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ABSTRACT

Despite the fact that melanin is a ubiquitous pigment found in bacteria, fungi, plants and animals,
little is known about its chemical preservation and distribution in the fossil record. Melanins are
polymeric phenolic compounds classified into two major groups based in their chemical structures
and molecular precursors: eumelanin (dark brown-black in color) and pheomelanin (orange-red in
color). Both eumelanin and pheomelanin are complex highly cross-linked biopolymers, being
comparable to biomolecules like chitin that are resistant to microbial degradation and diagenetic
alteration thereby affording melanins the potential to maintain their integrity for millions of years.
Color patterns depend on pigment composition and arrangement. Recent studies have
demonstrated that melanin is one of those pigments with the high preservation potential over
geologic time scales; it is found in virtually all extant organisms, from bacteria to humans. For this
reason, the analysis of fossil pigments such as melanin may allow inferences about important
aspects of the ecology, behavior and evolution of ancient animals. Several studies and techniques
have been presented in the last couple of years that have described ways to characterize pigment
patterns. These include coupled microscopic and spectroscopic methods, such as Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS), scanning electron microscope (SEM) and
synchrotron X-ray techniques, used to examine the morphology and spatial distribution of pigment
structures in well-preserved fossil tissues.

More recently, mass spectroscopic techniques such as pyrolysis-gas chromatography-mass
spectroscopy (Py-GCMS) have been applied, allowing us to determine the composition of melanin
fossils through of the identification of its diagenetic products and their processes of chemical
preservation. In this study, we applied Py-GCMS to understand and identify degradation products
of melanin from different cephalopod taxa with different maturation histories. Additionally, we
analyze fossilized soft-tissue samples from an exceptionally preserved specimen of Borealopelia
markmitchelli, a heavily armored herbivorous tetrapod dinosaur, to unveil color patterns and
ecology. Our preliminary results improve our understanding of soft tissue preservation and show
chemical evidence to support melanin identification, as well to discern chemical features that
reflect original color characteristics.
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Title: Schlumberger Professor of Geobiology
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Chapter 1 - Introduction

"The crust of the earth is a vast museum: but the natural collections have been made only

at intervals of time immensely remote".

- Charles Darwin, On the Origin ofSpecies

1. Fossil biomolecules and its preservation

Fossilization is the process of becoming a fossil, where minerals replace the constituents

of bones, turning them to stone and preserving them for a very long period (Benton and Harper,

2013). One of the first sources of information for the paleoecological analysis come from the hard

tissues such as fossilized bones, which are often better-preserved, allowing us to understand

biological aspects of their anatomy and appearance, and reconstruct the past ecosystems.

However, most of those sources of information to study ancient animals are very limited in the

fossil record. Thus, experimental approaches and direct measurement of environmental

parameters, which are critical components of modern ecology, are generally very complicated to

elucidate in paleoecology. The main obstacle is the poor preservation of soft-bodied organisms in

the fossil record. Softs tissues such as muscle or skin are the first to degrade after the death of an

organism, but contain more than 70% of the information about their environment and behavior. In

consequence, the preservation of intact organic constituents and its abundance are relevant aspects

to understanding the ecology and behavior of ancient organisms, as well as to provide

complementary evidence of the history of life.

All living organisms combine different essential polymers: carbohydrates, nucleic acids

and proteins together with other complex molecules, and many of these compounds of biological

origin can potentially be preserved in the geological record (Summons et al., 2008; Eglinton and
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Logan, 1991; Hallmann et al., 2011). During the fossilization process, the vast majority of the

biopolymers that comprise soft tissues are impacted by chemical degradation. One recurring

feature of the preservation process, however, is when the unstable organic constituents, such as

proteins, are replaced by hydrocarbon chains, presumably derived from fatty acids that are resistant

to further degradation (Briggs et al., 2000; Briggs and Summons, 2014; Saitta et al., 2017). These

stabilized "molecular fossils" are known as molecular biological markers or biomarkers, which are

the more recalcitrant products having a higher, long term preservation potential (Peters et al.,

2005). Taking into account all the chemical alteration to which biomolecules are subjected, they

can be listed according to their preservation potential and decay resistance: lipids > carbohydrates

> proteins > nucleic acids (Briggs et al., 2000; Briggs and Summons, 2014; Eglinton and Logan,

1991).

I 1. Melanin and Melanogenesis

Fossil melanin is a relevant resource to understand the evolutionary history of colour and

its functions in animals (Vinther, 2015; Brown et al., 2017). Despite the fact that melanin is a

ubiquitous pigment found in bacteria, fungi, plants and animals, little is known about its chemical

preservation and its distribution in the fossil record. Melanin are polymeric phenolic compounds

classified into two major groups based in their chemical structures and molecular precursors.

Eumelanin, which is dark brown-black in color and pheomelanin, which is orange-red in color

(Glass et al. 2013) are the dominant melanin produced by animals.
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Figure 1. Figure illustrating the molecular structure of the two types of melanin in animals: eumelanin and

pheomelanin. Reproduced from Ito and Wakamatsu, 2007.

Eumelanin polymers are highly heterogeneous comprising numerous 5,6-dihidroxyindole

(DHI) and 5,6-dihidroxyindole-2-carboxily acid (DHICA) units. Pheomelanin differ in that the

oligomer structure incorporates benzothiazine unit, and aminor contribution from benzothiazole

and isoquinoline units (Ito and Wakamatsu, 2008). Thus, both are complex highly cross-linked

biopolymers, being comparable to compounds like chitin that are resistant to microbial degradation

and diagenetic alteration. This feature makes melanin potentially capable of maintaining their

integrity for millions of years in the fossil record.

The biosynthetic pathway for the production ofmelanin isknown asmelanogenesis".

During this process the oxidation of L-tyrosine mediated by tyrosinase enzyme results into a

common precursor called dopaquinone (Ito and Wakamatsu, 2006). On the one hand, in presence

of cysteine, the dopaquinone will suffer arange of reactions to form benzothiazine units, which

will be converted to pheomelanin. On the other hand, absence of cysteine will convert the

dopaquinone into dopachrome, which is gradually transformed to 5,6-dihydroxyindole (DHI) and

to 5,6-dihydroxyindole-2-carboxylic acid (DHICA). Finally, DHI and DH-ICA units are oxidized

in order to give rise tothe eumelanin polymers (Wakamatsu and Ito, 2002). Even though melanin
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formation depends of the availability of the cysteine, in the animal tissues is a blend of the

aforementioned two pigment forms (Ito and Wakamatsu, 2006; Ito and Wakamatsu, 2003).
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Figure 2. Biosynthetic pathway to eumelanin and pheomelanin. Reproduced from Ito and Wakamatsu, 2007.

In vertebrates, both eumelanin and pheomelanin can be found inside of particular capsules

called melanosomes, which are produced within specialized cells known as melanocytes (Riley,

1997). In invertebrate organisms, such as cephalopods, each melanosome produce ~30 granules,

referred to as "melanin granule", which are stored inside of the ink sac lumen (Glass et al., 2012).

