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The  Oligocene  Maniyara  Fort  Formation  in western  India  exhibits  two  distinct  glauconite  types  with  dif-
ferent maturation  states,  which  are  characterized  by  their  spectral  response  in  the visible to  infrared
spectrum  of electromagnetic  radiation.  Spectral  signatures  of Maniyara  Fort  glauconites  display  absorp-
tion features  at  approximately  0.77,  1.08,  1.9,  2.3  �m  in  the  visible-short-wave  infrared  (SWIR)  and  2.8
and  10  �m in  the  mid-infrared  (MIR)  region  which  vary  with  K2O content  of glauconite.  The spectra  of
glauconite  varies  significantly  as  a function  of its  cationic  contents  and  substitution  in different  sites.
The  maturity  is found  to increase  in  tandem  with  the  metal–metal  charge  transfer  (CT)  and  the  Fe2+ dd
absorption  band  respectively  at 1.08  and  0.77  �m.  H2O  and  OH− signatures  at the  NIR  region  reflect  differ-
xpandable layers
eflectance
missivity

ences  in  the  sensitivity  of  glauconites  with  different  molecular  H2O content.  In the  MIR  region,  a  gradual
shift  of  the  Si  O stretch  at 10 �m  towards  lower  wavelengths  indicates  the  dominance  of smectite  lay-
ers  in  glauconites.  This  study  demonstrates  a strong  correlation  between  the proportion  of  expandable
layers  in  the  glauconite  structure  with  variations  in  characteristic  band  position,  depth  and  symmetry  in
reflectance  and  emissivity.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Glauconite mostly occurs as pellets of 50–1000 �m in diameter
nd it consists of dioctahedral sheet silicates similar to biotite in
erms of structure, but compositionally akin to muscovite (Deer
t al., 2013; Jarrar et al., 2000; Odin and Matter, 1981). Glau-
onitic smectite and glauconitic mica are the two  end members of
lauconitic minerals, the proportion of expandable layer contents
ominates the former (Odin and Matter, 1981). The origin of glau-
onite is explained by two popular hypotheses. The ‘verdissement
heory’ considers initial precipitation of glauconitic smectite within
ores of bioclasts and faecal pellets, which subsequently matures

nto glauconitic mica by the addition of K2O at a constant Fe2O3(total)
Odin and Matter, 1981). The ‘layer lattice theory’, on the other

and, considers the formation of glauconite from degraded layer
ilicates, which involves the simultaneous increase of both K2O
nd Fe2O3(total) (Burst, 1958a,b). On the basis of K2O content glau-
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E-mail addresses: shovan.iitb@gmail.com (S.L. Chattoraj), santanu@iitb.ac.in

S. Banerjee), f.d.vandermeer@utwente.nl (F. van der Meer),
hampati ray@iirs.gov.in (P.K. Champati Ray).
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303-2434/© 2017 Elsevier B.V. All rights reserved.
conite may  be classified into four types, i.e. nascent (2–4%), slightly
evolved (4–6%), evolved (6–8%) and highly evolved (>8%) (Amorosi,
1995, 1997; Odin and Matter, 1981). As the state of maturation of
glauconite depends on the sedimentation rate, a highly evolved
glauconite (>8% K2O) indicates significant stratigraphic conden-
sation (Amorosi, 1995; Banerjee et al., 2016a,b, 2015; Odin and
Fullagar, 1988; Odin and Matter, 1981). The origin of K-rich glau-
conite is related to its higher degree of maturation (Amorosi et al.,
2007; Odin and Matter, 1981). Additionally, evolved glauconites
are considered as important datable material in a sedimentary
sequence (Odin and Fullagar, 1988; Stille and Clauer, 1994).

The spectral properties of phyllosilicate minerals in the
0.4–2.5 �m region have been studied extensively because the diag-
nostic absorptions can provide crucial information on the chemical
composition and crystal structure (Bishop et al., 2002, 2008; Clark,
1983, 1999; Post and Noble, 1993).

Various investigators have investigated the qualitative and
quantitative relationships between the structure of a clay/mica
group of minerals and the number, depth and position of absorp-

tions employing both visible and infra-red spectroscopy (Aines and
Rossman, 1984; Besson and Drits, 1997; Bishop et al., 2002, 2008;
Buckley et al., 1978; Crowley and Vergo, 1988; Hunt and Turner,
1953; Nahin, 1955; Rossman, 1988a). While the absorptions due to
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f the Kutch District, India (Grey shaded area in inset shows the same).
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Table 1
Oligocene stratigraphy and lithological variations in Maniyara Fort Formation (after
Biswas, 1992).

