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Abstract 

Biological processes of different organisms are impacted by ultraviolet-B radiation (UV-

B). However, knowledge about alterations in the UV-B flux reaching the planet’s surface 

during the geological past is limited. Consequently, different biological proxies have 

been used as an approach to attempt reconstructing the UV-B flux reaching Earth’s 

surface. Plants respond to the fluctuation of UV-B by varying the production of phenolic 

compounds such as p-coumaric acid (pCA) and ferulic acid, and therefore these 

constituents can be used as UV-B proxies. UV-B-absorbing compounds (UACs) can be 

found in the cuticle, pollen, and spores, which are all well-preserved in the geological 

record. Nevertheless, the use of cuticles as UV-B proxy is not as explored. Hence, this 

Master’s thesis aimed to analyse chemical changes in the plant cuticles from the 

Triassic–Jurassic boundary and their potential as UV-B proxies. Moreover, as the cuticles 

needed to be cleaned from rocks and isolated from coalified mesophyll, an analysis of 

the chemical changes caused by the cleaning steps was also done. Non-destructive 

techniques, as micro-FTIR and confocal Raman microscope, were used for the analysis.  

Yet, the analysis could only be conducted with micro-FTIR due to auto-fluorescence of 

the leaves preventing success with Raman. Main changes during the cleaning steps were 

caused using Schulze’s reagent, which led to nitration of the cuticles. A less aggressive 

and more sustainable alternative to this process is shown to be hydrogen peroxide, 

which caused minor alteration of the fossil cuticle’s chemical composition.  Moreover, 

indication of the presence of UACs was detected only in Ginkgoites regnellii, indicating 

that possible degradation of these compounds occurred during diagenesis of the other 

fossils analysed.  

Keywords: UACs, fossil cuticle, p-coumaric acid, ferulic acid, UV-B proxy, micro-FTIR, 

auto-fluorescence, confocal Raman microscope.  
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Sammanfattning 

Biologiska processer hos olika organismer påverkas av ultraviolett-B-strålning (UV-B). 

Kunskapen om förändringar i UV-B-flödet som når planetens yta under det geologiska 

förflutna är dock begränsad. Följaktligen har olika biologiska proxies använts som ett 

sätt att försöka rekonstruera UV-B-flödet som når jordens yta. Växter reagerar på 

fluktuationen av UV-B genom att variera produktionen av fenolföreningar såsom 

parakumarsyra (pCA) och ferulinsyra, och därför kan dessa beståndsdelar användas som 

UV-B-proxys. UV-B-absorberande föreningar (UAC) finns i nagelbanden, pollen och 

sporer, som alla är välbevarade i den geologiska registret. Ändå är användningen av 

nagelband som UV-B-proxy inte lika undersökt. Därför syftade denna magisteruppsats 

till att analysera kemiska förändringar i växtens nagelbanden från trias – jura-gränsen 

och deras potential som UV-B-proxys. Eftersom nagelbanden behövde rengöras från 

stenar och isoleras från koaliserad mesofyll, gjordes också en analys av de kemiska 

förändringarna som orsakades av rengöringsstegen. Icke-destruktiva tekniker, som 

mikro-FTIR och konfokalt Raman-mikroskop, användes för analysen. 

Ändå kunde analysen endast utföras med mikro-FTIR på grund av auto-fluorescens av 

bladen som förhindrar framgång med Raman. Huvudsakliga förändringar under 

rengöringsstegen orsakades med Schulzes reagens, vilket ledde till nitrering av 

nagelbanden. Ett mindre aggressivt och mer hållbart alternativ till denna process har 

visat sig vara väteperoxid, vilket orsakade mindre förändringar av den fossila 

nagelbandets kemiska sammansättning. Dessutom upptäcktes indikation på förekomst 

av UAC endast i Ginkgoites regnellii, vilket indikerar att eventuell nedbrytning av dessa 

föreningar inträffade under diagenes av de andra analyserade fossilerna. 

Nyckelord: UAF, fossil kutikula, p-kumarinsyra, ferulinsyra, UV-B-proxy, mikro-FTIR, 

auto-fluorescens, konfokalt Raman-mikroskop. 
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List of abbreviations 
 

13C NMR Carbon-13 Nuclear Magnetic Resonance 

ATR Attenuated total reflection 

CaCO3 Calcium carbonate 

CaF2 Calcium fluoride 

CH4 Methane 

CO2 Carbon dioxide 

FA Ferulic acid 

FTIR Fourier Transform Infrared Spectroscopy 

H2O2 Hydrogen peroxide 

HCl Hydrochloric acid 

HF Hydrofluoric acid 

HNO3 Nitric acid 

IR Infrared 

Kaolin Kaolinite clay 

KClO3 Potassium chlorate 

KOH Potassium hydroxide 

Ma Million years ago 

O3 Ozone 

pCA p-coumaric acid 

py-GC/MS Pyrolysis–gas chromatography–mass spectrometry 

SO2 Sulphur dioxide 

UACs UV-B absorbing compounds  

UV-B  Ultraviolet-B radiation 
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1. Introduction 

Ultraviolet-B radiation (UV-B, 280-315 nm) is part of the solar radiation that reaches our planet’s 

surface, being to some extent blocked by the stratospheric ozone (O3) layer. The depletion of this 

protective layer leads to an increase of UV-B flux reaching the troposphere1. Also, solar activity 

also contributes to changes in UV dose reaching Earth2. As a result, this increase in radiation can 

negatively impact some biological processes1,2.  

For example, enhancement of UV-B flux can lead to DNA damage, production of reactive oxygen 

species (ROS), and in the case of plants, it can lead to partial photosynthesis inhibition3. As a 

result, living organisms developed shielding mechanisms3, repair systems4 and/or secondary 

metabolites’ production (e.g., pigments)5 to reduce the damage caused by UV-B radiation. 

Moreover, variation in UV flux is expected over the geological record due to e.g., volcanic 

eruptions, with injection of high volumes of carbon dioxide (CO2), sulphur dioxide (SO2) and 

methane (CH4) into the atmosphere6. These gases have been linked with an enhanced UV 

penetration due to O3 layer depletion7, rise of the global average temperature, and increase in 

oceanic acidity6,8.  

As a result, understanding the variation in UV-B flux in the past might help in creating models 

that assist in identifying the natural periodicity of atmospheric compounds variation, solar 

activity, paleo ozone holes induced by volcanic activities7, and Earth climate. Despite its 

importance, the knowledge of UV-B radiation changes over the geological past is limited, as total 

O3 and surface UV-B measurements exist only from the 1970s9,10.  

Consequently, approaches used so far to study UV-B variation include the use of biological and 

geochemical proxies from the archive to reconstruct the UV-B flux reaching Earth’s surface. 

Among biological proxies are plants, as their responses to UV-B radiation have been previously 

studied through the analysis of the variation in the production of UV-B absorbing compounds 

(UACs) in spores and pollen, including fossils2,9-14. Yet, UACs are also present in a variety of plant 

tissues, plant cuticles being among the tissues that contain UACs and are well-preserved in the 

fossil record13,15,16. 

The aim of this project is to investigate the presence of UACs in fossil cuticles, using non-

destructive spectroscopic techniques (e.g., micro-FTIR spectroscopy and confocal Raman 

microscopy), in order to address the possible use of plant cuticle fossils as proxies to reconstruct 

changes in the flux of UV-B radiation on Earth’s surface across the geological record.  Chemical 

changes in the composition of different plant cuticle fossils after different stages of the cuticle 

cleaning (minerals and coalified mesophyll removal) were also analysed. Finally, comparisons of 

the spectra of cuticles were made between the fossils and their closest living relative, Ginkgo 

biloba. 
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2. Background 

2.1. Plant cuticles 

Plant cuticle is a membrane that covers the outer layer of the leaf, protecting the epidermis and 

other organs. Interestingly, its development is expected to have happened approximately 450 

million years (Ma) ago, when the first plants started to transition from exclusively aquatic to 

terrestrial environments17,18. This transition meant higher exposure to dehydrating habitats, and 

different interaction with other organisms and abiotic environments18. Therefore, its main 

function is to protect against dehydration, also functioning as a barrier to pathogens, undesirable 

gas exchange with the exterior and screening excessive UV radiation18,19.  

Cuticles are thin membranes, ranging from 0.1 to approximately 10 µm in thickness20. Figure 1 

illustrates the cuticle position in leaves, also showing its main chemical components: cutin, waxes 

(long-chain aliphatic molecules and cyclic compounds), phenolic molecules, and 

polysaccharides19. 

 

Figure 1. Example of the anatomy of a plant leaf. The focus on the cuticle region highlights its main components: 
cutin, phenolic compounds, waxes, and polysaccharides. Adapted from 19,21. 

2.1.1. Chemical composition 

The composition of cuticle in leaves vary depending on several aspects, including environmental 

growth conditions, species, and developmental phase22. Figure 2 exemplifies the chemical 

structures of the main compounds found in cuticles. Overall, it is composed of: 18,19,22 
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• Waxes: long chain fatty acids, primary and secondary alcohols, alkanes, esters or 

triterpenoids, aldehydes, and ketones.  

• Phenolic compounds: hydroxycinnamic acid, p-coumaric acid (pCA), and ferulic acid (FA). 

• Cutin: polyester formed by C16 and C18 hydroxyl, hydroxy-epoxy fatty acid monomers, 

and lesser amounts of glycerol, phenyl-propanoids, and dicarboxylic acids. In the current 

model, this matrix is embedded with phenolic compounds and intracuticular waxes22. 

• Polysaccharides: cellulose, hemicellulose, and pectin. These molecules are considered as 

being restricted to the closest part of the epidermal cell wall22. 

 

Figure 2. Example of chemical compounds found in plant cuticles: (A) Waxes, with examples of ketone, long-chain 
alcane and alcohol; (B) Phenolic compounds, as hydrixycinnamic acid, pCA and FA; (C) Cutin monomers, as C16 and 
C18 fatty acid derived cutin monomers, that can polymerize by ester linkages; (D) Polysaccharides as cellulose and 
pectin18,22.  

Cutan is another polymer that might be present in cuticles from some species, partially or 

completely substituting the cutin, and consists of ether-linked methylene chains, double bonds, 

and carboxyl groups19. However, studies23 showed rarity of cutan in fossil cuticles and in plants 

such as Ginkgo biloba, a species of the Ginkgoales order and the nearest living relative of some 

fossil plants analysed in this thesis. Therefore, the cutan is assumed to be absent from the 

samples analysed, and consequently disregarded in further discussions in this work. 

B. Phenolic compounds C. Cutin monomers A. Waxes 

D. Polysaccharides 
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2.1.2. UV-B protection response and phenolic compounds’ accumulation 

The amount of UV-B that plants receive depends on latitude, shade, time of the year, altitude, 

and amount of clouds and aerosols in the atmosphere, among other factors24. In general, when 

exposed to non-severely damaging doses of UV-B radiation, plants respond by activating 

different signaling pathways, each responsible for promoting distinct responses for UV protection 

and damage repair25.  

One of these pathways involves the protein “UV RESISTANCE LOCUS8” (UVR8)25, an UV-B 

photoreceptor that helps to regulate gene expression26. Some of these genes encode 

transcription factors associated with regulating the biosynthesis of secondary/specialized 

metabolites24. The function of these metabolites is to absorb the UV-B wavelength, lowering the 

penetration of UV-B into the leaf, thus protecting from deleterious damage in the leaf’s 

organelles25. UACs’ quantities/accumulation are therefore directly related with the UV-B flux to 

which the plant was exposed, but depend on the development stage of the plant27.  

Among such metabolites are flavonoid pigments located in epidermal cells, phenolic compounds 

in polysaccharide cell walls, and lipophilic phenolic molecules (pCA and FA) that are most likely 

interacting with cutin’s hydroxyl groups or associated with waxes18,28. Previous studies also 

showed that, in some leaves, pCA and FA can be covalently bonded to the cutin29. 

2.2. Plant cuticle fossil preservation 

Recent studies15,16 showed that biomolecules are very well preserved in fossil leaves, which are 

abundant in the geological record. More specifically, extremely well-preserved fossils of plant 

cuticles from between 16–205 Ma were used for extensive phylogenetic studies using Fourier-

Transform Infrared spectroscopy (FTIR)15. Well-preserved fossil cuticles of seed ferns from 299–

360 Ma have also been analysed for composition and investigation of cuticle’s chemical stability 

under the fossilization process30.  

Overall, plant cuticles have been demonstrated to undergo diagenesis, i.e. chemical, biological 

and/or physical changes after deposition, under temperatures up to 50 oC31, which influences the 

cuticle’s composition.  

Some general observations have been made about the stability to diagenesis of some compounds 

also found in plant cuticle31. For example, long-chain (e.g. C26) primary alcohols present in waxes 

can be found in aquatic sediments, ranging from 400 to 1500 ppm31. Their dehydration and 

oxidation lead to the formation of carboxylic acids, as shown in reaction (I).  

  

(I) 

 

 

Esters groups present in waxes can undergo hydrolysis, breaking into carboxylic acid and alcohol, 

as shown in reaction (II)31: 
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            (II) 

  

As a result, the preservation of such groups is low. In contrast to ester and alcohols, ketones have 

been described as being well preserved in sediments31. Triterpenes also undergo diagenesis, 

which leads to the oxidation of hydroxyl group to ketone31. Aromatization of these compounds 

can also occur by diagenetic microbial processi31,32.  

