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a b s t r a c t

Can information on the Martian environmental conditions prevailing during the alteration of its basaltic
crust be inferred from near-infrared (NIR) spectra? In order to determine whether basalts altered under
arid conditions but different temperatures have different spectral signatures, NIR spectra of basalts
altered in cold (Udokan volcanic field, Siberia) and hot (Ogaden Basin, Ethiopia) environments were
obtained. The NIR spectra of the alteration rind surface and the internal part of the studied samples are
similar, suggesting that the NIR spectra of Martian bulk rocks may be of limited help in identifying
paleoenvironment conditions. Bulk rock spectra analysis reveals, however, that spectra of the least
altered rocks display clear absorption bands of smectites, suggesting that a distinction between clay
minerals in weakly weathered basalts and clay-rich formations cannot be based solely on analysis of
infrared spectra obtained from orbit. Additional compositional information can be retrieved from rock
powder spectra – zeolites present in the Udokan basalt spectra might be used to infer composition and
temperature of the fluids from which they precipitated. The presence of calcite and iddingsite is ascer-
tained by other methods, but they are not apparent in bulk rock spectra and only weakly apparent in
powder spectra. The basalt samples studied display alteration products that reflect their different
alteration histories; nevertheless no criterion has been found that would help in identifying the origin of
the weathering water – subsurface, rainfall, or snowfall.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Mafic rocks are widespread at the surface of Mars. Their exis-
tence has been inferred from the composition of Martian
meteorites (Nyquist et al., 2001), from geomorphology, even out-
side the large volcanoes (e.g., Mège and Masson, 1996; McEwen et
al., 1999; Mège et al., 2003), and also from several orbital infrared
data sets: TES onboard Mars Global Surveyor (Christensen et al.,
2000; Hamilton et al., 2001; Wyatt and McSween, 2002; Chris-
tensen et al., 2005; Rogers and Christensen, 2007; Rogers
et al., 2007; Edwards et al., 2008; Koeppen and Hamilton, 2008),
Sciences, Polish Academy of
, PL-50449 Wrocław, Poland.

.

OMEGA onboard Mars Express (Mustard et al., 2005; Kanner et al.,
2007), and CRISM onboard Mars Reconnaissance Orbiter (Salvatore
et al., 2010). Evidence of basaltic surface composition comes from
characteristic absorption bands of olivine and pyroxene, and
mineralogical abundance modeling (Wyatt et al., 2001; Poulet
et al., 2009). Based on analyses of TES data, Wyatt and McSween
(2002) suggested that the basalts in the southern hemisphere are
mainly fresh, while the surface of the northern hemisphere is
composed of weathered basalt, which has been previously inter-
preted by Bandfield et al. (2000) as a basaltic andesite. The TES
results have been confirmed and refined by analysis of OMEGA and
CRISM datasets (Bibring et al., 2005, 2006; Mustard et al., 2005,
2008; Poulet et al., 2007, 2009). In addition to orbital data, in situ
spectra obtained from Pancam (Bell et al., 2004), Mössbauer
spectrometer (Morris et al., 2004), mini-TES and APX Spectrometer
(McSween et al., 2004) unambiguously demonstrated the presence
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of basalts at the Spirit rover landing site in Gusev crater. Mini-TES
data have been used by Rogers and Aharonson (2008) to deter-
mine the mineral composition of the basaltic soils at the Meridiani
Planum – Opportunity rover landing site. Basaltic rocks have also
been found at the Pathfinder landing site by the Pathfinder IMP
imager (Bell et al., 2002), despite the different environmental
settings – the Ares Vallis floodplain.

Of interest is whether information on the climate conditions
prevailing during basalt alteration can be inferred from near-
infrared spectra. Determining terrestrial paleoclimate conditions
using secondary mineral assemblages has been the subject of
many studies, but remains quite a challenge because these
assemblages depend not only on climate, but also on climate
history, lithology, rock fracturing, groundwater circulation, diurnal
temperature variations, and morphology (Bender Koch et al., 1995;
Vogt and Larqué, 2002; Deepthy and Balakrishnan, 2005; Vogt
et al., 2010). In this paper, we investigate the record of climatic
conditions in near-infrared (NIR) spectra of basalt samples from
arid cold and arid hot environments, as well as hot environments
in which wet and arid climates occurred successively. Any of these
conditions may have been representative of the alteration condi-
tions on Mars. Indeed, it has been argued that the present cold and
arid alteration conditions at the surface of Mars (e.g., Bishop et al.,
2002; Levrard et al., 2004), though probably dominant throughout
the Martian history (Carr and Head, 2010), may have been inter-
rupted by episodes of warmer and/or wetter conditions (McKeown
et al., 2009; Gaudin et al., 2011; Le Deit et al., 2012).

Secondary mineral assemblages observed in the spectra may
reflect variations in alteration conditions. In addition to tempera-
ture and humidity, the pH conditions during alteration play an
important role in the formation of the secondary minerals. Acidic
conditions of basalt alteration prevailed in the early Martian his-
tory (e.g., Bibring et al., 2006), justifying that some works have
focused on the products of basalt alteration on Mars from study of
terrestrial analogs in acidic environment (e.g., Hynek et al., 2013).
This study concerns the terrestrial basalts altered in conditions of
moderate pH and potentially comparable to environmental con-
ditions during other Martian periods. The studied basalts are
located in the Udokan area of Siberia, and in the Ogaden region of
southeast Ethiopia (Fig. 1, Table 1).
Fig. 1. Location of the Cenozoic Udokan volcanic field and Ogaden basalts. The dark
patches are the volcanic exposures. The sampling sites are shown by circles:
U – Udokan volcanic field; G – north of Gode town; KD – east of Kebri Dehar town;
W – south of the Werder town.

Table 1
Location of the analyzed samples from the Udokan and Ogaden regions.

Sample Region Site Latitude Longitude Elevation a.s.l. (m)

RN01A/B Udokan 1 56°24055″N 118°9028″E 1629
RN02 Udokan 2 56°24044″N 118°9031″E 1644
RN03 Udokan 3 56°24031″N 118°901″E 1498
RN04 Udokan 4 56°24031″N 118°901″E 1498
K1.30 Ogaden Kebri Dehar 6°45018″N 44°2603″E 538
K3.1 Ogaden Kebri Dehar 6°49038″N 44°65050″E 627
W1.4 Ogaden Werder 6°23058″N 45°49019″E 485
W2.5 Ogaden Werder 6°24035″N 45°3803″E 508
W3.2 Ogaden Werder 6°2304″N 45°30013″E 524
WS1.2 Ogaden Gode 6°1011″N 43°21056″E 314
2. Geology and climate context of the studied basalts

