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ABSTRACT: In nature, minerals record various origins and
information for geology and geobiochemistry. Here, we inves-
tigated the origin of organic matter and growth mechanism of
quartz with oil inclusion revealing fluorescence under short
ultraviolet (UV) light, obtained from the clay vein at Shimanto-
cho, Kochi, Shikoku Island, Japan. Geological investigation
indicated that the oil−quartz was formed in hydrothermal
metamorphic veins found in the late Cretaceous interbedded
sandstone and mudstone. The obtained oil−quartz crystals are
mostly double-terminated. Micro-X-ray computed tomography
(microCT) indicated that oil−quartz crystals have various veins
originating as skeleton structures along the quartz crystal {111} and {1−11} faces. Spectroscopic and chromatographic studies
indicated that aromatic ester and tetraterpene (lycopene) molecules, which revealed fluorescence, were detected. Large molecular
weight sterol molecules, such as C40, were also detected in the vein of oil−quartz. This investigation indicated that organic
inclusions in mineral crystals would form with ancient microorganism culture environments.

1. INTRODUCTION
Unlike in industrial processes and laboratory materials, almost
all natural minerals contain various solid−liquid−gas phases as
inclusions and additives.1−3 These inclusions are occasionally
regarded as unnecessary objects, but they also play precious
roles for such minerals like the star effect for sapphire,
phantom quartz, and alexandrite.4−7 The inclusions have
recorded the conditions and processes of the geological
formation and become the key to the discovery for new
materials such as lasers, optical devices, semiconductors, and
electronics for sustainable chemistry and natural resources.

Organic material-related structures in various scales of
geological settings have attracted attention for not only
mineralogy, geology, and geochemistry but also materials
sciences, bioceramics, medical equipment, and green chem-
istry. The silica clathrate compound and layered materials,
typified zeolite and mica, were already widely applied as ionic
exchange materials and biomedical materials because of their
biocompatibility and low environmental loading.8−11 More-
over, recently, organic molecule substitution and hybridization
to silica-based minerals found in various geological scales have
attracted attention for new aspects of mineralogy, igneous
petrology, and astrobiology for chemical evolution, origin of
life, and electrocatalytic effects,12−15 for example, “Hayabusa2
artificial satellite project.” The relationships of organic

molecules and inorganic minerals were considered the key to
the origin of life and Earth.16

Previous studies have reported that the typical silicate
mineral quartz (SiO2) was sometimes found with organic
matters in its crystals as negative crystals and/or surface
coating.17−20 Suchy et al.21 discussed the formation sequences
of organic inclusions in quartz obtained from the west region
of the Czech Republic, analyzing by mass spectroscopic
methods. However, the relationships between the states of
organic inclusions in quartz and surrounding rocks were still
unclear.

In this study, we focused on fluorescence quartz (oil−
quartz) found from a sedimentary rock of southwest region,
Shikoku Island, Southwest, Japan. Results showed that the
origin of fluorescence regions in oil−quartz is attributed to its
geological setting.

Received: January 14, 2023
Accepted: May 18, 2023
Published: June 5, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

21464
https://doi.org/10.1021/acsomega.3c00272

ACS Omega 2023, 8, 21464−21473

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuki+Sugiura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Naoko+Tobita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Tobita"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masaru+Taga"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shu+Nakachi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazumichi+Yokota"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Etsuko+Yamada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Etsuko+Yamada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Masanori+Horie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Koichi+Momma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Satoshi+Matsubara"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c00272&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
https://pubs.acs.org/toc/acsodf/8/24?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c00272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


2. RESULTS AND DISCUSSION
2.1. Geological Setting: Regional Geology. The

regional stratigraphy and geology of the study area, Shimanto
region, have been summarized by Katto et al.22 The collection
site is located in the Nonogawa formation, Shimanto
supergroup, developed at the southwest region of Shikoku
Island, Japan (Figure 1a).23−25 The Shimanto belt was
categorized as a typical accretionary prism at the subduction
zone of the Philippine Sea Plate sneaking into the Eurasian
Plate. Radiolarian age analysis indicated that the sedimentary
age of the Nonogawa formation was later Santonian to former
Campanian of the Cretaceous period.26 The Nonogawa
formation primarily comprised alternate sandstone and shale
layers of 10 m thickness with small amounts of chert and acidic
tuff (Figure 1b).27