With increasing age, temperature and pressure also increases, leading to further chemical  

alteration of the fossil cuticle30. Cellulose and water-soluble compounds were reported as having 

been degraded with increasing pressure, temperature and age (further supported by absence of 

cellulose bands corresponding to C-OH stretch at 1070 cm-1, and C-O-C stretch at 1030 cm-1 in 

FTIR analysis), while cutin and wax remained intact under the same conditions30. Also, despite 

being reported as an inert substance31, the ester groups present in cutin were reported as 

converting to carboxylic acid or ketones in analysis using FTIR23. When compared with modern 

cuticles, the ester group absorption at 1734 cm-1 shifted to lower absorbances and lost intensity 

with age in fossil samples20. Additionally, other studies observed that the length of the 

monomers’ chains of cutin has no impact on their degradation33.       

Besides, Carbon-13 Nuclear Magnetic Resonance (13C NMR) of fossil cuticles from approximately 

300 Ma show both aliphatic and aromatic peaks, with the former associated with hydrocarbon-

type polymers such as cuticles30.  In this same study, FTIR of these samples show prominent bands 

in the region of 2800-3000 cm-1, corresponding to aliphatic CH stretch, contributions attributed 

to ketones (1638 cm-1), carboxyl groups (1715 cm-1), hydroxyl groups and esters (1745 cm-1). 

When comparing with modern cuticles, less abundance of hydroxyl, ketone and esters were 

attributed to either difference in plant’s initial chemical composition or to alterations during the 

fossilization processii30,34.   

Finally, py-GC/MS and FTIR studies23 of cuticles from 66–145 Ma showed an increase in aliphatic 

structures when compared with modern Ginkgo leaves, suggested as being a result of 

incorporation of cutin monomers and extracuticular materials as waxes into the macromolecule. 

As a result, the cuticle structure was shown to remain well-preserved, retaining most cuticle-

specific chemical signatures, at the same time as it presented some chemical alterations of labile 

structures23.    

 
iFor simplification and based on previous studies, the diagenetic transformations that will be considered in this thesis exclude 
those occurring by microorganisms’ metabolism. 
iiIn this case, the fossilization process is related to, for example, coalification. According to Orem and Filkeman (2014), coalification 
refers to changes of organic matter due to temperature and pressure over long periods of time. Pressure is involved in both 
temperature controlling and influencing the contact between the sediment and the organic matter, impacting the reaction 
products. At early stages, chemical changes involve loss of oxygen and hydrogen (to a lesser extent), and condensation of 
aromatic rings present in lignin. Later stages occur at deeper burial and exposure to higher temperatures and pressures. At this 
point, cellulose is almost completely degraded, and lignin experiences further aromatic condensation and loss of hydroxyl groups 
on alkyl side chains. 
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2.2.1. UACs and their preservation 

Phenolic compounds such as pCA were identified by py-GC/MS in fossil cuticles of the same family 

as Ginkgo biloba, with an age of 56–66 Ma, in which 4-vinyl phenol, a pCA pyrolytic 

decarboxylation product, was detected23,28,35. Previous comparisons between the pyrolytic 

products of the fossils with the modern relative Ginkgo biloba showed the presence of the same 

compounds, indicating that such molecules contribute to the cuticle macromolecule and their 

preservation might be related to this macrostructure23.  

Other studies showed significant degradation of pCA and FA within 23 years, but these studies 

did not show complete disappearance of these phenolic compounds28. These observations 

indicate that these molecules might not be resistant when present in other parts of the leaf other 

than the cuticle, but are likely to be more resilient in cuticles due to their polymeric structure28, 

agreeing with previous observations23.   

2.2.2. Chemical treatment for cuticle isolation 

Before analysis, fossil cuticles must be released from the rock, and they normally also need to go 

through further cleaning from minerals and coalified mesophyll. A guideline of possible 

procedures for these steps was published in 199036, and different research groups apply similar 

or the same procedures when isolating fossil cuticles for both morphological and chemical 

structure studies (e.g. using FTIR)15,30,37-40.  

The first step, i.e. physically releasing the leaf from the rock, can be done by using dissecting 

needles or tweezers. Next, further cleaning might be needed to remove remaining minerals, and 

this is normally done by treating the leaf with hydrochloric acid (HCl) and/or hydrofluoric acid 

(HF), separately. At this step, silicates and carbonates are cleaned with HCl before using HF, 

especially from calcium carbonate (CaCO3) to avoid the formation of calcium fluoride (CaF2)36. 

Overall, 25% HCl and 35% HF are used. Mechanical cleaning using an ultrasonic cleaner can be 

done, but breaking/crumbling of the sample might occur if the fossil is too brittle36.   

The last step consists of brightening the sample with chromium trioxide (CrO3), sodium 

hypochlorite (NaHClO3), hydrogen peroxide (H2O2) or Schulze’s reagent (HNO3 + KClO3)36. 

Potassium hydroxide (KOH) is often used as a neutralizing agent after the treatment with 

Schulze’s reagent. At this step, the coalified mesophyll is removed, and the cuticle is isolated for 

further analysis. This procedure is also applied to brightening the cuticles for analysis using light 

microscopy36.  

Table 1 summarizes the role of each reagent, concentration, and heating temperatures (when 

applicable) normally applied. 

Despite being aimed at removing minerals, HCl might also react with some organic compounds 

present in the cuticle. For example, addition reactions with alkenes might occur with the 

formation of alkyl chlorides, and alcohols can go through nucleophilic substitution also giving 

alkyl chlorides41.  



7 
 

Also, H2O2, CrO3, NaHClO2 and Schulze’s reagent are oxidants. Oxidation of organic compounds 

with H2O2 typically occur with the presence of metal catalysts, basic conditions or higher 

temperatures41. This process is also possible42 despite the decomposition of peroxide and 

consequent oxidating reactions without catalyst or heating being slow, probably through the 

formation of O2, which acts as oxidant43. Consequently, H2O2 is environmentally friendlier than 

the other oxidants, with water as a by-product after the oxidation of organic compounds44.  

Table 1. Reagents used in the process of isolating the fossil cuticle, their concentration, heating temperature, and 
what is removed/aimed with each solvent36. 

Reagent Concentration Heating What is removed/aimed 

HCl 2–25% - Carbonates; silicates; coal 

HF 35% - Clay; silicious rocks 

H2O2 25–30% - Clay; bleaching 

KOH 5–10% - 

Alkali-soluble minerals; 

neutralization after 

Schulze’s reagent 

HNO3 + KClO3 - ≤ 50oC 

Coals; non-alkali soluble 

carbonaceous minerals; 

bleaching 

NaHClO2 5% - Bleaching 

CrO3 5–20% - Bleaching 

 

In acid conditions, CrO3 are chemoselective for carbonyl compounds and alcohols. Therefore, 

secondary alcohols are oxidized to ketones, primary alcohols can be oxidized to aldehydes and, 

if the oxidation process continues, aldehydes can be further oxidated to carboxylic acid41.  

Finally, HNO3 used in Schulze’s reagent releases nitrogen oxides as products of the reaction with 

organic compounds, and therefore cleaner and safer oxidation methods must be applied44. Also, 

effects of Schulze’s solution on fossil cuticles have already been reported in the literature, with 

different C/N ratio for different cuticles treated with the solution30. Nitration has been suggested 

as the possible reaction, and as occurring via the following reaction pathway30:    

(III) 

 

Oxidation products by HNO3 (carboxyl and/or ketone groups) have not been observed in analysis 

by 13C NMR30.  

Although this processing might lead to important changes in the cuticle structure, Schulze’s 

reagent is still a widely used treatment when cuticle isolation is necessary, as well as when FTIR 

analysis is done15,30,37,39,40. Therefore, it was used as one of the cuticle’s cleaning steps in this 

thesis, so its impact on cuticles could also be considered and conclude whether reaction (III) 

occurs or not.  
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2.3. Non-destructive analysis of fossil cuticles 

Imaging analysis of fossilized plants, including its cuticles, is largely used to observe 

morphological differences between taxa, location, fossilization process etc. Besides light 

microscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 

X-ray transmission microscopy have been used16.  

The characterization of organic compounds preserved in these fossils has not been extensively 

explored in previous studies, being py-GC/MS, NMR, X-ray diffraction/fluorescence, and, to a 

lower extent, FTIR and Raman spectroscopy applied techniques for determining the extent of 

substitution of organic compounds by minerals during fossilization, and changes in composition 

due to diagenesis15,16. To date, studies related to phenolic compounds in plant cuticles, especially 

in fossil cuticle, focused on chemically extracting such compounds for further analysis by liquid 

and gas chromatography/mass spectrometry (e.g. py-GC/MS)28,29.   

Vibrational spectroscopic techniques such as FTIR and Raman spectroscopy are non-destructive, 

require low amount of sample, are relatively fast, and give information on the main organic (and 

inorganic) groups present in the sample, presenting themselves as good alternatives to 

destructive methods45. Such methods have already been applied in studies of plant spores and 

pollen composition, including the presence of UACs in their composition and their consequent 

use as UV-B proxies2,9-14,46. 

The main idea behind using these techniques is that UACs are the only compounds in pollen, 

spores and cuticles that have aromatic rings, being possible to identify (and quantify, in some 

cases) by looking at their characteristic vibrational bands9,19.  

2.3.1. Vibrational Spectroscopy 

The interaction between light and matter can give different types of information depending on 

the electromagnetic radiation applied, e.g., microwave, infrared, visible etc.  

Vibrational spectroscopy is based on molecular vibrations that can be detected by absorption of 

infrared radiation (IR) or scattering of photons (Raman)47,48. IR radiation will be absorbed when 

its frequency matches the molecule’s normal mode of vibration, i.e. the molecule is excited to a 

higher vibrational state48.   

In the Raman scattering, the incident light will interact with the molecule distorting its electron 

cloud (i.e., polarizing the electron cloud) around the nuclei, forming an unstable state called 

‘virtual state’, followed by a re-radiation of the photon. If no loss in photon energy occurred 

(elastic scattering), the process is called Rayleigh scattering. If the photon loses energy or gains 

energy, energy was transferred between the photon and the molecule. The difference between 

the initial and final photon energy will correspond to the difference in vibrational energy, 

resulting in a molecule being promoted to higher energy vibrational state (Stokes scattering) , or 

to a lower energy vibrational state (Anti-Stokes scattering), as some molecules are already in the 

excited state due to thermal energy 47. Figure 3 illustrates each effect.  
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Figure 3. Illustration of the infrared absorption and Raman scattering processes. Si represents the electronic ground 

state, vi indicates the lowest energy vibrational state, and vf indicates higher energy vibrational states. The infrared 

absorption involves excitation to a higher vibrational level (vi→f ). Raman scattering involves the distortion of the 

electron cloud around the nuclei, creating a virtual level, followed by a re-emission of the photon. When there is no 

loss in photon energy (elastic scattering), the process is called Rayleigh scattering. If the photon loses energy (Stokes 

shift) or gains energy (Anti-stokes shift), energy was transferred between the photon and the molecule, and the 

difference will correspond to the difference in vibrational energy between vi and vf
47.  

Diatomic molecular vibrations are simplified by using the harmonic oscillators approximation. In 

this model, each atom is considered a sphere, and the covalent bond is a spring without mass. 

Consequently, the frequency of vibration (ν) can be calculated using equation (1), in which k is 

the spring constant, related to the covalent bond strength, and µ is the reduced mass of the two 

atoms involved in the vibration48. 

     𝜈 =  
1

2𝜋
√

𝑘

µ
     (1) 

As ν depends on the covalent bond strength, changes in molecular geometry or in the chemical 

environment might influence it. As a result, polyatomic vibrations are more complex, and the 

number of vibrational modes will depend on the total number of atoms, and on the molecular 

geometry. Linear molecules will have 3N-5 vibrational modes, while non-linear molecules will 

have 3N-648. 

However, depending on the symmetry of the molecule, only some of these vibrational modes 

will be IR and/or Raman active. To be IR active, the dipole of the molecule must change during 

the vibration, i.e., the excitation to higher vibrational state will occur if the molecule’s dipole 

moment change during the vibration48. At the same time, to be Raman active the polarizability 

of the molecule must change during the vibration47. 

2.3.1.1. Infrared Spectroscopy  

The infrared spectrum normally shows the % of transmitted light as a function of wavenumber, 

but it can also be recorded in the absorbance (A) mode, according to equation (2) and (3): 

    𝑇 =
𝐼

𝐼𝑜
   or   %𝑇 = 100

𝐼

𝐼𝑜
   (2) 

     𝐴 =  − 𝑙𝑜𝑔10 𝑇    (3)  

 S
i, 

ν
f
 

Stokes Raman Anti-Stokes 

Raman 
Rayleigh 

virtual state 

S
i, 

ν
i
 

Infrared 

absorption 



10 
 

where T is the transmission, Io is the intensity of incident light, and I is the intensity of light after 

passing through the sample48. Also, it is possible to directly calculate the concentration (c) of 

sample, as it is directly proportional to A, according to the Beer-Lambert-Bouguer law (equation 

(4)): 

     𝐴 =  𝜀𝑙c     (4) 

where ε is the molar absorptivity, and l is the sample thickness48. Consequently, the possibility of 

measuring concentrations of compounds makes it an extremely interesting and useful technique 

for UACs analysis in fossils and their application as proxies, as mentioned previously. 

