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Simple Summary: Insect fossils dating 55 million-years-old from the Stolleklint Clay and Fur For-
mation of Denmark are known to preserve both fine morphological details and color patterns. To
enhance our understanding on how such fragile animals are retained in the fossil record, we exam-
ined a pair of beetle elytra, a wasp and a damselfly using sensitive analytical techniques. In our
paper, we demonstrate that all three insect fossils are composed of cuticular remains (that is, traces
of the exoskeleton) that, in turn, are dominated by the natural pigment eumelanin. In addition, the
beetle elytra show evidence of a delicate lamellar structure comparable to multilayered reflectors
that produce metallic hues in modern insects. Our results contribute to improved knowledge on the
process of fossilization of insect body fossils in marine environments.

Abstract: Marine sediments of the lowermost Eocene Stolleklint Clay and Fur Formation of north-
western Denmark have yielded abundant well-preserved insects. However, despite a long history of
research, in-depth information pertaining to preservational modes and taphonomic pathways of these
exceptional animal fossils remains scarce. In this paper, we use a combination of scanning electron
microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDX), transmission electron
microscopy (TEM) and time-of-flight secondary ion mass spectrometry (ToF-SIMS) to assess the
ultrastructural and molecular composition of three insect fossils: a wasp (Hymenoptera), a damselfly
(Odonata) and a pair of beetle elytra (Coleoptera). Our analyses show that all specimens are preserved
as organic remnants that originate from the exoskeleton, with the elytra displaying a greater level of
morphological fidelity than the other fossils. TEM analysis of the elytra revealed minute features,
including a multilayered epicuticle comparable to those nanostructures that generate metallic colors
in modern insects. Additionally, ToF-SIMS analyses provided spectral evidence for chemical residues
of the pigment eumelanin as part of the cuticular remains. To the best of our knowledge, this is the
first occasion where both structural colors and chemical traces of an endogenous pigment have been
documented in a single fossil specimen. Overall, our results provide novel insights into the nature of
insect body fossils and additionally shed light on exceptionally preserved terrestrial insect faunas
found in marine paleoenvironments.

Keywords: cuticle; Eocene; Fur Formation; insects; melanin; mo-clay; pigment; Stolleklint Clay;
structural coloration; Ølst Formation

1. Introduction

Lowermost Eocene deposits of the Limfjord Region, Northwestern Jutland, Denmark,
have yielded diverse biotas of exceptionally preserved plant and animal body fossils
that frequently retain soft parts, such as feathers and skin [1,2]. The local stratigraphic
succession comprises the Fur Formation, a Konservat-Lagerstätte, and the underlying, less
well known Stolleklint Clay of the Ølst Formation, which together constitute the so-called
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“mo-clay deposits” [3]. Despite being interpreted as representing a relatively deep marine
offshore setting [4], the fine-grained sediments house a wealth of terrestrially derived
organisms, of which insects are particularly conspicuous with more than 200 species
described to date [1,2]. The insect fossils often preserve fine anatomical details, including
segmentation, appendages, wings with well-defined venation, traces of original color
patterns and sometimes even residual endogenous biomolecules [1,5].

Insects are currently one of the most ubiquitous and numerically abundant groups of
animals on Earth, and they have a fossil record that dates back to the Early Devonian [6,7].
Exceptionally preserved biotas, such as those from the Limfjord Region, act as important
“windows” into the evolutionary history of this clade, but are also crucial for understanding
taphonomic pathways that may contribute to the retention of delicate anatomical features
in the rock record. Recent research has made considerable progress with respect to insect
fossilization processes (e.g., [8–19]). However, although previous work on insects from the
Stolleklint Clay and Fur Formation has touched upon taphonomic and biostratinomic pro-
cesses [20–23], most studies have focused on other aspects of the assemblage (e.g., [24–28]).
Moreover, in-depth chemical and ultrastructural analyses that can provide valuable infor-
mation on fossil preservation patterns have so far been conducted almost exclusively on
vertebrate remains [29–34], while insects, despite their great abundance, merely have been
the subject of a single investigation [5].

In the present contribution, we expand current knowledge on organic preservation
by employing an integrated experimental approach to a selection of insect fossils from the
Eocene of Denmark. We investigate and illustrate these specimens with the aim of achieving
a better understanding of the biostratinomic, taphonomic and diagenetic processes that
result in exceptional preservation.

2. Geological Setting

The fossils analysed in this study originate from the Ølst and Fur formations in the
Limfjord Region, Northwestern Jutland, Denmark. In this area, the Ølst Formation is repre-
sented solely by the Stolleklint Clay—the lowermost unit of the formation [35,36]—which
is directly overlain by the Fur Formation. The Stolleklint Clay consists of laminated, clays,
whereas the Fur Formation comprises an approximately 60-m-thick sequence of clayey
diatomite [37]. The clay sequence formed in a semi-restricted marine basin, well below
the wave base under anoxic to dysoxic bottom conditions [35]. The diatomite facies of the
Fur Formation have been interpreted as deriving from periodic diatom blooms associated
with local upwelling [4,37–39]. Oxygen-depleted bottom conditions are indicated by the
generally undisturbed bedding planes, an absence of a benthic biota, and well-preserved,
often fully articulated fossils [37]. Both formations contain volcanic ash that originates from
eruptions associated with the opening of the North Atlantic Ocean [40]. These layers are
numbered in relation to an easily recognizable ash bed (denominated “+1”) that occurs in
the middle part of the Fur Formation [41]. As of today, almost 200 volcanic ash layers have
been recognized in the strata [37]. The processes of dating two of these layers (−17 and +19)
have yielded ages of ~55.6 and ~55.4 Ma, respectively [42–44], placing both rock units in
the earliest Eocene (Ypresian), during and immediately after the Paleocene-Eocene Thermal
Maximum [45,46]. Calcareous concretions are common in the Fur Formation within certain
horizons [37]. X-ray diffraction has shown that these consist of low Mg-calcite [47]. Carbon
and oxygen isotope compositions further indicate that most of the carbonate has a bacterial
origin, being formed as a result of metabolization of organic matter [47].

3. Material and Methods
3.1. Fossil Material

Three insect fossils from the Stolleklint Clay and Fur Formation showing various states
of preservation were selected for this study: (1) a pair of isolated but three-dimensional
beetle elytra (Coleoptera; FUM-N-17627) collected from a calcium carbonate concretion
near ash layer +15 in the Fur Formation; (2) a flattened yet fully articulated wasp (Hy-
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menoptera, Ichneumonidae; FUM-N-11263) preserved in a calcium carbonate concretion,
collected from the Fur Formation on the Island of Mors; and (3) a compressed but largely
articulated damselfly (Odonata, Zygoptera; FUM-N-10904) found in hardened clays of the
Stolleklint Clay. All specimens are housed in collections at Museum Salling, Fur Museum,
Fur, Denmark, and were photographed in 96% ethanol using an Olympus SZX16 stereo
microscope equipped with an Olympus SC30 digital camera prior to ultrastructural and
molecular analyses.

3.2. Scanning Electron Microscopy and Elemental Analysis

All fossils were examined in a Zeiss Supra 40VP FEG-SEM using either an Everhart-
Thornley type secondary electron detector (SE2) at an electron energy of 2 keV or a variable
pressure secondary electron detector (VPSE) at 15 keV. Elemental analyses and mappings
used a X-Max 50 mm2 silicon drift detector from Oxford Instruments at an electron energy
of 15 keV. Complementary imaging and elemental analyses were conducted in a Tescan
Mira3 High Resolution Schottky FEG-SEM linked to an energy-dispersive spectrometer
(X-MaxN 80, 124 eV, 80 mm2) from Oxford Instruments using an electron energy of 15 keV.
Samples obtained from the beetle elytra (FUM-N-17627) were coated with a 15nanometer-
thick gold-palladium film prior to analysis, whereas FUM-N-11263 and FUM-N-10904 were
examined uncoated.

