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ABSTRACT

Gravel “megaripples” in the Puna of Ar-
gentina are the most extreme aeolian mega-
ripples on Earth and are useful analogs for 
aeolian processes on Mars. Field observa-
tions, supplemented by experimental and nu-
merical constraints on wind characteristics 
and aeolian transport, reveal their conditions 
of formation and growth to be an aeolian geo-
morphology “perfect storm.”

The bedforms are formed on a substrate 
of weakly indurated ignimbrite, aeolian 
defl ation of which yields a bimodal lag of 
lithics and pumice clasts onto an undulat-
ing surface. Under normal wind conditions 
in this region, the lithics are organized into 
bedforms on local upslopes and “highs” 
through creep induced by the impact of 
saltating sand and pumice. The gravel bed-
forms grow through “shadowing” and trap 
sand and silt that is gradually kinetically 
sieved down to “lift” the gravel mantle up-
wards to form the megaripples. These ob-
servations connote that the largest features 
are not ripples in the sense of migrating bed-
forms, but rather nucleation sites of wind-
transported sediment. Strong control by 
bedrock topography means that the largest 
bedform wavelengths are not a result of par-
ticle trajectories, and this complicates their 
comparison with other ripples and may re-
quire a new classifi cation.

Of relevance to Mars, the Puna mega-
ripples are morphologically and contextually 
similar to small ripple-like transverse aeolian 
ridges (TARs). Moreover, the Puna gravels 
have similar equivalent weight (mg) to those 
composing granule ripples at Meridiani Pla-
num, and their local origin may have impli-
cations for the origin of sediment in martian 

aeolian bedforms. Finally, the stable yet dy-
namic character of the Puna megaripples 
could help reconcile current models of TARs 
with periodic bedrock ridges that may be 
produced by aeolian erosion.

INTRODUCTION

The predominance of aeolian (wind-driven) 
activity as a surface-modifying agent on Mars 
has been recognized throughout the history of 
telescopic, satellite, and robotic investigation 
of the planet. The most obvious expressions 
of aeolian processes are manifested in dunes 
(Breed and Grow, 1979; Greeley et al., 1992; 
Bridges et al., 2013), yardangs (wind-eroded 
landforms; Ward, 1979; Mandt et al., 2008, 
2009), sand ripples (Sullivan et al., 2007; Sil-
vestro et al., 2010), and transverse aeolian 
ridges (TARs) (Bourke et al., 2003; Wilson and 
Zimbelman, 2004). TAR is a non-genetic gen-
eral term proposed for linear to curvilinear aeo-
lian features. Since their fi rst recognition, the 
origin of TARs has remained an area of healthy 
debate, with the central question being whether 
they are small dunes or large ripples. The answer 
to this question is critical to understanding the 
way that wind works on the martian surface, 
with implications for National Aeronautics and 
Space Administration (NASA) strategic inter-
ests in the area of human and robotic explora-
tion of Mars. The challenge is that to answer 
the questions of origin, we need to understand 
the details of shape, size, and spatiotemporal 
development of the bedforms, and the size and 
density of the grains that form them. Although 
the resolution of remotely sensed data has 
improved rapidly, down to 25 cm/pixel with 
HiRISE (McEwen et al., 2007), we are still not 
capable of resolving sediment-size distributions 
from orbit (Zimbelman, 2008). Until we can do 
this, our understanding of aeolian processes on 
Mars will remain limited to the few lander and 

rover sites. Thus, we rely heavily on our under-
standing of similar features on Earth as ana-
logs both in terms of form and process. Recent 
rover investigations of martian TARs provide 
perhaps the most defi nitive data (e.g., Sullivan 
et al., 2005). These observations have revealed 
granule ripples similar to those on Earth. Stud-
ies have confi rmed that granule ripples on Earth 
are potential analogs for ripple-like TARs on 
Mars (Zimbelman, 2010).

Coarse gravel bedforms in the Puna of Argen-
tina represent some of the most extreme aeolian 
deposits on Earth in terms of particle proper-
ties and inferred formation conditions (Milana, 
2009; de Silva et al., 2010, 2012). These gravel 
bedforms are built on a local substrate of ignim-
brites and composed of a bimodal association of 
dense (>2 g cm–3) lava and metamorphic clasts 
up to 2.5 cm in diameter and pumice clasts 
(<1.5 g cm–3) up to 5 cm in diameter, making 
these the coarsest-grained aeolian bedforms yet 
described on Earth. While the mechanisms of 
origin and formation are debated (Milana, 2009; 
de Silva, 2010; Milana et al., 2010), it is clear 
that these bedforms represent extreme condi-
tions that defi ne an end member of the spectrum 
of terrestrial granule ripples. Indeed, Greeley 
and Iversen (1985) included granule ripples 
and other ripples variously termed “giant,” 
“erosion,” “sand ridges,” and “pebble ridges” 
in their megaripples class defi ned as having 
wavelengths up to 25 m. Based on characteris-
tics described below we have determined that 
morphologically the Puna bedforms are ripples 
and not dunes, and due to their extreme mor-
phology we follow Greeley and Iversen (1985) 
and describe them as megaripples. However, we 
note that the Puna features are gravel mantled, 
rather than being entirely composed of gravel 
as the terms gravel ripple or gravel megaripple 
may imply.

The Puna bedforms have several areas of rele-
vance to Mars. The gravel bedforms are morpho-
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logically similar to small TARs and consist of 
materials that have similar equivalent weight 
(mg) to those composing the granule ripples 
at Meridiani Planum, Mars. The pumice and 
lithics  in the Puna are ~1/3 the density of basalt 
and hematite making up the Meridiani gran-
ule ripples, respectively (Sullivan et al., 2005). 
However, the gravity on Mars is ~1/3 that on 
Earth, so their relative equivalent weights are 
approximately analogous. Additionally, the 
spatial relationships among megaripples, topog-
raphy, and bedrock in the Puna are analogous 
to relationships among TARs, topography, and 
bedrock on Mars. Finally, understanding the ori-
gin of the gravel may provide information on the 
source of aeolian sediments on Mars (e.g., Burr 
et al., 2012; de Silva et al., 2012).

We report here on the results of our study of 
the Puna gravel megaripples, present a model 
for their origin and growth, and explore the 
implications for Mars. In doing so, we will 
demonstrate that the largest features are not 
ripples in the sense of migrating bedforms, 
but rather nucleation sites of wind-transported 
sediment. This is an important distinction that 
has implications for their formation and clas-
sifi cation.

GEOLOGIC BACKGROUND

The gravel megaripples have developed in 
fi ve distinct fi elds in close proximity to each 
other in the region of Catamarca, Argentina, 
loosely centered around 26°36!S, 67°38!W 
(Fig. 1). Part of the Argentinean Puna, this 
region has base elevations above 3000 m in a 
region of high winds. Yardangs and more mod-
ern wind streaks on the Puna attest to strong 
northwesterly winds going back at least 2 m.y. 
and thus record large-scale atmospheric circu-
lation patterns across the continent (Strecker 
et al., 2007). Wind records for the Puna are 
rare. Milana (2009) presented data from a mine 
located 300 km south at a comparable altitude 
to the gravel megaripple fi elds. These show that 
wind speeds of 100 km h–1 (63 mph) were quite 
common and at least eight wind gusts in a fi ve-
year period exceeded 250 km h–1 (156 mph) up 
to 440 km h–1 (275 mph)—a world record. We 
present here a recently acquired data set from 
two meteorological stations located at 25°06!S, 
68°20!W (altitude 5200 m), and at 25°03!S, 
68°13!W (altitude 4092 m), ~160 km NNE and 
~180 km NNE, respectively, from the study 
area. These stations recorded wind velocity 
over a period of seven years. The data show 
large monthly ranges from a few kilometers 
per hour to rare gusts as high as 240 km h–1. 
Monthly mean velocities are between 35 and 
50 km h–1 (Fig. 2). These two data sets indicate 

that the region is subject to very strong winds 
throughout the year. Any journey through this 
area would likely encounter saltating sand 
throughout the course of any given day.

