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ABSTRACT 
 
The preservation of organic compounds is noteworthy in the geologic record as these 
components usually are lost soon after decay is established. Among these, melanin is a 
delicate and highly heterogeneous natural pigment, which can be found in virtually all 
organisms. This pigment, or biochrome, is generally found inside the organelles called 
melanosomes, which size ranges from 0.1 to 2.0 µm, and whose shape varies in accordance 
with the melanin produced. Overall, these subcellular particles can be divided into two forms: 
the spherical phaeomelanosomes that produce the red-yellowish-coloured phaeomelanin; 
and the rod-shaped eumelanosomes that produce the black-brownish eumelanin. Despite its 
delicate nature, melanosomes were found in fossils of animals from many deposits around 
the world, and these organelles allowed inferences about the taphonomy of these (and 
others) organic molecules, as well as the biological role of colour patterns in addition to their 
relationship with the palaeoenvironment. In Brazil, the Cretaceous Crato Formation (Araripe 
Basin, NE) is accounted for most cases of these organelles. However, only a few taxa have 
been examined, and in a few studies, whilst important palaeobiological, palaeoecological, 
and taphonomic aspects still remain obscure. In response to this issue, in this thesis, a 
comprehensive number of fossils (a total of 87 specimens consisting of two fish, one frog, 
two pterosaurs, and 82 isolated feathers) were analysed focusing on the identification of 
melanosomes and melanin using multiple analytical and statistical approaches. Overall, it 
was revealed that most soft tissues exhibited the presence of fossilized oblate to elongated 
microbodies. These occur as solid or external moulds and are preserved as 
kerogen/eumelanin, calcium phosphate, and iron oxyhydroxide, (i.e., limonite). Eumelanin 
was only detected in carbonized and phosphatized specimens, whereas the limonite-rich 
fossils only showed their mineral signature with no signal of melanin or other pigments (e.g., 
carotenoids ). Therefore, due to dimensions and chemistry, in addition to the remarkable 
similarities with melanosomes from tissues of modern animals, the microbodies observed in 
these fossils were then identified as the fossilized analogues of these organelles. Chemical 
analysis indicated that the microbody's physical integrity and eumelanin retention inside 
varied according to its composition/mineralogy. While the kerogeneous and phosphatized 
microbodies remained physically pristine, those limonite-rich ones exhibited signatures of 
mineralization, which its extent could lead to their disintegration into scattered single 
acicular crystals. In kerogenized and phosphatized granules, it was recognized that diagenetic 
processes (e.g., increase in temperature) were responsible for the degradation of eumelanin 
into a larger and disordered polymer; whereas, in limonite-rich fossils, this biochrome was 
totally degraded. In sum, eumelanin and eumelanosomes in these fossils, possibly played a 
fundamental role in photoprotection, such as in the case of fish eyes and frog skin, and 
display or camouflage in feathers and pterosaurs. In conclusion, this investigation provided a 
holistic view of the taphonomy and the possible role of melanin and melanosomes in extinct 
taxa of the Crato Formation. This thesis also showed that the Palaeocolour studies have great 
potential to broaden and expand knowledge, which also suggests its applicability to other 
fields of science, such as astrobiology and geobiology. 
 
Keywords: Melanin, Melanosomes, Palaeocolour, Taphonomy, Crato Formation. 

  



 

 

RESUMO 
 

A preservação de compostos orgânicos é notável no registro geológico, pois esses 
componentes geralmente são perdidos logo após o estabelecimento da decomposição. 
Dentre estes, a melanina é um pigmento natural delicado e altamente heterogêneo, que 
pode ser encontrado em praticamente todos os organismos. Esse pigmento, ou biocromo, 
geralmente se encontra no interior de organelas denominadas melanossomos, cujo tamanho 
varia de 0.1 a 2.0 µm, e cujo formato varia de acordo com a melanina produzida. Em geral, 
essas partículas subcelulares podem ser divididas em duas formas: os feomelanossomos 
esféricos que produzem a feomelanina de cor vermelho-amarelada; e os eumelanossomos 
em forma de bastonete que produzem a eumelanina preto-acastanhada. Apesar de sua 
natureza delicada, melanossomos foram encontrados em fósseis de animais de diversos 
depósitos ao redor do mundo, e essas organelas permitiram inferências sobre a tafonomia 
dessas (e outras) moléculas orgânicas, bem como o papel biológico dos padrões de cores, 
além de sua relação com o paleoambiente. No Brasil, o Cretáceo da Formação Crato (Bacia 
do Araripe, NE) é responsável pela maioria dos casos dessas organelas. No entanto, apenas 
alguns táxons foram examinados e em poucos estudos, enquanto importantes aspectos 
paleobiológicos, paleoecológicos e tafonômicos ainda permanecem obscuros. Em resposta a 
esta questão, nesta tese, um número abrangente de fósseis (um total de 87 espécimes 
consistindo em dois peixes, uma rã, dois pterossauros e 82 penas isoladas) foi analisado com 
foco na identificação de melanossomos e melanina usando múltiplos métodos analíticos e 
abordagens estatísticas. No geral, foi revelado que a maioria dos tecidos moles exibiu a 
presença de microcorpos oblatos a alongados fossilizados. Estes ocorrem como moldes 
sólidos ou externos e são preservados como querogênio/eumelanina, fosfato de cálcio e 
oxihidróxidos de ferro (i.e., limonita). A eumelanina foi detectada apenas em espécimes 
carbonizados e fosfatizados, enquanto os fósseis ricos em limonita mostraram apenas sua 
assinatura mineral sem sinal de melanina ou outros pigmentos (e.g., carotenoides). Portanto, 
devido às dimensões e química, além das notáveis semelhanças com melanossomos de 
tecidos de animais modernos, os microcorpos observados nesses fósseis puderam ser 
identificados como os análogos fósseis dessas organelas. A análise química indicou que a 
integridade física do microcorpo e a retenção de eumelanina em seu interior variaram de 
acordo com sua composição/mineralogia. Enquanto os microcorpos querogenizados e 
fosfatizados permaneceram fisicamente intactos, aqueles ricos em limonita exibiram 
assinaturas de mineralização, cuja extensão poderia levar à sua desintegração em cristais 
aciculares únicos dispersos. Em grânulos querogenizados e fosfatizados, foi reconhecido que 
processos diagenéticos (e.g., aumento de temperatura) foram responsáveis pela degradação 
da eumelanina em um polímero maior e desordenado; ao passo que, nos fósseis ricos em 
limonita, esse biocromo foi totalmente degradado. Em suma, a eumelanina e os 
eumelanossomos nestes fósseis, possivelmente, desempenharam um papel fundamental na 
fotoproteção, como no caso de olhos de peixe e pele de rã, e exibição ou camuflagem em 
penas e pterossauros. Em conclusão, esta investigação forneceu uma visão holística da 
tafonomia e o possível papel da melanina e dos melanossomos em táxons extintos da 
Formação Crato. Esta tese também mostrou que os estudos em Paleocoloração têm grande 
potencial para ampliar e expandir o conhecimento, o que também sugere sua aplicabilidade 
a outros campos da ciência, como astrobiologia e geobiologia. 
 
Palavras-Chave: Melanina, Melanossomos, Paleocor, Tafonomia, Formação Crato. 
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CHAPTER 1 - INTRODUCTION 

 

1.1. PREAMBLE 

  

The present document is the result of five years of research on the preservation of 

melanin and melanosomes in fossils from the Cretaceous Crato Formation of the Araripe 

Basin (SE Brazil). This also encompass the experience that I had during the abroad internship 

at the University of Bristol, where I was supervised by Dr. Jakob Vinther.  

In Brazil, studies on melanosomes in fossils are very limited and, so far, confined to 

two isolated feathers and two specimens of pterosaur from the same species. As observed, 

the number of samples analysed remains low (n<5), and as a consequence, the presence of 

melanosomes in other vertebrate groups remains unknown, especially in exceptionally 

preserved fossils from the Crato Formation. Therefore, the aim of this project can be 

abridged into the following propositions: (a) the identification of melanosomes in tissues of 

different vertebrates from the Crato Formation; (b) identify the chemical signatures of these 

microbodies, and if possible, the molecular alterations that can occur during the diagenesis; 

(c) recognize the process of fossilization and the taphonomic pathways for the preservation 

of soft tissues, hence, the melanosomes; and (d) the putative palaeobiological role that 

melanin had in the Crato Formation animals.  

Despite that not all vertebrate were examined as wished (it lacks the lizards, turtles, 

and crocodiles), experiments were carried out in two fish, one anuran, two Tapejarid 

pterosaurs, and 82 isolated feathers from Coelurosaur dinosaurs. Not all these investigations 

produced manuscripts, the exception is the anuran that was studied by an undergraduate 

student Raphaella Domingues, who was supervised by Prof. Dr. Luiz E. Anelli, and also by me. 

Additionally, two fish, whose the results of recent performed experiments still requires 

processing, and hence, they could not be included in the present document.  

In Chapter 1, I present an holistic view of the object that are focus of this thesis, i.e., 

the introduction to main subject (i.e., fossil melanin and melanosomes), followed by the 

geologic context in which the fossils come from, and the aspect of the pigment of interest. In 

Chapter 2, I briefly illustrate the general information about the samples and the analytical 

techniques that all papers share in common. The Chapter 3 is the first paper produced, 
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where I present the results of the investigation performed on a fish eye. It is concluded that 

due to the lack of preserved photoreceptors, the capacity of this particular specimen to see 

colours still remains elusive. However, the presence of eumelanin and melanosomes in the 

eye, indicates that the animal could discern light to shade, suggesting an adaptation to live in 

low light conditions. In Chapter 4, I present the results of investigations on the preservation 

of isolated feathers from the Crato Formation. To this extent, this chapter is somewhat a 

review of my master’s degree, which I was able to review it, re-run some analysis in addition 

to perform others. It is concluded that the preservation of Crato feathers occurred following 

the taphonomic model suggested in the literature, where fossils where pyritized and 

kerogenized. The identification of eumelanin and eumelanosomes allowed us to predict the 

possible colouration for these feathers, which suggests that colour patterns where similar to 

modern aquatic birds, where black and iridescent hues predominates. The Chapter 5 is the 

only published paper of this thesis. This is the results of the investigation of the presence of 

melanosomes in the headcrest of the Tapejaridae pterosaur Tupandactylus imperator. 

Previous interpretation suggested that the oblate microbodies most likely represented 

mineralized coccoid bacteria. However, results from chemical analysis indicated that 

microbodies are in fact, eumelanosomes, enriched with phosphorus and ‘aged’ eumelanin. 

This also suggests that the T. imperator headcrest had a black to brown colour pattern. Due 

to the contrasting subspherical morphology and eumelanic chemistry, we raised questions 

about the colour inferences based only on morphology. In the Chapter 6, I present the results 

of the preliminary investigation on another Tapejaridae pterosaur, the Tupandactylus 

navigans. In spite that most data remains to be processed (e.g., FTIR, SR-µXRF, ToF-SIMS), in 

addition to new experiments must be performed, some interpretations can already be drawn 

from the available evidence. Consequently, the results of microscopic and chemical analysis 

has revealed that this specimen is exceptionally preserved with presence of integumentary 

tissues from the headcrest, beak, and nasoantorbital regions. The presence of pyritized 

oblate melanosomes suggests possible brownish colouration, and hence, it is possible that 

the headcrest colour may had protective and display role. We also concluded that it is 

possible that the two Tupandactylus species may be synonyms, and the headcrests colour 

and animals’ size may reflect a dimorphic trait. In Chapter 7, I questioned the reliability of 

the sole use of scanning electron microscopy and Raman spectroscopy on the identification 
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of melanosomes in kerogenized fossils with numerous pyrite framboids. In fact, this 

manuscript is a comment (written in 2018) to a paper published in the literature. In this 

paper, as both compounds (i.e., melanin and kerogen) have similar spectral bands, we 

discuss the difficulty in distinguishing them. Also, we highlight the remarkable similarity 

between the pyrite framboids with the melanin granule aggregates. Ergo we suggest that the 

identification of microbodies must be done together with multiple analytical techniques, 

such as Fourier-Transform InfraRed Spectroscopy (FTIR) or Mass Spectrometry (MS). Finally, 

in the Chapter 8, I provide the final considerations about the results obtained in this 

document, commenting the achievements and problems arisen from these studies. 

It is important to note that the supplementary materials produced in each paper is 

contained in the appropriated chapter. However, I also included in the Annex A images of the 

fossils studied, in Annex B the abstracts that were produced in this thesis and presented in 

palaeontological events. Finally, in Annex C, I present a list of papers that I collaborated that 

were published, under review, or about to be submitted. Although these papers are not 

related to this project, they were all developed during the period of my doctorate, and each 

one gave me the opportunity to discuss interpretations, discover new things, and learn or 

improve the analytical approaches.  
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1.2. THE PALAEOCOLOUR 

 

The preservation of organic molecules is a rare event in the fossil record compared to 

most mineralized tissues, and when present, they allow inferences about biochemistry, 

physiology and behaviour of extinct organisms (Briggs & Summons, 2014; Benton, 2017). 

