
Subglacial Hydrothermal Alteration Minerals in Jökulhlaup
Deposits of Southern Iceland, with Implications for Detecting

Past or Present Habitable Environments on Mars

Nicholas H. Warner1 and Jack D. Farmer2

Abstract

Jökulhlaups are terrestrial catastrophic outfloods, often triggered by subglacial volcanic eruptions. Similar
volcano-ice interactions were likely important on Mars where magma/lava may have interacted with the
planet’s cryosphere to produce catastrophic floods. As a potential analogue to sediments deposited during
martian floods, the Holocene sandurs of Iceland are dominated by basaltic clasts derived from the subglacial
environment and deposited during jökulhlaups. Palagonite tuffs and breccias, present within the deposits,
represent the primary alteration lithology. The surface abundance of palagonite on the sandurs is 1–20%. X-ray
diffraction (XRD) analysis of palagonite breccias confirms a mineral assemblage of zeolites, smectites, low-
quartz, and kaolinite. Oriented powder X-ray diffractograms (<2 mm fraction) for palagonite breccia clasts and
coatings reveal randomly ordered smectite, mixed layer smectite/illite, zeolites, and quartz. Visible light–near
infrared (VNIR) and shortwave infrared (SWIR) lab spectroscopic data of the same palagonite samples show
H2O/OH� absorptions associated with clays and zeolites. SWIR spectra derived from Advanced Spaceborne
Thermal Emission and Reflection Radiometer (ASTER) images of the sandurs reveal Al-OH� and Si-OH�

absorption features. The identified alteration mineral assemblage is consistent with low temperature (100–1408C)
hydrothermal alteration of basaltic material within the subglacial environment. These results suggest that po-
tential martian analog sites that contain a similar suite of hydrated minerals may be indicative of past hydro-
thermal activity and locations where past habitable environments for microbial life may be found. Key Words:
Mars—Reflectance spectroscopy—Astrobiology—Hydrothermal systems—Habitability. Astrobiology 10,
523–547.

1. Introduction

The modern surface of Mars is unfavorable for life due
to the absence of liquid water, the high flux of UV radi-

ation at the surface, and the highly oxidizing nature of the
surface regolith. If life exists on Mars today, it is likely to be
found in deep subsurface environments where magmatic-
hydrothermal systems create habitable zones of sustained
liquid water and sources of energy and elemental building
blocks needed for life. On Earth, subsurface hydrothermal
environments sustain diverse associations of thermophilic
microorganisms from all three domains of life (Bacteria,
Archaea, and Eukarya). The upper temperature limit for
the growth of terrestrial thermophiles is from a hydrogen-
utilizing bacterial strain that grows up to 1218C and survives
to 1308C (Kashefi and Lovley, 2003). Earth-based studies of
geological systems dominated by interactions between mol-

ten rock and ice or water, at temperatures below this upper
temperature threshold for life, have important applications
for astrobiological exploration (Farmer, 1996; Pirajno and van
Kranendonk, 2005). Presently, the goal of such studies is to
provide robust criteria for recognizing similar processes
(past or present) on Mars. Magma-cryosphere interactions
appear to have been very important in shaping the martian
surface over its history (e.g., Chapman and Tanaka, 2002;
Wilson and Mouginis-Mark, 2003a, 2003b; Meresse et al.,
2008). The identification of such processes is considered to be
key for an accurate assessment of the potential for long-term
habitability.

Given the technical challenges associated with deep ro-
botic drilling on planetary surfaces, the search for an extant
or extinct subsurface biosphere on Mars may require taking
advantage of natural geological processes, such as cata-
strophic outflows or upwelling hydrothermal systems that
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are capable of bringing deep materials onto the surface. The
geomorphic indicators for such environments and processes
may be further associated with mineral signatures that are
characteristic of hydrothermal activity in the shallow crust.
Currently, there is little data confirming the presence of hy-
drothermal mineral assemblages on the surface of Mars. The
observation of opaline silica (*91% silica) by the Spirit rover
represents the best example of a mineralogical identification
of hydrothermal activity (Squyres et al., 2008). Spectral
mapping from orbit by the Thermal Emission Spectrometer
on board Mars Global Surveyor, the Thermal Emission
Imaging System on board Mars Odyssey, the OMEGA
spectrometer on board Mars Express, and the Compact Re-
connaissance Imaging Spectrometer (CRISM) on board the
Mars Reconnaissance Orbiter have now identified several
minerals that are the products of water/rock interactions
(e.g., phyllosilicates, sulfates, Fe oxides, carbonates, halides)
and form on Earth over a potentially broad range of pH
conditions, temperatures, and water-rock ratios (e.g., Chris-
tensen et al., 2001, 2005; Langevin et al., 2005; Bibring et al.,
2006; Bishop et al., 2008; Mustard et al., 2008; Osterloo et al.,
2008; Poulet et al., 2008). However, much uncertainty re-
mains as to how the general classes of identified minerals
relate to specific geological conditions, as the identified
spectral characteristics are often not unique to a single min-
eral, lithology, or geological process (e.g., hydrothermal
versus low-temperature weathering alteration processes,
impact alteration, evaporative processes).

In the present study, we examined the mineralogical sig-
natures of terrestrial volcano-sedimentary deposits associ-
ated with a basaltic volcanic system in southern Iceland.

Similar Icelandic systems have been considered potential
analogues for volcano-ice processes on Mars (Rice and
Edgett, 1997; Chapman et al., 2003). The study focused on
comparing the deposits of two pro-glacial outwash systems
(sandur plains) formed by catastrophic outfloods from sub-
glacial volcanic environments. Combining analyses of satel-
lite remote sensing with quantitative ground-truth analyses,
we mapped the spatial variability of hydrated mineral sig-
natures over the sandur plains and established the threshold
abundances required for the detection of these mineral
components, using the available remote data. In addition, we
used laboratory techniques to describe the mineral assem-
blages present on the sandur surfaces to infer the general
temperature conditions of alteration. Our analysis indicated
that some of the alteration components identified on the
sandur plains formed under low-temperature hydrothermal
conditions within subglacial environments at temperatures
within the range for life. These results may provide a
framework for planning future missions to explore for sub-
surface habitable environments on Mars.

2. Geological Setting and Background

2.1. Icelandic sandur plains

Clifford (1987) first proposed the catastrophic outwash
plains (sandurs) of southern Iceland as terrestrial analogues
for several catastrophic outflow systems on Mars, including
the north and south polar chasmata. Beneath the Vatnajökull
glacier in southern Iceland, volcanism associated with the
Grimsvötn caldera continuously delivers heat energy that
melts substantial volumes of ice (Fig. 1). The meltwater

FIG. 1. Location map of Skeiðarársandur and Mýrdalssandur in southern Iceland. Catastrophic floods, sometimes induced
by volcanic eruptions beneath the glaciers Vatnajökull and Mýrdalsjökull, provide volcanoclastic sediment to the southern
sandur plains.
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collects within the Grimsvötn caldera and other subglacial
topographic depressions (Gudmundsson and Hognadottir,
2007). The onset of volcanic activity within the Grimsvötn
caldera is associated with catastrophic releases of meltwater,
due to fracturing and failure of the ice dam that holds the
pressurized lake water within the caldera. The resulting
catastrophic outflows, known as jökulhlaups, inundate the
adjacent outwash plains with meltwater laden with volca-
nic debris derived from the subglacial lake. Over-pressure
and release of water from the caldera lake of the Grimsvötn
volcano has occurred on several occasions in response
to volcanically induced melting. The most recent out-
flows occurred in 1996, following eruptions at the nearby
Gjálp subglacial fissure (Gudmundsson et al., 1997). This
event produced a sediment-laden jökulhlaup (discharge of
104 m3 s�1) that covered the ice-marginal outwash plain of
Skeiðarársandur, located directly south of the Vatnajökull
ice sheet (Russell et al., 1999; Gomez et al., 2000; Knudsen
et al., 2001) (Fig. 1). In addition to juvenile (glass-rich) py-
roclastic materials, outflow deposits on the surface of
Skeiðarársandur include clasts scoured from subglacially
altered bedrock and palagonitic breccias/tuffs that were
erupted under the ice and temporarily stored within sub-
glacial depressions.

Approximately 100 km west of Skeiðarársandur, another
outwash plain called Mýrdalssandur has been the site of
many similar-magnitude catastrophic outflows (discharges of
104 to 106 m3 s�1) that originated from beneath Mýrdalsjökull
at the Katla subglacial volcanic center (Fig. 1) (Tomasson,
1996). At this locality, the largest magnitude flood in his-
torical times immediately followed the 1918 Katla eruption.
This jökulhlaup deposited (on average) an *8 m thick se-
quence of sand- to granule-sized basaltic glass and pumice
over an area of *400 km2 (Maizels, 1993; Duller et al., 2008).

2.2. Palagonite

Preliminary descriptions of the composition of sandur
deposits were provided by Maizels (1993), Tomasson (1996),
and Duller et al. (2008). These descriptions identified the
major alteration lithology on the sandur surfaces as palago-
nite. In addition, Maizels (1993) identified reworked gla-
cial and volcanic debris within the basal sequences of
jökulhlaup deposits. Stefánsdóttir and Gı́slason (2005) de-
scribed the composition of suspended materials in the 1996
Skeiðarársandur outflow. In their analysis, 80% of the sus-
pended sediment was found to be fragments of altered ba-
saltic glass or palagonite, 11% secondary minerals such as
zeolites and calcite, and 5% unaltered basaltic glass. Most
of the 1996 flood deposits were found to be geochemically
similar to products of the Grimsvötn volcanic system.
However, only a small sampled fraction was geochemically
identical to the 1996 Gjálp eruption materials. This suggests
that a large proportion of volcanic debris from the Gjálp
eruption remained trapped within the Grimsvötn caldera
lake or in nearby subglacial depressions, or both. The major
sediment component was therefore likely derived from one
or more of the following: (1) older eruptive materials that
had previously collected to form basal volcanoclastic se-
quences within the lake, (2) erosion of subglacial bedrock, (3)
reworked fluvial-glacial deposits from the pro-glacial zone of
the sandur (Stefánsdóttir and Gı́slason, 2005).

Palagonite is a heterogeneous material derived from
aqueous alteration of basalt or basaltic glass. It has been
defined in various ways in the literature, and the composi-
tional and textural meaning of the term is poorly con-
strained. Mineralogically and texturally, palagonite has
been defined differently as (1) an amorphous hydrated gel
(Peacock, 1926), (2) composed of poorly crystalline clays
(smectites, illite, kaolinite), in close association with amor-
phous hydrated phases (Moore, 1966), (3) a yellow-orange
hydrated material formed by hydration and devitrification of
basaltic glass (Bates and Jackson, 1984), and (4) a chemically
heterogeneous hydrated mineral assemblage derived by the
hydrothermal or weathering alteration of basaltic glass or
lavas (Thorseth et al., 1991).

