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[1] The particle size distribution (PSD) of a Martian soil
sample, a useful indicator of the underlying soil formation
processes, has been determined using optical and atomic-
force microscopy data acquired by the Phoenix Mars lander.
In particular, the presence and fraction of clay-sized particles
in the PSD reflects the extent of aqueous interaction with
the soil. Two size populations have been identified for the
Martian sample: Larger, mostly rounded grains; and small
reddish fines, notably with a very low mass proportion in the
clay-size range below 2 mm. These fines reflect the smallest-
scale formation processes, and indicate a single method of
production for the particles up to 11 mm, a much larger value
than that expected for the aqueous interaction of clay for-
mation; this suggests the fines are predominantly the product
of global aeolian weathering under very dry conditions. The
proportion of clay-sized soils can be used to estimate that
there has been much less than 5,000 years exposure to liquid
water over the history of the soil. From the perspective of
the PSD, lunar regolith, rather than terrestrial soil, is the best
analog to Martian soil. A globally homogenous soil with
such a PSD would be an unlikely habitat for the propagation
of life on Mars. Citation: Pike, W. T., U. Staufer, M. H. Hecht,
W. Goetz, D. Parrat, H. Sykulska-Lawrence, S. Vijendran, and
M. B. Madsen (2011), Quantification of the dry history of the
Martian soil inferred from in situ microscopy, Geophys. Res. Lett.,
38, L24201, doi:10.1029/2011GL049896.

1. Introduction

[2] A soil’s particle size distribution (PSD) can provide a
history of the underlying processes in its formation, including
liquid water interaction. For terrestrial soils, the finest clay-
sized particles are typically formed by chemical rather than
mechanical processes, and are associated with aqueous
weathering accompanied by the formation of clay minerals
[Bittelli et al., 1999]. As the proportion of clays in a soil (both

the mineral and the size fraction) depends on the conditions
and length of contact with liquid water, the PSD has been
used to determine the exposure of soil to liquid water:
Marchant et al. [1996] reported that the lack of authigenic
clays in the Antarctic Dry Valley ash falls points to their
continuous hyperaridity since their Miocene formation, a
conclusion that is consistent with other markers [Lewis et al.,
2008]. Clay-mineral particles are at most a few micrometers
across and most commonly below a micrometer in size as
their growth is restricted by the introduction of crystalline
imperfections [Meunier, 2006]. Therefore the determination
of the PSD on Earth requires sub-optical-resolution techni-
ques such as light-scattering measurements [Bittelli et al.,
1999]. In this work we use a combination of optical micros-
copy (OM) and atomic force-microscopy (AFM) to deter-
mine the PSD of the soil at the 2008 Phoenix lander site in
situ, including the proportion of clay-sized particles present
in the soil and hence quantify the contact time of the soil,
with liquid water.
[3] Phoenix landed on the northern plains of Mars within

the ejecta blanket of the nearby (10 km) Heimdal crater with
an estimated impact of 600 Mya [Heet et al., 2009]. The
albedo of �0.21 and thermal inertia of 400 Jm�2s�1/2K�1 at
the Phoenix site are typical for the Martian surface [Ruff and
Christensen, 2002].
[4] The microscope station of the Phoenix lander [Hecht

et al., 2008] was able to image the dust and soil at a
much higher resolution than previous Martian missions
[Herkenhoff et al., 2004]. With a 4-mm pixel size for the
optical microscope and better than 100 nm resolution with
the AFM, the microscope station offered the highest resolu-
tion of the three Phoenix cameras [Keller et al., 2008; Smith
et al., 2009]. The robotic-arm scoop excavated and delivered
a series of soil samples from the Phoenix work area to a set of
substrates for imaging by the two microscopes. Figure 1
shows the most representative OM image for each sample
on a magnetic substrate [Leer et al., 2008]. All the samples
reveal a similar soil composition; larger grains of various
colors with fines of a uniform reddish coloration [Goetz et al.,
2010]. The spectral properties of the reddish fines that dom-
inate the overall spectrum are consistent with CRISM spectra
of the landing region [Bibring et al., 2005]. The CRISM data
from across the planet indicate similar spectra at these
wavelengths, consistent with a globally distributed soil of a
uniform composition [Bibring et al., 2005] with a visible
color dominated by poorly defined nanophase ferric oxides
[Banin et al., 1993]. In situ measurements from rovers in
other locations have independently established that this
bright dust is part of a global soil unit [Yen et al., 2005],
though darkening around the Phoenix lander observed from
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orbit suggests that at least some of the bright surface dust
was disturbed or removed by the descent engines.