Albeit also rare in most sedimentary deposits, the occurrence of vertebrate soft tissue is 

relatively common in Konservat-Lagerstätten (Allison & Briggs, 1993; Eliason et al., 2017). 

Nevertheless, both components (i.e. organics and soft tissues) can also give information 

about the sedimentary environment and diagenesis (Briggs & Mcmahon, 2016; Parry et al., 

2018; Purnell et al., 2018). In other words, as soon as death occur and after the final burial, 

the organic matter generally endures a rapid structural changes by diagenetic processes 

(Briggs & Summons, 2014; Parry et al., 2018; Purnell et al., 2018). Notably the temperature, 

pressure and deep time are considered main factors that acts on this phenomenon 

(Muscente et al., 2018). With the right amount of conditions, the organic matter can become 

highly crosslinked, transformed into aromatized compounds, or long chains of aliphatic 

hydrocarbons with varying weight and elemental bonding (Briggs & Summons, 2014; Gupta, 

2014; Muscente et al., 2018; Wiemann et al., 2018).  

The discovery of fossilized melanin-bearing organelles called melanosomes in 2008 

(Vinther et al., 2008) has brought a new area of study to palaeontology, which is now defined 

as ‘palaeocolour’ (Vinther, 2015). Until that year, the presence of spherical and elongated 

microbodies in the soft tissue of fossils was considered evidence of fossilized bacteria due to 

their overall dimension, shape, and occurrence in virtually all environments, including 

decaying carcasses (Wuttke, 1983; Liebig et al., 1996; Martill & Wilby, 1994). This 

interpretation was mainly supported by the fact that some microbial strains are able to 

precipitate minerals onto their cell membranes during their metabolic activity, leading to the 

formation of a 'sarcophagus-like' structure (Schultze-Lam et al., 1996). As a result, due to the 

fact that simple cells have been found preserved as minerals in rocks from Archean to the 

Present, these records led researchers to consider most fossil microbodies as being self-

preserved bacteria, or, in other words, 'autolithified bacteria' (Wuttke, 1983; Briggs, 2003). 

Since then, this interpretation prevailed in all studies of the fossilization of non-recalcitrant 



Melanosome Taphonomy in Crato Formation Fossils 

 

 
5 
 

tissues, such as in metazoan embryos (e.g., Raff et al., 2008), plants (e.g., Iniesto et al., 2018), 

invertebrates (e.g., Briggs et al., 2005), and vertebrates (e.g., Martill, 1987).  

Despite the microbial hypothesis was fully adopted by palaeontologists, a 

reinterpretation only occurred after Vinther et al. (2008) conducted a comparative study 

between fossil microbodies and extant melanosomes. Subsequent studies with ink sac of 

fossil cephalopods supported this reinterpretation by finding the presence of slightly altered 

eumelanin within these microbodies (Glass et al., 2012, 2013; Ito et al., 2013; Košťák et al., 

2018; Košták & Jagt, 2018), suggesting that this pigment is evolutionarily and geologically 

conservative (Colleary et al., 2015). Interestingly, melanosomes are also present in tissues of 

many extant and extinct organisms, such as skin and feathers (Fig. 1.1), which dwell in 

different parts of the globe, under varied climate conditions (d'Ischia et al., 2013). As a 

consequence, it has been questioned the probability of bacteria becoming fossils under 

normal conditions, as opposed to melanosomes (Vinther, 2015).  

 

Figure 1.1. Examined fossils and their respectively melanosomes. (A) A fossil squid Glyphiteuthis (NPL 
52123AB) from the Cretaceous Hajoula Formation of Lebanon, with the ink sac preserved (arrowhead), and (B) 
their globular melanosomes. (C) The putative lungfish larvae Esconicthys apopyris (PF9831) from the 
Carboniferous of Mazon Creek Formation of USA and (D) the melanosome the eyes (arrowheads). (E) An 
undescribed bird (MGUH 28.929) from the Eocene Für Formation of Denmark and melanosomes from the (F) 
feather crest (red circle) and (G) eye (white circle). (H) An isolated fossil feather from Cretaceous Crato 
Formation of Brazil, exhibiting the banded pattern coloration, and its (I-J) melanosomes. Images extracted and 
modified from: (A and B) University of Texas at Austin (http://www.jsg.utexas.edu/npl/outreach/squids-the-
cretaceous-ink-well/), (C and D) from Clements et al. (2016). (E to J) Vinther et al. (2008). 

 

Conversely, advocates of the former hypothesis (i.e., microbes fossils) also started to 

question the endogenous nature and the possibility of these small and delicate organelles 
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becoming fossils (Moyer et al., 2014; Lindgren et al., 2015a, 2015b; Schweitzer et al., 2015). 

In addition, for most of these authors, it was mandatory to perform multiple geochemical 

analyses, to provide further support for this interpretation, hence, ruling out the microbial 

hypothesis (Lindgren et al., 2015b). They also evoked the fact that bacteria are also able to 

produce melanin, though their biosynthesis and molecular precursors greatly differ from 

those seen in animals (D'Alba & Shawkey, 2019). Therefore, for them, even if a melanin 

signature is detected in fossils, due to possible bacterial melanin origin, the former 

hypothesis could not be rejected. 

In contrast to these claims, subsequent investigations with experimental maturation 

of feathers and multivariate statistical approaches thoroughly showed that microbes cells can 

only be preserved under unique environmental conditions such as those seen in 

hydrothermal springs (Saitta et al., 2017a, 2017b, 2018a, 2018b; Roy et al., 2020a, 2020b; 

Zhao et al., 2020). In other words, for microbial preservation to occur, it is necessary that the 

geochemical conditions are favourable for rapid mineralization before cell apoptosis, with 

suitable pH, temperature, ions disponible, and appropriate time for this process (Vinther, 

2020). On the other hand, it has been suggested that only the basic pH is able to degrade 

melanosomes and melanins, once both components are regulated by slightly acidic 

conditions (Slater et al., 2020). 

The identification of melanosomes coupled with the application of chemical 

techniques (Fig. 1.2, A) and multivariate statistical analyses (Fig. 1.2, B) allow scientists to 

predict the possible colouring patterns of extinct animals (Fig. 1.2, C-G) (Vinther, 2015; Roy et 

al., 2019; Smithwick & Vinther, 2020; Vinther, 2020). However, their presence is not limited 

to colour reconstructions. It has been demonstrated that melanosomes were also useful in 

taxonomic analysis of isolated feathers (Gren et al., 2017), in understanding vertebrate 

evolution (Gabbott et al., 2016; Clements et al., 2016; Lindgren et al., 2018), and in 

physiological aspects of these animals (Lindgren et al., 2012; Li et al., 2014; Lindgren et al., 

2014; Tanaka et al., 2014; Eliason et al., 2016; Tanaka et al., 2017; Lindgren et al., 2018). 

Apart from this intrinsic palaeobiological aspect, the identification of ancient biochromes 

and its ultrastructures have also informed the palaeoenvironmental (Vinther et al., 2016) and 

taphonomic conditions that acted on fossil preservation (McNamara et al., 2013, Colleary et 

al., 2015; McNamara et al., 2018a, 2018b; Muscente et al., 2018). 
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Figure 1.2. The colour inference of extinct animals. (A) The ToF-SIMS spectra of the Carboniferous hagfish 
Tullimonstrum gregarium (upper spectra) and a feather of the extant crow (Corvus corone) showing they are 
chemically similar. (B) The CQDA from the melanosome dataset to predict the colour pattern of the 
maniraptoran dinosaur Microraptor gui (colour reconstructed in E). (C) The aspect of the T. gregarium based on 
melanosome analysis. (D) The colour pattern reconstruction of an unspecific Cretaceous Anurognathid 
pterosaur from China. (E) Colour reconstruction of the dinosaur Microraptor gui. (F) Colour pattern of the 
isolated feather of Archaeopteryx lithographica. (G) The predicted countershading pattern in aquatic extinct 
reptiles from the Cretaceous (Mosasaur and leatherback turtle) and Jurassic (Ichthyosaur). Images extracted 
from: (A and C) Clements et al. (2016); (D) Yang et al. (2019); (B and E) Li et al. (2012); (F) Manning et al. (2013); 
(G) Lindgren et al. (2014). 
 

Melanin has proven for being the only type of biochrome that withstand almost 

unaltered throughout the diagenetic processes (Glass et al., 2012, 2013; Ito et al., 2013; 

Simpson et al., 2013), and its resilience may be derived from their heterogeneous molecular 

structure, and localization inside the melanosomes. As a consequence, the study of fossil 

melanin is of great interest for molecular palaeobiologists as the analysis of these 

microbodies is able to provide important taphonomic information about the processes that 

acted on the alteration of their morphology and chemistry, indicating the mechanisms of soft 

tissue preservation (Mcnamara, 2013; Ito et al., 2013; McNamara et al., 2013, 2018a, 2018b). 

For instance, the increase in temperature and pressure through a long period of time (i.e. 

late in diagenesis) is able to alter significantly the melanosome shape, and their dimension 

can shrink up to 20% of the original size (McNamara et al., 2013; Colleary et al., 2015). In 
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most cases, microbodies1 are found preserved as kerogen, but other types of composition 

can also be found, such as phosphates and iron sulphides (Briggs & Summons, 2014; 

Muscente et al., 2018). In addition, remains of melanin can be determined as the result of 

chemical degradation or be identified as small fragments of the original molecule (e.g. 

indoles and pyrroles) and functional groups (e.g. C=O, C-N) (Roy et al., 2019). Furthermore, 

physical features observed in melanosomes can also indicate its fossil status (Fig. 1.3), such 

as the presence of scattered pits, arbitrary breakages, molds and soft-tissue grainy surface 

(Glass et al., 2012, 2013; Ito et al., 2013). 

 

Figure 1.3. Fossil status of melanosomes. (A and B) The presence of scattered pits (arrowheads in B) onto the 
surface of granules from two fossil turtles. (C) Arbitrary breakages of rods of an isolated feather. (D) Casts 
(external molds) of rods from a pterosaur tissue. (E) The grainy texture of the soft-tissue anuran sample, 
exhibiting a high concentration of microbodies. Images extracted from: (A) Lindgren et al. (2017), (B) Lindgren 
et al. (2014), (C) Prado (2017), (D) Yang et al. (2019), (E) Mcnamara et al. (2009).  

   

On the other hand, the discovery of β-keratin remnants in fossil feathers indicated 

their preservation potential (Moyer et al., 2016a, 2016b; Pan et al., 2016; Schweitzer et al., 

2018; Pan et al., 2019). However, experiments shows uncertainty, suggesting that keratin 

could not be preserved even in exceptional conditions (Saitta et al., 2017a, 2017b, 2018a, 

2018b; Saitta & Vinther, 2019). As a result, its preservation remains controversial, but face 

the current body of evidence, it is possible assume that is unlikely that this protein fossilize.  

 
1 The term ‘microbodies’, is used to refer microscopic corpuscles, which can be melanosomes, crystals, or small 
particles. In the present thesis, this term is often used interchangeably — according to their shape and 
dimensions — with other terms, such as, ‘globules’, ‘spherules’, ‘particles’, ‘grains’, or ‘granules’. 
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To date, in Brazil, only two units exhibited such structures: the Aptian (ca. 110 Ma) 

Crato Formation of the Araripe Basin, and the Palaeogene (ca. 25 Ma) Tremembé Formation 

of the Taubaté Basin (Prado et al., 2015). Both deposits are known for the richest biota of 

their time, with several groups of animals and plants exquisitely preserved (Martill et al., 

2007b; Prado et al., 2015). In these units, melanosomes were observed in isolated feathers, 

in an anuran, and in a pterosaur headcrest (Prado et al., 2015; Campos et al., 2019; Pinheiro 

et al., 2019; Cincotta et al., 2022). On the other hand, some other groups of animals (e.g., 

crocodiles and lizards) remain unexamined, and thus, the presence of melanosomes still 

unknown. Moreover, only a small number of specimens were examined (n<5; see Chapter 4, 

Fig. 4.1), requiring that a statistically significant investigation must be performed.  

 

1.3. THE GEOLOGIC SETTING 

 

1.3.1. The Crato Formation 

 

Located in the north-eastern of Brazil (Fig. 1.4, A), the Crato Formation belongs to the 

Santana Group that represent the Mesozoic sequence of the Araripe Basin. This unit is 

composed by multiple transgressive-regressive cycles (Fig. 1.4, B and C), that were 

responsible for the deposition of greeny and bituminous black shales, limestones, 

sandstones, and layers of evaporitic minerals (Assine et al., 2014). At atop, it is covered by 

the gypsum layers from the Ipubi Formation, whereas at bottom, it lies concordantly above 

the greeny shales of the Barbalha Formation (Assine, 1992, 2007; Assine et al., 2014; 

Fambrini et al., 2015). The Crato Formation consist of several lithologies, but because fossils 

occur mainly on limestones, this rock-type drew more attention to geologists and 

palaeontologists. As fossils of this study are preserved in these rocks, their characteristics will 

be explored in this section. Consequently, the Crato Formation limestones have been widely 

used as ornamental rock, being sold mainly on the northeastern region of Brazil. For this 

aspect, the rocks of the Araripe Basin have been subject of intense study and exploitation by 

mining companies, from at least, the XIX century (Carvalho & Santos, 2005). Although being 

well studied, there are still much controversy about its depositional environment. According 

to Rojas (2009), the upper layers of the Crato Formation represents a sabkha depositional 
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system. This proposition was supported by the geographical distribution of carbonate rocks 

and the thick beds of gypsum from the upper Ipubi Formation, as both are limited to the NE 

portion of the Araripe Basin (Assine, 1992). For the bottom layers where most fossils 

discovered, evidence of freshwater fossils and occasional (cyclic) increase in salinity and 

reducing conditions undisputedly indicates a lacustrine system (Neumann & Cabrera, 2002). 

