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ABSTRACT: Dark aeolian deposits on Mars are thought to consist of volcanic materials due to their mineral assemblages, which
are common to basalts. However, the sediment source is still debated. Basaltic dunes on Earth are promising analogs for providing
further insights into the assumed basaltic sand dunes on Mars. In our study we characterize basaltic dunes from the Ka’u Desert in
Hawaii using optical microscopes, electron microprobe, and spectral analyses. We compare the spectra of terrestrial and Martian
dune sands to determine possible origins of the Martian dark sediments. Our results show that the terrestrial sands consist primarily
of medium to coarse sand-sized volcanic glass and rock fragments as well as olivine, pyroxene, and plagioclase minerals. Grain
shapes range from angular to subrounded. The sample composition indicates that the material was derived from phreatomagmatic
eruptions partially with additional proportions of rock fragments from local lava flows. Grain shape and size indicate the materials
were transported by aeolian processes rather than by fluvial processes. Spectral analyses reveal an initial hydration of all terrestrial
samples. A spectral mineralogical correlation between the terrestrial and Martian aeolian sands shows a similarity consistent with an
origin from volcanic ash and lava. We suggest that the Martian deposits may contain similar abundances of volcanic glass, which has
not yet been distinguished in Martian spectral data. Copyright © 2011 John Wiley & Sons, Ltd.
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Introduction

It has long been thought that dunes and other dark deposits on
Mars are composed of fine-grained basaltic material (e.g. Edgett
and Lancaster, 1993; Christensen et al., 2000; Bandfield, 2002;
Mangold et al., 2007). It has been shown that most of the sand-
sized particles seen in Lander images of the Martian surface
consist of mafic and ultramafic lithic and mineral fragments
(Smalley and Krinsley, 1979; Baird and Clark, 1981; Golombek
et al., 1997; Squyres et al., 2004, 2007). The ubiquitous pres-
ence of basalt and basaltic dunes has now been confirmed by
high-resolution orbital imagery (Bourke et al., 2008), remote
sensing observations (e.g. Fenton and Bandfield, 2003; Tirsch,
2009), and Lander data (Squyres et al., 2004). Calculations of
the modal mineralogy of selected Martian dunes reveal that
they are composed predominately of plagioclase, high-calcium
pyroxenes (HCP), low-calcium pyroxenes (LCP), olivine, and
dust [cf. table 2 in Tirsch et al. (2011)]. Owning to this mineral-
ogy, many authors assumed that the dark sediments on Mars
have a volcanic origin (e.g. Edgett and Lancaster, 1993; Edgett
and Christensen, 1994; Bandfield, 2000; Ruff and Christensen,
2002; Fenton and Bandfield, 2003; Rogers and Christensen,
2003; Wyatt et al., 2003; Fenton, 2005; Hayward et al., 2007;
Tirsch, 2009; Tirsch et al., 2011). However, the origin of the
dark aeolian sediments on Mars is still debated. Alternatively,
these sediments could be the product of well-preserved impact
related materials such as impact glasses or impact melts gener-
ated by impact cratering on Mars (e.g. Basilevsky et al., 2000;
Schultz and Mustard, 2004; Wrobel and Schultz, 2006, 2007;
Moroz et al., 2009).

Laboratory and remote sensing analyses of potential terres-
trial analogs are useful approaches for better understanding
the geological and geomorphological history of dunes on Mars.
There have been a number of different approaches to better un-
derstand the nature of basaltic materials, including simulations
of basaltic weathering (Bullock and Moore, 2004; Hausrath
et al., 2008), laboratory analyses of in situ basaltic alteration
products (Morris et al., 1990; Bell et al., 1993; Golden et al.,
1993; Bishop et al., 2007; Hamilton et al., 2008), and field
analog studies (Edgett and Blumberg, 1994; Baratoux et al.,
2007; Mangold et al., 2010b). Unfortunately, there are only a
few places on Earth where potential analogs to the dark Martian
dunes exist, including parts of the western United States, New
Zealand, Iceland, and Hawaii where volcaniclastic aeolian
sediments have a provenance in basaltic host rocks (Edgett
and Lancaster, 1993). The basaltic dunes in Hawaii are espe-
cially promising analogs for addressing the source of Martian
dunes because of the co-occurrence of active volcanic
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processes and dune development. This rare geologic setting
allows the study of the entire process of dune formation from
the emplacement of probable source materials to the resulting
aeolian bedforms.
Laboratory analyses of Hawaii’s Keanakako’i tephra (Schiffman

et al., 2000, 2002) indicate that palagonization occurs in response
to hydrothermal alteration and is typically isolated to caldera-
boundary faults. Tephra analyzes from Haleakala volcano in
Hawaii indicate that unaltered tephra is composed of glass, feld-
spar, pyroxene, and olivine whereas alteration products include
iron (Fe)-oxides, phyllosilicates, and sulfates, as well as selected
area electron diffraction (SAED) amorphous aluminum-silicon
(Al-Si)-bearing material (Morris et al., 1990; Bell et al., 1993;
Golden et al., 1993; Bishop et al., 2007). Hamilton et al. (2008)
collected spectra of basaltic tephras fromMauna Kea volcano that
were altered under ambient, hydrothermal, and dry heat condi-
tions. Several other recent studies have focused on the coatings
that sometimes occur on Hawaiian basaltic rocks (Minitti et al.,
2007) in attempt to explain the high-SiO2 component of Type 2
surfaces identified by thermal emission spectrometer (TES) data
(Bandfield, 2000). Schiffman et al. (2006) analyzed siliceous-
sulfate coatings that result from acid-fog precipitation fromKilauea
in the Ka’u Desert and suggested that such a mechanism could
explain the jarosite-bearing outcrops identified by the MER
Landers (Squyres and Knoll, 2005; Squyres et al., 2008). Analyses
of airborne visible/near infrared imaging spectrometer (AVIRIS)
data by Seelos et al. (2010) indicate that silica is present as coat-
ings on lava flows, as a cementing agent in ash crusts, and as
incrustations around active solfatara sites throughout the upper
part of the Ka’u Desert.
Edgett and Lancaster (1993) noted that dunes composed of

reworked volcaniclastic sediments make up a rare, but impor-
tant composition class of terrestrial dunes. Edgett and Lancaster
(1993) conducted field studies and an analysis of thermal infra-
red multispectral scanner (TIMS) data for the shifting sand
dunes of Christmas Valley, Oregon. They suggest that addi-
tional infrared spectra of basaltic materials would be useful in
Figure 1. Context map of the study region Ka’u Desert showing the locatio
Hawaii. (image credit: Google Earth ©2010).
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constraining Martian remote sensing data. More recent work
on basaltic sands has been conducted in Iceland by Baratoux
et al. (2007) and Mangold et al. (2010a). They show that abra-
sion of the local Eldborgir lava flows by aeolian-blown sand
increases the amount of material available for transport.
Eventually olivine is preferentially sorted and increases in
abundance downwind across the sand sheet. A limitation of
the Mangold et al. (2010b) study is that the sand source was
previously modified by glacial transport. However, their results
give reason to suggest that there will also be variations in the
composition of the basaltic material found in the Ka’u Desert
as these materials have the potential of being transported by
either wind and water ~20 km to the sea. To date the only pub-
lished study of the Ka’u Desert basaltic material has been
presented by Gooding (1982). He concluded that the sand was
derived largely from the Keanakako’i Formation and suggested
that the material was too well-sorted to have been emplaced
directly from a base surge (Christiansen, 1979); however, his
analysis consisted of one sample collected from a sand dune
along the Footprints Trail and another collected from the
Keanakako’i Formation less than 1km away.

