arrows) 
at a delay of ~1.4 µs (86 m for a typical sand dielectric of 6) that could 
represent either the crater floor beneath the dunes or another geologic 
boundary (e.g., ground ice).
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SHARAD radargrams. Here, I find a 
repeated sequence of very shallow 
reflections (the shallowest may be 
sidelobe artifacts [5]) and, in Lowell 
crater, a later more diffuse return that 
could be the base of the dunes or some 
other interface such as the top or base 
of ground ice within the dunes. 

In other areas, the dunes are of a 
scale similar to that of the SHARAD 
wavelength. As noted above, this can 
produce a lower power, diffuse return 
from the surface that is often followed 
by additional diffuse returns coming 
from off-nadir dune forms. SHARAD 
observations of the dunes in Richard-
son crater (Fig. 2) exhibit this charac-
ter. Comparison of the radargram and 
cluttergram here leaves no indication 
of subsurface returns in the SHARAD 
data. There may well be interfaces at 
depth with strong dielectric contrasts, 
but no returns are obtained, due to the 
scattering and loss associated with the 
wavelength-scale dunes. 

The largest dune field on Mars,  
Olympia Undae, abuts Planum 
Boreum at the north pole, and has very 
dense SHARAD coverage. Many of 
those observations exhibit the low-
power, diffusive returns expected for 
these largely SHARAD-wavelength-
scale dunes, with little or no evidence 
of subsurface returns. However, in 
areas where the dunes are small or 
covered by smoother terrain (e.g., 
Olympia Planum), SHARAD does 
often detect deeper returns (see Fig. 1 
of [6]). In those rare instances, the deepest interface 
appears to correspond to the basal reflector found by 
the Mars Advanced Radar for Subsurface and Ionos-
phere Sounding (MARSIS) that extends under the en-
tirety of Planum Boreum [7].  

Discussion: Due to the resolution of SHARAD 
data, the utility of that instrument to the analysis of 
dunes on Mars is limited to the larger dune fields. 
Moreover, scattering of the radar signal by wave-
length-scale dunes often prevents detection of subsur-
face features. However, fields with smaller dune forms 
or sand sheets often allow the radar signal to penetrate 
into the subsurface and reflect off of interfaces below. 
These cases may yield useful information about layer-
ing within or beneath the dunes, and thereby provide 
data of relevance to dune formation and evolution as 

well as constraints on climate and its history where the 
interfaces can be related to presence of ice. 

For this conference, I will present a global over-
view of dunes in SHARAD observations. The diversity 
of dune forms and their locations yields a broad spec-
trum of SHARAD results, and this largely untapped 
source of Martian dune data may hold new revelations 
about their formation and implications for climate. 

References: [1] Seu R. et al. (1997) JGR 112, 
E05S05. [2] Plaut J. J. et al. (2009) GRL 36, L02203. 
[3] Choudhary P. et al. (2016) IEEE Geosci. Remote 
Sensing Lett. 13, 1285-1289. [4] Edwards C. S. et al. 
(2011) JGR 116, E10008. [5] Putzig N. E. et al. (2014) 
JGR 119, 1936-1949. [6] Phillips et al. (2008) Science 
320, 1182-1185. [7] Selvans M. M. et al (2010) JGR 
115, E09003.
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Figure 2. As in Fig. 1 for a portion of SHARAD observation 16024-01 
over Richardson crater (180°E, 72.5°S). The dune field yields a diffuse 
surface return that is followed by more diffuse returns attributable to off-
nadir dunes. Nearly all features in the radargram appear in the cluttergram.
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Introduction:  Here we report on in situ sampling 

of the dust load and the grain size distribution at differ-

ent sample heights of several dust devils (DDs). The 

sampling occurred during two field campaign on rip-

pled surfaces in the Sahara Desert in southern Morroc-

co (2012: northwestern rim of the Erg Chegaga; 2016: 

plains east of Erg Chebbi and Lac Dayet Srij). We pre-

sent advantages and difficulties of such in situ sam-

pling, the first published results from our 2012 field 

trip, and some implications for Mars [1].  

Background:  DDs are small vertical convective 

vortices which occur on Earth and Mars [e.g.,2,3], and 

are formed by insolation under clear skies [3]. DDs 

consist of a low pressure region in the interior which is 

surrounded by tangential winds and updrafts [4,5]. 

These winds and updrafts lift particles (dust and sand) 

which makes them visible [3,6].  

Particles entrained into the atmosphere by DDs 

have an influence on the climate, weather, human 

health, and biogeochemistry [3,7,8]. Lifted small aero-

sols (~<25 μm on Earth [3,7]; ~<20 μm on Mars [5]) 

can be entrained into the atmosphere in suspension and 

transported over long distances. Larger particles (sand-

size) remain at lower heights and build-up the so-called 

“sand skirt” of the DDs [3,9], which reinforces their 

erosional ability. Their erosional potential can also be 

recognized by their ability to remove fine particles of 

the surface and rework the surface: observable as dark 

[e.g., 10,11] and bright [12] dust devil tracks on Earth 

and, more commonly, on Mars [e.g.,13,14]. 

Data and Methods:  For our in situ sampling we 

used a 4 m high aluminum pipe with sampling areas 

made of removable adhesive tape on one side.This 

device was held upright, facing into the path of the DD 

[1]. After one passage of the dust devil, the sampling 

tape, which now had dust and sand grains adherend to 

it, was preserved immediately on-site by sticking the 

sample patches onto glass slides. With this method we 

took samples of two DDs (first: diameter ~15 m, sam-

pling interval 0.5 m between 0.1-4 m height; second: 

~4-5 m diameter, sampling interval 0.25 m between 

0.5-2 m [1]) during the 2012 field campaign, and six 

DDs of various dimensions (sampling interval 0.5 m 

between 0.1-5 m height each) during the 2016 field 

campaign. To date, only data from the 2012 fieldtrip 

has been analysed. 

The maximum diameter of all particles at all sam-

pling heigths within a representative area of 0.5 cm2 

were measured using an optical microscope. Grain siz-

es were classified after [15]. Estimations of percentage 

weights (wt%) of lifted particles were calculated under 

the assumption of being perfectly rounded, which is an 

overestimation and give the maximum volumes [1]. 

Results:  An example of measuring results from 

DD #1 is presented in Fig. 1. Here, the greatest number 

of particles (~36.8%) were sampled within the first 0.5 

m (Fig. 1a). The relative particle load (wt%) shows a 

nearly exponential decrease of lifted particles with 

height (Fig. 1b). The largest grains sizes were found in 

the lowest 0.5 m, while above this the maximum grain 

sizes range between ~300 and ~500 μm (Fig. 1c). Me-

dian and mean values both decrease with height (Fig. 

1d). Measurements for DD #2 show comparable results 

with only minor variations [1]. 

 
Figure 1: Measurements of DD #1. (a) Number of 

measured grains, (b) relative particle load (wt%), (c) 

maximum diameter of grains, and (d) mean value and 

median of the diameter vs. height. From [1]. 
 

General grain size distributions for both DDs from 

clay (<2 μm) to medium sand (250-<500 μm) are com-

parable with some slight variations [1]. Both DDs show 

a relatively high amount of clay (~31.18% of lifted 

particles for DD #1, ~35.8% for DD #2), a constant 

decrease in abundance of silt, and a increase in abun-

dance of sand (e.g., up to the maximum of ~20.83% for 

medium sand in DD #1) [1]. 

A more detailed view of the grain size distribution 

of DD #1 for every sample height separated in clay 

(Fig.2a,b), silt (Fig.2a,c), and sand (Fig.2a,d) is shown 

in Fig. 2. While the general distribution of sand is 
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comparable in both sampled DDs, the detailed 

distribution of clay and silt varies [1].  

Figure 2: (a) Relative values of the total distribu-

tion of different particle sizes within DD #1. (b-d) Rel-

ative values of (b) clay, (c) silt, and (d) sand. From [1]. 
 

Discussion:  The method used to sample active 

dust devils turned out to be very effective. With this 

method, even the smallest entrained particles (clay) of 

the dust devil will be preserved and are clearly visible 

on the non-textured bright adhesive tape under the mi-

croscope. Furthermore, the method allows a quick in-

stallation on-site and is transportable, which is im-

portant due to the fact that DDs can appear suddenly 

(giving a short reaction time for the sampler) and can 

move quickly over the surface.  

Our measurements show that both DDs are compa-

rable in their grain size distributions and their trends of 

mean values and medians. This is probably caused due 

to the same soil grain size distribution from which both 

DDs eroded material (coarse grained rippled surface 

~100 m distant from a dune field), but also interesting 

is that both DDs had different sizes and intensities [1]. 

This is an indirect confirmation of simulations of [16-

18] which showed that the dust flux of DDs are linked 

to their strength of pressure drops in their core, and not 

to their sizes.  

Comparison with terrestrial in situ sampling of [19] 

shows some similarities. Our measurements confirm 

their observations that the majority (~65-80%) of lifted 

particles within a DD were smaller than 63 μm, and 

that only 1% of grains were relatively large (200-600 

μm). In our experiments only ~1.8% for DD #1 and 

~0.6% for DD #2 have sizes of 250 to <500 μm [1].  

In contrast to [20], who presented a composition of 

a DD with ~42% fine sand and ~58% silt and clay, our 

measurements show a general smaller amount of lifted 

sand. Furthermore, our results show that between ~77 

and ~89 wt% of the total particle load were lifted only 

within the first meter of the DDs, which is in good 

agreement with [21], and a direct evidence for the ex-

istence of a sand skirt.  

[21] concluded that ~10 wt% of the total lifted ma-

terial contains grains between 0.1 and 10 μm, which 

will go into suspension. If we assume, that grains with 

a diameter <31 μm could go into suspension [1,3,7], 

our results show that only less than ~0.05-0.15 wt% 

can be entrained into the atmosphere [1], which is sub-

stantial less than proposed by [21]. However, these 

values represent between ~58.5% and ~73.5% of all 

lifted particles [1], because of the huge amount of en-

trained small particles. On Mars, the amount of lifted 

particles will be general higher as the surficial dust 

coverage is larger [22,23], although the atmosphere can 

only suspend smaller grain sizes (~<20 μm) [5] com-

pared to Earth. 

Conclusion:  (I) Our measurements of DDs imply a 

similar or comparable internal structure, despite their 

different strengths and dimensions. (II) The vertical 

trend of decreasing particle size with height within 

DDs is confirmed and shows a nearly exponential de-

crease with height. (III) The existence of sand skirts in 

both DDs was directly verified. (IV) Although our 

measurements show that only a small amount of the 

particle load can go into suspension, these values rep-

resent between ~60% and ~70% of all lifted particles. 

During our field works we observed numerous larger 

dust devils each day which were up to several hundred 

meters tall and had diameters of several tens of meters.  

This implies a much higher input of fine grained mate-

rial into the atmosphere than the relative small dust 

devils which were sampled in our 2012 study [1]. (V) 

The size distribution within DDs probably represents 

the surficial grain size distribution they move over. 
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Introduction: The relationship between winds and 
resultant linear dune forms is the subject of considera-
ble discussion [e.g.,1-6]. The newest arrival to the dia-
logue, the linear dunes of the surface of Titan, are val-
uable in that their development is not hindered by 
oceans or vegetation, and atmospheric circulation is 
generally simple [4]. However, there are not ongoing, 
in-situ measurements of winds to reveal current, sand-
transporting wind directions and strengths. This means 
that correlation with model, typically higher-
atmosphere winds with surface, sand-transporting 
winds has been elusive [e.g.,7]. Thus, terrestrial ana-
logue studies can lead to a better understanding of lin-
ear dune-forming winds that can then be translated to 
the surface of Titan. We discuss the Namib Sand Sea 
as an analogue for the Belet Sand Sea of Titan and in 
particular discuss recent winds as a model for potential 
winds in the Belet Sand Sea.  

The Namib and Belet Sand Seas: The Namib 
Sand Sea of Southwest Africa was considered an ana-
logue for the sand seas of Titan from the time of dis-
covery of dune on Titan [4,8,9]. It is a sand-rich region 
with N-S trending, large, linear dunes bounded by an 
elevated plateau on the east, a fluvial channel on the 
north and the Atlantic Ocean on the west [3]. Dunes 
here, as in most other terrestrial sand seas, are thought 
to have originated during the Last Glacial Maximum at 
least 20ka, since then reworked possibly minimally [3].  

The Belet Sand Sea of Titan is also sand-rich, as 
apparent from Cassini Synthetic Aperture Radar (SAR) 
images that are dark in the center, indicating sandy 
conditions, similar to the Namib (Fig 1). Topographic 
data for the Belet Sand Sea from Cassini Radar altime-
try and SARTopo, reprocessed to include the geoid 
(with incorporation of all data in progress), reveals the 
sand sea is bounded on the west and east by elevated, 
mountainous terrains and is low in elevation in the 
middle and on the northern margin [10]. 

Dunes in the Belet Sand Sea are wider at lower el-
evations, and are also wider the farther from the sand 
sea margins they are. Both trends indicate dunes at the 
center of the Belet Sand Sea are generally wider (Fig. 
2) [10]. One conclusion is that sands collect at low 
elevations, causing dunes to grow larger. However, 
narrow dunes are found at low elevations along the 
northern margin of the sand sea (Fig. 2). Instead, per-

haps the presence of more sand enables growth of wid-
er dunes, or conditions at the margins preclude dune 
growth [10]. Dune widths in the Namib Sand Sea do 
not show strong trends with elevation; distance from 
margin is in progress [9]. 

 

 
Fig. 1. The Belet Sand Sea, Titan. Outline is deter-
mined from combined SAR and ISS (Imaging Science 
Subsystem, visible camera) data [11]. 

 

 
Fig. 2. Dune width vs. Elevation (increasing to R) in 
the Belet Sand Sea. Dunes are generally wider at lower 
elevations. Narrow dunes on the L correlate with low 
elevations at the northern margins of Belet [10]. 
 

The ERA-Interim Project for Winds on Earth: 
Integrating wind data obtained on Earth’s surface over 
time with models for atmospheric circulation has pro-
duced the ERA-Interim Project wind model [12]. This 
has significantly improved resolution over other mod-
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els and is enabling an understanding of wind directions 
in all locations on Earth [12]. We summarize the re-
sults for the ERA-Interim wind model in the Namib 
Sand Sea from 1 Jan 1979 to 31 Dec 2013 at 6 month 
intervals, visible as colored roses in Fig. 3. Winds can 
be used to find sand flux directions, using the method 
described in [13], the green roses in Fig. 2=3.  

In the Namib, wind directions are roughly oriented 
N-S, aligned with the dunes, though they are slightly 
off-axis. The sand flux orientations derived from the 
winds correlate even more strongly with the orienta-
tions of dune crestlines. Furthermore, these orienta-
tions are roughly similar to winds from 21ka, 2ka, 1ka 
and today from the Paleoclimate Modelling Intercom-
parison Project (PMIP) [14]. 

This alignment fits fairly well with the fingering 
mode of dune growth, which results in dune elongation 
[13]. In this case, dunes elongate in the direction of the 
resultant sand flux [14,15]. For the Namib Sand Sea, 
dunes are aligned nearly directly N-S, and the winds 
are NNE, also corroborated by snapshot versions of 
modern winds [3] and observations of a sharp edge to 
the sand sea at the northern, river-bounded edge, where 
sediments shed off the margin are transported to the 
ocean by the river [3].  

Discussion. Dunes in the Namib Sand Sea have 
morphological and wind characteristics consistent with 
the fingering modes of [6,13], though the dunes are not 
exactly aligned with the winds and sand transport di-

rections. In the Belet Sand Sea, based on the orienta-
tions of dunes, we may expect wind and sediment flux 
directions of roughly E, ranging across ESE or ENE, 
consistent with previous conclusions [16]. It would be 
instructive to overprint the wind roses of the Namib 
onto the Belet dunes to determine precise orientations, 
and to compare these results with similar studies of 
other linear dunes on Earth and their ERA-Interim and 
paleoclimate wind directions, which we plan to do.   

These observations allow us to quantitatively re-
construct possible scenarios for the development of 
large, linear dunes on Earth according to the local cli-
matic conditions and apply those results to the linear 
dunes of Titan, where surface wind data is sparse.  