These interpretations were later confirmed by a detailed study conducted by Varejão et al. 

(2020, 2021), who recognized the sabkha setting at the top, with transitional brackish waters 

in the middle, and an endorreic freshwater palaeolake at bottom. Moreover, this proposition 

is also supported by the record of freshwater bivalves: Cratonaia novaolindensis, 

Monginellopsis bellaradiata, and Araripenaia elliptica (Silva et al. 2020a, 2020b).  

 

Figure 1.4. The location of the Araripe Basin and the Crato Formation rocks. (A) The stratigraphic distribution 
with a simplified chronostratigraphic sequence. (B) The limestones that outcrops at the Pedra do Triunfo quarry 
in the city of Santana do Cariri-CE. (C) The stratigraphic column representing the deepest portion of the Basin, 
where the Crato Formation is better represented. Figure (A and B) is extracted and modified from Pinheiro et al. 
(2019) and (B) from Osés et al. (2017). All images are under the Creative Commons International Licence 4.0.  
 

Besides these recent propositions, Neumann (1999) and Neumann & Cabrera (2000) 

suggested that the Crato Formation sediments were mainly deposited under an endorheic 
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lacustrine setting with seasonal climatic conditions. Using the Sequence Stratigraphy, these 

authors also recognized six sedimentary cycles of third order, whose intervals occur between 

106 to 107 Ma. Thus, the high system tract periods would represent the maximum extension 

and water depth of the palaeolake. As a result, the deposition of sediments varied laterally, 

as the base level accompanied the variation of palaeolake extension (Neumann & Cabrera, 

2000). Moreover, these authors also suggested that a mild but active tectonics was 

responsible for controlling the base level, palaeodrainage as well as the formation of sin-

sedimentary structures (Cabral et al., 2019; Celestino et al., 2021), such as 

penecontemporaneous deformations (e.g., loop-beddings, flame-structures and 

microslumps), and micro to macro fractures and veins, which can be seen filled with calcite, 

and more rarely, by pyrite (Fig. 1.5). Because structures  follows the patterns of the 

Precambrian basement faults, these brittle deformations most likely occurred during the 

post depositional phase of diagenesis (Neumann et al., 2008; Miranda et al., 2011, 2017, 

2018; Celestino et al., 2021). 

 

Figure 1.5. Sedimentary structures of the Crato Formation limestones. (A) Convoluted limestone layers and (B) 
a slump structure that was firstly interpreted as wrinkled microbial mat, but they may also represent a tectonic-
induced deformation. Fractures veins filled with (C) calcite and (D) pyrite. (E) Diagram showing the fracture 
patterns of the limestones. Legend: (Hv) horizontal vein, (J) joint, (Sh) Shear fracture, (St) stylolite, (Vg) Vuggy 
fracture, (Vv) – vertical vein. Images extracted and modified from: (A) Varejão et al. (2019); (B) Catto et al. 
(2016); (E) Miranda et al. (2018). 
 

The tectonics were also influenced by the climate conditions since the transitions 

from tropical to arid/semi-arid controlled the weathering, erosion, and water feedback rates, 

(Neumann et al., 2002). This latter process may have also affected the rate of sediment input 
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into the paleolake. During the warm and humid setting, a higher content of organic matter 

and ion-rich waters nourished the palaeolake, but in the arid/semi-arid period, evaporation 

rate was higher than water load (Neumann & Cabrera, 2002). This led to an increase in 

salinity levels and anoxia at the water-sediment interface (Neumann & Cabrera, 2002; Silva 

et al., 2002), which eventually caused mass mortalities of fish (Martill et al., 2007b).  

 

1.3.2. The Crato Carbonates 

 

The analysis of the distribution of rocks in the northeastern part of the basin 

suggested several transgressive-regressive cycles responsible for the formation of six 

sequences (C1 to C6) of carbonate beds (Fig. 1.6, A), representing different depositional 

settings (Neumann, 1999; Silva et al., 2002; Castro et al., 2006). Another striking 

characteristic of the Crato Formation limestone is the presence of two distinct facies (Fig. 1.6, 

B), the beige (BL) and greyish limestones (GL) (Osés et al., 2017). Albeit both lithotypes are 

composed by sparry and micrite crystals, the GL is richer in blocky and euhedral micrite, clay 

minerals, quartz and amorphous organic matter; while the BL is richer in flaky micrite and 

microspar crystals, halite and iron oxides/iron oxyhydroxides (Neumann et al., 2003). 

 

Figure 1.6. The Crato formation carbonatic sequences. (A) Cycles of carbonates identified by Neumann (1999). 
(B) The carbonates exhibiting the intercalation of greyish (black arrows) with beige facies (white arrows). Figure 
(A) is adapted from Osés (2016). 

 

Some authors suggest that Crato limestones were formed during blooms of 

picoplankton and phytoplankton (Heimhofer & Martill, 2007; Martill et al., 2007b, 2008; 

Heimhofer et al., 2010), whilst others, by microbial mats (MMs) (Fig. 1.7, A) (Mabesoone, 

1986; Srivastava, 1996; Catto et al., 2016; Santos et al., 2017; Cabral et al., 2019). 
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Figure 1.7. The Crato formation microbial structures and fossilized cells. (A) Petrographic thin section of the 
Crato Formation limestone, with the grey and brownish laminae. (B) The “Kinneya-like” structure (elephant skin) 
formed when the microbial mat is corrugated by the waves. (C) A domical shaped stromatolite. (D and E) 
Calcified bacterial cells, (D) a putative Spirulina sp. and (E) several coccoid exhibiting an isolated or in binary-
fission, As well as their casts (yellow arrows). (F) Honeycomb-shaped EPS devoid of bacterial cells. Images 
extracted and modified from (A) Varejão et al. (2019), (B and C) Warren et al. (2017), (D-F) Catto et al. (2016). 
 

Not rare, it is possible to observe crystals of pyrolusite (MnO2) (Fig. 1.8, A), pyrite 

(FeS2) (Fig. 1.8, B-C) and filaments of unknown composition (Fig. 1.8, E-F), the latter 

component most likely is the soot remains caused by occasional wild fires (Pires et al., 2019). 

 

Figure 1.8. Minerals and structures with unknown provenance in the Crato Formation matrix. (A) A flower-like 
crystal of pyrolusite exhibiting a radial growth. (B-D) Isolated pyrite crystals found disseminated in both facies. 
(E and F) Filaments of unknown origin that also occur scattered in the matrix. They most likely are soot from 
plant remains from wild fires. 



Chapter 1 – Introduction 

 

 
14 

  

 

This difference in rock colouration was previously explained as the result of the 

weathering processes that acted onto the exposed surfaces (Martill, 1993; Martill et al., 

2007a). According to this hypothesis, the meteoric waters would be responsible for the 

removal and transport – through sediment pores – of the components (e.g. ion-rich fluids) 

from the upper (BL) into bottom (GL) layers (Heimhofer & Martill, 2007; Martill & Heimhofer, 

2007; Heimhofer et al., 2010). As one expect, this process would result in a richer bed with 

organic matter and elemental ions on the GL facies. In this scenery, slabs and fossils would 

exhibit high concentrations of heavy elements brought by this “leaching” from the upper 

layers. However, using geochemical techniques, recent palaeontological studies have 

demonstrated that both facies are in fact not so much chemically distinct as expected, and 

difference of facies may derive mainly by the mineralogical texture and paleontological 

aspect, such as the type (chemistry) and degree/mode of preservation  (Osés et al., 2017; 

Bezerra et al., 2018). 

Due to the absence of reliable isotopes, the absolute dating of the Crato Formation is 

still lacking (Martill, 2007), but a Lower Cretaceous age (Aptian) is fairly accepted by several 

authors. This age is established by palaeontological evidence, and provided mainly by 

palaeobotany, palynology, and microfossils. Altogether, they place this unit at the sub-zone P-

270 that is equivalent to the Aptian-Albian Age (an interval of ca. 125 Ma to 100.4 Ma) 

(Regali, 1989; Coimbra et al., 2002; Rios-Netto et al., 2012). 

 

1.3.3. The Crato Formation fossil preservation 

 

One great aspect of the Crato Formation is the abundance and diversity of fossils that 

generally exhibit an exceptionally preservation, not rare, with delicate tissues preserved as 

kerogen or stains of limonite (Fig. 1.9). This latter trait has enabled palaeontologists to 

classify this unit as both Konzentrat-Lagerstätte and Konservat-Lagerstätte, a feature held 

only by few deposits around the world (Martill et al., 2007a). In other words, the sheer 

number and the presence of exquisite fossils characterize the Crato Formation as a deposit of 

high concentration and exceptional preservation. As the fossil record indicates, the large and 

diverse animals suggests that during Crato deposition, a well-established trophic chain like 

modern environments was already established (Maisey, 1991; Martill, 1993).  
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Figure 1.9. Fossils from the Crato Formation. (A) A gnetophyte plant exhibiting organic connections with leaves 
and roots. (B) The Cycadomorpha specimen Baeocossus fortunatus exhibiting colour pattern of the wings. (C) A 
fossil fish Cladocyclus garneri with soft tissues and scales preserved throughout the body. (D) A nearly complete 
Pleurodira turtle Araripemys barretoi (LP-UFC-722). (E) An undescribed frog (UFC-NO 004v) with the presence 
of soft tissues, such as eyes and skin. (F) An undescribed lizard specimen exhibiting the presence of soft tissues 
while the tail is absent. (G) The crocodile specimen Araripesuchus gomesii (SMNK PAL 6404) with osteoderm 
and soft tissues. (H) Remains of the supposed enantiornithine bird that remain undescribed and is housed at 
the Collection Masayuki Murata, in Kyoto, Japan. (I) The Tapejarid pterosaur Tupandactylus navigans (SMNK PAL 
2344) exhibiting the headcrest and rhamphotheca tissues. Images extracted from: (A-B, G-I) Martill et al. 
(2007a), (D) Limaverde et al. (2018), (E) Leite (2013).  

 
Albeit distributed throughout the basin, life seemed to be more active in the 

paleolake surroundings. If examples of modern animal ecology are taken into consideration, 

it is possible to suggest a putative niche distribution of the Crato fossils (Fig. 1.10). Some 

terrestrial vertebrates unequivocally dwelled near the Crato paleolake, such as the case of 

turtles, crocodiles, and frogs. Few animals may have lived even in the adjacent areas like 

rocky coasts and shorelines, as extant birds species do (Pereira, 2018), such as the case of 

pterosaurs. In turn, snakes, lizards, avian and small non-avian dinosaurs may have lived 

inland (Mendes et al., 2021; Ribeiro et al., 2021) and used the palaeolake waters to drink, or 

even as a source of relief from an excess of heat (Pough et al., 2013). It is possible that after 

death, the cadavers reached the lowest portion of the lake, where it was deposited in a 

euxinic conditions at the bottom. According to Osés et al. (2017), the rapid burial caused by 

events of great input of sediments, favoured in many cases, the preservation of the animal 

soft tissues. Furthermore, the low concentration of oxygen and high level of salts prevented 

a complete decay as well as the activity of scavenging organisms (Martill et al., 2007b). Once 

the hypersalinity were achieved, it may have surpassed the osmotic tolerance of waterborne 

animals, leading to mortalities of fish and other animals (Martill et al., 2007a, 2008). 
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Figure 1.10. The model of the Crato Formation. The suggested palaeoenvironmental reconstruction of the 
Crato beds during the Aptian. This model is based on sedimentary and fossil evidences, as well as previous 
interpretations (cf. Martill, 1993). Image taken from Varejão et al. (2019). 
 

Since the palaeolake bottom waters at the proximal regions were colonized by 

microbial mats (Catto et al., 2016), and carcasses could be trapped in these components. 

Once there, similarly to other deposits of exceptional preservation (Wilby et al., 1996), the 

fossilization could take place with a great contribution of microorganism activity (Varejão et 

al., 2019). As organism remains were isolated from the oxygenated environment, this may 

have favoured the activity sulphate and methanogenic reducing bacteria (SRB and MRB) 

(Osés et al., 2017). Thus, when in sulphate-reducing layer, the animal carcasses would 

become the source of nutrients for SRB (Osés et al., 2017). The activity of these 

microorganisms would lead to the precipitation of iron sulphides, replicating tissues in fine 

detail (Fig. 1.11). When introduced to the methanogenic layer, the decaying organic matter 

would be converted into kerogen and carbon-rich compounds by the activity of MRB (Osés et 

al., 2017). Therefore, it is clear that, the presence of microorganisms were responsible for 

the mineralization of tissues early in diagenesis as well as the decrease in decay rates, in a 

‘sarcophagus preservation’ as proposed by Iniesto et al. (2016), but firstly suggested by 

Schultze-Lam et al. (1996). Consequently, many distinct fossildiagenetic models have been 

proposed for the preservation of the Crato exquisite fossils (see Bezerra et al., 2021). 