These melanosomes can then be transported into keratinous tissues to different parts of the body

as feathers, scale, hair or skin, in order to adsorb the sunlight and provide protection against

ultraviolet rays. Moreover, these capsules have two main shapes; eumelanosomes are oblong, and

phaeomelanosomes which are smaller and more spherical. Several studies have shown that these

different shapes are preserved among mammals and birds (Vinther, 2015; Vinther et al., 2008; Li

et al., 2010; Vinther et al., 2009).

10



Melanin has important role to interpret colors and color patterns in almost all living

organism, ranging from invertebrates to vertebrates. These pigments has different ecological and

chemical functions. On the one hand, pigments can have biochemical functions, some studies have

shown that melanin is an important antimicrobial agent in vertebrate organs such as spleen and

liver (Mackintosh, 2001), or might serve as nerve impulses modulation in the nervous system

(Vinther, 2015). Additionally, these pigments can contribute to thermoregulation by absorbing UV

radiation (Glass, 2014). Coloration plays an essential role in species recognition, camoutlage and

sexual display (Brown et al., 2017; Vinther, 2015), which is a form of animal behavior where an

animal provides specific visual information to others. For example, gazelles have brown and white

colors as to not be seen in the Savannah by their predators. Similarly, some animals such as birds

or male mountain gorillas use display as signals, usually of the same species, to attract females or

to preserve a foraging or hunting territory.

2. Diversity of analytical techniques to characterize modem and fossil melanin

The bonding of natural polymers through their monomeric units is chemically well

characterized and understood by chemical methods (Wakamatsu and Ito, 2002). The ubiquitous

natural polymers such as protein, carbohydrates and nucleic acids are particularly known because

they are comprised of fundamental monomeric units (amino acids, sugars and nucleotides) joined

by hydrolysable linkages that can be easily fragmented and sequenced using different types of

analytical methods. However, the architecture of melanin is quite different. As mentioned above,

melanin polymers are composed by different types of monomeric units strongly connected by non-

hydrolysable C-C bonds, which make them difficult to understand their macromolecular structural

and characterization (Wakamatsu and Ito, 2002). For these reasons, over the decades, different
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techniques have been developed to enhance the characterization and understanding of melanin in

fossil and modern systems.

2.1 Scanning electron microscopy (SEM)

The scanning electron microscopy (SEM) is an imaging technique that uses a focused beam

of high-energy electron to generate a variety of signal at the surface of diverse materials. The

signals reveal information about the sample including external morphology, chemical composition

and crystalline structure of materials in the samples (Goldstein, 2017). This technique has become

a key part of the paleocolour discipline because it is especially important in the study of the

morphology of the fossil melanin and melanosomes, and due to its high-resolution capability to

probe surface features at the nanometer scale.

2.2 Alkaline hydrogen peroxide oxidation

As mentioned before, the characterization of the structure of modem melanin is

problematic because the polymers are built by a variety of subunits through intractable C-C bonds

(Ito and Wakamatsu, 2003). Shosuke Ito (year) set out to determine the molecular composition of

these types of polymer through refinement of alkaline hydrogen peroxide oxidation (Glass, 2014),

one of the methods that is currently used to assay a wide array of biological samples. This method

cleaves the building blocks of the eumelanin (DHI and DHICA) into unique markers such as

pyrrole-2,3,5-tricarboxylic acid (PTCA), pyrrole-2,3-dicarboxylic acid (PDCA), pyrrole-2,3,4-

tricarboxylic acid (isoPTCA) and pyrrole-2,3,4,5-tetracarboxylic acid (PTeCA). Equally, the

pheomelanin breaks down to: thiazole-2,4,5-tricarboxylic acid (TTCA) and thiazole-4,5-
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dicarboxylic acid (TDCA) (Glass et al., 2012), thus, both eumelanin and pheomelanin markers can

be related to the molecular composition of the original pigment.

2.3 Elemental analysis

Combustion elemental analysis is a method used in both organic and analytical chemistry

to determine the molecular composition of organic constituents, allowing us to have a quantitative

measure of the proportions of carbon (C), nitrogen (N) and hydrogen (H) in each sample

(Thompson, 2008). Thus, to perform combustion elemental analysis, a sample is heated in an

excess of oxygen, followed by a battery of various traps collecting products of the combustion,

such as the most common, carbon dioxide (C0 2 ),water (H 20) and nitrogen oxides (NO). Finally.

when fully collected, the mass of all combustion products are used to calculate the composition of

the sample (Thompson, 2008).

2.4 Optical spectroscopy

Melanin pigments absorb light in the ultraviolet-visible (UV-Vis) range. However, melanin

does not show a characteristic absorption spectrum, as other organic chromophores do, which

features a series of absorption peaks according to the different absorption species (Glass, 2014).

Nevertheless, by performing some chemical reactions (Wakamatsu and Ito, 2002) prior to analysis.

optical absorption can become a useful screening method to estimate the total amount of eumelanin

and pheomelanin present in a given sample (Wakamatsu and Ito, 2002).
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2.5 Electron paramagnetic resonance spectroscopy (EPR)

Electron paramagnetic resonance spectroscopy (EPR), or spin resonance spectroscopy

(ESR), is a technique to detect species that have unpaired electrons such as free radicals, biradicals

or transitional metal ions (Glass, 2014). An unpaired electron shows two different energy states

when absorbing electromagnetic radiation, showing a transition between the energy state with a

characteristic ESR spectrum. The vast majority of materials do not show any signal during this

transition, however, melanin exhibit a bulk EPR signal, which indicates the presence of free radical

centers in the sample (Sealy et al., 1982).

2.6 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a powerful analysis tool for

characterizing and identifying organic molecules. This technique measures the absorption of

infrared radiation by the sample material versus wavelength, making it a useful approach to

identify the functional groups in fossil samples and sediments (Zhang, 2009). Thus, the technique

measure the radiation absorbed by a sample under a broadband light beam. In this way, the

resulting signal is recognized by a detector thereby forming a spectrum that represents a

"fingerprint" of the sample. Each sample is composed by different molecules which have specific

vibration frequencies, so each sample will produce different "fingerprint" spectra (Glass, 2014).

2.7X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a useful technique that measures the elemental

composition, empirical formula, chemical state and electronic state of the elements that exist

within a material. When it is irradiated a solid surface with a beam of X-ray, a group of atoms can
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be ejected from that surface (Zhang, 2009; Schweitzer et al., 2008). These photoelectrons are

collected by an electron analyzer, which measures their kinetic energies. By measuring the kinetic

energy of emitted electrons, it is possible to determine which elements are near a material's

surface, the chemical states and the binding energy of the electron. Thus, XPS is a useful technique

where each element produce a characteristic set of XPS peaks at characteristic binding energy

values that directly identify each element that exists in the surface of the samples (Schweitzer et

al., 2008).

