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Earth-like sand fluxes on Mars

N. N. Bridges!, F. Ayoub?, J-P. Avouac?, S. Leprince?, A. Lucas® & S. Mattson®

Strong and sustained winds on Mars have been considered rare, on
the basis of surface meteorology measurements and global circula-
tion models"?, raising the question of whether the abundant dunes
and evidence for wind erosion seen on the planet are a current
process. Recent studies’® showed sand activity, but could not
determine whether entire dunes were moving—implying large
sand fluxes—or whether more localized and surficial changes had
occurred. Here we present measurements of the migration rate of
sand ripples and dune lee fronts at the Nili Patera dune field. We
show that the dunes are near steady state, with their entire volumes
composed of mobile sand. The dunes have unexpectedly high sand
fluxes, similar, for example, to those in Victoria Valley, Antarctica,
implying that rates of landscape modification on Mars and Earth
are similar.

The Martian surface displays abundant bedforms (ripples and
dunes)’, and evidence for wind erosion ranging from centimetre-scale
ventifact rock textures® to kilometre-scale yardangs and exhumed
mantles’”. But whether these features are actively moving has been an
open question, as sand-transporting winds have been considered rare
in the low-density atmosphere of Mars'?. Although many bedforms
have been interpreted as static, relict features’, and dune formation
times are predicted to be five orders of magnitude slower than on
Earth’, recent high-resolution orbiter’™ and rover' images have pro-
vided evidence of sand movement. Whether these observations docu-
ment surficial migration, or bedforms in equilibrium (the full volume
undergoing movement)— and therefore large sand fluxes capable of
actively eroding the surface—could not be determined using the tra-
ditional measurement techniques of the earlier studies. Resolution of
this problem has implications for understanding past Martian cli-
mates, as it has been suggested that significant erosion on Mars may
have required a higher-pressure atmosphere in the past'.

Recent advances in optical image correlation'? have allowed dune
migration rates and associated sand fluxes in terrestrial dune fields to
be estimated from satellite data'’. We took advantage of the High
Resolution Imaging Science Experiment (HiRISE) on the Mars
Reconnaissance Orbiter, a push-broom imager with pixel sizes of
~25cm", to track the displacement of sand ripples covering the
dunes. We implemented the HiRISE geometry in the “Co-registration
of Optically Sensed Images and Correlation” (COSI-Corr) tool suite,
which provides quantitative surface dynamics measurements by
automatic and precise orthorectification, co-registration, and sub-
pixel correlation of images'”. The resulting data rival those obtained
using remotely sensed images of Earth dunes".

The high spatial resolution of HiRISE combined with COSI-Corr
allows us to quantify dune ripple migration rates and the derivation of
sand flux across the entire image, a critical measurement that we
perform for the first time on a planetary surface. To undertake this
investigation, we chose the Nili Patera dune field, a location containing
abundant barchan dunes with morphology typical of dunes elsewhere
on Mars and on Earth, and for which localized ripple migration has
been identified using visual comparison of images acquired at different
times™® (Supplementary Fig. 1). Four HiRISE images centred on the
Nili Patera dune field (8.8°N, 67.3°E) were used: two to quantify

changes that occurred in the time interval (105 Earth days) between
their acquisition (subsequently referred to as images T1 and T2); and
another two to construct a stereo-derived Digital Elevation Model, on
which the images were orthorectified and co-registered (images S1 and
S2; Supplementary Table 1). The correlation of T1 and T2 provides
dense measurements of ripple migration (Fig. 1a). We find that ripple
migration occurs across the entire dune field, and increases with eleva-
tion along the stoss slopes. Measurable ripple motion is up to 4.5m,
confirming high sand activity. As dunes become more sheltered
towards the southwest, ripple displacement generally decreases, con-
sistent with active, northeasterly winds. The azimuthal distribution of
displacement vectors (Fig. 1a, inset) is consistent with the southwesterly
trend inferred from the orientation of the dune slip faces and barchan
horns.