The mid-Miocene to Quaternary Udokan volcanic field is a part
of the 1500 m-high Udokan range located in the northeastern part
of the Baikal Rift Zone (Rasskazov, 1994; Petit and Déverchère,
2006). It is correlated with the northeastern most thermal
anomaly associated with the rift (Lysak, 1995). The samples stu-
died are from a lava flow (Fig. 2a and b) from a Pleistocene vol-
canic cone (Stupak et al., 2008). At that time, the climate in the
Baikal area was undergoing "cryo-aridization" (Sheinkman, 2003),
changing from cool continental to arctic (Shchetnikov et al., 2012),
subsequent to which oscillations between cold and arctic condi-
tions have occurred (Demske et al., 2005; Enikeev, 2008; Tarasov
et al., 2009). In the present conditions, the basalts are being
altered under a cold and dry climate (climate zone Dwc, according
to the Köppen–Geiger classification (Peel et al., 2007)) having long
cold winters (average temperatures ranging from �24 to �37 °C
during 6 months at the Naminga meteorological station located
30 km away from the sampling sites (Table 1), at a similar eleva-
tion 1440 m a.s.l., with absolute minimum of about �60 °C) and
short warm summers (10–15 °C during 3 months). Precipitation is
740 mm/year, including 1/3 as snow (Afonin et al., 2008; SRK
Consulting, 2010). The alteration rinds of the studied basalt
samples are markedly dissimilar: from pellicular to thick (3 mm)
with a diffuse or sharp contact with the internal part of the rock.

The Ogaden Basin in southeastern Ethiopia displays lava flows
of Oligocene to Neogene age (Mège et al., 2015a) that were
extruded following uplift of the region between the Cretaceous
and Paleocene (Bosellini, 1989). Since the Oligocene, the regional



Fig. 2. Field views of the sampling sites: (a, b) Udokan volcanic field, Baikal Rift Zone, Siberia. Basalts are extensively coated by lithobionts; (c) Ogaden, Kebri Dehar:
spheroidal weathering of basalt with onion-like layers; (d) Ogaden, Kebri Dehar: intense rainfall (usually a few times a year) contributes to rock alteration in addition to
diurnal moisture contrasts. After rainfall, water may stagnate on basalt surface cavities, increases weathering within the cavities, and evaporates (note the concentric salt
deposits in the hollow). Next rainfall washes the rock and removes the clay particles from its surface, which enlarges the surface cavities. Basalt-derived clays accumulate in
pans; (e) Ogaden, Werder area; (f) Ogaden, Gode area; (g) Ogaden, Werder: accumulation of basalt-derived clays in a pan. The channel that transports clays from the basalt
exposure to the pan is visible on the left side of the image.
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uplift is a consequence of vertical plate motions accompanying the
development of the Main Ethiopian Rift to the west and the Afar
Depression to the north (Mège et al., 2015a). Three sampling sites
have been studied: Gode, Kebri Dehar, and Werder (Table 1, Figs. 1
and 2c–f). Hard rock outcrops are infrequent; the basalt exposures
are usually cobbles and pebbles on coarse grit mounds or small
hills ranging in height to about 40 m above local average. The
sampled basalts are all untransported cobbles located on such hills
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(Mège et al., 2008); they are not part of a pedogenetic profile.
During torrential rains, the alteration products are removed from
the surface of the cobbles (with the exception of some surface
irregularities, Fig. 2d), and accumulate downslope in ponds that
subsequently dry out into hard semi-circular pans (Fig. 2g).

The Gode basalts are part of a large ‘meandering’ landform
caused by exhumation of a river channel-filling basalt flow. Its
40Ar/39Ar age is �7.4670.47 Ma (Mège et al., 2015b). The sam-
pling site, at the top of the flow, is estimated to be 600þ km away
from the erupting vent (Mège et al., 2015a). The Kebri Dehar
basaltic flow also followed a river channel but is dated at
27.670.5 Ma ago from two 40Ar/39Ar ages (77% plateau age and
79% inverse isochron age). The Werder basalts are fissure flows
located close to the lava eruption site (Mège and Purcell, 2010).
They have been dated as 29.971.9 Ma (83% plateau age) to
25.470.7 Ma (74% inverse isochron age). The present alteration
conditions are hot and arid (climate zone Bwh in the Köppen–
Geiger classification (Peel et al., 2007)), with a mean temperature
of 27–30 °C. Mean rainfall is o200 mm/year, and is zero or almost
zero over at least nine months a year (Kohler and Krauer, 1996;
NOAA, 2012). Rain does not fall every year. Alteration is thought to
be facilitated in large degree by the wetting effects of common
early morning dew. The alteration conditions for the Gode basalts
probably has not changed appreciably since their eruption because
of globally high and increasing aridity, nuanced at the second
order by climate oscillations (deMenocal, 1995; Feakins et al.,
2005; Huang et al., 2007; Bonnefille, 2010) driven by ice-sheet
growth and retreat events (Clark et al., 1999). The alteration rind is
pellicular.

The alteration conditions of the Kebri Dehar and Werder basalts
since their emplacement during Late Oligocene are less con-
strained by the existing paleoclimate data. Although there is little
doubt that temperatures that existed since the Oligocene were
high, as shown by carbonate platforms adjoining the fully emerged
Ogaden and western Somalia (Bosellini, 1989), humidity indicators
are scarce. Especially, the well-known Chilga fossil locality (Upper
Oligocene), where seasonal precipitation and groundwater table
fluctuations are well documented (Jacobs et al., 2005), is in the
middle of the developing Ethiopian flood-basalt province, whereas
the Ogaden is only on the outskirts (Mège et al., 2015a; Mège and
Korme, 2004). After the globally wet Eocene climate optimum, the
general trend has been toward increased aridity but with complex
modulations (Bobe, 2006; Feakins, 2013) related to the develop-
ment of the Sahara desert (Micheels et al., 2009), the development
of the East African Rift topography (Sepulchre et al., 2006), and the
Messinian salinity crisis in the Mediterranean region (Feakins,
2013). Paleobotanic sampling indicates gradual extension of grass-
dominated savanna in eastern Africa between middle and upper
Miocene (Jacobs, 2004; Pound et al., 2012), concomitant with a
general drying trend (Huang et al., 2007) indicated by the chan-
ging paleoenvironments associated with rodents in Kenya
(Winkler, 2002). The alteration rind of the Werder basalt sample is
thicker (5 mm) than the alteration rind of the Gode basalt sample
and its transition to the fresh rock is diffuse, whereas the Kebri
Table 2
Alteration conditions at the sampling sites.

Site Alteration conditions and history

Udokan Cold and arid, no groundwater (present-day conditions)
Gode (Ogaden) Hot and very arid, no groundwater (present-day

conditions)
Kebri Dehar (Ogaden) Hot with globally increasing aridity since Late Oligo-

cene; possible alteration by groundwater in the past
Werder (Ogaden) Hot with globally increasing aridity since Late Oligo-

cene; no groundwater
Dehar basalt sample shows a rind of intermediate thickness
(2 mm) but in sharp contact with the internal, fresher rock.

