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Abstract Organic matter in carbonate rocks plays a crucial role in processes such as fluid flow regulation,
carbon sequestration, contaminant transport, and hydrocarbon recovery. This study employed multimodal
spectroscopic techniques, including fluorescence imaging and Fourier transform infrared (FTIR) spectroscopy,
to characterize the spatial distribution and spectral characteristics of organic matter in carbonate rocks by
comparing bioclastic and non‐bioclastic components. Fluorescence hyperspectral analysis revealed
heterogeneous distribution within the carbonate framework. UV fluorescence appears preferentially associated
with bioclastic grains, whereas visible fluorescence is more broadly distributed and more pronounced in
reservoir samples. Variations in spectral features, including differences in the relative contributions of tyrosine‐
and tryptophan‐like emission, highlight contrasts among bioclastic components such as red algae and mollusks
and reveal the critical role of biominerals in tunning surface chemistry and wettability. These findings highlight
the heterogeneity and complexity of organic matter in carbonate rocks, offering insights into diagenesis, organic
matter preservation, and paleoenvironmental reconstructions with implications for rock characterization and
resource management. FTIR microspectroscopy provides complementary information on organic functional
groups and supports the heterogeneous distribution of organic matter inferred from fluorescence mapping.
While these spectroscopic signatures do not provide direct molecular identification, the combined spatial and
spectral observations suggest that preserved or altered organic matter contributes to variations in surface
chemistry and wettability in carbonate rocks. These results underscore the complexity of organic matter
preservation in carbonates and demonstrate the potential of fluorescence hyperspectral imaging as a framework
for future method validation studies addressing carbonate diagenesis, paleoenvironmental reconstruction, and
reservoir characterization.

Plain Language Summary Carbonate rocks, which make up a significant part of Earth's crust,
contain organic matter that influences important processes such as carbon storage, fluid movement, and resource
management. This study used advanced imaging and synchrotron‐based spectroscopy techniques to analyze
how organic matter is distributed within these rocks and how biological materials contribute to their chemistry.
Outcomes of this research reveal that tyrosine and tryptophan amino acids serve as markers of biological origin,
helping to distinguish fossilized materials. Differences in these organic components impact the surface
properties of the rocks, affecting how they interact with fluids and other substances. These insights improve our
understanding of how rocks evolve over time, preserve organic materials, and provide crucial data for
environmental studies, fossil research, and industries that rely on rock characterization.

1. Introduction
Carbonate rocks are a key component of sedimentary systems, preserving fossils of a rich variety of marine and
terrestrial life forms, which serve as invaluable repositories of Earth's geological history (Boggs, 2006). Indeed,
the distribution, composition, and relative abundance of bioclastic (skeletal fossil fragments) and non‐bioclastic
(abiotic mineral constituents) grains, and the diagenetic alteration of organic matter, all significantly influence the
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physicochemical properties of carbonate rocks, thereby impacting their behavior in geological processes. Beyond
their geological significance, carbonate rocks play a crucial role in the global carbon cycle, acting as both at-
mospheric carbon dioxide (CO2) sinks and mediators of organic matter stabilization (Martin, 2017; Xu &
Tsang, 2024). These organic compounds originate from both biotic and abiotic sources, including degradation
products of microbial communities, plants, and animals, as well as insoluble organic matter (Bisse et al., 2022; Jin
& Zimmerman, 2010; Meyers, 1997). Organic compounds can also be found in carbonate rocks as remains of
original organisms preserved through fossilization. The complexity and heterogeneity of organic components
within carbonate rocks are influenced by biological, physicochemical, burial, and depositional factors
(Bjørlykke, 2014; Konhauser, 2009).

Unraveling the intricate interfacial properties of carbonate rocks requires identifying and characterizing the
biogenic remains preserved within them, as these are inherently linked to the type and quantity of organic matter
embedded in the mineral matrices. The interactions between carbonate minerals, particularly Ca2+ ions, and
organic matter play a key role in fluid transport, facilitating the entrapment and long‐term stabilization of organic
compounds (Ma et al., 2024; Tong et al., 2024). This process is essential for the long‐term carbon sequestration, as
it governs organic matter retention, transport and recalcitrance (resistance to degradation) (Harms et al., 2021;
Pessarrodona et al., 2023). These organic components modify the interfacial properties of carbonate rocks,
affecting how fluids interact with the rock surface and influencing processes such as rock alteration, carbon
storage, and environmental dynamics. In a previous study, we investigated the wettability properties of carbonate
rocks from the micro‐to nano‐scale, revealing preferentially hydrophobic areas within the bioclastic components
(Moya et al., 2023). These findings highlight how organic matter influences surface energy and fluid adhesion,
with broader implications for carbon sequestration, rock weathering, and subsurface fluid dynamics. Therefore, a
deeper understanding of the complex physicochemical properties of the carbonate rocks and their interactions is
paramount for predicting rock behavior in geological systems, environmental remediation, and groundwater
management (Lim et al., 2010; Ridgwell & Zeebe, 2005).