Furthermore, since there are different instrumentations to perform IR spectroscopy, the 

applicability of this technique in different areas increases. For example, for performing faster 

measurements the FTIR instrument is preferred over the dispersive IR technique. The use of an 

interferometer and Fourier transform algorithm in the FTIR instrument increases the velocity of 

measurement, as it allows for scanning the entire spectrum and averaging several scans in a 

lower amount of time. Moreover, the reduced number of mirrors in the spectrometer allows less 

energy loss, which increases the energy reaching the sample and increases the resolution of the 

spectrum (i.e., higher signal-to-noise ratio); and the use of an internal laser as reference allows 

spectra comparison regardless of the interval in which they were acquired49.  

At the same time, the use of a microscope in a micro-FTIR instrument allows the analysis of 

smaller samples and in lower amount, while at the same it permits visualization of the sample 

and portion being analysed50. Therefore, this instrument has already been applied in previous 

studies, especially in analysis of the chemical composition of pollen and spores9, and has the 

potential of being more extensively applied in fossils, especially fossil cuticles, since one small 

leaf is enough for acquiring an IR spectrum.   

Lastly, the various experimental techniques, i.e., transmission and reflection techniques, allow 

flexibility in sample analysis. In the transmission FTIR, the transmitted light at different 

frequencies is measured, while in the reflection FTIR the light is directed onto the sample’s 

surface, and the subsequently reflected light is detected51. The reflection technique includes 

attenuated total reflectance (ATR)-FTIR, that uses a transparent crystal that touches the sample. 

Through this crystal, the IR beam is internally reflected (total internal reflection process), 

resulting in evanescent waves that extends beyond the crystal and penetrates the sample’s 

surface51. As a result, both methods can be applied in the study of fossil cuticles. For example, 

transparent fossil cuticles can be analysed by transmission FTIR, while darker cuticles with low 

transmittance might be directly analysed using ATR-FTIR. 

2.3.1.2. Raman Spectroscopy 

As Raman Spectroscopy relies on scattering of light, different excitation lasers can be used. This 

is particularly valuable when trying to avoid laser-induced fluorescence, especially in biological 

samples that normally present autofluorescence52. Moreover, aqueous samples can be measured 

by this technique (OH stretching modes are less intense in Raman than in IR spectroscopy), and 
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samples can be placed directly in the beam or inside plastic/glass containers, making it a versatile 

tool52.  

When compared to FTIR spectroscopy, Raman spectroscopy brings an important advantage when 

analysing aromatic compounds. In IR, the band corresponding to C=C stretch is usually weak 

and/or overlaps with other bands, while in Raman the corresponding band around 1600 cm-1 is 

sharp, being more easily identified53. Additionally, an intense band near 1000 cm-1 is observed 

for some substituted benzenes, corresponding to the ring breathing vibration (this band is absent 

in the IR spectrum)53. Therefore, Raman spectroscopy has the potential of providing even more 

valuable information in studies of UACs in different systems.    

Besides, regarding quantitative analysis, the recorded Raman intensity is not only related to laser 

power and wavelength, integration time, and molecules’ polarizability, but also number of 

scattered molecules, allowing semi-quantitative analysis47. 

Especially for small samples, Raman Microscopy is an important tool that allows chemically 

examination, combining spatial and spectral information. Confocal Raman Microscopy enables 

3D spatial analysis, being applicable to different types of analytes, e.g., unicellular 

microorganisms and particles in environmental samples52, and polymer films54. In this technique, 

the spatial resolution can reach <1 µm, depending on the laser wavelength52. 

Finally, despite biological samples being usually fluorescent when excited with visible lasers, in 

confocal configuration fluorescence can be much reduced by the pinhole, which improves 

resolution (i.e., by blocking part of the fluorescence emitted by the sample)55. 
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3. Methods 

3.1.  Samples 

A total of 25 fossil leaves of gymnosperm and angiosperm group were sampled for cuticle, 

belonging to different geographical sites held in the collections of the Swedish Museum of 

Natural History, Stockholm. The fossils are of the same age as the Triassic–Jurassic boundary 

(approximately 200 Ma), an interval in which the plants grew under stressed conditions and many 

extinctions occurred. This particular extinction event was associated with the eruption of basaltic 

lavas in the Central Atlantic Magmatic Province (CAMP), with injection of immense volumes of 

CO2 and SO2 into the atmosphere. Details about taxa, number of samples and locality can be 

found in Table 2 and Table 3.  

Samples specified in Table 2 were processed with the chemical treatment described in 2.2, while 

samples presented in Table 3 were processed with the chemical treatment described in 2.3.  

Table 2. Information about the fossils studied after applying the first processing method described in session 2.2, to 

remove carbonates, clay and coalified mesophyll. 

Group Taxa Number of samples Locality 

Gymnosperm 

Ptilozamites nilssonii 3 Scoresby Sound Greenland, Astartekloft 

Lepidopteris ottonis 2 Scoresby Sound Greenland, Astartekloft 

Bennettites 2 Scoresby Sound Greenland, Astartekloft 

Podozamites 1 Scoresby Sound Greenland, Astartekloft 

Ginkgoites acosmia 1 Scoresby Sound Greenland, Astartekloft 

Ginkgoites regnellii 3 Eriksdal, Sweden 

Lepidopteris ottonis 3 Norra Albert, Sweden 

 

Table 3. Information about the fossils studied after applying the alternative processing method described in session 

2.3, to remove carbonates, clay and coalified mesophyll. 

Group Taxa Number of samples Locality 

Gymnosperm 

Lepidopteris ottonis 2 Scoresby Sound Greenland, Astartekloft 

Ginkgoites acosmia 2 Scoresby Sound Greenland, Astartekloft 

Ginkgoites regnellii 2 Eriksdal, Sweden 

Lepidopteris ottonis 2 Norra Albert, Sweden 

 

All fossils analysed are extinct, with G. regnellii and G. acosmia being the only ones with an extant 

relative, Ginkgo biloba. As a result, cuticles of G. biloba were also analysed for phenolic 

compounds as reference. In total, 6 samples were studied: 3 retrieved from a plant kept inside 
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doors, i.e. without flux of UV-B radiation, and 3 samples recovered from plants growing outdoors 

in the Bergius Botanic Garden, Stockholm.   

3.2.  Chemical processing 

Before analysis, the fossil cuticle must be treated for minerals and coalified mesophyll removal. 

This is necessary as there might be minerals that will interfere in the spectra by overlapping or 

adding bands to it, interfering in spectra interpretation. The same consideration applies for 

coalified mesophyll tissue. Figure 4 shows an example of an in-situ plant fossil before being 

peeled out and chemically treated. 

 

Figure 4. Example of fossil (Ginkgoites acosmia) still in the rock matrix, before being peeled out and chemically 

treated for minerals and coalified mesophyll removal. 

After peeling it out, chemical treatment is necessary for total cuticle extraction. Therefore, some 

of the conventional chemical treatments used by paleobiologists15,30,36 were applied.  

An overview of the chemical processing used in this thesis can be seen in Figure 5. Briefly, the 

leaves were first analysed by FTIR and confocal Raman microscope. After, the leaves were treated 

with HCl, washed with distilled H2O, and left to air dry for 24h before analysis. Then, the leaves 

were treated with HF, washed and air dried for 24h. Finally, Schulze’s reagent was used to remove 

coalified mesophyll, followed by basic treatment, washed and air dried for 24h. Spectroscopic 

analysis was performed after each treatment to follow the removal of sediments and coalified 

mesophyll.  
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Figure 5. Overview of chemical processing employed for cuticle recovery, and spectroscopic analysis done 

before/after each step. The first step consists of treating the leaves with HCl, followed by HF, both to remove 

minerals, and finally Schulze’s reagent is applied to remove coalified mesophyll. The period in which each leaf was 

exposed to the solvents is specified in the corresponding step. The component that was washed off after each 

treatment is also specified in each step. The analysed sample is indicated in bold in the figure, and what was removed 

is indicated by the side box next to it. 

3.2.1. Hydrochloric acid 

As a first step, the leaves where immersed in HCl 25% for 1h, in order to remove carbonates, 

especially CaCO3. After this period, the leaves were rinsed in distilled water then air dried for 48h 

before analysis. 

3.2.2. Hydrofluoric acid 

Leaves were left for 3h in HF 40%, to remove remaining minerals, especially siliceous rocks and 

clay. More specifically, kaolinite clay (kaolin), with the chemical composition Al2Si2O5(OH)4, is 

removed in this step. After, the leaves were rinsed in distilled water and then air dried for 48h 

before analysis.  

3.2.3. Schulze’s reagent 

To remove coalified mesophyll, Schulze’s reagent is used. It consists of a mixture of nitric acid 

(HNO3) and potassium chlorate (KClO3)36. This solution is usually heated to approximately 50 oC, 

and the leaves are left for different periods (2 minutes to 6h30) depending on the amount of 

coalified tissue15,36. 
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In this procedure, a solution of 200mL of HNO3 (65%) with 0.2g of KClO3 was used. The leaves 

were submerged in it and the solution was heated to approximately 50 oC. Table 4 shows the 

amount of time that each leaf was left in the reagent. 

After, the samples were rinsed with distilled water, submerged for a few seconds in KOH 5% for 

neutralization, and further rinsed with distilled water. Finally, the cuticles were air dried for 48h 

before analysis. 

Table 4. Time that each fossil leaf was left in Schulze's reagent to remove the coalified mesophyll. 

Locality Taxa Sample Time in Schulze's reagent 

Greenland 

Ptilozamites nilssonii 

1 1h45 

2 2 min 

3 10 min 

Lepidopteris ottonis 
1 5 min 

2 1h 

Bennettites 
1 1h10 

2 1h30 

Podozamites - 6h30 

Ginkgoites acosmia - 2 min 

Sweden 

Ginkgoites regnellii 

1 5 min 

2 2 min 

3 1 min 

Lepidopteris ottonis 

1 

10 min 2 

3 

 

3.3.  Alternative chemical processing 

Due to interferences in the cuticle spectra caused by the reagents used in the chemical processing 

described in 2.2 and discussed in item 4.1.1, an alternative chemical treatment was attempted. 

An overview of the method can be seen in Figure 6.  

Briefly, the HCl step was substituted with carbonic acid treatment, and the Schulze’s reagent was 

substituted with hydrogen peroxide. Again, the period that was used for the treatments are 

specified in the figure, and what is expected to be washed off in each step is also indicated. 

Between each step, FTIR analysis was performed to follow the changes occurring. 



16 
 

 

Figure 6. Overview of the proposed alternative treatment for cuticle recovery. As a first step, the leaves were treated 

with carbonic acid, followed by HF, and finally hydrogen peroxide. The samples analysed are indicated in bold, and 

what was cleaned off the leaf is indicated in the box next to it. Also, between each step, FTIR analysis was performed. 

3.3.1. Carbonic acid 

As alternative for CaCO3 removal, CO2 was pumped into a semi-closed container containing 

distilled water and the fossil leaf.  

The dissolution of carbonates  occurs by its reaction with carbonic acid (H2CO3), formed by the 

contact of CO2 with water, resulting in the formation of calcium bicarbonate (Ca(HCO3)2)56, which 

is more soluble than the carbonate form (Reaction IV).   

  (IV) 

CO2 was generated by using dry ice. Figure 7 illustrates the process. 

All leaves were weighted before the procedure. Table 5 shows the weight of each leaf. 

Based on these data, 10 mg of CaCO3 (Merk) was used as a control to follow the dissolution of 

the carbonate by this procedure. A treatment duration of 3h were enough to have no apparent 

residues of the salt in the control tube, but the leaves were kept for an additional 2h (total: 5h) 

to guarantee complete removal of carbonates. In the entire process, 1.5kg of dry ice was 

consumed.  

Washing with distilled H
2
O 

Washing with distilled H
2
O 

H
2
O

2
 (24h) 

HF treatment (3h) 

Washing with distilled H
2
O 

H
2
CO

3
 treatment (5h) 

Untreated fossil 

 Fossil (leaf + remaining minerals)  Carbonates (M
n

+
 + CO

2
 + H

2
O) 

Fossil leaf (cuticle + coalified mesophyll) Minerals 

Cuticle Coalified mesophyll 



17 
 

 

Figure 7. Representation of the system used for removing MCO3 from the fossil leaves (M represents cations). Two 

containers were connected by a hollow tube. The CO2 sublimated from the dry ice was pumped into the other 

container with distilled water and the fossil leaf. The red arrows indicate the direction of the CO2 flux. 

The pH of the solutions was measured before and after the experiment. Before the experiment, 

the pH of distilled water used was 5, due to CO2 already dissolved. The control tube with 10 mg 

of CaCO3 had an initial pH of 7–8. After the experiment, the pH of the control tube decayed to 6, 

indicating the formation of Ca(HCO3)2 and presence of H2CO3, while the pH of the tubes 

containing the fossils further decayed to between 3–4, indicating the presence mainly of H2CO3
57. 

Table 5. Weight of each leaf submitted to the procedure described. These values were used as a basis for 

determining the amount of CaCO3 to be used in the control tube during the experiment. 