2.8 Pyrolysis gas chromatography-mass spectrometry (Py-GC-MS)

Analytical pyrolysis (Py) refers to the characterization of a material by chemical

degradation reactions caused by thermal energy (Moldoveanu, 1998). This chemical degradation

results in decomposition through rupture of macromolecules into smaller subunits. Likewise. Iy

has been widely combined with gas chromatography (GC) and mass spectrometry (MS) to

characterize natural polymers by thermally decomposing macromolecules to produce a distinctive

chemical fingerprint based on the identification of suites of smaller compounds derived from the

sample (Schweitzer et al., 2008). To perform Py-GC-MS, the sample is heated to ~600 °C to cleave

and volatize their molecular components, which are then separated by mass using gas

chromatography and identified by mass spectrometry (Schweitzer et al., 2008).

3. Effect of diagenesis and maturation on the physical and chemical preservation

of the melanin.

Many of soft-bodied organisms that lived in the past, have been well preserved in fossil

sites called Konservat-Lagersttten, which are sedimentary deposits that conserve fossils with an
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exceptional degree of preservation. This is likely due to the rapid burial, limited bioturbation,

anoxic conditions and the rapid cessation of the microbial degradation (Grice et al., 2019).

Consequently, some of those fossils could retain minimally modified biomarkers and biopolymers

which will allow us to understand what aspects from the original organism have been lost or altered

by the taphonomic process (Briggs and Summons, 2014).

In order to better understand the preservation of ancient biomolecules, it is essential to

recognize all the processes occurring before and after death of an organism, and during the

fossilization process. Microbial activity is one of those biological processes that can profoundly

affect organic matter before as well as after burial. Similarly, geological processes can further alter

or destroy organic materials present in the sedimentary rocks. On the other hand, there are

mechanisms that might enhance the preservation of organic matter and soft tissues and its

morphology, such as permineralization and authigenic mineralization (Grice et al., 2019).

Permineralization is a fossilization process in which certain minerals, as apatite, pyrite, clay

minerals, calcite and silica, carried by water filling the spaces within organic tissues of organism.

While authigenic mineralization requires an elevated microbial activity (Briggs, 2003). These are

typical mineralization process that occur very early and allow the preservation of structures such

as muscle, cellulose and chitin.

As mentioned before, preservation of organic matter is a function of the original molecular

composition together with processes that take place after burial. These diagenetic reactions take

place under low temperature and low pressure conditions where the organic matter is altered by a

range variety of biological and chemical process including denaturation of 3D molecular structure,

racemization, methylation, reduction, sulfurization or desulfurization (Schweitzer et al., 2008).

Some of these changes are instigated by microorganisms contributing to the transformation of the
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organic materials to other of low molecular weight components. However, when the burial

conditions raise the temperatures and pressures, part of that organic matter will be transformed

into polymethylenic biopolymers which are more stable than the original precursor biomolecules

(Briggs, 2003).

Numerous earlier studies have demonstrated that the melanosomes and melanin can be

selectively preserved in animal fossils (Lindgren et al., 2012; Colleary et al., 2015). The melanin

biopolymer has such a complex and inert structure that raises its level of resistance to microbial

degradation (Glass et al., 2013). Under optimal preservation conditions, it seems possible that this

type of polymer exhibits an extraordinarily high fossilization potential (Briggs and Summons,

2014). Previous studies have reconstructed the color patterns from ancient organism using

microscopic and spectroscopic techniques (Li et al., 2010; Vinther et al., 2008; Glass et al., 2012:

Lindgren et al., 2012; Vinther et al., 2009; Colleary et al., 2015). In particular, a set of studies

using scanning electron microscopy (SEM) have been able to demonstrated that shape and

arrangement of the melanosome could be preserve in feather fossils, and also correlate them to the

type of pigment present in the samples (Vinther et al., 2008; Li et al., 2010; Vinther et al., 2009).

Furthermore, there is chemical evidence for preservation of eumelanin pigments in the fossil

deposits that show how resilient these biopolymers can be over geological time (Glass et al., 2013;

Glass et al., 2012). In this instance, these studies have been able to demonstrate that the eumelanin

may be preserved at least ~ 200 millions years (Glass et al., 2012) under ideal conditions.

A primary obstacle to understanding the effects of diagenesis and maturation on melanin-

derived biopolymers is the paucity of knowledge on the physical and chemical processed leading

to preservation of both eumelanin and pheomelanin pigments. More recently, new mass

spectroscopic techniques such as pyrolysis-gas chromatography-mass spectroscopy (Py-GCMS)
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have been applied, allowing us to determine the composition of fossilized melanin through of the

identification of its various diagenetic products that might reveal different processes of chemical

preservation (Brown et al., 2017; Glass et al., 2013). In this study, we applied Py-GCMS to

understand and identify degradation products of melanin from different cephalopod species

belonging to different maturation histories, and compare them with an exceptionally preserved

specimen of Borealopelta markmitchelli, an armoured herbivorous tetrapod dinosaur (Brown et

a/., 2017).
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Chapter 2 - Effect of diagenesis and maturation on the preservation of the
melanin in fossilized ink sacs

1. Introduction

The Cephalopoda is a class of molluscs with a successful life story, which first began about

530 millions years ago (Ma) in the Early Cambrian. This group of invertebrates has been one of

the dominant predators in the ocean at various time in geological history. An initial step in

cephalopod evolution was during the Cambrian period, where the group evolved to a

monoplacophora-like mollusc which had an external conical shell that over time was modified into

a chambered buoyancy apparatus (Kr6ger et al., 2011). Although there is still some uncertainty,

recent studies show that major diversification of cephalopods occurred in the middle Paleozoic

(-416 Ma) with the emergence of two main groups: nautiloids and coleoids (Kr5ger et al., 2011).

The emergence of the first fossilized melanosomes allowed studies of ancient melanin and

has lately become an important aspect of paleontology due to its role in the preservation of color

in the animal kingdom. As we mentioned before in Chapter 1, over the past few years, several

techniques and analytical methods have been used and developed to understand the chemical

composition of melanin in fossil and modem systems (Vinther et al., 2008; Li et al., 2010; Glass

et al., 2012; Glass et al., 2013; Lindgren et al., 2012). However, until the appearance of the first

studies which demonstrated the presence of fossilized melanosomes, it was not known that melanin

pigments could be preserved in the fossil record.

Scanning electron microscopy (SEM) has been used to study the origin and morphology of

microbodies found in some exceptionally preserved fossils (Li et al., 2010; Vinther et al., 2008;

Vinther et al., 2010; Glass et al., 2012). For many years, it was suggested that these microstructures

were bacteria that colonized the surfaces of organisms contributing to both degradation and the
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fossilization of organic matter (Davis and Briggs, 1995; Vinther, 2015a; Lindgren et al., 2015;

Vinther, 2015b). However, Vinther et al., (2008) revealed the presence of distinctive oblate

carbonaceous bodies that are now widely interpreted as fossilized melanosomes.