Nevertheless, all these concepts share some common ground, the presence of microbes in 

microbial mats that promoted general pyritization or kerogenization.  
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Figure 1.11 The exceptional preservation of the Crato Formation fossils. (A) A Gnetales plant with (B) fossilized 
stomata preserved. (C) An undescribed Hemiptera exhibiting a three-dimensional preservation with (D) eyes 
preserved in fine details, such as (E) the hexagonal ommatidia. (F) A specimen of Dastilbe crandalli exhibiting (G) 
the V-shaped myomeres, whose (H) muscle fibres consists of (I) small framboids of iron oxyhydroxides. Images 
extracted and modified from: (A and B) Rendon (2013); (C-E) Barling et al. (2015); (F-I) Osés et al. (2017). 

 

Therefore, based on the current literature (see Delgado et al., 2014; Barling et al., 

2015; Osés et al., 2016, 2017; Warren et al., 2017; Bezerra et al., 2018; Gomes et al., 2019; 

Varejão et al. 2019; Mendes et al., 2019; Barling et al., 2020; Bezerra et al., 2020; Dias & 

Carvalho, 2020; Bezerra et al., 2021; Iniesto et al., 2021; Prado et al., 2021; Storari et al., 

2021; Dias & Carvalho, 2022) it is possible to suggest some of the factors that may have 

contributed to the high-quality preservation of fossils: (1) The absence of scavenging 

organisms that favoured carcasses to maintain their physical integrity; (2) The abrupt burial 

in MMs under euxinic/dysoxic waters that led to decrease in decay rates, and contributed 

with the conversion of organic matter into kerogen (by MRB), or pyrite (in SRB); (3) The 

preponderance of fine-grained carbonate surrounding fine body details, or the microbial mat 

‘sealing‘ that isolated the carcasses from the environment, which also promoted further 

mineral nucleation; (4) The relatively mild diagenesis, where details of fossils and their 

chemistry could be maintained without significant physicochemical alterations. 
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1.4. BIOCHROMES: AN OVERVIEW 

 

One conspicuous aspect of the natural world is the variety of hues and patterns 

expressed by many organisms (Fig. 1.12). Coloration vary according to environment, diet, and 

genetic mutations. Hence, they are involved in different roles, such as protection, 

communication, sexual selection, among others (Cuthill et al., 2017; Shawkey & D’Alba, 2017). 

 

Figure 1.12. The diversity of colours in nature. (A) A multicoloured colonies of soil bacteria. (B) Green diatom 
Pinnularia. (C) Yellow and purple spotted cattley orchid (Cattleya guttata). (D) Red seaweed algae. (E) Red and 
white fly agaric mushroom (Amanita muscaria). (F) Luminescent firefly beetle (Photinus pyralis). (G) 7-spotted 
ladybug (Coccinella septempunctata). (H) Structural colouration of the fish. (I) Translucent ventral skin of the 
glass frog (Cochranella pulverata). (J) Purple-black iridescent plumage of bird. (K) White pelage of polar bear 
(Ursus maritimus). All images published under the CCBY 2.0, 3.0, and 4.0. Image credit: (A) Oksana Lastochkina, 
(B) Alexander Klepnev, (C) Don Ramey Logan, (D) Peter Southwood, (E) Tim Bekaert, (F) Terry Priest, (G) Dominik 
Stodulski, (H) Keven Law, (I) Geoff Gallice, (J) Charles J. Sharp, (K) Andreas Weith. 

 
In nature, colour is an optical phenomenon caused by the interaction of light of the 

electromagnetic spectrum with matter (Fig. 2.13, A and B), and are perceived by eye 

receptors (Sliney, 2016). This diverse palette also reflects the two main mechanisms of 

colour-producing of matter, the structural coloration and biochromes2 (Fig. 2.13, D and E).  

 
2 Although in many cases ‘biochromes’ and ‘pigments’ are considered synonyms, and used interchangeably, the 
former term is more specific to colour producing biomolecules, whereas the latter also refers to the artificial 
compounds, such as dyes, paints, and colourants (Lindgren, 2016). 
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Figure 1.13. Physics aspects of the colours and mechanisms. (A) Examples of light interaction with material 
surface. (B) The electromagnetic radiation and its physical properties. When colour is provided by biochromes, 
hues are generally limited to the visible (Vis) spectrum that is constrained between ca 300 to 800 nm. (C) Broth 
of black melanin produced by the microorganism Streptomyces glaucescens. (D) Light microscopy of the scale of 
a modern beetle exhibiting the iridescent generated by the internal arrangement of structures. Figure (A) is 
based on Parker (1998a); images modified from (B) NASA, (C) El-Naggar & El-Ewasy (2017), (D) McNamara et al. 
(2014). Images (B-D) are licensed under CC BY 3.0 and 4.0. Scale bar of (D) 25 µm. 

 

In structural colouration, the colour patterns are produced by the arrangement of 

microstructures in layers (e.g., stacking of guanine platelets or presence of air bubbles), layer 

spacing, and presence/absence of molecules (Parker, 1998a, 2004). This optical phenomenon 

occur when light interacts with multiple layers of integument, absorbing, scattering, and 

refracting at different forms, producing bright and multicoloured metallic hues (Parker, 

1998a). For instance, the shimmery green and blue cuticles of wasps and beetles is due to 

the diffuse reflection of light, a feature also retained in fossils (McNamara, 2013). 

The mechanism of colouration by biochromes, in turn, is more diverse, as these 

molecules has different chemical skeleton, molecular weight, biosynthesis, and distribution 

(Roy et al., 2019). Nevertheless, by their overall characteristics (e.g., basic skeleton), 

pigments can be grouped into broader classes (Fig. 2.14; Tab. 1). For instance, pteridines – 

here considered an “umbrella group” – is a type of biochrome group consisted of several 

pigments, such as biopterin, flavin, riboflavin, among others (Ikawa et al., 1995). 
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Table 1. Classes of natural pigments. Due to the existence of diverse types, these biochromes can be grouped 
into broader classes according to their shared basic molecular skeleton. 

CLASS TYPE OF BIOCHROMES 

Carotenes Carotene, Canthaxanthin, Lutein, Psittacofulvins, Xanthopylls 

Flavonoids Anthocyanins, Anthoxanthins, Flavans, Flavones, Flavonols 

Melanins Allomelanins, DHN, Eumelanin, Neuromelanin, Phaeomelanin 

Porphyrins Biliverdin, Chlorophylls, Heme, Turacins 

Pteridines Biopterin, Cyanopterin, Flavins, Monapterin, Pterine, Pteridine 

Purines Adenine, Guanine, Hypoxanthine 

Others Luciferin, Rhodopsin, Hemocyanins, Anthraquinone, Borolithochrome, Ommochromes 

 

 

Figure 1.14. Example of the molecular diversity of biochromes. Groups represented by (A) Carotenes (yellow), 
(B) Porphyrins (red), (C) Melanins (blue); (D) Hypericins (white), (E) Purines (black); (F) Borolithochrome (brown); 
(G) Pterins (purple); (H) Luciferin (grey); (I) Flavonoids (green). 
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Despite these two colour-producing mechanisms, some animals, such as birds and 

insects, also have the ability of perceiving hues at ultraviolet and infrared bands. In places 

where dim light settings and alternate visual acuity prevails, such as in the floor of dense 

canopy forests, deep sea, or during twilight hours, it is not rare to found animals 

communicating via fluorescence or bioluminescence, which is produced by the interaction of 

biomolecules, oxygen, and electrons (White et al., 1963; Salih et al., 2000; Arnold et al., 2002; 

Marek et al., 2011; Wucherer & Michiels et al., 2014). Due to their varied distribution among 

animals, it is suggested that this strategy has evolved independently in several unrelated 

groups (Fig. 1.15), such as beetles (Bechara & Stevani, 2018), millipedes (Marek et al., 2011), 

and arachnids (Andrews et al., 2007).  

 

Figure 1.15. Examples of bioluminescence and fluorescence in animal groups. (A and B) The fluorescent coral 
reef Mycedium under visible and UV light. (C and D) The luminescent millipede Motyxia sequoiae under normal 
illumination and, with light emitted from the cuticle. (E) The fluorescent reef fish Trimma avidori with orange 
colour of the skin under normal light, and under UV light, which reveals a spotted pattern. (G) The fluorescent 
tropical frog (Ischnocnema parva) showing its yellowish pattern under visible light, and a bluish colour pattern 
under UV light. (I and J) The fluorescent platypus (Ornithorhynchus anatinus) showing their colouration under 
visible and UV light. All images published under CC BY License, and modified from (A, B, E, F) Michiels et al. 
(2008); (C and D) Marek & Moore (2015); (G, H) Goutte et al. (2019), (I,J) Anich et al. (2020). 

 

Due to the difference in the distribution in the tree of life and main object of this 

thesis, only melanin was picked to be briefly introduced. This decision is based on the fact 

that all other pigments are frail to molecular alteration and are rarely preserved in fossils 

(Falk & Wolkenstein, 2017; Roy et al., 2019). Although melanins are the focus of this thesis, a 

more detailed approach can be seen in the reviews of Ito (2003), d’Ischia et al. (2013); Dubey 

& Roulin (2014); Solano et al. (2014); and D'Alba & Shawkey (2019); or books of Borovanský 

& Riley (2011) and Ma & Sun (2012).   
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1.4.1. Melanins and melanosomes 

 

Melanins are dark biological substances that usually are found in cellular bodies of 

many archaeas, procaryotes, and eukaryotes (Fig. 1.16). In animals, melanins are present 

basically in two classes, eumelanin and phaeomelanin. While the former are insoluble in 

most solvents, the latter are more unstable and soluble in alkali solutions (d’Ischia et al., 

2013; Solano, 2014).  

 

Figure 1.16. The distribution of melanins and the precursor molecules. (A) Cladistic scheme of the melanin-
type in the Tree of Life. (B) Colony of melanising bacteria Streptomyces glaucescens cultured in petri dish. (C) 
Melanising fungi Hexagonia tenuis. (D) melanising sesame seed (Sesamum indicum), (E) The eyed elater click 
beetle (Alaus oculatus) with two melanised spots (“eyes”) on the pronotum. (F) The melanistic morph jaguar 
(Panthera onca). With the exception of A, all images were published under Creative Commons Public Domain 
3.0 and 4.0. Images credit: (B) El-Naggar & El-Ewasy (2017); (C) Liz Popich (2016), (D) Glagoleva et al. (2020); (E) 
Wong & Marek (2020); (F) Colin Burnett (2006). 
 

In animals, melanin occur inside the melanosomes, an organelle produced in 

specialized cells called melanophores, or melanocytes in endothermic animals (Hsin-Su, 1999; 

Delevoye et al., 2019). These subcellular structures have an estimated size that ranges from 

0.1 to 2.0 µm and are responsible for the synthesis and storage of melanin (Wasmeier et al., 

2008). In terrestrial animals, melanosomes occur immersed in the dermis, epidermis, 

epidermal appendages (e.g., scales, feathers, and hair), randomly distributed in the 

melanocyte cytoplasm, in macrophage cells of hematopoietic tissues, or even as free 

granules in internal tissues and skin (Agius & Roberts, 2003; Haugarvoll et al., 2006; 

Wasmeier et al., 2008; Oliveira & Franco-Belussi, 2012). Due to the advantageous chemical 

properties, melanins have been of great interest for many different purposes. For example, in 

cosmetics, where it is studied as part of hair repair, strength, or bleach (Commo et al., 2012; 
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Gorniak et al., 2014a, 2014b; Itou, 2018; Itou et al., 2019); in food packaging, once the 

antioxidant activity may be effective in food storage for longer periods (Shankar et al., 2019); 

in radiation absorption, which might be used for better energy storage (Xu et al., 2019); in 

electricity, as its electron conductivity may be advantageous as photoconductor for 

electronic devices (Vahidzadeh et al., 2018).  

In general terms, melanins are consisted of tyrosine and phenolic compounds that 

have undergone the oxidation and polymerization processes (d’Ischia et al., 2013). Because 

of their darkened colouration, they can be informally divided into black to dark brown 

eumelanins (“εν”= ”good”), and chestnut phaeomelanins (“φαεος”= “dusky”) (Ito et al., 

2011). In fact, melanins are consisted of several chemically different compounds such as the 

neuromelanins, allomelanins, catechol melanins, DHN-melanin, pyomelanins, as well as true 

eumelanins and phaeomelanins (Solano, 2014; D’Alba & Shawkey, 2019). Despite this 

diversity, most of these pigments are distributed into Archaea, Bacteria, Fungi, and Plants. In 

one way or another, eumelanin, phaeomelanin, and neuromelanin are present in most 

animals, especially vertebrates; suggesting that these structures may be a synapomorphic 

trait of all eumetazoans (d’Ischia et al., 2013; Solano, 2014; D’Alba & Shawkey, 2019). 