Age Formation Member Lithology

Neogene Formations
Oligocene Maniyara Fort Bermoti Foraminiferal

limestone
Coral limestone Foraminiferal and

Coralline limestone
Lumpy Clay Grey shale
Basal Member Green, red shale and
Fig 1. Location map  of the study area showing the western part o

H-stretching of clay/mica group of minerals have drawn attention
ver decades, characteristic absorptions due to presence of combi-
ations of H O H bend, metal (Al, Mg)  OH bend in addition to OH
tretch in the VIS-NIR region have also been studied (Burns, 1993;
lark et al., 1990; Mitra, 1996; Slonimskaya et al., 1986; Petit et al.,
998, 1999; Rossman, 1988b). Optical spectroscopy, additionally,
nables determination of the presence of Fe2+ and Fe3+, both of
hich are octahedrally coordinated in mica group of minerals like

lauconite.
To date few studies report on the maturity of glauconites and

ts possible imprints on spectral signatures. Manghnani and Hower
1964a,b) reported Si O absorptions in the mid  infrared region and
elated to expandable layers in gluaconite and tetrahedral ionic
ubstitution and charge. Sanchez-Navas et al. (2008) correlated
olour of glauconites as a maturation indicator and calibrated spec-
ral absorption features due to presence of H2O at different bands
n the VIS-NIR range with maturity. Lyon and Tuddenham (1960)
inked the shape of absorption spectra of mica in the 9–10 �m
egion to the amount of aluminum substitution in the silicon tetra-
edral site. Pertinently, glauconitic minerals have ubiquitously
een reported from all formations of the Palaeogene succession
f Kutch (Chattoraj et al., 2008a,b, 2009; Chattoraj, 2011, 2016;
iswas, 1992; Singh, 1978) which is the focus of the study. Chattoraj
2011) studied stratigraphic implications of the glauconite rich
reen shales from the Kunrajpur area and presented a detailed
eochemical database of the glauconites. However, there is no pre-
ious work reported on the identification and characterization of
he maturation state of these otherwise well illustrated glauconites

sing spectroscopic methods. This study envisages the spectro-
copic characterization of the Maniyara Fort glauconites, of the
utch district in India, for understanding glauconite maturation
nd explores the relationship between geochemical characteristics
limestone

Paleocene to Eocene Formations resting on Deccan Basalt basement

and the spectral response of glauconite. Banerjee et al. (2012a) pre-
sented a geological and geochemical database of the glauconites as
well as stratigraphic implications of Maniyara Fort glauconites. The
central theme of the present investigation involves recognition of
spectral signatures of different types of glauconites approximately
at 0.7, 1.08, 1.9, 2.3 �m in the Visible-SWIR and 2.8 and 10 �m in
the IR region. Further, the paper presents a variation of spectral
characteristics in response to the presence of 1) octahedral Fe2+,
Mg2+ and Al3+, 2) tetrahedral Al3+ and Si4+, 3) molecular H2O and
4) associated smectitic expandable layer.

2. Geological background

One of the major glauconitic intervals in the Paleogene
(∼65–23 My)  of the Kutch district was  investigated around the Kun-

rajpur village (Fig. 1; Table 1 Banerjee et al., 2012a,b; Biswas, 1992;
Chattoraj et al., 2008a; Burns, 1993; Clark et al., 1990; Mitra, 1996).
The study area near Kunrajpur (23◦43′28.80′′N, 68◦43′ 43.20′′E)
exposes two Palaeogene formations, viz., the Fulra Limestone (av.
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Fig. 2. Field and photomicrograph of glauconite: (a) Field photograph of the sample location showing green and grey shale in section (green shale has been pointed). (b) Close
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p  of the green shale facies rich in glauconite (Pen length = 10 cm). (c) Close up vie
d)  Thin section of the green shale facies in crossed polarized light showing glauco
nterpretation of the references to colour in this figure legend, the reader is referred

hickness 80 m)  and the Maniyara Fort Formation (av. thickness
0 m).  The present work focuses on the Maniyara Fort Formation,
hich consists of red, grey and green shales and fossiliferous lime-

tones (Fig. 2a–c). It consists of three members, including the Basal,
oral Limestone and Bermoti (Table 1). Bio-stratigraphic analysis of
he foraminifera provides an age viz. 35–29 My  for Basal and Coral
imestone and an age of 29–23 My  for the Bermoti Member (Raju,
974; Saraswati, 1995). The glauconitic layer of the Maniyara Fort
ormation occurs within the Basal Member.

