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1. Supporting text
1.1. 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 blooms 5, 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 Catto et al., 2016 and Warren et al., 2017) 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, 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.

1.2. 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. 
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. 

1.3. 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 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.

1.4. 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 PO43- 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 PO43+ 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 PO43+ 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 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.

2. Detailed Methods
2.1. 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).

2.2. 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 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. 

2.3. 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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[bookmark: _GoBack]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.
[image: ]
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
	
	
	
	



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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