Since then, several studies have provided evidence of the preservation of eumelanosomes

in the fossil record. This reinterpretation of the microstructures has been supported by

morphological (Vinther et al., 2008; Zhang et al., 2010; Li et al., 2010; Clarke et al., 2010) and

chemical evidence (Lindgren et al., 2012; Glass et al., 2012; Wogelius et al., 2011; Lindgren et

a/., 2014; Glass et al., 2013). Despite the steady progress made in the study of fossil melanin, the

available chemical approaches do not seem to provide unambiguous evidence to demonstrate the

presence of metazoan melanin molecules in fossil record, because certain microorganism can

synthesize a type of melanin called allomelanin (Lindgren et al., 2015).

Knowledge of the chemistry of fossil melanin is lacking, particularly in respect to some of

the physical and chemical aspects of preservation, including the effects of diagenesis and

maturation of both eumelanin and pheomelanin (Glass et al., 2013). Trace-metal analysis, time-

of-flight secondary ion mass spectrometry (ToF-SIMS) and pyrolysis gas chromatography-mass

spectrometry (Py-GCMS) have recently been used as chemical approaches for characterizing fossil

melanin. Trace-metal analysis is based on the principle that melanin may perform as a chelating

agent for certain metal ions such as calcium, copper, iron, and zinc (Wogelius et al., 2011). Thus,

it is a very indirect method which has been used to identify the distribution of eumelanin grains

(Glass et al., 2012), via both the synchrotron X-ray fluorescence and X-ray absorption techniques

(Vinther, 2015). However, the drawback of this type of analysis is that some organic compounds,

such as porphyrins, also react with copper, iron and zinc ions to form stable complexes (Vinther,
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2015). Likewise, certain microorganisms can incorporate trace metal ions which could make the

interpretation of the origin of melanin even more complex (Glass, 2014).

ToF-SIMS provides some molecular information concerning sample surfaces. Its

advantages lie in providing data at small spatial scales and because it is a non-destructive technique

where a solid surface is bombarded by primary ions (Lindgren et al., 2012). The interaction with

the surface of the sample generates ionized particles which can be positively or negatively charged

(secondary ions) (Vinther, 2015). Then, these ions are then collected and analyzed by a mass

spectrometer. However, like the previous technique, it can be complicated to unambiguously

differentiate the chemical information of the melanin from other types of complex macromolecules

produced by bacteria or fungi, which could be present in the sample (Lindgren et al.,2015:

Schweitzer, 2011; Glass, 2014).

Finally, pyrolysis gas chromatography-mass spectrometry (Py-GCMS) has consistently

proven to be a useful technique to sensitively characterize fossil melanin from a chemical point of

view. As described in Chapter 1, this technique has been used to characterize natural polymers

including lignin, chitin or melanin through thermal degradation reactions (Moldoveanu, 1998) that

afford distinctive assemblages of diagnostic fragment molecules. Recent studies, e.g. Glass and

colleagues (2012, 2013), have demonstrated the preservation of eumelanin in various fossilized

cephalopod inks from different deposits having disparate maturation histories.

In order to better understand the effect of diagenesis and maturation of eumelanin in the

fossil record, we consider that it is essential to recognize the factors that may decrease its potential

preservation, as well as the impact of burial site conditions (e.g. aquatic chemistry) during the

preservation process. As outlined in Chapter 1, diagenetic processes involve a wide range of

molecular transformations that combine to contribute to the information loss from the fossilized

25



organisms (Schweitzer et al., 2008). Despite the fact that chemical and physical alteration can

generate important changes in the molecular structures of the organic compounds, chemical

analyses have shown that both eumelanin and pheomelanin can leave chemical evidence in the

surrounding sediment, while other macrostructures which are also part of the melanosome, such

as the associated lipids and proteins, are highly and more rapidly degraded (Lindgren et al., 2012;

McNamara et al., 2016).

In this chapter, we applied Py-GCMS to analyze and identify the thermal degradation

products of melanin from different cephalopod ink sacs with different maturation histories, as well

as to understand the effect of diagenetic alteration in the preservation process of melanin over time.

Our preliminary results could help improve understanding of soft tissue preservation and show

chemical evidence to support melanin identification, as well to discern the chemical features that

reflect original color characteristics.

2. Materials and methods

2.1 Fossil specimens

The analyses described in this dissertation were carried out at The Summons Lab at MIT. We

analyzed fourteen fossil ink sacs from different cephalopod specimens collected from

paleontological sites of Carboniferous to Upper Jurassic ages. Details of the samples, location, age

and taxonomy can be found in Table 1. Additionally, modern Sepia officinalis melanin from Sigma

Aldrich was analyzed as a reference material.
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2.2 Pyrolysis-Gas Chromatography Mass Spectrometry (Py-GCMS)

Pyrolysis was conducted using a CDS Analytical 5250 pyroprobe equipped with an

autosampler and coupled directly to an Agilent 7890A gas chromatograph (GC) fitted with an

Agilent 5975 series MSD single quadrupole mass spectrometer operated in electron ionization (E)

mode (EI source temperature 250°C, MS quadrupole 150°C and interface 280°C) at 70 eV and

scanned m/z 50-600 once per second with helium as a carrier gas. The GC was equipped with a

DB-5MS column (60m x 0.25mm x 0.25pm) and was operated in split mode with a 5:1 split and

1 mL/min He flow rate. The GC was held at 40°C for 2 min and then the programmed to 310°C at

4°C/min where it was held for 20 min. A limited number of samples were initially analyzed using

similarly configured Autospec Ultima mass spectrometer that failed during the course of this study,.

hence accounting for retention time differences between some of the pyrograms depicted in this

study.

Approximately 500-1000 pg of each sample was placed in a CDS quartz sample tube

packed with a quartz wool plug followed by a quartz filler rod and a second plug of quartz wool.

Then, internal standards comprising 50ng each of decafluorobiphenyl (DFB) and pyrene in pentane

were added to the samples rapidly prior to analysis. The instrument detection limit was calculated

using c-Cholestane as a standard. The analyte was undistinguishable from the noise signal in

concentrations below IOng/pL.

Once loaded in the autosampler, the quartz tubes were dropped into the pyrolysis chamber

where they were kept at 50°C for 5 s and then heated at 10°C/ms to 600°C and held for 20 s. The

valves and transfer lines were held at 300°C throughout the analysis. The thermal degradation

products were transferred to and trapped directly on the GC column which was held at 40°C prior

to programing. Analysis were conducted in duplicate with regularly interspersed blanks. Agilent

27



Masshunter Qualitative analysis navigator version B.08.00 and MassLinx (Autospec) were used

for data collection and processing. The identification of pyrolysis products was based on

comparisons of their mass spectra with library spectra (NIST MS Search 2.0).

