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Mineralogical Characterizations

Mineralogy can:

– Generally distinguish between different 
litho-types and can identify specific 
lithological entities such as:

basalts/basaltic andesites, 
granites/granodiorites/rhyolites, 
ultramaifc assemblages etc.

– Provide insight into the chemical and 
thermal history of the parent body (e.g., 
oxidation, hydration, melting, 
differentiation, etc.)
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Spectroscopy

When many materials 
interact with light 
(electromagnetic radiation) 
they impose a characteristic 
signature on that light.

The most obvious 
manifestation is color.

Spectroscopy provides a 
means of quantitatively 
assessing the nature of the 
material which interacted 
with the light.
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VNIR Spectra

Detection and compositions of transition 
metal-bearing minerals

Detection and identification of minerals 
which incorporate molecular species such as 
H2O, CO2, C-H, etc.

Relative abundance of mineral species

Some petrographic information (particle size, 
mixture state, etc.) 
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What are Transition metals?

Periodic Table of 

the Elements

61



Transition metal elements commonly have 

multiple valence states:

Example – Iron  Fe2+ or Fe3+
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Electronic Structure of Atoms

Electron Orbitals

– Electrons in an atom are distributed into electronic shells 
(or levels) 

– Each shell contains one or more sets of orbitals
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Electronic Structure of Atoms

Electronic Shells

– Shell #1
s-orbital: 1s

– Shell #2
s-orbital: 2s

p-orbital: 2p

– Shell #3
s-orbital: 3s

p-orbital: 3p

d-orbital: 3d

– Shell #4
s-orbital: 4s

p-orbital: 4p

d-orbital: 4d

f-orbital: 4f

Nucleus

Shell #1

Shell #3

Shell #2

1s

2s 2p

3s 3p 3d
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Spectra of Transition Metal-

Bearing Minerals
“Crystal Field Theory”

Transition metals (Fe, Ni, Co, etc.) are 
characterized by an unfilled outer electron 
shell. 
– 3d-shell for 1st series transition metals

A d-shell contains 5 electron orbitals

101



First Series Transition metals

Periodic Table of 

the Elements

111



d-shell Electron Orbitals

Each orbital can accept two 
(2) electrons

Two of the orbitals lie along 
the Cartesian axes

Three of the orbitals lie 
between the axes (dxy, dxz
and dyz)

In a uniform electrical field, 
all of these orbitals have 
equal energy, and cannot be 
distinguished (degenerate).

222 zyx
d&d
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In minerals, the metal cations (e.g., Fe2+) are 

often surrounded by oxygen anions (O2-)

A common structure 

is 6 oxygen ions 

surrounding 1 metal 

ion (octahedral 

coordination)

 olivine, pyroxene

In such a site, the “on-axis” dx2-y2 and dz2 are closer to 

the oxygen anions than the three “between the axes”
orbitals (dxy, dxz, dyz).
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Crystal Field Splitting

This configuration produces greater repulsion 

between the electrons in the two “on axis”
orbitals than the electrons in the three “off axis”
orbitals.

The result is that the 
“on axis” orbitals are 

“split” to higher 
energy
and the 

“off axis” orbitals are 
“split” to lower 

energy.

dz2dx2-y2

dxy dyz dxz
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Consider Fe2+ in an octahedral site

Three lower energy orbitals (groundstate)

Two higher energy orbitals

Fe2+  six d-electrons

Electrons have a spin orientation (spin up, spin 
down)

Pauli Exclusion Principle

Only two electrons (with opposite spins) can 
occupy any individual orbital

First five electrons each occupy one of the five 
d-orbitals 
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But Fe2+ has six d-electrons!

The 6th electron can occupy any of 

the orbitals

Electrons normally reside in the 

lowest possible energy level

Because of their lower energy, the 6th

electron normally occupies one of 

the ground-state orbitals.
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O is the energy difference between the 

upper (excited) state and the groundstate

O

h


A photon of energy (h) equal to O can 

be absorbed and the 6th (spin down) 

electron kicked up to the excited state.
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Absorption of these photons produces a 

feature in the spectrum of the interacting 

light at the wavelength corresponding

to the energy O
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Absorption feature is characterized by: 

central wavelength, width and depth

O
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Most cation sites in transition metal-

bearing minerals are not perfectly 

symmetric

Distortions of an Octahedral Site
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Such Distortions Remove the 

Degeneracy from the Energy Levels

Each electron transition 

from the groundstate to an 

excited state produces a 

separate feature in the 

spectrum.