The lens-like clay veins probably formed via hydrothermal
alteration are observed in the interbedded sandstone and shale.
The width of the lens-like clay veins varies from several cm to
m in thickness (Figure 2a). Oil−quartz crystals were found in
the clay veins (Figure 2b). All rock and quartz samples were

obtained from an outcrop of a stratum located at Minenoue,
Shimanto-cho, Kochi prefecture, Japan; 33.169029 north,
133.139936 east. All obtained rock samples for further
evaluations were trimmed to remove the surface-weathered
part.
2.2. Occurrence of Oil−Quartz Paragenesis and

Surrounding Rock Conditions. The quartz crystals were
obtained from yellowish colored clay veins with sandstone.
Most quartz crystals were double-terminated, and the direction
of the c-axis is parallel to the strike of clay veins. Sometimes,
the parallel intergrowth of quartz crystals was observed. The
length of the c-direction varies from several cm to 10 cm.

The color of the adjacent sandstone was a bit dark compared
to that of the normal sandstone in the outcrop. In this study,
therefore, we divided rock samples into three parts based on
the relationships of quartz veins: mother rock, transition zone,
and clay vein (Figure 2c).

Figure 3 shows the thin sections of each zone of rock core
samples. In the cases of the parent rock and transition zone, a
bit rounded colored minerals and colorless minerals identified

Figure 1. (a) Location of Shimanto area, Kochi prefecture, Shikoku Island, Japan. (b) Geological mapping of the survey area in this study. Modified
from the geological map Kubokawa, Geological Survey of Japan, 193323 with reprint permitted.

Figure 2. (a) Photograph of the outcrop of quartz veins obtained from oil−quartz crystals. (b) Photograph of the quartz veins and paragenesis of
oil−quartz crystals in veins. (c) Schematic image of the structure of quartz veins and paragenesis of oil−quartz crystals.
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as quartz and feldspar were commonly observed, respectively.
They were approximately several 100 μm in size. Many
brownish organic particles around several 10 μm in sizes were
also observed in quartz and feldspar crystals. In the case of the
transition zone, the distribution and structure of minerals were
mostly the same as those of the parent rocks, but a few chlorite
particles were also observed. Meanwhile, in the clay vein, a
brownish membrane structure surrounding quartz crystals was
observed, instead of brownish organic particles. In addition,
few feldspar particles were observed. This tendency of the
mineral component in each rocks was estimated by bulk X-ray
diffraction (XRD) measurement. Figure 4 shows the X-ray
diffraction (XRD) patterns of each zone of rock core samples.
Although obviously strong peaks identified as feldspar were
detected in the parent rock and transition zone, no significant
peaks of feldspar were observed in the clay vein, but several
clay minerals such as montmorillonite were identified. The fine
structures of clay minerals in the clay vein were observed.

Figure 5 shows the SEM micrographs of the clay vein. The
clay vein comprises scaly materials with typical clay minerals
and few fiber-like particles around several 100 nm in size.

The bulk compositions of inorganic and organic compounds
in each samples were measured. Table 1 shows the bulk
compositions of each rock core sample measured via X-ray
fluorescence (XRF) spectroscopy. The clay vein contained
lower K and higher Al and Fe compositions than those of the
parent rock and transition zone, which indicate that the
alteration of the hydrothermal solution into the parent rock
caused the clay vein formation. In addition, we measured total
carbon contents and organic carbon contents of samples.
Figure 6 shows the total carbon contents and organic carbon

contents of samples. The carbon content, particularly the
organic carbon content of the clay vein, was approximately 10
times higher than those of the parent rock and transition zone.
2.3. Analysis of the Oil−Quartz Crystal Sample. Figure

7 shows the representative photograph of oil−quartz crystals.
They were mostly obtained as double-terminated crystals.
Under UV (235 nm) light, blue- and/or orange-colored
luminescence domains were observed in oil−quartz crystals.
Although the domains around several 10 μm in size (smaller
distributions) were particle-like, larger luminescence domains
had normally lineal or membranous shapes. In addition, the
sizes of lineally or membranous shaped domains were
consistent with the sizes of parent quartz crystals. The
luminescence domains in the voids of quartz crystals were

Figure 3. Thin section of the typical structure of rock cores. (a, b)
Parent rock. (c, d) Transition zone. (e, f) Vein clay. Qt: quartz.
Yellow broken line area: the organic particle-aggregated areas. Blue
broken line: the unformed organic particle-aggregated areas.