Our study is intended to (i) characterize the basaltic sands
petrologically, (ii) to determine if the dune sands originate
from the stripping of Keanakako’i tephra or from local
reworked tephra emplaced by larger phreatomagmatic erup-
tions, (iii) to determine the transport mechanisms of the
material (i.e. fluvial and/or aeolian), and (iv) to assess the
implications for the potential sediment sources of Martian
basaltic dunes.
Geologic Setting of Ka’u Desert

Kilauea is an active basaltic shield volcano that constitutes
the south-eastern portion of the Island of Hawaii. The Ka’u
Desert extends over ~350 km2 and is located on the western
flank of Kilauea (Figure 1). The area is roughly bounded by
n of the sample collection sites. Top left: context map of Big Island of
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the location of Hawaii State Highway 11 to the north, the
National Park Service’s Hilina Pali Road to the south,
Kilauea caldera to the east, and the Pacific Ocean to the
west. Typically the area only receives ~130 cm of rain every
year (Giambelluca and Sanderson, 1993; Juvik and Juvik,
1998), but occasionally a heavy thunderstorm (i.e. a Kona
Storm) can precipitate many times this amount in a single
event. Except for the effects from the low average annual
rainfall, the Ka’u area also remains a desert because of toxic
gasses being released from the central pit caldera, Halemaumau,
and fumaroles that are concentrated along fractures near the
summit of Kilauea. On average Kilauea outgases over 4�15� 105

tons of sulfur dioxide (SO2) every year (Elias et al., 1998). The trade
winds that steadily blow towards thewest carry these gases into the
desert creating harsh, acidic conditions that deters almost all
plant life. For the purposes of our study we separated the Ka’u
Desert into two broad physiographic provinces: the continuous
deposit of the Keanakako’i Formation and the Ka’u Lava Ramp.
The Keanakako’i Formation

The Keanakako’i Formation is the source of all basaltic
material found in the Ka’u Desert. This tephra deposit essen-
tially includes all fragmental deposits emplaced on the rim
of Kilauea by explosive eruptions. Near the summit of
Kilauea the Keanakako’i Formation is more than 10m thick
(e.g. Decker and Christiansen, 1984) with a large exposure
located in the Keanakako’i Crater, thus giving it its name.
There are many layers within the Keanakako’i Formation
that record the history of explosive eruptions at Kilauea.
Basically, there are two principal units that are easily distin-
guishable in most exposed cross-sections. The lower unit
consists of vitric ash and pumice and has a slight green-
ish-gold color. The upper unit consists of ash, lapilli, and
lithic fragments and has a slight purplish color. Noting these
distinct differences between the upper and lower units,
Powers (1916) suggested phreatomagmatic eruptions at
Kilauea took place during two separate periods: during pre-
historic times and in 1790, as indicated by at least two
older erosional surfaces (McPhie et al., 1990; Mastin,
1997), particularly between the upper lithic unit and the
lower vitric unit. In the 1980s the generally accepted inter-
pretation was that the Keanakako’i Formation was emplaced
entirely during the 1790 eruption (Malin et al., 1983;
Decker and Christiansen, 1984; Easton, 1987). The current
understanding is that Kilauea has experienced periodic
phreatomagmatic eruptions for at least the last 2000–3000yr
(Dzurisin et al., 1995). Such eruptions are probably triggered
when conditions (e.g. an offshore eruption) cause the caldera
floor to sink below the water table (McPhie et al., 1990;
Mastin, 1997), which is located ~500m below the surface
(Stearns and MacDonald, 1946; Zablocki et al., 1974). In
1924 the floor of Halema’uma’u quickly dropped to a depth
of over 400m below the surface within a period of a few
weeks (Decker and Christiansen, 1984). This subsequently
triggered a phreatomagmatic eruption that deposited small
amounts of ash and blocks near the summit. More recently
another small phreatomagmatic eruption began in March of
2008 (Wilson et al., 2008).
The Ka’u Lava Ramp

The Ka’u Lava Ramp begins at the edge of the continuous
deposit of the Keanakako’i Formation; however, discontinuous
occurrences of the Keanakako’i extend another ~4 km west
Copyright © 2011 John Wiley & Sons, Ltd.
towards Mauna Iki, a small shield volcano that erupted in the
early 1970s (Malin et al., 1983). The surface of the Ka’u Lava
Ramp is composed primarily of weathered, prehistoric lava
flows that form the western flank of Kilauea. The ramp extends
from the summit to the ocean over a distance of ~20 km with a
relief of ~1180m and an average slope of ~0�04�. There is also
evidence for ponding and overflow within many of the small
undulations and depressions that typify the prehistoric lava
flows. Sediments transported from the Keanakako’i during
major flood events have infilled many of the broader, low-lying
areas. Test augering has shown that the sand is over 1–1�5m
thick in places. Another important characteristic is that aeolian
processes have created climbing dunes on the lee side of many
topographic obstructions (Malin et al., 1983). A major concen-
tration is located on the eastern side of Cone Crater (Malin
et al., 1983). Many of the older aa flows have almost been
completely buried by sand because their rough surfaces trap
any material that is blown past. We have identified several
different types of aeolian dune forms within the Ka’u Desert,
including sand sheets as well as crescentic, climbing, falling,
and parabolic dunes (Figure 2). The latter appear to have been
barchans before the encroachment of vegetation. Obviously in
an environment where both fluvial and aeolian processes occur
there will be some instances where the samples we collected
will show effects of both processes. However, material that
formed dunes can be assumed to have been emplaced predom-
inately by aeolian processes. In contrast,material that is contained
in channels, playas, and floodout deposits can be assumed to
have been emplaced by fluvial processes.
Dark Dunes on Mars

There are numerous dark dunes deposited on impact crater floors
on Mars. For the comparison with terrestrial basaltic sand dunes
we selected three dunefields, which represent the majority of
the Martian deposits spectrally, morphologically, and physically.
The geographical locations of the selected dark aeolian deposits
onMars and their nearest volcanic regions are shown in Figure 3.

The dunefield in Moreux crater (Figure 4A) consists of bacha-
noid dunes associated with barchans and sand sheets. The
crater is located at the highland/lowland boundary nearby
Protonilus Mensae, at a distance of 2226 km from the next
volcanic edifice Nili Patera at Syrtis Major (see Figure 3). The
modal mineralogy of this dunefield indicates both high-
calcium pyroxene (HCP) and low-calcium pyroxene (LCP)
(HCP=25 vol.%, LCP=10 vol.%) and olivine (7 vol.%) in a
mixture with plagioclase (55 vol.%) and dust (3 vol.%) (Tirsch
et al., 2011). Calculations of the thermal inertia and estimations
of the grain size yield medium sand in the range of 385mm
(Tirsch, 2009). See Figure 5 for a diagram illustrating the mean
grain sizes of all samples analyzed here.

