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The Particle Size of Martian Aeolian Dunes
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The effective particle size of unconsolidated materials on the Martian surface can be determined from
thermal inertia, due to a pore size dependence of thermal conductivity at Martian atmospheric pressures.
Because dunes consist of a narrow range of well-sorted, unconsolidated particles, they provide for a test of the
relationship between particle size and thermal inertia calculated from midinfrared emission data for the Martian
surface. We use two independent approaches. First, thermal inertia data indicate that Martian dunes have an
average particle size of about 500 + 100 pm, or medium to coarse sand. Second, we determine expected dune
particle sizes from grain trajectory calculations and the particle size transition from suspension to saltation. On
Earth, the transition occurs for a grain when the ratio of the terminal fall velocity to the wind friction speed
(u,) is near unity; for grains at u,,, this occurs at about 52 pm. Terrestrial dune sands have a mean of 250 pm
and are composed entirely of grains > 52 pm. The corresponding Martian transition grain size is about 210 pm,
suggesting that Martian dunes should be significantly coarserthan terrestrial dunes. Grain saltation path length
as afunction of particle size also shows that under Martian conditions, larger grains than on Earth will become
suspended. Both approaches indicate that Martian dune sand should be coarserthan terrestrial dune sand. Thus,
while terrestrial dune grains are in the fine to medium sand range, the average Martian dune sediments are
probably medium to coarse sands. These results closely match the grain sizes determined from thermal inertia

models, providing the first direct test of the validity of these models for actual Martian surface materials.

1. INTRODUCTION

Aeolian dunes occur in a variety of locations on Mars, especially
in the circum-north polar region [Cutts et al., 1976; Tsoar et al.,
1979], on the floors of some craters [e.g., Cutts and Smith, 1973;
Breed, 1977; Thomas, 1981, 1982, 1984], and in a variety of
locations seen at very high resolution [e.g., Peterfreund, 1981;
Zimbelman, 1987]. Dune fields large enough to have been seen by
spacecraft cover at least 0.5% of the Martian surface [Peterfreund et
al., 1981]. The morphologies of the Martian dunes are similar to
terrestrial dunes and are generally thought to form from saltated
grains [Cutts and Smith, 1973; Breed, 1977; Breed et al., 1979]. On
Earth, most aeolian dunes are composed of moderate to well-sorted,
fine to medium sand [Ahlbrandt, 1979]. The mean particle size of
terrestrial dune sand is about 250 pm, with a range of means for
various dune fields from 100 to 1600 pm (means calculated for 191
terrestrial dune and interdune areas listed by Ahlbrands [1979]).

The determination of the average Martian dune particle size will
serve as a direct test of the relationship between thermal inertias
calculated from midinfrared emission observations using thermal
models [Kieffer et al., 1977; Haberle and Jakosky, 1991]. The
thermal inertia as a function of particle size relationship has been
determined from laboratory measurements [see Wechsler and Glaser,
1965; Kieffer et al., 1973]. Provided that Martian dunes are uncon-
solidated to at least a depth of 10 cm, they are the most ideal Martian
surface material for this test, because dunes are typically composed
of a narrow range of particle sizes (for example, on Earth, dunes are
composed mainly of particles in the sand size range; 62.5-2000 um
on the Wentworth [1922] scale). A second reason for examining the
particle sizes of Martian dunes is to compare them with their
terrestrial counterparts.

The question of Martian dune particle size is addressed by two
different approaches. The first is to examine thermal emission data
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obtained by the Viking Infrared Thermal Mapper (IRTM) in order to
calculate the thermal inertia of Martian dune fields. As explained
below, thermal inertia is related to the particle size of unconsolidated
deposits at Martian atmospheric pressures. The second approach is
to consider the physics of aeolian sediment transport under Martian
conditions. Dunes are composed of grains which move primarily by
saltation and some via traction [e.g., Chepil and Woodruff, 1963,
p- 248]. Very few suspendable grains (<< 1%) are found in active
dunes. Therefore, establishing the upper limit (in terms of particle
size) for suspendable grains will establish a lower limit on dune
particle sizes.

Throughout this paper, the following conventions are used:
(1) The term “dunes” refers to acolian dunes only. “Dune field”
refers to an areal grouping of dunes. (2) Particle sizes are given in
terms of an effective grain diameter in units of microns (Wm) and in
terms of the Wentworth [1922] classification scheme (e.g., medium
sand = 250 to 500 pm). (3) Thermal inertia (') is expressed in units
of 10-3 cal cm2 5-05 °K-1 (S.I. units = 41.8 J m-2 s-05 °K-1), fol-
lowing the precedent of Kieffer et al. [1977], Palluconi and Kieffer
[1981], and others.

2. ParTICLE S1zEs FroM THERMAL INERTIA

Thermal Inertia and Particle Size Relationship

Thermal inertia is a measure of the resistance of a material to a
change in temperature. The thermal inertia of a material (/) is de-
fined as I = (kpc)03, in which k is the thermal conductivity, pis the
density, and c is the specific heat. The density and specific heat of
geologic materials vary by only about a factor of 3; while under
Martian conditions, thermal conductivity varies by an order of
magnitude [Neugebauer etal., 1971]. Figure 1, adapted from Wechsler
and Glaser [1965], shows the relationship between thermal con-
ductivity and gas pressure for several particle sizes (D,), demon-
strating the variation of thermal conductivity with particle size at
Martian atmospheric pressures (mean ~ 6.5 mbar) [also see Liu and
Dobar, 1964; Fountain and West, 1970; Wechsler et al., 1972].
Particulates have a higher thermal conductivity when the gas mo-
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Fig. 1. Thermal conductivity versus gas pressure for several particle size ranges, showing that the greatest separation in the thermal
conductivities for unconsolidated particulates occurs at Martian surface atmosphetic pressures. The data used to obtain the curves
shown here were for pumice grains [Lix and Dobar, 1964; Wechsler and Glaser, 1965, but data for granular basalt, granite, and glass
beads have similar trends [Masamune and Smith, 1963; Wechsler and Glaser, 1965]. There is a decreased separation in the range of
thermal conductivity for particles at terrestrial atmospheric pressure (~10% mbar), where gas conduction is the largest contributor to
the thermal conductivity of particulates in all size ranges. Also note the decreased separation in the ran ge of thermal conductivity for
materials at Jow, near-vacuum pressures, where solid conduction dominates. (Modified after Wechsler and Glaser [1965, Figure 10]

with permission from Academic Press and P.E. Glaser.)

lecular mean free path (mfp) is less than the pore size (P,) between
grains (mfp = 5 pm at 6.5 mbar). When mfp > P,, solid (grain-to-
grain) conduction dominates, Pore size is directly related to particle
size (D, )forideal, spherical particlessuch that P, = » [100[Woodside
and Messmer, 1961, p. 1698]. Because thermal inertia ( /) is largely
afunction of k, and kis a function of P, (orD,) atMartian atmospheric
pressures (Figure 1), thermal inertia on Mars is also a function of
particle size [Neugebauer et al., 1971; Kieffer et al., 1973].