3.3. Transmission Electron Microscopy

TEM analyses were performed only on samples from the beetle elytra (FUM-N-17627)
because the relict cuticle in FUM-N-11263 and FUM-N-10904 was too thin and spatially
incoherent to allow meaningful sampling. Small pieces (~1 mm2) of elytra were removed
from FUM-N-17627 using a sterile scalpel and then dehydrated in a graded ethanol series.
Following this procedure, the samples were embedded in epoxy resin (Agar 100) via
treatment with acetone. Ultra-thin sections (70 nm) were cut using a Leica EM UC7
ultramicrotome equipped with a diamond knife. The sections were then mounted on
copper grids without additional treatment or staining and examined in a JEOL JEM-1400
Plus transmission electron microscope at 100 kV.

3.4. Time-of-Flight Secondary Ion Mass Spectrometry

ToF-SIMS was used for molecular characterization of all fossils. In ToF-SIMS, the
sample surface is bombarded by a focused beam of high energy ions, and molecular
information is obtained from mass spectra acquired by the secondary ions emitted during
this collision process [48]. By scanning the primary ion beam and acquiring mass spectra
from each pixel in a selected analysis area, spatially resolved mass spectrometric data can be
acquired, which in turn can be presented either as ion images (showing the signal intensity
of selected secondary ions across the analysis area) or as mass spectra from selected regions
of interest (ROIs) within the analysis area.

ToF-SIMS analyses were carried out in a TOFSIMSIV instrument (IONTOF GmbH,
Münster, Germany) using 25 keV Bi3+ primary ions and low-energy electron flooding for
charge compensation. Positive and negative ion data were acquired with the instrument
optimized for either high mass resolution (bunched mode, m/∆m ≈ 3000, lateral resolution
3–5 µm) or high lateral resolution (m/∆m ≈ 300, lateral resolution 0.5–1 µm). Spectra and
images were generated using the SurfaceLab software (version 7.1, IONTOF GmbH).

Principal components analysis (PCA) of mass spectral data was conducted using the
Solo software (version 7.9.5, Eigenvector Research, Inc., Manson, WA, USA), employing
Poisson scaling and prior normalization of the peak intensities to the sum intensity of all
included peaks. The analysis included all major “eumelanin” peaks (43 in total) in the mass
range m/z 48–146 (see [49]). Reference spectra were acquired from pure calcium carbonate
(Sigma-Aldrich Sweden AB, Stockholm, Sweden), eumelanin (from Sepia officinalis; Sigma-
Aldrich Sweden AB) and synthetic eumelanin (Fisher Scientific GTF AB, Göteborg, Sweden).
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4. Results
4.1. FUM-N-17627

FUM-N-17627 comprises a pair of three-dimensionally preserved beetle elytra with a
faint metallic shine when visualized under conventional light (Figure 1A). At higher mag-
nification, the elytra consist of fragmented, dark-colored matter that is regularly perforated
by distinct pits (Figure 1B). SEM analysis further showed that the external surface of the
fragments has a hexagonal patterning (Figure 1C) similar to what can be observed in the
cuticle of extant beetles, whereas the internal surface is comparatively smooth (Figure 1D,E).
In the cross section, the cuticle appears largely amorphous, although the outermost portion
displays distinct layering (Figure 1F). When visualized under TEM, the broadly homoge-
nous internal texture is readily apparent (Figure 1G). Notably though, the elytra exhibit
an outer lamellar structure with a total thickness of about 500 nm that consists of at least
four electron-dense layers separated by thinner, more electron-lucent bands (Figure 1H). In
addition, two different electron-lucent features were observed under TEM: long, vertical
rifts (Figure 1G,H) and submicron fibrillary structures present predominantly in the ventral
(lower) part of the section (Figure 1I–K). Setae- and/or sensilla-like bristles (Figure 1L), and
features that may be related to the locking system that attaches the elytra to the thorax (see,
e.g., [50,51]) were also evident under SEM (Figure 1M,N).

Biology 2022, 11, x FOR PEER REVIEW 4 of 17 
 

 

mass range m/z 48–146 (see [49]). Reference spectra were acquired from pure calcium car-
bonate (Sigma-Aldrich Sweden AB, Stockholm, Sweden), eumelanin (from Sepia officinalis; 
Sigma-Aldrich Sweden AB) and synthetic eumelanin (Fisher Scientific GTF AB, Göteborg, 
Sweden).  

4. Results 
4.1. FUM-N-17627 

FUM-N-17627 comprises a pair of three-dimensionally preserved beetle elytra with 
a faint metallic shine when visualized under conventional light (Figure 1A). At higher 
magnification, the elytra consist of fragmented, dark-colored matter that is regularly per-
forated by distinct pits (Figure 1B). SEM analysis further showed that the external surface 
of the fragments has a hexagonal patterning (Figure 1C) similar to what can be observed 
in the cuticle of extant beetles, whereas the internal surface is comparatively smooth (Fig-
ure 1D,E). In the cross section, the cuticle appears largely amorphous, although the outer-
most portion displays distinct layering (Figure 1F). When visualized under TEM, the 
broadly homogenous internal texture is readily apparent (Figure 1G). Notably though, the 
elytra exhibit an outer lamellar structure with a total thickness of about 500 nm that con-
sists of at least four electron-dense layers separated by thinner, more electron-lucent 
bands (Figure 1H). In addition, two different electron-lucent features were observed un-
der TEM: long, vertical rifts (Figure 1G,H) and submicron fibrillary structures present pre-
dominantly in the ventral (lower) part of the section (Figure 1I–K). Setae- and/or sensilla-
like bristles (Figure 1L), and features that may be related to the locking system that at-
taches the elytra to the thorax (see, e.g., [50,51]) were also evident under SEM (Figure 
1M,N).  

 
Figure 1. FUM-N-17627 (Coleoptera). (A) The fossil elytra in dorsal view prior to sampling, display-
ing a faint metallic shine under conventional light. (B) Higher magnification of the dark matter from 
the area demarcated in (A). (C) SEM micrograph of the external (outer) surface of the elytra. Note 
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Figure 1. FUM-N-17627 (Coleoptera). (A) The fossil elytra in dorsal view prior to sampling, display-
ing a faint metallic shine under conventional light. (B) Higher magnification of the dark matter from
the area demarcated in (A). (C) SEM micrograph of the external (outer) surface of the elytra. Note
hexagonal patterning and desiccation cracks. (D,E) SEM micrographs of the smooth internal surface
of the elytra. Note hexagonally arranged imprints in the sedimentary matrix neighboring the fossil
matter. (F) SEM micrograph showing a section through the predominantly amorphous cuticular
matrix. Note thin layers along the external margin of the elytra (indicated by an arrow). (G) TEM
micrograph depicting a vertical section through the elytra. Note largely amorphous interior save
for thin subvertical rifts (white arrows) and four electron-dense layers that alternate with thinner,
electron-translucent bands (black arrow). (H) Higher magnification of the thin structures (white arrow)
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and epicuticular layering (black arrow). (I) TEM micrograph highlighting undulating, electron-lucent
fibrillar nanostructures (arrows) in the otherwise largely homogenous cuticular matrix. (J,K) Higher
magnification of the structures depicted in (I) showing individual filaments. (L–N) SEM micrographs
depicting remains of putative seta, sensilla or microtrichia-like features. (O) SEM micrograph showing
the two mineral phases identified in direct association with the elytra. The fine texturing with distinct
polygonal imprints of the calcium-rich phase (white arrow) is clearly distinguishable from the more
coarse-grained iron-rich and silicon-rich phase (black arrow).

Associated with the inferred cuticular remains are two different sedimentary micro-
fabrics that display impressions from the fossil. One fabric appears dense with a regular
patterning, whereas the other one has less distinct hexagons, appears more granulate
(occasionally only as rounded crystals) and is significantly less coherent (Figure 1O).