. Materials and methods

Fifteen spot samples were collected in the field from the green
hale, grey shale and limestone facies of the basal member for car-
ying out geochemical and spectroscopic analysis of glauconite. The
lauconite pellets were manually picked using a Nikon SMZ645
tereo zoom microscope and disaggregated samples to maintain
ts purity. Samples were powdered to a −200 ASTM mesh size
grain size <0.074 mm).  The clay fractions were separated by set-
ling method (6 h in distill water). Spectra from dry samples were
ollected using an Analytical System Device (ASD) fieldSpec4 in the
avelength range of 0.35–2.5 and 1–2.5 �m,  at a sampling interval

f 1.4 nm and 2 nm respectively. A contact probe was  used to nullify
he effect of the atmosphere.

The infra-red spectrometer used in this work was  a Designs &
rototypes micro-FTIR (Fourier transform infrared spectrometer)
odel No. 102F that mimics the design of a Michelson interfer-

meter with an input foreoptic, an infrared detector, drive and
ampling electronics and an embedded computer. The instrument
as a spectral range of 2–16 �m.  It has a rotatable foreoptic with
 diameter of about 1 inch and a 4.8◦ field of view. A digital incli-
ometer was used to set the foreoptic at a 45◦ off-nadir viewing
ngle resulting in a spot size of roughly 3 in. in diameter on a target
ith a 1 m target distance. The device contains a software pack-
the grey shale facies rich in fossils of foraminifera (length of matchstick = 40 mm).
ccurring as pellets and few infillings within foraminifera shell (black arrows). (For
e web version of this article.)

age viz. Win  FTTM (Version. 1.1.7 on Windows OS) that allows the
user to collect real time radiance data to facilitate post processing
retrieval of emissivity spectra. Computation of each target emissiv-
ity spectra needs four radiance measurements consisting of a cold
and warm blackbody, the target and the downwelling radiance. If
the atmospheric and background noises are eliminated, spectral
emissivity of the target can be calculated from three components
viz. the surface-leaving radiance from the target of interest, the
downwelling radiance and the surface temperature.

An electronic blackbody with an adjustable temperature has
been supplied with the instrument. In general, the cold blackbody
temperature is typically set at 10 ◦C below that of the sample and
conversely, the warm blackbody temperature is set just above the
warmest object expected (Archer et al., 2015). In this work, these
were respectively set to 10 ◦C and 50 ◦C to embrace the whole
range of temperatures for all samples during data collection in the
field. The blackbody calibration was performed with every alter-
nate sample measured or in every 10 min. This minimized sensor
drift effects on measurements due to temperature changes.

Downwelling radiance was measured immediately following
the sample by collecting the reflected radiance off a diffuse reflec-
tive gold plate. InfraGold, supplied by Labsphere, USA served as
the standard gold plate in this case. This was placed in the same
orientation and position as the target. The gold plate exhibits a
relatively flat spectral behavior across the 3–5 �m and 8–14 �m
windows with a reflectivity between 0.94 and 0.96. The extremely
low emissivity and relatively high thermal mass resulted in accu-
rate downwelling radiance retrieval.

Emissivity of the sample was  measured with Hanning apodiza-
tion to reduce leakage in discrete Fourier transforms. The number

of coadds i.e. density of scan lines were fixed at 80 for collecting
the spectra (see Salvaggio and Miller, 2001). The temperature of
the samples were measured using a handheld Exergen Precision
Infrared Handheld Thermometer (DX series), which uses a detector
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Fig. 3. Reflectance spectra of USGS standard minerals viz. montmorillonite (montmor6.spc Montmorillonite CM 20), illite (illite2.spc Illite IMt-1.a) and glauconite (glauconi.spc
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lauconite HS313.3B) available in usgs min.sli library (ENVI, Ver. 5) and studied glau
 Montmorillonite, il − Illite, glt − Glauconite) [Inset: Enlarged view of the selected
etween pellet and infillings at 0.77 �m (a) and 1.08 �m (b)] (Spectral offset given 

