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Pumice and lithic clasts from gravel-mantled megaripples in the Argentinean Puna, an analog to Martian
large ripples and Transverse Aeolian Ridges (TARs), were put in a boundary layer wind tunnel to derive
threshold speeds for various stages of motion of the component clasts and observe incipient bedform
development. Combined with results from a field meteorological station, it is found that the gravel com-
ponents 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, implying that they are both an
impelling force for other pumices and lithics, and are the most likely clast constituent to undergo trans-
port. Accumulation into bedforms in the tunnel occurs when clasts self organize, with larger, more immo-
bile particles holding others in place, a process that is accentuated in the field on local topographic highs
of the undulating ignimbrite bedrock surface. In such an arrangement, pumices and especially lithics
remain largely stable, with vibration the dominant mode of motion. This results in sand and silt entrap-
ment and growth of the bedform through infiltration and uplift of the gravel. Resulting bedforms are
gravel-mantled ripple-like forms cored with fine grained sediment. The Martian aeolian environment
is similar to the Puna in terms of having grains of variable size, infrequent wind gusts, and saltating sand,
implying that some TARs on the planet may have formed in a similar way.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Martian surface contains a diversity of aeolian landforms,
attesting to the effectiveness of wind as a major geomorphic agent
despite the lower atmospheric pressure, gravity, and frequency of
threshold winds compared to Earth. Martian ‘‘Transverse Aeolian
Ridges’’ (TARs) have sizes and morphometric properties intermedi-
ate between dunes and ripples. They have been proposed as large
megaripples formed via impact splash and creep, reversing dunes,
or both (Bourke et al., 2003; Balme et al., 2008; Zimbelman, 2010).
Unlike many classic dunes and ripples on Mars, TARs are exclusive-
ly immobile at the spatial scales (down to 25 cm/pixel) and tempo-
ral baselines (7+ years) obtainable from HiRISE (Bridges et al.,
2012, 2013). Similarly, it has been inferred that TARs distal to large
dunes are inactive under present conditions (Berman et al., 2011).
The apparent immobility of TARs may be from armoring by coarse
grains like those that characterize smaller plains ripples in Terra
Meridiani (Sullivan et al., 2005). Indeed, the superposition relation-
ships of such granule ripples with small craters along the MER
Opportunity traverse path indicate that these bedforms have been
static for on the order of 105 years (Golombek et al., 2010). This
may also explain why some Martian large transverse bedforms
are aligned, and apparently fixed upon, the crests of periodic
bedrock ridges that have been hypothesized to form from aeolian
erosion (Montgomery et al., 2012) (Fig. 1).

Martian dunes and sand ripples have fairly close terrestrial
morphometric analogs, emphasizing the role of saltation and
impact splash in both environments. However, TARs are a class
of Martian bedform for which a viable terrestrial comparison is
much harder to find. The gravel bedforms (megaripples) fields in
Catamarca province, Argentina (Milana, 2009; de Silva, 2010;
Milana et al., 2010) are located in one of the windiest parts of
the Argentinean Puna and may be the best terrestrial analog for
some TARs (de Silva et al., 2013). The gravel megaripples in Wright
Valley, Antarctica are also a potential analog, although being of
lower wavelength, aspect ratio, and maximum height relative to
the Puna bedforms (Gillies et al., 2012). The Puna gravel bedforms
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are built on a bedrock of rhyolitic ignimbrites that contain about
10% by volume of lithic clasts with densities ranging from 2600
to 3000 kg m�3, and up to 20% crystal-poor pumice clasts with
densities of �800 to 1300 kg m�3. Currently, fine sand is being
actively transported through the region. The distribution of the
gravel classes (lithics, pumice, and milky quartz) varies geo-
graphically, with ripple fields located within basins bounded by
highstanding volcanic materials and metamorphic basement.

In this paper, we use gravel from the Campo Piedra Pomez
(CPP), Campo Purulla (CP), Salar de Incahuasi (SI), and White
Barchan (WB) ripple fields. Our weather station is deployed in
SI. Here we provide a brief review of the lithologies and charac-
teristics of these fields (for a more detailed discussion of these
and other Puna ripple field lithologies, the reader is referred to
de Silva et al. (2013)). CPP is the largest field and dominated by
dark megaripples composed of older ignimbrite and blackish
lavas, including those from the Carachi Pampa cinder cone that
borders the field to the northeast. The CP field, due west of Cerro
Purulla, has ripples composed of reddish-brown gravel from the
adjacent Upper Miocene Rosada ignimbrite, white clasts from
the local Paleozoic basement, and andesite. The SI field has simi-
lar componentry to CP. WB is dominated by milky quartz gravels
whose sizes are generally smaller than grains composing the
other ripple fields.

Field observations show that the largest Puna gravel-mantled
megaripples are closely aligned with the bedrock ridges (Fig. 2),
including some sinuous forms that mirror topography found on
the ignimbrite surface in exposed areas (Fig. 3). This is in contrast
to other megaripples on Earth, such as those in Wright Valley,
Antarctica, whose sinuosity seems solely due to transverse insta-
bilities affecting their formation (Gillies et al., 2012). The inter-rip-
ple area is relatively flat lying, variously consisting of ignimbrite
bedrock of low surface roughness and a scattering of pumice-
dominated particles. Such areas commonly contain smaller ripples
that do not appear aligned with topographic ridges and may be in a
state of incipient migration (Fig. 3). Sand deposits are completely
lacking. Cross sections of megaripples on bedrock ridges show a
�10 cm upper zone dominated by lithic and pumice grains, with
the pumices concentrated on the lee side and commonly merging
downwind with more scattered gravel in the inter-ripple zone.
Beneath lies a 1s to lower of 10s of cm-thick layer of fine-grained
sand and silt (<125 lm), below which is the ignimbrite surface
(Fig. 5 of de Silva et al., 2013). On any given day in the field, sand
can be felt saltating in the lower �0.5 m above the surface during
high wind events. This suggests that, despite the lack of surface
deposits, sand is being transported across the field, with a minor
component getting trapped among the ripple clasts.

