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ABSTRACT

Earth records the prevalent features generated by geological, chemical and
biological processes of nature. These processes involve the natural agencies
of Earth’s atmosphere, particularly water, ice and wind. The geomorphology
of planetary bodies is controlled mainly by the atmospheric agents prevailing
on surface/subsurface condition; Mars’ geomorphology today is the result of
stormy winds. Geological features generated by direct involvement of water
are well established on Mars’ surface, like sedimentary structures: flow chan-
nels/gullies, cross bedding, mud cracks etc. Water related activities are in-
volving the occurrence of life on Earth, hence speculations generated to search
for the extinct life on Mars knowing the fact that today’s atmosphere is not
habitable for life-activity. Our understanding about Mars is based on the re-
sults obtained from orbital spectroscopy, visual imagery, laser altimetry and
of-course meteorites hailed from Mars. Much is known about the habitable
sedimentary settings on Earth, inferring this knowledge to analogous counter-

parts on Mars must be crucial.

Three potential terrestrial sedimentary settings considering their estab-
lished nature of habitability for life, are selected for the research and have
been investigated for mineralogy with sophisticated instrumentation. First,
gypsum-phyllosilicate association of Karai Formation, Cauvery Basin, Tamil
Nadu, India which is deposited through precipitation from low temperature
fluids in fractures developed due to fluid overpressure in phyllosilicate rich
ground mass. Second, banded iron formations (BIFs) of Odisha, Singhbhum
craton, India, which are chemically precipitated units in marine conditions
and possesses huge extent over the surface. Third, jarosite deposit of Warkalli

Formation, India, which is found in association with kaolinite in coastal cliff
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setting, is formed in locally existing acidic conditions. These mineral assem-
blages possess signatures of life which is a well established fact in terrestrial
environments. VNIR reflectance spectroscopy, X-ray diffraction (XRD), laser
Raman and Fourier Transform Infra-red (FTIR) techniques are used for the
characterization of mineralogy after systematic sampling from the sites. Spec-
trally, Karai Formation samples are identified as gypsum and kaolinite, and
similar results have been obtained from other analytical techniques. Banded
iron formations are spectrally identified as hematite with characteristic absorp-
tion bands due to Fe; silica is not identifiable in the EMR range used for the
study. Varkala samples show primarily the composition of jarosite and kaolinite
with reflectance spectroscopy; but the XRD analysis detected natro-jarosite,
jarosite, kaolinite, hematite, pyrite etc. in the samples. VNIR reflectance spec-
troscopic results are compared with the spectral responses of the same minerals
from Mars. Based on the comparative mineralogical results, Homestake (Cape
York), layered hematite deposit (Meridiani Planum) and jarosite (Mawrth Val-
lis) from Mars are proposed as mineralogical analogues to gypsum deposits of
Karai Shale Formation, banded iron formations of Oidsha and jarosite deposit
of Warkalli Formation respectively. Homestake is proposed to be analyzed in
future Mars missions for palaeo-climate estimation as it may contain ancient
waters in the form of fluid-inclusions with which water-chemistry and related
palaeo-environment could be established, and for evidences of astrobiology in
the form of remnants of microbial colonies which might have preserved within

the gypsum (if life has ever existed on the planet).
Keywords:

Gypsum, banded iron formations, mineralogy, natro-jarosite, reflectance spec-

troscopy, X-ray diffraction, water-chemistry, Mars
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CHAPTER 1

Introduction and Literature Review

1.1 Introduction and research objectives

Planetary geosciences have gained significant importance in science for provid-
ing theoretical to analytical tools, and laboratory reference data to support the
geomorphologic to mineralogic results obtained from different inter-planetary
missions. The on-going development in the field enables us to provide better
understanding about the origin and evolution of planetary surfaces. Earth has
been extensively explored and successfully concluded from the view point of
geology by the end of the 20" century (Faure and Mensing, 2007). The very
next move after exploring the Earth was to look through the space around the
earth, of the Moon and Mars, where the scientists have shown their interest
earlier for human colonization etc.. This leads to development of Space Tech-
nology, which resulted into the development of orbiters present around the
potential planets and rovers moving on the surface of the planets like Mars,

today.

Mars has always been the centre of interest as far as life activity is con-
cerned elsewhere in the solar system from very ancient times, and thus being
explored extensively with several orbiters and rovers by running and future-
planned missions to answer the question related to any life-evidence on the
planet. Needless to say about the confirmation of the presence of liquid water
on the surface of Mars during the Noachian and early Hesperian time (4.5 to
3 Ga), which is the key to host life on a planetary surface (McKay and Stoker,
1989; McKay et al., 1998; Jakosky and Shock, 1998; Horneck and Baumstark-

Khan, 2002). Surface soils are interpreted to be negative for the occurrence of



any life signature, but being a hydrous planet evidences for past life activity
could be explored in the least-weathered geologic settings such as banded iron
formations (BIFs) and crystalline gypsum if present (Mazur et al., 1978; Par-
nell et al., 2004). Layered hematite deposits has already been traced on Mars’
surface using Odyssey Thermal Emission Imaging System (THEMIS), Mars
Global Surveyor Thermal Emission Spectrometer (MGS-TES), Mars Orbiter
Laser Altimeter (MOLA) and Mars Orbiter Camera (MOC) data (Christensen
et al., 2004) with the evidences to be formed in standing water. Therefore,
there are speculations for banded iron formation (BIFs) deposits on Mars’ sur-
face on regional scale, which could potentially be used for further exploration
in future missions to locate any preserved signature indicating past life as it
provides first life signature on Earth. Today, we are limited to the orbital
spectroscopic data with coarser spatial and spectral resolutions preventing us
to identify silica deposits in hematite rich regions on Mars. With this con-
straint, it will be of much use if we could provide with the data of additional
more sensitive spectroscopic techniques to check for the mineralogical varia-
tions, which will help in locating the habitable entities on Mars. Gypsum and
Fe/Mg phyllosilicates are identified on Mars’ surface extensively, and gypsum
is mainly found in Meridiani Planum (Squyres et al., 2004a), Juventae chasma
(Gendrin et al., 2005), Olympia Undae sand sea in North Polar region (Fish-
baugh et al., 2007) and Endeavour crater (Squyres et al., 2012). The proba-
ble mechanisms for the formation of gypsum and Fe/Mg phyllosilicates have
also been discussed in detail: Homestake hydrous sulphate vein in Endeavour
crater, Cape-York, Mars has been proposed to be formed by the movement
of sulphate rich fluids in the fractures of the host rock (Squyres et al., 2012);
gypsum in Olympia Undae sand sea in north polar region of Mars has been
proposed to be formed as a result of evaporation and or by direct alteration
of high Ca sand dune grains, Fe-rich pyroxene and sulphide (Fishbaugh et al.,
2007); and the sulphate salts, underlained by the material of middle to late
Noachian (Reider et al., 2004; Squyres et al., 2004a) in Meridiani Planum are

hypothesized to be formed by evaporation of fluids involved with weathering of



basalts (Tosca et al., 2005). In terrestrial scenario, gypsum is one of the most
promising candidates to preserve fluid inclusions with which water chemistry
could be determined and is also one of the potential targets to be looked for
preserved microbial activity due to its semi-transparent character which allows
the light to pass through it, and enrichment of nutrients. Jarosite, a potassium
iron hydrous sulphate is a key mineral indicating aqueous, acidic and oxidizing
conditions on Earth (Bigham and Nordstrom, 2000) and has been detected in
Eagle crater (Klingelhofer et al., 2004) and Meridiani Planum (Squyres and
Knoll, 2005) by using the Mossbauer spectrometer data aboard Mars Explo-
ration Rover (MER) Opportunity, and Mawrth Vallis by using MRO-CRISM
data (Farrand et al., 2009). Mineralogy of Mars’ surface varies greatly and is
influenced by subsurface mineralogy, temperature, pH, salinity, dissolved gases
in fluid media mainly groundwater, and environmental conditions. Few terres-
trial sites have been thoroughly investigated in terms of their mineralogy and
ancient water chemistry: these sites are Haughton impact crater hydrother-
mal vein deposits, modern iron rich environments such as Rio Tinto to older
ones such as BIFs and saline alkaline Pliocene-Pleistocene jarosite palaeolake
deposits of Olduvai Gorge, Tanzania (Hay, 1973) etc.. Morris et al. (2010)
has suggested warmer and wetter past of Mars which has direct influence on
life activity. But Fairén et al. (2010) has given compelling evidences and
argued that the temperature may not have been significantly warmer than to-
day. Hence, in order to make most of the ground truth data available, we must
look towards the terrestrial examples, mainly the mineralogy and environmen-
tal settings to develop the idea regarding the role of water in Martial crustal
evolution and life signatures (if at all the planet hosted any living organism).
This study takes a conservative approach and looks at the gypsum phyllosili-
cate association of Karai, Tiruchirapalli (Chapter 2), banded iron formations
in Odisha (Chapter 3), and jarosite deposit of Warkalli Formation in Varkala
(Chapter 4). The present study mainly focuses on geochemical and spectro-
scopic characterization of the mineral assemblages from the above-mentioned

three research sites.



The objectives of this thesis are as follows:

1. To geologically characterize three potential terrestrial analogue sites namely,
hydrous sulphate-phyllosilicate association of Tiruchirapalli, banded iron

formations of Singhbhum craton, and jarosite deposit on Varkala Cliff;

2. To determine the mineralogy of the above-mentioned sites using Electron
Probe Microanalysis (EPMA) and laboratory based X-ray diffraction
(XRD);

3. To check for the deployment of modern spectroscopic techniques (VIS/NIR,
laser Raman and Fourier transform infrared spectroscopy) and their ad-

vantages and disadvantages for mineralogy detection;

4. To analyze and classify the fluid inclusions in gypsum using Raman and

micro-thermometric techniques; and

5. To implement the acquired information to locate or interpret the similar

deposits on Mars.

1.2 Proxies selected for the present study

1.2.1 Gypsum-phyllosilicate association, Tiruchirapalli,

Karai,Tamil Nadu

Cauvery basin, also known as a peri-cratonic rift basin formed all along the
eastern continental margin of Peninsular India during the fragmentation of
Gondwana supercontinent (Jafer, 1996; Biswas et al., 1992). It contains thick
sedimentary sequence underlained by Archean granitic gneissic basement and
these exposures are limited to 5 separate areas namely, Pondicherry, Vridhacha-

lam, Ariyalur, Tanjore and Sivaganga (Banerji, 1972; Rangaraju et al., 1993).



Our area of interest lies in Ariyalur region, where mainly sedimentary rocks
are exposed. Moreover, numerous studies are available in the area by a wide
spectrum of geological research ranging from stratigraphy /biostratigraphy, se-
quence stratigraphy, palaeontology, geochemical to depositional history mod-
eling (Ramanathan, 1968; Banerji, 1970, 1972; Sastry et al., 1972; Sastri et
al., 1973; Jain, 1978; Sundaram and Rao, 1986; Ramasamy and Banerji, 1991;
Govindan et al., 1996; Madhavaraju and Ramasamy, 2001; Sundaram et al.,
2001; Nagendra et al., 2002; Madhavaraju et al., 2002, 2006, 2009; Nagendra
et al., 2011). In literature, the sedimentary rocks of Ariyalur area are classi-
fied into three distinct groups namely, Uttatur, Trichinopoly (also denoted as
Tiruchirapalli) and Ariyalur (Blanford, 1862). These groups have been fur-
ther subdivided into Formations, and for the present study Uttatur Group
is selected, which comprised of four Formations, namely Terani, Arogyapu-
ram, Dalmiapuram and Karai (Sundaram et al., 2001). Terani, Arogyapuram
and Dalmiapuram Formations were deposited during early Cretaceous, and
Karai Shale Formation was deposited in late Cretaceous, late Albian to early
Turonian period (Ramasamy and Banerji, 1991). Near Karai village, marine
gypsiferous clay and thin limestone bands are exposed in mine cuttings. The
colour of the gypsiferous clay is white to yellow and this change in colour is at-
tributed to change in the provenance. Karai Shale Formation, comprised of two
Members Odiyam sandy clay and gypsiferous clay members, is well exposed
as badland (terrains where sedimentary rocks/clay rich exposures are heavily
eroded by fluvial or eolian activity with high drainage density) in an easterly
draining catchment to the East of Karai village in Tiruchirapalli (Ramkumar
et al., 2004). Sundaram and Rao. (1986) have divided Karai Shale Forma-
tion into two Members based on a type area Odiyam and Kunnam. Odiyam
Member constitutes gypsiferous mudstone with distinctive thin inter beds of
pink shale and siltstone, and sporadic lenticular beds of coquinite and sand-
stone comprising the lower part of the Formation (Sundaram et al., 2001). In
the upper part of the Formation, gypsum is present in the form of regular to

irregular veins in ferruginous clay along with the sporadic and inter-layered



occurrences. Kunnam member constitutes inter layered mudstone, siltstone

and fine-grained sandstone with calcite and siderite cements.

In recent studies, Nagendra et al. (2011) has carried out the paleobathymetry
studies in the rock record of Ariyalur area where paleobathymetry trends have
been reconstructed for Albian to Maastrichtian resulting into identification of
four Transgressive-Regressive cycles. Additionally, correlation with global sea
level curves (Vail et al., 1977; Haq et al., 1987; Miller et al., 2005) and relative
sea level curves (Watkinson et al., 2007; Sundaram et al., 2001; Raju et al.,
1993; Govindan, 1993; Ramanathan, 1977) has been made for Cauvery basin
(Nagendra et al., 2011). He has also concluded that the maximum regressive

surfaces define the sequence boundaries in the basin.

Ramkumar et al. (2011) has examined geochemical properties of the Cau-
very Basin for testing the potential of chemostratigraphic modeling and the
need for high-resolution stratigraphic setup. Extensive work has been done
to define the presence of barren rock sequences, patchy occurrence of fossils
and occurrence of exotic blocks (older rocks in younger sequences) which have
thwarted successful stratigraphic correlation and exploration through conven-
tional methods in the basin (Ramkumar, 2008a and b; Ramkumar et al., 2004).
It has also been shown that conventional observation of geochemical profiles
gives insights into major geological events in terms of detrital influx, basin

starvation and changes in depositional pattern (Ramkumar et al., 2011).

1.2.2 Banded iron formation, Singhbhum craton, Odisha

The Singhbhum-Odisha craton forms a triangular crustal block, bounded by
Chotanagpur gneissic complex to the North, Eastern Ghat Granulite belt to
the South and the Bastar craton to the West and by recent alluvium to the Fast
(Saha and Ray, 1984; Misra, 2006). This craton consists mainly of granitoid
rocks, metasedimentary (Iron Ore Group), meta-volcanic schists and granites

(Mahalik, 1987; Saha, 1994; Mazumder, 2005; Misra, 2006; Mukhopadhyay et



al., 2006). The BIFs of north Odisha are extensively developed supracrustals
encircling the Singhbhum granite complex and various views have been pro-
posed on the evolution of these supracrustals and their relation to the granite
intrusives. Jones (1934), Dunn (1940) and Saha (1994) believed that all the
BIFs were formed as a single assemblage during the Archean, underlained
and/or intruded by the different phases of Singhbhum granites. According
to Saha (1994), the age of BIFs could be between 3.3 and 3.1 Ga. Iyengar
and Banerjee (1971), Banerji (1974, 1975) and Iyengar and Murthy (1982)
classified BIFs into two distinct age Groups; Older (Gorumahisani group) and
Younger (Noamundi group). Prasad Rao et al. (1964) and Acharya (1976,
1984) has categorized the BIFs into three distinct stratigraphic Formations,
the oldest around Pallahara and Gorumahisani, the intermediate at Daitari
and the youngest at the Joda-Koida region. The youngest one contains rich
deposits of iron and manganese ores and forms a horse-shoe shaped syncli-
nal structure (Jones, 1934). Relatively younger metasedimentary deposits of
banded iron formations of Joda and Daitari region have two types of min-
eral assemblages: first, banded hematite jasper and second, banded hematite
quartzite. These BIFs are conspicuous by the presence of alternate bands
composed predominantly of iron oxide and silica. Secondary hematite formed
after metamorphism, is generally found in the form of bladed crystals, specular
variety called specularite whereas silica is of cryptocrystalline type, admixed
with iron oxide dust and granules in jasper to mega quartz. The extensive
volcano-sedimentary sequences in the Simlipal and Keonjhar plateaus are con-
sidered equivalent to the Dhanjoris and younger to BIFs by Saha and his
associates (1994) while others (Prasad Rao et al., 1964; Iyengar and Banerjee,
1971; Banerji, 1974) found them sandwiched between BIFs. The extensive lava
flows designated as Malangtoli Lava, occur between Malangtoli and Pallahara,
and underlie the undeformed Kolhan sequence of the area (Saha, 1994). The
age of volcanics and the volcano-sedimentary sequences in the North Odisha
craton is early Proterozoic (Saha, 1994). The age of the sequence volcanic-BIF-

ultramafic in Singhbhum craton is estimated to be 3.51 Ga (Mukhopadhyay



et al., 2008).

1.2.3 Jarosite deposit, Varkala, Kerala

Jarosite deposit, Warkalli Formation, Kerala belongs to the coastal cliff edging
the Arabian Sea near Varkala, which is situated about 55 km north-west of
Thiruvananthapuram - the capital of Kerala state, India. These coastal cliffs
are the type area for the Warkalli Formation of Mio-Pliocene resting uncon-
formably over the Precambrian crystallines of Kerala Khondalite Belt (KKB).
Coastal cliffs of Varkala are mainly comprised of arkosic sand, kaolinitic sandy
clay, carbonaceous clay and peat with plant remains (Desikachar, 1976). The
whole Cenozoic sediments of Kerala was divided into four units from the oldest:
Unit I comprises pebbly sands and sandy clays with black clay and lignite; Unit
IT comprises limestone with sand and clay; Unit III comprises arkosic sandy
clay with lignite and IITA comprises laterite, ferruginous sandstone and clay;
and Unit IV comprises beach sand and alluvial clay (Nair and Rao, 1980).
Jarosite shows the grainy occurrence onto the clayey base with basic replace-
ment texture. Jarosite also occurs in carbonaceous clay layer as encrustations
due to diagenetic replacement process and depicts a typical efflorescence tex-
ture. Jarosite in this part was first reported and identified as a natrojarosite
(Tassel, 1965). This mineral is periodically washed away by waves during high
tide and hence cannot be seen throughout the year. Carbonaceous clay which
hosts jarosite is black organic-rich clay bed consisting of variable amounts of

silt and poorly-sorted sands, and is partly iron oxide-coated.



1.3 Assessment of sulphate-sheet silicates min-

erals

1.3.1 Gypsum and associated phyllosilicate minerals

Gypsum is a crystalline white translucent, moderately water-soluble (~2.0 —
2.5 g/l at 25°C) (Bock, 1961) mineral of chemical composition calcium sul-
phate dihydrate (CaSO,4.2H,0). Mainly it occurs in evaporitic geological set-
ting (Sinha and Raymahashay, 2004; Vysotskiy et al., 2004) but its occurrence
in hydrothermal setting (Martinez-Frias et al., 2004) is also well established.
Because of its softness (1.5-2 on the Mohs’ scale), gypsum is easily suscepti-
ble to physical weathering. It is the hydration product of anhydrite and has
optimum properties to be used as a habitat by other microorganisms as it pro-
vides shelter, light-penetration capacity, nutrients, moisture, etc. It commonly
precipitates in evaporitic conditions generally in arid regions (Garcia-Ruiz et
al., 2007). Eh-pH phase diagram of the Fe-S-Ca-Na-HCO3-H50 system at 298
°K as given by Elwood Madden et al. (2004) is shown to look for the stabil-
ity field of gypsum (Fig . Karai Shale Formation, Tiruchirapalli contains
gypsum as one of the hydrated sulphate in the form of veins along with the
phyllosilicate rich ground mass mainly containing kaolinite, montmorillonite
and illite. These minerals are well identified by reflectance spectroscopy, but
the variation in phyllosilicate compositions is cleared by XRD results. Gypsum
is precipitated in the fractures developed in phyllosilicate rich groundmass in

the area.

Gypsum is detected on Mars within the Amazonian-aged North Polar
Olympia Undae sand sea by the Observatoire pour le Mineralogie, I’'Eau, les
Glaces et I’Activité (OMEGA) on Mars Express (Langevin et al., 2005a and b).
Apart from north polar deposit of gypsum, OMEGA team has also identified
gypsum in the layered deposit of Juventae chasma (Gendrin et al., 2005). The



MER Opportunity rover has detected concretions of sulphate salts at Meridi-
ani Planum, which are overlying middle to late Noachian material (Reider et
al., 2004; Squyres et al., 2004a and b) and they are proposed to be formed by
evaporation of fluids involved with weathering of basalts (Tosca and McLen-
nan, 2006). The MER Opportunity rover has also detected sulphates within
the Hesperian-aged Columbia Hills outcrops, at concentrations of up to 40 wt%
(Ming et al., 2006). In orbital reflectance spectroscopy, gypsum is a mineral
which could be identified with at least three H-O-H bending fundamentals
in the 6 pum region (Cloutis et al., 2006), due to asymmetry in the HyO site,
and different bond length in H-O-H. (Hunt et al., 1971). A triplet combina-
tion and overtone between 1.4 and 1.6 pm is also characteristic of gypsum in
0.35-2.5 pm region (Cloutis et al., 2006). Gypsum is potential target for the
preservation of ancient waters in the form of fluid inclusions in crystals defects
or the cleavage planes to construct the palaco-water chemistry. In addition,
gypsum is also of interest in the search for evidence of life as it is capable of
permineralizing microfossils (Schopf et al., 2012). Observations from OMEGA
imaging spectrometer on board Mars Express spacecraft has proved diverse
phyllosilicates and other aqueous alteration products (Poulet et al., 2005).
These minerals are associated with the Noachian outcrops related to early ac-
tive hydrological system and their formation is suggested in an early Noachian
Mars climatic episode, which was followed by a more acidic environment re-
sponsible for the formation of sulphates on Mars (Poulet et al., 2005). Fe/Mg
phyllosilicates are common in Mawrth Vallis (Bishop et al., 2008). In Mawrth
Vallis, phyllosilicates belongs to smectite family and the minerals identified are
montmorillonite (Al-OH smectites) and nontronite (Fe-OH smectites) (Poulet

et al., 2005).
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Figure 1.1: Eh-pH phase diagram of the Fe-S-Ca-Na-HCO3-H,0 system at 298
°K (modified after Elwood Madden et al., 2004)

1.3.2 Jarosite and associated phyllosilicate minerals

Jarosite group of minerals with the general chemical formula [AB3(SO4)2(OH)g,
where A represents KT and B represents Fe™ for typical jarosite|, are the
key minerals indicating aqueous, acidic and oxidizing conditions on Earth
(Bigham and Nordstrom, 2000). Jarosite is known to occur mainly in acid mine
drainage. Alunite group has three main minerals jarosite (KFe3*3(SO,)2(OH)g),
natrojarosite (NaFe** 3(SO,)2(OH)g) and hydronium jarosite ((H3O)Fe?* 3(SO4)2(OH)g)
which could be distinguished by XRD analysis. All three minerals show ex-
tensive solid solution (Brophy and Sheridan, 1965; Basciano and Peterson,
2007). Jarosite and natrjarosite has been detected in the jarosite deposit of
Kerala. Other minerals at jarosite deposit of Kerala include pyrite, quartz,
feldspars, smectite and kaolinite. Jarosite require acidic environment for its
formation which could be either generated in volcanic setting in the form of hot
springs or caldera lakes with dissolved and oxidized gases including H,S and
SOy (Varekamp et al., 2000; Zolotov and Shock, 2005) or where iron-sulphide

minerals are oxidized. The mineral also tells about the groundwater condi-
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tions as it could be generated if groundwater circulate through Fe-sulphides at

deeper level, and ejects out at the surface.

Jarosite is thermodynamically stable under the ranges of temperatures and
pressures currently present on Mars (Navrotsky et al., 2005; Cloutis et al.,
2008). Therefore, it might have preserved the palaeo-environment and any bi-
ological indicator in the form of chemistry or texture. Jarosite is reported from
Meridiani Planum and Mawrth Vallis on Mars and has many strong absorption
features to be identified from orbital spectroscopy. The absorptions at 2.26 and
2.46 pm, which are due to combinations of the overtones of OH stretching, ad-
sorbed H»O stretching and O-S-O bending fundamentals (Cloutis et al., 2006),
are characteristic of mineral. Due to thermodynamic stability of jarosite on
Mars, it does not show any change in absorption features (Navrotsky et al.,
2005), which is generally shown by other minerals in the form of shifts by
orbital spectroscopy adding to martian atmospheric conditions (Cloutis et al.,
2008). Hence, laboratory spectra obtained with similar spectral and spatial
resolutions can be directly compared with the reflectance spectra generated

from the datasets such as CRISM.

1.4 Assessment of the oxide minerals

1.4.1 Hematite deposits in association with silica

Hematite iron(III) oxide (FeaO3) crystallizes in trigonal system and have the
same crystal structure as ilmenite and corundum (Dunlop and Ozdemir, 2001;
Anthony et al., 2011). Hematite and ilmenite form a complete solid solution
at temperature above 950°C' (Anthony et al., 2011). Hematite is found mainly
as an alteration product in igneous, sedimentary and metamorphic rocks and
most important hematite deposits are formed in sedimentary environments.

Hematite is part of a complex solid solution oxyhydroxide system having wa-

12



ter, hydroxyl groups and vacancy substitutions that affects its magnetic and
chemical properties (Dang et al., 1998). On Earth, huge deposits of hematite
occur within the banded iron formations which are suggested to be precipitated
from a column of stagnant water in the geological past. Goethite (FeO(OH)) is
an iron bearing hydroxide mineral of diaspore group, crystallizes in orthorhom-
bic system and mainly forms by the weathering/alteration of other iron rich
minerals (Klein et al., 1993). Both of these minerals are widely identified in

BIFs of Odisha and they are also reported from Mars in quite abundance.

Christensen et al. (2000) reported the presence of hematite-rich deposit on
the surface in Meridiani Planum by using the data from the Thermal Emis-
sion Spectrometer (TES) boarded on the Mars Global Surveyor spacecraft.
Deposits of crystalline gray hematite have been identified in thermal infrared
mapping by Mars Global Surveyor-Thermal Emission Spectrometer (MGS-
TES) on Mars; exposures at Martian surface are in Sinus Meridiani, Aram
Chaos and some other locations throughout Valles Marineris (Christensen et
al., 2001a). The mechanism of hematite formation is important as it may re-
quire involvement of water into the system making it a suitable candidate for
the preservation of any evidence of past life on Mars (Newsom et al., 2003).
Remains of microbes may have been preserved if life existed during or sub-
sequent to hematite formation in aqueous or hydrothermal environments in
Meridiani Planum (Newsom et al., 2003). Terrestrial evidences are available
within banded iron formation deposits in the ~2.0 Ga Gunflint iron forma-
tion where preservation of microbial communities has been documented within
hematite (Barghoorn and Tyler, 1965; Tazaki et al., 1992; Allen et al., 2001)
and these studies have reported coccoidal, filamentous, sheath-like bacterial

remains and fossil extracellular polymeric substances (EPS).

Opaline silica deposits are found in association with volcanic materials
on Mars as detected by Spirit rover.In some regions on Mars, the silica de-
posits are interpreted as coating on rocks (Kraft et al., 2003; Michalski et al.,

2005) whereas results from Opportunity have shown that opaline silica could be
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present within sulphate rich sedimentary rocks of Meridiani Planum (Glotch
et al., 2006a). Silica deposits are indicative of hydrous activity in terrestrial
scenario. Usually, opaline silica results as a consequence of high solubility of
silica in aqueous systems under warm and alkaline conditions on Earth (Dove
et al., 1994). High-purity opaline silica deposits on Mars, produced by hy-
drothermal processes could have led to locally habitable environments and are
proposed to be a strong candidate for examination by future landed missions

and one of the returned samples from Mars (Squyres et al., 2008).

1.5 Based on the selected proxies, earlier pro-

posed analogue sites on Earth to Mars

1.5.1 Impact-generated hydrothermal sulphate deposits,

Haughton impact structure, Canada

Impact craters, especially associated with hydrothermal systems are always of
great importance in planetary exploration as they are the sites where primi-
tive life could evolve (Farmer and Des Marais, 1999; Farmer, 2000; Newsom et
al., 2001). Haughton impact crater of Miocene age, located in Devon Island,
Canadian High Arctic, not only bears the evidences of former thermophilic
life (Farmer & Des Marais, 1999) but also colonized cyanobacteria (Parnell
et al., 2004). Sulphide, sulphate and carbonate mineralization is identified in
the crater, formed through impact-induced hydrothermal activity (Osinski et
al., 2001). Crystals of clearly grown gypsum in the form of selenite occurs in
the veins and cavity fillings within the crater’s impact melt breccia deposits
(Osinski and Spray, 2003). Selenite is considered as a part of the hydrother-
mal assemblage because it is generated as a result of cooling of circulating hot

waters formed during the impact (Parnell et al., 2004). Impact related selenite
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at Haughton is having colonization of cyanobacteria and visible even to the
naked eye (Cockell et al., 2002, 2003; Parnell et al., 2004). The selenite crystals
are compact with local frayed margins and of high purity and transparency;
microscopically the selenite contains rock detritus, newly precipitated gypsum,
other authigenic (new) mineral growths and microbial colonies (Parnell et al.,
2004). Cyanobacteria which have penetrated 5 cm within the crystal from the
margin, mainly belongs to the species Gloeocapsa alpine and Nostoc commune
along with some filamentous components resembling Scytonema (Parnell et
al., 2004). Although, monophase fluid inclusions present within the gypsum
are the possible sites from where the microbial colonies might have evolved
but they do not contain microbes (Parnell et al., 2004). Haughton gypsum has
also got the advantage of being covered with snow for most of the months in
the year making microbes dormant for the period (Parnell et al., 2004). Abun-
dant fluid inclusions in the Haughton gypsum represent a preserved record of
the water from which the gypsum precipitated (Parnell et al., 2004). In an
analogous occurrence on Mars, this ancient water could be extracted and used
to determine palaco-water chemistry (Parnell et al., 2004). The authigenic
gypsum shows a close relationship with cyanobacteria and evidences suggest
that cavities have developed around the colonies (Parnell et al., 2004). The
colonies had made access to more nutrients by modifying the mineral host to
get more space in a protected environment and by accreting moisture (Parnell
et al., 2004). Minor authigenic calcite is also found associated with cleav-
age planes within the gypsum crystal which denotes that the incorporation of
other components by moisture, helping to flourish the microbes (Parnell et al.,
2004). It is also discussed that gypsum cannot supply a whole range of nutri-
ents; the melt breccia host could have been the good source of ions to be used
as food as it is altered and fine grained (Parnell et al., 2004). For instance,
the cyanobacterial colonization of the quartzose Beacon Sandstone in Antarc-
tica (Friedmann, 1982) is supplied with the nutrients from blown particles of
volcanic rocks elsewhere in the region (Weed and Ackert, 1986; Nienow and

Friedmann, 1993). Transparency of Haughton selenite crystal makes it a good
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habitat for photosynthesis as visible light could penetrate to a depth of at least
15 cm in them (Hughes and Lawley, 2003; Parnell et al., 2004).