Locality Taxa Sample Weight (mg) 

Greenland 

Lepidopteris ottonis 
1 0.13 

2 2.15 

Ginkgoites acosmia 
1 0.10 

2 0.16 

Sweden 

Ginkgoites regnellii 
1 1.35 

2 0.05 

Lepidopteris ottonis 
1 0.45 

2 1.65 

 

3.3.2. Hydrofluoric acid 

The same procedure as described in 2.2.2 was used. 
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3.3.3. Hydrogen peroxide 

H2O2 30% was used for coalified mesophyll removal36. Samples were left in the solution for 24h, 

washed with distilled water and left to air dry for 48h before analysis. Samples that still had the 

mesophyll tissue were left for an additional 48h in peroxide, further washed with distilled water 

and air dried for 48h before new analysis. 

3.4.  Vibrational spectroscopic equipment 

3.4.1. FTIR microscope 

FTIR spectra were recorded at the Department of Materials and Environmental Chemistry (MMK) 

– Stockholm University, on a Varian 670-IR IR microscope equipped with a motorized x-y-z stage 

and a mercury cadmium telluride (MCT) detector cooled with liquid nitrogen.  

Infrared transmission spectra of the samples were recorded with a 100x100 µm aperture and 

using a CaF2 window. For each spectrum, 256 scans were accumulated at a spectral resolution of 

4 cm-1, and they were recorded in the frequency range 600-4000 cm-1. Finally, spectra from 5 

different locations in each sample were taken, and IR background spectra were taken before each 

sample. 

Spectra pre-processing and further data analysis were performed with OriginPro 2021 (OriginLab 

Corp., Northampton, USA).  

3.4.2. Raman Confocal Microspectroscopy 

Raman spectra were collected at the Department of Materials and Environmental Chemistry 

(MMK) – Stockholm University using a Horiba LabRAM HR 800 Raman spectrometer equipped 

with a Nd:YAG laser operating at 532 nm and an air cooled intra cavity regulated laser diode with 

point source operating at 785 nm.  

Samples were placed on microscope glass slides and were exposed to laser powers of 1-25 mW 

through an objective lens with 10× magnification (NA 0.28). A diffraction grating with 600 grooves 

mm-1 was used to resolve the spectra. Typically, acquisition time was set to 3–4 s with 50–100 

scans accumulated from 600 to 3300 cm-1 with a spectral resolution of 2 cm−1 for obtaining the 

spectra. 

The 785 nm laser was mainly used aiming to reduce the relative influence of autofluorescence 

on Raman signal detection. Unfortunately, thermal decomposition of the samples could not be 

completely avoided. Wet sample measurement to remove background fluorescence was also 

attempted by covering the sample with water58.  

Spectra plotting were performed with OriginPro 2021 (OriginLab Corp., Northampton, USA).  
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4. Results and Discussion 

Before analysing the presence of phenolic compounds in the different fossil cuticles studied and 

their consequent applicability as UV-B flux proxies, an analysis of the impact of the chemical 

processes used for cuticle isolation was done. 

As the CaF2 window used for the measurements absorbs most light below 1000 cm-1, the data 

can only be analysed with more confidence in the case of bands above that wavenumber. Also, 

all spectra were normalized with respect to the band at 1710 cm-1, as it was the only band tested 

that resulted in an overall more conserved band shape after calculating the difference spectra.  

However, this is a considerable source of error, as this band might change depending on the 

treatment applied. Previous research used the band corresponding to the OH stretch for 

normalizing the spectra, which is also a source of error that is discussed in the literature9. There 

is currently no agreement on which band is the best choice for normalization during the spectra 

pre-processing. 

4.1. Chemical treatments for cuticle extraction 

Two different chemical treatments were used: “Chemical processing”, here identified as “Usual 

chemical processing” for clarity, and “Alternative chemical processing”. The details for each 

methodology were previously presented in the items 3.2 and 3.3, respectively.  

In each of the following items, the first two species presented are from Sweden (G. regnellii and 

L. ottonis), while the last two species are from Greenland (G. acosmia and L. ottonis). Using a light 

microscope, images were taken from each leaf before and after each chemical treatment to 

which they were submitted. The FTIR spectra was also acquired before (untreated leaves) and 

after each chemical process.  

4.1.1. Usual chemical processing 

4.1.1.1. General considerations 

Figure 8 shows the light microscope images of G. regnellii before (A, E and I), and after each step 

of the chemical treatment (B-D, F-H and J-L). The leaves presented darker spots and/or were 

covered by a sediment layer before being exposed to HCl. After complete treatment, the cuticle 

was totally exposed (Fig. 8D, H and L).  

The FTIR spectra were taken between each chemical processing. Five different points were 

analysed in each leaf. In all three leaves, the spectra were consistent until the HF treatment step, 

i.e., they did not present differences in band position, and therefore only the representative 

spectrum taken after each chemical treatment is presented in Figure 9, for clarity. The standard 

deviation for the absorbances of the 15 spectra was calculated, and it is presented as a coloured 

region around the main spectrum line.  



20 
 

  

Figure 8. Light microscope images of Ginkgoites regnellii fossil leaves (Sweden) after sequential chemical treatments. 
Three different leaves were used in this cleaning procedure. Figures A, E and I correspond to the leaves before being 
submitted to any chemical treatment. B, F and J correspond to the leaves after HCl. C, G and K are the leaves after 
further treatment with HF, and D, H and L are the leaves after the final step for mesophyll removal, performed with 
Schulze’s reagent. The scale bars correspond to 2 mm. 
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Figure 9. Spectra of Ginkgoites regnellii untreated and after each chemical processing. From the top to the bottom, 
the spectra correspond to the analysis of the untreated fossils, the analysis after treatment with HCl, and finally HF. 
The spectrum on the right corresponds to (a) the highlighted region in the first spectrum, i.e., corresponding to the 
untreated fossil, and (b) the highlighted region in the spectrum acquired after HF. The reference dotted lines 
highlight the bands that are common to all spectra.  
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The two regions marked with the star (*) in the spectrum of the untreated sample correspond to 

a mineral, most likely kaolin59,60. These bands disappear after HF, as expected. 

The broad region around 3300 cm-1 most likely corresponds to water in the sample. The 

continuing broadness to lower wavenumbers, with small structures around 2550 cm-1, might 

correspond to carboxylic acid. This is further evidenced by the band at 1710 cm-1, which 

corresponds to C=O stretch of carbonyl compounds, possibly of a dimer of carboxylic acid, whose 

vibration is expected between 1710-1680 cm-1. Also, the broad band around 1400 cm-1 might 

correspond to O-H bending of the hydroxy group in the carboxylic acid. 

This is expected, as the likely composition of cuticles includes cutin and phenolic compounds, 

whose structures present such functional groups (see Figure 2). Not only that, but the diagenesis 

process most likely leads to the oxidation of other carbonyl groups into carboxylic acid31 

(reactions I and II), which would increase its presence in the fossil cuticles and consequently in 

their spectra.  

The bands between 2920-2860 cm-1 correspond to symmetric and asymmetric C-H stretches of 

aliphatic compounds, accompanied by the bands around 1440 cm-1 and 1370 cm-1 corresponding 

to methyl deformations.   

The medium band around 1600 cm-1 might correspond to C=C stretch of conjugated or cyclic 

alkenes, expected between 1650-1600 cm-1 and 1650-1566 cm-1. Likewise, this band could 

correspond to C=C stretching in α, β-unsaturated carbonyl molecule. However, the non-

appearance of bands between 3100-3000 cm-1, that would correspond to C-H stretches of 

alkenes, and the absence of transmission below 900 cm-1 due to the CaF2 window used for the 

transmission measurement, make it difficult to attribute this band with certainty. Therefore, this 

band most likely corresponds to asymmetric C=O stretch of carboxylate, expected between 1650-

1510 cm-1.  

One can also observe that the proportion of the bands at 1710 and 1610 cm-1 change after 

treatment with HCl, which could be explained by a change in the carboxylic acid to carboxylate 

ratio upon protonation of the acid by exposure to HCl.   

The band at 1515 cm-1 can also be attributed to C=C stretch in aromatic compounds, but the 

absence of other bands expected for aromatic compounds also complicates the assignment of 

this band with certainty. On the other hand, this band has been used as an indicative of phenolic 

compounds, regardless of the presence of other bands indicating the presence of aromatic 

groups. Quantitative studies as such have been done, especially for studies of pollen and spores 

as UV-B flux proxies.2,9,10,14 

After removing the clay, new bands became clear in the region below 1300 cm-1. The band near 

1210 cm-1 might correspond to C-O stretch from carboxylic acid and/or C-O-C stretch from ethers. 

Both groups are expected to be present in the cuticle’s composition.  
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Similarly, the bands at 1178, 1166 and 1037 cm-1 can be assigned to C-O-C stretch in different 

ethers, which is also expected when considering the composition of cuticle, particularly its 

polysaccharides (Fig. 2). In the case of the first two bands, the band at 1166 cm-1 might be 

overlapping with the one at 1178 cm-1, and therefore was not seen in the close-up of that region 

(Fig. 9b), or it slightly shifted after removing the minerals. 

At the same time, when analysing the spectra after using Schulze’s reagent to remove the 

coalified mesophyll, new bands appear. In the case of G. regnellii’s spectra (Fig. 10), the change 

promoted by the reagent differed between the 3 leaves. Figure 10a shows the spectra for the 

first two leaves analysed, which were exposed to the reagent for 1–2 minutes, while Figure 10b 

shows the spectrum of the leaf exposed to the reagent for 5 minutes. 
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Figure 10. Cut between 2000–950 cm-1 of the spectra of G. regnellii after Schulze’s reagent. (a) Representative 
spectrum of 2 leaves that were exposed for a total of 2 minutes. (b) Representative spectrum of a leaf exposed for 
5 minutes to the reagent. The reference dotted lines highlight the bands that are common to both spectra. 

Comparing with the spectra before treating the samples with Schulze’s reagent, the band at 1600 

cm-1 shifted to >1610 cm-1.  
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Also, bands near 1530 and 1570 cm-1 appeared, accompanied by bands close to 1350 and 1380 

cm-1 (Fig. 10a and b, respectively), corresponding to NO2 symmetric and asymmetric stretches in 

saturated nitro compounds61, indicating that the leaves might have reacted with HNO3. The 

occurrence of nitration was also mentioned as possibly occurring in previous literature30 

(Reaction III).  

Bands at 1276 cm-1 that appeared could indicate that other reactions might be happening as well, 

and it possibly corresponds to N-O stretch in aliphatic nitroso compounds61. Finally, the band at 

1039 and 1043 cm-1 likely correspond to C-N stretch in saturated nitro compounds. 

As noticed for G. regnelli, L. ottonis leaves also became clearer and the cuticles were exposed 

after the complete treatment (Figure 11). Again, A, E and I correspond to the untreated leaves, 

and B-D, F-H and J-L correspond to the leaves after each step of the cleaning treatment, i.e., in 

the horizontal order: HCl, HF and Schulze’s reagent. 

 

Figure 11. Light microscope images of Lepidopteris ottonis fossil leaves (Sweden) after sequential chemical 

treatments. Three different leaves were used in this cleaning procedure. Figures A, E and I correspond to the leaves 

before being submitted to any chemical treatment. B, F and J correspond to the leaves after HCl. C, G and K are the 

leaves after further treatment with HF, and D, H and L are the leaves after the final step for mesophyll removal, 

performed with Schulze’s reagent. The scale bars correspond to 2 mm. 

The representative spectra taken after each step, together with their respective standard 

deviation, are shown in Figure 12. The bands associated with kaolin, marked with a star (*) in the 

spectra, disappeared after the HF treatment, as seen before for the other samples.  

Overall, most of the bands observed in L. ottonis spectra are in the same regions as the ones 

observed for G. regnellii. The main differences occur in the region below 1550 cm-1. In this case, 

the band at 1515 cm-1 is absent, and the intensities of the bands below 1500 cm-1 changed 

slightly. 

A B C D 

E F G H 

I J K L 



24 
 

The latter change could be related to different thickness of the analysed cuticles. At the same 

time, small shifts in some bands occurred, possibly indicating a different electronic environment 

close to the functional groups in which this was observed. 

Additionally, these leaves also underwent nitration with 10 minutes of treatment, as shown in 

the last spectrum in Figure 12 and its highlighted region in Figure 12b. Again, the band at 1610 

cm-1 shifted to 1629 cm-1, and bands corresponding to NO2 stretch appeared in the regions 1550-

1530 cm-1
 and 1350 cm-1, N-O stretch at approximately 1270 cm-1, and C-N stretch around 1040 

cm-1. 
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Figure 12. Spectra of Lepidopteris ottonis (Sweden) untreated and after each chemical processing. From the top to 
the bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with HCl, HF, 
and finally Schulze’s reagent. The spectra on the right correspond to (a) the highlighted region in the first spectrum, 
i.e., corresponding to the untreated fossil, and (b) the highlighted region in the spectrum corresponding to the leaves 
after the treatment with Schulze’s reagent. The reference dotted lines highlight the bands that are common to all 
spectra. 

Regarding L. ottonis and G. acosmia retrieved from Greenland (Fig. 13 A–H and I–L, and spectra 

in Fig. 14 and 15 respectively), the spectra are all similar to the ones observed previously for the 

samples from Sweden. Contrasting with G. regnellii, G. acosmia and L. ottonis did not show a 

band at 1515 cm-1. 
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Figure 13. Light microscope images of Lepidopteris ottonis (A-H) and Ginkgoites acosmia (I-L) fossil leaves 
(Greenland) after sequential chemical treatments. Two different leaves of L. ottonis were used in this cleaning 
procedure, while only one leaf of G. acosmia was used. Figures A, E and I correspond to the leaves before being 
submitted to any chemical treatment. B, F and J correspond to the leaves after HCl. C, G and K are the leaves after 
further treatment with HF, and D, H and L are the leaves after the final step for mesophyll removal, performed with 
Schulze’s reagent. The scale bars correspond to 2 mm. 