Figure 2 shows thermal inertia as a function of particle size for
Martian conditions. Figure 2 is adapted from Kieffer et al. [1973,
Figure 11]. The vertical bars, box, two dots, and the triangle (Figure
2) represent thermal inertias calculated from thermal conductivity
data (at 6.5 mbar pressure) [Woodside and Messmer, 1961; Masamune
and Smith, 1963; Wechsler and Glaser, 1965; Fountain and West,
1970]. These data and the dark, central curve in Figure 2 represent
materials for which pe =0.24 cal °K-! cm-3, which was derived from
arguments, presented by Neugebauer et al. [1971], that surface
material densities (p) on Mars probably range from 1.3 to 2.0 gfcm?
and that the specific heat (c) of most minerals is approximately 0.19
cal g-1 °K-1 at 300°K [e.g., Muhleman, 1972, Figure 5], which would
be about 0.16 cal g-1 °K-! at lower, Martian temperatures (note that
Neugebauer et al. referred to a paper by $.W. Kieffer and B. Kamb
(unpublished manuscript, 1971) for the specific heat value; this paper
was never published in its 1971 form; e.g., see Kieffer [1985]). The
bulk densities of materials at the Viking lander sites, as estimated by
Mooreetal.[1987, p. 126], are consistent with the ran ge assumed by
Neugebauer et al. [1971]; the bulk density at the Viking 1 lander site
is about 1.63 g/cm?, and at the Viking 2 lander site, the density is
about 1.57 g/em?. The lighter curves above and below the pc = 0.24
curve in Figure 2 represent the possible range of volumetric specific

heat (pc) from 0.21 to 0.32 cal °K-1 cm-3 [Neugebauer et al., 1971].
Kieffer et al. [1973] extrapolated the thermal inertia between the
known thermal conductivities of 590-840 pum particles and the
thermal conductivity of solid basalt; this extrapolation is represented
here by dotted curves where D, > 103 pm. Jakosky [1986] has pre-
sented an alternativeextrapolation, suggesting that mfp < P for grains
where D, > 103 pm, resulting in a nearly constant thermal inertia of
10 for grains from 103 pum to “a few centimeters.” We note, however,
that there are many surfaces on Mars where 10 <1 < J(so1id rociy [.8-»
Palluconi and Kieffer, 1981; Christensen, 1983; Zimbelman and
Leshin, 1987] and that pore size (P;) of 103 um-sized particlesis only
a factor of 2 greater than mfp at Mars pressures; a leveling off of
thermal inertia relative to D, requires mfp << P,. Regardless of the
manner in which the ] and D, relationship is extrapolated beyond D,
= 103 um, the data presented below for dunes will not require
accurate characterization of I for D, >103 pm. Particle sizes givenin
this paper will be those corresponding to thermal inertias along the
solid curve in Figure 2 (where pc = 0.24), following the precedent of
previous workers [e.g., Neugebauer et al., 1971; Kieffer et al., 1973,
1977, Palluconi and Kieffer, 1981; Zimbelman and Leshin, 1987].
The use of Figure 2 for the interpretation of thermal inertia on
Mars comes with several caveats. Figure 2 requires that the surface
consist of unconsolidated sediments down to at least a diurnal
thermal skin depth (given by (¢ k p -1 c-1m-1) 05, where ¢ is time
period), which for medium sand on Mars is about 7.5 cm. Figure 2
also assumes that the particles are loosely packed, as packing of
unconsolidated sediments may introduce about 15% uncertainty in k
[Fountain and West, 1970, Figure 4]. Particle shape is also a factor,
because nonspherical grains will have increased grain-to-grain sur-
face contacts, thus increasing k [Wechsler et al., 1972]. Finally,
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Fig. 2. Thermal inertia as a function of particle size at typical Martian atmospheric pressure and temperature conditions. Vertical bars,
box, dots, and triangle represent thermal conductivity data from the literature (assuming pc = 0.24 cal °K-! cm-3). The heavy curve
represents the case where pc = 0.24 [after Kieffer et al., 1973, Figure 11; Zimbelman, 1984, Figure 2.7], the lighter curves represent
the thermal inertia for a range of possible pe (0.21 to 0.32). Curves are dashed where extrapolated beyond 103 pm, as discussed by
Kieffer et al. [1973]. Curves are extrapolated below 40 pm as discussed by Jakosky [1986]. Grain sizes are classified according to the
Wentworth [1922] scale. Data for thin vertical bars are from Wechsler and Glaser [1965], thick vertical bars are from Woodside and
Messmer [1961], box is from Fountain and West [1970], triangle is from Masamune and Smith [1963], and the dots are from data cited

by Wechsler and Glaser [1965, Figure 4].

mixtures of particles where pore spaces between larger grains are
filled by smaller ones will affect &, such that the particle size esti-
mated from Figure 2 will be an “effective particle size” [Kiefferet al.,
1973]. Aeolian dunes present the most ideal material on Mars to
avoid these uncertainties. As stated above, dunes consist of a narrow
range of grain sizes, thus the “effective particle size” will be very near
the actual average grain size. Packing will not be a problem if the
dunes are active, which can be determined if they have thermal
inertias consistent with unconsolidated materials. Finally, grain
shapes will be nearly spherical in a Martian dune, because abrasion
and rounding of particles occurs very rapidly under Martian condi-
tions [Krinsley et al., 1979].