Samples Location Age Taxonomy Description Additional Analyze
information d weight

Melanin - Modem Sepia officinalis Pure melanin Sigma 1384 pg
Aldrich

KI Kimmeridge, Upper Jurassic Ammonite Black organic Clay 766 pg
Dorset remains from formation

the body
chamber

K2 Kimmeridge, Upper Jurassic Belemnoteuthis Clay 1687 pg
Dorset formation

Stonebarrow I Charmouth, Dorset Upper Jurassic, Cephalopoda Big ink sac Mudstone 1296 pg
Obtusum Zone, formation
Stellare Subzone

Stonebarrow 2 Charmouth, Dorset Upper Jurassic, Cephalopoda Big ink sac Mudstone 880 jg
Obtusum Zone, formation
Stellare Subzone

PRW220 Chistian Malford, Middle Jurassic. Belemnoteuthis Ink sac 1788 pg
Wiltshire Callovian

PRW682 Chistian Malford, Middle Jurassic. Belemnoteuthis Ink sac 1119 jg
Wiltshire Callovian

LR2 Charmouth, Dorset Lower Jurassic Unidentified Ink sac Charmouth 1530 pg
coleoid Mudstone

Formation
LR7 Charmouth, Dorset Lower Jurassic, Unidentified Ink sac Charmouth 1105 pg

Obtusum Zone coleoid Mudstone
(upper Sinemurian) Formation

M1224A Strawberry Bank, Lower Jurassic Loligosepia Ink sac Beacon 2429 pg
Ilminster, Somerset Limestone

Formation
M1225A Strawberry Bank, Lower Jurassic Loligosepia Ink sac Beacon 2077 pg

Ilminster, Somerset Limestone
Formation

YPM221210 Holzmaden, Early Jurassic, Unidentified Ink sac Shale 734 ig
Wurttemberg, Late Toarcian coleoid Formation
Germay

YPM221212 Holzmaden, Early Jurassic, Unidentified Ink sac Shale 770 jig
Wurttemberg, Late Toarcian coleoid Formation
Germay

Octopus Ink sac Oklahoma, USA Carboniferous Octopus Ink sac 356 pg
I (OK D-10)

Octopus Ink sac Oklahoma, USA Carboniferous Octopus Ink sac 540 pg
2 (OK D-10) ,_III

Table 1. Specimen samples information.
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3. Results and Discussion

We applied Py-GCMS to fourteen fossil ink sacs from different specimens of cephalopods,

with different maturation histories, and compared them to modern melanin from S. officinalis. The

thermal degradation carried out by Py-GCMS results in the rupture of the weaker bonds of the

involatile melanin macromolecule producing smaller, volatile and GC-amenable subunits that

allow us to evaluate and compare the composition of the fossilized materials through the

identification of diagenetic products.

Most of the samples analyzed in this study show exceptional preservation of organic

molecules. Samples were analyzed at different times (2018 and 2019), hence differences in

retention times in some figures. In Figure 1, we compare four pyrograms. These data are total ion

chromatograms (TIC) of typical melanin samples comprising three fossil ink sacs from the Upper,

Middle and Lower Jurassic and the modem melanin reference material. The TIC from the ink of

S. officinalis standard (A) reveals the major pyrolysis products characteristic of melanin including

pyridine, pyrrole, phenol, indole and its derivatives, as well as sterols in the high molecular weight

region of the pyrogram. Polycyclic aromatic hydrocarbons (PAHs) were not detected in the

reference sample. Similarly, the pyrolysis products of (B) and (C) showed a similar distribution of

small nitrogen-, oxygen- and sulfur containing heterocyclic and aromatic molecules characteristic

of both eumelanin and pheomelanin. Also, we can see how these organic molecules are distributed

in the low molecular weight regions in both pyrograms.
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Figure 1: Total ion chromatogram of the pyrolysis products of (A) Sepia officinalis melanin standard, (B)

Stonebarrow ink sac 1, (C) PRW220 ink sac from Christian Malford, and (D) YPM22212 a museum specimen ink

sac from Holzmaden. N.B. due to the complex nature of the pyrograms, we have only highlighted a selection of

specific molecules targeted in this study.

The pyrolysis products of (D) present a particularly unusual feature compared to the other

melanin pyrograms. The chromatogram is characterized by a suite of n-alkene-alkane doublets that

identify the presence of a macromolecule composed of n-alkyl residues. This is a characteristic

feature of the pyrograms of kerogens which are the result of the breakdown of aliphatic

biopolymers, that have been formed as a result of the incorporation and aggregation of lipid-

derived carbon from animals and (possibly) plants (Gupta et al., 2007; Stankiewicz et al., 2000).
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Other products identified in the sample (Fig 1D) include polycyclic aromatic molecules such as

naphthalene, naphthalene,1-methyl, naphthalene, 2-methyl or anthracene/phenanthrene, whose

ratios have been often used to assess the thermal maturation history (Alexander et al., 1984; Radke

et al., 1985).

PRW220 from Christian Malford (Middle Jurassic)
P-Xylene

Phenol

Toluene Styrene P-cresol

P-Creeol

10 50 S 60 70

aneneenes * Thophenes 0 Pyrmins ALPyrroles N Indoles PAls i

Figure 2: Total ion chromatogram of the pyrolysis products of the Middle Jurassic ink sac

specimen PRW220 from Christian Malford, that shows a more typical pyrogram that is characteristic of a fossil

eumelanin ink sac. We have only highlighted the specific molecules targeted in this study.

In addition to the points discussed above, the pyrolysis products of eumelanin afford a

characteristic chemical degradation signal (Figure 2) that can be used as a "fingerprint" to

characterize fossil melanin within a sample (Glass et al., 2012; Glass et al., 2013). The data shows

a typical chromatogram of fossil ink sac in which the most common distribution of major organic

molecules for this type of fossil material can be observed. Notable in their absence from this

sample are the sulfur-containing heterocyclic molecules benzothiazole and benzothiazine, which

are diagnostic of pheomelanin. In contrast, the sample features high abundances of the nitrogenous

heterocyclics including pyridine, indole, methylated indoles and methylated pyrroles, consistent
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with previous observations that both the melanin standard and fossilized ink sample contain

eumelanin (Glass et al.,2012; Glass et al., 2013). Polycyclic aromatic hydrocarbons were only

detected in trace amounts. In contrast to the modem melanin, the Middle Jurassic ink sac (Fig. 2),

presents significant amounts of thiophenes and benzenes. The potential role of these molecules in

the preservation of melanin is further discussed below.