As an amorphous phase, palagonite consists of light-
brown to reddish-brown hydrated Fe oxides. This state is
representative of an early stage of alteration that is often
typical of low-temperature weathering (Thorseth et al., 1991;
Bishop et al., 2002; Drief and Schiffman, 2004; Pokrovsky
et al., 2005) and has been assessed at various terrestrial loca-
tions as a possible analogue to martian dust (e.g., Allen et al.,
1981; Crisp and Bartholomew, 1992; Orenberg and Handy,
1992; Bishop and Pieters, 1995; Roush and Bell, 1995; Bishop
et al., 2007; Hamilton et al., 2008). With more-advanced
alteration (long-term weathering, or rapid hydrothermal al-
teration), palagonite can take on an anisotropic character that
consists of darker-yellow to brown fibrous (poorly crystal-
line) materials and leads to increased crystallinity and for-
mation of Fe, Mg-rich clay minerals. The alteration process
that changes basalt to palagonite is largely dependent on
time, temperature, and the availability of water. Secondary
authigenic minerals commonly associated with advanced
palagonitization, and often found in basaltic hydrother-
mal settings, include crystalline zeolites, silica, and calcite
(Griffith and Shock, 1995; Bishop et al., 2002). For the present
study, we adopted the general definition of palagonite given
by Thorseth et al. (1991), noting specific changes in crystal-
linity, composition, and appearance that reflect varying de-
grees of alteration.

3. Methods

3.1. Field analysis

Field work was conducted at Skeiðarársandur and the
adjacent sandur plain, Mýrdalssandur, during the summers
of 2006 and 2007. Outflow deposits from the pre-1890, 1938,
and 1996 Skeiðarársandur floods, and the 1918 jökulhlaup at
Mýrdalssandur were identified based on geomorphological
and stratigraphic relationships compiled by Maizels (1993),
Gomez et al. (2000), Russell and Knudsen (2002), and Duller
et al. (2008). Figure 2 shows the locations of surface samples
taken at both sandurs. Samples were collected from the up-
per 5 cm of the sandur surface within 1�1 m quadrats. Sand-
to pebble-sized sandur materials were collected and point
counted in the lab to determine absolute lithologic abun-
dances. Point counting of 1–5 g of fine (silt-sand) samples
was conducted under a binocular microscope with gridded
sample slides. For each sample, the percent lithologic abun-
dances were assigned. Counting error was determined only
for the palagonite clasts by counting each sample twice. For
each count, the difference in estimated palagonite abundance
was found to be�<1–3%. The counts included the following
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lithologic categories: (1) palagonite, (2) highly vesicular ba-
salt (50–70% vesicles by surface area), (3) moderately vesic-
ular basalt (30–50%), (4) poorly vesicular basalt (10–30%), (5)
dense basalt (<10%), and (6) other materials, which included
intermediate to felsic volcanics (andesites, dacites, rhyolites)
and mineral separates (albite, quartz, zeolites, etc.). The
percent vesiculation of basaltic clasts was determined by
visually estimating the surface area of a single clast covered
by vesicles. This information was used only as a means by
which to evaluate the potential for significant vesicle infill of
secondary alteration materials (e.g., clays, zeolites, silica),
which, when included with the clast abundances of palago-
nite, would likely increase the total surface area abundance
of hydrated materials exposed on the sandur plains.

In regions where the clast size was too coarse (cobble to
boulder) to collect and return to the lab, surface quadrats
were documented with scaled-referenced digital images.
These regions included proximal localities within the Skaf-
tafell National Park along the eastern boundary of
Skeiðarársandur, localities along the Nupsvötn River at the
western boundary of Skeiðarársandur, and sites within the
immediate pro-glacial zones at both sandurs. In total, 83
surface quadrats were sampled on the sandur surfaces, in-
cluding one image for each location where hand samples
were acquired (Fig. 2). Each quadrat digital image contains
color information that was used to extract lithologic surface
area abundance data. The commercial image processing tool
Adobe Photoshop was used to isolate pixels of specific colors
from each image. For the abundance determination, we as-
sumed that all pixels within the provided histogram that
were within the yellow-tan-orange color range represent
palagonite clasts. This assumption was supported by our
point-counting lithologic analysis and from field observa-
tions. The color extraction process was done iteratively until
all pixels within the selected color range were removed. This
method left any identifiable palagonite clast transparent in
the original base image. Clasts of different colors (red, white,
green), which are representative of minor lithologies, were
present in both the point-counted samples and the images at

abundances of <2%. The total percent of the pixels extracted
from the image was used to determine the percent area on
the surface occupied by palagonite clasts (surface area
abundance). The colored pixels of palagonite were pasted to
a new blank white image to display the clast distribution on
the surface. Palagonite abundances at the sample locations
(with GPS coordinates) were mapped on background geo-
referenced satellite images acquired from the Advanced
Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) to illustrate potential surface abundance patterns.

3.2. X-ray diffraction

X-ray powder diffraction was used to determine the
mineralogy of sandur materials and assess the accuracy of
remote sensing spectral analyses. X-ray diffractograms were
obtained by a Siemens D-5000 diffractometer with a 7.58
wide position-sensitive detector. The incident beam was
CuKa radiation (40 kV, 30 mA) with a 1.0 mm antiscatter slit.
A nickel foil was used to limit the beta lines for copper. No
monochromator was used. Powders for bulk analysis were
initially crushed to <0.4 mm in a McCrone percussion mortar
and pestle. The sample was surrounded with corundum
pucks in the mortar to prevent direct contact between the
pestle and the sample. Three grams of each sample was
weighed with the addition of 0.333 g of ZnO standard. This
standard was used for quantitative analysis of randomly
oriented bulk powder diffractograms. The sample was fur-
ther crushed to <20 mm in a McCrone micronizing mill with
4 mil of ethanol for 5 minutes. The crushed sample was
rinsed with ethanol and dried overnight at 608C. The dried
sample was then sieved through a 20 mm mesh and loaded
into an aluminum slide mount to create a random distribu-
tion of powdered sample for analysis. Randomly oriented
powders were run over a 2y range of 5–658 at 0.028 step
intervals, with a step time of 2 seconds. This method helped
to bring out the crystalline peaks over the background in-
tensity that is generated by amorphous phases like volcanic
glass or nanophase Fe oxides, which dominated sandur

FIG. 2. Visible light ASTER images of (a) Skeiðarársandur and (b) Mýrdalssandur showing the location of surface samples
and quadrats taken from outflow sediment.
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samples. Major mineral phases were identified with the X-
ray diffraction (XRD) software; Jade and relative mineral
abundances were quantified with the Microsoft Excel based
program RockJock (Eberl, 2003). RockJock compares inte-
grated XRD intensities of a sample to that of a defined
standard. The program utilizes the Solver function in Excel to
analyze a given pattern and match the intensities to specific
minerals. The percent abundance of each mineral is then
determined from the proportion of each chosen standard that
is required in combination to make a best fit to the pattern.
A degree-of-fit parameter is given for each run sample.

For those samples deemed likely to contain clay minerals,
oriented mounts of <2mm powders were prepared for
analysis. Samples subjected to this type of analysis were
primarily the palagonitic clasts. In addition, palagonite
coatings on pumice clasts were subsampled for the clay
analysis. Figure 3 illustrates scanning electron microscope
images and photographs of palagonite-coated pumice clasts.
The coatings on these clasts are *10–50 mm thick but may be
thicker where palagonite infills vesicles or absent between
vesicles. To remove the coatings from the basaltic pumice,
samples were sonicated in 40 ml of distilled water. The sus-
pended fluid was then emptied into a 40 ml test tube and
spun in a centrifuge at 2500 rpm for 5 minutes. The upper
clear water layer containing Cl ions was poured off (to pre-
vent flocculation), and the samples were sonicated and spun
again at 2500 rpm for 3–5 minutes. This step was repeated
until the clear layer was no longer present. The samples were
then sonicated and run at 750 rpm for 3.23 minutes to sep-
arate the <2mm fraction. After each run, the suspended
fraction that contained the <2 mm fraction was poured off
into a beaker. The material was allowed to settle overnight,
after which the upper fluid of suspended material was
poured off. The remaining liquid was extracted and placed
on a glass slide. To reveal the presence of expandable clays
(smectites) in the diffractograms, one sample was air dried
overnight at 608C, and the other was dried overnight at 608C
in the presence of ethylene glycol. Each sample was run from
5–308 2y at 0.028 steps, with a 2-second step time. The re-
sulting diffractograms were compared to patterns produced
for standard oriented clay samples (air dried and glycolated)
with use of the results from the NEWMOD computer pro-

gram presented in Moore and Reynolds (1997). Quantitative
determination of absolute abundances of clays with Rock-
Jock is not possible via this method. However, we were able
to obtain valuable information about the relative abundances
of specific clay minerals.

3.3. Lab spectroscopy

As a supplement to the XRD data, visible light–near in-
frared/shortwave infrared (VNIR/SWIR) lab spectra were
also obtained from sandur materials to determine mineralogy
(including amorphous Fe oxides and hydrated glasses that are
not recognizable in the XRD analysis). For this analysis, 80
surface samples were collected from the sandur plains. A full-
range ASD VNIR/SWIR lab spectrometer was used to char-
acterize the samples over a wavelength range of 0.35–2.5mm
with the use of a halogen lamp for illumination and a spec-
tralon reference panel. The ASD spectrometer has a 5 nm
spectral resolution over the spectral range 0.35–1.0mm and
11 nm spectral resolution from 1.0 to 2.5mm. For each bulk
sand sample or clast subsample, 20 spectra were acquired and
averaged. Offsets between internal spectrometers were cor-
rected, and spectra were converted to absolute reflectance by
using a NIST traceable spectralon reflectance spectrum. Cor-
rected spectral averages were converted to a binary format,
compatible with the United States Geological Survey (USGS)
spectral software program SPECPR to allow comparisons to
mineral spectra in the USGS spectral library. Corrected data
were also written as independent .ascii files for display with
the remote sensing and image analysis software package ENVI.
ENVI contains USGS and Jet Propulsion Laboratory spectral
libraries that were further used to compare spectral features.

3.4. ASTER remote sensing

Visible light–near infrared and shortwave infrared ASTER
images were obtained for Skeiðarársandur and Mýrdals-
sandur from the Earth Observing System data gateway
(AST_07), which contains atmospherically corrected surface
reflectance data at 15 m resolution for 3 bands in the VNIR
(0.52–0.86 mm) and 30 m resolution for 6 bands in the
SWIR (1.60–2.43 mm) (Fujisada, 1995) (Table 1). Atmospheric
correction of the ASTER images, provided with the AST_07

FIG. 3. (a, b) Scanning electron microscope images and (c) photograph of a clast of palagonite-coated basaltic pumice taken
from Mýrdalssandur. The images illustrate the thin (10–50mm) coating of clay-sized palagonite that commonly surrounds
and fills the vesicles of sandur clasts.
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data, requires input information regarding atmospheric ab-
sorption/scattering and radiance from the surface and at-
mosphere. The atmospheric correction algorithm applied by
the Earth Observing System data gateway utilized a look-up
table containing parameters for the satellite, sun, and atmo-
sphere. These parameters included the solar zenith angle,
satellite view angle, azimuth angle between the sun and
satellite, molecular scattering optical depth, aerosol scatter-
ing optical depth, aerosol scatter albedo, aerosol size distri-
bution, and surface reflectance. The resulting ASTER data
were converted from radiance at the sensor to atmospheri-
cally corrected reflectance from the surface.