The three Ogaden sites – Gode, Kebri Dehar and Werder – are,
therefore, representative of three slightly different alteration
environments (Table 2). The Gode basalts are representative of the
present hot and arid conditions. Although emplacement in a river
channel indicates that part of the flow may have been initially in
Fig. 3. Photomicrographs of the representative basalts samples from Udokan
(Siberia) and Ogaden (Ethiopia): (a) Udokan, site 1; (b) Ogaden, Kebri Dehar;
(c) Ogaden, Werder; (d) Ogaden, Gode. Polarizing microscope, crossed polars.
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contact with groundwater, the very thin alteration rind argues
against significant influence of groundwater on alteration. The
Kebri Dehar basalts have a thicker alteration rind and have
undergone a longer alteration history, including periods of wetter
conditions and, perhaps, alteration by groundwater. The Werder
basalts also have a thick alteration rind and underwent the same
succession of environments as the Kebri Dehar basalts. However,
their fissural emplacement and the local geology (Mège et al.,
2008) indicates that they were part of a volcanic edifice above any
regional water table. It is inferred that the Werder basalts were
altered by rainfall water and perhaps, hydrothermal fluids during
emplacement.
3. Samples and methods

The basalt samples from Udokan (Fig. 2a, b) and Ogaden (c–g)
were collected in the field in 2008 and included basaltic rocks at
various stages of alteration. Two Udokan samples were extracted
from the upper surface of a continuous lava flow exposure, and the
others and the Ogaden samples are cobbles formed by widening of
joints at the surface of the lava flow. Twenty-four samples have
been studied (five from Udokan and nineteen from Ogaden): all
are alkali basalts, Ti-rich, with a slightly higher Ti content in the
Udokan samples (Gurgurewicz, 2010). Although the Martian
samples studied in situ are tholeiitic (McSween et al., 2004), the
variety of lava flow morphologies and diversity of volcanic edifices
observed on the whole Martian surface suggest also that the actual
difference in viscosity, and therefore composition of the lavas,
is huge.

The Udokan basalts are vesicular. The mineralogical structure of
the Udokan and Ogaden basalts is similar (Fig. 3a–d). Plagioclase,
pyroxene and olivine are the main components of the groundmass,
which also contains opaque minerals, rhönite (Ogaden basalts),
and occasionally glass. The phenocrysts include mainly plagioclase
and iddingsitized olivine (Fig. 4).
Fig. 4. Photomicrographs of the iddingsitized olivine in the Udokan (a) and Ogaden
(b) basalt samples. Polarizing microscope, plane polarized light.
Reflectance has been measured using the ASD FieldSpecs

3 spectrometer in the spectral range of 0.35–2.5 μm, with 3 nm
spectral resolution in the visible range and 10 nm in the infrared.
Ninety-one spectra were acquired, both of the alteration rind
surface and the internal part of the bulk samples, and of the
whole-rock powders. A Spectralon™ surface was used as the
reflectance standard. For the bulk samples, the Hi-Brite contact
probe was placed perpendicular to, and against the fractured
sample. The powders were obtained by crushing the rocks
manually using an Abiche mortar to a grain size o2 mm, then
powdering them finely in an agate grinder. The obtained powders
were then dry sieved to a grain size o25 mm. During measure-
ment, the contact probe was placed a few millimeters above, and
perpendicular to the flattened powder surface. Care was taken not
to compress the powder during flattening. Ten spectra were
averaged for each sample spot of diameter 10 mm. The scatter
between the ten spectra, calculated as the standard deviation of
the reflectance divided by the square root of the number of
spectra, was very low, on the order of 10�5–10�4. The offsets in
the spectra at 1.0 and 1.8 mm have been corrected by splice cor-
rection using ViewSpec™ Pro. Absorption features observed in
spectra obtained with the ASD spectrometer have been used to
determine the mineral content and hydration. However, whereas
the ASD can detect Fe-bearing silicates, it cannot reliably detect
plagioclases, which are one of the major components of the ana-
lyzed basalt samples, but their characteristic absorption bands are
at longer wavelength. The spectra that were used to identify
minerals have been selected from various libraries (see the figure
annotations), with a preference toward samples for which accu-
rate contextual descriptions are available.

In order to retrieve more detailed information on groundmass
mineral composition, the samples from the Udokan volcanic field
and samples representative of each Ogaden sampling site have
been analyzed using X-ray diffractometer Siemens D5005 or
D5000. The powder mounts of the whole-rock samples were
scanned at 30 kV and 20 mA, from 2° to 65°θ using Cu-Kα radia-
tion (Ogaden) or from 4° to 75°θ using Co-Kα radiation (Udokan)
at a speed of 1.2°θ/min. The presence of a broad peak in the dif-
fractograms at 2θ¼6° was the selection criterion for extraction of
the clay-sized fraction. For identification of the major clay types,
the o2 mm clay-sized fractions were extracted by sedimentation
in distilled water. The wet fractions were smeared on glass slides
to make the specimens which after air-drying were X-rayed from
2° to 25°θ. Selected specimens that contained an adequate amount
of clay were X-rayed again after glycol treatment, to estimate the
difference in clay content. The background of the patterns was
subtracted from peaks using the EVA© software. Mineral phases
were then identified and the intensity of diffraction peaks
retrieved using the EVA© software and the PDF 2 database pro-
vided by the International Centre for Diffraction Data (ICDD).

Compositional analyses using micro-Raman spectrometer have
been carried out for complementing data obtained using other
instruments. The Raman scattering was excited using an Innova
300-5 W Argon ion laser from Coherent© operating at 514 nm in
wavelength and the spectra were collected using a Jobin-Yvon
LabRams spectrometer (focal distance¼300 mm) equipped with a
2400 grooves/mm CCD detector. The analyses were performed in
confocal mode (hole¼500 μm, slit¼200 μm). We performed the
analyses using a x50 Olympus objective reducing the analyzed
sample volume size (few μm3). The spectral frequency position
was calibrated using the emission lines of Ne- and Hg-lamps with
an accuracy within 71 cm�1. The spectra were acquired at room
temperature and no correction was applied for the dependence of
the scattered intensity on temperature and frequency (Neuville
and Mysen, 1996; Long, 2002; Morizet et al., 2010).
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4. Results

Representative reflectance spectra of the Ogaden and Udokan
basalts in the spectral range from 0.7 to 2.5 mm are shown on
Fig. 5a, b. Fig. 6 gives a synthesis of the absorption bands observed
in the studied basalt spectra. The deepest absorptions are observed
in the spectra of the bulk rock rind surface. The spectra of the
internal part of the bulk rocks are attenuated, indicating a
decreasing influence of alteration minerals on the spectrum, as
interpreted by Hunt et al. (1974) on powders and Cloutis (1992) on
bulk rock samples. The spectra of the powders show more spectral
features than bulk rock spectra. There is no significant difference
in the spectra of powders of the rind surface and internal part of
the Ogaden samples. This indicates that the level of alteration
cannot be inferred from differences in absorption band depth.