Elsewhere in the solar system, Mars (Cooper and Mustard, 2002) and Eu-
ropa (Kargel et al., 2000; Carlson et al., 2002) are identified with major sul-
phate salt deposits on the surface whereas Earth is known for major surficial
carbonate in the form of calcite surface precipitates (Riding, 2000). Pho-
tosynthesis is the optimum mechanism for harvesting the energy from stars
by primitive life (Wald, 1974), therefore crystalline sulphates which support
photosynthetic activity and preserve the evidences of microbial activity make
themselves significant habitats to look for astrobiology (Rothschild, 1990; Cid
and Casanova, 2001; Wentworth et al., 2002). Inferences have been made
regarding the ancient biological signatures on the planets within the well crys-
tallized gypsum if found (Parnell et al., 2004) and the sulphate-cemented beds
make a comparison with the sulphate-bearing sandy beds encountered by Op-

portunity on Mars Exploration Rover (Moore, 2004).

1.5.2 Palaeo-lacustrine jarosite deposit, Olduvai Gorge,

Tanzania

The sedimentary succession of Olduvai Gorge, deposited in a shallow, saline-
alkaline palaeo-lake has much of its sediments like volcanic ash supplied from
adjacent Ngorongoro Volcanic Highlands (Hay, 1976; McHenry, 2005, 2011).
Trachytic, trachyandesitic, and phonolitic tephra deposited or preserved in
the lake has got altered into the secondary minerals such as zeolites, jarosite
and Fe/Mg smectites (McHenry, 2010). The mineral assemblage at Olduvai
includes mainly zeolites (phillipsite-closed basin environments only when the
pH reaches 9-10), authigenic K-feldspar and Fe/Mg smectite indicating saline-
alkaline diagenetic conditions (Langella et al., 2001; McHenry, 2010). Jarosite

is one of the secondary mineral found in altered tephra at some sites in the
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saline-alkaline Pliocene-Pleistocene paleolake deposits of Olduvai Gorge, Tan-
zania (Hay, 1973). Presence of jarosite in a sedimentary system is an indica-
tion of aqueous, acidic, and oxidizing environment at the time of its formation
(Stoffregen et al., 2000; Elwood Madden et al., 2004; Papike et al., 2006).
Jarosite in association with alkaline Fe/Mg smectites is unexpected and the
site represents the same association, for which the formation mechanism has
been proposed through the interaction of modern ground and or meteoric water
with oxidized palaeo-lacustrine pyrite generating local and temporary acidic
conditions (Baldridge et al., 2009; McHenry et al., 2011). A comparative
and comprehensive account of the results of the samples collected from the
site using chemical analyses techniques: X-ray Diffraction (XRD), Mossbauer
spectroscopy, Fourier Transform Infrared (FTIR), Electron Probe Microanal-
ysis (EPMA), X-ray Fluorescence (XRF), and Scanning Electron Microscopy
(SEM) is presented by McHenry et al. (2011). Occurrence of jarosite in associ-
ation with Mg/Fe smectites is reported in Martian paleolakes such as Columbus
crater, a potential paleolake in Terra Sirenum (Wray et al., 2009) and Mawrth
Vallis (Farrand et al., 2009). There has always been discussion about the oc-
currence and preservation of abundant jarosite in relation to the past geological
activities on Mars, as conditions must remain acidic or water-limited over time
for its preservation which doesn’t seem possible in an environment dominated
by basaltic weathering, as this leads to alkaline conditions by neutralizing acid-
ity (McHenry et al., 2011). Therefore, jarosite on Mars has been suggested a
more recent phenomenon probably Amazonian (would not had withstand the
pre-Amazonian environmental changes if formed in Noachian/Hesperian time)
as it is sensitive to changes in pH, temperature, oxidation conditions, and
water-availability (Fairén et al., 2009). Jarosite along with Fe/Mg smectite
deposit at Olduvai Gorge formed in alkaline to neutral conditions could be
considered positively to propose complex diagenetic histories for the Martian
deposits with mixed Mg/Fe phyllosilicate and jarosite or other Mg, Fe sul-
phates in the regions like paleolake deposit at Columbus crater/Terra Sirenum

(Wray et al., 2009) or Terra Meridiani (Poulet et al., 2008).
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1.5.3 Rio-Tinto Mars analogue site

The Rio Tinto basin in southwestern Spain is proposed as analog to the
Meridiani rocks because both the sites possess similar mineralogy and the
processes involved in the mineral genesis with different physicochemical condi-
tions (Fernandez-Remolar et al., 2005). Rio Tinto has the deposits of modern,
Holocene to Plio-Pleistocene time, which gives the opportunity to be compared
with Meridiani rocks where depositional and diagenetic processes has to be in-
ferred from ancient sedimentary rocks (Fernandez-Remolar et al., 2005). Rio
Tinto has the mineral assemblage of hematite, jarosite and goethite with com-
parable mineralogy from Meridiani Planum jarosite, hematite, and an uniden-
tified iron-bearing phase (Klingelhofer et al., 2004). Regionally distributed
hematite in Meridiani Planum inferred to have formed under aqueous condi-
tions on the early Martian surface (Christensen et al., 2000, 2001a and b) and
the findings of Opportunity suggested its formation through chemical weather-
ing of precursors basaltic rocks within sulphate rich sediments and deposited
as dunes and playa-like beds in interdune depressions (Rieder et al., 2004;
Squyres et al., 2004a; McLennan et al., 2005). Outcrops of Meridiani Planum
contains hematite and ferric sulphates suggesting diagenesis under strong wa-
ter limited conditions (Elwood Madden et al., 2004; Tosca et al., 2005) unlike
Rio Tinto.

From the biological perspective, Rio Tinto waters support diverse biota of
prokaryotic and eukaryotic microorganisms, despite having low pH and high
metal concentration (Lopez-Archilla et al., 2001; Amaral Zettler et al., 2002;
Sabater et al., 2003; Gonzalez-Toril et al., 2003). Bio-signatures preserved in
the sedimentary rocks, mainly in iron-oxide precipitates of Rio-Tinto include
macroscopic textures of coated microbial streamers, surface blisters formed
by biogenic gas, and microfossils preserved as casts and moulds in iron oxides
(Gerdes et al., 2000). In conclusion, it has been suggested that the outcrops on
Mars with similar chemical composition carry a similar potential to preserve a

record of life (if it existed) and environment (Fernandez-Remolar et al., 2005).
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1.5.4 Kansas Mars analogue site

Nippewalla Group of Permian age is dominated by mud sand-flats and eo-
lian deposits with ephemeral lake evaporites including bedded halite, occur
throughout (Holdoway, 1978; Benison and Goldstein, 2001) in the Permian of
the North American midcontinent (Zambito and Benison, 2013). Nippewalla
halite in the Amoco Rebecca K. Bounds (RKB) core from Greeley County,
Kansas (Zambito et al., 2012) located near the Permian equator (Ziegler,
1990) is studied in detail and homogenization temperatures of fluid inclusions
has been collected (Zambito and Benison, 2013). Homogenization temper-
ature patterns through the Nippewalla Group suggest palaeoclimate trends
and records extreme palaeoweather conditions in regional to local scales. In
southwestern Kansas, these rocks are composed of bedded halite, bedded gyp-
sum/anhydrite, and red shales and sandstones (Benison and Goldstein, 2001).
However, due to higher solubility of halite, the surface is left with the out-
crops composed only of bedded gypsum/anhydrite, red shales, and red sand-
stones (Benison, 1997). Many gypsum/anhydrite beds contain rounded, fine-
to medium-sized sand grains, which likely originated as lake-grown gypsum
crystals and were later reworked locally during desiccation, wind, and flood-
ing events (Benison, 2006). Benison et al. (1998) have shown that the halite
is precipitated from acid lake waters of unaltered primary fluid inclusions in
halite in Nippewalla Group, by analyzing through laser Raman microprobe.
The fluid inclusions are sulphate rich and some are highly acidic with pH range
from 0 to 1 (Benison, 1997; Benison et al., 1998). Nippewalla Group outcrops
shows that shallow ephemeral saline acid lakes surrounded by mud flats, sand
flats, and sand dunes, existed in Kansas ca. 270 Ma (Benison and Goldstein,
2001). The excellent field exposures of the Nippewalla Group allow it to be

compared with greater ease to the lithified Martian outcrops.

The Opportunity rover provided the first documentation of chemistry of
surface waters on Mars (Bell et al., 2004; Christensen et al., 2004; Herkenhoff et
al., 2004; Klingelhofer et al., 2004; Rieder et al., 2004; Squyres et al., 2004a and
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b). Mars Exploration Rovers (MER) has provided data related to the aqueous
activity (groundwater and ephemeral shallow surface waters) on Mars in the
form of images of sedimentary structures like bedding, cross-bedding, ripple
marks, mud cracks etc., diagenetic features like displacive evaporate crystal
molds, hematite concretions in the Burns Formation at Meridiani Planum
(Grotzinger et al., 2005; Herkenhoff et al., 2004; Kargel, 2004; Squyres et al.,
2004b). Mineralogy of Meridiani Planum includes fine-grained siliciclastics,
sulphate minerals, hematite, and some jarosite (Clark et al., 2005; Squyres
et al., 2004a and b). Similar mineralogical assemblage is the criteria for the
recognition of acid deposition in terrestrial scenario (Benison and Goldstein,

2002).

The comparison suggested between Martian strata especially Meridiani
Planum and Nippewalla Group (Benison, 2006) is (1) both are capped by
relatively thick strata with overlying thinner slope-forming beds, (2) miner-
alogically, both contain fine-grained siliciclastic and /or sulphate mineral grains
coated by pervasive hematite, (3) dominant sedimentary structure is bedding,
(4) mud cracks overlying current ripple marks indicating shallow surface wa-
ters, and (5) diagenetic features are preserved in the form of pervasive hematite
coatings and cement, hematite concretions, and evidence of displacive sulphate
crystals. Presence of crystal shaped vugs and their random orientation in Mar-
tian outcrops as well as Nippewalla Group suggest that saline groundwater once
existed on Mars (Squyres et al., 2004b). Other significant similarity between
the Nippewalla and Martian outcrops by Benison (2006) is the presence of
Cl~ (Clark et al., 2005), and the lack of carbonate minerals. The difference
between Nippewalla and Martian outcrops as shown by Benison (2006), is the
composition of siliciclastic sediments which contain primarily quartz in Nippe-
walla whereas in Martian outcrops the composition may have been basaltic

grains (Reider et al., 2004).
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1.5.5 Banded iron formation Coppin Gap Green-stone

Belt, Pilbara Craton

Banded iron formations (BIFs) are fine grained layered sedimentary rocks hav-
ing alternate layers of iron-rich and silica-rich bands of varying thickness 10-
100 pm, mostly of Archean and Proterozoic age. BIFs from the Coppin Gap
Green-stone Belt, Pilbara Craton which belongs to Panorama Formation of
Warra-woona Group in Australia is a fine grained, red and white laminated
chert with the laminae thickness in the range of 0.5 to 2 cm (Bost et al.,
2013). The weathered surface is composed of fine-grained goethite, hematite
and other undefined nanometric iron oxides and the white layers consist of mi-
crocrystalline quartz (Bost et al., 2013). The sedimentary structures are found
in the form of soft sediment deformation structures, stylolites, ghost-structure,
Fe-stained fractures and fractured layering (Bost et al., 2013). It is evident
from the literature that BIFs are formed in aqueous basin setting through the
oxidation of reduced Fe introduced into the seawater mostly by hydrothermal
fluids. The exact origin of BIFs, the mechanism involved in the oxidation of
Fe (microbial?) and layering (seasonal/microbial?) even in terrestrial condi-
tions is highly debatable (Posth et al., 2010). Presence of BIFs on Mars is
not yet established, but their eventual presence can be hypothesized based on
high Fe-content in Martian rocks (15-18 wt%) (McSween et al., 2009) and the
detection of hydrothermal silica- rich deposits on Mars (Squyres et al., 2008;
Ruff et al., 2011).

1.5.6 Potential bio-signatures in iron-rich extreme envi-

ronments

Iron has played a major role in the biosphere. Rio Tinto ecosystem along

with other iron-rich acidic environments is suggested to be the relics of an an-
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cient iron world (Archean) (Amils et al., 2004, 2007) with the hypothesis that
similar processes might have operated on other planetary systems like Mars
(Fernandez-Remolar et al., 2004). Biomass of Tinto ecosystem is mostly lo-
cated on the river-bed, the surface of the rock forming dense biofilms, composed
mainly of filamentous algae, fungi and minor heterotrophic protists (Amils et
al., 2007). The mineralogy established by MER mission in Meridiani Planum
includes sulphates and iron oxides, which is comparable with the geomicrobi-
ology existing at Rio-Tinto (Fernandez-Remolar et al., 2005). The iron forma-
tions in the Rio-Tinto correspond to a natural environment, not an industrially
contaminated environment (Van Geen et al., 1997; Davis et al., 2000; Elbaz-
Poulichet et al., 2001). Although, the actual conditions in which the Tinto
ecosystem operates are different from the ones prevailed in the Archean, but
the properties of isolated microorganisms allow the extrapolation in the an-
cient systems. Table represents a comparative account of the characteristic
properties of Rio-Tinto sediments/subsurface and Meridiani Planum, Mars as

suggested by Orgel et al. (2014).

Iron rich terrestrial Mars analogue sites like Rio Tinto and endolithic
cyanobacterial colonization of Beacon sandstone in Mars Oasis, Antarctica will
definitely provide insights into the iron-rich surface and subsurface of Mars.
The major feature in endolithic cyanobacterial colonization in Oasis, Antarc-
tica is the depletion of iron from the colonization zone (Varnali and Edwards,
2013). Varnali and Edwards (2013) has shown that the Raman spectroscopic
differentiation between the parent scytonemin and a possible iron scytonemin
complex, that could be formed by cyanobacterial colonization in iron-rich ge-
ological environments, must be focused upon the spectral wavenumber region
1400-1800 cm™!, wherein several of the major differences appear for discrimi-

natory purposes.
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Table 1.1: Comparison between salient properties of Meridiani Planum, Mars,

and Rio Tinto (Orgel et al., 2014).

Charateristic of

Meridiani Properties Rio Tinto Ref .

Planum, Mars studied Mining Area on crerences
Earth

Arid, acidic, Environmental Arid, acidic,

oxidizing conditions oxidizing annual .
rainfall: 100 mm, S()I})e; rfﬁn?fs i}t”

Low, (Temperature, 10-40°C, al 2’007

Present(?), Methane, Present, "

Low (0.09%) Oxygen) 21%

Iron-oxides and Iron oxides and

hydroxides, Mg oxy-hydroxides, Fernandez

and Ca sulphates
(e.g. jarosite,

complex Mg and
Ca sulphates

Remolar et al.,
2005; Squyres

copiapite, . N (e.g. jarosite, ot al. 2006:
schwertmannite,  Surface composition  pyrite, Amilé ot a17
rozenite, copiapite, . 2007: "
gypsum, scwertmannite, .
hematite, halotrichite, 200}667\/ rier et al.,
goethite, goethite,
szomolnokite) hematite)
Fernandez-
Groundwater Remolar et al.,
Groundwater Water interaction Rainfall ’ 2005;
Chevrier et al.,
2007
Squyres et al.,
? Biological interaction 2006; Amils et
al., 2007
Dominant grain
size is finer than
0.3-0.8 mm, Surface erain size Few 100 pym-few  Grotzinger
coarsest particles & mm (dominant) et al., 2005
are larger than
1 mm
Hypotheses
(A) Alteration of Alteration of
sulphide rich sulphide rich
rocks or basaltic rocks in the
ashes in situ in presence of
. Fernandez-
the presence of water and with Remolar et al
SO2 (acid fog or the 92005 K
acidic correspondence Che\;rier ot al
groundwater). Origin of minerals of 9007 Fairén N
(B) Leaching, microbiological N 1’ 9009:
transport and activity. Some K/[ait.i’nez F;ias
subsequent jarosite may also et al., 2004

deposition in a
shallow lake or
sea followed by
evaporation
processes

be related to
primary
hydrothermal
activity
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1.5.7 Hydrothermal chert veins

Stratified silicified sediments of the Buck reef Chert (3.24 Ga), Kromberg For-
mation of the Onverwacht Group, Barberton Greenstone Belt, South Africa
have been infiltrated parallel to the sediment layering by a hydrothermal chert
vein (Bost et al., 2013). The infiltration occurred possibly during diagenetic
or post diagenetic lithification of the sediments by silicification (Hofmann and
Bolhar, 2007). The original sedimentary layering and sedimentary textures
are well preserved along with intrusive layers of bedding parallel hydrothermal
chert. These hydrothermal chert veins consist of microcrystalline quartz and
rare carbon-containing inclusions (Bost et al., 2013). The host rock consists
of layers of volcanic clasts having a horizon of long slivers of silicified, finely
laminated carbonaceous clasts and these may represent fragments of silicified
microbial mats (Bost et al., 2013; Tice and Lowe, 2004; Tice, 2009). The
whole sediment was lithified prior to intrusion of the hydrothermal vein (Bost
et al., 2013). These hydrothermal chert veins are considered as an analogue of

a hydrothermal silica veins on Mars (Bost et al., 2013).

1.6 Preservation of fluid inclusions in diverse sur-
face precipitates and their potentiality for

the search of life

Search for life on Mars has always been a topic of intensive research. It has
been geared by the continuing debate about the putative evidence for life in
meteorite ALH84001 (McKay et al., 1996; Gibson et al., 1999). The evidences
are supposed to be preserved in the form of physical remains of microfos-
sils (Westall, 1999) and organic molecules (Cabane et al., 2001), which could

be detected by biogenic response to non-destructive techniques such as Ra-
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man spectroscopy (Wynn-Williams & Edwards, 2000) or secondary ion mass
spectrometry (Brinckerhoff and Cornish, 2000). With this background, the
precipitates at or just near the surface must be seen for any such record where
conditions would have been suitable for life in the past. Parnell and Baron.
(2004) has shown that the deposits like duricrusts, biogenic lacustrine precipi-
tates, hydrothermal and chemosynthetic precipitates, speleothems, travertines
and evaporites contain water in the form of fluid inclusions in terrestrial envi-
ronments and the water survives within samples in the geological record. Sul-
phates are identified on Mars by various means such as Martian albedo data
(Cabrol and Grin, 2001), meteorites of Martian origin (Bridges and Grady,
2000), ponding of water and palaeo-lacustrine environments as suggested by
morphological evidences (Forsythe and Zimbelman, 1995) and direct obser-
vations at the Opportunity Mars Exploration Rover landing site. Rothschild
(1990) has suggested the evaporitic deposits like halite, gypsum and epsomite
of subaqueous/desiccating environment as targets to be looked for the explo-
ration for life on Mars. Similarly, stromatolites (Westall et al., 2000), travertine
(Wynn-Williams et al., 2001), sinters (Farmer, 2000), chemosynthetic crusts
(Barbieri et al., 2001), speleothem crusts (Boston et al., 2001) and evapo-
rative/algal duricrusts (Knauth, 2001), mainly in carbonate/silica host and
aqueous, subaqueous or subaerial environments, are explored for life activity
on Earth and hence has the implication to Mars after locating the proxies.
The fluid inclusions trapped within surface precipitates like gypcrete, calcrete
and silcrete from diverse surface environments bear the characteristics like
consistent presence of low temperature inclusions and good preservation thus
containing record of the precipitating environment, microbes/biomolecules etc.

(Parnell and Baron, 2004).
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1.7 The search for evidence of life on Mars

1.7.1 Water

Water is the key ingredient to be looked for while searching for the life evidences
in extra-terrestrial conditions with reference to Earth. It is also important to
note that presence of water doesn’t imply presence of life in extra-terrestrial
scenario. Today, water is not a stable entity on Mars’ surface, but its pres-
ence in Martian past has been speculated by many scientists. Martian sur-
face is extensively explored through recent missions to locate the deposited
hydrous mineralogy on the surface and its relation to water activity in sur-
face to subsurface settings. All landing sites for various Mars rover missions
are planned in the areas with the evidences of pronounced water activity like
Meridiani Planum-sulphate deposit involving rock water interaction (Squyres
et al., 2004a) and Gusev crater, supposed to be occupied by a lake (Grin and
Cabrol, 1997). Identification of water vapour, ice clouds, ice within the sub-
surface at high latitudes and ice on the surface in the polar regions has been
done with the help of spacecrafts and Earth-based telescopic measurements
on Mars. Although the conditions on early Mars are not well understood but
two views have been proposed: first being the cold and dry (Carr and Head,
2003; Christensen et al., 2008; Johnson et al., 2008; Ehlmann et al., 2011),
and second being the warmer (Pollack et al., 1987; Chevrier et al., 2007).
Recent studies have shown the possibilities of the Mars’ surface temperature
near freezing point of water (Johnson et al., 2008; Fairén, et al., 2010) and
only short-lived, locally isolated flows of surface water which would have re-
sulted into the deposition/formation of phyllosilicates, hydrous sulphates, and
carbonates (Christensen et al., 2008; Ehlmann et al., 2011). Spectroscopic ob-
servations made using the datasets of different missions such as Mars Recon-
naissance Orbiter and Mars Odyssey indicate rich hydrous mineralogy at the
surface of the Mars, being hydrous sulphates, phyllosilicates and carbonates

the main mineral groups which results from rock-water interactions (Squyres
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et al, 2004b; Bibring et al., 2006). Young flow channels photographed by Mars
Global Surveyor which are less than 1 Ma old (Malin and Edgett., 2000) are
consistent with the flow of liquid water and they could only result out of catas-
trophic activity like the bursting of ice mass (Malin and Edgett, 2000). There
are many mineralogical to geomorphological evidences such as large flood fea-
tures, valley networks etc.. present on Martian surface which indicate the
water activity on local to regional scale. In addition, extensive reservoirs of
ground ice in circumpolar latitudes are hypothesized at a depth of 1 m (Boyn-
ton et al., 2002; Mitrofanov et al., 2003), and are confirmed by Phoenix lander
mission (Smith et al., 2009) and ice excavating impact craters (Byrne et al.,
2009). Subsurface water on the planet has always been a matter of discussion
considering its instability in surficial conditions. The atmosphere composition
suggest water at 10-15 m below the surface whereas surficial features such as
flood related landforms suggest much larger figure of around 500 m calculated

based on the water loss rate due to its instability on Mars’ surface(Carr, 1983,

1987).

1.7.2 Methane

In spite of the formation of methane with hot water to rock interaction i.e.
geological, major methane concentration is of biological origin that comes
through living organisms’ metabolism on Earth. ‘Methane on Mars’ has al-
ways been a hot topic of debate as it leads us to confirmation of the evidence
of life on a planet. First mistaken report of methane on Mars was announced
in 1969 by the Mariner 7 Infrared Spectrometer (IRS) team, by the detec-
tion of strong absorption band centered at 3.3 um and weaker absorption at
3.0 um from the Southern Polar cap on Mars (Sullivan, 1969). Later these
mentioned absorption bands were attributed to COq ice. With the progres-
sive research on Mars, methane has been first detected in its atmosphere by

the European Space Agency’s Mars Express spacecraft in 2004 (Formisano
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et al., 2004), and later NASA’s Curiosity rover at its landing site in 2014.
It’s concentration varies from 10 ppbv in global abundance to >250 ppbv in
local abundance as detected by the Fourier Transform Spectrometer (FTS)
at Canada-French-Hawaii Telescope (CFHT) (Krasnopolsky et al., 2004) and
Gemini Telescope/ CSHELL (high resolution spectrograph at the Infrared Tele-
scope Facility (IRTF)) (Mumma et al., 2004). On an average, 10-60 ppbv
level of methane is reported on Mars (Geminale et al., 2008, 2011; Mumma
et al., 2009; Fonti and Marzo, 2010). The possibilities for the formation of
methane on Mars include either through biogenic processes or abiogenic pro-
cesses 1.e. volcanic hot spots/hydrothermal activity (Wong and Atreya, 2003)
and or external sources such as cometary impacts (Kress and McKay, 2004).
Mumma et al. (2009) has suggested methane origin from hotspot or plumes
in the Martian atmosphere based on comprehensive observations made from
the ground stations. Several discrete areas such as Arabia Terra are especially
enriched in CHy concentration with associated higher enrichment of water
vapours. Biogenic origin of methane could imply the subsurface methanogenic
communities (Methanogens are a type of Archean microbe which are able to
utilize inorganic compounds (Hy and COs) as their only source of energy and
generating methane as a product) (Boston et al., 1992; Niederberger et al.,
2009; Etiope and Lollar, 2013). Presently, methanogens thrive in some of the
harshest environments on Earth, including extremely acidic environments and
inside Greenland glacial ice. Abiogenic methane could also be utilized as food
by methanotrophic microorganisms. ‘Methane on Mars’ has been highly dis-
cussed by many scientists for its variable existence in the atmosphere (Zahnle
et al., 2011; Yung and Chen, 2015) and the ESA-NASA 2016 ExoMars Trace
Gas Orbiter mission is expected to produce the results of detecting limits of
methane and other trace gases at levels below 10 pptv (Zurek et al., 2010) for
further expansion of the knowledge regarding atmospheric composition and

any biogenic activity on Mars.
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CHAPTER 2

Chemical and Spectral Characterization of
gypsum-phyllosilicate association in

Tiruchirapalli, South India and its implications

Preclude

This chapter deals with detailed chemical and spectral characterization of
gypsum-phyllosilicate association in Tiruchirapalli, South India using geochem-
ical techniques (EPMA/XRF), X-ray diffraction and diverse spectroscopic tech-
niques (VNIR/Raman/FTIR). Petrographic observations reveal the general op-
tical characters of crystallized gypsum in fibrous form, peculiar crystal faces
and cleavage planes. VNIR, Raman and FTIR spectroscopic techniques were
used to obtain the excitation/vibration bands for the different mineral phases
in the samples. The VNIR spectra has been recorded for the samples and com-
pared with their counterparts in USGS spectral library. The combined results
of various chemical and spectral studies suggest that these techniques have sig-
nificant potential to be used to identify the pure/mixed minerals and or approx-
imate chemaical compositions. Fluid inclusions characterization has also been
done using Raman and micro-thermometric analysis techniques. These find-
ings have significant implications to the obtained spectral results for gypsum
and phyllosilicates from Mars’ surface using orbital data, and to the future
missions, planned to study the Mars’ surface through modern spectroscopic

technique such as Raman.



2.1 Introduction

In terrestrial scenario, hydrous sulphates are found mainly in primary evapor-
ite depositional environment, hydrothermal environment in the form of veins
and in oxidizing zone of sulphide mineral deposit (Klein et al., 1993). In
hydrous sulphates, gypsum is one of the most significant mineral from scien-
tific perspective as it is found in diverse depositional environments and is a
soft mineral with the composition CaSO4-2H50, a calcium sulphate dihydrate
(Klein et al., 1993). Majority of the gypsum deposits explained to be formed
by evaporation of SO?™ rich waters on the surface; but it’s occurrence in other
forms such as mineral veins has always been a matter of crucial research from
genetic perspective. Literature suggests that gypsum veins are represented by
palaeo-hydrofractures and are source of valuable information about formation
of path-networks followed by the emplacement of the mineral through fluids
movement in the fracture networks. The developed fractures can only be open
if the fluid over-pressure exceeds the horizontal stress, and the effective stresses
driving compaction must then be small in shallow sedimentary basins (2-3 km)
where shales and sandstones are of brittle nature and poorly cemented (Bjor-
lykke, and Hoeg, 1997). It has significant implications to understand the flow
of fluids through the fractures in the host rocks or reservoirs (Philipp, 2008).
Other mechanisms has also been proposed to decipher the genesis of gypsum
veins in the outcrop to regional level over surface to subsurface conditions;
they include mineral precipitation in near surface fractures (Gustavson et al.,
1994; El-Tabakh et al., 1998), due to pressure generated during crystalliza-
tion (Taber, 1918; Halferdal, 1960) and hydraulic overpressure and fracturing
(Shearman et al., 1972; Blair et al., 1989).

Sub horizontal gypsum veins and connecting gypsum nodules are observed
in nodular gypsum horizons within red mudstones near Penarth, South Wales
(White, 2008). Other sedimentary basins where similar fibrous gypsum veins
are exposed include the Amadeus Basin of upper Proterozoic, Australia (Stew-

art, 1979), the Appalachian Basin of Silurian, USA (Taber, 1916), the Elk Point
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Evaporites of Devonian, Alberta, Canada (Halferdal, 1960), the Newark Rift
Basin, USA (El Tabakh et al., 1998; Herman, 2005), the Germanic or Central
European Basin of Triassic (Ziegler, 1990) and the Mercia Mudstone Group
of the Upper Triassic in the Bristol Channel Basin at Watchet on the Som-
erset Coast (SW England) (Bennison and Wright, 1969; Philipp, 2008). The
subhorizontal nodule-connecting gypsum veins of Mercia Mudstone have been
proposed to be formed as hydrofractures associated with the volume change
resulting from the hydration of nodular anhydrite (Philipp, 2008). In simi-
lar geological settings, veined gypsum is observed in sedimentary sequence of
Karai Shale Formation, near Karai village of Ariyalur, Tiruchirapalli, India.
This veined gypsum and associated phyllosilicates has not been given much
attention in literature for their genesis mechanisms yet. Due to badland topo-
graphic setting in the area, gypsum is broadly classified as an evaporite deposit
(Sundaram et al., 2001) but its relation to the adjoining phyllosilicate mounds
is not yet discussed in detail. In this work, we present a combination of the
results availed from field and different geochemical to spectroscopic analyti-
cal techniques in order to realize the suitability of these laboratory techniques
for characterization of the samples. This approach provides the classification
of the phyllosilicates in the area. Based on field observations, herein we dis-
cuss the formation of gypsum veins through the pressure generated by crystal
growth where crystallization forces push the vein walls apart, resulting in the
precipitation of antitaxial veins in Karai Shale Formation, Tamil Nadu. Hydro-
fractures related to the fluid-overpressure may also have taken part in the gene-
sis of gypsum veins in the area. Discussions and interpretations of geochemical
and spectroscopic results obtained from the samples forms the major part of
the paper. This study also has the scope to provide significant implications to
the hydrous sulphate-phyllosilicate deposits on Mars. For instance, Homestake
one of the most discussed hydrous sulphate vein in Endeavour Crater, Cape-
York, Mars has been proposed to be formed by the movement of sulphate-rich

fluids in the fractures of the host rock (Squyres et al., 2012).

The thick sedimentary record of Cauvery basin preserves a qualitative
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record of sequential events responsible behind the formation of the sedimentary
succession in the area. Palaeoclimate reconstruction often uses different cri-
teria for environmental change such as stable isotope ratios, microbes, pollen,
tree rings and sediment records. Fluid inclusion homogenization temperature
studies have gained the importance as a direct method to be utilized to measure
the past surface water temperature by using primary minerals like halite (Beni-
son, 2006). This method have been extensively used for the deposits of various
ages ranging from modern (Roberts and Spencer, 1995), Quaternary (Lowen-
stein et al., 1998, 1999), Permian (Benison, 1995; Benison and Goldstein, 1999;
Satterfield et al., 2005a), Silurian (Losey and Benison, 2000; Satterfield et al.,
2005b) and Precambrian (Meng et al., 2011) where from satisfactory results
have been reported. Opeche Shale and modern lakes in Western Australia are
other terrestrial acid saline lake deposits of Permian age which are sedimento-
logically and mineralogically counterparts of the Martian strata (Benison and
LaClair, 2003). These lakes are shallow ephemeral, and acidic and precipitate
abundant gypsum, halite, hematite, jarosite and alunite (Benison, 2006; Alpers
et al., 1992; Benison et al., 2001; Gray, 1997; McArthur et al., 1991). Other
evaporates used for similar kind of studies mainly includes gypsum (selenite)

at Haughton impact structure, Devon Island, Canada, (Parnell et al., 2004).

