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Introduction:  This report describes observations 

of Mars Hand Lens Imager (MAHLI) data regarding 
particles deposited from eolian suspension at the Mars 
Science Laboratory (MSL) rover, Curiosity, field site 
in Gale crater, Mars. This summary was produced, in 
part, to consider future use of MAHLI and its build-to-
print counterpart for NASA’s Mars 2020 rover mis-
sion, WATSON (Wide Angle Topographic Sensor for 
Operations and eNgineering)—part of the SHERLOC 
(Scanning Habitable Environments with Raman & 
Luminescence for Organics & Chemicals) investiga-
tion [1]—to obtain new images of value to understand-
ing the properties of eolian dust and dust deposits in 
support of future robotic and human missions to Mars.  

Background:  Previous high spatial resolution im-
aging studies of Martian eolian dust deposited on natu-
ral and hardware surfaces was performed on the Mars 
Exploration Rover (MER) Spirit and Opportunity mis-
sions using the fixed-focus, panchromatic Microscopic 
Imager (MI; 31 µm/pixel) [2, 3]. Experiments designed 
to use images of magnets to characterize dust were 
performed on the Viking, Mars Pathfinder, MER, and 
the Phoenix missions [4, 5]. Further, the Phoenix mi-
croscopy investigation examined sand-, silt- and clay-
sized particles scooped from near-surface high-latitude 
regolith, some of which could be representative of dust 
deposited from suspension [5, 6]. In this context, too, 
Sullivan et al. [7] discussed the threshold wind friction 
speed (u*t) for mobilization of dust and dust aggre-
gates, given the morphological characteristics of dust 
deposits observed by the MER MI and Pancam sys-
tems; they also discussed the issue of whether dust can 
aggregate in suspension and thus hasten settling. 

Purpose:  The focus, here, is on MAHLI observa-
tions that add to or expand upon the preceding landed 
mission results, particularly (1) the nature of the MSL 
field site with regard to dust-coated and dust-free sur-
faces; (2) the sizes of the largest and smallest grains 
interpretable as having been deposited from suspension 
that can be identified in MAHLI data; (3) images ob-
tained at higher resolution than MER MI of dust-
coated and dust-free surfaces; (4) observations of dust 
coatings disrupted by natural and anthropogenic 
events; and (5) the observation that Mars has local dust 
sources, such as wind-eroded, fine-grained bedrock.  

MAHLI:  MAHLI (Fig 1) is a robotic arm-
mounted color camera that can focus on subjects at 
working distances of 21 mm to infinity [8]. The high-

est resolution images are 13.9 µm/pixel but, owing to 
arm positioning uncertainties, the highest resolution 
views are usually 16–17 µm per pixel [9]. MAHLI was 
designed to be robust to challenging environments 
(e.g., dust, temperature, vibration) and yet work within 
a scientific, engineering, and data downlink trade-
space that (1) permits distinction of very fine sand 
from silt, (2) facilitates identification of rock, regolith, 
and sediment properties as good as or better than a 
geologist’s hand lens, (3) acquires images, mosaics, 
focus stacks, and stereo/multiple images for three-
dimensional views, and (4) all while having a suffi-
cient field of view and ability to focus at a range of 
distances so that the camera can provide high resolu-
tion images, context images, sample extraction docu-
mentation, and hardware inspections.  

 
Fig 1. The observer as the observed. Dust on the MSL MAHLI camera 
head after > 2.3 Mars years of surface operations. Although used to 
observe geologic materials, the hardware also accumulated geologic 
materials on its exterior; yellow arrows indicate patches of brownish-
orange dust adhering to the camera head; blue circle (and 4x magnifi-
cation) indicates a sand grain or aggregate of smaller grains attracted 
to a Hall effect sensor magnet. A thin film of very fine dust coats most 
of the camera head, including the dust cover exterior; the film was 
initially deposited during the rover’s terminal descent to the Martian 
surface in August 2012. 