The pyrolysis products of a suite of fossil ink sacs all show very similar distribution

patterns (Fig. 3) with the vast majority displaying an assemblage of thermal degradation products

comprising benzene, pyridine, pyrrole, phenol, indole and its derivatives consistent with the

products of modern melanin from S. officinalis and characteristic of eumelanin (Glass et al., 2012;

Glass et al., 2013).
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Figure 3. A bar graph depicting the proportion of targeted compounds in this study in the ink sac fossil

specimens from the Jurassic and Carboniferous period compared to the reference melanin sample.
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However, a notable contrast between the fossil and modern ink samples is the presence of

thiophene and its alkylated derivatives are abundantly present in the former. Despite a careful

search we found no evidence for thiophene or any of its alkylated derivatives in the modern Sepia

melanin sample. Thiophenes are particularly significant in the Upper Jurassic sample from

Kimmeridge I (K1). Interestingly, when compared with the other sample from the same location

(K2), the former does not present many of the characteristic compounds associated with fossil

eumelanin (Fig. 4). The analysis of the sample Ki revealed a dominant aliphatic composition of

alkene/alkane doublets maximized at n-C18, which is a common feature of macromolecular

organic matter formed during diagenesis of soft tissues (Brown et al., 2017). Likewise, it is

important to note that in this sample we observe a decline of the abundance of the common

pyrolysis products of eumelanin. In contrast, K2 shows a regular distribution of small nitrogen-,

oxygen- and sulfur containing heterocyclics and a small proportion of alkene/alkane doublets

dominated by n-C9. The presence of these macromolecular compounds characteristic of kerogen

could suggest a greater thermal maturation of these specimens compared to other contemporaneous

samples.

Cephalopods have had a wide distribution and diversity in the ocean, consequently they

have a rich fossil history. Some characteristic morphological features of these animals include the

presence of ink sacs inside their bodies and the emergence of a external or internal shell. Modern

cephalopods belong to two groups: nautiloidea and coleoidea. Nautiloids has an external coleid

shell with a thin internal mantle while coleoids have internal shell and thick external mantle. These

forms of life are found regularly in shallow-water belts in the ocean (Benton and Harper., 2009).

The evolution of coleoidea have been characterized by shell internalization and the

development of ink sacs (Kr6ger et al., 2011). However, over the last few decades there has been
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debated the emergence of the ink sacs in ammonoids. Some researchers argue that the presence of

ink sacs for escape, might not be necessary since their anti-predator mechanism with a slow

propulsion system would not allow them to escape quickly (Kr6ger et al., 2011). The samples KI

and K2 that we described at length in figure 4, have been identified as an ammonite (Stem group

coleoidea), which features an external shell, and a Belemnoteuthis (Coleoidea). respectively. Based

on the above arguments, and on the clear differences regarding to the molecular composition, our

results suggest that the composition of the putative ammonite ink sac is not consistent with the

presence of eumelanin, supporting the argument of ammonites lacked ink sacs.

Kimmeridge 1(Upper Jurassic)
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P-Xylene

Toluene /Styrene P-Cresol
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Figure 4. Total ion chromatogram of the pyrolysis products of the Upper Jurassic ink sacs specimens KI and

K2 from Kimmeridge, that shows the differences between the putative ink sac from an ammonite (KI) and a

Belemnoteutis (K2). We have only highlighted the specific molecules targeted in this study.
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Throughout of this chapter, we have demonstrated the presence of diverse organosulfur

compounds (OSCs) especially thiophene and its alkylated derivatives. However, theses sulfur-

containing compounds are absent in the two oldest samples corresponding to the Carboniferous

period (Fig. 5). The fact that these molecules are absent may be related to many factors includinu

age. maturity history and burial conditions. It is interesting that estimations of sulfate availability

in seawater during this period (Fig. 6). suggest a lower concentration during the Carboniferous

compared to the Jurassic period that experienced a more intense and widely distributed euxinic

environments in the narrow seaways formed during the breakup of Pangea (Algeo et al.. 2015).

Octopus ink 1 (Carboniferous)
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Figure 5. Total ion chromatogram of the pyrolysis products of the Carboniferous octopus ink sac I specimen

and the surrounding sediment, showing the absence of the targeted compounds in the sediment sample.
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- 4.

At this stage of the study and with only 2 samples analyzed from this period, it is difficult

to elucidate the relationship between these two observations. Further analysis of pre-Permian

samples could illuminate this question.
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Figure 6. Phanerozoic seawater sulfate 6 34S data and implications for sulfate availability. Reproduced from

Algeo et al., 2015.
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As is generally known, most biomolecules are prone to diverse diagenetic transformation

reactions including hydrogenation of double bonds, aromatization and loss of polar functional

groups (Eglinton and Logan, 1991). The diversity and abundance of methylated compounds has

been one of the distinctive characteristics observed in almost all the samples analyzed in the

present study (Fig. 7). The distribution of non-methylated molecules identified for each one of the

samples. As seen in the figure, the abundance of these compounds in the Jurassic period samples

appears to be lower than in the Carboniferous samples. Thus, these older samples have shown a

clear decrease of methylated compounds. that might be related to burial conditions and maturation

history. Could this loss of methylations be a maturity index? Further analyses of contemporaneous

samples might illuminate whether or not this loss could be used as a marker of maturity.
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Figure 7. Bar graph depicting the proportion of non-methylated targeted compounds in this study in the ink

sac fossil specimens from the Jurassic and Carboniferous periods compared to the reference melanin sample.
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Diagenetic incorporation of sulfur could have important implications for understanding the

preservation of fossil melanin on geological timescales. Many studies in recent years have reported

the presence of organo-sulfur compounds (OSC) in marine sedimentary organic matter (Sinninghe

Damste et al., 1990; Amrani et al., 2014) as well as fossil melanin and melanosomes (Glass et al.,

2012; Glass et al., 2013; McNamara et al., 2016). In the present study, we measured the relative

abundances of these compounds in order to understand their importance for the chemical

characterization of the fossil melanin (Fig. 8). Our results show a high abundance of thiophenes as

well as its simple methylated derivatives in all the samples from the Jurassic period. In addition,

we observe that the Lower Jurassic samples present the highest relative amounts of methylated

forms including dimethylthiophene, while it does not show any signal of thiophene. In contrast,

the oldest samples corresponding to the Carboniferous period do not reveal any signal for any type

of thiophene.

The presence of these types of OSCs in fossil ink sacs has been suggested to be a

consequence of the incorporation of sulfide resulting from microbial sulfate reduction (Glass et

al.. 2012; Glass et al., 2013). Given the elevated concentrations of sulfate in the seawater during

the Jurassic period (Fig.6) (Algeo et al., 2015), and direct molecular evidence for pervasive euxinic

environments during the deposition of the Kimmeridge Clay Formation, the presence of sulfur-

bearing compounds in our samples is entirely consistent with this hypothesis and, further suggests

that sulfurization has played an essential role in melanin preservation in this case. However, we

still do not fully understand melanin diagenesis, and other factors such as taxonomy, age, maturity

and sedimentary conditions, could lead to the incorporation of OSCs during the diagenesis process

olthe melanin.
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Figure 8. Bar graph depicting the proportion of thiophene compounds in the ink sac fossil specimens from

the Jurassic and Carboniferous periods compared to the reference Sepia melanin.