Figure 4. XRD patterns of rock core samples with reference quartz49

and feldspar50 patterns with {hkl} indexes for facilitating comparison.
●: montmorillonite.51

Figure 5. SEM micrographs of the vein clay. (a) Low magnification.
(b) High magnification.
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not always coincident with the shapes of voids of quartz.
Noteworthily, the bright intensities of outer parts of
luminescence domains were higher than those of inner parts.

The morphology and surface structure of quartz crystals
were further evaluated. Most quartz crystals exhibited a smooth
surface (Figure 7). Some of the obtained quartz crystals also
exhibited typical skeleton-shaped crystals. Figure 8 shows the
surface structures of typical skeleton-shaped crystals of quartz.
Both {1−11} and {111} faces exhibited a typical center-
recessed structure and developed a rim structure. The fine
surface structures of the quartz crystals were observed by
differential interference contrast (DIC) microscopy. The
surface structure of the rim areas was essentially smooth;
however, numerous small peaks and steps were also present.
Furthermore, in the central part of the crystal surface,
numerous steps of several μm in height were observed.

MicroCT analysis of the samples indicated the fine three-
dimensional (3D) structure of samples. Figure 9 shows the

microCT images of representative oil−quartz crystals with
photographs under normal and UV light. The 3D shapes of
voids were located along the quartz {111} and {1−11} faces as
bowl-type ones. The bottom of the void revealed a flat shape;
on the other hand, the outer face of the void was curved.
Combined with UV irradiation observation, luminescence

Table 1. XRF Analysis Results of Bulk Chemical
Compositions of Rock Core Samplesa

atom % mother rock transition zone vein clay

SiO2 64.38 ± 0.35 62.16 ± 0.05 56.26 ± 0.30
Al2O3 18.53 ± 0.16 19.62 ± 0.10 23.09 ± 0.09
K2O 7.39 ± 0.08 8.61 ± 0.13 4.82 ± 0.07
Fe2O3 6.71 ± 0.20 6.09 ± 0.16 13.31 ± 0.16
TiO2 1.10 ± 0.04 1.41 ± 0.03 1.22 ± 0.02
Na2O 0.60 ± 0.06 0.34 ± 0.11 0.00 ± 0.00
P2O5 0.30 ± 0.06 0.38 ± 0.06 0.00 ± 0.00
MnO 0.37 ± 0.01 0.77 ± 0.03 0.35 ± 0.01
MgO 0.28 ± 0.00 0.21 ± 0.02 0.59 ± 0.02
SO3 0.16 ± 0.01 0.20 ± 0.01 0.13 ± 0.01
V2O5 0.06 ± 0.00 0.07 ± 0.00 0.09 ± 0.01
ZrO2 0.03 ± 0.00 0.04 ± 0.01 0.05 ± 0.00
ZnO 0.02 ± 0.00 0.02 ± 0.00 0.04 ± 0.00
Rb2O 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.00
SrO 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
Ir2O3 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00
Cr2O3 0.01 ± 0.00 0.01 ± 0.00 0.00 ± 0.00
Y2O3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
total 100.00 100.00 100.00

aThe final ratios of samples were modified for total = 100.0%.

Figure 6. Total carbon (black bar) and organic carbon (white bar)
content of rock core samples.

Figure 7. Photographs of representative oil−quartz crystals. (a)
Normal light. (b) UV light. (c) Magnified image of the void under
normal light. (d) Magnified image of the void under UV light. (e)
Relationship of bright intensity of the luminescence area and void
structure of (c).

Figure 8. Photographs of representative oil−quartz skeleton crystals.
(a) Whole image. (b) Magnified image of the top view. (c) DIC
image of the rim structure of the skeleton crystal {1−11}. (d) DIC
image of the center structure of the skeleton crystal {1−11}.
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regions were located at the bottom and edge parts of void
structures. In addition, some void structures were fused to each
other. These void structures illustrate typical skeleton crystal
structures, which are formed at a rapid growth rate. Thus,
considering the morphology of oil−quartz, i.e., double-
terminated and skeleton crystals, oil−quartz crystals were
homogeneously nucleated in a growth field of clay veins.

