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Introduction: Earth-based  studies  of  geological 
systems  that  are  dominated  by interactions  between 
molten rock, ice and/or water,  at temperatures below 
the  upper  temperature  threshold  for  life  (<120°  C 
-130°  C)  [1],  have  important  applications  in  the 
astrobiological  exploration  of Mars  [2,  3].  Presently, 
the goal of such studies is to provide robust criteria for 
recognizing  similar  processes  (past  or  present)  on 
Mars.  Magma-crysophere interactions appear  to have 
been very important  in  shaping  the  surface of Mars 
over  its  history  [4-6].  The  identification  of  such 
processes  is  considered  to  be  key  for  an  accurate 
assessment of the potential for long-term habitability.

In the present study we examine the mineralogical 
signatures  of terrestrial  volcano-sedimentary deposits 
associated with a basaltic, sub-glacial volcanic system 
in southern  Iceland.  Similar  Icelandic localities have 
been  considered  potential  analogs  for  volcano-ice 
processes  on  Mars  [7-8].  The  study  focuses  on 
comparing  the  deposits  of  two  pro-glacial  outwash 
systems  (sandur  plains),  Skeiðarársandur  and 
Mýrdalssandur,  that  were formed  by  catastrophic 
outfloods from sub-glacial volcanic environments. By 
combining  methods  that  utilize  high  altitude  VNIR 
remote  sensing  (ASTER)  data  with  quantitative 
ground truth  analyses, we map the spatial  variability 
of hydrous  mineral  signatures  on  the  sandur  plains 
and  establish  the  threshold  abundances  required  for 
the  detection  of  these  mineral  components  in  such 
environments.   In  addition,  we  use  the  minerals 
present  to  infer  the  general  geologic  conditions  of 
alteration. The results from this analysis may provide 
a  framework  for  planning  future  mission  to explore 
for subsurface habitable environments on Mars.

Results:  The  dominant  alteration  lithology 
identified on the  sandur  plains  is  the  heterogeneous 
basaltic  alteration  component,  palagonite.  The 
palagonitic clasts collected from both sandurs vary in 
composition and texture.  The majority of palagonitic 
clasts are volcanic breccias or 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.

ASTER  VIS  images  are  used  to  illustrate  the 
spatial  distribution  patterns  and  lateral  variations  in 
palagonite  abundance  (Fig.  1).  At  Skeiðarársandur, 
palagonite  shows  the  highest  abundances  (>5%) 
within  the  pro-glacial  zone  and  along  bedrock 
exposures to the east of the river Skeiðara and to the 
west of the  river  Nupsvötn.  At  these locations,  sub-

glacial  volcanics  are  observed  in  bedrock  exposures 
adjacent  to  glacial  termini  and  include  thick 
sequences  of palagonitic  breccias  and  hyaloclastites. 
This suggests that  the unusually high  abundances of 
palagonite  observed  on  the  proximal  surfaces  of 
Skeiðarársandur  in  this  area  were  derived  from 
erosion  of  bedrock  exposures  during  jökulhlaup 
events.  At  Mýrdalssandur,  palagonite  abundances 
range  from  <1%  to  20%  with  notable  increases  in 
abundance  proximal  to  and  south  of  the  Hafursey 
bedrock remnant. 

Fig. 1: ASTER VIS image of Skeiðarársandur 
showing the percent surface abundance of palagonite 
at specific sample locations. White regions outline 
abundances of  > 5%.