In recent years, fluid inclusion studies of evaporites has become an active
area of research, as they hold great information about the past climate of
the arid regions. The procedure to study the fluid inclusions has long been
proposed using petrography, Raman and microthermometry by Kerkhof and
Hein (2001). Petrographic microscopy of the fluid inclusion bearing mineral or
rock samples is the first and essential step to be done, which provide the de-
tailed record of the distribution of fluid inclusions within the prepared sample.
Without detailed petrography, it is difficult to propose a mechanism for the
mineral /rock forming process on the basis of the data of analytical techniques
like Raman spectroscopy and microthermometry. Petrographic analysis is also
essential to distinguish different phases (liquid and gas) and types of fluids
(primary, pseudo-secondary and secondary) (Roedder, 1984; Goldstein, 2003;
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Bodnar, 2003). Petrography is an important step in determining the vari-
ous aspects regarding fluid inclusion such as entrapment conditions, secondary
processes: diffusion during crystal growth, re-crystallization, fluid migration,
etc.. Primary fluid inclusions are significant as they provide information about
the surface hydrochemistry in the past (Roberts and Spencer, 1995) and sec-
ondary fluid inclusions provide the significant information about the possible
geologic disturbances in the past and its correlation. Apart from this, fluid
inclusions also hold potentiality to get the record of surface temperatures of

the depositional environment (Roberts and Spencer, 1995).

In the present study, fluid inclusions of gypsum from Karai Shale For-
mation, Tiruchirapalli have also been characterized using laser Raman and
micro-thermometric analyses with the objective to obtain the chemistry of the
fluid inclusions. Micro-thermometric analysis has been defined in quite detail
in Pleistocene halite from Death Valley, California and claimed the technique
as instrumental to study climate change with time by Roberts and Spencer

(1995), to determine palaeo-temperatures preserved in fluid inclusion.

2.2 Geological Setting

Cauvery basin is a peri-cratonic rift basin which is formed all along the eastern
continental margin of Peninsular India during the fragmentation of Gondwana
supercontinent (Jafer, 1996; Biswas et al., 1992). A thick sedimentary se-
quence is deposited in the basin which is underlained by Archean granitic
gneissic basement and the exposures of the sedimentary sequence are lim-
ited to b separate areas namely, Pondicherry, Vridhachalam, Ariyalur, Tanjore
and Sivaganga (Banerji, 1972; Rangaraju et al., 1993). Our area of inter-
est lies in Ariyalur region, where mainly sedimentary rocks of Cretaceous age
are exposed (Fig [2.1h). Moreover, numerous studies are available in the area

by a wide spectrum of geological research community ranging from stratig-
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raphy /biostratigraphy, sequence stratigraphy, palaeontology, geochemical to
depositional history modeling (Ramanathan, 1968; Banerji, 1970, 1972; Sas-
try et al., 1972; Sastri et al., 1973; Jain, 1978; Sundaram and Rao, 1986;
Ramasamy and Banerji, 1991; Govindan et al., 1996; Madhavaraju and Ra-
masamy, 2001; Sundaram et al., 2001; Nagendra et al., 2002; Madhavaraju
et al., 2002, 2006, 2009; Nagendra et al., 2011). In literature, the sedimen-
tary rocks of Ariyalur area are classified into three distinct groups namely,
Uttatur, Trichinopoly (also denoted as Tiruchirapalli) and Ariyalur (Blanford,
1862). Here, for the present study Uttatur Group is taken into consideration,
which comprises of four Formations, namely Terani, Arogyapuram, Dalmia-
puram and Karai (Sundaram et al., 2001). Terani, Arogyapuram and Dalmi-
apuram Formations were deposited during early Cretaceous, and Karai Shale
Formation was deposited in late Cretaceous (late Albian to early Turonian
period) (Ramasamy and Banerji, 1991). Our focus is mainly on the Karai
Shale Formation which is well exposed as badland (terrains where sedimen-
tary rocks/phyllosilicate-rich exposures are heavily eroded by fluvial or eolian
activity with high drainage density) in an easterly draining catchment to the
east of Karai village in Tiruchirapalli (Ramkumar et al., 2004)(Fig[2.1p). Karai
Shale Formation constitutes gypsiferous clay, silty sandy clays and sandstone
suggesting a progressively shallowing basin, and unconformable/erosional con-
tact with the overlying Kulakkalnattam Formation signifies a major regression
which resulted into the termination of Uttatur Group (Sundaram et al., 2001).
Sundaram and Rao (1986) have divided Karai Shale Formation into two Mem-
bers based on type areas Odiyam and Kunnam. Odiyam Member constitutes
gypsiferous mudstone with distinctive thin inter-beds of pink shale and silt-
stone, and sporadic lenticular beds of coquinite and sandstone in the lower
part of the Formation (Sundaram et al., 2001). Kunnam member constitutes
inter layered mudstone, gypsiferous siltstone and fine-grained sandstone with
calcite and siderite cements in the upper part of the Formation. The contact
between the Members of Karai Shale Formation is conformable (Sundaram

et al., 2001). The Karai Shale Formation is conformably underlain by the
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grey shales, mudstone, limestone, coquinite, calcareous sandstone and quart-

zose conglomerate of late Albian Dalmiapuram Formation and unconformably

overlain by sandstone, mudstone, shale, coquinite and conglomerates of Turo-

nian Kulakkalnattam Formation (Sundaram and Rao, 1986).
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2.3 Materials and methods

2.3.1 Site Selection, Sampling and Sample Preparation

Samples have been collected in 2012, 2013, during the fieldwork in and around

Ariyalur, Tamil Nadu, which was carried out for geological mapping of the
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gypsum bearing areas (Singh et al., 2015). A sketch of the sites with the
valley networks and sampling locations is provided in Fig [2.2] Occurrence
of gypsum in different forms ranging from veined, surficial to layered type
led to more detailed sampling and field mapping in the area. Systematic
sampling was focused on gypsum (in different depositional settings) and types
of phyllosilicates from kaolinitic to Fe/Mg rich ones. In this study, gypsum
deposits from three regions namely, Karai, Kunnam and Odiyam were mapped
and about 15 samples were collected from each site for further laboratory
analyses. Samples were collected from several locations of phyllosilicate rich
mounds in badland topographic setting of Karai (Fig. [2.3h). Occurrence of
gypsum veins was consistent throughout the area. Kunnam site was marked
with the presence of surficial gypsum with fibrous appearance on its top (Fig.
and b’). Several gypsum rich columns with comparatively lesser gypsum
layers in the surrounding were prominent feature of the Odiyam site and hence,
samples were collected from multiple locations within the area (Fig. and
¢’). Gypsum was more weathered and not suitable to be used for -further
laboratory analysis from Karai and Kunnam, therefore, unweathered selected

samples from Odiyam site were used for - laboratory processing and analysis.

Collected samples were cleaned by removing the stuck clay portion from
the hand-specimens and then, crushed into Fritsch Pulverisette with Ni-Ch
grinding set (Fritsch GmbH; Germany) attached with air compressor and a
Jaw Crusher (Insmart Systems) for preparing the samples for geochemical
analyses like XRF and spectroscopic analyses like laser Raman and VNIR.

XRD was also carried out with the same powder samples.

In addition, wafers were prepared for fluid inclusion studies by making
doubly polished sections (diamond polishing) of 100-200 pm thickness. Honey-
bee wax is used as a sticking media for the samples because it allows an easy
removal of the prepared thin wafer from the slide. Utmost care has been taken
during the wafer preparation, starting from well crystallized sample selection

with minimum or no secondary infilling/weathering, minimum pressure during
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polishing for minimum sample loss and effect to the fluid inclusions. Selection
and grouping of the fluid inclusions has been made from wafers for further
characterization using Raman and micro-thermometry as proposed by Kerkhof

and Hein (2001).

2.3.2 Petrographic and Electron Probe Microanalysis

Representative 10 thin sections were prepared for petrographic analysis and
photomicrographs were obtained using Eclipse LV100 Polarizing microscope.
Thin sections were analyzed using CAMECA IMS 4f SIMS to determine the
major oxide concentration of gypsum and phyllosilicates in Physical Research
Laboratory, Ahmedabad. The instrument was kept at 15 kv and 6 nA using
a focused beam. Larger gypsum grains were analyzed to make the accurate
measurements at a point within the crystal and more phyllosilicate crystals

were analyzed to explore the variations in composition.

2.3.3 XRF Analysis

Representative samples were analyzed for major elements using Bruker S4 Pi-
oneer Wavelength Dispersive X-ray fluorescence (WD-XRF) spectrometer at
Centre for Earth Science Studies (CESS), Thiruvananthapuram. Fused glass
disks and pressed powder pellets were used for major element analysis. Cali-
bration has been done in an in-house developed programme using international
standards, representative of matrix and target element concentrations. - Loss
on ignition was obtained by heating the sample at 120° and 400° for 20 and

30 minutes respectively in a muffie furnace.
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Figure 2.3: (a) Badland topographic setting in Karai with the mounds of phyl-
losilicates. (b) Side-view of gypsum deposits on seasonal river ter-
races, and (b’) upper view of fibrous gypsum. (c) Cross sectional view
in a mine in Odiyam where gypsum is found to be enriched in some
columns with limited occurrences in between, and (c’) closer view of
observed columns. (d) A vertical broken gypsum vein in Karai. (e)
Network of gypsum veins in Karai. (f) Gypsum layer sandwiched
between upper and lower kaolinitic to Fe rich phyllosilicate layer. (g)

Irregular gypsum veins running through Fe rich phyllosilicates.
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2.3.4 Spectral Analysis

Spectral measurements were carried out in the laboratory for all samples in-
cluding hand-specimens and powders with grain size of 500 ym in VIS-NIR-
SWIR region of electromagnetic spectrum by ASD Field Spec-Pro HR from
350-2500 nm with spectral resolutions of 3 nm in VNIR and 10 nm in SWIR
region. The measurements were taken by keeping the optical probe at 20 cms
height with the incidence angle of 90° and viewing angle of 1°. The samples
were kept over the black cloth and the spectra were obtained for hand speci-
mens and powders in dark room environment for better collection of spectra.
The spectra were obtained and displayed in terms of reflectance data relative to
the reference plate data. The raw data for the sample and the reference plate
are ratioed after the background removal. The stepped splice error, due to
detector change usually at two spectral intervals at VNIR and SWIR2 vertices

is removed by the parabolic correction of the data.

2.3.5 X-Ray Diffraction

Prepared powders were analyzed using PANalytical 3 kW X’pert PRO X-ray
diffractometer at Centre for Earth Science Studies (CESS), Thiruvananthapu-
ram. Every powder sample was analyzed in the conditions: 5-70° 20, step size
0.0840, Cu Ka radiation. Obtained diffractograms of the analyzed samples
were compared using ICSD/JCPDS software. The phases were identified as
major (peak intensity high to prominent) and minor (peak intensity moderate

to low).
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2.3.6 Laser Raman Spectroscopy and Fourier Transform

Infrared

Micro Raman Spectroscopy was carried out using WiTech alpha 300 Raman
System excited with 532 nm (fixed wavelength) laser with 300 mW output in
Vikram Sarabhai Space Centre, Kerala. The spectral range of the equipment is
100 to 3600 cm ™! shift from the laser line, accomplished with an edge filter. The
spectral resolution of the instrument is 1 cm™!. The system is fully automated

and self-validating with auto aligning and optimization of input laser power.

Raman spectroscopy of fluid inclusions has been performed using both sided
diamond polished thin wafers of gypsum of about 100 um thickness. For this
purpose, Renishaw inVia Raman microscope was used in National Centre for
Earth Science Studies (NCESS), Kerala. Its high sensitivity enables us to look
at very weak Raman signals generated from the sample during the analysis.
Renishaw uses a stigmatic on-axis optical design in inVia and provides high
optical efficiency and excellent stray light rejection. The spectrometer uses a
narrow entrance slit (between 10 um and 65 pm) and the optimised Rayleigh
filter mount is positioned away from the entrance slit in the instrument. Pow-
erful WiRE™™ software for intuitive operation and easy data manipulation,
attached with the Renishaw inVia Raman Microscope was used for spectral
recordings of the gypsum samples. Gypsum wafers has been analysed by using
785 nm laser with 1200 1/mm grating and with laser exposure time of 30 S,

laser power of 15 mW and spectrum range of 100-3600 nm.

FTIR spectroscopy was carried out with a PerkinElmer’s Infrared (FTIR
& TR) spectrometer in Department of Chemistry, Indian Institute of Space
Science and Technology, Kerala, using the fine powder samples. The powders
were pressed at 55 to 60 kb to obtain the transmittance spectra of the samples.
The infrared (IR) spectra were recorded immediately after the separation of
the powder sample from the bulk sample. Spectra were collected in the 700

1

to 4000 cm~! range with an optical resolution of 0.5 cm™! and wavelength
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1

precision of 0.01 cm™" at 220 V, 50 Hz power supply. A baseline correction

was made before interpretation the data.

2.3.7 Micro-thermometry

Microthermometric studies conducted using a Motorised temperature con-
trolled geology stage (MDSG600) working with Linksys 32 temperature control
and video capture software. The system consists of a MDSG600 stage, aT95-
Linkpad system controller, LNP95 liquid nitrogen cooling pump system. The
stage is mounted on to a Linkam Imaging station that has been designed to
easy access the heating/cooling stage. The temperature of first melting (Tgpy),
temperature of last melting (T7/) and the homogenization temperature (T},)
of different inclusions were measured. The temperature limit used for the
gypsum wafer analysis by heating and freezing stage is -80 to +120°C. The
upper limit (i.e. +120°C) is defined as above this temperature gypsum starts

burning/turning into a brownish black opaque material.

2.4 Results

2.4.1 Geomorphology, petrography and geochemistry

Badland topographic setting is characteristic geomorphological feature of the
study areas with lithologies mudstone and siltstone in the type localities of the
Members Odiyam and Kunnam of Karai Shale Formation (Fig. [2.3h). This ge-
omorphologic setting provides excellent outcrops in the form of phyllosilicate
rich mounds to study the orientation of the linear, subvertical-vertical vein
features of the area. In Kunnam, the fibrous gypsum was mainly found on
the abandoned river terraces (Fig. and b’). In Odiyam, several gypsum

rich columns were observed with minor occurrences of layered gypsum in the
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phyllosilicate-rich mass between the columns. Gypsum layers were highly in-
terconnected (Fig. and ¢’) within the kaolinite and Fe-rich phyllosilicate
groundmass. In Karai, the surface was encountered with the anastomosing
network of veins of gypsum in the phyllosilicate-rich groundmass (Fig. [2.3d
and e). Network of veins is confined to the mounds of phyllosilicates in the re-
gions (theses veins are missing on the floors of dried valley network). At places,
veins are highly weathered and mixed into the groundmass, making it difficult
to draw boundary between gypsum and phyllosilicates (Fig. [2.3g). Large part
of the area is in the form of mounds and consists of relatively massive mud-
stones and siltstones with hardly any preserved bedding plane or sedimentary
structures. In Odiyam, the layers of gypsum stacked within phyllosilicate-rich
horizons (ferruginous and kaolinitic) were observed (Fig. [2.3f). Smaller scale
gypsum veins of 2-5 millimeters in thickness were observed in Fe-rich phyllosil-

icate mass (Fig. [2.3g).

The microscopic study of the prepared thin sections suggests that the grains
are coarse with very prominent cleavage planes (Fig. [2.4/A). The contact be-
tween the euhedral gypsum grains is sharp. Some opaque mineral phases are
also found between the grains which are mostly ilmenite grains as confirmed
by EPMA data (52.32 wt.% TiO and 47.22 wt.% FeO). Fluid inclusions have
also been observed in the larger grains of gypsum which are mostly primary in-
clusions formed during the growth of the crystals and are mostly following the
cleavage pattern (Figure ) A prominent microscopic level of alteration has
been observed through the cleavage planes (Figs. and D), which supports
the hydration activity after the formation of gypsum crystals. Back scattered
images, generated at the time of EPMA of gypsum show its crystalline nature
along with embedded opaque mineral inclusions (Figs. [2.4E and F). Oxide
totals obtained from EPMA are in the range of 71.42-79.88 wt.%, possibly
due to excess water or void spaces within the grains. CaO and SOz contents
are ranging from 43.23-45.52 wt.% and 31.57-34.16 wt.% respectively. Other
oxides are found to be in negligible to very low concentration except P5Os

concentration, which is in the range of 0.472-0.597 wt.%. In phyllosilicates,
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Figure 2.4: (A) Photomicrograph of gypsum with prominent grain boundaries
and cleavage planes, (B) associated fluid-inclusions of varying di-
mensions present in the gypsum grains, (C) and (D) show alteration
of gypsum through fracture planes and grain boundaries. (E) and
(F) represent backscattered electron images of representative gyp-

sum and gypsum-phyllosilicate association from Odiyam.
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the content of CaO, FeO(t), MgO, TiOq, SiOy and Al O3 is in the range of
1.52, 15.23, 1.64, 1.42, 40.71 and 19.94 wt.% respectively. XRF analyses of
gypsum samples show CaO and SOjz contents in the range of 34.58 wt.% to
41.34 wt.% and 49.19 wt.% to 53.77 wt.% respectively. The percentages of
other oxides are minor in amount or below detection limits. The XRF analysis
of phyllosilicate samples shows the SiO, concentration in the range of 38.06
wt.% and Al,O3 concentration in the range of 18.63 wt.%. Concentration of

FeO(, is around 4.80 wt%. CaO and SOj concentrations are measured and

found to be around 10.01 and 17.96 wt.%.

2.4.2 Spectral Observations

Laboratory reflectance spectra of minerals, measured over the VNIR/SWIR
range of electromagnetic radiation represent the selective absorptions due to
electrical and vibrational processes within the mineral structure (Gaffey et al.,
1993). The reflectance spectra provide significant clues regarding the chemical
composition, crystal structure and purity of the mineral. Here, only composi-
tional measurements have been interpreted by resolving the reflectance spec-
tra of the samples. Identification of hydrous sulphates and sheet silicates or
Fe/Mg bearing silicates was done mainly by identification of set of absorption
bands/features in the range of 1000-2400 nm. Secondary Fe mineral phases
were identified using the peculiar absorption features in the electrical part of
the spectrum (400-1300 nm). The areas selected for the sampling have exten-
sive deposition of nearly pure minerals, which helped in better acquisition and
identification of the optimum absorption bands. The obtained absorption fea-
tures in the electrical and vibrational range of electromagnetic spectrum are at
560, 650, 900, 1000, 1200, 1445, 1750, 1900, 2200 and 2280 nm for pure gypsum
sample, OS4 (Fig. 2.5h). The absorption bands in 350-1300 nm range are due
to single and paired electron transitions in Fe between energy levels in unfilled

3d orbitals and metal-ligand electron transfers (Sherman and Waite, 1985).
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The distinct absorption features in 1400-2500 nm range are characteristic of
fundamental vibrations due to H,O and OH combinations and overtones (Hunt
et al., 1971; Clark et al., 1990; Clark, 1993). The reflectance spectra were ac-
quired for the powder sample derived from the same hand specimen also used
here to identify the peculiar absorption bands(Fig. ) The spectra have
clear spectral responses as that of the hand specimen; the only difference found
is the band-depth variation in electrical as well as vibrational range of electro-
magnetic radiation. An increase in band-depth of the absorption bands at 1000
and 1200 nm, and appreciable decrease in band-depth of absorption bands at
1445, 1750, 1900 and 2200 nm is observed. The spectra have shown albedo in
the range of 35% for hand specimen and 40% for the powder sample. Hand
specimen KS2 gypsum-phyllosilicate associate shows the absorption bands in
the form of triplet at 1400-1500 nm and a doublet at 2200 nm (characteristic
of gypsum) with an additional absorption band at 2370 nm (characteristic of
phyllosilicate group of minerals) (Fig. 2.5¢). The absorption feature at 2200
nm is the characteristic one of phyllosilicate group of minerals; the observed
absorption features at 2200 and 2340 nm in the sample denote the composi-
tion of mixed kaolinite and illite (Hunt et al 1971; Clark, 1993). The spectral
profile of the same sample in the powdered form shows the absorption bands
as a triplet around 1400 nm and a doublet around 2200 nm which are assigned
to gypsum (Fig. ) The spectra have shown albedo in the range of 34%

for hand specimen and 12% for the powder sample.

Additionally, spectral profiles for phyllosilicate samples has also been de-
rived and presented in Fig. 2.6l The spectral profile of the sample KS7 shows
the absorption bands at 650, 900, 1400, 1900, and 2200 nm, which are ba-
sically due to ferric iron (650 and 900 nm), H,O and OH (1400, 1900 and
2200 nm) (Fig. 2.6p). Apart from these major absorption bands, two minor
absorption bands at 2310 and 2380 nm are also present, which are the charac-
teristic features of kaolinite with major absorption features discussed earlier.
The spectral profile of powder sample KS7 shows the absorption features same

as that of the hand specimen (Fig. ) The spectra have shown albedo
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in the range of 20-40% for hand specimen and 20% for the powder sample.
The spectral profile of the sample OS6 shows the major absorption bands at
1400, 1900, and 2200 nm, which are basically due to H,O, OH and Al-OH
bond respectively and minor absorption bands at 2310 and 2380 nm due to
Fe-OH/Mg-OH (Fig. [2.6). The spectra have shown albedo in the range of
75% for hand specimen. The reference USGS spectral profiles of the identified

major minerals in the study are presented in Fig. [2.61.

2.4.3 X-Ray Diffraction

The gypsum and phyllosilicate samples were qualitatively identified using XRD.
The XRD diffractograms for the selected gypsum and phyllosilicate samples
are provided in Fig. 2.7 All the analyzed samples by XRD show mainly
gypsum peaks above background in addition to one quartz peak in the sam-
ple KS2. Mostly the peaks fall into the vicinity of 20-55° of 20. The most
prominent peak falls around 25° along with the additional peaks at 31°, 38°,
41° and 48° for gypsum. All the peaks are narrow and prominent due to less

compositional variability and good crystallinity.

The exact identification of phyllosilicate minerals in the samples KS7 and
OS5 has also been carried out by XRD and the major phyllosilicate-phases
identified using the diffraction peaks include kaolinite (also identified by VNIR-~
SWIR spectral results), montmorillonite, illite, hematite, gypsum and quartz.
KS7 shows the prominent diffraction peak at around 25° and OS5 shows mi-
nor diffraction peak at around 25°, which is characteristic of gypsum. Other
diffraction peaks of phyllosilicate samples show broader peaks, which could be
attributed to the compositional variability. The findings confirm the identity
of the mentioned minerals and having good correlation with the results of other
applied chemical techniques. Quantification of the different mineral phases in
the XRD diffractograms was not carried out as scientists have reported many

difficulties in phase quantification of hydrous minerals due to constitutional
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Figure 2.5: Visible-near infrared-shortwave infrared (VNIR) laboratory spectra
of, (a) OS4 pure gypsum having characteristic spectral features as
distinct triplet bands near 1400-1500 nm, a strong band near 1930-
1940 nm, and multiple features near 2100-2300 nm (b) OS4 powder
of 500 pm grain size having characteristic spectral features same
as hand-specimen instead weaker absorption features at 2100-2200
nm, (¢) KS2 with spectral features characteristics of the gypsum-
phyllosilicate association: triplet absorption bands near 1400-1500
nm (characteristic of gypsum), and 1930-1940, 2200 and 2370 nm
(characteristic of phyllosilicates) and (d) spectral features of pow-
dered KS2 showing more compositional variation with triplet ab-
sorption bands near 1400-1500 nm for gypsum and absorption bands
near 1400 nm and 1930-1940 nm for kaolinite.
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water loss during grinding (Eberl, 2003; Roy et al., 2003).

2.4.4 Laser Raman Spectroscopy and Fourier Transform

Infrared

Multiple spectra were obtained for each mineral sample (KS2, KS4, 0S4, and
OS7) using 532 nm laser. It should be mentioned that the grain size of the
powder was kept below 500 pm and orientation along with spot location were
varying for the samples. Laser Raman spectroscopic results are presented
with listed characteristic Raman peaks in the spectra in Fig. [2.§l For the
samples, many grains were analyzed and the observed peaks were investigated
to check for the consistency in the position of the mineral bands. Peak po-
sitions varied for few wavenumbers in most of the samples, but the Raman
peak at 1009.75 cm ™! was constant. This shift in the band positions could be
attributed to the non-uniqueness of results from the peak fitting routine or pos-
sibly due to slight compositional differences in the analyzed samples (White,
2008). Almost all the samples showed the same characteristic bands with ap-
preciable intensity for each investigated spectrum. The Raman bands for the
gypsum samples are mainly due to the vibrations within sulphate tetrahedral
(SOF7). The prominent Raman bands observed in the spectra are at 417.11,
496.06, 619.85, 673.46, 1006.75, 1009.75, ~1137.44, ~3403 and 3494.38 cm ™.

1'is due to the symmetric

The most prominent Raman band at 1009.75 cm™
stretching of SOF~ tetrahedra (v, vibration). 417.11 and 496.06 cm~! Raman
bands are due to v, vibration in-plane bending, 619.85 and 673.46 cm™! Ra-
man bands are due to v, vibration, out of plane bending and Raman band
at ~1137.44 cm™! is due to asymmetric stretching of SO~ tetrahedra (i3 vi-
bration) (White, 2008). The Raman bands observed in the form of a doublet
at 3401.78-3405.68 cm ™! which are due to O-H stretching in the water incor-

porated into gypsum. Not many impurities were observed under the micro-

scope and absence of fluorescence during the acquisition of Raman spectra also
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showed the least/negligible existence of the impurities/trace elements/metals

within gypsum.

Fig. illustrates the FTIR spectra of the gypsum (OS4 and KS5) and
phyllosilicate (KS7, OS5, KS1 and OS6) samples. The spectra of the samples
0S4 and KS5 are practically identical denoting both the samples as gypsum.
Comparison of acquired spectra with other published spectra helped in the
confirmation and detection of optimum bands for gypsum (Farmer, 1974; Ben-
sted, 1976; Stefov et al., 2000). The typical identified bands for gypsum are at
670, 1100, 1370, 1608, 1691, 2215, 3400 and 3506 cm~!. The observed bands
are due to stretching in water and SO3~ (asymmetric) molecules. The bands
at 1608-1691 cm~! and 3400-3506 cm™! originate from H-O-H bending (due
to correlation filed splitting) and the symmetric to asymmetric stretching in
water molecule (Seidl et at., 1969; Cvetkovi¢ et al., 1997; Stefov et al., 2000).
Additional identified bands at 1100 and 2215 cm~! are also well comparable
with earlier published gypsum IR spectra (Stefov et al., 2000; Kiros et al.,
2013). The band 670 cm™! is attributed to asymmetric stretching vibration
of SO?~ (Lane, 2007; Schiavon, 2007). The bands 800 and 1016 cm™" are due
mainly to the presence of kaolinite in the sample KS7, whereas other bands at
1608-1691 cm~* and 3400-3506 cm ™! are due to vibrations in water molecule
in gypsum. It also shows the bands at 3620 and 3694 cm™!, which are due to
inner hydroxyl stretch and OH stretching frequencies associated with the hy-
droxyl group in kaolinite. The band at ~900 cm™! is possibly due to presence
of hematite in the sample KS7 (Gadsen, 1975). IR spectrum of OS5 shows the
disappearance of bands at 900, 1691, 3400 and 3506 cm~!, which are charac-
teristic features of gypsum (apart from 900 cm™! band, which is for hematite);

I and a broad weak

the observed bands in the sample are at 800, 1016 cm™
band at around 3400 cm™! indicating kaolinite. Sample KS1 has the similar
band pattern as that of OS6; only the 1100 cm ™! band is disappeared. Sam-
ple OS6 witnesses the presence of bands at 800, 1016, 1100, 1390, 1720 cm™!

and very shallow absorption band at 3694 cm™!, which indicate more kaolinite

content as the vibrations due to OH/HOH in 1600-1800 cm™! and 3200-3600
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cm~! region due to gypsum are shifted to 1720 and 3694 cm ™! respectively.

2.4.5 Fluid Inclusion characterization

Petrography

Fluid inclusions are present as clusters, trails and even in isolation (Fig. .
Clusters of fluid inclusions are present within a single crystal bounded by a
sharp grain boundary (Fig. [2.10p). Trails are following the trend of cleav-
age planes, fracture planes and grain boundaries (Fig. [2.10b). All the fluid
inclusions are cylindrical in nature. In many gypsum grains, they are found
in isolation, the possibility for their genesis is through trapping during the
growth of the host (Fig. and d). Clustered and trails of gypsum might
have got incorporated into the system in later stage, after the crystallization

of the host.

Laser Raman spectroscopic analysis

Gypsum is one of the common mineral found in sedimentary geologic setting
as an evaporite/precipitate. It could easily be identified in the Raman spec-
troscopy by the characteristic Raman bands at 1135, 1008, 669, 613, 492 and
413 em™! (Fig. . Fluid inclusions are characterized by Raman analysis
and the results have shown that all the inclusions are composed of water based
on the Raman bands present after 3000 cm™' (Fig. [2.12). Some fluid inclu-

sions are composed of vapour as well as liquid water phase. Laser Raman has

1

confirmed the vapour phase based on sharp peak at 3402 cm™". In some of

1

the fluid inclusions, the peak after 3000 cm™" is in the form of a triplet and

designated for -OH in the composition. The Raman bands prominent for fluid

inclusions composed primarily of water are at 3280, 3404, 3489 cm™!.
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Figure 2.10: Petrographic analysis of fluid inclusions in gypsum. (a) Clusters of

the fluid inclusions within a single grain of gypsum, (b) trails of
fluid inclusions following fracture planes of the gypsum grain, and

(c and d) isolated fluid inclusions within the grains.

26



1008

Intensity/Arbitrary units

414
493

T o132
T 212
r 620

b
I R S H— 1

1500 2000 2500 3000 3500
Wavenumber/cm™!

| 1

500 1000

Figure 2.11: (a) Gypsum under microscope during Raman analysis, and (b) Ra-
man spectra taken from the host mineral gypsum for background

values.

Micro-thermometry

The change in gypsum-hosted fluid inclusions occurred during freezing run;
include the changes in the wall-pattern and re-crystallization of new gypsum
grains within the fluid inclusions. The first appearance of gypsum grain was
noticed at -34.4°C during the cooling stage which is consistent with the results
reported by Vanko et al. (2005), where he has shown that most of the prismatic
gypsum crystals appear between around -50 and 0 °C after several cycles of
freezing and heating run. Newly formed gypsum crystal is again dissolved back
into the inclusions at 116 °C which is consistent with the reported data in the
literature (Tivey et al., 1998). Mostly the phase changes have been observed
in trails where more number of inclusions could be seen together. Temperature
of first ice melting (T rys) and temperature of last melting (T1,,) was recorded
in the range of -2.8 to -1.6 °C and -1.8 to -1.2 °C indicating low salinity of
water fluid inclusions (below 0.5 wt.%). Very few inclusions have shown the

temperature of last melting (Try/) at -56.6°C indicating the composition of
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the fluid as COs.

Micro-thermometric data can provide the significant information about the
chemical properties of the fluids during the mineral precipitation and also
about the palaeo-climate or subsequent events (Roedder, 1984). Garofalo et
al. (2013) has determined the gypsum growth temperatures using monophase
fluid inclusions. Though, many critical complications occur during the analysis
such as the reaction between fluid inclusion and host, disturbing the trapped
system from its original form etc.. For example, aqueous-carbonic inclusions
in wollastonite back-react at lower temperature to produce calcite and quartz

(Heinrich and Gottshalk, 1995).

