Carbon Trends 13 (2023) 100309

% Carbon
Trend§

Contents lists available at ScienceDirect

Carbon Trends

" materialstoday

journal homepage: www.elsevier.com/locate/cartre

ELSEVIER

L)
Occurrence of natural fullerene Cgp from the iridium-rich s
Cretaceous-Paleogene (K-Pg) boundary layers of the Um-Sohryngkew river

section, Meghalaya, India

Bhaskar J. Saikia® , G. Parthasarathy ", Binoy K. Saikia ¢, Rashmi R. Borah “

& Department of Physics, Anandaram Dhekial Phookan College, Nagaon 782002, India

Y National Institute of Advanced Studies, School of Natural Sciences and Engineering, Indian Institute of Science Campus, Bengaluru 560012, India
¢ Coal and Energy Division, CSIR-North East Institute of Science and Technology, Jorhat 785006, India

4 Department of Physics, Nowgong College (Autonomous), Nagaon 782001, India

ARTICLE INFO ABSTRACT

Keywords:
Um-Sohryngkew river section
K-Pg boundary

The presence of fullerene Cgg in the iridium-rich Cretaceous-Palaeogene (K-Pg) boundary layer from the Um-
Sohryngkew river section of Meghalaya is reported here for the first time. Different analytical methods,
including transmission electron microscopy (TEM), Raman spectroscopy, Fourier transform infrared (FT-IR), and

;‘;ﬁ:ﬁne X-ray diffraction(XRD) techniques, have been used to characterize the presence of toluene-insoluble high-pres-
Infrared sure phase of fullerene Cgp in the acid resistant carbonaceous matter extracted from the Um-Sohryngkew river

section, Meghalaya, India. Strong absorption peaks at wavenumbers 1427, 1181, 574, and 525 cm ', which are
indicative of pristine fullerene Cgo, can be seen in the FTIR spectroscopic study. The Raman spectrum also
independently confirms the presence of fullerene, by exhibiting the characteristics peaks of pristine fullerene Cgp,
The XRD technique provides further, independent validation of fullerenes, and the XRD pattern demonstrates
fullerene presence. Fullerenes, high-pressure fullerene, the amorphous phase of Cg, and iridium all coexist and

offer conclusive proof of impact at the Cretaceous-Palaeogene (K-Pg) boundary extinction event.

1. Introduction

The Cretaceous-Palaeogene (K-Pg) boundary is the Earth’s geolog-
ical signature, usually a thin boundary layer formed at ~ 66.016 +
0.050Ma. The identification of K-Pg boundary is primarily based on
biozonation with marked changes in the benthic foraminiferal distri-
bution [1]. Based on geochemical and mineral markers like high iridium
anomalies, platinum group inter-element ratios, the presence of spher-
ules, high pressure polymorphs of silica, Ni-rich spinel, traces of mete-
orite, most likely extraterrestrial helium, the presence of diamond,
chemical-mineralogical characteristics of clay minerals, etc., over one
hundred K-Pg boundary sections have been found worldwide [2,3].
Moreover, in geological environment and in major K-Pg boundaries, the
presence of natural fullerene Cgp were also reported [2-7]. The K-Pg
boundary is identified by a characteristic layer of clay that is frequently
substantially enriched in elements like iridium and osmium, other
platinum group element (PGE) concentrations, total organic carbon
(TOC), and the presence of spherules in comparison to the layers above
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and below [8]. There are three major K-Pg boundary sections are re-
ported from India at the Deccan Volcanic Province, Um-Sohryngkew
river section, Meghalaya and the Cauvery Basin. The Indian subconti-
nent dinosaur extinction occurred after the deposition of iridium-rich
sediments [1]. According to geochronologic, paleomagnetic, and pale-
ontologic constraints, the Deccan volcanic activity began within the
uppermost 30 N Maastrichtian Chron, and 40Ar-3%Ar dates indicated an
age of 66.5-67 Ma [1,9,10]. At the Um-Sohrynkew section, the K-Pg
boundary is indicated by a thin red clay layer and a thick limonitic layer
(~1.5 cm thick) that are both enriched with Ir, Co, Ne, Os, Fe, Zn, Sb (by
a factor of 4 to ~1200), Ni-rich spinels, and rare earth elements (by a
factor of 1.7 to ~5) [11-15] and contain a lot of subangular quartz
grains in a brown matrix [16]. The iridium profile at the K-Pg boundary
at Um-Sohrynkew is about 12 ng/g, ten times higher than the back-
ground level [14]. The remarkable concentration of iridium was in
accordance with the theory that these elements have extraterrestrial
origins [17]. However, understanding the palaeoenvironmental, palae-
oclimatic, and palaeodepositional conditions of the K-Pg boundary has
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Fig. 1. The South Shillong Plateau in Meghalaya, Northeastern India, is depicted on a geological map in summary (modified after Tewari et al. [21,22]). 1. Alluvium;
2. Kopili formation (upper Eocene); 3. Lakadong, Prang and Umlatadoh formations (upper Paleocene to middle Eocene); 4. Therria formation (upper Paleocene); 5.
Um Sohrynkew, Mahadek and Langpar formations (upper Cretaceous to lower Paleocene); 6. Sylhet Traps (Jurassic/Cretaceous); 7. Archean; 8. Location of