In this context, synchrotron radiation spectroscopic techniques, such as Deep‐Ultraviolet (SR‐DUV) fluorescence
and Fourier transform infrared (SR‐FTIR) spectroscopy, offer powerful tools for identifying the type, compo-
sition, and spatial distribution of organic matter within carbonate rocks (Bunkin et al., 2023; Ménez et al., 2018).
In particular, SR‐DUV fluorescence spectroscopy enables the selective excitation of specific fluorescent organic
compounds, revealing two distinct fluorescence signals: (a) a protein‐like fluorescence with emission in the 300–
350 nm range, which is commonly associated with aromatic amino acids (phenylalanine, tyrosine, and trypto-
phan) present as protein constituents, free molecules, or degradation residues; and (b) an aliphatic‐like fluores-
cence, emitting in the visible range (420–450 nm) and associated with molecules of low‐to‐high molecular weight
(Coble, 1996). Among amino acids, phenylalanine (with a phenyl group and emission maximum of 282 nm),
tyrosine (with a phenol group and emission center at 303 nm), and tryptophan (with an indole group and emission
center at 350 nm) are the primary contributors to UV fluorescence (Lakowicz, 2006). These amino acids are
inherently hydrophobic, and given our previous findings of preferential fluorescence and hydrophobicity in
bioclastic grains, their presence and spatial distribution provide crucial insights into wetting heterogeneities in
carbonates and on the stabilization of organic matter in carbonate rocks.

Complementary to UV spectroscopy, FTIR spectroscopy enables the determination of organic functional groups,
providing valuable insights into organic matter degradation and maturation (Loron et al., 2022). For instance, the
identification of amide bonds in FTIR spectra indicates protein preservation while their absence the degradation
into amino acids (Chiriboga et al., 1998), possibly due to diagenetic processes. However, carbonates also present
IR vibrations in the 1,500–1,400 cm− 1 region (Rodriguez‐Blanco et al., 2011), which overlaps with the signals
from common organic functional groups (Khan et al., 2018). In this sense, the development of spectral decon-
volution and fitting techniques, or analysis such as Principal Component Analysis (PCA) of the spectral data, can
help in the identification of specific functional groups (Pâris et al., 2011; Pisapia et al., 2018). In summary, high‐
resolution measurements in synchrotron facilities enable spectral mapping at micrometric scales, providing
quantitative information about the distribution and abundance of organic matter within carbonate constituents.

This study employs synchrotron‐based fluorescence and infrared spectroscopy to map the distribution of organic
matter within carbonate rocks thin section, focusing specifically on limestones rich in bioclastic grains. The
carbonate rock samples investigated in this study, including non‐reservoir and reservoir‐depleted rocks, were
selected based on their abundancy of bioclastic grains and different hydrocarbon content (see Supplementary
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Information S1 for more details). Furthermore, in a prior investigation, we elucidated the role of the biogenic
origin of minerals in the wettability properties of different carbonate rocks at the nanoscale (Moya et al., 2023).
Building upon these findings, we hypothesized that the content and type of bioclastic and non‐bioclastic grains
could regulate the wettability properties of carbonate‐water interfaces. To test this hypothesis, our analyses
focused on evaluating the differences in organic matter composition of these rocks. The micrometer to nanometer
scale data provide new insights into the relationship between organic compound distribution and rock wettability.
These results will enhance our ability to predict fluid‐rock behavior in geological processes, with implications for
both fundamental geological research on diagenesis and fluid transport, as well as applied CO2 cycling rates or
reservoir management.

2. Results
2.1. Multidimensional Spectroscopic Analysis of Non‐Reservoir and Reservoir Carbonate Rocks

The spatial distribution of fluorescent species within preselected rock samples (seeMat &Met) was mapped using
DUV fluorescence, with monochromatized synchrotron light at an excitation wavelength of 275 nm, and
employed five emission filters, covering a broad spectrum of the UV‐visible emission spectra (329–607 nm).
Figure 1 illustrates the analysis of thin sections of the Non‐reservoir (top) and Reservoir (bottom) carbonate rocks
at low magnification (10X), containing a multitude of bioclastic and non‐bioclastic grains. These components
were previously identified and characterized by cross‐polarized optical microscopy, before performing the
spectroscopy measurements. The optical images (Figures 1a and 1b) are presented in greyscale, whereas the
fluorescence images (Figures 1c and 1d) are presented in RGB scale. The intensity of each RGB channel was
equally fixed for the three channels to min/max values of 0/2,500 and 0/8,000 for images acquired at 10X and
40X, respectively. Given the intensity of fluorescence below 500 nm, the RGB images are formed by the
combination of three fluorescence‐filtered images: red corresponds to the fluorescence bandpass filter in the range
of 420–480 nm, green of 352–388 nm, and blue of 329–351 nm.