Dust: Technically, “dust” is not a particle size term 
[10]. The Wentworth [11] scheme bins particle sizes as 
follows: clay (used independent of mineralogy; grains 
≤ 3.9 µm), silt (3.9–62.5 µm), sand (62.5–2000 µm), 
granules (2–4 mm), and pebbles (4–64 mm). On both 
Earth and Mars, these bins correspond to typical sedi-
ment transport and depositional conditions in water 
and air, with clay- and silt-sized particles traveling in 
and settling from suspension, sand traveling in salta-
tion, and coarse sands, granules, and pebbles in repta-
tion and traction. The finest particles transported in the 
atmospheres of Earth and Mars can undergo “long-
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term suspension” and coarser silt can be transported in 
“short-term suspension” [11] under typical conditions. 
On Mars, very fine and fine sand could, perhaps, also 
experience short-term suspension [12]. Grains in long-
term suspension on Mars are considered to be < 10 µm 
and, in most cases, < 2 µm in size [13, 14].   

 
Fig 2. (a) MSL Curiosity rover traverse (white trace) in northern Gale 
crater through mid-March 2017. Most surfaces encountered were cov-
ered by a thin coating of dust, except in the sand transport corridor 
(eolian dunes and bare, dust-free bedrock). (b-f) Time series showing 
examples indicating that the albedo pattern in the study region might 
have remained largely unchanged since 1972; that is, the dust coatings 
on rock, regolith, and eolian sand surfaces observed by MAHLI might 
have been present for > 20 Mars years. Yellow trace indicates rover 
traverse; each figure is a portion of the following images: (b) Mariner 9 
DAS 7650478 (caution; data artifacts), (c) Viking 1 631A05 (caution; 
data artifacts), (d) Mars Global Surveyor (MGS) Mars Orbiter Camera 
(MOC) M02-01392, (e) MGS MOC S19-0120, (f) Mars Reconnaissance 
Orbiter Context Camera J10_048774_1751_XN_04S222W. 

Field Site:  Curiosity landed in Aeolis Palus, the 
low-elevation (about –4.5 km) terrain [16] located be-
tween the north wall of the 155-km-diameter Gale 
crater and Aeolis Mons, a mountain that occupies part 
of the crater interior. Located ~5° south of the equator, 
Aeolis Mons rises 5 km above Aeolis Palus and con-
sists of a complex, three-dimensional geologic record 
of environmental change through time [e.g., 17]. Eve-
rywhere that the Curiosity rover has traversed (Fig 2), 
wind-eroded sedimentary bedrock occurs at or very 
near the surface. These rocks have been interpreted to 

include fluvial conglomerates [18]; fluvial, deltaic, and 
eolian sandstones [19, 20], and lacustrine mudstones 
[19, 21]. Modern eolian deposits include active, dark 
gray sand deposits (dunes, ripples) [22], inactive, dust-
coated sands [e.g., 23]; and dust deposited on natural 
and spacecraft surfaces (this report).  

Eolian Dust at the MSL Field Site: Observations 
made via Curiosity’s cameras show that much of the 
terrain over which the rover traversed (Fig 2) consisted 
of bedrock exposures; very little regolith is present.  

Natural Dust Coatings. Over most of the traverse, 
except within the Bagnold Dune Field (a sand transport 
corridor banked against a break in slope along the low-
er north flank of Aeolis Mons [22]), the bedrock, loose 
stones, regolith, and eolian sand deposits were coated 
with dust (Figs 2, 3a). Typically, the dust coatings 
were < 1 mm thick but spatially variable in both thick-
ness and surface texture (e.g., Fig 4). 

 
Fig 3. Example constraints on eolian dust deposit thickness on natural 
and hardware surfaces at Curiosity’s field site. (a) Dark gray sandstone 
target named Coachella, coated with dust. Each lamina in this rock face 
is ~750 µm thick; the dust coating the outcrop is thinner than these 
laminae (i.e., << 1 mm); the image is a portion of MAHLI focus merge 
product 0833MH0002270000301900R00. (b) REMS meteorology boom 
#1 [24]; the white and gray boom is coated with a thin, spatially variable 
coating of dust. This was its condition on Sol 526; this is a portion of 
MAHLI 0526MH0003430000201119C00. 