The oil extracted from the voids of oil−quartz crystals was
spectroscopically analyzed (Figure 10). In the UV region, two
important irradiation bands were observed. Furthermore, in
the visible region, two irradiation bands at 412 and 565 nm
exhibited purple and green color luminescence, respectively.

The CHN content of the extracted oil from oil crystals was
70.59, 11.25, and 1.07 atom %, respectively.

The oil samples were also extracted from rock core samples
and oil−quartz crystals for estimating the origin of organic
matters in oil−quartz crystals. Figure 11 shows the FTIR
spectra of the extracted oil samples. All extracted oil samples
revealed C−H, C−O, and C�O bonding of fatty acid and
aromatic molecules along with the alkyl chain bonding (C−C).
Furthermore, amido bonding was also slightly detected in the
oil−quartz crystals.

Gas chromatography−mass spectrometry (GC-MS) analyses
of the extracted oil samples were performed for identification
of the composition of organic molecules. Figure 12 shows the
GC-MS spectra of the extracted oil samples from oil−quartz
crystals and rock core samples. Unlike the oil samples extracted
from rock core samples, The oil−quartz crystals showed
several bands and later retention times indicated various
molecules. Figure 13 and Table 2 show the ratio of the C
number and the molecular list of oil compositions, respectively.
Except the transition zone, the rate of C14 molecules was
relatively high in extracted oils from oil−quartz crystals and
rock core samples. In the transition zone, although a similar
tendency was revealed in thin-sectional observation, it was the
tendency that the extracted oil consisted of low-molecular
weight molecules. The main components of organic molecules
in the parent rock core and clay vein were aromatic molecules
and alkanes, such as 2,4-di-tert-butylphenol, 1,3-di-tert-
butylbenzene, and tridecane. Furthermore, aromatic esters
and butyl phthalate were detected. Alkanes and alcohol
molecules were primarily detected in the transition zone.

In the case of oil−quartz crystals, although some of the
detected molecules were the same as the cases of the parent
rock core and clay vein parent, it was noteworthy that two C40
molecules were identified as terpene with fatty acid and low-
molecular weight alcohol.

The detected terpene molecules were identified as lycopene
and coleon F dimer. Noteworthily, lycopene and its derivatives
exhibited fluorescence ability. Previous studies indicated that
the irradiation band of lycopene was ∼415 nm.28−30 Then, we
could conclude that one of the true characters of luminescence
in oil−quartz crystals was lycopene at the least lower
wavelength irradiation. On the other hand, a luminescence
band of lycopene hardly coincided the irradiation band of 560
nm and fluorescence abilities of the detected molecules in the

Figure 9. MicroCT image of the representative oil−quartz crystal. (a,
b) Photograph of the oil−quartz crystal for facilitating comparison.
(c) Reconstruct image of the whole structure. (d) XY-slice. (e)
Reconstruct slice of XZ. (f) YZ-slice.

Figure 10. Fluorescence spectrum of the extracted oil sample from oil−quartz crystals. (a) Whole wavelength. (b) Visible region.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00272
ACS Omega 2023, 8, 21464−21473

21468

https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00272?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


extracted oil samples. However, some previous studies
indicated that the metal complexes of some aromatic molecules
exhibited fluorescence ability, for example, lanthanoids.31−33

Then, we considered that the irradiation band of 560 nm
originated such aromatic molecules with metal complex forms.

The typical skeleton crystal shapes of oil−quartz crystals and
domains of oils indicated that oil was included quickly during
the growth process of quartz crystals,34,35 and the quick growth
of quartz crystals with oils caused the formation of the shapes.
XRD measurements indicated that the clay vein parent
contained few amounts of feldspar, whereas a large amount

of feldspar was detected in the parent rock. Therefore, it was
indicated that the feldspar decomposition process released the
silica source for quick growth of quartz. Indeed, high
temperature conditions (hydrothermal conditions) accelerated
the decomposition process of feldspar and led to release of
silica.36−38 However, organic molecules existing in oil−quartz
crystals strongly regulated the upper temperature for growth
fields. Considering the thermal stability of lycopene, the oil−
quartz crystal formation reaction proceeded at ∼80 °C.39−41

The origin of oil in oil−quartz crystals was discussed. As
shown in spectroscopic evaluations, the compositions of oil in

Figure 11. FT-IR spectra of extracted oil samples from the rock core and oil−quartz crystal samples. (a) Wide range. (b) Low wavenumber. (c)
Water adsorption.