The wavelength of the 

resulting absorption band is 

at the photon energy 

corresponding to the 

difference between the 

energy levels.
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Application of CFT to major rock 
forming silicate minerals

 The silicon-oxygen tetrahedron forms the basic 
structural unit of the silicate minerals

 Different silicate mineral groups are formed by different 
arrangements of positively-charged metal ions (cations) 
and negatively-charged SiO4 tetrahedra (anions)



Bowen’s Reaction Series
The order that minerals crystallize in a cooling 

basaltic magma.



Orthosilicates: Olivine Group
 Olivine is structurally classified as an orthosilicate in which isolated SiO4
tetrahedra are linked and charge-balanced by two metal cations in M1 and M2 sites
which are both distorted from octahedral symmetry

 The smaller M1 coordination site is located in a roughly tetragonally elongated
octahedron and the larger M2 site is trigonally distorted

 Olivine crystallizes in orthorhombic crystal system

 Olivine is an important ferromagnesian silicate mineral group that exists as a solid
solution series from forsterite (Mg2SiO4) to fayalite (Fe2SiO4)

 It occurs in igneous rocks, granulite facies metamorphic rocks, beach sands and
sedimentary placer deposits, meteorites, asteroids and many lunar samples
 Under high pressures, Mg-rich olivine (Fo85-Fo100) transforms into a variety of
distorted spinel phases

 It is one of the most important constituents of Earth’s mantle and crust



Olivine structure showing
distorted M1 and M2 octahedral
sites



Compositional variations of peak maxima in the
polarized spectra of Mg-Fe olivines (from Burns
et al., 1972b). Olivine calibration plot as
obtained from polarized absorption spectra



3d orbital energy level diagram for
Fe2+ ions in fayalite (a) Ml site; (b)
M2 site (from Burns, 1985a)
Observed transitions in the spectra
of fayalite (fig. 5.9) are indicated

Reflectance spectrum of olivine (Fo86).

The broad absorption feature centered

near 1.0-μm consists of three overlapping

features at 0.85-, 1.05 and 1.30-μm



Single Chain Silicates: Pyroxene Group

The electronic spectra of pyroxenes have been studied more extensively 
than those of any other group of minerals

Interest in the crystal field spectra of pyroxenes may be attributed to the 
fact that it is the major ferromagnesian silicate in mafic igneous rocks, 
granulite facies metamorphic rocks and many meteorites

Pyroxenes also predominate in basaltsic rocks from the Moon and are 
responsible for the most conspicuous features observed in remote-sensed 
reflectance spectral profiles of the Moon's surface and certain asteroids

The pyroxene structure is also of considerable interest to mineral 
spectroscopists because, like olivine, it again contains distinguishable 
coordination sites yielding distinctive Fe2+ crystal field spectra

In contrast to olivine, however, Fe2+ ions in pyroxenes show strong 
intracrystalline cation ordering, so that there are major compositional 
variations of visible to near-infrared spectra



Pyroxene crystal structure

The calcic pyroxene (clinopyroxene) structure

projected (A) onto the (100) and (B) (001) plane

showing the locations of the M1 and M2 cation sites;

(C) Edge shared M1 octahedron forming a chain

along c-axis

A B

C



The orthopyroxene crystal structure. The

figure shows the structure projected onto

(001)











Pyroxene absorption bands, associated cations and 

sites



The result is multiple absorption features 

in many mineral spectra
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Features from different minerals in 

mixtures are “added” together
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The feldspar feature can be seen more easily 

when spectra are compared
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Pyroxene Band-Band Plot

(after Adams 1974)
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The broad 1 mm olivine feature is composed of 

three overlapping absorptions at ~0.75, 1.04 & 

1.35 mm
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Olivine vs Pyroxene
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Diagnostic Parameters

The position of the absorption features is a 
function of crystal structure.

The intensity of the features is related to the 
abundance of the absorbing species (e.g., Fe2+) 
in the mineral 

and in mixtures to the relative abundance of the 
different minerals.