Viking IRTM Instrument, Data, and Mars Thermal Models

The Viking IR-TM was ascanning radiometer with five midinfrared
bands centeredon 7,9, 11, 15, and 20 pim, and one broad, visible and
near-IR reflectance band from 0.3 to 3.0 um [Chase et al., 1978]. The
instrument measured the flux of emitted energy from surfaces
typically 20-30 km in diameter, or 300-700 km?2; some data collected
had higher resolution, generally 2-5 km in diameter or 5-20 km?2.

In this study, two thermal models were used to determine the
thermal inertia of dune fields: (1) the “Viking thermal model” of
Kieffer et al. [1977, Appendix A] and (2) the thermal model of
Haberle and Jakosky [1991]. The Kieffer et al. [1977] model

accounts for seasonal and diurnal variations of insolation and con-
duction into an assumed flat, homogeneous Martian surfacé (an
assumption that should be good for well-sorted materials, like those
that occur in dunes). The Kieffer et al. [1977] thermal model
boundary equation includes terms representing solar insolation, the
thermal flux into and out of the surface, and the latent heat of CO, (to
account for polar frost effects). The Kieffer et al. [1977] model
assumes that the downward infrared flux in the atmosphere, which
includes the effects of solar energy absorption, atmospheric heating,
and reradiation by CO; and suspended aerosols, canbe approximated
by assuming that these effects are always 2% of the solar insolation
atnoon, Haberle and Jakosky [1991] found that the atmospheric flux
term is usually larger and has a greater diumnal variation than the 2%
assumption, resulting in thermal inertias calculated using the Kieffer
et al. [1977] model that may be higher than the true surface thermal
inertia. The Haberle and Jakosky [1991] model, however, does not
account for the range of seasonal variations incorporated in the
Kieffer et al. [1977] model, and neither model includes terms for
wind advection or the latent heat of H;O. Elevation effects, not in-
cluded in the Kieffer et al.[1977] model, include the downwelling of
infrared radiation as a function of surface atmospheric pressure
[Haberle and Jakosky, 1991] and pore pressure in particulate sur-
faces [Zimbelman, 1984]. The pressure effects on downwelling IR
radiation were incorporated into the Haberle and Jakosky [1991]
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model, while the pore pressure problem is only significant for the
interpretation of thermal inertia at extreme altitudes [Zimbelman,
1984].

Haberle and Jakosky [1991] estimated the magnitude of the
difference in thermal inertia between their model and the Kieffer et
al.[1977] model for the Viking 1lander site (22.5°N) during northern
summer. Their results indicated that the Kieffer et al. [1977] model
overestimates thermal inertia by about 1.7 units when atmospheric
dust opacity (7 ) is near zero. The difference in the results obtained
using the Kieffer et al. [1977] model and the Haberle and Jakosky
[1991] model should, however, vary somewhat with season and
latitude. For example, the effects of atmospheric thermal emission
to the surface will be reduced in cooler seasons and at higher
latitudes. These effects should drop to zero at the poles because of
the reduced diurnal temperature range.

Thermal inertia of Martian materials is most effectively deter-
mined by establishing the diurnal thermal behavior of the surface.
This requires a minimum of two observations of the same surface at
different times of the day; these measurements can be fitto amodeled
diumnal temperature variation curve and thereby used to fix areason-
able estimate of thermal inertia. For data of high spatial resolution,
there are no IRTM observations which were made on the same day
or only a few days apart for any single surface location, making it
difficult to apply the two-observation analysis. This problem has
been solved using asingle-point thermal inertia determination [Kieffer
et al., 1977, p. 4271; Palluconi and Kieffer, 1981]. The reader is
referred to amore detailed description of this method by Christensen
[1983, p. 499]. Basically, the input variables in the single-point
method are the 20-pm brightness temperature, latitude, season, and
time of day for a given observation, along with an albedo. Daytime
observations have a corresponding albedo measurement that can be
used as input [Christensen, 1983], butnighttime observations require
an assumed albedo. Christensen [1983] used a constant albedo of
0.25, while Zimbelman and Leshin [1987] used 1° by 1° binned
IRTM-derived albedos of Pleskot and Miner [1981] to study night-
time data. Christensen [1983, pp. 499-500] compared results of the
single- and dual- point methods and determined that the single-point
measurements provide reliable results (65% of compared results
were the same to within£1.5 thermal inertia units), especially during
dust-free periods. The single-point method provides the most
reliable results when predawn data are used [Zimbelman and Leshin,
1987].

The assumption of an albedo (a) in the single-point thermal
inertia determination is a potential source of uncertainty. In global
thermal inertia mapping projects (which have also used IRTM
predawn data), @ was assumed to be 0.25 everywhere [Christensen
and Malin, 1989]. For the dune fields examined in this study, a was
assumed to be 0.15. An albedo of 0.15 is a conservative estimate, as
many Martian dune fields may have albedos of 0.05-0.13 [Thomas
and Weitz, 1989]. We found that adifference in albedo of 0.10results
in a difference of thermal inertia, computed by the single-point
method, of about 1.0.

Data Selection

TheIRTM data used in this study were aquired by both the Viking
1 and 2 orbiters. The data were searched in order to locate the best
observations of Martian dune fields. Because the best IRTM data
have surface resolutions generally 5-30 km, only large dune fields
can be examined. In addition, the dune fields chosen for this study
were required to have what appears in Viking or Mariner 9 photo-
graphs to be a continuous cover of dune-forming sediment over the
field surface. If the interdune surface appeared to be different, as in
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Fig. 3. Small crater in southeastern Oxia Palus containing a dark, barchanoid
dune field. Note that the interdune surface is not as dark as the dunes
themselves, implying that it is composed of or covered with a different
material, (Viking image 709A42, centered near 1.9°N, 351.7°W.)

the case of barchan dunes separated by an interdune surface or a
substrate of presumably different thermal inertia, then it wasnot used
(e.g., Figure 3). Large dune fields of generally continuous sediment
cover occur in four main regions: the north polar sand sea [Cutts et
al., 1976; Tsoar et al., 1979]; the south polar region, especially
between latitudes 55°S and 75°S, longitudes 145°W and 250°W
[Thomas, 1981, 1982]; the Sirenum Terra region, bounded by 55°S
to 60°8 latitude and 130°W to 145°W longitude [Peterfreund, 1985];
and the Hellespontus region (Figures 4 and 5), bounded by latitudes
40°S to 55°S and longitudes 315°W to 350°W [Cutts and Smith,
1973; Breed, 1977]. Anadditional large crescentic dune field occurs
on the floor of Moreux Crater, located northwest of Syrtis Major at
42.1°N, 315.5°W. While the large dune fields in these regions are
assumed here to have a continuous cover of dune-forming sediment,
we acknowledge that particle sizes vary throughout any given dune
field [Lancaster, 1983] and upon any given dune [Barndorff-Nielsen
et al., 1982; Watson, 1986] and that coarse-grained or cemented/
lithified interdune areas might occur in such a dune area [Sharp,
1979].