The fi elds vary in extent from 50 to 600 km2, 
representing the largest areas of gravel ripples 
yet described. Each fi eld is a separate “basin” 
demarked by bounding volcanic and metamor-
phic “basement” highlands, while the main sur-
face lithology in the basins is late Pleistocene 
pyroclastic deposits (mainly ignimbrite) ranging 
in age from 70,000 to 13,000 years (de Silva, 
2010). These quartz-rich rhyolitic ignimbrites 
are weakly to moderately indurated and have 
been carved up by the wind to produce promi-
nent yardangs and demoiselles (de Silva et al., 
2010). They contain ~10% by volume of exotic 
lithic clasts with densities ranging from 2.6 to 
3 g cm–3, and up to 20% crystal-poor pumice 
clasts with densities of ~0.8–1.3 g cm–3. Both 
lithics and pumice are locally enriched due to 
local fl ow and depositional characteristics. Ero-
sion liberates these clasts and the crystals from 
the matrix ash, which is quickly elutriated away 
leaving a lag of crystals (dominated by quartz), 
andesite-rich lithics, and pumice fragments. The 
profi le of yardangs shows a pronounced ero-
sional reentrant with a maximum between 1.5 
and 2 m above the base providing a proxy for 
the saltation profi le. The dominant instrument 
of erosion is saltating quartz crystals derived 
from the ignimbrites themselves (de Silva 
et al., 2010).

Each fi eld is distinct in lithological charac-
teristics and macroscopic appearance, refl ecting 
different mixtures of lithic clasts that make up 
the gravels. Locally derived pumice is the other 
main constituent of the gravels (Fig. 3).

The largest of the fi elds is the Campo Piedra 
Pomez (CPP) fi eld that covers an area of ~600 
km2 in an approximately NNE-SSW–trend-
ing rectangle centered around 26°36!17.30"S, 
67°34!50.46"W. Elevation ranges from ~3800 m 
in the south on the northern fl ank of the Plio-
cene to recent La Hoyada volcanic complex 
that houses the 70 ka Cerro Blanco caldera, to 
3000 m in the north just to the south of Cara-
chi Pampa cinder cone. The gravel fi eld is built 
on bedrock of the 70 ka Campo Piedra Pomez 
ignimbrite and associated plinian fall deposits 
from the Cerro Blanco caldera complex (Arno-
sio et al., 2005). Here, dark megaripples prevail, 
refl ecting the dominance of dark lava and older 
ignimbrite fragments.

Other signifi cant fi elds are to the west of the 
basement ridge that defi nes the western bound-
ary of the CPP. The largest of these extends to 
the east of Laguna Purulla (LP), covering an 
area of 127 km2 centered on 26°39!49.97"S, 
67°48!55.83"W. Elevation ranges from 3700 m 

in the west on the margin of Laguna Purulla, to 
4100 m in the east on the fl anks of La Hoyada. 
The LP fi eld is dominated by dark gravels that 
refl ect the dominance of andesitic lava and 
vitro phyre fragments.

Immediately to the north from the LP fi eld is 
the Campo Purulla (CP), located adjacent and 
downslope of the Cerro Purulla volcano to the 
west. This small fi eld covers an area of ~12 km2 
centered on 26°37!12.27"S, 67°46!00.66"W, at 
an elevation of ~3850 m to 3950 m. Although it 
is broadly contiguous with the LP fi eld, it is dis-
tinct in albedo, refl ecting the distinct source of 
the gravels in this sub-basin. Red-brown clasts 
of the immediate basement-forming Upper 
Miocene Rosada ignimbrite and light quart-rich 
fragments of Paleozoic basement are found in 
abundance along with the ubiquitous andesite 
clasts. The basement is overlain by the 13 ka 
Purulla ignimbrite that forms the immediate 
substrate to the gravel bedforms of interest.

Another distinct sub-basin to the north of CP 
is the Salar de Incahuasi (SI) fi eld, so called 
because of its location on the southern shores 
of the narrow N-S–extending playa of the 
same name. It covers an area of 54 km2 cen-
tered around 26°31!53.61"S, 67°41!36.93"W. 
Like CP, the basement clasts from the Rosada 
ignimbrite and older metamorphic basement 
are mixed with the andesite clasts, giving the 
gravels a brownish hue that is distinct from the 
darker gravels dominated by andesite in the CPP 
and LP fi elds. The gravel bedforms are built on 
the eroded surface of the 70 ka Campo Piedra 
Pomez ignimbrite, in this case the western ramp 
of this pyroclastic unit that was emplaced on the 
Rosada ignimbrite and older basement (Arnosio 
et al., 2005; Ortiz, 2011).

The smallest and most distinct fi eld is the 
“White Barchan” fi eld, so called because of 
its proximity to spectacular barchan dunes 
to the east of the CPP. This fi eld covers only 
0.1 km2 centered around 26°35!57.44"S, 
67°26!46.27"W, at ~3030 m. It is highlighted 
because of the dominance of basement milky 
quartz clasts in the gravels, unique among the 
Puna megaripples. These are the smallest and 
least coarse gravel ripples. They will not be dis-
cussed further in this paper.

We focus here on the observations that illu-
minate the origin and growth of the gravel 
bedforms. It is striking that the coarse gravel 
bedforms in all the fi elds are formed where the 
immediate substrate is weakly to moderately 
indurated rhyolitic ignimbrites. In particular, 
gravel bedforms appear to be temporally and 
spatially related to prominent yardangs and 
demoiselles in the ignimbrites (de Silva, 2010). 
Moreover, the association of coarse, low-density 
pumice with dense clasts in these bedforms is 
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also obvious. These three fi rst-order observa-
tions suggest a strong relationship between the 
erosion of the ignimbrites and the development 
of the gravels and subsequent bedforms. We fi nd 
that the most instructive relationships are found 
where relations between yardangs, gravels, and 
ignimbrite substrate are most clearly seen in the 
eastern edge of the CPP fi eld, and those in the SI 
and CP fi elds.

METHODS AND RESULTS

Field Observations

Where well developed, the gravel bedform 
surfaces consist of a bimodal association of 
dense (>2.5 g cm–3) volcanic and metamorphic 
clasts and lighter, both in albedo and density 
(<1.5 g cm–3), pumice clasts up to 5 cm diam-

eter. Typically the pumice clasts are ~2.5! the 
size of the gravel clasts they are spatially asso-
ciated with in a gravel bedform. In the more 
mature areas, pumice is rare and small. The 
best-developed bedforms cap topography with 
amplitudes as high as 2 m and wavelengths of 
30 m or more (Fig. 3C). Profi les of the bedforms 
made using a profi ling technique referenced to 
a laser and string line above the features, along 

CHILE

Figure 1. Location and areal footprint of the gravel megaripple fi elds in the Puna of Argentina. CPP—Campo Piedra Pomez; LP—Laguna 
Purulla fi eld; CP—Campo Purulla fi eld; SI—Salar de Incahuasi fi eld; WB—White Barchan fi eld. Base image was extracted from Google 
Earth. Inset map shows regional context of the fi eld area.
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with Brunton measurements, show signifi cant 
variability among sites. Megaripples in the CP 
and SI show more symmetry between lee and 
stoss slopes than do those in the CPP and LP 
(Fig. 4A). Despite differences between sites, 
most of the measurements show that Puna fea-
tures plot together in the megaripple cluster from 
Zimbelman et al. (2012), but show a distinctive 
shift to larger width for the same aspect ratio of 
other megaripples, representing what seems like 
an end-member group between different-grain-
size megaripples (Fig. 4B). Most interestingly, 
in size and aspect the Puna megaripples are 
morphologically and contextually similar to the 
small-scale TARs, which might be more related 

to ripple-type structures than the larger TARs 
(Shockey and Zimbelman, 2013).