oused inside a contact probe. Subsequently, temperature emissiv-
ty separation (TES) data processing was applied to raw radiance
ata using a series of Interactive Data Language (IDL) codes. First the
aw values obtained from the sample and the downwelling mea-
urement were converted to calibrated spectral radiance with the
elp of the blackbody curves. If the temperature, Tsamp is known,
he emissivity of the sample, �samp can be derived by:

samp = (Lsamp − Ldwr)/[LBB(Tsamp) − Ldwr]

here, Lsamp is the measured spectral radiance from the sample,
dwr is the measured reflected downwelling spectral radiance, and
BB (Tsamp) is the computed blackbody radiance at the sample tem-
erature. As the FTIR rests as close as 1 m from the sample, path
adiance and transmission were expected to be 0 and 1 respectively,
hereby assuming that the sensor reaching radiance was  equal to
he surface exiting radiance.

To reduce atmospheric noise, the month of December was  pre-
erred for collection of field spectra when the environment is

elatively drier. The contribution of reflected and emitted radiance
rom background objects were eliminated by collecting the spectra
n an open free space. The field spectrometer was set up in a way
hat the direct sunlight falling on the sample was unobstructed. If
e infilling and pellets in the 0.5–2.5 �m range (Abbreviations used for standards: mt
ions of the spectra of studied glauconite showing difference in depth of absorption
rity).

the sun was  in the southern sky, the foreoptic of the instrument
was made to lie to the South side of the instrument with the oper-
ator to the North side. Downwelling Measurements were carried
out in the late afternoon to avoid the rising thermal currents at the
hottest point of the day which could contribute to instability in the
downwelling radiance field.

The spectral reflectance of rocks were compared with that
of the USGS mineral spectral library available in the range of
0.39–2.56 �m in the ENVI 5 software using the spectral library
viewer. The spectral analysis tool was  utilized for this purpose.
A minimum mutual similarity of 85% was considered as sig-
nificant, beyond which a spectral mismatch was observed. The
absorption-band parameters were calculated on the basis of stan-
dard procedures (see Clark et al., 1987; Green and Craig, 1985;
Kruse et al., 1985; van der Meer, 2004; Yamaguchi and Lyon, 1986).
An absorption-band position is the exact reflectance minima in
the wavelength region of interest. The absorption-band depth, syn-
onymous with band depth, approximates the reflectance value at

the shoulders minus the reflectance value at the absorption-band
minimum. The absorption-band asymmetry measures the ratio
between the area available at the left and right of the absorption
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ig. 4. Cross plots showing the variation in K+ content of glauconitic pellets and infi
orrelation; (b) 1.08 �m represents a moderate positive correlation; (c) moderate t
+ content suggests a gradual decrease of Mg2+ with increasing maturity.

inima i.e. from the respective shoulders on both sides of the max-
mum absorption.

. Physical and geochemical description of glauconite

Chattoraj (2011, 2016) and Banerjee et al. (2012b) provided
eochemical data for the Maniyara Fort glauconites. Glauconite
ccurs in two different forms, viz. pellets and infillings. While pel-
ets occur as separate grains, infilling is found within fossilized
oraminiferal chambers (Fig. 2d). Glauconitic pellets appear as dark
reen whereas infillings appear as brownish green under cross
olars.

Mineral chemical investigation reveals slightly higher K2O (av.
.8 wt%) in pellets than the infillings (av. 6.1 wt%) from EPMA analy-
is. The infillings provide an asymmetrical, relatively flat basal (001)
RD reflection at 10 Å, while pellets exhibit sharp and symmetri-
al basal reflection. Glauconite infillings are, therefore, less mature
han glauconite pellets and contain more expandable layers. The
e3+

t content of glauconite pellets is higher (av. 26.6 wt%) compared
o that of glauconite infillings (av. 24.8 wt%). MgO  and CaO values
re slightly lower in glauconite pellets compared to the glauconite
nfillings. The overall high Mg  and low Al contents distinguish Mani-
ara Fort glauconites from other glauconites of the Kutch district
Banerjee et al., 2012a; Chattoraj, 2011, 2016). The cationic contents
f both varieties of glauconites and their site charges were calcu-

ated and are shown in Table. 2. The cation content of glauconite
amples are compared with the corresponding spectral response as
pectral characteristics are more closely related to cations present
n the crystal lattice than abundance of major oxides. All elemental
 with absorption depths and other cations: (a) 0.77 �m represents a strong positive
ng negative correlation between Al3+ and K+ content; and (d) Mg2+ with respect to

determinations were made on an anion equivalent basis to struc-
tural formulae per O10(OH)2.