A further selected dark dunefield is located on the floor of an
unnamed crater located in Tyrrhena Terra (Figure 4B) at a dis-
tance of about 740 km from Tyrrhena Patera, the closest volca-
nic region (see Figure 3). The dunefield consists exclusively of
barchan dunes and the thermal inertia of the deposit indicates
a grain size of 360mm (medium sand). The modal mineralogy
of this deposit is 17 vol.% HCP, 7 vol.% LCP, 10 vol.% olivine
56 vol.% plagioclase and 10 vol.% dust (Tirsch et al., 2011).

Reuyl crater (Figure 4C) is located close to the volcano
Apolinaris Patera (410km distance, see Figure 3). Its dark aeolian
deposit comprises dunes of unclassified shapes in association with
a sand sheet. The grains size is estimated to range from coarse to
very coarse sand (~900mm). Tirsch et al. (2011) specified the
modal mineralogy of this deposit as 22vol.% HCP, 14vol.%
LCP, 10vol.% olivine, 51vol.% plagioclase and 5vol.% dust.
Earth Surf. Process. Landforms (2011)



Figure 2. Basaltic aeolian bedforms in Ka’u Desert. (A) Aerial photograph of a falling dune located off the Footprints Trail. (B) Climbing dune located
at the base of Kalanaokuaiki Pali along the Mauna Iki Trail. (C) Aerial photograph of a vegetated parabolic dune located off the Ka’u Desert Trail. (D)
Aerial photograph of a sand sheet trapped within an aa lava flow.
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Methods

Sampling and fieldwork

Different samples of aeolian material were collected during a
field trip to Ka’u Desert in August 2009. Figure 1 shows the
study region and the position of the aeolian bedforms analyzed.
Three different dark basaltic dunes and one sand sheet were
sampled.
Figure 3. Location of dark aeolian deposits on Mars selected for the comp

Copyright © 2011 John Wiley & Sons, Ltd.
Sample DS1 was collected from the surface of a falling dune
located off the Ka’u Desert Trail, in a distance of ~17�4 km from
Halemaumau/Kilauea (Figure 2A, 19�19′2900 N, 155�21′51�1500
W). This dune is about 3m high and is sparsely vegetated. We
observed saltating sand grains and ripples, which indicate
active sand transport on the dune’s surface. The bedform is
connected to a vast sand sheet located upwind to the northeast.
We assume that this sand sheet represents the local sediment
source of the dune. However, the source of the sand sheet
arison with terrestrial basaltic dunes.

Earth Surf. Process. Landforms (2011)



Figure 4. Dark dunefields in Martian craters selected for comparison with terrestrial basaltic dunes. (A) Dunefield in Moreux crater (42�12� N;
44�51� E). (B) Barchan dunefield in an unnamed crater at Terra Tyrrhena (14�20� S; 95�79� W). (C) Dunefield in Reuyl crater near Apolinaris Mons
(9�76� S; 166�9� W).

BASALTIC DUNES OF HAWAII
material has not yet been determined. The aeolian sediments in
this region are transported by the prevailing winds in the south
to southwest direction and seem to be trapped on a rough aa
flow surface. Nearly sand free older pahoehoe flows form a
sharp boundary on both sides of the sand sheet. The falling
dune itself is bordered by two aa flows.
DS2 and DS3 were collected from a 500m wide and up to

7m high climbing dune located along Kalanaokuaiki Pali
nearby the Mauna Iki Trail, about 7�2 km away from Kilauea
(Figure 2B, 19�20′39�4300 N, 155�18′26�5600 W). Its surface
layer is composed of coarse sands that often build ripples with
sharp crests on the dune surface. Saltating and rolling sand
grains and the unvegetated nature of the dune indicate that
the bedform is still active. Augering reveals that bedding is well
developed throughout most of this deposit, suggesting that it
has aggraded over time from aeolian activity. The top coarse
sandy portion is interbedded by a thin (2–4 cm) layer of
clay-rich material. It may represent a weathered ash layer that
was either emplaced during an eruptive event or potentially
washed over the dune from surrounding clay-rich material
during a period of quiescent. Below 2�1m depth the dune is
composed of vitric-rich sand. Our analyses show that many
of these particles are fragile glass shards. Both main units
within the dune correspond to the general stratigraphy recog-
nized in the Keanakako’i tephra (Mastin, 1997). DS2 was
taken from the dune surface and DS3 represents a layer at
2�9m depth.
DS6 was collected from a large parabolic dune located off

the Footprints Trail, in a distance of ~10�3 km from Kilauea
(Figure 2C, 19�21′17�5200 N, 155�21′51�5900 W). This bedform
is heavily overgrown by trees and bushes indicating inactivity
and a considerable time lapse following deposition. Originally,
it might have been a barchan dune prior to the encroachment
of vegetation. However, some unvegetated parts of the dune
show coarse-grained ripples, pointing to recent sand transport
in certain areas. The deposit is bordered to the southwest by
an aa flow and several smaller sand sheets deposited on prehis-
toric pahoehoe flows to the northeast.
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DS10 was collected from a small isolated sand sheet located
near the Mauna Iki Trail, about 6�2 km from Kilauea (Figure 2D,
19�21′3�0000 N, 155�18′19�1400 W). The sand of this deposit
was trapped on a rough aa flow which is still visible within
the sheet. Active sand transport is observed on smoother areas
based on saltating sand grains and the formation of ripples.
Microscope and electron microprobe analyses

A split of each sample was taken to prepare grain mounts and
polished thin sections for both microscopic and electron micro-
probe (EMP) analyses. A polarizingmicroscopewith amicrometer
scale was used to determine grain size, shape, and componentry.
The thin sectionswere carbon-coated and individualminerals and
glass shards selected for EMP analysis were measured.

For the analysis of glass andminerals we used a JEOL JXA 8200
superprobe at Freie Universität Berlin. It is equipped with five
crystal spectrometers (wavelength dispersive spectrometer,
WDS) for elements beyond carbon (Z=6) and one energy disper-
sive X-ray detector (energy-dispersive X-ray spectrometer, EDS)
for elements beyond sodium (Z=11). Mineral analyses were
carried out with a focused beam whereas for glass analyses a
defocused beam (diameter approximately 20mm) was applied
to minimize the loss of sodium and potassium (Froggatt, 1983).
For both mineral and glass analyses a voltage of 20kV was used.
Glass EMP analyses were checked for contamination following
the procedure described by Platz et al. (2007). Those analyses
that showed contamination by a mineral phase (primarily by
plagioclase microlites) were removed from the dataset.
Spectral analyses

The visible/near-infrared (VIS/NIR) reflectance spectra of the
dune sand samples (DS1, DS2, DS3, DS6, DS10) were acquired
relative to Spectralon (holding 95% reflection) under ambient
conditions from 0�5 to 2�5 mm at the GFZ German Research
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Center for Geosciences by using an analytical spectral device
(ASD) FieldSpec Pro spectrometer. Except for drying (air dried
in the laboratory), no special sample preparation was per-
formed. For each sample we took 10 reflection spectra from
0�5 to 2�5 mm each consisting of 50 single scans. In between
the individual measurements the beam was slightly shifted over
the sample in order to gain a representative spectrum of the
sample. From these single measurements we created an average
spectrum, which best reflects the mineralogical composition. For
the coarse-grained sample DS2, a bidirectional measurement was
performed in order to avoid shadow effects.
In addition, further reflectance spectra were acquired at the