Trenching into the bedforms reveals that the 
largest gravel bedforms make up ~30 cm of 
the 2 m amplitude of the topography (Fig. 5). 
The upper 10 cm of the bedform is dominated 
by crudely bedded coarse gravels, while the 
lower portion contains signifi cantly more sandy 
and some silty material <125 mm (3 #; Krum-
bein Phi scale [Krumbein and Aberdeen 1937]) 
and becomes progressively well sorted toward 
the core and base of the bedform. Rarely lami-
nations and distinct internal sandy beds can be 
found. The coarsest particles are concentrated at 
the surface and peak of the ripple. Large pumice, 

up to 2.5! the size of associated lithic fragments, 
is loosely concentrated on the lee of the bedform. 
No evidence of slip faces were found in the sec-
tions we made, confi rming that these bedforms 
are indeed ripples and not dunes. Given their 
apparent breadth and height and extreme grain-
size character, we refer to these as megaripples.

Gravels can be organized by clast number 
density and bedform type. In some areas, dis-
seminated gravel clasts are found (Fig. 6C), 
while in others, well-sorted patches of varying 
clast number density (Fig. 7A), incipient bed-
forms with sand-sized material trapped within 
(in eastern CPP, westernmost LP, and the eastern 
SI; Fig. 7B), and mature bedforms (in LP, SI; 

A

Figure 2 (on this and follow-
ing page). (A) Monthly mean 
wind velocities (squares), stan-
dard deviation (gray area), and 
maxi mum and minimum val-
ues (circles), for different years, 
recorded by two Argentinean 
Meteorological Service weather 
stations. Station 16 was located 
at 25°06!S, 68°20!W, alti tude 
5200 m; station 15 was located 
at 25°03!S, 68°13!W, altitude 
4092 m. Data were obtained 
from the Banco de Datos of 
the Department of Atmo-
sphere and Ocean Sciences, 
Facultad de Ciencias Exactas 
y Naturales (FCEN), Univer-
sidad de Buenos Aires (UBA) 
(http://www-atmo.at.fcen.uba.ar
/bancodedatos.php).
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Figs. 3A, 3C, 7C, and 7D) are found. The largest 
areal extent is formed by extensive gravel bed-
form fi elds with a well-developed desert pave-
ment (most of the CPP and LP) (Figs. 3B and 
3D). We see this as a progression in maturity of 
the surface, with the disseminated clasts being 
the most immature and the broad gravel pave-
ments being the most mature and stable.

The “immature” areas are the most instruc-
tive as they reveal the evolution of gravel bed-
forms. Here the post-yardang erosional surface 
of the ignimbrite substrate is distinctively wavy 
and scalloped due to differential vapor phase 
induration and associated differential erodibil-
ity (de Silva and Bailey, 2011). This produces 
a meso-scale topography at the 1–2 m vertical 
and 10 m horizontal scale (Fig. 6A). During the 
erosion of the ignimbrite, its lithic, pumice, and 
crystal (quartz mainly) cargo is released while 
the ash matrix is defl ated away (Figs. 6B and 
6C). Eroding ignimbrite with lithic and pum-
ice “pop sicles” (fi ngers of ignimbrite with the 
gravel clast at the tip, shielding the material 
behind it from sand abrasion) reveals the fi nal 
stage before a lag of dispersed lithics (Figs. 
5B and 5C), pumice, and crystals forms on the 
erosion surface. This lag begins to organize 
into patches in the swales or troughs between 
yardangs and then evolves into areally exten-
sive sheets of dense lithics and pumice that act 
as particle traps. These show a progression to 
diffuse lenses and eventually distinct bedforms 
(Figs. 7A and 7B). The best-developed bed-

forms are on upslopes or the crests of the sur-
face topography, although bedforms at various 
stages of development are also found on sub-
dued ignimbrite surfaces (Figs. 7C and 7D).

Gravel Componentry

Population statistics of the lithic compo-
nents (componentry) in the gravels and the 
local ignimbrite were compiled to verify that 
the gravels originate from substrate ignimbrite 
(Table 1). Statistics compiled on the basis of 
300 clasts visually analyzed (under hand lens 
and binocular microscope) and classifi ed per 
sample show that the diversity and proportions 
of the lithic clasts in the ignimbrite and those in 
the gravels are remarkably similar. The ignim-
brite of the CPP has more lava and vitrophyre 
clasts than the CP and SI fi elds, which in turn 
have a higher content of local basement Rosada 
ignimbrite clasts. This is consistent with the 
common characteristic of ignimbrites to con-
tain a signifi cant locally derived load through 
eruptive reaming of the conduit or picking up 
lithics from the surface over which the pyro-
clastic fl ows traveled (de Silva, 1989; Cas and 
Wright, 1992). Thus the lithic loads in ignim-
brites are themselves locally derived. At the 
edge of the fi elds, the lithic population released 
from the ignimbrite can be augmented by 
local infl ux onto the ignimbrite surface. This 
is particularly the case in the small fi eld of CP, 
where the dominant lithic is the Upper Miocene 

Rosada ignimbrite, but a signifi cant fraction 
of plutonic and metamorphic basement clasts 
are found. These lithics are sourced from both 
the defl ating “host” Purulla ignimbrite which 
incorporated them as exotic lithics when it was 
transported and deposited in this area, as well as 
from the basin-fl anking outcrops of the Rosada 
ignimbrite itself. To test the relative contribu-
tions from “basement” highs and the ignimbrite 
itself, components were measured from gravel 
bedforms at the edge of the fi eld and from the 
central part that is less infl uenced by fl ank 
inputs. It is clear that the component from the 
basement is strongly enriched in the gravels on 
the edge of the fi eld and is diminished in the 
central part of the fi eld, confi rming the “local” 
sourcing of ignimbrite. Pumice is derived from 
the local ignimbrite exclusively. The gravels are 
thus locally derived and were available as a lag 
on the surface of the host ignimbrites as starting 
material for bedform development.

Wind Profi le Measurements

Wind profi le measurements were conducted 
in the CP and CPP fi elds during the fi rst week of 
December 2010. Three anemometers were set 
up at logarithmic spacings up to 1.6 m. Winds 
in excess of 33 km h–1 at 1.6 m were regularly 
measured throughout the day. A semi-log fi t to 
the profi le data shows a roughness height (z0) of 
1–2 cm for a range of free-stream wind speeds 
and fi eld conditions from all fi elds except LP 

B

Figure 2 (continued ). (B) Wind directions and speeds recorded at the two stations. The number of counts refers to 
the total number of measurements, approximately three per day at 0800, 1400, and 2000 each day. Approximately 
nine years of data for station 15 and fi ve years for station 16 are included.
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(where wind profi ling was not carried out). 
The derived roughness heights are thus similar 
to typical gravel sizes at the ripple crests. Fric-
tion speeds (u*) observed during our fi eldwork 
were below that needed to move pumice. This is 
consistent with our qualitative observations that 
local sand was constantly saltating, small pum-
ices were rolling, and silt was being suspended 
throughout the day. No large clasts were mov-
ing, indicating conditions were below threshold 
for the major megaripple components. How-
ever, conditions above threshold are common 

throughout the year (Fig. 2) and particularly 
during the Austral winter. This is consistent with 
changes seen in our time-lapse imaging.

Time-Lapse Imaging

Time-lapse cameras were placed at three 
locations in the CP, SI, and CPP fi elds. How-
ever, only one camera, anchored on a coarse-
grained ripple at the SI fi eld, worked over a long 
enough time span to return interesting data. It 
took pictures every 2.875 (–50%, +100%) hours 

over ~9–10 months (image time-tagging was not 
automatic, but was reconstructed later). Com-
parison of images acquired in December 2010 
and ca. July 2011 show displacement, removal, 
and addition of clasts up to several centimeters 
in size. Most of these look like pumice (Fig. 8).