Maturation of both glauconite infillings and pellets took place
with the synchronous addition of Fe in octahedral sites and fixa-
tion of K in the interlayer sites, while Al, Mg  and Ca were released
concomitantly from the substrate. A model combining initial
authigenic precipitation of glauconitic smectite, followed by incor-
poration of both Fe and K during later stages of maturation explains
the origin of glauconite (Banerjee et al., 2012b; Chattoraj, 2011,
2016). The significantly high Mg  content of the glauconites relates
to Mg-rich smectitic substrates, which is enriched in expandable
layers. Nd concentrations of glauconite pellets in the Maniyara Fort
Formation suggest a low to moderate sediment accumulation rate
(Banerjee et al., 2012b).

5. Results and interpretations

5.1. Spectral signatures in VIS-NIR range

The pellets exhibit intense, sharp and symmetric 0.770 and
1.080 �m absorptions (Fig. 3). These pellets contain more Fe3+ (av.
1.52) compared to infillings (av. 1.40) (Table 2). K+ content of all
pellets and infillings exhibits a good correlation with the depth at
0.77 �m and 1.08 �m (Fig. 4a–b). Extrapolation of linear regression
equation of this trend provides the K+ content of glauconites.
Both metal–metal Charge Transfer (0.77um) and Fe2+ dd
absorption (1.08 �m)  depth increase with maturity of glauconites.
The effect of CT appears to be more intense (higher absorption)
in pellets than infillings (Fig. 3). Interestingly, their ratio i.e. D
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Table 2
Cationic contents (calculated from major oxide wt%  derived from EPMA) of glauconite pellets and infillings showing major cations distribution in different sites, tetrahedral, octahedral charges and absorption depths, wavelengths
and  ratios related to characteristic absorptions in VIS-NIR to mid  infrared range of spectra. (Note: Al3+ includes both octahedral and tetrahedral occupancy; Total Fe is represented by Fe3+

t) (Abbreviation used: D-Depth, E-
Emissivity, � – Wavelength of Emissivity minima, P- Pellet and I- Infilling samples)

Sample No. Geochemical Parameters Spectroscopic parameters

Tetra and Octahedral Cations Interlayer Cations Tetrahedral
Charge

Octrahedral
Charge

Visible to Short Wave Infra Red Near to Mid Infra Red

Si4+ Al3+ Fe3+ Mg2+ Mn2+ Ca2+ K+ Na+ D0.77 �m ab. D1.08 � mab. Ratio D(1.08/0.77) D2.2 �m D2.8 �m (E) � Si O strech