Long-term Dust Coating Configuration. Although 
there are temporal gaps in coverage, examination of 
orbiter images suggests that the albedo patterns present 
at the field site—indicative, in part, of the distribution 
of dust-coated and dust-free surfaces—have been 
largely unchanged since February 1972, more than 20 
Mars years ago (Fig 2). 

Active Eolian Sand Transport Observed. Within the 
Bagnold sand transport corridor (Fig 2), wind mobili-
zation of sand and dust has been observed; this in-
cludes changes in sand grain configuration (via salta-
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tion or reptation) during the few minutes that MAHLI 
has been deployed to observe these sands (Fig 5).  

 
Fig 4. Ekwir mudstone target (a) before and (b) after brushing with 
Curiosity’s Dust Removal Tool (DRT), both in full shadow and at the 
same scale (~16.4 µm/pixel). (a) Surface with natural coating of eolian 
dust; the coating morphology is spatially variable and dust grains locally 
form sand-sized aggregates; image 0149MH0001690010101341C00. 
(b) Rock surface after brushing; aggregates of dust created by brushing 
(perhaps a mix of fine grains scraped from the rock plus the preceding 
dust) are present; MAHLI image 0150MH0001690010101421C00. 

 

 
Fig 5. Example of eolian sand motion detection on a wind ripple during 
MAHLI imaging on Sol 1603 (8 February 2017). Changes occurred 
within the circled areas within a 3-minute, 8-second period. Sunlight 
illuminates the scene from the upper left. MAHLI images (a) 1603MH-
0005490010602027C00 and (b) 1603MH0005490010602038C00.  

Dust-Free Surfaces. Naturally-occurring dust-free 
surfaces are also observed at the MSL field site. In 
regions mantled with dust, windward rock faces were 
sought so as to provide relatively dust-free surfaces for 
MAHLI and APXS observing; Fig 6 shows an exam-
ple. In some cases, the undersides of protruding grains 
were coated with dust while the upward-facing surfac-
es were not (Fig 6); this might indicate removal of a 
previous dust coating by the impact of saltating grains. 
Another form of dust-free surface was encountered in 
the Bagnold sand transport corridor, wherein bedrock 
and eolian sand surfaces are often dust-free (Fig 7). 

Particles Deposited from Suspension:  While 
MAHLI images cannot be used to resolve the finest 
grains of dust, they can provide insights regarding 
grains deposited from eolian suspension on Mars. 

Smallest grains. In the highest resolution MAHLI 
images (13.9–17 µm/pixel), when a grain contrasts 
with its surroundings, or casts a shadow, it is possible 
to constrain its size even to within 2x2 pixels. The 
smallest such grains were observed in dust adhering to 
the US cent on the MAHLI calibration target (Fig 8); 

these grains are 28–42 µm in size (medium to coarse 
silt). Of course, smaller grains exist and MAHLI imag-
es show them as coatings or films of clay- and/or fine-
silt-size materials and dust aggregates on natural and 
flight hardware surfaces (Figs 3, 6). Indeed, a film of 
dust coated the transparent MAHLI dust cover during 
the rover’s terminal descent on Sol 0 [25]; this film of 
very fine particles remained in-place > 1650 sols later. 

 
Fig 6. Eolian dust distribution on a dark gray sandstone with protruding 
granule and pebble clasts. MAHLI target Rensselaer; MAHLI image 
0442MH0001900010200110C00. 

 

 
Fig 7. Example of a dust-free surface examined by MAHLI (rock target 
named Pogy). Windy corridors of active eolian sand transport prevent 
dust deposition or remove dust. A small dark cobble, lithic fragments of 
reddish mudstone, and dark gray eolian sand are all evident in this 
portion of MAHLI image 1606MH0001900010602220C00. 

Largest grains. The largest grains inferred to have 
been deposited from suspension—perhaps transported 
via short-term suspension—are fine sand grains super-
imposed on dust-coated surfaces (Fig 9) for which 
there is no indication of arrival by saltation impact—
i.e., the dust coating was not disrupted by grain arrival. 
Of course, whether the evidence for a disruptive arrival 
is preserved, over time, is uncertain.  