Planetary Emissivity Laboratory (PEL) (Maturilli, 2010) located
at the DLR Institute of Planetary Research. We used a Bruker
IFS 88 Fourier-transform infrared (FT-IR) spectrometer equipped
with a Harrick Seagull™ reflectance accessory for the VIS/NIR
spectral range from 0�4 to 1�2 mm. The near-infrared measure-
ments from 1�2 to 2�5 mm were obtained by means of a Bruker
Vertex 80V FT-IR spectrometer, which can be operated under
vacuum conditions to remove atmospheric noise from the
spectra. The Vertex 80V is evacuated at 1mbar pressure in
room air purged of carbon dioxide (CO2) and water (H2O).
The samples are kept under both purging and vacuum for 10
minutes before measuring the reflectance, to stabilize the
ambient conditions. However, before the measurements, the
samples are kept several hours in the desiccators at stable
temperature and low-controlled humidity. This additional spec-
troscopic analysis was performed in order to compare the
differences between the measurements under ambient and
vacuum conditions and to reveal possible atmospheric effects
on the spectra.
Results

Petrology

Microscope analyses revealed a high amount of volcanic glass
fragments in the sand samples, with subsidiary amounts of
feldspars, olivine, and pyroxene (Table I). Figure 6 provides
Table I. Petrologic analysis of Ka’u Desert sand samples.

Sample ID Location Content

DS1 Falling dune Glass Su
Olivine An
Clinopyroxene An
Feldspar An
Rock fragments Su
Micas? Su

DS2 Climbing dune (top layer) Glass Su
Olivine Su
Clinopyroxene Su
Feldspar Su
Rock fragments An

DS3 Climbing dune (vitric layer at 2�9m) Glass (99 vol.%) An
Olivine Su
Feldspar Su

DS6 Parabolic dune Glass Su
Olivine Su
Clinopyroxene Su
Rock fragments (2 vol.%) Su

DS10 Dark ripple glass (50 vol.%) Su
Olivine Su
Clinopyroxene Su
Feldspar Su
Rock fragments (40vol.%) Su

Copyright © 2011 John Wiley & Sons, Ltd.
an impression of the different particles proportions in the
samples set.

Sample DS1 (falling dune) material is of medium sand grain
size and has a dark gray to black color. It contains volcanic
glass shards, clinopyroxene, feldspar, olivine, and rock frag-
ments. Some glass shards are altered and recrystallized. The
shapes of the mineral grains range from angular to subrounded
(Table I). Sample DS2 (climbing dune, top layer) is much
coarser-grained than any other studied samples. It is composed
mainly of rock fragments. Large subrounded olivine grains are
easily visible to the unaided eye. Thin sections show minor
abundances of clinopyroxenes and feldspars. Glass particles
are predominantly dense (i.e. only minor amounts of vesicles
and cavities) and are irregular in shape. Some recrystallized
glasses comprise xenomorph minerals. The greenish sample
DS3 (climbing dune, layer at 2�9m depth) consists of fine-
grained, vitric material. The glass shards are dense to vesicular
and have an angular shape. The sample is composed of glass
shards with traces (< 1 vol.%) of olivine and feldspar (Table I).
Sample DS6 (parabolic dune) contains angular, fine to medium
sand particles. The dense to vesicular glass shards appear
relative fresh. Minor components (< 10 vol.%) of the sample
comprise lithic fragments, olivine, and clinopyroxene (Table I).
Sample DS10 (dark ripple) contains medium sand, subangular
to subrounded particles. Glass fragments, that embody
~50 vol.% of the sample, show different degrees of alteration.
About 90 vol.% of the glass fraction consists of fresh light to
dark brown glass with the remaining portion showing minor
to moderate alteration. Rock fragments represent about
40 vol.% of the total sample whereas the constitutes of olivine,
clinopyroxene, and feldspars represent the remaining 10 vol.%
(Table I).

Microprobe analyses were used to determine the mineral
and glass geochemistry (see Table II). Those results are essential
to cross-check the interpretation of the spectra (e.g. HCP versus
LCP) and to determine the initiators of the individual absorption
bands. All glass analyses show bulk silica contents between
49–50wt.%. Based on silicon oxide (SiO2) and alkali abun-
dances, glass compositions are classified as basaltic. The differ-
ence of the sum of oxides to 100 is often attributed to dissolved
Grain shape Comments

brounded Mainly glass shards
gular to subangular Some recrystallized glasses
gular to subangular Few single mineral grains
gular to subangular
brounded
brounded
brounded Mainly rock fragments
brounded Glasses dense to highly vesicular
brounded Melt intrusions in mineral phases
brounded Partially recrystallized glasses
gular to subangular Xenomorph minerals (xenocrysts)
gular Glasses dense to vesicular
brounded Bubble wall shards
brounded Material less fresh
bangular Vesicular glasses, some dense
bangular Relative fresh material
bangular Higher amount of mineral fragments (5–7vol.%)
bangular to subrounded
bangular to subrounded Many crystalline fragments
brounded Some altered glasses
bangular to subrounded Higher amount of minerals (10 vol%)
bangular to subrounded Fresh glass light beige to dark brown
brounded

Earth Surf. Process. Landforms (2011)



Figure 6. Photograph (left) and microscopic view (middle) of the sand samples with the corresponding thin sections (right). (A) Sample DS1
collected from the falling dune (cf. Figure 2A) dominated by glass shards and mineral grains. (B) Sample DS2 collected from the climbing dune
(cf. Figure 2B) (top layer) dominated by rock fragments. (C) Sample DS3 collected from the same climbing dune (cf. Figure 2B) (vitric layer) dominated
by glass shards. (D) Sample DS6 collected from the vegetated parabolic dune (cf. Figure 2C) dominated by glasses and mineral crystals. (E) Sample
DS10 collected from a dark ripple (cf. Figure 2D) dominated by volcanic glass and rock fragments.

BASALTIC DUNES OF HAWAII
volatiles (primarily H2O with/without minor abundances of
CO2, SO2 etc.) in the glass which cannot be measured with
an EMP. To a first-order-approximation, this difference from
100 is equal to the bulk water content either dissolved in the
melt or adsorbed through hydration. According to EMP analy-
ses several wt.% of H2O are present in the samples (Table II).
Copyright © 2011 John Wiley & Sons, Ltd.
Olivine mineral compositions are homogenous with forsterite
contents of 0�84 to 0�88. Analyzed clinopyroxene crystals are
classified as augites, i.e. HCPs (Morimoto, 1989). Plagioclase
crystals with anorthite contents of 0�53 to 0�70 were primarily
measured to check glass analyses for contaminationwith feldspar
microlites. Our EMP analyses of glass and olivine show
Earth Surf. Process. Landforms (2011)



Ta
bl
e
II
.

R
es
u
lts

o
f
th
e
m
ic
ro
p
ro
b
e
an

al
ys
is
.
R
ep

re
se
n
ta
tiv

e
n
o
rm

al
iz
ed

gl
as
s
an

d
m
in
er
al

el
ec
tr
o
n
-m

ic
ro
p
ro
b
e
an

al
ys
es
.