4.1. Primary minerals

The primary minerals: olivine, pyroxenes, and plagioclases,
were identified using polarized light microscopy (Fig. 3), X-ray
diffractometry (Supplementary Fig. 1), and micro-Raman spectro-
scopy (Fig. 7). Microscopic observations and planimetric analysis
(up to 700 counting points in each thin section) revealed that the
amount of plagioclase varies between 34% and 44% in the Ogaden
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basalts, while in the Udokan basalts plagioclase participation is
more variable, ranging from 24% (sample RN03) to 50% (sample
RN01). The most abundant in olivine (17%) is sample W1.4 from
Werder (Ogaden). In other basalts, olivine constitutes 2–11% of the
sample. The amount of pyroxene is different in each sample,
varying from 5% to 29 % in the Ogaden basalts and from 7% to 21%
in the Udokan basalts. The iron-bearing primary minerals are also
identified using ASD, by the characteristic ferrous iron absorption
band around 1.0 μm. This band, usually the only absorption mea-
sured on unaltered basalt (Hunt et al., 1974), is observed in both
Udokan and Ogaden basalt spectra (Fig. 5). In the Ogaden basalts,
iron absorption at �1 mm is deeper in spectra of the internal part
of the bulk rock than in the spectra of the rind surface. This
difference disappears in powders (Fig. 5a). In the Udokan basalts,
this absorption band is generally absent, apart from bulk rock rind
surface spectra, for which two of the three samples display a broad
but weak absorption (Fig. 5b).

4.2. Water and hydroxide bands

The absorption band of H2O at 1.91–1.95 μm is a salient feature
of the bulk rock spectra of the Udokan and Ogaden basalts
(Figs. 5 and 6). The 1.44 μm H2O absorption band appears in these
spectra occasionally. Basalt powder spectra reveal the 1.91–
1.95 μm hydration band only. This band is systematically atte-
nuated compared to the band observed on the corresponding bulk
rock spectra.

The three –OH absorption bands centered at 1.41, �2.2, and
�2.3 μm are diversely observed (Figs. 5 and 6). The 1.41 mm band
is usual in the spectra of the bulk rock surface, is attenuated in the
spectra of the bulk rock interior, and disappears in the powders.
The �2.2 mm absorption is observed in most spectra. The �2.3 mm
absorption is common in the Udokan basalt spectra, but rare in the
Ogaden basalt spectra. Other combinations of fundamental vibra-
tion modes (Hunt, 1977) are observed at 1.135 and 1.875 μm. These
absorption bands are characteristic of hydrated materials and may
be due to a variety of mineral classes, such as clay minerals,
hydroxides and zeolites.

4.3. Phyllosilicates

X-ray diffraction demonstrates the presence of clay minerals in
the studied samples, indicated by peaks at the low angles 2Θ
(Table 3). From the intensity of the clay minerals peaks, the clay
content of the Ogaden basalts is higher in the internal part of the
samples than at the rind surface. The values of the clay peaks (d

values between 13 and 15
Â
e) indicate smectites. There is no evi-

dence for smectites on X-ray diffractograms for most of the Udo-
kan basalt samples, which might suggest either lack of clay
minerals in these samples or (more likely) that the amount of
smectites in the samples is too low to be detected using X-ray



Table 3
Mineral phases due to alteration identified in the Udokan and Ogaden basalt samples and methods of identification: M – macroscopically/polarized light microscopy, NIR –

near-infrared spectroscopy, R – Raman spectroscopy, XRD – X-ray diffractometry.

Secondary mineral phases Udokan Ogaden

RN01A/B RN02 RN03 RN04 K1.30 K3.1 W1.4 W2.5 W3.2 WS1.2

Phyllosilicates
Clays (smectitesa) NIR NIR NIR XRD, NIR XRD, NIR XRD, NIR NIR NIR XRD, NIR XRD, NIR
Iddingsite M, NIR M, NIR M, NIR M, NIR M, NIR M, NIR M, NIR M, NIR M, NIR M, NIR

Iron oxides and hydroxides
Ferrihydrite XRD, NIR XRD, NIR
Hematite R
Zeolitesb M, NIR M, NIR M, XRD, NIR M, NIR

Carbonates
Calcite M, NIR M, NIR M, NIR M, NIR M, NIR M, NIR M, NIR

a Smectites: montmorillonite, nontronite, beidellite, saponite, hectorite.
b Zeolites: analcime, natrolite, clinoptilolite, chabazite.
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diffractometry, as the detection limit of this technique is around
5% (Moore and Reynolds, 1997).

Near-infrared spectra of the Ogaden and Udokan basalts sys-
tematically display absorption bands of two smectites, montmor-
illonite and nontronite (Fig. 8, Table 4). Montmorillonite has a
deep 2.20 μm absorption band due to Al–OH bend plus –OH
stretch; this band almost disappears in nontronite spectrum, in
which –OH stretch plus an Fe–OH bend result in a deep absorption
band at 2.28–2.32 μm (Clark et al., 1990). Most spectra of the
Udokan basalt bulk samples and powders display absorption
bands at 2.21 and 2.30–2.31 μm, consistent with the presence of
both minerals. In all the spectra of the rind surfaces of the Ogaden
samples, only montmorillonite is observed, and corresponds to the
clay that accumulates in pans (Fig. 2g). Udokan basalt powder
spectra show an absorption band at 2.19 μm instead of 2.21 μm
(Fig. 8), which may denote a higher Al content than pure mon-
tmorillonite, and crystallization of beidellite instead of montmor-
illonite (Bishop et al., 2010). The 1.14 mm absorption band, a water
combination tone (Hunt, 1977), observed in all the Udokan basalt
powder spectra may also be related to the presence of montmor-
illonite or nontronite (Fig. 8, Table 4). Alternatively, the 1.14 mm
band could be due to the presence of other smectites such as
saponite, which often settles in basalt vesicles under hydrothermal
processes (April and Keller, 1992; Anthony et al., 2003), or hec-
torite, which forms by alteration of volcanic rocks containing
clinoptilolite (Anthony et al., 2003), a zeolite that is suspected to
be present in the Udokan basalt vesicles (see Section 4.5). How-
ever, those smectites also absorb at 2.39 mm, a band which is not
observed in any of the studied spectra.

In all the studied basalt samples, olivine is partly replaced by
iddingsite (Fig. 4, Table 3). This process is the most prominent in
samples from Udokan, especially RN02 and RN03, where the
amount of iddingsite reaches 34% and 50%, respectively. Iddingsite
is almost featureless in the NIR range investigated in this study,
apart from the hydration band around 1.90 mm, as previously
noted by Cloutis (2004). However, in addition to the absorption at
1.90 mm, weak absorptions and slope variations in the continuum
removed spectrum of iddingsite CRISM/IDD001 (PDS Geosciences
Spectral Library Service) are systematically observed in the con-
tinuum removed spectra of the Ogaden, and, to a lesser extent, the
Udokan basalt powders.
4.4. Iron oxides and hydroxides

X-ray diffractometry suggests the presence of ferrihydrite in
the Udokan basalts. This result is consistent with the absorption
bands at 1.41–1.44, 1.76, and 1.91–1.95 μm observed in the NIR
spectra (Fig. 9, Tables 3 and 4). However, ferrihydrite, as well as
iron hydroxides, cannot be identified in the studied NIR spectra
unequivocally, because their absorption bands, due to Fe2þ , –OH,
and H2O, are not diagnostic when they are associated with other
water- and iron-bearing minerals. Ferrihydrite might be an inter-
layer component of Fe3þ-enriched smectites (Bishop et al., 1993),
but it is also a possible constituent of iddingsite (in SNC meteor-
ites; Treiman et al., 1993; Treiman and Lindstrom, 1997), increasing
the likelihood that the observed X-ray peaks correspond to ferri-
hydrite, given that iddingsite has been identified in large quan-
tities in thin sections (Figs. 3 and 4).

