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Abstract
Exceptionally preserved feathers from the Mesozoic era have provided valuable insights into the early evolution of feathers and enabled 
color reconstruction of extinct dinosaurs, including early birds. Mounting chemical evidence for the two key components of feathers— 
keratins and melanins—in fossil feathers has demonstrated that exceptional preservation can be traced down to the molecular level. 
However, the chemical changes that keratin and eumelanin undergo during fossilization are still not fully understood, introducing 
uncertainty in the identification of these two molecules in fossil feathers. To address this issue, we need to examine their taphonomic 
process. In this study, we analyzed the structural and chemical composition of fossil feathers from the Jehol Biota and compared 
them with the structural and chemical changes observed in modern feathers during the process of biodegradation and thermal 
degradation, as well as the structural and chemical characteristics of a Cenozoic fossil feather. Our results suggest that the 
taphonomic process of feathers from the Cretaceous Jehol Biota is mainly controlled by the process of thermal degradation. The 
Cretaceous fossil feathers studied exhibited minimal keratin preservation but retained strong melanin signals, attributed to melanin’s 
higher thermal stability. Low-maturity carbonaceous fossils can indeed preserve biosignals, especially signals from molecules with 
high resistance to thermal degradation. These findings provide clues about the preservation potential of keratin and melanin, and 
serve as a reference for searching for those two biomolecules in different geological periods and environments.

Significance Statement

The preservation of organic molecules in fossils has opened a unique window into investigating the molecular evolution of extinct 
organisms in deep time. However, to characterize chemically the organic molecules retained in fossils is challenging, because the or-
ganic molecules preserved in fossils have undergone more or less diagenetic modifications, which necessitates the application of mul-
tiple independent techniques and investigations of the taphonomic pathways. In this work, we suggest that dehydration played a role 
in the exceptional preservation, and low-maturity carbonaceous fossils can indeed preserve biosignals, especially signals from mol-
ecules with high resistance to thermal degradation. Our findings should be of great interest to paleontologists, evolutionary biologists, 
and the general public.
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Introduction
Fossil feathers are crucial for understanding the early evolution of 
feathers, flight, and the biology of dinosaurs, including early birds 
(1–3). Despite recent progress (4–8), the chemical nature of fossil 
feathers remains incompletely understood. The structural pro-
teins of modern feathers are primarily composed of β-keratins 
(also known as corneous beta-proteins) with small amounts of 
α-keratins (9). The protein composition significantly affects the 
physical and mechanical properties of feathers (10, 11). 
Immunological studies have suggested that early feathers may 

have been dominated by α-keratins rather than by β-keratins (7). 

However, some researchers argued that the immunological meth-

ods are prone to false positives (12–14).
In addition to keratins, many dark-colored feathers contain 

melanins, including brown to black eumelanins and yellow to red-

dish pheomelanins, which are stored in melanosomes (15). 

Chemical evidence of melanins—mainly eumelanins, as pheome-

lanin markers are difficult to resolve in fossils (16)—supports the 

identification of melanosomes in fossils (4, 5). The morphology 

of these melanosomes has been useful in reconstructing the 
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colors of extinct animals (17–20). However, it remains unexplored 
whether various degraded forms of eumelanins can be distin-
guished in fossils, which is essential for understanding the chem-
ical and functional evolution of eumelanins.

In this study, we employed time-of-flight secondary ion mass 
spectrometry (Tof-SIMS), Fourier transform infrared spectroscopy- 
attenuated total reflection (FTIR-ATR), and Raman spectroscopy to 
characterize the protein and melanin remains in both fossil and 
modern feathers. Our aim was to trace the chemical changes that 
keratin and eumelanin undergo during fossilization, and to 
distinguish the degraded products from keratins and eumelanins 
in fossil feathers from as early as the Early Cretaceous. We analyzed 
fossil feathers from four specimens: three from the Early Cretaceous 
Jehol Biota of northeastern China, housed at the Shandong Tianyu 
Museum of Nature (STM) (including two enantiornithine birds 
STM7-26 and STM7-27, and one early ornithuromorph bird 
STM8-23), and one isolated feather from the Oligocene of the 
Tibetan Plateau (referred to as TF) (Fig. S1).