2. Approach and Results

[5] We have used OM and AFM images to determine the
PSD using all the samples except Golden Key, which was not
typical in appearance. In addition to images of the delivered
samples, we include in our analysis images of calibration
substrates that collected material inadvertently distributed
within the microscope-station enclosure during the mission
(a quartz calibration standard, a Macor® white calibration
standard and the flat margins of micromachined silicon sub-
strates). These images are used in combination to determine a
PSD representative for the Phoenix site as a whole; the sim-
ilar microscopic appearance of all the soil samples except

Golden Key indicates generally uniform, well-mixed soil
at this location. While the Phoenix microscope sampling
mechanism rejected particles larger than 200 mm, very few
particles larger than 100 mm were observed either by
microscopy or from high-resolution robotic-arm-camera
images at this site; the PSD of larger sand-sized particles
seen in Gusev crater has been addressed by McGlynn et al.
[2011].
[6] Particle sizes were derived from the optical images

using two approaches. For the larger particle sizes, down to
about 20 mm, segmentation of the individual particles was
performed by hand as automated processes were unable to
perform reliable thresholding on the well-populated sub-
strates. For the smaller particles on sparsely populated sub-
strates, automated segmentation was found to be reliable.
Volumes were derived by taking the particle areas to the 3/2
power, and diameters as either the geometric mean of ellipse
axes or the root of the area. We used AFM images to deter-
mine particle profiles below the OM resolution [Hecht et al.,
2008]. AFM images of particles on silicon and silicone
substrates were individually fitted to an ellipsoid, with the
highest quality AFM images selected for full analysis in three
dimensions to give area and volume information. These
derived volumes determined a calibration curve for all the
ellipsoidally fitted particles. An example of an AFM image
used for such particle size analysis is shown in Figure 2. In
total 1052 particles were measured over a range of 100 nm
to 200 mm in four data sets: 755 from OM by image analysis
of fines on non-magnetic substrates; 186 from OM by hand,
separated into two classes, grains on non-magnetic substrates
and grains on magnetic substrates; and 120 from AFM
images.
[7] The PSD from these measurements is derived and

plotted as a relative cumulative volume against particle size
rather than the more familiar histogram for both analytical
and interpretative reasons; a cumulative representation of the
PSD, without the binning required for a histogram, explicitly
displays the contribution from every different particle size.
When plotted logarithmically it also directly indicates any
possible power-law relationship. Most importantly, the rela-
tive cumulative volume representation allows the different
datasets to be combined under the assumption that each
dataset represents a sampling from the same soil; although
the proportion of the soil that provides each dataset is
unknown, a combined PSD can be constructed by using the
cumulative volumes of particles at the minimum and maxi-
mum size range of the dataset as two fitting parameters.
These parameter pairs can be determined from the condition
that both the cumulative volume and its slope should be
continuous. Hence, as the AFM dataset determines the slope
up to 20 mm without any initial fitting, the next overlapping
dataset corresponding to the OM fines has its fitting para-
meters chosen to extend the PSD without discontinuity. The
remaining datasets continue this process and are pro-
gressively fitted in order of increasing particle size. The
final dataset, the magnetic grains that include the largest
particles observed, completes the cumulative volume and
thereby normalizes the volume proportion of each dataset.
Undersampling of particles is evident at the lower end of
the size range in the cumulative volume plots for each indi-
vidual OM dataset as an unphysically steep slope. Particles
in these undersampled portions of each dataset’s range

Figure 1. Micrographs of Martian soil collected from
(a) Mama Bear, surface at Goldilocks trench (sol 31);
(b) Rosy Red, surface near Snow White trench (sol 31);
(c) Sorceress, sublimation lag from Snow White trench
(sol 44); (d) Golden Key, sublimation pile from Dodo-
Goldilocks trench (sol 103); (e) Golden Goose, subsurface
from Stone Soup Trench (sol 112); (f) Galloping Hessian,
surface sample below Headless rock near Neverland Trench
(sol 132); (g) Wicked Witch, sublimation lag from Snow
White trench (sol 122). Middle frame: The locations in the
work area. Images of the lag deposit from the soil-rich ice
in Figures 1c and 1g appear similar to the other soils, suggest-
ing contemporaneous ice formation. Golden Key (Figure 1d)
has a markedly greater proportion of large grains, indicative
of entrainment of soil produced under different sorting
conditions.
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have been excluded from the combined OM datasets. The
complete PSD of the Mars soil at the Phoenix site is shown
in Figure 3.