Aggregates. The best MAHLI image evidence for 
dust aggregates is the coarse sand-sized feature seen on 
the MAHLI calibration target US cent on Sol 411 (Fig 
8). This aggregate was not present when the cent was 
imaged on Sol 322. Whether dust aggregation occurred 
during atmospheric transport, or whether it occurred on 
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the ground and the object was lifted and transported to 
the US cent from the Martian surface, is not known. 

 
Fig 8. Dust on US cent (19 mm diameter) on MAHLI calibration target 
at 13.9 µm/pixel on Sol 411. Smallest grains, identified by pixel cover-
age and shadow length, are 28–42 µm in size (upper right inset); 
smaller grains are inferred to be present because there is a thin film of 
dust (some of which was deposited during Sol 0 terminal descent) 
coating the entire surface. Inset at upper left shows grains or aggre-
gates < 83 µm in size on the Ti housing surrounding the cent target. 
Inset at lower left shows letter, T, in actual orientation (vertical) as it is 
mounted on the rover, showing dust accumulation on vertical and hori-
zontal surfaces. Lower right inset shows a coarse sand-sized aggre-
gate of dust grains that was deposited between Sol 322 and 411.  
 

 
Fig 9. Examples of the largest singular grains that might have been 
deposited, with dust, from suspension. In both cases, the grains (yellow 
arrows) are angular, possibly clear to milky, translucent, and ~170 µm 
(fine sand) in size. (a) Example on dust-coated dark gray rock, Bathurst 
Inlet, in MAHLI focus merge product 0054MH0000200000100370R00. 
(b) Example occurring with coating of dust on coarse sand grains at the 
Rocknest eolian sample extraction site, MAHLI focus merge product  
0058MH000320000100495R00. 

Disruption of Dust Coatings:  Scooping of dust-
coated sand during the Rocknest campaign [e.g., 23] 
showed these coatings to be somewhat indurated (Fig 
10a). However, not all dust coatings are indurated; Fig 
10b shows a natural slump, a micro-landslide, that 
occurred in the dust coating on a nearby a rock at the 
Rocknest site. ChemCam laser-induced breakdown 
spectroscopy (LIBS [26]) action on dust-coated surfac-
es typically moves dust away from the targeted areas 
(Fig 11); this agitation results in dust coating morphol-
ogies similar to those sometimes seen on natural sur-
faces (e.g., Fig 4a), suggesting that some natural sur-
faces might also have been agitated (e.g., by wind).   

Dust on Spaceflight Hardware:  Dust coatings on 
rover hardware surfaces (Figs 1, 3, 8) are ephemeral 
and accumulate even on surfaces that are vertical most 
of the time (Fig 8). Dust coatings on the rover’s obser-

vation tray and APXS calibration target have also been 
studied [27, 28]. Understanding the processes by which 
dust coatings are removed is challenged by the fact that 
Curiosity is a mobile and robotic platform; in addition 
to wind events which can remove dust, variations in 
vibration and tilt occur as a result of rover activities. 
The rover also carries ring-shaped magnets on the 
Mastcam calibration target [29] and on the REMS ul-
traviolet sensor [24]; their purpose is to maintain dust-
free surfaces at the ring centers. These are sometimes 
observed by MAHLI but no analysis has been per-
formed. As was observed of the magnets on the MER 
rovers [3], MAHLI images show that sometimes mag-
netic grains on the REMS UV sensor have been re-
moved, presumably by wind (however, the relative role 
of the impact of saltating sand grains is not known).  

 
Fig 10. Example disruptions of dust coatings. (a) Coating on dark gray 
sand grain (arrow) broken by rover scooping activity at Rocknest; por-
tion of MAHLI image 0066MH0000760020100608C00. (b) Slump (mi-
cro-landslide; arrows) in dust on dark gray rock called Burwash; portion 
of MAHLI focus merge product 0082MH0000900000100876R00.  
 