40/1-P 3.50 0.58 1.50 0.68 0.00 0.02 0.67 0.01 0.50 0.43 0.704 0.154 0.219 0.258 0.990 10.15
48/1-P  3.59 0.53 1.48 0.63 0.00 0.03 0.65 0.02 0.41 0.39 0.699 0.123 0.176 0.211 1.128 10.32
54/1-P  3.56 0.46 1.59 0.64 0.00 0.03 0.63 0.02 0.44 0.39 0.596 0.111 0.186 0.156 1.128 10.14
58/1-P  3.50 0.59 1.50 0.69 0.00 0.04 0.63 0.01 0.50 0.43 0.625 0.103 0.165 0.260 1.115 10.11
60/1-P  3.53 0.59 1.45 0.70 0.00 0.03 0.62 0.01 0.47 0.45 0.644 0.112 0.174 0.275 1.223 10.11
61/1-P  3.55 0.51 1.54 0.66 0.00 0.04 0.63 0.01 0.45 0.42 0.655 0.108 0.165 0.223 1.080 10.15
62/1-P  3.53 0.51 1.55 0.67 0.00 0.04 0.65 0.01 0.47 0.42 0.704 0.148 0.210 0.268 1.200 10.20
63/1-P  3.58 0.45 1.57 0.61 0.00 0.03 0.69 0.01 0.42 0.38 0.717 0.183 0.255 0.083 0.802 10.44
66/1-P  3.57 0.50 1.52 0.66 0.00 0.04 0.63 0.02 0.43 0.41 0.653 0.125 0.191 0.112 1.050 10.16
67/1-P  3.59 0.53 1.47 0.62 0.00 0.03 0.64 0.02 0.41 0.39 0.662 0.136 0.205 0.156 1.149 10.27
68/1-P  3.56 0.56 1.46 0.67 0.00 0.04 0.64 0.01 0.44 0.42 0.669 0.134 0.200 0.170 1.040 10.26
70/1-P  3.60 0.47 1.52 0.62 0.00 0.03 0.66 0.01 0.40 0.39 0.710 0.132 0.186 0.095 1.112 10.27
75/1-P  3.43 0.61 1.57 0.69 0.00 0.03 0.61 0.02 0.57 0.43 0.612 0.154 0.252 0.222 1.345 9.99
79/1-P  3.48 0.62 1.51 0.67 0.00 0.05 0.58 0.01 0.52 0.42 0.603 0.112 0.186 0.188 1.777 9.89
81/1-P  3.54 0.57 1.48 0.67 0.00 0.03 0.63 0.01 0.46 0.42 0.711 0.100 0.141 0.150 1.234 10.15
47/1-I  3.50 0.71 1.33 0.78 0.00 0.05 0.53 0.01 0.50 0.50 0.450 0.075 0.167 0.350 2.468 9.95
49/1-I  3.54 0.58 1.44 0.72 0.00 0.03 0.60 0.01 0.46 0.46 0.550 0.098 0.178 0.311 1.867 10.14
51/1-I  3.57 0.64 1.38 0.68 0.00 0.03 0.59 0.02 0.43 0.43 0.519 0.086 0.166 0.299 2.110 10.20
69/1-I  3.55 0.62 1.42 0.67 0.00 0.04 0.58 0.01 0.45 0.42 0.486 0.088 0.181 0.308 1.850 10.10
71/1-I  3.57 0.56 1.45 0.68 0.00 0.03 0.61 0.01 0.43 0.43 0.558 0.099 0.177 0.260 1.500 10.20
78/1-I  3.50 0.73 1.33 0.76 0.00 0.05 0.52 0.01 0.50 0.49 0.368 0.073 0.199 0.343 2.468 9.86
90/1-I  3.47 0.65 1.46 0.74 0.00 0.04 0.56 0.01 0.53 0.46 0.380 0.083 0.218 0.305 2.210 10.02
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Fig. 5. Cross plots showing: (a) variation of cationic Mg2+ and Al3+ with the depth of the 2.2 �m absorption in reflectance spectra as a strong positive correlation; (b) depth
of  the 2.8 �m absorption vis-à-vis the K+ content as a strong negative correlation indicating a decrease of Mg OH bond influence with increasing maturity; (c) variation in
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avelength of emissivity minima due to Si O stretch with the K+ content indicatin
n  the wavelength of the absorbance minima due to the Si O stretch with tetrahe
igher  wavelengths.

Fe2+-Fe3+)CT/D (Fe2+)dd does not show any significant trend with
ncreasing maturity indicating replacement of Fe2+ by Mg2+. Both
ellet and infilling spectra show weak absorption features at 1.395
nd 1.415 �m caused by (OH ) overtone stretch and strong char-
cteristic absorptions at 1.95–2.014 �m for the combination of

 O H bend plus (OH ) stretch (Fig. 3). The simultaneous occur-
ence of both these absorptions indicates the occurrence of both
OH ) and H2O in the mineral (Aines and Rossman, 1984; Clark,
999). The stronger absorptions at 1.9–2 �m indicate the pre-
ominance of water over the hydroxyl ion (Fig. 3). Much of the
2O relates to expandable smectite layers (Bailey, 1980; Deb and
ukuoka, 1998; Deer et al., 2013; Odin and Matter, 1981). There-
ore, the less pronounced absorption at 1.9 �m band for pellets than
nfillings suggests low content of expandable layers.