Results
Scanning electron microscopy observations
Under scanning electron microscopy (SEM), cracks were observed 
in all the fossil feathers, indicative of dehydration (Fig. 1A, C, F, I). 
Higher magnification SEM images revealed melanosomes and sur-
rounding matrices that are likely residues of the originally kerati-
nous matrices in the Early Cretaceous feathers STM7-26 (Fig. 1B), 
STM7-27 (Fig. 1D and E), and STM8-23 (Fig. 1G). A comparison of 
the length and diameter of the melanosomes showed that the 
melanosomes in the three samples differ in geometry (Fig. 1L). 
The mean aspect ratio was 5.00 for STM7-26, 6.35 for STM7-27, 
and 2.83 for STM8-23. Unlike the Cretaceous samples, the 
Oligocene feather sample (TF) appears to be contaminated by re-
cent microbes (Fig. 1J), based on the following observations: these 
microbes are lying on the surface, deformed in line with the top-
ography of the surface; they are excavated by multiple pit-shaped 
fossae; and similar microbodies—though showing weaker holes— 
are observed in the host sediment matrix (Fig. 1K), consistent with 
microbial death and subsequent biodegradation.

Tof-SIMS analysis
We used a chicken feather and melanin from the common cuttle-
fish (Sepia officinalis) as references. Tof-SIMS showed peaks charac-
teristic of amino acids (Fig. S2, Table S1) (21–23) in the positive ion 
spectra of all fossil feathers and associated sediments, as well as 
the melanin reference. Principal component analysis (PCA) was em-
ployed to identify variations among the samples. PCA results 
showed that the Early Cretaceous feathers STM7-26 and STM7-27 
are well separated from their sediments associated with STM7-26 
and STM7-27 along PC2 (Fig. 2A), and together with feather 
STM8-23, they fall between the keratin reference and the melanin 
reference along PC1 (Fig. 2A). We noted that the melanin reference 
also contains proteins (Fig. S2), consistent with previous studies (24).

Negative-ion Tof-SIMS spectra from all samples showed fea-
tures characteristic of eumelanin (5), except for the modern chick-
en feather reference (Fig. S3). PCA was also employed to identify 
variations among the samples (Fig. 2B). Results showed that all 
three Early Cretaceous feathers fall close to the melanin refer-
ence, but separate from the associated sediments in the chemo-
space (Fig. 2B). Since eumelanin was concentrated within 
melanosomes, which are covered and mixed with keratins in 

modern chicken feathers, Tof-SIMS failed to record the negative 
characteristic peaks of eumelanins.

However, PCA results on both the 9 positive characteristic 
peaks of amino acids and 38 negative ions characteristic peaks 
of eumelanins showed that the Oligocene feather (TF) falls close 
to its associated sediment. Tof-SIMS detects signals from the top 
molecular layer of the sample, so the characteristic Tof-SIMS 
peaks are from the microbes covering the surface of the TF sample 
as well as the associated sediment.

These results suggest that Tof-SIMS is so sensitive to organic 
fragments that it is usually unable to identify either endogeneous 
protein or melanin remains from the occurrence of “melanin- 
characteristic” or “protein-characteristic” ions alone. When PCA 
analysis was employed, our results indicate that both the positive 
and negative ions of Tof-SIMS signals from the Early Cretaceous 
feathers are well separated from the associated sediments.

ATR-FTIR analysis
The ATR-FTIR spectra of the Cretaceous feathers (STM7-26, 7-27, 
8-23) have a broad band at the region of 1,580 – 1,560 cm−1 (Fig. 3A 
and B), which is assignable to C=C stretching of indole and pyrrole 
rings. Both the spectra of the melanin and humid acid references 
showed a similar broad band at the same region (1,568 cm−1 in 
Fig. 3A and B). Besides, the ATR-FTIR spectra of STM7-27, 
STM8-23, TF and their associated sediments all have a strong 
band at ∼1,420 cm−1, which is due to CO3

2− (25). However, the spec-
trum of STM7-26 has a band at 1,374 cm−1 instead of 1,420 cm−1, 
and its associated sediments do not have an observable band at 
1,420 cm−1 either. The band at 1,374 cm−1 of STM7-26 can be due 
to C–N stretching combined with in-plane deformation of O–H 
and ring stretching (24). The large broad band centered at 
∼3,300 cm−1 assigned to O–H stretching (O–H and/or N–H). The 
band at ∼2,927 cm−1 (asymmetric C–H of aliphatic CH3), and 
2,854 cm−1 (asymmetric and symmetric C–H of aliphatic CH2) could 
be assigned to C–H stretching. The spectrum of the Oligocene fea-
ther (TF) has two shoulder bands at around 1,640 cm−1 and 
1,540 cm−1, which are assignable to C=O of Amide I and C–N and 
N–H of Amide II. However, its associated sediment has these two 
shoulder bands too, although a bit weaker, which seems to be con-
sistent with the presence of microbes on the surface of the sample.