Lab and field analyses of mineral components within the
sandur materials were directly compared to the remote data
for each collection site, which thus provided the means by
which to assess the validity of the identifications made via
ASTER. The SWIR range (1.60–2.43 mm) is ideal for the
identification of hydrothermal alteration minerals, owing to
the presence of absorption features related to OH�, H2O, and
(CO3)2� molecular vibrations (Hunt, 1977; Rowan and Mars,
2003). For this analysis, two ASTER scenes were obtained
over southern Iceland, one displaying the outwash plain at
Skeiðarársandur and the other at Mýrdalssandur. Two
methods were utilized to map the mineralogy of the sandur
surfaces. These included (1) Spectral Angle Mapper (SAM)
classification and (2) spectral unmixing/matched filtering.
Similar techniques have been used by Rowan and Mars,
(2003), Rowan et al. (2003), and Rowan et al. (2004) to de-
scribe the mineralogy of hydrothermal deposits and ultra-
mafics with the use of spectral data from ASTER and the
Airborne Visible/Infrared Imaging Spectrometer.

3.4.1. Spectral Angle Mapper method. The SAM algo-
rithm allows for supervised classification of multispectral/
hyperspectral reflectance data with user-defined spectral
classes (end members) that are used to match unknown
materials on an image (Kruse et al., 1993; Rowan and Mars,
2003). With this method, the known and unknown spectra
are plotted as vectors in n-dimensional space, the spectral
angle between the two classes is calculated, and a match is
made by using a given threshold angle. Because the algo-
rithm only utilizes the vector direction in its calculation, this
method is insensitive to surface illumination that is illus-
trated by the vector length. To generate a SAM classification
image of the sandur plains, an Iceland sandur spectral library
was constructed by using lab spectroscopic data obtained

from the ASD lab spectrometer. While such prior knowledge
of the composition of some remote surfaces (i.e., Mars) is not
available, a similar method can be applied with a set of
possible or likely reference spectra. For our analysis, each
chosen sandur spectrum was convolved to ASTER spectral
resolution in ENVI for use as the reference spectra for the
SAM classification. Specific lab spectra showing absorption
features related to basaltic alteration and the presence of
possible hydrothermal mineral components (OH� and H2O
absorptions) were selected as the end-member spectra and
matched with the SAM algorithm to unknown spectra by
using the ENVI threshold Single Value option and an angle
threshold of 0.1 radians. Classification images were gener-
ated to display the most likely matches to the chosen refer-
ence spectra on the images.

3.4.2. Spectral unmixing method. Spectral unmixing
techniques were also applied with the software package
ENVI. This method varies from SAM in that spectral end
members were not selected from measured data but were
determined from algorithms that are designed to identify
spectrally pure pixels on the image. Segregation and removal
of noise in the scene was initially required to reduce the
computational time for the unmixing algorithms. The Mini-
mum Noise Fraction Transformation (MNF) function, a
Principal Component-type analysis, was applied to reduce
the noise in the data sets. In our analysis, the transformation
generated 6 new band images from the original 6-band SWIR
image, where images with a high signal/noise represented
MNF bands 1, 2, and 3. These bands were selected by visual
inspection of the resultant MNF images and from two-
dimensional plots of the MNF bands (e.g., MNF band 1 vs.
MNF band 2). The low-noise MNF bands were used to
identify spectrally pure pixels with the Pixel Purity Index
(PPI) algorithm (Kruse et al., 1993; Rowan et al., 2004). The
PPI function determines the number of times a given pixel in
n-dimensional space can be considered extreme relative to
other pixels in the scene. The PPI was processed at 1000
iterations and with a threshold of 3. The output image
highlights those pixels that are considered extreme. Extreme
pixels were plotted in n-dimensional space by using ENVI’s
N-D Visualizer to reveal groups of unique end-member
pixels. The end-member pixels were mapped and displayed
on the images. Spectral end members determined by this
process were displayed on the images by using the Mixed
Tuned Matched Filtering (MTMF) function in ENVI. The
MTMF algorithm maximizes the response of the known end
member and displays this response on the image. In our
analysis, red, green, and blue were assigned to represent the
locations of the three identified end members.

4. Results

4.1. Field analysis

Figure 2 shows the locations of scoop samples and quadrat
images taken from the surfaces of Skeiðarársandur and
Mýrdalssandur. Table 2 provides example results of the clast
point counts from sand-sized surface materials deemed un-
suitable (too fine) for digital image abundance mapping. From
the point count results, field observations, and the digital
image color extraction, the dominant alteration lithology
identified on the sandur plains is palagonite (Fig. 4). Figure 5

Table 1. ASTER VNIR-SWIR Bandpasses and Resolution

Band
label

Wavelength
(mm) Resolution

B1 VNIR band 1 0.52–0.60 15 m
B2 VNIR band 2 0.63–0.69 15 m
B3 VNIR band 3N 0.76–0.86 15 m, Nadar view
B4 VNIR band 3B 0.76–0.86 15 m, Backward scan
B5 SWIR band 4 1.60–1.70 30 m
B6 SWIR band 5 2.145–2.185 30 m
B7 SWIR band 6 2.185–2.225 30 m
B8 SWIR band 7 2.235–2.285 30 m
B9 SWIR band 8 2.295–2.365 30 m
B10 SWIR band 9 2.36–2.43 30 m
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displays example image quadrats with color data removed to
display the surface area abundance of palagonite on the san-
dur surface. The palagonitic clasts for both sandurs vary in
composition and texture. The majority of palagonitic clasts
represent volcanic breccias (palagonite breccias), specifically,
aggregates of angular aphanitic and glassy basalt surrounded
by highly altered yellow-orange, basaltic glass (hyaloclastites).
Some palagonite clasts are fine grained and represent only the
altered basaltic glass component (palagonite tuffs).

Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) VIS images were used as base maps to
illustrate the surface area abundance and spatial distribution
of palagonite on the sandur surfaces determined in the field
and in the lab by the point counting and digital image color
extraction techniques (Fig. 6). At Skeiðarársandur, palagonite
is in highest abundance (>5%) within the pro-glacial zone
and along bedrock outcrops. Exposed along the bordering
cliffs to the east of the river Skeiðara and to the west of
the river Nupsvötn, these bedrock exposures contain 0–5
million-year-old layered sequences of subglacially erupted
volcanics, subaerially erupted lavas, and glacio-fluvial sedi-
ments deposited during inter-glacial periods (Helgason and
Duncan, 2001). Massive to layered sequences of palagonitic
breccias and hyaloclastites exposed within the outcrops are
the source of the palagonite-rich zones on the sandur. These
materials were likely reworked by floods from localized
skree and fan deposits at the base of the cliffs. At Mýrdals-
sandur, palagonite abundances ranged from <1% to *20%.
The highest palagonite abundances (*20%) were observed
south of Hafursey, a palagonite-rich bedrock remnant
located proximal to the margin of Katlajökull.

4.2. X-Ray diffraction

X-ray diffraction (XRD) techniques using powdered samples
of sandur materials were used to determine the mineralogy
of sandur surfaces and evaluate variability in composition of

Table 2. Example Grain Point Count Data for Coarse-Fine Sand-Sized Surface Samples

at SkeiÐarársandur and Mýrdalssandur

Sample ID
High vesicular

basalt (%)*
Mod. vesicular

basalt
Low vesicular

basalt
Dense
basalt Palagonite Other

Skeiðarársandur
060701.1A 7 21 14 46 6 6
060701.5A 25 14 11 42 3 5
060702.6B 23 13 9 46 4 3
060703.3B 6 14 30 35 4 8
060703.4B 25 14 18 34 5 4
060703.5B 3 12 27 50 5 1
060703.6A 10 11 19 40 19 1
060705.3B 28 16 18 31 5 2

Average 16 14 18 36 6 4
Mýrdalssandur

060708.1B 28 8 45 16 2 1
060708.5B 67 14 6 11 1 1
060708.6B 41 15 15 10 17 1
060708.9B 22 26 11 23 16 2
060713.2B 44 21 10 17 6 1
060713.3B 94 0 0 5 1 0

Average 49 14 15 14 7 1

*Percent surface area of vesicles: High vesicular¼ 50–70%; Mod. vesicular¼ 30–50%; Low vesicular¼ 10–30%; Dense¼<10%.

FIG. 4. Photograph of a cobble-sized (*10 cm) clast of
palagonite breccia surrounded in a matrix of sand- to granule-
sized basaltic pumice within 1918 catastrophic outflood
deposits at Mýrdalssandur. Yellow-orange palagonite brec-
cia clasts are the most common alteration material present on
the surface of the sandur deposits and occur in abundance of
1–20% by surface area.
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the palagonite clasts. X-ray diffractograms were obtained
from surface samples of sandur mixtures and from basaltic
pumice clasts, palagonite clasts, and palagonite coatings.
Bulk sandur, random powder diffractograms contain crys-
talline peaks of plagioclase feldspar (best fit to albite), py-
roxene, and a minor peak for smectite (Fig. 7a). Maximum
intensity peaks for plagioclase and pyroxene occur at 2y
values of 27.768 and 29.728, respectively. The bulk sandur
diffractogram is consistent with a glass-rich basaltic material,

with a minor smectite clay component that is likely derived
from palagonite clasts/coatings.

The basaltic pumice (basalt clast) diffractogram, collected
from the 1918 Mýrdalssandur deposit, shows significant
background intensity related to amorphous volcanic glass,
with minor intensity peaks for plagioclase (albite), low-
quartz, and pyroxene (Fig. 7b). The quartz in these basaltic
pumice samples was present as fill in vesicles and fractures.
The plagioclase was identified as microlites and phenocrysts
within the basalts. Yellow-tan palagonite coatings were

FIG. 5. Example surface quadrats
from (a, b) Skeiðarársandur and (c, d)
Mýrdalssandur. Quadrat images were
acquired for coarse surfaces and were
used to estimate the abundance (by
surface area) of palagonite clasts within
the deposits (b, d). Photos c and d were
obtained from Mýrdalssandur on a
surface that contains the highest abun-
dance of palagonite of any location on
the sandur plains.

