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ABSTRACT

This study presents the first integrated micro-Raman spectroscopic and nanoscale investi-
gation of the lithium-bearing bauxite from the Reasi inlier in Jammu. Combined XRD, Ra-
man, FTIR, and high-resolution TEM analyses reveal a mineral assemblage dominated by
kaolinite and Li-rich chlorite-group minerals (cookeite), with minor carbonaceous and ox-
ide phases. Powder XRD pattern indicates nanocrystalline intergrowths and mixed-layer
domains. Micro-Raman spectra exhibit characteristic Al–O–Si bending and Si–O stretch-
ing vibrations diagnostic of kaolinite and cookeite, while FTIR spectra show distinct Si–O
and Al–OH bands with broadened Li–O lattice features. HRTEM imaging reveals alter-
nating nanocrystalline and amorphous regions, consistent with partial amorphization and
structural reorganization. Energy Dispersive Spectra (EDS) data confirm enrichment of Al,
Si, O, and minor Fe, supporting an aluminosilicate framework. These results suggest that
kaolinite and cookeite formed through hydrothermal alterations and secondary phyllosili-
cate formation as a weathering product. Our study contributes to the distribution of lithium
minerals which critical for both resource characterization and the development of effective
processing strategies.

ARTICLE INFO

History:
Received 14 November 2025
Revised 17 December 2025
Accepted 22 December 2025
Published: 26 December 2025

Keywords:

lithium;
cookeite;
kaolinite;
Raman;
FTIR;
HRTEM

Citation:
Saikia, B.J.; Parthasarathy,
G.; Saikia, B.K.; et al.
Nanocrystalline Cookeite
from Lithium Mineral
Deposits of Jammu, India:
A Multianalytical
Characterization. Earth
Systems, Resources, and
Sustainability 2026, 1(1),
97–109.

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons Attribution (CC BY)
license (https://creativecommons.org/licenses/by/4.0/).
Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://www.sciltp.com/journals/esrs
mailto:vaskaradp@gmail.com
https://creativecommons.org/licenses/by/4.0/


Saikia et al. Earth Systems, Resources, and Sustainability, 2026, 1(1), 97–109

Research Highlights

• Integrated micro-Raman spectroscopic and nanoscale investigation of the Jammu lithium-bearing bauxite.

• Micro-Raman spectra exhibit characteristic Al–O–Si bending and Si–O stretching vibrations diagnostic of
kaolinite and cookeite.

• Kaolinite and cookeite formed through hydrothermal alteration.

1. Introduction

Lithium is a critical element for the manufacture of
rechargeable batteries and plays a pivotal role in the
global transition toward sustainable energy systems and
green transportation [1, 2]. The growing global demand for
lithium highlights the need to expand known resources and
identify new exploration targets. Lithium deposits occur in
three principal geological settings: pegmatites, brines, and
volcano-sedimentary deposits [3–7]. A subset of volcano-
sedimentary lithium deposits comprises bauxitic deposits,
which typically develop in karstic environments and con-
tain Li-bearing minerals such as cookeite, smectite, kaoli-
nite, and illite. Cookeite, a Li-rich member of the chlo-
rite group with the ideal formula LiAl4(Si3Al)O10(OH)8 [8],
commonly forms as a late-stage hydrothermal alteration
product of spodumene, petalite, and other Li-bearing sili-
cates in granitic pegmatites under low-temperature condi-
tions [9–13]. It is occasionally reported from hydrothermal
veins and altered sedimentary sequences [14]. Cookeite
has also been identified in crystal-rich inclusions associ-
ated with granitic pegmatites [15], where its occurrence
signifies late hydrothermal overprinting. Consequently, the
presence of cookeite in crystal-rich inclusions is generally
interpreted as evidence for secondary, post-magmatic fluid
activity [16–21].

Bauxitic deposits of the Jammu region commonly
contain Li-bearing minerals, including cookeite, smectite,
kaolinite, and illite. Lithium extraction and mineralogical
characterization from these deposits are challenging due
to their complex formation environments and the coex-
istence of multiple clay minerals. In addition, the ex-
tremely fine-grained, often nanocrystalline nature of Li-
bearing phases, coupled with the low atomic number of
lithium, limits the effectiveness and resolution of conven-
tional analytical techniques such as XRF in accurately
estimating lithium contents. Consequently, a clear under-
standing of the geochemical behaviour and spatial dis-
tribution of lithium in these deposits is critical for both
resource characterization and the development of effec-
tive processing strategies. Bauxitic sedimentary resources
containing cookeite have been reported worldwide, with
significant occurrences in Europe, India, the USA, and
China. In Europe, Li-bearing bauxite deposits are hosted