A mineral is defined by its structure and its 
composition. 

The positions and intensities of the absorption 
features in a spectrum are uniquely related to 
specific minerals.
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Olivine-Pyroxene Mixture Spectra
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Limitations of Reflectance Spectroscopy

Spectroscopy is unable to detect minerals 
which lack diagnostic VNIR features (e.g. 
quartz).

Spectroscopy has limited capabilities for 
weakly featured minerals or for minerals 
whose features are obscured by interfering 
species.

Spectroscopy only samples a thin surface 
layer (optical surface).

– Surface alteration processes (e.g., space 
weathering, chemical weathering etc.) can modify 
the spectrum, potentially leading to inaccurate 
interpretations

– Is a thin (< few hundred microns) surface layer 
representative of a planetary surface? 431



Summary

VNIR spectroscopy currently provides the most 
sophisticated surface material characterizations of 
planetary surfaces (Earth, Moon, Mars, asteroids 
etc. etc.).

TIR spectroscopy has also become an extremely 
powerful tool for surface mienralogical 
characterization of Earth, Mars, Moon and. 

X-ray and g-ray spectroscopy can provide 
determinations of elemental abundances from 
spacecraft and on-board rovers about planetary 
surfaces.
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Analysis of Planetary Spectra

Absorption features identify the 
presence of specific transition metal or 
H2O (etc.) bearing minerals.

The compositions of the mineral species 
are derived  from the wavelengths of the 
band centers.

The relative abundance of the mineral 
species are derived from the relative 
intensity of the absorption features.
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How are they different?

INTRODUCTION TO LUNAR GEOLOGY

Image Credit: NASA  (from Galileo spacecraft)

http://solarsystem.nasa.gov/multimedia/display.cfm?IM_ID=1879 Courtesy: Lunar and Planetary Institute

http://solarsystem.nasa.gov/multimedia/gallery/Earth_Moon.jpg
http://solarsystem.nasa.gov/multimedia/gallery/Earth_Moon.jpg


Earth

7930 miles (12,756.3 km) diameter 

23 degree axis tilt (seasons!)

Surface temps –73 to 48 C (-100 to 
120F)

Thick atmosphere, mild greenhouse 
effect 

Liquid water – lots! - at surface

2160 miles (3476 km) diameter

7 degree tilt (~no seasons)

Surface temps - 107 C to –153 C (224 
F to –243 F) 

No atmosphere 

No liquid water … Ice at poles in 
shadows?

Moon

Courtesy: Lunar and Planetary Institute



Lunar Interior Structure

Copyrighted, LPICourtesy: Lunar and Planetary Institute



Earth’s Moon

• How did our Moon form?

• What’s been happening since?



A few data to ponder ….

Lower density – “lighter” -
relative to planets

Less iron than whole Earth, 
more aluminum and titanium

Moon’s chemical signature ~ 
Earth’s mantle

Does not orbit in equatorial 
plane of Earth, or ecliptic

Earth/Moon - high angular 
momentum Courtesy: Lunar and Planetary Institute



Moon Formation Hypotheses

Co-accretion: The moon is a sister world that 

formed in orbit around Earth as the Earth 

formed. 

Capture: The moon formed somewhere else 

in the solar system then was captured into 

orbit around Earth. 

Fission: Early Earth spun so fast that it spun 

off the moon. 

Courtesy: Lunar and Planetary Institute



Impact by Mars-sized

proto-planet

~4.5 billion years ago

Explains: 

• Chemistry

• Orbit

• High angular 

momentum

GIANT IMPACT HYPOTHESIS 

Courtesy: Lunar and Planetary Institute



LUNAR MAGMA OCEAN HYPOTHESIS 

Courtesy: Prof. Paul Spudis, Lunar & Planetary Institute



Near and Far Side of the Moon

Near Side                                                          Far Side 

Courtesy: Lunar and Planetary Institute



Magma Ocean Rocks

60025
Anorthosite
4.44-4.51 Ga
95% Plag Feld (anorthite)
Magma Ocean!
No Water!

76535
Troctolite

4.2-4.3 Ga

Courtesy: Lunar and Planetary Institute



Lunar Basalts

15555

15016

3.3 Ga

Courtesy: Lunar and Planetary Institute



Breccias and Impact Melts

15445
Impact melt + clasts

67016
Polymict Breccia

Courtesy: Lunar and Planetary Institute



Mineralogy and petrology of Moon

Courtesy: Prof. Paul Spudis, Lunar & Planetary Institute



Lunar exploration timeline

1957 – 1976 AD

US & USSR 
Unmanned and 

Manned Sample

Return Missions

Orbiter & Lander

1600 AD

Telescopic 

observations;