References: [1] Tsoar. [2] Fryberger [3] Lancaster 
(1995), The Geomorphology of Desert Dunes. [4] Lo-
renz R. et al. (2006) Science 312, 724-727. [5] Lucas et 
al. (2014). GRL 10.1002/2014GL060971 [6] Charnay 
et al. (2015) NatGeo. [7] Tokano, T. (2008) Icarus 194, 
243–262. [8] Radebaugh, J. et al. (2010) Geomorphol-
ogy. [9] Lewis, C. et al. this meeting. [10] Bishop, B. 
et al. LPSC 2017. [11] Arnold, K (2014) thesis. [12] 
Dee, D.P. et al. (2001). Q.J.R. Meteorological Society, 
137:553–597. [13] Courrech du Pont S., C. Narteau, X. 
Gao (2014). Geology, 42, 743-746. [14] Gao et al. 
(2015). Scientific Reports, 5, 14677. [15] Lucas et al. 
(2015). Geology, 43, 1027-1030. [16] Lorenz, R. and J. 
Radebaugh (2009) GRL. 

 

 
Fig. 3. ERA-Interim model locations (left) for the Namib Sand Sea and corresponding wind roses (middle) and sed-
iment flux directions (right). 
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lische Wilhelms-Universität, Wilhelm-Klemm-Str. 10, 48149 Münster, Germany. 

 
 
Introduction:  On Mars, dust devils are frequently 

observed with orbital image data (e.g., 1–5; summarized 
by 6). Terrestrial dust devils have not yet been observed 
directly in satellite imagery. Here we report about terres-
trial dust devil observations with visible and thermal sat-
ellite data on an alluvial fan in the Taklamakan desert 
(Fig. 1A and B). Dust devils were first recognized in high 
resolution visible image data (Fig. 1C) using Google 
Earth. Further inspection of medium resolution image 
data (Aster and Landsat 7 and 8) revealed that dust devils 
in this area are numerous and large (Fig. 2). 

 
Fig. 1. (A) Context location of the study area (white box labeled with 
B) in northwestern China. Background: Global Multi-resolution 
Terrain Elevation Data 2010 (GMTED2010, [7]) shaded relief map 
with colorized elevation. (B) Alluvial fan (China) at 37.4°N and 
84.3°E. White outline shows the study area. Landsat 8 RGB image. 
(B) High resolution DigitalGlobe image accessed through Google 
Earth showing 4 dust devils (white arrows) with diameters from left 
to right of about 15, 30, 75, and 20 m. Also note some faint dark dust 
devil tracks. 
 

In this study, dust devils were analyzed in visible Landsat 
8 image data to constrain their seasonal and size-
frequency  distribution and density. We compared the 
results with dust devil seasonal distributions and densities 
from Amazonis Planitia (Mars) which is known as the 
region on Mars with the perhaps highest dust devil densi-
ty [e.g., 2, 5, 8, 9]. In addition, several larger terrestrial 
dust devils are resolved in thermal Landsat 8 images. 
Brightness temperatures of these dust devils were com-
pared with dust devil brightness temperatures in Amazo-
nis Planitia obtained from the Thermal Emission Imaging 
System – Infrared (THEMIS-IR). 

 
Fig. 2. (A) Landsat 8 image from 2013-05-31 showing several active 
dust devils and dark dust devil tracks . (B) Detail of Landsat 8 image 
(same region as in A) from 2013-09-04 showing several active dust 
devils and bright dust devil tracks. Note: Not all bright lineations are 
bright dust devil tracks, some are car tracks. 
 

Data and Methods:  Landsat 8 panchromatic (0.50 - 
0.68 µm) image data with a spatial resolution of 15 m/pxl 
acquired from April 2013 to March 2014 were analyzed. 
In total, 40 images cover the whole or large parts of the 
study area (~1900 or 1500 km², respectively). Image data 
was classified due to cloud coverage, dust haze and con-
trast into four quality classes (1 = high to 4 = unusable). 
11 images were unusable. The number and diameter of 
dust devils were measured in each Landsat scene. Bright-
ness temperatures were derived using standard procedures 
from Landsat Thermal Infrared data (11.50 - 12.50 µm) 
with a spatial resolution of 100 m/pxl. For comparison of 
these results with Mars, THEMIS-VIS (0.654 µm) and IR 
(12.57 µm) data with spatial resolutions of 19 m/pxl and 
100 m/pxl, respectively, were used. 

Results:  In total, 694 dust devils in 29 Landsat 8 im-
ages were identified and measured. 

Seasonal distribution and density.  Dust devils oc-
cured between mid March until end of September (Fig. 
3A). Dust devil activity during spring and summer is pri-
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marly expected due to their formation caused by heating 
of near-surface air by insolation. In Amazonis Planitia on 
Mars, dust devils are also predominantly active during 
spring and summer [2, 8, 9] (Fig. 3B). More surprisingly 
is the high terrestrial dust devil density with around 30–40 
(max. 100) dust devils per km² × 10³ in comparison to 
Amazonis Planitia which is around 6–8 (max. 13) dust 
devils per km² × 10³ (Fig. 3). The Landsat 8 images are 
acquired around 10:00 local time, whereas the Amazonis 
Planitia analysis of [9] (Fig. 2B) is based on CTX images 
acquired around 15.00 local time. Based on diurnal obser-
vations on Earth [10] and Mars [11] dust devil occurrenc-
es are lower around 10:00 as around 15:00 local time, 
hence the differences in image acquisition times does not 
cause the observed higher terrestrial dust devil density. In 
addition, the spatial image resolution of CTX is three 
times higher as Landsat, hence smaller dust devils should 
be resolved which would increase the dust devil density. 
However, this is not the case indicating that the dust devil 
activity in the terrestrial study region is unusual high. 

Size-frequency distribution. The measured terrestrial 
dust devils range from ~20 – 155 m in diameter. Howev-
er, due to the relatively low spatial image resolution, dust 
devil surrounding dust clouds, and tilted dust devils to-
wards wind direction, diameter measurements are diffi-
cult. The diameter of the dust devils were measured be-
tween the dust cloud and shadow (shadow width) which 
minimizes the uncertainties.We expect the error in meas-
uring the exact diameter to be 50 % as it was also estimat-
ed for martian measurements using orbital data [3, 5]. Fig. 
3C shows a size-frequency plot for the terrestrial dust 
devil measurements, which follows approx. a -2 power 
law [12]. Diameter measurements of martian dust devils 
in CTX images based on [7] are currently in progress. 

Dust devil tracks.   Dark and bright dust devil were 
observed to occur seasonally (Fig. 1B and 2). They are 
morphologically similar to dark and bright dust devil 
tracks investigated in situ in the regionally close Turpan 
desert (China) [13, 14, summarized by 15] and might 
suggest an equal formation mechanism. 
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Fig. 3. (A) Seasonal dust devil density in the terrestrial study area. 
(B) Seasonal dust devil density in Amazonis Planitia based and 
modified after [9]. (C) Size-frequency plot of the measured terrestrial 
dust devils. Fit-by-eye line shows a -2 power law. 
 

Thermal infrared observations.   Brightness tempera-
tures of the terrestrial dust devil cloud are about 4-5 K 
lower compared to the surrounding areas (Fig. 4AB). In 
Amazonis Planitia on Mars, brightness temperature dif-
ferences are about 1 K in agreement with other studies 
[e.g., 4, 16]. 
 
 

 
Fig. 4. (A) Brightness temperature image of a terrestrial dust devil. 
(B) Corresponding panchromatic image to A. (C) Brightness temper-
ature THEMIS-IR image (I36983022) of a martian dust devil in 
Amazonis Planitia. (D) Corresponding panchromatic THEMIS-VIS 
(V36983023) image to C. 
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PRELIMINARY LARGE EDDY SIMULATION (LES) OF THE FLOW OVER MARTIAN DUNES USING 
MARSWRF AND HIRISE DTM TOPOGRAPHY.  M. I. Richardson1, C. E. Newman1, 1Aeolis Research (600 N. 
Rosemead Blvd., Suite 205, Pasadena, CA 91107, mir@aeolisresearch.com, claire@aeolisresearch.com ).   
 

 
In this presentation, we will describe preliminary 

Large Eddy Simulations (LES) of the air flow over 
Barchan dunes on Mars. Simulation of flow over any 
kind of topography on scales of O(1-100m) is very 
rare for Mars and the preliminary simulations pre-
sented here will be amongst the first for dune forms 
on Mars (indeed for any planet, including the Earth 
[1]). 

We use the MarsWRF model [2] in LES mode. 
The model includes a full treatment of radiative 
heating of the surface and atmosphere including aer-
osol and gas effects, and including treatment of sur-

face slope and shadowing. The surface layer is mod-
eled using Monin–Obukhov similarity theory [3]. The 
major difference in using WRF in LES vs. meso- or 
global scale is in the treatment of unresolved mixing.  

Even at LES scales, some fraction of the turbu-
lent eddy spectrum remains unresolved. The effects 
of these eddies are treated in this work using a 3D 
eddy viscosity model based on the dynamic Sma-
gorinsky  deformation (see discussion in [4] regard-
ing this and other approaches, and the options with-
in WRF). In meso- and global scale models, rather 
different 1D diffusion models are instead used to 

 
Figure 1: Barchan dune in McLaughlin Crater on Mars. The topography is from the HiRISE DTM based on 
the left/right pairing of 036859_2020 / 036569_2020. The pixel spacing is approximately 1m, the main dune 
is about 200m in width and the peak height is about 40m. Smaller dunes of peak height <10m are evident 
to the north, north east, and northwest of the central dune. The area around the dune has been 100m and 
500m from the dune center has been radially smoothed to a uniform flat surface at 0m elevation to allow 
the map to be used in a doubly periodic LES domain. 
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emulate the full spectrum of unresolved Planetary 
Boundary Layer (PBL) mixing, in some cases addi-
tionally attempting to estimate the impact of non-
local deep mixing through the full depth of the PBL. 

Two different approaches have been taken to 
simulating the wind flow within the LES. (1) A semi-
idealized domain has been devised in which a 
HiRISE dune has been isolated for study by radially 
filtering the domain (see Figure 1 and caption for 
details). This allows the domain to be used in a dou-
bly periodic boundary configuration. (2) A fully-
nested configuration has been designed in which the 
domain boundary conditions are forced from output 
from a lower resolution domain. 

The advantages of the doubly periodic domain are 
that the simulation is simpler (less computationally 
expensive) but significantly that the absence of 
forced nested walls means that there is no spectral 
truncation of turbulence embedded within the inflow 
boundary. Proper treatment of inflow turbulence and 
the tendency for spuriously large-scale structures to 
become “frozen into” the flow at inflow boundarys is 

a problem that remains unsolved even in terrestrial 
LES modeling [e.g. 5]. In addition to the McLaughlin 
Crater barchan, we have also used this semi-
idealized approach to successfully model Victoria 
Crater in Terra Meridiani and flow over the very 
small dune field in the crater bottom. 

For some domains, the semi-idealized configura-
tion will not work due to significant slope across the 
domain or because of the extended nature of the sur-
face bedform under examination. The Namib Dune 
in Gale Crater represents such a location (see Figure 
2), which was the target of a major observation cam-
paign by the Curiosity rover including the measure-
ment of near surface winds at multiple locations 
around the dune [6]. In these cases, nesting of the 
LES within a broader domain is necessary, and we 
will describe the practical implications of this more 
complex approach. 

In this presentation, we will discuss preliminary 
results of the LES modeling, practical condiserations 
for modeling, and comparison of the model output 
with observations. 

References: [1] Smyth T.A.G. (2016) Aeolian Re-
search, 22, 153-164. [2] Richardson, M.I. et al. (2007) 
J. Geophys. Res., 112, E09001. [3] Jimenez, P.A. et al. 
(2012) Mon. Wea. Rev., 140, 898-918. [4] Kirkil, G. et 
al (2012) Mon. Wea. Rev., 140, 266–284. [5] Goodfriend, 

E. et al. (2015) Mon. Wea. Rev., 143, 3310-3326. [6] New-
man, C.E. et al. (2012) Icarus, 10.1016/j.icarus.2016.12.016. 

Figure 2: (Left) HiRISE mosaicked topography with box highlighting inset image (right) and circle indicating 
Curiosity location on Sols 1196 / 1204. Red colors represent lower elevation and blue higher elevation. (Right) 
HiRISE color image basemap overlain with indicators showing when (mission Sol indicated) and where REMS 
observations were collected during the first Bagnold Dunes campagin. In this image, the Curiosity rover is 
contained within the Sol 1196/1204 location marker. Right hand figure is from [6].  
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Introduction:  Titan, the largest satellite of Saturn, 

is the only satellite in the solar system with a dense 

atmosphere. The close and continuous observations of 

Titan by the Cassini spacecraft, in orbit around Saturn 

since July 2004, bring us evidences that Titan tropo-

sphere and low stratosphere experience an exotic me-

teorological cycle similar to the Earth hydrological 

cycle, with hydrocarbons evaporation, condensation in 

clouds, and rainfall. Cassini monitoring campaigns also 

demonstrate that Titan’s cloud coverage and climate 

vary with latitude. Titan’s equatorial regions, with 

globally weak meteorological activity and widespread 

dune fields, seem to be slightly more arid than the 

poles, where extensive and numerous liquid reservoirs 

and sustained cloud activity were discovered. 

Only a few tropospheric clouds have been observed 

at Titan’s equatorial regions during the southern sum-

mer [2-4]. As equinox was approaching (in August 

2009), they occurred more frequently and appeared to 

grow in strength and size [5-7], suggesting that those 

regions may experience a more energetic meteorology 

around the equinoxes, as suggested by the Global Cli-

mate Models for Titan. 

 

VIMS observations: We present here the observa-

tion of intense brightening near Titan’s equator, very 

close to the equinox. These detections were conducted 

with the Visual and Infrared Mapping Spectrometer [8] 

(VIMS) onboard Cassini. Figure 1 presents the VIMS 

color composite images of the three individual events 

detected so far, observed during the Titan’s flybys T56 

(22 May 2009), T65 (13 January 2010) and T70 (21 

June 2010). T56, T65 and T70 observations show an 

intense and transient brightening of large regions very 

close to the equator, which all appear spectrally and 

morphologically different from all previous observed 

surface features or atmospheric phenomena. These 

events share in particular a strong brightening at wave-

lengths greater than 2 µm (especially at 5 µm), making 

them spectrally distinct from the few large storms ob-

served near the equator.    

 

Discussion:  We will discuss the possibility that 

these singular events may have occurred very close to 

the surface, having a very local origin. We will also 

discuss the possible implication of the equinoctial oc-

currence of such events for Titan’s equatorial climate 

and their probable link with the underlying dunefields.   
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460, 873-875, 2009. [5] Turtle et al., Geophys. Res. 

Lett.  38, CiteID L03203, 2011. [6] Turtle et al., 

Science 331, 2011. [7] Rodriguez et al., Icarus 216, 89-

110, 2011. [8] Brown et al., Space Sci. Rev. 115, 111–

168, 2004. 
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Figure 1. Orthographic reprojection of VIMS observations of Titan during the T56, T65 and T70 flybys. These im-

ages are RGB color composites, using the VIMS 5 µm channel as red, the 2.78 µm as green and 2 µm as blue. The 

yellowish/pinkish areas, also marked by the white arrows, denote the unusual spectral behaviour of large regions 

within Titan’s tropics. 

 

3024.pdfFifth Intl Planetary Dunes Workshop 2017 (LPI Contrib. No. 1961)



COMPARISON OF MORPHOLOGY, DYNAMICS, AND STRATIFICATION OF EOLIAN AND 
SUBAQUEOUS DUNES. D. M. Rubin, Department of Earth & Planetary Sciences, UC Santa Cruz, Santa Cruz, 
CA (drubin@ucsc.edu) 

 
Overview: Eolian and subaqueous dunes have 

more similarities than differences. Here we compare 
morphology, dynamics, and internal stratification of 
dunes in air and water. 

 
Morphology:   
Size. Dunes water can be smaller than those in air, 

although the overlap is greater than the differences. In 
water, dune wavelengths range from ~1m to ~1km [1]; 
in air, dune wavelengths range from ~100 m to several 
km [2]. 

Cross-sectional profile. Dunes in unidirectional 
flows are asymmetrical regardless of fluid. In tidal 
flows that reverse direction with equal transport in the 
ebb and flood directions, tidal dunes—like some linear 
dunes in air—are symmetrical in cross-section. 

Planform shape. Dunes in both air and water have 
barchan or barchanoid morphology in unidirectional 
flows. In bidirectional reversing flows, dunes tend to 
have a straighter and more linear morphology (Fig. 1) 
[3]. In more complex flows, dunes in both fluids can 
have more complex morphology. Directional proper-
ties of the flow are generally more important than fluid 
medium in controlling planform shape. 

Superimposed dunes. As dunes in both fluids be-
come larger, they can support superimposed dunes [4]. 
The superimposed dunes can migrate in the same   
direction as the main dunes or toward other directions 
[5].   
 