in Cretaceous rocks in Hungary [22], Jurassic–Cretaceous
rocks in Greece [23], and Triassic rocks in Italy [24]. In
the USA, Late Carboniferous bauxite deposits with lithium
concentrations exceeding 2000 ppm have been docu-
mented in Missouri and the Pennsylvania–Maryland re-
gion [25]. The lithium deposits investigated in this study
are located in the Salal-Haimana areas of the Reasi dis-
trict, Jammu and Kashmir (Figure 1), where Geological
Survey of India (GSI, 2022) has reported a 5.9-million-
ton lithium resource hosted in bauxite ore, with Li2O con-
tents reaching up to 0.3%. The specific area of the de-
posit is generally located between the following coordi-
nates: Latitude: 33◦9′40.005′′ N to 33◦10′28.104′′ N; Lon-
gitude: 74◦48′29.224′′ E to 74◦49′47.362′′ E. More recently,
Wang et al. (2025) highlighted the technical challenges as-
sociated with lithium exploration and extraction in their de-
tailed study on the genesis of cookeite, the primary lithium-
bearing mineral in the Late Carboniferous strata of the
North China Craton [26].

Regional tectonics and stratigraphy play a critical role
in controlling the physical and chemical conditions neces-
sary for the formation of cookeite and kaolinite by reg-
ulating fluid circulation pathways, temperature–pressure
regimes, host rock availability, and the preservation of
favorable geochemical environments. Tectonic processes
generate fault and fracture networks that act as effective
conduits for fluid migration, facilitating the circulation of Li-
rich, low-temperature (<200 ◦C) hydrothermal fluids that
promote the formation of cookeite as a late-stage alter-
ation product of lithium-bearing minerals, while kaolinite
may also develop through similar hydrothermal processes.
The formation of cookeite is strongly dependent on the
presence of Li-rich source rocks, such as pegmatites con-
taining lepidolite and spodumene, within the local strati-
graphic framework. In the present study area, these in-
teracting processes indicate a complex genetic history
in which lithium becomes incorporated into the evolving
bauxite matrix, ultimately forming a significant resource,
with Li+ ions substituting for Mg and Fe in the crystal struc-
tures of clay minerals (kaolinite, illite) and iron–manganese
oxides; although kaolinite is the primary lithium-bearing
mineral in bauxite, cookeite can host substantial lithium
contents where both minerals coexist.
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Figure 1. Geological map of the Salal area (modified after Sharma et al., 2025) [27]. The inset map is showing Reasi
Inlier in the geological map of Jammu region (after Acharya and Saha, 2018) [28].

To date, no characteristic Raman spectrum of
cookeite has been documented. The absence of well-
defined Raman signatures in the RRUFF database and
other spectroscopic references [29] highlights the ana-
lytical challenges in identifying cookeite through vibra-
tional spectroscopy, suggesting that structural disorder,
fine crystallinity, and compositional variability within the
mineral hamper the development of distinct vibrational
bands. This spectral uncertainty complicates the identifica-
tion of cookeite by Raman spectroscopy alone and neces-
sitates the integration of complementary techniques such
as FTIR, XRD, and TEM for confident phase discrimina-
tion. In this context, the Jammu sample provides a rare
case where combined Raman, FTIR, and high-resolution
TEM analyses reveal spectral and structural attributes con-
sistent with Li-rich chlorite-group phases, enabling the

spectroscopic characterization of natural cookeite inter-
grown with kaolinite. It is difficult to characterise lithium
unambiguously because of low X ray scattering factor.
Lithium is usually estimated by using ICPMS technique [2].

To the best of our knowledge, there are no previous re-
ports on cookeite using micro-Raman spectroscopic or in-
frared spectroscopic investigations on the Jammu lithium-
bearing bauxite from the Reasi area, India. Sharma et al.
(2025) provided a comprehensive account of the study
area and lithium distribution [27]. However, their study did
not include spectroscopic analyses, which are essential
for the definitive identification and characterization of rare
minerals such as cookeite. Spectroscopic techniques are
particularly powerful for the characterization of rare miner-
als such as cookeite. Earlier studies did not report cookeite
in their XRD results because it occurs in a nanocrystalline
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form, which is often difficult to detect using conventional
XRD methods. The present study addresses this limita-
tion by employing FTIR and micro-Raman spectroscopy,
which are highly effective tools for identifying and charac-
terizing nanocrystalline phases [30]. In the present study,
we report, for the first time, the detailed spectroscopic in-
vestigations to characterize Jammu lithium-bearing baux-
ite from the Reasi inlier, India using Raman and Fourier-
transform infrared (FTIR) spectroscopy with complemen-
tary support from high-resolution Transmission Electron
Microscopy (HR-TEM), Energy-Dispersive Spectroscopy
(EDS), and X-ray diffraction (XRD).

1.1. Geological Settings

Geologically, Reasi area occupies a transitional belt
where Precambrian inliers are surrounded by younger
Tertiary sedimentary sequences of the Sub-Himalaya
(Subathu–Murree–Siwalik succession). The Reasi Inlier
with its exposed length of 40 km and breath varying be-
tween 8 to 20 km, is the largest out of four inliers present
in the area. It consists of thick Precambrian carbonate se-
quence. One of the defining structural features in Reasi is
the Main Boundary Fault (MBF), locally termed the Reasi
Thrust (Figure 1). This major fault forms a tectonic bound-
ary between Lower Himalayas and the Precambrian out-
crops of Sirban Limestone. Intense Himalayan tectonism
has folded the Sirban Limestone into a sequence of anti-
clines, domes, and localized synclinal troughs.