FIG. 6. ASTER visible light images displaying the field/lab-mapped abundances of surface palagonite on (a)
Skeiðarársandur and (b) Mýrdalssandur. The highest abundance of palagonite (5–20%) was mapped at bedrock proximal
localities along the east and west banks of Skeiðarársandur and south of the bedrock remnant Hafursey at Mýrdalssandur.
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common on most of the basaltic pumice clasts at Mýrdals-
sandur (Fig. 3). These coatings were likely emplaced during
late stage settling of clay-sized particulates following the
outflood event. The random powder diffractogram for the
palagonite coatings shows maximum 2y intensity peaks for
crystalline low-quartz at 20.828, plagioclase feldspar (albite)
at 27.748, smectite clay at 6.28, analcime at 15.848, Ca, Na-rich
zeolites (heulandite or stilbite) at 9.748, and pyroxene at
29.728. Minor peaks for illite and kaolinite are also present.

Depending on the conditions of basalt alteration, the
abundance of crystalline hydrated mineral phases in pala-
gonite varies, which alters the intensity and location of X-ray
peaks. There is, therefore, no single defining diffraction
pattern for palagonite. Figure 7c is an X-ray diffractogram
for an example palagonite breccia clast collected from
Skeiðarársandur. Crystalline smectite and analcime peaks are
obvious in the sample analysis, but there is significant back-
ground intensity related to amorphous and nanophase Fe

FIG. 7. X-ray powder diffractograms of (a) a bulk sample of outflow deposits at Skeiðarársandur, (b) a fresh basaltic clast
and palagonite coating (counts offset for clarity) at Mýrdalssandur, (c) a sample of a single palagonite breccia clast from
Skeiðarársandur, (d) a clast of palagonite tuff and palagonite breccia (counts offset for clarity) from Hlöðufell (tuya), and (e) a
clast of laminated silica from Skeiðarársandur. Plate (f) displays the air-dried and glycolated oriented powder diffractograms
of the clay-sized (<2mm) fraction of a palagonite coating acquired from Mýrdalssandur. Mineral symbols on the peaks are
plagioclase (Plag), pyroxene (P), low-quartz (Low Q), illite (I), smectite (S), kaolinite (K), analcime (Ac), calcium-sodium
zeolites, e.g., heulandite or stilbite (Ca-Na, Z), calcium-aluminum zeolites, e.g., laumontite (Ca-Al, Z), opal C (Opal-C), and
the zincite standard (Zn).
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hydroxides (Moore and Reynolds, 1997). Such amorphous
materials are common alteration products of basaltic glass
and are difficult to analyze via standard XRD methods
(Bishop et al., 2002). Their presence in palagonite samples
challenged peak identifications. However, the majority of
palagonite clasts collected from the sandurs consisted of
highly crystalline mineral phases with distinctive 2y peaks for
both primary basaltic minerals (feldspars, pyroxene, etc.) and
secondary alteration minerals (e.g., zeolites, silica, and clays).

For comparisons with sandur palagonitic materials, X-ray
diffractograms were acquired for palagonite breccias and
palagonite tuffs collected from bedrock exposures at the base
of the Pleistocene-aged Hlöðufell tuya (subglacial volcano) in
central Iceland (Fig. 7d). Petrographic thin sections of the
palagonite breccias (Fig. 8) showed vein and vesicle fills
containing zoned zeolites that were likely comprised of
varying ratios of Na and Ca. Similar to the palagonite breccia
clasts collected on the sandur plains, the XRD analyses of the
tuya breccia clasts revealed abundant secondary authigenic
zeolites, including laumontite and analcime. However, re-
sults of XRD analyses of palagonite tuffs collected from
Hlöðufell lack any evidence for crystalline phases, including
clays or zeolites. Thin sections taken of these palagonitic tuffs
show only thin Fe-oxide coatings surrounding unaltered
volcanic glass, similar to fine-grained palagonite tuff samples
collected from Skeiðarársandur and Mýrdalssandur (Fig. 8).

Mineral abundances in the random powder analysis were
determined by using the relative intensities of the ZnO peaks
in the program RockJock (Eberl, 2003) (Table 3). However,
matching standards were unavailable for zeolite minerals,
nontronite clay, and amorphous/nanophase Fe oxides-
hydroxides in this program. As a result, the total computed
abundance for the palagonite and bulk sandur samples only
reaches *50% with a degree of fit of *0.3 for the pattern
match (a degree of fit of 0 is a perfect match). The missing
50% includes the Fe oxides-hydroxides, zeolite minerals, and
unaltered glass. Basaltic glass standards from Hekla volcano
in Iceland were available in RockJock. The program did not
find a match with this standard for any of the analyzed
sandur samples. To test RockJock’s ability to match stan-
dards, a glass-poor sample collected from Skeiðarársandur

was analyzed. Figure 7e displays the diffractogram of the
hand sample, described as a finely laminated, silica-rich
clast, collected along the west bank of the Skeiðara River.
The XRD pattern obtained from this sample shows peaks for
low-quartz, opal-c, plagioclase (albite), kaolinite, and anal-
cime. This clast was likely derived from an alkaline, low-
temperature siliceous hydrothermal system that was active
beneath the current Vatnajökull ice cap or an earlier prede-
cessor. Compositionally similar silica-rich hydrothermal
systems are present at many locations throughout Iceland
(Arnórsson, 1975, 1983; Kristmannsdóttir and Tómasson,

FIG. 8. Plane-light thin sections of (a) a palagonite breccia clast from Hlöðufell displaying authigenic void-filling zeolites
and smectites (b) a palagonite tuff clast from Hlöðufell displaying Fe oxide alteration rims surrounding fresh basaltic glass.

Table 3. Mineral Abundances for Specific Sandur

Samples from the RockJock Quantitative XRD
Abundance Technique

Mineral
standards

Bulk
sandur

abundance (%)

Palagonite
breccia:
sandur

Laminated
light clast:

sandur

low-quartz 1 7.5 11
opal (Virgin co.) 0 0 4.2
opal-CT 0 0 0
opal 282 0 0 3.1
Chert 0 0 29
Plagioclase 28 27 50
Pyroxene 11 4 0
Kaolinite 0 0 2.1
Saponite 3.4 9.7 0
Chlorite 0 0.9 0
Illite 0 0 0
Montmorillonite 0 0 0
Hekla glass 0 0 0
nontronite* ? ? ?
analcime* ? ? ?
heulandite* ? ? ?
stilbite* ? ? ?
amorphous Fe

oxides/hydroxides*
? ? ?

Total 43% 49% 99%
Total Unknown 57% 51% 1%

*Standard pattern not available in RockJock.
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1978; Jakobsson and Moore, 1986; Griffith and Shock, 1995).
The Rock Jock analysis of this siliceous clast identified pla-
gioclase as the major component at 50% abundance, chert at
29%, low-quartz at 11%, opal at 7.3%, and kaolinite at 2.1%
(Table 3). The total unknown in this sample is *1% with a
*0.0 value for degree of fit (near perfect match). This result
indicates that the RockJock mineral identification function
and quantification closely matches XRD results in cases
where matching standards are available in the program.

From the clay analysis of palagonite coatings (<2mm
fraction), Figure 7f displays air dried and glycolated dif-
fractograms from 5–308 2y. The expansion of smectite min-
erals in the ethylene glycol sample shifted the location of the
maximum 001 smectite peak from 7.28 2y in the air-dried
sample to 5.428 2y in the glycolated sample. The position of
the 001 smectite peak for the glycolated sample indicates
R< 1, or random ordering (Moore and Reynolds, 1997).
Mixed layered smectite/illite peaks are present at 2y values
of 9.808, 15.868, and 26.148. The D2y value for the 002/003
(15.868 2y) and 001/002 (9.808 2y) illite/smectite peaks sug-
gests 30–40% illite (Moore and Reynolds, 1997). Kaolinite
peaks or chlorite peaks, or both, are present at 12.408 2y and
24.988 2y. Non-clay mineral peaks were identified by pattern
matching with diffractograms of oriented air-dried and gly-
colated samples produced by the NEWMOD computer
program (Moore and Reynolds, 1997). A low-quartz peak
overlaps with illite/smectite at 26.148 2y and may be present
in the sample. Plagioclase peaks are present at 2y values of
21.948, 23.628, and 27.728. The 100% intensity peak for the
zeolite mineral heulandite overlaps with the illite/smectite
peak at 9.828 2y. Other identifiable heulandite peaks in this
sample occur at 22.328 and 22.728 2y. An analcime peak is
visible at 25.988 2y.

4.3. Lab spectroscopy

Visible light–near infrared–shortwave infrared spectra
were obtained for 80 samples collected from Skeiðarársandur
and Mýrdalssandur. Figure 9 displays four example spectra
of sandur materials acquired from 0.35–2.5 mm. The lower-
most spectrum represents a typical, sand- to granule-sized
(2f to �2f) bulk sandur mixture containing abundant ba-
saltic material and a minor amount (5%) of palagonite. A
broad absorption feature near 1.0mm is typical of pyroxene
(the reader is referred to Clark et al., 1990; Clark, 1999; Bishop
et al., 2002 for example library spectra of major mineral
groups). A small feature with an absorption minimum at
1.89mm represents the H2O bend and OH� stretch combina-
tion bands (Clark et al., 1990; Clark, 1999; Bishop et al., 2002).
All sandur samples were oven dried at 408C to remove exterior
moisture, while preventing significant desiccation of clays. The
feature near 1.9mm likely represents bound H2O in clay, or
possibly zeolite minerals present as authigenic phases in the
palagonite clasts. The low reflectance of the sample is typical of
all sand- to granule-sized dark (low-albedo) sandur mixtures.

The spectrum labeled aphanitic basalt in Fig. 9 was ac-
quired from an individual cobble-sized basaltic clast col-
lected from the surface of the Nupsvötn outflow channel at
Skeiðarársandur. Typical of individual basaltic clasts, the
spectrum has a low reflectance and shows few distinct ab-
sorption features in this spectral range. The broad absorption
feature near 1.0 mm suggests pyroxene. In contrast to the bulk

sandur sample, which contains a trace amount of palagonite,
no 1.9 mm feature is present in the aphanitic basalt spectrum.

The spectrum labeled palagonite-rich sandur mixture
(Fig. 9) was collected from the Mýrdalssandur outflow plain,
south of the Hafursey bedrock remnant. This sand- to
granule-sized mixture contains the highest abundance of
palagonitic clasts (*20%) identified on either sandur plain
and, thus, exhibits a higher absolute reflectance relative to
the basalt-dominated samples of similar clast size. The
spectrum exhibits a broad feature at 1.0 mm and three sharp
absorption features with absorption minima at 1.40, 1.90, and
2.29 mm. The 1.40 mm feature represents the first overtone
band of the OH� stretching mode (Clark et al., 1990; Clark,
1999; Bishop et al., 2002). The presence of this band and the
depth of the 1.90 mm feature indicate that the palagonite-rich
sample contains a higher abundance of H2O and OH� bound
minerals relative to the palagonite-poor and aphanitic basalt
samples. The appearance of the 2.29 mm feature is consistent
with Fe-OH� bearing nontronite clay (Clark et al., 1990;
Clark, 1999; Bishop et al., 2002).