2.5 Discussion

2.5.1 Interpretation of the acquired results

The data presented in the paper show the results from spectroscopic tech-
niques namely VNIR, laser Raman and FTIR, which are proved to be pow-
erful tools in identifying the mineral even when they are in minor quantity.
The characteristic band positions obtained mentioned by spectroscopic tech-
niques can be utilized for the identification of unknown similar composition
minerals or mineral associates. All spectroscopic analyses have confirmed the
composition of mineral veins/layers as gypsum and the associated groundmass
as phyllosilicate. Absorption bands/peaks were used to identify the miner-
als in VNIR spectroscopy. Mostly hydrous sulphates and sheet silicates (here
phyllosilicates) show the absorption bands between 1900 to 2500 nm. Sec-
ondary Fe-phases were identified using VNIR spectroscopic technique wherein
the continuum removal and band-shape least squares algorithm were applied
to obtain diagnostic Fe*™ absorption band in 400-1300 nm range in phyllosili-

cate samples. Identification of Fe3* mineral phases using VNIR spectroscopy is

99



very obvious, as around 15.23 wt.% of FeO ;) content was measured in EPMA.
These Fe-phases were confirmed by evaluating the XRD and FTIR analyses
results either as hematite grains or coating/thin film of hematite over phyl-
losilicates. The distribution of Fe-pigmentation over phyllosilicates is irregu-
lar, and no correlation was observed in the field. Mixed gypsum and kaolinite
sample have shown the peculiar absorption features mainly for gypsum with
only absorption bands in 2100-2400 nm region due to kaolinite (Fig. )
The spectra have shown broader doublet absorption at 2200 nm and a nar-
row short absorption band at 2340 nm which is attributed to sheet silicates
(mixed kaolinite and illite). Identification of sheet silicate kaolinite was con-
firmed by the VNIR spectra using 2160-2200 nm doublet absorption. Raman
spectroscopy has also been proved to be a robust technique to identify the
mineral phases in very extreme conditions such as hydrothermal vents along
sea floor spreading ridges and cold seeps on ocean floor (Baker and German,
2004; White, 2008). Here, the technique is used in identifying the optimum
wavenumbers where different vibrations excite for the minerals in consider-
ation. There are several proposed mechanisms for the formation of fibrous
gypsum veins in sedimentary rocks overlying evaporites and are summarized
by Gustavson et al. (1994). These are (1) contraction of the host rock by dehy-
dration (Richardson, 1920); (2) tectonism (Forbes, 1958); (3) force of crystal-
lization (Taber, 1916; Halferdal, 1960); (4) hydraulic overpressure (Shearman
et al.,, 1972); (5) hydration of anhydrite to gypsum (Stewart, 1979) and (6)
subsidence due to dissolution of underlying evaporites (Goldstein and Collins,
1984). Usually, set of the mentioned mechanisms are responsible for the veined
gypsum occurrences. At Karai, gypsum occurs as layers and veins in different
geometrical settings. Subvertical-vertical fibrous gypsum veins occur in anas-
tomosing network in phyllosilicate-rich groundmass. Fibrous gypsum layers
and veins has cross-cutting relations, hence no general age relationship could
be established indicating that both layers and subvertical-vertical veins were
formed at the same time. Here, we propose that the fractures where gypsum

precipitated, were formed due to the pressure or forces generated by crystal
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growth /crystallization. Crystallization forces push the vein walls apart, re-
sulting in antitaxial veins development (Taber, 1916, 1918). In this proposed
mechanism, hydrofracturing/fluid overpressure (Wiltschko & Morse, 2001) is

not an essential criterion, but would have taken part in vein propagation.

2.5.2 Implications to Mars

Based on the surface exploration and spectroscopic results from orbiters on
Mars, gypsum in association with Fe/Mg phyllosilicates are deduced to be
present on several locations, especially on the north polar regions (Langevin et
al., 2005b; Massé et al., 2012). Additionally, gypsum has also been identified
as one of the mineral constituent in the layered deposits of Juventae Chasma,
Valles Marineris, Mars by OMEGA team (Gendrin et al., 2005). The gypsum
deposits of Olympia Undae sand sea in north polar region of Mars are proposed
to be formed as a result of evaporation, and or by direct alteration of high Ca
sand dune grains, Fe-rich pyroxene and sulphide (Fishbaugh et al., 2007). The
sulphate salts, underlained by the material of middle to late Noachian (Reider
et al., 2004; Squyres et al., 2004a) in Meridiani Planum are detected to be
~25 wt.% in concentration by MER Opportunity and are hypothesized to be
formed by evaporation of fluids involved with weathering of basalts (Tosca and
McLennan, 2006). The sulphate-rich sedimentary rocks of Endeavour Crater
are widely explored by Opportunity and the results have shown the presence of
phyllosilicates in crater rim (Squyres et al., 2006; Wray et al., 2009; Arvidson
et al., 2011). The lithological sequence of Cape-York is suggested to be formed
by the hydrothermal waters that altered basaltic crust to phyllosilicates and
sulphates, and charged ground waters generated salt-rich sandstones are de-
posited widely over the areas in Meridiani Planum (Squyres et al., 2006). All
of these major results and interpretations are made mainly based on analyzing

the orbital data obtained from Mars through various inter-planetary missions.

With progressive missions to Mars, need of more sophisticated techniques
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such as laser Raman spectroscopy for better detection and confirmation of
surface mineralogy has been realized in recent past (Courréges-Lacostea et al.,
2007). Spectroscopic techniques used in the present study have the potential to
be utilized in detection of the group of the phyllosilicates and other associated
minerals like hydrous sulphates. The obtained VNIR spectra have implications
to the spectral data availed from OMEGA and CRISM datasets. In addition,
Raman data for identified hydrous sulphate and phyllosilicate group of minerals
could be utilized as database for the future extra-terrestrial missions. Petrog-
raphy of crystalline gypsum revealed presence of biphase fluid inclusions in
the weak planes/crystal defects, which are genetic waters got trapped during
the precipitation of the host. Thus, the host could be utilized as the prime
proxies to be looked into for the information regarding water chemistry for the
hydrated planet, Mars. Despite proved Raman usefulness in characterizing
fluid inclusions in terrestrial scenario, its utilization in such extraterrestrial
conditions is far from imagination. Future research in this perspective should

provide experimental set ups to meet with similar objectives.

Monophase fluid inclusions could be one of the pre-requisite to sustain
flourish the life within the host as microbe-bearing cavities would have evolved
from these inclusions (Parnell et al., 2004), which are identified in plenty here.
Although, the sum of the conditions to start developing the microbial life
within the mineral phases is yet not well known and is a topic of extensive
research, but the microbial signatures are well identified within many hosts
like halite, gypsum etc. (Parnell et al., 2004; Lowenstein et al., 2011). This
research suggests that the sulphates (particularly gypsum) identified on Mars
could be one of the potential target to be looked for any preserved signature

of life.
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2.6 Conclusions

The study focuses on the characterization of gypsum-phyllosilicate associa-
tion of Tiruchirapalli, South India by petrography, XRD and other traditional
spectroscopic techniques, namely VNIR, Raman and FTIR. Use of these so-
phisticated analytical techniques proved to be an efficient way to identify the
minerals (here gypsum, kaolinite, quartz, hematite etc.) even if they are in
smaller quantities. Obtained results offer detailed description of the peculiar
bands for the identified minerals from VNIR, Raman and FTIR spectroscopic
techniques. In particular, Raman bands for the identified minerals in the study
will provide the database for the future studies in the similar domain. The
spectra yield abundant information regarding the compositional variations.
The VNIR spectroscopic results can be used to aid both interpretation and
ground-truthing of remotely sensed data. Using combination of mentioned
techniques will greatly enhance the accuracy of detection of various minerals
on the planetary surfaces such as Mars. XRD is identified as a robust way of
identification of minerals and their crystallinity and have been very useful in
the confirmation of the mineralogy here. Here, the investigation of gypsum-
phyllosilicate association by using mentioned spectroscopic techniques has the
scope to be applied to identify the high to low concentration and other similar
chemical composition minerals on Mars. The veined gypsum deposits of Karai
Shale Formation are suggested to be formed by hydro-fracturing mechanism.
Gypsum in the area possesses well preserved fluid inclusions and small cavities.
Study area represents the temperature around 30°C for most of the months in
the year with minimum precipitation and heavy dry winds throughout the year.
These conditions would have caused least damage to the host and fluid inclu-
sions, hence preserving the pristine conditions of its formation. Petrography
has revealed several microtextures preserved in the gypsum in the form of dislo-
cations, microcracks and growth of secondary gypsum at deformed places and
near fluid inclusion. This represents that geological processes has disturbed the

deposit after its crystallization. This may have changed /modified the chemical
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composition of fluid inclusions where these microtextures have been observed.
Many of the fluid inclusions which are found in isolation within the crystal,
probably would have preserved the primary chemical composition. Laser Ra-
man analysis has shown that all fluid inclusions belong to -OH group/water
either in liquid or vapour form. In addition, micro-thermometric analysis have
shown the changes in shape and/or movement within the inclusion and indi-

cated the gaseous component as CO, in few inclusions.
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CHAPTER 3

Spectral characteristics of banded iron
formations in Singhbhum craton, eastern India:

Implications for hematite deposits on Mars

Preclude

This chapter defines the spectral characteristics of banded iron formations
of Joda and Daitari located in Singhbhum craton in eastern India to check its
potentiality as an analog to the aqueous/marine environment on Mars. Spec-
tral investigations have been conducted in VIS/NIR region of electromagnetic
spectrum in the laboratory conditions. Optimum absorption bands identified
include 0.65, 0.86, 1.4 and 1.9 um, in which 0.56 and 0.86 pum absorption
bands are due to ferric iron and 1.4 and 1.9 pm bands are due to OH/H,O.
To validate the mineralogical results obtained from VIS/NIR spectral radiome-
try, laser Raman and Fourier transform infrared spectroscopic techniques were
utilized and the results were found to be similar. The optimum bands identified
for the minerals using various spectroscopic techniques can be used as reference
for similar mineral deposits on any remote area on Earth or on other hydrated

planetary surfaces like Mars.

3.1 Introduction

Banded iron formations (hereafter BIFs), reported over all continents in asso-
ciation with Precambrian greenstone belts, are defined as chemical sedimen-
tary rocks with alternate layers (varying thickness) of iron oxides (magnetite

and/or hematite) and silica (jasper, quartz and chert) (Cloud, 1973; Gross,



1980; Melnik, 1981; Klein, 2005; Polat and Frei, 2005 and references therein).
They are formed mainly by sedimentation processes in which water plays a ma-
jor role in deposition during the time span of Archean to Proterozoic epochs
(Klein, 2005). The formation processes (seasonal/ microbial?) of various lay-
ers and the mechanisms for oxidizing Fe (possibly microbial) are still highly
debated (Posth et al., 2010). Deposition of BIFs in ocean basins are the re-
sult of oxidation of reduced Fe, either generated through continents or by
hydrothermal fluids. BIFs have also found their significance as a major rock
unit to explain related sea water chemistry and the evolution of lithosphere-
biosphere-atmosphere in terrestrial conditions (Klein and Beukes, 1989; Derry
and Jacobsen, 1990; Kaufman and Knoll, 1995; Rao and Naqvi, 1995; Johnson
et al., 2003, 2008; Trendall and Blockley, 2004). Systematic chemical studies
of representative iron phases from BIFs provide significant information about
thermal regime of host basin, the redox conditions of deep ocean water and
the source of Fe and other elements (Holland, 1973; Klein and Ladeira, 2004;
Bhattacharya et al., 2007; Frei and Polat, 2007; Pecoits et al., 2009). Higher
concentrations of Ti, V, Cr, Mn and Ni provides the clues regarding the influx
of high-temperature metalliferous hydrothermal brines produced from rock wa-
ter interaction in the spreading related mafic-ultramafic oceanic crust and or
mixing of mafic-ultramafic debris derived from weathering of oceanic crust.
These parameters make BIFs a good proxy to be considered for planetary
studies. Presence of BIFs has been speculated on Mars based on the iden-
tification of extensive layered hematite and hydrothermal silica rich deposits
(Christensen et al., 2000, 2001a; Squyres et al., 2008; Ruff et al., 2011; Bost et
al., 2013). Crowley et al. (2008) studied the diversity of spectral signatures of
terrestrial BIFs in detail and proposed the implications for the identification
of similar type of deposits on Mars. The well preserved sedimentary structures
with least deformation, unmetamorphosed deposit (except few local thermal
metamorphic effects) and extensively mined areas to get samples devoid of any
atmospheric effects are some of the features of BIFs which make them suitable

candidates for terrestrial analogs for the interpretation of the regional evolu-
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tion of hematite deposits and palaeco-environments on Mars (Christensen et al.,
2000, 2001a and b; Hynek et al., 2002; Ormo et al., 2004; Glotch and Chris-
tensen, 2005). Several studies have been carried out with the BIF samples of
Lake Superior (Canada) and Carajas (Brazil) to interpret the formation con-
ditions of regional hematite deposits on Mars (Christensen et al., 2000, 2001a;
Fallacaro and Calvin, 2006; Bridges et al., 2008). Spectral signatures along
with preliminary geochemical results of these BIFs have been utilized to inter-
pret the sites as potential Martian analog sites. The BIFs of these two areas
along with BIFs from Coppin Gap Greenstone Belt, Pilbara craton, Australia,
were listed in the International Space Analog Rockstore (Bost et al., 2013).

Mars surface has been marked with the widespread layered hematite de-
posits and other FeO-OH polymorphs (Fe-oxides and Fe-(oxy-)-hydroxides),
mainly in Meridiani Planum, Aram Chaos, and Valles Marineris regions (Chris-
tensen et al., 2000, 2001a, 2004). Layered hematite deposits of Meridiani
Planum on Mars are proposed to be of sedimentary origin due to absence of
any volcanogenic geomorphic features such as lava flows and fissures. Many
authors have discussed the formation mechanism of the layered hematite de-
posits, but climatic conditions during their formation are yet to be studied
in detail. Bridges et al. (2008) proposed that Carajas BIFs, formed as a
supracrustal sequence at lower temperature (Dalstra and Guedes, 2004) are
suitable to interpret the ancient marine environments on Mars and the spectral
data in VIS-NIR-SWIR-TIR region would aid in identifying similar deposits
on Mars. Therefore, detailed characterization of different BIFs in terrestrial
environments will sequentially improve the superiority of our understanding
for identifying mineralogical composition of the planet and its evolutionary
history. Though, there are several occurrences of banded iron formations in
India (Radhakrishna and Naqvi, 1986), studies considering them as analog sites
are not yet initiated (Singh et al., 2015). Banded iron formation of Singhb-
hum craton in eastern India has long been discussed as geochemically similar
to Lake Superior type BIFs. These BIFs are comparable to those BIFs in
Carajas (Brazil), Finland and Australia (Majumder et al., 1982). This study
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provides the results from VIS/NIR radiometry, back scattered image inter-
pretation, laser Raman and ATR-FTIR (Attenuated total reflectance- Fourier
transform infrared) spectroscopy which helped constrain spectral aspects of
BIF of Singhbuhm craton and it will add the information to our understanding
about the regions with similar mineralogy in extraterrestrial conditions. Labo-
ratory VIS/NIR radiometry and laser Raman measurements of these rocks will
contribute in better detection of similar rock types on Mars. On this context,
the study of Precambrian BIFs in relation to Martian hematite deposits could
be significant to have a better understanding on the palaeo-environmental con-
ditions. The optimum bands identified for hematite and goethite can be used
as a reference for unidentified similar mineral deposits for future extraterres-

trial missions.

3.2 Regional geology, sample description and an-

alytical methods

The Singhbhum-Odisha craton forms a triangular crustal block, bounded by
Chotanagpur gneissic complex to the North, eastern Ghat Granulite belt to the
South and the Bastar craton to the West and by recent alluvium to the East
(Saha and Ray, 1984; Misra, 2006). This craton consists mainly of granitoid
rocks, metasedimentary (Iron Ore Group), meta-volcanic schists and granites
(Mahalik, 1987; Saha, 1994; Mazumder, 2005; Misra, 2006; Mukhopadhyay et
al., 2006). The BIFs of North Odisha are extensively developed supracrustals
encircling the Singhbhum granite complex and various views have been pro-
posed on the evolution of these supracrustals and their relation to the granite
intrusives (Fig. [3.1)). Jones (1934); Dunn (1940) and Saha (1994) believed that
all the BIFs were formed as a single assemblage during the Archean underlain
and/or intruded by the different phases of Singhbhum granites. According to
Saha (1994), the age of formation could be between 3.3 and 3.1 Ga. Iyen-
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gar and Banerjee (1971); Banerji (1974, 1975, 1980) and Iyengar and Murthy
(1982) classified BIFs into two distinct age groups; older (Gorumahisani group)
and younger (Noamundi group). Prasad Rao et al. (1964) and Acharya (1976,
1984) has categorized the BIFs into three distinct stratigraphic formations,
the oldest around Pallahara and Gorumahisani, the intermediate at Daitari
and the youngest at the Joda-Koida region. The youngest one contains rich
deposits of iron and manganese ores and forms a horse-shoe shaped syncli-
nal structure (Jones, 1934). Relatively younger metasedimentary deposits of
banded iron formations of Joda and Daitari region have two types of min-
eral assemblages: first, banded hematite jasper and second, banded hematite
quartzite. These BIFs are conspicuous by the presence of alternate bands
composed predominantly of iron oxide and silica. Secondary hematite formed
after metamorphism, is generally found in the form of bladed crystals, specular
variety called specularite whereas silica is of cryptocrystalline type, admixed
with iron oxide dust and granules in jasper to mega quartz. The extensive
volcano-sedimentary sequences in the Simlipal and Keonjhar plateaus are con-
sidered equivalent to the Dhanjoris and younger to BIFs by Saha and his
associates, while others (Prasad Rao et al., 1964; Iyengar and Banerjee, 1971;
Banerji, 1974) found them sandwiched between BIFs. The extensive lava flows
designated as Malangtoli Lava, occur between Malangtoli and Pallahara, and
underlie the undeformed Kolhan sequence of the area (Saha, 1994). The age of
volcanics and the volcanosedimentary sequences in the North Odisha craton is
early Proterozoic (Saha, 1994). The U-Pb SHRIMP Zircon age of the Dacite
Lava of the Southern Iron Ore Group (volcanice-BIF-ultramafic) in Singhbhum
craton is estimated to be 3.51 Ga (Mukhopadhyay et al., 2008).

The spatial view of the study areas, Joda from Noamundi-Jamda belt and
Daitari from Tumka-Daitari belt is clear from Fig. [3.2] The field observations
confirm the presence of BIF (Fig. [3.3h), conglomerate (Fig. [3.3p) and massive
chert (Fig. [3.3¢) occurrences in the areas.

Systematic sampling was done during the field work for further laboratory
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Figure 3.2: Stepped landscape feature exposed on the surface, and developed due
to mining in Joda and Daitari respectively as obtained from Google

Earth.

analyses. The samples collected from the study areas, Joda and Daitari, in
Odisha have been characterized by VIS/NIR, Raman and FTIR techniques.
Freshly cut surfaces were used for VIS/NIR spectra acquisition. Hyperspectral
signatures (VIS/NIR) of the BIF samples (hand-specimen and powders of 500
pum) were collected using ASD FieldSpec3 spectroradiometer in the wavelength
range of 0.35 to 2.5 um. The fiber optic cable along with the gun holding it was
mounted on the tripod at nadir position. Spectral signatures were collected in
a controlled laboratory dark room environment. In another tripod, a tungsten
filament halogen lamp with the wavelength range of 0.4 to 2.5 um was used
as artificial light source for spectral data collection. Spectralon, the standard
white reference panel was used for measurement of irradiance for each set of
measurement. The collected spectra were processed and then matched with the
reference spectra available in USGS (United States Geological Survey) spec-
tral library to confirm the minerals present in the samples. Spectral Feature
Fitting (SFF) and Spectral Angle Mapper (SAM) techniques have been used
to match the unknown spectra from the Joda and Daitari region of Odisha to

the standard reference from USGS spectral library.

The polished thin sections were studied for petrography and further ana-
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Figure 3.3: Field photographs illustrating (a) gray hematite and reddish jaspilitic
chert, typical in banded iron formation, (b) conglomerate having iron

rich matrix and boulders of chert/jasper, (c) black massive chert.
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lyzed using SX-100 Electron Microprobe Analysis housed in Physical Research
Laboratory, Ahmedabad, India. The analytical conditions were: current of
30 nA and voltage of 15 kV for hematite, magnetite, specularite and jaspilitic
chert, and a current of 10 nA and voltage of 12 kV for chamosite. Silicate and

oxide standards were used for calibration of the samples.

Laser Raman Spectroscopic analysis of BIF samples was conducted on a
laser Raman spectrometer at Indian Institute of Science (IISc), Bangalore,
India. Laser Raman spectrometer at IISc equipped with a SPEX double
monochromator, an intensified CCD and 2 ns pulsed ND-YAG lasers with

frequency doubled output was used for analysis.

The infrared spectroscopic data was obtained by means of a Fourier Trans-
form Infrared spectrometer with an attenuated total reflectance accessory
(FTIR-ATR) housed at Indian Institute of Space Science and Technology
(IIST), Thiruvananthapuram, India. The spectra were collected with the
PerkinElmer’s Infrared (FTIR & IR) spectrometer using fine powders of sam-
ples. The powders were pressed at 55 to 60 kb. The infrared (IR) spectra
were recorded immediately after the separation of the sample powder from the
bulk sample. Spectra were collected in 700 to 4000 cm ™! range with an optical

1

resolution of 0.5 cm™! and wavelength precision of 0.01 cm™! at 220 V, 50

Hz power supply. A baseline correction was made before interpretation of the

data.

3.3 Results

3.3.1 VIS/NIR Spectra

The spectral characteristics of the samples were studied to specify the charac-
teristic absorption bands for different minerals in BIFs. It has been observed

that the spectra of the samples (Hem J011 and Goe J017) from Joda and
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Figure 3.4: (a) VIS/NIR laboratory spectra of the samples Hem J011 and
Goe J017 of Odisha BIFs along with the USGS spectral library
spectra with the sample names Hem FE2602 and GWS220 (Source:
http://speclab.cr.usgs.gov/spectral). (b) VIS/NIR laboratory spec-
tra of BIF samples Hem J011 and Goe_J017 along with the CRISM
spectral library spectra (with the sample names Hem F1CC17B,
Hem CAGRO04, Goe C1GOO01 and Goe C1JB047).

Daitari, Odisha are found to match with the spectra of hematite and goethite
minerals of USGS spectral library (mineral ID Hem FE2602 and GWS220)
(Fig. [3.4h). The spectra of the sample Hem J011 shows the characteristic ab-
sorption features at 0.65 (weak) and 0.86 pm (strong) which are basically due
to strong iron-oxygen charge transfer absorption and electronic band related
to crystal field transitions in ferric iron respectively (Thangavelu et al., 2011).
The representative spectrum of hematite is devoid of any absorption after 1 to
2.5 pm, but has a moderate increase in the reflectance in the region. Sample
Goe_JO17 has shown the spectral signature with typical absorption bands at
0.65 (weak), 0.86 (strong), 1.4 (strong) and 1.9 um (strong), in which 0.65 and
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0.86 um are due to strong iron-oxygen charge transfer absorption and electronic
band related to crystal field transitions in ferric iron and 1.4 and 1.9 pum are due
H,0 and OH/H5O respectively. Presence of hydrous absorption bands in VIS-
NIR spectra confirms the existence of goethite in these samples. The spectra
of samples Hem J011 and Goe_ J017 have been compared with the CRISM
(Compact Reconnaissance Imaging Spectrometer for Mars) spectral library
spectra of 4 samples (Hem F1CC17B, Hem CAGRO04, Goe C1GOO1 and
Goe_C1JB047) for the assessment of the differences/similarities in the spec-
tral signatures (Fig. [3.4p). A careful investigation on the spectral signatures
of hematite from present study (Hem JO011) and spectral library spectrum
(Hem F1CC17B and Hem CAGRO04) revealed that the spectral signatures
of Hem J011 and Hem CAGRO04 are similar with a minor variation in the
absorption pattern in 0.5-0.8 pum wavelength regions. This difference in the
absorption pattern can be attributed to the compositional variations of iron
oxides in the samples. Apart from this variation in the spectrum in this re-
gion, there are no other visible differences in both the spectra. CRISM spectral
library spectrum of the sample Hem F1CC17B shows similar absorption pat-
tern to the sample Hem JO11 spectrum in the 0.5 to 1 um wavelength region
whereas a prominent difference is being observed in 1 to 2.5 um region. The
difference is a huge sag centered at around 1.6 pum in the spectral library spec-
trum Hem F1CC17B, whereas no such feature is observed in the spectrum
of hematite present in the sample Hem-JO11 from the study area. Spectral
signature of Goe C1GOO01 and Goe C1JB047 from CRISM spectral library
are found to be matching well with the spectrum of Goe J017 from the study
area. The representative spectra show absorption bands at 0.65 (weak), 0.86
(strong), 1.4 (weak for CRISM spectral library spectra and strong for samples
from present study) and 1.9 um (weak for CRISM spectral library spectra and
strong for samples from present study), and these absorption bands assign-
ment is same as in the earlier described text. Additionally, CRISM spectral
library spectra of Goe C1GOO01 and Goe C1JB047 show weak and narrow

absorption at 2.4 um, which is typical to the OH bond in water. Summary
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Table 3.1: Summary of the absorption bands identified in the samples from BIFs
in Singhbhum craton, USGS mineral spectral library and CRISM spec-
tral library. X indicates that these absorption bands were observed in

the spectral signature.

USGS Spectral

Identity  Study area CRISM Spectral Library
library

Hem Hem  Hem  Goe_ Goe_
Sample Hem  Goe GWS .

_FE2 F1CC1 CAG C1G Cl1J  Assignments
Name _Joir Joiv 220

602 7B RO4 001  B047
0.65 pm X X X X X X X X Ferric ion
0.85 pm X X X X X X X X Ferrous ion
1.4 um X X X OH/H,0
1.9 pm X X X X OH/H,0
2.4 pm X X OH/H,0

of the absorption bands detected in the samples from present study, USGS
mineral spectral library and CRISM spectral library are given in Table

3.3.2 Petrographic studies

Mineralogical studies of Joda and Daitari BIFs revealed that they consist
of hematite, magnetite, specularite and jaspilitic chert. Alternate bands of
hematite and jaspilitic chert have been observed (Fig. . Contacts between
the microbands of hematite and jaspilitic chert are usually sharp, with more

transition towards low hematite (Fig. [3.5h, b).

Hematite microbands are comparatively thick, mainly consist of hematite
grains (in high proportion), and large grains of magnetite and specularite.
Jaspilitic chert band comprises mainly quartz grains with some large distorted
grains of hematite. Quartz veins of varying thickness are present intruding
alternate bands of hematite and jaspilitic quartz (Fig. ) Chamosite, a
hydrous aluminum silicate of iron, is also present in very small amounts. The

iron-rich layer is mainly composed of hematite grains with different textures.
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Figure 3.5: (a) Photomicrographs of finely laminated BIFs where iron-‘rich’ mi-
crobands are defined by hematite and/magnetite, interbedded with
occasional pure chert micro-layers and (b) prominent microbands of
hematite and interbedded light colored chert along with the micro-

intrusion of quartz vein.

Massive anhedral aggregates of hematite and xenomorphic hematite crystals
are common (Fig. , b). Sporadic distribution of relatively larger hematite
grains is conspicuous. Quartz veins are also marked with the presence of
hematite crystals (Fig. ) Mostly, platy specularite aggregates are found
associated with the jaspilitic chert microbands rather than hematite rich layer
(Fig. ) Chamosite is found associated with platy specularites. Specular-
ite, also called gray hematite, is mainly found in the form of platy crystals in
the groundmass of fine grained hematite. A very small amount of magnetite is
present in the hematite rich layers. Jaspilitic chert occurs inter-bedded with

Fe-rich microbands.
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Figure 3.6: Back scattered electron images illustrating various textures of studied

BIFs: (a) finely crystallized laths of hematite, (b) cryptocrystalline
specularite, (c) quartz vein with hematitic inclusions and (d) a single

large grain of specularite.
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3.3.3 Laser Raman spectra

Laser Raman spectra of characteristic minerals are presented in Fig. [3.7]
The main phases identified using laser Raman spectroscopic technique include
quartz and hematite; observed Raman peaks at 142, 209, 353, 469 and 1160
cm™! correspond to quartz (Fig. 3.7, b, and ¢) and 224, 291 and 1315 cm ™!
correspond to hematite (Fig. and e) in accordance with the literature
(Shebanova and Lazor, 2003).

Raman spectral quality depends mainly on grain size; therefore it is nec-
essary to take into consideration the crystallinity/grain size of the samples.
Hematite, the main crystalline mineral in oxide group is considered as a strong
Raman scatterer, gives strong peaks in 210-294 cm™! region, mainly due to
translational movements of Fe. Apart from these Raman peaks of hematite,
one moderate peak has also been observed at 1315 cm™! (Fig. ) Presence
of goethite is clear in the samples with the VIS-NIR analysis, but no prominent
peaks are observed in the Raman spectra, a broad peak is observed in the form
of a doublet at 386-412 cm™~! in which 386 cm ™! peak corresponds to goethite
(Fig. and d). Magnetite is recognized as a minor phase and identified by
the typical Raman peak at 670 cm™" (Fig. [3.7f).

3.3.4 ATR-FTIR spectra

The average of 6 collected spectra using ATR-FTIR analyses is presented in
(Fig. where most intense vibrations fall in the wavelength region 700 to
1800 cm~!. The most intense vibrations in the wavelength range 900-1130
cm™! are attributed to hematite and quartz (Brinatti et al., 2010). Relatively
mild vibrations in the region of 1200 of 1800 cm ™ are due to hydroxyl bending
in the sample (Ruan et al., 2002). Apart from these intense vibrations, the

1

wavelength region 2800 to 3000 cm™" is marked by mild vibrations which

are attributed to hydroxyl stretching. The problem observed here is that
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Figure 3.7:
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Raman spectra of the major mineral phases in BIFs: (a) and (b)
the characteristic peaks of quartz, (c) a minor peak of hematite,
(d) and (e) characteristic peaks for hematite and quartz, and (f) the
characteristic peak for hematite as a major component and magnetite

and quartz as minor components.
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Table 3.2: Summary of the minerals detected in the samples using different tech-
niques. X indicates that these species were uniquely identified with
the technique, while O indicates that there is a weak and inconclusive,

though compatible, feature. I indicates that no feature was observed.

Detected
Mineral Odisha BIF

Species

VIS-NIR BSE Raman ATR-FTIR

Hematite X X X X
Goethite X O X X
Specularite I X O (0]
Magnetite I X X (0]
Quartz I X X X
Chamosite I X I I

minor mineral phases (goethite, quartz) are masked by the major mineral
phase (hematite) when the sample is crushed and mixed, and hence these
phases cannot be detected in the spectra due to a relatively high detection
threshold inherent to this kind of technique. However, ATR-FTIR analysis
is a very sensitive technique to the hydrogen bonding and water vibrations
(Rull et al., 2007; Nakamoto, 2009), thus being used for the determination
of hydrous phases in natural mineral/rock samples. The water vibration has
been confirmed by the observed 3600 cm™! vibration in the spectra. The
results point to the hydration of outcrops by percolating water in the aerial to

sub-aerial environment.

A summary of various mineral phases detected by different techniques is

listed in Table B.21
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Figure 3.8: ATR-FTIR spectra from studied BIF samples (average spectra of 6

analyses performed with BIF samples powders).