Wind Tunnel Experiments

To explore threshold wind speeds and provide 
much-needed empirical data, experiments were 
conducted at the Arizona State University wind 

AAA
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Figure 3. (A) Coarse gravel megaripple bedform in the Salar de Incahuasi fi eld. Inset shows detail of the gravel on the ripple crest with 
2 cm washer and nail for scale. (B) Dark gravel bedforms of the Laguna Purulla fi eld. Typical amplitudes vary from 10 cm to 1 m and wave-
lengths up to 10 m. Here, interaction with topography produces a complex array of climbing ripples and interference bedforms that vary 
in amplitude and wavelength with proximity to topographic highs. (C) Large lithic-dominated gravel megaripple bedforms of the Campo 
Purulla fi eld. The strongest winds come from bottom right. Note concentration of large pumice on the lee side of the bedform and relative 
stability of this face where plants have taken root. Amplitude of the topography is ~2 m and the wavelength is almost 30 m. Person for 
scale is standing on the substrate Purulla ignimbrite surface in the troughs between the crests formed by the bedforms. View to southeast 
with Cerro Blanco and La Hoyada forming the distant horizon. (D) Dark gravel bedforms in the Campo Piedra Pomez. Amplitudes of the 
features are ~1 m with wavelengths between 10 and 15 m.
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tunnel in January 2012. It operates at standard 
pressure and temperature, with a fan and motor 
system able to achieve free-stream winds up to 
30 m s–1 (~67.5 mph). It has dimensions of 13 m 
(length) ! 1.2 m (width) ! 0.9 m (height). An 
upwind motorized hopper can drop sand into the 
wind stream. The test section was coated with 
a surface with fi ne sandpaper (average grain 
size = 120 µm). Upwind, the tunnel is smooth 
plywood. Fluid and impact threshold were simu-
lated, with the latter using quartz and scoria sand 
dropped from the upwind hopper to simulate 
saltating sand and pumice respectively. Details 
of our wind tunnel fi ndings will be reported 
in a separate publication but we focus here on 
fi rst-order measurements of relative threshold 
wind speeds of various fi eld materials. As wind 
speed was gradually ramped up, threshold stages 
(vibrating, rolling, saltating) were noted, with 
simultaneous side-mounted video and overhead 
time-lapse imaging. Data are scattered (Fig. 9), 
but some general trends important for this con-
tribution are apparent even from the fl uid-only 
experiments (e.g., with no fi ne-grained saltating 
material introduced into the test section).

(1) Fluid velocities required to initiate behav-
ior increase with clast size.

(2) For a given size range, pumice clasts 
vibrated, rolled, and saltated successively, 
whereas lithics were limited to vibration 
and rolling.

(3) Thresholds for pumice clasts are lower 
than those for lithics.

(4) Large pumice grains are capable of being 
transported in saltation.

(5) Vibrating and rolling of lithics of all sizes 
were initiated without requiring the impact 
of pumice.

(6) Creep and reptation (Anderson, 1987) 
of lithic clasts are triggered by large pum-
ice impact.

During sand and scoria saltation experi-
ments, rolling and saltation thresholds were 
much lower than in the fl uid-only experi-
ments, and lithic saltation was common once 
impacted by saltating sand (small lithics) and 
saltating pumice (large lithics). We also docu-
mented clear material segregation and clump-
ing into ripple-like forms during sand saltation 
experiments. Gravel patches acted as sand 
traps, and we observed sand sinking through 
the gravel as lithics and pumice vibrated. This 
entire spectrum of behavior was observed 
at wind speeds below 15 m s–1 (~54 km h–1) 
during fl uid-only experiments and at lower 
thresholds during sand and scoria saltation 
experiments. These wind velocities are well 
within the daily averages seen in the Puna and 
well below the maximum winds that blow in 
the region. The conditions for signifi cant aeo-
lian work on the gravels appear to be present 
throughout entire year.

DISCUSSION

Our observations provide important con-
straints on megaripple formation conditions in 
the Puna. Most signifi cantly, we fi nd that large 
pumices and lithics can move at normal wind 
speeds that occur in the region. If the time-lapse 
2010–2011 images are representative, gravel 
movement is an ongoing process and is proba-
bly most effective in the winter. These data pro-
vide vital support to the deposit characteristics 
and observations about various stages of gravel 
bedform evolution derived from fi eld observa-
tions and wind tunnel experiments and provide 
a model of origin, formation, and growth of the 
megaripples.

A Model for the Origin of the Coarse 
Gravel Megaripples in the Puna 
of Argentina

Locally there is abundant evidence that the 
gravels that constitute the megaripples are 
a lag material that developed on the eroded 
ignimbrite bedrock surface. This is supported 
by componentry that shows that the gravels 
originated mainly by erosion of the bedrock 
ignimbrite, augmented locally by input from 
surrounding highlands. Additionally, the strong 
association of the discrete megaripple bed-
forms with local ignimbrite surface topography 
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Figure 4. (A) Normalized profi les across gravel megaripples at Campo Purulla (CP) and Campo Piedra Pomez (CPP) fi elds and granule 
ripples at Great Sand Dunes National Park (GSDNP, Colorado, United States) for comparison, where both height and width are scaled by 
feature width (modifi ed from Zimbelman et al., 2012). Note the distinct difference in the symmetry of the ripples at CP versus CPP where 
the ripples are clearly asymmetric. (B) Scatter plot of feature height scaled by feature width, shown as a function of feature width using 
a logarithmic scale. Note the distinctive shift in the Puna megaripples (PuMR; this study) toward larger values in width with respect to 
the same aspect ratio of other megaripples reported by Zimbelman et al. (2012) (SR—sand ripples; GR—granule ripples; PR—pebble 
ripples). In size and aspect they are essentially the same as small transverse aeolian ridges (TARs) on Mars characterized by Shockey and 
Zimbelman (2013).
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and pumice clasts with the gravels suggests 
that organization of the gravels into bedforms 
was infl uenced by these two factors. The con-
centration of pumice clasts on the lee side of 
the bedforms implies a symbiotic relationship 
between gravel bedform development and pum-
ice accumulation.

We suggest that saltation of pumice and 
sand results in creep of gravel through impact 
energy transfer. This was observed in our wind 
tunnel experiments where large pumice clasts 
up to 7 cm saltated effectively at wind veloci-
ties of less than 13 m s–1, and as low as 7 m s–1 
with saltating sand and scoria. Adjusting for the 
approximate atmospheric density differences 

between Tempe, Arizona (~400 m elevation), 
and the Puna at ~4500 m elevation gives equiv-
alent velocities in the fi eld of 17 and 9 m s–1, 
respectively (e.g., for 273 K, the scale height is 
8 km, such that the density ratio between Puna 
and Arizona will be exp(–4.1 / 8) = 0.6; the 
threshold friction speed is proportional to the 
square root of this value, so will be sqrt(1 / 0.6) 
= 1.3! greater in the Puna). Isolated fl at-aspect 
(discoid) pumice clasts as large as 5 cm saltated 
even in fl uid-only experiments, depending on 
facet orientation to the wind. Impact of saltating 
sand and pumice initiated rolling of lithic clasts 
(creep) and impact of large 5 cm saltating pum-
ice initiated saltation of 2 cm lithic fragments. 

Creep is therefore the most likely transport 
mechanism for the Puna gravels.