EDX analysis revealed enrichment of carbon and sulfur in the beetle remains relative
to the surrounding sediment (Figure 2). Other investigated elements (e.g., Si, Fe and Ca)
are preferentially concentrated to the sediment. The two types of microfabrics that were
observed in close association with the elytral fragments differ in composition (Figure 2).
The dense mineral is enriched in calcium and oxygen (likely representing the enclosing
calcitic concretion), whereas the granulate phase is dominated by silicon, iron and oxygen.
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intensity distributions of the beetle that are consistent with eumelanin standards (Figure 
S1). Sulfur-containing organic ions were also associated with the dark matter of the fossil 
(Figure 3C). Negative ion images further showed the presence of a material that displayed 
high signal intensity from silica-related ions. Mass spectra extracted from theseareas re-
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Figure 2. SEM-EDX elemental maps obtained from the fossil beetle elytra (FUM-N-17627). C, carbon
(red); Ca, calcium (blue); Fe, iron (orange); Mg, magnesium (cyan); O, oxygen (purple); S, sulfur
(yellow); Si, silicon (green).

ToF-SIMS data obtained from the surface of the dark matter provided molecular
evidence for the presence of the pigment eumelanin (Figure 3). Melanin identification was
conducted by comparisons of negative ion spectra acquired specifically from dark-matter
areas with reference spectra obtained from synthetic and natural variants of eumelanin.
This procedure demonstrated a detailed spectral agreement both with regards to exact
m/z values and the relative intensity distribution of all major peaks associated with the
eumelanin molecular structure [29,34,52]. Furthermore, spectral comparisons of the fossils
and eumelanin standards by PCA that included all eumelanin-related ions indicated peak
intensity distributions of the beetle that are consistent with eumelanin standards (Figure S1).
Sulfur-containing organic ions were also associated with the dark matter of the fossil
(Figure 3C). Negative ion images further showed the presence of a material that displayed
high signal intensity from silica-related ions. Mass spectra extracted from theseareas
revealed a series of peaks corresponding to mixed (FeO)m(SiO2)n cluster ions, indicating
a mixed silicon/iron mineral phase (Figure 3E). Positive ion ToF-SIMS data confirmed
the presence of a mixed silicon/iron mineral phase and, furthermore, identified calcite as
the calcium-rich mineral (through detailed spectral agreement with a calcium carbonate
standard; Figure 3J). Positive ion data further showed the presence of calcium in the form
of Ca-containing organic fragment ions on the dark matter surface of the fossil (Figure 3G),
although calcium was not observed during our (less sensitive) EDX analyses.
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Figure 3. ToF-SIMS characterization of fossil beetle elytra (FUM-N-17627). (A–D) Negative ion
images representing (A) silica, (B) eumelanin and (C) organic sulfur, together with (D) an overlay
image in which silica is depicted in red, eumelanin in green and organic sulfur in blue. (E) Negative
ion spectra obtained from selected ROIs that correspond to the green (eumelanin) and red (silica)
areas in (D), respectively, where the spectrum from the green area is compared against reference
spectra of synthetic and natural eumelanin standards. The spectrum from the red area demonstrates
the generation of mixed cluster ions of silica and iron oxide. (F–I) Positive ion images representing
(F) the mixed silica/iron oxide phase, (G) Ca-containing organic complexes and (H) calcite, together
with (I) an overlay image in which silica/iron oxide is depicted in red and the Ca-containing organics
are green and calcite is in blue. (J) Positive ion spectra from the red, green and blue areas in (I). The
spectrum from the blue area is compared against a reference spectrum of calcite.
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4.2. FUM-N-11263 and FUM-N-10904

Both FUM-N-11263 (Hymenoptera; Figure 4) and FUM-N-10904 (Odonata; Figure 5)
are preserved as flattened yet fully articulated specimens. Under light microscopy, no
obvious internal structures were evident. Instead, the remains visible on the bedding
planes are interpreted as being solely cuticular in origin. In the wasp, cuticle fragments
are present only in parts of the fossil that are visibly dark-colored (i.e., the head, thorax,
wing veins and parts of abdomen). In addition, microtrichia—minute hair-like cuticular
protuberances with various functions [53]—can be seen covering nearly the entire wing
surface (Figure 4B). In the damselfly, fossilized the remains display color patterns and
variations in hue, ranging from black to brown (Figure 5A,B).
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Figure 4. FUM-N-11263 (Hymenoptera). (A) Optical microscopy image of the fossil wasp with a
dark thorax and head, and yellow-tinted abdomen and legs displayed in lateral view. (B) Higher
magnification image showing brown pterostigma (arrow), a wing vein and the wing surface with
abundant microtrichia (arrowheads). (C) SEM micrograph of inferred cuticular fragments in the
pterostigma together with broken bristles (arrows). (D) Optical microscopy image of the narrow
section joining the thorax and abdomen, displaying differences in preservation between the dark-
colored matter and yellow-colored legs. (E) SEM micrograph of the area demarcated in (D) showing
inferred cuticular remains. (F) SEM micrograph of the ventral side of the abdomen with carbonaceous
spots (arrows) presumably representing relict cuticle.
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Figure 5. FUM-N-10904 (Odonata). (A) The fossil damselfly displayed in oblique dorsal view under
conventional light. Note folded wings that rest on the abdomen, and apparent color patterns (e.g.,
pale shoulder stripes) on the legs and thorax. Arrow indicates location of Figure S3. (B) Close-up view
of the area demarcated in (A) (upper part of the thorax) displaying black- to brown-colored matter.
The latter is localized to the shoulder stripe. (C) SEM micrograph showing those microstructures that
produce the outline of the fossil. (D) Higher magnification SEM image of block-like cuticular vestiges.
(E) SEM micrograph of inferred cuticular residues in one of the legs.
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Elemental data from the two specimens (Figure 6) showed that only carbon and sulfur
were concentrated to the fossil remains, although this enrichment was rather weak in the
wasp. Trace elements, such as iron, occurred in low concentrations and were primarily
associated with the sediment.
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Figure 6. SEM-EDX elemental maps obtained from (A) wing veins in the wasp, FUM-N-11263, and
(B) thorax of the damselfly, FUM-N-10904. C, carbon (red); Ca, calcium (blue); Fe, iron (orange); Mg,
magnesium (cyan); O, oxygen (purple); S, sulfur (yellow); Si, silicon (green).

Similarly to the beetle described above, the surfaces of the damselfly residues showed
strong spectral agreement with reference spectra of both synthetic and natural eumelanin
standards (Figure 7). In the wasp, however, a number of key nitrogen-bearing ions (at
m/z 50, 74, 98, 122 and 146) showed considerably weaker signal intensities compared to
the eumelanin standards, rendering confident molecular determination difficult. Spectral
comparisons of the fossils and eumelanin standards by PCA showed peak intensity dis-
tributions in the damselfly that were consistent with eumelanin standards, whereas they
clearly deviated in the wasp (Figure S1). Additionally, there were only minor differences
between the dark and yellow areas of the wasp and adjacent (inorganic) matrix (Figure S2).
In the damselfly, the sediment is composed mainly of silicate minerals with additional
particulate structures of iron oxide/sulfate (Figures 6B and 7), possibly representing former
pyrite framboids. The association between eumelanin and cuticular residues, as well as
iron oxide/sulfate and remnant framboids, was further demonstrated by superimposing
SEM and ToF-SIMS images of seta on the front leg of the damselfly (Figure S3; location
indicated in Figure 5A).
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Figure 7. ToF-SIMS characterization of the fossil damselfly (FUM-N-10904). (A–D) Negative ion
images representing (A) silica, (B) eumelanin and (C) iron oxide/sulfate, together with (D) an
overlay image in which silica is presented in red, eumelanin in green and iron oxide/sulfate in blue.
(E) Negative ion spectra from ROIs representing areas with high signal intensity from sediment-
related ions (red; top) and eumelanin-associated ions (green; bottom), respectively.