Bands around 220 and 290 cm�1 in the Raman spectrum of the
Werder basalt from Ogaden (Fig. 7) might be attributed to poorly
crystallized hematite, probably mixed with clay minerals. They
may also correspond to iddingsite (Kuebler, 2013).

4.5. Zeolites

Minerals from the zeolite group were identified in Udokan basalt
vacuoles, both macroscopically and using a polarizing microscope
(Table 3). However, absorption bands of pure zeolites do not match
the absorptions observed in the Udokan basalt spectra, nor the
spectrum of a zeolite mixture in Oregon basalt (Fig. 10). Pure natrolite
from the Deccan traps (USGS/HS169.3B, Fig. 10) has absorption at
1.19 mm instead of 1.14 mm. Analcime, which has been independently
identified in Udokan basalt using XRD, is not satisfactory either if
considered alone. In particular, the 2.2 mm absorption band, char-
acteristic of both the Udokan basalt spectra and the spectra of other
zeolites, is absent in the analcime spectrum, which displays an
absorption band at 2.13 mm instead (Fig. 10).

The near-infrared spectrum of a zeolite mixture that crystal-
lized in vesicles of a basalt from Springfield, Oregon (Clark et al.,
1990, 2007), displays five absorption bands that match absorption
bands of the Udokan basalt powder spectra: 1.14–1.15, 1.76, 1.91–
1.94, and 2.19 mm (USGS/168.3B, Fig. 10), all resulting from
absorption by H2O molecules within the zeolite cavities (Clark
et al., 1990). Thin section analysis has revealed that this mixture
includes 40% natrolite, 30% analcime, and 20% of clinoptilolite, and
is associated with 10% calcite (Clark et al., 2007). Note that the
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1.14 mm absorption band may deepen smectite absorption at the
same wavelength (Fig. 8).

Another zeolite mixture that matches absorption bands
observed in the Udokan basalt powder spectra is a sub-equal
proportion of chabazite, thomsonite, and wairakite (wairakite
forms a solid solution with analcime). A hydrothermal alkaline
suite, in which these three minerals are zoned with depth in
various volcanic rocks (Cole and Ravinsky, 1984), has several
absorption bands in common with the Udokan basalt powder
spectra: 1.15, 1.73, 1.76, and 1.91 (Fig. 11).

The zeolites observed in the Udokan basalts are therefore best
interpreted to be a mixture, which is common in volcanic rocks
(e.g., Chipera and Apps, 2001). The candidates to the mixture in the
Udokan basalts are analcime, natrolite, clinoptilolite, and chabazite.

4.6. Carbonates

Carbonates of fumarolic origin, either filling vesicles or veins,
are systematically observed in the thin sections of the Werder
basalt samples (Table 3). Nevertheless, only limited evidence of
carbonates is found in the spectra. The complexity of the miner-
alogical assemblage may mask or strongly attenuate the most
prominent carbonate absorption band at 2.33–2.34 mm (Gaffey,
1986) (Fig. 12). The library spectrum of sample USGS/HS168.3B in
Fig. 10 is an example where this absorption is missing despite the
10% calcite identified by XRD. The other carbonate absorption
bands in the studied NIR range are located at 1.75–1.76, 1.87–1.88,
1.97–2.00, and 2.17–2.18 mm (Gaffey, 1986). In the Werder basalt
powder spectra, the only indication of carbonates is a systematic
absorption band at 1.87 mm (Fig. 12, Table 4).

The carbonates observed in the Udokan basalt samples
(Table 3) do not show any prominent spectral signature at 2.33–
2.34 mm either; nevertheless, the absorption band systematically
observed at 1.76 mm on the spectra of the Udokan basalt powders
may be due to calcite (Fig. 12, Table 4), in addition to H2O
absorption by zeolites (Fig. 10). Very shallow bands observed at
1.87 and 2.17 mm might also indicate carbonates. The absence of a
definitive spectral signature of carbonates is interpreted to result
from the nonlinear spectral response of intimately mixed minerals
found in basaltic rocks (Hapke, 1993). Mineral optical properties,
as well as relative grain size and mineral abundance, especially in
the complex weathering context, can mask some mineral com-
ponents and overrepresent others (Chevrier et al., 2006; Cloutis et
al., 2010), and carbonates are likely underrepresented in the
Udokan basalt spectra.

4.7. Contaminating materials

Some absorption bands in the Udokan basalt powder spectra
cannot be reconciled with any mineral that may form by alteration
of basalt. Natural as well as anthropic processes may influence the
spectral signature. The rock samples were indeed not cleaned
prior to analysis in order not to remove or damage alteration
products, leaving the possibility of spectral contamination.

The rock samples may be contaminated from the lichen Cla-
donia rangiferina (Afonin et al., 2008), which develops on the
Udokan basalts (Fig. 2b), or from Dahurian larch Larix dahurica (L.
gmelinii) (Tchebakova et al., 2005; Malyshev et al., 2008; SRK
Consulting, 2010), which is the main local tree species in the forest
where the Udokan volcanics are located (Fig. 2a). As shown on
Fig. 13, the absorption bands of sap coincide with the 1.64, 1.68,
1.73, and 1.76 mm absorptions in the Udokan basalt powder spec-
tra. The 1.73 mm absorption is attributed to terpenes (Elvidge,
1990), and the 1.68, 1.73 and 1.76 mm absorptions correspond to
the first overtone of C–H stretch (Miller, 2001). Absorptions at 1.13
and 1.19 mm in sap, due to the combination tone of water (Hunt,
1977) and an O–H bending overtone (e.g., Curran, 1989; Elvidge,
1990), respectively, may be analogous to the 1.14 mm and 1.21 mm
absorptions in the Udokan basalt powder spectra. Comparison
between the NIR spectra of Udokan basalts and Cladonia rangi-
ferina also reveals common water and OH absorptions; however
the overall spectrum does not match the basalt spectra. A more
detailed comparison between the Udokan basalt powder spectra
and the spectra of debris expected in the Udokan sampling sites



Table 4
Absorption bands and corresponding mineral phases due to alteration identified in the Udokan and Ogaden basalt spectra

Absorption band (mm) Secondary mineral phases Udokan Ogaden

RN01A/B RN02 RN03 RN04 K1.30 K3.1 W1.4 W2.5 W3.2 WS1.2

1.14 Smectites, zeolites ● ● ● ●
1.41–1.44 Smectites, ferrihydrite, zeolites ● ● ● ● ● ● ● ● ● ●
1.73 Zeolites ● ● ● ●
1.76 Ferrihydrite, zeolites, calcite ● ● ● ●
1.87 Smectites, zeolites, calcite ● ● ● ● ● ● ● ● ● ●
1.91–1.95 Smectites, iddingsite, ferrihydrite, zeolites ● ● ● ● ● ● ● ● ● ●
2.17 Calcite ● ● ● ●
2.19 Beidellite, zeolites ● ● ● ●
2.21–2.22 Montmorillonite, zeolites ● ● ● ● ● ● ● ● ● ●
2.30 Nontronite, zeolites ● ● ● ● ● ● ● ● ● ●
2.34 Calcite ● ●
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(cones, needles, bark, cellulose, lignin, and arabinogalactan, an
abundant larch wood polysaccharide) is given in Supplementary
Fig. 2.