The viability of creep in the Puna gravels 
may be evaluated by inverting their grain-size 
characteristics (e.g., Jerolmack et al., 2006). 
Following Bagnold (1941), impact of saltating 
1–3 cm pumice clasts found in the Puna gravels 
should be able to induce creep in 1–2 cm ande-
site clasts. Simple calculations yield thresh-
old friction velocities (u*t) for 1–3 cm pumice 
grains of 1.17–2.0 m s–1 (Shao and Lu, 2000) 
or 1.3–2.2 m s–1 (Greeley and Iversen, 1985) 
using a particle density of 800 kg m–3 and an 
atmospheric density of 0.7 kg m–3 appropriate 
for 4500 m elevation. Using a friction speed of 

Figure 5. Trenching reveals that the aeolian bedforms form at the crest of the topography with the largest bedforms being ~30 cm in height 
above the bedrock ignimbrite. The upper 20 cm is dominated by crudely bedded coarse gravels while the lower portions are sand/silt-rich. 
Coarsest particles concentrate at the surface and peak. Details of gravel ripples at Campo Purulla (top row) and Campo Piedra Pomez 
(bottom  row) showing the relation between the ignimbrite bedrock and the gravel bedform. Note the distinct crest of dense lava and base-
ment lithics of ~2.4 g cm–3 and the lee-side accumulation of less-dense pumice of ~0.8 g cm–3. Pumice sizes range up to 6 cm whereas lithics 
up to 2.5 cm are found. Scale is 1 m.
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1.17 m s–1 (the minimum using the Shao and 
Lu equation), a roughness height of 5 mm, and 
taking von Karman’s constant as 0.4, the pre-
dicted threshold wind velocity (at 2 m height 
above the bed) is (1.17 / 0.4) * ln(2 / 0.005) = 
~17.5 m s–1. These velocities are consistent with 
the peak sustained wind velocities of 20–30 m 
s–1 (at a height of 2 m) measured in the month 
of July in this region, and are in the range of 
the thresholds we observed in our wind tunnel 
experiments (~19.6 m s–1, with the wind tunnel 
results scaled to the difference in atmospheric 
density). All these estimates indicate that dis-

persed gravels can be effectively moved and 
concentrated into bedforms under regular con-
ditions in the Puna.

We integrate all these considerations into a 
model for the origin and formation of the gravel 
megaripples, summarized in Figure 10. Dissem-
inated gravel released from the eroding ignim-
brite and yardang formation as described by de 
Silva et al. (2010) is the point of departure.

(1) Saltating sand and pumice (locally 
derived) cause the lithics to creep and maybe 
(for the smaller sizes) even saltate and reptate 
(Fig. 10A).

(2) Saltation of sand and pumice continues 
throughout the process, defl ating the ignim-
brite and causing the yardangs to recede and 
release more lithics, pumice, and crystals 
(Fig. 10B).

(3) The undulating topography on the post-
yardang ignimbrite surface serves to focus the 
accumulation of gravels, with the upslope acting 
as an energy barrier to all but the most energetic 
clasts that may top the crest and roll into the next 
low and join the next bedform. Bedforms may 
also nucleate on fl at surfaces if a stable concen-
tration is locally facilitated by any of the abun-

AAA

BB CCC

Figure 6. (A) Campo Piedra 
Pomez looking north; Carachi 
Pampa cinder cone in center 
left. Ignimbrite is being stripped 
by aeolian erosion into yardangs 
that are eventually stripped off 
to leave a scalloped surface. 
Dark areas are gravel that is 
collecting within the scallops. 
People in middle distance for 
scale. (B–C) The aeolian erosion 
results in abrasion and defl ation 
of the ignimbrite ash matrix, re-
leasing lithics and crystals into a 
lag that develops on the defl ated 
surface. This process continues 
until aeolian effi ciency is limited 
by the defl ated surface. Arrow 
in C points to a lithic clast that 
is 3 cm in the view. Arrow in D 
points to GPS unit that is 7.5cm 
long in this view.
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dant centimeter-scale perturbations that could 
act as local barriers to movement.

(4) Once bedforms nucleate and accumulate, 
they stabilize, as the closely packed gravel is 
diffi cult to move. The most extensive bedforms 
appear to nucleate on the local dominant “high,” 
setting up a feedback between the bedform, 
airfl ow, and lee-side accumulation of saltat-
ing pumice.

(5) Interference by the prominent transverse 
gravel bedform results in signifi cant perturba-
tion of the wind fi eld. A lee-side wind shadow 
zone that allows pumice to concentrate and 
remain protected probably forms. Flow separa-
tion over the bedform may result in streamline 
compression, expansion, and reversal (e.g., 

Jackson et al., 2011, 2013; Delgado-Fernandez 
et al., 2013; Smyth et al., 2013) and lead to vor-
tices that deepen the troughs through impact 
erosion by fi ne sand and saltating large clasts 
(larger particles likely cannot be entrained in 
vortices) and defl ation.

(6) The stabilized “bedform” is thus an equi-
librium form that is only modifi ed if disrupted 
during rare extreme conditions. Thus, under nor-
mal conditions for the Puna, we envisage that 
once established, the position of the megaripples 
remains relatively constant, with clasts periodi-
cally removed from one megaripple and then 
saltated downstream onto another as observed 
in our time-lapse photography. This probably 
refl ects limits to growth due to two compli-

mentary mechanisms (Isenberg et al., 2011): 
(a) as the bedform grows, increasing shear stress 
at the crest reaches a critical threshold that will 
entrain particles from the crest; and (b) as wind 
speed increases, higher saltator impact speeds 
may remove coarse grains from the crest.

Therefore, these are not ripples in the sense 
of migrating bedforms, but rather nucleation 
sites of wind-transported sediment. The life of a 
typical particle would therefore consist of quick 
hops between the ridges, followed by long-term 
stability at the “ripple” locations.

Thus, overall we see an evolution of the 
surface of ignimbrite bedrock $ yardangs $ 
gravel sheets on undulating bedrock $ gravel 
bedforms on bedrock ridges $ stable mega-

A B

C D

Figure 7. Sequence showing the evolution of gravel bedforms. Wind direction shown by large arrow. (A–B) Gravels organizing into incipient 
bedforms at Campo Piedra Pomez (CPP) (A) and Laguna Purulla (B). Gravel acts as sand and silt traps, whereas the ignimbrite surface is 
stripped clean. (C) Periodic bedforms on CPP form at local topographic highs. (D) Excavation of a dark megaripple from the area shown 
in C. Core of the ripple is structureless sand, with the outer surface formed by the armoring gravel of dominantly lithics with pumice ac-
cumulated mainly on the lee side (right).
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ripples capping the dominant local highs. This 
may evolve to deepening of troughs and length-
ening of ridges with time, possibly leading to the 
large mature ripple-capped topography at Cerro 
Purulla and gravel pavements of CPP and LP.

Growth of Megaripples

The cores of the megaripples are dominantly a 
mix of sand and silt (<125 mm), while the mantle  
gravels lack sand. This poses a conundrum. Con-
ditions that lead to the movement and deposi-
tion of gravels are inconsistent with deposition 
of sand-sized and fi ner material. Indeed our 
observations are that most sand is transported 
out of these basins and deposited to the east in 
massive dunes and sand fi elds. Finer material is 
suspended and transported east into the Argen-
tinean Pampas where thick loess deposits are 
dominated by ash from the Cordillera (Teruggi, 
1957; Hepper et al., 2006). It is telling that there 
is almost a complete lack of bedforms consist-
ing of sand in any of the basins that have gravel 
megaripples. In open areas, sand is found only 
in sheltered locations or where trapped within 
locales dominated by gravel. The only signifi -
cant accumulations of fi ne material are capped 
by gravels and attain thicknesses of 20–30 cm in 
crests of the megaripples. Therefore, we propose 
that the transport and deposition of gravels is 
decoupled from the sand and fi ner material, with 
the gravels, once formed, acting as aeolian traps 
because they (1) have high initial surface rough-
ness that cause local reduction in near-surface 
wind velocities and concomitant deposition of 
fi nes and (2) high permeability that limits sur-
face run-off and erosion and enhances the likeli-
hood of entrapment of fi ne material.

This is consistent with the wind tunnel experi-
ments. Under all three experimental conditions 

(fl uid, saltating sand, saltating scoria), the only 
sand that remained within the tunnel at the 
end of each experiment was that trapped in the 
gravel. Furthermore, the silt and sand depos-
ited on top of the gravel was eventually moved 
downwards through the gravel as agitation and 
shaking of gravel clasts resulted in kinetic siev-
ing of the fi ne particles.