Ripple displacement (d,) increases linearly with elevation on a given
dune (hp) (Fig. 2). The fastest ripples, those with the steepest slopes in
Fig. 2, moved so far that the correlation breaks down once the dis-
placement exceeds a distance approximately equal to the ripple wave-
length (4.6 = 0.09 m; see Supplementary Information). This linear
relationship is consistent with the behaviour of steady-state migrating
dunes in which mass is conserved while shape and volume are main-
tained'®, and wind shear stress increases with dune elevation®'® (see
Supplementary Information).

We also measured dune migration from the advancement of lee
fronts between T2 and S1 (941 days), taking advantage of the accurate
registration of the two images obtained with COSI-Corr. Fronts
showed measurable advancement (Supplementary Animation), but
were negligible between T1 and T2 (105 d) except for a few isolated
cases where avalanches occurred®. These measurements were per-
formed only where the lee advance was clear, and therefore may not
represent the average migration of the whole dune field.

Our measurements of ripples and dune migration are related, as
they both reflect sand transport, and can be used to estimate sand flux.
Sand transport results from saltation and reptation'”'®. Saltation is
the hopping motion of grains over long trajectories which, when
they collide with a sand bed, results in a splash of shorter reptation
trajectories. Reptation causes ripple migration, whereas both processes
contribute to dune advancement. The reptation sand flux is estimated
by multiplying the ripples’ migration rate by their average height, A,
estimated to be 20 = 6 cm (Supplementary Information). Assuming
the reptation sand flux equals that of the whole dune, the dune migra-
tion rate is d,h,/(hpt) (Supplementary Information), where ¢ is the time
interval (105 d). The histogram of dune migration rates over the whole
study area peaks at an average value of ~0.1myr ' (Earth year)
(Fig. 3). This distribution is consistent with the dune speeds derived
from linear fits to the selected ripple profiles of Fig. 2, which range
from 0.03 = 0.01 to 0.27 = 0.08 myr ' (Fig. 3). The relative uncer-
tainty in dune migration rate derived from these measurements is
estimated to be less than 20% (Fig. 3, inset table); however, this is a
minimum estimate because the saltation sand flux contribution is not
yet considered. Extrapolating the dune migration rates derived from
lee-front advancement to a year shows that the lee-derived rates are
approximately five times larger than the ripple-derived rates (Fig. 3).
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Figure 1 | Ripple migration, dune
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migration and dune elevation.

a, Ripple displacements in the Nili
Patera dune field derived from
correlating HiRISE images
PSP_004339_1890 (30 June 2007)
and PSP_005684_1890 (13 October
2007). Green and blue numbered
lines show where profiles of ripple
displacement were retrieved. Red
lines with letters show where dune
lee-front displacements were
measured between images
PSP_004339_1890 and
ESP_017762_1890 (11 May 2010).
Inset rose diagram shows
distribution of ripple migration
azimuth. b, Dune migration rate
derived from the ripple migration
rates and dune elevation. ¢, Dune
elevation relative to bedrock base.
Elevation and height maps are based
on stereo images ESP_017762_1890
and ESP_018039_1890 (2 June
2010). See Supplementary
Information for details of how dune
height was estimated.
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Figure 2 | Linear correlation between ripple
migration and dune height. Upper left frame:
ripple displacement versus local dune elevation for
profiles on upwind (blue) and downwind (green)
dunes. Profile locations are shown in Fig. 1a.
(‘Upwind’ dunes are in the northeast part of the
field, unsheltered from prevailing northeasterly
winds; ‘downwind’ dunes are in the southwest part
of the field, partially sheltered by the dunes to the
northeast.) Solid lines are best-fitting linear
functions, shifted to go through the origin to
facilitate slope comparisons. Dashed lines are
extrapolations out to the dune crest for cases where
displacements could not be estimated, owing to
decorrelation of the ripple patterns. Black lines are
isopleths of dune migration rates. The individual
profiles and measured ripple displacements are
shown in the other frames.
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Figure 3 | Dune migration rates. Normalized histogram (black) of dune
migration rates over the 105-day T1-T2 time interval, derived from all
measurements of Fig. 1b where dune height (elevation above the bedrock base)
exceeds 0.5 m. (All time intervals and rates in this paper refer to Earth days and
years.) The right-side tail is mostly attributable to rates measured on the dunes’
upwind and lateral edges, where the measured rates are probably erroneously
large because the ripples there are not fully developed to the equilibrium height
that is assumed in the calculations. (See Supplementary Information.) These
large values appear as rims around the dunes in Fig. 1b. The blue and green
probability density functions show, respectively, the migration rates inferred
for individual upwind and downwind dunes (Fig. 2). (See inset tables and
Supplementary Table 2 for all migration rates and uncertainties.) The mean
heights of the upwind and downwind dunes are 27 and 22 m, respectively. The
red probability density function shows migration rates derived from lee-front
advance over the 941-day T2-S1 interval. The location of these lee fronts is
shown in Fig. 1a (except for measurement e, which is located outside the area
shown in the figure). Black arrows between the inset tables link dune migration
rates obtained on the same dune from lee-front tracking (thus resulting from
reptation and saltation) and from ripple migration (resulting from reptation
only). Assumptions about ripple geometry result in uncertainty in the mean
height of the ripples (see Supplementary Information), which propagates to a
20% uncertainty in dune migration rate.