The IRTM data sought for the thermal inertia investigation were
subject to a number of constraints, in order to ensure that the data are
the best available. In order to avoid the effects of the major dust
storms which occurred during the Viking mission, the data consid-
ered here were obtained between Mars heliocentric longitudes (L, )
344° 10 125° [Ryan and Henry, 1979; Christensen, 1983, 1988]. Data
obtained between L; 344° and 125° correspond to parts of southern
summer, autumn, and winter, between October 1977 and August
1978. The data were also constrained by emission angle (0-60°),
resolution (2-40 km), and local time of day (21 H to 6 H, where H is
1/24 of the Martian day). The resolution requirement ensures that
the IRTM data are only for dune fields which are larger in area than
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Fig. 4. Sketch map showing the locations of all recognizable dunes in the Hellespontus region of Mars. These dunes include the
“Hellespontus Dunes” in Proctor Crater [Cutts and Smith, 1973; Breed, 1977] photographed by Mariner9. This sketch shows only those
craters which contain known dunes, although many other craters in the region contain dark features. Dune fields represented by parallel
lines indicate the dominant strike of dune crests. The following images were used to confirm the presence dunes in the areas indicated:
Mariner 9: DAS 8548829; Viking: 93A 47; 94A 33, 42, 45-50; 470A 25; 472A 51; 510A 21, 22, 27-30, 46-48; 547A 43; 581A 09;
358S 21, 23, 24, 26; 94B 49; 575B 8-10, 16, 17, 24, 26, 29, 32, 47, 55, 57-60; 577B 56.

the resolution of the data, so that there is no thermal contribution from
surfaces outside the dune field. Careful examination of the latitude
and longitude placement of the data also ensure that the data are
solely for a dune field. The time-of-day constraint is important in
thermal inertia investigations, especially when a single-point inertia
is calculated. Data obtained between21 and 6 H occur atnight, when
the effects of thermal emission from Sun-heated slopes and the
effects of thermal emission due to material composition are minimal,
and thermal contrasts due to differences in particle size are at a
maximum [e.g., Kieffer et al., 1977; Palluconi and Kieffer, 1981].
No data where the brightness temperatures in the 11 pm band were

Fig. 5. High»resolunon view of the thick, continuous, transverse dune field
on the floor of Kaiser Crater. (Viking image 575B60, centered at 47 4°S,
340.5°W.)

less than in the 20 Wm band ( T7; - Tp) were used, because negative
T, - Ty values commonly indicate the presence of water ice clouds
which obscure the surface [Christensen and Zurek, 1984]. Data were
also constrained to avoid surface frosts in the polar regions.

Results

IRTM data which meet the above criteria were found for three
Martian dune fields which occur on the floors of the Hellespontus
craters Kaiser (Figure 5), Rabe, and Proctor. The data, listed in Table
1, are for individual IRTM spots, each one of which is smaller in
surfaceresolution than the dimensions of the dune field. The data for
the dune field in Moreux Crater are consistent with those in
Hellespontus, although the data spot size exceeds the dimensions of
the dune field. However, the dimensions of the dark “splotch™ which
surrounds and includes the dune field in Moreux Crater is much
larger (see Viking orbiter image 269S04) and might also consist of
dune-forming sediments.

Thermal inertias were calculated for all of the data using the
Kieffer et al. [1977] thermal model (Table 1), and all of them are in
the range 7.9-8.5, with an average of about 8.2. These thermal
inertias assume a surface albedo (a) of 0.15, because the data were
obtained atnight, when coincident reflectance data are not available.
Estimates of albedo for two of the dune fields were obtained by
examining daytime IRTM data; a Lambertian albedo of 0.14 was
calculated from IRTM reflectance data for the dune field in Kaiser
Crater (IRTM sequence 1-504-2-6-947, following the notation in
Table 1), and 0.13 for the dunes in Proctor Crater (IRTM sequence
1-509-2-4-1292). If the albedo of the four dune fields in Table 1 is
0.13 instead 0f 0.15, the calculated thermal inertia would be about 7.9
instead of 8.2. Accounting for the possible uncertainties in the
IRTM-derived thermal inertias due to instrument gain and noise
(approximately + 0.25) [e.g., Kieffer et al., 1977; Pleskot and Miner,
1981] and the uncertainty in albedo (@ =+ 0.02; [ = + 0.35), the
maximum uncertainty in the thermal inertia of 8.2 calculated using
the Kieffer et al.[1977] modelis+ 0.6, or about 7%. A thermal inertia
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TABLE 1. Thermal Inertia of Intracrater Dunes
Crater Latitude, TI4 R, km? Dune Field Data Identification Numbers
Location Longitude Dimensions, km® scd  Omit Sequence® spotf  Ick&
Kaiser -46.5°, 340.5° 8.1 22.9 50 x 30 1 547 12 6 829
8.0 23.0 1 547 12 6 830
8.0 23.3 1 547 12 6 832
Proctor -47.8°, 330.3° 8.2 27.8 64 x 36 1 545 09 6 762
8.1 27.3 1 545 09 6 764
Rabe -43.5°, 325.2° 8.0 22.9 40 x 26 1 545 09 5 640
7.9 22.8 1 545 09 4 642
8.5 15.6 1 665 04 4 825
Moreux 42.1°, 315.5° 8.3 32.8 17x 10 2 523 05 2 323

4 T1, thermal inertia, assuming albedo of 0.15, calculated using the Kieffer et al. [1977] thermal model.
b R, resolution, or approximate diameter of the IRTM data spot on the ground, assumed to be approximately circular.
€ Dune field dimensions, are long and short axis of the approximately elliptical dune fields, measured from Viking images.