These observations lead us to propose that 
the fi ne-grained cores of the gravel megaripples 
are trapped sand and silt that infi ltrated and 
percolated downward. Rather than a sequen-
tial deposition of sand-dominated bedforms (of 
which there are none in the present day) that 
are later overrun by gravel deposition, or have 
simultaneous deposition of fi ne material and 
gravels in a complex saltation curtain (Milana, 
2009; Milana et al., 2010), we suggest that sand 
trapped by the gravel ripples is gradually kineti-
cally sieved downwards, undermining the gravel 
and “lifting” the gravel armor upwards to form 
a gravel-mantled bedform (Fig. 11). Kinetic 
sieving results from “wobbling” or “agitating” 
gravel clasts, a common occurrence based on 
our wind tunnel observations. Freeze-thaw may 
also seasonally affect the permeability of the 
gravel, and melting snow or frost or rare rain 
may also facilitate downward transport through 
the permeable gravel. In this way a nascent 
unimodal gravel bedform grows and develops 
a bulk bimodal grain-size distribution where 
the surface mantle is many times coarser than 
the fi ner-grained core. Some mixing of gravel 
downwards is expected, as the sieving process 
may not be completely effi cient. Internal lay-
ering, such as rare internal sandy beds, would 

Figure 8. Removal and addition of large pumice fragments as seen in time-lapse images 
acquired in December 2010 (top) and ca. July 2011 (bottom) at the Salar de Incahuasi site 
(26°30.865!S, 67°42.053!W). Arrows point to some changes in clasts between the two images.

TABLE 1. GRAVEL AND SUBSTRATE IGNIMBRITE MATRIX COMPONENTRY EXPRESSED 
AS PERCENTAGE OF POPULATION BASED ON 300 CLASTS PER SAMPLE

Ignimbrite matrix Gravel Ignimbrite matrix Gravel
Campo Piedra Pomez

32)n( 3
018eryhportiV
0747etirbmingI
75etisednA
3131cihpromateM

Campo Purulla
(n)

West
11 4

Central (further from basement)
 4  2

03921252etirbmingiadasoR
81025191etirbmingirehtO
61413151etisednA
12520203eryhportiV
51211311tnemesaB

Salar de Incahuasi
35)n(
4433etirbmingiadasoR
3121etirbmingirehtO
3181etisednA
0121eryhportiV
0252tnemesaB
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implicate ephemeral sand sheets swept through 
the area. Rare internal gravel-rich beds may 
indicate a stable mantle that was subsequently 
buried by a new cycle of gravel deposition, infi l-
tration, and growth.

A role for the “shadowing” process described 
by Sharp (1963) is also suggested. As the mega-
ripple grows, the coarse particles at the crest 
shadow or protect the lee side. The megaripple 
grows in height, width, and wavelength as more 
coarse particles creep up the stoss (windward) 
side and pile up at the crest. The increasing crest 
height shadows an increasing length on the lee 
side from incoming saltating sand (not all of it, 

but probably the fastest ones that are moving 
at a very shallow angle relative to the regional 
slope) allowing pumice to accumulate there.

Comparison with Previous Work

Although more extreme than megaripples so 
far described on Earth, the Puna megaripples 
may not be unique (e.g., Zimbelman et al., 
2012; Yizhaq et al., 2009, 2012). In their early 
discussion of megaripples, Greeley and Iversen 
(1985) referred to reconnaissance observations 
from northeast Iceland (Greeley and Peter-
freund, 1981) where bimodal megaripples with 

wavelengths of up to 7 m and amplitudes of 
25 cm can be found. Interestingly these mega-
ripples consist of light-toned, low-density pum-
ice 1 cm in diameter, and dark denser obsidian 
clasts 0.75 cm in diameter. Greeley and Iversen 
(1985) recognized that a bimodal density dis-
tribution was probably a required condition for 
the formation of coarse megaripples. They posit 
that under wind conditions that were too light to 
move large clasts, but suffi cient to saltate fi ner 
grains, impact of saltating grains induced creep 
in the larger grains. In this way a lag concentra-
tion of coarse grains on the surface was orga-
nized into bedforms to form megaripples. This 
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Figure 9. Preliminary results 
of wind tunnel experiments 
showing threshold behavior 
of Puna gravel materials. Plot 
shows fl uid velocities measured 
in the wind tunnel against clast 
size for pumice (density = 1.2 
g cm–3) and lithics (density = 
2.4 g cm–3). Each sphere in the 
plot represents one clast, with 
shades representing different 
behavior observed and logged 
during analysis of videos of the 
experiments.
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is consistent with what we see in the Puna, albeit 
at more extreme clast sizes and densities, imply-
ing stronger wind conditions.

Aeolian gravel bedforms from the Dry Val-
leys of Antarctica provide a valuable compari-
son (Selby et al., 1974; Ackert, 1989; Gillies 
et al., 2012). A variety of gravel megaripple 
forms are described and as a group they are 
quite variable, some being strongly asymmet-
ric. They share characteristics with aeolian sand 
ripples and megaripples, but also have features 
unlike any of those forms (Gillies et al., 2012). 

They are all interpreted to have formed by inter-
mittent creep induced by, in this case, saltating 
sand grains. However, unlike the Puna examples 
herein, they are not connected, repetitive bed-
forms, do not contain a bimodal clast popula-
tion, and are not as coarse nor as large. Nonethe-
less, the megaripple forms of the Asgard Range 
described by Ackert (1989) have some impor-
tant similarities to the Puna examples. These 
are almost as coarse as those from the Puna and 
the gravel pavement (armor) is underlain by a 
ripple core made up of a “diamicton” of sand 

and gravel that overlies fi ne-weathered bedrock 
above bedrock. Individual ripples occur on local 
topographic highs and make up only ~20 cm 
of the 50 cm amplitude. Ackert’s observations 
that “gravel was transported upslope” (p. 61) 
and that “ripple formation likely began with 
weathering of exposed (sandstone) bedrock” 
(p. 62) echo our own observations in the Puna. 
The interpretation that “ripples are derived from 
reworking by wind of a weathered sandstone 
regolith” (p. 61) parallels our observation of the 
local origin of the Puna gravel clasts.

Our infi ltration and accretion model for 
gravel megaripple growth is similar to that 
described by Wells et al. (1985) for the growth 
and stabilization of stone pavements capping 
accretionary mantles on lava fl ows in the Cima 
volcanic fi eld of New Mexico. Here, trapped 
aeolian sand and silt gradually lift the stone 
pavement by infi ltrating and accumulating 
beneath. A well-developed pavement refl ects 
stability when the permeability is reduced by 
sediment accumulation and runoff is promoted. 
Whereas signifi cant runoff is rare in the Puna, 
the extensive gravel pavement and megaripples 
likely have a strong resistance to aeolian disrup-
tion once established. This is the probable cause 
for the extensive gravel pavements of the CPP 
and LP fi elds and the extreme topography of the 
CP fi eld.

Our model of growth of gravel bedforms 
through infi ltration and accretion of aeolian 
sand and silt trapped in locally derived gravel 
accumulations and their genetic relationship to 
the bedrock ignimbrite is quite different from 
that proposed by Milana (2009) and Milana 
et al. (2010). Both interpretations agree that 
coarse ripples migrate to and develop on local 
crests of surface topography, however the ori-
gin of the gravels from the local ignimbrite, the 
sequence of nascent bedforms and their evolu-
tion to mature megaripples, the trapping of sand 
and silt, and the intimate association of lee-side 
pumice concentrations are not noted by Milana. 
Some of these omissions were pointed out by de 
Silva (2010). These are critical observations if 
we are to fully understand the development of 
these gravel-mantled bedforms.