A conspicuous absorption due to the combined influence of
etal (Al, Mg)  OH bend plus OH stretch is noted near 2.2–2.3 �m

n both infillings and pellets (Fig. 3). The absorption doublet is seen
t the same location in the USGS spectra and corresponds to an (Al,
g)  OH band (Fig. 3). This particular absorption is deeper for infill-

ngs but becomes weak in glauconitic pellets, with a tendency to
orm a single wide absorption band (Fig. 3). Both Mg2+ and Al3+

how a conspicuous negative trend with K+ implying release of
hese two elements from the glauconite structure with maturity

Fig. 4c–d). Subsequent to this, a plot of Mg2+-Al3+-depth of the
.2 �m absorption suggests an increase in depth of this absorp-
ion with increasing Al3+ and Mg2+ (Table 2, Fig. 5a). Therefore, the
ift of band towards higher wavelengths with increasing maturity; and (d) variation
arge indicating decrease in tetrahedral charge with the shift of the band towards

depth of the 2.2 �m absorption seems to be synchronized with the
maturation process of glauconites.

5.2. Spectral signatures in the infrared spectrum

Spectral signatures of five representative samples reveal the
existence of a prominent band at 2.8–2.9 �m (3400–3500 cm−1)
(Fig. 6). This relates to the stretching mode of OH−, which is essen-
tial for glauconite and other clays. Emissivity spectra of selective
pellets and infillings with varying K+ content from 0.52 to 0.69
reveal a gradual decrease in band depth of the hydroxyl-stretching
region from 2.47 in infillings to 1.32 in pellets (Fig. 6). The vari-
ation of the 2.8 �m band depth with K+ content in all glauconite
samples resembles the same trend (Fig. 5b). Another weak feature
at 5.85–6.16 �m (1620 cm−1 band) is noted, which is associated
with molecular H2O (Fig. 6). More pronounced, sharp and symmet-
ric features in emissivity spectra for infillings change to diffuse
and become broad features in pellets. This indicates a decrease
in expandable smectite layers as glauconites matures (Fig. 6). The
weakest absorption band in the region at about 7.0 �m in some of
the infilling spectra is caused by a carbonate phase that remained
as impurities inherited in foraminiferaL shells (Fig. 6). The position

of the 9–11 �m absorption changes with a continuous increase in
the sharpness of the dip from infillings to pellets (Fig. 6). For the
pellets, the emissivity minima varies from 9.87 to 10.21 �m (av.
10.07 �m). On the other hand, that of the infillings varies from 9.86
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Fig. 6. Emissivity spectra of glauconite infillings and pellets in the 2–16 �m range showing a gradual decrease in the depth of the 2.8 �m band from infillings to pellets
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ndicating the presence of less expandable smectitic layers in the later. A similar c
owards higher wavelengths is noted with an increase in K+ content indicating dim
nd  pellet respectively with corresponding K+ content in bracket) (Spectral offset g

o 10.05 �m (av. 10.01) (Table 2, Fig. 6). This change of band position
s correlated with the decreasing K+ content (Fig. 5). A cross plot of
he Si O stretch minima vs K+ reveals a shift of minima towards
igher wavelengths with an increase in K+ (Fig. 5c). The maturity of
lauconite grains, i.e. decrease of expandable layers, is associated
ith a gradual shift of the Si O vibration towards higher wave-

engths (lower energy) (Fig. 5c). The cross plot of tetrahedral Al3+ of
lauconites and band position of corresponding emissivity minima
xhibits a moderate negative trend leading to an increase in band
avelength position with a decrease in tetrahedral Al3+ (Fig. 5d).

he 10 �m absorption minima shifts towards lower wavelengths
s Al3+ substitution increases in the tetrahedral site. The interlayer
ationic content and tetrahedral Al3+ can be estimated by analyz-
ng the shift of this absorption. The isomorphous substitution in the
etrahedral site is presumed to be the main causes of such shift.

The Maniyara Fort glauconite samples do not display an
bsorption near 7–7.5 �m,  which is prominent in standard illite,
e-smectite and montmorillonite. The most prominent band for

lauconite is reported close to 10 �m.  Representative spectra of
nfillings and pellets exhibit similar emissivity minima close to
0 �m.
cuous shift in emissivity minima approximating 10 �m Si O band, progressively,
g expandable layers. (I and P in sample name column stand for glauconite infilling
r clarity).

6. Discussion

Evolved glauconite with high-K content is an indicator of a slow
rate of sedimentation, therefore, it is considered as a crucial compo-
nent of high-resolution sequence stratigraphic interpretations for a
sedimentary basin (Amorosi, 1995). Besides, evolved glauconite is
a valuable datable mineral in argillaceous rocks (Stille and Clauer,
1994). Evolved glauconite is also used as an important source of
alternate potash fertilizer (Franzosi et al., 2014). Spectroscopic
characterization of evolved glauconites is, therefore, significant for
both academia and industry. Although EPMA and X-ray diffraction
parameters can precisely estimate the K content of glauconite, the
spectral characterization of glauconite holds promise as an alter-
nate method which is fast, non-invasive and inexpensive.