Another possible source for the 1.68, 1.73 and 1.76 mm C–H
stretch overtone observed in the Udokan basalt powder spectra
may be polycyclic aromatic hydrocarbons (PAHs) (Izawa et al.,
2014). Forest fires, frequent in Siberia during summer, are a known
source of PAHs emission. Another source of this emission can be
industrial activities. The Udokan sampling site is located near the
copper mine, which releases a variety of PAHs, especially at the
KM28 site (SRK Consulting, 2014), located 25 km away from
Udokan basalt sampling sites. The Udokan basalt powder absorp-
tions at 1.14, 1.64, 1.68, 1.73, and 1.76 mm may include a contribu-
tion from various types of PAHs (Izawa et al., 2014) (Supplemen-
tary Fig. 3).
5. Discussion

5.1. Comparison between bulk rock spectra

Most spectra of the internal part of the bulk rocks are broadly
similar, with the usual broad Fe2þ absorption band at �1 μm
(Fig. 14). Two Udokan basalt spectra do not show this absorption
band (thick black lines on Fig. 14), as was also noted on some
basalts investigated by Hunt (1977); this is consistent with thin
section observations indicating that the samples are not
ideally fresh.

The basalt rind surfaces display deeper absorption bands than
the internal parts of the samples (Figs. 14 and 15). The differences
between the Udokan and Ogaden basalt spectra are usually minor.
For instance, the spectra from Kebri Dehar sample K3.1 from
Ogaden and RN01B from Udokan are almost duplicates in the
range 1.7–2.4 μm, and K1.30 is almost parallel to RN02 (Fig. 15). It
appears, therefore, that different weathering conditions studied
here do not produce different bulk rock spectra. This is true for the
hot (Ogaden) versus cold (Udokan) climates, but is also true in the
hot environment for samples with different weathering histories,
including polyphase (Kebri Dehar and Werder samples). The
polyphase case, illustrated in Fig. 16a shows that in the absence of
pedogenesis, a drying environment ‘fossilizes’ the alteration fea-
tures of the earlier environment because the weathering rind that
develops is thinner than the earlier-formed rind. In such a case, if
the NIR spectra of the basalt rind surface and the internal part of
the sample are similar, then it must be concluded that different
environment conditions cannot be predicted from NIR spectra. In
the case of a more complex weathering history, in which dry and
wet climate alternate several times (successions of the scenarios
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depicted in Fig. 16a and b), the weathering rind produced in a wet
environment is expected to systematically overprint evidence of
any earlier drier environments, the weathering rind of which is
systematically destroyed or deeply modified by the next rind. It is
unlikely that a complex weathering history leads to a complex
weathering record in the samples, because the older weathering
record is gradually removed from the samples surface as soon as
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Fig. 15. Comparison between reflectance spectra of the Ogaden and Udokan basalt
rind surfaces. Note the parallel spectra of the Udokan sample RN02 and Ogaden
sample K1.30 in the range 0.7–2.5 mm (thick lines), and the nearly identical spectra
of the Udokan sample RN01B and Ogaden sample K3.1 in the range 1.9–2.4 mm.
Water absorption band at 1.9 μm is almost always deeper in the Ogaden than in the
Udokan basalt spectra, as detailed in the inset, where the band depth is calculated
by subtracting from each spectrum a convex continuum hull between 1.88 and
2.13 mm, following the method presented by Morris et al. (1982).
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the surface looses cohesion and the alteration products are
transported downstream.

The H2O absorption band observed at 1.9 μm in the spectra of
the weathering rinds is usually deeper for the Ogaden basalt
(Fig. 15). The Ogaden basalt spectra reflect the present dry envir-
onment, which is drier than the Udokan environment, where
freeze/thaw cycles seasonally occur. Thus, an inverse correlation
exists in this dataset between hydration band depth and humidity
of the sample environment.

5.2. Comparison between basalt powder spectra

Analysis of basalt powder spectra allowed identification of
significantly more secondary minerals than analysis of the bulk
rock spectra, and more accurately. Many small absorption bands
and the spectral slopes that appear in the powder spectra in the
NIR range were not observed in the bulk rock spectra (Fig. 17).

Similarities between the Ogaden and Udokan basalt powder
spectra (Table 5) are: (1) the �1.4 μm –OH band observed on the
bulk rock spectra becomes significantly weaker (Udokan) or even
disappears (Ogaden) in the powders, probably due to dehydration;
(2) the broad �1.9 μm H2O band that dominates the bulk rock
spectra becomes narrower and much shallower, revealing the
1.87 μm H2O absorption and the positive spectral slope between
�1.8 and �1.9 mm; (3) the presence of montmorillonite and
nontronite, with clearer evidence of nontronite in the Udokan
basalt spectra, (4) the presence of iddingsite.

In contrast to the bulk rock spectra of the Ogaden and Udokan
basalts, the powder spectra show the following differences
(Table 5): (1) in the Udokan basalt powder spectra, the broad Fe2þ

1 μm absorption band almost disappears, whereas in the Ogaden
basalt powder spectra it remains essentially unaffected by altera-
tion; (2) zeolites are observed in the Udokan samples only; (3) the
spectral slope of the Udokan basalt powder spectra from 0.9 μm
toward the longer wavelengths is negative at first-order, whereas
it is positive in the Ogaden basalts powder spectra (Fig. 17).
Spectral slope depends on both the grain size and optical prop-
erties of the minerals, both of which influence scattering (Hapke,
1993; Hiroi and Pieters, 1994; Harloff and Arnold, 2001). However,
all the powders were ground to the same particle size, indicating
that this difference in spectral slope more likely reflects differ-
ences in alteration conditions rather than physical differences in
sample preparation; (4) existence of vegetal material in the Udo-
kan basalt samples.

Zeolites are, therefore, the only secondary minerals that might
explain the differences due to alteration between the Ogaden and
Udokan basalt powder spectra. Their identification is a major
indicator of ancient presence of water, whether of groundwater or
hydrothermal activity origin. The restrictive pressure and
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temperature range of formation of some zeolites potentially helps
in retrieving information on paleoclimate.