3.4 Discussion

Most significant aspect of iron phases is that, they occur in a variety of ge-
ological settings, beginning from modern iron rich environments such as Rio
Tinto to older ones such as BIFs and their comparison may help in generat-
ing the feasible models for the early formation of primary iron phases and the
initiation of hematite formation on Mars. Joda and Daitari iron ore mines con-
sist of stratigraphic layering or bands of hematite and quartz (mainly jasper
and/or chert) of sedimentary nature. VIS/NIR results show characteristic
spectral signatures of BIFs with absorption bands at 0.65, 0.86, 1.4 and 1.9
wm by which the presence of hematite and goethite can be easily confirmed
(Fig. B.4h, b). Apart from these Fe-oxide spectral signatures in terrestrial
BIFs, silicate minerals (mainly quartz polymorphs) could also be identified
in thermal infrared region (8-14 pum) of electromagnetic spectrum (Bridges
et al., 2008). The reflectance maxima caused by silicon oxygen stretching
vibrations in quartz is a distinctive sharply pointed shape related to the poly-

crystalline grain fabrics and thin iron oxide coating (Crowley et al., 2008).
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Specularite in Singhbhum craton BIFs is the secondary mineral phase simi-
lar to goethite, and has been generated from magnetite (Beura and Satpathy,
2012). Initiatives to use laser Raman spectroscopy for planetary studies has
already been taken up as it has several advantages over other types of spectro-
scopic techniques (Hirschfeld, 1974; Wang et al., 1995; Sharma et al., 2002).
Raman analysis provides sharp spectral features for minerals and/mixtures.
Hence, it is most likely to be employed in interplanetary missions to detect
spectral features of various minerals in a particular region. The laser Raman
and ATR-FTIR spectra obtained for the BIF samples of Singhbhum craton
demonstrates the presence of oxide and silicate minerals such as hematite and
quartz (Fig. and . Based on the ATR-FTIR spectral results (mod-
erate peak at 3600 cm™!), it is clear that hydrated phases of iron oxide are
present. VIS/NIR spectra also confirm the hydrous phase of iron oxide, i.e.
goethite, based on the identified absorption bands at 1.4 and 1.9 um. Moss-
bauer spectroscopic results are also reported for the native iron samples from
the Precambrian Chaibasa shales, Singhbhum craton, eastern India (Chandra
et al., 2010). Iron being sensitive to environmental conditions due to variable
oxidation states could form different minerals in response to the existing en-
vironmental conditions such as Eh, pH and concentrations of certain active
species like CO,, SiOg, S etc.. In terrestrial conditions, hematite occupies a
wider field of stability with high Eh (>0.6) and high pH (>4) in Precambrian
BIFs (including Odisha BIFs) and its formation is subjected to the activity
of CO,, S and SiO, and therefore, always associated with silicates, carbon-
ates and sulphides (Garrels and Christ, 1965; Stanton, 1972). The common
belief on the formation of BIFs in terrestrial conditions is through direct pre-
cipitation from low temperature aqueous solutions in response to changes in
environmental conditions (Eh/pH) or different diagenetic alterations of precip-
itated ferric-hydroxides, but it has also been reported that the BIF mineralogy
is the outcome of metamorphic processes (Mucke and Annor, 1993). On Mars,
lepidocrocite in addition to goethite is possibly precipitated from low tempera-

ture aqueous solutions in basaltic regolith (Posey-Dowty et al., 1986; King and
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McSween, 2005). After the formation of iron phases in conditions of a warmer
and HyO-CO; rich atmospheres, hematite was formed from these previously
formed Fe-oxide phases (Gooding, 1978). Therefore, the mechanisms for the
formation of hematite from other iron phases on both planetary surfaces are
proposed to be similar (King and McSween, 2005). The geomorphological and
mineralogical evidences revealed early Mars has hosted diverse environments
dominated by water masses (Carr, 1981, 1996; Banin et al., 1992; Longhi et
al., 1992; Morris et al., 2006) and these circumstances has raised the possi-
bility of occurrence of BIFs on Mars, which is not yet confirmed. Analysis
of thermal emissivity spectrometer (TES) data has proved the occurrences of
coarse-grained crystalline hematite (Christensen et al., 2000, 2001a), with no
evidences of cherty silica in Meridiani region on Mars. Considering the ab-
sence of any cherty silica deposit in association with hematite deposits, the
Rio Tinto system deposits have been studied in detail as an analog to ancient
environment on Mars in a regional scale. The Tinto River basin, an extreme
acidic environment, has water enriched in ferric iron and sulphates and these
acidic waters produce sediments rich in ferric iron dominated by sulphate and
oxyhydroxide associations, in which silicates are absent (Fernandez-Remolar et
al., 2004). Further, the mineralogical assemblage identified includes hematite
deposits along with other silicate minerals and sulphate salts (Squyres et al.,
2004a, 2008; Clark et al., 2005). Identification of silicate phases in hematite
rich regions increases the possibility for the detection of deposits comparable
to terrestrial BIFs. Midinfrared analysis of crystallographically oriented (c-
axis) chemically precipitated terrestrial platy gray hematite support aqueous
origin for hematite in Sinus Meridiani as emission is predominantly from the
crystallographic c-face of hematite in the region (Lane et al., 2002). Genesis
of layered hematite in Sinus Meridiani has been proposed to be formed though
the precipitation of insoluble hydrous ferric oxide during the oxygenation of
the upper layers of the sea, and further through burial metamorphism (Chris-
tensen et al., 2000; Lane et al., 2000, 2002; Ferndndez Remolar et al., 2002,

2004). Considering the extent of hematite outcrops in Mars, the environment
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that hosted BIFs have been proposed to be analog to the environments in
which Martian hematite could have been formed (Catling and Moore, 2000,
2003). From the analog point of view, the mineralogy detected in Odisha BIFs
show similarities to those obtained from Mars, especially hematite rich Sinus
Meridiani on Mars. Mineralogy of Singhbhum craton BIFs detected by several
techniques includes Fe oxide phases (hematite, goethite, magnetite and spec-
ularite) and silicate phases (chert/jasper/quartz). The optimum absorption
bands identified by VIS-NIR radiometry for hematite and goethite could be
used as a reference for future interplanetary mineralogical orbital explorations
along with the USGS and CRISM spectral libraries. In the Martian scenario,
the reflectance spectra could be used to locate BIFs/a similar deposit, as it is
very much likely that they would be present at regional scale (Bridges et al.,
2008). Specularite, a secondary iron oxide in the study area was formed from
the earlier iron phases (possibly from magnetite). We envisage a similar mech-
anism for the formation of extensive specularite/platy hematite deposits on
Mars. Therefore, Singhbhum craton BIFs provide planetary geoscientists with
an excellent analog for water driven processes that resulted in the generation

of specularite/hematite on Earth and Mars.

A comparative account of the results from Singhbhum craton BIFs to other
proposed analog BIFs sites namely Lake Superior BIFs and Brazilian Carajas

BIFs is given in Table [3.3]

BIFs are chemical sediments, typically thinly bedded or laminated, whose
principal chemistry comprises anonymously high content of Fe, commonly but
not inevitably containing silica rich layers, mainly chert (Klein and Beukes,
1992, 1989). The very first evidence of ancient life on Earth has been found
associated with the Gunflint Iron Formation, which contains a variety of fil-
amentous to coccoidal forms of microorganisms (Barghoorn and Tyler, 1965;
Awramik and Barghoorn, 1977; Strother and Tobin, 1987). Filamentous and
coccoidal microorganisms of Gunflint Iron Formation has been investigated by

many scientists and has been found that some of the filamentous microfossils
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Table 3.3: Comparative account of the different features of BIFs in Singhbhum

craton to that of earlier studied Martian analog sites like Lake Superior

and Carajas (Brazil) and Mars.

Features Odisha BIF Lake Superior BIF  Carajas BIF (Brazil)
Absorption band at Absorption band at
Hyperspectral 0.65-0.86 um 0.65-0.86 um Deep absorption
characterization corresponding to Fe corresponding to Fe band at 0.88 um
content in hematite content in hematite
Unmetamorphosed Supracrustals
except for localised more metamorphosed  sequence with little
Metamorphism/
thermal metamorphism state as a whole deformation
deformation

effect (Majumder et al.,
1982)

deposit (Bridges et al.,

2008)

Early environments of
Spectral observations
Research as different regions and Ancient water
to locate the BIFs on

analogue to

Mars

processes (Bridges

et al., 2008)

implications to
Mars (Fallacaro and

formation of specularite
Calvin, 2003 )

on Mars (present study)

were mineralized by hematite (Allen et al., 2001; Schelble et al., 2004; De
Gregorio and Sharp, 2006). Several microfossils have been detected in chert,
including Gunflint Chert (Barghoorn and Tyler, 1965), Dressler Formation
(Van Kranendonk, 2006) and Apex Chert (Schopf, 1993). The precipitation
of silica forms an ideal environment for the preservation of microfossils in geo-
logically significant periods (Preston and Genge, 2010), because it provides a
harder substrate which is less prone to reworking and removal of biomolecules.
Rhyne chert has been studied for its silicified microorganisms by Preston and
Genge (2010) and proposed that if life had ever existed on Mars, microor-
ganisms would have likely been silicified by Martian hot spring deposit with
regards to the similar early evolution of Earth and Mars. Black chert deposits
of iron ore group of Singhbhum craton can also add valuable information and
help in identifying similar characters. Black chert that is associated with BIFs

in Singhbhum craton has been proved as a potential host revealing several
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clues on the palacobiogical evolution of our early Earth (Barghoorn and Tyler,
1965; Schopf, 1993; Van Kranendonk, 2006). Bridges et al. (2008) proposed
that where spectra indicate bands of hematite and jaspilitic quartz, without
discernable clays, and where this pattern extends from the millimeter to me-
ter scale and is laterally continuous, it is highly likely BIFs are present. On
Mars, these signatures should be observable at the regional scale from orbiters
and at outcrop scale from rovers (Bridges et al., 2008). Other important as-
pect to be analyzed is that BIFs have a strong magnetic signature. NASA’s
Mars Global Surveyor (MGS) mission found strong magnetic lineation in the
planet’s ancient crust that exceed terrestrial values by an order of magnitude,
indicating the presence of an intense ancient Martian magnetic field (Con-
nerney et al., 2001). The magnetized material might be ancient lava flows
or magmatic intrusions, although a contribution from Martian BIFs cannot
be discounted (Bridges et al., 2008). The search for the banded iron forma-
tion on Mars would be an outstanding breakthrough to get the insights into
the geological past of the planet. The hematite deposits therefore, could be
treated as potential target rocks for probing ancient microbial and hydration
processes. The terrestrial BIFs have recorded primitive aqueous habitable en-
vironments where early forms of life such as stromatolites have been reported
(Cloud, 1965, 1972; Hartmann, 1984; Konhauser et al., 2002, 2003). The plan-
etary geosciences community consider BIFs as potential Martian analogs for

hematite deposition (Fallacaro and Calvin, 2003; Bridges et al., 2008).

3.5 Conclusions

This study on geological and spectral characteristics of BIFs in Singhbhum
craton will help to have a better understanding on the palaeco-environmental
conditions of formation of iron deposits on Mars. Spectroscopic studies could
aid in differentiating the iron ore deposits on Mars and also help in the relative

enrichment of Fe content in different deposits. Laser Raman and ATR-FTIR
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spectroscopic techniques are proved to be very significant in analyzing different
mineral mixtures, whereas it is difficult to identify each mineral species in a
mixture through VIS/NIR radiometry. Chert/quartz, an integral part of BIFs
could not be identified in VIS/NIR analysis, but it is easily distinguishable
by laser Raman and ATR-FTIR spectroscopic techniques. We hope that this
geologic and spectral study of BIFs will help during the testing and calibration

phase of the on-going and future missions to Mars.
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CHAPTER 4

Spectral and chemical characterization of
jarosite in a palaeolacustrine depositional
environment in Warkalli Formation in Kerala,

South India and its implications

Preclude

This chapter deals with jarosite, a hydrous sulphate associated with other
hydrous mineral phases of phyllosilicate family in a palaeo-lacustrine deposi-
tional environment near Varkala in Warkalli Formation of the Tertiary se-
quence of Kerala, South India. The Formation marks the abundance of phyl-
losilicates in the mineral assemblage, and jarosite occurs as a prominent sec-
ondary phase formed during acid-sulphate alteration of iron sulphide in this
area. Here, we discussed about the potentiality of spectroscopic techniques to
identify the possible mineral phases in the collected samples. The samples from
the coastal cliffs have been characterized by hyperspectral analysis (VIS-NIR-
SWIR), X-ray Diffraction (XRD), Fourier Transform Infra-red (FTIR), Elec-
tron Probe Microanalysis (EPMA) and Laser Raman spectroscopy. This study
of jarosite formation in terrestrial environment will influence our understand-
ing on the mineral precipitation, diagenesis and hydration processes on Mars.
Additionally, it also shows the importance of spectroscopic techniques like Ra-
man spectrometry to be used in future missions to Mars to further validate the

results of orbital spectroscopy.



4.1 Introduction

Jarosite group of minerals with the general chemical formula [AB3(SO4)2(OH)g,
where A represents K™ and B represents Fe3™ for typical jarosite|, are the key
minerals indicating aqueous, acidic and oxidizing conditions of its formation on
earth (Bigham and Nordstrom, 2000 and references therein). The stability and
reactivity of these minerals depend on the degree of substitution of the ions KT,
Fe** and tetrahedral sites with other ions such as Na™ (natrojarosite), Ag™
(argentojarosite), NH; (ammoniojarosite) and H3O" (hydronium jarosite) into
the A site, Cr3* V3* Ga’* into the B site and CrO3~ for SO3™ in the tetra-
hedral site (Welch et al., 2007). For instance, Nat or H3O" substitution into
the position A highly increases jarosite solubility and reactivity (Stoffregen,
1993; Drouet and Navrotsky, 2003; Gaboreau and Viellard, 2004; Gasharova
et al., 2005; Welch et al., 2007). Other important factors on which the stabil-
ity of jarosite relies on include chemical and biological properties such as pH,
Eh, relative humidity, oxygen and microbial activity (Greenwood et al., 2005;

Singh et al., 1999; Brady et al., 1986).

Pyrite or iron sulphide is one of the most common sulphide mineral, which
plays a major role in the formation of several meta-stable secondary min-
eral species such as ferrihydrite (5Fe;03-9H50), schwertmannite [FegOg(OH)g
(SO4)-nH,0 or Feld O15(OH,S04)12-13-10-12H,0], and goethite (FeO(OH)),
along with some comparatively more stable secondary minerals like jarosite
|[KFe3(SO4)2(OH)g|, and hematite (FeaO3) (Nordstrom, 1982; Dutrizac and
Jambor, 2000; Cornell and Schwertmann, 2003; Bigham et al., 1996; Jerz
and Rimstidt, 2004). Among these minerals, formation of jarosite involves
three major steps: first oxidation of sulphur, second oxidation of ferrous iron
and third hydrolysis and precipitation of ferric complexes and minerals (Dold,
2014). Generally, jarosite is found associated with acid mine drainage or acidic
sulphate rich soils and have their application in hydrometallurgy as a potential
scavenger of heavy metals because of its very less solubility in water (Baron

and Palmer, 1996; Dutrizac and Jambor, 2000; Gieré et al., 2003). In general,
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dominance of jarosite in mineralogical assemblage indicates the acidic aqueous
conditions with pH close to 2 (Dold and Fontboté, 2001). Apart from the tra-
ditional jarosite formation mechanism in terrestrial conditions, i.e. in acidic
conditions with pH <4, it could also be generated from oxidizing pyrite in neu-
tral fresh water spring environment similar to Loboi Swamp, Kenya (Ashley et
al., 2004). With the increasing knowledge of mineralogically complex jarosite
and its non-acidic occurrences, it is apparent that jarosite does not strictly fol-
low a single diagenetic environment on Earth (McHenry et al., 2011). Jarosite
can also be used as an indicator of geochemical conditions that prevailed at
the time of its formation in extra-terrestrial environment (Murad and Rojik,

2005).

Present study focuses on the occurrences of jarosite in association with
phyllosilicates located on the coastal cliffs, fringing the Arabian Sea near
Varkala in Warkalli Formation of the Tertiary sequence of Kerala, South In-
dia. Jarosite is an important mineral associated with the carbonaceous clay
in Warkalli Formation. The geological setting of the area suits well to study
jarosite formation conditions in terrestrial palaeolacustrine depositional envi-
ronment since carbonaceous clay with minor lignite seams which hosts jarosite
could have been generated into a peat swamp in the geological past. Jarosite is
formed as an alteration product of marcasite/pyrite. The coastal affinity pro-
vided surplus supply of sodium through the moisture laden wind, converting
jarosite into natrojarosite. The objectives of the present research are; (i) to
understand the field relationship of mineral assemblages and defining their co-
existence with respect to present-day environmental conditions; (ii) chemical
and spectral characterization of mineralogical assemblage of the study area,

and (iii) possible implications to Mars.
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4.2 Geological setting

The Cenozoic sedimentary succession of Kerala unconformably overlies the
Precambrian crystalline rocks. The crystallines are mainly represented by
the gneiss-granulite suit of rocks with the younger igneous complexes (Soman,
1980), and are affected by polyphase deformation and metamorphism, resulting
into the development of complex tectonites such as fractures, faults and shear
zones (Rao, 1976). These tectonites have played a major role in graben subsi-
dence and hence, in the development of sedimentary basins in the West coast
(Eremenko and Gagelganz, 1966). Two major basins are identified, which are
(i) between Trivandrum and Ponnani in the South and the central Kerala, and
(ii)Cannanore and Kasargod in North Kerala (Paulose and Narayanaswamy,
1968). Major portion of the Cenozoic sediments is deposited in a deep basin
bordering the sea and currently occur under the cover of Recent sediments.
The sedimentation in the basins attained its maximum in Late Oligocene to
Early Miocene in the transgression phase which was followed by a regres-
sion phase with active erosion of the deposited sediments in Late Miocene.
Study area belongs to the coastal cliff edging the Arabian Sea near Varkala,
which is situated about 55 km north-west of Thiruvananthapuram - the cap-
ital of Kerala state, India (Fig. . The cliffs run for a length of 5.5 km
between Vettur (8°43'59.34"N & 76°42'19.91"F) and Edava (8°44'35.75"N &
76°41'54.21"F). These coastal cliffs are the type area for the Warkalli Forma-
tion of Mio-Pliocene resting unconformably over the Precambrian crystallines
of Kerala Khondalite Belt (KKB). Coastal cliffs of Varkala are mainly com-
prised of arkosic sand, kaolinitic sandy clay, carbonaceous clay and peat with
plant remains (Desikachar, 1976). The whole Cenozoic sediments of Kerala is
divided into four units from the oldest to youngest: Unit I comprises pebbly
sands and sandy clays with black clay and lignite; Unit II comprises lime-
stone with sand and clay; Unit III comprises arkosic sand claywith lignite and
ITTA comprises laterite, ferruginous sandstone and clay; and Unit IV comprises

beach sand and alluvial clay (Nair and Rao, 1980). Jarosite shows the grainy
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occurrence onto the clayey base with basic replacement texture (Fig. and
b). Jarosite also occurs in carbonaceous clay layer as encrustations due to
diagenetic replacement process (Fig. ) and depicts a typical efflorescence
texture (Fig. [4.2[). Efflorescent iron sulphate minerals form when solutions
rich in iron sulphate and in sulphuric acid evaporate in surficial conditions
(Jerz and Rimstidt, 2004). The evolution from ferrous sulphate minerals to
iron oxy-hydroxides minerals occurs by a series of oxidation, dehydration, and
neutralization reactions. The mineralogy that develops at any particular site
is controlled by the relative rates of each of these types of reactions. Jarosite
in this part was first reported and identified as a natrojarosite (Tassel, 1965).
This mineral will be periodically washed away by waves during high tide and
hence cannot be seen throughout the year. Carbonaceous clay which hosts
jarosite is black organic-rich clay bed consisting of variable amounts of silt and

poorly-sorted sands and is partly iron oxide-coated.

4.3 Methodology

The present work includes field investigations, systematic sampling, character-
ization of the collected samples with the aid of electron microprobe analysis
(EPMA), hyperspectral analysis (VIS-NIR-SWIR), X-ray diffraction analysis,
laser Raman analysis and Fourier transform infrared spectroscopy. The sam-
ples were purified by removing any associated crack fillings. The samples were
then were crushed and finely powdered using Fritsch Pulverisette with Ni-Ch
grinding set (Fritsch GmbH; Germany) attached with air compressor and a
Jaw Crusher (Insmart Systems) after VIS-NIR-SWIR spectra generation of

the solid samples. The same powders were used for other analyses.
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Figure 4.1: (a) Location map of the study area with respect to India. (b) Geolog-

ical map of Kerala (Source: Geological Survey of India: Geological
and mineral map of Kerala state published in 1995) (c) Terrestrial
view of Varkala Cliffs- A view off the coast of Varkala.
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Figure 4.2:

Photograph of the sampling locations with surficial jarosite deposits
in different geological setting. (a) Replacement type jarosite de-
posit on clayey groundmass. (b) Replacement type jarosite asso-
ciated within sandy groundmass. (c) Jarosite in carbonaceous clay:
as encrustations due to diagenetic replacement process. (d) A typical

efflorescence texture in jarosite deposit.
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4.3.1 Field investigation and sample collection

Field investigation included studying the entire 5.5 km stretch of cliffs and
identifying the different mineral assemblages. Warkalli Formation is an em-
bodiment of different minerals like authigenic quartz, feldspar, biotite and
rare earths; secondary minerals like clay, oxides and hydroxides of iron and
aluminium; replacement minerals like marcasite and jarosite besides the minor
lignite seams. The vertical and horizontal disposition of the cliffs was studied
well and the mineralogical assemblages were characterized in detail. The dif-
ferent physico-chemical conditions were able to be deciphered from the mode
of occurrence and association with other minerals. Except a few specimens,

most of the collected samples were loose sediments.

4.3.2 Electron probe micro-analysis

The elemental mapping of selected jarosite grains was performed with well-
polished thin sections using Electron Probe Micro-Analyser (EPMA) posi-
tioned at Indian Institute of Science, Bangalore. EPMA of jarosite grains has
been done at operating conditions of 10 kV, 20 nA, and 5 gm beam diameter
to avoid the change in Na and K count rates for the entire analysis time with
no specimen damage. Elemental mapping for Na, S, Si, K and Fe has been
done. The instrument was calibrated using sulphate and silicate standards.
Back-scattered images have also been generated through EPMA to check for

the grain size and their distribution along with other mineral species.

4.3.3 Spectral analysis

Laboratory hyperspectral signatures of the samples (hand-specimen and pow-
ders of 500 um in diameter) were collected using ASD FieldSpec® 3 spectro-
radiometer in the wavelength range of 500 nm to 2500 nm. The fibre optic
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cable along with the gun holding it, were mounted on the tripod at nadir po-
sition. Spectral signatures were collected in a controlled laboratory dark room
environment. In another tripod, a tungsten filament halogen lamp with the
wavelength range of 400 nm to 2500 nm was used as artificial light source for
spectral data collection. Spectralon®, the standard white reference panel was
used for measurement of irradiance for each set of measurement. The splice and
parabolic corrections were made for the collected spectra and then matched
with the reference spectra available in USGS spectral library to confirm the
composition of minerals. Spectral Feature Fitting (SFF) and Spectral Angle
Mapper (SAM) techniques have been used to match the unknown spectra from

the study area to the standard reference from USGS spectral library.

4.3.4 X-ray diffraction

X-ray diffraction analysis was made using a Bruker D8 ADVANCE Xray
diffractometer in University of Kerala, Thiruvananthapuram, India. The XRD
analytical conditions are as follows: copper-alpha radiation, 10° — 78° 26, step

size 0.020305 at a scan step time of 96 s.

4.3.5 Laser-Raman analysis

Micro Raman Spectrometry is done using WITec alpha 300 Raman System
excited with 532 nm laser with 300 mW output at Vikram Sarabhai Space
Centre, Thiruvananthapuram, India. The spectral range of the equipment is
from 100 to 3600 cm™! shift from the laser line, accomplished with an edge
filter. The Raman system is fitted with XYZ mapping stage as well as confocal
arrangement enabling imaging studies with spatial and depth resolutions of 1
and 2 pm respectively. The system is fully automated and self-validating with

auto aligning and optimization of input laser power.

97



4.3.6 Fourier transform infrared spectroscopy

Spectra were collected in fine powdered samples with a Perkin Elmer Infrared
(FTIR) spectrometer positioned at Department of Chemistry, Indian Institute
of Space Science and Technology, Thiruvananthapuram. The powders were
pressed at 55 to 60 kb. The spectra were recorded immediately after the
separation of the powder sample from the bulk sample. Spectra were collected

I and

in the 700 to 4000 cm~! range with an optical resolution of 0.5 cm™
wavelength precision of 0.01 cm™! at 220 V, 50 Hz power supply. A baseline

correction was made before interpretation the data.

100um JEOL 10/31/2014
X 40 10.0kV COMPO 0):] WD 11.1mm 15:21:27

Figure 4.3: Back Scattered Electron image of jarosite (Jar) and associated min-
erals of quartz (Qtz) and plagioclase (Plag) in a polished thin section

of sample.
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4.4 Results

4.4.1 Electron probe micro-analysis and back-scattered
images

The crystalline nature of jarosite is observed from the back scattered images
(Fig. [£.3). Apart from jarosite, other identified minerals identified in BSE
images are goethite, plagioclase, quartz and few ilmenite grains. Quartz and
plagioclase are in the form of angular grains whereas jarosite and goethite

grains are subangular to subrounded.

Elemental mapping for the jarosite grains on well-polished thin sections
has been done for Na, S, Si, K and Fe and results are displayed in the Fig. [£.4]
These results show varying degree of elemental concentrations throughout the
grains and they are strongly correlated. The Fe map shows the enrichment
throughout the grain, leaving some specific structural pattern of Fe-deficiency
(Fig. [4.4h). The Si map shows Si depletion in the areas where Fe and S
are enriched. The enrichment pattern of Fe and S are same in the elemental
maps. Si is highly correlated with the Fe and S enriched locations; the lower
the concentration of Fe and S in a location, the higher the Si concentration.
The K map shows the elemental enrichment throughout the grain, whereas
an appreciable concentration of Na within the grain suggests the jarosite as
natrojarosite. Less structurally deformed jarosite grain shows similar patterns
for Fe and S enrichment. A weathered jarosite grain shows relatively higher Fe
enrichment than S with similar Si enrichment patterns throughout the grain.
Highly weathered and deformed grain shows Fe enriched locations with lower
concentration of S. K and Na maps are also highly correlated. The less weath-
ered grain show similar enrichment patterns for Fe and S with relatively high
Na enrichment patterns, which is highly correlated with the K concentration
(Fig. ) Apart from elemental mapping, determination of chemical com-

position by EPMA was also carried out. Total concentrations (water excluded)
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were in the range of 65 to 78 wt% with considerable variation in the concen-
tration of FeO and SO;3. Low totals could be the result of void space of excess
water (McHenry et al., 2011). Due to low totals, only preliminary compo-
sitional measurements are possible. Nay,O concentrations range from 1.27 to

2.89 wt% compared to ~0.01 wt% of K,O.

4.4.2 Spectral analysis

The spectral characteristics of the samples collected from sea cliffs, Varkala,
Kerala are listed in Table 4.1} Spectral characteristics and albedo of the solid
and powder samples of the study area in ultraviolet-visible-near-infrared region
of electromagnetic spectrum have been measured to understand characteristic
absorption features of identified minerals (Fig. [4.5h-d). Results confirm that
the samples collected from the Warkalli Formation are dominated by jarosite
and kaolinite minerals. Due to the clear deep absorption band of Fe?", other
minerals (such as goethite, pyrite) absorption features are suppressed. Spec-
tral profile of the jarosite sample JARO11 has the absorption bands centered
at 910 nm, 1470 nm, 1849-1864 nm (in the form of a doublet), 1940 nm and
2270 nm, which are due to Fe?*, OH, Na-OH, OH and Mg-OH vibrations re-
spectively (Fig. |4.5a). All the hydrous phase vibrational absorptions are weak
to moderate and narrow. The reflectivity spectrum of solid hand specimen is
smooth with very shallow absorption at around 600 nm whereas USGS spec-

tral library spectrum is smooth with well-defined shallow absorption band at
580 nm (Fig. [4.5b).

Powder sample of JARO11 also shows the same characteristic absorption
bands as those of hand-specimen, having the absorption bands centered at 910
nm, 1470 nm, 1849-1864 nm (in the form of a doublet), 1940 nm and 2270 nm
with the relatively lower reflectance (Fig. 4.5¢). Powder reflectivity spectrum
shows no peculiar absorption band in the wavelength region of 500-700 nm

(Fig. [4.5d).Lower reflectance intensity is mainly attributed to grain size differ-
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Figure 4.5: Laboratory reflectance spectra of hand-specimen and powdered sam-

ple of JARO11. (a) Spectral profile of the jarosite hand specimen
(black) having the absorption bands at 900 nm, 1400 nm, 1900 nm
and 2200 nm, corresponding to Fe3*, OH and SO*~ overtones and
the comparable jarosite spectra from USGS spectral library (red).
(b) The variability in the reflectance of jarosite solid sample (black)
and its comparison to USGS spectral library spectrum (red) in the
wavelength range of 500-700 nm and powder. (c) Spectral profile
of jarosite powdered sample having same absorption bands as that
of hand specimen with relatively lower reflectance value. (d) Pow-
dered sample spectrum with no absorption in the wavelength range
of 500-700 nm (Source: http://speclab.cr.usgs.gov/spectral). Box A
represents the absorption bands into visible region and box B repre-
sents the absorption bands in near-infrared and short-wave-infrared
region of electromagnetic spectrum. Dotted lines are drawn to locate

the absorption band centers at wavelength axis.
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Table 4.1: Characteristics absorption bands of laboratory reflectance spectra and

their assignments to the particular compositions, of the collected sam-

ples from Varkala cliff, Kerala.

Absorption

Absorption band

Sample Identity band (nm)  characteristics Assignments
JAROLL : 600 Weak, broad Iron(III) ion
(hand-specimen)
Very strong, broad, .
910 Symymetricgl Tron(IIT) oxide (Fe3Os3)
1400 Weak OH absorpti
(doublet) eak, narrow absorption
1470 Moderate, narrow OH stretching band
1864 Weak, narrow Na-OH vibration
1945 Strong, broad Ferric iron/H20 absorption
2200 .
(doublet) Moderate, broad Al-OH absorption
2280 Moderate, narrow, 1o i Gibration
symmetrical
JARO11 .
(powder =250 yum) 600 Weak, broad Iron(III) ion
910 Strong, broad Iron(III) oxide (FexOs3)
1400 :
(doublet) Strong, narrow OH absorption
1470 Weak, narrow OH stretching band
1800 Moderate, broad OH bend vibration
1864 Weak, narrow Na-OH vibration
1945 Very strong, broad  Ferric iron/H20 absorption
2200 .
(doublet) Very strong, narrow Al-OH absorption
2280 Weak, narrow Na-OH vibration
2300 Weak, narrow Na-OH vibration/COjs-absorption
2400 Weak, narrow Mg-OH vibration
JARO15 Very strong, broad, .
(hand-specimen) 900 symmetrical Iron(IH) oxide (FeOs)
1400 .
(doublet) Strong, narrow OH absorption
1470 Weak, narrow OH stretching band
1864 Weak, narrow Na-OH vibration
1945 Strong, broad Ferric iron/H20 absorption
2200 .
(doublet) Moderate, narrow Al-OH absorption
2260 Moderate, narrow, . orr Gipration
symmetrical
KAO015 1400 :
(hand-specimen) (doublet) Strong, narrow OH absorption
1944 Strong, broad Ferric iron/H20 absorption
%c%ggblet) Moderate, narrow Al-OH absorption
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ence here. The characteristic absorption feature of jarosite between 400 and
1300 nm is due to Fe3* spin-forbidden ligand field transitions in iron atoms
that are linked through edge or corner-shared Fe**(O/OH)g octahedra. Other
mineral associated with the jarosite sample is kaolinite as indicated by the
spectral observations of the sample which are centered at 1400 nm, 1900 nm
and 2200 nm. This characteristic spectra match well with the kaolinite spec-
tra of USGS/JPL spectral library. Reflectivity spectra of samples JAR015 and
KAOO021 show the characteristic -OH absorption bands at 1400 nm, 1950 nm
and 2200 nm of phyllosilicate group of minerals (Fig. [£.6h,b). Reflectivity
spectrum of sample JARO15 shows a deep trough at 900 nm due to overtones
of Fe3*. Measurement of albedo of the spectra is one of the important and pe-
culiar features during the spectral measurements of different minerals. Jarosite
show albedo in the range from 15 to 70%. Powder samples of jarosite have
comparatively low albedo, in the range of 25-60%. The phyllosilicate phase
kaolinite has albedo in the range of 30-90%.
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Figure 4.6: Laboratory reflectance spectra of the hand-specimen of (a) JAR015
and (b) KAOO021, in which the notations (1) and (2) defines the

absorptions due to Fe3* and OH/H,O overtones.
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X-ray diffractograms of the samples JARO011, JARO015,

KAO021 and KAO024 with mentioned characteristic peaks for dif-

ferent minerals, in which nj stands for natrojarosite, q stands for

quartz, k stands for kaolinite, kf/f stands for feldspars, p stands for

pyrite, s stands for smectite, h stands for hematite and m stands for

marcasite.

