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ABSTRACT: Fossils serve as faithful records and indicators of
past geological events. However, accurately identifying organic
remnants in these specimens remains challenging due to long-
term degradation and transformation processes. In this study,
we characterized Cretaceous foraminiferal fossils from different
stratigraphic layers using optical microscopy, X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy-dispersive
X-ray spectroscopy (EDS), and Raman spectroscopy. Our
analyses reveal an unconventional orthorhombic phase of
graphite in some samples, suggesting exposure to extreme
conditions—such as high temperature and high pressure—
during the mid-Cretaceous. These findings not only provide
valuable insights into the geological history of that period but
also offer a promising avenue for understanding the chemical
synthesis of novel carbon materials through polymorphic
transformations.
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1 Introduction

Fossils are faithful recorders and indicators of geological history and
events, providing insights through their spatial and compositional
structures [1-3]. Foraminifera [4-7], a typical group of Protozoa,
have persisted from the Late Ediacaran to the present [8-10]. Thus,
foraminifera can act as descriptors [11] for biological evolution and
advanced taxonomic relationships over a long period of geologic
time and a wide range of localities [12-15].

The Cretaceous period [16] is marked by significant evolutionary
and geological transitions. In particular, the mid-Cretaceous
(approximately 125-90 million years ago) experienced widespread
volcanic activity, including the formation of large igneous provinces
(LIPs). These volcanic events released massive amounts of carbon
dioxide (CO,) into the atmosphere [17-22], contributing to
greenhouse warming [17, 23, 24] and significant oceanic anoxic
events (OAEs) [16]. These OAEs led to extensive organic carbon
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burial in marine sediments and significant perturbations to the
global carbon cycle. Volcanism during this time not only shaped
the Earth’s climate but also influenced the preservation and
transformation of organic materials in geological formations.

The findings from fossil indicators are critical but often
challenging to interpret. This difficulty arises because the
preservation of organic compounds [25, 26] and minute crystallites
[27] varies significantly over millions of years. Moreover, the
chemical transformation of these components is quite complex,
leaving elusive remnants in the fossils [28, 29].

In this work, we study two sets of samples collected from the
Cretaceous period. Despite the similar components of calcite and
quartz, both in the mineral matrix and inside the foraminifera, we
find that the components of carbon deposits in these two samples
exhibit substantial differences. This indicates that the organic
components in the foraminifera underwent distinct pathways
during burial and fossilization. Comprehensive characterization
using powder X-ray diffraction (XRD), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS)
and Raman spectroscopy reveals that high-temperature and high-
pressure events, likely related to mid-Cretaceous volcanic activity,
affected one of the samples, leading to a thermally unstable,
unconventional orthorhombic phase of graphite. Our findings not

Nano Research, 2025, 18, 94907262


https://orcid.org/0000-0003-2223-9349
https://orcid.org/0000-0003-2223-9349
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://doi.org/10.26599/NR.2025.94907262
mailto:qysheng@nigpas.ac.cn
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262
https://www.sciopen.com/article/10.26599/NR.2025.94907262

Sheng and Xu

Nano Research | Vol. 18, No. 4

only provide insights into the geological events of the mid-
Cretaceous but also shed light on chemical scientists who seek new
polymorphs of carbon materials.

2 Experimental details

The XRD patterns of the Cretaceous specimens were collected on a
German Bruker D8 Advance diffractometer powder diffractometer,
Cu Ka ray (A = 1.54056 A; 40 kV; 40 mA). The step size is 0.015°
and the data collection angle is from 10° to 80°. All data were
collected at ambient atmosphere and temperature. The SEM
imaging was performed using a JEOL JSM-IT500HR, with EDS
(Oxford Instrument). The Raman spectra were obtained using a
Raman microscope (Thermo Fischer DXR) with a laser at 532 nm.