Other small differences occur in the fingerprint region of the spectra. For example, the bands 

around 1440 and 1410 cm-1 previously observed in the spectra for the leaves from Sweden do 

not appear in the spectra of the leaves from Greenland. As most bands in the region below 1500 

cm-1 are unsolved, the bands that were not observed in some spectra could be hidden instead of 

absent.  Changes in thickness or contact between the leaf and the CaF2 window, since the leaves 

are not completely flat, could also impact in the band definition and their absorbance values. 

Alternatively, these differences in the fingerprint region could have originated during the 

intensity of the diagenetic process through which these leaves were altered, as leaves from 

Greenland could have undergone more intense post-depositional alteration via pressure. This is 

evidenced when comparing the shapes of the bands in this region of the spectra after HF 

treatment between leaves from Sweden and Greenland, as one can see the similarity between 

leaves from the same region.  

 

A B C D 

E F G H 

I J K L 



26 
 

4000 3500 3000 2500 2000 1500 1000

4000 3500 3000 2500 2000 1500 1000

 

Wavenumber (cm-1)

 L. ottonis after Schulze's reagent

*

b

 

 L. ottonis after HF treatment

1043

 

A
b

s
o

rb
a
n

c
e
 (

a
.u

.)

 L. ottonis after HCl treatment

 

 

 L. ottonis untreated *
2925

2854

1702
1606

a

 

1600 1500 1400 1300 1200
 

Wavenumber (cm-1)

 L. ottonis untreated

1606

1455

1373
1270

a

1800 1600 1400 1200 1000

 

Wavenumber (cm-1)

 L. ottonis after Schulze's reagent

1712

1631

1535

1454

1349
1276

1043

b

 

Figure 14. Spectra of Lepidopteris ottonis (Greenland) untreated and after each chemical processing. From the top 
to the bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with HCl, 
HF, and finally Schulze’s reagent. The spectra on the right correspond to (a) the highlighted region in the first 
spectrum, i.e., corresponding to the untreated fossil, and (b) the highlighted region in the spectrum corresponding 
to the leaves after the treatment with Schulze’s reagent. The reference dotted lines highlight the bands that are 
common to all spectra. 
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Figure 15. Spectra of Ginkgoites acosmia (Greenland) untreated and after each chemical processing. From the top 
to the bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with HCl, 
HF, and finally Schulze’s reagent. The spectra on the right correspond to (a) the highlighted region in the first 
spectrum, i.e., corresponding to the untreated fossil, and (b) the highlighted region in the spectrum corresponding 
to the leaves after the treatment with Schulze’s reagent. The reference dotted lines highlight the bands that are 
common to all spectra. 

On the other hand, such differences cannot be seen in the spectra after treatment with Schulze’s 

reagent, as nitration also occurred in these leaves. 

Table 6 summarizes the bands observed in each spectrum and their assignment. The 

correspondent component in the fossil cuticle is also indicated, as well as the most likely mineral 

giving rise to the bands observed in the spectra and marked previously with (*). Table 6a presents 

the bands observed in the spectra of leaves until treatment with HF. Table 6b presents the bands 

that shifted or appeared after treatment with Schulze’s reagent. 
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Table 6. (a) Main functional groups assigned to the different vibrations present in the transmission spectra of the 

fossil cuticles until treatment with HF. The corresponding component is also attributed, especially for the cuticle 

composition. 

Wavenumber (cm-1) 

Assignment Componenta,b Sweden Greenland 

G. regnellii L. ottonis G. acosmia L. ottonis 

3696.87 3696.87 3696.87 3696.87 inner AlAlOH groups (surface) 

Kaolin 
3669.87 3667.94 3667.94 3669.87 

AlAlOH - characteristic of well-ordered structure 
3652.51 3652.51 3652.51 3654.44 

3621.66 3621.66 3619.73 3621.66 inner AlAlOH groups 

3380 3334 3386 3399 O-H stretch Water 

2925.48 2931.27 2925.48 2925.48 CH Stretching aliphatic compounds Cutin, waxes 

2854.13 2857.98 2854.13 2854.13 CH Stretching aliphatic compounds Cutin, waxes 

1710.55 1710.55 1706.69 1702.83 C=O stretching carboxylic acid Cutin, phenolic compounds 

1600.62 1610.27 1608.34 1606.41 
C=C conjugated alkene or C=O stretching 

carboxylate 
Cutin, phenolic compounds 

1515.77 - - - C=C stretching (aromatic) Phenolic compound 

- 1454.06 1455.99 1455.99 CH2 deformation 
Cutin, waxes 

1438.63 1440.56 - - CH3 deformation 

1409.7 1407.78 - - O-H bending carboxylic acid  Cutin, phenolic compounds 

1373.06 1369.21 1367.28 1373.06 CH3 sym deformation Cutin, waxes 

1214.93 - 1261.21 1270.85 
C-O-C stretch ether or C-O stretch carboxylic 

acid 
Cutin, polysaccharides, phenolic 

compounds 

1178.29 1184.07 - - 

C-O-C stretch ether Cutin, polysaccharides 1166.72 1162.86 1168.65 - 

1037.51 - 1045.22 1043.3 

1116.58 1118.51 1118.51 1114.65 

Si-O stretch of tetrahedral sheets 
Kaolin 

1029.8 1031.72 1031.72 1029.8 

1008.58 1008.58 1006.65 1006.65 

912.16 912.16 912.16 912.16 inner O-H bending 
aWavenumber and spectra shape of kaolin were compared to the kaolin study in the reference 60. 
bCuticle composition attributed also based on reference 19. 
 

Table 6. (b) Wavenumber and corresponding functional groups present in the spectra of leaves after treatment with 

Schulze’s reagent. Only the bands that shifted or were added are presented.  

Wavenumber (cm-1) after Schulze's reagent 

Assignment   Sweden   Greenland 

G. regnellii (a) G. regnellii (b) L. ottonis G. acosmia L. ottonis 

- - - - 1712.47 C=O stretching carboxylic acid 

1627.62 1619.91 1629.55 1635.34 1631.48 C=O stretching carboxylate 

- 1577.48 1554.34 1554.34 - 
NO2 sym and asym stretches saturated nitro 

compounds 
1536.98 - 1535.05 1533.13 1535.05 

1355.71 1380.78 1351.85 1344.14 1349.92 

1276.64 1201.43 1276.64 1276.64 1276.64 N-O stretch 

1039.44 1043.3 1041.37 - - C-N stretch in saturated nitro compounds 
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A few differences were observed regarding the composition of the fossil cuticles analysed in this 

study when compared with the associated composition of extant plant cuticles available in the 

literature19. This is most probably due to the diagenesis processes that the fossils underwent, 

which caused the oxidation of some functional groups (e.g., esters)31.   

Furthermore, when looking at other leaves (Appendix I), the spectra overall present the same 

pattern as observed before. In the case of Ptilozamites nilssonii leaves (Appendix I – 8.1, Fig. 34), 

a few bands disappeared after treatment with HCl, which could be due to removal of organic 

contamination, compounds previously present between the layers of the clay, or part of the 

organic compounds from the mesophyll could already have been “washed off”. However, none 

of these bands appear to be associated with carbonates (expected between 1600-1400 cm-1), 

apart from the shoulder in the band at 1457 cm-1 that disappears after the treatment with HCl 

(Fig. 34a and b).  

For the bennettite leaves (Appendix I – 8.2, Fig. 37), the absence of resolved bands below 1300 

cm-1 after treatment with HF makes it difficult to identify the clear presence of ethers, that are 

expected as part of cutin and polysaccharides. Also, from the spectra it is not possible to address 

the presence of kaolin in the Podozamites leaf (Appendix I – 8.3, Fig. 40). 

Finally, despite presenting some differences, all leaves treated with Schulze’s reagent presented 

some degree of alteration.    

4.1.1.2.  Changes caused by each step of the chemical treatment 

To analyse the impact caused by the steps applied to remove minerals and coalified mesophyll 

from the fossil cuticle, the difference spectra was calculated.  

The difference spectra is based on the subtraction of two spectra and aims at eliminating 

overlapping bands and/or simplifying the experimental spectrum measured62. In this case, the 

mean of absorbances was calculated for each step, and the difference spectrum is a result of the 

subtraction between the two absorbance means (ΔAbs).  

In Figure 16 the difference spectra were calculated between the spectra measured after the 

treatment with HCl and the spectra measured before any treatment, identified as “untreated”.  
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Figure 16. Difference spectra calculated between the mean spectrum measured after submitting the fossil to HCl 
and the mean spectrum of the untreated fossil. (a) Difference spectrum of Ginkgoites regnellii from Sweden. (b) 
Difference spectrum of Lepidopteris ottonis from Sweden. (c) Difference spectrum of Ginkgoites acosmia from 
Greenland. (d) Difference spectrum of Lepidopteris ottonis from Greenland. The reference dashed line indicates the 
ΔAbs of zero. All spectra were normalized to the 1710 cm-1 band before subtraction. 

For all leaves from both Sweden and Greenland, most bands present negative ΔAbs, indicating 

that organic molecules were removed after treating the leaves with HCl. Such compounds could 

have been present in the layers of the clay, or they could be related to organic compounds from 

the mesophyll, as mentioned before. Likewise, the bands corresponding to kaolin (*) overall have 

reduced absorbance, indicating that this cleaning step already removed some of this clay from 

the sample. The absence of completely new bands indicates that probably no alteration of the 

cuticle’s chemical composition occurred.  

The bands with positive ΔAbs are mainly in the region of C=O stretch from monomers of 

carboxylic acids (1800-1740 cm-1), and they are accompanied by a negative band close to 1600 

cm-1. This possibly indicates that the pH of the samples was lowered enough to protonate 

carboxylates. 

The band near 1450 cm-1 that presents a negative ΔAbs might correspond to carbonates being 

removed from the fossils. At the same time, the symmetric carboxylate stretch is also expected 
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in this region, supporting what was previously observed and further indicating the protonation 

of this group.  

The positive bands in the difference spectrum of L. ottonis from Greenland might correspond to 

an alteration in kaolin’s structure, caused by lowering the pH. The formation of a SiO2 amorphous 

phase leads to the increase in intensity of the band near 1100 cm-1 60. Additionally, a strong band 

around 1070 cm-1 is also expected due to the formation of an amorphous state of kaolin, 

metakaolin, caused by loss of water59. 

A more complex difference spectrum is seen for Podozamites (Appendix – 8.3, Fig. 41a). The 

entire region below 1700 cm-1 presents positive ΔAbs, but without well-defined bands. This could 

indicate a strong overlap and interaction between the functional groups, or it could simply be 

reflecting change in thickness of the spots that were chosen for the acquisition of the spectra 

after the HCl treatment, increasing the overall absorbance of bands in this region. In addition, 

the chosen band for normalization of all spectra (1710 cm-1) might be altering more than 

expected after the HCl treatment due to changes in H-bond interactions, impacting in the 

absorbance values of all the other bands.  

On the other hand, the difference spectra calculated between the spectra taken after treating 

the samples with HF minus and the spectra after HCl (Figure 17) perfectly shows the removal of 

kaolin. 

Apart from the bands corresponding to kaolin, the difference spectrum of G. acosmia (Fig. 17c) 

shows that bands corresponding to CH stretch are also negative, indicating that organic 

compounds possibly mainly constituted of saturated hydrocarbons are probably being removed 

as well.  

Differently from what was observed at the spectra of Podozamites (Appendix – 8.3, Fig. 40), 

which did not show clear bands corresponding to kaolin, its difference spectrum (Appendix – 8.3, 

Fig. 41b) shows negative bands that were previously attributed to the clay. However, once again 

the difference spectrum of this leaf slightly deviates from what was observed for the other leaves, 

presenting positive bands of CH stretch. Again, such differences might be attributed to problems 

with the spectra acquisition, i.e., thickness of the leaf, and/or normalization. Having performed 

the analysis of only one Podozamites leaf might also be a source of error. 
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Figure 17. Difference spectra calculated between the mean spectrum measured after submitting the fossil to HF 

minus the mean spectrum calculated after HCl treatment. (a) Difference spectrum of Ginkgoites regnellii from 

Sweden. (b) Difference spectrum of Lepidopteris ottonis from Sweden. (c) Difference spectrum of Ginkgoites acosmia 

from Greenland. (d) Difference spectrum of Lepidopteris ottonis from Greenland. The reference dashed line indicates 

the ΔAbs of zero. All spectra were normalized to the 1710 cm-1 band before subtraction. 

Lastly, Figure 18 shows the difference spectra calculated with the spectra acquired after Schulze’s 

reagent treatment minus the spectra after HF treatment for Ginkgoites and L. ottonis from 

Sweden and Greenland. 

For G. regnellii (Fig. 18a), the nitration of the two leaves exposed to the reagent for a shorter 

period of time (1-2 minutes, Fig. 18aI) might have happened as a strong band at 1370cm-1 

appears, accompanied by a small band around 1550 cm-1. This latter band is expected to be very 

strong for nitro compounds61, therefore its lower intensity could be attributed to issues caused 

by the normalization. The band at 1276 cm-1 might correspond to NO stretch in nitroso 

compound61, indicating that other reactions with the formation of a C-nitroso compound might 

be happening.  