Milana (2009) discounted a creep mechanism 
for the coarse gravel bedforms. We support 
our assertion that saltation of pumice and sand 
induces creep in the dense gravel clasts with the 
observation of the intimate association of pum-
ice and dense gravels, the occurrence of lee-side 
coarse pumice concentration, and the results 
of wind tunnel experiments. Milana (2009, 
p. 345) suggested that medium- and large-scale 
ripples might be formed in response to “Helm-
holtz instabilities as a result of shear along the 
interface at the top of a dense saltation layer 
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D

Figure 10. Conceptual diagram illustrating the relationship between ignimbrite defl ation, 
yardang formation, and gravel bedform nucleation. Details of the yardang formation process 
are explained in de Silva et al. (2010). Open ovals—pumice; black ovals—lithics.
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that behaves as a boundary layer.” Our observa-
tions are that the nucleation and development of 
nascent ripples is not associated with deposition 
of any fi ne material, thus evidence of a fi nes-
dominated dense boundary layer is not present 
in juvenile ripple forms. Indeed all indications 
are that aeolian transport here is extremely effi -
cient in fractionating different sizes and densi-
ties, with little sand and silt deposited unless 
trapped by gravel. Our observations lead us to 
the conclusion that fi ne material infi ltrates a sta-
ble permeable coarse gravel bedform and “lifts” 
the coarse gravel to form a gravel-mantled, 
sand/silt-cored bedform.

Our model has implications for ages of mega-
ripple cores reported by Milana et al. (2010). 
Specifi cally, we propose that the cores of the 
megaripples are accreted over time and not the 
result of a single depositional event. Milana 
et al. (2010) reported optically stimulated lumi-
nescence (OSL) ages ranging from 635 ± 45 to 
3000 years for “average” megaripples. OSL ages 
require a bulk sample of “light-sheltered” sedi-
ment. Under our model, such a sample would 
contain grains that accumulated slowly over a 
long period with quite different light exposure 
histories. A single OSL age is therefore likely 
to consist of some weighted mean of a complex 
and unknown distribution of ages. The meaning 
of the reported OSL ages to ripple formation 
rates is therefore unclear.

Nevertheless, we agree with Milana (2009) 
on some points. The mature megaripples of 
the Cerro Purulla fi eld are quite remarkable. 
Our fi eld wind experiments (to be detailed in 
a separate, forthcoming paper) reveal complex 
fl ow over these megaripples (e.g., Jackson et al., 
2011, 2013; Delgado-Fernandez et al., 2013), 
with clear evidence of fl ow separation. We sug-
gest that once large megaripples stabilize, wind 
fl ow characteristics coupled with continued 
saltation of pumice and sand act to deepen the 
ignimbrite bedrock troughs between the ripple 
crests (Figs. 10C and 10D). In this case the 
Purulla ignimbrite is much less indurated than 
the CPP ignimbrite that underlies both the SI and 
CPP gravel fi elds where such deep troughs have 
not developed. This is probably an important 
control on the evolution of the ignimbrite sur-
face and therefore we agree with Milana (2009) 
that trough deepening may occur by wind fl ow 
and saltation pathways affected by the gravel 
bedforms (Fig. 10C), but only after the bed-
forms have stabilized. The gravel-capped-ridge-
and-trough terrain of CP thus refl ects a mature 
stable megaripple terrain that is dominated by 
trough modifi cation at the present time. These 
ideas will be examined through further study.

Finally, if as we think, many of the largest rip-
ples nucleate on pre-existing topography, then 
there is very little relationship between wave-
length and classic aeolian properties (e.g., wind 

speed, trajectory length). In fact, such a mecha-
nism breaks down any wavelength scaling to 
aeolian processes or to ripples that form in the 
absence of pre-existing topography. Classifi ca-
tion of these features is therefore complicated. 
However, there are some ripples in the Puna that 
are not on topographic highs. These are more 
relevant to comparing to other data sets. This is 
an area of future work we aim to explore.

This region of the Puna is a rare natural 
labora tory for the development of extreme aeo-
lian sediments and bedforms. It may represent 
an aeolian geomorphology “perfect storm” 
resulting from a unique confl uence of circum-
stances: (1) a bedrock lithology (ignimbrite) that 
is susceptible to aeolian erosion, (2) a resulting 
undulating erosional topography, (3) a readily 
released bimodal association of clasts with com-
plementary aeolian behavior, and (4) a region 
dominated by aeolian activity. As far as we 
know, the confl uence of these features and the 
feedbacks that result have not been described 
anywhere else on Earth.

IMPLICATIONS FOR MARS

Do these extreme, possibly unique bedforms 
tell us anything about Mars? Although such 
coarse bedforms have not yet been described on 
Mars, we fi nd several themes where our obser-
vations of the Puna gravel-mantled megaripples 
are relevant.

First, the Puna gravel bedforms consist of 
materials that have similar equivalent weight to 
those composing the granule ripples at Meridi-
ani Planum, Mars. The Puna megaripples are 
composed of pumice of density 0.8–1.3 g cm–3 
capped by lithics with a density of 2.6–3 g 
cm–3. For a cubic centimeter of material, this 
translates to a weight on Earth of 8–13 and 
25–29 mN, respectively. The Meridiani ripples 
consist of basalt (~3 g cm–3) capped by hema-
tite concretions (~4.9–5.3 g cm–3; Soderblom 
et al., 2004), which, for a cubic centimeter of 
material, weighs 11 and 18–20 mN, respec-
tively, on Mars. For such large particles, effects 
of particle friction Reynolds number and inter-
particle forces can be largely ignored, such that 
material weight is the main resistive force to the 
wind (Kok et al., 2012). Therefore, the resistive 
forces for the ripple cores are about the same in 
the Puna and on Mars, with those for the cap-
ping materials slightly less on Mars. For equiva-
lent weight materials, of which these more or 
less are, the threshold friction speed needed for 
movement is proportional to the square root of 
atmospheric density (Shao and Lu, 2000). Tak-
ing atmospheric densities of 0.7 and 0.0154 kg 
m–3 for the Puna and Mars, respectively, results 
in threshold speeds that must be ~7! greater 

Saltating sand/silt

Net movement of
gravel mantlePumice

lithic

Lag gravel accumulation
                 (nascent bedform )Substrate 

ignimbrite

Accreted core of
Sand and silt

“wobbling” grains
Gravel traps incoming sand and silt.
Agitation of grains allow sand/silt 
to in!ltrate and accrete at base. Bedform 
grows as gravel mantle is “lifted” up.

Mature gravel megaripple

Sand and Silt

Figure 11. Schematic representation of the infi ltration and accretion model for growth of 
gravel megaripples in the Puna. See text for discussion.
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on Mars (sqrt[0.7 / 0.0154]). Such high-speed 
threshold winds occur much less frequently 
on Mars (Haberle et al., 2003) than they do 
in the Puna. Furthermore, the occurrences of 
excess shear stress (e.g., from velocities above 
threshold) are certainly much more common, 
and of greater magnitude, in the Puna than on 
Mars. Therefore, we can consider the Puna 
a good analog for Mars, but operative at rates 
that are probably much greater due to the gen-
erally higher frequency of threshold winds and 
both frequency and magnitude of winds above 
threshold. This is in large respect an advan-
tage, as it represents Mars aeolian processes in 
“fast motion” that can be studied in situ. Tak-
ing the Meridiani values and factoring in mar-
tian gravity (0.38 that of Earth) means that a 
cubic centi meter of basalt on Mars has about the 
same weight as pumice on Earth. If we assume 
a density of 4.9–5.3 g cm–3 for hematite, its 
Mars equivalent weight for a cubic centimeter 
would be 1.8–2.0 mN, somewhat less than the 
2.6–3 mN for the exotic lithics. The Puna there-
fore serves as a natural laboratory for Mars. In 
particular, our demonstration that the bimodal 
clast population of pumice and lithics is critical 
to the development of gravel bedforms and the 
impact of saltating (low-density) pumice is the 
main driving force for creep of the denser lithic 
clasts may be a useful analog for the develop-
ment of Terra Meridiani ripples through basalt 
impact on hematite.