The Synchrotron (SR) enhanced ATR-FTIR spectra of the fossil 
feathers are almost coincidence with the ATR-FTIR spectra. All 
Cretaceous feathers (STM7-26, 7-27, 8-23) have a broad band at 
the region of 1,575 – 1,545 cm−1 (Fig. 3A and B); STM7-27, 
STM8-23, TF and their associated sediments all have a strong 
band at 1,418 cm−1, but STM7-26 has a band at 1,380 cm−1. 
However, the SR-ATR-FTIR spectra presented more details in the 
region of 1,200 – 1,800cm−1. For example, instead of two shoulder 
bands at around 1,640 and 1,540 cm−1 of the ATR-FTIR spectrum, 
the SR-ATR-FTIR of TF showed a strong bands at 1,553 cm−1 with a 
shoulder band at 1,641 cm−1. STM7-27, STM8-23, TF shows two 
shoulder bands of at ∼1,450 and ∼1,376 cm−1.

PCA analysis was employed on the 1,720 – 1,480 cm−1 region of 
the spectra of the fossil feathers, the extant chicken feather, mel-
anin from S. officinalis, humic acid, and the samples from matur-
ation experiments (Fig. 3C and D). PCA result showed that the 
fossil feathers, eumelanin and humic acid references are separate 
from untreated and experimentally matured chicken feathers 
(details see Fig. S6) along PC1 (Fig. 3C). According to the loadings, 
PC1 explained the variations of the relative abundance of Amide I 
and II vs. components containing indole and pyrrole rings 
(Fig. 3D). The Early Cretaceous fossil feathers were located 
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between the eumelanin and humic acid, while TF feathers were 
located between the eumelanin and the untreated and experi-
mentally matured chicken feathers. The highly matured chicken 
feather samples (A4 in Fig. 3C) are separate from the untreated 
and moderated matured chicken feathers along PC1, which re-
flects their lower abundance of Amide I and II (Fig. 3D). 
According to the loadings of PC2, higher scores indicate higher 
abundance of β-turn or quinone C=O, and higher content of com-
ponents contains indole and pyrrole rings. The highly matured 
chicken feathers (A4 in Fig. 3C) separated from the other chicken 
feathers (untreated and moderately matured) along PC2.

Raman spectroscopy analysis
The Raman spectra of all fossil feathers have two broad bands at 
1,353 – 1,360 and 1,587 – 1,591 cm−1 (Fig. 4A), similar to previously 
reported spectra of eumelanins in feathers of extant birds (26) and 
our eumelanin reference (Fig. 4A). As previously noted for the dis-
ordered graphite of carbonaceous materials from geological sedi-
ments (27, 28), which displayed the Raman spectra pattern with 
two similar bands, carbonaceous materials in sediments from 
the Yixian Formation and humic acid used as controls in this 
study yield Raman bands with similar wavenumbers as the fossil 
feathers (Fig. 4A).

However, the shape of the two bands is different, so we per-
formed PCA analysis to compare these spectra. Principal 

component 1 explained 73.6% of the total variation. Our analysis 
revealed that carbonaceous materials (structureless organic re-
mains) in sediments (Fig. S7) and humic acids are distinct from 
melanin references along PC1. The melanin references included 
nature melanin from the common cuttlefish (S. officinalis, 
Sigma-Aldrich M2649) and melanin signals from modern feathers 
(a mixture of eumelanin and pheomelanin). Fossil feathers fall be-
tween them (Fig. 4B). The three bands loading positively into PC1 
at 1,268, 1,368, and 1,605 cm−1 can be assigned to three of the five 
detail deconvoluted peaks in the first-order Raman spectra of dis-
ordered graphite, specifically D4, D1, and D2, respectively (27) 
(Fig. 4C). The band loading negatively into PC1 at 1,527 cm−1 can 
be assigned to pyrrole, which is characteristical function group 
of eumelanins (29).