the sample.

been accomplished using clay mineralogy. According to subsequent
biostratigraphic research, the clay layer occurs below the real K-Pg
boundary in the Um-Sohrynkew river segment [18-20]. This portion
comprises of a continuous Campaniane Eocene succession typical of
coastal, estuarine, and nearshore environments [21,22], with marine
shelf deposits that contain thick sandstone layers, shale, marl, and car-
bonates [23]. In addition, there are also documented anomalies of
enriched Au, Pt, and Pd in a brown clay layer comprising illite, kaolinite,
montmorillonite, and illite/smectite mixed complexes that are found in
this portion [24,25]. There was no previous report on the occurrence of
fullerene in the Meghalaya K-Pg section. The first report on the natural
fullerene from the K-Pg section of New Zealand has been reported from
toluene extracts of samples from two Cretaceous-Tertiary (K-T) bound-
ary sites in New Zealand has revealed the presence of Cgy at concen-
trations of 0.1 to 0.2 parts per million of the associated soot [5]. A
comprehensive review on occurrence of Fullerenes Cgo and Cyq in the
thin clay seams of nine worldwide locations of the geologic boundary
between the Cretaceous and Tertiary periods, has been discussed by
Heymaan and Wolbach [26]. Fullerene occurrence and a rise in carbon
soot content are thought to be significant geochemical indicators of the
K-Pg boundary [3,6,27-30]. Earlier reports on fullerenes from India
Anjar, Deccan Trap sections are reviewed by Partasarathy et al. [3]. Clay
minerals have recently demonstrated a positive association between the
adsorption of fullerenes and iridium in the K-Pg boundary section of the
Anjar intertrappean beds, Kachchh, Gujarat, India [1]. Our present study
represents the first report on the occurrence of natural fullerenes from
the K-Pg boundary of the Um-Sohrynkew river section, Meghalaya,
India. There were no data available in the literature on the details of the

clay mineralogy and fullerenes from the studied geological section. The
fullerene signatures can be used as a reliable geochemical indicator of
impact metamorphism in terrestrial sediments by finding them at the
K-Pg boundary of the Um-Sohrynkew river section.

1.1. Geological settings

The geological map of South Shillong Plateau, Meghalaya, North-
eastern India is shown in the Fig. 1. The Shillong plateau consists of the
Assam Meghalaya Gneissic Complex, meta-sedimentary rocks belonging
to the Shillong Group, granite plutons, mafic igneous rocks, Sylhet Traps
and ultramafic-alkaline carbonatite complex covered by the Cretaceous-
Palaeogene sediments within the southernmost portion of the Megha-
laya shelf [31]. The depositions of these sediments in Khasi Group are
represented by the Jadukata and Mahadek Formations and in Jaintia
Group are represented by the Langpar, Shella, and Kopili Formations.
The Mahadek Formations are of the Late Cretaceous age and have a
variety of lithologic characteristics, including coarse-grained gritstones,
calcareous sandstones bearing glauconite, thin, fine-grained ferruginous
limonitic sandstone, etc. The Langpar Formation of Jaintia Group is Late
Cretaceous to Palaeocene in age and the calcareous shales with lime-
stone bands in the Langpar Formation overlying the Mahadek Formation
have yielded foraminifera. The Um-Sohryngkew river segment contains
continuous marine sequences of Cretaceous to Paleocene age which
includes four successive formations from bottom to the top: Mahadek,
Langpar, Therria, and Lakadong. The foraminiferal assemblages from
the Um- Sohryngkew, Therriaghat river section near Sohbar were used
to record the Cretaceous-Palaeogene (K-Pg) boundary within the
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Fig. 2. Lithostratigraphy of the Um-Sohryngkew river section (modified after Mukhopadhyay [18]).