One of our preliminary fi ndings is that once 
stabilized, Puna gravel bedforms appear stable 
while still remaining dynamic features that 
experience clast exchange. Similarly, TARs on 
Mars have not been observed to migrate (Balme 
et al., 2008; Berman et al., 2011), in contrast to 
some dunes and ripples (Bridges et al., 2012, 
2013), and it has been inferred that megaripples 
distal to large dunes are inactive under present 
conditions (Berman et al., 2011). This is per-
haps an unsurprising result if TARs are indeed 
megaripples armored with coarse grains like 
those that characterize plains ripples in Terra 
Meridiani (Sullivan et al., 2005) and the lower 
frequency of high wind events on Mars relative 
to the Puna, as described above. In this respect, 
the morphologic similarity of the Puna mega-
ripples to TARs demonstrated in Figure 4 is 
intriguing.

Our observations in the Puna also help rec-
oncile current models of TARs (Balme et al., 
2008; Zimbelman, 2010; Berman, et al., 2011) 
with the recognition that some periodic bedrock 
ridges (PBR) may be produced by aeolian ero-
sion (Montgomery et al., 2012). The fl ow sepa-
ration model presented for PBRs is similar to 
the model proposed here for the development of 
the topography after mature Puna megaripples 

have formed. The presence of sediment capping 
some of these PBRs makes this analogy poten-
tially even more compelling.

Second, the spatial relationships among these 
Puna megaripples, topography, and bedrock are 
analogous to relationships among TARs, topog-
raphy, and bedrock on Mars. This is particularly 
obvious in HiRISE data that show details of 
TAR development in swales between yardangs 
in the Medusa Fossae Formation (MFF) (Fig. 
12A). Here, light-toned bedrock is variously 
covered with bedforms, with the larger ones 
located on the fl anks of the topography and the 
smaller ones in the swales. An analogous situa-
tion is seen in the CPP and SI in particular where 
lithic gravels derived from aeolian erosion of 
ignimbrite form distinct bedforms in the swales 
between the resulting yardangs (Figs. 12B and 
12C). This analogy is made even more perti-
nent as the most likely MFF lithology on Mars 
is ignimbrite (Scott and Tanaka, 1982; Mandt 
et al., 2008, 2009). Our hypothesis is that these 
are lag gravels left when the matrix of the host 
ignimbrite was eroded and defl ated away by 
the wind. If true, then the characteristics of the 
bedforms can tell us about the behavior of these 
gravels in areas of incised topography compared 
to more open areas where the megaripple bed-
forms have formed. Perhaps many or all TARS 
consist of eroded ignimbrite and mantles (which 
are common on Mars [Malin and Edgett, 2001] 
and for which the method of erosion and the 
resulting byproducts are poorly understood), 
thereby explaining the distinct albedo and pre-
sumed grain-size differences compared to dark 
sand dunes.

Third, our observation that the gravels that 
mantle the megaripples are locally derived has 
implications for the source of material in mar-
tian ripples, dunes, and TARs. Such a local deri-
vation would obviate the need for large-scale 
transport of sediment as has been inferred for 
dark dunes on Mars (Burr et al., 2012). It may 
be that much dark sand elsewhere on Mars, prior 
to transport to its present location, could have 
been derived from ancient volcaniclastic man-
tles that have subsequently been stripped away 
(Edgett and Lancaster, 1993; Burr et al., 2012). 
The association of dark dunes with the MFF on 
Mars, which is probably ignimbrite (e.g., Scott 
and Tanaka, 1982; Mandt et al., 2008, 2009), 
provides another fascinating association to con-
sider. The high-altitude, ignimbrite-dominated, 
cold-desert environment of the Puna may indeed 
be a compelling analog for the MFF.

Finally, our evolutionary model for dynamic 
yet stable coarse megaripples in the Puna that 
grow through infi ltration and accretion may be 
useful on Mars. Rovers on Mars have encoun-
tered powder-soft cores of granule ripples and 

gravel/granule surface. Perhaps permeable grav-
els act as sand and silt traps on Mars, and undergo 
a growth similar to that of the Puna megaripples. 
Continued studies of the Puna megaripples will 
provide further insight on these enigmatic Mars 
landforms.

CONCLUSIONS

Gravel megaripples in the Puna of Argentina 
may be the most extreme aeolian bedforms on 
Earth. Sedimentological and morphological 
analysis is supported by fi eld, experimental, 
and numerical characterization of aeolian trans-
port to reveal the conditions for formation and 
a model of their origin. The megaripples are 
coarse gravel–mantled bedforms with cores 
of sand and silt developed on eroded bedrock 
ignimbrite, aeolian erosion of which yields 
the bimodal association of dense volcanic and 
meta morphic clasts and lighter pumice clasts 
that makes up the gravels. Locally the gravels 
may be augmented by lithics from the surround-
ing basement.

Field, experimental, and theoretical charac-
terization of wind characteristics and aeolian 
transport in the Puna demonstrate the role that 
saltating  sand and pumice plays in inducing lithic 
clasts to creep. The intimate association of pum-
ice and lithics in the bedforms refl ects this, with 
strong evidence that bedforms form by orga-
nization of the lag gravel into stable bedforms 
by creep of gravel clasts induced by impact of 
saltating pumice. An undulating topography on 
the bedrock ignimbrite plays an important role 
in focusing bedform nucleation on upslopes 
and crests. The best-developed bedforms cap a 
topography with amplitudes as high as 2 m and 
wavelengths of 30 m or more, although the bed-
form itself makes up only ~30 cm of the topog-
raphy. The strong role of bedrock topography in 
the location of the largest megaripples obviates 
a relationship between ripple wavelengths and 
particle trajectories. This complicates the clas-
sifi cation of these features.

Once formed, bedforms are stable. Because 
the transport and deposition of sand and gravel 
is decoupled, the sand/silt cores of the gravel-
mantled bedforms are interpreted to have been 
trapped by the gravels. Kinetic sieving of sand 
and silt through the gravel results in a gravel-
mantled bedform as the gravel pavement is lifted 
up by the growing sandy core. This model for 
entrapment, infi ltration, and growth implies that 
cores of the megaripples are accreted over time 
after a stable gravel accumulation has devel-
oped. A role for “shadowing” in the growth of 
the megaripples is also likely. These observa-
tions connote that the largest features are not 
ripples in the sense of migrating bedforms, but 
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rather nucleation sites of wind-transported sedi-
ment. The largest and most extensive bedforms 
may be stable “equilibrium” features that alter 
wind fl ow and saltation pathways to promote 
trough deepening, becoming more topographi-
cally extreme with time.

This region of the Puna represents a rare natu-
ral laboratory for the development of extreme 
aeolian sediments and bedforms. The associa-
tion of a bedrock lithology (ignimbrite) that is 
susceptible to aeolian erosion, forms an undulat-
ing erosional topography, and is rich in a bimodal 
association of clasts with complementary aeo-
lian behavior, in a region dominated by aeolian 
activity is, to our knowledge, unique on Earth.

The relevance to Mars extends beyond the 
fact that in size and aspect the Puna megaripples 
are essentially the same as small TARs on Mars. 
These aeolian gravel bedforms consist of mate-
rials that have similar equivalent weight (mg) to 
those composing the granule ripples at Meridi-
ani Planum, Mars, even though the ones on Mars 
probably took longer to form because of less-
frequent threshold winds on the planet. Addi-
tionally, the spatial relationships among these 
Puna megaripples, topography, and bedrock are 
analogous to relationships among TARs, topog-
raphy, and bedrock on Mars. Therefore, study 
of the Puna could help reconcile current models 
of TARs with the recognition that some PBRs 

may be produced by aeolian erosion. Finally, 
our observation that the gravels that mantle the 
megaripples are locally derived has implications 
for the source material in martian ripples, dunes, 
and TARs. Such a local derivation would obvi-
ate the need for large-scale transport of sediment 
as has been inferred for dark dunes on Mars.
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