O
xi
d
es

G
la
ss

sh
ar
ds

a
O
liv

in
e

C
lin

o
py

ro
xe
n
e

P
la
gi
oc

la
se

(w
t.%

)
D
S2

D
S3

D
S6

D
S1

0
D
S1

D
S2

D
S3

D
S6

D
S1

0
D
S1

D
S2

D
S1

D
S6

D
S1

0

M
ea
n

1
s

M
ea
n

1
s

M
ea
n

1
s

M
ea
n

1s
M
ea
n

1s
M
ea
n

1
s

M
ea
n

1
s

M
ea
n

1
s

M
ea
n

1
s

M
ea
n

1s
M
ea
n

1s

Si
O

2
4
9�1

5
0
�28

4
9�1

3
0
�41

4
9
�22

0�1
8

4
9�4

5
0�3

9
4
0�5

5
0
�70

4
0�0

3
1
�23

3
9�7

7
4
0�5

5
0
�58

4
0�6

3
4
9
�95

0
�55

5
0�6

7
0
�43

4
8
�43

5
2�6

7
2�9

4
4
9
�83

1
�31

Ti
O

2
2�4

1
0
�09

2�3
1
0
�07

2
�36

0�1
1

2
�40

0�1
0

0
�02

0
�01

0
�02

0
�02

0
�04

0
�03

0
�02

0
�00

2
�39

0
�08

1
�72

0
�83

0
�07

0�1
5

0�0
0

0
�12

0
�04

A
l 2
O

3
1
3�9

5
0
�38

1
3�8

6
0
�42

1
4
�24

0�4
1

1
4�1

7
0�3

5
0
�04

0
�02

0
�05

0
�03

0
�04

0
�05

0
�03

0
�06

1
4
�50

0
�73

8
�45

6
�91

3
2
�48

2
9�9

9
1�9

9
3
1
�77

1
�01

Fe
O

11
�99

0
�14

1
2�2

9
0
�26

1
2
�15

0�1
9

1
2�0

2
0�1

4
1
5�0

0
2
�97

1
5�3

1
4
�55

1
5�1

6
1
3�0

7
1
�54

11
�37

11
�86

0
�25

1
0�7

0
1
�21

0
�78

0�6
4

0�0
4

0
�66

0
� 06

M
n
O

0�1
7

0
�02

0�1
8
0
�04

0
�18

0�0
1

0
�16

0�0
3

0
�19

0
�05

0
�18

0
�04

0
�20

0
�17

0
�03

0
�16

0
�17

0
�04

0
�22

0
�07

0
�00

0�0
2

0�0
1

0
�02

0
�01

M
gO

8�6
0

0
�79

8�6
6
0
�92

8
�02

0�6
7

8
�05

0�9
7

4
3�8

2
3
�18

4
4�0

8
3
�33

4
4�4

6
4
5�7

7
1
�04

4
7�4

2
7
�36

1
�20

11
�39

5
�37

0
�07

0�0
5

0�0
0

0
�15

0
�03

C
aO

11
�01

0
�19

1
0�8

4
0
�35

11
�02

0�2
4

1
0�9

8
0�3

5
0
�28

0
�01

0
�25

0
�04

0
�26

0
�26

0
�03

0
�25

11
�15

0
�08

1
5�3

0
4
�39

1
4
�71

1
0�9

1
2�1

6
1
3
�46

1
�02

N
a 2
O

2�1
6

0
�21

2�2
1
0
�07

2
�28

0�1
1

2
�25

0�0
8

0
�01

0
�01

0
�01

0
�01

b
.d
.

0
�02

0
�02

b
.d
.

2
�13

0
�14

1
�25

1
�08

3
�31

5�1
8

1�0
5

3
�82

0
�66

K
2
O

0�4
7

0
�03

0�4
4
0
�02

0
�46

0�0
4

0
�47

0�0
3

0
�01

0
�01

0
�01

0
�01

0
�01

0
�00

0
�01

b
.d
.

0
�43

0
�01

0
�19

0
�23

0
�13

0�3
9

0�1
9

0
�17

0
�07

C
r 2
O

3
0�0

9
0
�02

0�0
7
0
�03

0
�07

0�0
2

0
�06

0�0
3

0
�07

0
�05

0
�08

0
�04

0
�06

0
�08

0
�03

0
�12

0
�05

0
�01

0
�11

0
�11

0
�02

0�0
0

0�0
0

0
�01

0
�01

H
2
O

b
5�3

0
�44

5�5
0
�31

5
�7

0�4
1

5
�5

0�3
4

N
u
m
b
er

o
f
an

al
ys
es

8
1
0

1
0

9
8

8
1

6
1

4
6

1
2

4

Fo
0�8

3
5
0
�04

0
�83

5
0
�05

0
�83

6
0
�85

9
0
�02

0
�87

9
En

0
�41

5
0
�03

0
�44

5
0
�07

A
b

0
�28

7
0�4

5
2
0�0

9
0
�33

5
0
�05

Fy
0�1

6
1
0
�04

0
�16

2
0
�05

0
�16

0
0
�13

8
0
�02

0
�11

8
Fs

0
�37

8
0
�02

0
�25

3
0
�15

A
n

0
�70

5
0�5

2
6
0�1

0
0
�65

5
0
�06

W
o

0
�20

7
0
�01

0
�30

2
0
�09

O
r

0
�00

7
0�0

2
2
0�0

1
0
�01

0
0
�00

a
T
h
e
p
er
ce
n
ta
ge
s
o
f
o
xi
d
es

h
av
e
b
ee
n
o
b
ta
in
ed

re
n
o
rm

al
iz
in
g
to

th
e
u
n
ity

th
e
su
m

o
f
th
ei
r
p
er
ce
n
ta
ge
s
(e
xc
lu
d
in
g
w
at
er
).

b
Es
tim

at
e
b
as
ed

o
n
d
iff
er
en

ce
to

1
0
0
.

N
o
te
:
b
.d
.,
b
el
o
w

d
et
ec
tio

n
lim

it;
Fo

,
fo
rs
te
ri
te
;
Fy
,
fa
ya
lit
e;

En
,
en

st
at
ite

;
Fs
,
fe
rr
o
si
lli
te
;
W
o
,
w
o
lla

st
on

ite
;
A
b
,
al
b
ite

;
A
n
,
an

or
th
ite

;
O
r,
o
rt
ho

cl
as
e.