 Due to the wide distribution throughout the tree of life, the highly heterogeneous 

nature, and different biosynthesis, the chemical structure of many melanins are still 

contentious subject (Powell et al., 2004; Tran et al., 2006; Prampolini et al., 2015). However, 

the precursors of these molecules are known (Fig. 1.17), where eumelanin is consisted of 

quinone 5,6-dihidroxiindole (DHI) and 5,6-dihidroxiindole-2-carboxilic acid (DHICA), and 

phaeomelanin by benzothiazole and benzothiazine. In turn, these precursors are products of 

the oxidation and hydroxylation of other derivatives, the indole-5,6-quinone (IQ) and indole-

2-carboxylic acid-quinone (IQCA), quinone methide (QM), quinone imine (QI), and 

hydroquinone (HQ) (Meredith et al., 2006; Meng & Kaxiras, 2008; Davy & Birch, 2018). The 

dark black colours of eumelanins derives largely from the presence of carbonyls and 

carboxyls groups (Riley, 1997), while the brownish hues of phaeomelanins are due to the 

presence of sulphur from cysteine (d’Ischia et al., 2013). In addition, varying functional 

groups and organometals, such as hydroxyl (O=H) and carboxyl (C=O), as well as Ca, Co, Cu, 

Fe, Mn and S, occur bonded to melanin monomers (Horčičko et al., 1973;  Liu & Simon, 2005; 

Watt et al., 2009; Bellono & Oancea, 2014; Riley & Stratford, 2015).  
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In particular the eumelanin, the ubiquitous type of all melanins, many theoretical 

studies suggest the possible skeleton (Fig. 1.17), as for example: (a) the polydopamine 

consisted of both DHI and DHICA units; (b) indolequinone monomer bonded with a 

hydroquinone at the first carbon site, with a carboxyl bridge bonded to a pyrrole-2,5-

dicarboxylic acid (PDCA); (c) a chain of several monomers in a conjugated-bonded stacking, in 

which molecules are bonded at first and eight carbons; and (d) the porphyrin-like structure 

arranged into π-π stacking, where molecules are bonded at the first and seven carbon sites 

and composed of three to five oligomers, with four being considered the most stable variety 

(Stark et al., 2005; Kaxiras et al., 2006; Tran et al., 2006; Meng & Kaxiras, 2008; Feo et al., 

2015; Kim et al., 2016; Supakar et al., 2019; Solano, 2020). 

 

Figure 1.17. Eumelanin precursors and structures. (A) They are consisted of DHI and DHICA, and phaeomelanin 
by benzothiazine and benzothiazole units. (B) Examples of the eumelanin polymers, being consisted by the 
stacking-chain models, porphyrin-like ring, polydopamine and mix of DHI+DHICA.  
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Even though the chemical structures are estimates, it have been demonstrated 

experimentally that neuromelanins are distinct from eumelanins and phaeomelanins 

(Smythies, 1996). Its distribution is also limited to primates, where they constitute part of the 

substantia nigra of their brains and are related to Parkinson’s disease (Bush et al., 2006). The 

formation of this pigment seem to be related to the mix of both polymers during the 

melanogenesis (Ito & Wakamatsu, 2008). Therefore, neuromelanins are composed of a 

phaeomelanin core with eumelanin sheath, where the former acts in photoprotection and 

the latter plays the antioxidant role (Ito & Wakamatsu, 2008).  

 

1.4.2. The melanogenesis 

 

The biosynthesis of melanins is complex and occur in parallel with the development 

of melanosomes. All these processes occur inside the melanophore or melanocytes. 

Although differences in melanogenesis exist, virtually all studies agree with the Raper-Mason 

pathway model, where it begins with the oxidation of the amino acid tyrosine (Fig. 1.18). 

Nevertheless, it is important to note that this biochemical route is not universal since in 

some animals, not all similar amino acids and enzymatic-catalysed mechanisms are required. 

 

Figure 1.18. The synthesis of melanins. Simplified pathway of the Raper-Mason mode of melanogenesis of 
eumelanin and phaeomelanin, showing the amino acids involved in the biochemical reactions. From the 
oxidation of dopaquinone, two routes can be taken (not in this order), one will produce the eumelanin while 
the second will result in the cysteine-rich phaeomelanin. This image are based on several works, in particular of 
Ito (2003), Ito & Wakamatsu (2008), Ito et al. (2011), d’Ischia et al. (2013), and Solano (2014).  
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Despite this complexity, based on several works especially those of Ito (2003), Ito & 

Wakamatsu (2008), Wakamatsu et al. (2017), Ito et al. (2011), d’Ischia et al. (2013), Solano 

(2014), and Ito et al. (2018), the synthesis of eumelanins and phaeomelanins can be 

summarized. The melanogenesis begins with the incidence of the light radiation that 

stimulates the production of both autocrine and paracrine signals that induce the pro-

opiomelanocortin hormone (POMC) in melanocytes/melanophores. The enzyme tyrosine 

hydroxylase (or simply tyrosinase, TYR) converts tyrosine into dihydroxyphenylalanine (DOPA). 

The repeated action of TYR oxides DOPA into dopaquinone (DQ). From there, the DQ can 

take two distinct routes where the dismutation of DQ will produce dopacysteine (CD) or 

dopachrome (DC) that eventually result in phaeomelanin and eumelanin, respectively. If 

weakly acidic media prevail, phaeomelanin will be favoured over eumelanin, which in turn, is 

dominated in neutral pH. In the first pathway, the DQ reacts with cysteine or thiol-containing 

compounds, which are mostly available at melanosome cell walls, giving rise to dopacysteine 

(CD) moieties. Further reactions with DQ and DOPA produces the dopacysteine-quinone, and 

the mixture of these derivatives result in the formation of benzothiazine and benzothiazole 

units, which upon oxidation and polymerization produce phaeomelanin. In the second path, 

the oxidation of DQ gives rise to cyclodopa, and further oxidizing effect transforms cyclodopa 

into dopachrome. This compound undergoes enzymatic reactions with dopachrome-

tautomerase (DCT) that isomerize and oxidize, converting into DHI and DHICA. Subsequent 

reaction with TYR, tyrosine-related protein 1 (Tyr-1 or DHICA-oxidase), and premelanosome 

protein (Pmel-17) catalyse DHI and DHICA transforming it into many indole units that 

eventually polymerize into eumelanin.  

The formation of small melanin grains (<120 nm) result in the creation of mature 

melanosomes. Perhaps, the first report of these nanometric particles was made by Girod 

(1882) who described the ink sacs of several cephalopod species; a process that was later 

demonstrated experimentally (Nofsinger et al., 2000; Palumbo, 2003; among others). Other 

authors were also able to report the earliest stages of melanosome development in other 

animals, such as in humans (Birbeck, 1963). For the sake of the rationale, here, the 

development of melanin grains are informally divided into five “phases” (Fig. 1.19). In the 

phase I, the indole monomers of melanin begin to bind each other at the unbranched carbon 

sites of the benzene ring. This assemblage end up in the phase II where groups of three to 
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five tetramers units set apart from each other at around 3.4 Å to 4.0 Å  (Watt et al., 2009; 

Kim et al., 2016). During the phase III, these tetramers start to coalesce into small spherical 

nanometric vesicles (<60 nm) (Meng & Kaxiras, 2008). This assembling phenomenon 

continue to occur in the phase IV, where grains begin to aggregate into larger spheres (>100 

nm) inside small and hollowed pre-melanosomal granules (Xiao et al., 2018). Finally, the 

phase V is characterized by the high number of these grains and their distribution inside the 

melanosomes, which can assume an organized form, in the case of rod-shaped and oblate 

eumelanosomes or organized/disorganized in spherical phaeomelanins (Xiao et al., 2018). 

 

Figure 1.19. The synthesis of melanin grain. After the creation of small vesicles (ca. 10 to 60 nm), melanin start 
to be deposited inside and begin to coalescence into larger particles. When they reach an estimated size around 
120 to 200 nm, grains cease to aggregate and the final format of melanosome begin to be formed, resulting in 
the elongated or oblate shape (eumelanosome) and spherical (phaeomelanin). This image are based on several 
works, in particular those of Birbeck (1963), Nofsinger et al. (2000); Palumbo (2003), and Xiao et al. (2018). 
 

The melanosome granules began to take their typical shape when melanin grains are 

deposited into these unpigmented vesicles (pre-melanosomes). According to their size and 

morphology, melanosomes can be divided into spherical, rod-shaped, and oblate granules 

(Fig. 1.20, A and B). Other morphologies seem to derive from these shapes, such as the case 

of hollowed melanosomes (Fig. 1.20, C) that forms when the phaeomelanin core degrades 

during the late stages of melanosome development (Shawkey et al., 2015).  

 

Figure 1.20. Shape diversity of melanosomes. (A) Spherical melanosomes from Sepia officinalis. (B) Rod-
shaped and oblate shape of eumelanin from human hair. (C) Hollowed melanosomes from iridescent feathers of 
a wild turkey (Melleagris gallopavo). Images are modified from Xiao et al. (2018) with permission of the Royal 
Society (#1125707-2). Scalebars: (A) 1 µm, (B and C) 2 µm. 
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The development of melanosomes is marked by the increase in melanogenic activity, 

and hence, to internal pigmentation (Fig. 1.21, A and B), and the melanosome formation is 

also complex. However, it is summarized into four stages based on several studies (e.g., 

Raposo & Marks, 2002; Dell’Angelica, 2003; Raposo & Marks, 2007; Hurbain et al., 2008; 

Wasmeier et al., 2008; Delevoye et al., 2011; d’Ischia et al., 2013; Marks et al., 2013; D’Alba 

& Shawkey, 2019; Delevoye et al., 2019).  

 

Figure 1.21. The synthesis of melanosome microbody. (A) Electron micrograph showing the four stages of 
melanosome development (each stage is outlined at top left) that is marked by the increase of melanisation; 
and (B) the interpretative drawing of the image in (A). (C) Axial plane of a melanosome (both Stage II and III), (D) 
transverse plane showing the fibrils and melanin granules, which usually are interspaced c. 80 Å. (E) Frontal 
plane exhibiting the arrangement of melanin granules and fibrils, as well as their dimensions (c. 45 Å and 30 Å, 
respectively). Image (A) extracted and modified from Raposo & Marks (2007) and used with permission of 
Springer Nature (#5083800485830), while all others are based on several works as explained in the text. 
 

The Stage I begins with the formation and releasing of early endosomes from the 

endoplasmic reticulum (ER). Once in the melanocyte environment, these organelles can take 

two routes according to the prevail biochemistry; they can become lysosomes or pre-

melanosomes. In the latter, the ER sends several biochemical signalling (e.g., TYR, Tyrp1, and 

Pmel-17) to the Golgi apparatus that deposits the melanogenic enzymes into these 

unpigmented vesicles. During the Stage II, the presence of Pmel-17 proteins result in the 

formation of the intraluminal protein fibrils (stretch marks), which are three-dimensional 

sheet-shape structures. Coeval to this process, and preceding melanin deposition, small 

spherical vesicles devoid of pigment (“phase III“ of the formation of melanin grains) are also 

formed inside the pre-melanosome, where they end up attaching to fibrils. There, grains are 

apart to each other at around 45 Å to 80 Å, where they remain separated by the stretch 

marks that have an estimated dimension of ca. 30 Å (Fig. 1.21, C). In Stage III, the tyrosinase 

enzyme originated in the Golgi complex, is deposited in the melanosomes together with the 

TRP1 protein and the DCT. As the development unfolds and tyrosinase activity start to act, 

melanin is synthesized and deposited inside these microbodies or directly in the intralumenal 
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fibrils. This process results on browning and thickening of the organelle membranes. 

Sequentially, the increase of number or size of melanin grains spurs the development of an 

elongated or spherical morphology until the organelle becomes fully melanized. When the 

structure is completely darkened, the melanosome is finally matured, thus characterizing 

Stage IV.  

 

1.4.3. The role of melanosomes 

 

The primary role of melanins and melanosomes seem to protect organisms against 

environmental insults and pathogens. However, the remarkable characteristic of melanins is 

due to colour patterns that are widely used in many different ecological roles, especially in 

intra- and interspecific communication, camouflage, and display (Hill & McGraw, 2006). For 

instance, the plumage of sea-birds are generally darker in dorsal view while the ventral is 

predominantly light coloured. This pattern is important as it provides camouflage against 

predators (e.g., hawks) and preys (e.g., fish) by decreasing the contrast to the background 

environment colour (Cowan, 1972). Birds also use colouration as a form of communication 

between sexes, where bright strong colours of males are used as a honest signal of good 

health (McGraw et al., 2005; Hill & McGraw, 2006; Stavenga et al., 2011).  

Melanin are also efficient in free radical scavenging, eliminating via reducing harmful 

species, such as singlet oxygen or superoxide anions, under varying pH and radical charge. In 

addition, due to its electronic properties, it is an efficient insulator converting light into heat. 