A comparison of the fluorescence images of the Non‐reservoir and Reservoir rocks reveals differences in the
fluorescence signals between both rock types. Notably, the Reservoir rock exhibits higher fluorescence intensity
and fluorescence signal of a different chemical nature compared to the Non‐reservoir rock, as indicated by a
predominantly red coloration in the RGB image. In the Non‐reservoir rock, the green coloration of the RGB image
represents a UV fluorescence emission in the range of 352–388 nm and is primarily observed in bioclastic grains.
The non‐bioclastic grains (highlighted with white arrows) appear dark due to a weak or absent fluorescence

Figure 1. Low magnification filtered‐emission fluorescence images. (a)–(b) Optical microscope images at low magnification
(10X) with white arrows indicating the non‐bioclastic grains in (a) Non‐reservoir and (b) Reservoir carbonate rock. (c)–
(d) Corresponding full‐field filtered‐fluorescence RGB composite images (R= 420–480 nm,G= 352–388 nm, and B= 329–
351 nm) in (c) Non‐reservoir and (d) Reservoir carbonate rock. (e)–(h) Higher magnification (40X) RGB fluorescence
images of (e) Bioclastic grains in Non‐reservoir rock, (f) Bioclastic grains in Reservoir rock, (g) Non‐bioclastic grains in
Non‐reservoir rock and (h) Non‐bioclastic grains in Reservoir rock.
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signal. In contrast, fluorescence signals in the Reservoir rock are detected across all grains, with emission centers
shifted to higher wavelengths in the visible range. While well‐preserved bioclastic grains exhibit similar fluo-
rescence signals to those in the Non‐reservoir rock (green coloration), the non‐bioclastic grains present fluo-
rescence at higher wavelengths, specifically in the region 420–480 nm (red coloration). This suggests the
presence of different types of organic molecules in the non‐bioclastic than in the bioclastic grains of the reservoir
rock. Importantly, both samples demonstrate significant heterogeneity in the fluorescence signal intensity, with
areas of higher fluorescence intensity corresponding to fragments from identified biomineral remains (bioclastic
grains).

Higher‐magnification images (40X) provided detailed insights into the fluorescence characteristics of bioclastic
(Figures 1e and 1f) and non‐bioclastic grains (Figures 1g and 1h) of both rock types. In the Non‐reservoir rock, the
fluorescence signal within bioclastic grains presents a uniform green coloration, indicating that the bioclastic
grains present mostly fluorescence at lower wavelengths, specifically, in the UV range. However, in the Reservoir
rock, the outer part of the bioclastic grain in Figure 1f exhibits fluorescence at higher wavelengths, in the visible
range, manifesting as a pale red coloration in the RGB fluorescence image. Notably, in non‐bioclastic grains of
the Reservoir rock, this red fluorescence (wavelength range between 420 and 480 nm) predominates, and
interestingly, it also appears in the peloids (non‐bioclastic grains) of the Non‐reservoir, particularly within the
pore spaces (see corresponding visible images in Figure S1 in Supplementary Information S1).

After analyzing the fluorescence signal of Non‐reservoir and Reservoir rock samples at various spatial scales, we
employed a fluorescence hyperspectral (point‐scanning) microscope to obtain higher spectral information, with
high spatial resolution, from the most relevant regions of each rock. Figure 2 shows optical images of the Non‐
reservoir (Figure 2a and Figure S2a in Supplementary Information S1) and Reservoir rocks (Figure 2b and Figure
S2b in Supplementary Information S1). Using an excitation wavelength of 275 nm, fluorescence mapping spectra
were acquired, revealing non‐homogeneous UV fluorescence emission spectra on the surfaces of the carbonate
rocks, especially in the Non‐reservoir rock. Integrating the fluorescence intensity from the baseline (Figures 2c
and 2d), the spectral maps obtained for each carbonate rock exhibit a higher intensity signal in the bioclastic grains
compared to the non‐bioclastic grains. However, among the non‐bioclastic grains highlighted with white arrows,
much higher fluorescence intensity was observed for those of the Reservoir rock, while those in the Non‐reservoir
rock showed very low fluorescence intensity (cf. Figure 2). Since the thin section samples were identically

Figure 2. Fluorescence spectral mapping of Non‐reservoir and Reservoir rocks. (a–b) Optical images of the Non‐reservoir (left) and Reservoir (right) rock, with white
arrows on dark grains corresponding non‐bioclastic grains (c–d) Corresponding fluorescence intensity maps from the spectra integration from the baseline with a
resolution of 5 μm. (e–j) Fluorescence intensity maps obtained from the integration of Regions 1–3, highlighted in (k) representative fluorescence spectra of carbonate
rocks together with the spectrum of the oil reservoir.
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prepared keeping the same thickness, the fluorescence results suggest a correlation between the fluorescence
intensity and the intrinsic properties of each grain.