5. Discussion

Insects are generally considered as “soft” organisms that lack naturally biomineralized
body parts [54]. However, exceptional preservational conditions occasionally ensure the
long-term survival of these otherwise labile animal remains. Decay-prone tissues, e.g.,
musculature and internal organs, generally require early diagenetic mineral formation
to be incorporated in the fossil record [55,56]. Such mineral replacements can result in a
high degree of morphological fidelity that include retained three-dimensionality (e.g., [14]).
A variety of authigenic minerals are known to be involved in the fossilization of insect
carcasses, including pyrite [19,57], calcium carbonate [9], calcium phosphate [58,59] and
silica [60]. Alternatively, when authigenic mineralization does not occur, labile tissues can
be preserved as organic remains (e.g., [11,15,61,62]).

Although not biomineralized, insect cuticle is a relatively rigid material, something
that is attributed to sclerotization—a process in which the exoskeleton is hardened by
means of covalent crosslinking between protein molecules [54]. Our microscopic investiga-
tion revealed that the insect residues examined herein are exclusively cuticular in origin,
indicating that decay progressed until only such comparatively degradation-resistant body
parts remained. Our elemental data further showed a concentration of carbon and, to
a lesser extent, sulfur, associated with the fossil remnants, indicating that they are pre-
dominantly organically preserved. The elevated sulfur levels may indicate diagenetic
incorporation of environmental sulfur into the eumelanin molecular structure, a process
that has been suggested to enhance the recalcitrance and preservation potential of organic
materials ([63] and references therein). As indicated by previously published carbon isotope
compositions [47], the sea floor environment facilitated anaerobic microbial decomposition,
probably via sulfate reduction [47]. The sulfur produced during this process could have
contributed to the precipitation of pyrite [47]. However, although bacterial activity is
commonly inferred to be associated with pyritization, fossils preserved in pyrite have yet
to be reported from the Stolleklint Clay and Fur Formation to suggest that the conditions
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for widespread pyritization were not fulfilled in these deposits. Nonetheless, bacterial
biofilms have been postulated to have aided the preservation of Fur Formation insects
via protection from disintegration while the carcasses were sinking to the bottom [21,22].
Notably though, we did not find any evidence for microbial biofilms in our material.

The bulk of the organic matter in insect exoskeletons comprises a cross-linked chitin-
protein complex [54]. Traces of this complex have been reported mainly from comparatively
young fossils ([64–67] but see also [68]). In geologically older samples, original compo-
nents are thought to have transformed into more stable (poly)aromatic and aliphatic com-
pounds [61,69–72]. However, such geopolymers could not be reliably identified in our fossil
samples. Instead, our Eocene insects appear to consist predominantly of eumelanin (or
breakdown derivatives thereof). ToF-SIMS analyses of the beetle and damselfly provided
strong evidence for the presence of preserved eumelanin and, in addition, indicate that
this pigment constitutes a major fraction of the organic material in the cuticular residues.
In contrast, eumelanin could not be confidently identified in the wasp due the divergent
intensity distribution of nitrogen-bearing ions, which suggests further breakdown of the
eumelanin biomacromolecule. Melanins in the cuticle of insects not only contribute to
visual effects (color patterns) but also have other roles, including immunological defence
and UV-protection [73]. Furthermore, cuticle melanogenesis is also intimately linked to
the sclerotization process [74,75]. A tyrosine-mediated pathway is responsible for the
production of melanins in the cuticle, but when certain dopamine-derived intermediates
undergo crosslinking reactions with proteins, the tissue instead hardens (i.e., becomes
sclerotized [76]). In most cases, pigments are incorporated into the exoskeleton through this
process [75,76]. Despite a growing scientific interest in biochromes and colors of ancient
organisms, few studies have hitherto been directed towards pigment residues in fossil
insects (we are aware of only three publications in which an original biomolecule has been
chemically identified [5,77,78]).

It cannot be completely excluded that remains of other organic components are also
present in the fossil. For example, whereas eumelanin is preserved in a state that it is identi-
fiable by ToF-SIMS, other components (chitin, protein and other pigments) could have been
broken down into a heterogenous mixture of degradation products (e.g., aliphatic and aro-
matic hydrocarbons), each with a low concentration that could make it difficult to identify.
Furthermore, cuticular components such as chitin would most likely overlap spatially with
eumelanin in the sample, thereby preventing the possibility to extract spectra specifically
from these other components and, consequently, aggravating their identification.

Interestingly, in all three insects, body parts that likely were originally heavily melanized
appear to better preserve cuticular remains. For instance, in the wasp, cuticle fragments
were detected only in dark areas of the fossil (i.e., head, thorax and wing veins, as well
as in smaller spots on the abdomen). Conversely, the abdomen and legs (where such
fragments are not observed) were likely dominated by yellow-colored pigments and, thus,
may have lacked substantial eumelanin deposits [54,79]. Similarly, organic structures were
not observed to the same extent in the pale shoulder stripes of the damselfly, and the
elytra additionally seem to constitute the thick, heavily pigmented dorsal portion only (our
imaging analyses did not recover any evidence for the thinner ventral membranous part,
hemolymph cavities or trabeculae). These observations not only suggest that eumelanin
readily preserves, but also that it may constitute the bulk of the fossil remains or, alterna-
tively, that it provides properties to the fossilized tissues that facilitate their preservation.
Accordingly, we hypothesize that the lack of preserved cuticular remains in some areas of
the fossils was due to limited initial eumelanin deposits.

In recent years, chemical evidence of eumelanin has been documented in a broad
range of animal fossils from the laminated clay of the Stolleklint Clay and in calcareous
concretions of the Fur Formation [5,29–31,33,34]. The precise processes responsible for such
a widespread presence are, however, not yet fully understood. Still, the high preservation
potential of the biochrome is often attributed to its unique molecular structure. Experimen-
tal data indicate that it resists enzymatic and chemical degradation mechanisms [80–83],
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and enhances the strength of tissues and resistance to bacterial decay [84–86]. This may be
a consequence of its molecular bond arrangement that has the ability to absorb optical and
chemical energy and dissipate it as heat throughout the entire molecular structure, which
grants protection against UV-light and suppresses free radicals [29,87,88]. Such factors may
contribute to the retention of eumelanin in the fossil record by stabilizing it against decay
and providing an inherent resistance to diagenetic alteration [89]. Moreover, the relatively
mild geothermal conditions of the Stolleklint Clay and Fur Formation [90,91] presumably
limited breakdown (previous studies have indicated that elevated burial temperature is
a major factor controlling the preservation of eumelanin [92] as well as other molecular
components and structures in arthropods [11,61,66,69]).