These observations indicate a sequence of events in which (1)
strong winds segregate pumice and lithics from the ash, (2) the rip-
ples nucleate on the bedrock ridges, with the low density pumice
becoming concentrated in the protective ridge lee, leaving a
greater fraction of lithic and external quartz gravel (depending
on field location), (3) sand and silt settle in the interstices of the
coarser grains, pushing them up in a process analogous to the for-
mation of desert pavement, (4) the ripples become stabilized on
the ridges (Figs. 10 and 11 of de Silva et al., 2013), although some
limited migration may occur depending on bedrock topography
(e.g., gravels are best stabilized on the largest ridges, but may
become decoupled from smaller ridges in high wind events). The
bedrock-anchored megaripples are therefore not bedforms in the
classic sense of being accumulations of aeolian sediment that
migrate over time, but rather consist of surface gravel on ridges,
with gravel migration from one ridge to the next occurring in high
wind events. Some of the transport flux between ridges probably
occurs via smaller ripples, commonly oriented sub-parallel to
nearly traverse from the main set (Fig. 3).
This and recent studies are just beginning to understand the
aeolian geology of this area (Milana, 2009; de Silva, 2010; Milana
et al., 2010; de Silva et al., 2013). These investigations have been
challenged by the absence of any local long term wind records.
Milana (2009) presented some of the first wind data obtained from
a mine located 300 km south at a comparable altitude to the grav-
el-mantled megaripple fields. More recently, wind data were
acquired from two meteorological stations located at 25�060S,
68�200W (altitude 5200 m), and at 25�030S, 68�130W (altitude
4092 m), �160 km NNE and �180 km NNE, respectively from the
studied area (de Silva et al., 2013). These data, although instructive,
are not within the field area and therefore at best only generally
bound wind conditions that affect ignimbrite abrasion and the sub-
sequent modification, segregation, and organization of ignimbrite-
derived and externally-transported clasts into the megaripples.
Variations in wind intensity, gustiness, direction, and temperature,
at diurnal and seasonal scales are best assessed via monitoring
from a meteorological station in the area of interest. That is done
here, as described below.

Until now, there has been a poor understanding of the threshold
speeds needed to set the various coarse-grained materials into
motion, namely the pumice and lithics clasts, and what effects
the role of impacting pumice and sand has on these thresholds.
In addition, the mechanisms for the initial clustering of these
coarse components into nascent ripples and the effect this has on
subsequent migration has not been documented. Such information
can be acquired from boundary layer wind tunnel experiments.
There is a mature literature on the aeolian thresholds of spherical
particles as a function of size and density (Iversen et al., 1976;
White et al., 1976; Iversen and White, 1982; Greeley and Iversen,
1985), but no studies (that we are aware of) on wind speeds need-
ed to move clasts of the specific size, density, and shape that we
find in the Puna, nor on the initial stages of ripple development
for such particles (a recent study on the saltation thresholds of
pumice and scoria particles at various bed slopes (Douillet et al.,
2014) focuses on the deposition of pyroclastic density currents, a
very different application to that here). These results are reported
in this paper, compared to current winds measured from a new
field weather station, then used to predict conditions for Puna
megaripple formation, and finally applied to a model for the forma-
tion of large ripples and TARs on Mars. We show that on a relative-
ly flat, low roughness surface equivalent to that for fresh
ignimbrite bedrock in the Puna, periodic wind gusts are sufficient
to initially saltate pumice and some lithic clasts and concentrate
them into ripples where they remain largely stable, except for rare
pumice saltation under very high speed winds and periodic vibra-
tion of clasts, which allows sand and silt to infiltrate the ripple
interior. Pumices, in addition to saltating on their own, can act to
impel other pumices and lithics. Such high winds gusts are reached
in the Puna, showing that current conditions can form the ripples.
Mars, although differing in the specifics of particle and environ-
mental conditions, has an analogous combination of variable parti-
cle sizes, saltating sand, rare gusts, and an ample supply of dust
such that large ripples and TARs can likely form in a similar way
to that in the Puna.
2. Methods

2.1. Wind tunnel

The boundary layer wind tunnel at Arizona State University was
used to study ripple formation, threshold stages, and freestream
threshold speeds of Puna materials. It operates at standard pres-
sure and temperature, with a fan and motor system able to achieve
freestream winds up to 30 m s�1. It has dimensions of 9.4 m