Dynamics:   
Generating mechanism. Dunes in both fluids arise 

from the same process. Flow separates at or near the 
crest of one dune; where the flow reattaches to the bed 
downstream, shear stress increases locally, the rate of 
sand flux increases in the reattachment area, scour  
occurs there, and then downstream from the reattach-
ment area deposition occurs as the shear stress        
decreases [7]. The pattern perpetuates downstream 
forming a train of bedforms [8]. 

Orientation. On a bed that is covered with sand, 
orientation of dunes and ripples in air and water is con-
trolled by the same process: the bedforms take an ori-
entation that is as transverse as possible to all transport 
(orientation having the maximum gross across-crest 
transport) [9, 10, 11]. The situation differs for dunes on 
a partially starved bed, where dunes take a differing 
orientation [12]. 

Role of bypassing sediment. In air, transverse dunes 
are extremely effective traps for sand blown over their 

crests, and sand moves with the dunes. In water, sand 
in suspension commonly bypasses dune troughs, and 
has been suggested to cause the transition to upper 
plane bed. 

Dynamics of superimposed bedforms. In air and 
water, superimposed dunes arise when the large dune 
generates a boundary layer in which superimposed 
dunes can arise [4]. This requires that the flank of the 
dune be extensive enough to accommodate the super-
imposed dunes. In both fluids, size of superimposed 
dunes can increase from trough to crest on the main 
dunes. 

 
Figure 1. Linear dunes in reversing flows in air and 
water; both examples include superimposed dunes. A. 
Tidal dunes in San Francisco Bay [4]; wavelength is 60 
m. B. Linear dunes from Namib Desert; wavelength is 
2 km. Landsat Earth as Art series; NASA and USGS 
Eros Data Center. 
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Dune interactions. In both air and water, dunes    
interact in response to a variety of mechanisms [13]. 
Small dunes move faster than larger ones and merge or 
interfere with those that they overtake. In bidirectional 
flows where sand transport toward the two directions  
equal and the flows diverge by ~90°, two intersecting 
sets of dunes arise in air and water and water [11, 14, 
15].  

 
Stratification:   
Grain size. Subaqueous dunes commonly contain 

gravel and/or mud drapes. Both of these size fractions 
are rare in eolian dunes. 

Cross-bedding geometry. In both air and water, the 
thickness of a set of cross-beds deposited by a dune is 
generally smaller than the dune height [16]. In suba-
queous flows, however, the proportion of sediment that      
bypasses dune troughs can be substantial, and this by-
passing sediment can contribute to deposition; this 
enables subaqueous dunes to preserve a greater propor-
tion of their height. In some cases, subaqueous dunes 
can be preserved completely, which is extremely rare 
for eolian dunes. 

Because their of similar morphology and dynamics, 
dunes in air and water deposit cross-beds with similar 
geometries. For example, compound cross-bedding 
deposited by small dunes migrating along the length of 
larger dunes occurs in both air and water [6, 17]. Simi-
larly, stratification produced by reversing tidal flows 
can resemble (geometrically) stratification produced by 
eolian dunes that reverse seasonally (Fig. 2) [17, 18]. 
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Figure 2. Cyclic cross-bedding deposited by dunes in         
reversing flows. A. Subaqueous deposit of a small 
dune in reversing tidal currents. Vertical set thickness 
is ~1 m. Cyclic “tidal bundles” record ~1 m of net mi-
gration from right to left per tidal cycle. Photo by Joost 
Terwindt [19]. B. Cyclic eolian cross-beddding in 
Navajo Sandstone. Set thickness is ~10 m. Each cycle 
records a year of dune migration from left to right [18].  
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Introduction: Gale crater, the landing site for the 

Curiosity rover, records a rich history of eolian activi-
ty. We have interpreted eolian sand-transport direc-
tions in three deposits spanning much of the evolution 
of Gale crater: eolian cross-strata within the Upper 
formation of Aeolis Mons (informally known as Mt. 
Sharp) and in the Stimson formation sandstone, and 
morphology and migration of the active Bagnold dunes  
(the informal name of the dune field near the MSL 
traverse). 

 
Observations and interpretations of winds based 

on 3 deposits:   
Upper formation of Mt. Sharp. The Upper for-

mation of Mt. Sharp has been interpreted as ~3.6–
3.8 Ga, or Noachian–Hesperian time [1]. These strata 
have been observed by HiRISE satellite imagery (Fig. 
1A), where they display bedding interpreted as cross-
beds cropping out on a gently sloping surface [2, 3].  

 

  
Figure 1. Satellite image showing an example of Upper 
formation. Tracings show structures interpreted to be 
outcropping cross-beds. Image: NASA/JPL/University 
of Arizona. 

 
The scale of the stratification suggests deposition 

by eolian dunes, and the reconstructed dune morpholo-
gy and migration [4] suggest transport toward a wide 
variety of directions (east, west, and southwest). Figure 
2 shows an example interpretation for one set of beds.  

 
Figure 2. Observed and modeled stratification in Upper 
formation beds including those in Figure 1. A. Rose 
plot of observed cross-bed dips. B. Rose plot of mod-
eled cross-bed dips. C. Morphology of modeled dunes. 
In this block diagram, 0° is oriented toward the upper 
right. The dune crests are oriented east-west, and 
transport is toward the east (90°). 

 
Stimson sandstone. Observations from the Mars 

Science Laboratory Curiosity rover show that much of 
the Stimson sandstone consists of thin sets of cross-
beds deposited by small dunes migrating toward the 
northeast (Figure 3). In at least some of these deposits, 
the small dunes migrated across the surfaces of larger 
dunes that were migrating toward the northwest (Fig. 
4). This assemblage of small dunes migrating across 
the surfaces of larger migrating dunes is characteristic 
of oblique dunes [5, 6]. In such deposits, the mean 
sand-transport direction lies between the migration 
directions of the main dune and the superimposed 
dunes (between northeast and northwest). The Stimson 
sandstone drapes lower Mt. Sharp (and is therefore 
younger than the underlying strata), although it hasn’t 
been definitively demonstrated that they post-date the 
strata higher in Mt. Sharp.  
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Largest Freq : 19%
Total Data : 139

Resultant : 50
Ang. Dev. : 24

 
Figure 3. Rose diagram showing 139 cross-bed dips in 
the Stimson sandstone; the dominant direction is    
toward the northeast. 
 
 

Bagnold dunes. In the modern Bagnold dunes, bed-
form morphology and the observed migration of rip-
ples and dunes indicate that sand transport is toward 
the southwest [7, 8]. This is the opposite direction of 
what is observed in the Stimson sandstone (which out-
crops only a few km to the northeast), indicating a re-
versal through time in the direction of sand-
transporting winds.  

The observations in the Upper formation were ac-
quired 25 km to the southeast and are separated by 
more than 4000 m in elevation, so we don’t know if 
the different sand-transport directions in those beds are 
due to temporal changes or the differing locations. 
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Figure 4. Compound cross-bedding in Stimson sand-
stone viewed by the rover Curiosity. View is toward 
the southeast. Dashed lines show boundaries between 
sets of cross-beds; the dune that deposited these beds 
migrated toward the right (northwest) in this outcrop 
plane. Superimposed dunes migrated across the surface 
of the main dune and deposited thin sets of cross beds 
that dip left (L, ~northeast), right (R, or ~northwest), 
and toward the viewer (T, northeast). Image: 
NASA/JPL-Caltech/MSSS. 
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Introduction:  The last few decades have seen the 

growth of numerical modeling as an approach in study-
ing wind-driven dune flow and feature formation pro-
cesses. Approaches include cellular automaton (CA) 
models [1], saltation models [2], and Computational 
Fluid Dynamics (CFD) Models [3, 4, 5, see also [6] for 
summary]. In this study, we use the CFD approach 
with a commercial software package to track particle 
travel distances in terrestrial subaqueous and venusian 
environments as a function of particle size, density, 
and wind velocity. The goal of this work is to under-
stand the similarities and differences of particle trajec-
tories within the modeled flow fields for the venusian 
and terrestrial subaquaeous parameter spaces to facili-
tate studies comparing feature types found in both flow 
regimes.  

Dune Examples:  Both terrestrial seafloor dunes 
and venusian dunes form in more viscous materials 
than other planetary environments, and should thus 
have some similarity in formation processes and poten-
tially morphology.  

Venusian Dunes. The only two identified Venusian 
Dune Fields are Al-Uzza Undae (in Fortuna-Mashenet 
centered at 67°N, 91°E) and Menat Undae (or Algao-
nice) which are centered at 25°S, 340°E) and which 
consist of N-S trending transverse dunes [7, 8]. Venu-
sian dunes measured at Al-Uzza using radarclinometry 
are reported to be 20-60 m in height, 0.2-0.5 km in 
width, and 0.5-5 km in length [9]. The Venusian wind 
speeds are estimated to be ~0.2 - 1.3 m s-1 at about 1 m 
above the surface as recorded by Soviet Venera landers 
[10] 

Terrestrial Seafloor Dunes.  Terrestrial seafloor 
dunes have been observed since the 1960s with side-
scanning sonar instruments and limited photography 
(e.g., [11,12,13]. The seafloor features are smaller than 
either terrestrial dry land or venusian examples. They 

exhibit transverse to barchan morphologies, and are 
typically10-100 m in length, 10s of centimeters to me-
ters in height, with spacings of 10s of meters. The as-
sociated seafloor currents are estimated as ~0.3-2 m s-1. 

Computational Approach:  For numerical model-
ing, the computational fluid dynamics (CFD) commer-
cial code COMSOL Multiphysics [14] is employed. 
This code solves the Navier-Stokes equations using a 
finite element approach. The flow domain can be 
solved with either laminar or turbulent approaches 
(depending on Reynolds number), and the particle trac-
ing module with fluid-particle interactions is used. 

Flow Field.  The flow field is modeled as a 2-D  
slice of the near surface, including the boundary layer 
(see Fig. 1). The computational domain can be scaled 
to the desired dimensions to accommodate different 
flow regimes. Steady state conditions for the flow field 
are assumed, as the primary objective of this study is to 
examine the steady transport of particle grains in the 
background fluid flow field. Mesh geometry is phys-
ics-controlled, allowing additional resolution at the 
flow boundary layer. At low velocities and/or high 
fluid viscosities, the laminar flow module is used, and 
as progressively higher Reynolds numbers are reached, 
the turbulent modeling is introduced using a Reynolds-
Averaged Navier Stokes (RANS) turbulence model. In 
most cases, the standard k-ε model is employed and 
convergence is assumed to be reached when all of the 
normalized residuals were smaller than 10-5.  

Particle Tracing.  The model allows the definition, 
release, and tracking of  particles with defined size and 
density anywhere in the simulation domain. Boundary 
conditions can be imposed on the walls of the geome-
try to allow particles to freeze, stick, bounce, disap-
pear, or reflect. Alternatively, a user-defined wall func-
tion can be defined, where post collision particle veloc-
ity is typically a function of the incoming particle ve-
locity and the wall normal vector. Secondary particles 
released when an incoming particle strikes a wall can 
be included. The number of secondary particles and 
their velocity distribution function can be functions of 
the primary particle velocity and the wall geometry. 
For this preliminary study, particles are released at the 

 
Fig. 1 Computational Boundary Conditions 
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mesh gridpoints at the domain inlet. If they cross the 
top boundary (i.e. as part of a turbulent eddy), they are 
allowed to escape, they can exit the regime entrained 
within the flow at the outlet, and they are set to either 
bounce or stick at the flow domain base. As yet, no 
secondary particles are accounted for (accumulated) at 
particle-base impact within this study.  

Parameter Ranges.  We use the parameter ranges 
specified in [12] (Table 2) and [15]. While observed  
dune heights range from approximately 0.5 m to 80 m, 
this study does not specifically impose them as surface 
flow obstacles yet. Flow regime domain heights are 
scaled to at least twice dune height. These can be ex-
panded easily if flow field effects are expected to ex-
ceed twice dune height. While this preliminary study 
does not impose surface obstacles (such as existing 
dunes) within the flow field, these can be added in 
future studies. The terrestrial domains are modeled as 
water and the Venusian approximated as 100% CO2. 
The temperature and pressure-dependent parameter 
range for both water and CO2 are taken from the de-
fault material definitions supplied within COMSOL.  

Conclusions:  While modeling for this study is on-
going, we find that particle transport for Venusian 
conditions is most similar to those found on the terres-
trial seafloor, among the potential planetary analogues 
for fluid flow (aeolian or sub-aqueous) depositional 
environments. The CFD modeling and particle tracing 
approach can be scaled to yield results as a function of 
Re number, and particle properties in a series of di-
mensionless plots. The CFD approach facilitates rapid 
simulation of the atmospheric or sub-aqueous flow 
fields using a rigorous approach to particel trajectory 
modeling, and without making a priori assumptions of 
boundary layer dimensions or shape.  
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lian Research 3, 303-314. [6] Lorenz R. D. and Zim-
belman J. R. (2014) Dune Worlds, Springer Praxis 
Books. [7] Greeley et al., (1992) JGR, 97 13319-
13345.  [8] Weitz et al., (1994) Icarus, 112. [9] Lo-
renz, 4th Int.Planet.Dunes Wkshp., 2015. [10] Keldysh, 
Icarus, 30, 1977. [11] Lonsdale and Malfait, Geol. Soc. 
Am. Bull., 85, 1974.  [12] Neakrase et al., Aeol. Res., in 
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COMSOL AB, Stockholm, Sweden. [15] Neakrase and 
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volume). 

 
 
 
 
 

Fig. 2   Examples of laminar (a) and turbulent(b) 
flow regime velocity fields. The laminar regime 
shows the boundary layer as a significant fraction of 
the flow field domain, while the turbulent regime 
has a much diminished boundary layer. 
 
A. Laminar flow field (water, seafloor conditions). 
The nominal velocity boundary layer as observed in 
the velocity field solution comprises roughly 20% of 
the flow field height for this set of parameters.  
 

 
 
B. Turbulent flow field (CO2, high fluid velocity 
conditions). Note significantly reduced nominal 
velocity boundary layer thickness (a few % of the 
flow field height) compared to A. 
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Introduction:  Observations of migrating sand rip-

ples and dunes on Mars [1] show that aeolian processes 

continue to shape the surface of the planet. Transverse 

aeolian ridges (TARs) are a unique class of stable aeo-

lian bedform with a wide variety of morphologies [e.g., 

2] and an unknown particle size distribution. Rover ob-

servations on the surface of Mars can provide insight 

into their local characteristics [3], but the sedimentology 

of TARs is likely to vary between locations. Geissler et 

al. [4] hypothesized that martian TARs originate from 

indurated dust deposits. Because of their stability, mor-

phology and formation mechanisms, a number of large 

wavelength and amplitude aeolian megaripples with 

granule to gravel-sized particles have been used as ter-

restrial analogs for martian TARs [e.g., 5]. The Lut De-

sert of Iran, containing megaripples composed of 3–4 

mm sized grains, has also emerged as a site of martian 

morphological comparisons [6, 7].  

 

 
Figure. 1: The classification of multispectral data (red 

overlay) highlights the distribution of megaripples. The 

distribution of crest orientations indicate a prevailing 

NE migration. The white star marks repeat UAV aerial 

survey locations in 2015 and 2016. 

Figure 2: Surface observation demonstrates how the sig-

nificant color contrast between dark basalt grains at the 

crests and light pumice between crests allows identifi-

cation of megaripples in remote sensing data. 

 

We reintroduce the aeolian megaripples found in 

the Vikursundar, east/northeast of the Askja crater, Ice-

land (Fig. 1) as a Mars analog [8, 9, 10]. This environ-

ment is unique because of the cold climate, numerous 

surface processes interacting to shape the region’s mor-

phology and the katabatic (i.e., descending) winds forc-

ing grain movement in volcaniclastic sediments [8]. 

Megaripples are located in numerous depressions be-

tween armored volcanic deposits and are downwind of 

a large deflationary basaltic sand sheet south of Askja 

described by [8, 11]. These megaripples were described 

by [9, 10] and later more completely characterized in the 

field by [8]. The megaripple fields are thought to have 

migrated via creep, reptation and saltation processes and 

resulted in positive sediment accumulation [8].  