Therefore, this pigment is important for cellular protection, as it protects the cell nucleus and 

DNA from radiation and thermal damaging (Różanowska et al., 1999). Apart from colours, 

melanins and melanosomes also provides strengthen to deleterious physical effects, such as 

abrasion and softening of tissues. For example, experiments with melanized and 

unmelanized feathers demonstrated that pigmented feathers are 39% more resistant to than 

unpigmented counterparts, even when the keratin-matrix is thicker (Bonser, 1995).  

Another role assumed by melanins is related to immune system of many organisms. 

In this scenario, melanisation of tissues can be seen during pathogens, acute diseases, 

inflammations, and tissue damaging both in invertebrates and vertebrates (Mackintosh, 2001; 

Agius & Roberts, 2003; Nappi & Christensen, 2005). For instance, matured melanosomes (Fig. 
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1.22, A) can be phagocyted by free moving macrophages, giving rise to melanomacrophages 

(Fig. 1.22, B). These cells are usually found in many hematopoietic tissues of vertebrates (e.g., 

spleen, kidney, and liver) and skin (Roberts, 1975; Wolke, 1992; Meseguer et al., 1994). 

When melanomacrophages aggregate in clusters, these cells forms larger bodies called 

melanomacrophages centres (Fig. 1.22, C). Their occurrence in tissues vary according to the 

age of the individual, tissue affected, number of pigment grains phagocyted, and overall size, 

which can reach up several micrometres (Agius & Roberts, 2003; Sayed & Younes, 2017). By 

its antibody-antigen and antimicrobial properties, the MMCs are involved in the removal of 

exogenous substances, in free radical scavenging, bacterial membrane breakdown, and 

recycling of wasted cellular residues (Agius & Roberts, 2003; Diaz-Satizabal & Magor, 2015).  

 

Figure 1.22. Melanosomes from melanomacrophage cells. (A) Electron micrograph of mature melanosomes 
from a melanomacrophage, where they exhibit a highly melanized internal content. (B) Melanomacrophage cell 
with three granules of melanosomes inside. (C) The melanomacrophage centre showing two 
melanomacrophages with multiple melanosomes inside. Images extracted from Agius & Agbede (1984) and are 
used with permission of John Wiley & Sons (#1125707-1). Scalebars: (A and B) 1 µm, (C) 3 µm. 
 

1.4.4. Identification of melanins and melanosomes in extant samples and fossils 

 

• Microscopic techniques. Because these organelles are nanometric (ca. 0.1 to 2.0 µm) 

in size, their identification in tissues (both fossil and extant) can only be accessed through the 

use of higher magnifications, such as optical microscopy (OM), confocal microscopy (COM), 

and scanning electron microscopy (SEM) (Fig. 1.23). In theory, both OM and COM are able to 

provide a maximum magnification of 1.000x, a feature that would make possible to inspect 

small areas (ca. 20 X 20 µm) of samples using normal light. Although COM is an easy and fast 

approach, the SEM is considered the most important as it allows the visualization of samples 

with even higher magnifications (up to 1×106), revealing topographical details. As such, SEM 

is a paramount technique to identify melanosomes in both extant samples and fossils, and 

hence, being used in virtually all studies in palaeocolour.   
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Figure 1.23. Melanosome identification in both optical and SEM. (A) OM image from a chicken wing feather 
and the (B) higher magnification of the black square in (A) showing melanosomes arranged in groups inside 
barbules. (C) SEM micrograph the hyacinth macaw (Anodorhynchus hyacinthinus) feather, and (D) higher 
magnification of the white square in (C). Scalebars: (C) 400 µm, (D) 10 µm. 
 

• Elemental techniques. Although the morphologic identification of microbodies is 

sufficient for the recognition of melanosomes, the chemical analysis provides further 

evidence for these organelles. In this perspective, the Energy Dispersive Spectroscopy (EDS) 

is able to provide information about the presence and distribution of light elements above 

Be, in minute regions up to several nanometres (Fig. 1.24, A). Although semi-quantitative, 

through point-and-shoot and mapping analysis, it can also give information about relative 

intensity and concentrations (Schweitzer et al., 2008).  

Another important technique is the Synchrotron Radiation micro-X-Ray Fluorescence 

(SR-µXRF), which is able to provide many elemental information in both, living and fossil 

specimens, such as the presence of heavy species, rare earth elements (RRE), major and 

trace elements, (Prado et al., 2021). In this perspective, the SR-µXRF allows the examination 

of elements that have affinity with melanin and melanosomes, such as Cu, Fe, Mn, Mg, and 

Zn (Wogelius et al., 2011; Gorniak et al., 2014a). Therefore, the SR-µXRF is important 

because: (1) it has a higher detecting resolution (of few microns); (2) high energy  (between 5 

to 20 kV), being able to detect minor elements; (3) it  does not require vacuum conditions; (4) 

the interference between the electron beam and the sample surface is negligible or non-

existent; (5) both point-and-shoot and mapping analysis can be performed in larger and 

thicker samples in much faster rate; (6) it also allows the quantitative analysis by using NIST 

standards (Prado et al., 2021).  
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Thus, the elemental analysis of both fossil and extant feathers can inform similarities 

in element concentrations or their diagenetic incorporation, giving clues about the 

taphonomic history of fossilized melanosomes/melanins (Fig. 1.24, A).  

 

Figure 1.24. Elemental analysis of fossils with putative melanin. (A-C) EDS analysis of a fossil feather from the 
Eocene Green River Formation of USA showing the region analysed in the (A) backscattered image and the (B) 
elemental mapping and (C) spectroscopy. (D) Rapid Synchrotron Radiation X-Ray Fluorescence of extant feather 
tips showing different element distribution between melanized and unmelanized portions. Images are under 
CCBY 4.0 license and were taken and modified from (A-C) Moyer et al. (2014) and (D) Edwards et al. (2016). 
Scalebars: (A) 100 µm, (B) 200 µm, (D) 10 mm. 

 
For instance, the presence of Cu and Zn in fossilized feathers and arthropods have 

been intensively studied as both elements are related to melanins and hemocyanin, 

respectively, but they can also be immobilized by diagenetic processes. In this scenario the 

recognition of their provenance and diagenetic behaviour (e.g., if they are native or if they 

migrated) is key to test whether these elements are either inorganic or remnants of the 

original pigment (Bergmann et al., 2010; Wogelius et al., 2011; Manning et al., 2013; Pushie 

et al., 2014; Barden et al., 2015; Egerton et al., 2015; Edwards et al., 2016). Therefore, SR-

μXRF can reveal elements that may be chelated with organic molecules and recognize the 

molecular history of these fossils (Pushie et al., 2014). For instance, Edwards et al. (2016) 

performed the SR-µXRF analysis of several feathers to detect elements melanin (Fig. 1.24, B). 
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• Molecular techniques. The most common molecular techniques used to detect 

melanin (and other biochromes) are the vibrational spectroscopy (VS) and mass 

spectrometry (MS), such as: (a) Infrared (IR); (b) Raman Spectroscopy (RS); (c) High 

Performance Liquid Chromatography coupled with Mass Spectrometry (HPLC-MS); (d) Gas 

Chromatography Mass Spectrometry (GC-MS); (e) Time of Flight Secondary Ion Mass 

Spectrometry (TOF-SIMS).  

Among the aforementioned techniques, the RS is an non-destructive, fast technique, 

relative costless, easier data processing, and most equipments and softwares are user 

friendly. This method is based on the photonic interaction with molecules on the sample 

surface, providing molecular information via the vibration modes between atoms (Fig. 1.25, 

A). For instance, bands of melanins are seen with peak shift varying around 8 to 41 cm-1 (Fig. 

1.25, B), but centred in 1380 cm-1 where they are indicative of the vibration of N-H bonds of 

the pyrrole ring, while at 1580 cm-1 they indicate modes of C-C of phenyl rings or C-OH bonds 

of catechol (Fig. 1.25, A-C). Varied information can also be obtained through the analysis of 

spectral decomposition, where additional bands (i.e., functions) are revealed indicating 

further molecular bonds (Fig. 1.25, D) 

 

Figure 1.25. Characterization of the melanins through analytical techniques. (A) The generic 5,6-
dihidroxiindole monomer and aryl showing the atomic bonds and sites that are excited by the laser beam. (B) 
Calculated peak shift from the standard melanin positions. (C) Spectra of Sepia melanin (Sigma-Aldrich M2649) 
exhibiting the sites of molecular interactions with laser excitation. (D) Decomposed spectra showing the 
components used to identify molecular bonds and spectral analysis. Image (A-C) is based on Kim et al. (2013) 
and (D) Henry et al. (2019).   
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Although RS and IR are suitable for chemical analysis of biochromes, for ancient 

materials the MS are quintessential since most are able to retrieve detailed molecular data 

(Schweitzer et al., 2008). Therefore, for the palaeocolour, they are able to provide 

information about the extent of alteration and preservation of biochromes in fossils. 

Inasmuch, the detection of melanin moieties via HPLC-MS is made through the degradation 

of the biochrome by an acidic/alkaline media followed by the identification of its 

subproducts (Fig. 1.26). For instance, the melanin breakdown is required to identify the 

molecules PDCA, PTCA, isoPTCA, and PTeCA from eumelanins (Fig. 1.26, A and B), and the 

aminohydroxyphenylalanine (AHP), 3-amino-4-hydroxyphenylalanine (3-AHP); 4-amino-3-

hydroxyphenylalanine (4-AHP); 2-S-cysteinyldopa (2-S-CD) and 5-S-cysteinyldopa (5-S-CD), 

from phaeomelanins (Ito & Wakamatsu, 1998). Through the spectrogram analysis, it is 

possible to determine the precursor moiety based on the ratios of these monomers (Fig. 1.26, 

C), where DHI/DHICA indicate eumelanins and benzothiazole/benzothiazine for 

phaeomelanins. When PDCA/PTCA or PDCA/PTeCA values are high, it indicates DHI-rich 

melanin, whereas the opposite would indicate DHICA origin, and PTCA/PTeCA for 

geomelanins (Ito & Wakamatsu, 1998, 2003; Wakamatsu & Ito, 2002; Ito et al., 2004, 2011; 

Jarenmark et al., 2021). 

 

Figure 1.26. Characterization of the melanins through analytical techniques. (A) Mass spectrum of the aged 
eumelanin from a Cretaceous Crato Formation pterosaur Tupandactylus imperator (CPCA 3590), showing peaks 
of PDCA (red circle), PTCA (blue circle), and PTeCA (green circle). (B) The eumelanin yielding from the alkaline 
oxidation. Images (A and B) are a modified version of Pinheiro et al (2019) and used with CCBY 4.0 license. 
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CHAPTER 2 - MATERIAL AND METHODS 
 
2.1. MATERIAL  
 

The fossils (Table 2.1) come from the Crato Formation (Cretaceous, Araripe Basin, NE 

Brazil) and are contained in two facies; (1) the greyish, or (2) buff-coloured limestones (Osés 

et al., 2017). Albeit both rocks are composed of sparry and micrite calcite grains, the former 

is richer in clay minerals and amorphous organic matter; whereas the latter is richer in 

evaporitic minerals (e.g., halite) and iron oxides (Neumann et al., 2003). Although the 

general information (e.g., animal taxonomy, integument type, etc.) and images can be seen in 

each appropriated chapter, all samples are fossil specimens are housed at the public 

repositories with different numbers/acronyms, such as: GP/2E, Vertebrate Collection of the 

Palaeontological Collection of the Institute of Geosciences of University of São Paulo; UFPE-

CTG, Palaeontological Collection of Centre of Technology and Geosciences of the Federal 

University of Pernambuco; and, CPCA, Centre of Palaeontological Research of the National 

Mining Agency in Crato-CE (ANM). Apart from fossils, for comparison purposes, various 

samples of modern materials were analysed using varied techniques, especially Raman 

spectroscopy, which was applied in all specimens.  

Table 2.1. Samples analysed in this thesis. Abbreviations: GL – Grey Limestone; BL – Beige Limestone; ML – 
Morphological; CH – Chemical; N – Number of samples; NA – Not Applied.  

SAMPLE 

ID 

SCIENTIFIC 

NAME 

LIMESTONE 

FACIES 

INSTITUTIONAL 

NUMBER 

TYPE OF 

ANALYSIS 

Fossil Fish ?Dastilbe crandalli GL GP/2E-9378b ML and CH 

Fossil Fish ?Dastilbe crandalli GL UFPE-CTG-8746 ML and CH 

Fossil Frog Primaevorana cratensis GL GP/2E-9497 ML and CH 

Fossil Feathers Dinosauria GL/BL Various* ML and CH 

Pterosaur Tupandactylus imperator GL CPCA-3590 ML and CH 

Pterosaur Tupandactylus navigans BL GP/2E-9266 ML and CH 

Synthetic Melanin Tyr-oxidized Melanin NA M8631 CH 

Natural Melanin Sepia officinalis Melanin NA M2649 CH 

Extant Feather Helmeted Guineafowl NA NA ML and CH 

Extant Feather Celeus flavescens NA NA CH 

* Numbers (82 specimens in total): GP/2E-7853, GP/2E-7854, GP/2E-8771, GP/2E-9378 to GP/2E-9443 (66 
samples), GP/2E-9467, GP/2E-9476 to GP/2E-9486 (11 samples), and GP/2E-9494. 
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2.2. METHODS 

 

To obtain information about the pigmentation of fossil and extant vertebrates, samples of 

the soft tissues (e.g., skin, eyes, and feathers) were collected and analysed both 

morphologically (using microscopes), chemically, and statistically, as follows: 

• Optical Stereomicroscope (OM) – Because OM is able to show hand samples at 

higher magnifications (up to x100), this approach was used to observe and register 

the overall characteristics of samples and their structural details, such as feather 

barbs and barbules of feathers. 