Fig. 1. Nucleation of sand onto bedrock ridges on Mars. (a) A portion of HiRISE image ESP_032836_1790 (in HiRISE’s red monochrome channel), of a crater in Schiaparelli
basin. Within the crater are circumferential terraces overlain by NNE-SSW-trending ridges. The red box demarcates the location of the enlargement in (b). (b) Close-up of the
ridges (seen in the portion of the HiRISE image with color data). Here, dark sand has nucleated onto the ridges. This is similar to the nucleation of material on ignimbrite
ridges in the Puna and, as shown in the wind tunnel, the clumping of clasts that develop into ripple-like forms (Fig. 9). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Fig. 2. Bedrock ridges and alignment of megaripples in the Puna. Arrows show the direction of the strongest winds (pointing downwind) inferred from ripple and bedrock
geometry: (a) Gravels organized into megaripples and aligned on bedrock ridges near the Laguna Purulla (LP) field, (b) close-up of LP megaripples; note the concentration of
pumices on the lee (right) side of the bedforms, (c) Bedrock near the White Barchan field, shown in an area of limited gravel to demonstrate how the ridges form. The crack is
where hot gasses escaped through the cooling ash, hardening the ignimbrite relative to the surrounding rock. Subsequent aeolian abrasion has left the harder areas as higher
standing ridges, commonly aligned with yardang heads as seen here. (d) WB megaripple field, with some exposed bedrock, (e) close-up of a WB megaripple.

Fig. 3. (a) Megaripples and smaller inter-ripples in the Campo Purulla field. The arrow shows the direction of the strongest winds (pointing downwind) inferred from ripple
geometry, which also corresponds to the maximum winds measured with the meteorology station (Fig. 11). The position of the megaripples is influenced by bedrock
topography whereas the smaller ripples are likely transporting clasts from one megaripple to the next. (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). Such topography underlies the ripple fields, serving as gravel
nucleation sites and thereby influencing the position of the primary ripple sets.
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(length from back of roughness elements to fan) � 1.0 m
(width) � 0.8 m (height). A motorized hopper can drop sand at
variable fluxes. Instrumentation associated with the wind tunnel
includes pressure and temperature sensors, wind velocity probes,
and humidity monitors. The test section consists of Plexiglas on
the side and top, allowing documentation from a range of vantage
points. The test section floor is coated with 120 lm (mean) glued
sand. Upwind of the sandpaper the surface is smooth plywood.

Prior to the threshold experiments, boundary layer profiles
were measured to calibrate the wind tunnel against previous runs
using the ASU facility. Based on these, it was verified that free-
stream (u1) is reached at the fixed pitot height of 36 cm above
the wind tunnel floor. Ripple components collected in the field
were placed in the tunnel test section. For experiments simulating
the impact of saltating particles, quartz sand (Silver Sand #30, PW
Gillibrand) was placed in the overhead hopper and dropped into
the wind stream. Sunset Crater scoria, a proxy for impacting
pumice, at 800 lm average diameter, was too large to feed
through the hopper, so was placed upwind of the test section in
an unconsolidated pile that was blown downwind at a
progressively greater flux as wind speed increase. An overhead
Table 1
Experiment summary.

Experiment Threshold
type

Impacting
material

Impacting material
feed source

P-12-005 Fluid NA NA

P-12-006 (cont. of P-12-005) Impact Quartz
sand

Hopper

P-12-007 Fluid NA NA

P-12-008 Fluid NA NA

P-12-009 Fluid NA NA

P-12-010 Impact Quartz
sand

Hopper

P-12-011 (cont. of P-12-010, with
GD-010-007 added)

Impact Scoria Upwind floor

P-12-012 Impact Scoria Upwind floor

P-12-013 Impact Scoria Upwind floor

P-12-014 (cont. of P-12-013) Impact Scoria Upwind floor

Ancillary notes:
CP = Campo Purulla, CPP = Campo Piedra Pomez, LP = Laguna Purulla, WB = White Barch
Wind tunnel placement: 1: Upwind of test section, 2: Test section upwind of pitot tube
P-12-005: Coarse gravel distributed upwind of pitot, about 1 clast thick; 10 cm gap bet
P-12-006 uses GD-010-005 materials left over from P-12-005.
P-12-007: Individual clasts put upwind and downwind of patch to see any if there were
P-12-008: Line of clasts put in upwind and downwind.
P-12-009: Quartz sand placed in elongated patch upwind of traversing pitot; 5 large pum
pumices placed 1.5 m downwind from pitot, in a row.
P-12-010: The Campo Purulla pumice consisted of 6 large clasts placed downwind from
P-12-011: About 1/2 bucket of Sunset Crater scoria placed below hopper feed on tunn
pumice in same position and orientation) and some GD-010-007 gravel downwind; onl
P-12-012: Remnants of 1/2 bucket from P-12-011 plus another 1/2 bucket (so �95% of a
P-12-013: Full bucket of Sunset Crater scoria placed below hopper feed on tunnel floor; te
P-12-012.
still camera took pictures with a 1-min cadence over the experi-
ment duration. Side-mounted video and still pictures downwind
and above the wind tunnel floor viewed the runs in perspective.
Wind speed was gradually ramped up from zero and stages of
particle motion (vibrating, sliding, rolling, and saltating) as a func-
tion of composition and approximate size noted in recorded voice
cues. Qualitative spoken notes on experiment behavior, such as
the clumping and distribution of ripples, movement of particular
clasts, etc., were made.