4 S/C, space craft (Viking 1 = 1; Viking 2 = 2).
¢ Sequence, data sequence in the orbit.
1 Spot, IRTM detector, 1-7 [see Chase et al., 1978, Figure 4].

& Ick, number indicating time at which the data were obtained (timed ~1.2 s apart). The spot and ick, taken together, uniquely identify a data

point in a sequence,

of 8.2 corresponds to a particle size of about 550 pm (Figure 2), with
a possible range, owing to uncertainties in the IRTM instrument
properties, in the assumed albedo, and the possible range of pe, of
about 450 to 600 pm, or medium to coarse sand.

The Haberle and Jakosky [1991] model was used in an effort to
estimate the difference in thermal inertia calculatedusing their model
with respect to the Kigffer et al. [1977] model for the Hellespontus
dunes (R.M. Haberle, personal communication, 1991). In their
work, Haberle and Jakosky [1991] determined thermal inertia using
an average of 7 and 20 um brightness temperatures and a dual-
observation fit to a diurnal temperature curve. Because of data
limitations and a desire for consistency with the usage of the Kieffer
et al. [1977] model, the Haberle and Jakosky [1991] model was
applied to our work as a single-point inertia determination from a
20-pum brightmess temperature. The following parameters were
assumed: a=0.15, L,=20°, latitude = 48°S, and atmospheric pres-
sure = 610 mbar (corresponding to pressure at the elevation of the
Hellespontus dunes, about 1-2 km above datum). The model was run
for alow dustopacity (7= 0) and for what Haberle and Jakosky[1991]
consider to be a typical dust opacity, appproximately T = 0.4. It was
found that at this latitude and season, atmospheric emission warms
the surface on the order of 1°- 3°K on a clear, dust-free day, while a
dusty atmosphere (7 = 0.37) would cool the surface by about —5°K.
The dust cooling apparently results from the higher solar insolation
incidence angles at this latitude and season (this effect results from
the scattering of insolation from the suspended dust back into space).

R.M. Haberle (personal communication, 1991) calculated best fit
thermal inertias for the Hellespontus dunes of about 7.7 for a clear
atmosphere (T = 0) and about 7.2 for a dusty atmosphere
(7 = 037). As described above, the maximum uncertainties in
thermal inertia due to instrument properties was about + 0.25, and
uncertainty in albedo results in a thermal inertia uncertainty of about
+0.35. Because only one IRTM observation was used to calculate
these results, uncertainty in the derived thermal inertia that is due to
the uncertain nature of the diurnal temperature variation is about
10.2. Thus, the thermal inertias calculated for dunes in Hellespontus
using the Haberle and Jakosky [1991] model have a maximum
uncertainty of about + 0.8. For a clear atmosphere, the Haberle and

Jakosky [1991] model gives a thermal inertia of about 7.7 + 0.8,
translating to a particle size of about 470 + 70 pm. For a dusty
atmosphere (7= 0.37), the thermal inertia is about 7.2 + 0.8, corre-
sponding to particle sizes of about 400 + 70 pm.

The Haberle and Jakosky [1991] thermal model, therefore, indi-
cates slightly lower thermal inertias for the dunes than those calcu-
lated from the Kieffer et al. [1977] model. However, the thermal
inertias and inferred particle sizes are within the range of uncertainty
inherent in the Kieffer et al. [1977] model and the assumptions built
into the particle size-to-thermal inertia relationship. Mostimportant,
both the Haberle and Jakosky [1991] model and the Kieffer et al.
[1977] model indicate that the average particle size of Martian dunes
is in the range of 500 + 100 pwm, and is therefore greater than the
terrestrial dune average of 250 um.

3. PARTICLE SIZES AT THE TRANSITION BETWEEN
SUSPENSION AND SALTATION

Review of Aeolian Grain Movement

Particles are moved by the wind in one of three modes: suspen-
sion, saltation, or traction (creep). To determine what particle sizes
might comprise the dunes on Mars, it is most important to establish
what particle sizes may become suspended under Martian condi-
tions. Over time, suspendable particles will be largely removed from
a dune (e.g., see observations of wind action upon soils and aeolian
drifts by Daniel [1936]). Particles that are too big to be lifted by the
wind will move as a result of grain impact-induced traction. Under
typical terrestrial conditions, particles of granule size (2-4 mm) and
larger may move via the creep mechanism. Granule ripples are a
common feature in dune fields, especially in hollows and on the
windward flanks of dunes [Sharp, 1963]. However, particles which
move solely by traction are not known to form dunes. The bulk
sediment of which dunes are composed are transported by saltation.

Current knowledge concerning the physics of aeolian sediment
transport has been obtained through a combination of field observa-
tions, wind tunnel experiments, and theoretical modeling. The basic
physics was described by Bagnold [1941]. Greeley and Fversen
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[1985] and Pye and Tsoar [1990] provided updated reviews of the
subject. Here we present a brief summary of material relevant to
establishing the particles sizes at the upper limit of suspension (or the
lower limit of saltation).

First, consider the case of a spherical particle in the air, Aerody-
namic drag tends toward keeping the particle aloft, while the weight
of the particle tends to pull it downward. Following the notation of
Greeley and Iversen [1985], when the drag is equal to the particle
weight, the grain has reached its terminal fall velocity,

_ (4 Prg DP)O'S
3 paCa n
where D, is particle diameter, p, is particle density, p, is atmospheric
density, g is the acceleration of gravity, and C;, the drag coefficient,
is a function of the Reynolds number, u D, /v, where v is the kine-
matic viscosity (v =L /p,, where | is absolute viscosity) of the air.
Second, consider a spherical particle at rest in a bed of equal
diameter spheres. The forces acting on this particle under windflow
conditions are the aerodynamic lift (F;) and drag (F;), the particle
weight (Fy = mj, g; my, is the particle mass), and interparticle forces
(Fip), suchas electrostatic cohesion [e.g., Iversenet al., 1976a]. For
the wind to move such a particle, the aerodynamic lift force must
overcome the other forces. Interparticle cohesion makes it difficult
to move the smallest grains. It follows that for each particle size,
there is a threshold drag velocity, u.;, at which the lift forces begin
to allow for particle motion.