Methods:  Gravel ripple migration is expected to be ep-

isodic and infrequent; therefore, precise measurement is 

required to detect changes from year to year. During 

field campaigns to study the Holuhraun eruption in 2015 

and 2016 [12], a field site was selected to quantify sur-

face changes, such as the position of megaripple crests 

and movement of individual grains of basalt and pumice 

components (Fig. 2). We collected ground-based photo-

grammetric, kite and unmanned aerial vehicle (UAV) 

aerial surveys that produced orthoimagery (<1 cm/pixel, 

Fig. 3) and digital terrain models of a megaripple field 

containing several bedforms. A differential global posi-

tion positioning system (DGPS) ensured accurate 

georegistration of the data, and we have preliminarily 

coregistered orthoimagery to within 1 cm. We focused 

our study within the pumice fall deposit that blankets 

the Vikursundar region east-northeast of the Askja cal-

dera. Satellite data from Worldview 3 (30 cm/pixel) 

were used to put the results of the ultrahigh spatial res-

olution topographic survey in a regional context, con-

duct a manual survey of megaripple crest orientation (n 
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= 4,340) and perform a supervised classification of mul-

tispectral image data to map surface facies and distin-

guish the deposits where megaripple fields occur (Fig. 

1). After improvements have been made to orthoimage 

data, we see potential for the application of COSI-Corr 

[13] to detect subtle surface changes in grain distribu-

tion. 

 

 
Figure 3: Orthoimage showing transverse and sinuous 

gravel megaripples. Light-colored sediments are domi-

nated by pumice, where grey-colored areas are basal-

tic. Transect (A–A’) shown in Fig. 4. 
 

Results and Discussion: Mapping of megaripple 

crests correspond well to the preliminary classification 

of pumice fall facies, and indicate a prevailing NE mi-

gration, consistent with [8]. Field photos taken in 2015 

and 2016 are used to verify stoss and lee sides of mega-

ripples, and in some cases, show windward erosion of 

mini-yardangs. The high fidelity of the kite (2015) and 

UAV (2016) aerial surveys allow observation of the dis-

placement of individual basalt and pumice grains in the 

megaripple fields, indicating that these bedforms are 

probably active. However, the crests did not move be-

tween 2015 and 2016. A significant redistribution of 

pumice was observed between crests, but a prevailing 

direction has not yet been determined and sediment 

movement is thus far determined to be random. Dark 

bedforms were observed on dark pavement surfaces, 

which is an observation not previously reported and 

suggests that megaripples are not solely isolated to pum-

ice-filled depressions. An extraction of topography 

shows a short megaripple train, indicating a large ripple 

with an amplitude of 40 cm and a spacing to the next 

crest of 10 m. This profile also suggests collision and 

merging between two megaripples at the beginning of 

the train. This type of morphological dynamics have 

been observed in barchan dunes [14]. Although the 

origin of these bedforms is clearly aeolian, we suggest 

that seasonal snowmelt plays an important role in sedi-

ment transport. Facies mapping of the area using the sat-

ellite and high resolution UAV data will determine su-

perpositional relationships, infer bedform migration 

processes and elucidate megaripple formation pro-

cesses. 
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Figure. 4: Topographic profile (A–A’ shown in plan view in Fig. 3) across a small depression containing a series of four pumice 

megaripples (ripple crests are indicated by blue arrows). The crest orientations indicate a net migration direction to the NE. 
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Introduction:  Martian large ripples (LRs) sculpt 

the slope of the dark dunes recently visited by the 

NASA MSL Curiosity rover [1-3]. Like impact ripples 

on Earth, LRs on Mars have been initially considered 

transverse to the wind and they have been widely used 

to derive wind conditions on the martian surface and to 

back-model winds over the dunes [4-6]. However, re-

cent studies have demonstrated that LRs are dynami-

cally different from terrestrial impact ripples [3,7]. In 

addition, like current ripples on Earth, LRs in Gale 

crater show sinuous crestlines and slip faces [2]. In this 

report, we show that LRs in Gale Crater have a wide 

morphological variability, they present both sinuous 

and straight crestlines and they locally arrange in a com-

plex square-pattern. We also show that the sinu-

ous/straight ripple classes have an oblique/longitudinal 

dynamic and that they are probably shaped by a bi-di-

rectional wind regime 

Methods:  We performed this analysis by using 

HiRISE images covering the dark dunes in Gale crater. 

Images are orthorectified and coregistered in socet-

set/COSI-Corr [3,8]. In addition, we use Curiosity’s 

camera images to give an in-situ perspective of the LRs. 

LRs Morphology:  We identified three main rip-

ple’s categories. Sinuous ripple pattern: mainly found 

on the dune flanks or in between dunes (Fig. 1a), these 

ripples appear sinuous on HiRISE images and lack Y 

junctions (Fig. 1b). Unlike current ripples that migrate 

transversely to the flow, multi-temporal analysis of 

HiRISE data indicates that the sinuous LRs evolve 

obliquely, with the whole pattern translating to the south 

(Fig. 1b). MSL images show that they have sharp crests 

and secondary arms or spurs (Fig. 1c). Ripples showing 

a similar morphology and dynamic have been also de-

tected in Herschel crater where they cover about 97 % 

of the rippled area [7,8]. Straight ripple pattern: ripples 

that appear straight on HiRISE images (Fig. 2) are 

mainly located behind topographic highs, on longitudi-

nal dune elements and on gently sloping surfaces (see 

Figs. S4 and S5 in [3]). Straight ripples trend at 41° and 

show clearly recognizable Y junctions that migrate 

along the ripple crestlines. The longitudinal Y junction 

migration clearly indicates the longitudinal dynamic of 

these bed forms, which behave like longitudinal suba-

queous dunes in water tank experiments [10]. Further 

evidence for the longitudinal dynamic of the straight 

LRs come from the COSI-Corr displacement map, 

which show displacement vectors aligned parallel to the 

ripple crests. We propose that a bi-directional flow re-

gime with divergence angle between 90 to 180 degrees 

[11] could be responsible for the formation of the 

straight ripple pattern. MSL Curiosity has recently vis-

ited straight LRs on sol 1601 (Fig. 2b). Unlike the sinu-

ous ripples imaged at the Namib Dune site, straight LRs 

show a more symmetrical crest, do not display signs of 

grainfall/grainflow structures and are sculpted by sec-

ondary impact ripples indicating along-crest sand 

transport direction (Fig. 2b). Square ripple pattern. This 

ripple arrangement is the most pervasive in the study 

area [3] and seems to be common in other areas on Mars 

(see the Arabia and Meridiani examples described in 

[4]). Locally, we can see a transition between the 

straight and the square ripple pattern, especially behind 

topographic obstacles (Fig. 2). The square pattern con-

sists of two sets of crestlines that intersect at right angle 

(41° and 322° to the North) (Fig. 2c). We propose two 

potential flow configurations to explain the contempo-

raneous presence of two crests: 1) a reworking scenario 

where each crestline react to a different wind and 2) a 

bi-directional flow configuration in which the two crest-

lines sets co-evolve under the influence of two winds 

transporting approximatively the same amount of sedi-

ment [10,11]. In this latter scenario, both crests are 

oblique to the formative wind (see Fig. 3 in [3]). Images 

acquired by MSL Curiosity show that the square pattern 

is 3-dimensional confirming previous analysis per-

formed with HiRISE by using the modified H-index 

[3,7]. The 41° ripple crests meander in correspondence 

of the 322° crests, a characteristic that is also observed 

in complex dune pattern [12]. 

Discussion: Our analysis show that the morphology 

and dynamic of Martian LRs is different from terrestrial 

impact ripples. All the ripple classes described in this 

report seem to be influenced by two different winds, 

which blew in the time span covered by the overlapping 

HiRISE images. A bidirectional wind regime with two 

main flows blowing off the crater/Aeolis mons slopes 

and converging over the dune field can probably explain 

the observed dune/ripple configuration and the SW ori-

ented sand flux direction [1]. Further monitoring by 
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MSL Curiosity will shed light on the dynamic of the 

LRs described in this report.  

References:  [1] Silvestro S. et al. (2013) Gelogy 41 
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Fig. 1: a) Dunes visited by MSL Curiosity b) Sinuous 

large ripples overlaid by the COSI-Corr displacement 

vectorial field color-coded by magnitude c) Curiosity 

view of the sinuous LRs on sol 1176. 

 
Fig. 2: a) Straight and square large ripple patterns as 

seen by the HiRISE camera b) Curiosity image acquired 

on sol 1601 showing the transition between square and 

straight LRs c) Detail of the square large ripple pattern. 
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Introduction: The Grand Falls dune study site is lo-

cated 40 miles northeast of Flagstaff, Arizona on the 

Navajo Reservation, where the San Francisco Volcanic 

Field meets the Chinle Formation. Figure 1 shows rip-

ples on dunes that are composed of fine-grain quartz 

sand and coarse-grain basalt sand. The Little Colorado 

River and San Francisco Volcanic Field are the most 

likely sources of the two types of sand found in the 

Grand Falls dune study site [1]. A long-term project ob-

serving the Grand Falls dune study site has been operat-

ing since 2013 [2]. 

 
Figure 1. Foreground shows ripples higlighted by 

basalt sand; San Francisco Peaks in the 

background 

 

Methods: The dune site is monitored by four Big 

Spring Number Eight (BSNE) passive sediment sam-

plers, a Sensit erosion sensor and three anemometers 

that log data at one-minute intervals [2].BSNE #1, #2, 

and #3 are at 20, 45, and 100 cm above ground level, 

respectively; the Mars BSNE is 55 cm above ground 

level. In the first year of the study, the BSNEs were 

emptied on a monthly basis and after strong wind 

events. In the second and third years of the study, the 

BSNEs were emptied every two to three months and af-

ter strong wind events. Samples retrieved from the 

BSNEs were processed through a stack of eight sieve 

screens ranging from 0-4 Phi, and an analysis was done 

on the resulting data. This sieve process did not directly 

separate basalt sand from quartz sand. 

 

Results: A statistical analysis of the 88 samples gener-

ally shows a bimodal size distribution at the lowest 

height. The modal trend changes as height above ground 

increases. Figure 2 shows a comparison of samples with 

differing distribution from 6/30/2015 and 02/27/2016.  

 

 
  

Figure 2. Comparison of two collection dates 

06/30/2015 and 02/27/2016. According to the Went-

worth Size classification, medium grain sand has a 

diameter between 0.5-0.25 millimeters. 

 

Grain

Size 6/30/2015 2/27/2016

(mm)

0.355 0.76 19.29

0.25 2.43 2.1

0.178 6.55 42.98

0.125 40.76 1028.6

0.09 108.99 275.42

0.075 142.56 453.59

0.045 84.13 170.18

0.032 34.38 77.49

0.017 8.59 20.1

Total 429.15 2089.75

(mm)

0.355 0.26 10.59

0.25 0.5 10.89

0.178 0.7 16.52

0.125 2.93 55.56

0.09 8.02 94.96

0.075 20.03 210.07

0.045 27.49 157.09

0.032 17.93 71.28

0.017 6.41 20.76

Total 84.27 647.72

(mm)

0.355 0 0.92

0.25 0 1.06

0.178 0 1.02

0.125 0.5 2.6

0.09 0.39 5.39

0.075 2.79 24.4

0.045 6.28 51.22

0.032 7.72 34.35

0.017 3.83 11.33

Total 21.51 132.29

(mm)

0.355 0 3.7

0.25 0 5.23

0.178 0 7.81

0.125 0.98 29.55

0.09 1.41 67.92

0.075 10.99 216.72

0.045 19.32 170.51

0.032 16.26 74.82

0.017 5.92 21.81

Total 54.88 598.07

BNSE #2 weight (g)

Mars BNSE weight (g)

Collection Date

BNSE #1 weight (g)

BNSE #3 weight (g)
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For collection date 02/27/2016, BSNE #3 collected me-

dium-grain sand at a height of one meter above ground 

level. Figure 3 shows a statistical analysis for collection 

date 02/27/2016; the distribution of grain size changes 

with height above the ground. Figure 4 illustrates the 

variability in grain size distribution between the two 

sample dates. Collection date 02/27/2016 shows a bi-

modal distribution for BSNE #1 and fine-grain peaks for 

BSNE #2 and Mars BSNE. Collection date 06/30/2016 

shows a unimodal distribution for BSNE #1 with fine-

grain peaks for BSNE #2 and Mars BSNE.  

 

 
 

Figure 3. Analysis of grain size distribution for sam-

ple collection date 2/27/2016. 

 

 

a)  

b)  
 

Figure 4. a) Grain size distribution plot for collec-

tion date 06/30/2015. b) Grain size distribution plot 

for collection date 02/27/2016.  

 

Discussion: The basalt sand is angular, coarse- to 

medium-grain sand typical of cinder cone fallout. The 

quartz sand is well-rounded, medium- to fine- grain 

sand that is typical of eolian systems. Both sand types 

are represented in samples collected from the BSNEs 

and the distribution varies with season and elevation. 

Total accumulation is greater in collections from Febru-

ary - June than in collections from August - January and 

coarse-grain sand typically moves in April, May, and 

June.  

 

Summary:  The basalt and quartz sand are subject 

to the same environmental conditions but accumulate at 

different rates. A future analysis of sand type distribu-

tion will give us further insight into the variations in 

transport dynamics of the bimodal sand at the Grand 

Falls dune study site. The distribution of mobilized sand 

at the Grand Falls dune study site is variable. 

 

References: [1] Bogel et al. (2015) Geomorphol-

ogy 228. [2] Hayward et al. (2017) Fifth International 

Planetary Dunes Workshop, Abstract.  
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Date

2/27/2016 median mode

BNSE #1 0.13 0.125

BNSE #2 0.082 0.075

BNSE #3 0.045 0.045

Mars BNSE 0.079 0.075

%Sand %Very fine

BNSE #1 52 48

BNSE #2 38 62

BNSE #3 21 79

Mars BNSE 32 68

Material Distribution %

Grain Size Distribution (mm) 
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Towards a Classification Scheme for Aeolian Fluid Ejection: Observations During High-Pressure 

Wind Tunnel Experiments. 
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Figure 1: Laser light illumination of sediment transport via traditional saltation and reptation pathways. Mean and standard 

deviation are calculated from light intensity statistics for each row.  (source: Sutton, Dune Simulation Wind Tunnel.). 

Introduction:  Ongoing research with the Titan Wind 

Tunnel (TWT) [1] into the wind conditions required to initiate 

aeolian transport in high density atmospheres, analogous with 

Titan [2, 3], suggests differences between the transport modes 

observed under those conditions and those modes found on 

Earth.  Sediment transport on Earth is dominated by impact 

entrainment, resulting in the saltation and reptation of grains 

(Fig. 1); whereas on Venus and Titan transport is dominated 

by fluid entrainment.  This transport ‘mode switching’ may 

affect the surface-atmosphere interaction, the momentum 

transfer between the boundary layer and the saltation cloud; a 

relationship that is assumed by many aeolian models.  Ham-

pering our understanding is the lack of a clear classification of 

entrainment modes.  Classification is an important aspect of 

scientific advancement as it promotes observation, communi-

cation, structured theory development, and formalizes the lan-

guage into a falsifiable structure [4, 5].  We are currently con-

ducting a comprehensive observational study of fluid entrain-

ment modes and are developing a formal classification scheme 

applicable to Venus, Titan, and other similar environments 

(Fig. 2). 

Fluid entrainment occurs when the fluid drag and lift 

forces acting on a grain resting on the bed overcome the iner-

tia, weight and intra-particle cohesion, causing the grain to 

move.  This fluid regime is typically characterized by the shear 

velocity (𝑢∗), which is related to the bed shear stress (𝜏0), 

𝑢∗ =  √
𝜏0

𝜌𝑓  
, 

where 𝜌𝑓 is the fluid density.  The minimum flow conditions 

required to initiate motion on a static bed is then described by 

the fluid threshold shear velocity, 𝑢∗𝑡𝐹
.   

Impact entrainment describes the dislodgement of a grain 

via impact by another grain already in transport (i.e. saltation).  

During this cascading system of ejections and impacts, a grain 

is ejected from the surface with an initial vertical velocity that 

carries it higher into the boundary layer.  There it encounters 

increasing horizontal wind speeds that accelerate the grain be-

yond its initial horizontal velocity.  This increase in grain ve-

locity leads to an increase in momentum transfer upon impact 

with the bed, and results in an ejection or rebound of a grain 

with sufficient vertical velocity to repeat the process [6].  The 

threshold for this behavior is denoted as  𝑢∗𝑡𝐼
.   

On Earth aeolian transport is dominated by saltation be-

cause 𝑢∗𝑡𝐹
> 𝑢∗𝑡𝐼

.  The relative position of these thresholds is 

due to the ability of the saltating grain to extract momentum 

from the faster flowing air higher in the boundary layer, in-

creasing its impact energy beyond that which the grain had 

upon ejection [6]. 