The geological framework of the area was first de-
scribed by Medlicott (1876) and later refined by subse-
quent studies [31–34]. The carbonate succession is collec-
tively termed the Sirban Group, which has been assigned
a Proterozoic age based on stromatolite and microorgan-
ism evidence [35, 36]. The Sirban Group is unconformably
overlain by the Tertiary Jangalgali and Subathu forma-
tions. The Sirban Group is subdivided into two forma-
tions, namely the Trikuta and Khairikot formations [34].
The Trikuta Formation consists of a predominantly calcare-
ous sequence comprising cherty and non-cherty dolomite,
calc-argillite, calc-arenite, slate, flaggy limestone, and stro-
matolitic limestone/dolomite. The Khairikot Formation is
dominated by areno-argillaceous rocks, chiefly quartzite,
slate, and variegated shales, with a single stromatolite-
bearing dolomite band.

The Jangalgali Formation is unconformably overlying
the Khairikote Formation and at places, it is directly overly-
ing the Trikuta Formation, if the latter is missing. The con-
tact is marked with the presence of chert quartzite breccia
followed by thin bedded quartzite and thick bauxite. The
Jangalgali Formation was earlier referred as the “Baux-
ite Series” by Middlemiss (1929). The formation consist of
gray to brownish coloured chert quartzite breccia at bottom
followed by thin linear layers of ferruginous sandy shale.
The Upper part of the Jangalgali Formation consist of thick
Bauxite column exposed at Muttal to Jangalgali. It is how-
ever well developed at Salal (Figure 1).

In the present area of study, Salal (33◦10′ N: 74◦50′

E), the lithium rich bauxite rests over the chert quartzite

breccia. The thickness of bauxite beds varies from 1.5 m
to 9 m. The bauxite present in the area can be petrograph-
ically divided into three groups. The pisolitic layer occurs
at the top and the kaolinite at the bottom, with semi- to
non-pisolitic material in between. The upper layer consists
of closely packed spherical to flattened pisolites, 2 mm to
1 cm in diameter.

Banerjee (1975) suggested that the flattening of piso-
lites resulted from Himalayan orogenic movements [37].
The semi- to non-pisolitic layer is hard and contains oc-
casional small gray pisolites. The aluminous clay forms
the basal part of the bauxite profile and is yellowish to
brownish gray in color. These bauxites are interpreted
to have formed by in situ residual weathering of shales
and clays deposited in local depressions over the Pre-
cambrian basement, with bauxitization controlled by leach-
ing intensity and local drainage conditions [38]. Kalsotra
(1992) has reported high volumes of Lithium based on
the trace elements study of Jammu bauxite [39]. Sidda-
iah and Shukla (2012) reported presence of the rhyolite at
Kalakaot, Beragua, and Khargala [40]. The rocks of Jan-
galgali Formation are overlain by rocks of Subathu Forma-
tion (Carbonaceous shale with coal lenses and Fe- nod-
ules, khaki shale with persistent bands of Nummulitic lime-
stone) of Palaeocene–Eocene Age. The contact between
the Jangalgali Formation and the carbonaceous shale of
the Subathu Formation is sharp and clearly visible.

2. Experimental

Structural characterization of the Jammu lithium-
bearing sample was performed using a high-resolution
transmission electron microscope (HR-TEM; JEM-2100
Plus, JEOL Co., Ltd., Japan) operated at an accelerat-
ing voltage of 200 kV. For HR-TEM analysis, a few mil-
ligrams of the sample were dispersed in isopropyl alcohol
and ultrasonicated for 7–8 h to obtain a uniform suspen-
sion. Subsequently, 2–3 µL of the dispersion was drop-cast
onto a copper TEM grid using a 10 µL micropipette. The
grid was placed on a clean Petri dish cover cushioned with
tissue paper to prevent contamination. The sample was
air-dried for a few minutes and then kept overnight in a vac-
uum desiccator to ensure complete solvent evaporation.
The dried grid was analyzed the following day. Selected-
area electron diffraction (SAED) patterns were recorded to
examine crystallographic orientations and microstructural
features, and nanoscale chemical compositions were de-
termined using an Oxford Instruments energy-dispersive
X-ray spectroscopy (EDS) detector attached to the TEM
[41].

