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Introduction: Recent orbital investigations have 

revealed distinctive assemblages of minerals that indi-
cate aqueous alteration on early Mars took place in 
diverse environments [1], including low-temperature/ 
pressure hydrothermal systems at neutral to alkaline 
pH [2]. In recent investigations of terrestrial Mars-
analog sites, neutral to alkaline pH alteration of basalt 
has been neglected in favor of sulfur-rich, acidic sys-
tems including those at the Hawaiian volcanoes and 
Rio Tinto, Spain. We began study of the alteration of 
basalt lava flows in Iceland as a geochemical analog 
for Noachian Mars. Because the basaltic bedrock is 
recently formed (<16Ma), with few localities of more 
highly evolved composition, and has poorly formed 
soils and sparse vegetation, ground and surface waters 
are broadly similar to those that might have existed on 
Noachian Mars. Iceland has a variety of geothermal 
spring systems (low T, low S; low T, high S; and high 
T, high S) each of which creates distinctive mineralog-
ic assemblages. Here we examine rocks collected from 
basalt flows that were in some places altered at the 
surface by pedogenesis and in other locations were 
hydrothermally altered by non-sulfurous groundwater 
circulation (low T, low S). Our sample characterization 
methods were designed to emulate orbital data from 
CRISM, OMEGA, and TES, which detect the infrared 
active components, linked to in-situ data such as will 
be measured by MSL’s ChemMin instrument. 

Methods: Rock samples were surveyed in the field 
using an ASD portable VNIR spectrometer. Altered 
and unaltered rocks that were typical for the locality 
were collected, as were altered rocks whose spectra 
were most similar to those measured by CRISM from 
Mars orbit. In RELAB, reflectance spectra from 0.4-
25μm were acquired of dried particle-size separates 
(<150μm) derived from the bulk rock and from preci-
pitated minerals extracted from vesicles and veins. 

 X-ray diffraction (XRD) data were measured on 
the <25μm size fraction from 2º to 70º 2θ with 0.02º 
2θ steps. All samples were initially measured with 
count times of 2s/step, and selected samples were re-
run with 15s count times to improve counting statis-
tics. To verify the presence of smectite and check for 
possible interstratified or non-expanding clays (e.g., 
chlorite, kaolinite), untreated samples with a (001) 
diffraction peak near 15Å were prepared as oriented 
mounts, dried, saturated with ethylene glycol, and then 
measured from 2-20º 2θ. Areas of the most intense 

peaks from component minerals were measured, and 
the relative percentage of each constituent was deter-
mined using the reference intensity ratio (RIR) method 
[Chung, 1974], using literature RIR values. Rietveld 
refinement was also applied, using the Topas Rietveld 
program, to determine the relative abundance of the 
well-ordered (i.e., non-clay minerals) components. 
Contributions from smectite were not modeled as the 
mineral is not three-dimensionally ordered and is not 
properly modeled by the Topas program. Final refined 
mineral abundances represent wt. % obtained from the 
Rietveld method scaled to include the RIR-determined 
smectite abundances. 

Results: VNIR spectra of all samples show evi-
dence for aqueous alteration, including the 1.9μm 
combination tone from the stretch and bend of the H2O 
molecule (Fig. 1). OH and metal-OH overtones and 
combination tones are also visible near 1.4μm and over 
the 2.0-2.6μm region. Some minerals composing the 
sample, usually two or less, can be identified using the 
VNIR data (Table 1). Five samples have spectra con-
sistent with high-calcium pyroxene and Fe/Mg smec-
tite. The band depth at 2.3μm due to Fe/Mg-OH ranges 
from ~1-5%. One sample appears to be a mixture of 
hematite and montmorillonite, indicated by an Al-OH 
2.2μm band (8% strength). The four samples from 
rock veins and vesicles appear to be celadonite-, thom-
sonite-, analcime-, and hydrated silica-bearing. 

Results from XRD analysis confirm the findings of 
alteration minerals in all samples. The samples can be 
divided into two categories: (1) bulk rock samples in 
which smectite is the dominant alteration mineral; zeo-
lites, SiO2 phases, and other phyllosilicates are present 
in only minor amounts; and (2) samples extracted from 
veins and vesicles in which alteration minerals other 
than smectite are the dominant alteration mineral and 
alteration minerals comprise most of the sample. 

Bulk rock samples: Hvalfj017, likely from a paleo-
sol horizon, is the most altered of all the samples, with 
nearly 80% smectite. Other bulk rock samples were 
dominated by the primary mafic components plagioc-
lase and pyroxene (Table 1). Weight percent smectite 
ranges from 11-22%. Minor amounts of zeolite 
(<10%) are sometimes present. Modeling of the glyco-
lated sample patterns with the NewMod program [Yu-
an and Bish, 2010, in press] showed that patterns are 
consistent with smectite with an interstratification of 0-
10% chlorite and are not consistent with illitic layers.  
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Vesicle and fracture fills: Non-smectite alteration 
minerals dominate in samples extracted from vugs and 
fractures within the host rocks. The single mineral 
identifications from VNIR spectroscopy were con-
firmed, although the mineral assemblage usually is 
diverse (Table 1). Hvalfj023 contains ~40% celado-
nite, a ferrous mica, ~35% cristobalite, and 20% smec-
tite, with minor amounts of Na-plagioclase and mor-
denite. Hvalfj055 and Hvalfj057 were sampled from 
different vesicles within the host rock, separated by a 
few cm. Hvalfj055 is dominated by a suite of zeolites 
with smectite (8%) as a minor component. More smec-
tite (33%) was found in Hvalfj057, which also con-
tains 55% analcime, as well as other zeolites. The 
wtrfall016 sample, from a white precipitate within a 
fracture, is nearly 100% silica minerals, with ~91% 
quartz and 3% cristobalite. 

Implications for Mars: In the Icelandic samples, 
the bulk rock is altered and smectite-bearing. Other 

alteration minerals such as zeolites, celadonite, and 
silica phases are concentrated in vugs or fractures. As 
little as ~10% smectite is observable in VNIR spectra 
of altered mafic rocks measured here; however, given 
the actual abundance of smectite, 2.3μm band depths 
are lower than expected based on comparison with 
band depths from artificial mixtures of basalt and non-
tronite [4]. Zeolites in <10% abundance also occur in 
the host rock, although their presence cannot be de-
termined from VNIR data. Furthermore, additional 
alteration minerals, e.g., analcime and celadonite in 
hvalfj057 and hvalfj023, respectively, effectively mask 
the presence of smectite. All phases identified using 
VNIR spectroscopy were confirmed using XRD analy-
sis. Nevertheless, VNIR spectroscopy does not fully 
capture the full amount or diversity of alteration min-
eral phases present, highlighting the importance of 
ground-truthing spectral data from Mars and improv-
ing techniques for quantitative remote determination of 
modal mineralogy.  
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Figure 1. VNIR spectra of <150μm 
samples from Iceland compared with 
laboratory spectra from USGS and 
CRISM spectral libraries. 
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