The fossil beetle displays a higher degree of structural fidelity than the two other
fossils. The rigid cuticle of extant beetles contains internal lamination and multiple pore
canals [74]. In our specimen, however, the relict cuticle largely lacks internal laminae
and instead appears to be more-or-less amorphous. A similar condition has previously
been documented in both experimentally matured cuticles [69] and some fossil beetles [11]
and probably reflects degradation and alteration of the chitin–protein complex during
diagenesis [69]. Nevertheless, some conspicuous ultrastructural features were still observed
in the cuticular remains. The electron-lucent, subvertical structures closely resemble pore
canals (see [11], Figure 7C), and the submicron-scale fibril-like features (which, to our
knowledge, are previously undocumented in fossil insects) may represent remnant pore
canal filaments and/or chitin microfibrils (see [93], Figure 4E). Most notably, however, the
cuticle displayed a number of distinct epicuticular layers that correspond to multilayer
reflectors that create structural colors in extant insects. Structural colors have a long
evolutionary history [10,94,95] and are known to have roles in, e.g., camouflage, mating
and visual communication [96–98]. The photonic structures that generate these colors vary
extensively in morphology, but the most extensively studied mechanism is the multilayer
reflector. These reflectors consist of alternating layers with high and low refractive indices
that collectively interact with light [99] and are the most common features that produce
structural colors in modern beetles (often in the form of metallic shine or iridescence [97].
The multilayered structures can, for instance, be generated by stratified deposition of
pigments, such as melanins or pteridines, and chitin [95,100,101]. In rare cases, such
delicate structures are preserved also in fossil insects [10,11,102–104] and potentially can
reveal aspects of the original colors and their functions in these ancient animals [10,104].
Notably, all previous reports of fossilized structural coloration in insects are from lacustrine
deposits or amber [10,11,102–104], making this the first occurrence of preserved reflectors in
a fossil insect preserved in a marine setting. In addition to structural colors, the elytra also
provided molecular evidence of eumelanin. To the best of our knowledge, FUM-N-17627
represents the first fossil in which both structural colors and chemical evidence of a pigment
have been documented.

Associated with the beetle remains were calcium carbonate-dominated inorganics,
representing the entombing concretion, as well as a silicon- and iron-rich mineral. We
interpret the former as having formed early during diagenesis and been in close contact
with the fossil based on the pristine appearance of the hexagonal cuticular impressions.
This interpretation is further supported by our ToF-SIMS data, which show Ca-containing
organic fragment ions localized to the dark-colored fossil matter, indicating a calcium-rich
coating. Notably, calcium was not detected during our EDX analyses, suggesting that this
element is present only at the surface of the dark matter (considering the high surface sen-
sitivity of ToF-SIMS relative to EDX). Calcareous concretions are often considered to have
sheltered newly formed fossils from both dissolution and compressional effects [105,106].
Indeed, insect fossils of mo-clay deposits have been previously noted to be especially
well-preserved in concretions [1]; however, currently, further research is needed to better
understand what role rapid calcium carbonate encapsulation played in the fossilization
process. The formation of a silicon- and iron-rich mineral phase is evidently not associated
with all insects and, thus, might represent a temporary (and local) event of diatom break-
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down and/or an increased concentration of dissolved iron compounds, potentially from
nearby volcanic eruptions [56].

6. Conclusions

To gain a better understanding of the retention of insect body fossils in the rock record,
we investigated three exceptionally preserved specimens from the lowermost Eocene
Stolleklint Clay and Fur Formation of Denmark. Our analyses show that these fossils are
all preserved as organic but largely compressed remains of the exoskeleton. Specifically,
ToF-SIMS data obtained directly from the cuticle revealed clear evidence of the natural
pigment eumelanin, which seemingly dominates the dark-colored residues. Moreover,
the beetle elytra exhibit high morphological fidelity with several unique nanostructures.
Notably, TEM revealed remnants of an epicuticular multilayer reflector, a biophotonic
structure that produces structural colors in modern insects. Our fossils further indicate a
potential preservational bias: the preservation potential seems to be greatly diminished
in regions of the cuticle that lacked substantial eumelanin deposits. Eumelanin has an
inherent resistance to decay and, thus, may remain when most other components have
degraded or been lost during diagenesis. The results of our study provide novel insights
into the taphonomy of insect assemblages preserved in marine paleoenvironments.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/biology11030395/s1. Figure S1: PCA analysis; Figure S2:
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Author Contributions: Conceptualization, M.H., P.S. and J.L.; data curation, M.H. and P.S.; for-
mal analysis, M.H. and P.S.; funding acquisition, P.S. and J.L.; investigation, M.H., P.S. and J.L.;
methodology, M.H. and P.S.; project administration, M.H.; resources, M.H., P.S., B.P.S., R.L.S. and J.L.;
supervision, J.L.; validation, M.H., P.S., B.P.S., R.L.S. and J.L.; visualization, M.H. and P.S.; writing—
original draft, M.H. and P.S.; writing—review and editing, M.H., P.S., B.P.S., R.L.S. and J.L. All authors
have read and agreed to the published version of the manuscript.

Funding: Financial support for this project was provided by a Distinguished Young Researcher Grant
(Grant number 642-2014-3773; Swedish Research Council) to Johan Lindgren and a Project Grant
(Grant number 2019-03731; Swedish Research Council) to Peter Sjövall.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated by this study are available in this manuscript and
the accompanying Supplementary Materials.

Acknowledgments: We thank Ola Gustafsson for preparing samples and for the assistance during
the transmission electron microscopy analyses and Randolph De La Garza for constructive comments
and discussions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bonde, N.; Andersen, S.; Hald, N.; Jakobsen, S.L. Danekræ—Danmarks Bedste Fossiler; Gyldendal A/S: Copenhagen, Denmark,

2008; p. 225.
2. Pedersen, G.K.; Pedersen, S.A.S.; Bonde, N.; Heilmann-Clausen, C.; Larsen, L.M.; Lindow, B.; Madsen, H.; Pedersen, A.K.; Rust, J.;

Schultz, B.P.; et al. Molerområdets Geologi—Sedimenter, Fossiler, Askelag og Glacialtektonik; Dansk Geologisk Forening: Copenhagen,
Denmark, 2011; p. 135.

3. Rasmussen, J.A.; Madsen, H.; Schultz, B.P.; Sylvestersen, R.L.; Bonde, N. The lowermost Eocene deposits and biota of the western
Limfjord region, Denmark—Field Trip Guidebook. In Proceedings of the 2nd International Mo-Clay Meeting, Nykøbing Mors,
Denmark, 2–4 November 2016; p. 35.

4. Bonde, N. Palaeoenvironment in the ‘North Sea’ as indicated by the fish bearing Mo clay deposit (Paleocene/Eocene), Denmark.
Meded. Werkgr. Tert. Kwart. Geol. 1979, 16, 3–16.

5. Lindgren, J.; Nilsson, D.E.; Sjövall, P.; Jarenmark, M.; Ito, S.; Wakamatsu, K.; Kear, B.P.; Schultz, B.P.; Sylvestersen, R.L.; Madsen,
H.; et al. Fossil insect eyes shed light on trilobite optics and the arthropod pigment screen. Nature 2019, 573, 122–125. [CrossRef]

https://www.mdpi.com/article/10.3390/biology11030395/s1
http://doi.org/10.1038/s41586-019-1473-z


Biology 2022, 11, 395 13 of 16

6. Grimaldi, D.; Engel, M.S. Evolution of the Insects; Cambridge University Press: Cambridge, UK, 2005; p. 755.
7. Labandeira, C.C.; Beall, B.S.; Hueber, F.M. Early insect diversification: Evidence from a Lower Devonian bristletail from Québec.

Science 1988, 242, 913–916. [CrossRef]
8. Martínez-Delclòs, X.; Briggs, D.E.G.; Peñalver, E. Taphonomy of insects in carbonates and amber. Palaeogeogr. Palaeoclimatol.