D. TIRSCH ET AL.

Copyright © 2011 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms (2011)



BASALTIC DUNES OF HAWAII
deviations of up to 1wt.% for major elements compared to
results of Gooding (1982). This may be attributed to a different
analytical procedure. Gooding (1982) used a 10-mm diameter
beam whereas as we used a focussed, c. 1-mm diameter beam
for mineral analyses and a defocused c. 20-mm diameter beam
for glass.
Spectroscopy

Reflectance spectra of the samples collected in Ka’u Desert are
shown in Figure 7 for measurements at ambient (Figures 7A and
7B) and vacuum (Figures 7C and 7D) conditions. Measured un-
der ambient conditions all spectra exhibit a deep broad absorp-
tion band at 1�0 mm and narrow bands at 1�9 and 2�21 mm that
vary in intensity and spectral character. The absorption at
1�0 mm is related to ferrous iron (Burns, 1993) in the samples
and is suggestive of the iron-bearing minerals olivine (Sunshine
and Pieters, 1998) and pyroxene (Cloutis and Gaffey, 1991),
basaltic glass (e.g. Minitti et al., 2002) and also some ferric
oxides/oxyhydroxides (e.g. Morris et al., 1985). The typical
second broad pyroxene absorption band around 2mm is less
distinct in Figures 7A and 7C and seems to be overlapped by
other features. However, the continuum removed spectra in
Figures 7B and 7D emphasize these bands in all cases.Moreover,
Figure 7B reveals further absorption bands at 1�9mm, particularly
in samples DS2 and DS10, which are indicative of molecular
water (Clark et al., 1990). A second narrow band in all spectra
at 2�21mm is related to bending metal-OH-bonds (Clark et al.,
1990). These bands almost disappear in the spectrameasured un-
der vacuum conditions (Figures 7C and 7D). This indicates that
the 1�9- and 2�21-mmbands seen in Figures 7A and 7B are caused
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conditions. (D) Same spectra as Figure 7C in the spectral range 1�8 to 2�4mm
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Copyright © 2011 John Wiley & Sons, Ltd.
by atmospheric moisture. Solely samples DS2 and DS10 show
slight indications for hydration because these features are ex-
tremely weak but still present, often in the form of shoulders.
Generally the metal-OH-bands near 2�2–2�3mm do not change
band strength with changing relative humidity conditions (e.g.
Bishop et al., 1994; Bishop and Pieters, 1995; Bishop et al.,
1995). However, some amorphous materials similar to opal and
allophane do appear to exhibit decreases in the ~2�2mm band
strength with decreasing relative humidity. This is likely due to
H-bonding of the metal-OH-bonds to adsorbed H2O molecules
(e.g. Anderson and Wickersheim, 1964; Milliken et al., 2008).
In summary, the strong reduction of the bands in the dried sam-
ples DS1, DS3, and DS6 measured under vacuum conditions
indicates that the bands in Figure 7 are mainly due to atmo-
spheric water whereas samples DS2 and DS10 show indications
for hydration..

A comparison between Martian and terrestrial sand spectra is
shown in Figure 8. The three exemplary Martian OMEGA spec-
tra, taken from the dune fields described earlier (see Figure 4),
reflect the basaltic composition of the dark dunes as typically
inferred for Martian dunes (cf. Tirsch et al., 2008). The spectra
show a deep broad absorption band at 1 mm and a shallower
broad band around 2 mm. Both bands are caused by Fe2+

in the minerals and are indicative of a mixture of olivine and
pyroxene. The center of the 1-mm band shifts to shorter wave-
lengths with increasing pyroxene content for pyroxene-olivine
mixtures (Cloutis et al., 1986) as observed in the spectrum of
Moreux crater (OMEGA orbit ORB0294_5, Figure 8). The
Ka’u Desert spectra show a similar 1-mm absorption, whereas
the 2-mm absorption is only visible once the continuum has
been removed as shown in the insets of Figure 8. The main dif-
ference between the Ka’u Desert and the Martian spectra is the
Wavelength [µm]

Wavelength [µm]

R
ef

le
ct

an
ce

 (
co

nt
in

uu
m

 r
em

ov
ed

) B 

D

R
ef

le
ct

an
ce

 (
co

nt
in

uu
m

 r
em

ov
ed

)

0.9

0.92

0.94

0.96

1

1.02

0.98 

0.93

0.94

0.95

0.96

0.98

1.01

0.97

0.99

1

1.8 1.9 2.0 2.1 2.2 2.3 2.4

1.8 1.9 2.0 2.1 2.2 2.3 2.4

DS 
DS 2

DS 6
DS 3

DS 10

DS 1
DS 2

DS 6
DS 3

DS 10

amples DS1, DS2, DS3, DS6, and DS10 measured with the ASD spec-
ctral range 1�8 to 2�4mmwith continuum removed display emphasizing
DS1, DS2, DS3, DS6, and DS10 measured in the PEL under vacuum
with continuum removed display emphasizing the broad 2mm band

Earth Surf. Process. Landforms (2011)



DS 1

DS 2

ORB1068_5

DS 6

ORB1420_3 

210.5 1.5 2.5

ORB0294_5

1.8 2.0 2.2 2.4

Wavelength [µm]

R
ef

le
ct

an
ce

 (
O

ffs
et

 fo
r 

cl
ai

rit
y)

I/F
 (

O
ffs

et
 fo

r 
cl

ai
rit

y)

Wavelength [µm]

Wavelength [µm]

Wavelength [µm]

Wavelength [µm]

DS 3

1.8 2.0 2.2 2.4

1.8 2.0 2.2 2.4

1.8 2.0 2.2 2.4

1.8 2.0 2.2 2.4
Wavelength [µm] DS 10

igure 8. Comparison of Martian [OMEGA spectra: ORB0294_5
oreux crater), ORB1068_5 (Reuyl crater), ORB1420_3 (unnamed

rater)] and terrestrial (PEL: DS1, DS2, DS3, DS6, DS10) reflectance
pectra of dark dune sands. Olivine and pyroxene are represented in
ll spectra by the broad 1- and 2-mm bands. The insets show the broad
-mm bands and, particularly for sample DS2 and DS10, shallower hy-
ration bands at 1�9 and 2�21mm in continuum removed views.

210.5 2.51.5

Iddingsite

Pyroxene

Olivine

Wavelength [µm]

R
ef

le
ct

an
ce

 (
O

ffs
et

 fo
r 

cl
ai

rit
y)

igure 9. Library spectra of high-calcium pyroxene (HCP), olivine,
nd iddingsite (from US Geological Survey and RELAB spectral data-
ase) for comparison with terrestrial and Martian spectra (cf. Figure 8,

see text for discussion).

D. TIRSCH ET AL.
F
(M
c
s
a
2
d

presence of the H2O and OH associated bands at 1�9 and
2�21 mm in the spectra of the Hawaiian samples.
We compared the spectra of our samples with library spectra

of high-calcium pyroxene, olivine, and iddingsite (Figure 9).
The latter is a common alteration product of olivine on Earth,
comprising phyllosilicates, iron oxides, quartz, and calcite
(Cloutis, 2004; Orofino et al., 2006). This library spectrum
represents a sample that is in its initial alteration state, as indi-
cated by the lack of the 1�4-mm band and the weakness of the
1�9-mm water-related absorption band (Orofino et al., 2006).
However, it represents a good intermediate stage between
unaltered and altered olivine-rich material. A further example of
altered olivine is shown in Figure 10A, resembling the spectral
shape of our Hawaiian samples (Figure 10B).
Copyright © 2011 John Wiley & Sons, Ltd.
F
a
b