A fraction of the powdered sample was analyzed
by X-ray diffraction (XRD) using a Philips PW 3710/31
diffractometer (Philips, USA) equipped with a scintillation
counter, CuKα radiation (λ = 1.54184 Å), and a Ni filter op-
erated at 40 kV and 35 mA. Data were collected at room
temperature over the 2θ range of 10◦–80◦ in step-scan
mode, with a step width of 0.02◦ and a counting time of 5 s
per step. The instrument was configured with a divergence
slit of 0.5 mm and a receiving slit of 0.3 mm. Mineral phase
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identification was carried out by comparison with standard
reference patterns at ambient conditions from the RRUFF
database (http://rruff.info/) (accessed 1 October 2025).

Raman spectroscopic analyses is conducted on bulk
powdered samples of Jammu using a Jobin-Yvon Horiba
LabRam-HR Micro-Raman spectrometer (Horiba Scien-
tific, USA) equipped with an Olympus optical microscope
and 10×, 50×, and 100× objectives. A Nd:YAG laser
(532 nm, ∼5 mW) served as the excitation source. Pow-
dered samples were preferred over polished thin sec-
tions to minimize textural and crystallite orientation ef-
fects, providing more reliable characterization of min-
eral phases in both Raman and powder XRD analy-
ses [41]. The system included a motorized x–y stage
and an 1800 grooves mm−1 grating, covering 100–
3000 cm−1. Spectra were calibrated using a silicon wafer
(520.7 ± 0.5 cm−1). The instrument offers excellent accu-
racy (±0.5 cm−1) and precision (±0.1 cm−1), facilitating
unambiguous mineral identification. An edge filter isolated
Stokes lines, and spectra were acquired at room temper-
ature (∼30 ◦C) with counting times of 10–60 s, depending
on fluorescence and signal intensity. Data were processed
via baseline correction and Gaussian fitting, and phase
identification was achieved by comparison with reference
spectra from the RRUFF database (http://rruff.info/).

Powdered samples were homogenized with spec-
trophotometric grade KBr (1:20) in an agate mortar and
pressed into 3 mm pellets using a manual press. Grind-
ing time was minimized to limit lattice distortion, cation ex-
change, and atmospheric moisture uptake. Infrared spec-
tra were acquired on a PerkinElmer System 2000 FTIR
spectrometer (PerkinElmer, USA) with a helium–neon
laser reference, operating at a resolution of 4 cm−1. Mea-
surements were performed in transmission mode over the

400–4000 cm−1 range at room temperature (29 ◦C). Par-
ticular emphasis was placed on the 400–1200 cm−1 re-
gion, which record Si–O stretching and bending modes in
SiO4 tetrahedra and provides constraints on silicate poly-
merization and structural organization.

3. Results and Discussion

The nanoscale structural morphology of the Jammu
lithium bearing sample (Figure 2a–f) reveals aggregated
sheet-like domains with flake-like morphology at low mag-
nification (200 nm), consistent with carbonaceous–silicate
intergrowths. With increasing magnification (100–50 nm),
these sheets show semi-transparent, wrinkled textures in-
dicative of turbostratic disorder and shock-induced defor-
mation. At higher resolutions (20–10 nm), lattice fringes
within amorphous zones reflect partial crystallinity. At
highest resolution (5 nm), well-resolved fringes confirm
nanocrystalline particles embedded in an amorphous ma-
trix. The coexistence of crystalline and amorphous do-
mains indicates partial amorphization, reorganization of
carbonaceous matter, and impact-related metamorphic re-
working in the Jammu sample.

We observe large-aggregated sheet like structures
with flake like morphology at 200 nm (Figure 2a). As there
is an increase in magnifications, specifically at 100 nm
and 50 nm (Figure 2b,c), these sheets display a semi-
transparent and wrinkled nature. At higher resolutions, the
appearance of lattice fringes reveals partial crystallinity
within the nanosized amorphous domains (Figure 2d,e).
The distinct crystalline lattice fringes observed at 5 nm
(Figure 2f), confirms, well-ordered nanocrystals embed-
ded within an amorphous matrix. These observations col-
lectively indicate a composite structure of disordered car-
bonaceous matter and nanocrystalline phases.

Figure 2. (a–f) Structural morphology of Jammu lithium bearing sample at magnifications ranging from 200–5 nm.

101

http://rruff.info/
http://rruff.info/


Saikia et al. Earth Systems, Resources, and Sustainability, 2026, 1(1), 97–109

The EDS analysis of the Jammu sample confirms the
presence of oxygen (38.06 wt%), aluminium (22.00 wt%),
silicon (18.90 wt%), carbon (18.26 wt%), and minor iron
(2.77 wt%). The high O and C contents support the coex-
istence of carbonaceous matter with oxide/silicate phases
[42, 43]. Elevated Al and Si concentrations are consistent
with aluminosilicate frameworks, suggesting phases such
as phyllosilicates, or feldspathoid-like structures [44]. The
low Fe content indicates limited metallic or sulfide inclu-
sions, reflecting either primary mineralogy or subsequent
weathering/alteration processes.