Palaeoecol. 2004, 203, 19–64. [CrossRef]
9. McCobb, L.M.E.; Duncan, I.J.; Jarzembowski, E.A.; Stankiewicz, B.A.; Wills, M.A.; Briggs, D.E.G. Taphonomy of the insects from

the Insect Bed (Bembridge Marls), late Eocene, Isle of Wight, England. Geol. Mag. 1998, 135, 553–563. [CrossRef]
10. McNamara, M.E.; Briggs, D.E.G.; Orr, P.J.; Noh, H.; Cao, H. The original colours of fossil beetles. Proc. R. Soc. B 2012, 279,

1114–1121. [CrossRef] [PubMed]
11. McNamara, M.E.; Briggs, D.E.G.; Orr, P.J. The controls on the preservation of structural color in fossil insects. Palaios 2012, 27,

443–454. [CrossRef]
12. McNamara, M.E.; Briggs, D.E.G.; Orr, P.J.; Gupta, N.S.; Locatelli, E.R.; Qiu, L.; Yang, H.; Wang, Z.; Noh, H.; Cao, H. The fossil

record of insect color illuminated by maturation experiments. Geology 2013, 41, 487–490. [CrossRef]
13. McNamara, M.E. The taphonomy of colour in fossil insects and feathers. Palaeontology 2013, 56, 557–575. [CrossRef]
14. Barling, N.; Martill, D.M.; Heads, S.W.; Gallien, F. High fidelity preservation of fossil insects from the Crato Formation (Lower

Cretaceous) of Brazil. Cretac. Res. 2015, 52, 605–622. [CrossRef]
15. Pan, Y.; Sha, J.; Fürsich, F.T. A model for organic fossilization of the Early Cretaceous Jehol Lagerstätte based on the taphonomy of

“Ephemeropsis trisetalis”. Palaios 2014, 29, 363–377. [CrossRef]
16. Greenwalt, D.E.; Rose, T.R.; Siljestrom, S.M.; Goreva, Y.S.; Constenius, K.N.; Wingerath, G. Taphonomy of the fossil insects of the

middle Eocene Kishenehn Formation. Acta Palaeontol. Pol. 2015, 60, 931–947.
17. Bezerra, F.I.; da Silva, J.H.; Miguel, E.D.C.; Paschoal, A.R.; Nascimento, D.R., Jr.; Freire, P.T.C.; Viana, B.C.; Mendes, M. Chemical

and mineral comparison of fossil insect cuticles from Crato Konservat Lagerstätte, Lower Cretaceous of Brazil. J. Iber. Geol. 2020, 46,
61–76. [CrossRef]

18. Dias, J.J.; Carvalho, I.S. Remarkable fossil crickets preservation from Crato Formation (Aptian, Araripe Basin), a Lagerstätten from
Brazil. J. South Am. Earth Sci. 2020, 98, 102443. [CrossRef]

19. Osés, G.L.; Petri, S.; Becker-Kerber, B.; Romero, G.R.; Rizzutto, M.A.; Rodrigues, F.; Galante, D.; Silva, T.F.; Curado, J.F.; Rangel,
E.C.; et al. Deciphering the preservation of fossil insects: A case study from the Crato Member, Early Cretaceous of Brazil. PeerJ
2016, 4, e2756. [CrossRef]

20. Larsson, S.G. Palaeobiology and mode of burial of the insects of the Lower Eocene Mo-clay of Denmark. Bull. Geol. Soc. Denmark
1975, 24, 193–209.

21. Rust, J. Biostratinomie von Insekten aus der Fur-Formation von Dänemark (Moler, oberes Paleozän/unteres Eozän). PalZ 1998,
72, 41–58. [CrossRef]

22. Rust, J.; Andersen, N.M. Giant ants from the Paleogene of Denmark with a discussion of the fossil history and early evolution of
ants (Hymenoptera: Formicidae). Zool. J. Linn. Soc. 1999, 125, 331–348. [CrossRef]

23. Archibald, S.B.; Makarkin, V.N. Tertiary giant lacewings (Neuroptera: Polystoechotidae): Revision and description of new taxa
from western north America and Denmark. J. Syst. Palaeontol. 2006, 4, 119–155. [CrossRef]

24. Andersen, N.M. A fossil water measurer (Insects, Hemiptera, Hydrometridae) from the Paleocene/Eocene of Denmark and its
phylogenetic relationships. Bull. Geol. Soc. Denmark 1982, 30, 91–96. [CrossRef]

25. Andersen, N.M. Water Striders from the Paleogene of Denmark with a Review of the Fossil Record and Evolution of Semiaquatic Bugs
(Hemiptera, Gerromorpha); Biologiske Skrifter: Copenhagen, Denmark, 1998; 157p.

26. Rust, J. Fossil record of mass moth migration. Nature 2000, 405, 530–531. [CrossRef] [PubMed]
27. Bechly, G. A new fossil dragonfly (Anisoptera: Corduliidae) from the Paleocene Fur Formation (Mo clay) of Denmark. Stutt. Beitr.

Naturkd. B 2005, 358, 1–7.
28. Engel, M.S.; Kinzelbach, R.K. A primitive moth from the earliest Eocene Fur Formation (“Mo-clay”) of Denmark (Lepidoptera:

Micropterigidae). Linzer Biol. Beitr. 2008, 40, 1443–1448.
29. Lindgren, J.; Uvdal, P.; Sjövall, P.; Nilsson, D.E.; Engdahl, A.; Schultz, B.P.; Thiel, V. Molecular preservation of the pigment

melanin in fossil melanosomes. Nat. Commun. 2012, 3, 824–831. [CrossRef]
30. Lindgren, J.; Moyer, A.; Schweitzer, M.H.; Sjövall, P.; Uvdal, P.; Nilsson, D.E.; Heimdal, J.; Engdahl, A.; Gren, J.A.; Schultz, B.P.;

et al. Interpreting melanin-based coloration through deep time: A critical review. Proc. R. Soc. B 2015, 282, 20150614. [CrossRef]
31. Lindgren, J.; Kuriyama, T.; Madsen, H.; Sjövall, P.; Zheng, W.; Uvdal, P.; Engdahl, A.; Moyer, A.E.; Gren, J.A.; Kamezaki, N.; et al.

Biochemistry and adaptive colouration of an exceptionally preserved juvenile fossil sea turtle. Sci. Rep. 2017, 7, 13324. [CrossRef]
32. Vinther, J.; Briggs, D.E.G.; Prum, R.O.; Saranathan, V. The colour of fossil feathers. Biol. Lett. 2008, 4, 522–525. [CrossRef]
33. Gren, J.A.; Sjövall, P.; Eriksson, M.E.; Sylvestersen, R.L.; Marone, F.; Sigfridsson Clauss, K.G.V.; Taylor, G.J.; Carlson, S.; Uvdal, P.;

Lindgren, J. Molecular and microstructural inventory of an isolated fossil bird feather from the Eocene Fur Formation of Denmark.
Palaeotology 2017, 60, 73–90. [CrossRef]

34. Heingård, M.; Sjövall, P.; Sylvestersen, R.L.; Schultz, B.P.; Lindgren, J. Crypsis in the pelagic realm: Evidence from exceptionally
preserved fossil fish larvae from the Eocene Stolleklint Clay of Denmark. Palaeontology 2021, 64, 805–815. [CrossRef]

35. Heilmann-Clausen, C.; Nielsen, O.B.; Gersner, F. 1985. Lithostratigraphy and depositional environment in the upper Paleocene
and Eocene of Denmark. Bull. Geol. Soc. Denmark 1985, 33, 287–323. [CrossRef]

http://doi.org/10.1126/science.242.4880.913
http://doi.org/10.1016/S0031-0182(03)00643-6
http://doi.org/10.1017/S0016756898001204
http://doi.org/10.1098/rspb.2011.1677
http://www.ncbi.nlm.nih.gov/pubmed/21957131
http://doi.org/10.2110/palo.2012.p12-027r
http://doi.org/10.1130/G33836.1
http://doi.org/10.1111/pala.12044
http://doi.org/10.1016/j.cretres.2014.05.007
http://doi.org/10.2110/palo.2013.119
http://doi.org/10.1007/s41513-020-00119-y
http://doi.org/10.1016/j.jsames.2019.102443
http://doi.org/10.7717/peerj.2756
http://doi.org/10.1007/BF02987814
http://doi.org/10.1111/j.1096-3642.1999.tb00596.x
http://doi.org/10.1017/S1477201906001817
http://doi.org/10.37570/bgsd-1981-30-09
http://doi.org/10.1038/35014733
http://www.ncbi.nlm.nih.gov/pubmed/10850702
http://doi.org/10.1038/ncomms1819
http://doi.org/10.1098/rspb.2015.0614
http://doi.org/10.1038/s41598-017-13187-5
http://doi.org/10.1098/rsbl.2008.0302
http://doi.org/10.1111/pala.12271
http://doi.org/10.1111/pala.12574
http://doi.org/10.37570/bgsd-1984-33-26


Biology 2022, 11, 395 14 of 16

36. Heilmann-Clausen, C. Palæogene aflejringer over danskekalken. In Danmarks Geologi fra Kridt til i Dag; Nielsen, O.B., Ed.; Aarhus
Geokompendier, 1. Geologisk Institut, Aarhus Universitet: Aarhaus, Denmark, 1995; pp. 70–114.