The experimental matrix consisted of 6 samples from the
Campo Purulla (GD-010-006, GD-010-007), Campo Piedra Pomez
(GD-010-004), Laguna Purulla (GD-010-005), and White Barchan
(GD-010-001, GD-010-002) ripple fields (Tables 1 and 2). Out of
these samples, three classes of particles at a range of sizes were
used: Coarse (2–8 cm) pumice from CP, LP, and WB; coarse lithics
(0.5–3 cm) from all four areas; quartz gravels and sand from WB.
The pumices and lithics, with the largest sizes, were the most
easily documented and are the focus of the results reported here.
Materials were variously distributed upwind of the test section
on the wood floor, and within the test section upwind and
downwind of the pitot tube (Table 1, Fig. 4). The various mixing
Floor Materials (sample
ID, field location)

Wind tunnel
placement

Floor materials (type
[size range])

Duration
(min:s)

GD-010-005 (CP) 1, 2 Lithics (coarse),
pumice (coarse)

15:00

GD-010-005 (CP) 1, 2 Lithics (coarse),
pumice (coarse)

17:00

GD-010-002 (WB) 1, 2, 3 Lithics (coarse),
pumice (coarse)

10:45

GD-010-004 (CPP) 1, 2, 3 Lithics (coarse),
quartz (coarse)

13:35

GD-010-001 (WB) 1, 2 Quartz sand 15:05
GD-010-006 (CP) 1, 3 Pumice (coarse)
GD-010-002 (WB) 1, 2 Lithics (coarse),

pumice (coarse)
16:20

GD-010-006 (CP) 3 Pumice (coarse)
GD-010-002 (WB) 1, 2 Lithics (coarse),

Pumice (coarse)
9:30

GD-010-006 (CP) 3 Pumice (coarse)
GD-010-007 (SI) 3 ‘‘Gravel’’ (coarse)
GD-010-002 (WB) 1, 2 Lithics (coarse),

pumice (coarse)
10:46

GD-010-007 (SI) 3 ‘‘Gravel’’ (coarse)
GD-010-005 (LP) 3 Lithics (coarse),

pumice (coarse)
GD-010-006 (CP) 2 Pumice (coarse) 13:55
GD-010-007 (SI) 2, 3 ‘‘Gravel’’ (coarse)
GD-010-005 (LP) 2, 3 Lithics (coarse),

pumice (coarse)
GD-010-006 (CP, ripple
lee)

2 Pumice (coarse) 15:20

GD-010-007 (SI) 2, 3 ‘‘Gravel’’ (coarse)
GD-010-005 (CP) 2, 3 Lithics (coarse),

pumice (coarse)

an.
; 3: Test section downwind of pitot tube.
ween material and walls.

any effects of roughness differences; one 1 cm pumice clast to the left of the FOV.

ices placed upwind of quartz batch, on either side (3 on nearside, 2 on farside); 9

White Barchan samples.
el floor; in test section were remnant materials from P-12-010 (including one big
y about 10% of the scoria was used in the experiment.
full bucket) of Sunset Crater scoria were placed below hopper feed on tunnel floor.
st section materials (GD-010-007; GD-010-005) are distributed farther apart than in



Table 2
Experiment material locations.

Field (sand) Location Landform Lithics (coarse) Pumice (coarse) Quartz (coarse) Quartz

Campo Piedra Pomez
GD-010-002 26�34058.8100S, 67�28015.0800W Bedform crest X X

Campo Purulla
GD-010-005 26�36044.1100S, 67�46019.8900W Bedform lee X X
GD-010-006 As above Bedform lee X

Salar de Incahuasi
GD-010-007 26�36045.7400S, 67�46016.4200W Bedform crest X

White Barchan
GD-010-001 26�35058.7900S, 67�26040.08’’W Bedform crest X
GD-010-004 26�35058.7900 , 67�26039.9900W Whole bedform X X

Fig. 4. Side and overhead views of the wind tunnel experiments at the start of each run.
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and arrangement of materials simulates aspects of the field envi-
ronment in regard to determining threshold, namely:

(1) The size, shape, and density of sand and gravel, as these are
field samples.

(2) Surface roughnesses ranging from the nearly perfectly
smooth wood floor, to the sandpaper, to particles surround-
ed by others of various sizes. Although the aerodynamic
roughness heights (z0) are not known, they can be estimated.
The wood floor is considered nearly perfect smooth, with
z0 < 1 lm. The sandpaper grains are approximately spherical
and equally spaced, such that z0 is ideally �1/30th the grain
diameter (Bagnold, 1954) of 120 lm (mean), corresponding
to a roughness height of 4 lm. The mixed particles should
have roughnesses dominated by the larger gravels that shel-
ter the smaller ones, so z0s of millimeters to �1 cm. The first
two cases span the range of roughnesses on the level areas of
the ignimbrite surface. They therefore apply to pre-ripple
stages in which particles are variously distributed on the
surface, and current conditions where grains are located
between ripples, and the upwind boundary of ripples that
border the ignimbrite. The last case best simulates the
arrangement of grains on a gravel ripple surface.

(3) The effect of saltating particles in lowering threshold of larg-
er clasts. Four of the ten experiments were run under pure
fluid conditions, that is, with the only pre-threshold forces
on the particles being lift and drag from the wind. The other
six had quartz sand and scoria impacting the particles, as
described above. These two cases are qualitatively labeled
here as ‘‘fluid’’ and ‘‘impact’’ threshold, although the condi-
tions differ from the classic definitions from which quantita-
tive results are derived (e.g., Kok et al., 2012). For the fluid
case, the particle sizes, shapes, and densities, and the surface
roughnesses, were mixed. Although representing many
aspects of field conditions, threshold results for a specific
particle differs from the ideal case in which all other parti-
cles are identical and perfectly geometrically arranged.
Impact threshold is traditionally defined as the change in
freestream wind speed (or friction speed or shear stress)
resulting from the more efficient (in the case of Earth and
Mars) transfer of momentum from impacting particles to
splashed grains in the bed (Ungar and Haff, 1987;
Andreotti, 2004; Kok, 2010; Kok et al., 2012). The wind tun-
nel results should therefore be considered semi-quantitative
data that inform upon and bound field conditions.