Discussions
Contamination issues
Contamination is a common problem in molecular palaeontolgy 
(30, 31), partly because the porosity of sediments allows exogene-
ous amino acids and other biomolecules to enter the fossils (32, 
33). Thus, signals from the associated sediment are always com-
pared with those from the fossils. By sampling the surrounding 
sediments, we can establish a baseline for the organic compound 
present in the environment. This allows us to compare the organic 

Fig. 1. Microstructures of fossil feathers from the Early Cretaceous and the Oligocene. A,B) STM7-26. C–E) STM7-27. F–H) STM8-23. I–L), Isolated Oligocene 
feather (I, J) and associated sediment (K). L) Comparison of the melanosomes in the three Early Cretaceous feather samples. Scales bars, 10 μm (A, C, F, H, 
I); 1 μm (B, G, J, K); 200 nm (D); 500 nm (E).
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composition of the feather with that of the sediments. If the or-
ganic signals from the feather match those found in the sedi-
ments, it suggests potential contamination. Conversely, if the 
feather’s organic composition is distinct from the sediment, it 
supports the hypothesis that the organic material is endogenous. 
In our work, FTIR-ATR detected Amide I and Amide II signals from 
both the Oligocene TF feather and its associated sediment. 
Tof-SIMS detected protein-related ions from both the Oligocene 
TF feather and its associated sediment, with almost the same 
intensities. Furthermore, our SEM observations documented 
microbes growing on the surface of the TF feather and its associ-
ated sediment. Similarly, Manning et al. (31) found amino acids 
from both the skin of a well-preserved dinosaur and the associ-
ated sediment. Therefore, it is crucial to determine the endogene-
ity of the chemical signals when analyzing fossil samples (8). Our 
PCA analysis of the Tof-SIMS data and ATR-FTIR and SR-ATR-FTIR 
spectra all indicate that the Cretaceous feathers differ from the 
sediment in organic composition, suggesting that the organic sig-
nals from these samples should be more likely endogenous.

Preservation of keratins in fossils
Tof-SIMS showed peaks characteristic of amino acids from all the 
Cretaceous feathers, and PCA analysis separated them from their 
associated sediments. However, except for the TF feather, the 
FTIR spectra from all Cretaceous fossil feathers do not show any 
appreciable bands at ∼1,630, ∼1,518, and ∼1,235 cm−1 assigning 
to amide I, amide II, and amide III, respectively, as seen in extant 

feather, indicating an almost complete protein loss, or at least the 
content under the detection limit of the instrument.

All fossil feathers display a similar SR- ATR-FTIR spectrum in 
the range of 1,200–1,800 cm−1. We detected a strong and broad 
band at ∼1,545 – ∼1,575 cm−1 and two relatively weak bands at 
∼1,450 and ∼1,375 – ∼1,380 cm−1 on all fossil feathers, including 
the TF feather. The band at ∼1,545 – ∼1,575 cm−1 is assignable to 
C=C stretching of indole and pyrrole rings, which is common in ei-
ther melanin or humic acid (34, 35). Another characteristic band 
of melanin is at ∼1,347 – 1,321 cm−1, which is absent in the FTIR 
spectra from all fossils. All the fossil feathers have a band at 
∼1,375 – ∼1,380 cm−1 assignable to C–N stretching combined 
with in-plane deformation of OH and ring stretching (29), which 
is comparable to the band at 1,371 cm−1 of the humic acid. 
However, almost all fossil feathers have a shoulder band at 
∼1,450 cm−1, which is absent in the reference spectrum from hu-
mic acid.