The drag velocity, u., is directly proportional to the rate of in-
crease of the wind velocity with log height above the surface
[Bagnold, 1941]. In a steady, straight flow, u. is a measure of the
velocity gradient above the bed and is given by

0.5
Pa

where 7 isthe fluid shear stress and p, is the fluid density. The surface

shear stress at i is given by

w=A%(pp- pa)g Dy &)

where A is a dimensionless friction speed,
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which is a function of the particle friction Reynolds number (8),

@
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%

such that, under terrestrial conditions where p, >> p,, A is a function
of B and p,/p,. Early investigations of Martian aeolian particle
motion also assumed A =A(B, p,/p,), but Iversen et al. [1976a] and
Greeley et al. [1980] showed that interparticle cohesion is not lin-
early proportional to p,, invalidating A = A(B, p,/p,) for Martian
conditions.

Iversen and White [1982] derived two empirical expressions
useful for determining A under a variety of different planetary
conditions:
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for 0.03 < B <10, and

M

A=0.12 (%)0'5 (1 - 0.0858 ¢-0.0617 (B-10))
5
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for B =10.

These expressions for A have been used to predict the threshold
shear velocity as a function of particle size for Venus, Earth, Mars,
Titan, and Triton [[versen and White, 1982; Greeley and Fversen,
1985; Sagan and Chyba, 1990]. They have also been demonstrated
to predict particle motion under experimentally reduced gravity
conditions aboard an aircraft [White et al., 1987], and they have been
applied to a variety of Martian acolian topics (review by Leach et al.
[1989]).

Figure 6 shows the threshold drag velocity as a function of
particle size for spheres of density p, = 2.65 g/cm? for typical ter-
restrial and Martian conditions, as predicted by Iversen and White
[1982]. Under terrestrial conditions, the lowest threshold friction
velocity needed to initiate particle motion is about 0.22 m/s. The
higher threshold friction velocities at lower particle sizes result
largely from the cohesive effects of interparticle forces [Iversen et
al., 19764]. Large particles also have high threshold friction veloci-
ties, due to their greater weight. The threshold friction velocities
under Martian conditions are an order of magnitude greater than the
terrestrial case, owing to the lower atmospheric pressure and density.

Transition Between Saltation and Suspension

Defining sand as particulate material which is movable either by
direct pressure of the wind or by impact-induced motion, Bagnold
[1941, pp. 6 and 98] defined the lower limit of sand (or the upper limit
of suspendable material) “as that at which the terminal velocity of fall
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Fig. 6. Approximate average threshold friction speed comparisons for Earth
and Mars, as given by equations (6) and (7). Particle densities (p,) for both
are 2.65 gfem3. Martian atmospheric density (pg) is 1.10 x 10-5 g/em?,
terrestrial atmospheric density (pg) is 1.23 x 10-3 gfcm3, Mars atmosphere
kinematic viscosity (Vy)is 11.19 cm?s, Earth atmosphere kinematic viscosity
(vg)is 0.146 cm?/s, Mars gravitational acceleration (g)is 375 cm/s2, and Earth
gravitational acceleration (gg) is 981 cm/s2. The optimum particle sizes
(75 pm for Earthand 115 pm for Mars) are indicated. (Modified afterIversen
and White [1982] with permission from Blackwell Scientific Publications.)
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becomes less than the upward eddy currents within the average
surface wind.” The transition from suspension to saltation of aeolian
particles is not distinct. Pure saltation occurs when the vertical
fluctuating component of wind velocity (w” )has no significant effect
on the particle trajectory, while pure suspension occurs when the
particle settling velocity (uy) is small with respect to the surface wind
friction velocity (u«) [e.g., Nalpanis, 1985]. Tsoar and Pye [1987, p.
141] explain that the force which opposes the tendency for small
particles to remain aloft (in a neutrally stratified atmosphere near the
surface) is the standard deviation of the mean vertical fluctuating
component of wind velocity, W'. If the standard deviation of W'is
greater than the settling velocity (uy), then the particle will remain
suspended. The standard deviation of W' is equal to a constant, R,
times the velocity gradient, u«. The valueof R is theratio, us/u., which
is commonly taken as an approximation of the conditions which
determine whether a particle can become suspended in a fluid [e.g.,
Bagnold, 1941; Middleton, 1976; Tsoar and Pye, 1987]. The
arbitrary boundary between suspension and saltation occurs where
uslus=1[Tsoar and Pye, 1987]. Gillette et al.[1974] established an
upper limit for pure suspension at approximately uy/u. = 0.7, and the
values 0.7 < us/u. <2.5 are generally considered a zone of “modified
saltation,” where air turbulence has a significant effect on the paths
of airborne particles [Nalpanis, 1985; Hunt and Nalpanis, 1985]. In
general, particles are in pure saltation if u;/u« >> 2.5 and in pure
suspension if uy/u. < 0.7 [Tsoar and Pye, 1987; Anderson, 1987].
Figure 7 shows the ratio of terminal fall velocity, up, to threshold
friction velocity, i, for spherical particles modeled under the same
conditions as in Figure 6 for terrestrial and Martian cases [from
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Fig. 7. Ratio of the terminal velocity (1) to threshold friction velocity (i)
for the Earth and Mars as a function of particle size. The physical properties
of the particles, atmosphere, and gravitational acceleration are the same as in
Figure 6. The approximate saltation-suspension boundary occurs when u/us,
= 1.0. For Earth, this ratio is 1.0 for particles ~ 52 pum in size, for Mars,
210 pm. (Modified after Greeley and Iversen [1985, Figure 3.2] with
permission from Cambridge University Press.)

EDGETT AND CHRISTENSEN: PARTICLE SIZE OF MARTIAN AEOLIAN DUNES

Greeley and Iversen, 1985]. Figure 7 indicates that particles < 52 um
go directly into suspension when the threshold friction velocity
occurs [[versen et al., 1976b; Greeley and Iversen, 1985, pp. 70 and
95]. In fact, particles in the range 40-80 um may undergo modified
saltation [Nalpanis, 1985], and nearly all grains in terrestrial dunes
are more coarse than 52 um [Ahlbrandt, 1979; Greeley and Iversen,
1985]. Even in the finest terrestrial windblown sands, the average
diameter is seldom less than about 80 pm [Bagnold, 1941, p. 6].