Characteristic d-spacings, serving as structural fin-
gerprints, were measured in the Jammu sample over a
10 nm scale from lattice-fringe regions using ImageJ soft-
ware and compared with standard reference values for
phase identification. Nanocrystalline domains with distinct
lattice fringes are observed, with measured interplanar
spacings of 4.26, 3.84, 3.64, 3.02, and 2.6 Å (Figure 3a).
These spacings suggest the presence of multiple crys-
talline phases, including phyllosilicates, aluminosilicates
[45], and iron oxides, consistent with EDS data indicat-
ing high Si, Al, O, and minor Fe contents [46]. The plau-
sible phase inference that can be predicted from these
calculated d-spacings (measured d-space) by referring
to the reported phases with respective d-spacings (ob-
served d-space) is listed in Table 1. According to quanti-

tative phase analysis, tourmaline group and chlorite group
phases are identified as the principal Li-hosting cookeite.
The d-spacings were calculated by dividing the total dis-
tance between parallel planes by the number of intensity
peaks in the Gray value–distance profile (Figure 3b,c).

The selected area electron diffraction (SAED) pattern
(Figure 4a,b) shows d-spacings values of ∼1.85, 1.18,
0.95, and 0.85 Å. These values correspond to crystallo-
graphic planes characteristic of silicates, aluminosilicates,
and oxide phases. Together with the EDS results, indicat-
ing high O, Al, Si and minor Fe, the data confirm the pres-
ence of nanocrystalline aluminosilicates and iron oxides.

The powder X-ray diffraction (XRD) pattern (Figure 5)
shows distinct reflections corresponding to both kaolin-
ite and cookeite, confirming a mixed phyllosilicate assem-
blage.

Sharp kaolinite peaks are accompanied by addi-
tional reflections at ∼30–32◦2θ and 36–40◦2θ, character-
istic of Li-rich chlorite-group minerals such as cookeite.
The partial overlap and broadening of peaks in the 20–
40◦2θ range indicate nanoscale intergrowths or mixed-
layer domains between kaolinite and cookeite. These re-
sults, together with spectroscopic data, suggest that kaoli-
nite formed contemporaneously with or as a product of
the hydrothermal alteration of cookeite-bearing assem-
blages.

Figure 3. (a) d-space at different lattice fringes within 10 nm (b) distance between a number of crystal fringes through
inverse FFT for evaluation of d-space (c) gray value showing the number of peaks.

Table 1. Summary of calculated and reported d-spacing of Li-hosting mineral phases.

Calculated
d-spacing

Reported
d-spacing Phase References

4.26 4.265 Quartz Aidid, A.R. et al., 2025 [47]

3.84 3.84 Ordered Kaolinite Garcı́a-Vicente, Andrea, et al, 2021 [48]

3.64 3.51 Chlorite group Wang et al., 2025 [26]

3.02 4.93–5 Tourmaline group Wang et al., 2025 [26]

2.6 2.7 Hematite (Fe2O3) Chernyshova, I.V. et al, 2013 [49]

1.85 1.78–1.8 Kaolinite Abass, M.M.R. et al., 2019 [50]
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Figure 4. (a) SAED pattern of Jammu (b) calculation of d-space from the rings of SAED pattern.

Figure 5. XRD patterns of the Li-rich claystone in the Reasi area, Jammu.

The Raman spectra display distinct bands in the
range of 100–1300 cm−1, attributable to nanocrystalline
cookeite and certain phases of kaolinite (Figures 6 and 7).
These characteristic features correspond to lattice vibra-
tional modes and Al–O/Si–O stretching vibrations, con-
firming the occurrence of phyllosilicate minerals within
the studied samples. Most of the Raman peaks ob-
served in this study are in good agreement with the Ra-
man study of cookite inclusions in Spodemune. In low-
to mid-wavenumber region (100–600 cm−1) of the Ra-
man spectra (Figures 6 and 7) display peaks at 167,
219, 266, 341–342, 382, 464, and 592 cm−1, corre-
sponding to nanocrystallized cookeite, typically devel-
ops as a secondary phase through hydrothermal al-
teration of spodumene and other aluminosilicates [51].
In the low-wavenumber region (100–300 cm−1), weaker
bands attributable to nanocrystalline cookeite occur near
185, 219, 249, and 295, and 296 cm−1, correspond-
ing to translational and rotational lattice modes involv-
ing Li+ and Al3+ cations [51]. However, Ding et al.