FTIR spectra from fossil feathers have also been reported in pre-
vious studies (36, 37). Both works recorded a strong band at ∼1,600 –  
1,560 cm−1, which was attributed to carboxylate, and a broad band 
at ∼1,450cm−1 – ∼1,330 cm−1, with different interpretations, either 
related to the presence of CaCO3 (37) or referred to carboxylic acid 
and hydroxyl from the melanin (36). When we looked at the SEM im-
ages from the previous two works, there is no clear evidence that the 
fossil feathers contained a carbonaceous matrix enveloping the 
melanosomes (36, 37). According to our results, the infrared (IR) 
spectra pattern showed more similarities to the humic acid refer-
ence than the melanin reference. Nevertheless, proteinaceous com-
ponents that might be from keratins have been detected in several 
fossils by FTIR spectra (e.g. (31, 38, 39)). Amide I and II bands were 
detected in a mummified skin from an Upper Cretaceous hadrosaur 
dinosaur (31). Amide I, II, and III absorption bands, along with the C– 
H peaks, were present in the full spectrum from an Eocene aged fos-
sil reptile skin, and FTIR mapping further supported the endogen-
ous origin of the proteinaceous components within the fossilized 
soft tissue (38). The oldest record is from carbonaceous filaments 
of a mid-Late Jurassic pterosaur, with the presence of the amide I 
and II bands in the FTIR record (39), which is much older than our 
Cretaceous feathers. Their studied materials show weaker melanin 
signals than the fossil feathers in this study, which contain abun-
dant melanosomes. This discrepancy suggests two possible explan-
ations: (i) our fossil feathers may have displayed extremely weak 
signals of these amide peaks, which were subsequently overshad-
owed by the strong melanin signals; and (ii) the keratins in the fossil 
feathers may have undergone significant alteration, transforming 
into thermally stable organic compounds.

Implications for the fossilization process  
of keratins in feathers
Detecting biomolecules in ancient fossil is challenging because or-
ganic molecules of biological origin are inevitably altered and de-
graded during fossilization. When organisms die their organic 
molecules usually rapidly biodegrade. Most biomolecules released 
into the environment are either oxidized or assimilated by living 
microbes. Yet, some organic macromolecules resistant to biodeg-
radation may escape and be incorporated into fossils by selective 
preservation. Modern feathers contain 80–90% keratin (the main 
structural protein of feather). Keratins contain a high percentage 
of stable beta-pleated sheets (beta-sheet, more than 70%), and 
amino acids are cross-linked via covalent disulfide and hydrogen 
bonds, resulting in low solubility and high stability (40–42). Such 
complex, rigid, and fibrous features make keratin highly resistant 

Fig. 2. PCA comparing ToF-SIMS spectra from fossil feathers with 
sediments and modern references. A) PCA of positive ions characteristic 
of amino acids in positive ion ToF-SIMS spectra. B) PCA of negative ions 
characteristic of melanins in negative-ion ToF-SIMS spectra. See Fig. S4
for loadings for the first two PCs in (A), and Fig. S5 for loadings for the first 
two PC2 in (B).
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and unable to be easily biodigested by common proteases except 
keratinase (42, 43). Despite the high resistance, keratins do not ac-
cumulate in nature, which indicates the presence of natural bio-
degradation (44). Keratinases are ubiquitous in nature and can 
be found in bacteria and fungi (45–47). With the help of keratinase, 
bacteria or fungi are capable of decomposing keratin, and the pro-
cess involves two steps: sulfitolysis and proteolysis (48–50). 
Sulfitolysis refers to the cleavage of disulfide bonds, which will 
change the conformation of keratins and provide more sites for 
keratinase (46, 51, 52). The biodegradation of feathers by bacteria 
and fungi has been systematically studied for decades, and the 

breakdown of feather microstructure has been visualized using 
SEM with various bacteria and fungi (51, 53–57). The course of deg-
radation exhibits a similar pattern: degradation appeared as 
breakage of the barbules, exposure of the internal fiber structure; 
then the degradation of feather barbs; and finally, the rachis struc-
ture (or the feather shaft). However, as seen, the fossil feather is 
intact with all shafts and vanes in place, and the integrity of the 
barbs was maintained (Fig. S1), indicating that the biodegradation 
seems inhibited. Nevertheless, it is important to note that kerati-
nolytic enzymes are mainly inducible (46, 58, 59). The production 
of keratinase is usually associated with the adaption to stationary 