To investigate the interactions between valence electrons and
atomic nuclei, the projector augmented wave (PAW) method was
utilized. The density functional theory (DFT) calculation: To
investigate the interactions between valence electrons and atomic
nuclei, the PAW [30] method was utilized. For the evaluation of
electron exchange-correlation interactions, the generalized gradient
approximation (GGA) [31] of Perdew-Burke-Ernzerhof (PBE)
[31] was employed. To ensure accurate total energy calculations for
both the orthorhombic and hexagonal graphite systems, a plane
wave energy cutoff of 400 eV was set, and a convergence threshold
of 10”° eV/atom was used. For reciprocal space sampling, a 6 x 6 x 4
k-point grid was adopted, and the Monkhorst-Pack method was
applied during the self-consistent field iterations.

3 Results and discussion

The foraminiferal samples we studied in this work are collected
from the Aptian stage (K1 sample), and the Cenomanian stage (K2
sample) of the Langshan Formation at the Azhang section. The
large benthic foraminifera orbitolininids [32] are abundant in
samples and suitable for research. Thick carbonate sequences,
named the Langshan Formation were accumulated in the northern
Lhasa block during the mid-Cretaceous [33, 34] (Fig. 1(a)). The
Langshan Formation conformably overlies clastic rocks and has a
depositional age ranging from early Aptian to middle Cenomanian
based on biostratigraphy [33-36]. In the Azhang section (Fig. 1(b)),
the Langshan Formation can be subdivided into three informal
members based on lithology. Member 1 and Member 3 comprise
shallow water massive bioclastic limestone with abundant rudists,
green algae, big benthic foraminifers such as orbitolinids, and other
smaller benthic foraminifers [33, 36]. Member 2 comprises open
marine marlstones with planktonic foraminifers and calcispheres
[33, 36]. The K1 sample was collected from the Member 1, and the
K2 sample was collected from the Member 3.

The K1 and K2 samples exhibit distinct microstructures. First of
all, the XRD analysis [38] can reveal all the inorganic crystalline
phases in the foraminiferal fossils. In the XRD pattern (Fig. 2(a)) of
the K1 specimen, the crystallite of calcite (CaCOs3), quartz (SiO,)
and graphite (C) can be clearly found and indexed. We further
conducted Rietveld refinement [39-41] to unveil the relative
content of each mineral. The result shows that the weight fractions
of calcite (CaCO;), quartz (SiO,) and graphite (C) are 93.70%,
3.27% and 3.03%, respectively. The lattice parameters are listed
below. The calcite (CaCO;) belongs to the space group of R3¢ and a
hexagonal system [42], with a = 497 A and ¢ = 17.00 A. Quartz
(SiO,) is assigned as a space group of P3,21 and a hexagonal system
[43], with a = 4.90 A and ¢ = 5.39 A. The unconventional phase of
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graphite belongs to the space group of Pban and an orthorhombic
system [44], with a = 3.90 A, b = 4.88 A and ¢ = 6.39 A. We then
also carried out XRD analysis on the K2 specimen and found only
the existence of calcite (CaCO;) and quartz (SiO,), without the
presence of graphite carbon (Fig. 2(b)). It is worth noting that the
beam size of our XRD instrument is around 3-5 mm, which is
much larger than the typical size of the foraminiferal fossils. Thus,
the XRD spectra cover both the phase component of the
foraminiferal fossils and matrix minerals. These analyses will be
further validated by the following characterizations, such as SEM,
EDS and Raman spectra.

With the overall phase composition bearing in mind, we further
analyzed the domain-specific morphology and composition of our
samples. For the K1 specimen, we first confirmed the chambered
structure of the foraminiferal fossils using optical microscopy
(Figs. 1(b)-1(d)). However, in the SEM, the mass contrast of the
foraminiferal fossils and matrix are quite similar (They both consist
of calcite (CaCO;) with a small amount of quartz (SiO,)).
Therefore, the foraminiferal fossils and matrix cannot be
distinguished in either the second electron (SE) or backscattered
electron (BSE) mode (Fig. 2(d)). Nonetheless, by EDS, we can see
the difference between the foraminiferal fossils and the matrix. In a
typical K1 sample, all of the Ca, C, Si and O elements can be
identified through EDS in everywhere. In the foraminiferal domain,
there are shortage of Si elements, indicating that SiO, or CaSiO; are
less present in the foraminifera (Figs. 2(d,)-2(d,). This
phenomenon can be confirmed by EDS element mapping on
several other regions of foraminifera (Fig. S2 in the ESM). The
partial presence of Si element in the foraminiferal part is because of
the penetration of Si signal from SiO, or CaSiO; in the substrate.
Typically, the penetration length of the Si signal in EDS [45, 46] is
around 10 pum. Inspection of the distribution of C in the K1
specimen shows some aggregation of C, as indicated by EDS
mapping (Figs. S3-S13 in the ESM). While in the K2 specimen, we
seldomly found an aggregation of carbon (Figs. 2(f)-2(f5), and Figs.
S14 and S15 in the ESM).