Figure 12. GC-MS spectra of the extracted oil samples from rock core
and oil−quartz crystal samples.

Figure 13. Existence ratios of each carbon number molecule in the
extracted oil samples from rock core and oil−quartz crystals samples.
(a) Mother rock. (b) Transitional zone. (c) Vein clay. (d) Quartz.
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oil−quartz crystals were different from those of rocks. The
extracted oil from oil−quartz crystals contained terpene
molecules (lycopene and coleon F), which were essential
components of microorganism membranes.42,43 This observa-
tion suggested that the hydrothermal conditions, namely oil−
quartz crystal formation field, might be also with bacterial
coculture conditions and record the evidence of bacterial
activity. Below 80 °C conditions, some thermophilic bacteria
were likely to grow, such as Thermotoga Sp. and Pyrodictiaceae
Sp..44−48 Thus, this foundation would introduce a novel
interdisciplinary research field for geological events at lower
temperature such as mineral formations affected by micro-
organisms.

3. CONCLUSIONS
We investigated the origin of oil−quartz crystals that exhibit
fluorescence, obtained from Shimanto-cho, Kochi prefecture,
Shikoku Island, Japan. The fluorescence domains in oil−quartz
crystals were located at the voids of skeleton crystals. The
origin of fluorescence was attributed to lycopene. Considering
the thermal stability of lycopene and crystal morphology, oil−
quartz crystals formed under extreme supersaturated con-
ditions and low temperature (<80 °C).

4. EXPERIMENTAL METHODS
4.1. Reagents for Analysis. All reagents were purchased

from FUJI Film Wako Pure Chemical Inc. Co., Japan, as
reagent grade.
4.2. Preparation of Bulk Analysis Samples of Rock

Core and Quartz Samples. The obtained rock core samples
were trimmed off the outer weathered part; then, the treated

rock core samples and quartz samples were roughly crushed
onto a steel anvil to prepare 1−2 cm-sized granules. The
crushed granules were put into distilled water with a
supersonic washing process three times. Then, the washed
samples were dried in a dry oven at 40 °C for 2 d. The dried
granules were well crushed using a preburned Al2O3 motor and
pestles. Then, the crushed powder of the samples was stored in
PP vessels.
4.3. Extraction of Oil Samples from Rock Core and

Quartz Samples. Approximately 1 g of the prepared powder
samples was soaked into 10 mL of reagent-grade acetone and
tightly sealed. Then, the sealed samples were gently shaken at
60 rpm in a shaking incubator at 40 °C for 12 h. After soaking,
the treated skim of the samples was filtrated using a 220 nm
syringe filter. Then, the filtered skim of the samples was put
into a PP tube; then, vacuum conditions were used to vaporize
acetone.
4.4. Characterization of Solid-State Materials. All

samples and location photographs were obtained using a
digital camera (XP140, FUJI Film Co., Japan) at effective
pixels of 16 Mpixels.

The crystallographic details of the samples were obtained
using XRD (MiniFlex600, Rigaku Co., Japan) at an
acceleration voltage and amplitude of 40 kV and 15 mA,
respectively. The diffraction angle was continuously scanned
over 2θ = 3−90° at a scanning rate of 2°/min for
characterization.