The average fluorescence spectra of each rock sample (5,202 spectra for Non‐Reservoir rock and 14,800 spectra
for Reservoir rock) are presented in Figure 2k and Figure S3 in Supplementary Information S1, delineated into
three distinct emission regions labeled 1–3. Region 1 and 2 correspond to fluorescence in the UV range, spe-
cifically within the wavelength ranges of 290–325 and 325–375 nm, respectively. This UV fluorescence appears
heterogeneously distributed in both rocks. Although the signals from Region 1 and 2 require further analysis (see
below) the fluorescence signal of Region 3 (375–500 nm range) can be potentially attributed to aliphatic‐rich
compounds including crude oil (see its emission spectra centered at 415 nm in Figure 2k). (Liu et al., 2020) It
is noteworthy that other bands can also contribute to the fluorescence intensity signal in the visible range such as
the intrinsic calcite emission or that originated by the presence of metal impurities, which typically occurs in the
range of 400–700 nm (Toffolo et al., 2019). However, both rocks have very similar compositions in terms of
mineralogy and chemistry (see Table S1 and S2 in Supplementary Information S1), being Sr and Mn the main
inorganic impurities. These impurities can generate lattice defects by substituting Ca atoms in calcite, leading to
fluorescence above 500 nm (not observed in our measurements). These results suggest that the main difference
between both rocks is due to the amount and diversity of preserved organic matter.

To discern the spatial distribution of the main fluorescence contribution of the rock components, Figures 2e–2j
illustrates area maps for regions 1–3. Regions 1, below 320 nm (Figures 2e and 2f), characteristic of the non‐
bioclastic grains, are more prominent in the Non‐reservoir rock. Fluorescence emission around 340 nm (Region 2)
is predominantly observed in the bioclastic grains of both Non‐reservoir and Reservoir rocks (Figures 2g and 2h).
This UV fluorescence may correspond to small aromatic molecules, potentially of biological origin. Finally, the
spatial maps for Region 3 (Figures 2i and 2j) confirm that visible fluorescence is more characteristic of the
Reservoir rock, both in bioclastic and non‐bioclastic grains. This aliphatic‐like fluorescence signal is distributed
along the carbonate rock and is likely to be responsible for crude oil adsorption. This finding aligns with the
higher intensity observed in this region for the Reservoir rock, further corroborating the results obtained from
previous fluorescence images (Figure 1).

Based on the fluorescence results, the same limestone thin sections were further analyzed using IR spectroscopy
to obtain complementary information about the organic matter present in the carbonate rocks. In the range of
1,600–1,350 cm− 1 (Figure 2l), the signals of calcite particles (Table S1 in Supplementary Information S1) for
both carbonate rocks overlap with the vibrations of the organic functional groups (Matei et al., 2020). Thus, a
fitting analysis of these carbonate IR spectra was conducted using 7 components with centers around 1,396, 1,412,
1,436, 1,465, 1,510, 1,545, and 1,585 cm− 1 (see Figure S4 in Supplementary Information S1 and corresponding
assignment in Table S3 in Supplementary Information S1). The carbonate stretching vibrations in calcite,
appearing at 1,500–1,400 cm− 1 (Rodriguez‐Blanco et al., 2011; Wada et al., 2018), constitute the primary
contribution to the IR spectra of both rocks. Minor contributions in the range of 1,600–1,500 cm− 1 can be
attributed to aromatic C=C and C=N signals, chemical features characteristic of aromatic organic matter
(Coates, 2006). Furthermore, the absence of IR absorption in the range 1,800 and 1,600 cm− 1 indicates that amide
and carbonyl bonds are not the main organic matter in the carbonate rocks. Instead, small molecules such as amino
acids or their derivatives could be preserved. Finally, the higher IR intensity of the Reservoir rock compared to the
Non‐reservoir rock can be attributed to the contribution of the oil remains in the Reservoir rock, which presents
the most intense signal at 1,465 cm− 1 (Figure 2l).