3. Analysis

[8] The slope of cumulative volume plots can be inter-
preted in terms of the fractal dimension of particle frag-
mentation, D, inversely related to the probability of particle
fracture of the soil; D can vary between the volume fractal
dimension, DV and zero, with the cumulative-volume power-
law slope given by Dv – D [Turcotte, 1986]. Dv gives the
scaling law of particle volume to particle size, and as there is
little evidence in OM or AFM of either fibers or plates
composing much of the soil, Dv is given its usual value of 3.
This analysis has been applied to terrestrial soils to separate
the dominant formation processes at each length scale and
provide a quantitative approach to divide the soil into sand-,
silt- and clay-sized components [Bittelli et al., 1999]. A fit

x

x0

� �3�D0

1� x

x1

� �3� D0�D1ð Þ

is shown for the Phoenix data with two values of the frag-
mentation fractal dimension, D0 and D1 above and below a
transition size x1. A scaling length x0 is selected to normalize
the data. D0 has been assigned the lowest physically mean-
ingful fragmentation fractal dimension value of zero, corre-
sponding to “unbreakable” particles formed by the smallest-
scale soil-formation process. The cumulative volume falls
below this fit for the smallest particles indicating that the
AFM is undersampling the particles below 1 mm. A transition
at x1 = 11 mm to an exponent of D1 = 2.25 best fits the data.
The sensitivity of the fit to x1 is shown with two additional
curves for x1 = 9 and 13.5 mm.
[9] In order to verify our approach of using the Phoenix

AFM images to produce the PSD plot and extract the power-
law exponents, we analyzed a sample of a commonMars-soil
analog, JSC Mars-1 [Allen et al., 2007], in the laboratory by
AFM with a functional copy of the Phoenix microscope
station. For comparison purposes we also analyzed the
sample with scanning electron microscopy, as has been used
to determine the PSD of lunar regolith [Park et al., 2008].
This end-to-end testing, which reproduced the instrumenta-
tion of Phoenix and replicated the lunar data analysis, gives
good agreement between the AFM and SEM results, and
in particular identifies a transition from D0 = 0 to D1 = 1.2 at
x1 = 1.2 � 0.4 mm (Figure 3). This corresponds to the upper

Figure 2. AFM image of particle field (a) showing top view with the ellipses fitted to each particle and (b) the same image
showing the topography used to derive volumes for selected particles A and B and (c) a 1mm x 1mm OM image of the sub-
strate with the AFM image area shown.
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limit of terrestrial clay formation consistent with a degree of
aqueous alteration of this analog.

4. Discussion

[10] Prior studies of Martian soil properties at the particle
scale have been inferential due to the lack of sufficiently high
resolution imaging. Reporting on MER studies of soil at
widely separated sites, Gusev crater and Meridiani planum,
Yen et al. [2005] andMcSween et al. [2010] found that all but
the coarsest components (mm scale or larger fragments,
clasts, spherules, etc.) were globally uniform – either as a
result of transport or similar parent rock – and were for the
most part unrelated compositionally to local outcrop rocks.
Both groups reported little evidence of aqueous alteration.
Yen et al. [2005] identified the dominant soil type as “dark,”
with grain sizes up to 100 mm, consistent with this work.
Spectroscopically, they found the dark soil to be dominated
by nanophase iron oxide (npFeOx), though they concluded
that this pigment accounts for only a few percent of the total
composition by mass. McSween et al. [2010] described the
soils as a mixture of igneous and alteration phases in a ratio of
�3:1, “physical mixtures of unrelated materials” derived

from rocks having different histories and ages, an olio of
ancient weathering and younger comminution products with
minimal if any exposure to fluids (i.e. the observed alteration
did not occur in situ). McSween et al. [2010] further suggest
that the igneous material is associated with the sand-sized
component of the soil while altered materials are associated
with finer dust, consistent with the present work.
[11] In our analysis, a value of D0 indistinguishable from

zero for the Martian fines up to 11 mm in size indicates that
this range is the smallest-length-scale domain for formation;
there can be no further break in the slope of the distribution
beyond the resolution of the AFM. On Earth this domain
corresponds to the aqueously produced clay-mineral fraction
of the soil, with D taking a value below 1 and the upper limit
of this domain generally less than one micrometer, as deter-
mined by the maximum size of clay mineral that can be
formed [Meunier, 2006]. The mass proportion of clay
minerals in terrestrial soil below this upper limit is generally
above one percent due to the ubiquity of liquid water [Bittelli
et al., 1999]. The smallest-scale domain for the particles at
the Phoenix site extends up to 11 mm, an order of magnitude
larger than seen in terrestrial soils. This high value is unlikely
to be an artifact of our analysis as demonstrated by the ability