Further, we magnified specific areas of interest to study the
micro-nano level details of our samples. Firstly, the shell of the
foraminifera is inspected by SE mode, showing brick-layer-like
morphology of the calcite wall of the foraminifera (Fig. 2(e,)).
Further magnification of the carbon-rich area reveals the
delaminated-layered structure of graphite and this feature can be
observed in many sites inside the foraminifera (Figs. 2(e) and 2(e,)).
The carbon characteristic will be verified in the later-mentioned
Raman spectra. We also found enrichment of the silicon element in
the K2 sample through EDS mapping, showing patterns of
concentric walls (Fig. 2(f;)). However, the distribution of Si element
on the wall is not continuous but shows scattered patterns. This
indicates that quartz is grown into the wall of foraminifera, either in
the living foraminifera or through the biomineralization or
diagenesis process [47].

The aforementioned inclusion of graphite particles can be further
verified by EDS line scanning results (Fig. 2(g)). In the first line
across a wall in the foraminifera, we found an abrupt peak of
carbon at 150-200 pum, indicating a graphite particle here. At this
carbon-rich site, an oxygen deficiency can also be found. At another
position (300-350 pm), the enrichment of Si and O and depletion
of C and Ca are also found in the EDS line scanning, indicating the
inclusion of SiO, particles here. The line scanning result
corresponds well with EDS mapping of Si (Fig. 2(f,)). Similar results
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Figure1 (a) Simplified tectonic map of the Tibetan Plateau

and adjacent regions [37]

. JSSZ, Jinsha suture zone; BNSZ,
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Bangong-Nujiang suture zone; LMF,

Luobadui-Milashan Fault; IYSZ, Indus-Yarlung suture zone. (b) Simplified geological map of the Lhasa Basin, showing the locality of the Azhang section [37]. GST,
Gaize-Selin Co thrust; SGAT, Shiquan-Gaize-Amdo thrust; GLT, Gugu La thrust; ST, Shibaluo thrust; ET, Emei La thrust; Fm., Formation. SEM or optical microscopy
images of the (c) and (e) K1 sample, (d) and (f) K2 sample.
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Figure2 The Rietveld refinement of XRD patterns for (a) K1 and (b) K2 specimens. (c) EDS results. (d) The SEM image, and (d1)-(d4) corresponding element
mapping of the K1 specimen. (¢) The SEM image of the foraminifera, (el) the corresponding element mapping and (e2) the localized enlarged view of foraminifera in (e).
() The SEM image, (f1)-(f5) corresponding element mapping, and (g) EDS line scanning results of the K2 specimen.

can be found elsewhere in this K1 sample (Fig. S12 in the ESM).
While for the K2 sample, no enrichment of Carbon element was
found even after inspecting several regions of the sample (Figs. S14
and S15 in the ESM). We also performed the transmission electron
microscope (TEM) to further investigate the microstructures of the
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Kl and K2 samples. Figure S18 in the ESM displays low-
magnification scaning TEM (STEM) images of the two samples,
revealing micrometer-sized grains, pores on the scale of hundreds
of nanometers, and a rough morphology. Unfortunately, due to the
high sensitivity of the CaCO;-like fossil samples to the electron beam,
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we are unable to obtain more detailed microstructural information.
Significantly, we evaluated the energy difference between the
unconventional orthorhombic graphite structure observed in this
work and the general hexagonal graphite structure based on DFT
calculation. The computational results indicate that the
orthorhombic graphite structure is energetically unstable compared
to the hexagonal counterpart (Fig. 3(a)). We hypothesized that
extreme conditions such as volcanic eruptions, lightning strikes, or
meteorite impacts could have facilitated the formation of this
unconventional metastable graphite structure. We further used site-
specific Raman spectroscopy characterization to reveal the spatial
distribution of the aforementioned inorganic crystallites. We first
need to clarify the typical Raman peaks of calcite (CaCO;), quartz
(SiO,) and graphite (C). For the K1 sample, the peaks of calcite