Langpar Formation [18]. The most comprehensive marine K-Pg suc-
cession known to exist anywhere in the world, including India, is
included in this succession [16].

The lithostratigraphy of the Therriaghat section is shown in Fig. 2.
The Langpar Formation is well exposed in this section on the west bank
of the Um-Sohryngkew river. An inner shelf with an open marine
connection and deepening during the Danian period is suggested by the

lithological and foraminiferal assemblage [32]. However, the Langpar
Formation contains a continuous K-Pg boundary section that is primarily
made up of Precambrian meta-sediments and gneissic complexes. Based
on the distribution of zonal indices, seven successive planktic forami-
niferal zones have been identified at the K-Pg boundary at the
Um-Sohrynkew river section [18,24,33-36]. These Palaeocene (P) bio-
zones are Zone PO, Zone Pa, and Subzone Pla in the lower Danian part
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Fig. 3. TEM photograph showing that fullerene is a mixture of larger regular
shaped fullerene particles and nearly spherical carbon black particles (Fullerene
and carbon black are indicated by arrows and red dotted circles, respectively).

[37], and these Cretaceous Foraminifera (CF) biozones are CF4, CF3,
CF2, and CF1 in the upper Maastrichtian part [38,39]. As a result, they
represent a biostratigraphically continuous succession across the K-Pg
boundary.

2. Experimental

After dispersion with a peptizing agent and ultrasonic treatment, the
clay mineral fraction was eliminated by washing with double-distilled
water. Sample preparation and extraction techniques are covered in
detail elsewhere [3,40]. A standard acid-digestion technique was used to
extract the carbonaceous material from the powdered sample [41,42].
The sample was treated for 24 h with 12 N HCI to remove the carbonates
and then for 18 h with 60 % HF to remove silicates. The residue sample
was then heated for an hour in 60 % HF at 70 °C to remove any traces of
phyllosilicates. The resulting solid residue was then dried for an entire
night at 80 °C after being washed with approximately one litre of
double-distilled water. Toluene was used to extract the toluene-soluble
fullerene Cgo from a portion of the carbon-rich residues, which was
then used for characterization.

High-resolution transmission electron microscopy (HRTEM) (JEOL,
JEM-2100) was used to analyze the microstructure and particle sizes of
the fullerene sample. For HRTEM analysis, the specimens were arranged
by placing a drop of sample suspension on carbon-coated copper grids
(300 um) and letting it air-dry for overnight before analysis. The sample
suspension was made by dissolving the fullerene in acetone solution.

Raman spectroscopy was used to analyze the structural properties
and the presence of graphitic carbon in the fullerene sample. The Horiba
Jobin Yvon Lab RAM-HR Micro Raman spectrometer was used to collect
the Raman spectra. It was coupled with an Olympus microscope with
10x, 50x, and 100x objectives as well as a motorized x-y stage. A Nd:
YAG laser with a power of 5 mW was used as the excitation source with
wavelength 532 nm. The Raman spectra were collected in the range
from 100 cm™! to 3000 cm ™. Throughout the experiment, Raman data
were gathered at 28 °C ambient temperature. Counting times for spectral
data collection typically ranged from 10 to 60 s.