The higher values reflect the contribution of the saltation sand flux,
which is not considered in the ripple-derived rates.

Comparison with terrestrial dunes (Fig. 4), shows that the Nili
migration rates are about 1-2 orders of magnitude slower than for
dunes of comparable height on Earth. Multiplying the dune migration
rates by their maximum heights (hp.x) gives sand fluxes at the dune
crests: Qp = dphpmax/t, Where dp is dune displacement'’. Mean fluxes
for reptation and reptation plus saltation are 1.4 and 6.9 m> m ™" yr ™',
respectively (Fig. 4). This is comparable to sand fluxes for dunes in
Victoria Valley, Antarctica'®. Terrestrial studies show that bulk and
interdune sand fluxes are about one-third of the crest flux'®, so that
typical fluxes in Nili should be ~2.3 m®> m ™" yr™ . The Nili dunes have
~1,000 times the volume of those in Victoria Valley, yet similar sand
fluxes, indicating that the characteristic timescales of formation are
~1,000 times longer, showing that dunes on Mars evolve much more
slowly than their counterparts on Earth. The timescale associated with
the formation and evolution of the Nili Patera dune field, estimated by
dividing the dunes’ volume by the average sand flux times the length
scale of the dune field, is ~9,800 yr. Similarly, turnover times needed
for dunes to migrate over a distance equal to their length are very short,
ranging from ~170yr for the fastest dune (Fig. la, dune ¢) to a few
thousand years for the slower ones.

The observed correlation between ripple and dune displacement
implies that the entire volume of the dunes is composed of mobile
sand. The alternative, a mobile rippled skin over an indurated sand
core, cannot be maintained for long time periods and is therefore
improbable. The measured ripple reptation flux implies a rapid erosion
rate of ~0.01 myr ' (mean dune speed of 0.1 myr ™', multiplied by
the tangent of the average stoss slope (67)). In the absence of a net
influx from saltation to compensate for this erosion, the dunes would
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Figure 4 | Comparison of dune migration rates and sand flux on Mars and
Earth. Dune migration rates versus dune height for a number of sites on Earth
(with reference numbers in parentheses); the 14 dunes selected in Fig. 2; and
dunes for which the lee-front advance was measured (locations in Fig. 1a).
Black diagonal lines are isopleths of sand flux. Red and blue/green diagonal
lines are mean sand fluxes derived from the lee-front advance and ripple
migration measurements, respectively. Vertical error bars show 1o (1 standard
deviation) confidence intervals for the dune migration rates. The mean sand
flux derived from the lee-front advance is 6.9 = 0.52 (16) m* m " yro ! and the
mean sand flux derived from the ripple migration measurements is 1.4 * 0.08
m’m™ " yr . (See Supplementary Table 2 for individual measurements.) The
factor of five between the two fluxes suggests that the saltation flux is about four
times the reptation flux.