When looking at the difference spectra of the leaf exposed to Schulze’s reagent for 5 minutes 

(Fig. 18), both bands corresponding to NO2 stretches are present. Moreover, the indication of an 

increase in CH stretches after the procedure can be explained as follows: under some conditions 

nitration of alkenes do not proceed as described in Reaction III, but rather with addition of both 
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NO2 and H to the carbons in the double bond63. However, the viability of this process in this case 

is unsure, as negative bands corresponding to alkenes cannot be seen in these spectra. 

 

Figure 18. Difference spectra calculated between the mean spectrum measured after submitting the fossil to 

Schulze’s reagent and the mean spectrum of the fossils after HF treatment. (a) Difference spectrum of Ginkgoites 

regnellii from Sweden, I. leaves less altered after exposure to Schulze’s reagent for 1–2min, and II. more altered leaf 

after exposure of 5 min to Schulze’s reagent. (b) Difference spectrum of Lepidopteris ottonis from Sweden. (c) 

Difference spectrum of Ginkgoites acosmia from Greenland. (d) Difference spectrum of Lepidopteris ottonis from 

Greenland. The dashed line indicates the ΔAbs of zero. All spectra were normalized to the 1710 cm-1 band before 

subtraction. 

The presence of a negative band around 1740 cm-1 accompanied by a positive band around 1625 

cm-1 corresponding to COO- asymmetric stretch could indicate an increase of pH after exposure 

to OH-, used after Schulze’s reagent. A change in the shape of the band at 1347 cm-1 observed 

for L. ottonis (Sweden) when compared with G. regnellii difference spectra could indicate an 

overlap with a COO- symmetric stretch. 

Finally, in the case of the leaves from Greenland, both difference spectra present negative bands 

in the CH stretching region, which could reflect both nitration through Reaction III and/or organic 

compounds present in the mesophyll being removed after this procedure. Other bands with 

negative ΔAbs could also correspond to organic compounds being removed. ΔAbs with opposite 

directions that appear very close, could reflect an artifact caused when subtracting bands that 

present similar wavenumber62. 
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4.1.2. Alternative chemical processing 

4.1.2.1. General considerations 

Figure 19 shows the light microscope images of G. regnellii before (A and E), and after each step 

of the chemical treatment (B–D and F–H). From the images it is possible to see that before any 

treatment, the leaves presented darker spots and/or were covered by a sediment layer (e.g., Fig. 

19E, in which the leaf is covered by a sparkly layer). After complete treatment, the cuticle was 

totally (Fig. 19D) or partially (Fig. 19H) exposed. The partial exposure was already enough to 

successfully obtain the spectra of the clean fossil cuticle using the FTIR microscope. 

  

Figure 19. Light microscope images of Ginkgoites regnellii fossil leaves (Sweden). Two different leaves were used in 
this cleaning procedure. Figures A and E correspond to the leaves before being submitted to any chemical treatment. 
B and F correspond to the leaves after H2CO3, C and G are the leaves after further treatment with HF, and D and H 
are the leaves after the final step for mesophyll removal, performed with H2O2 treatment. The scale bars correspond 
to 2 mm. 

As mentioned before, FTIR spectra were taken between each chemical processing. Five different 

points were analysed in each leaf. In both leaves the spectra were consistent, i.e., they did not 

present differences in band position. Therefore, only the representative spectrum taken after 

each chemical treatment is presented in Figure 20, for clarity. The standard deviation for the 

absorbances of the 10 spectra was calculated, and it is presented as a coloured region around 

the main spectrum line.  

As before, the two regions marked with the star (*) in the spectrum of the untreated sample 

correspond to, most likely, kaolin59,60. These bands disappear after HF. The broad region around 

3300 cm-1 can be attributed to water in the sample, while structures around 2550 cm-1 indicate 

the presence of carboxylic acid in the leaves. This is further evidenced by the band at 1710 cm-1, 

which corresponds to C=O stretch of carbonyl compounds, and also by the band around 1410 cm-

1 that might correspond to O-H bending of the hydroxy group in the carboxylic acid. 
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Figure 20. Spectra of Ginkgoites regnellii untreated and after each step of chemical processing. From the top to the 
bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with CO2, HF, 
and finally H2O2. The spectrum on the right corresponds to the highlighted region in the first spectrum, i.e., 
corresponding to the untreated fossil. The reference dotted lines highlight the bands that are common to all spectra. 

The bands between 2920-2860 cm-1 correspond to symmetric and asymmetric CH stretches of 

aliphatic compounds, accompanied by the bands around 1455 cm-1 and 1370 cm-1 corresponding 

to methylene and methyl symmetric and asymmetric deformations.   

The medium-intensity band around 1610 cm-1 might correspond the asymmetric stretch of the 

carboxylate ion, expected between 1650-1510 cm-1, and accompanied by a symmetric band 

between 1470-1390 cm-1. This last band could be overlapping with the band at 1374 cm-1 

attributed previously to CH3 symmetric deformation.  
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The band at 1515 cm-1 can be attributed to C=C stretch in aromatic compounds, but the absence 

of other bands expected for aromatic compounds also complicates the assignment of this band 

with certainty.  

Finally, the bands 1174 cm-1 and 1039 cm-1 can be assigned to C-O-C stretch in different ethers, 

which is also expected when considering the composition of cuticle, particularly its 

polysaccharides (Fig. 2). 

As observed for G. regnelli, L. ottonis leaves also became clearer and/or cuticle spots were 

exposed after the complete treatment (Fig. 21). Again, A and E correspond to the untreated 

leaves, B–D and F–H correspond to the leaves after each step of the cleaning treatment, i.e., in 

the order: H2CO3, HF and H2O2. 

The representative spectrum taken after each step, together with their respective standard 

deviation, is shown in Figure 22. The bands correspondent to kaolin (marked with a star in the 

spectra), which disappeared after the HF treatment, as seen before for the other samples.  

 

Figure 21. Light microscope images of Lepidopteris ottonis fossil leaves (Sweden). Two different leaves were used in 

this cleaning procedure. Figures A and E correspond to the leaves before being submitted to any chemical treatment. 

B and F correspond to the leaves after H2CO3, C and G are the leaves after further treatment with HF, and D and H 

are the leaves after the final step for mesophyll removal, performed with H2O2 treatment. The scale bars correspond 

to 2 mm. 

Overall, most of the bands observed in the L. ottonis spectra are in the same regions as the ones 

observed for G. regnellii. The main differences occur in the region below 1550 cm-1. In this case, 

the band at 1515 cm-1 is absent, and the intensities of the bands below 1500 cm-1 changed.  

This last fact could be related to different thickness of the analysed cuticles. Also, small shifts in 

some bands occurred, possibly indicating a different electronic environment close to the 

functional groups in which the shifts were observed. 

More specifically, the band at 1455 cm-1 is now more defined, with a less pronounced shoulder 

next to it (zoom (a), Fig. 22). The band at 1409 cm-1 is also absent or its intensity is too low to be 

identified. On the other hand, a band at 970 cm-1 could be identified (zoom (b), Fig. 22), which 

can be assigned to C-OH deformation of carboxylic acids. Finally, in this case a band at 1241 cm-

A B C D 

E F G H 
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1 appears, likely corresponding to C-O-C stretch in ethers or C-O stretch in carboxylic acids, 

expected between 1320-1210 cm-1. 
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Figure 22. Spectra of Lepidopteris ottonis (Sweden) untreated and after each step of chemical processing. From the 
top to the bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with 
CO2, HF, and finally H2O2. The spectra on the right correspond to (a) the highlighted region in the first spectrum, i.e., 
corresponding to the untreated fossil, and (b) to the highlighted region in the spectrum corresponding to the leaves 
after the HF treatment. The reference dotted lines highlight the bands that are common to all spectra. 

Regarding G. acosmia and L. ottonis retrieved from Greenland (Fig. 23 and 24, and Fig. 25 and 26 

respectively), the spectra are all similar to the ones observed previously for the samples from 

Sweden. Differently from G. regnellii, G. acosmia and L. ottonis did not show a band at 1515 cm-

1. Other small differences occur in the fingerprint region of the spectra, but the origin of such 

differences cannot be determined with certainty. As most bands in the region below 1500 cm-1 

are overlapping and poorly resolved, it is difficult to conclude if specific modes are absent or 

simply hidden. Changes in thickness or contact between the leaf and the window, since the leaves 

are not completely flat, could also impact in the absorbance values in this region. 
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Figure 23. Light microscope images of Ginkgoites acosmia fossil leaves (Greenland). Two different leaves were used 
in this cleaning procedure. Figures A and E correspond to the leaves before being submitted to any chemical 
treatment. B and F correspond to the leaves after H2CO3, C and G are the leaves after further treatment with HF, and 
D and H are the leaves after the final step for mesophyll removal, performed with H2O2 treatment. The scale bars 
correspond to 2 mm. 
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Figure 24. Spectra of Ginkgoites acosmia (Greenland) untreated and after each chemical processing. From the top 
to the bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with CO2, 
HF, and finally H2O2. The spectrum on the right correspond to the highlighted region in the first spectrum, i.e., 
corresponding to the untreated fossil. The reference dotted lines highlight the bands that are common to all spectra. 
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Figure 25. Light microscope images of Lepidopteris ottonis fossil leaves (Greenland). Two different leaves were used 
in this cleaning procedure. Figures A and E correspond to the leaves before being submitted to any chemical 
treatment. B and F correspond to the leaves after H2CO3, C and G are the leaves after further treatment with HF, and 
D and H are the leaves after the final step for mesophyll removal, performed with H2O2 treatment. The scale bars 
correspond to 2 mm. 

The fossils shown in Figure 25 C–D and F–H are smaller as they were more fragile and broke 

during the procedure. 
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Figure 26. Spectra of Lepidopteris ottonis (Greenland) untreated and after each chemical processing. From the top 
to the bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with H2CO3, 
HF, and finally H2O2. The spectra on the right correspond (a) to the highlighted region in the first spectrum, i.e., 
corresponding to the untreated fossil, and (b) to the highlighted region in the spectrum corresponding to the leaves 
after the H2O2 treatment. The reference dotted lines highlight the bands that are common to all spectra. 
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Table 7 summarises the bands observed in each spectrum and their assignments. A few 

differences were observed regarding the composition of the fossil cuticles analysed in this study 

when compared with the associated composition of extant plant cuticles available in the 

literature19. This is most probably due to the diagenesis processes that the fossils underwent, 

which caused the oxidation of some functional groups (e.g., esters)31.   

Table 7. Main functional groups assigned to the different vibrations present in the transmission spectra of the fossil 

cuticles analysed. The correspondent component in the fossil cuticle is also indicated, as well as the most possible 

mineral giving rise to the bands observed in the spectra and marked with (*). 

Wavenumber (cm-1) 

Assignment Componenta,b Sweden Greenland 

G. regnellii L. ottonis G. acosmia L. ottonis 

3696.87 3694.94 3694.94 3696.87 inner AlAlOH groups (surface) 

Kaolin 
3667.94 3666.01 3666.01 3664.08 AlAlOH - characteristic of well-ordered 

structure 3652.51 3650.58 3652.51 3648.66 

3619.73 3619.73 3621.66 3621.66 inner AlAlOH groups 

3380 3349 3388 3432.67 O-H stretch Water 

2927.41 2925.48 2925.48 2925.48 CH Stretching aliphatic compounds Cutin, waxes 

2854.13 2854.13 2854.13 2854.13 CH Stretching aliphatic compounds Cutin, waxes 

1710.55 1706.69 1706.69 1704.76 C=O stretching carboxylic acid Cutin, phenolic compounds 

1610.27 1612.19 1606.41 1606.41 
C=C conjugated alkene or C=O stretching 

carboxylate 
Cutin, phenolic compounds 

1515.77 - - - C=C stretching (aromatic) Phenolic compounds 

1455.99 1455.99 1457.92 1455.99 CH deformation Cutin, waxes 

1409.7 - - - O-H bending carboxylic acid  Cutin, phenolic compounds 

1374.99 1367.28 1369.21 1369.21 CH3 sym deformation Cutin, waxes 

- 1241.93 1241.93 1261.21 
C-O-C stretch ether or C-O stretch 

carboxylic acid 
Cutin, polysaccharides, 
phenolic compounds 

1174.43 1195.65 1162.86 1151.29 
C-O-C stretch ether 

Cutin, polysaccharides 

1039.44 1031.72 - - Cutin, polysaccharides 

- 970.01 - - C-OH deformation carboxylic acid Cutin, phenolic compounds 

1114.65 1116.58 1114.65 1114.65 

Si-O stretch of tetrahedral sheets 
Kaolin 

1031.72 1033.65 1033.8 1031.72 

1008.58 1010.51 1006.65 1004.73 

912.16 912.16 914.09 914.09 inner O-H bending 
aWavenumber and spectra shape of kaolin were compared to the kaolin study in the reference60. 
bCuticle composition attributed also based on reference 19. 
 

4.1.2.2. Changes caused by each step of the chemical treatment 

To analyse the impact caused by the removal of minerals and coalified mesophyll from the fossil 

cuticle, the difference spectra was calculated so that any spectral modification due to sample 

alteration could be detected. The difference spectra, as mentioned before, is based on the 

subtraction of two spectra and aims at eliminating overlapping bands and/or simplifying the 

experimental spectrum measured62. In this case, the mean of absorbances was calculated for 
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each step, and the difference spectrum is a result of the subtraction between the two absorbance 

means (ΔAbs).  