2.2. Elucidating the Nature of Biotic Organic Matter in Non‐Reservoir and Reservoir Rocks

The fluorescence spectra collected between 290 and 500 nm after excitation at 275 nm were analyzed to elucidate
the different compositions of the organic matter. The average spectra resulting from bioclastic (N= 1,742 spectra
for Non‐reservoir andN= 6,442 spectra for Reservoir rock) and non‐bioclastic grains (N= 3,423 spectra for Non‐
reservoir and N = 8,358 spectra for Reservoir rock) exhibit again clear differences between both rocks. As shown
in Figure 3a, the fluorescence intensity in the visible range (around 415 nm) is more significant for the Reservoir
rock, with a broader emission toward higher wavelengths, compared to the Non‐reservoir rock. Notably, this
signal is independent of the carbonate grain type and can be attributed to the adsorption of crude oil. Figure 3a also
reveals differences in the UV fluorescence intensity depending on the rock composition, distinguishing between
non‐bioclastic and bioclastic grains. Non‐bioclastic grains exhibit contributions centered at 310 and 340 nm with
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lower UV fluorescence intensity than bioclastic grains. Interestingly, the emission at 340 nm of the bioclastic
grains is shifted to lower wavelengths in comparison with that of the non‐bioclastic grains.

Fluorescence spectroscopy is sensitive to small aromatic compounds, which in geological samples, such as
carbonate rocks, are often derived from the degradation of primary organic material such as proteins. In this
context, the fluorescent aromatic amino acids (phenylalanine, tyrosine, and tryptophan) play a key role, as they
degrade into smaller aromatic compounds that also contribute to the observed fluorescence. In our experiments
with an excitation wavelength of 275 nm, mainly tyrosine and tryptophane molecules can be excited (see Figure
S5 in Supplementary Information S1). To better understand the sources and nature of these signals, we conducted
experiments aimed at identifying and characterizing these molecular components under UV excitation. Tyrosine
and tryptophan amino acids can undergo further UV induced degradation into phenol, p‐cresol, and indole de-
rivatives, such as skatole, which exhibit a fluorescence maximum slightly shifted to either lower or higher
wavelengths (Lakowicz, 2006; Ménez et al., 2018; Moradi et al., 2021). To corroborate the presence of such small
organic matter in the carbonate rocks, a photobleaching test was performed by extending the acquisition time of
the fluorescence spectra from 50 to 100 s (Figure 3b). This experiment resulted in a decrease in fluorescence
intensity for wavelengths below 375 nm (UV range), while the intensity remained preserved at higher wave-
lengths (visible range). This observation supports that the UV fluorescence originates from small aromatic
molecules, which can be easily degraded into radicals under UV irradiation, while the fluorescence at 420 nm,
attributed to aliphatic molecules remains unaffected.

Using the monochromatic synchrotron source, the excitation wavenumber was slightly modified to further
elucidate which amino acid corresponds to the fluorophores present in the carbonate rocks (Figure 3c and Figure
S5 in Supplementary Information S1). Increasing the excitation wavelength from 265 to 275 nm resulted in an
increase in the intensities of the fluorescence bands at 310 nm, with only a minor increase for the band at 340 nm.
This phenomenon can be explained by the differences in the absorption spectrum of tyrosine and tryptophane
molecules. Increasing the excitation wavelength to 275 nm significantly enhances the absorption of the tyrosine
molecules, while the increase in tryptophan absorption is negligible (Lakowicz, 2006). Consequently, these
observations are consistent with the presence of fluorophores exhibiting spectral similarity with tyrosine‐ and
tryptophan‐like compounds.

2.3. Elucidating the Nature of Organic Matter of Carbonate Bioclastic Grains

To get insight into the origin of the fluorescence observed in the grain components, we focused on a specific
region within the Non‐reservoir rock, previously identified by cross‐polarized optical microscopy (see Mat&Met
and Figure S6 in Supplementary Information S1). In Figure 4a, optical images from left to right reveal various
components: mollusk (M), red algae (RA), foraminifera (F), echinoderm (E), and cement (C). Figure 4b presents
the RGB image obtained in the fluorescence imaging microscope from emission filters R = 420–480 nm,
G = 352–388 nm, and B = 329–351 nm. Additionally, Figure 4c illustrates the spectral mapping of this area,
obtained by integrating the spectra from the baseline, which closely matches the fluorescence signal acquired by