However, under high-density atmospheric conditions this 

effect is diminished and the relative thresholds change posi-

tions: 𝑢∗𝑡𝐹
< 𝑢∗𝑡𝐼

.  Under these conditions an ejected grain is 

exposed to much higher drag due to the increased 𝜌𝑓 and kin-

ematic viscosity, 𝜈, which reduces the height to which the 

grain may rise and limits its exposure to the higher wind 

speeds further from the bed, resulting in lower impact speeds 

and reduced likelihood of impact entrainment occurring [7]. 

The aeolian transport cloud then strongly interacts with 

the boundary layer through complex feedback mechanisms 

that are governed, in large part, by the ejection angle and ve-

locity [6, 7, 8, 9].  This coupling of surface and atmosphere  

has generated significant interest in development of a stochas-

tic ‘splash’ function to describe these conditions under impact 

entrainment regime [10, 11, 12].  Much of our understanding 

of aeolian geomorphology relies on a ‘systems’ model built on 

grain scale behavior that may not well describe conditions on 

Venus and Titan.  Figure 3 shows the relative environments in 

which sediment transport is occurring in the Solar System, 

with Venus and Titan occupying a specific gravity range an 

order of magnitude different than either aeolian or fluvial en-

vironments on Earth.  

Because aeolian transport studies on Earth are conducted 

in a regime where fluid entrainment occurs at higher wind 

speeds than impact entrainment, fluid entrainment is difficult 

to isolate and thus seldom observed.  Thus, an adequate no-

menclature describing fluid ejections has never been devel-

oped.   
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Proposed classification: We are proposing a classifica-

tion scheme based on our observations in the Titan Wind Tun-

nel [2, 3] at the Planetary Aeolian Laboratory at NASA Ames.  

While observations are still being collected, and instrumenta-

tion is being upgraded to enhance our ability to capture and 

isolate incipient movement, an initial scheme of grain motion 

is presented in Fig. 2.   

 

Figure 2:  Examples of different modes of fluid entrainment: 

A) is a rotational entrainment.  B ) is a translational entrain-

ment, C) is a skipping entrainment, and D) is entrainment by 

undermining.  Background in A-C is a bed of silicate sand in 

the Titan Wind Tunnel. 

Grain motion classification:  Figure 2A shows a rota-

tional entrainment, in which the peak of the grain rotates 

around a stationary or slower moving base.  A translational 

entrainment is depicted in Fig. 2B, in which the grain moves 

without an initial rotational component.  In neither case do the 

grains have a significant vertical velocity.  Figure 2C shows a 

skipping movement, where the grain repeatedly comes in con-

tact with the bed.  Finally, Figure 2D illustrates a collective 

behavior in which a grain is ejected, resulting in either a loss 

of physical support or a change in fluid flow properties at the 

grain scale, and this destabilizes the grain(s) immediately up-

wind.  This results in a flurry of ejections.   

Grain initiation: Initiation of the movement also can be 

divided into, presently, two categories of prior behavior: those 

instances in which grains vibrate prior to being entrained, oc-

casionally approaching bed fluidization, and those instances 

where the grain is ‘plucked’ from a static position, and where 

an impacting grains aids in the ejection. 

Future work and implications:  A classification of 

modes of i) sediment fluid entrainment, and ii) transport under 

fluid entrainment dominated conditions, will provide new in-

sight into the inception of motion on Earth and also improve 

description of the active transport modes on Venus and Titan.  

Further, the classification will aid in the development and test-

ing of sediment initiation models for Earth [e.g. 13], and help 

in adapting Earth parameterized transport models to Venus 

and Titan conditions. 
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Figure 3: Comparison of terrestrial and extraterrestrial aeo-

lian and fluvial environments, in terms of kinematic viscosity 

and specific gravity of sediments. 
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Evidence supporting aeolian depositional origin of landforms of Sputnik Planum, Pluto, from New Horizons 

imagery.   
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Prior to, and immediately after, New Horizons fly-

by of Pluto on July 14th 2015, there had been specula-

tion that aeolian bedforms might be conceivable on the 

surface, despite the insubstantial nature of the atmos-

phere. Other planetary bodies (such as comet 67P 

Churyamov-Gerasimenko) with very thin atmospheres 

have indeed been shown capable of forming, and sus-

taining, aeolian bedforms [1]. 

Whilst the morphological and geological diversity 

evident on the surface was striking, and has now been 

widely reported upon [e.g. 2,3,4], initial candidates for 

depositional aeolian features (i.e. dunes) reported in 

the wider media proved to be unconvincing in appear-

ance, or have more credible explanations for their mor-

phology [e.g. 5]. 

Here we report spatial analysis and numerical mod-

elling which suggest that landforms of the western 

Sputnik Planum icefield are most credibly explained as 

depositional aeolian features; dunes. We base this in-

terpretation on analysis of imagery from the LOng 

Range Reconnaissance Imager (LORRI), and by com-

bining numerical models based on likely surface and 

atmospheric conditions for Pluto, and the morphology 

of the bedforms. 

An aeolian origin for the features is supported on 

the grounds of a) their morphology, bearing a close 

resemblance to transverse dunes elsewhere in the solar 

system, b) the presence of pronounced windstreaks 

precisely orthogonal to the dunes, c) their location, d) 

their orientation, and regional changes in this orienta-

tion, e) their inter-relationship with other landforms 

and f) distinctions in morphology from landforms 

clearly associated with sublimation. We discuss the 

distinction between sublimation-derived and aeolian-

derived features, and find the latter more credible in 

explaining the observed features. 

Supporting this, we present numerical modelling 

which suggests that the wavelength of the dunes – via 

the inferred saturation length – is most credibly ex-

plained under Pluto surface conditions by the hysteretic 

mobilization of fine sand-sized (~130-220 µm) grains, 

presumably of nitrogen and methane snows. The neces-

sary conditions for mobilization and continuation of 

aeolian transport on Pluto are considered 

The presence of dunes on Pluto provides further ev-

idence of the remarkably diverse planetary conditions 

under which these landforms can emerge, and has im-

plications for both surface and atmospheric conditions 

on Pluto. 

,   
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WHAT’S NEW ON THE WIND TAILS ON 67P/CHURYUMOV-GERASIMENKO?  D. Tirsch1, K. A. Otto1, 
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Introduction:  Aeolian bedforms have been detected 
on the surface of comet 67P/Churyumov-Gerasimenko 
(hereafter named 67P) by high resolution image data of 
the ROLIS descent imager [1] and OSIRIS orbiter 
camera [2] on-board the Rosetta spacecraft and its 
lander Philae [e.g. 3, 4, 5]. These bedforms involve 
dune-like landforms or ripples in the Hapi region as 
well as elongated deposits of granular material and 
semicircular depressions around several larger boulders 
(>5 m) resembling wind tails and moats as known from 
planets with atmospheres (Figure 1). Due to the simi-
larity in morphology, we use the same terms for these 
bedfoms on the comet. Such features commonly form 
by accumulation or erosion by wind on Earth and Mars 
for example [e.g. 6, 7]. However, wind transport is 
difficult to explain on 67P and the features are proba-
bly of different origin. Nevertheless, they indicate that 
aeolian-like processes can transport particles across the 
surface of the nucleus and that this process is particu-
larly effective where it interacts with obstacles such as 
boulders. Recent studies suggest that they form as a 
result of abrasion of a sandbed induced by air-fall par-
ticles [2, 3, 8].  
 

 
Figure 1: Examples of boulders with wind tails in the 
Serqet region. The wind tails point towards the upper 
right of the image and possess a sharp crest along the 
ridge. Credit: ESA/Rosetta/MPS for OSIRIS Team 
MPS/UPD/LAM/IAA/SSO/INTA/UPM/DASP/IDA 

 
In this study, we focus on the wind tails associated with 
obstacles, classify their appearances and track possible 
air-fall directions from the shape and direction of the 
deposits. One aim is to determine the possible source 
of the air-fall particles assuming that the direction of 
the wind tails is associated with the direction of the air-
fall in the area. We base our analysis on the method 

described by Mottola et al. [2], which assumes that the 
boulders were previously covered by particles, which 
were subsequently eroded by impinging particles from 
an air-fall stream. We will compare our results with 
existing models of dust transport on 67P [8, 9] and will 
test the accordance of the models and our observations. 

 
Methods:  We investigated pre-perihelion OSIRIS 
images with a spatial resolution better than 50 cm/ pix-
el from the entire sunlit surface of the comet as well as 
the ROLIS descent imager data from Philae’s landing 
site Agilkia (touch down site 1). We marked and 
counted all wind-tail morphologies in the image data 
and projected these images onto a shape model of the 
nucleus [10] providing a 3-dimensional view of the 
wind tails’ orientation. For each boulder with an asso-
ciated wind tail we estimated the direction of the de-
posit from the projected image data by determining two 
points on the shape model: The first point is located 
where the wind tail touched the boulder and the second 
point is where the wind tail merges into the surround-
ing regolith. The connection between these two points 
represents the projected wind direction. In combination 
with the estimated boulder height (estimated to be 1/3-
1/2 of the boulder width [4]), we were able to derive a 
preferred direction of particle in-fall associated with 
the abrasion of the sandbed as explained in [4].  
 
Results:   We found 65 wind tails on the comet’s sur-
face, which we divided into 3 morphological classes. 
Most of them are relatively broad and have a sharp 
crest along the ridge (Figure 1). Others are broad but 
have a rounded ridge. A small number of wind tails are 
elongated and slim. Most of these features are located 
on the small lobe in the Ma’at region, on the “head” of 
67P whereas other areas are depleted (Figure 2). The 
average boulder size ranges around 13.5 m (±8.4 m) 
and the average length of the wind tails is around 
13.4 m (±13.7 m). We noted a clear correlation of wind 
tail orientation in a given vicinity indicating a common 
source of the transport process. For instance, the pre-
ferred orientation of the wind tails in the Ma’at region 
is to the north (Figure 2). Bedforms located in other 
parts of the comet mostly have a different orientation 
indicating different source regions of the air-fall 
stream. The clustering of wind tails at Ma’at is con-
sistent with the findings of [9] suggesting erosion of 
particles in Ma’at and Ash.  In addition, the orientation 
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of the wind tails agrees with the particle transport from 
south to north of the comet as suggested by [9]. 

 

 
Figure 2: The location and orientation of wind tails 
(blue arrows) on 67P projected on a shape-model by 
[10]. Most of these features were found in the Ma’at 
region with a south to north orientation. 
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GRAND FALLS DUNE FIELD – SEDIMENT FLUX MEASUREMENT AND ANALYSIS AT A MARS 

ANALOG SITE.  T. N. Titus1, R. K. Hayward1, and R. Bogle1, 1U.S. Geological Survey, Astrogeology Science 

Center (2255 N. Gemini Dr., Flagstaff, AZ 86001, ttitus@usgs.gov). 

 

 

Introduction:  The modern surface of Mars is mod-

ified by interactions with the atmosphere through polar 

and aeolian processes. This abstract focuses on aeolian 

processes, specifically the characterization of sediment 

flux and what lessons are to be learned from terrestrial 

analogs. One such analog site is the Grand Falls (GF) 

dune field. 

Analog Site: The GF dune field (~1.6 km x 1 km) is 

located ~70 km NE of Flagstaff, AZ, and just north of 

the Little Colorado River (LCR). The dunes at GF are 

in a local topographic minimum, migrating toward 

higher ground that will impede their progress. This set-

ting is analogous to the setting of an estimated 1000 

dune fields on Mars that occur within craters and valleys 

[1]. A more detailed description of the analog site can 

be found in Bogle et al. [2]. Most of the dune sand on 

Mars is likely of basaltic composition [e.g., 3]. Basalt 

sand is also present in significant amounts at GF, allow-

ing us to observe its behavior under various atmospheric 

conditions. Bimodal grain size is another sand charac-

teristic common to both GF and Mars [e.g., 4]. 

 

 
Figure 1: A composite figure showing data from five 

instruments: the weighing BSNEs (red, green, blue), 

the saltation sensor (cyan) and the high-volume ca-

pacity imaging Mars BSNE (background image). 

The x-axis is time while the y-axis is a normalized 

amount of sediment collected or detected. The re-

gions of the background image that are black corre-

spond to the times and volume of sediment collected. 

The region that is brown indicates times and volume 

of precipitation collected. The lighter colors indicate 

the part of the BSNE where the pan is empty. 

 

Instruments:  Instrumentation included sediment 

catchers (weighting Big Springs Number Eight or 

BSNEs) and an experimental high volume capacity im-

age BSNE, informally called the Mars BSNE), ane-

mometers, and a saltation sensor. A more detailed de-

scription can be found in [5]. The weighing BSNEs have 

a calibration coefficient of 0.162 kg/V. 

High Sediment Flux Daytime Events: We will fo-

cus on just a few of the several high sediment flux day-

time events that occurred in February/March of 2014 

(see Fig. 1). The larger of these events are shown in Ta-

ble 1.  

Scale Heights: For the purposes of these large 

events, a single scale height is used, denoted as z0. The 

scale height is calculated using equation 1. 

[1]  �̇�(𝑧) =
𝑚

𝐴𝑡𝜀
=  𝜎𝑒−𝑧/𝑧𝑜 ; where �̇� is the sediment 

horizontal mass flux, m is the mass collected in the 

BSNEs, A is the cross-sectional area for the opening, t 

is the sampling time, ε is the collection efficiency, usu-

ally assumed to be 0.4 [6], σ is the effective mass flux at 

one scale height and z is the height of the BSNEs. 

Horizontal Mass Transport (HMT): The total sedi-

ment flux can be estimated as either a rate (mass/hori-

zontal length/time) or as the total amount (mass/hori-

zontal length) over the duration of the event. HMT is 

calculated using equation 2 [7]: 

[2] 𝐻𝑀𝑇 = ∫ �̇� 𝑑𝑧 =  𝜎𝑧𝑜
∞

0
  

Particle Mass Estimate: Once a scale height, zo has 

been determined, the SensitTM particle count can be used 

to estimate the effective particle mass, mp. 

[3] 𝑚𝑝 =
�̇�(𝑧𝑠)

�̇�/𝐴
=  

𝜎𝑒−𝑧𝑠/𝑧𝑜

�̇�/𝐴
 where zs is the height of 

the saltation sensor, n is the particle count rate, and A is 

the cross-sectional area of the sensor. 

Sediment Volume: The Mars BSNE provided an in-

dependent characterization of sediment flux. It provided 

an independent validation of extremely high volume 

sediment flux events and served as a “rain gauge.” In 

Fig. 1, evidence of collected water can be seen as dark 

brown shading. 

Daytime Results: The results are shown in Table 1. 

The sediment events typically occurred during daytime 

hours lasting between 5-9 hours. The amount of sedi-

ment transported usually ranged between 100 and 300 

Metric Tons per meter (MT/m). The Mars BSNE col-

lected sediment during each event (see Fig. 2) but the 

uncertainties for small amounts of sediment (less than 
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50 cc) are large. The value of the Mars BSNE was great-

est for extreme events, such as the one discussed next. 

Nighttime Storm: Perhaps one of the most surpris-

ing events observed occurred during the nighttime 

hours. Unfortunately, several of the instruments were 

not collecting data during this event, due to prior wire 

damage. During the event weighing BSNEs were com-

pletely packed, so that bulk sediment could not be used 

as an accurate estimate. Fortunately, the Mars BSNE 

had a high-volume capacity and images acquired from 

inside the Mars BSNE provided quantifiable data.  

When combined with the saltation sensor data and esti-

mates for scale height from previous large storms, a rea-

sonable estimate of the size of this nighttime sediment 

flux event can be calculated. 

By assuming a flux scale height of 0.3 m, we can 

estimate the total HMT was ~4,500 MT/m over a period 

of 16 hours. The majority of sediment flux occurred at 

night as can be seen in the images from the Mars BSNE 

(Fig. 2). 

Summary:  The data, analysis, and results presented 

here are just a sampling of the Grand Falls dune field 

dataset. Hundreds-to-thousands of metric tons per meter 

were transported during major sediment flux events that 

usually lasted 5-9 hours, with the longest being 16 

hours. While most recorded sediment transport at the 

site occurred during daylight hours, the largest event, 

most likely due to a major weather front from the north, 

occurred at night. 
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Figure 2: Volume results from the Mars Experimental BSNE. The images are the difference between an image 

acquired just prior to a sediment flux event and an image acquired after the event. The lines indicate volume 

from bottom to top: 50 cc, 100 cc, 200 cc, 300 cc, etc. (A) (B) (C) Precipitation (D) (E) (F) Large nighttime event. 
 

Table 1: Characterization of six sediment flux events. 