Finally, the spectrum with the highest absolute reflectance
was acquired from a single cobble-sized palagonite breccia
clast (Fig. 9). This sample was collected along the west bank
of the Nupsvötn River, and the spectrum contains absorption
features attributable to H2O-OH� bound minerals and Fe-
OH� minerals (Clark et al., 1990; Clark, 1999; Bishop et al.,
2002). Aside from a narrower absorption feature near 1.0 mm
and a general broadening of the 1.4 and 1.9 mm features that
resulted from a mixture of H2O/OH� bearing phases (zeo-
lites and clays), the spectral shape of the palagonite clast
sample is similar to the palagonite-rich sandur mixture
spectrum. Narrowing of the 1.0 mm band, with a band min-
ima of 0.98 mm, is consistent with the presence of Fe3þ, which
is likely related to nanophase/amorphous (e.g., ferrihydrite)
or crystalline Fe oxides (Clark et al., 1990; Clark, 1999; Bishop
et al., 2002).

FIG. 9. Lab spectra (VNIR-SWIR) of a palagonite breccia
clast and sandur mixtures containing different abundances of
palagonite. A nonlinear mixing relationship is obvious with
the sandur spectra. These samples contain palagonite sur-
rounded in a fresh, unaltered basaltic matrix. Absorption
features related to H2O-OH� bound minerals (clays or zeo-
lites) can be identified in the lab for samples with >5%
abundance of palagonite (abundance determined from point
count analysis).
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The shape and location of absorption features between 2.0
and 2.3 mm can be used to determine the relative abundance
of Al, Fe, and Mg in a clay-rich sample (Clark et al., 1990;
Clark, 1999; Bishop et al., 2002). Diagnostic features in this
range can be used to infer the presence of specific clay
minerals. This method is often preferred over XRD clay
analysis, where overlapping peaks may obscure identifica-
tion (Clark, 1999). Figure 10 displays the 1.8–2.4 mm range of
two example palagonite breccia clasts collected on the san-
dur plains. In Fig. 10a, the single distinct absorption feature
present at 2.29 mm is diagnostic of di-octahedral clay, non-
tronite (Fe-OH�). Substitution of Mg for Fe in the clay
structure shifts absorption features in this range from 2.29 to
2.31 mm (Clark et al., 1990; Clark, 1999; Bishop et al., 2002).
Absorption features at 2.31 mm are indicative of saponite, a
tri-octahedral smectite mineral (Fe, Mg-OH�). The majority
of palagonite samples identified in this analysis exhibit ab-
sorptions at 2.29 mm, which indicates the dominance of
nontronite. However, 2.31 mm features are also present in
analysis results of some samples.

X-ray diffraction (XRD) analysis results suggest the pres-
ence of other clay minerals in the palagonite clasts, including
illite and kaolinite. Figure 10b highlights two additional ab-
sorption features that are common to sandur palagonite
samples and basaltic sand mixtures that contain palagonite.
The presence of a narrow 2.20 mm absorption feature is typ-
ical of vibrational overtones from the Al-OH� molecule and
is consistent with montmorillonite or illite (Clark et al., 1990;
Clark, 1999). In addition, the absorption feature at 2.24 mm
may be related to hydrated silica (Si-OH�). Terrestrial
weathering of basaltic lava flows under arid conditions
commonly produces hydrated silica rinds through nonlinear,
time-dependent diffusion of water, which results in the small
2.24 mm feature (Swayze et al., 2007). This process represents
an early stage of weathering alteration that likely occurs on
the youthful Icelandic sandur surfaces. Such processes have
also been postulated for Mars (Kraft et al., 2007; Minitti et al.,
2007).

The presence of crystalline zeolite minerals in sandur
palagonite clasts is indicated by 2y peaks for heulandite,
stilbite, and analcime phases in the diffractograms. Zeolites
are found in sandur palagonite breccia clasts as both
amygdules and vein fills (Fig. 8). Vein-filling materials were
isolated from a palagonite breccia clast for further spec-
troscopic analysis. Figure 11a displays the spectrum of
heulandite collected from this sample. Figure 11b is a
photograph of the sampled zeolite vein within a palagonite
breccia clast. A shoulder in the spectrum at 0.59 mm and a
broad absorption feature with a band minimum of 0.97 mm
are consistent with the presence of Fe3þ. Small absorptions
at 0.97 and 1.15 mm have been identified in zeolite samples
related to OH�/H2O combination and overtone bands
(Cloutis et al., 2000). A weak absorption feature at 1.15 mm is
present in the heulandite sample. The 0.97 mm feature may
be present but overlaps with Fe3þ absorption bands that
may be related to Fe-oxide contamination in the zeolite
sample (mechanical contamination from the extraction of
zeolites from the palagonite clast). The deep absorption
features at 1.42 and 1.91 mm are consistent with structural
OH� and absorbed, or bound, H2O. The feature near 1.4 mm
in zeolite samples contains two distinct absorption bands at
1.42 and 1.47 mm (Cloutis et al., 2000). The deeper 1.42 mm
feature is the result of combinations and overtones of OH�

stretching fundamentals at 2.76 and 2.81 mm. A shoulder at
1.47 mm is present in the Iceland zeolite sample. Similar to
the 1.4 mm feature, the absorption near 1.9 mm was de-
scribed by Cloutis et al. (2000) to contain two resolvable
features, including a strong absorption band at 1.91 mm and
a weaker band at 1.98 mm. A small shoulder at 1.94–1.96 mm
is resolvable in Fig. 11a and can be attributed to the com-
bination of these two bands. The strong 1.91 mm band is the
result of the combination of OH� stretching fundamentals
at 2.76–2.81 mm and the 6.1 mm H2O bending fundamental.
A shoulder near 2.3–2.4 mm may be related to clay con-
tamination in the sample or a result of OH� stretching
fundamentals described in zeolite samples in Cloutis et al.
(2000).

4.4. ASTER remote sensing results

4.4.1. Spectral Angle Mapper results. The presence of
altered basaltic material (palagonite) is obvious in the field.

FIG. 10. Lab spectra showing only the SWIR range (1.6–
2.4mm) of the sandur mixtures displaying important
absorption features related to nontronite clay (2.29mm), illite/
montmorillonite (2.20mm), and hydrated silica (2.24mm). The
depth of the clay absorption feature in the sandur mixtures
that contain a palagonite abundance of 5% is resolvable at the
limit of the background noise.
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As noted previously, palagonitic clast abundances vary from
<1% to 20%, depending on the location on the sandur plain
(Fig. 6). ASTER VNIR and SWIR images were obtained for
the sandur plains for remote spectral analysis. For the SAM
analysis, lab spectra acquired from sandur samples were
convolved to ASTER spectral resolution. Figure 12 highlights
the lab and ASTER-convolved SWIR spectra for three sam-
ples collected on the sandur. Each lab spectrum contains
absorption features related to H2O/OH� at 1.9 mm and clay
absorptions or hydrated silica absorptions from 2.2 to 2.4 mm.
Due to the location of the ASTER band filters (Table 1), the
1.9, 2.29, and 2.31 mm features are not represented in the

ASTER-convolved spectra. The 2.29 and 2.31 mm features are
diagnostic of nontronite and saponite clay, respectively,
which, on the sandur plains, are markers of palagonitized
materials. ASTER therefore is unable to remotely identify
these clays on the sandur plains. Absorption features at 2.20
and 2.24 mm that are related to Al-OH� (possibly illite or
montmorillonite) and Si-OH� (hydrated glass) are present in
ASTER-convolved spectra and therefore can be mapped in
ASTER images. Based on powder XRD techniques, illite was
identified in this analysis as a component of palagonitized
basaltic materials. These spectral features, although associ-
ated with multiple alteration phases in geologically diverse

FIG. 11. (a) Lab spectra (VNIR-SWIR) of a heulandite (Ca, Na zeolite) vein from a palagonite breccia clast sampled at
Hlöðufell. Absorption features related to H2O and OH� and typical of zeolites are present at 0.97, 1.4, and 1.9 mm. Overlap of
these features with absorption features typical of clay minerals challenges the detection/distinction of single mineral phases
in palagonites. (b) Photograph of palagonite breccia clast with zeolite vein.

FIG. 12. SWIR lab spectra of sandur mixtures convolved to ASTER resolution. The illite/montmorillonite Al-OH� (2.20 mm)
and hydrated silica Si-OH� (2.24 mm) absorption features are preserved in the convolution; however, the nontronite/saponite
clay Fe/Mg-OH�(2.29, 2.30 mm) absorptions are removed. ASTER detection of palagonite clasts on the sandur plains is
therefore limited to the detection of illite and hydrated silica. These minerals are not exclusive to palagonite but, in the basalt-
dominated sandur system, are likely markers of the palagonite alteration assemblage.
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environments on Earth and Mars, serve as an indicator on
the sandur plains of altered basalt (palagonite).

ASTER-convolved spectra that show the indicators for
basalt alteration identified above were selected as end
members and used to generate SAM classification images.
Figure 13a is a SAM classification image of the Skeiðarár-
sandur outflow plain. Green pixels represent match locations
for spectra that contain the 2.20 mm absorption feature
tracking Al-OH� absorptions. Red pixels represent the best
matches for spectra that show the 2.24 mm feature tracking
Si-OH� absorptions. End-member matches occur at Skeiðarár-
sandur within glacial proximal and bedrock proximal
zones, including the western bank of the Nupsvötn River
and the eastern bank of the Skeiðara River. Few matches
were identified within the distal sandur, and no matches
correspond with areas of high vegetation, as indicated
through field comparisons with occurrences of thick grasses
and moss-like vegetation. Evidence of basalt alteration is also

present in the ASTER data in outcrop exposures along the
western flanks of the Skaftafell Mountains on the eastern
border of Skeiðarársandur. Field reconnaissance of the bed-
rock exposures at Skaftafell revealed an abundance of sub-
glacial volcanic materials, including palagonite breccias,
tuffs, pillow basalts, and tabular lava flows. Comparison of
the digital image abundance mapping and point count re-
sults with the SAM classification image showed a strong
correlation between regions on the sandur where high pa-
lagonite abundances were observed within cobble-boulder-
rich flood deposits and where there are spectral matches that
indicate basalt alteration (Figs. 6 and 13). This result suggests
that ASTER is capable of identifying altered basaltic material
on a surface dominated by unaltered basaltic clasts (basaltic
glass, pumice, and lava). Such an observation is relevant to
current Mars spectral observations, which have begun to
identify evidence for hydrated mineral phases in basalt-
dominated terrains (e.g., Christensen et al., 2001, 2005;

FIG. 13. SAM classification results (displayed
over ASTER MNF band 1 base image) from (a)
Skeiðarársandur and (b) Mýrdalssandur show-
ing the distribution of spectral matches to the
2.20 and the 2.24 mm absorption features. The
highest density of spectral matches corresponds
with the proximal pro-glacial zone and bedrock
proximal localities at Skeiðarársandur. A higher
density of spectral matches is evident south of
the Hafursey bedrock remnant at Mýrdalssan-
dur. This result is in good agreement with the
field-mapped abundances of palagonite clasts
on both sandurs (see Fig. 6).
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Langevin et al., 2005; Bibring et al., 2006; Bishop et al., 2008;
Mustard et al., 2008; Osterloo et al., 2008; Poulet et al., 2008).
However, basic remote identifications of Al-OH� and Si-
OH� on other remote surfaces can only be used as first-order
indicators of the process of alteration in the absence of field
data. Similar signatures are possible under multiple aqueous
alteration conditions of materials that have a broad range of
silicate compositions. For the Iceland case presented here,
field analysis revealed palagonite as the likely alteration
phase, although ASTER failed to identify spectral signatures

of Fe, Mg-rich clays that are important products of the hy-
dration of basaltic materials.