Likewise, other sulfur-bearing compounds, such as benzothiazole, have been identified in

some of our samples (Fig. 9). Recent studies have suggested the presence of benzothiazole in soft

tissues as a pheomelanin marker (Brown et al., 2017; Wakamatsu et al., 2009). As we show in

figure 9, there is a minor signal for benzothiazole in the Stonebarrow and Lyme Regis samples,

which correspond to Upper and Lower Jurassic, respectively. Despite the fact that the presence of

benzothiazole in Lyme Regis and Stonebarrow is minimal, it is intriguing that it is found in

putatively eumelanin ink sacs and poses the possibility of another pathway for benzothiazole

incorporation into eumelanin, or if is the signal is related to the burial conditions. In either case,
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the use of benzothiazole as a pheomelanin marker should be treated with some caution until more

is known.

Similarly, as shown in figure 10, the absence of benzothiazole in the surrounding sediment

from the Stonebarrow sample could suggest that this phaeomelanin marker is endogenous to the

samples and not the result of a migration from the environment.

1:20

D.0

0.40
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U Ratio Benzohiazole/benzothiophene

Figure 9. Bar graph depicting the ratio of benzothiazole to benzothiophene in the ink sac fossil specimens

from the Jurassic and Carboniferous periods compared to the reference melanin sample.
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Figure 10. On the top, total ion chromatogram of the pyrolysis products of the suTounding sediment fio

Stonebarrow sample. Below, extracted ion chromatogram (m/z 108 and 135) showing the absence of the characteristic

ions for benzothiazole in the surrounding Stonebarrow sediment.
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4. Conclusions

The initial aim of this dissertation was to approach the chemical characterization of fossil

melanin using Py-GCMS, in order to understand the diagenetic processes under which this

ubiquitous natural biopolymer can be preserved. Our preliminary results outlined above allow us

to draw some conclusions regarding melanin preservation, diagenesis and characteristic features.

• The entire dataset records consistency in the preservation of pyridines, pyrroles,

phenols and indoles, which have traditionally been attributed to the presence of

eumelanin.

• All the Cephalopoda fossil ink sacs analyzed present similar distributions of

pyrolysis products, which confirms their use as a fingerprint of eumelanin in the

fossil record.

• Our preliminary results confirm that eumelanin can survive at least 200 million

years and potentially until the Carboniferous.

• The preservation of melanin could be more controlled by the maturation history of

the sample than by its age. The increased presence of macromolecular compounds

characteristic of kerogen seems to have a direct impact on melanin preservation

potential.

• Despite of high abundance of thiophene in the Jurassic samples, the oldest ones

corresponding to the Carboniferous period do not present any signal of these or

other organosulfur compounds which might suggest distinct maturation history and

burial conditions for these samples.

• The presence of OSCs in the Jurassic samples confirms the importance of

sulfurization on the preservation of eumelanin during diagenesis. However, the
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absence of these molecules in the Carboniferous octopus samples might suggest a

an alternative preservation pathway not involving sulfur.

Likewise, this study isjust a stepping stone to better understand melanin in the fossil record

and opens more questions than answers that will need further investigation.
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Chapter 3 - Molecular characterization of preserved tissues in a Cretaceous
Ankylosaur

1. Introduction

Paleocolor is the study of reconstructed color patterns in fossils using various analytical

techniques (Vinther, 2015). Color patterns are an important for understanding the ecology and

behavior of ancient animals, and contain evidence about how they lived or their environment.

Furthermore, color plays an important role in camouflage and display, which is a form of animal

behavior where an animal provides specific visual information to others (Scott-Samuel et al., 2011;

Vinther et al., 2015).

Color patterning depends on both pigment composition and arrangement. Recent studies

have demonstrated that melanin is a pigment with high preservation potential over geologic time

scales (Glass et al., 2012; Glass et al., 2013; Lindgren et al., 2012; Glass, 2014). It can be found

in virtually all extant organisms, from bacteria to humans. For this reason, the analysis of fossil

pigments, such as melanin, may allow inferences about important characteristics of the ecology,

behavior and evolution of the ancient animals. Many studies utilize a diversity of analytical

techniques to analyze fossilized animals and their different maturation histories (Vinther et al.,

2008; Colleary et al., 2015), but recently, new mass spectroscopic techniques such as Pyrolysis-

Gas Chromatography-Mass Spectroscopy (Py-GCMS) have been developed, allowing us to know

the composition of melanin fossils and their processes of chemical preservation (Brown et al.,

2017; McNamara et al., 2016).

The study of color in ancient animals has become a useful tool and a new way of

understanding some important aspects of the ecological interactions. The potential impact of the

study of paleocolor in the field of evolutionary biology and ecology can be very important.
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However, it is necessary to improve the preservation shape of melanin-containing particles as well

as the chemical preservation and the pyrolysis products to improve our understanding of the color

patterns in ancient animals. Here, we present preliminary pyrolysis GC-MS results from an

exceptionally preserved specimen of Borealopelta markrntchelli. an armoured herbivorous

tetrapod dinosaur, in order to better understand soft tissue preservation and to show chemical

evidence to support melanin identification, as well to discern the chemical features that reflect

original colour characteristics. This chapter was partially published in Current Biology in 2017

(httr:/doiorp/1.0.1.016/jrui~b.?01.7,OC::,71)

2. Materials and methods

2.1 Fossil specimens

The analyses described in this dissertation were carried out at The Summons Lab at MIT.

The specimen analyzed was the fossilized holotype of the nodosaurid dinosaur BorealopelIa

markmitchelli (TMP 2011.033.0001) (Fig. 1), curated at the Royal Tyrrell Museum of

Paleontology, Drumheller, Alberta, Canada. The specimen was discovered in the Suncor

Millenium Oils Sands mine in NE Alberta, Canada. The fossil was encased in a rigid siderite

concretion that must have commenced forming shortly after the carcass arrived to the seabed. The

fossil was sampled extensively across varying regions and tissues, focusing on epidermal

structures, but also including rock matrix (Fig. 1-2). However, for the present study we will only

discuss the analysis on four representative samples from different areas.
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2.2 Pyrolysis Gas Chromatography-Mass Spectrometry (Py-GCMS)

Pyrolysis experiments were performed using a CDS Analytical 5250 pyroprobe equipped

with an autosampler and coupled directly to an Agilent 6890 N gas chromatograph interfaced with

a Waters Micromass Autospec-Ultima mass spectrometer. Approximately 300-700 mg of each

sample was placed in a CDS quartz sample tube packed with a quartz wool plug followed by a

quartz filler rod and a second plug of quartz wool. Internal standards comprising 50ng each of

decafluorobiphenyl (DFB) and pyrene in pentane were then added to the samples immediately

prior to analysis.

Once loaded in the autosampler, the quartz tubes were dropped into the pyrolysis chamber

where they were kept at 50C for 5 s and then heated at 1OC/ms to 600C and held for 20 s. The

valve oven and transfer line were held at 300 C throughout the analysis. The thermal degradation

products were transferred directly to a GC column held at 40C. The GC was equipped with a DB-

5MS column (60m x 0.25mm x 0.25 mm) and was operated in split mode with a 5:1 split and 1

nL/min He flow rate. The GC was held at 40C for 2 min and then programmed to 31OCat 4C/min

where it was held for 20 min. The MS was operated in electron impact mode at 70 eV and scanned

m/z 50-600 once per second. Analyses were conducted in duplicate with regularly interspersed

blanks. Mass Lynx mass spectrometry software version 4.0 was used for data collection and

processing. The identification of pyrolysis products was based on comparison of their mass spectra

with library spectra (NIST MS Search 2.0) and by comparisons to data gathered previously.