37. Pedersen, G.K.; Surlyk, F. The Fur Formation, a late Paleocene ash-bearing diatomite from northern Denmark. Bull. Geol. Soc.
Denmark 1983, 32, 43–65. [CrossRef]

38. Bonde, N. Palaeoenvironment as indicated by the “mo-clay formation” (Lowermost Eocene of Denmark). Tert. Times 1974,
2, 29–36.

39. Pedersen, G.K. Anoxic events during sedimentation of a Palaeogene diatomite in Denmark. Sedimentology 1981, 28, 487–504.
[CrossRef]

40. Larsen, L.M.; Fitton, J.G.; Pedersen, A.K. Paleogene volcanic ash layers in the Danish Basin: Compositions and source areas in the
North Atlantic Igneous Province. Lithos 2003, 71, 47–80. [CrossRef]

41. Bøggild, O.B. Den vulkanske aske i Moleret. Dan. Geol. Undersøgelse 1918, 33, 84.
42. Westerhold, T.; Röhl, U.; McCarren, H.K.; Zachos, J.C. Latest on the absolute age of the Paleocene-Eocene Thermal Maximum

(PETM): New insights from exact stratigraphic position of key ash layers +19 and -17. Earth Planet. Sci. Lett. 2009, 287, 412–419.
[CrossRef]

43. Storey, M.; Duncan, R.A.; Swisher III, C.L. Paleocene-Eocene Thermal Maximum and the opening of the Northeast Atlantic.
Science 2007, 316, 587–589. [CrossRef]

44. Jones, M.T.; Percival, L.M.; Stokke, E.W.; Frieling, J.; Mather, T.A.; Riber, L.; Svensen, H.H. Mercury anomalies across the
Palaeocene–Eocene thermal maximum. Clim. Past 2019, 15, 217–236. [CrossRef]

45. Stokke, E.W.; Liu, E.J.; Jones, M.T. Evidence of explosive hydromagmatic eruptions during the emplacement of the North Atlantic
Igneous Province. Volcanica 2020, 3, 227–250. [CrossRef]

46. Willumsen, P.S. 2004. Palynology of the lower Eocene deposits of northwest Jutland, Denmark. Bull. Geol. Soc. Den. 2004, 52,
141–157.

47. Pedersen, G.K.; Buchardt, B. The calcareous concretions (cementsten) in the Fur Formation (Paleogene, Denmark): Isotopic
evidence of early diagenetic growth. Bull. Geol. Soc. Den. 1996, 43, 78–86. [CrossRef]

48. Thiel, V.; Sjövall, P. Time-of-flight secondary ion mass spectrometry (TOF-SIMS): Principles and practice in the biogeosciences. In
Principles and Practice of Analytical Techniques in Geosciences; Grice, K., Ed.; Royal Society of Chemistry: Cambridge, UK, 2015;
pp. 122–170.

49. Jarenmark, M.; Sjövall, P.; Ito, S.; Wakamatsu, K.; Lindgren, J. Chemical Evaluation of eumelanin maturation by ToF-SIMS and
alkaline peroxide oxidation HPLC analysis. Int. J. Mol. Sci. 2021, 22, 161. [CrossRef] [PubMed]

50. Sun, J.; Liu, C.; Bhushan, B.; Wu, W.; Tong, J. Effect of microtrichia on the interlocking mechanism in the Asian ladybeetle,
Harmonia axyridis (Coleoptera: Coccinellidae). Beilstein J. Nanotechnol. 2018, 9, 812–823. [CrossRef] [PubMed]

51. Gorb, S. Frictional surfaces of the elytra-to-body arresting mechanism in tenebrionid beetles (Coleoptera: Tenebrionidae): Design
of co-opted fields of microtrichia and cuticle ultrastructure. Int. J. Insect Morphol. Embryol. 1998, 27, 205–225. [CrossRef]

52. Lindgren, J.; Sjövall, P.; Carney, R.M.; Uvdal, P.; Gren, J.A.; Dyke, G.; Schultz, B.P.; Shawkey, M.D.; Barnes, K.R.; Polcyn, M.J. Skin
pigmentation provides evidence of convergent melanism in extinct marine reptiles. Nature 2014, 506, 484–488. [CrossRef]

53. Polet, D.T.; Flynn, M.R.; Sperling, F.A.H. A mathematical model to capture complex microstructure orientation on insect wings.
PLoS ONE 2015, 10, e0138282. [CrossRef]

54. Chapman, R.F. The Insects—Structure and Function; Cambridge University Press: New York, NY, USA, 2013; 929p.
55. Allison, P.A. The role of anoxia in the decay and mineralization of proteinaceous macro-fossils. Paleobiology 1988, 14, 139–154.

[CrossRef]
56. Briggs, D.E.G. The role of decay and mineralization in the preservation of soft-bodied fossils. Annu. Rev. Earth Planet. Sci. 2003,

31, 275–301. [CrossRef]
57. Wang, B.; Zhao, F.; Zhang, H.; Fang, Y.; Zheng, D. Widespread pyritization of insects in the early Cretaceous Jehol Biota. Palaios

2012, 27, 707–711. [CrossRef]
58. Duncan, I.J.; Briggs, D.E.G. Three-dimensionally preserved insects. Nature 1996, 381, 30–31. [CrossRef]
59. Schwermann, A.H.; Dos Santos Rolo, T.; Caterino, M.S.; Bechly, G.; Schmied, H.; Baumbach, T.; Van Der Kamp, T. Preservation of

three-dimensional anatomy in phosphatized fossil arthropods enriches evolutionary inference. eLife 2016, 5, e12129. [CrossRef]
[PubMed]

60. Pierce, W.D. Fossil arthropods of California: No 23. Silicified insects in Miocene nodules from the Calico Mountains. Bull. South
Calif. Acad. Sci. 1960, 59, 40–49.

61. Briggs, D.E.G. Molecular taphonomy of animal and plant cuticles: Selective preservation and diagenesis. Philos. Trans. R. Soc. B
1999, 354, 7–17. [CrossRef]

62. McNamara, M.E.; Orr, P.J.; Kearns, S.L.; Alcalá, L.; Anadón, P.; Peñalver-Mollá, E. Organic preservation of fossil musculature with
ultracellular detail. Proc. R. Soc. B 2010, 277, 423–427. [CrossRef]

63. McNamara, M.E.; Van Dongen, B.E.; Lockyer, N.P.; Bull, I.D.; Orr, P.J. Fossilization of melanosomes via sulfurization. Palaeontology
2016, 59, 337–350. [CrossRef]