Figure 13b is a SAM classification image of Mýrdalssan-
dur that shows the best pixel matches for the 2.20 mm fea-
tures (green pixels) and 2.24 mm features (red pixels). Aside
from a large concentration of matches for the 2.24 mm feature
behind the Hafursey bedrock remnant, no obvious spatial
relationships for alteration are present at Mýrdalssandur.
The overall homogeneous distribution of palagonite on the
surface of this sandur may explain the remote observations.
Field mapping at Mýrdalssandur revealed a relatively low
abundance of palagonite clasts across the outwash plain
(<5%) with an outlier of high palagonite abundance within a
boulder field south of the Hafursey bedrock remnant (Fig. 6).
This observation may explain the concentration of Al-OH�,
Si-OH� spectral matches in that region (Fig. 13). However,
particle size effects may also play a role in this identification
(see Section 5.1).

4.4.2. Spectral unmixing results. Spectral unmixing
techniques revealed three distinct end-member spectra for
the Skeiðarársandur outflow plain. Figure 14 shows a two-
dimensional visualization (MNF band 1 vs. MNF band 2) of
the spectral data. The average spectrum for each data cloud
was taken and given a specific color for representation on the
image. Figure 15 is a MTMF classification image of western
Skeiðarársandur that designates the three end members for
image representation. Based on ground truth observations,
the end members correspond closely with locations of veg-
etated surfaces (shown in green), areas covered in water
(shown in blue), and dry sandur materials (shown in red).
Results from the spectral unmixing procedure failed to
identify unique aqueous alteration bands that can be tied to
specific minerals for those surfaces covered by vegetation or
standing water. The dry sandur end-member spectrum,
however, shows a distinct absorption feature related to
Al-OH� at 2.20 mm.

FIG. 15. A MTMF classification image of Skeiðarársandur and example ASTER spectra displaying the three spectral end
members identified in Fig. 14. The red regions correspond to dry sandur deposits. The blue and green areas correspond to wet
sandur materials and regions with extensive vegetation coverage, respectively. This classification is in general agreement
with field observations and was used to identify regions for surface sampling.

FIG. 14. A two-dimensional visualization (MNF band 1 vs.
MNF band 2) of the ASTER spectral data at Skeiðarársandur
displaying three distinct end members corresponding to dry
sandur materials (red), wet sandur materials (blue), and
vegetation (green). These end members were mapped by
using the MTMF function and are displayed in Fig. 15.
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5. Discussion

5.1. Palagonite identification and hydrothermal
alteration

Palagonitized basalts are common constituents of sandur
deposits, which make up <1 to 20% of the clasts exposed on
the surface. In addition, an unquantifiable amount of vesic-
ular clasts on the sandur surfaces contain amygdules of pa-
lagonite, silica, and zeolites. Nearly 50% of the juvenile
pumice clasts derived from the 1918 eruption at Katla on
Mýrdalssandur exhibit 50–70% vesicles by surface area, of
which several surface exposures and gully outcrops revealed

secondary coatings of clay-sized palagonite. Palagonite clasts
likely originated from erosion of subglacial volcanic units
present at the base of the glaciers, from bedrock exposures
bounding the margins of sandurs, and from primary geo-
thermal zones within the active subglacial volcanic centers.
The composition and texture of the identified palagonite
varies and is likely controlled by the variety of alteration
conditions that are present within the subglacial volcanic
system (Allen et al., 1981; Thorseth et al., 1991; Bishop et al.,
2002). Figure 16 is a cross-section schematic through an ex-
ample subglacial volcano or tuya, which illustrates common
stratigraphic relationships. Also included in Fig. 16 are

FIG. 16. Schematic of an Icelandic table mountain (tuya) showing general stratigraphy with accompanying photos. The
basal sequence of a typical table mountain is dominated by pillow lavas and breccias showing evidence for secondary
authigenic mineralization (zeolites, silica, clays). The mineral assemblage identified in this analysis within palagonite breccias
from the Hlöðufell table mountain indicates mineralization at temperatures between 1008C and 1408C. By contrast, pala-
gonite tuffs in the upper sequence of the table mountain show little evidence for advanced mineralization. Thin sections
acquired from palagonitized tuffs reveal only thin Fe-oxide alteration rims around fresh, unaltered glass and limited au-
thigenic mineralization in void spaces and fractures. Palagonite breccia and tuff samples collected from the sandur plains
show similar variability in mineral characteristics and textures to the Hlöðufell samples, suggesting similar conditions of
palagonite formation.
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photographs from a series of Pleistocene-age table mountains
located in the interior of Iceland near, and including, the
Hlöðufell tuya. In the model illustrated, palagonite breccias
were formed during the early stages of a subglacial eruption,
when pillow lavas were intermixed with explosively frag-
mented basaltic glass (Fig. 16). Rapid hydrothermal alter-
ation of volcanic glass occurred within the palagonitized
breccia zone where glacial water circulated between high-
temperature basal pillow lavas and the overlying, lower-
temperature zone where volcanic breccias accumulated
(Allen, 1980). The time required for palagonitization in
basaltic phreatomagmatic systems was directly observed
for volcanic tephras produced during the 1963 subaerial
eruption at Surtsey ( Jakobsson, 1978). Tephra from Surtsey
underwent complete palagonitization within 3 years of
the eruption. Even shorter timescales may be expected for
basalt alteration within the basal sequences of subglacial
volcanic systems, where high temperatures and high water-
rock ratios coexist (e.g., within pillow lava/breccia zones of
tuyas).

As a subglacial volcanic edifice builds upward beneath a
glacier, pressure reduction results in a transition from pillow
basalt production to explosive fragmentation (Allen, 1980).
Fine-grained, palagonitized hyaloclastites form in the upper
region of the subglacial edifice (Fig. 16). If the volcanic edifice
breaches the surface of the glacier, effusive volcanic activity
will dominate, which thus allows for the eruption of se-
quence-capping lava flows.

X-ray powder diffraction analysis of the palagonite brec-
cias that were collected from outcrops exposed in gullies on
the south side of Hlöðufell table mountain revealed abun-
dant secondary authigenic zeolites that include laumontite
and analcime, similar to breccia clasts collected on the san-
durs of southern Iceland (Fig. 7d). Petrographic thin sections
of palagonitic breccias from Hlöðufell show vein and vesicle
fills that contain zoned zeolites, with varying Na and Ca
abundances (Fig. 8). The importance of authigenic zeolite
formation in the palagonitization process is apparent in both
the palagonite breccia samples collected from Hlöðufell and
in the surface samples collected from the sandur plains of
southern Iceland. Observations of zeolites in subglacial en-
vironments on Earth compare well with recent suggestions
that zeolites may also be an important indicator of basalt/
water interaction on Mars (Cloutis et al., 2000; Ehlmann et al.,
2008).

In contrast, XRD analyses of palagonite tuffs collected
from Hlöðufell, up section and distal to the palagonite
breccia zone, produced no evidence for clays and zeolites, or
other crystalline phases (Fig. 7d). Thin sections taken of these
palagonitic tuffs reveal only thin Fe-oxide coatings formed
during low-temperature palagonitization (Thorseth et al.,
1991; Bishop et al., 2002) (Fig. 8). From these results, we
suggest that the formation of secondary authigenic clays and
zeolites was restricted to zones of palagonitization where
breccias were in close contact with insulated pillow lavas.
The mineral assemblage of the breccia clasts from Hlöðufell
is suggestive of low-temperature (100–1408C) hydrothermal
alteration (Fig. 17; Griffith and Shock, 1995).

For comparison to the tuya example, the results of the
X-ray powder diffraction and spectral analysis of palagonitic
breccias and coatings collected from the sandur plains reveal
a similar mineral assemblage to the breccias collected at

Hlöðufell. Spectroscopic and XRD data suggest that the
major smectite phase within the palagonites is nontronite.
Di-octahedral (nontronite) and tri-octahedral (saponite)
smectites dominate over an alteration temperature range of
0–1008C (Griffith and Shock, 1995). The identification of
randomly ordered (R< 1) smectite/illite at 30–40% illite
composition in the XRD clay analysis indicates an alteration
temperature near 1008C (Moore and Reynolds, 1997). Ran-
domly ordered smectite/illite is replaced by ordered (R¼ 1,
50–70% illite) smectite/illite at 120–1808C. Above 1808C
smectite/illite mixed layered clays are dominated by illite, at
concentrations> 70% (Mas et al., 2003).

The identification of Na-Ca zeolites (heulandite, analcime,
laumontite) in the clay analyses, as well as random bulk
powder analyses, supports a temperature range of 100–
1708C (Griffith and Shock, 1995; Robinson and Santana de
Zamora, 1999). Low-quartz was identified both in hand
samples of the sand-sized matrix component of sandur
sediments and in the XRD analyses of the palagonitic ma-
terials (Fig. 7). At temperatures> 1008C, quartz is favored as
the stable silica phase over opal-C and opal-CT (Griffith and
Shock, 1995). Quartz has been identified, along with ran-
domly ordered smectite/illite in the propylitic zone of rhy-
olitic hydrothermal systems (Ylagen et al., 1996). The
presence of crystalline quartz in a dominantly basaltic sys-
tem is suggestive of a hydrothermal origin.