Suspension of Particles on Mars

Martian atmospheric pressures and temperatures vary with eleva-
tion, time of day, and season [e.g., Pollack et al., 1981; Hess et al.,
1977]. However, aeolian activity has been observed from the lowest
elevations (Hellas Basin floor) [Briggs et al., 1979; Peterfreund,
1985] to the highest volcano summits [Sagan et al., 1974; Lee et al.,
1982; Lee, 1986]. Surface atmospheric pressures range from as high
as 15 mbar in low regions to 1 mbar at the highest elevations.
Changes in pressure and temperature affect the density (p,) and ki-
nematic viscosity (V) of the Martian atmosphere. Large differences
in atmospheric properties alter the properties of the wind surface
shear [Greeley et al., 1980], thus changing the characteristics of
aeolian particle entrainment and motion [White, 1979, p. 4646].
When the atmospheric pressure is at its highest and the temperature
is atits lowest (resulting in the highest possible p,), equations (6) and
(7)predictaminimal threshold friction velocity, #a, of ~ 1 m/s [[versen
and White, 1982]. The typical minimum Martian u., is near 2 m/s.

Figure 7 shows thatus/u.=1 for general Martian conditions when
the particle size is about 210 pm, suggesting that particles <210 um
are typically susceptible to suspension [[versenet al., 1976b; Greeley
and Iversen, 1985]. Slight differences in which particle sizes may
saltate or go into suspension, however, likely occur at different
elevations or latitudes, depending on variations in atmospheric
pressure and temperature [White, 1979]. Greeley and Iversen [1985,
P- 70] suggested on the basis of this diagram (Figure 7) that Martian
dunes should have few grains smaller than 210 pm, and therefore
Martian dunes may be coarser than dunes on Earth,

It may seem counterintuitive that particles as large as 210 um
could become suspended in the thin Martian atmosphere, especially
considering that on Earth the particles at the us/u«= 1 boundary are
4 times smaller, However, two main factors act together to cause
large particles to become suspended: (1) the high surface friction
velocity (u.) needed to move particles at the low Martian atmospheric
pressures; and (2) the lower gravity of Mars (375 cm/s2). The higher
particle velocity and lower gravity, in combination with a reduced
atmospheric drag in the thin Martian air, create longer path lengths
for saltating particles [White et al., 1976; White, 1979]. As saltation
pathlength approaches infinity, it becomes more likely that a particle
will be suspended [Anderson, 1987, p. 508]. (Note that the opposite
effect occurs on Venus, where ., values are an order of magnitude
less than on Earth, and the dense atmosphere creates a strong drag on
windborne particles, giving them shorter path lengths than might
occur on Earth and Mars [[versen et al., 1976a; White, 1981; versen
and White, 1982; Greeley et al., 1984].)

Saltation Path Length on Earth and Mars

Another way to examine the question of Martian dune particle
size is to compare saltation path length as a function of particle size
for Martian and terrestrial conditions. Atsmall, suspendable particle
sizes, the path length should approach infinity. At the particle sizes
which are in the size range that can saltate under given planetary
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conditions, the path length should not vary as strongly as grains
which can be suspended. For this discussion of particle trajectory
path length (defined as the distance along the ground over which the
particle travels) as a function of particle size, we present acomparison
between Earth and Mars cases.

The saltation trajectory of a grain is calculated by solving for y and
up, as a function of x (where x is horizontal distance, y is vertical
distance, u, is velocity of particle relative to air) over the particle
trajectory. The acceleration of the particle is given by

®

where the forces refer to gravity (g), aerodynamic drag (F,) and lift
(F1), and Magnus (spin) forces (F,). Lift forces are only important
at the begining of grain movement; for our purposes they can be
simulated by modifying &y, theliftoff velocity of the particle. Magnus
forces [White and Schultz, 1977] can be ignered in this example.
Following Bagnold [1941] and Anderson [1987], the drag force is
given by

=g +Fg-(F1 + Fn)

Fi= ;_ Ca Pa pa u? ©)

in which P, is the cross-sectional area of the particle (n Dp2/4 for a
sphere). The acceleration of the particle during its motion through
the air, without lift forces, is given by

_3Ca pau
4 P Dp
where the drag coefficient is a function of the Reynolds number as
given by the curve-fitting formulae listed by Morsi and Alexander
[1972, p. 207].

To calculate trajectory as a function of particle size, an initial
particle ejection velocity, @y, isused. This velocity may be either the
lift-off velocity of particles initially at rest and suddenly exposed to
winds at ue,, or the velocity imparted by other, impacting grains.
Bagnold [1941] assumed that @y is proportional to the drag velocity,
in this case s, such that @y = & u; this relationship is commonly
used to estimate @y by assuming a reasonable value for a. For par-
ticles where the entire bed is initially at rest, the effects of lift forces
(F; and F,,) can be simulated by assuming that ¢ is a function of
particle size [White et al., 1975, 1976]. For particles in an already
active environment, where all ejection is due to the impact of other
grains, @y can be considered a constant [Bagnold, 1941, chapter 5].
Bagnold [1941] found « to be about 0.8 for such grains under
terrestrial conditions.

Figure 8 shows two diagrams of saltation path Iength as a function
of particle size for grains at their threshold friction velocity (u«(D,))
under terrestrial and Martian conditions (u., from Iversen and White
[1982]). In both diagrams, the particle trajectories were calculated
for spherical grains with a density, p,= 2.65 g/cm?, under the same
atmospheric conditions as used by Iversen and White [1982]. The
algorithms used to calculate path length were compared with the
work of White et al. [1976] and White [1979], and were found to be
consistent with White’s results for no-lift forces cases. In Figure 84,
« was assumed to be a function of particle size, in order to simulate
grain motion in an initially immobile bed (where lift forces are
important). The values for ¢t used in Figure 8a come from White et
al. [1975, Figure 36] for Earth and White et al. [1976, Figure 9] for
Mars. In Figure 8b, o was assumed to be constant for all particle
sizes, as might be the case where particle motion is induced by the
impact of other grains [Bagnold, 1941]. For the Martian case, & is
assumed to be 0.1 [after White, 1979], and for Earth, it is assumed to
be 1.0 (which is close to Bagnold’s o= 0.8). It can be seen, in both
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Figures 8a and 8b, that at smaller particle sizes the path length
asymptotically approaches infinity, indicating, as expected, that
decreasing particle sizes are increasingly susceptible to suspension.
The longer the path length, the more likely it is to be kept aloft by
turbulence and removed from a saltating, granular surface [e.g.,
Anderson, 1987].