Date Time Scale Ht (m)

HMT 

(kg/m/s)

Duration 

(Hrs)

HMT 

(MT/m)

Volume 

(cc)

Fig.2 

Panel Comments:

2/19/2014 12:23 0.375963 12.0886 5.1 221.947 3.30618 A

2/27/2014 11:50 0.280776 6.97264 5.83333 146.426 13.1769 B

2/28/2014 14:11 0.793692 9.63397 8.76667 304.048 8.91802 C

3/15/2014 8:39 0.150249 3.51818 9.06667 114.833 < 1 D Precipitation occurred.

3/17/2014 11:28 0.289114 6.32625 6.1 138.925 29.2115 E

3/28/2016 11:15 0.3 (Assumed) 77.834 16.2167 4543.95 615.584 F 1 BSNE was operating.  
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The implications of symmetric and asymmetric barchans on Mars 
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Barchans, the most dominant dune type on Mars, have many different shapes both 

symmetric and asymmetric.  Most barchans are known to be asymmetric, with one horn 

different than the other.  The active barchans of Nili Patera and Noachis Terra, for 

example, have several varieties of symmetric and asymmetric shapes. 

The first two models of asymmetrical barchans presented in the literature (Bagnold 

1941; Tsoar 1984), which were based on field observations and measurements, 

explained the transition of barchans into linear seif dunes.  These two models pertained 

to the effect of two main wind directions, where one of them, the stronger one, was the 

primary transport wind direction.  These two models do not explain all types of barchan 

asymmetry. 

Not every asymmetric barchan may undergo a transition to a longitudinal (seif) dune 

under a bimodal wind regime. Our barchan dune modeling shows that a bimodal wind 

regime causes horn extension to evolve into a seif dune when the divergence angle 

between primary and secondary winds is larger than 90o, and the ratio between the 

secondary and primary transport rates is > 25%.  Other reasons for an asymmetrical 

barchan with extended horn are an inclined surface under constant wind direction and a 

tilted surface that causes the horn to move laterally, with transverse migration velocity 

proportional to the slope of the terrain. Horn elongation induced by topography can 

occur when a barchan crosses a topographic rise. Furthermore, transient asymmetric 

barchan shapes with an extended horn also emerge during collisions between dunes or 

due to an asymmetric influx of sand.  However, no seif dune is obtained from all these 

occurrences. 

Moreover, numerical simulations (Parteli et al. 2014; Lv et al. 2016) have shown that 

acute bimodal winds also lead to the elongation of the same barchan horn, but the 

asymmetric barchan shape is stable and this horn does not keep elongating to form a 

seif dune. 
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Introduction and Motivation: Wind-driven bed-

form activity has been observed on Mars over the past 
ten years [1, 2]. This activity includes contemporary 
migration of dunes and sand ripples. Dark lineae are 
often observed on dune slipfaces or in close proximity 
to aeolian ripples [3, 4] (Fig. 1). Some of these lineae 
and their behavior fit the criteria of Recurring Slope 
Lineae (RSL). RSL are dark lineae with seasonal    
patterns including incremental growth during the 
warmest season for that slope orientation, fading    
during the colder seasons, and annual recurrence [3]. 
These features are commonly observed on large sandy 
fans below talus and bedrock outcrops where RSL  
appear to originate.  

 
Figure 1. HiRISE image PSP_006480_1660. RSL (black 
arrows) in close proximity to migrating dunes in Coprates 
Chasma. Dune with RSL-like features on slipface (white). 

The mechanism by which RSL form and operate is 
not well understood. Hypotheses range from dry 
granular flows with little or no water present [5] to 
thermally controlled seasonally flows of briny water 
[3, 6]. Additionally, active ripple-like features have 
been observed superimposed on fans with active RSL 
[4] (Fig. 2). Investigation of these RSL fan ripples 
could allow us to gain insight into the role of RSL in 

sediment production, as it pertains to dunes and ripples 
in close proximity, as well as explore the possibility of 
ripples as a recharge or fading mechanism for RSL. 
For example, if RSL are caused by dry granular flows 
how is the sediment recharged? Here we examine the 
characteristics of RSL fan ripples compared to other 
ripple occurrences on Mars and the likelihood that  
these features are inherently linked with all RSL. 

 
Figure 2. HiRISE image ESP_034830_1670 with arrows 
indicating RSL (black) and fan ripples (white). Down 
slope is toward the top left of the image and the “RSL 
fan” is the large feature that dominates the figure FOV. 

Data Sets and Methods: Images acquired by the 
High Resolution Imaging Science Experiment 
(HiRISE) [7] aboard the Mars Reconnaissance Orbiter 
were used for change detection with a resolution of 
0.25 m/pix. These images were orthorectified in ac-
cordance to Digital Terrain Models (DTMs) construct-
ed at 1 m post spacing from HiRISE stereo pairs. Mi-
gration rates of multiple individual RSL fan ripples 
were measured and averaged for each RSL site. 

Results: Measurements were taken at seven sites in 
Valles Marineris where known RSL fan ripples exist. 
The observed orientations of RSL fan ripples at most 
sites were broadly perpendicular to active slope lineae 
(Fig. 2). Ripples may morph from perpendicular to the 
slope aspect near the fan apex (closer to RSL sources) 
to more variable as they neared the toe or edges of the 
fans (Fig. 3). Additionally, one site located in Juventae 
Chasma contained fan ripples oriented parallel to RSL 
at all locations on the fan. Ripple wavelengths were 2–
5 m on the RSL fan and on the higher side of this range 
at the fan toe. Previous slope mapping has confirmed 
that RSL fans are near the angle of repose for sand 
(~33°), but shallow out at their toes [3, 4, 5]. 
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Average migration rates from all of the sites ranged 
between 0.07 to 0.84 m/yr (all rates are given in Earth 
Years). All RSL fan ripple migration was in the direc-
tion perpendicular to their orientation and dominantly 
in the upslope direction. Ripple fluxes at these rates 
and assuming heights of 30 cm [8] would be 0.02-0.25 
m3 m-1 yr-1. Unambiguous aeolian ripples were found at 
the base of RSL fans at every site. Little to no detec-
tion was observed in these lower ripples except for one 
in east Coprates. At this site, ripples were migrating 
parallel to the edge of RSL fans at rates up to 1 m/yr. 
Craters or other objects such as boulders were not 
found superposed on the ripples indicating that these 
are relatively young surfaces. 

Discussion and Summary: These active RSL fan 
ripples on relatively steep slopes are generally con-
sistent in orientation and wavelength compared to their 
mostly inactive counterparts on more gradual slopes at 
the base of the fan. Additionally, both occurrences of 
ripples fall within the stable 1-5 m wavelength ripples 
on Mars described by Lapotre et al. [9]. These meter-
scale wavelength ripples, discernable by HiRISE, have 
also been observed in situ at the Bagnold dunes in Gale 
crater [8]. Secondary ripples at the centimeter scale, 
too small to be visible in HiRISE observations, have 
also been observed superimposed on the larger ripples 
and dune slip faces in Gale crater [8], the latter having 
similar slope angles as RSL fans. Secondary ripples are 
likely present at RSL sites as well. 

Figure 3. HiRISE image ESP_035964_1670 with arrows 
indicating disjointed (white), ambiguous (blue), and con-
tinuous (black) ripples. Down slope is toward the top of 
the image. 

Fan ripples do not maintain a distinct morphology 
from apex to toe of the fan. Typically, well defined and 
continuous ripples are found at the toe of the fan, while 
disjointed or segmented, ripple-like features are found 
at the apex of the fan. Even the slightest ripple mor-
phology is difficult to discern in the middle of the fan 

but orientations appear to be consistent with neighbor-
ing ripples located above and below (Fig. 3). This 
might be related to the height of the ripples, where 
ripple heights/wavelengths increase moving up the fan 
as they do on the stoss sides of barchan dunes [8]. 

RSL fan ripples are broadly consistent in morphol-
ogy and migration rate with adjacent aeolian ripples 
observed here and in previous studies of global Mar-
tian bedforms [2, 8, 10]. What sets them apart, possibly 
providing a link to understanding RSL, is their upslope 
migration and context. However, these ripples are not 
observed at every RSL site [3–5], calling into question 
their ability to act as a sediment recharge mechanism 
for (dry) RSL. For sites that do have them, migration 
rates are far too slow to erase RSL fans causing sea-
sonal fading. For example, at a rate of ~0.5 m/yr fan 
ripples would take 4–10 years to climb the length be-
tween ripples (at 2–5 meter wavelengths) and erase 
any slope linea [4]. Typically, RSL tend to fade over 
months to seasons [3, 11]. Faster (unresolvable) sec-
ondary ripples or dust deposition [5] might be respon-
sible for fading.  RSL fan ripples also provide relative-
ly modest (upslope) fluxes compared with the 
(downslope) fluid volume estimated to cause RSL via 
wet processes [4, 11], granted fluid volume estimates 
are based on different assumptions .  

Perhaps more likely, these findings point towards 
sediment production being a result of RSL activity. 
Alternating meter-scale troughs housing RSL, and 
benches superposed with upslope-migrating fan ripples 
have been observed on RSL fans [4]. Sediment trans-
ported in the troughs by wet or dry RSL may be sup-
plying sediment to both RSL fan ripples, and aeolian 
dunes and ripples adjacent to fans [12]. Further explo-
ration into these extremely active planetary surfaces 
could shed light on sediment production for aeolian 
bedforms on Mars. 
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and staff for assistance with DTM production. 
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Introduction: Recent orbital [1, 2] and in-situ ob-

servations [3] defy our current understanding of Mar-

tian large ripples. Here we demonstrate that a com-

bined analysis of dunes and superimposed large ripple 

patterns can provide further insights on the processes 

that drive their formation and evolution. 

Through a multiscale morphodynamic survey of 

dunes and ripples on Herschel crater we show that 

meter-scale Martian ripples are not comparable to 

terrestrial aeolian impact ripples. We mapped, charac-

terize and assign a morphodynamic meaning to differ-

ent sets of ripples, which can be correlated with specif-

ic dune settings and wind  regimes.  

Data and methodologies: To provide context for 

the detailed ripple analysis, dune patterns were mapped 

using a CTX mosaic and the OBDA (Object-Based 

Ripple Analysis) mapping technique [4]. The resultant 

pattern descriptive parameters were used to perform a 

principal component analysis (PCA) and clustering, in 

order to highlight distinct dune patterns (Fig. 1a).   

We used one HiRISE DTM and two orthorectified 

images (acquired in 2007 and 2012) to map the lee 

front dune migration and estimate sand fluxes at a dune 

field scale (Fig. 1b). The same data set was used to 

map the ripple patterns automatically using the OBRA 

(Object-Based Ripple Analysis) technique [5]. This 

technique generates a set of ripples’ pattern descriptors 

(length, wavelength, directional statistics, etc.) which 

were spatially integrated with the ripple migration data 

obtained with COSI-Corr. A wind effect index which 

accounts for topography induced wind speed-up [1] is 

also integrated on this dataset, creating a regular grid 

with 10 m spacing.  

We performed a first order segmentation of the rip-

ple patterns using a horizontal form index which re-

lates the length, wavelength and degree of directional 

uniformity of the ripple patterns [1]. We set a threshold 

to segment two different sets of ripples: a) a 2D class 

with long and regular bedforms and b) a 3D ripple 

class composed by shorter and interlaced bimodal sets 

of bedforms. The spatial distribution and occurrence 

settings of the 2D class was further investigated with 

PCA and clustering (Fig. 2).  

Results:  At a regional scale the dune fields on 

Herschel denote a ~N-S transport trend [6]. The aver-

age direction of slipface migration in the study area is 

162±38º (Fig. 1b) although there are important E-W 

morphological variations (bimodal slipface trends in 

the west vs. elongated and asymmetric barchans in the 

east, Fig. 1a) which suggest a bimodal wind regime. A 

first order upwind-downwind transition is also evident 

on the migration and height of the barchans (Fig. 1b). 

The effect of topography on the morphometry and 

dynamics of the dunes is noticeable, overprinting km-

scale variations in the trend, height and celerity of the 

slipfaces. The described dune morphodynamic varia-

tions play an important role on the spatial distribution 

of the meter-scale ripples. In the mapped region 97.3% 

of the ripples correspond to the 3D class. This pattern 

is widespread over the dunes, presenting interlaced 

morphologies with bimodal trends (45º and 150º) and 

southward migration direction.  

 

 
Figure 1 –Dune field spatial analysis. a) primary and 

secondary slipface trends [4], the different dune clas-

ses/clusters correspond to sets of elongated barchans on the 

east (cluster I), barchans and barchanoids with bimodal 

slipface trends (III) and dome dunes and sand sheets located 

downwind of the dune field edge (II); b) average slipface 

migration rates along the dune field, note the variations 

associated with major topographic obstacles trending ~NE-

SW, the outlined area corresponds to the area where ripple 

patterns were mapped (Fig. 2).  
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Figure 2 –Spatial analysis and clustering of the 2D rip-

ples. a) 2D bedforms are not randomly distributed (compare 

with Fig. 1b); b) example of the preferential settings where 

2D clusters are located; c) stereographic projection of the 

attitude of the dune surfaces for each cluster; d) average 

migration vectors and bedform trends, note the small longi-

tudinal migration of cluster IV and the oblique migration of 

the other clusters. 

 

The spatial distribution of the 2D bedforms is not 

uniform (Fig. 2a), presenting a N-S density decrease 

which can be correlated with the dune celerity. More 

importantly, we identify four different settings on 

which 2D ripples form: clusters I and II) dune flanks 

with high slopes and presenting oblique high migration 

rates; III) SE gentle dipping surfaces located between 

the crest and the brink of the dunes with intermediate 

oblique migration rates; IV) lower dune elevations and 

gentle slopes dipping preferentially S, with bedforms 

trending ~N-S and displaying small quasi-longitudinal 

migration. 

This assessment proves that straight to sinuous rip-

ple patterns are scarce (~3%), which means that most 

of the bedforms that cover the dunes form three-

dimensional arrays. A morphometric comparison 

shows that these bedforms are more akin to subaque-

ous bedforms than to terrestrial aeolian impact ripples 

(Fig. 3). 

   

 
Figure 3 – Comparison of the plan form morphology of the 

mapped ripples with terrestrial aeolian ripples and other 

subaqueous bedforms. See [1] for references. 

 

Discussion and conclusion: Long-wavelength to-

pography on Herschel induces dune morphodynamic 

spatial transitions also recognizable on the distribution 

of the 2D meter-scale ripples. These do not migrate 

orthogonally to their trend and their plan view mor-

phology is distinct from terrestrial impact ripples. In 

addition, contrary to terrestrial ripples, large ripples in 

Herschel only present a two-dimensional morphology 

in certain rare cases: in high slope areas and in areas 

where dune topography favors the occurrence of 

oblique bedforms. 

 

Additional Information:  this abstract is an extract 

from [1] Vaz et al. (2017) Migrating meter-scale 

bedforms on Martian dark dunes: Are terrestrial aeoli-

an ripples good analogues? Aeolian Research, in press. 
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Introduction: Sand dunes form and evolve in re-
sponse to flow-induced mobilization of sediment [1]. 
The morphology of aeolian desert sand dunes is shaped 
through aeolian process in response to aerodynamic 
loading from the aloft atmospheric surface layer (ASL) 
[1, 2]. Similarly, the hydrodynamic loading associated 
with flows in rivers and channels mobilizes sediments 
and can promote formation of sediment dune fields 
with topographic attributes resembling the aeolian ana-
log [2]. Under ambient conditions suffcient to mobilize 
sediments in both settings, the flows are dominated by 
inertia [3] and, therefore, properties of the aloft turbu-
lence can be meaningfully compared following density 
normalization under the fully rough assumption 

 
Methods: Large-eddy simulation(LES) and com-

plementary experimental measurements have been 
implemented on four different stages of two proximal 
deformed barchan dunes in high Reynolds number, 
which show strong agreement. A series of dune field 
topographies have been considered wherein a smaller 
“impactor” dune is positioned at different positions 
upflow of a larger “parent” dune, from a spanwise-
offset position. The smaller dune is geometrically simi-
lar, but one eighth the volume of the larger dune in 
first stage. However, with dune spatial distance de-
creasing, “parent” dune will display asymmetric aero-
dynamic erosion, because of critically “flow channel-
ing” effect between two dunes [4]. In order to replicate 
instantaneous configurations exhibited during actual 
dune interactions in natural setting and experiments, 
improved new model are used, displaying outstretched 
solitary “horn” of “parent” dune in third and fourth 
stages. The asymmetric model shows better Natural 
authenticity compared with previous symmetric sand 

dune model. 
 