5.3. Smectites versus zeolites

Most spectra, whether of bulk rock or powder, display
absorption bands around �2.2 and 2.3 μm. These absorptions are
usually assigned to combinations of –OH stretch and Al–OH or Fe,
Mg–OH bend, respectively. In altered basalt, they are usually
interpreted as due to montmorillonite and nontronite. However, in
the Udokan basalt powder spectra, the single 2.20–2.21 mm
absorption band observed in bulk rock spectra is replaced by a
band centered at 2.19 mm, associated with two smaller bands or
shoulders located at 2.17 and 2.22 mm (Fig. 8). The 2.17 and 2.19 mm
absorptions could be related to the presence of zeolites (Fig. 10)
and calcite (Fig. 12), respectively. Some zeolites also absorb the
2.3 mm wavelength (Fig. 10). In the Ogaden basalt spectra, the
absence of 1.14 mm band, which is a combination of fundamental
modes of H2O vibrations (Hunt, 1977), could be due to a slightly
different smectite hydration state or to the absence of zeolites. The
signature of many zeolite mixtures may, therefore, be confused
with the signature of montmorillonite and nontronite. This can
happen especially if the spectral noise is high, which is often the
case with Martian surface spectra.

On the Werder basalt spectra of Ogaden, the absorption band
around 2.2 mm (Fig. 8) might also not be fully due to montmor-
illonite. The difference between the intensity of the plagioclase
peaks on the diffractograms of the alteration rind and internal part
of the sample is indeed not correlated with the intensity of the
clay peaks, confirming that basalt alteration does not occur sig-
nificantly through clay formation in these samples.

5.4. Implications for Mars

The studied spectra are not directly compared to the particular
spectra of Martian surface obtained by OMEGA and CRISM spec-
trometers. Comparing against OMEGA spectra would be of limited
interest due to their low resolution (100 m/pixel). The CRISM
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Fig. 17. Comparison between reflectance spectra of the Ogaden and Udokan basalt
powders. Several spectral features, that are not apparent in bulk rock spectra,
appear. The powder spectra of basalts altered in arid hot environment (Ogaden)
show a first-order positive spectral slope in the range 0.9–2.0 μm, whereas spectra
of basalts altered in arid cold environment (Udokan) have a first-order negative
spectral slope.

Table 5
Similarities and differences between the Udokan (arid cold environment) and
Ogaden (arid hot environment) basalt powder spectra.

Feature Udokan Ogaden

Broad Fe2þ 1 μm
absorption band

Almost full
disappearance

Essentially unaffected
by alteration

�1.4 μm –OH band observed
on the bulk rock spectra

Weakening Disappearance

�1.9 μm H2O band observed
on the bulk rock spectra

Band narrowing and shallowing

Montmorillonite/nontronite Yes Yes
Iddingsite Yes Yes
Zeolites Yes No
Spectral slope 0.9–2.0 mm Negative Positive
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spectra of Martian rocks interpreted to be basalts (Salvatore et al.,
2010) do not show any alteration bands, therefore they cannot be
compared to the altered basalt spectra presented here (Figs. 15 and
17). The CRISM spectra that display absorption bands of alteration
minerals are attributed to mafic rocks in general, not basalts spe-
cifically (e.g., Mustard et al., 2008).
5.4.1. In situ altered basalt or clay deposits?
All the studied samples are from basaltic solid rock. The pro-

ducts of in situ rock alteration are redeposited at a lower topo-
graphic level; for example, in the Ogaden, typically in pans after
heavy rains, such as on Fig. 2g. Nevertheless, the spectral signature
of smectites, especially montmorillonite, is prominent in all the
samples, including the alteration rind surfaces (Figs. 5 and 8). The
internal, fresher part of samples also display signatures of altera-
tion to smectites, though attenuated compared to the spectra of
the rind surface (Fig. 5). As a consequence, identification of
smectites on spectral datasets of Mars obtained in orbit is not an
evidence of sedimentary accumulation of clay minerals or in situ
pedogenesis; even only slightly altered basalts have spectra dis-
playing clear absorption bands of smectites.
5.4.2. Use of clay-sized fraction to retrieve alteration conditions
From the interpretation of the studied samples, it must be

inferred that analysis of the NIR spectra of Martian bulk rocks is
unlikely to help distinguish between basaltic rocks that were
altered in hot or cold arid environment. This study suggests,
however, that analysis of rock powders can help in identifying
alteration due to weathering, groundwater, or hydrothermal
activity because of the presence of zeolite signature. In addition,
the opposite slope of the NIR spectra between 0.9 and 2.0 mm for
these contrasted alteration conditions (Fig. 17, Table 5) could not
be explained. Although grain size affects spectral slope, this is
unlikely to be the cause of these opposite slopes since all the
samples were ground to the same grain size. This leaves open the
possibility that their origin is related to the environmental con-
ditions of alteration.

5.4.3. Depth of hydration band and climate aridity
The Ogaden basalts are located in a much more arid setting

than the Udokan basalts but hydration bands are deeper in the
Ogaden basalt spectra than in the Udokan basalt spectra (Fig. 15).
This inverse correlation observed between the depth of the
hydration bands and climate aridity may be related to the
weathering effect of groundwater, or to the hydration state of the
secondary minerals. Therefore, the deep hydration bands observed
on many Martian spectra of mafic mineral-rich areas (Mustard et
al., 2005), and maybe also those observed in other geological
contexts (e.g., Bishop et al., 2008; Mustard et al., 2008), are not
necessarily the evidence of a past wet climate characterized by
persistent water runoff during long-lasting wet seasons. They are
also consistent with dry conditions, cold or hot, with only very
limited or no precipitation.

Similarly, nontronite is frequently indicative of alteration of
mafic or ultramafic rocks in water-saturated or marine conditions
(Anthony et al., 2003), or in association with biogenic activity at
hydrothermal sources (Köhler et al., 1994), leading to the inter-
pretation that its existence on the Martian surface proves the
existence of liquid H2O (McKeown et al., 2009). However, non-
tronite has also been observed to form within cracks in a basaltic
cobble in a dry and cold environment in Greenland (Bender Koch
et al., 1995).

5.4.4. Evidence for carbonates and iddingsite on Mars
Although carbonates are rarely detected in the orbital NIR

spectra of the Martian surface (Ehlmann et al., 2008), their pre-
sence at the surface is suggested from Mars Exploration Rover
Mössbauer spectrometer and mini-TES data (Morris et al., 2010),
and carbonate decomposition products have been possibly iden-
tified using Mars Global Surveyor TES data (Glotch and Rogers,
2013). Carbonates could not be reliably identified also in the NIR
spectra studied here (Fig. 12), which is interpreted to result from
the nonlinear spectral response of intimately mixed minerals
found in basaltic rocks.

The presence of iddingsite on Mars has been advocated based
on the analysis of the Lafayette nakhlite (e.g., Treiman and Lind-
strom, 1997), and taken as an evidence of liquid H2O in the past
(Swindle et al., 2000), either at surface or, more likely, circulating
at shallow depth (Treiman et al., 1993). Iddingsite is abundant in
both the Udokan and Ogaden basalts, but its featureless signature
in the NIR range makes it hardly identifiable in spectra.