The chemical bond structure of the samples was determined
using Fourier transform infrared spectroscopy (FT-IR:
IRTracer-100, Simadzu Co., Japan) equipped with a triglycine
sulfate detector (20 scans, resolution 2 cm−1) with an

Table 2. List of Detected Organic Molecules in Extracted Oil Samples from the Rock Core and Oil−Quartz Crystals Samples

chemical name
chemical
formula

C
number classification fluorescence

mother
rock

transitional
zone vein clay

quartz−
oil

2,4-di-tert-butylphenol C14H22O 14 aromatic 28.247 25.279 16.502
1,3-di-tert-butylbenzene C14H22 14 aromatic 17.532 8.491 17.472 10.530
p-tert-butylbenzoic acid C11H14O2 11 aromatic 9.052
butyl phthalate C16H22O4 16 aromatic ester 11.152
Kesscoflex MCP C14H18O6 14 aromatic ester 9.434
tridecane C13H28 13 alkane 4.221 5.204
trans-2,2,4,5-tetramethyl-1,3-dioxolane C7H14O2 7 dioxolane 3.896 16.038 3.346
lycopene C40H56 40 terpene + 7.389
6-methyl-1-heptanol C8H18O 8 alcohol 6.034
2-propyl-1-heptanol C10H22O 10 alcohol 4.126
5-methyl-1-heptene C8H16 8 alkene 3.633
myristic acid C14H28O2 14 fatty acid 3.510
3-methyl-5-undecene C12H24 12 alkene 9.091
6-methyl-1-octene C9H18 9 alkene 2.278
4-methyl-pent-4-en-2-one C6H10O 6 diene 3.247 13.208 3.717
4-methylheptane C8H18 8 alkane 4.221 2.217
1,2-dimethylpropyl acetate C7H14O2 7 ketone 3.247 12.264 3.346
2,3,4-trimethylhexane C9H20 9 alkane 2.922
1,2-diacetylethylene C6H8O2 6 alkane 2.922 9.434
2,3,4-trimethylpentane C8H18 8 alkane 4.461
4,6-dimethyl-dodecane C14H30 14 alkane 2.974
5-hydroxy-2,4-di-tert-butylphenyl-pentansaeure C19H30O3 19 alcohol 12.264
vinyl formate C3H4O2 3 aldehyde 7.547
chloro-tert-butanol C4H9ClO 4 alcohol 5.660
3,6,dimethyl-decane C12H26 12 alkane 5.660
others 20.455 23.048 34.729

100 100 100 100

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00272
ACS Omega 2023, 8, 21464−21473

21470

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


attenuated total reflection diamond prism. All measurements
were performed against an atmospheric background.

The atomic content of the samples was measured via energy-
dispersive X-ray fluorescence spectroscopy (XRF: EDX-8100,
Shimadzu Co., Japan) at an acceleration voltage of 15 kV
under vacuum conditions.

The amount of CHN in the specimens was measured using
carbon−hydrogen−nitrogen analysis (CHN-analysis: MT-
6,YanacoCo., Kyoto, Japan) using Ar gas as the carrier gas
after drying in a P2O5 desiccator. For organic C contents of
sample evaluation, 0.1 g of the crushed rock sample was
immersed into 15 mL of 25 wt % NaClO solution for 1 day at
R.T. Then, the treated samples were washed with distilled
water several times and eventually dried.

The fine structure of the samples was observed using field
emission scanning electron microscopy (FE−SEM: JSM-
6700F, JEOL Co., Japan) at an acceleration voltage of 3 kV
after Os sputtering.

The 3D image of the samples was measured using a
quantitative three-dimensional evaluation program, which is
included in the microcomputed tomography system (mi-
croCT: ScanXmate-L080T, Comscantecno Co., Japan) with a
source voltage (69 kV) and source current (149 μA) with an Al
filter (0.5 mm). The voxel resolution was 125 μm3.

Gas chromatography−mass spectrometry (GC-MS) analyses
were performed with a GCMS-QP2010 (Shimadzu Co., Japan)
gas chromatograph magnetic sector mass spectrometer using
He gas as a carrier gas with a constant flow of 1 mL/min. An
Agilent J&W DB-5 (Agilent Technology Japan, Japan)
capillary column (0.25 mm i.e., film thickness of 1.00 μm)
with a 30 m-long integrated guard column was used. The GC
oven was programmed for an initial temperature of 50 °C for 3
min, followed by heating at 10 °C/min to 250 °C with 37 min
final hold time.

The fluorescence spectra of the samples were measured
using a spectrofluorometer (FP-8550: JASCO Co., Japan)
using irradiation wavelength at 265 nm and the measurement
wavelength range from 275 to 850 nm at a scanning rate of 200
nm/min. Oil samples were coated onto the quartz glass for
measurement.
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