erode very rapidly. Because saltation drives reptation, the two pro-
cesses scale'”"®, so that saltation flux should increase up the stoss slope
in proportion to the reptation flux. This implies dune erosion as great
as0.05myr . Such a rapid rate would quickly erode any mobile sand
layer and expose the indurated core, effectively shutting off subsequent
ripple migration. In this picture, the Nili ripple migration rates and
patterns would represent a very short time window (maximum dura-
tion of the order of the turnover time—a few hundred to a few
thousand years) following the formation of an immobile dune core.
Finding the dunes in this rare state seems very improbable. More likely
is that erosion of the stoss slope is compensated by deposition on the
lee front, resulting in whole dune migration and complete recycling of
the entire dune volume.

These results demonstrate that conditions in Nili Patera, and probably
over much of Mars, are sufficient to move large dunes and transport
fluxes of sand equivalent to those on Earth. This is in contrast to predic-
tions from the Ames General Circulation Model (GCM)? that threshold
wind speeds sufficient to move sand at Nili Patera should not occur. The
spatial resolution of GCMs is insufficient to resolve boundary-layer tur-
bulence that may cause gusts above threshold*. Even mesoscale simula-
tions need a spatial resolution of kilometres to a few hundred metres to
properly model the atmospheric turbulence that accounts for topo-
graphy and thermal contrasts at the scales of individual dunes***. The
work exemplified in this study can be applied to other regions of Mars,
thereby providing ground calibrations for GCMs and mesoscale models,
and descriptions of small-scale atmospheric turbulence.

The occurrence of such large sand fluxes, despite the limited winds
in Mars’ low-density atmosphere'?, is probably related to fundamental
differences in how sand is mobilized by the wind on Mars compared to
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Earth. Although saltation due to aerodynamic shear at fluid threshold
is required to initiate grain motion, once started, the sand ejection
resulting from grain impact is the major contributor to the particle
flux. On Earth, this results in the wind speed required to maintain
saltation being about 80% that required for initiation®. But because of
the higher and longer saltation trajectories on Mars, grains are accel-
erated to a greater fraction of the wind speed than on Earth, resulting in
impact threshold speeds that are only about 10% of the fluid threshold,
equivalent in magnitude to that on Earth**. Thus, once saltation is
initiated by low-frequency gusts, moderate wind speeds can maintain
significant fluxes of sand.

To assess the derived sand fluxes in regard to landscape modifica-
tion, we consider the abrasion susceptibility, S,, defined as the mass of
sand required to erode a unit mass of rock. For basalt grains striking
basaltic rocks at the impact threshold for Mars, S, = 2 X 107° (ref. 25).
The average flux of 23m?>m™'yr™ ' implies that for the saltation
trajectories of 0.1-0.5m that are likely on Mars™, the abrasion rate
would be ~1-10 umyr ™" on flat ground, and ~10-50 pmyr ™' for a
vertical rock face (see Supplementary Information), spanning
field measurements of basalt abrasion rates in Victoria Valley of
~30-50 umyr ' (ref. 26).

One view of Mars has been that conditions since the end of the
Hesperian period (1.8-3.5 Gyr ago) have been fairly static, with very
low erosion rates®. This study shows that this is not the case at Nili
Patera, and probably not at other areas of Mars where there are sig-
nificant gusts of sand and wind. This may explain why vast areas of the
Martian surface show evidence of erosion and removal, including of
mantle materials for which the processes and agents of exhumation
have been a mystery’, yet also contain fields of large dunes that migrate
at relatively slow rates. Over long time periods, it may be that much or
all of Mars has been subjected to large sand fluxes, with associated
erosional modification of the landscape. The techniques reported here
can be applied to many dunes and other slowly changing features on
Mars and Earth, allowing sand flux and landscape modification to be
assessed in a variety of terrains, latitudes, seasons and climates.
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