The fullerene sample was analyzed using a Fourier transform-
infrared (FT-IR) spectrophotometer (Model no. Spectrum Two, Make:
PerkinElmer) in the transmission range of 4000-400 cm ™! with a 4 cm™!
spectral resolution to determine the surface functional groups. A small
agate mortar was used to properly grind and combine the sample with
KBr in a ratio of 1:40 mixture before creating the sample pellet. The

Fig. 4. TEM image showing the presence of graphitic layers within the amor-
phous region in the Cgo-fullerene sample (indicated by arrow marks).

Fig. 5. TEM image showing the coexistence of graphitic layers with fullerenic
carbons in the Cgo-fullerene sample (indicated by arrow marks).

absorption bands of the functional groups are evaluated by using the
software associated with the system.

A fraction of the powered carbon-rich residue is used for X-ray
diffraction technique using Philips PW 3710/31 (Philips, USA) diffrac-
tometer, scintillation counter, CuKa radiation and Ni filter at 40 kV and
35 mA. We used 20 range of 10° to 80° with a step size of 0.02° and a
count time of 0.5 s per step. The slits used consisted of 1° fixed diver-
gence and anti scatter slits and a 0.2 mm receiving slit.

3. Results and discussion

The TEM photograph is shown in Fig. 3. In Fig. 3, a large irregular
shaped and strongly aggregated mixture confirmed as fullerenes with
nearly spherical carbon black particles. The size of the particles were
varies over a broad range. An obvious difference in microstructure be-
tween different particles can be seen in the TEM image. Particles of
fullerene were found to range in size from 110 to 120 nm on average. It
is noteworthy that the smaller spherical particles seemed to be more
clumped together than the fullerene. In addition to fullerene, the pres-
ence of both graphitic and amorphous carbon polymorphs has been
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Fig. 6. TEM image showing that the particles are comprised of underdeveloped
graphitic layers and are continuous from one to the other on the lattice scale
(indicated by arrow marks).

observed in this sample. Fig. 4 reveals amorphous carbon associated
with the deposited stacked graphitic layers. Moreover, coexistence of
fullerene signature with graphitic layers is also observed. As seen in
Fig. 5, the fullerenic carbons are embedded within the stacked planar
graphitic layers. The stacked planar graphitic layers are seen to have
equal amounts of amorphous carbon regions that have developed into
the graphitic layers. Both mesopores and macropores were found
together with the fullerene particles. The representative microstructure
of carbon black, which is an intermediate structure between the amor-
phous and fully graphitized carbon, is shown in TEM images of a
fullerene sample (Fig. 6). Around 3-5 graphitic layers can be next to
each other at most. The high surface area of carbon blacks, according to
Donnet et al. [43] consisted primarily of sp2-hybridized carbon atoms.
The faces of graphitic sheets and the edges of these particles are typically
heterogeneous [43].

Characterizing carbon-based materials can be done effectively with
the help of Raman spectrometry. Raman spectrum of the studied sample
is shown in Fig. 7. Generally, inter-molecular or lattice modes and intra-
molecular or molecular modes are the two main categories into which
the vibrational modes of fullerene Cg( can be divided. The latter mode of

Carbon Trends 13 (2023) 100309

vibration, however, occurred at a higher frequency (above 270 to 1700
em™Y), whereas the first mode of vibration occurred at lower fre-
quencies. The Raman spectrum of pristine fullerene Cgg shows charac-
teristics peaks at 270, 431, 493, 708, 773, 1099, 1248, 1426, 1469, and
1572 cm™! [44,45].The strongest and most significant peaks in the
fullerene Cgp spectrum were located at around 493 and 1469 cm’l, and
they were identified as the Ag(1) mode, which corresponds to the
symmetrical radial breathing motion of the sixty carbon atoms, and the
Ag(2) pentagonal pinch mode, which corresponds to the tangential
stretching mode of the five-fold pentagon carbons [44-49]. The other
peaks found at 270, 431, 708, 773, 1099, 1248, 1426, 1469, and 1572
em ™! were correlated to Hg(1) to Hg(8) modes [44,45]. Herein the
Raman spectrum clearly reproduces the 10 Raman modes. The Raman
spectrum of studied natural fullerene Cgo sample shows the peaks at 272,
403, 489, 710, 1425, 1467 and 1590 cm™ L. The sharpness of the bands
pointed towards the uniform nature of the bonds. The D band indicates
structural disorder or the presence of sp3 carbons. The G-band at 1590
em™! is comparable to the Ez; mode of graphitic domains or
sp2-hybridized carbon matrix. The Hg(8) mode of pristine fullerene Cgo
is generally found at 1572 cm™}, which is shifted to 1590 cm™! in the
studied sample. The absence of 1332 cm™! peak in micro Raman in-
dicates there is no nanodiamonds in this K-Pg section as reported in
other K-Pg sections. However, one hypothesis for the origin of the
nanometer-size diamonds observed at the K-Pg boundary is that they are
relict interstellar diamond grains carried by a postulated asteroid [50].