(2020) demonstrated that the Raman spectra of the hy-
drous solid phase are characterized by a series of well-
resolved and diagnostic bands at 98, 167, 219, 266, and
3640 cm−1 [52]. Raman bands attributable to cookeite oc-
cur mainly in the low- to mid-wavenumber regions and
may overlap with kaolinite and spodumene features in the
nanocrystalline samples. Mid-region bands at ∼266 and
324 cm−1 are commonly observed in cookeite and re-
late to tetrahedral–octahedral coupling and the torsional
modes of the SiO4 tetrahedra associated with nearby
Li/Al sites. However, the bands at ∼382 and 464 cm−1

occur in both cookeite and kaolinite; in cookeite these
reflect Al–O–Si bending and chlorite-type sheet interac-
tions and are typically broader and less sharp than the
corresponding kaolinite bands. The peaks near ∼527
and 588–592 cm−1 are assigned to combined Si–O–Al
bending and M–O stretching (octahedral metal-oxygen) in
the chlorite structure. The mid-region band near ∼708–
709 cm−1 may appear in both cookeite and coexist-
ing phases but in cookeite it is often less intense and
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broader than the sharp kaolinite 709 cm−1 diagnostic
peak. In right-wavenumber region (900–1100 cm−1 re-
gion), Si–O stretching bands for cookeite are generally
weaker or broadened and can be masked by strong spo-
dumene or kaolinite signals (Figure 8). The prominent
peaks at 904, 1021, and 1027 cm−1 arise from asymmet-
ric stretching of Si–O bonds in both isolated and bridg-
ing tetrahedra, while the peak at 1072 cm−1 is associ-
ated with high-frequency asymmetric stretching modes in-
volving bridging oxygen atoms within the silicate frame-
work.

Moreover, the micro-Raman spectrum of the
spodumene–cookeite assemblage (Figure 8) exhibits dis-
tinct vibrational bands between 200 and 1200 cm−1, con-
firming the coexistence of both minerals. This effect arises
when analyses are performed on overlapping or closely
spaced fine grains, where the laser beam simultaneously
excites both phases due to its spot size. In this case, the

detector records photons scattered from two distinct min-
erals, producing a composite spectrum that represents the
mathematical sum of their individual signatures [30, 53–
56]. Prominent peaks at 300, 356, 398, 524, 708, 1020,
1072, and 1098 cm−1 are diagnostic of spodumene and
correspond to lattice and Si–O stretching vibrations [57].
Additional bands at approximately 266, 324, 382, 464,
524, 590, and 708 cm−1 represent overlapping features
of nanocrystalline cookeite and spodumene, suggesting
mixed-phase excitation caused by their nanocrystalline
intergrowths. The broad peaks indicates that cookeite is
nano-crystalline in nature. The occurrence of nanocrys-
talline cookeite in close association with comparatively
more crystalline (Sharp peaks compared to cookeite) spo-
dumene indicates hydrothermal alteration of primary spo-
dumene, during which Li and Al were mobilized and re-
precipitated under late-stage, fluid-rich conditions [12, 16–
18].

Figure 6. Raman spectrum of the Li-rich claystone in the Reasi area, Jammu in the range 100–1300 cm−1.

Figure 7. Raman spectrum of the Li-rich claystone in the Reasi area, Jammu in the range 100–1300 cm−1.
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The FTIR spectrum (Figure 9) in the 400–1600 cm−1

region reveals characteristic absorption bands attributable
to the vibrational modes of kaolinite with additional mi-
nor contributions from Li-bearing chlorite-group phase, un-
ambiguously interpreted as cookeite. The intense absorp-
tions between 1140 and 1018 cm−1 (1140, 1084, 1066,
and 1018 cm−1) correspond to Si–O stretching and Si–
O–Al asymmetric stretching vibrations of tetrahedral sili-
cate sheets, typical of well-ordered kaolinite. These modes
arise from the internal vibrations of the SiO4 tetrahedra
and are diagnostic of the structural integrity of the 1:1 layer
silicate framework [58]. The band at 916 cm−1 is attributed
to the Al–Al–OH deformation mode, a distinctive feature of
kaolinite reflecting hydroxyl groups coordinated to octahe-
dral Al3+ cations.

The weaker band at 858 cm−1 is assigned to Al–
OH vibrational or bending modes involving octahedral
sheet vibrations, while the broad composite bands at 636
and 582 cm−1 correspond to coupled Si–O–Al bending
and metal–oxygen lattice deformation vibrations within the

tetrahedral–octahedral framework. The peaks observed
at 527 cm−1 and 463–447 cm−1 are related to Al–
O–Si deformation and M–O (metal–oxygen) stretching
modes, respectively, and indicate the presence of octa-
hedral coordination typical of kaolinite and chlorite struc-
tures.

The spectrum is dominated by kaolinite, but the broad-
ened Si–O stretching bands (1084–1018 cm−1) and in-
creased absorption in the 500–650 cm−1 region reveal mi-
nor overlapping contributions from cookeite. In cookeite,
the Li–O and Al–O lattice vibrational modes are typically
observed in the 500–650 cm−1 region, while the Si–O–Al
stretching vibrations occur as broad and relatively weak
features between 1080 and 1010 cm−1, reflecting the
structural disorder of the Li-bearing chlorite framework.
These overlapping bands result in a composite spectral
signature, in which the sharp Si–O stretching features of
kaolinite become partially broadened due to structural dis-
order and vibrational coupling introduced by mixed-layer
domains or nanocrystalline cookeite.

Figure 8. Micro-Raman spectrum of the Li-rich claystone in the Reasi area, Jammu in the range 200–1200 cm−1 exhibit
the combined phase of spodumene and cookeite.