(CaCOs), quartz (SiO,) and graphite (C) all can be indexed in many
sites (Figs. 3(b) and 3(c), and Fig. S19 in the ESM). While for the
K2 sample, only calcite (CaCO;) and quartz are frequently found,
with a rare appearance of graphite peak (Figs. 3(d) and 3(e), and
Fig. S20 in the ESM). The detailed analyses and index of every peak
are discussed as follows.

The Raman spectrum of CaCO; involves the following
characteristic peaks and corresponding vibrational modes:

L. Aj, mode (located at about 1085 cm™).

This mode is an in-plane vibration of CO; polyhedra and usually
shows up as the strongest and sharpest peak in the Raman
spectrum. Since this vibration does not involve atoms other than
carbonate, it is less sensitive to changes in cation size and nearest
neighbor distance (M-O).

a
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o- =0 _1326ev
(—
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\ 2
(b) ()
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Figure3 (a) DFT-calculated total energy of the system of the orthorhombic and hexagonal graphite. Raman spectra of (b) and (c) K1 sample, (d) and (e) K2 sample.
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2. E, (internal) mode (located at about 711 and 1434 cm ™).

These modes involve vibrations within the CO; polyhedra and
usually appear at high relative wave numbers in Raman spectra.
These vibrational modes are related to the geometry and chemical
bonding of the carbonate.

3. E, (external) mode (located at about 154 and 281 cm™).

These modes have lower relative wave numbers in Raman
spectra and are more structure-specific.

These modes involve translational (T) and libration (L)
vibrations of CO; polyhedra in the original unit cell. In particular,
the translational (T) mode is very sensitive to changes in the radius
of the cation.

4.E; + A, combination band (occurs at about 1747 cm™).

This is produced by the combined vibrations of the E, and A,,
modes and occurs in the region of relatively high wave numbers.

For quartz (SiO,), the main characteristic peaks in the Raman
spectrum are usually associated with the vibrational modes of the
Si-O bond. These vibrational modes include symmetric and
asymmetric stretching vibrations as well as bending vibrations.

Common characteristic peak positions include:

Approximately 400-470 cm™ associated with Si-O bending
vibrations.

Approximately 800-1200 cm™: associated with symmetric and
asymmetric stretching vibrations of Si-O.

Potential causes of shifted Raman peak positions in SiO,:

1. Temperature changes.

An increase or decrease in temperature affects the vibrational
frequency of the Si-O bonds in silica crystals, resulting in a shift in
the position of the Raman peak. This shift is usually characterized
by a negative temperature coefficient, ie., as the temperature
increases, the vibrational frequency decreases, and the Raman peak
shifts to a lower wave number.

2. Pressure changes.

Changes in external pressure can lead to compression or
expansion of the SiO, crystal structure, altering the length and angle
of the Si-O bonds and thus affecting the position of the Raman
peaks. Under high pressure, the Si—-O bonds may be compressed,
leading to an increase in the vibrational frequency and a shift of the
Raman peak towards higher wave numbers.

3. Crystal structure change.

Crystal structure changes in SiO,, such as a shift from a-quartz to
B-quartz, result in a change in the position of the Raman peaks.
This structural shift is usually accompanied by changes in bond
lengths and bond angles, which affect the vibrational modes and the
positions of the Raman peaks.

4. Chemical environment changes.

Chemical modifications on the SiO, surface or the presence of
adsorbed species may alter the local chemical environment of the Si-
O bond and affect its vibrational properties. For example, adsorbed
moisture or other polar molecules on the surface may affect the
vibration of the Si-O bond through interactions such as hydrogen
bonding, resulting in a shift in the Raman peak position.

5. Amorphous vs. crystalline transition.

When SiO, transforms from a crystalline state to an amorphous
state (e.g., glassy state), the orderliness of its structure decreases,
resulting in the broadening and positional changes of the Raman
peaks. The Raman peaks of amorphous SiO, are usually wider and
shifted in position than those of crystalline SiO,.