Figure 3. Fluorescence spectra of Non‐reservoir and reservoir rocks under different conditions. (a) Representative
fluorescence spectra of bioclastic (blue) and non‐bioclastic grains (orange) in Non‐reservoir (solid lines) and Reservoir
(dotted lines) carbonate rocks. (b) Fluorescence spectra of Non‐reservoir rock at different time exposition to UV light excited
at 275 nm. (c) Fluorescence spectra of Non‐reservoir rock at 5 s of acquisition time of UV light exposition of 265 and 275 nm.
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the filtered‐emission microscope (Figure 4b). Moreover, a fitting analysis of this fluorescence mapping (Figure
S7 in Supplementary Information S1) unveils that the regions with higher fluorescence intensity (mollusk,
echinoderm, and foraminifera) correspond to UV emission around 340 nm (area map of Region 2 in Figure S7b in
Supplementary Information S1), attributed to tryptophan‐derivatives (indole moieties). UV fluorescence asso-
ciated with the tyrosine compound (area map of Region 1 in Figure S7a in Supplementary Information S1) is
homogeneously presented in RA and within the foraminifera cavities while heterogeneously distributed in the
cement (micritic spherulites) and mollusk (bivalve). Lastly, the visible fluorescence (area map of region 3 in
Figure S7c in Supplementary Information S1) is observed in the cement particles, and the echinoderm (excluding
the shell).

Figure 4f shows representative spectra derived from the average of the fluorescence spectra of selected grains
(N = 250–400). Fluorescence fits were conducted using six contributions: at 304 ± 2 nm, 314 ± 2 nm,
342± 4 nm, 382± 8, 412± 5 nm, and 440± 10 nm. The first four signals are assigned to UV emission peaks that
are spectrally analogous to those reported for aromatic amino acids and their degradation products in reference
studies, specifically to tyrosine, p‐cresol (tyrosine derivative), tryptophane or indole derivative, and skatole
(tryptophan derivative) (Lakowicz, 2006; Ménez et al., 2018; Moradi et al., 2021), and the two visible emissions
assigned to aliphatic‐rich substances (Coble, 1996; Galapate et al., 1998; Liu et al., 2020). The results indicate
similar fluorescence among mollusk, foraminifera, and echinoderm skeleton remains with tryptophan residues as
the main fluorophores. Interestingly, the UV fluorescence of RA exhibits more similarities to that of the cement
with the predominance of tyrosine. The fitting analysis reflects the significantly higher tyrosine‐to‐tryptophan
ratio in the RA (0.82) and the cement (0.8) compared to foraminifera (0.52), mollusk (0.45), and echinoderms
(0.32). Figure S8 in Supplementary Information S1 illustrates the histograms of the peak centers resulting from
the fit analysis and evidence of the differences in the emission centers between the rock components. The shifts
observed between RA and cement and the other bioclastic grains are especially relevant in UV fluorescence.
Among all fitting parameters, the center of the peak approximately 338–346 nm (Figure 4d) proves particularly
useful in distinguishing between rock components. This shift is associated with the contribution of different
molecules to this emission band (intact amino acids mixed with their derivatives). The fluorescence signal at
lower wavelength corresponds to indole molecules, the degradation product of tryptophan amino acid. Thus, this
fluorescence parameter provides information about organic matter preservation during rock formation and
maturation.

Additionally, PCA was employed to determine which variables are more significant for explaining the fluores-
cence of the carbonate rocks. The Non‐reservoir fluorescence maps can be explained using two components with
a 95% significance. The spectra of each component and the corresponding maps for each component are presented
in Figure S9 in Supplementary Information S1. The first contribution (PC1), covering 70% of the weight, in-
dicates that the fluorescence intensity in the visible range is inversely proportional to that in the UV range. The

Figure 4. Fluorescence spectral mapping of various bioclastic grains of the Non‐reservoir rock. (a) Optical image of the Non‐
rock containing the following components: mollusk (M), red algae (RA), foraminifera (F), cement (C), and echinoderm
(E). Corresponding fluorescence results: (b) RGB fluorescence image (R = 420–480 nm, G = 352–388 nm, and B = 329–
351 nm), (c) intensity spectral mapping, (d) center map of the peak at about 340 nm, and (e) PC2 map. (f) Representative
fluorescence spectra of the different bioclastic grains of the carbonate rocks.

Journal of Geophysical Research: Biogeosciences 10.1029/2025JG009197

MOYA ET AL. 7 of 12



second contribution (PC2), covering 25% of the component weight, contains information on the transition range
of the PC1, from 350 to 400 nm. This map (Figure 4e) aligns with the fluorescence intensity maps and the area and
center maps of the peak around 340 nm, indicating that this peak represents the most prominent fluorescence
feature of the carbonate rock components and is ascribed to tryptophan residues.