In both Figures 8a and 8b, the “zone” of modified saltation (0.7
< us/us <2.5) and the particle size where us/u., = 1.0 from Figure 7
are shown. The zone of modified saltation corresponds approxi-
mately to the inflection portion of the curves, especially in Figure 85.
Whatis most important about both of these diagrams is the difference
between the inflection points for Mars and Earth. This is especially
apparent in Figure 8b, where the curve for Earth tumns over at
particles sizes of about 50-80 |Lm, while the Mars curve turns over at
about 200-250 pm, a difference of 150-170 pm. This diagram
supports both our thermal inertia results and the contention of
Greeley and Iversen[1985, p. 70], which indicate that Martian dunes
are more coarse grained than terrestrial dunes.

4. Discussion

Most of the sediment in terrestrial dunes are grains coarser than
52 um (where uy/u., = 1), and terrestrial dune sands have a mean
value (~250pm)in the fine to medium sandrange [e.g., Bagnold, 1941;
Ahlbrandt, 1979]. Because of the difference between the terrestrial
particle size where u;/us, = 1 (52 pm) and the Martian particle size
where us/ue =1 (210 um), Greeley and Iversen [1985, p- 70] sug-
gested that Martian dune sands should, on average, be composed of
particles larger than in terrestrial dunes. In this study, we have
demonstrated the idea of Greeley and Iversen [1985] in Figure 8,
which shows that larger particles, up to ~210 um, should indeed have
longer path lengths on Mars than on Earth, due to the reduced gravity,
greater U, and reduced atmospheric drag. In addition, we have
presented well-constrained IRTM thermal-infrared data for three
Martian dune areas in the Hellespontus region. Both of the thermal
models presented above give thermal inertias in the range of 7.2-8.5
with uncertainties of + 0.6 to 0.8, indicating effective particle sizes
of about 500 + 100 um. Though both approaches explored here,
thermal inertia and saltation physics, are model-dependent, these
models make independent assumptions and are based upon several
decades of research. Both methods indicate that the Martian dunes
should be coarser grained than terrestrial dunes.

As indicated above, there are no other dune areas large enough to
have been studied by IRTM data which met the other constraint
criteria. However, Keegan et al. [1991] have presented results of
carefully modeled, IRTM-derived thermal inertia figures for the
north polar region. They found that many of the large, continuous
dune fields of the north polar erg have thermal inertias in the range
7.5-10, a result consistent with the findings presented in this paper.
The estimated average Martian dune particle size can be applied to
further our understanding of other sandy areas on Mars. There are a
number of places on Mars where active sand is a probable component
of the surface. Such areas are those where there is both a low rock
abundance and the fine component thermal inertiais in therange 7-10
[Christensen, 1986]. Many low albedo, intracrater dark features, or
“splotches,” have thermal inertias in the 7-10 range [Christensen,
1983}, and most may be sandy areas [Arvidson, 1974; Christensen,
1983; Thomas, 1984]. Other dark, probably sandy regions include
the Meridiani Sinus region [Presley and Arvidson, 1988], and Syrtis
Major, which has dunes [Peterfreund, 1981; Simpson et al., 1982] as
well as a low rock abundance coupled with fine component thermal
inertias in the range 7-9 [Christensen, 1986].
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Fig. 8. Saltation path length as a function of particle size for spherical particles where p, =2.65 g/cm3. The physical properties of the
atmosphere (v, p,) and gravitational acceleration (g) are the same as in Figures 6 and 7. The roughness height, zy, was assumed to be
1/30 D, [Bagnold, 1941, p. 99]. Lift-off or ejection velocities (@p) were assumed to be proportional 10 4.y, such that @p = 0t s, (a) &
is given as a function of particle size, in order to simulate lift-off velocities for grains in a bed initially at rest, using ctderived from Whire
et al, [1975, Figure 36] for Earth and White et al. [1976, Figure 9] for Mars. (b)ais given as a constant, simulating average conditions
when ejection results from grain impacts [Bagnold, 1941], such that for Mars, & =0.1 and for Earth, & =1.0. In both Figures 8a and
8b, the particle size where ugu.,=1 for Earth (52 pm) and Mars (210 pm) arelabeled with asterisks and the range of “modified saltation™
is indicated by small solid circles. The particle size and probable uncertainty of the thermalinertia results for Martian dunes are indicated
by an arrow and two vertical bars. Note the difference in vertical axis scale for the Earth and Mars cases.

5. SuMMARY

Two independent approaches indicate that Martian acolian dunes
have a particle size that is greater than the terrestrial average. On
Earth, the average dune grains are about 250 m, or fine to mediumi
sand. Thermal inertias, calculated from Viking IRTM mid-IR
emission data using both the Kieffer et al. [1977] and Haberle and
Jakosky [1991] thermal models, indicate that Martian dunes have
thermal inertias near 8.0, corresponding to unimodal particle sizes in
the medium to coarse sand range, with average particle sizes of about
500 + 100 pm. Because dunes are composed entirely of materials
which move by saltation or traction, grains which can become
suspended will not be found in an active dune. The largest particle
that can become suspended under terrestrial conditions is about
52 pm, and nearly all dune sand is coarser than this size. On Mars,
particles of about 210 im may be susceptible to suspension, and pure
saltationoccurs at particle sizes >430um (at which uy/u«=2.5). These
results suggest that Martian dunes will consist entirely of sand

coarser than 210 pum, and the mean is probably larger than 430 pm.
Particle trajectory path lengths are greater under Martian conditions,
owing to reduced gravity, reduced atmospheric drag, and the higher
surface friction velocities required to move grains on Mars; suggest-
ing, again, that coarser particles can saltate and form dunes on Mars.
The combined examination of independent models, saltation physics
and thermal inertia modeling, indicate (1) that Martian dunes are
coarser grained than terrestrial dunes, and (2) that the relationship
between thermal inertia and particle size (which has been used in the
past to study the distribution of surface grain sizes on Mars) is
generally valid.
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