5.4.5. Mineralogy and temperature
Montmorillonite, which has been identified in many spectra of

old terrains of Mars (Poulet et al., 2005; Mustard et al., 2008;
Ehlmann et al., 2009; Roach et al., 2010), is frequently considered
to form in hot or temperate environments. However, its identifi-
cation in both the hot Ogaden and cold Udokan environments
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(Fig. 8) shows that this mineral is not diagnostic of temperature, as
has been discussed by Vogt et al. (2010) in another study of the
Lake Baikal area. Montmorillonite, like other expandable clay
minerals, is now suspected to form more commonly under cold
conditions (Grygar et al., 2005) to such an extent that Vogt et al.
(2010) have questioned whether a number of smectite soils in
temperate regions on Earth are inherited from colder times.

Poorly crystallized red hematite is widespread and has been
advocated as the origin of the red color of the Martian surface
(Morris et al., 1997). Red hematite, which has been found as an
alteration product of some of the Ogaden basalt samples (Fig. 7), is
a widespread alteration product of basalts in tropical regions, but
also constitutes a varnish on basaltic cobbles at the summit of
Greenland nunataks (Bender Koch et al., 1995). It is, therefore, not
diagnostic of temperature of alteration.

At Gusev Crater, the Pancam multispectral camera of the Spirit
rover of the MER mission has identified a mineral that could be
ferrihydrite, goethite, maghemite, or schwertmannite (Bell et al.,
2004). Ferrihydrite is a precursor of poorly crystallized hematite in
cold and arid environment, where it is found in association with
goethite, maghemite, and magnetite (Bender Koch et al., 1995). It
has been found in a similar environment in the Udokan basalt
samples (Supplementary Fig. 1), which may have implications for
understanding the alteration environment of Gusev Crater as
identified by Bell et al. (2004).

5.4.6. Extrapolation of results from terrestrial samples
The spectral signature of the Udokan basalt powder sheds

lights on unexpected issues for comparative planetary geology. In
order to characterize rock alteration it is necessary not to clean the
samples chemically prior to analysis, leaving open the possibility
of sample contamination by products of natural or anthropic ori-
gin. Wood products, PAH emissions from forest fires as well as
industrial activities may contaminate samples that could be
identified in the 1.6–1.8 mm spectral range, where few minerals
absorb. However, absorptions in ranges where both contaminating
products and minerals absorb light might lead to erroneous
interpretations if enough care is not taken.
6. Conclusions and perspectives
1. Inferring information on paleoenvironment conditions has not
been possible from analyses of the NIR spectra of bulk rocks
only; it requires analyses of rock powder spectra. The NIR
spectra of the Martian bulk rocks obtained in situ are, therefore,
unlikely to record the differences in environment conditions.
Spectral data obtained from orbit usually mix the signal of hard
and loose rocks. Interpretation of powder spectra is however
made complicated because not only additional minerals may be
identified, but also small particles of organic origin may influ-
ence the spectral signal.

2. An inverse correlation is observed between the depth of the
hydration bands and climate aridity, possibly due to the
weathering effect of groundwater, or to the hydration state of
the secondary minerals. Therefore, the deep hydration bands,
observed on many Martian spectra of mafic mineral-rich areas
or in other geological contexts, are not necessarily evidence of a
past wet climate characterized by persistent water runoff
during long-lasting wet seasons. They are also consistent with
dry conditions, cold or hot, with only very limited or no
precipitation.

3. Spectra of the bulk rocks that are only slightly altered display
clear absorption bands of smectites, especially montmorillonite.
Thus, clay minerals detected in NIR spectra of Mars may indicate
the presence of a solid basaltic surface with only very minor
alteration and it does not unequivocally point to the sedimen-
tary accumulation of basalt weathering products or pedogen-
esis. Any interpretation of accumulation of clay minerals by
sedimentary or pedogenic processes must be supported by
other evidence, such as high-resolution imagery or field obser-
vations by landers or rovers.

4. Interpretation of zeolites from their NIR spectral signature is not
straightforward. One of the diagnostic absorption bands of
natrolite, at 2.2 mm, produced by molecular water, can be con-
fused with the 2.2 mm band of the –OH stretch plus Al–OH bend
combination in montmorillonite. Similarly, the 2.3 mm absorp-
tion of nontronite may be confused with clinoptilolite. Both
smectites and zeolites may display absorption at 1.14 mm.
Because zeolites commonly occur in basalts, whether of
hydrothermal origin or precipitated from groundwater, confu-
sion between zeolites and smectites may appear.

5. Carbonates could not be reliably identified in the NIR spectra
studied here, even though they are present in the samples.
Carbonate spectral features can be masked by the signature of
other minerals if the signal-to-noise ratio is not high enough,
and their prominent 2.33–2.34 mm absorption band, commonly
used as a clue to their identification, may be lacking. Similarly,
analcime, which has been identified in the studied basalts by
XRD, has a characteristic absorption at 2.13 mm, which is not
observed in any spectra. These observations illustrate that
considerable care should be taken in interpreting mineral
spectra on Mars from the most prominent absorption bands,
whether or not due to H2O, because rocks are intimate mixtures
of minerals, especially when weathered.

6. More generally, interpretation of NIR spectra with extensive
control from solid samples of known geologic and climatic
context, polarized light microscopy, and XRD, does not remove
the ambiguity of a number of absorption features in altered
basalt. Most bands can be attributed to secondary minerals of
two or more groups.

7. Zeolites, which were found only in basalt samples from the cold
environment, have a strong signature in NIR spectra of altered
basalt if the signal-to-noise ratio is high enough, and may be an
important criterion for identification of subsurface alteration
processes.

8. In the studied basalt powder spectra, both types of aridity, cold
and hot, appear to be distinguishable from the contrasting
spectral slope between 0.9 and 2.0 mm, at equivalent grain size.
More data are required to determine whether this is a general
feature that can be reliably used in the interpretation of spectra
of the Martian surface.

9. The studied basalt samples display alteration products that
reflect different alteration histories; nevertheless, from the
combination of methods used, no criterion has been found that
would help in identifying the origin of the weathering water–
hydrothermal activity, groundwater, rainfall, or snowfall.

Although the alteration conditions of the two series of terres-
trial basalt samples are contrasted, analysis of NIR spectra could
not unequivocally discriminate between them. Other techniques
are required for characterization of alteration differences that can
accurately infer paleoclimate from altered basalts. Techniques
aimed at identifying differences in kinetics of secondary mineral
growth shall especially be investigated.

Part of the weathering of Icelandic basalts has been shown to
have a biogenic origin (Etienne, 2002; Etienne and Dupont, 2002;
Viles, 2008). Understanding the influence, if any, of the biological
(fungi) communities on the NIR spectra of altered basalts is now a
necessary step. If they do have any influence, comparison between
spectral features on Earth and Mars may either be biased, or, if the
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signature of fungi is diagnostic, reveal evidence for biogenic
alteration of Martian basalts.
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