The side-mounted videos were analyzed using Kinovea soft-
ware from which particle motion was tracked. For all clasts
>0.3 cm that eventually attained motion, the area within an
enclosed polygon around each clast was measured, and then the
effective diameter calculated by the software from the number of
pixels subtended at a given scale. This allowed the correlation
between the stages of motion (vibrating, sliding, rolling, and saltat-
ing) to size as a function of composition and location. The onset of
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the stages of motion for these clasts were compiled for lithic and
pumice. The motion stages were also correlated to a freestream
wind speed by comparing the video chronometer to the time-
tagged pitot record. Size as a function of composition was plotted
against freestream wind speed and fitted to regression lines to
get approximate threshold curves.

2.2. Field meteorological station

The station was placed in the Salar de Incahuasi field
(26�28058.600S, 67�4101.300W; 3322 m) spaced more than 7 m from
�1 m high megaripples to the southeast and northwest, with NE-
SW being approximate corridors between these bedforms (Fig. 5).
The local surface roughness is dominated by cm-scale pumice
and lithic clasts, with some larger pumices of 10s of cm size. In
the megaripple inter-areas, where the station is located, the
pumice and lithics are approximately segregated into clumps that
resemble ripples in planview but have no discernable topographic
profile (background of Fig. 5). The wind sensor is located 1.6 m
above the ground. Wind ripple profiles show that the
inter-megaripple troughs, including the location of the station,
are not influenced by boundary layer separation as is the case near-
er the megaripples (Zimbelman et al., 2014). Therefore, the profiles
and roughnesses should correlate to the troughs and the upwind
portion of megaripples. Average wind speed and peak gust, and
temperature, were recorded every 30 min from March 30 to
November 17, 2013.

3. Results

3.1. Wind tunnel

As the freestream wind speed in the tunnel increased, most
particles transitioned through progressive stages of motion from
their initial static state:

(1) Vibrating: Grains oscillated back and forth from an anchored
pivot point, generally along one axis of motion.

(2) Sliding: Particles slid along the surface, usually in a constant
direction.

(3) Rolling: Grains rotated about an approximately fixed axis
and migrated downwind.
Fig. 5. Autonomous meteorological station in the Salar de Incahuasi ripple field.
(4) Saltating: Particles hopped off the surface along a ballistic
trajectory.

Whether particles underwent motion, the final stage reached if
they did, and the freestream wind speed at each transition depend-
ed on four primary factors: (1) The position of the grain relative to
others (either on the edge of a patch of clasts or within the patch;
subsequently referred to as ‘‘edge’’ and ‘‘patch’’ data, respectively),
(2) the material density as reflected in the composition, (3) size,
and (4) whether or not the particles were impacted by saltating
grains, and the composition (quartz sand vs. scoria) of these impac-
tors. These qualitative transitions observed and recorded in the
videos can be semi-quantified by reducing the data as described
in the previous section and displaying in a series of plots. We con-
sider these results ‘‘semi-quantitative’’ in that the experiments
contain a range of particle sizes, shapes, and densities variously
distributed across different roughness surfaces and, as such, differ
from classic threshold experiments in which conditions were finely
tuned (Iversen et al., 1976; White et al., 1976; Iversen and White,
1982). However, they constrain conditions seen in the field.

The transitions show clear dependence on whether or not the
particles were impelled by fluid forces only vs. those being impact-
ed by saltating quartz sand and scoria, with quartz sand- and espe-
cially scoria-impacted grains showing the greatest number of
advanced stages, rolling and saltating (Fig. 6). In addition to the
lower threshold for scoria and quartz sand impact-impelled condi-
tions, the stage transitions from vibrating through saltating show a
correlation to wind speed, with larger particles generally having
greater thresholds.

The data for vibrating clasts shows considerable scatter (Fig. 7).
This is in contrast to the trends for saltating grains that will be
described below, in which threshold speed is roughly proportional
to size. This can be explained by the different physics driving vibra-
tion vs. detachment. In the vibration case, the clasts are likely jos-
tled about one or more pivot points, such that even modest winds
can induce some vibration. In addition, larger clasts stick higher
into the boundary layer where they are subjected to greater aero-
dynamic force compared to smaller particles. There is therefore
some balance between the weight (normal force) and the aerody-
namic force that acts to vibrate clasts over a range of sizes. This is
in contrast to detachment required for saltation, where the entire
particle must be lifted from the surface.

In comparing particle size (average diameter) vs. freestream
wind velocity for saltation, several trends and relationships are
apparent (Fig. 8). These results are graphed logarithmically, as is
common on such plots. In threshold curves for lower particle sizes,
the logarithmic slope, m (e.g., u (or u⁄) = xdm) for spherical uncon-
solidated particles is �0.5 (u = xd0.5), reflecting the balance
between the dominant aerodynamic forces and particle weight
(u = (kdg(qp � q)q)0.5 � (kdgqpq)0.5, where k is a prefactor that
includes particle shape (4/3 for spherical particles) and the drag
coefficient, u is wind speed, d is particle diameter, qp is particle
density, and q is atmospheric density. The results here have shal-
lower slopes, indicating that lower wind speeds are needed to
move these particles into saltation compared to the idealized case.
As seen in the position of the points, and in the value of the power
law pre-factor, x, lithics generally have higher thresholds than
pumice, as would be expected given their greater density
(�2600 kg m�3 vs. 1000 kg m�3). For the edge materials, the ratio
of the pre-factors for lithics and pumice in the quartz sand and sco-
ria impact cases are 15/8.6 = 1.7 and 12/9.6 = 1.3. For fluid, there is
only one lithic data point, at u = 21.6 m s�1 and d = 2.6 cm. Assum-
ing the same 0.18 power law slope as the pumices, the lithic pre-
factor is 18.2 (21.6/2.550.18), given a lithic/pumice pre-factor ratio
of 18/15 = 1.2. These three ratios are close to the value of the
square root of material densities ((2600/1000)0.5 = 1.6) as predicted