Fig. 3. ATR-FTIR analysis of fossil feathers and comparative samples. A) FTIR spectra of fossil feathers and surrounding sediments, modern feather, 
melanin from the common cuttlefish (S. officinalis), and humic acid. B) Details of ranges between the 1,200 and 1,800cm−1 of whole spectra. C) Loadings for 
the first two PCs from PCA. D) Score plot from PCA of whole spectra.
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phase or lack of nutrients (60, 61). In the case of the Jehol Biota, the 
palaeolake is most likely rich in nutrients (62, 63). Furthermore, 
most research recorded neutral or alkaline pH (7.0–10.0) and 
high temperature (30–80°C) as the optimal condition for bacterial 
keratinase (46, 64–71). The dissolution of the shell carbonate of the 
occasionally occurring bivalves collected from the finely lami-
nated sediments of the Yixian Formation (72, 73) and phosphat-
ized claw sheaths, carapaces, and eggs of the clam shrimps from 
the Jehol Biota (74, 75) indicated a slightly acidic environment at 
the bottom of the palaeolake. All of these are reasons that might 
hindered the biodegradation of keratins or made the feathers of 
the Jehol Biota more resistant to biodegradation during the fossil-
ization process.

As preserved in carbonaceous compressions, besides the bio-
degradation process, fossil feathers should have been subjected 
to a long-term thermal maturation. Our FTIR spectra reveal a 
close similarity between the preserved organic functional groups 
present in the fossils and the humic acid, implying the effect of the 
long-term thermal maturation process. With increasing tempera-
ture, weaker organic bonds are thermally broken, and dehydro-
genation reactions become predominant. Thermal maturation 
may ultimately lead to pure graphite that may have completely 
lost its original biosignatures by promoting structural reorganiza-
tion (76). In most cases, the IR spectrum recorded from the organic 

composition of fossil remains showed contributions from both ali-
phatic and aromatic functional groups (76, 77), which is charac-
terized by the CH3 and CH2 absorptions at 3,000 – 2,800 cm−1 

spectral interval and the combined bending vibrations of CH3 

and CH2 at 1,500 – 1,300 cm−1 spectral region. Such diagenetically 
transformed products could be from a variety of original biomo-
lecular makeups. Sometimes, besides diagenetic hydrocarbons, 
traces of the original biomolecules including proteinaceous re-
mains were detected using more sensitive techniques, e.g. a com-
bination of Tof-SIMS, Py-GC/MS, amino acid analysis, and in situ 
immunohistochemistry labeling (77).

Artificial thermal degradation experiments performed in vari-
ous systems under well-constrained physical and chemical condi-
tions have been carried out extensively to better understand 
thermal degradation process of keratins (42, 78–82). Our simula-
tion experiments showed that feather material liquefies at tem-
perature of 250°C (83). Previous thermal degradation studies 
revealed that the thermal decomposition of feathers begins at 
220°C, and its maximum occurs at ∼300°C (78). When the temper-
atures are below 250°C, thermal pressure hydrolysis caused re-
arrangement of hydrogen bonds in the keratin structure, as 
evidenced by the peaks from 2,000 to 1,700 cm−1, mainly corres-
pond to the C=O stretching vibration, which is sensitive to 
H-bonding after the formation of strong hydrogen bonds (42, 84). 

Fig. 4. Comparison of different melanins and carbonaceous materials using Raman microscopy. A) Raman spectra of fossil feathers, modern feathers, 
melanin from the common cuttlefish (S. officinalis), and carbonaceous materials in sediments from the Yixian Formation. B) Score plot from PCA of whole 
spectra. C, D) Loadings for the first two PCs from PCA. A1, A4 in Panel A refer to samples matured in an open system with water at temperature settings 1 
and 4, respectively (see Supplementary information for details).
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When the temperatures are below the thermal decomposition 
threshold, the treated feather is still intact with all shafts and 
vane in place, then displays the cracks when dried, as seen in fos-
sil feathers (83), indicating that they had gone through dehydra-
tion during diagenesis. A similar pattern was observed in 
another thermal degradation experiment on chicken feathers of 
different colors (82).

Similar lab simulations have been used a lot to better constrain 
the transformations of organic molecules into graphitic carbons 
induced by geochemical processes (e.g. (85, 86)). When the tem-
perature is much higher and in dried conditions, pyrolysis of ker-
atin will produce biocarbon (79), e.g. the FTIR spectra for the 
produced biocarbons at 600°C shows no peaks, which are a result 
of removing the functional groups at higher pyrolysis tempera-
tures. A similar phenomenon has also been found in carbonized 
lignin (87). The FTIR spectra of all studied fossil feathers indicated 
that they were slightly matured, with a clear aliphatic absorption 
(at 1,375, 1,450, and 2,800–3,000 cm−1) (85).