To explore the distinct organic compositions of representative bioclastic grains, such as RA and mollusks
(Figure 5a), specific regions were also subjected to analysis by FTIR microspectroscopy using synchrotron ra-
diation. IR spectra measurements were collected in transmission mode within the range of 3,800–2,400 cm− 1 to
avoid the signal corresponding to the glass substrate vibrations. These FTIR measurements, with high spectral
resolution and wide spectral domain, facilitated the analysis of overtones of carbonate vibrations, and vibrations
of organic functional groups. For efficient comparison of the IR results with the fluorescence results, RGB
fluorescence image and PCA map of component 2 from Figures 4b and 4e are included in Figures 5b and 5c. In
addition, Figures 5d and 5e present the FTIR intensity mapping for the center at 2,525 and 3,400 cm− 1,
respectively. The former signal corresponds to the calcite overtone vibration (a combination of the Ca‐O and
carbonate stretchings at 875 and 1,410 cm− 1 bands) while the latter signal at 3,100–3,650 cm− 1 is attributed to OH
and NH stretching vibrations (Ben et al., 2011). The lower calcite signal in RA than that in mollusks may be
attributed to lower calcite crystal sizes, which exhibits a higher degree of micritization leading to crystal sizes
smaller than 1 μm. Interestingly, the IR signal at 3,400 cm− 1 presents the same spatial distribution as the fluo-
rescence signal around 290–325 nm.

Representative FTIR spectra of different bioclastic grains measured in the Non‐reservoir rock are presented in
Figure 5f, revealing four IR absorption bands. The first band at 2,600–2,400 cm− 1 corresponds to the combination
of calcite vibrations (875 and 1,500–1,400 cm− 1 bands) and is remarkably similar among all the grains. The band at
3,000–2,800 cm− 1 corresponds to the overlapping of aliphatic CH stretching signals (symmetric and asymmetric
CH2 and CH3 stretching) and the harmonic vibrations of the 1,500–1,400 cm− 1 band of the calcite
(Loron et al., 2022). Although the former band is characteristic of organic matter, the measurements obtained in
transmissionmode include IR features of the glue used tomount the limestone on the glass substrate. The spectrum
of the glue wasmeasured separately (Figure S10 in Supplementary Information S1), revealing the presence of CH2
and CH3 signals, albeit in different proportions compared to those observed in the carbonate rock.

Figure 5. Fourier transform infrared (FTIR) spectral mapping of the bioclastic grains in Non‐reservoir rock. (a) Optical
images of the Non‐reservoir rock containing a mollusk and red algae component. Corresponding fluorescence results from
(b) RGB fluorescence image and (c) PC2 map and FTIR center maps at (d) 2,525 and (e) 3,400 cm− 1, and IR spectra of
different rock components in the ranges of (f) 3,800–2,400 cm− 1 and (g) 1,700–1,200 cm− 1, respectively.
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To estimate the relative CH2/CH3 concentration, a fit analysis of the IR spectra in the CH aliphatic region was
conducted to calculate the differences between the glue and the carbonate bioclastic grains. The spectra were
deconvoluted into 7 peaks (Figure S11 in Supplementary Information S1) with maxima at 2,825 cm− 1 (calcite
harmonic), 2,850 cm− 1 (symmetric CH2 stretching), 2,870 cm

− 1 (calcite harmonic), 2,895 cm− 1 (symmetric CH3
stretching), 2,925 cm− 1 (asymmetric CH2 stretching), 2,964 cm

− 1 (asymmetric CH3 stretching) and 2,985 cm
− 1

(calcite harmonic) (Coates, 2006; Loron et al., 2022). The latter peak appears exclusively in the bioclastic grains
(not in the glue spectra). Furthermore, by using the ratio between the integrated area for the band at 2,925 and
2,964 cm− 1 (from CH2 and CH3, respectively), a higher methylene CH2 signal is found in the carbonate rock than
in the glue material. Interestingly, three small IR absorption peaks at 3,035, 3,058, and 3,098 cm− 1 (inset of
Figure 5f) exclusively appear in the bioclastic grains of the carbonate rock. These signals are ascribed to aromatic
CH stretching vibrations but may also represent NH stretching vibrations of amino acid residues
(Loron et al., 2022).

Finally, Figure 5g presents the Optical‐PhotoThermal Infrared microspectroscopy analysis of bioclastic grains
measured at lower wavenumbers by using reflection mode (see Mat&Met). All samples exhibit a broad IR band
between 1,350 and 1,600 cm− 1, with notable differences in the intensity signals contributing to these bands. Fit
analysis of the IR spectra was conducted using 6–7 bands (Figure S12 in Supplementary Information S1 and the
assignment described in Table S3 in Supplementary Information S1). The results reveal a main band at 1,350–
1,500 cm− 1 attributed to calcite. Signals above this range are attributed to organic features, and their relative
contribution differs between rock components. For example, the signal at 1,465 cm− 1 corresponding to asym-
metric CH bending in aliphatic, is absent in bryozoans. Aromatic C=C and C=N signals, appearing at 1,545 and
1,585 cm− 1, are significant in bioclastic grains, especially in bryozoans and mollusks. These results are in
concordance with the presence of small aromatic and N‐rich amino acid residues.