In Figure 27 the difference spectra were calculated between the spectra measured after the 

treatment with H2CO3 minus the spectra measured before any treatment, identified as 

“untreated”.  

  

Figure 27. Difference spectra calculated between the mean spectrum measured after submitting the fossil to CO2 
and the mean spectrum of the untreated fossil. (a) Difference spectrum of Ginkgoites regnellii from Sweden. (b) 
Difference spectrum of Lepidopteris ottonis from Sweden. (c) Difference spectrum of Ginkgoites acosmia from 
Greenland. (d) Difference spectrum of Lepidopteris ottonis from Greenland. The dashed line indicates the ΔAbs of 
zero. All spectra were normalized to the 1710 cm-1 band before subtraction. 

Overall, the negative band around 1455 cm-1 might correspond to carbonates being removed 

from the samples, as aimed for with the H2CO3 treatment. 

Additionally, for all Ginkgoites leaves from both Sweden and Greenland, the same bands have 

their absorbance reduced. In the case of G. regnellii, the only band with positive absorbance is 

the broad band that appears between 3500–3000 cm-1 corresponding to water. The bands 

corresponding to kaolin (*) overall have reduced absorbance, indicating that this cleaning step 

already removed some of this mineral from the sample.  
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The absence of new bands and/or positive indicates that no alteration of the cuticle’s chemical 

composition occurred. At the same time, the bands corresponding to organic compounds that 

also presented a negative absorbance might be related to organic matter that could be present 

between the layers of the clay and were removed, and/or part of the organic compounds of the 

mesophyll layer being already removed. 

For the L. ottonis samples from both Sweden and Greenland, the difference spectra presented 

positive absorbances for kaolin bands after the cleaning process. As in the case of the treatment 

with HCl, this could be explained by the fact that the pH of the leaves was lowered. 

The final pH of the solution in which the leaves were submersed was between 4–5. As mentioned 

before, when the pH is lowered, kaolin’s structure is altered and a strong band around 1100 cm-

1 indicates the formation of a SiO2 amorphous phase60. Moreover, the formation of an 

amorphous state of kaolin, metakaolin, due to the loss of water was also reported in the 

literature with a characteristic strong band around 1070 cm-1 59. Additionally, Al3+ in the clay 

structure changes from octahedral coordination to tetrahedral coordination, which could also 

explain the positive absorbances for the bands between 3700–3600 cm-1 59. 

Alternatively, the positive absorbances observed for L. ottonis could merely be reflecting an 

heterogeneous distribution in minerals within the fossils. As the FTIR acquisitions are not 

performed at the same spots in the samples, an irregular distribution of clay could cause an 

increase in kaolin bands’ absorption, reflecting a higher quantity in the spots measured after the 

H2CO3 treatment. 

Also, when considering the positive absorbance for the band at 1612 cm-1 for L. ottonis from 

Sweden (Fig. 27b), the appearance of this positive band could indicate that the amount of 

carboxylate increased when comparing with before any treatment. At the same time, the non-

appearance of a negative band around 1710 cm-1 corresponding to carboxylic acid could be due 

to the normalization performed using this band.  

Regarding the following step of the cleaning process and looking at the alterations occurring after 

treatment with HF (Fig. 28), mainly kaolin is removed, along with organic compounds that 

probably were within the clay’s layers or belonging to the mesophyll. The difference spectrum of 

L. ottonis from Greenland (Fig. 28d) clearly shows how kaolin was removed by HF.   
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Figure 28. Difference spectra calculated between the mean spectrum measured after submitting the fossil to HF and 
the mean spectrum after the treatment with CO2. (a) Difference spectrum of Ginkgoites regnellii from Sweden. (b) 
Difference spectrum of Lepidopteris ottonis from Sweden. (c) Difference spectrum of Ginkgoites acosmia from 
Greenland. (d) Difference spectrum of Lepidopteris ottonis from Greenland. The dashed line indicates the ΔAbs of 
zero. All spectra were normalized to the 1710 cm-1 band before subtraction. 

Again, the negative band corresponding to carboxylate accompanied by a positive band 

corresponding to C=O stretch of carboxylic acid might be reflecting a change in the pH of the 

sample due to the acid used in the treatment. Other changes might reflect the error caused by 

the choice of band for normalization. 

On the other hand, more complexes’ alterations might have occurred due to the treatment with 

H2O2, as shown in the difference spectra in Figure 29. As mentioned before, the asymmetries in 

some bands can be attributed to the fact that when subtracting bands that are close in the 

original spectra, some asymmetries can appear in the difference spectra62. 
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Figure 29. Difference spectra calculated between the mean spectrum measured after submitting the fossil to H2O2 
minus the mean spectrum after the treatment with HF. (a) Difference spectrum of Ginkgoites regnellii from Sweden. 
(b) Difference spectrum of Lepidopteris ottonis from Sweden. (c) Difference spectrum of Ginkgoites acosmia from 
Greenland. (d) Difference spectrum of Lepidopteris ottonis from Greenland. The dashed line indicates the ΔAbs of 
zero. All spectra were normalized to the 1710 cm-1 band before subtraction. 

Very evident in the difference spectrum of G. regnellii (Fig. 29a), bands corresponding to aliphatic 

C-H stretches can be seen with positive absorbance, which goes against what was expected in 

this step. Overall, the negative bands seen in the other spectra can be attributed to the removal 

of organic matter that were still present in the mesophyll layer.   

Nevertheless, despite the changes imposed by the alternative chemical treatment applied, it is 

still a good alternative to the conventional methods used. Using environmentally friendlier 

solvents and reagents have been of great concern in different research areas, and the disposal of 

the solvents used in this proposed alternative procedure is safer. More specifically, the use of 

H2CO3 for dissolving carbonates is a considerable cleaner/environmentally friendlier option when 

compared with the HCl treatment normally used in this step, being also proposed in the literature 

as a method for CO2 sequestration56. 

4.2. Confocal Raman microscope 

Raman spectroscopy of the leaves was also attempted by using a confocal Raman microscope. A 

first attempt was done with the 532 nm laser (data not shown), but due to the strong 

fluorescence observed, the laser with 785 nm was chosen to perform the measurements.  
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Figure 30 shows the results for G. regnellii. The fluorescence could not be suppressed with a laser 

with longer wavelength and 25% power. As the minerals could be one of the sources of 

fluorescence, the Raman spectra were again acquired after complete removal of them, i.e., after 

treating the leaves with HF. Unfortunately, the fluorescence persisted, and the laser power had 

to be reduced from 25% to 10%, as the leaves started to burn. The burning with 25% power 

possibly occurred due to mineral removal, as it could have acted before as a “heat sink”. 
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Figure 30. Raman spectra of G. regnellii. (a) The red lines indicate the spectra before any treatment of the leaves; 

the green line indicates the spectra taken after complete mineral removal, i.e., after HF treatment; and the purple 

line indicates the spectra taken after mesophyll removal with Schulze’s reagent. (b) Raman spectra of the leaf after 

mesophyll removal. The purple line indicates the dry leaf, and the blue line indicates the spectra taken after 

submerging the leaf in H2O.  

Since the amount of organic matter in the fossils is probably very low, decreasing the laser power 

also interferes in the acquisition of bands. 

As previous studies of leaves’ auto-fluorescence64 indicate that the mesophyll contains most of 

the fluorescent components, e.g., lignin and chlorophyll, a new attempt to acquire the Raman 

spectra was made after mesophyll removal. However, the fluorescence could not be removed. 

Previous studies with plants managed to bypass the fluorescence by submerging the leaf in 
water58. However, when the same strategy was attempted (Fig. 30b), the fluorescence remained. 

The same measurements were made for other leaves, but the fluorescence appeared in all 

spectra. Besides, some leaves suffered more severe burns even using lower power. As an 

example of other measurements made with other leaves, Figure 31 shows the results for 

Ptilozamites nilssonii. As it can be seen, the same as for G. regnellii is observed.  

The spectra corresponding to the leaves after treatment with Schulze’s reagent appear to have 

less fluorescence due to the scale in the Y axis. 
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Figure 31. Raman spectra of Ptilozamites nilssonii. The red lines indicate the spectra before any treatment of the 

leaves; the green line indicates the spectra taken after complete mineral removal, i.e., after HF treatment; the purple 

line indicates the spectra taken after mesophyll removal with Schulze’s reagent; and the blue line indicates the 

spectra taken after submerging the leaf in H2O. 

An attempt to eliminate the fluorescence was made by exposing the leaves to H2O2 3% under 

broadband light for 5h (data not shown), as previously described for other biological matherials52, 

but without success. 

Other strategies for supressing the fluorescence of biological samples have been attempted in 

previous studies. For example, using lasers in the IR region (FT-Raman) could help avoid the 

fluorescence65, and this strategy should be attempted in future studies of fossil leaves.   

4.3. Phenolic compounds study 

Since the spectra of cuticles is very complex, as shown in the spectra analysed so far, few bands 

might be used as indicative of the presence of phenolic compounds. In the literature, the analysis 

of UACs in pollen and spores, which present spectra equally complex as the ones of cuticles, relies 

mainly in the presence of the band at 1515 cm-1 that corresponds to C=C stretch in aromatic 

compounds11. Analogously, considering the composition of the cuticles, the only compounds that 

have aromatic rings are the UACs. Therefore, the same band could be used to investigate the 

presence of such compounds in fossil cuticles.   

However, the analysis of the alterations caused by the cleaning procedure applied to isolate the 

cuticle indicates that some reagents might impact in the attribution of some bands, especially 

after oxidating steps for removal of mesophyll.  
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Considering the band at 1515 cm-1 visible in only one species analysed in this thesis, i.e., G. 

regnellii, their spectra showed that that using Schulze’s reagent to remove the mesophyll might 

mask the presence of this band (Fig. 9 and 10). Still, Fig. 9 and 20 shows that the presence of 

phenolic compounds might still be evaluated if the spectra are analysed only until the use of HF 

or using H2O2 for removing the mesophyll.  

One challenge in the analysis of UACs in these fossils is the absence of other bands, especially 

related to aromatic compounds. Previously, the absence of bands corresponding to CH stretches 

in C=C bonds was mentioned. However, the IR spectra of pCA and FA both in databases and in 

the literature66,67 show very weak bands in the mentioned regions. Also, the pCA and FA band 

near 1515 cm-1 is supposed to have a medium-strong absorbance.  

As a result, the weak band observed for the fossil could be related to a small amount of UACs 

that are preserved. Other studies discuss the oxidation of C=C bonds as a result of maturation, 

with consequent decrease in absorption of the corresponding bands68,69. More specifically, 

previous research on the thermal maturation69 shows a decrease of a band around 1520 cm-1 

with increasing temperature.  Although this band was assigned by the authors as belonging to a 

“N group”, it could in fact correspond to a C=C stretch in aromatic compounds, explaining the 

low intensity of this band that was observed in the fossil cuticle of G. regnellii. The thermal 

maturation could also explain the absence of such bands in the other fossil cuticles analysed here, 

particularly in the case of the leaves from Greenland (since they were exposed to more pressure 

at depth).  

As the presence of UACs also depend on the exposure of leaves to UV flux, Gingko biloba cuticles 

were used for comparison between leaves from a tree grown outdoors and a tree grown indoors, 

i.e., without extended exposure to UV-B (Fig. 32), being therefore assumed as receiving less UV 

than the tree grown outdoors. The spectrum of G. regnellii before mesophyll removal is also 

shown for comparison. Again, the shaded area corresponds to the standard deviation of the 

spectra acquired.  

G. biloba was chosen for this analysis as it is the closest living relative of the fossil plants studied 

in this thesis. Also, previous studies showed the presence of phenolic compounds in its leaves70.  

Some differences can be seen between the cuticles of G. biloba grown outdoors and indoors, 

which could reflect differences in their composition as a consequence of changes in the UV flux 

received. Besides, the spectrum of the fossil cuticle of G. regnellii shows less bands, with a much 

stronger one near 1710 cm-1, which could reflect the oxidation of other functional groups during 

the fossilization process. 

More specifically, the spectra of the cuticle from indoors show a broader band near 1733 cm-1, 

and the bands at 1652 cm-1 and 1608 cm-1 are less defined when compared to the bands from 

the cuticle from the outdoors plant. As mentioned previously, the spectrum of G. regnellii only 

shows a band without structure around 1610 cm-1, indicating that the other carbonyl group seen 

in the extant plant at 1652 cm-1, possibly ketone, could have been oxidized to carboxylic acid. 
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Figure 32. Cuticle spectra of Gingko biloba leaves grown exposed (grown outdoors) or not (grown indoors) to UV. 
The last spectrum corresponds to the fossil cuticle of Ginkgoites regnellii after removal of minerals. The reference 
dotted line corresponds to the 1515 cm-1 to highlight the presence of this band in the spectra. 

Other differences appear in the fingerprint region, with the cuticle from indoors showing a 

broader and less defined band near 1440 cm-1 and 1166 cm-1 than the cuticle from the outdoors 

plant.  