4.4.3 X-ray diffraction

Fig. shows four diffractograms of the fine powdered samples JARO11,
JARO15, KAOO021 and KAO024 collected from the Warkalli Beds (Tertiary)

exposed in the Varkala sea cliffs. The characteristic XRD peaks for sample

JARO11 (Fig. 4.7h) are at ~17.5°, 16° and 15°, which basically correspond to

natrojarosite (Tassel et al., 1965; McCollom et al., 2014). Apart from these

XRD peaks for the sample, a doublet at ~28° is also attributed to natro-

jarosite. Other prominent XRD peaks are at ~12° (Kaolinite), 20° (Quartz),
25° (Kaolinite), 26.1° (K-Feldspar /plagioclase), 26.6° (Quartz), 36° (Hematite)
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40° (Pyrite), 43° (Pyrite), 50° (Hematite), 46° (Kaolinite) 54° (Smectite), 60°
(Pyrite) and 68° (Marcasite). Diffractogram of sample JARO15 shows similar
peak pattern with the variation in the intensity of peaks; the peak at ~54° is
omitted completely suggesting the removal of smectite clays (Fig. ) Omis-
sion of natrojarosite peaks from the diffractogram of KAOO021 sample suggests
its composition more towards clay and sand rich (Fig. .7c) whereas the minor
peaks are again noticed in the carbonaceous clay rich KAO024 sample (Fig.

7).

4.4.4 Laser Raman analysis

The Raman spectrum of the sample JARO11 (Fig. shows six bands as-
signed to the vibrational modes of Fe-O and S-O bonding. In the range below

700 cm~! where the peaks from 15, v4, and lattice modes occur, main peaks

are at 228, 261.15, 387.86, 469.74, 536.03 and 625.7 cm~!. The band at 387.86

! is assigned to the vibrational modes of Fe-S bonding in pyrite and the

cm™
band at 469.74 cm~! assigned to the stretching modes of S-S in elemental sul-
phur (Li et al., 1993, Sasaki et al., 1998). In the range between 1200 and 900
cm~! where the v; and v5 peaks of SO, tetrahedra occur, the most prominent
peak is at 1012.68 which is assigned to symmetric stretching vibration mode
vy of SOy tetrahedra with highest peak intensity. The two prominent peaks
at 1114.05 and1150.12 cm™~! were assigned to asymmetric stretching vibration

mode v3 of SO, tetrahedra. In the spectral range of 3600-3400 cm ™, a triplet

of Raman peaks is observed, which is due to OH in the crystal lattice.

4.4.5 Fourier transform infrared spectroscopy

Fig. shows Fourier transform infra red transmittance spectra in the wave-
length range of 700-4000 cm ™ for the powdered sample JARO11. These results

show the transmittance minima in the wavenumber range of 700-1200 cm™!
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Figure 4.8: Laser Raman spectrumof the sample JARO11 with characteristic
peak positions. For the interpretation of the peak values, refer to

the text.

and 3550-3750 cm~!. In 700-1200 cm~! range three transmittance minima have
been identified and all these three minima show two doublets with little varia-
tions in the transmittance percentages (Fig. [1.9b). These paired transmittance
minima are present at 755-790 cm™t, 910-945 cm™! and 1003-1028 cm ™! and
are assigned to the vibration modes of v; (SO3~) and v, (SO?™) for lower and
higher wavenumbers respectively. Apart from these three transmittance min-
ima, one single transmittance minimum is present at about 1125 cm~!. In the
wave-number range of 3550-3750 cm ™!, two major (3617 and 3688 cm™!) and
two minor (3649-3669 cm™!) transmittance minima are present (Fig. [4.9k),

assigned to the stretching vibration modes of OH (vog band).
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Figure 4.9: (a) FTIR spectra show the characteristic transmittance bands for
hydrous phases in the sample JARO11 in the 800-1200 wavenumber
region and 3550-3750 wavenumber region. All the peculiar absorp-
tions are either due to O-H bend or free hydroxyl molecule. (b) Fo-
cused view of the transmittance bands in the 800-1200 wavenumber

region (c) Focused view of the transmittance bands in the 3550-3750

wavenumber region.
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4.5 Discussions

The mineralogy detected by petrographic observations, VIS-NIR-SWIR spectro-
radiometry, XRD, laser Raman spectroscopy and FTIR is represented in Table
4.2

Visible-near infrared reflectance spectroscopic analysis, XRD, laser Raman
analysis and petrographic analysis all confirmed the presence of jarosite in
the studied samples. VNIR spectroscopy results are more consistent with
petrographic observations (EPMA and BSE images). VNIR reflectance spec-
troscopy is proved to be very significant in identifying the various minerals
and rocks, and is emerging as a powerful tool in examining the mineralogy
of other planets through orbiters equipped with the spectroradiometer with
essential specification. The spectra are collected in the wavelength range of
450-2500 nm. The major spectral features displayed by jarosite include absorp-
tion bands at around 910 nm, 1470 nm, 1940 nm and 2270 nm as presented
in the Fig. f.5] The VNIR spectrum in 600-1000 nm range of wavelength is
mainly attributed to Fe oxides, iron bearing sulphates, or iron rich mineral
families such as pyroxenes and olivine (King and Ridley, 1987; Clark et al.,
2005). The absorption bands at 1400 nm, 1900 nm and 2200 nm are due to
the overtones of hydroxyl group (Hunt, 1970; Hunt et al., 1971) (Fig.
and d). Results from XRD and laser Raman are compliment with each other,
as all are representing similar mineralogical composition. Characterization of
jarosite group of minerals was performed many scientists for mineralogy and
crystal chemistry (Sasaki et al., 1998; Drouet and Navrotsky, 2003; Drouet et
al., 2004, Basciano and Peterson, 2007, 2008; Desborough et al., 2010; Mc-
Collom et al., 2014). The Raman spectrum in the region 100-3600 cm™!, as
represented in Fig. shows the most prominent bands at 1012.68 cm™!,

which defines symmetric stretching vibration mode v of SO, tetrahedra.

XRD analysis of the sample reveals the varying composition of the sample

with different prominent diffraction peaks. Most of the peaks in XRD diffrac-
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Table 4.2: Summary of the minerals detected in the samples from different tech-
niques. X indicates that these minerals were uniquely identified with
this technique, while O indicates that there is a weak and inconclusive,

though compatible, feature. I indicates no feature observed.

Varkala Cliff Jarosite and Clay samples
Detected Mineral Species
EPMA/BSE VIS-NIR-SWIR XRD Raman ATR-FTIR

Natrojarosite X X X X X
quartz X I X O X
Plagioclase X I X Q) I
Kaolinite X X X Q) O
Pyrite (0] O X I I
Marcasite I 0O X I I
Smectite I O X Q) 0]
Hematite I X X I I

togram define the composition towards iron sulphides (Pyrite and Marcasite),
natrojarosite, clay (kaolinite and smectite) quartz and hematite. The diffrac-
tion peaks for natrojarosite are moderate in intensity. Thus all analytical

techniques prove natrojarosite in the area.

4.5.1 Jarosite distribution and its genesis in Warkalli For-
mation

The genetic environment for the formation of particular minerals depends
mainly on climatic, hydrologic and lithologic factors present in the area. Con-
cretions of pyrite/marcasite have been observed in the Warkalli Formation,
which usually converts into hydrated ferric oxides/jarosite after oxidation.
Varkala Cliffs exposes all the lithounits of Warkalli Formation formed under
a fluvio-lacustrine environment. The base of Warkalli Formation is marked
by carbonaceous clay rich in lignite or the peat swamps. Abundance of or-
ganic matter deposited in a fluvio-lacustrine environment normally develops

an anaerobic environment by removing available oxygen through decomposi-
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tion of organic matter containing sulphur compounds as well as by creating a
ferricrete layer preventing the underlying layers to have any contact with atmo-
spheric oxygen. The sulphur thus liberated combines with hydrogen from the
water to form HyS. Marcasite (FeSs) occurs as radiating/ ramifying clusters in-
dicating replacement of organic matter from tree twigs. Marcasite reacts more
readily than pyrite under conditions of high humidity (oxidation) and disinte-
grate to form jarosite (disintegration of marcasite is referred as ‘pyrite decay’).
In marcasite and lignite seams, sulphide mineral oxidation precipitates efflo-
rescent jarosite during the coincidence of a dry climatic spell and low tide level.
The formed jarosite undergo dissolution to form ferric oxyhydroxides during
the monsoonal climatic conditions and this dissolution results in lowering the
pH of the spring water spouting from this cliff. The typical efHorescent na-
ture of jarosite suggests a longer dry spell prevailing seasonally in this area.
At place, the replacement texture produced by jarosite indicates a complete
replacement of marcasite to jarosite. Usually the upwelling of groundwater is
a major prerequisite for the formation of jarosite in Martian scenario (Hanna
et al., 2007). In this area, the sandstone overlying the carbonaceous clay layer
acts as a perched as well as a confined aquifer and hence contributes water
for the formation of jarosite. The coastal nearness of this geologic formation
facilitated the supply of sodium which made it a natrojarosite. Natrojarosite
also shows the typical replacement texture. Generally non-stoichiometric (non-
ideal chemical formula) jarosites are formed in lacustrine environment, but the
presence of natrojarosite makes this area different from other areas (Swayze et

al., 2000).

Usually, inorganic oxidation of pyrite/marcasite leads to the production
of sulphuric acid, which reacts with the calcite of the country rock to form
gypsum (Sass et al., 1965). VIS-NIR-SWIR data indicate the presence of
some carbonate species in the area, but they have not been identified in XRD
or Raman analyses. The seasonal absence of jarosite could be attributed to
its solubility in the waters either in the rains or occasional floods in the area.

On the other hand, formation of jarosite/natrojarosite could be explained by
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the mechanism which involves the attack of sulphuric acid on clay group of
mineral to leach out alkalis (K, Mg) and alumina, resulting into the formation
of jarosite/natrojarosite in the area. The restricted occurrence of natrojarosite
to the far shore part of coastal cliffs in association with clay is due to long-
established acidic conditions (pH 2-3) compare to the near shore part of the
coastal cliffs. Slight increase in the pH values most likely on near shore coastal
cliff zones leads to the formation of hydrated iron oxides (Merwin and Posnjak,
1937). The most important reason which makes the Warkalli Formation as a
unique is that the association of jarosite in a peat swamp helps as a proxy
in orbital data to locate such organic rich layer in other terrestrial and extra-

terrestrial world where such deposits are expected.

4.5.2 Implications to Mars

Jarosite is reported at a few sites on Mars, for instance, Fagle Crater (Klin-
gelhofer et al., 2004) and Meridiani Planum (Squyres and Knoll, 2005) by us-
ing the Mossbauer spectrometer data aboard Mars Exploration Rover (MER)
Opportunity and Mawrth Vallis by using MRO-CRISM data (Farrand et al.,
2009). Although many of the places on Mars, distribution of phyllosilicate
and sulphate is stratigraphically and temporally different, jarosite and Fe/Mg
phyllosilicate are observed in close vicinity in the regions such as Terra Merid-
iani (Poulet et al., 2008). Other places on Mars, those have been detected
with both jarosite and Fe/Mg phyllosilicates are Columbus Crater, a potential
palaeo-lake in Terra Sirenum (Wray et al., 2009) and Mawrth Vallis, where
a jarosite-rich layer directly overlying a Fe/Mg smectite layer (Farrand et al.,
2009). Formation of jarosite in Mawrth Vallis has been postulated that it
could have formed by later acid-sulphate alteration of the Fe/Mg smectite lay-
ers below (Altheide et al., 2010). Jarosite requires a specific environment for
crystallization like highly acidic (preferably <4) S-rich brines under highly ox-
idizing conditions (Papike et al., 2006). The possibilities of formation of such

112



an ideal hotspots are either volcano/hot springs or oxidation of iron sulphide
where there is an abundance of SO, (Rao and Gluskoter, 1973). The other
terrestrial analogue sites are generally temperate |e.g. Rio Tinto, formed by
biomineralization (Oggerin et al., 2014)]; permafrost [e.g. Golden Deposit,
Canadian Arctic; (Battler et al., 2013)] and volcanic province [e.g. Deccan
Volcanic Province, India; (Mitra et al., 2014; Bhattacharya et al., 2016)|. The
coexistence of jarosite and Fe/Mg phyllosilicates, which is consistent with the
jarosite-phyllosilicate deposit of Olduvai Gorge, Tanzania, presents a signif-
icant site in determining the aqueous geochemical conditions at the time of
deposition/diagenesis (McHenry et al., 2011). Although, Varkala jarosite de-
posit has been formed as a precipitate under a warm humid tropical condition
with surplus supply of sodium from the adjacent sea, it has the consistency
with the diverse diagenetic environments occurred in the palaeolake deposits of
Columbus crater, Terra Sirenum (Wray et al., 2009) or Terra Meridiani (Poulet
et al., 2008) where the association of jarosite and Fe/Mg phyllosilicates pre-
vails. Varkala jarosite deposit is short-lived and local due to warm and wet
conditions, unlike to the stable jarosite deposits on Mars consistent with cold
and dry conditions (Elwood Madden et al., 2009). In addition, Varkala jarosite
deposit witnesses different diagenetic textures and therefore, Martian jarosite
deposits, which are thermodynamically stable in most of the present-day tem-
perature and pressure conditions, could also have preserved the chemical and
textural characteristics of early Mars (Navrotsky et al., 2005; Cloutis et al.,
2008). The identified optimum bands/peaks by different spectroscopic tech-
niques for various hydrous and anhydrous minerals will further help in locating
the similar mineralogical deposits that could be different paragenesis on Mars.
Relevancy to carry out in-situ spectroscopic studies (through laser Raman and
ATR-FTIR) on planetary surfaces is also validated and that will improve the

quality of scientific information, one has today.
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4.6 Conclusions

Jarosite occurs in various local sedimentary conditions ranging from replace-
ment to diagenetic types in palaeo-lacustrine settings in Varkala, India. In
spite of having a close relation to saline-alkaline environment as major min-
eralogical entity belongs to phyllosilicate group, presence of jarosite proves
the local and unstable acidic environment in time. Though Varkala jarosite
is formed by major sedimentary processes without any involvement of direct
volcanic evidence in terrestrial conditions, its jarosite-phyllosilicate association
gives direct indication of diverse environmental conditions at the time of its
formation. Similarly, jarosite-phyllosilicate association on Mars such as palae-
olake deposits of Columbus crater, Terra Sirenum (Wray et al., 2009) or Terra
Meridiani (Poulet et al., 2008) proves local diverse environmental conditions
at the time of their deposition. In addition, Varkala jarosite deposit is also
helpful in validating the proposed depositional mechanisms for much localized
jarosite formations on Mars (Farrand et al., 2009) and also to give the insights
into the regions with complex diagenetic history of different hydrous sulphate

and phyllosilicate mineral species.
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CHAPTER 5

Mineralogical Investigations in East Candor
Chasma, Valles Marineris, Mars and Possible

Implications

Preclude

This chapter deals with spectral reflectance data of East Candor Chasma,
studied using MRO-CRISM (Mars Reconnaissance Orbiter-Compact Recon-
naissance Imaging Spectrometer for Mars) datasets. Important hydrous group
of minerals namely carbonates and sulphates have been detected on three dif-
ferent spatial locations, these are plateau, wall (layered deposits) and floor re-
gions, which provide significant inputs in depicting the hydrous processes on
the planet. Identified carbonate group of minerals mainly on plateau surface
include calcite and hydro-magnesite with peculiar absorption bands in 1.2-2.6
um and 3.2-3.9 pm. They could be the alteration products of high calcium or
magnesium minerals of igneous origin in the presence of water. Wall region
or interior layers deposits are found to be rich in sulphate and phyllosilicate
group of minerals such as kieserite which could be one of the important clues
in understanding the weathering pattern on or within the surface. Floor region
of East Candor Chasma is found to be rich in pyroxenes and iron bearing min-
erals, which might be preserving unaltered/prestine or partially weathered host
rock primarily rich in mafic minerals. Detected mineralogy such as carbonates
and phyllosilicates has strong support to the alkaline nature for their formation

and surely adds the information to the evolutionary history of the region.



5.1 Introduction

Orbital mapping of aqueous minerals by various inter-planetary missions such
as Thermal Emission Spectrometer (TES) on Mars Global Surveyor (Chris-
tensen et al., 2001), Observatoire pour la Mineralogie, L’Eau, les Glaces et
I'Activité (OMEGA) on Mars Express (Bibring et al., 2005, 2006; Poulet et
al., 2005; Gendrin et al., 2005), and Compact Reconnaissance Imaging Spec-
trometer for Mars (CRISM) on Mars Reconnaissance Orbiter (Murchie et al.,
2007; Mustard et al., 2008) has given confirmation to the existence of liquid
water on/near surface environments in the geological history. Interpretation
of the data obtained from these missions suggests that the altered minerals
formed on Mars’ surface in early to middle Noachian period are phyllosilicate-
dominated with minor carbonates (Poulet et al., 2005; Mustard et al., 2008;
Ehlmann et al., 2008) whereas Hesperian period is dominated by sulphate-rich
assemblages with limited regional occurrences of hydrated silica (Mangold et
al., 2008; Milliken et al., 2008). The depositional environments for phyllosili-
cate and carbonates suggest neutral to alkaline pH (Bibring et al., 2005, 2006)
in Noachian period and sulphate-rich assemblage suggest acidic conditions pre-
vailed during Hesperian period (Gendrin et al., 2005; Bibring et al., 2006). This
variation in the depositional conditions is hypothesized by an early wet period
when phyllosilicates were formed and ended with the weakening of the magnetic
field around Mars (Murchie et al., 2009) and by the rise of Tharsis volcanoes
SO, emissions acidified the available liquid water resulting into the formation
of sulphate-rich assemblages (Solomon et al., 2005). Adding to the existing
information, CRISM has detected more diverse and widespread distribution of
alteration products, for instance phyllosilicate and carbonate mineral assem-
blages, which are reported in Capri Chasma using CRISM datasets (Jain and
Chauhan, 2015). On Earth, carbonates are either formed by living organisms’
activity in liquid water or alteration of igneous minerals by sulphur (Tosca et
al., 2004; Hausrath et al., 2008). Martian carbonate occurrences are inter-

preted by various ways and they are: 1) reaction between hot COy rich fluids
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generated due to impacts and ultramafic rocks (Harvey and McSween, 1996),
(2) as a precipitate from shallow ephemeral lakes (Melezhik et al., 2001), and
(3) percolation of groundwater through fractures in olivine-rich igneous rocks
at higher temperatures (Ehlmann et al., 2008). The major occurrences of sul-
phates are identified mainly in layered deposits, Meridiani Planum (Arvidson
et al., 2005), Aram Chaos (Glotch and Christensen, 2005), and the interior
layered deposits (ILDs), Valles Marineris chasma system on Mars (Gendrin et
al., 2005; Mangold et al., 2008). ILDs of Candor Chasma are studied in quite
detail (Murchie et al., 2009) and are found to be enriched in hydrated sulphate
minerals, finely crystalline ferric oxides as detected by OMEGA (Gendrin et
al., 2005; Mangold et al., 2008) and coarser-grained gray-colored hematite
patches as identified by TES (Christensen et al., 2001a and b). The genetic
mechanism and the relationship between the sulphates and hematite bearing
deposits of the ILDs of Valles Marineris is a well studied aspect, particularly
in Meridiani Planum by TES, OMEGA and landed measurements by the Mars
Exploration Rover (MER) Opportunity (Arvidson et al., 2006; Squyres et al.,
2006) and Candor chasma (Murchie et al., 2009).

Here we report new mineralogical results based on reflectance spectroscopy
in East Candor chasma of Valles Marineris using CRISM datasets. This study
focuses on reflectance spectroscopy based aqueous minerals detection in East
Candor chasma. We show that the interior layered deposits and plateau regions
are dominated with dust and basaltic sand with hydrated sulphates, ferric
oxides and carbonates. We discuss the acquired spectral results of East Candor
chasma to decipher the probable mechanism for the formation of sulphate-

carbonate mineral assemblage in the study area.
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Figure 5.1: (a) The Mars Global Surveyor-Mars Orbiter Laser Altimeter (MGS-
MOLA) Shaded Relief Map showing the location of Candor Chasma
within Valles Marineris, (b) focused area of Candor Chasma studied

here.

5.2 Geological Setting

Candor chasma is one of the largest canyons in Valles Marineris and has been
considered into two divisions based on its linear stretch in E-W direction:
East Candor chasma and West Candor chasma (Fig. and [5.2)). Nedell et
al. (1987) and Komatsu et al. (1993) has reviewed the geology and geologic
setting of the ILDs, which form eroded plateaus of several kilometers in relief
mainly on the floors of many chamsas namely, Hebes, Melas, Ophir, Candor
and Ganges. Scientists have not discussed the mineralogical and hydrological

aspects, and genetic mechanism of layered deposits in the area (Murchie et al.,
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Figure 5.2: MRO-CTX image showing East Candor chasma with Nia Mensa and

Juventae Mensa.

2009). Okubo et al. (2008) has shown that the parts of the deposits of West
Candor chasma are highly deformed. The compositional study done by Man-
gold et al. (2008) in ILDs of Western Candor chasma using OMEGA data has
shown the scarce presence of pyroxenes with dominant hydrated sulphates,
mainly monohydrated Mg-rich kieserite. Steeper slopes of Western Candor
chasma are mainly composed of monohydrated sulphates whereas compara-
tively gentler slopes are composed of polyhydrated sulphates. In Western
Candor chasma the lower and middle parts of the walls are dominated with
kieserite which is overlain by polyhydrated sulphates (Murchie et al., 2009).
Formation mechanism of polyhydrated sulphates is possibly due to the hydra-
tion of monohydrated sulphates under modern ambient conditions as predicted
by Vaniman et al. (2004) in sulphate stability model or at the time of kieserite
formation, polyhydrated sulphates would have resulted as evaporites. East-
ern Candor chasma witnesses multiple intercalated layers of polyhydrated and
monohydrated phases (Roach et al., 2008, 2009). Roach et al. (2009) suggested
that monohydrated sulphates are not actively being altered to polyhydrated

sulphates based on three main regions: 1) co-occurrence of both phases in ad-
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jacent layers of the ILDs, 2) interbedding, and 3) persistence of monohydrated
sulphates in OMEGA and CRISM results without alteration to polyhydrated
phases. Ferric minerals are also found associated with sulphates in Valles

Marineris (Christensen et al., 2001a).

The genetic mechanism of ILDs has been proposed by many scientists and
it shows broad spectrum of processes ranging from accumulation of eolian dust
or sand (Peterson, 1982) to subaqueous volcanism (Nedell et al., 1987). Other
proposed mechanisms include subaerial fluvial deposition or volcanism (Luc-
chitta et al., 1988) and evaporite precipitation (McKay and Nedell, 1988).
Edgett and Malin (2003) has proposed that the ILDs are eroded remnants
of pre-existing layered chasma wall materials which has been supported by
Lucchitta et al. (1994) where volumetric calculations show that the wall ma-
terials was only one among the sources for ILDs compositions. Therefore, there
are many uncertainties associated with the ILDs of Valles Marineris regard-
ing their evolution, concentrations of sulphates, depositional and diagenetic

environments.

5.3 Results and discussions

5.3.1 Mineralogy of the study area

West Candor chasma has been studied from the quite ancient times for its spe-
cific deposits either for the mineralogical variations or their genesis (Geissler et
al., 1993; Mangold et al., 2008). Geissler et al. (1993) has analyzed the layered
deposits using Viking Orbiter multispectral images and Phobos ISM 2 instru-
ment data with the indication of local compositional difference, produced by
secondary alteration of the sediments in geological past. Using OMEGA (Ob-
servatoire pour la Minéralogie, 'Eau, les Glaces et I’ Activité) datasets, kieserite

and polyhydrated sulphates has been identified in the chasma by the definite
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combination of spectral absorption bands; for kieserite the absorption bands
fall at 1.6 um, 2.1 um and 2.4 um, and for polyhydrated sulphates the absorp-
tion bands fall at 1.4 pm, 1.9 um and 2.4 pm (Hunt et al., 1971; Bishop and
Murad et al., 2005; Gendrin et al., 2005). Mangold et al. (2007) has studied the
mineralogy of the sulphate rich regions in West Candor chasma using OMEGA
spectral data and HRSC (High Resolution Stereo Camera) datasets, and major
mineralogy identified include sulphates, iron oxides and mafic minerals. In the
present study, we have used one of the most recent spectral data MRO-CRISM
available in the 0.4-3.9 um region of electro-magnetic radiation (EMR) for the
identification of mainly hydrous minerals in East Candor chasma. Using the
standard processing technique after removing the atmospheric gas absorptions
for each pixel, it has been found that spectral signatures of mafic minerals
(pyroxene and olivine) and hydrated minerals (sulphates, phyllosilicates) can
be identified in the 1-2.5 um wavelength range. The studied area is found
enriched in sulphate and carbonate group of minerals and the confirmation
of the mineral species is being done by the comparison of absorption bands
of the target area to the CRISM spectral library. The obtained results have
confirmed the presence of hydrous minerals such as sulphates i.e. kieserite and
other polyhydrated sulphates, palagonite (an alteration product of volcanic

glass) and carbonates i.e. calcite and hydromagnesite (Fig. [5.3).

The main mineral groups identified are as follows:

Sulphates

Kieserite

Kieserite, a magnesium monohydrate sulphate (MgSO4-H50) is commonly
found in marine evaporites with rare occurrences in volcanic environments
as sublimates in terrestrial scenario. The spectra of kieserite shows the ab-

sorption bands at 1.6, 2.1 and 2.4 wm (Fig. [5.3), in which 1.6 and 2.1 pm
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absorption features are due to overtones and combinations of the symmetric
H-O-H stretch (1), the asymmetric H-O-H stretch (v3), and the H-O-H bend
(v2), and 2.4 um absorption feature is due to SO7~ stretch (Clark et al., 1990;
Gendrin et al., 2005). Here, 1.6 and 2.1 pum absorption bands correspond to
1.4 and 1.9 pwm absorption features due to shift towards longer wavelength;
the shift is due to strong coupling between the single water molecule and the
sulphate ion (Crowley et al., 2003). Alternatively, monohydrated Fe-sulphate
szomolnokite (FeSO4-H,0O) which has similar features as kieserite in the 1.5-2.5
pum range could also be considered to be fit for the observed spectra. These
two minerals differ only in terms of major cation Fe?* and Mg?*, but szomol-
nokite has a broad ferrous band from 1.2 to 1.6 pm which is not observed in
the spectrum. Kieserite is very unstable when exposed to water and gets con-
verted into hexahydrite (MgSO4-6H20) and epsomite (MgSO4-7H50) unless
provided with specific thermo-dynamic conditions as expressed in Vaniman et
al. (2004). The bulk of the sulphates detected in Valles Marineris are located
within the light toned, several kilometers wide to thousands of meters thick
layered deposits (Gendrin et al., 2005; Bishop et al., 2009; Murchie et al.,
2009). Further, polyhydrated and monohydrated sulphates are identified in
Juventae Chasma and Aram Chaos. In Juventae Chasma, polyhydrated sul-
phates overlie monohydrated sulphates and are distinguished with a distinct
geologic contact. Upper beds in Juventae Chasma are dominated by polyhy-
drated sulphates.

The ILDs in Aram chaos resemble well with the layered material of Juventae
and Western Candor chasma with polyhydrated sulphates overlying monohy-
drated sulphates. There are several hypotheses given to define the formation of
distinct monohydrated and polyhydrated sulphates on Mars, including 1) se-
quential deposition in an evaporating basin, 2) dehydration of a polyhydrated
Mg sulphate to kieserite by heating after burial and or 3) dehydration of an
existing polyhydrated sulphate deposit by upwelling hydrophillic chloride-rich
brines within a tectonically active fault basin (Hardie, 1991; Roach et al.,

2010). East Candor chasma that falls in the vicinity of Valles Marineris, a
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major canyon system of Mars could have witnessed dehydration of an exist-
ing polyhydrated sulphate into monohydrated sulphate deposit by upwelling
hydrophillic chloride-rich brines.

Carbonates

Calcite and hydromagnesite

Calcite is the most stable polymorph of calcium carbonate. Carbonates are
identified on the basis of the absorption bands at 1.9, 2.30 and 2.51 pm in
orbital reflectance spectroscopy as reported by Ehlmann et al. (2008). The
absorption band at 1.9 um correspond to -OH group. In the present study,
the carbonates are identified based on the absorption bands at 1.9, 2.35 and
2.55 pum along with the characteristic absorption bands at 3.4 and 3.9 um
(Fig. . These orbital spectra are compared with the carbonate refer-
ence spectra recorded in CRISM spectral library. Although, the absorption
bands are not very clear in 1.2-2.6 pm region, but the absorption bands in
3.2-.3.9 pm region are very clear and prominent (Fig. . Hydromagnesite
(Mgs(CO3)4(OH)2-4H50) is a hydrated magnesium carbonate mineral and is
generally found associated with the pristine magnesium containing minerals
such as serpentines. This is also one of the carbonate which shows the similar-

ity in the absorption bands positions with the observed spectra from Candor
chasma (Fig. [5.3).

Discussion based on absorption bands of carbonates has been given by
Ehlmann et al. (2008) where she has reported extensive carbonate exposures
identification in Nili Fossae. Carbonates suggest a warmer and wetter climate
in the geological past on any planet and on Mars this could be explained by the
identified carbonate exposures on the surface of Columbia Hills of Gusev crater
(Morris et al., 2010) Nili fossae, (Ehlmann et al., 2008) and Capri Chasma (Jain
et al., 2015).
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Silicates

Palagonite

Palagonite is an alteration product formed through the interaction of water
with volcanic glass of basaltic composition. Palagonite can also be formed
by slower weathering of lava. Palagonite has also been detected onto Martian
surface and the best match, to the spectral properties for it, is found in Mauna-
Kea palagonite deposit on Earth and the palagonitic tephra from a cinder cone
in Hawaii, which has been used to create Martian regolith simulant (Allen et
al., 1981; Singer, 1982; Guinness et al., 1987). Palagonite is identified on the
basis of the absorption bands at 1.45, 1.93 and 2.52 um. Terrestrial palagonitic
soil is considered as a good analogue to the Martian dust (Allen et al., 1998).
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5.4 Conclusions

Interior layered deposits and plateau regions in the East Candor Chasma are
found to be rich in carbonates and polyhydrated sulphates. These mineral
species would have been formed either through deposition by surface alter-
ation or during the weathering of the plateau material. Presence of carbonates
in the area suggests the activity of water/hydrothermal activity. Addition-
ally, sulphates and carbonates require liquid water to form at least at 2-3 km
depth. Therefore, presence of these minerals helps in defining the hydrologic
conditions in the area. Sulphates detected in the study area require presence
of liquid water to form by precipitation, either in an intermittent lacustrine

environment or by hydrothermal fluid circulation environment.
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CHAPTER 6

Comparison of reflectance spectroscopic data

from the study areas to their counterparts on

Mars

Preclude

This chapter presents a comparative account based on reflectance spectro-
scopic data from the sites gypsum deposit, Tiruchirapalli, Tamil Nadu, banded
iron formation, Odisha and jarosite deposit, Kerala to their counterparts on
Mars. Spectral, geomorphological and mineralogical comparisons are made.