3. Discussion
This study presents a detailed spectral characterization of carbonate rock focusing on exploring the spatial dis-
tribution and spectral characteristics of organic matter in both bioclastic and non‐bioclastic components. Fluo-
rescence analysis, combining filtered emission fluorescence images and spectral fluorescence mapping, revealed
distinct patterns between the Non‐reservoir and Reservoir rocks. In the Non‐reservoir rock, fluorescence intensity
is predominantly localized within bioclastic grains, suggesting a preferential preservation of organic matter within
biomineral fragments. Conversely, the Reservoir rock exhibits a more widespread fluorescence across both
bioclastic and non‐bioclastic grains, with enhanced signals still localized in the bioclastic grains. These spatial
differences underscore the heterogeneous distribution of organic compounds in carbonate rocks, reflecting var-
iations in their depositional and diagenetic processes.

The spectral origin of fluorescence further elucidates the nature of preserved organic molecules. UV fluorescence
(300–350 nm) in carbonate rocks, primarily localized in bioclastic grains, displays spectral features comparable to
those reported for small aromatic fluorophores commonly linked to biologically derived organic matter, including
tyrosine‐ and tryptophan‐like compounds and their degradation products. In contrast, visible fluorescence (420–
480 nm), more prominent in the Reservoir rock, exhibits broader emission features consistent with larger
aliphatic‐rich compounds. These molecules not only exhibit fluorescence but are also known to enhance oil
adsorption capacity. While these spectral similarities do not provide direct molecular identification, they suggest
the coexistence of multiple organic phases with distinct spectral behaviors. Together, these observations reveal a
complex organic matter composition of the carbonate rocks and emphasize the importance of accounting for both
biotic and abiotic factors in the rock fluorescence characterization.

Infrared microspectroscopy provided complementary insights into the functional group composition of the
organic matter and supports the fluorescence findings. The presence of NH and OH stretching vibrations at
∼3,400 cm− 1 and the absence of the amide I band at ∼1,650 cm− 1 support that intact proteins are unlikely to be a
major component of the preserved organic matter. Instead, the IR signatures are consistent with nitrogen‐bearing
and aromatic functional groups present in altered or degraded organic material. Importantly, the spatial distri-
bution of these IR features closely mirrors the UV fluorescence maps, reinforcing the interpretation that the
observed spectroscopic signals reflect genuine heterogeneity in organic matter distribution rather than analytical
artifacts. Notably, variations in spectral features among bioclastic components, such as higher relative
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contribution of tyrosine‐like emission in RA compared to foraminifera, mollusk, and echinoderm, further
illustrate the influence of biomineral type and texture on organic matter preservation.

The selective photobleaching behavior observed during prolonged low‐power UV irradiation provides additional
constraints on the nature of the fluorophores contributing to the UV emission. The progressive decrease in UV
fluorescence intensity, in contrast to the relative stability of the visible emission, is consistent with the presence of
small aromatic fluorophores that are known to undergo photochemical degradation. Highly condensed or poly-
merized organic matter, as well as inorganic luminescence centers intrinsic to calcite, are generally more pho-
tostable under comparable conditions. Although this behavior does not exclude contributions from inorganic
luminescence or high–molecular‐weight organic phases, it suggests that small aromatic moieties play a significant
role in the UV fluorescence observed in these samples.

These molecular signatures directly correlate with previously observed nanoscale wettability patterns in these
rocks. Hydrophobic domains—primarily in bioclastic grains—are associated with enhanced UV fluorescence
within bioclastic grains, supporting the hypothesis that residual organic matter influences rock‐fluid interfacial
behavior. Thus, the spectroscopic results not only shed light on organic matter composition, distribution and
preservation, but also offer an explanation for wettability variations that critically affect fluid flow in carbonate
reservoirs.

In conclusion, this integrated spectroscopic analysis provides critical insights into the nature of organic matter in
carbonate rocks. The results highlight variations in the distribution and preservation of organic matter in both
Reservoir and Non‐reservoir carbonate rocks, influenced by bioclastic composition. The distinct UV fluorescence
patterns enable differentiation among bioclastic grains, with UV emission serving as a distinguishing feature for
certain types of bioclastic grains. These insights highlight the interplay between the carbonate composition and its
surface chemistry, fundamental for understanding physical and chemical processes taking place at the mineral‐
water interface. These insights improve our understanding of carbonate diagenesis, organic matter preserva-
tion, and paleoenvironmental reconstructions, opening avenues for geological and environmental applications.
Future studies integrating direct molecular analyses, such as extractable organic matter or amino acid mea-
surements, will be essential to validate, interpret and represent an important next step beyond the scope of the
present study proposed here.
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