Physical

characteristics

2007 AD

Multinational 

effort to 

return to the

moon  

500 BC

Naked eye 

observations; 

Size, Orbital

characteristics,

Composition

1990-2006 AD

Chemical 

composition,

Magnetic

characteristics,

Presence of

water

1800 AD

Photographic 

maps;

Origin of 

craters & maria 



Results from Chandrayaan-1 
HySI/M3 hyperspectral data
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CHANDRAYAAN-1 MISSION

1. Terrain mapping camera (TMC); 6. Miniature synthetic aperture radar (mini-SAR) 
2.  Lunar laser ranging instrument (LLRI). 7. Hyper spectral imager (HySI); 
3.  Moon mineralogy  mapper (MMM);  8. Infrared Spectrometer (SIR-2); 
4.  Chandrayaan-1  X-ray  Spectrometer (C1XS);    9. Sub-keV atom reflecting analyzer [SARA] 
5.  High energy X-ray spectrometer (HEX);          10. Radiation dose monitor (RADOM);                     
11. Moon Impact Probe.             The blue panel is the canted solar array.

Chandrayaan-1 Mission

Three payloads (HEX, SARA and

Mini-SAR) used experimental

approaches that were used for

the first time for remote probing

of a Planetary body

International Character (10 countries)

Exploring the Moon with 
ELEVEN payloads

Chandrayaan-1 Spacecraft
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Understanding the origin and Evolution of the Moon

Simultaneous Mineralogical, Chemical  &  Photo-geological Mapping at 
resolutions better than previous and currently planned Lunar missions

Special Regions of Interest: 

Selected Basins and Craters with central uplift

South Pole Aitken Region,

Polar Regions 

Chandrayaan-1 Science Objectives 

Nature of lunar crust & front-back asymmetry
Nature of the Magma Ocean & lunar interior

Nature of volatile transport on the Moon
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Mineralogy:        

Full wavelength coverage                       
(0.4-3 micron) with three 
payloads having spectral 

overlaps

MMM

Chandrayaan-1: Reflectance Spectroscopy    

1. Hyper spectral Imager (India)

2. Moon Mineralogy Mapper (USA)

3. SIR-2 (Germany) 
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STUDY AREAS

641



COMPOSITIONAL VARIABILITY OF MARE BASINS

651
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20 km

1

2

3

4

51

2

3

4

5
23 Nov 2008

Detection of Lunar 

rock types using 

HySI reflectance data

1. Plagioclase 

2. Iron bearing minerals on 

Basaltic terrain

3. Highland soils

4. Iron rich  rocks on 

Highland terrain

5. Mare soils

Mare Orientale is one of the

youngest basin on the Moon surface.

Location of Mare Orientale is shown

as red dot on extreme left Lunar

composite image.

The HySI image from Chandrayaan-

1 data represent sixty four colour of

Lunar surface. The reflectance

curves generated from HySI data

helps us to identify highland and

basaltic rocks on Moon.

Lunar Mineralogy : HySI data  
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11

Fig. 1: HySI coverage (Red dotted box) of Mare Moscoviense as 

plotted over Clementine  basemap of Moscoviense basin

Center coordinates:

(270N, 1460E)
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Fig. 2: HySI RSR as plotted over VNIR      Fig. 3: Spectral band parameters

spectra of major lunar minerals
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4a 4b 4c

Fig. 4: Central part of Mare Moscoviense

Colored boxes indicate regions from which 

mean Reflectance spectra for different mare 

and highland Units have been extracted 
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Fig. 5a and b: Raw and scaled

Reflectance spectra of mare and 

highland units 

5a

5b
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• Compositional mapping of  lunar 
surfaces using spectral band parameters 
is a standard technique