Figure 1: (Color) Reduced order barchan dune topog-
raphies used in present study. Arrangements studied 
via LES shown from black-to-gray color scaling, while 
arrangement studied by experiment shown in red.  
 

Results: A series of static dune configurations are 
used to capture the topography at different stages of a 
trajectory towards interaction. Flow channeling in the 
interdune space between the upflow and downflow 
dune induces a mean flow heterogeneity – termed 
“wake veering” – in which the location of maximum 
momentum deficit in the dune wake is spanwise-
displaced. Elevated turbulent stresses are observed in 
the shear layers flanking the channeling flow.  

 
Figure 2: Probability density function (PDF) of sam-
pling point in flow channel area. Different colors re-
spond to four stages of LES new model. 

 
Large amount of sampling points have been posi-

tioned on different positions of “parent” dune to record 
flow variation in different stages. As expected, the 
probability density function (PDF) of streamwise ve-
locity fluctuations at various locations within the chan-
neling region shows that high magnitude fluctuations 
become more common as the dunes approach. This is 
especially consequential for saltation, which goes like 
the imposed stress to exponent 3/2. The elevated turbu-
lent kinetic energy result in the fourth stage also help 
us to better understand the elevated flow unitability. 
Conditional sampling based on the PDFs has been im-
plemented based on the occurrence of high magnitude, 
low probability events. Conditional averaging results 
reveal hairpin-like structures occupy the interdune 

x/h

y/h

−6 −4 −2 0 2 4 6 8
−5

0

5

Exp

IB1 IB2 IB3 IB4

sy/h

sx/h

3013.pdfFifth Intl Planetary Dunes Workshop 2017 (LPI Contrib. No. 1961)



space, and that their spatial structure varies with spac-
ing.  

 
Figure 3: Q-criterion isosurface of the third stage, 
color contour is the conditional average streamwise 
velocity. 
 

Finally, spatial distributions of surface stress from 
LES have been used to identify locations of elevated 
erosion, predicting bedform migration patterns. LES 
simulation shows that locations of minimal erosion – 
whether associated with upflow sheltering or with van-
ishing spatial gradients of dune height – constitute spa-
tial “junctions” of coalescing, proximal dunes. Com-
parisons of the LES results and those garnered by ex-
periment are underway, including quantitative assess-
ment of the wake-veering phenomena and using ob-
served turbulence phenomena to explain erosion pat-
terns previously observed in nature and lab experi-
ments involving mobile dunes.  In addition, fixed-bed 
models that reflect the morphological asymmetry ob-
served in previous mobile-bed observations are under 
study by both LES and experiment. 

 
Figure 4: Errorsion prediction of the fourth stage. Red 
color indicates larege erosion on dune stoss side. 
Green solid line emphysizes the asymmetric area.  
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Introduction:  The Planetary Aeolian Laboratory 

(PAL), supported by NASA’s Planetary Science Divi-
sion, is a unique facility used primarily for conducting 
experiments and simulations of aeolian processes 
(windblown particles) under different planetary atmos-
pheric environments, including Earth, Mars, and Sat-
urn’s moon Titan. Since the death of PAL founder 
Ronald Greeley in 2011, the PAL has been adminis-
tered by PI David Williams (ASU) and has continued 
to serve the planetary science community including 
Martian and Titanian aeolian research. This presenta-
tion reviews the PAL facilities, their current capabili-
ties, and how interested scientists can propose to 
NASA to use them. 

What is PAL?:  The PAL includes one of the na-
tion’s largest pressure chambers for conducting low-
pressure research. The primary purpose of the PAL is 
to enable scientific research into aeolian processes 
under controlled laboratory conditions, and enable 
testing and calibration of spacecraft instruments and 
components for NASA’s solar system missions, in-
cluding those requiring a large volume simulated Mar-
tian atmospheric pressure. The PAL consists of: 1) the 
Mars Surface Wind Tunnel (MARSWIT) and 2) Titan 
Wind Tunnel (TWT) located in the Structural Dynam-
ics Building (N-242) at the NASA Ames Research 
Center (ARC) in Mountain View, California and ad-
ministered by Arizona State University (ASU). Also 
available (although not officially part of the PAL facil-
ities) are: 3) an ambient pressure/temperature wind 
tunnel (ASUWIT) and 4) a vortex (dust devil) genera-
tor (ASUVG) on the Tempe campus of ASU, which is 
part of the ASU School of Earth and Space Exploration 
(SESE) and the Ronald Greeley Center for Planetary 
Studies. The TWT came online in June 2012. The PAL 
Guidebook to Proposers can be downloaded from this 
link:  http://rpif.asu.edu/index.php/pal/.  

Capabilities of PAL Facilities: 
Mars Surface Wind Tunnel (MARSWIT).  Put into 

operation at ARC in 1976, MARSWIT is used to in-
vestigate the physics of particle entrainment by the 
wind under terrestrial and Martian conditions, conduct 
flow-field modeling experiments to assess wind ero-
sion and deposition on scales ranging from small rocks 
to landforms (scaled) such as craters, and to test space-
craft instruments and other components under Martian 
atmospheric conditions. MARSWIT is a 13-m long 
open-circuit boundary-layer wind tunnel within a large 
environmental chamber that operates at atmospheric 

pressures ranging from 1 bar to 5 millibars at speeds as 
high as 100 m/sec (currently down 30% because of 
ongoing repairs to Ames vacuum system). The cham-
ber has an inside height of 30 m and an inside volume 
of 13,000 cubic meters. PAL draws its vacuum from 
the Thermal Physics Facilities’ Steam Vacuum System 
and can be evacuated to Mars analog pressure (4 torr) 
in about 45 minutes. Due to the high cost to operate the 
vacuum system an agreement was struck in which PAL 
draws its vacuum almost exclusively as a ride-along 
with other NASA Ames projects/facilities. Aside from 
this agreement, reserved vacuum service is available 
provided sufficient funding is presented and there are 
no scheduling conflicts. 

The MARSWIT instrumentation includes differen-
tial pressure transducers (Setra 239 and MKS 226A) 
linked to pitot tube apparatus for measuring free-
stream wind velocities and deriving wind profiles.  
Pitot tube options include a singular pitot static and a 
vertical traversing pitot tube. These have a range of 
±0.5 inches of a water column, or approximately 1.25 
millibars. The MKS 226A specifies an accuracy of 
0.30% of the instrument reading and a resolution of 
0.01% of full scale. The Setra 239 specifies an accura-
cy of 0.14% of full scale. The Setra has been used in 
MARSWIT for many years and is reliable to measure 
velocities of 30-100 m/s at low pressure. The MKS is a 
new addition that will enable measurement of veloci-
ties below 30 m/s at low pressure. In addition, a 
Vaisala model DMP-248 dewpoint and temperature 
transmitter is used to monitor the temperature and rela-
tive humidity within the chamber. A DigiVac model 
2L760 digital vacuum gauge measures the chamber 
pressure from Earth standard to the minimum allowa-
ble operating pressure (1 bar to 5 millibars) of the 
chamber. The MARSWIT is equipped with a high-
speed (500k samples/second capability) analog-to-
digital data acquisition system from National Instru-
ments, Inc. Installed and operated on a dedicated com-
puter, the system is capable of simultaneously measur-
ing 64 analog channels, each of which can be inde-
pendently accessed. The system is controlled by the 
National Instruments software package LabView™. 
This system allows for the simultaneous acquisition, 
analysis, and visualization of wind tunnel temperature, 
pressure, and velocity. Other analog and digital in-
struments can be incorporated to suit experimental 
requirements. 
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Titan Wind Tunnel (TWT).  The TWT [2] is a re-
model of the Venus wind tunnel (operated 1981-1994), 
and became operational in June 2012. The TWT is a 
closed-circuit, pressurizable (currently to 15 bars) wind 
tunnel with an overall dimension of 6-m by 2.3-m. 
Included in the remodel were upgrades to a newer, 
higher performance motor, advanced motor controls, 
and new instrumentation. Overall tunnel pressure is 
determined by visual observation of a calibrated gauge 
(manufactured by Wika Instrument Corp., + or – 
1psig) attached to the front of the tunnel instrument 
panel and a digital pressure gauge (Druck DPI 104) 
manufactured by General Electric. This instrument, in 
addition to providing a digital display for observation, 
delivers a signal to the data acquisition system for in-
clusion in the recordable data stream. The tunnel hu-
midity and temperature are measured by a combination 
temperature humidity instrument (Vaisala HMT 334). 
Readings are visible by digital display and a signal 
voltage is deliverable to the data acquisition system. 
Differential pressure is measured (for flow velocity 
calculation) by two custom designed sensors (manu-
factured by Tavis Corp.). One of the units is designed 
to measure a wider range of differential pressure (0-
0.75 inch H2O) and the other is more sensitive, meas-
uring a narrower range (0-0.2 inch H2O). The units can 
be operated concurrently. The signal voltages from the 
sensors are sent to a data acquisition module (manufac-
tured by Measurement Computing Corp.) and pro-
cessed for interpretation by TracerDAQ software in-
stalled on a laptop computer. A test section is designed 
to allow the substitution of test plates. A test plate spe-
cifically designed for boundary layer profile work al-
ready exists and can be installed should the need arise. 

ASU Wind Tunnel (ASUWIT).  The ASUWIT con-
sists of a 13.7-m long, 0.7 m high, 1.2 m wide open-
circuit boundary-layer wind tunnel that operates under 
ambient temperature and pressure conditions and is 
capable of wind speeds of 30 m/sec. 

ASU Vortex Generator (ASUVG).  The ASUVG 
consists of a 0.5 m variable-speed fan mounted above a 
moveable table. A large board of pressure transducers 
is available and can be setup to collect wind pressure 
points in various areas of the test section. Currently the 
vortex generator’s data is fed to a Windows PC run-
ning LabView™. The test section measures 1.2 x 1.2 
m. The table can be adjusted in the X, Y and Z direc-
tions during experiments. The ASUVG has not been 
used for scientific experiments in over 5 years, and its 
last user (Lynn D.V. Neakrase) recommended a com-
plete overhall before conducting future experiments. 

How can I use the PAL Facilities: The PAL facil-
ities are open to all NASA-funded researchers in aeoli-
an studies. PAL researchers are currently funded by 

grants from NASA’s Mars Fundamental Research 
(MFR) program, Outer Planets Research (OPR) pro-
gram, and Planetary Data Archiving, Restoration, and 
Tools (PDART) program, and new proposals can be 
submitted to the Solar System Workings (SSW) pro-
gram. SSW should be the primary R&A program to 
submit proposals to conduct laboratory studies with the 
PAL. However, new instrument development work and 
testing in the PAL could be included in proposals for 
the Planetary Instrument Concepts for the Advance-
ment of Solar System Observations (PICASSO) or 
Maturation of Instruments for Solar System Explora-
tion (MATISSE) programs. Currently rotor configura-
tions for the Mars Helicopter accompanying the Mars 
2020 rover are being texted in the PAL. 

Although the PAL facilities are funded by PSD, 
there are still costs associated with the operation and 
maintenance of these facilities that must be encum-
bered by the user. Because the PAL facilities are ad-
ministered by ASU, you must budget for PAL opera-
tions in your proposal as a subcontract to Arizona 
State University. The fixed daily cost to use the ASU 
facilities is $500/day, excluding materials, special 
equipment, and your travel costs. For non-sponsored 
(i.e., research not funded from the Solar Systems 
Workings program) projects, such as instrument devel-
opment proposals or mission projects), NASA-Ames 
charges a pro-rated facility fee of $1,500/day for op-
erations using the MARSWIT, where a pump down to 
Mars pressure is required. For use of the MARSWIT 
when a pumpdown is not required, or for use of the 
Titan Wind Tunnel (TWT), NASA Ames charges a 
pro-rated facility fee of $600/day. These charges can 
be justified in the ASU commitment letter sent by the 
PAL PI in your proposals. These funds would actually 
go to your home institution, and then NASA Ames 
would invoice you for these fees. 

PAL Status: The PAL underwent a NASA Head-
quarters Review in Oct. 2015. Currently NASA plans 
to fund the PAL at its current level through FY 2018. 
When a new NASA Facilities Cooperative Agreement 
Annoucement of Opportunity is released, ASU will 
propose to continue administering the PAL for another 
5-year cycle. 

If you wish to use the PAL facilities, please contact 
PAL Director David A. Williams 
(David.Williams@asu.edu) at Arizona State University 
for more details and to schedule your work. 
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Subaqueous Antidunes on the surface of Venus?  K. E. Williams, P. E. Geissler. USGS Astrogeology Science 
Center, 2255 N. Gemini Dr., Flagstaff, AZ 86001 kewilliams@usgs.gov. 

 
 
Introduction:    The surface pressure conditions be-

neath the 92 bar CO2 atmosphere of Venus are similar 
to subaqueous terrestrial ocean pressure environments 
at a depth of approximately 1 km. In addition there is 
experimental evidence to suggest that sediment 
transport in the high-pressure CO2 atmosphere on Venus 
may be similar to terrestrial fluvial sediment transport 
[1]. This has lead other researchers [2] to propose that 
the dunes on Venus may be comparable to subaqueous 
dunes on Earth that formed at low flow speeds. Another 
alternative is that dunes on Venus formed under much 
higher flow speeds as antidunes in turbidity currents.  
Aeolian antidunes have not been reported on Earth but 
subaqueous antidunes are relatively common. In this 
work we proceed under the working hypothesis that ae-
olian antidunes may exist beneath the atmosphere of 
Venus. We use characteristics of transverse dunes from 
the Al-Uzza Undae region of Venus in order to constrain 
the formative flow properties of putative antidunes.   

Background and Model:  Antidunes are fluvial 
bedforms found in supercritical flows. Antidunes are 
notable in that they move against the flow. Terrestrial 
antidunes generally form under thin, fast-flowing aque-
ous environments. Antidunes have also been found to 
form in terrestrial turbidity currents. It seems plausible 
that antidunes could form under the thick Venusian at-
mosphere in a manner analogous to terrestrial turbidity 
currents. Venus has at least three officially named dune 
fields: Al-Uzza Udae (Fig. 1), Menat Undae and Ningal 
Undae. 

 

 
Figure 1.Approximate  location of the Venusian Al-Uzza Un-
dae dunefield near 67°N, 90°E. image: NASA/JPL. 

  Recent work by Geissler [3] has suggested that, 
given estimates of transverse dune spacing and an es-
timate of the operative reduced gravity term , we may 
infer flow velocity v using the relation suggested by 
Kennedy [4] for subaqueous antidunes: 

=
2

′
 

where the reduced gravity term  is defined nor-
mally including the gradient of the flow density and the 
ambient density [5]: 

=
∆

 

Here  is the ambient fluid density and g is the 
gravitational constant. There is a fair amount of uncer-
tainty with this term, given that it depends on the sedi-
ment concentration of the flow. 

Ordinarily the Froude number =  is used to 

determine the potential for antidunes formation in a 
given flow.   ≥ 1 is required for antidune formation, 
though terrestrial flume work by Kennedy [4] as re-
ported in Geissler [3] suggests that antidunes begin to 
form once flow velocities reach 80% of wave celerity or 
flow depths are less than ~14.2% of dune wavelength.  

Solving for flow velocity and flow depth as func-
tions of wavelength and reduced gravity provides an op-
portunity to explore the parameter space (Fig. 2 and 3).  

 
Figure 2. Flow velocity as a function of reduced grav-
ity and dune wavelength. Note the weak dependence of 
flow velocity on reduced gravity, which is the most un-
certain term. 
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Figure 3. Flow depth as a function of reduced gravity 
and dune wavelength. Here the Froude number is as-
sumed to be unity. Note the elimination of the depend-
ence on reduced gravity. 

Radarclinometric analysis by Lorenz [6] suggests 
that dune wavelengths in Al-Uzza Undae are approxi-
mately 500m, with a few slightly longer wavelengths of 
up to 1000m. Given these constraints we can infer the 
flow depths may have been close to 80m thick with a 
few thicker flows of close to 140m. Similarly, flow ve-
locities may be inferred to be approx. 22 m/s, with a few 
up to 32 m/s. 

 
Discussion: We find that the suggested Venusian 

dune mechanisms relating wavelength and reduced 
gravity to wave speed and depth  are more likely to ex-
hibit weak (or zero) dependence on the reduced gravity 
of the flow. Such finds are encouraging, given that the 
flow properties (in this case similar to a terrestrial tur-
bidity current) is nevertheless weakly constrained given 
our general lack of knowledge of the properties of Ve-
nusian sedimentary processes.  