Preservation of melanin in fossils
Tof-SIMS has been successfully used to examine the melanin sig-
nals in fossils (77, 88, 89). In this work, Tof-SIMS showed peaks char-
acteristic of eumelanin from all the Cretaceous feathers, and PCA 
analysis separated them from their associated sediments but close-
ly located them around the eumelanin reference. Besides Tof-SIMS, 
Raman spectroscopy has also been widely used to detect eumelanin 
signals (26, 34, 90–92), which is characterized by two broad bands at 
∼1,360 and ∼1,590 cm−1. As previously noted, the disordered graph-
ite of carbonaceous materials from geological sediments (27, 28) dis-
played the Raman spectra pattern with two similar bands. Peteya 
et al. (93) further compared the peaks generated by the fossil feather 
(containing melanosomes) to the Platanus (plant from the Late 
Cretaceous Hell Creek Formation, Mud Butters, North Dakota) and 
Stigmaria (from the Carboniferous Joggins Formation, Joggins, 
Nova Scotia) samples; the presented Raman spectra are similar to 
each other in both peak shape and location. In our work, when we 
compared the Raman spectra from fossil feathers with that from 
structureless organic remains in the sediments from the Yixian 
Formation (which was assumed to be experienced the same matur-
ity), the peak location was similar, but the peak morphologies were 
different. PCA analysis can well separate the fossil feathers from the 
carbonaceous materials in sediments and humic acids.

Implications for the fossilization process  
of melanins in feathers
Melanins are the most prevalent pigments in animals, which is 
low solubility in distilled water and most organic and inorganic 
solvents, except for aqueous alkali. They are resistant to degrad-
ation by concentrated acids, and have a high resistance to thermal 
degradation (94). As previous discussed in the section on the fossil-
ization process of keratins in feathers, we argued that the biodeg-
radation process on fossil feathers was hindered, and the main 
degradation process was due to the long-term thermal degrad-
ation. Thus, the detected melanin from the fossil feathers should 
have also experienced a long-term thermal degradation. The ther-
mal stability of melanins has been tested using thermogravimetric 
analysis (94). The results suggested three stages involved in the 
thermal degradation process: (i) evaporation of weakly and/or 
strongly bound water (around 60 – 280°C); (ii) the loss of carbon di-
oxide (around 306–425°C); (iii) the complete degradation (around 
500–1,000°C). Compared to the keratins, melanin has a higher re-
sistance to thermal degradation, which is confirmed in our 

simulation experiments. When the treated temperature reached 
250°C, keratins were liquefied and melanosomes remained intact 
(83). The characteristic peaks of the keratins were almost dimin-
ished from the FTIR spectrum collected from the sample with 
the treated temperature reaching 250°C, but the Raman spectrum 
of the same sample retained the eumelanin signals.

Conclusion
The studied Cretaceous fossil feathers showed little evidence of ker-
atin preservation based on FTIR. However, the same fossil feathers 
retained strong signals characteristic of melanins using ToF-SIMS 
and Raman spectroscopy. This differential preservation is attributed 
to the higher thermal stability of melanins compared with keratins. 
Experimental evidence and thermal degradation studies indicate 
that while keratins start degrading around 220–250°C, melanins 
can withstand much higher temperatures (up to 500–1,000°C) before 
complete degradation. Therefore, the fossil feathers, which experi-
enced long-term thermal maturation during fossilization, preferen-
tially preserved the more thermally stable melanin molecules over 
the less stable keratins. This selective preservation of biomolecules 
based on their thermal resistance allowed the retention of melanin 
biosignals in these low-maturity carbonaceous fossils.

Low-maturity carbonaceous fossils can indeed preserve biosig-
nals, especially signals from molecules with high resistance to ther-
mal degradation. As keratins are resistant to biodegradation due to 
their complex, rigid, and fibrous structure, they can still undergo 
degradation during the fossilization process, particularly through 
thermal maturation. The Oligocene TF feather is less thermally ma-
tured, giving it a higher potential to preserve keratin remains. 
However, distinguishing the FTIR signals of keratin remnants from 
microbial contamination is challenging. Therefore, further destruc-
tive analysis is essential. Alternatively, examining uncontaminated 
materials could provide clarity on this point (95–98).
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