• The band parameters are : 
1.Band strength (BS)
2.Band curvature (BC)
3.Band tilt (BT) 

•Low-Ca pyroxene (LCP) rich rocks:             

shades of red, pink and orange

• High-Ca pyroxene (HCP) and/or 

olivine rich rocks: green to yellow

• Anorthositic and/or optically matured  

surfaces: blue to purple

6a 6b 6c
721
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Mineralogy of Mare Serenitatis on the near side of the Moon based
on Chandrayaan-1 Moon Mineralogy Mapper (M3) observations

Fig. 1. IBD mosaic of Mare Serenitatis
as obtained using Ch-1 M3 L2 global
datasets. The mare basalts appear
yellow to yellowish green in the IBD
mosaic due to the absorption near
1 and 2 µm and are easily
distinguishable from highlands,
which appear blue in the IBD mosaic
due to the lack of mafic absorption
features. Black solid line demarcates
the boundaries of the spectral units
mapped in the present study.
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Fig. 2. (a) Mean normal (without and with vertical offset) and continuum-removed reflectance 
spectra of fresh craters as sampled from (i–iii) western and central units (S1,
S2, S3, S6 and S8), (iv–vi) eastern units (S9, S10, S11, S12 and S13) and (vii–ix) southwestern and 
southern units (S4, S5 and S7) near the mare-highland boundary; (b) reflectance spectra of 
matured soil (A) without vertical offset and (B) with vertical offset from (i) western and central (S1, 
S2, S3, S6 and S8), (ii) southwestern and southern (S4, S5 and S7) and (iii) eastern (S9, S10, S11, 
S12 and S13) units of Mare Serenitatis. Kaur P. et al. (2013), Icarus
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Fig. 3. Band center data plotted on Band I versus Band II plot of Adams (1974), as modified by Cloutis and
Gaffey (1991a). Synthetic pyroxene data from Klima et al. (2011) is also plotted for comparison. Band
center values of the fresh craters of Mare Serenitatis fall in the low- to moderate-Ca pyroxene domain
indicating subcalcic to calcic augite compositional range.

Fig. 4. Pyroxene quadrilateral plot showing
the pyroxene compositional range of Mare
Serenitatis basalts. Synthetic pyroxene data
of low- and medium-Ca pyroxenes from
Klima et al. (2010) have been plotted on the
pyroxene quadrilateral for comparison
purpose. Kaur P. et al. (2013), Icarus
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Mineralogy of Tycho’s central peak

Bhattacharya, S. et al., 39th COSPAR Scientific Assembly, Mysore, 2012
771



Mg-spinel lithology at the 
central peak of crater Tycho

Kaur P. et al. (2012), 43rd LPSC, Abstract #1434; Bhattacharya, S. 
et al. (2012), 39th COSPAR Scientific Assembly, Mysore, India
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WATER ON MOON: EXOGENIC & ENDOGENIC PROCESSES

791



Pieters et al., 2009

Clark, 2009

Sunshine et al., 2009
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Discovery of Water on the Moon 

Pieters et al., Science, 2009
811



Sunshine et al., Science, 2009

Clark, Science, 2009 821



www.lpi.usra.edu/leag/science_nuggets/Moon-Greatest-Hits.pdf
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Lunar Endogenous Volatiles 

(Chandrayaan-1  M3 data) 
COMPTON BELKOVICH VOLCANIC COMPLEX 

CRATER THEOPHILUS 

High-resolution spectral and spatial 

data analyses of crater Theophilus 

revealed the presence of OH-bearing 

Exposures on its central peak in 

association with 

olivine-, spinel- and 

crystalline plagioclase- 

bearing lithologies. 
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Discovery of an Ash Flow 

Caldera on the Moon 

Chauhan et al. (2015) 

Icarus, 253, 115-129  

COMPTON-BELKOVICH VOLCANIC COMPLEX (CBVC)  