50



~1

Figure 1. Photograph of specimen Borealopelta markmitchelli, TMP 2011.033.000 1. Reproduced with
permission from Brown et al., 2017.

51



-I

.44 C

B7

/ Cranial
~Postcranial
7Osteoderm

- Epidermis:
JBasement epidermal scales

Epiosteodermal scale/!Horny sheaths
7Rock matrix

Im LStomach contents
] Fossil wod

r7 4,RW ----- 1

G'

Of~

Figure 2. Preservation of different tissues type of the Borealopelta markmitchelli. (A) Schematic of
complete specimen in dorsal view. (B and C) Skull in dorsal (B) and left lateral (C) views. (D) Close-up view of the
neck, illustrating alternating cervical osteoderm bands (and preserved keratinous sheaths) and polygonal scales. (E)
Close-up view of flank illustrating lateral thoracic osteoderms (with keratinous coverings) and polygonal scales. (F)
Close-up view of sacral shield counterpart illustrating osteoderms and scales. (G) Close-up view of antebrachium
including osteoderms and keratinous coverings. (D'-G') Interpretive line drawings of the corresponding panels (D)-
(G). Reproduced with permission from Brown et al., 2017.
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3. Results and Discussion

Py-GCMS was conducted on a range of body parts of this three-dimensionally preserved

nodosaurid ankylosaur, Borealopelta markmitchelli from the Early Cretaceous of Alberta. The

pyrolysis products of preserved tissues are dominated by C2-Cn-alkane/n-alkene doublets with a

slight even-over-odd carbon number preference. These couplets result from the breakdown of

aliphatic biopolymers that are the dominant component of kerogens and have been formedwhen

lipids polymerize and replace protein and other poorly-recalcitrant biopolymers (Gupta et al.,

2008; Stankiewicz et al., 2000). Notably, the n-alkane/n-alkene couplets are absent from the

concretion and the sediment surrounding the ankylosaur.

The low molecular weight regions of the pyrogram are characterized by a complex mixture

of small core and alkylated N-, S- and O-containing heterocyclic and aromatic molecules

characteristic of eumelanin, which including pyrrole and its C,-C, homologues, pyridine, indole,

thiophene and its C-C, homologues, phenols and alkylated phenols (Fig. 3).

Of special note, is the presence of significant amounts of benzothiazole, which has been

used as marker for pheomelanin (Ito et al., 2003), as well as the presence of methylated

dibenzothiophene in all the samples except the surrounding sediment (Fig. 3). Typically, vertebrate

groups do not present pure varieties of eumelanin or pheomelanin, which allow display complex

coloration ranging from ginger to black. As pointed in the previous chapters, sulfur may be

incorporated into the melanin during the diagenesis to yield thiophenes, alkyl thiophenes and

benzothiophenes, which could eventually be also derived from pheomelanin (Glass et al., 2012;

Glass et al., 2013; McNamara et al., 2016).
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Figure 3. Partial total ion chromatograms (TIC) for the pyrolysis products from varying regions of the

specimen.TIC for the pyrolysis products of (A) horn sheath from T2FL, (B) thoracic scale, (C) sacral hinge region,

(D) surrounding sediment. Numbers indicate major pyrolysis products: I* pyridine, 2* pyrrole, 3* toluene, 4*

methylpyrrole, 5* xylene, 6*# dimethylthiophene, 7* methylpyrrole, 8* phenol, 9* trimethylpyrrole, 10*#
trimethylthiophene, 11* ethyl-methyl-IH-pyrrole, 12* 2 methylphenol, 13* 4 methylphenol, 14# benzothiazole, 15*
indole, 16*# methyldibenzothiophene, 17 1-decene, 18 cis-3 decene, 19 2-decene, 20 decanal. (*) indicates
previously identified pyrolysis product of eumelanin while (#) indicates the pyrolysis product diagnostic for

pheomelanin. Thiophenes (*#) can be present as diagenetic products of melanin or in pristine pheomelanin. Other

products identified in the samples include C13-C28 n-alkane and alkene doublets typical of macromolecular organic

matter formed during soft tissue diagenesis (denoted n-C14 etc.). (E) Mass spectrum of the pyrolysis product
identified as benzothiazole (top panel) compared to a library mass spectrum of the same compound (lower panel).

Reproduced with permission from Brown et al., 2017.
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On the other hand, we observe trace amounts of dibenzothiophene while

methyldibenzothiophene is an abundant product, which is one of the major S-containing aromatics

in the sedimentary organic matter (Peters et al., 2005). The detection of this alkylated

dibenzothiophene might suggest the presence of a specific precursor to this compound or be the

result of the sulfurization process during early diagenesis. We also identified suites of aromatic

hydrocarbons typical of fossilized organic matter including alkyl benzenes, naphthalenes,

alkylated naphthalenes, phenanthrene and alkylated phenanthrenes (Fig. 3). These signals are not

detectable in the surrounding sediment where the only signals present are for n-C., n-C and n-C.,

along with traces of benzenes, toluene and phenol.

The preliminary results outlined above are consistent with a tissue-dependent distribution

of darker colours in the upper regions of the fossil in contrast with the lighter ventral, which can

be interpreted as a countershading camouflage. This feature suggest that this species had a strong

predation-pressure, suggesting that the armoured body might have had a defensive function and

sociosexual display (Brown et al., 2017). It is interesting to note, that today larger animals with a

similar size to the specimen described in this study do not present countershading or other type of

camouflage, highlighting the large differences on the predator-prey dynamics during the

Cretaceous period compared to today (Fig. 4).
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4. Conclusions

Although we only have discussed here a limited number of samples, these preliminary

results have provided a great deal of information that could help us understand this fossil

coloration.

Significant among of benzothiazole in the Py-GCMS data from the nodosaur tissues

implies the former presence of pheomelanin. Degradation products of both eumelanin and

pheomelanin were found in the epidermis and horn tissues. Thus, the dinosaur was most likely to

have been reddish-brown in colour.

Our results, together with TOF-SIMS and SEM data, show a contrast in pigmentation

between the ventral and dorsal surfaces of the examined specimen. This differential distribution of

pigments is likely primary, and is best interpreted as countershading; a common feature of

contemporary prey animals.

Our findings demonstrate the preservation potential of melanin, and argue that

"paleocolour" has the potential to elucidate behavioral and ecosystem traits that would otherwise

escape fossilization.

The preliminary results highlighted in this chapter provides a snapshot of coloration of the

Borealopelta markmitchelli, but also has important implications regarding the environment in

which these dinosaurs lived and their prey-predator dynamics.
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