Fig. 6. Stages of motion for pumice samples in the wind tunnel for ‘‘fluid,’’ quartz sand impact, and scoria impact conditions. Results are shown for materials on the edges and
within patches (clumps) of clasts. The colors refer to pumice and lithic clasts. The sizes of the symbols is proportional to the relative size of the clasts. Velocities are those in
Tempe, AZ. Because of the lower atmospheric density in the Puna, wind speeds there would be 1.3� greater than shown here.
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by theory. The patch materials, protected from the wind force and
particle impact by surrounding clasts, do not show such clear rela-
tionships. Fluid thresholds are greater than those for quartz sand
and scoria impact. There is no appreciable difference for saltation
threshold between scoria and quartz sand impact. The saltation
thresholds on the edge are appreciably lower than those within
patches. These plots show some scatter, with fairly low R2 regres-
sions. This can be attributed to the variable clast shape, somewhat
random placement in the wind tunnel, and a limited sample size
(n) in several cases. For example, the patch lithic data show
decreasing slopes, an anticorrelation that is probably best
explained by the somewhat random movement of these gravels



Fig. 7. Freestream wind speed vs. clast size at the vibration stage for all analyzed
experiments. The data are scattered, reflecting that factors such as clast shape and
position relative to other clasts can affect vibration threshold. Nevertheless, the
heavier lithics generally have greater thresholds than the lighter pumices.
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caused by the surrounding clasts shadowing and altering the gen-
eral wind flow in unpredictable ways. As such, these results should
not be interpreted as calibrated threshold curves that can be
extended to smaller particles sizes where the grains are ideal sphe-
rical particles, but rather as semi-quantitative data to inform on
field conditions.

As wind speed ramped up, particles tended to self-organize,
beginning with uneven clumps that gradually transitioned into
elongated forms with their long axes oriented transverse to the
wind and exhibiting a ripple-like planform (Fig. 9). The details of
this process are seen in the videos. Because smaller particles gen-
erally reached threshold stages at lower wind speeds than larger
clasts, they tended to slide or roll against stationary or vibrating
bigger grains. These grains then clumped against the larger ones,
with those that reached the back of the larger grains serving to
Fig. 8. Freestream threshold wind speeds of pumice and lithic clasts as a function of size
conditions. Results are shown for materials on the edges and within patches (clumps) of c
by n. Because of the lower atmospheric density in the Puna, wind speeds there would b
anchor them in place. Through this gradual process, nascent ripples
developed on the wind tunnel floor.

3.2. Field meteorological station

The data from the field meteorological station showed variable
daily average and peak gusts from the March to November (2013)
time period over a range of 1–29 and 11–90 km h�1, respectively
(Fig. 10). The highest speed winds were in the spring, although
each month from April through November had days in which aver-
ages and gusts were at or exceeded 20 and 59 km h�1, respectively.
Rose diagrams of wind directions as a function of season and speed
show that all winds and gusts (i.e., >0 km h�1) exhibit a northwest-
erly and southwesterly flow, with winds >5 km h�1 up to gusts
>45 km h�1 showing mostly northwesterly trends (Fig. 11),
consistent with the observed ripple orientation.
4. Interpretations

The wind tunnel data are only relevant to natural conditions if
their results can be applied to the field site in the Puna and, given
the goals of this overall project, Mars. The main differences
between the tunnel and environmental conditions is the atmo-
spheric density (q) and, in the case of Mars, gravity (g). The physi-
cal surface roughness in the tunnel, as discussed above, varies from
smooth plywood to 120 lm glued sand to that induced from the
materials themselves. Therefore the aerodynamic roughness, and
thus the translation from shear stress to freestream at threshold,
is variable and undefined. We thus express our results in terms
of freestream wind speed only, and adjust for the other variables
by ((qp � q)g/q)0.5, in other words, the balance between aerody-
namic drag and lift forces vs. gravity. This simple relation holds
true for threshold curves above the minimum particle size, below
which interparticle forces and Reynolds number effects can
dominate (White, 1986). For the Puna, we need only adjust for
the atmospheric density. Taking the average Puna elevation of
4500 m and Tempe, AZ as 400 m, and an atmospheric scale height
of 8 km, the Puna air densities will be exp(�(4.5 � 0.4)/8) = 0.6�
that in the wind tunnel assuming equivalent temperatures. The
as determined in the wind tunnel for ‘‘fluid,’’ quartz sand impact, and scoria impact
lasts. Data are fitted to power laws (u = xdm). The number of data points is indicated
e 1.3� greater than shown here.



Fig. 9. An example of initially scattered clasts (top) clumping of materials into
nascent ripples (bottom). In this experiment (P-12-013) pumices and lithics were
impacted by scoria particles. The time difference between the two images is 26 min.
In this experiment, wind speed was gradually ramped up to 22 m s�1.