• Confocal Optical Microscopy (COM) - Due to the fact that the COM is attached to the 

Raman spectrometer, this method was used mainly to aid Raman spectroscopy 

experiments. However, this device was also used to explore small portions (ca. 10 

µm) of the samples. Furthermore, once this apparatus proved to be useful to detect 

melanosomes in situ, COM was also used as a screening method of the most suitable 

samples for SEM investigations. In any case, in all aforementioned approaches, 

images were taken from the whole specimen or regions of interest (ROI). 

• Petrographic Microscopy (PTM) - Reusing the thin sections (ca. 30 µm) of two feather 

matrices made by Prado (2017), samples were re-analysed under petrographic 

microscopy and Raman spectroscopy aiming at the identification of textures, 

cementation, mineralogy, among others, not detected previously. 

• Scanning Electron Microscopy (SEM) – Since this technique reveal the topographic 

(i.e., surface) images of minute regions of the sample (Echlin, 2009), in this thesis, 

SEM was used aiming at the identification of ultrastructures, such as crystals and 

melanosomes. 

• Energy Dispersive Spectroscopy (EDS) – Used in conjunction with SEM, this technique 

was used to help the identification of microbodies through the detection of the light 

element, both in spectral and/or spatial distribution modes (Echlin, 2009). 

• Synchrotron Radiation micro-X-ray Fluorescence (SR-µXRF) – This technique was 

used to determine the presence and distribution of heavy elements (Pérez et al., 

2016), especially those related to eumelanin (Horčičko et al., 1973; Liu & Simon, 

2005; Hong & Simon, 2007), such as Cu2+, Fe2+, Mn2+, S2+, Zn2+. Spectra were 
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processed (fitted) and elemental maps saved in SVG using PyMCA software (Solé et 

al., 2007), and images were processed using Inkscape 0.92.3 (2405546, 2018-03-11). 

All analyses were performed at the LNLS D09BXRF-XRF beamline (Pérez et al., 1999) 

of the UV and Soft X-Ray Light Source of the Brazilian Synchrotron Light Laboratory 

(UVX/LNLS), under the proposals XRF-20150110, XRF-20160161, XRF-20190140. 

• Synchrotron-Radiation X-Ray Absorption Near Edge Spectroscopy (SR-XANES) – 

Since this technique allows the identification of elemental species as well as the 

chemical environment of an atom (for details see Callefo et al., 2019; Prado et al., 

2021), this method was used to identify the elemental species of Fe that may be 

related to the melanin in fossil feathers. Data were processed at ATHENA software 

from the IFEFFIT package (Ravel & Newville, 2005), and for aesthetically purposes, 

they were manipulated in Inkscape. The experiments were conducted at the LNLS 

D09BXRF-XRF beamline (Pérez et al., 1999) of the UVX/LNLS under the proposal XRF-

20180327. 

• Raman Spectroscopy (RS) – This technique was used virtually in all samples to obtain 

information about the molecular nature of organic and inorganic compounds 

(Lafuente et al., 2016), especially eumelanin (Galván et al., 2018a, 2018b). Since this 

method allows the identification of molecular fingerprints in ROI as well as the spatial 

distribution of molecules, the analyses were performed as point-and-shoot and 

mapping modes. For multivariate analysis of spectra, which was also performed 

(Gautam et al., 2015). Furthermore, To obtain the temperature of structural (i.e., 

diagenetic) alteration of melanin, we followed the rationale used for carbonaceous 

maturation. We also calculated the temperature of melanin alteration using the first 

equation (1) of Kouketsu et al. (2014). 

 

T (°C) = -2.15 × (FWHMD1) + 478 (±30° C)   (1) 

 

The spectrometers used are housed at the Laboratory of Molecular 

Spectroscopy (LEM/IQ-USP) and LC/IQ-USP (Equipment process number: FAPESP 

12/18936-0), both from the Institute of Chemistry of University of São Paulo. 



Chapter 2 – Materials and Methods 

 

 
64 

  

• Alkaline Hydrogen Peroxide Oxidation High-Performance Liquid Chromatography-

Mass Spectrometry (AHPO-HPLC-MS) – Due to its very high resolution, this analysis is 

deemed as essential in the identification of melanin molecules and determination of 

the real nature of the ultrastructures (Ito & Wakamatsu, 1998; Wakamatsu & Ito, 

2002; Ito & Wakamatsu, 2003; Ito et al., 2011, 2013). This technique was applied only 

in one sample, to confirm the identification of the melanin moiety following the 

protocols of Ito et al. (2011) and Glass et al. (2012). All procedures were carried out 

by co-authors of the Pinheiro et al. (2019) paper, and the detailed procedure can be 

found therein. 

• Statistics - Using SEM micrographs and chemical analysis, the ultrastructures were 

analysed aiming to recognize the following aspects: (i) morphology; (ii) dimension; 

(iii) occurrence; (iv) distribution; (v) density (n/µm2); (vi) possible chemistry 

(mineralogy of fossilization); and (vii) diagenetic history. Aiming the best-represented 

microbodies, at the field of view, axes (length - L and width - W) were measured using 

ImageJ 1.52a (Schneider et al., 2012). Each particle measured was labelled, and the 

images and measurement tables were saved in TIFF and XLS, respectively. The 

descriptive statistics, such as the microbody aspect ratio (length/width) were 

calculated using Microsoft Excel and Minitab (SAS Institute Inc.). To verify the 

correlation between axes, which can also indicate the level of sphericity, scatterplots 

and linear regression of the length and width were plotted. To dimensional 

distributions, boxplots of the axes ratio and length were prepared, in addition to 

histograms of the width. All the latter approaches were done using Origin 2022 

(OriginLab Co., Northampton, MA, USA). Multivariate analysis, such as principal 

coordinate analysis (PCA), linear discriminant analysis (LDA), and canonical quadratic 

discriminant analysis (CQDA) were carried out using JMP 16.2.0 (SAS Institute Inc., 

Cary, NC, USA) and PAST 4.08 (Hammer et al., 2001). To compare these results and to 

perform colour predictions, it was used the database of Li et al. (2012), refined by 

later studies (Eliason et al., 2016; Babarović et al., 2019).   
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5.7.1. Supporting text 

 

Geologic Setting 

Within the geological succession of the Araripe Basin, Northeastern Brazil (Fig. S1, A), 

the Crato Formation is one of the four Lower Cretaceous units of the Santana Group 1, the 

others being the Barbalha, Ipubi and Romualdo formations 2. The Crato Formation is limited 

to the N-SE portions of the basin, more conspicuously in the Cariri Valley, Ceará State. 

Lithologically (Fig. S1, B), this unit consists of laminated limestones and greenish shales 

sequences with virtually the same thickness, which are also interbedded by sandstones and, 

occasionally, by thin layers of evaporitic minerals, predominantly gypsum. 

The Crato Formation limestone is composed of fine-grained calcite crystals (micrite 

and spate), with varying content of amorphous organic matter and siliciclastic minerals 3–5. 

According to some authors, the carbonate-siliciclastic sequences were deposited in a 

protected lacustrine environment, with a strong chemocline gradient, especially with respect 

to salinity and oxygen concentrations 3,6. Other authors however argue that only the 

lowermost beds of the Crato Formation (i.e., Nova Olinda member sensu (6), which is the 

thicker carbonate sequence, can be considered as lacustrine 2. All other sedimentary series 

may represent a palaeolake with direct contact with seawater, Sabkha or lagoon 

environment 2. The presence of marine bivalves at the top of Crato Formation succession 

seems to support this interpretation 8. 

Independent of the environment, the genesis of the Crato Formation limestones is 

related to authigenic precipitation of low-Mg calcite. Crystals were precipitated following 

seasonal phyto- and picoplankton blooms5, seasonal salinity fluctuations caused by 

evaporation 7, and/or induced by bacteria from microbial mats and stromatolites 9,10. This is 

supported by the presence of fossilized calcified bacteria reported in the region (see 9 and 

10) as well as  components that are directly associated with the microbial activity, such as 

honeycomb-like structures and pseudomorphs of pyrite 11,12. Therefore, these 

microorganisms are considered a determinant for exceptional preservation of Crato 

Formation fossils 13. Different diagenetic processes occurred in the different facies in which 

fossils are confined. Non-recalcitrant tissues were replaced by iron sulphides at beige facies, 
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whilst kerogen and calcium phosphates predominate in the greyish facies 11,14,15. The 

abundance of fresh water parautochthonous fauna (as Ephemeroptera larvae and anurans) 

in association to halite pseudomorphs indicates fresh shallow waters at the top, with a 

putatively episodic hypersaline bottom 5,7,10. Similarly, the absence of benthic fauna and 

bioturbated sediments indicate that deep waters were anoxic 7. 

 

Statistical analysis 

A statistical survey of size distribution indicates that 11.5% (n=38) of melanosomes 

lengths are around 576 nm, whereas 15.7% (n=52) of the diameter falls around 442 nm. The 

aspect ratio distribution indicates that 16% (n=53) are concentrated around 1.1, suggesting 

that most melanosomes are more oblate than cylindrical. These results considerably contrast 

with descriptive values, such as mean, standard deviation and median (Table S1). As 

expected, the size distribution does not correspond to mean values, since the latter only 

indicate the mean value of the whole population. Ergo, and despite the low variance (CV=0.2 

to axes, and CV=0.3 to ratio), the calculated values may not represent the true nature of 

microbody dimensions, casting doubt of the general aspects used in statistical comparisons. 

Performed scatter plot analysis shows a weak correlation between length and 

diameter (Fig. S2, A; r=0.4084; R2=0.1668), and One-Way ANOVA results showed to be 

statistically significant (p<0.001), indicating that both axes are indeed independent variables. 

This interpretation is also supported by the ratio frequency (Fig. S2, B), which exhibits a 

mean of 1.5 ± 0.4, while 74.3% of the total ratio occurs between 1.1 to 1.7 frequencies. This 

result is expected, since these units are usually considered independent variables, and the 

low correlation and frequency values indicate that CPCA 3590 melanosomes are 

predominantly oblate/oval. We performed a principal component analysis (PCA) using both 

CPCA 3590 and the database provided by Li et al. 16 (Fig. S2, C). As a result, the CPCA 3590 

microbodies are placed close to melanosomes from brown and penguin colours (i.e., dark 

black). Size correction does not have a significant impact on this relationship but, at 20%, it 

brings much closer to penguin (blackish) coloration. On the other hand, melanosomes are 

close to brownish hue in the bulk data. 
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Synchrotron Radiation X-Ray Fluorescence (SR-μXRF) 

Despite general scepticism of the usefulness SR-µXRF for melanin characterization (cf. 

2), we performed an elemental mapping of small samples of CPCA 3590 (Fig. S3). This 

method aimed to identify elemental distribution throughout the specimen and relate the 

presence of particular ions (e.g., sulphur) to the process of fossilization and melanogenesis 

18. Albeit different regions were examined, and other elements were found, these results 

served as a complement to the EDS spectra published in Pinheiro et al. (24: Fig. 3). As a 

result, the elemental mapping of CPCA 3590 exhibits the presence of As, Ca, Cu, Fe, Mn, Sr, 

and Zn in headcrest tissue in varying intensities (Fig. S3). For instance, Ca and Mn display a 

more pronounced and spatially limited occurrence, whereas As, Cu, Fe, Sr, and Zn are less 

intense and more disperse, reflecting their possible minor concentration in the sample. 

Several works have demonstrated the usefulness of SR-μXRF on the elemental 

mapping of fossils 20–23, even when elements are present in trace amounts 24–27. In addition, 

this method has proved its usefulness for the identification of metals associated with 

melanin preservation 20,28. A recent study was able to positively identify the distribution of 

trace elements allegedly reminiscent of melanins in extant feathers 28. Despite being 

recognized in trace amounts, we were able to identify elemental distribution in CPCA 3590 

samples. Following the analyses, we examined possible sources for the identified elements in 

T. imperator headcrest. 

The intense presence of calcium is considered here as being mainly derived from 

matrix carbonate. Moreover, it is also possible that lower concentrations might be derived 

from the fossil itself since this ion can be found in apatite 29 or incorporated into melanin 30. 

On the other hand, the source of manganese might be allochthonous, as this mineral is 

usually found in its oxidized pyrolusite (MnO2) form 31. Indeed, this mineral has already been 

reported in the Crato beds as a component of dendritic habits that are sometimes associated 

with fossils 7. Since copper, iron, and zinc are essential to some physiological processes, the 

presence of these elements is often considered as autochthonous (or parautochthonous in 

the case of Fe), is derived from the animal itself or its environment 21. Some authors also 

suggest that, because Cu, Zn, and S have high affinity to melanin, these elements may form 

organic chelates which in turn may serve as markers for this pigment 32. However, sulphur 
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was not identified in our SR-μXRF analysis, and Cu and Zn can be also incorporated by 

microbial activity or during diagenesis. 