5 km 

Peculiar	depositional	feature	
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A. FCC of CBVC. B. & C.  Spectra showing 

strong hydration feature near 2800 nm 

Continuum 

removed 

A. LRO Mini-RF radar backscatter; B. Circular Polarization 

Ratio (CPR); C. m-chi decomposed image of the central 

part of CBVC suggesting the presence of a thick 

Pyroclastic deposits at the studied site 

Discovery of magmatic/endogenic water on the Moon 

Bhattacharya, S. et al., 2013, Curr. Sci. 
Citations: 13; Source: ResearchGate 



Strong spectral evidence of existence of OH/H2O feature at Hansteen alpha with or

Without Mg-spinel-rich lithologies as obtained from Ch-1 M3 data has been observed

Bhattacharya, S. et al., Accepted in Current Science, June, 2013

Hansteen Alpha silicic dome
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Gruithuisen Domes is situated at the northern part of Oceanus Procellarum and 

Closely associated with PKT

Characterised by silicic domes

Average OH/H2O band strength is found to be ~3-4%

Mostly associated with featureless spectra  

A. Ch-1 M3 FCC of Gruithuisen Domes

White arrows indicate the locations of

the M3 spectra as shown in B. 

Bhattacharya, S. et al., Accepted in Current 

Science, June, 2013
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MG-SPINEL & LUNAR HIGHLAND CRUST

931



[Lal et al. (2011), 42nd LPSC, 
Abstract #1339; Dhingra et al. 
(2011), 42nd LPSC  & GRL (2011); 
Lal et al. (2012), JESS ]

Mg-spinel
lithology at the 
central peak of 

crater Theophilus

Yellow color - Mg-
spinel-rich lithology

Pink pixels –
crystalline plagioclase 
bearing anorthosite
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Opx-Ol 2

D

A

Opx-Ol 3

Opx-Ol 1Opx

Spinel 1

Spinel 3

Spinel 2

Mature Soil
DC

Bhattacharya S. et al. (2012), Current Science, Vol. 103, No. 1

E

A. RGB Composite of crater Endymion; B. IBD map of
Endymion showing Mg-spinels pixels in green; C. Mg-
Spinel spectra from southern rim of Endymion; D. Spectra
of Orthopyroxene and Orthopyroxene-Olivine mixtures; E.
Band-I vs. band-II plot of Pyroxene showing Endymion
Pyroxene Composition

Orthopyroxene-Olivine-Spinel (OOS) lithology at 
Crater Endymion on the near side of the Moon



Study of Cr-Spinel-rich Dark-Haloed Craters (DHCs) of pyroclastic origin from 
the Regional Dark Manntle Deposits (RDMD) of Sinus Aestuum,in the lunar 
equatorial nearside using high resolution data from recent lunar missions 

Dark green halo around
the crater showing strong
2-µm spinel absorption
feature

Sinus Aestuum and the extent of Regional Dark 
Mantle Deposits (RDMDs)

Sinus Aestuum
RDMD-II

DHCs

Sinus Aestuum
RDMD-I

2-µm absorption
Due to spinel

Bhattacharya S. et al. (2013), 44th LPSC, Abstract #1387



Spinel-rich RDMDs
Sinus Aestuum-IISpinel-rich RDMDs

Sinus Aestuum-I

FCC Composite of RDMDs from
Sinus Aestuum I & II

Band ratioing technique of Dhingra
et al. (2011), Geophys. Res. Lett.

R: 1209/1818
G: 730/930
B: 1000/1250

Spinel-rich lithologies appear red
Mafic silicates – green to yellow
DMDs - blue

Bhattacharya S. et al. (2013), 44th LPSC, Abstract #1387
971



Fig. 1.A. Part of an S-band Mini-RF total backscatterd power (S0)
image of a positive relief feature at south-eastern part of Sinus
Aestuum RDMD draped on LOLA DEM showing a non-circular
depression, a pos-sible fissure/volcanic vent (approx. location –
1.87° N; 350.4°E) as indicated by red arrows.

Fig. 2. A. Subset of LROC NAC Secne ID 
M109338400LC and B. LROC NAC Scene ID 
M109338400RC showing possible 
fissures/vents in the southern part of Sinus 
Aestuum I. 