Further, implication of the findings to Mars are given.

6.1 Introduction

Mars has always been a topic of intensive research for astrobiological evidences
due to its established hydrated nature, which is anticipated by means of hy-
drous mineralogy detected (e.g. hydrous sulphates, phyllosilicates and carbon-
ates) (Tosca et al., 2008; Bibring et al., 2006; Gendrin et al., 2005). On Earth,
all the organisms’ life is supported by water; therefore existence/presence of
water in liquid form on any planet raises the possibility for the existence of
life activity in surface to subsurface environments. Considering the habitabil-
ity, research suggests that all types of water are not habitable for life activity
in terrestrial conditions and the limiting factors comprises: water activity,
temperature, pH, and thermodynamic measure of salinity (Knoll et al., 2005;
Tosca et al., 2008). The habitability of Mars is discussed mainly after the

detection of water ice in the areas such as polar caps and ice/water within the



top meter of the high latitude regolith (Carr, 1996; Malin and Edgett, 2000;
Mellon and Phillips, 2001). Although, the conditions when minerals precip-
itate on Martian surface could be little different than in terrestrial scenario,
like evaporation of dilute Martian waters results in distinct saline mineral as-
semblages, causing some minerals that are common in terrestrial settings to
precipitate at lower water activity than they do on Earth (Tosca et al., 2008).
Despite the difference in the habitability and atmospheric conditions of Earth
and Mars, extensive research has been done to define the habitability of differ-
ent mineral assemblage in different hydration conditions (Jakosky et al., 2003;
Atreya et al., 2007; Fairén et al., 2010; Westall et al., 2013; Léveillé et al.,
2014). In the field any breakthrough is yet to come about life signatures from
Mars and the potential habitats are being proposed with more details from
terrestrial sites in different geological settings (Fairén et al., 2010; Mahafty,
2008; Fernandez-Remolar et al., 2008).

Gypsum deposits explained to be formed by evaporation of SO, rich waters
on the surface; but it’s occurrence in other forms such as mineral veins in hy-
drothermal systems. Haughton impact structure, where gypsum possesses fluid
inclusions of monophase nature and preserved microbial colonization within the
gypsum grains is proposed to be checked for life-signatures and palaeo water
chemistry (Parnell et al., 2004). Jarosite occur in acidic and oxidising environ-
ment on Earth, which is also reported from Meridiani Planum, Mars suggesting
intermittent acidic, oxidizing, and saline groundwater conditions (McLennan
et al., 2005; Grotzinger et al., 2005). Banded iron formations (BIFs) which
are chemical sedimentary rocks with alternate iron-rich and silica-rich layers,
formed with or without direct involvement of volcanic activity are always con-
sidered as a potential analogue to the layered hematite deposit in Meridiani
Planum on Mars because of their larger extent (Catling and Moore, 2000). Al-
though, defining the occurrence of BIFs on Martian surface could be a tricky
task as no hydrothermal hot fluid or aqueous environment is detected, but the
correlation of layered hematite deposit in Meridiani Planum to less propor-

tion siliciclastic BIFs such as Proterzoic iron formations in terrestrial scenario
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and underground iron-rich sources whose hydrochemistry and thermodynam-
ics favoured precipitation of Fe-bearing minerals but not silicate deposition is

proposed (Ferndndez-Remolar et al., 2003).

Gypsum, BIFs, jarosite and have direct or indirect potential towards preser-
vation or support to life activity (Christensen et al., 1999; Amaral et al., 2005;
Martinez-Frias et al., 2006; Amaral et al., 2007; Schopf et al., 2012). Consider-
ing these aspects, gypsum-phyllosilicate association of Karai Shale Formation,
jarsite deposit of Varkala and banded iron formations (BIFs) of Singhbhum
craton, Odisha have been characterized by using a wide range of spectroscopic
techniques, which could be used as database for later research in the field. In
this chapter, spectral comparison of the dominant minerals identified in the

study is provided with their Martian counterparts.

6.2 Geological background of the study areas

Near Karai village, marine gypsiferous phyllosilicates are exposed in mine cut-
tings. The colour of the gypsiferous clay is white to yellow and this change
in colour is attributed to change in the provenance. Karai Shale Formation is
comprising of two Members: Odiyam sandy clay and gypsiferous clay, and are
well exposed as badland (terrains where sedimentary rocks/clay rich exposures
are heavily eroded by fluvial or eolian activity with high drainage density) in
an easterly draining catchment to the East of Karai village in Tiruchirappalli
(Ramkumar et al., 2004). Sundaram and Rao (1986) have divided Karai Shale
Formation into two members based on a type areas: Odiyam and Kunnam.
Odiyam Member constitutes gypsiferous mudstone with distinctive thin in-
ter beds of pink shale and siltstone, and sporadic lenticular beds of coquinite
and sandstone comprising the lower part of the Formation (Sundaram et al.,
2001). In the upper part of the Formation, gypsum is present in the form

of regular to irregular veins in Fe-rich phyllosilicates along with the sporadic
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and inter-layered occurrences. Kunnam Member constitutes inter layered mud-
stone, gypsiferous siltstone and fine-grained sandstone with calcite and siderite

cements.

The BIFs of North Odisha are extensively developed supracrustals encir-
cling the Singhbhum granite complex and various views have been proposed
on the evolution of these supracrustals and their relation to the granite in-
trusives. Jones (1934), Dunn (1940) and Saha (1994) believed that all the
BIFs were formed as a single assemblage during the Archean underlain and/or
intruded by the different phases of Singhbhum granites. Relatively younger
metasedimentary deposits of banded iron formations of Joda and Daitari re-
gion have two types of mineral assemblages: first, banded hematite jasper
and second, banded hematite quartzite. These BIFs are conspicuous by the
presence of alternate bands composed predominantly of iron oxide and sil-
ica. Secondary hematite formed after metamorphism, is generally found in the
form of bladed crystals, specular variety called specularite whereas silica is of
cryptocrystalline type, admixed with iron oxide dust and granules in jasper
to mega quartz. The extensive volcano-sedimentary sequences in the Simlipal
and Keonjhar plateaus are considered equivalent to the Dhanjoris and younger

to BIFs.

Jarosite deposit, Warkalli Formation, Kerala belongs to the coastal cliff edg-
ing the Arabian Sea near Varkala, Thiruvananthapuram-the capital of Kerala
state, India. These coastal cliffs are the type area for the Warkalli Forma-
tion of Mio-Pliocene resting unconformably over the Precambrian crystallines
of Kerala Khondalite Belt (KKB). Jarosite shows the grainy occurrence onto
the clayey base with basic replacement texture. Jarosite also occurs in car-
bonaceous clay layer as encrustations due to diagenetic replacement process
and depicts a typical efHorescence texture. This mineral will be periodically
washed away by waves during high tide and hence cannot be seen throughout
the year. Carbonaceous clay which hosts jarosite is black organic-rich clay bed

consisting of variable amounts of silt and poorly-sorted sands and is partly
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iron oxide-coated.

6.3 Results and discussion

Geomorphological results collected during the field work in the areas and spec-
tral results obtained during VIS-NIR-SWIR spectroscopy are compared with

their counterparts available on Mars.

6.3.1 Gypsum-phyllosilicate association of Karai Forma-
tion, Tiruchirapalli

Karai Formation possesses a thick sedimentary sequence dominated by hydrous
sulphate-phyllosilicate association (Sundaram et al., 2001). Hydrous sulphate
is found as vein-type deposit within phyllosilicate (shale) mass with regular
to irregular trends (Figl6.1]A). Although, the formation mechanism for this
gypsum is proposed to be evaporitic (Sundaram et al., 2001; Ramkumar et
al., 2004); precipitation by circulating brines in the fractures developed due
to fluid over-pressure during compaction could be more relevant, particularly
veined gypsum of Karai area. Homestake, one of the most discussed hydrous
sulphate vein (calcium sulphate) in Endeavour crater, Cape-York, Mars has
been proposed to be formed by the movement of sulphate rich fluids in the
fractures of the host rock (Squyres et al., 2012) (Fig[6.1B). Direct correla-
tion between Homestake and gypsum at Karai is not plausible because of two

different country rocks.

Reflectance spectra acquired for gypsum, show the absorption features in
the electrical and vibrational range of electromagnetic spectrum at 0.56, 0.65,
0.90, 1.0, 1.2, 1.44, 1.75, 1.9, 2.2 and 2.28 um (Fig. . The absorption

bands in 350-1300 nm range are due to single and paired electron transitions
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Figure 6.1: Gypsum vein in Karai (A), and the colour view of a mineral vein

Homestake from Opportunity’s panoramic camera at Cape-York, En-
deavour crater, Mars (B). (Source: NASA/Jet Propulsion Labora-
tory/ Cornell).

in Fe between energy levels in unfilled 3d orbitals and metal-ligand electron
transfers (Sherman and Waite, 1985). The distinct absorption features in 1.4-
2.5 pm range are characteristic of fundamental vibrations due to H,O and
OH combinations and overtones (Hunt et al., 1971; Clark et al., 1990; Clark,
1993). OMEGA spectra for gypsum show the absorption bands at 1.44, 1.9
and 2.28 pum and it is to note that the absorption bands are clearer in ratioed
spectra than observed spectra. The average spectrum from Karai is having
all the characteristic absorption bands derived for the gypsum Northern polar

deposits, Mars (Pelkey et al., 2007).

OMEGA imaging spectrometer observed absorption bands at wavelengths
of 1.45,1.75, 1.94, 2.22, 2.26, and 2.48 pum in the Northern circumpolar regions
of Mars, which are attributed to calcium-rich sulphates, most likely gypsum
(Massé et al., 2012). Gypsum were also detected in Olympia Planum and other
parts of the Circumpolar Dune Field (Fishbaugh et al., 2007), and on the North
polar cap (Massé et al., 2010) by the OMEGA imaging spectrometer (Langevin
et al., 2005a) and the CRISM imaging spectrometer. Gypsum has also been
identified as one of the mineral constituent in the layered deposits of Juventae
Chasma, Valles Marineris, Mars by OMEGA team (Gendrin et al., 2005). The

mineralogical observations suggest that water alteration played a major role in
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from Karai Formation, Tiruchirapalli.

the formation of the constituting minerals of Northern circumpolar terrains.
Fishbaugh et al. (2007) proposed that gypsum could form from a combina-
tion of direct, in situ alteration of sulphide and high-calcium-pyroxene-bearing
dunes. Gypsum deposits of Meridiani Planum are detected to be 25 wt.%
in concentration by MER Opportunity and are hypothesized to be formed by
evaporation of fluids involved with weathering of basalts (Tosca and McLen-
nan., 2006). Mini-TES observations of the outcrop reveal evidence for Mg
and Ca sulphates in Merdiani Planum (Christensen et al., 2004; Glotch et al.,
2006b) and cation abundances measured by APXS (Rieder et al., 2004) show
dominant Mg-sulphates content with subordinate amounts of Ca-sulphate min-

erals and jarosite (Clark et al., 2005). The gypsum veins in Cape-York show
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the evidences of relatively dilute water at a moderate temperature (Tosca et

al., 2008; Squyres et al., 2012).

Reflectance spectra acquired for the gypsum vein of Karai Shale Formation
matches well with the spectral data from Mars surface as discussed earlier,
hence the results could be used for ground-truthing of any Ca-sulphate rich
region in extraterrestrial scenario. Fluid inclusions, preserved within the gyp-
sum grains are one of the significant component which could be analyzed for
water chemistry determination. Microbial activity is also pronounced in near-
ness to the fluid inclusions in gypsum (Parnell et al., 2004), hence gypsum
could be one of the prime targets to be explored for life-signatures on Mars.
This study proposes that Homestake with remnants of fibrous texture in the
form of transverse lineations, must be considered for water-chemistry and as-
trobiological analysis as it has huge potential to preserve fluid inclusions and

microbial remnants.

6.3.2 Banded Iron Formation, Singhbhum craton, Odisha

Banded iron formations are chemical sediments, typically thinly bedded or lam-
inated, whose principal chemistry comprises anonymously high content of Fe,
commonly but not, inevitably containing silica rich layers, mainly chert (Klein
and Beukes, 1992, 1989). The very first evidence of ancient life on Earth has
been found associated with the Gunflint Iron Formation, which contains a vari-
ety of filamentous to coccoidal forms of microorganisms (Barghoorn and Tyler,
1965; Awramik and Barghoorn, 1977; Strother and Tobin, 1987). BIFs from
Carajas (Brazil) and Lake Superior has already been discussed as analogue
to layered hematite deposits on Mars (Fig. [6.3A), which are geochemically
similar to Odisha BIFs (Fig. [6.3B) (Majumder et al., 1982).

The average spectra of BIFs sample shows the characteristic absorption
features at 0.65 (weak) and 0.86 pum (strong) which are basically due to strong

iron-oxygen charge transfer absorption and electronic band related to crystal
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Figure 6.3: (A) Photograph of outcrop of Burns Cliff within Endurance crater
(Source: NASA /Jet Propulsion Laboratory/ Cornell), and (B) pho-
tograph of outcrop of banded iron formation, Singhbhum craton,

Odisha.

field transitions in ferric iron respectively. The representative spectrum of
hematite is devoid of any absorption after 1.0 um, but has a moderate increase

in the reflectance.

Due to fundamental Si-O stretching vibration, all silicates show absorp-
tion bands in 650-1500 ¢m~! (Farmer, 1974; Rendon and Sema, 1981; Sema
et al., 1982). Oxides and hydroxides show the absorption bands below 800
em~!, which is shown by the dominant mineral present in Sinus Meridiani.
To differentiate between different oxide phases, the shape and position of the
absorption bands in the spectra could be one of identifying criteria (Hunt

and Ashley, 1979; Christensen et al., 2000). Christensen et al. (2000) have
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Figure 6.4: (a) Average Sinus Meridiani spectrum and laboratory spectra of
hematite acquired using emission spectroscopy (modified after Chris-
tensen et al., 2000) and (b) Average laboratory spectra from the

banded iron formation, Singhbhum craton, Odisha.

collected emission spectra for a suite of oxide and oxyhydroxides minerals col-
lected in 1600-200 em !, and compared the average Sinus Meridiani spectrum
to the crystalline hematite. The results from spectral comparison suggest crys-
talline hematite from spectral library generated using emission spectroscopy,
a good match for the surface mineralogy in Sinus Meridiani, with prominent
absorption bands at 300 and 450 em~! and emission maxima at 375 and 500
em™! (Christensen et al., 2000) (Fig. [6.4n). A careful investigation on the
spectral signatures of hematite from present study (Fig. [6.4b) and spectral
library spectrum revealed that the spectral signatures are similar with a minor

variation in the absorption pattern in 0.5-0.8 um wavelength regions.

BIFs are proved to be very significant in defining the aqueous processes in
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geological time period and preservation of life signatures in hematite as well as
silica (Schopf, 1993; Allen et al., 2001; Schelble et al., 2004; Van Kranendonk,
2006; Preston and Genge, 2010). Iron is very prevalent on Mars. Meridiani
Planum outcrops are well established in iron-bearing minerals in the form
of layered hematite deposits (Christensen et al., 2001b; Hynek et al., 2002;
Glotch and Rogers, 2007) (Fig. [6.3]A). Apart from hematite, Meridiani Planum
outcrops contain fine-grained siliciclastics, sulphate minerals, and some jarosite
(Clark et al., 2005; Squyres et al., 2004a and b). Geomorphology of Meridiani
Planum show sedimentary structures and diagenetic features, which include
ripple marks, cross-bedding, mud cracks and hematite concretions (Squyres
et al., 2004a; Grotzinger et al., 2005). The extent of the layered hematite
deposit in Meridiani Planum makes it relevant to be compared with terrestrial
BIFs. Amorphous silica is also detected with Mini-TES spectra (Squyres et
al., 2006; Glotch and Bandfield, 2006). In other areas like Ius chasma, Melas
chasma, West of Juventae chasma and Noctis Labyrinthus, silica is identified
based on orbital spectroscopy. Considering mineralogical aspect, Meridiani
Planum mainly constitutes layered hematite deposit (Christensen et al., 2001b)
along with the signatures of silica (Squyres et al., 2006), which are essential
components of terrestrial BIFs. Hence, it is of immense possibility that with
higher resolution mineralogical data, banded iron formations in a similar or
modified version could be detected on Mars, as Earth since Mars possesses
similar geological past during Archean and Proterozoic eons. In addition,
this study provides BIFs (Fig. [6.3B) spectral data with absorption bands
comparable to the spectra of hematite reported from Mars (Christensen et al.,
2000). In the preliminary studies BIFs are considered as geochemical analogues
to hematite deposition on Mars (Fallacaro and Calvin, 2003; Bridges et al.,

2008).
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Figure 6.5: Mode of occurrence of jarosite in Varkala, Kerala.

6.3.3 Jarosite deposit, Varkala, Kerala

Jarosite shows the grainy occurrence onto the clayey base with basic replace-
ment texture. Jarosite also occurs in carbonaceous clay layer as encrustations
due to diagenetic replacement process (Fig. and depicts a typical efflores-
cence texture. Natrojarosite was first reported and identified by Tassel (1965)

in the area.

Average spectral profile of jarosite sample shows the absorption bands cen-
tered at 0.91, 1.47, 1.84-1.86 (in the form of a doublet), 1.94 and 2.27 pm,
assigned to Fe3*, OH, Na-OH, OH and Mg-OH vibrations respectively (Fig.
. The spectral analysis of jarosite shows the clear deep absorption band
of Fe* at 0.91 um, masking the absorption features of minerals goethite and
pyrite. The intensity of vibrational absorptions is high to moderate for all the

hydrous phases.

CRISM ratioed spectrum from Mawrth Vallis region of Mars, smoothed
using the Savitsky-Golay filter, acquired in the region from 2.1 to 2.65 um,
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Figure 6.6: Smoothed CRISM spectrum compared with a CRISM-library jarosite
spectrum (ID: LASF30A) (modified after Farrand et al., 2009) and

jarosite spectra from Varkala, Kerala, India.

compared with the jarosite spectrum from the CRISM spectral library and the
matching absorption feature are at the 2.26, 2.46, 2.51, and 2.62 um (Farrand
et al., 2009) (Fig. [6.6). Fig. depicts the good match of the spectral
response of jarosite from Varkala to the CRISM spectra from Mawrth Vallis
and CRISM library spectrum.

Jarosite has been analyzed directly at Meridiani Planum by Opportunity
where its presence is consistent with other indicators of acidic environment in-
cluding Mg-sulphates (Tosca et al., 2005). Jarosite and Fe/Mg phyllosilicates
are identified in small exposures in Columbus crater, a potential paleolake in
Terra Sirenum (Wray et al., 2009). Farrand et al. (2009) has identified jarosite
rich layer directly overlying a Mg/Fe smectite-rich deposit in a potential pale-
olake environment in the Mawrth Vallis, and suggested its formation by later
acid-sulphate alteration of the Mg/Fe smectite layers beneath (Altheide et al.,
2010).
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Varkala jarosite deposit is short-lived and local due to warm and wet con-
ditions prevailing in the area, unlike stable jarosite deposits on Mars consis-
tent with cold and dry conditions (Elwood Madden et al., 2009). Varkala
jarosite deposit witnesses different diagenetic textures and therefore, Martian
jarosite deposits, which are thermodynamically stable in most of the present-
day temperature and pressure conditions, should also have preserved the chem-
ical and textural characteristics of early Mars (Navrotsky et al., 2005; Cloutis
et al., 2008). The similar textures, if identified on Martian surface will pro-
vide significant information about the aqueous geochemical conditions pre-
vailed in planet’s history. The identified optimum absorption bands/peaks by
reflectance spectroscopy will further help in ground-truthing or locating the

similar mineralogical deposits on Mars.

6.4 Summary and conclusions

The chapter discussed the overall spectral, geo-morphological and sedimento-
logical similarities between the study areas and their counterparts on Mars.
The comparison of laboratory spectral data from the study areas and orbital
spectral data from Mars is compared effectively. Karai gypsum is formed by
the hydrofracturing model which is comparable with the model proposed by
Squyres et al. (2012) for Homestake on Mars. The difference between Home-
stake, Cape York and Karai gypsum is the compositional variation in the
country rocks and the source of the fluids. Additionally, gypsum contains fluid
inclusions and thus have implications for Homestake as due to its crystalline
nature it may posses them. Banded iron formations are extensive iron deposits
on Earth with large extent and with this consideration, layered hematite in
Meridiani Planum are proposed to be formed in the similar environmental set-
tings (Bridges et al., 2008). Today, comparison of BIFs and layered hematite
deposits is valid as silica has also been identified on Mars which is an essential

component of BIFs. Jarosite is mostly associated with acidic, oxidizing deposi-
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tional environment (Bigham and Nordstrom, 2000) and its presence elsewhere
definitely suggests acidic environmental conditions. It is found associated with
kaolinite in the study area which suggests that diverse environmental condi-

tions and complex diagenetic processes could be responsible for its formation.
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CHAPTER 7

Summary and Conclusions

Preclude

This chapter summarizes the overall investigations, observations, interpre-
tations and conclusions made during the research presented in the thesis. Fur-

ther, limitations and future directions of the thesis are provided.

This thesis has investigated three different potential terrestrial analogue
sites in India with the selected proxies which are known for preservation of
the past climate clues in Martian environment. First site has the sedimen-
tary succession rich in aqueous mineralogy and include gypsum-phyllosilicate
association, presently in arid climate at Karai, Tiruchirapalli, Tamil Nadu.
Gysum-phyllosilicate association of Karai Shale Formation is studied in de-
tail by sophisticated spectroscopic techniques such as reflectance spectroscopy,
Raman, XRD, Fourier transform infrared. The site features gypsum in the
form of veins with cross-cutting relationship with the phyllosilicate ground-
mass. Fluid inclusions trapped within the gypsum has been characterized by
Raman and microthermometry; the results show that mostly fluids are water
rich (monophase and biphase) with minor carbon di-oxide. Second site is the
banded iron formation deposit, Singhbhum craton, Odisha which is mainly
composed of alternate layers of iron rich and silica rich bands. The samples
have been characterized by the same methodology and spectral interpreta-
tions have been given. Third site is selected at Varkala, Kerala which has
the unique mineralogical association of jarosite and kaolinite with minor iron

sulphides and oxides as shown by the results obtained during the research.

Characterization of gypsum and phyllosilicates association of Tiruchira-

palli, South India with petrography, XRD and other traditional spectroscopic



techniques, namely VNIR, Raman and FTIR has been carried out. The use
of these sophisticated analytical techniques proved to be an efficient way to
identify the minerals (here gypsum, kaolinite, quartz, hematite etc.) even if
present in very small amount. The VNIR spectroscopic results derived here
can be used to aid both interpretation and ground-truth verification of re-
motely sensed data. The spectra have yielded abundant information regarding
the purity and variations in the composition of the samples. Characteristic
bands from both Raman and FTIR spectroscopic techniques were identified
and correlated with the available data in literature. In particular, Raman
bands identified for different minerals in the study will provide the database
for the similar future studies in the extra-terrestrial scenario. Using these tech-
niques in combination will greatly enhance the accuracy of detection of various
minerals on the planetary surfaces such as Mars. XRD, identified as a robust
way of identification of minerals and their crystallinity has also been very useful
for mineral identification for the study. The veined gypsum deposits of Karai
is suggested to be formed by hydro-fracturing in the host rock. Here, the in-
vestigation of gypsum and phyllosilicates using spectroscopic techniques has
the scope to be applied for identification of high to low concentration miner-
als on Mars. This study has shown that although reflectance spectroscopy is a
good tool for surface mineralogy detection, but the minerals like gypsum which
could easily be detected from orbital spectroscopy, may mask other minerals.
Therefore, it is highly recommended that modern more sophisticated potable

spectroscopic instruments like Raman must be placed in the rover.

Although, gypsum of Karai formation does not possesses well developed
microbial colonies in them, but fluid inclusions, small cavities, optimum mois-
ture content in the host arid climate makes it one of the promising target for
microbial activity. Study area presents the temperature above +40°C for most
of the months in the year with minimum precipitation and heavy dry winds
throughout the year. These conditions would not allow any environmental
damage to the host and fluid inclusions, hence preserving the conditions which

prevailed at the time of gypsum formation. Many of the fluid inclusions which
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are found in isolation within the crystal probably would have preserved the pri-
mary chemical composition of the waters. Laser Raman analysis have shown
all the fluid inclusions belong to -OH group/water either in liquid or vapour
form. Micro-thermometric analysis has shown that mostly the fluid inclusions
are water-rich with traces of COy (Homogenization temp: -56°C and 104°C).
This study recommends that in future landing missions of Mars, gypsum should
be one of the prime targets to be sampled as it may contain ancient waters in

the form of fluid inclusions and biological-activity signatures.

The study on geological and spectral characteristics of BIFs in Singhbhum
craton will help to have a better understanding on the palaeo-environmental
conditions responsible for iron-deposits on Mars. Spectroscopic studies could
aid in differentiating the iron ores on Mars and also help in identifying the
relative enrichment of Fe content in different deposits. Laser Raman and ATR-
FTIR spectroscopic techniques are proved to be very significant in analyzing
different mineral mixtures, whereas it is difficult to identify the mineral species
separately in a mixture through VIS/NIR radiometry. Chert/ quartz, an inte-
gral part of BIFs could not be identified in VIS/NIR analysis, but it is easily
distinguishable by laser Raman and ATR-FTIR spectroscopic techniques. This
geologic and spectral study of BIFs will help during the testing and calibration

phase of the on-going and future missions to Mars.

Jarosite occurs in various local sedimentary conditions ranging from re-
placement to diagenetic types in palaeo-lacustrine settings in Varkala, India.
In spite of having a close relation to saline-alkaline environment as major min-
eralogical entity belongs to phyllosilicate group, presence of jarosite proves
the local and unstable acidic environment in time. Though Varkala jarosite
is formed by major sedimentary processes without any involvement of direct
volcanic evidence in terrestrial conditions, its jarosite-phyllosilicate association
gives direct indication of diverse environmental conditions at the time of its
formation. Similarly, jarosite-phyllosilicate association on Mars such as palae-

olake deposits of Columbus crater, Terra Sirenum (Wray et al., 2009) or Terra
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Meridiani (Poulet et al., 2008) proves local diverse environmental conditions at
the time of their deposition. In addition, Varkala jarosite deposit is also helpful
in validating the proposed depositional mechanisms for very localized jarosite
formations on Mars and also to give the insights into the regions with different
hydrous-sulphate and phyllosilicate mineral phases occurring in co-existence,

suggesting complex diagenetic history.

Interior layered deposits and plateau regions in East Candor chasma are
found to be rich in carbonates and polyhydrated sulphates. These mineral
phases would have been formed either through deposition by surface alter-
ation or during the weathering of the plateau material. Presence of carbonates
in the area suggests water/hydrothermal activity. Sulphates detected in the
area require presence of liquid water to form by precipitation, either in an
intermittent lacustrine environment or by hydrothermal fluid circulation. Ad-
ditionally, sulphates and carbonates require liquid water to form at least at 2-3
km below the surface. Therefore, presence of these minerals helps in identify-
ing the hydrologic conditions in the area. Strong signatures of iron oxides are
present on sulphate-rich scarps and at the base of layered deposits. Pyroxenes
have mainly been encountered on the low lying terrains, mainly wall slopes
and floor of the chasma. Plateau/ Mensa region is devoid of pyroxenes. This
study provides the direct indication of intense subsurface water activity in the

area.

The comparison of laboratory spectral data from the study areas and or-
bital spectral data from Mars is done. Gypsum-phyllosilicate association has
been proved to be very significant for interpreting the geochemical behaviour
of different hydrous mineral groups. Additionally, gypsum contains fluid in-
clusions which could be analyzed for palaco-water chemistry measurements.
Banded iron formations are significant in defining the geochemical environ-
ment in which layered hematite of Meridiani Planum could have deposited.
Jarosite, which is mainly confined to acidic and oxidizing depositional envi-

ronment could be a part of modified environment as suggested by mineral
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association and may possess a complex diagenetic history.

Recommendation and future research:

Based on the research presented in the thesis, following recommendations are

made to further enhance and add significant knowledge to the studied areas:

1. Fluid inclusions in gypsum of Karai Shale Formation, Tiruchirapalli have
been studied and presented as part of the thesis, but the supporting
data is quite limited. We believe that detailed characterization of fluid
inclusions from the area will definitely give interesting results regarding
the water chemistry, microbial colonization (as dark pigmentation has

been observed during analysis), palaeo-climate etc..

2. Wide variety of marine and nonmarine evaporites are being confirmed
on their potential to record information about palaeoclimates, ancient
tectonic settings and the history of seawater chemistry by using 3*S, 180
and Sr isotope compositions. Although literature suggests the evapor-
itic origin of gypsum in the area, but isotopic characterization using 3*S,
180 sulphate and Sr isotope compositions will highly improve the under-

standing about it’s genesis.

3. Jarosite ( KFe3(S04)2(OH)g) are often precipitated during the oxidation
of sulphide-bearing rocks by meteoric solutions in acidic conditions. Dat-
ing of jarosite by the “°Ar/3?Ar method allows to time the progression
of the oxidation front and alteration during chemical weathering. In the
Varkala area, jarosite is present in coastal cliff setting where its dating
using “°Ar/3?Ar will provide oxidation front, alteration behaviour with

time and relation with the co-existing kaolinite.
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APPENDIX A

Analytical techniques

Preparation of thin sections and wafers

Thin sections of standard thickness i.e. 30 pm of all used samples in the
study were prepared using facilities in Centre for Earth Sciences (CEaS), In-
dian Institute of Sciences, Bangalore, Karnataka for petrographic and electron
microprobe analyses. Additionally, doubly-polished wafers were made for fluid

inclusion studies of gypsum using the same facilities.

Reflectance spectroscopy

Reflectance spectroscopy makes use of photons of light as a function of wave-
length that has been scattered /reflected from the surface. The main principle
behind reflectance spectroscopy is that once photons enter into the mineral,
some gets reflected from the surface, some gets transmitted through the grain
and some gets absorbed. Absorption of photons takes place through several
processes: mainly electronic and vibrational processes. The absorption of the
photons in the absorbing medium is according to Beers Law and it is expressed

as follows:

I=1,-e™ (A1)

where I is the observed intensity, Io is the original light intensity, k is an
absorption coefficient and x is the distance travelled through the medium.
The absorption coefficient is traditionally expressed in units of 1/cm (inverse

cm) and x in cm.