Figure 9. Mid infrared spectrum of the Li-rich claystone in the Reasi area, Jammu in the range 400–1600 cm−1.
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This interpretation is consistent with the Raman spec-
tral data, where low-wavenumber lattice modes at 185–
249 cm−1 and mid-range vibrations near 527–588 cm−1

are indicative of cookeite intergrowths with kaolinite. The
coexistence of both minerals supports a hydrothermal al-
teration sequence, where primary aluminosilicate phases
underwent Li- and Al-mobilization leading to the formation
of cookeite–kaolinite assemblages.

The FTIR spectrum in the 3200–3600 cm−1 region
(Figure 10) reveals multiple well-defined OH-stretching
absorptions characteristic of kaolinite, together with ad-
ditional broad features indicative of Li-bearing chlorite-
group (cookeite) contributions. Kaolinite typically exhibits
four sharp and diagnostic OH-stretching bands at approx-
imately 3620, 3650, 3668, and 3695 cm−1, correspond-
ing respectively to inner-surface and inner hydroxyl groups
involved in hydrogen bonding between adjacent layers
[58–60]. In the present spectrum, these kaolinite-related
modes appear as strong to moderate features centered at
3520 and 3570 cm−1, but show slight broadening and re-
duced resolution relative to pure kaolinite, reflecting partial
structural disorder and the influence of interlayer hydration.

Additional broad absorptions peaks at 3410–
3445 cm−1 and a weaker shoulder near 3315 cm−1 corre-
spond to interlayer or adsorbed molecular water vibrations
and structurally bound hydroxyls associated with cookeite.
Li–Al chlorites such as cookeite display broad compos-
ite OH-stretching bands between 3350 and 3470 cm−1,
reflecting hydroxyls coordinated to both Li+ and Al3+

cations [26]. The two broad absorption bands at 3532–
3516 and 3355–3335 cm−1 in the high-frequency region
provide strong evidence for the presence of cookeite within
the Li-rich domains, corresponding to OH-stretching vi-
brations associated with Li–Al octahedral coordination
[26]. The overlapping of these bands with kaolinite inner-
surface OH absorptions produces a composite structure,
where the sharp kaolinite peaks are superimposed upon
a broad hydrogen-bonded background typical of chlorite-
type phases. The 3420–3445 cm−1 band in cookeite is
attributed to interlayer water or weakly bound hydroxyls
based on its low-frequency position and broad shape.
Strongly hydrogen-bonded OH groups, including interlayer

or adsorbed water, typically produce broad absorptions
near ∼3400 cm−1. In Li–Al chlorites like cookeite, weak
OH coordination to Li+–Al3+ octahedra or residual inter-
layer water produces bands in the 3350–3450 cm−1 range
[26], in contrast to the sharp OH-stretching bands above
3600 cm−1 characteristic of well-ordered kaolinite [58].
This spectral behavior supports the interpretation derived
from the mid-infrared region and Raman data, indicating
mixed-layer kaolinite–cookeite assemblages formed dur-
ing late-stage hydrothermal reactions.

4. Conclusions

Integrated Raman, FTIR, XRD, and TEM analyses re-
veal that the Jammu lithium-bearing sample consists pre-
dominantly of nanocrystalline kaolinite intergrown with Li-
rich chlorite-group minerals (cookeite) within a partially
amorphous matrix. XRD patterns show overlapping reflec-
tions, indicating mixed-layer kaolinite–cookeite domains,
confirming a mixed-layer phyllosilicate system. The broad-
ening and partial overlap of reflections suggests nanocrys-
talline intergrowths and structural disorder. Raman spectra
exhibit diagnostic bands at 167–592 cm−1, attributed to
Al–O–Si bending and Si–O stretching modes of cookeite
and kaolinite. The overlapping peaks at ∼382, 464, and
590 cm−1 indicate mixed-phase excitation between these
minerals, while minor spodumene-related bands imply
residual precursor phases. FTIR spectra further authen-
ticate this association, showing strong Si–O stretching vi-
brations at 1140–1018 cm−1 and Al–OH deformation near
916 cm−1, typical of kaolinite, with broadened features be-
tween 500–650 cm−1 reflecting Li–O and Al–O vibrations
from cookeite. HRTEM imaging reveals sheet-like nanos-
tructures and alternating nanocrystalline–amorphous do-
mains, supported by SAED patterns showing discrete
d-spacings consistent with phyllosilicate and oxide phases.
EDS confirms enrichment in Al, Si, O, and minor Fe, con-
sistent with aluminosilicate–oxide intergrowths. Together,
these results provide new insights into the nanocrystalline
mineralogical processes governing lithium redistribution in
pegmatitic systems, highlighting that kaolinite and cookeite
formed through hydrothermal alteration during the genesis
of Li-bearing phyllosilicate assemblages.