Multiple non-circular vents have been identified and mapped for the first time in the Sinus Aestuum I & II RDMDs based
on high-resolution data from LRO-LROC-NAC and LRO-Mini-RF observations indicating that many small eruptions might
have produced spatially overlapped localized deposits rather than one or two large eruptions from buried central vent
as previously proposed by Weitz et al. (1998, JGR)

Bhattacharya S. et al. (2013), 44th LPSC, Abstract #1387
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Figure 1. M3 image showing Hansteen α dome in RGB combination
(R = 1009 nm, B = 1309 nm and G = 2018 nm). The Mg-Spinel
exposures are concentrated on the central portion of the dome.

EXPOSURES OF Mg-SPINEL ON AN EVOLVED SILICIC LITHOLOGY At 
HANSTEEN ALPHA ON THE MOON

Figure 2a. Three dimensional view of the dome
constructed by draping the M3 RGB image over the
M3 radius file. The spinel exposures are in yellow color
and concentrated mostly on the slope regions;
b. shows the spatial profile extracted along one of the
Mg-Spinel rich zone exposed on the slope area, the
location of which is marked as 'c' on the profile.

Kaur P. et al. (2013), 44th LPSC, Abstract #1348991



Figure 3a. IBD image (R = IBD at 1000 nm, G = IBD at 2000 nm and B =1508 nm) displaying 
Hansteen α dome in blue which repre-sents mafic free lithology; b. Showing the central portion 
of the dome encompass areas (pixels in green color) having strong absorp-tion at 2000 nm; c. 
Reflectance spectra showing 2000 nm absorption characteristic of Mg-Spinel extracted from the 
areas displaying green color in IBD image. 

Chandrayaan-1 Moon Mineralogy Mapper (M3) data analysis of 
Hansteen Alpha on the near side of the Moon
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DETECTION OF Mg-SPINEL EXPOSURES FROM THE ANORTHOSITIC TERRAIN SURROUNDING
MARE INGENII ON THE FAR SIDE OF THE MOON

Figure 1. Albedo mosaic of Mare Ingenii 
basin generated using images from OP2C 
optical period imaged from 200 km orbit. 
Black color represents gap in the data 
coverage.

RGB composite of the study area generated to depict the mineralogy
of the basin (R - Integrated 1μm band depth, G - Integrated 2μm
band depth and B = 1309/R1938). Arrows indicate Mg-Spinel rich
exposures which are concentrated on the Anorthositic hills
surrounding the Thompson and Thompson M crater.Kaur P. et al. (2013), 44th LPSC, Abstract #1547 1011



Figure 3a. Close view of the Mg-Spinel rich sites
exposed along the anorthositic ridge following the
Thompson crater rim. The locations of the close-
ups are marked in the figure 1. Mg-Spinel
exposures appear as greenish blue in IBD
composite image (b) Example spectra collected
from the marked locations showing characteristic
strong absorption at 2μm and are lack of 1μm
absorption. Spectrum 5 represents featureless
spectrum from the nearby region used for
generating relative reflectance. (c). Relative
reflectance spectra of the Mg-Spinel derived after
dividing the original spectra in (b) by the
corresponding featureless spectrum.
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Chandrayaan-2 mission 

• GSLV  launch with an 
weight of  ~2,650 kg

• Indian Orbiter 

• Indian Lander/Rover 

• Orbiter Payloads: 

- Soft X-ray spectrometer
- L & S band mini SAR
- Imaging IR spectrometer
- Neutral mass spectrometer
- Terrain Mapping Camera-2 

• Rover Payloads:

- Laser Induced Breakdown spectroscopy
- Alpha particle  induced X-ray spectroscopy



HYPERSPECTRAL REMOTE SENSING OF MARTIAN
ANALOGS FROM INDIA
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VNIR spectra of jarosite and alunite from laterite profile of Matanumadh, Kachchh

• Conclusions: Using detailed spectroscopic studies, the presence of the sulfate mineral jarosite [(K,Na)Fe3(SO4)2 (OH)6] — a key 
mineralogical indicator of hydrous, acidic and oxidizing conditions on the surface of early Mars, have been identified from the 
Deccan Volcanic Province of Kachchh at Matanumadh.

• A stratigraphy comprising altered, smectite-rich basalts over unaltered basalts, overlain by kaolinite/alunite/jarosite-bearing horizons 
within confined or restricted basins, as seen in the Matanumadh Formation, has parallels with some of the Martian occurrences.