The most common electronic process responsible for the absorption is unfilled
electron shells. Transition elements are the one have unfilled electron shells
like iron (Fe), which is most common transition element in minerals. For all
transition elements, unfilled d orbitals have identical energies in an isolated
ion, but the energy levels split when the atom is located in a crystal field.
This splitting of the orbital energy states permits an electron to be moved
from a lower level into a higher one by absorption of a photon, having an
energy matching the energy difference between the states. Rare earth ions also
have unfilled d orbitals, but the deep-lying electrons are well shielded from
crystal fields, so the energy levels remain generally unchanged. Vibrational
absorption will be seen in the infra-red region of electromagnetic spectrum
only if the molecule responsible shows a dipole moment. Water and OH™
(hydroxyl ion) bearing minerals produce diagnostic absorption bands due to
vibrational processes. In addition, sulphates, carbonates and phosphates also

produce diagnostic vibrational spectra.

The light source used in reflectance spectroscopy can be the Sun or an artifi-
cial light source (quartz-tungsten-halogen) emitting wavelengths over a desired
range. Orbital spectroscopy is mainly done using light from the Sun. Here,
in this study artificial light source i.e. quartz-tungsten-halogen has been used
in the dark room environment by focusing on the wavelengths emitted by the
Sun. A spectrometer collects the reflected light from the target by breaking
or dispersing it into constituent wavelengths, and measuring the intensity as a
function of wavelength. The spectra of concerned mineral /material will have
diagnostic absorption bands in accordance with the chemical composition and
bonding among the atoms/molecules. Mostly the absorption bands can be seen
due to vibrations and recognized easily for a mineral. Vibrations mainly occur
in the form of translation (smallest amount of energy is required as in longest
wavelengths), rotation (moderate amount of energy is required), bending and
stretching (large amount of energy is required as in shortest wavelengths).
Sometimes the absorption bands are too weak, broad or even similar for the

minerals making it difficult to detect and distinguish among them. One of
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the most common difficulties faced while identifying the mineral mixtures is
overlapping of the absorption bands. The quality of the spectra also depends

on grain size. Larger the grains, weaker the absorption bands.

Reflectance spectra of hand-specimens and powdered samples were collected
using a FieldSpec Pro HR spectrometer for this study. FieldSpec Pro HR
spectrometer was calibrated using the standard Spectralon®). The instrument
was operated to collect spectra using a quartz-tungsten-halogen light source
in the wavelength range of 0.3-2.5 ym with a viewing angle of i = 10°. Later,

the raw spectra were processed with splice and parabolic corrections.

X-ray diffraction

XRD is common technique used for phase identification of a crystalline material
and can provide information on unit cell dimensions. It is based on constructive
interference of monochromatic X-rays and crystalline sample. Mostly, X-rays
will be generated by a cathode ray tube and filtered to produce monochro-
matic radiation. After collimation of the X-rays, they will be directed towards
the sample. These radiations will interact with the sample and generate a
constructive interference when conditions satisfy Bragg’s Law. Bragg’s Law
defines the angles for coherent and incoherent scattering from a crystal lattice

and it could be expressed as follow:

2dsin(0) = nA (A.2)

where n is a positive integer, A is the wavelength of incident wave, 6 is the

scattering angle (diffraction angle) and d is the lattice spacing.

The diffracted X-rays from the samples will be detected, processed and counted.
If the material is well crystallized, there will be well defined X-ray beams leav-
ing the sample in different directions. Mineral identification is usually done

by conversion of the diffraction peaks to d-spacings, because each mineral has
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a set of unique d-spacings. These d-spacings are compared with the standard

reference patterns of the minerals to detect them.

Here, in this study PANalytical X-ray diffractometer is used to obtain the
diffractograms of gypsum and clay samples, and the instrument was oper-
ated in the conditions: 5-70° 20, step size 0.0840, Cu Ka radiation with the
fine powders at National Centre for Earth Science Studies, Thiruvananthapu-
ram, Kerala. Obtained diffractograms were matched with the standards using
ICSD/JCPDS software to identify the minerals. For jarosite samples, Bruker
D8 ADVANCE X-ray diffractometer was used in the operating conditions of:
Copper-alpha radiation, 10°-80° 26, and step size 0.020305 at a scan step time

of 96 sec at University of Kerala, Thiruvananthapuram, Kerala.

Laser Raman Spectroscopy

Raman spectroscopy is one of the most precise, non-destructive and commonly
used techniques with minimum sample preparation, to define the molecular
composition of the samples. It works on the phenomenon of Raman scattering
of monochromatic light from laser in the visible to near infrared range. The
laser light interacts with the sample and the energy of laser photons shifts
up or down due to molecular vibration or other excitations in the system. In
present study, for gypsum and jarosite samples, we have used WiTech alpha
300 Raman system excited with 532 nm (fixed wavelength) laser with 300
mW output in Vikram Sarabhai Space Centre, Kerala. The spectral range
of the equipment is 100 to 3600 cm ™! shift from the laser line, accomplished
with an edge filter. Additionally, Raman studies of fluid inclusions in gypsum
were carried out at the National Facility for Geofluids Research and Raman
Analysis of NCESS using inVia Raman Microscope (Renishaw, UK, Model No.
M-9836-3991-01-A) attached to an inVia Reflex Raman Spectrometer offering
automated alignment via the Renishaw WiRE 3.4 software (Fig. A.1). Raman
studies are performed using a diode laser exciting at a wavelength of 785 nm

(300mW, CW, Model. No. HPNIR 92E371, Class 3B laser product, Renishaw
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ple, UK). Instrument calibration performed by measuring Raman spectra of
the internal and external silicon sample shows a sharp peak at a full width half
maximum (FWHM) of 52040.5 cm™*. Motorized neutral density filters within
the system helps to select desired power levels of 0.05% of the actual laser
power. The spectral range of the equipment is from 50 to 4000 cm~! shift
from the laser line accomplished with an edge filter. The Raman scattered
light is dispersed with a grating having 1200 1/mm. The detection is done by
a Peltier cooled CCD detector with 576 x 384 pixels, with spectral resolution

of 1 em™1.

The Renishaw inVia Raman system used for this study is fully
automated and self-validating with auto aligning and optimization of input
laser power. The operation of the equipment is fully software controlled using
WIRE 3.4 software. Laser exposure time; 30S, laser power: 15mW, spectrum

range: 100-3600 nm.

Figure A.1: InVia Raman Microscope (Renishaw, UK, Model No. M-9836-
3991-01-A) attached to an inVia Reflex Raman Spectrometer at

the National Facility for Geofluids Research and Raman Analysis
of NCESS.
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Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is used as a modern technique
to obtain the absorption, transmission and emission spectrum of any sample.
The advantage of using FTIR in mineral identification is that it collects high
resolution data over a wide spectral range, enabling us to better differentiate
between the minerals. For the study, FTIR spectroscopy was carried out with
a PerkinElmer’s Infrared (FTIR) spectrometer in Department of Chemistry,
Indian Institute of Space Science and Technology, Kerala, using the powder
samples. The powders were pressed at 55 to 60 kb to obtain the transmittance
spectra of the samples. The infrared (IR) spectra were recorded immediately
after the separation of the powder sample from the bulk sample. Spectra were

I and

collected in 700-4000 ¢m~! range with an optical resolution of 0.5 em™
wavelength precision of 0.01 cm ™! at 220 V, 50 Hz power supply. A baseline

correction was made before interpretation of the data.

Microthermometry

Microthermometric studies conducted using a Motorised temperature con-
trolled geology stage (MDSG600) working with Linksys32temperature control
and video capture software. The system consists of a MDSG600 stage, aT95-
Linkpad system controller, LNP95 liquid nitrogen cooling pump system. The
stage is mounted on to a Linkam Imaging station that has been designed to
easy access the heating/cooling stage. The temperature of first melting (TFM),
temperature of last melting (TLM) and the homogenization temperature (Th)

of different inclusions are measured.

Compact Reconnaissance Imaging Spectrometer for Mars

The orbital spectroscopic instrument datasets used for the present study is

from MRO-CRISM. Compact Reconnaissance Imaging Spectrometer for Mars
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(CRISM) is a hyperspectral imaging spectrometer on-board Mars Reconnais-
sance Orbiter (MRO), which operates in two modes: (i) 72 channel mapping
mode that provide global coverage at 200m/pixel and (ii) full 544 channel
targeted mode that provides 10 x 10 — 20 km images at resolution of 15-
38m/pixel (Murchie, et al., 2007a). It samples the visible to near infrared
region of electromagnetic spectrum from 0.36-3.9 pm using two detectors: S
detector samples from 0.36 to 1.05 pum and L detector samples from 1.05-3.9
pm. In the present study we have provided the results from the L detec-
tor datasets with high resolution target images, which allowed the detection
of hydrous and mafic minerals. Datasets were processed by atmospheric and
photometric corrections to remove the atmosphere and correct the viewing
geometry of CRISM scene. Photometric and atmospheric corrections were
applied as defined in Ehlmann et al. (2009); Murchie et al. (2007a, 2009);
Arvidson et al. (2006); Mustard et al. (2005). Additionally, in atmospheric
correction, a noise removal algorithm was performed that removes the spikes in
the spectral and spatial domains without affecting the broader absorptions of
mineralogic interest (Parente, 2008). Mostly the spectra were derived through
pixel by pixel analysis in the study. For spectral ratioing, pixel spectrum
of interest was divided by the flat pixel from the same column of the un-
projected image (because denominator taken in the same column reduces de-
tector dependent noise). In this work, CRISM data was downloaded from
http://pds-geosciences.wustl.edu/missions/mro/crism.htm and processed us-
ing ENVI4IDL 4.7 with CRISM analysis tool (CAT). Spectra derived from
different regions of Mars are useful in the identification of the dominant min-
erals and extracting the broader conclusions. The coarseness of the data results
into overshadowing of the absorption bands of the minerals, such as the area
with the associated hydrous sulphates and phyllosilicate minerals. Provided
with the spatial resolution, minor mineral deposits may go undetected during
the analysis. The spectra were compared and matched with the standard in-
built CRISM spectral library in CAT for ground-truthing, which is a necessary

step to be accounted for any results in remote sensing.
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APPENDIX B

Additional data

Electron microprobe analysis

Table B.1: Major oxides composition for various samples of clay using EPMA

Point Na20 Si02 MgO  Al203 CaO TiO2 FeO P205 K20 SO2 Total
1/1. 0.085  34.855 1.743 16.924 1.499  0.277  21.157 0 0.293 0.27  77.103
2/1. 0.103  36.288 1.755  17.546 1.466  0.265 21.058 0 0.231 0.382  79.095
3/1. 0.117  40.711 1.649 19.947 1.526 1.427 15.23 0 0.198  0.353  81.159
4/1. 0.097 46.649 1.568 21.306 1.608 0.03 5.734 0 0.356  0.198  77.546
5/1. 0.124 29.136 1.236 13.752 10.886  0.11 10.928  0.026 0.174 8.78 75.151
6/1. 0.119  49.166 1.829 21.246 1.827  0.068 3.47 0 0.357  0.266  78.347
7/1. 0.435 47.631 0.031 16.281 0.613  0.007  0.539 0 12.887 0.064  78.489
8/1. 0.87 59.804 0.012 13.816 0.145 0.017  0.186 0 14.475  0.25  89.574
9/1. 1.152 60.846  0.01 16.397  0.216  0.059  0.282 0 14.544  0.037  93.544
10/1. 0.853 58.036 0 15.449  0.145 0.014 0.116 0 14.673  0.12  89.407
11 /1. 0.085 34.855 1.743 16.924 1.499  0.277  21.157 0 0.293 0.27  77.103
12 /1. 0.103 36.288 1.755 17.546 1.466  0.265 21.058 0 0.231 0.382  79.095
13 /1. 0.117 40.711 1.649 19.947 1.526 1.427  15.23 0 0.198  0.353  81.159
14 /1. 0.097 46.649 1.568 21.306 1.608 0.03 5.734 0 0.356  0.198  77.546
15 /1. 0124 29.136 1.236 13.752 10.886  0.11 10.928  0.02 0.174 8.78  75.151
16 /1. 0.119 49.166 1.829 21.246 1.827  0.068 3.47 0 0.357  0.266  78.347
17 /1. 0435 47.631 0.031 16.281 0.613  0.007  0.539 0 12.887 0.064  78.489
18 /1. 0.87 59.804 0.012 13.816  0.145 0.017  0.186 0 14.475  0.25  89.574
19 /1. 1.152 60.846 0.01 16.397  0.216  0.059  0.282 0 14.544 0.037 93.544
20/1. 0.853 58.036 0 15.449 0.145 0.014 0.116 0 14.673  0.12  89.407




Table B.2:

Major oxides composition for various samples of gypsum using EPMA

Point Na20 Si02 MgO  Al203 CaO TiO2 FeO P205 K20 SO2 Total
1/1. 0 0.048 0.014 0 41 0 0.007  0.492 0.005 35.154  76.72
2/1. 0 0.024 0.012 0 41.403 0 0 0.435 0.006 36.008 77.889
3/1. 0.061  0.044 0 0 40918 0.025 0.097 0.456 0 35.331  76.932
4/1. 0.037 0.166  0.052 0 41.348 0 0.055 0.43 0 34.669 76.756
5/1. 0 0.184 0.059  0.021 40.881 0.006 0.065 0.423 0.031 34.994 76.664
6/1. 0.035 0.276 0.003 0.018 34.906 0.021 0.012 0.39 0 27.831 63.491
7/1. 0.043 0.291 0.049 0 37.641 0.006 0.153 0.392 0.031 32.536 71.142
11 /1. 0 0.059 0 0 40.694 0.041 0.122 0.397 0.003 35.191 76.507
12 /1. 0.058 0.186 0.014 0.041 37.581 0.007 0.078 0.388 0.016 31.774 70.142
13 /1. 0.026 0.387 0.019 0.148 34.126 0.018 0.039 0.461 0 30.33  65.553
14 /1. 0.022 0904 0.014 0.085 37.181 0.046 0 0.424 0.008 31.426 70.109
15 /1. 0.037 0.94 0.025 0.122  39.123 0 0.075 0.418 0.015 29.451 70.205
16 /1. 0.028 0.798 0.024 0.055 33.822 0.025 0.167 0.406 0 25.884  61.209
17 /1. 0.004 0.263 0.01 0.006  36.376 0.039 0.034 0.406 0.002 28.143 65.285
18 /1. 0.062 0.201 0.019 0.01 34.147 0 0.066  0.369 0.02  28.792  63.689
19 /1. 0.022 0.666 0.007 0.136  34.046 0.033 0 0.43 0 29.79 65.13
20 /1. 0.028 0.21 0.002 0.023  36.842 0.012 0 0.388 0.02  30.896 68.421
21 /1. 0.028 0.606 0.031 0 38.02 0.022 0.078 0.48 0.012 32314  71.59
22 /1. 0.05 0.243 0.018 0 36.303  0.01 0.02 0.394 0.024 31.171 68.234
23 /1. 0.045 0.174 0 0.032  38.301 0.012 0 0.455 0.015 33.201 72.235
24 /1. 0.071 0.284 0.024 0.031 35.964 0 0.067 0.424 0.029 30.967 67.86
25 /1. 0.082 0.129 0.027 0.014 38.301 0.011 0 0.404 0.008 33.622  72.597
26 /1. 0.063 0.124 0.003 0 41.051 0.032 0.083 0.423 0.019 34.443 76.241
27 /1. 0.006 0.184 0.001 0 36.834  0.032 0 0.413 0.017 31.553 69.041
28 /1. 0.099 0.469 0.108 0.021 36.593  0.004 0 0.418 0.054 31.86 69.626
29 /1. 0.067 0.66  0.055 0.014  33.747 0.037 0 0.409 0.019 28.838 63.847
30/1. 0.052 0.181 0.014 0.18 37.874 0.012 0.442 0.384 0.02  29.278 68.438
31/1. 0.05 0.109 0.032 0.012  28.448 0.008 0 0.379  0.009  26.05  55.097
32/1. 0.06 0.277 0 0.081 30.583 0 0 0.348 0.033 27.867 59.248
33/1. 0.131 0.24 0.008 0.002  37.226 0 0 0.421 0.024 32.404 70.456
34 /1. 0.1 0.191  0.008 0 39.805 0.012 0.019 0.456 0.04  31.028 71.658
35 /1. 0.0564 0.065 0.02 0.009 39.61 0 0.008 0.48 0.005 32116 72.368
36 /1. 0.06 0.265 0.022 0.034  38.895 0 0 0.407  0.031  33.209 72.924
37/1. 0.024 0.384 0.005 0.04 39.428  0.024 0 0.471 0.016  32.75  73.141
38 /1. 0.077 0.386 0.028 0.058 34.56  0.019 0.007 0.36 0.029 28.551 64.075
39 /1. 0.011 0.039 0.028 0 41.637  0.057 0 0.412 0.017 34.806 77.006
40 /1. 0.028 0.069 0 0 41.474 0 0.02 0.431 0 35.424  77.445
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Table B.3: Major oxides composition for various samples of gypsum and clay

using XRF
Gypsum Clay
Sample ~Ol*  02% ODO8* KRO03* ODI* ODO4(1)* ODO4(2)* ODO7*  S3*
Si02 0.51 0.29 1.4 3.3 0.762 31.52 29.42 29.87 38.06
TiO2 ND ND ND 0.053 ND 0.499 0.451 0.575 0.746
Al203 0.22 0.14 0.676 1.526 0.3 13.22 14.93 15.75 18.63
MnO ND ND 0.0309 ND ND 0.421 0.325 ND ND
Fe203 0.08 0.05 0.547 1.38 0.109 24.21 36.47 1.545 4.807
CaO 34.58 36.96 36.58 41.34 36.96 7.424 3.633 13.76 10.01
MgO ND ND 0.059 0.168 0.042 0.746 0.786 0.325 0.683
Na20 ND ND ND ND ND 0.598 0.304 0.689 0.585
K20 ND ND 0.027 0.0591 0.013 0.511 0.445 0.539 0.525
P205 ND ND ND ND ND ND ND 0.068 ND
SO3 51.03 53.77 53.34 49.19 54.14 10.3 5.6 23.35 17.96
SrO 0.03 0.03 0.0289 0.029 0.0423 0.0248 0.0253 0.0636 0.0285
LOI 13.6 8.76 7.31 2.95 7.63 10.3 7.32 13.2 7.84
Total 100.04 100 100 100 100 99.77 99.71 99.73 99.87




Table B.4: Major oxides composition for hematite and silica components of

banded iron formations using EPMA

Point Si02 MgO  AlI203 CaO TiO2 FeO Total

1/1. 0.786  0.072 0 0.021 0 90.853  91.732
2/1. 1.034  0.067 0 0.018  0.012 90.149 91.28
3/1. 1.12 0.038 0 0.007 0 90.816  91.981
4/1. 1.156  0.057  0.005 0.036 0 90.521 91.776
5/1. 1.003  0.014 0 0 0.015 89.934  90.965
6/1. 1.138  0.011 0 0.011 0 90.314  91.473
7/1. 0.668  0.025  0.052 0.009 0 92.505 93.26
8/1. 0.975 0 0 0 0 89.31 90.284
9/1. 0.956  0.028 0 0 0.029 91.803 92.816
10/1. 0.777  0.005 0 10.777  0.023 70.517  82.099
11 /1. 95176 0.208  0.062 0.054 0 2.987 98.488

12 /1. 94.835 0.221 0.096 0.026  0.018  2.719 97.915
13 /1. 94581 0.054 0.04 0.026  0.025  0.622 95.348

14 /1. 90.721 0.02 0.091 0.064 0 0.4 91.296
15 /1. 95.898 0.001 0.003 0.014 0 0.361 96.277
16 /1. 97 0.007 0 0.035 0 0.233 97.276
17 /1. 98.066 0.08 0.035 0.039 0 1.229 99.449
18 /1. 95489 0.081 0.059 0.019 0 2.397 98.045
19 /1. 96.842 0.08 0.088 0.02 0 2.081 99.111

20 /1. 96.586 0.072  0.021 0.026  0.028 1.513 98.246
21 /1. 97344 0.019 0.007 0.033 0 0.285 97.688
22 /1. 98177 0.036  0.049 0.018 0.005  0.321 98.604
23 /1. 99372 0.024 0.025 0.016  0.011 0.777 100.224

24 /1. 98.741 0.008 0 0.011 0 0.19 98.949
25 /1. 97.542 0 0 0 0.028  0.275 97.844
26 /1. 98307 0.014 0.018 0.008 0 0.312 98.658
27 /1. 97172 0.111 0.031 0.05 0.037 1.335 98.735
28 /1. 98.04 0.06 0.004 0 0.006  0.453 98.563
29 /1. 96.256 0.156  0.035 0.018 0 2.374 98.84
30/1. 98539 0.019 0 0.038 0 0.273 98.869
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Table B.5: Major oxides composition for hematite and silica components of

banded iron formations using EPMA

Point Na20 Si02 MgO AlI203 CaO  TiO2 FeO K20 Total
1/1. 0.554 21.92 4.081 19.084 0.054 0 42.189  0.272  88.154
2/1. 0.383 22.207  4.183 18.954 0.072 0.008 41.869 0.267  87.943
3/1. 0.392 21.944 4.345 18.829 0.065 0 41.834  0.229 87.639
4/1. 0.544 24.148 4.466 20.32 0.124 0 38.873 0.34 88.814
5/1. 0.696 23.756  4.749  20.17  0.121 0 39.228 0.318  89.038
6/1. 0.879 23.693  4.557 19.831 0.117 0.004 40.603 0.403  90.087

7/1. 0.104 100.318  0.01 0.049  0.013 0 0.7568  0.025 101.277
8/1. 0.134 97.303 0.019 0.137 0.045 0.002 0.896  0.047  98.582
9/1. 1.117 96.174  0.055 0.109  0.051 0 1.803  0.112 99.42

10/1. 0.072 97.967 0.088 0.365 0.015 0.017 1.565 0.031 100.119
11 /1. 0.098 96.722 0 0.035  0.029 0 0.406  0.041 97.331

12 /1. 0.047 97.852  0.048 0.12 0.011  0.004 1.593  0.019  99.694
13 /1. 0.095 96.206 0.18 0.806 0.02  0.009 4.231 0.057  101.605
14 /1. 0.887 21.477  4.154 17.927 0.166 0 39.97  0.387  84.968
15 /1. 0.755 22.08 4.007 18.335 0.179 0.001 40.989 0.504  86.851
16 /1. 1.054 18.527  2.317 16.806 0.193 0 40.861 0.868  80.626
17 /1. 0.92 14.184 1.545 12.966 0.184 0 47.497  0.655 77.951
18 /1. 0.64 21.937  4.233 18.23  0.126 0.031 41.079 0.178  86.454
19 /1. 0.162 98.928  0.005  0.021 0.016  0.005  0.407 0.044  99.589
20/1. 0.063 99.14 0.018  0.031 0.008 0.026  0.264 0.002  99.551

21 /1. 0.07 92.36 0 0.193  0.017 0.016  7.894 0.027 100.577
22 /1. 0.081 97.909 0 0.073  0.024 0 0.546  0.049  98.682
23 /1. 0.014 0.377 0.013 0.174 0 0.014 89.637 0.001 90.23

24 /1. 0.031 0.426 0.008  0.251 0.013 0.039 90.668 0.002  91.438
25 /1. 0 0.413 0.009  0.362  0.023 0.008 90.244 0 91.059
26 /1. 0.038 0.495 0 0.32 0.013  0.04  89.548 0 90.455
27 /1. 0.073 0.298 0.01 0.1 0 0.047 90.511 0.013  91.051
28 /1. 0.038 0.372 0 0.17 0.002 0.028 92.154 0.025 92.79

29 /1. 0.021 0.602 0.001 0.39 0 0.012  90.53 0 91.555
30/1. 0.038 0.596 0.027  0.211 0 0.005  90.496 0 91.373
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Table B.6: Major oxides and elemental composition for jarosite using EPMA

Oxides FeO Si02 K20 SO3 Na20 Total

JAR/Pos 1 32.012 2.879 0.138  29.426 1.623 66.078
JAR/Pos 2 32.859 4.324 0.13 30.11 2.68 70.103
JAR/Pos 3 36.1 6.889 0.144  30.286 2.643 76.062
JAR/Pos 6 32.641 6.421 0.341  29.791 2.578 71.772
JAR/Pos 7 26.805 6.367 0.395 24.146 1.884 59.597
JAR/Pos 13 29.981 6.116 0.168  28.858 2.069 67.192
JAR/Pos 14  30.438 6.401 0.173  27.719 2.806 67.537
JAR/Pos 24  14.484 6.391 0.075  13.994 1.273 36.217
JAR/Pos 25 5.323 4.832 0.055 6.834 0.414 17.458
JAR/Pos 26 6.938 6.186 0.044 6.719 0.823 20.71
JAR/Pos 37 10.512 2.1 0.073 9.097 0.925 22.707
JAR/Pos 41 0.728 3.277 0.015 1.139 0.108 5.267
Elements Fe Si K S Na Total

JAR/Pos 1 6.3966  0.6878  0.0421  5.2769 0.752 13.1554
JAR/Pos 2 6.1865 0.9735 0.0373 5.0876  1.1697 13.4547
JAR/Pos 3 6.3108  1.4401 0.0384 4.7514 1.0712 13.6119
JAR/Pos 6 5.9594 1.4018 0.0949 4.8813 1.0911 13.4285
JAR/Pos 7 5.8736  1.6683 0.1321  4.7484 0.957 13.3795
JAR/Pos 13 5.7643 1.406 0.0491 49793 0.9222 13.121
JAR/Pos 14  5.9027 1.4842 0.0511 4.8242 1.2616 13.5238
JAR/Pos 24  5.0396 2.6589 0.0399 4.3698  1.0269 13.135
JAR/Pos 25  3.5687 3.873 0.0567 4.1118 0.6431 12.2533
JAR/Pos 26  4.0801 4.3503 0.0396 3.5462 1.1217 13.138
JAR/Pos 37 6.1303 1.4641 0.0648 4.7612 1.2511 13.6715
JAR/Pos 41  1.4852 7.9921 0.0455 2.0843 0.51 12.1171
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Table B.7: Major oxides and elemental composition for various samples of

jarosite and mixed components using EPMA

Oxides FeO Si02 K20 SO3 Na20 Total
Grain 1 MC/Pos 1  30.937 9.266 0.342 27.869 3.239 71.653
) MC/Pos 1  28.692 10.383 0.356 26.703  2.895 69.029
Grain 2 MC/Pos 2 3.7 21.843 0.095 1.927  8.019 35.584
Grain 3 MC/Pos 3  28.713 10.37 0.356 27.733  2.888 70.06
MC/Pos 4  13.464 24.195 0.176  14.37 1.737 53.942
MC/Pos 5  29.178  7.211 0.4 26.082  2.293 65.164
MC/Pos 8 26.169 15.864 0.19 23.918 2.791 68.932
MC/Pos 9 25.453 10.887 0.283 22,518  2.785 61.926
MC/Pos 10 17.041 18564 0.171 15.321 2.052 53.149
MC/Pos 11  15.044 20.144 0.174 14.381 1.774 51.517
MC/Pos 12 11.626 22.664 0.154 10.749  1.367 46.56
MC/Pos 15 28.105 10.489 0.171 25.804 2.79 67.359
MC/Pos 16  28.135  10.52  0.185 25.482 2.484 66.806
MC/Pos 17 29.193 7.983 0.182  26.963  2.329 66.65
MC/Pos 18 27.342 11444 0.153 25.191 2.544 66.674
MC/Pos 19 21.953 21401 0479 18.541 2.551 64.925
MC/Pos 20  23.428 23.304 0.454 19.5 1.705 68.391
MC/Pos 21 22,611 22112 0412 19.474 2.084 66.693
Grain 4 MC/Pos 22 22232 21.331 0.261 19.267 2.375 65.466
MC/Pos 23  20.852 17.358 0.197 17.247  2.087 57.741
MC/Pos 27 20.682 23.943 0.296 18.209 2.163 65.293
MC/Pos 28  18.301 25.01 0.278 16.41 2.071 62.07
MC/Pos 29 23.001 18.784 0.241 20.142 2.276 64.444
MC/Pos 30 22472 21.058 0.313 19.987  2.465 66.295
MC/Pos 31 31.112 9.826  0.286 27.656  2.528 71.408
MC/Pos 32 21.228 21.79  0.339 18.225 2.46 64.042
MC/Pos 33  24.563 19.257 0.285 21.434 2.7 68.239
MC/Pos 34 20.266 22.524 0.194 18.311 2.124 63.419
MC/Pos 35 20.149 23.041 0.291 17.764  2.266 63.511
MC/Pos 36  15.424 24949 0.177 12.724 1.645 54.919

MC/Pos 38 23.256 21.329 0.267  20.84 2.308 68
MC/Pos 39 27.374 18754 0.261 24.949  3.005 74.343
MC/Pos 40 13.282 33.806 0.201 11.255 1.04 59.584

Continued...
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Elements Fe Si K S Na Total

Grain 1 MC/Pos 1 5.6187  2.0123 0.0946 4.5424 1.364 13.6321
. MC/Pos 1 5.3362 2.309 0.1009  4.4571  1.2482 13.4514
Grain 2 MC/Pos 2  1.2598  8.892  0.0493 0.5889 6.3299 17.1198
Grain 3 MC/Pos 3  5.2285 2.2579 0.0989 4.5322 1.2192 13.3368
MC/Pos 4 2.881  6.1903 0.0575 2.7595 0.8619 12.7503

MC/Pos 5 5.8546  1.7302 0.1226  4.6968 1.067 13.4711

MC/Pos 8 4.7622 3.4519 0.0527 3.9063 1.1778 13.3508

MC/Pos 9  5.2862 2.7036 0.0897 4.1971 1.3412 13.6177

MC/Pos 10 3.8879 5.0642 0.0596 3.1371 1.0854 13.2342

MC/Pos 11  3.4677 5.5518 0.0611 2.9747  0.9479 13.0032

MC/Pos 12 2.8924 6.7421 0.0585 2.3999 0.7886 12.8815

MC/Pos 15 5.3523 2.3884 0.0497 4.4101 1.2317 13.4322

MC/Pos 16  5.4053 2.4167 0.0543 4.3936  1.1065 13.3765

MC/Pos 17  5.6632 1.8517  0.054  4.6942 1.0477 13.3108

MC/Pos 18  5.2246  2.6147  0.0447 4.32 1.1273 13.3312

MC/Pos 19 4.1691 4.8598 0.1389 3.1601 1.1234 13.4512

MC/Pos 20 4.1967 4.9914 0.124  3.1348 0.7083 13.1551

MC/Pos 21  4.1535 4.8569 0.1156 3.2104 0.8874 13.2238

Grain 4 MC/Pos 22 4.1662 4.7798 0.0745 3.2403 1.0319 13.2927
MC/Pos 23 4.4936 4.4728 0.0649 3.3356  1.043 13.4099

MC/Pos 27 3.8271 5.2976 0.0835  3.024  0.9278 13.1601

MC/Pos 28 3.5165 5.7461 0.0814 2.8298 0.9228 13.0965

MC/Pos 29 4.417 4.3133 0.0706 3.4714 1.0135 13.2859

MC/Pos 30  4.157  4.6579 0.0883 3.3182 1.0571 13.2784

MC/Pos 31 5.6474 21326 0.0792 4.5053 1.0639 13.4284

MC/Pos 32 4.059 4.982  0.0989 3.1274  1.0905 13.3579

MC/Pos 33 4.4772  4.197  0.0793 3.5062 1.1412 13.4008

MC/Pos 34  3.859  5.1283 0.0563 3.1291  0.9377 13.1104

MC/Pos 35 3.8401 5.2508 0.0847 3.0384 1.0013 13.2153

MC/Pos 36  3.3234 6.4275 0.0581 2.4605 0.8219 13.0915

MC/Pos 38 4.1836 4.5934 0.0734 3.3687 0.9638 13.1878

MC/Pos 39 4.5917 3.7615 0.0669 3.7558 1.1688 13.3447

MC/Pos 40 2.5341 7.7124 0.0586  1.9273  0.4598 12.6923
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