Remote identification of VNIR-SWIR absorption bands
that are indicative of hydrated minerals on the sandur plains
is consistent with ground truth evidence for low abundances
of hydrothermally formed hydrated minerals in palagonite
breccia clasts and coatings. Figures 6 and 13 illustrate the
correlation between surface-mapped palagonite abundance
and pixels identified in the remote analysis that exhibit
Al-OH� and Si-OH� absorption features. This strong corre-
lation suggests that the ASTER data can be used to identify

FIG. 17. Schematic of common minerals and their crystal-
lization temperatures associated with Icelandic hydrother-
mal systems after Griffith and Shock (1995). The mineral
assemblage of smectites, mixed-layer smectites and illite,
zeolites, and low-temperature quartz, identified within pa-
lagonite breccias at the sandur plains and Hlöðufell, is con-
sistent with crystallization temperatures between 1008C and
1408C, corresponding with the upper temperature range of
habitability for microbial life.
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hydrated alteration materials on a dominantly dark basaltic
surface. Lab spectroscopic data show that, for the sand-sized
sandur mixture samples, the palagonite absorption features
are masked where dark unaltered basaltic clasts dominate
(Fig. 9). In intimate mixtures, like the sandur sand mixtures,
dark clasts absorb most of the light that falls on the surface,
which allows less light to penetrate the sample. In fine-
grained dark samples with a low abundance of light mate-
rials, this effect may completely mask the absorptions from
the lighter clasts (Clark, 1999; Milliken and Mustard, 2007).
Lab spectral analyses of sandur mixtures having palagonite
abundances <5% showed that the absorption features typical
of (but not unique to) the palagonitized materials at 1.0 mm
(Fe3þ), 1.4 mm (OH�), 1.9 mm (H2O and OH�), and 2.2–2.3 mm
(Fe, Mg, Al, Si-OH�) are largely absent or are unobservable
above the instrument noise (Figs. 9 and 10). At *20%
abundance these absorption features are obvious. As the
Iceland case proves, this nonlinear, intimate mixing is a
complicating factor in the identification of light-toned min-
erals (like palagonite) that may occur at small abundances in
fine-grained surface sediments on Mars (Milliken and Mus-
tard, 2007).

Furthermore, our study suggests that remote identification
of palagonite on a dark surface is likely to be more effective
where the particle sizes are coarse (cobble to boulder).
For boulder-sized surfaces, the physics of intimate mixing
is replaced by patchwork mixing, where light particles
dominate the spectra (Clark, 1999). Therefore, the mapped
high abundance of alteration in the proximal zone of
Skeiðarársandur, which was obtained from ASTER data,
may in part reflect particle size effects, as this region is
characterized by not only a higher abundance of palagonite
but also of longitudinal bars comprised of cobbles and
boulders. As demonstrated for Mýrdalssandur, few varia-
tions in the spatial distribution of palagonite were observed
on the ground or with the ASTER remote sensing data. This
may be related to a compositional homogeneity of the sur-
face at Mýrdalssandur or a textural difference relative to
Skeiðarársandur. The surface of Mýrdalssandur is domi-
nated by sand-granule-sized juvenile pumice clasts with
boulder fields on the lee side of proximal, isolated bedrock
remnants. However, on the 1918 flood surface, in the im-
mediate pro-glacial zone, the well-sorted boulder and cobble
fields that characterize the 1996 flood surface of proximal
Skeiðarársandur are less extensive.

5.2. Implications for detectability on Mars

The remote and lab identification of palagonite in Icelan-
dic sandur materials holds important implications for Mars.
The presence of distinctive mineral assemblages on sandur
surfaces suggests hydrothermal conditions between 1008C
and 1408C, and provides a mineralogical fingerprint for po-
tentially habitable environments beneath Icelandic glaciers
that overlap the known upper temperature limit for hy-
perthermophilic extremophiles (Kashefi and Lovley, 2003).
The future identification of similar palagonitized materials
on Mars, in association with geomorphic and sedimento-
logical features of probable fluvial origin or volcanic origin,
or both, may provide evidence for past or present, low-
temperature hydrothermal environments. Such environ-
ments have been assigned as high-priority sites for future

astrobiology missions to Mars (Walter and Des Marais, 1993;
Farmer, 1996, 2000).

Several previous studies have analyzed weathered and
hydrothermally altered basalts and tephras in terrestrial
settings and described the alteration textures, chemistry, and
mineralogies (e.g., Allen et al., 1981; Thorseth et al., 1991;
Bishop et al., 2002; Drief and Schiffman, 2004; Nelson et al.,
2005; Pokrovsky et al., 2005; Bishop et al., 2007; Hamilton
et al., 2008). In confirmation of this previous work, our study
has shown that mineralogical differences are apparent in
the X-ray diffractograms of palagonite tuffs and palagonite
breccias that formed under vastly different temperature,
pressure, and water/rock regimes within subglacial settings
(Fig. 7). Increased crystallinity and the presence of authigenic
phases in the samples are apparent indicators of the degree
of alteration and may be used in future spectral and ground-
based analyses of specific hydrated units on Mars to distin-
guish alteration conditions.

However, difficulty in the remote identification of pala-
gonite on Mars lies in its heterogeneous mineralogy that, in
many cases, is genetically non-unique. For the Iceland case,
where field observations are possible, hydrated mineral
signatures associated with clays, zeolites, and other silicates
can be tied directly to palagonitic materials and subglacial
hydrothermal environments. However, the remote identifi-
cation of similar minerals on Mars requires the possibility for
a broad range of possible aqueous alteration environments,
and each interpretation of the conditions of alteration holds
major implications regarding the planet’s geological and
climatic history. As an example, the results of our study have
shown that the identification of specific zeolites on Mars (e.g.,
laumontite) could be an important, though non-unique, in-
dicator for low-temperature (100–1408C) hydrothermal pa-
lagonitization of basaltic crust. Putative zeolites associated
with smectite-bearing materials have been detected in
CRISM data for deltaic deposits within Jezero Crater in the
southern highlands of Mars (Ehlmann et al., 2008) and are
candidate compositional analogues for the Icelandic example
presented here.

A complicating factor in the identification of hydrated
phases at specific locations on Mars is the likelihood of
mineralogical and lithologic mixtures. Results of the clay
analysis of palagonite clasts and coatings presented in this
study reveal specific ordering conditions for smectite-illite
mixtures that can be used to infer the temperature of crys-
tallization. Such an analysis is, however, currently unavail-
able for Mars. As another example, the lab VNIR-SWIR
spectrum of an isolated zeolite (heulandites) in Fig. 11 is
similar, within the spectral range of 0.35–2.5 mm, to the lab
spectrum for a heterogeneous palagonite breccia clast con-
taining both smectite minerals and secondary zeolite vein
fills (Fig. 9). Absorptions at 1.4, 1.9, and 2.2–2.3 mm are
common to heterogeneous palagonite clasts, zeolites, and
pure phase clays. Broadening of the OH�/H2O absorptions
in the palagonite samples, relative to the features in the pure-
phase zeolite samples (Figs. 9 and 11), may be an important
indicator of the overlap of absorption bands in clay-zeolite
mixtures. Specifically, for zeolites, the shape of the OH�/
H2O absorption at 1.4 mm is a distinctive feature (Cloutis et al.,
2000) but is influenced by the occurrence of the 1.4 mm ab-
sorption associated with clay minerals. Furthermore, for re-
mote identification, interference with atmospheric water
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makes the identification of the 1.4 mm feature on Earth and
Mars difficult. These observations suggest that definitive
identification of palagonites and pure phase zeolites/clays
on Mars may be difficult with remote spectrometers of low
spectral resolution. Use of multiple diagnostic remote sens-
ing and ground-based tools to distinguish pure mineral
phases from mixtures is therefore required.

5.3. Implications for previous identifications on Mars

Previous interpretations of the formation environment of
hydrated mineral-bearing units on Mars are challenged by
the difficulty in the identification of pure-phase minerals
within mineralogical mixtures, heterogeneous lithologies,
and clast mixtures. Often in the literature, clays identified on
the Noachian-age highlands have been attributed to episodic
aqueous weathering of basalt during an early warm-wet
phase of martian history (e.g., Poulet et al., 2005; Bibring et al.,
2006; Tosca and Knoll, 2009). This has led to the creation of
a new mineralogical timescale for Mars, where the Phyllo-
cian epoch defines the early period of potentially Earth-
like climate conditions (Bibring et al., 2006). Although this
conclusion is consistent with the overall broad distribution of
clays across Noachian-age surfaces, the interpretations are
limited by the assumption that the spectral features are un-
ique to a pure-phase clay, given the current spectral resolu-
tion of orbiting VNIR-SWIR spectrometers. Alternatively,
some of the clay observations may be the result of hydro-

thermal alteration of the martian crust during Noachian-age
volcanic or impact events (Newsom, 1980; Ehlmann et al.,
2008). Although deposits formed by these mechanisms are
likely to be isolated at specific locations on the martian surface
(Mustard et al., 2008), reworking of these mineralogically
similar materials by wind or water may have increased their
total area of distribution.

As an example clay observation on Mars, Fig. 18 from
Poulet et al. (2005) shows an OMEGA spectrum collected
from a ‘‘dark’’ unit at Syrtis Major. This spectrum contains
absorption features at 1.9 and 2.29 mm, which were suggested
by these authors to be most consistent with nontronite, a
common secondary component of intense or long-term
aqueous basalt alteration under Earth-like weathering con-
ditions (e.g., Allen et al., 1981; Griffith and Shock, 1995;
Bishop et al., 2002). Our analysis of Icelandic sandurs indi-
cated that similar absorptions at 1.9 and 2.29 mm are also
common to palagonitic breccias and coatings that contain a
heterogeneous mixture of Fe/Mg-rich clays, Fe oxides, zeo-
lites, and silica, formed under low-temperature hydrother-
mal conditions. Furthermore, the example Syrtis Major
spectrum has a significantly lower absolute reflectance
compared to the presented lab spectra of the pure-phase clay
(Fig. 18). From our observations of sandur clast mixtures, one
possible explanation for this low absolute reflectance is the
presence of an intimate mixture of dark, energy-absorbing
clasts with a low abundance of lighter, clay-rich material.
Alternatively, because the overall reflectance decreases as the
grain size increases (Clark, 1999), the low absolute reflec-
tance of the Syrtis Major spectra may be due to the presence
of bedrock or large boulder-sized clasts. However, Syrtis
Major is a basaltic volcanic system (Hiesinger and Head,
2004; Mustard et al., 2007), and the identified dark materials
are likely a bedrock or wind-blown component of unaltered
basalt. In our analysis of the Icelandic sandur plains, minor
abundances (>5%) of light-toned palagonite were detected
from orbit and in the lab despite the presence of a dark
basaltic matrix. In addition, an unquantifiable abundance of
some unaltered basaltic clasts at both sandurs exhibited pa-
lagonite coatings and amygdules of zeolites and clays that
may have served to increase the overall reflectance of the
sandur surface. On the sandurs, palagonite coatings on un-
weathered basaltic clasts were likely derived from clay-rich
water that percolated through the porous volcanic sediment
during the waning stages of a jökulhlaup. Similar coatings
could be common on altered basaltic clasts in hydrothermal
or fluvial environments on Mars.