Discussion

The grain shape analysis was intended to shed light on the
transport mechanisms of the material. Because of its deposition
as aeolian bedforms, we suppose most of the material to be
aeolian transported. However, fluvial channels in Ka’u Desert
give reason to suppose the involvement of fluvial processes in
that region. On Earth the shape of aeolian dune material has
been analyzed by many authors (e.g. Folk, 1978; Goudie and
Watson, 1981; Pye and Tsoar, 1990; Chakroun et al., 2009). It is
well-known that terrestrial quartz grains that have been trans-
ported by aeolian processes are usually of subangular to
subrounded shape. The angularity can increase with decreasing
grains size (Goudie andWatson, 1981) because the impact energy
released in collisions ismuch smaller. Since the hardness of quartz
grains (Mohs scale 6�5–7) is comparable to the hardness of olivine
(Mohs scale 7) and clinopyroxene (Mohs scale 6), we assume that
aeolian transportation of basaltic sand grains may result in a
similar subrounded to subangular grain shape. This assumption
is confirmed by the results of Krinsley et al. (1979) who studied
abrasion textures of quartz and basaltic sand under terrestrial
and Martian conditions. Krinsley et al. (1979) concluded that
mechanical aeolian abrasion of basaltic sands yield similar
surface features compared to quartz grains. However, their analy-
sis revealed that aeolian abrasion under Martian atmospheric
pressures results in more rounded grains, which is attributed to
the thinner atmosphere and the lower cushioning effect of the
air. According to our microscope analysis, most of the samples
are dominated by subrounded particles followed by subangular
grains (cf. Table I). As discussed earlier, these grain shapes are
usually generated by saltation and rolling during aeolian
transport. These transport processes have also been observed
during our field campaign. The angular shape of the glass shards
Earth Surf. Process. Landforms (2011)
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Figure 10. Spectral comparison of (A) altered olivine (grain size 106–200mm) collected in the volcanic region Eifel, Germany (image adopted from
Orofino et al., 2006) and (B) sample DS10 of a dark ripple collected in Ka’u Desert. Note the correlation of absorption bands.

BASALTIC DUNES OF HAWAII
in sample DS3 indicates that these particles did not experience
aeolian transport but seem to be rather deposited in situ from an
eruption column (cf. Craddock et al., 2010). The bubble-wall glass
shards in that sample indicate that fragmentation and attrition took
place before the material was deposited (Fisher, 1963). Fisher
(1963) observed bubble-wall texture on abraded olivine grains of
PuuMahana Beach (Lanai, Hawaii) and concluded that this texture
might be a relatively common feature of basaltic volcanism. Fluvial
transport supports a higher number of grain collisions leading to
intense abrasion and, thus, produces rounded grains (Bjorlykke,
2010). Hence, the amount of rounded mineral grains in the
samples will indicate the proportion of this alternative transport
mechanism. The lack of rounded grains in the studied samples
indicates that none of the particles were significantly transported
by fluvial processes as the presence of channels in Ka’u Desert
initially gave reason to suggest. These volcanic particles, primar-
ily glass shards, are easily abraded particularly in pyroclastic
flows such as base surges (McPhie et al., 1990).
The overall spectral shape of the terrestrial spectra reflects a

basaltic composition, dominated by olivine and pyroxene.
The mafic composition of the sand is fairly similar to that of
Martian dark aeolian dunes, which are dominated by pyroxene
followed by olivine (Tirsch et al., 2011). Both mafic rock-forming
minerals are commonly constituents in basaltic volcanic rock
and ash. The sources of the Ka’u Desert dune sands are ash
and tephra erupted from the volcanoes in the direct vicinity
and lava disintegration particles (e.g. Stearns, 1925; Powers,
1948; Gooding, 1982; Edgett and Lancaster, 1993). A similar
volcanic ash origin for Martian dunes has been suggested by
Tirsch et al. (2011) who found mineralogical similarities and
the morphological evidence for layers of volcanic ash being
the source of the dark material on Mars. The correlation in
mineralogical composition of terrestrial and Martian material
suggests a similar volcanic origin. Most samples (DS1, DS3,
and DS6) show no indication of hydration of alteration. Two of
the terrestrial spectra (DS2 and DS10) show water-associated
bands at 1�9 and 2�21mm that are still visible in the spectra of
the dried samples measured under vacuum conditions. Thus,
these features indicate juvenile water in the glass particles, i.e.
dissolved OH and H2O in the melt or in some cases meteoric
water by glass hydration. The latter case may be true for those
glass particles that are less fresh and show an early stage of
recrystallization (i.e. sample DS10; cf. Table II). These findings
confirm the results of our microprobe analysis, which arrives at
a water content of the volcanic glass particles of 5�3 to 5�7wt.
% (cf. Table I). Our results are consistent with the findings of
Seelos et al. (2010) and Chemtob et al. (2010) who detected
Copyright © 2011 John Wiley & Sons, Ltd.
opaline (amorphous, hydrated) silica in different samples of lava
flows, ash deposits, and solfatara incrustations collected in Ka’u
Desert. Furthermore, the spectral shape of sample DS10 almost
perfectly fits the spectral shape of altered olivine presented by
Orofino et al. (2006) (Figure 10) who analyzed altered olivine
found in the German region Eifel. Both spectra show clearly
absorption bands at 1�9 and around 2�21mm, which are caused
by H2O and OH in the material.

The particle source identification is somewhat limited. The
dominance of glass particles and its well-sorted grain size in
sample DS3 clearly indicates a primary deposition from prehis-
toric phreatomagmatic eruptions at Kilauea. Hence, it repre-
sents a primary volcanic sediment (i.e. ash) which may have
been slightly modified by aeolian processes. In contrast, the
correlation of lithic fragments to their source regions is less
certain. In principle, there are three possible sources for lithic
fragments: They are derived from (1) aeolian transport and
redeposition of weathered lava-flow particles, (2) fluvial chan-
nels, and (3) airfall: direct deposition of an ash cloud where
lithic fragments represent accidental clasts produced during
volcanic eruptions due to vent clearing and widening. Placing
the sample into context rules out source 3 because while airfall
could result in sedimentary layers, we saw layers that were
fairly uniform in thickness, which would not typically be the
case from multiple phreatomagmatic eruptions that varied in
intensity. Also, the sample is well sorted, even at depth. While
it is possible that airfall deposits could also be well-sorted, this
is generally not the case. Again, different eruptions would
produce deposits where the mean particle size was different.
We did not observe that in our samples. Source 2 can be
neglected because there were no fluvial channels nearby to
the climbing dune. Instead, there were climbing and falling
dunes covering the local lava flows. The closest lava flow was
erupted in 1984 and it was covered in sand, which emphasizes
the importance in aeolian transport (source 1).