Fig. 10. Average and peak wind gust speeds per day at a height of 1.6 m, from
March 30 to November 19, 2013 as measured at the Salar de Incahuasi meteoro-
logical station.
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wind speeds therefore must be (1/0.6)0.5 = 1.3� greater for an
equivalent force. We overlay the wind tunnel minimum vibration
and 1 cm clast size saltation thresholds adjusted to Puna condi-
tions onto the field station data in Fig. 12. The thresholds are pre-
sented as gradational zones given the variability in the wind tunnel
results and field conditions. Despite these approximate boundaries
several results are clear. First, average winds do not move the
clasts in any mode (i.e., vibration through saltation), with gusts
required to exceed threshold. Clasts will vibrate under gusts that
occur throughout the year. Similarly, under impact threshold (gen-
erally from saltating pumice), pumices at the edges of clast group-
ings will saltate in typical gusty conditions, with lithic threshold
only exceeded a few times per year. If impacting particles are lack-
ing, then pumices and lithics saltate much less frequently. When
concentrated within patches, pumices and lithics saltate rarely
under impact threshold and for fluid conditions, only pumice salt-
ates, with lithics never moving. This model is conceptual, and other
factors must modify these relationships to some extent. For exam-
ple, the topography of the megaripples will influence wind flow,
with shear stress higher on the stoss crest (from the compressing
of streamlines) and possible flow detachment, depending on the
height and profile, in the lee. This and other factors are avenues
for future research.

On Mars, most sand and granules are made of basalt. With a
density of 3000 kg m�3 and given that the Martian gravity is a fac-
tor of 0.37 that on Earth, the weight (mg) of basalt on Mars is
equivalent to pumice on Earth (e.g., 3000 * 0.37 = 1100). In Terra
Meridiani, many granule ripples, which can be considered smaller
versions of TARs, also contain clasts of specular hematite
(Christensen et al., 2004; Squyres et al., 2004; Weitz et al., 2006).
With a density of �5260 kg m�3, it’s weight on Mars is equivalent
to materials with a density of �1950 kg m�3 on Earth, so in
between the pumice and lithics (�2600 km m�3). Therefore, our
results give insight on processes for basalt (pumice equivalent
weight) and somewhat for a system with two density components,
as at Terra Meridiani. The density of CO2, the major constituent of
the Martian atmosphere, is 0.015 kg m�3 at 6.1 mb and 209 K. This
compares to 0.71 kg m�3 for air at 293 K at 4500 m elevation in the
Puna. Therefore, wind speeds must be (0.71/0.015)0.5 = 6.8�
greater on Mars to move materials of equivalent weight on Earth,
all other conditions being equal. The Martian-equivalent wind
speeds are shown in red on the right axes of the plots in Fig. 12.
Whether threshold is exceeded on Mars depends on location and
season. For example, in the most extreme case on the planet, global
circulation models predict that peak noontime winds on Olympus
Mons can reach friction speeds of 3.0 m s�1 (Newman, personal
communication, 2014), about 1.5� the minimum threshold friction
speed on Mars (Greeley and Iversen, 1985). However, in general
winds exceeding threshold are far more rare on Mars compared
to Earth. For example, data from the Viking Landers show that
threshold was rarely exceeded, with only minor surface changes
seen in more than 6 years of operation at VL1 (Arvidson et al.,
1983; Moore, 1985; Almeida et al., 2008). Under such conditions,
the coarse materials here would never saltate and only occasionally
vibrate on Mars.

5. Discussion

The wind tunnel and weather station results support the
sequence of Puna megaripple formation as previously proposed
(de Silva et al., 2013) and reviewed in the Introduction. The most
important observations are:

(1) Gusts are required to move the clasts when they are exposed
to the oncoming wind, with saltating grains lowering
threshold. This can be considered the initial stage of ripple
formation, before dispersed clasts nucleate. Through all
stages, pumices act as both saltating grains and impelling
tools against other clasts.

(2) Clasts self-organize into ripple-like features. The wind tun-
nel experiments show that materials tend to clump, thereby
shielding less dense and smaller particles in the interior. This
shows that materials can clump when moved by intermit-
tent creep, as has been advocated for the formation of gravel
megaripples in Wright Valley, Antarctica (Gillies et al.,



Fig. 11. Rose diagrams showing upwind direction as a function of season and speed as measured from the surface meteorology station from March 30 to November 19, 2013.
Each circumferential ring represents 500 events, which were recorded every 30 min.

Fig. 12. The Puna wind data from Fig. 10 with overlays of wind tunnel derived freestream thresholds adjusted for the atmospheric density at 4500 m. Wind speeds are shown
in units of km h�1 on the left axis and m s�1 on the right, with Mars equivalent speeds for the same aerodynamic force shown in parentheses in red. The thresholds are shown
as gradational given the nature of the wind tunnel experiments and field conditions. The pumice and lithic thresholds are those for 1 cm particles as described in the text and
shown in Fig. 8. The impact threshold are centered in the averages for quartz sand and scoria impacts. The vibration threshold is the minimum measured in the wind tunnel
experiments and may be greater, depending on the particle size (Fig. 7), and is assumed the same for all cases (it is not shown for the edge impact case to avoid over-plotting
on the pumice threshold zone). These results show that saltation, even for pumices, can only occur in gusts at certain times of the year and that once grains are protected
within patches, saltation is even more rare. Grains can vibrate through the year, but require gusts. The average daily winds do not modify the surface. The black arrows show
the most likely evolutionary path in the development of the Puna gravel-mantled megaripples, beginning with exposed clasts (‘‘edge’’) being impacted by saltating particles
(generally pumices), to clumping of grains (‘‘patch’’) also exposed to saltating grains, to clumps sufficiently protected that they are sheltered from saltating particles. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2012). Topography can further enhance nucleation and the
buildup of clasts, with the largest Puna ripples being located
at the crests of pre-existing topographic ridges.
(3) Once nucleated, interior ripple clasts remain fairly stable,
with only the strongest gusts moving pumice and rarely, if
ever, the lithics. The arrangement is similar to that of the
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ripples in the Puna, and the wind tunnel and field wind
results show that such ‘‘patch’’ clasts should rarely move
(Fig. 12). This is consistent with time-lapse images that
recorded some pumice pieces, but no lithics, blown off of
ripple crests over a period of 7 months (de Silva et al.,
2013). So, despite occasional grains hopping from one ripple
to the next in high wind events, the surface is largely stable,
with pumices traveling over the surface and impelling other
grains.