Similar to the Syrtis Major observation, phyllosilicate-rich
units were identified in Nili Fossae by Poulet et al. (2008),
who used OMEGA data, and Mustard et al. (2008), who used
CRISM. The Nili Fossae deposit spans a region of 106 km2

within ancient, heavily cratered Noachian-age terrain and
may have formed by the low-temperature aqueous alteration
of basaltic materials in a fluvial-lacustrine system (Mangold
et al., 2007; Ehlmann et al., 2008; Mustard et al., 2008). Poulet
et al. (2008) used a radiative transfer model applied to
OMEGA spectral data to demonstrate that the deposits
within the Nili Fossae layered units contain only minor
fractions of altered material surrounded by unaltered mafic
material, similar to our Iceland case. Additionally, CRISM
observations of the Nili Fossae deposit (Mustard et al., 2008)
identified smectites in close association with olivine-bearing

FIG. 18. OMEGA and lab spectra of nontronite, from
Poulet et al. (2005). (a) An atmospherically corrected OMEGA
spectrum from Nili Syrtis Mensae displaying an absorption
feature at 2.29 mm suggested to represent the pure phase of
nontronite. Also note the shallow 1.4 mm absorption feature
and the deep 1.9 mm feature that is suggestive of H2O and
OH� bound minerals. (b) Atmospherically corrected Mars
reference spectrum. (c) Laboratory spectra of nontronite. (d)
Spectral ratio of (a) and (b).
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bedrock. The interpretation of in situ weathering for the or-
igin of these clay-bearing units therefore seems unlikely, gi-
ven the intimate association of altered and unaltered mafic
material. A possible likely hypothesis for this observation is
that the Nili Fossae layered deposits were transported from a
compositionally heterogeneous source region that contained
both clays and unaltered mafics. The possibility of a hydro-
thermal source region for these deposits can therefore not be
entirely ruled out.

5.4. Possible Icelandic analog sites on Mars

Clifford (1987) and Carr (1996) suggested that a global
groundwater system is present on Mars at a depth of several
kilometers below the surface. In addition, geothermal melt-
ing of the martian cryosphere may have provided sustained
subsurface hydrothermal environments for the evolution
and persistence of thermophilic life (Gulick, 1998; Farmer,
2003). Deep drilling appears to be beyond current robotic
technologies for the exploration of Mars. However, natural
geological processes, such as hydrothermal upwelling or
catastrophic floods, could bring groundwater and hydro-
thermal deposits from the deep subsurface hydrosphere
(along with any putative life-forms present) to the surface
where it could be more easily sampled (Farmer, 2002). While
variations in the depth and thickness of the global cryo-
sphere are unknown, the Gamma Ray Spectrometer on
board Mars Odyssey has detected abundant near-surface ice
within the upper half meter of the regolith, at latitudes >608
(Mitrofanov et al., 2003; Boynton et al., 2006). It seems likely
that wherever shallow magmatic intrusions have come into
contact with the martian cryosphere, or with groundwater,
hydrothermal systems would have developed. Identification
of fluvial sediments derived from these interactions and
containing hydrothermally altered materials may point to
primary locations of hydrothermal activity. On Earth, the
venting of upwelling hydrothermal waters at the surface
produces characteristic geomorphic features (small mounds
and channel networks) and sinter deposits dominated by
characteristic hydrothermal mineral assemblages. The min-
eralization processes at springs and within rivers or streams
that commonly accompany shallow hydrothermal systems
can provide especially favorable conditions for the capture
and preservation of fossil biosignatures (Walter and Des
Marais, 1993; Cady and Farmer; 1996; Farmer, 2000, 2003;
Meyer-Dombard et al., 2007). Interest in hydrothermal envi-
ronments as exploration targets for past martian life has in-
creased with recent discoveries of geomorphic features
(Allen and Oehler, 2008) and mineralogical associations of
probable hydrothermal origin (Squyres et al., 2008) on Mars.

The primary evidence for a deep (1–2 km) subsurface
global hydrosphere/cryosphere in the past on Mars is the
Hesperian to Early Amazonian-age catastrophic outflow
channels. These immense channels are sourced within the
southern highland terrains and empty into the northern
lowlands (Carr, 1979; Baker et al., 1991; Rotto and Tanaka,
1995; Tanaka, 1997; Marchenko et al., 1998; Nelson and
Greeley, 1999; Burr et al., 2002). The midlatitude catastrophic
outflow channels extend several hundred kilometers from
source regions that are marked by ‘‘chaos’’ terrains. These
chaos terrains are likely collapse features, formed from cat-
astrophic water release as the deep hydrosphere became

pressurized by the overburden of a thickened cryosphere
(Carr, 1987). Geomorphic features associated with some
chaos terrains (e.g., Aram Chaos, Iani Chaos) have been
shown to contain mineral signatures (e.g., specular hematite
deposits) indicative of ancient aqueous or possibly hydro-
thermal activity (Glotch and Christensen, 2005; Glotch and
Rogers, 2007; Massé et al., 2008).

The catastrophic release of liquid water at some locations
has been directly linked to geothermal melting of the martian
cryosphere (McKenzie and Nimmo, 1999). Putative volcanic
landforms have been shown to be associated with the
headreaches of some outflow channels, including volcanic
vents within Melas Chasma (Chapman and Lucchitta, 2000),
volcanic cones and exposed igneous intrusions at Aram
Chaos (Lanz and Jaurnann, 2001), possible phreatomagmatic
deposits and cones at Hrad Vallis (Wilson and Mouginis-
Mark, 2003b; Morris and Mouginis-Mark, 2006), dike
swarms at the head of Athabasca Vallis (Burr et al., 2002),
pyroclastic flow deposits at Mangala Valles (Wilson and
Head, 2004), and volcanic-like conical landforms at Hy-
draotes Chaos (Meresse et al., 2008). These regions represent
ideal sites for astrobiological exploration and the identifica-
tion of martian palagonite, particularly in light of recent re-
mote identifications of hydrated minerals at some of these
locations (Glotch and Christensen, 2005; Massé et al., 2008).
However, in many cases, identifications of hydrated miner-
als within outflow channels are limited to Noachian-age
exposures along the canyon walls and are not associated
with specific flood deposits (e.g., McKeown et al., 2009).
These units may represent ancient reworked hydrothermal
deposits or weathered basalts and cannot currently be di-
rectly linked as geomorphological and mineralogical ana-
logues to the Icelandic sandur plains.

Evidence for more recent localized overland water flow is
found in the form of small valley networks at high elevations
on several Hesperian to Amazonian-age volcanoes in the
Tharsis, Elysium, and Hellas regions (e.g., Gulick, 1998;
Dohm et al., 2004; Fassett and Head, 2007). Channel net-
works located on the flanks of Hadriaca Patera, Tyrrhena
Patera, and Apollonius Patera have been attributed to py-
roclastic flow or releases of hydrothermal fluids (Farmer,
1996; Gregg et al., 2002; Farmer, 2004; Williams et al., 2008).
These systems, although several orders of magnitude smaller
in dimension than the midlatitude catastrophic outflow
channels, may also provide confirming mineralogical evi-
dence for ancient habitable environments in the subsurface,
sustained by hydrothermal processes.

Finally, large chasmata at the north and south poles of
Mars, including Chasma Boreale in the north and Chasma
Australe in the south, have been suggested to originate from
fluvial erosion during catastrophic releases of subglacial
liquid water reservoirs formed by basal melting from ice
overburden or subglacial volcanic eruptions (Clifford, 1980,
1987; Benito et al., 1997; Anguita et al., 2000; Fishbaugh and
Head, 2002), although this hypothesis is controversial owing
to the strong evidence for aeolian/solar ablation origin
mechanisms (Howard, 1980; Warner and Farmer, 2008a,
2008b). Large, arcuate depressions present at the heads of the
chasmata are postulated to have formed by sudden melt-
water releases, followed by the collapse of overlying ice-rich
polar layered deposits. These putative subcap liquid water
environments on Mars have been compared on Earth to
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subglacial lake systems that occur in Antarctica and Iceland.
Such environments may have also been ideal locations
for the development of martian hydrothermal systems ca-
pable of supporting thermophilic, subsurface chemotrophic
microbes.

6. Conclusion

Icelandic sandur plains exhibit specific geomorphological,
sedimentological, and compositional features that are con-
ditioned by periodic catastrophic outfloods from subglacial
environments. In these environments, hydrothermal pro-
cesses have altered basaltic volcanic materials and pro-
duced a variety of low-temperature hydrothermal mineral
assemblages. Catastrophic outfloods that result from mag-
ma/ice interactions hold great importance for astrobiology
as a mechanism for delivering important information about
subsurface habitable environments on Mars to surface envi-
ronments where important mineralogical information may
be detected by either orbital remote sensing or ground-based
methods of exploration.

The results of this analysis indicate that palagonite, altered
within a low-temperature (100–1408C) hydrothermal sub-
glacial environment and found within associated outflood
deposits, may be an important surface indicator for past
habitable hydrothermal environments on Mars. However,
our results also demonstrate the complexity in confirming
both the existence and the origin of palagonite within mar-
tian deposits given (1) its heterogeneous texture and miner-
alogy, (2) the non-unique mechanism of formation for
specific minerals associated with palagonite (e.g., nontronite
clay), (3) its possible occurrence in low abundances within
fine-grained mixtures of dark, energy-absorbing unaltered
basaltic material, and (4) the lack of indisputable morpho-
logical evidence on Mars for fluvial sediments and channels
associated with magma/ice interaction.

Despite these uncertainties, this study provides a litho-
logic and genetic end member for future interpretations of
the origin of specific hydrated mineral assemblages on Mars.
Terrestrial analogue studies such as these enable more in-
formed comparisons to Mars and help to identify the most
favorable landing sites to explore for past or present habit-
able environments and life. Many studies have shown that
similar hydrothermal environments on Earth capture and
preserve a broad range of fossil biosignatures and are
therefore highly regarded as targets for future life-detection
missions (Walter and Des Marais, 1993; Farmer, 1998, 2000;
Hofmann and Farmer, 2000). This study shows that the
proglacial fluvial environments that are associated with
subglacial volcanism in Iceland contain detectable mineral
signatures of low-temperature hydrothermal activity within
the temperature range of terrestrial life. Current and future
high-resolution image and spectral analyses of the floors of
martian catastrophic outflow channels may reveal specific
sedimentological, stratigraphic, and compositional features
indicative of subsurface magma/ice interaction. In addition,
smaller-scale fluvial valley systems within periglacial set-
tings should also be given a high priority for future orbital
mapping efforts. In particular, future efforts should continue
to emphasize the search for unique hydrated mineral as-
semblages that commonly form during the hydrothermal
alteration of basaltic material.
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Skeiðarársandur, Iceland. International Symposium on Extra-
ordinary Floods, In The Extremes of the Extremes: Extraordinary
Floods, edited by Snorrason, Finnsdottir, and Moss, Interna-
tional Association of Hydrological Sciences, Wallingford, UK,
pp 243–247.

Squyres, S.W., Arvidson, R.E., Ruff, S., Gellert, R., Morris, R.V.,
Ming, D.W., Crumpler, L., Farmer, J.D., Des Marais, D.J., Yen,
A., McLennan, S.M., Calvin, W., Bell, J.F., Clark, B.C., Wang, A.,
McCoy, T.J., Schmidt, M.E., and de Souza, P.A. (2008) Detection
of silica-rich deposits on Mars. Science 320:1063–1067.
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