Our bulk grain size analyses of Hawaiian basaltic dune
sands shows values in the size range fine to medium sand
(0�21 and 0�27mm). One exclusion is sample DS2 (climbing
dune, top layer) which consists of coarse sand (up to 2mm).
The mean grain sizes of the Martian basaltic dune materials
range between medium and coarse sand [in this study:
0�39–0�9mm (Tirsch, 2009)]. Thus, the grains sizes of the ter-
restrial and Martian sands are comparable. In Ka’u Desert the
dune material experiences relative short transport distances
from the source (i.e. Kilauea) to the bedforms (between 6�2
and 17�4 km). The fine sand glass particles in sample DS3
(climbing dune, vitric layer at 2�9m depth) are likely to be
Earth Surf. Process. Landforms (2011)



D. TIRSCH ET AL.
deposited in situ and were not transported by saltation for long
distances, as inferred from their angular grain shape [saltation
results in subrounded grain shapes (e.g. Pye and Tsoar,
1990)]. However, mineral grains in that sample are subrounded
and seem to be mixed with the vitric material after aeolian
transport. The medium and coarse sand materials (samples
DS1, DS2, DS6, DS10, cf. Figure 5) seem to be transported pri-
marily by saltation which is inferred from their grain shape and
grain size, which is typical for saltation. These medium and
coarse sand materials form the bulk of the dune bodies found
in Ka’u Desert. The deposition as dune is again a typical indica-
tor for aeolian transport. Aeolian sand transport led to the
formation of the dune bodies often nearby topographic obsta-
cles acting as sand traps. The transport distances in Ka’u Desert
are relative small (up to ~18 km) compared to Mars. The
exemplary Martian deposits were selected by their geographic
locations at various distances to volcanic provinces. For our
Martian examples we have transport distances between ~410
and ~2260 km, if we assume the material sources to be the
nearest volcanic edifice (cf. Figure 3). However, on Mars there
are two different cases that could explain the great distance
from the ultimate source (i.e. the volcano) to deposition (i.e.
the dune), which must not correspond to the effective transport
distance in every instance. In the first case, we see dark dunes
in craters comprising an obvious local sediment source. Tirsch
et al. (2011) report that the dark aeolian sediment seem to be
almost globally deposited in subsurface layers, which are ex-
posed at crater walls and at crater floors in many places. The
volcanic ash material emerges locally from these exposed dark
source layers and builds dunes nearby the source preferentially
on the floors of impact craters where the sediment is trapped.
Hence, in some cases transport distances on Mars are actually
relative short (in the order of tens of kilometers, from crater wall
to dune) and become comparable to Earth. In a second case,
we have dunes at places where no local source can be recog-
nized. Here, the long distance from volcano to dune can be
explained by the fact that aeolian transport can reach much
higher and longer trajectory pathways compared to Earth.
Due to the lower atmospheric pressure and density on Mars,
threshold friction velocities are 10 times higher than on Earth
(Greeley et al., 1980; Edgett and Christensen, 1991). This
means that higher wind speeds are required to move similar-
sized grains on Mars than on Earth. In a thinner atmosphere,
the greater initial grain velocity coupled with the lower gravity
causes the grains’ saltation path to lengthen. Thus, the path
lengths of grains of up to 210mm in diameter begin to approach
infinity (Edgett and Malin, 2002). Because of the higher surface
friction velocities needed to move particles at low atmospheric
pressures and a lower gravity, larger grains can become
suspended on Mars than on Earth. Although it takes stronger
winds to saltate particles on Mars and the saltating particles
are coarser-grained than on Earth, trajectories are longer and
flatter, varying with temperature and atmospheric conditions
(e.g. White, 1979; Iversen and White, 1982; Greeley et al.,
1999; Fenton, 2005). Thus, although not relevant for every dark
deposit, extreme long aeolian transport distances are possible
due to the specific physics of particle motion on Mars.
The strong spectral correlation between Martian dark aeolian

sediments and terrestrial basaltic sands encourages the inter-
pretation that the Martian dune material has a similar composi-
tion as the terrestrial basaltic sands. The confirmation of a
similar glass content of the Martian sands is somewhat difficult.
Basaltic glass has a spectral signature similar to that of pyrox-
ene showing excitational bands near 1�1 mm and 1�9 mm (e.g.
Minitti et al., 2002; Bishop et al., 2003). The lower the degree
of crystallinity the lower the expression of these absorptions
(Minitti et al., 2002). Since we have no information on the
Copyright © 2011 John Wiley & Sons, Ltd.
degree of crystallinity of the Marian volcanic glasses, we can-
not estimate the influence of volcanic glass on the Martian
spectra. However, a first hint can be deduced from compari-
sons between experimental and observed basalt spectra done
by Minitti et al. (2002) that show that VIS/NIR spectra of oxi-
dized, 55% crystallized fine particle basalt best fit to spectra
of dark regions on Mars. Following these results, glasses in
the Martian dark sands might be partially recrystallized and
hence could influence the Martian spectra perceptibly. Never-
theless, following our analysis we can only confirm the consti-
tuents olivine and HCP and LCP but cannot determine the
exact amount of volcanic glass in the Martian sediments. How-
ever, if there is indeed an analogy in origin between terrestrial
and Martian sands, we can suppose that the Martian dark sedi-
ments might have a similar high content of volcanic glass as the
terrestrial basaltic sands. Further components such as plagio-
clase and dust can only be modeled for the Martian sands (cf.
Tirsch et al., 2011). We do see similarities in the spectra from
Earth and Mars but we cannot confirm a 100% correlation. If
there is volcanic glass in the Martian sands, it may not comprise
juvenile water or hydration features since we do not see any water
associated bands in the Martian spectra (e.g. Tirsch et al., 2011).
Hence, Martian dune sands seem to be unweathered, which is
the main difference between both materials revealed yet. Prospec-
tively we can assume, that the detection of absorptions bands
related to H2O and OH in the dark Martian sediment spectra will
be a further step to finally prove the volcanic origin of these basaltic
sands, but only if we can prove that thewater is associated towater
in volcanic glass particles.

There are some limitations of our methodology that need to
be mentioned here. The spectral measurements were not
accomplished under Martian conditions, but under terrestrial
ambient atmosphere and vacuum conditions. This has to be
considered when comparing the spectra. Additionally, terres-
trial weather is much more humid than Martian climatic condi-
tions, making direct comparison difficult. The comparatively
humid conditions in Ka’u Desert might be the main reason for
differing weathering stages of the basaltic sands on Mars and
Earth. Thus, the similar initial conditions of the sediments have
to be the focus, and the aqueous alteration observed has to be
regarded as a result of terrestrial conditions.
Conclusions

The aim of this study was to characterize sand samples col-
lected in Ka’u Desert, to compare these volcanic sands with
spectra of dark aeolian sediments on Mars as a way of deter-
mining the source of the Martian dunes. We conclude that the
Ka’u Desert sands were derived from airfall ashes from phreato-
magmatic eruptions of Kilaulea and reworked lava. Grain
shapes dominated by subsounded to subangular forms indicate
transport by aeolian rather than fluvial processes, which is also
expressed by the high number of aeolian bedforms. Composi-
tionally, the Ka’u Desert dune samples are dominated by oliv-
ine, pyroxene, plagioclase, and glasses resulting from the
volcanic source of these aeolian sediments. This composition
correlates very well with the composition of Martian dark aeo-
lian sediments, which are dominated by pyroxene and olivine
(Tirsch et al., 2011). We conclude that this correlation can be
seen as a further indication for a volcanic origin of the Martian
dark sediments similar to the origin of the basaltic sands of
Hawaii. Furthermore, we suggest that, analogously to the
terrestrial volcanic sands, a similar high amount of volcanic
glass can be expected in the Martian sands. Unlike the Martian
dark aeolian sediments, the spectra of the terrestrial basaltic
sands show indications of hydration and slight alteration which
Earth Surf. Process. Landforms (2011)
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is presumably related to the comparatively humid conditions
on Earth.
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