X-ray  diffraction  analysis  (XRD)  of  powdered 
sandur  materials  was  used  to  determine  the 
mineralogy  of  sandur  surfaces  and  to  evaluate 
variability  in  composition  of  the  palagonite  clasts 
present.  X-ray  diffractograms  were  obtained  from 
surface  samples  of  sandur  mixtures,  from  basaltic 
pumice  clasts,  palagonite  breccia  clasts,  and 
palagonite  coatings.   From  the  palagonite  breccia 
diffractograms,  obvious peaks of crystalline  smectite 
and zeolites (analcime, stilbite, heulandite, laumotite) 
were identified.  XRD analysis of palagonite coatings 
on  basaltic  pumice  clasts  revealed  a  similar 
mineralogy with mixed layered smectite (S) and illite 
(I)  (30 – 40% illite) present  in the < 2  µm clay-size 
fraction.   From  comparisons  with  Icelandic 
hydrothermal  mineral  assemblages  and  samples 
collected  from  Icelandic  tuyas,  the  combination  of 
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crystalline mixed-layered S-I clays and Ca-Na, Al-rich 
zeolites  suggests  low-temperature  (100° -  140° C) 
hydrothermal  alteration  [9].  This  alteration  likely 
occurred  soon  after  quenching  of  the  fresh  basaltic 
glass within the sub-glacial volcanic environment. 

VNIR-SWIR lab  spectra  were  obtained  from  80 
surface  samples  of  outflow  deposits  collected  from 
Skeiðarársandur and Mýrdalssandur to further classify 
their  mineralogy.  Fig.  2  illustrates  four  example 
spectra  that  show a  non-linear  mixing  relationship 
between fresh, un-altered basaltic sand and palagonite 
clasts at abundances of 0%, 5%, 20%, and 100%. In 
the  samples  with  abundant  fresh  basalt,  a  broad 
absorption  near  1.0  µm is  present  and  is  typical  of 
pyroxene. An absorption feature at 1.9  µm represents 
H2O bend and OH- stretch combination bands [10]. All 
sandur  samples were oven dried at  40° C to remove 
absorbed  water,  while  preventing  significant 
desiccation of the clays. The feature at 1.9 µm, present 
within  the  samples  that  contain  palagonite  clasts, 
therefore  likely represents  bound  H2O in  the  crystal 
structure of clays, or zeolites.

Fig.  2:  Example  spectra  of  sandur  materials  with 
varying palagonite abundance. 

The presence of altered basaltic material is obvious 
in  the  field.  As  noted  previously,  palagonitic  clast 
abundances vary from <1% - 20%, depending on the 
location  on  the  sandur  plain  (Fig.  1).  Using  the 
Spectral  Angle  Mapper  method  and  lab  spectra  for 
palagonite  samples  convolved  to  ASTER  spectral 
resolution,  we  mapped  spectral  features  associated 
with  hydrous  minerals  on  the  surface of the  sandur 
plains.   Fig.  3  is  an  example  SAM  classification 
image from Skeiðarársandur  showing  a  close match 
between ASTER detected hydrous mineral  signatures 
with absorptions at 2.2 µm (Al-OH-) and 2.24 µm (Si-
OH-) and field-mapped locations with >5% abundance 
of palagonitic clasts (Fig 1).

Discussion:  Detection of hydrous minerals on the 
surface of the sandurs from orbit is consistent with the 
field/lab observations  of clay and  zeolite-rich  palag- 

onite clasts.  However, the non-linear intimate mixing 
of dark sand-sized basaltic clasts with light-toned

Fig. 3: SAM ASTER classification image of 
Skeiðarársandur showing regions of detectable 
absorption features of hydrated minerals.

palagonite challenges detection of the hydrous mineral 
signatures  at  abundances  <5%,  both  in  the  lab  and 
from orbit.  Our observations suggest that for similar 
settings on Mars, dark wind-blown or locally derived 
fresh basaltic material may inhibit detection of lighter-
toned  alteration  phases  when  present  in  mixtures. 
Furthermore,  although  the  identified  mineral 
assemblage of smectite/illite clays and zeolites within 
the  palagonite  clasts  indicates  conditions  of  low-
temperature  hydrothermal  alteration,  the  spectral 
signatures of these mineral  species are not unique to 
hydrothermal  alteration processes.  The study further 
establishes that care must be taken with Mars research 
in  describing  similar,  “clay or  zeolite-rich”  units  as 
representatives of specific aqueous processes when the 
context of their emplacement is unknown.  
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