 
Fig 11. Examples of natural dust deposits on rock and sand surfaces 
and two forms of anthropogenic disruption of dust coatings in support of 
MSL rover investigations. ChemCam LIBS agitation of dust might re-
semble effect of wind agitation and aggregation. Sub-frame of MAHLI 
image 0615MH0003880010203452C00 of the Windjana drill site.  

Local Dust Source Observations:  A key question 
regarding grains transported and deposited from eolian 
suspension in the present Martian environment centers 
on whether the planet has local sources of dust that 
differ in particle properties and composition from the 
canonical “global dust” population. The dust thought 
to be transported and mixed globally is considered to 
be very fine grained (< 10 µm) [14, 15] and of an or-
ange-brown or butterscotch color [30]. Before Curiosi-
ty landed, there were a few local dust storms observed 
that might have been dark-toned (gray) [31], and a case 

6017.pdfDust in the Atmosphere of Mars 2017 (LPI Contrib. No. 1966)



was made for dark-toned (mafic) silt and very fine 
sand, transported in short-term suspension, to have 
formed some of the dark wind streaks which emanate 
from craters, including Gale and particularly the cra-
ters of western Arabia Terra [32]. 

The dust coatings on natural surfaces observed by 
the cameras aboard Curiosity are generally of the “red 
Mars” variety; that is, visually indistinct from “global 
dust.” However, MAHLI and other MSL instruments 
have provided three critical new observations about 
Mars: (1) that rocks formed of silt- and/or clay-sized 
particles (e.g., mudstones) actually exist on Mars,  
(2) that these fine-grained rocks are eroded by wind 
(Fig 12a), and (3) that sand-sized lithic fragments of 
these fine-grained rocks also exist and are transported 
by wind (Fig 12b). The on-going eolian erosion of—
and creation of lithic clasts from—very fine-grained 
sedimentary rocks implies that they have to be sources 
for at least some of the particulates transported in eoli-
an suspension on present-day Mars. 

 
Fig 12. Mudstones as local eolian sediment sources. (a) Dust-free 
mudstone surface. Wind erosion removes clay- and silt-sized grains 
and releases them into eolian suspension after, in this case, > 3 billion 
years of storage. The yellow arrow indicates a gray sand grain or con-
cretion emergent from within a reddish mudstone. This is from MAHLI 
focus merge product 1610MH0001710000602362R00, target Spurwink. 
(b) Elongated reddish grain (arrow) is a mudstone lithic fragment erod-
ed from local bedrock and incorporated into an eolian dune at MAHLI 
target Flume Ridge. This is a portion of MAHLI focus merge product 
1604MH0004580000602124R00. 

Conclusions:  Over the course of the MAHLI in-
vestigation, dust has usually been something to be ig-
nored, to (literally) be brushed aside and for which 
windward rock faces are sought so as to obtain dust-
free lithologic observations. However, many MAHLI 
images include dust deposited from eolian suspension 
on rocks, eolian sands, regolith, and hardware surfaces. 
Wind and saltating sand prevent or remove dust; this 
observation is extendable to orbiting spectrometer ob-
servations interpreted as mineral occurrences—these 
are also indicators of wind conditions. The dust coat-
ings on natural surfaces examined along Curiosity’s 
traverse were thin (< 1 mm), suggesting the period of 
net deposition has not been long (decades? centuries?). 
Dust deposit surface textures range from smooth to 
clumpy at millimeter- to sub-millimeter scale; the 
clumping might be, in part, a product of agitation by 
wind and/or a result of deposition of aggregates from 
suspension. The smallest dust grains are too small for 

MAHLI to resolve but it can, where a grain contrasts 
with surroundings, detect 28–42 µm-sized silt. MAHLI 
images also show sand-sized dust aggregates and show 
that some very fine and fine sand-sized grains might 
undergo short-term suspension and be co-deposited 
with dust. The occurrence of very fine grained sedi-
mentary rocks (e.g., mudstones) on Mars has been con-
firmed by the MSL investigation, these rocks are erod-
ed by wind, and can therefore provide local contribu-
tions of dust for suspension in the Martian atmosphere. 
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