Figure 3. Particle-size distribution plotted as cumulative volume against mean particle diameter for the Mars Phoenix soil,
the JSC Mars-1 analog, and lunar regolith [Park et al., 2008]. Power-law relationships have been fitted to the datasets: a
fragmentation fractal dimension, D0, of for all three PSDs, with additional transitions for the Mars and analog soils at particle
length scales, x1, of 11(+2.5/�2) mm and 1.2 � 0.4 mm to a second fractal dimension D1 of 2.25 and 1.2 respectively.
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to identify a much lower transition length for JSC Mars-1
with a functional copy of the flight hardware. Lunar regolith,
plotted for comparison in Figure 3, has a cumulative particle
mass distribution with a fractal dimension of zero for parti-
cles up to at least 10 mm in diameter [Carpenter et al., 2010]:
The soil at the Phoenix site is better matched in terms of PSD
to lunar regolith rather than any terrestrial soil in the range up
to 10 mm.
[12] The proportion of clay-sized particles can be used to

provide an upper bound for the cumulative time soil has seen
the liquid water necessary for their formation by assuming
that all such fines are phyllosilicates. The production time
for a soil with 6% phyllosilicate by volume is up to
400,000 years [Price et al., 2005] based on the slowest
growth rates currently observed. Hence, as less than 0.05%
volume of the Martian soil is of a size consistent with phyl-
losilicates (less than 2 mm), this implies the soil has seen at
the very most a total of 5,000 years of liquid water in its
history, and probably much less. The same exposure time
of 5,000 years can be calculated from Barshad’s lowest
value of 10�7 proportional phyllosilicate conversion per year
observed in a wide range of soils [Barshad, 1957].
[13] The soil samples producing the Phoenix PSD appear

to originate from a well-mixed material typical of the Martian
surface. Phoenix landed in an area of Mars where neither
erosion nor deposition are dominant processes, and aeolian
processes are the most important transport mode. The site has
an average albedo and thermal inertia. There are no signs of
fractionation by depth of the soil in terms of the soil micro-
structure: the most notable feature of the optical microscope
images taken from the Phoenix excavations is their similar-
ity. The internal consistency of the PSD as determined by
OM and AFM of different substrates further indicates that
gross biasing from sample preparation is unlikely. The only
biasing evident is an inability to image a representative pro-
portion of the very finest particles as shown by the slope of
the cumulative mass distribution increasing above the maxi-
mum theoretical value of three (Figure 3). Such a loss of the
finest material from contributing to the PSD would produce
some uncertainty in the precise fraction of the soil below a
few micrometers in diameter, but would not obscure any
change in the power law due to an additional soil formation
process, as demonstrated by the terrestrial analysis on analog
material. Hence the PSD of the fines portion of the Martian
soil as determined here should be representative of the
Phoenix site in particular and most likely of the Martian
surface in general.
[14] There are several formation pathways that would

produce the PSD we have determined without aqueous
interaction. One possibility is that the smallest particle
domain, below 11 mm, corresponds to many hundreds of
million of years of comminution due to aeolian processes,
while the particles above 11 mm, mostly grains, are the result
of fracturing and melting from the Heimdal impact. The
Phoenix soil therefore might have both an episodic local and
continuous global origin.
[15] A water exposure time of 0–10,000 years would

be consistent with observations from orbital spectroscopy
that positively identified phyllosilicates in exposed Noachian
formations in numerous sites across the planet, but not in the
dust/soil material [e.g., Poulet et al., 2005; Mustard et al.,
2008; Bishop et al., 2008; Murchie et al., 2009]. This result
does not contradict mid-latitude formation of gullies through

surface run-off [Christensen, 2003] or temporary seas
[Murray et al., 2005] but does suggest that the volume of
soil that might have experienced such aqueous conditions
over an extended period of time is a small proportion of
the total soil volume of Mars, as suggested by the analysis
of Tosca et al. [2008].

5. Conclusion

[16] If the fines component of the soil at the Phoenix site is
representative of a globally distributed material, this work
provides quantitative confirmation of previous chemical and
mineralogical evidence from theMER locations [Goetz et al.,
2005] of a dry history for most of the surface material of Mars
going back at least to the time of the Heimdal impact, esti-
mated at 600 Mya. As signs of liquid-water activity are
minimal as inferred here from its microstructure, the Martian
soil in general would be a poor choice of sample for future
investigations of past or present life.
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