(4) Gusts continually vibrate pumice and lithics. This explains
field observations showing that the cores of the ripples are
composed of sand and silt. In this scenario, wind-induced
vibration of clasts allows sand and silt to settle among them,
resulting in net upward clast movement and the formation
of an accreted silt-sand core. Over the long term, this accre-
tion should cause bedform inflation that, combined with fur-
ther accumulation of gravel, likely accounts for the large
scale of the Puna megaripples. It is also likely that the vibrat-
ing grains cause not only sand and silt infiltration, but large
grains to get jostled into stable positions. Therefore, the
longer a clast sits on a ripple, the more stable it gets, such
that redistribution decreases and stabilization increases
with time.

The applicability to the formation of Transverse Aeolian Ridges
on Mars is best considered in terms of process and not as a direct
material and size correlation. Although ignimbrites may be present
on Mars, such as composing the Medusae Fossae Formation (Scott
and Tanaka, 1982; Mandt et al., 2008, 2009), environments
containing materials like those in the Puna are probably rare.
Nevertheless, much is common on the two planets, such that the
results here provide insight on how some TARs could have formed.
These commonalities are:

(1) The Martian plains ripples of Terra Meridiani are armored
with coarse granules overlying a fine-grained interior
(Sullivan et al., 2005). As discussed above, the two density
fractions, basalt and the heavier hematite concretions
(‘‘blueberries’’), are analogous to pumice and lithic clasts in
the Puna, with the fine grained interiors of the ripples on
both planets similar in terms of grain size.

(2) Example of large TARs superposed on topographic flanks and
smaller ones in swales have been documented on Mars,
similar to the geometry in the Puna (de Silva et al., 2013)
(Fig. 1).

(3) Large ripples and TARs on Mars appear static (Bridges et al.,
2012, 2013).

(4) Wind speeds on Mars rarely or never reach that needed to
saltate the coarse grains that cap the Martian ripples.
Although the impact threshold speeds needed to sustain
saltation on Mars are about 10% of the fluid threshold speeds
required for initiation, as opposed to �80% on Earth (Kok,
2010; Kok et al., 2012; Yizhaq et al., 2014), these low values
only apply to grains that can be saltated in the first place,
and are therefore most applicable to fine and medium sand.
Indeed, this likely explains why many Martian dunes and
sand ripples are migrating despite TAR immobility.

These comparisons provide a model for the formation for many
of the large ripples and TARs on Mars that are consistent with the
current aeolian conditions and particle distributions on the planet.
In this scenario, an initially random distribution of particles is sort-
ed by the wind into those that can saltate vs. denser and larger
ones whose movement would be mostly restricted to creep and
traction along the surface, being impelled by the impact of saltat-
ing grains. Large ripples could potentially form via this mechanism
alone (e.g., as proposed for the megaripples in Wright Valley,
Antarctica (Gillies et al., 2012)). However, pre-existing topography
offers natural nucleation sites for megaripple accumulation and
growth, as is seen in some areas of the planet (Fig. 1). Then, once
accumulated into ripple-like forms, the grains remain largely stat-
ic, with rare Martian gusts occasionally vibrating the grains, allow-
ing the settling of pervasive dust and some sand among the grains,
inflating the bedforms over time.

The model proposed is probably not applicable to all TARs and
megaripples on Mars, as other mechanisms are possible depending
on the local geology (grain sizes, topography, etc.) and conditions
(wind speeds and threshold frequencies, atmospheric density,
etc.). However, it is consistent with the current Martian environ-
ment, and analogous to what is found in the Puna and the wind
tunnel experiments and therefore should be considered as a viable
scenario to explain many observations. The model does not require
a past climate with a thicker atmosphere and stronger winds to
form Martian megaripples and TARs. Rather, a suite of particle
sizes, saltating grains, and occasional gusts are sufficient. The ideas
presented here offer some simple mechanisms that form analogous
bedforms on Earth. These ideas can be tested in a number of ways
on current and future Mars spacecraft. For example, assuming suc-
cessful operation for years into the future under extended mis-
sions, repeat images from HiRISE will be able to document
whether TARs migrate over longer temporal baselines than so far
measured. Otherwise, TARs can still be considered static features
at the decadal or longer time scale. Current and future rovers, if
able to drive onto a TAR, would be able to trench into its surface,
showing whether the stratigraphy is like that seen in the Puna
and the smaller Terra Meridiani ripples. If so, the formation
mechanism proposed here would remain a viable hypothesis.
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