Conclusion: 
The suggested Venusian antidune velocity and flow 

depth show only a weak (or zero) dependence on re-
duced gravity, whereas they show a significant depend-
ence on estimated wavelength. We find, assuming the 
dunes in Al-Uzza Undae are analogous to those pro-
duced via terrestrial subaqueous turbidity currents, that 
we may infer flow depths of 80-140m with flow veloc-
ities of 22-32 m/s. While measured surface wind speeds 
on Venus are generally < 1.5 m/s [7], it is worth noting 
that turbidity currents, being gravitationally induced 
flows, are potentially of much higher magnitude than 
ordinary wind speeds. 
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Introduction:  Observations of normal sand ripples 

indicate that they are almost two-dimensional bed-

forms, displaying only small modulations in the direc-

tion transverse to the wind. In contrast, most megarip-

ples exhibit a clear transverse instability [1] (Fig.1). 

 

  
Figure 1. Large wavy megaripples near Torra bay, 

Namibia. The prevailing wind is from right to left. The 

mean wavelength and height are 3m and 0.4 m respec-

tively. The mean diameter of the coarse particles at the 

crest is 3 mm.  

      The transverse instability can be related to varia-

tions in bedform height, which do not diminish over 

time, and to the inverse dependence of the ripple drift 

velocity on the height. Thus, the higher regions of the 

bedforms will move more slowly than the lower re-

gions, which promotes further growth of the perturba-

tions [2]. Based on the height difference mechanism, 

one can denote four basic curved sections relating to 

crest height and wind direction, which are shown 

schematically in Fig. 2. Two of them are transverse 

stable (c and d) because of the different migration 

speed of the center compared to the vertex. Two are 

transverse unstable (a and b), with the (a) configuration 

being  the most common in the field .  

Based on field measurements and wind tunnel ex-

periments, we suggest a new mechanism that drives the 

instability: the positive feedback between the ripple 

height and accumulation of coarse grains along the 

crest. We show that small irregularities in the distribu-

tion of coarse particles along the crest correlate with 

irregularities in ripple height during the megaripple’s 

growth, which further enhances the concentration of 

coarse particles. The outcome of this positive feedback 

is that the thickness of the armoring layer along the 

crest is nonuniform and correlates with the crest height. 

The resulting differences in height drive the transverse 

instability in the regular way: higher portions of the 

ripple migrate slower than the lower sections, creating 

a typical wavy form. This positive feedback works until 

the crest at those specific locations becomes too high, 

causing an enhancement of wind shear stress at the 

crest, which can then entrain surface particles. This 

process controls the ripple height and eventually sup-

presses further growth of these sites [3]. We also inves-

tigated a sample of Martian ripples which show varia-

tions in the sinuosity index, suggesting that this param-

eter can be useful in distinguishing between normal 

ripples and megaripples on Mars. 

 

 
Figure 2. The four suggested basic dynamics of the 

isolated curved section of the ripple (top view) under 

the action of unidirectional wind. H is for high points 

and L for low points. In cases (a) and (b) the initial 

perturbation will grow as the lower parts move down-

wind faster than the higher points. In contrast in (c) and 

(d), initial perturbations will diminish. 

  

Materials and Methdes:  The study includes grain 

size analysis of samples taken from megaripple crests 

from different locations and controlled wind tunnel 

experiments with perturbed artificial ripples. Both 
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methods allowed us to confirm the new suggested 

mechanism.  

Wind tunnel experiments were carried out to study 

the feedback between ripple sinuosity and the surface 

concentration of coarse particles by investigating the 

development of initial perturbations of different heights 

and different grain size along a small artificial ripple.  

In addition, we investigate the sinuosity index of 

martian normal ripples and megaripples to check 

whether the variation of this parameter can be used to 

distinguish among these two ripple classes. 

We focused on two areas which have been previously 

investigated in situ by the NASA Martian Exploration 

Rovers (MERs) Spirit and Opportunity, Gusev Crater 

and Meridiani Planum [4-5]. In Gusev Crater we 

mapped the crestlines of three dark ripple fields lying 

in topographic lows including the bedforms  visited by 

the MER Spirit in El Dorado which were interpreted as 

normal ripples [4]. In Meridiani Planum, we focused 

our attention on the plain ripples traversed by the MER 

Opportunity which were interpreted as megaripples due 

to their bimodal grain size arrangement [5]. In the 

study sites we manually digitized the ripple’s crestlines 

and we computed the sinuosity in ArcGIS.  

 

      Results: Field measurments show that the thickness 

of the armouring layer along the crests correlates with 

ripple height. This non-uniform grain size distribution 

along the crest causes the differences in heights along 

the crest to remain for longer times. These differences 

may even become more evident, since more coarse 

particles driven by the impinging saltating grains ac-

cumulate at these points of the ripple, which migrate 

more slowly.  Thus, under the influence of unidirec-

tional winds, the basic mechanism of the transverse 

instability is differential migration along the crest, 

which will increase the megaripple. The wind tunnel 

experiments confirm that perturbations of coarse grains 

at the crest grow in time and  increase ripple sinuosity, 

whereas perturbations of fine particles diminish in 

time. A quantitative analysis of sinuosity of megarip-

ples and ripples at two sites on Mars shows that the 

sinuosity index can help in distinguishing among nor-

mal ripples and megaripples (Fig. 3).   

 

      Conclusions: The new mechanism is based on a 

feedback between accumulation of coarse particles at 

the crest and ripple height. The higher portions along 

the crest are related to a thicker armoring layer. Thus, 

the differences in height along the crest can grow in 

time and lead to differential migrating rates of seg-

ments along the crest, which enhance the instability. As 

a result, megaripples are 3D. In contrast, normal rip-

ples composed of fine particles  are 2D bedforms since 

perturbations in height along the crest quickly diminish 

by lateral sand flux and by excess of shear stress with 

height. We tested this mechanism by field measure-

ments of grain-size distribution along megaripple crests 

and by wind tunnel experiments of the evolution of 

artificial perturbations along the ripple crests.   

 

 
 

Figure 3.  Cumulative distributions of the sinuosity 

index for the sampled ripples in Gusev Crater and Me-

ridiani Planum. Note that more than 90% of the Gusev 

ripples show smaller sinuosity values compared to Me-

ridiani. The result of the two-sample Kolmogorov-

Smirnov test (low p-value) also indicates that the two 

distributions are statistically different. 

 

Further analysis will help to better discriminate be-

tween different ripple classes both on Earth and on 

Mars. For example, the distinction between TARs 

(Transverse Aeolian Ridges, [6-7]), megaripples, and 

large normal ripples on Mars can be done on the basis 

of their plain sinuosity when the underlying mechanism 

are uncovered.  Full understanding of this instability 

will become possible only with a 3D sand transport 

model, which presently does not exist. This new look at 

aeolian bedforms on Mars can help in a better classifi-

cation of them and improve the understanding of the 

aeolian processes involved in their formation. 
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Introduction:  Initiation of saltation on Titan has 

been investigated by measuring threshold wind speed 
using the Titan Wind Tunnel (TWT) [1]. Complemen-
tary to such investigations, threshold wind speed can 
be predicted by deriving the force balance of stationary 
stacking particles. These forces include: the wind drag 
and lift forces, gravity, and the interparticle forces [2]. 
The wind drag and lift forces can be manipulated by 
changing the wind speed and flow regimes in the wind 
tunnel. The gravity on Titan can be simulated by using 
lower density material in the wind tunnel on Earth. 
However, the interparticle forces are highly dependent 
on instrinsic material properties. The low density mate-
rials in use in the TWT may have different interparticle 
forces compared to the real transporting materials on 
Titan (presumably a mixture of ‘tholin’ and water ice 
[3]). Thus measurements of interparticle forces of both 
tholins and the low density materials used in the TWT 
are necessary, so we can correctly translate TWT re-
sults to real Titan conditions. The interparticle forces 
consist of van der Waals forces, adhesion forces, and 
electrostatic forces. In humid environments, adhesion 
forces are much greater than van der Waals forces and 
electrostatic forces. Here in this study, we measured 
the adhesion forces between particles.  

Methods:  
Samples and preparation. Tholins were produced 

by exposing 5% CH4/N2 gas mixture to a glow plasma 
discharge (pressure: 3 torr, temperature: 100 K), with 
10 sccm flow rate [4, 5]. Tholins were deposited both 
on a quartz film and on the wall of the chamber. Tholin 
particles deposited on the chamber wall were collected 
in a N2 glove box. The low density materials (walnut 
shells 125-150 µm) are original batches from the TWT 
[1]. 

AFM and cantilevers. The AFM we used is Bruker 
Dimension 3100 atomic force microscope. Cantilevers 
of spring constant approximately 40 N/m were cali-
brated by thermal tuning. 

 Force Curve Measurement. 1) To study tip-flat 
adhesion, we conducted force distance curve meas-
urements with a bare silicon AFM tip to both flat tho-
lin film and the quartz surface. 2) To study particle-
particle cohesion, a tholin particle (~20 µm) and a 
walnut shell particle (~100 µm) (a common wind tun-
nel material [1]) were glued to cantilevers with epoxy 

resin. Force curve measurements were conducted for 1) 
tholin particle to flat tholin film; 2) tholin particle to 
other tholin particles (20-100 µm), and 3) walnut shell 
particle to other walnut shell particles (50-100 µm).  

Results:   
Tip to flat adhesion forces.  Shown in Figure 1  is 

the tip to flat adhesion force curves (only retract force 
curve is shown). The ‘dip’ of the force curve repre-
sents the adhesion force. Here the adhesion force be-
tween silicon tip and silicon flat surface is about 45 nN, 
while the adhesion force between silicon tip and tholin 
film is 3 times larger, about 172 nN. 

 
Particle to particle adhesion forces.  The force 

curve between particles is more complex since macro-
spherical particles are usually very rough. In Table 1 
we show the results for particle-particle adhesion forc-
es for walnut shells and tholins. The walnut shell parti-
cle (~100 µm) is much bigger than the tholin particles 
(~20 µm). According to JKR and DMT contact me-
chanics [6, 7], the adhesion forces scale linearly to the 
particle size. Thus the adhesion forces should be much 
larger between tholin particles compared to walnut 
shell particles, if the particles are of the same size. 

This study shows the first direct measurements of 
adhesion forces between tholin particles. It indicates 
that the threshold wind speed on Titan could be larger 
than reported in [1], since the interparticle forces be-
tween tholins are much larger than walnut shells used 
in the TWT.  
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The gravity for a 100 µm walnut shell particle is 
only ~7 nN (density value of walnut shell adopted 
from [8]), for a 20 µm tholin particle is only ~0.06 nN 
(density value of tholin particle adopted from [4]). At 
friction wind speed of 2 m/s, the drag force for a 100 
µm walnut shell particle is ~202 nN, for a 20 µm tholin 
particle is ~21 nN. The lift forces for both particles are 
several magnitudes smaller than drag forces (~0.005 
nN). Comparing these forces to the adhesion force we 
measured by AFM, we find that adhesion force is 
much greater than gravity and lift forces for both wal-
nut shell and tholin particles, but it is of similar magni-
tude to the drag forces at 2 m/s friction wind speed. 

 
Walnut 
Shell Parti-
cle to Wal-
nut Shell  

Average 
Adhesion 
Force 
(nN) 

Tholin Parti-
cle to Tholin 
Particle 

Average 
Adhesion 
Force 
(nN) 

100 µm to 
100 µm 

272 nN 20 µm  to 80 
µm 

177 nN 

Particle A to 
120 µm 

231 nN 20 µm to 50 
µm 

424 nN 

  20 µm to 60 
µm 

1408 nN 
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Introduction:  Transverse Aeolian Ridges (TARs) 

are perplexing features on Mars whose mechanism of 

origin remains unresolved.  The term refers to bed-

forms that may have formed either as large ripples or 

small dunes [1, 2].  New data from spacecraft both in 

orbit and on the surface provide new insights into the 

characteristics of TARs on Mars, and recently a new 

terrestrial analog for Martian TARs was identified in 

the Lut Desert of Iran [3]. 

Curiosity at Dingo Gap: The Curiosity rover pro-

vided the first in situ observations of a Martian TAR at 

the traverse location called ‘Dingo Gap’, where a small 

TAR was driven across on sol 533 [4].  Prior to Curios-

ity arriving at Dingo Gap, an aeolian bedform along the 

intended path for the rover (DG, Fig. 1) was interpreted 

 

 
Fig. 1.  Portion of HiRISE image ESP_027834_1755, 

obtained prior to Curiosity landing.  Dingo Gap TAR 

(DG) crosses the entrance a valley along the path to be 

followed by the rover.  Similar TARs at lower right. 

 

as a sand dune [5], although low albedo sand is only 

visible from orbit by similar TARs SE of the gap (Fig. 

1).  Following Curiosity’s visit, the feature was called a 

TAR [6], an interpretation we concur with.  The sharp-

crested bedform is clearly visible as Curiosity ap-

proached Dingo Gap (Fig. 2).  The dark appearance of 

 

 
Fig. 2.  Portion of MastCam panorama, PIA17766. 

The eastern side of the bedform appears relatively dark 

(Fig. 2), but this could be photometric darkening of a 

slope facing away from the solar incidence direction 

rather than a lower albedo.  Curiosity assessed the fea-

ture before attempting to cross it, obtaining both stereo 

data with the two NavCams (Fig. 3) and close-up views 

of the surface using MAHLI (Fig. 4).  The surface is  

 

 
Fig. 3.  Portion of NavCam mosaic, PIA17930 (re-

leased as a stereo anaglyph). 

 

 
Fig. 4.  Portion of MAHLI image from sol 531, show-

ing mm-size rounded grains armoring the surface of the 

Digno Gap bedform, all coated by fine dust. 

 

armored by a monolayer of well-rounded mm-scale 

grains, with the entire surface coated by fine dust; this 

surface is very similar to that seen on the sand shadow 

‘Rocknest’ [7], except the coarse particles are more 

closely spaced at Rocknest than at Dingo Gap [6].  

Once Curiosity crossed the bedform, dark sand was 

exposed within the rover wheel tracks (Fig. 5), again 

similar to the sub-surface characteristics at Rocknest 

[7].  This observation is at odds with a previous inter-

pretation that the interior of the Dingo Gap feature 

consisted of fine-grained (<150 μm) material, which is 

typically higher albedo than dark basaltic sand.  We 

conclude that the good trafficability of Curiosity across 
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Fig. 5.  Portion of MastCam image, sol 538.  Rover 

wheels did not sink more than a few cm when travers-

ing the TAR.  Dark sand exposed in tracks. 

 

the Dingo Gap feature is a clear indication that it is 

distinctly different from the fine-grained interiors of 

megaripples at Meridiani Planum, which trapped the 

Opportunity rover for weeks at a time [8].  Engineering 

data collected by Curiosity while it traversed Dingo 

Gap provide the first surface topography measurements 

of a Martian TAR (solid line, Fig. 6), indicating relief 

 

 
Fig. 6.  Topography (solid line) across Dingo Gap 

TAR from Curiosity engineering data [Fig. 8A of 4]. 

 

of ~60 cm for a symmetrically shaped bedform ~12 m 

in width (note that the rounding of the Curiosity profile 

is a function of the drive, and not indicative of the 

sharp crest shown in rover images).  The topograhpy at 

Dingo Gap is similar to values for TARs studied else-

where on Mars [2].  Recently it was determined that 

Dingo Gap is the most likely place for surface frost to 

collect along all of Curiosity’s traverse to the base of 

Mt Sharp [9], consistent with its observed distinctive 

surface particle size distribution.  All of the above in-

formation indicates Dingo Gap is the first Martian 

TAR to be visited by a rover. 

New Assessment of TARs on Mars: Recently 

>100 publicly released Digital Terrain Models (DTMs) 

of topography derived from stereo HiRISE images 

were analyzed to obtain morphometric measurements 

of more than one million TARs distributed widely 

across the Martian surface [10].  The DTM data pro-

vided a comprehensive basis for comparing Martian 

TARs to megaripples studied on Earth.  TAR width, 

measured between the basal break in slope on both 

sides of the  bedform, ranged from <2 m to ~200 m, 

greatly expanding the parameter space over which 

TARs have been documented [10].  The Dingo Gap 

TAR falls within the width range represented by most 

TARs on Mars. 

TAR-like features in the Lut Desert: A new ana-

log site for TARs was recently identified in the Lut 

Desert of Iran [3].  Both the planform and the measur-

able attributes of the TAR-like features in the Lut are 

better matches to Martian TARs [10] than are previous 

analogs, such as gravel-mantled megaripples [11] or 

reversing dunes [12].  M. Foroutan recently visited the 

Lut site and in the future will present new observations 

that should improve our ability to compare analog fea-

tures on Earth to TARs on Mars. 
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