The spectral response of the Maniyara Fort glauconites in the
VIS-NIR range are found to be unique. The Fe2+ content in glauconite
is within 10–15% of total iron (Bailey, 1980; Odin and Matter, 1981;
Odom, 1984). In the visible range, Fe2+ generates a dd transition

band. An advance oxidation process also gives rise to the develop-
ment of a Fe2+-Fe3+ charge transfer (CT) band in their reflectance
spectra (Amthauer and Rossman, 1984; Rossman, 1988a,b). The
lesser depth of absorption for glauconite infillings than that of the
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ellet is a proxy of their maturity state. The absorption band asym-
etry factor (see van der Meer, 2004) is observed to be slightly

igher in the case of infillings than pellets. The metal–metal charge-
ransfer (CT) is common in other mica group of minerals (Bishop
t al., 2008; Robbins and Strens, 1972). However, the present work
ifferentiated glauconites with different modes of origin. Less Fe2+

ubstantially affects the ratio between intensities of absorption
ue to (Fe2+-Fe3+) CT and (Fe2+) dd resulting in the lack of a cor-
elation with K+. High Mg2+ in the octahedral site solicits intense
eplacement of Fe2+ in the octahedral site of glauconite giving rise
o low Fe2+ (Table 2). These results demonstrate the importance of
n isomorphic cationic substitution on spectral absorptions.

Sanchez-Navas et al. (2008) attempted to relate the ratio of
d transition and CT absorptions with the colour of glauconites.
owever, the Siberian glauconite reported by Sanchez-Navas et al.

2008), is less matured, although rich in Fe. In the Maniyara Fort
ormation, the iron content of glauconites, however, increases with
ncreased maturity (Banerjee et al., 2012b).

Burst (1958a,b) reported that most glauconites belong to
he “inter-layered” class, involving interlayering between

ontmorillonite-type (expandable) and illite-type (non-
xpandable) layers (Hower, 1961; Manghnani and Hower,
964a,b). Differential water content in glauconites is related to the
resence of expandable layers in glauconites (Figs. 3 and 6). The
pectral signature of glauconite is also important for estimation
f its maturation. The Si O stretching vibration causes maximum
bsorption between 9 and 11 �m.  The same absorption in the case
f micas is influenced by Y-number or the amount of Al3+ substi-
uted for Si4+ in the tetrahedral site (Lyon and Tuddenham, 1960;

ilkey, 1960). The Y number has subsequently been renamed
s the tetrahedral charge (Bailey, 1980; Odom, 1984). An inter-
elation between tetrahedral charge, K20 content and emissivity
inima has revealed similar features for the studied glauconite.

. Conclusions

The study of the spectral response of the Maniyara Fort glau-
onites leads to the following conclusions.

a. In the VIS-NIR region, a metal–metal CT absorption at 0.77 �m
and a Fe2+dd absorption at 1.08 �m correlate positively with K+

and Fe2O3(total). A thorough replacement of Fe2+ by Mg2+ within
the octahedral site of glauconite results in a weak correlation
between glauconite maturity and D(Fe

2+
-Fe

3+
)CT/D(Fe

2+
)dd ratio.

. The relatively weaker absorption depth at 2.3 �m in the spectra
of pellets compared to infillings indicates a moderate nega-
tive correlation between Mg2+ and K+. Therefore, the absorption
depth may  be used to estimate the amount of octahedral Mg2+

content in glauconites.
c. H2O and OH− signatures at 1.9 �m and 2.8–2.9 �m suggest the

association (or presence) of molecular H2O with expandable
smectites in the interlayered glauconite structure. Because of
their lesser content of expandable layers and greater matura-
tion, pellets exhibit a less pronounced depth in reflectance and
emissivity spectra compared to infilling.

. An increase in K2O content results in a gradual shift of the 10 �m
emissivity minima toward higher wavelengths, which is related
to the Si O stretch. The shift estimates the tetrahedral charge
in glauconites as well, which is related to the ionic substitution
between Si4+-Al3+.
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