The reference dotted line corresponds to 1515 cm-1. Assuming that this band indicates the 

presence of UACs, and assuming that the plant grown indoors was not exposed to UV-B, it would 

be expected that the cuticle from the plant grown without exposure to UV-B did not show this 

band. On the other hand, plants could still present UACs in lower amounts even without exposure 

to UV-B. Therefore, further experiments must be done in controlled environments, in order to 

quantify the production of UACs without UV-B exposure, and how their production actually varies 

with increasing UV-B flux.  
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5. Conclusion and Future work 

All chemical treatments are expected to cause a degree of change in the treated material. In this 

study, the fossil leaves that were treated following the conventional steps for mineral and 

mesophyll removal, i.e., HCl, HF and finally Schulze’s reagent, presented alterations. In the case 

of HCl, the changes observed could be attributed to a change in pH, which changes the 

protonation state of the carboxylic acid groups in the cuticles. However, the use of Schulze’s 

reagent clearly showed the addition of bands corresponding to nitro groups, indicating that the 

cuticles might have undergone nitration during the process. At the same time, the alterations 

caused by the KClO3 used in the Schulze’s reagent is not clear. Therefore, future work should 

include the investigation of the exact role and impact of this salt. 

The other sequence of cleaning procedures attempted is presented as a good alternative to the 

conventional one, as the reagents used caused little to no significant changes in the chemical 

spectra of tested leaves. Furthermore, this new method is cleaner and environmentally friendlier.  

As the attempts to use confocal Raman microspectroscopy were not successful (since the leaves 

presented auto-fluorescence even with the 785 nm laser), using a FT-Raman with a longer 

wavelength might be a good alternative. 

Regarding the presence of UACs in the fossil cuticles and their consequent potential as UV-B 

proxies, the band that has been used for analysing the presence of pCA and FA was only present 

in the fossil cuticle of Ginkgoites regnellii. This could possibly indicate that these phenolic 

compounds might have degraded during diagenesis of the other plants.  

At the same time, our results indicate that the Ginkgoaceae family should be further investigated 

as possible UV-B proxies, as the plants investigated in this study both extant and fossils presented 

promising existence of UACs. The presence of the 1515 cm-1 band in the cuticle of Ginkgo biloba 

without high exposure to UV-B suggest that further experiments should be done in controlled 

environment to quantify the production of UACs without exposure to UV-B. Other plant families 

should also be investigated in the mentioned conditions, to examine the variation of UACs’ 

production between different plants from different families.  

Finally, to better account the presence of pCA and/or FA in the cuticles, the spectra of the 

standards of both UACs should be acquired in the same conditions and equipment as for the 

fossil cuticles. Future work should also analyse the presence of such compounds by other 

techniques as py-GC/MS and particularly FT-Raman. 
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8. Appendix – Additional samples 

8.1.  Ptilozamites nilssonii 

 

 

Figure 33. Light microscope images of Ptilozamites nilssonii fossil leaves (Greenland). Three different leaves were 

used in this cleaning procedure. Figures A, E and I correspond to the leaves before being submitted to any chemical 

treatment. B, F and J correspond to the leaves after HCl. C, G and K are the leaves after further treatment with HF, 

and D, H and L are the leaves after the final step for mesophyll removal, performed with Schulze’s reagent. The scale 

bars correspond to 2 mm. 

 

A B C D 

E F G H 

I J K L 



56 
 

4000 3500 3000 2500 2000 1500 1000

4000 3500 3000 2500 2000 1500 1000

 

Wavenumber (cm-1)

 P. nilssonii after Schulze's reagent

c

 A
b

s
o

rb
a
n

c
e
 (

a
.u

.)

 P. nilssonii after HF treatment

 

 P. nilssonii after HCl treatment

b

 

 

 P. nilssonii untreated

2925
2854

*

*

a

 

1800 1700 1600 1500 1400 1300 1200

 

Wavenumber (cm-1)

 P. nilssonii untreated

1735

1685

1610

1492

1457

1371

1241

1284

1162

a

1800 1700 1600 1500 1400 1300 1200

 

Wavenumber (cm-1)

 P. nilssonii after HCl treatment

1704

1608

1455

1371

1257

1195

b

1900 1800 1700 1600 1500 1400 1300 1200 1100

 

Wavenumber (cm-1)

 P. nilssonii after Schulze's reagent

1712

1637

1554
1535

1457

1353
1276

c

 

Figure 34. Spectra of Ptilozamites nilssonii untreated and after each chemical processing. From the top to the 
bottom, the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with HCl, HF, and 
finally Schulze’s reagent. The spectra on the bottom correspond to (a) the highlighted region in the first spectrum, 
i.e., corresponding to the untreated fossil, (b) to the highlighted region in the spectrum corresponding to the leaves 
after the HCl treatment, and (c) to the highlighted region in the spectrum after mesophyll removal with Schulze’s 
reagent. 
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Table 8. Main functional groups assigned to the different vibrations present in the transmission spectra of the fossil 

cuticles of P. nilssonii analysed. 

Wavenumber (cm-1) 

Assignment Componenta,b 
P. nilssonii 
untreated 

P. nilssonii 
after HCl 

P. nilssonii after 
Schulze's reagent 

3696.87 3696.9 - inner AlAlOH groups (surface) 

Kaolin 
3671.8 3671.8 - 

AlAlOH - characteristic of well-ordered structure 
3652.51 3652.5 - 

3619.73 3619.7 - inner AlAlOH groups 

3411 3411 3411 O-H stretch Water 

2925.48 2925.5 2925.48 CH Stretching aliphatic compounds Cutin, waxes 

2854.13 2854.1 2854.13 CH Stretching aliphatic compounds Cutin, waxes 

1735.62 1704.8 1712.47 
C=O stretching carboxylic acid Cutin, phenolic compounds 

1685.48 - - 

1610.27 1608.3 1637.2687 C=O stretching carboxylate Cutin, phenolic compounds 

- - 1554.34 NO2 sym and asym stretches saturated nitro 
compounds 

- 
- - 1535.05 

1492.63 - - C=C stretching (aromatic) Phenolic compound 

1457.92 1456 1457.92 CH2 deformation Cutin, waxes 

1371.14 1371.1 - CH3 sym deformation Cutin, waxes 

- - 1353.78 
NO2 sym and asym stretches saturated nitro 

compounds 
- 

1284.35 - - C-O-C stretch ether or C-O stretch carboxylic acid 
Cutin, polysaccharides, 
phenolic compounds 

- - 1276.64 N-O strecth  - 

1241.93 1257.4 - C-O-C stretch ether or C-O stretch carboxylic acid 
Cutin, polysaccharides, 
phenolic compounds 

- 1195.7 - 
C-O-C stretch ether 

Cutin, polysaccharides 

1162.86 - -   

1114.65 1114.7 - 

Si-O stretch of tetrahedral sheets 
Kaolin 

1029.8 1029.8 - 

1006.65 1006.7 - 

912.16 912.16 - inner O-H bending 
 aWavenumber and spectra shape of kaolin were compared to the kaolin study in the reference60. 
bCuticle composition attributed also based on reference 19. 
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Figure 35. Difference spectra calculated between the mean spectrum measured after submitting fossil leaves of 
Ptilozamites nilssonii to the different steps of the cleaning process. (a) HCl minus the mean spectrum of untreated 
leaves. (b) After HF treatment minus the spectrum after HCl treatment. (c) Mean spectrum after Schulze’s reagent 
minus the spectrum after HF treatment. The dashed line indicates the ΔAbs of zero. All spectra were normalized to 
the 1710 cm-1 band before subtraction. 

8.2.  Bennettites 

 

Figure 36. Light microscope images of bennettite fossil leaves (Greenland). Two different leaves were used in this 
cleaning procedure. Figures A and E correspond to the leaves before being submitted to any chemical treatment. B 
and F correspond to the leaves after HCl, C and G are the leaves after further treatment with HF, and D and H are 
the leaves after the final step for mesophyll removal, performed with Schulze’s reagent. The scale bars correspond 
to 2 mm. 
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Figure 37. Spectra of bennettite leaves untreated and after each chemical processing. From the top to the bottom, 
the spectra correspond to the analysis of the untreated fossil, the analysis after treatment with HCl, HF, and finally 
Schulze’s reagent. The spectra on the bottom correspond to (a) the highlighted region in the first spectrum, i.e., 
corresponding to the untreated fossil, (b) to the highlighted region in the spectrum corresponding to the leaves after 
the HCl treatment, and (c) to the highlighted region in the spectrum after mesophyll removal with Schulze’s reagent. 
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Table 9. Main functional groups assigned to the different vibrations present in the transmission spectra of the fossil 

cuticles of bennettite leaves analysed. 

Wavenumber (cm-1) 

Assignment Componenta,b Bennettite 
untreated 

Bennettite 
after HF 

Bennettite after 
Schulze's reagent 

3696.87 3696.87 - inner AlAlOH groups (surface) 

Kaolin 
3669.87 3669.87 - AlAlOH - characteristic of well-ordered 

structure 3652.51 3652.51 - 

3619.73 3619.73 - inner AlAlOH groups 

3451 3451 3451 O-H stretch Water 

2923.55 2923.55 2923.55 CH Stretching aliphatic compounds Cutin, waxes 

2852.2 2852.2 2852.2 CH Stretching aliphatic compounds Cutin, waxes 

1698.97 1698.97 1712.47 C=O stretching carboxylic acid 
Cutin, phenolic 

compounds 

1614.12 1614.12 1627.62 C=O asym stretching carboxylate 
Cutin, phenolic 

compounds 

- - 1536.98 
NO2 sym and asym stretches saturated 

nitro compounds 
- 

1457.92 1457.92 - CH2 deformation 

Cutin, waxes 1438.63 - - CH3 asym deformation 

1376.92 1373.06 - CH3 sym deformation 

1344.14 1349.927 - C=O aym stretching carboxylate 
Cutin, phenolic 

compounds 

- - 1359.56 
NO2 sym and asym stretches saturated 

nitro compounds 
- 

- - 1276.64 N-O strecth  - 

1240 - - 
C-O-C stretch ether or C-O stretch 

carboxylic acid 
Cutin, polysaccharides, 
phenolic compounds 

1132.01 - - C-O-C stretch ether Cutin, polysaccharides 

- - 1047.15 C-N stretch in saturated nitro compounds - 

1112.72 1112.72 - 

Si-O stretch of tetrahedral sheets 
Kaolin 

1029.8 1029.8 - 

1008.58 1008.58 - 

910.23 910.23 - inner O-H bending 
 aWavenumber and spectra shape of kaolin were compared to the kaolin study in the reference60. 
bCuticle composition attributed also based on reference 19. 
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Figure 38. Difference spectra calculated between the mean spectrum measured after submitting the bennettite 
fossil leaves to the different steps of the cleaning process. (a) HCl minus the mean spectrum of untreated leaves. (b) 
After HF treatment minus the spectrum after HCl treatment. (c) Mean spectrum after Schulze’s reagent minus the 
spectrum after HF treatment. The dashed line indicates the ΔAbs of zero. All spectra were normalized to the 1710 
cm-1 band before subtraction. 

 

8.3.  Podozamites 

 

Figure 39. Light microscope images of Podozamites fossil leaf (Greenland). One leaf was used in this cleaning 
procedure. Figure A corresponds to the leaf before being submitted to any chemical treatment. B corresponds to 
the leaf after HCl, C is the leaf after further treatment with HF, and D is the leaf after the final step for mesophyll 
removal, performed with Schulze’s reagent. The scale bars correspond to 2 mm. 
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Figure 40. Spectra of Podozamites untreated and after each chemical processing. From the top to the bottom, the 
spectra correspond to the analysis of the untreated fossil, the analysis after treatment with HCl, HF, and finally 
Schulze’s reagent. The spectra on the bottom correspond to (a) the highlighted region in the first spectrum, i.e., 
corresponding to the untreated fossil, and (b) to the highlighted region in the spectrum after mesophyll removal 
with Schulze’s reagent. 
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Table 10. Main functional groups assigned to the different vibrations present in the transmission spectra of the fossil 
cuticles of Podozamites analysed 

Wavenumber (cm-1) 

Assignment Componenta 
Podozamites untreated 

Podozamites after 
Schulze's reagent 

3399 3399 O-H stretch Water 

2925.48 2925.48 CH Stretching aliphatic compounds Cutin, waxes 

2856.06 2856.06 CH Stretching aliphatic compounds Cutin, waxes 

1706.69 1706.69 C=O stretching carboxylic acid Cutin, phenolic compounds 

1612.19 - C=O asym stretching carboxylate Cutin, phenolic compounds 

- 1583.27 
NO2 sym and asym stretches saturated nitro 

compounds 
- 

1455.99 1455.99 CH2 deformation 
Cutin, waxes 

1376.92 1376.92 
CH3 sym deformation/NO2 sym and asym 

stretches saturated nitro compounds 

- - C=O aym stretching carboxylate Cutin, phenolic compounds 

- 1276.64 N-O strecth - 

1267 - 
C-O-C stretch ether or C-O stretch 

carboxylic acid 
Cutin, polysaccharides, phenolic 

compounds 

1035.58 - C-O-C stretch ether Cutin, polysaccharides 

- 1043.3 C-N stretch in saturated nitro compounds - 
aCuticle composition attributed also based on reference 19. 

 

 

Figure 41. Difference spectra calculated between the mean spectrum measured after submitting the Podozamites 
fossil leaves to the different steps of the cleaning process. (a) HCl minus the mean spectrum of untreated leaves. (b) 
After HF treatment minus the spectrum after HCl treatment. (c) Mean spectrum after Schulze’s reagent minus the 
spectrum after HF treatment. The dashed line indicates the ΔAbs of zero. All spectra were normalized to the 1710 
cm-1 band before subtraction. 
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