6. Stresses and defects.

Stresses and defects within the crystal can also affect the
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vibrational properties of the Si-O bond, resulting in a shift in the
position of the Raman peak. Stresses can be internal (e.g., due to
defects during crystal growth) or externally applied (e.g.,
mechanical stresses).

The Raman spectrum of graphite (C) has the following
characteristic peaks and corresponding vibrational modes [48, 49]:

1. D band (defect peak): The D band appears at about 1350 cm™
and is associated with defects and disordered structures in graphite.
In particular, it is associated with the vibrational modes of the
carbon atoms at the edges of the graphite lattice or defects with A,
symmetry. This peak is more pronounced in highly disordered
carbon materials, such as graphene edges or carbon materials with
many defects.

2. G band (graph band peak): The G band appears at about 1580
cm™ and is associated with the planar vibrational modes of the sp
hybridized carbon atoms in graphite with E,, symmetry. This peak
is usually associated with an ordered arrangement of carbon atoms
in graphite and is Raman active as it involves a change in the
symmetry of the lattice.

Analysis of the D and G peaks

1. Intensity ratio of the D and G peaks (Ip/I;).

This ratio can be used to assess the degree of disorder in a
sample. In highly ordered graphene, the intensity of the G peak is
much greater than that of the D peak, whereas in graphene with
more disorder or edge regions, the intensity of the D peak will
increase relatively.

2. Half peak width of G peak.

The full width at half maximum (FWHM) of the G peak can
provide information about the degree of ordering of the carbon
atoms in a sample. A wider G-peak usually indicates more disorder
or a smaller grain size in the sample.

3. Location of the G peak.

The position of the G-peak may vary depending on the stress
state of the sample, hydrogen content, local environment, and other
factors. For example, stress can cause the position of the G peak to
change.

4. Position of the D peak.

The position of the D peak may also be affected by the
distribution of stress and defects in the sample. In some cases,
changes in the position of the D peak can provide information
about the type of defects in the sample.

5. Resonance effects in Raman spectroscopy.

Resonance effects in Raman spectroscopy can affect the intensity
and shape of the D and G peaks. This effect is related to the
electronic structure of the sample and the optical excitation process,
so the wavelength of the excitation light needs to be taken into
account in the analysis.

Theoretically, to understand the atomic vibration information of
orthorhombic graphite structures, we computed its phonon
dispersion relations, as shown in Fig. S21 in the ESM. The severe
imaginary frequencies in the phonon spectrum of the
orthorhombic graphite structure primarily stem from the phase's
inherent instability. At present, there is little research on the
theoretical calculation of such unconventional structure, which
poses a huge challenge to our work. Additionally, inaccuracies in
computational settings, such as the choice of exchange-correlation
functionals and basis sets, along with the sensitivity to
thermodynamic conditions, can introduce substantial distortions
and energetically unfavorable states, resulting in the observed
imaginary frequencies.
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Figure4 Schematic illustration showing how the ingestion of organic matter and high-temperature environments promote graphitization in foraminifera.

4 Conclusions

We conducted comprehensive characterizations on two sets of
Cretaceous foraminifers. First, we used an optical microscope and
SEM to observe the morphology. Second, phase components of the
inorganic  crystallites are analyzed through XRD, and
unconventional orthorhombic graphite was found. The energetic
landscape and formation mechanism are simulated using DFT.
Then, microstructures and micro compositions are revealed by
SEM and EDS. Both the EDS line scanning and mapping
confirmed the aggregation of graphite and quartz particles.
Furthermore, Raman spectra confirmed calcite, quartz and
graphite, validating the site of graphite inside the chamberlet of
foraminifera. The finding of the unconventional phase of graphite
points to high-temperature and/or high-pressure geological events
during the mid-Cretaceous (Fig. 4). The current study may inspire
materials scientists seeking the unconventional phase of carbon
allotropes through learning from nature.

Electronic Supplementary Material: Supplementary material
(XRD, SEM and Raman spectroscopy measurements and results) is
available in the online version of this article at https://doi.org/
10.26599/NR.2025.94907262.
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