We note that some of these interpretations are merely speculative since experiments 

to recognize element oxidation states, such as X-ray absorption near edge structure (XANES) 

are still needed. As such, these elements could be also derived from the environment, from 

the preserved organic matter, or eumelanin. We acknowledge that at least three possible 

causes might explain the presence of the trace metals, as follow: (i) endogenously derived, 

since they are involved in physiological processes; (ii) accumulation during the lifespan, 

implying that the animal lived close to areas with elevated amounts of the recognized trace 

metals; or (iii) derived from diagenetic processes. Some of the identified elements, such as 

Ca, Cu, Fe, and Zn, are indeed involved in physiological processes and, thus, may be truly 

endogenous. The diagenesis, led by the lithostatic pressure, could result in migration of fluids 

to lesser pressured beds, and ions may have become chelated with the organic matter 21,31. 

Moreover, some could also replace others with similar atomic radius, as is the case, for 

instance, of Rare Earth Elements, as well as Sr and Ca. For instance, some Rare Earth 

Elements can substitute Ca in apatite and calcite during diagenesis, where these elements 

mainly occupy the Ca I and Ca II sites 25,33. 

 

Raman Spectroscopy 

According to our results, the CPCA 3590 headcrest is mainly composed of calcium 

phosphate and eumelanin. These compounds were identified by diagnostic peaks among 

examined regions, which varied in their intensities. For instance, the PO4
3+ bands occur at ca. 

965 cm-1 29, whereas the eumelanin between 1300 cm-1 and 1600 cm-1 34. Furthermore, the 

phosphate spectra also exhibit bands of HCO3
– (from calcium carbonate), which usually occur 

between 1085 cm-1 and 1092 cm-1 35. Thus, the overall spectra of the headcrest tissue consist 

of 282, 965, 1086 cm-1 bands (Fig. 2; Fig. S4), which are here assigned to the v1 and v3 

vibrations of PO4
3+ and CO3, respectively. Both compounds exhibit different peak intensities, 

and, for carbonate, bands are strong and narrow, whereas for phosphate they are weak and 

narrow. This feature is indicative of an ordered crystalline lattice, and the difference in 

intensity may suggest a stronger influence of the overlying matrix, which may mask PO4
3+ 
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scattering. The comparative analysis indicates that CPCA 3590 sample spectra are more 

related to hydroxyapatite due to the presence of 318 cm-1 and 1077 cm-1 bands. 

The typical Raman spectrum of melanin is generally characterized by double and 

broad bands centred between ca. 1380 and 1585 cm-1 36–38. According to peak position, it can 

be assigned to different molecular bonds, such as out of plane deformation of O―H, C―OH 

from phenols, C―N stretching from pyrroles or indoles, among others (for details, see 17 and 

22 and references therein). The broadness and relative intensity of bands may be caused by 

the irregular (less crystalline) arrangement of their carbon bonds 40. In CPCA 3590, Raman 

peaks are assigned to plane vibrations of C―C bonds, as well as stretching of C―OH (from 

COOH), C―N from pyrrole rings, and C―O from the phenolic group, as well as from indole 

ring vibration 34,36–40. 

At the soft tissue, Raman spectra also exhibit two broad bands between ca. 1200 to 

1650 cm-1 (Fig. 2, C; Fig. S4, B), and their identification varies largely among examined 

regions (Fig. S4, C and D). We kept the laser power at a minimum to avoid sample damaging, 

as a higher power or prolonged exposure time can produce, by blazing, the D and G bands of 

carbonaceous compounds, which are common for organic matter decomposition. This 

procedure also ensured that peaks between 1300 to 1600 cm-1 are not artefactual and are 

indeed derived from the original compound. 

The fitting procedure performed using Gaussian function (R2=0.9539) revealed the 

exact position of the two bands (Fig. S4, B), which are centred at ca. 1336 cm-1 and 1567 cm-1 

(Tab. S2). Although the signal is generally low as melanin is in trace amounts, these results 

strongly suggest that the spectra of CPCA 3590 are indeed derived from the vibration of 

eumelanin units. 

In conclusion, the presence of peaks of carbonate indicates that the matrix has a 

significant contribution to the overall RS spectra; and this may be more pronounced in the 

melanin bands, which are broad and less intense. As a result, this influence could suggest 

that: (a) the laser beam has a deeper penetration than expected, and during the excitation, it 

gathers information from both fossil and the underlying matrix; and (b) melanin is present in 

low concentrations (trace amounts), possibly distributed in thin layers that are exceeded by 

the beam, which reaches the underlying matrix. Nevertheless, the identification of 
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carbonates and phosphates strongly support the interpretation that microbodies were 

preserved by phosphatization as suggested previously 19. Therefore, the two broad bands 

observed unequivocally indicate that dark bands of T. imperator are composed of eumelanin. 

 

5.7.2. Detailed Methods 

Synchrotron Radiation µX-Ray Fluorescence 

Examinations were performed at the UVX synchrotron light source of the Brazilian 

Synchrotron Light Laboratory from the Brazilian Centre for Research in Energy and Materials 

(LNLS-CNPEM), at the SR-μXRF beamline under the XRF-20170713 proposal. The experiment 

was performed using the white-beam mode with Iron (III) foil filters, the collimator of 3 mm, 

and the microbeam was provided by the KB system that produced a beam size of 

approximately 12 X 25 µm. Samples were placed onto aluminium sample-holders tilted 45° 

from the detector distant 20 cm. Examinations of small regions (ca. 1.0 to 5.2 mm) were 

carried out using the flyscan mode under 40 or 50 µm of step-size with an accumulation time 

of 0.1 seconds/point, with varying deadtime. The analysis generated various EDF and HDF 

archives, which were latter normalized and fitted, and its elements identified using the 

PyMCA software. Spectral and elemental maps were produced and saved as JPG and PNG, 

and further graphical processing was performed using Inkscape version 0.92.3 (2405546, 

2018-03-11). 

 

Identification of PTCA and PTeCA 

To confirm the identification of PTCA and PTeCA in the alkaline peroxide oxidation mixture 

from CPCA 3590, the mixture was extracted with diethyl ether, dried as described previously 

41. A 25 μL injection of CPCA 3590 at a concentration of 60-80 μM in a 75:25 mixture of LC 

grade methanol and water solution was injected onto an Agilent 1200 Series high-

performance liquid chromatography system (HPLC, Agilent Technologies Inc.) and separated 

using a Ascentis Express 5 cm x 2.1 mm x 2.7 μm C18 column (Supelco Analytical) with a 

column temperature of 35°C. The HPLC was connected with a standard ESI interface to an 

Agilent Technologies 6224 MS-TOF to obtain high-resolution exact mass measurements. The 

LC-MS-TOF was operated at a flow rate of 0.17 mL/min using a linear gradient of 0.3% formic 
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acid, 98% water, and 2% methanol (A) and 0.3% formic acid, 98% acetonitrile, and 2% water 

(B) as the mobile phase. The gradient program is provided in the table below (Table S3). The 

MS used an electrospray ionization (ESI) source in the negative mode. The results are shown 

in Figure S5. 

 

Raman Spectroscopy 

Prior to the Raman analysis, in order to eliminate modern contaminants during transport, the 

small fragment was washed in ethanol and left to dry inside a partially closed petri dish at 

ambient temperature and humidity. The sample was handled using disposable powder-free 

gloves. This washing procedure was repeated three times before the fragment was placed 

onto sterile glass slides in the confocal micro-Raman In Via Renishaw equipped with, He-Ne 

monochromatic lasers with 633 and 785 nm, detector CCD and spectral resolution of 4 cm-1. 

Spectra were collected with a spectral range between 200-2000 cm-1, with 0.05 to 1% laser 

power and an exposure time from 1 to 10 seconds, with an average of 20 accumulations. The 

analysis was made both in mapping and point-and-shoot modes, and examinations were 

carried out with sample devoid of any type of coating. In order to distinguish the materials, 

the spectrum was obtained using WiRE 4.1 and using Origin 8 (OriginLab). Spectra were 

normalized, and smoothing processing was performed using the Savitzky-Golay filter. 

Subtract baseline was performed using Fityk 0.9.8 42, and deconvolutions were carried out 

using the Gaussian function with a spectral range between 1200 to 1700 cm-1, where only 

correlation values below R2=0.98 were considered. For spectra comparison, we examined the 

synthetic melanin from the oxidation of tyrosinase by hydrogen peroxide (M8631) and 

natural melanins from Sepia officinalis (M2649) purchased from Sigma-Aldrich Co. (Saint 

Louis - MO, USA). We also used the standard mineral spectra from the database of the RRUFF 

Project 43. The RS equipment (FAPESP 2012/18936-0) is housed in the Research Unit of 

Astrobiology of the University of São Paulo (NAP/Astrobio, PRP-USP) currently at the TGM 

beamline (Toroidal Grating Monochromator) of the Brazilian Synchrotron Light Laboratory 

(LNLS) of the National Centre for Energy and Materials Research. 
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Figure S1. Araripe Basin and Crato Formation. (A) Location of the Araripe Basin, showing the sedimentary 
sequences distribution, in which the Crato Formation occur at N-SE part of the green limit. (B) Crato Formation 
outcrop, exhibiting thick sequences of laminated limestones interbedded by greenish shales and sandstones of 
the Nova Olinda member at the Triunfo Quarry located between Crato and Santana do Cariri cities. 
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Figure S2. Statistical analysis of CPCA 3590 melanosomes (n=331). (A) Scatter plot and (B) boxplot of the 
melanosome axes (length and diameter) exhibiting a weak correlation (r=0.4084; R2=0.1668) and the overall 
dimension of the melanosomes. Mean sizes that fall at around 441 nm in diameter, 652 µm in length and 1.5 in 
ratio. (C) Principal component analysis of the Li et al. 16 database (melanosome shape/colour) showing that 
diameter and length place the T. imperator microbodies close to melanosomes of brown and penguin colours 
(i.e., blue, and black hues, see Clarke et al. 44. 
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Figure S3. SR-µXRF elemental analysis of CPCA 3590 tissue. (A) SR-μXRF map of the headcrest tissue showing 
elements with good spatial correlation. Colors indicate the relative intensity, where the higher are shown in red 
while the lower in blue. (B) The fitted spectra of the region in (A) exhibiting the presence of other elements that 
occur without significant intensity and spatial correlation. 
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Figure S4. Raman spectra of Tupandactylus imperator headcrest. (A) Spectra from the banded tissue showing 
the three points analysed, where the P1 was carried out at the lighter portion, whereas P2 and P3 measures 
were taken from darker spots. (B) Spectra from the three points seen in (A) exhibiting the two bands of 
different intensities indicating melanin’s presence; the first band centred at about 1380 cm-1 is pronounced, 
whereas the second band (ca. 1580 cm-1) is almost undetectable. Grey lines and shadows represent the 
expected bands of eumelanin and ±10 cm-1 range, respectively. (C) FTRaman spectra from the bony part of the 
headcrest showing similar bands with standard calcium phosphates from the RRUFF project. 
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Figure S5. Mass spectra of the degradation products of the CPCA 3590 and Sepia melanin, where’s (A) is from 
PTCA and (B) from PTeCA. Structures associated with the peaks of the fragments formed from the parent ion, 
the ion with the greatest mass in each of the spectrum above, are indicated. 
 

Table S1. Average numbers of the measures (n=331) of entire melanosomes microbodies of CPCA 3590 
specimen, with 10% and 20% corrected values. The diameter, length, and standard deviation (SD) variables are 
all in nm. 

CPCA 

3590 
Length ± SD 

Length 

CV 

Length 

Skew 

Diameter 

± SD 

Diameter 

CV 

Diameter 

Skew 
Ratio 

Ratio 

CV 

Ratio 

Skew 
Density 

Bulk 
652.937 

± 147.513 
0.2 0.2 

441.420 ± 

96.499 

0.2 0.4 1.52 0.3 1.0 4.0 10% 
718.284 ± 

162.278 
0.2 0.2 

485.589 ± 

106.161 

20% 
783.553 ± 

177.008 
0.2 0.2 

529.737 ± 

115.811 

 
Table S2. Results of fitting using a Gaussian function for the headcrest tissue. DF - degrees of freedom; RCS - 
reduced chi-squared; A-R2 – Adjusted R-Square. 

Band Area Center FWHM DF R2 RCS A-R2 

Band 1 69167.71 940.85 83.82 

658 0.9852 69206.60921 0.9847 

Band 2 223739.21 1140.59 193.61 

Band 3 398184.71 1327.88 80.02 

Band 4 526396.02 1407.33 227.12 

Band 5 866003.25 1573.35 112.53 

Band 6 8592.32 1693.57 15.58 

Band 7 278276.99 1780.72 352.63 

Band 8 17204.12 1892.48 54.00 
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Table S3. Gradient program for LC-MS-TOF analysis of CPCA 3590. 

Time (min) %A %B 

0 100 0 

4 100 0 

12 85 15 

18 40 60 

22 40 60 

28 100 0 

29 100 0 
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