The infrared absorption bands at around 528, 577, 1183, and 1429
em ! are attributed to pristine fullerene Ceo, and the strong peaks at
around 509 cm ™! and 740 cm ! are typical of fullerene Cgy in its high-
pressure and high-temperature phases [51]. The infrared spectrum of
the studied sample (Fig. 8) exhibits prominent fullerene peaks at 525,
574,1181, and 1427 cm~! attributed to C-C vibrational modes. With its
incredibly high symmetry, it is accepted that the free, truncated icosa-
hedral molecule exhibits these four strong peaks. The fullerene Cgg, on
the other hand, has the I, point group symmetry, which is the highest
symmetry of any known molecule. The icosahedral symmetry of the
molecule leads to a number of degenerate modes despite the fullerene
Cgo molecule only having 46 vibrational modes distributed over the 174
vibrational degrees of freedom (3N-6) for each fullerene Cgo molecule.
Among these 46 vibrational modes (2A; 4+-3F;g +4F2; +6G, +-8Hy + Ay
+4F1y +5F5, +6G,+ 7H,), only four are infrared-active (4F;,) and ten
are Raman-active (2Ag + 8 Hg), while the remaining modes are optically
inactive [48,52-54]. Moreover, in the observed infrared spectrum of
natural fullerene Cg( containing four modes of Fy,, symmetry: Fy, (1), F1y

489
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Fig. 7. Raman spectrum of fullerene Cgo from Um-Sohrynkew river section in the range 100-2000 cm™ .
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Fig. 9. X-ray diffraction pattern of fullerene Cg from Um-Sohrynkew river section.

(2), F1y (3) and Fp,(4) corresponding to the frequencies at 525, 574,
1181 and 1427 cm™!. All observed infrared active Fy, modes of the
natural fullerene Cgp are good agreement with quantum mechanical
computations on the vibrational spectrum of fullerene [52-54]. The
observed peaks at 527 and 574 cm™! are assigned to radial displace-
ments of the carbon atoms, whereas the other peaks at 1181 and 1427
cm ! are correspond to the tangential modes of the carbon atoms [55].
The characteristic pentagonal pinch vibrational mode is observed at
1427 em™ . Traces of CO, and CO are indicated by weak bands at 2190,
2326, and 2363 cm ™! [3,51].

The X-ray diffraction pattern of the studied sample is shown in Fig. 9.
The X-ray powder diffraction pattern is consistent with the Raman and
infrared spectroscopic analysis. The (111), (220), (311), (222), (331),
(420), (422) and (511)/(333) reflections, which originate from the
fullerene Cg fcc lattice, are the most common eight reflections seen in X-
ray powder diffraction studies of the molecular packing of the Cgg su-
perstructure [40,56-61]. The X-ray diffraction pattern of the studied
natural fullerene sample exhibits peaks at 10.84°, 17.56°, 20.71°,
21.52°, 32.32°, and 33.42° as 20 correspond to the (111), (220), (311),
(222), (422), and (511)/(333) plans of the fullerene Cgo.

4. Conclusion

This is the first proof that fullerene exists in the K-Pg boundary of the
section of the Um-Sohrynkew River. Transmission electron microscopy,
Raman spectroscopy, Fourier transform infrared spectroscopy, and X-
ray diffraction studies have all confirmed the presence of pristine C60
fullerene phase in the iridium-enriched K-Pg boundary of the Um-
Sohrynkew River section. High-pressure fullerene and amorphous
phase are thought to be significant geochemical indicators of impact at
the K-Pg boundary.
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