Figure 10. Mid infrared spectrum of the Li-rich claystone in the Reasi area, Jammu in the range 3200–3600 cm−1.
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spectroscopy applied to the kaolinite polytypes identification. Envi-
ron. Sci. Proc. 2021, 6, 16. https://doi.org/10.3390/iecms2021-09353

49. Chernyshova, I.V.; Ponnurangam, S.; Somasundaran, P. Linking in-
terfacial chemistry of CO2 to surface structures of hydrated metal
oxide nanoparticles: Hematite. Phys. Chem. Chem. Phys. 2013, 15,
6953–6964. https://doi.org/10.1039/C3CP44264K

50. Abass, M.M.R. Increasing the D-spacing of kaolinite to intercalate
PMMA/Kaolinite nanocomposites. IOSR J. Appl. Chem. 2011, 3,
01–14. https://doi.org/10.9790/4861-1103010114

51. Li, J.; Chou, I.-M. Occurrence of metastable cristobalite in
spodumene-hosted crystal-rich inclusions from jiajika pegmatite
deposit, China. J. Geochem. Explor. 2016, 171, 29–36.
https://doi.org/10.1016/j.gexplo.2015.10.012

52. Ding, X.; Li, J.; Chou, I.-M.; et al. Raman spectroscopic identification
of cookeite in the crystal-rich inclusions in spodumene from the jia-
jika lithium pegmatite deposit, China, and its geological implications.
Eur. J. Mineral. 2020, 32, 67–75. https://doi.org/10.5194/ejm-32-67-
2020

53. Saikia, B.J.; Parthasarathy, G.; Borah, R.R. High-Ppressure poly-
morphs of olivine and silica in kamargaon (L6) chondrite: Laser
micro-raman and XRD studies. J. Earth Syst. Sci. 2022, 131, 38.
https://doi.org/10.1007/s12040-021-01803-y

54. Saikia, B.J.; Parthasarathy, G.; Chalapathi Rao, N.V.; et al. High
shock pressure metamorphism induced transformations of olivine
and feldspar in natun balijan l4 chondrite. J. Geol. Soc. India 2022,
98, 731–739. https://doi.org/10.1007/s12594-022-2061-7

55. Saikia, B.J.; Basak, S.; Borah, R.R.; et al. Spectroscopic investiga-
tions and mineral chemistry of dunite from the sargur supracrustals
(3 Ga) greenstone belt. J. Geol. Soc. India 2022, 98, 1505–1512.
https://doi.org/10.1007/s12594-022-2205-9

108

https://doi.org/10.1007/s00126-023-01207-6
https://doi.org/10.1007/s00126-023-01207-6
https://doi.org/10.3390/min13070962
https://doi.org/10.1016/S0009-2541(97)00133-2
https://doi.org/10.1016/B978-0-08-022733-7.50010-1
https://doi.org/10.1016/B978-0-08-022733-7.50010-1
https://doi.org/10.1016/j.oregeorev.2025.106903
https://doi.org/10.1007/s44288-025-00240-4
https://doi.org/10.1016/J.JSEAES.2018.04.031
https://doi.org/10.1111/maps.12850
https://doi.org/10.1016/j.gsf.2025.102236
https://doi.org/10.1111/maps.13975
https://doi.org/10.1016/j.mtcomm.2022.104219
https://doi.org/10.1111/maps.12902
https://doi.org/10.1051/0004-6361/201219356
https://doi.org/10.1038/s41598-021-83643-w
https://doi.org/10.1016/j.nxmate.2025.100571
https://doi.org/10.3390/iecms2021-09353
https://doi.org/10.1039/C3CP44264K
https://doi.org/10.9790/4861-1103010114
https://doi.org/10.1016/j.gexplo.2015.10.012
https://doi.org/10.5194/ejm-32-67-2020
https://doi.org/10.5194/ejm-32-67-2020
https://doi.org/10.1007/s12040-021-01803-y
https://doi.org/10.1007/s12594-022-2061-7
https://doi.org/10.1007/s12594-022-2205-9


Saikia et al. Earth Systems, Resources, and Sustainability, 2026, 1(1), 97–109

56. Saikia, B.J.; Parthasarathy, G.; Chalapathi Rao, N.V.; et al. Mineral
chemistry of Mahadevpur H4/5 chondrite. Curr. Sci. 2024, 126, 574–
582. https://doi.org/10.18520/cs/v126/i5/574-582

57. Pommier, C.J.S.; Denton, M.B.; Downs, R.T. Raman spectroscopic
study of spodumene through the pressure-induced phase change
from C2/c to P21/c. J. Raman Spectrosc. 2003, 34, 769–775.
https://doi.org/10.1002/jrs.1051

58. Saikia, B.J.; Parthasarathy, G. FTIR characterization of kaolinite from

Assam and Meghalaya, Northeastern India. J. Mod. Phys. 2010, 1,
206–210. https://doi.org/10.4236/jmp.2010.14031

59. Farmer, V.C. The Infrared Spectra of Minerals; Mineralogical Society:
London, UK, 1974.
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