• The overall geological setting of the Matanumadh area, with this unusual mineral assemblage developing within altered basalts and 
in the overlying sedimentary sequence, mimics the geological environment of many of the identified jarosite localities on Mars. 

• Broadly, jarosite formation at Matanumadh requires an initial phase of wet weathering of basaltic crust, subsequent subsidence to 
form restricted basins, followed by marine transgression and then regression. A similar sequence of events may be conceived for 
the documented Martian jarosite occurrences. Bhattacharya, S. et al., 2016, JGR-Planets; Citations: 2 (Source: ResearchGate)

VNIR spectra of Jarosite and Alunite from DVP of Kachchh



Schematic representation of Lithological succession of the 

studied laterite profile at Matanumad, Kachchh

Uppermost part of the saprolite-

laterite horizon

Clay boulders from the 

lowermost part of the saprolite 

horizon

Altered spheroidal basalt

With onion skin weathering

Less altered spheroidal basalt

and unweathered basalt

Al-rich Phyllosilicate

----------------------------

Fe-Mg-Smectite

Laterite profile

developed on

Deccan Volcanic

Province (DVP)

of Kachchh has

been extensively

Studied based on

VNIR, Mid-IR and

XRD analyses

Similar to Mawrth

Vallis on Mars



Paleocene laterite profile of

Matanumadh as developed

over basalts of Deccan

Volcanic Province of

KachchhQuaternary (recent) sediments

Brittle and soft layered laterite horizon

Hard crust laterite horizon

Distinctly colored clay strata within saprolite horizon

Creamy white to light purple to purple-brown non-layered

saprolite horizon



VNIR Characterization of the minerals from the lateritic profile 

of Matanumadh, Kachchh





Fe-Mg-OH 

Stretching

Al-OH 

Stretching

Fe-Mg-OH 

Stretching





Mid-IR (transmittance mode) spectral 

pattern of in situ clay boulders overlying 

spheroidally weathered basalt horizon

A BSpectral range 4000-3000 cm-1 Spectral range 1350-400 cm-1



Alunite-bearing 

saprolite

Jarosite-bearing 

saprolite

SEM Micrograph 

of Natro-jarosite-

bearing saprolite



Mid-IR (transmittance mode) spectral 

pattern of lumpy (alunite) and stratified 

(jarosite) saprolite horizons above the zone 

of in situ clay boulders

A BSpectral range 4000-2000 cm-1 Spectral range 1350-400 cm-1



Hard-crust laterite with pockets of 

bauxite



Paleocene sedimentary succession

of Matanumadh Formation



VNIR spectra of altererd tuffaceous clay unit 

(host) (kaolinite±alunite) and cream yellow 

secondary jarosite along the fractures within the 

host

A BVNIR spectral range 350-2500 nm VNIR spectral range 1300-2500 nm



VNIR spectra of variegated tuffaceous sandstone clay unit overlying tuffaceous 

clay horizon with clasts of varied shape and size containing jarosite, gypsum, 

alunite and kaolinite

VNIR spectral range 350-2500 nm











XRD pattern of jarosite, alunite 

and kaolinite from DVP of 

Kachchh

A Jarosite from Palecene 

sedimentary succession

B Jarosite and alunite from 

saprolite horizon developed 

over spheroidally weathered 

basalt

C Kaolinite, Antigorite and 

Gibbsite from hard crust 

laterite



Summary & Conclusions

The hydrous ferric sulfate, jarosite, reported from various parts of 

the martian surface,known to be stable only under highly oxidizing, 

acidic environments. Such extreme conditions are only realized in a 

few natural terrestrial situations, that can consequently be studied as 

Martian analogs

The natural co-existence of the above jarosite with other sulfates 

and Al

phyllosilicates in the Paleocene Matanumadh Formation of 

Kachchh, Gujarat, India, appears to suggest that a similar 

environment may have existed 868 in some of the jarosite-bearing 

localities of Mars in the Noachian.

given the apparent similarities in both geologic setting and 

mineralogical association between some martian jarosite 

occurrences (e.g. Meridiani Planum, Mawrth Vallis and Syrtis Major) 

and Matanumadh, the latter may be regarded as an analog locality 

for jarosite formation.

Bhattacharya, S. et al. accepted in JGR-Planets
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