64. Tanaka, G.; Taniguchi, H.; Maeda, H.; Nomura, S.-I. Original structural color preserved in an ancient leaf beetle. Geology 2010, 38,
127–130. [CrossRef]

http://doi.org/10.37570/bgsd-1983-32-03
http://doi.org/10.1111/j.1365-3091.1981.tb01697.x
http://doi.org/10.1016/j.lithos.2003.07.001
http://doi.org/10.1016/j.epsl.2009.08.027
http://doi.org/10.1126/science.1135274
http://doi.org/10.5194/cp-15-217-2019
http://doi.org/10.30909/vol.03.02.227250
http://doi.org/10.37570/bgsd-1996-43-09
http://doi.org/10.3390/ijms22010161
http://www.ncbi.nlm.nih.gov/pubmed/33375233
http://doi.org/10.3762/bjnano.9.75
http://www.ncbi.nlm.nih.gov/pubmed/29600142
http://doi.org/10.1016/S0020-7322(98)00013-0
http://doi.org/10.1038/nature12899
http://doi.org/10.1371/journal.pone.0138282
http://doi.org/10.1017/S009483730001188X
http://doi.org/10.1146/annurev.earth.31.100901.144746
http://doi.org/10.2110/palo.2012.p12-029r
http://doi.org/10.1038/381030b0
http://doi.org/10.7554/eLife.12129
http://www.ncbi.nlm.nih.gov/pubmed/26854367
http://doi.org/10.1098/rstb.1999.0356
http://doi.org/10.1098/rspb.2009.1378
http://doi.org/10.1111/pala.12238
http://doi.org/10.1130/G25353.1


Biology 2022, 11, 395 15 of 16

65. Stankiewicz, B.A.; Briggs, D.E.G.; Evershed, R.P.; Flannery, M.B.; Wuttke, M. Preservation of chitin in 25-million-year-old fossils.
Science 1997, 276, 1541–1543. [CrossRef]

66. Stankiewicz, B.A.; Briggs, D.E.G.; Evershed, R.P.; Miller, R.F.; Bierstedt, A. The Fate of chitin in Quaternary and Tertiary strata. In
Nitrogen-Containing Macromolecules in the Bio- and Geosphere; Stankiewicz, B.A., Van Bergen, P.F., Eds.; American Chemical Society
Symposium Series: Washington, DC, USA, 1998; Volume 707, pp. 211–224. [CrossRef]

67. Flannery, M.B.; Stott, A.W.; Briggs, D.E.G.; Evershed, R.P. Chitin in the fossil record: Identification and quantification of
D-glucosamine. Org. Geochem. 2001, 32, 745–754. [CrossRef]

68. Cody, G.D.; Gupta, N.S.; Briggs, D.E.G.; Kilcoyne, A.L.D.; Summons, R.E.; Kenig, F.; Plotnick, R.E.; Scott, A.C. Molecular signature
of chitin-protein complex in Paleozoic arthropods. Geology 2011, 39, 255–258. [CrossRef]

69. Stankiewicz, B.A.; Briggs, D.E.G.; Michels, R.; Collinson, M.E.; Flannery, M.B.; Evershed, R.P. Alternative origin of aliphatic
polymer in kerogen. Geology 2000, 6, 559–562. [CrossRef]

70. Wiemann, J.; Crawford, J.M.; Briggs, D.E.G. Phylogenetic and physiological signals in metazoan fossil biomolecules. Sci. Adv.
2020, 6, eaba6883. [CrossRef] [PubMed]

71. Gupta, N.S.; Michels, R.; Briggs, D.E.G.; Evershed, R.P.; Pancost, R.D. The organic preservation of fossil arthropods: An
experimental study. Proc. R. Soc. B 2006, 273, 2777–2783. [CrossRef] [PubMed]

72. Stankiewicz, B.A.; Briggs, D.E.G.; Evershed, R.P. Chemical composition of Paleozoic and Mesozoic fossil invertebrate cuticles as
revealed by pyrolysis-gas chromatography/mass spectrometry. Energy Fuels 1997, 11, 515–521. [CrossRef]

73. Shamim, G.; Ranjan, S.K.; Pandey, D.M.; Ramani, R. Biochemistry and biosynthesis of insect pigments. Eur. J. Entomol. 2014, 111,
149–164. [CrossRef]

74. Noh, M.Y.; Muthukrishnan, S.; Kramer, K.J.; Arakane, Y. Cuticle formation and pigmentation in beetles. Curr. Opin. Insect Sci.
2016, 17, 1–9. [CrossRef]

75. Sugumaran, M.; Barek, H. Critical analysis of the melanogenic pathway in insects and higher animals. Int. J. Mol. Sci. 2016,
17, 1753. [CrossRef]

76. Hopkins, T.L.; Kramer, K.J. Insect cuticle sclerotization. Annu. Rev. Entomol. 1992, 37, 273–302. [CrossRef]
77. Greenwalt, D.E.; Goreva, Y.S.; Siljeström, S.M.; Rose, T.; Harbach, R.E. Hemoglobin-derived porpyrins preserved in a Middle

Eocene blood-engorged mosquito. Proc. Nat. Acad. Sci. USA 2013, 110, 18496–18500. [CrossRef]
78. Labandeira, C.C.; Yang, Q.; Santiago-Blay, J.A.; Hotton, C.L.; Monteiro, A.; Wang, Y.-J.; Goreva, Y.; Shih, C.; Siljeström, S.; Rose,

T.R.; et al. The evolutionary converge of mid-Mesozoic lacewings and Cenozoic butterflies. Proc. R. Soc. B 2016, 283, 20152893.
[CrossRef]

79. Badejo, O.; Skaldina, O.; Gilev, A.; Sorvari, J. Benefits of insect colours: A review from social insect studies. Oecologia 2020, 194,
27–40. [CrossRef]

80. Liu, Y.; Simon, J.D. Isolation and biophysical studies of natural eumelanins: Applications of imaging technologies and ultrafast
spectroscopy. Pigment Cell Res. 2003, 16, 606–618. [CrossRef] [PubMed]

81. Borovanský, J.; Hach, P.; Duchon, J. Melanosome: An unusually resistant subcellular particle. Cell Biol. Int. Rep. 1977, 1, 549–554.
[CrossRef]

82. Ohtaki, N.; Seiji, M. Degradation of melanosomes by lysosomes. J. Investig. Dermatol. 1971, 57, 1–5. [CrossRef]
83. Riley, P.A. Molecules in focus: Melanin. Int. J. Biochem. Cell Biol. 1997, 29, 1235–1239. [CrossRef]
84. Bonser, R.H.C. Melanin and the abrasion resistance of feathers. Condor 1995, 97, 590–591.
85. Burtt, E.H., Jr. An analysis of physical, physiological and optical aspects of avian coloration with emphasis on wood-warblers.

Ornithol. Monogr. 1986, 38, 1–126. [CrossRef]
86. Goldstein, G.; Flory, K.R.; Browne, B.A.; Majid, S.; Ichida, J.M.; Burtt, E.H., Jr. Bacterial degradation of black and white feathers.

Auk 2004, 121, 656–659. [CrossRef]
87. Meredith, P.; Riesz, J. Radiative relaxation quantum yields for synthetic eumelanin. Photochem. Photobiol. 2004, 79, 211–216.

[CrossRef]
88. McGraw, K.J. The antioxidant function of many animal pigments: Are there consistent health benefits of sexually selected

colourants? Anim. Behav. 2005, 69, 757–764. [CrossRef]
89. Glass, K.; Ito, S.; Wilby, P.R.; Sota, T.; Nakamura, A.; Bowers, R.; Vinther, J.; Dutta, S.; Summons, R.; Briggs, D.E.G.; et al. Direct

chemical evidence for eumelanin pigment from the Jurassic period. Proc. Natl. Acad. Sci. USA 2012, 109, 10218–10223. [CrossRef]
90. McNamara, M.E.; Briggs, D.E.G.; Orr, P.J.; Field, D.J.; Wang, Z. Experimental maturation of feathers: Implications for reconstruc-

tions of fossil feather colour. Biol. Lett. 2013, 9, 20130184. [CrossRef] [PubMed]
91. Vickers, M.L.; Lengger, S.K.; Bernasconi, S.M.; Thibault, N.; Schultz, B.P.; Fernandez, A.; Ullman, C.V.; Mccormack, P.; Bjerrum,

C.J.; Rasmussen, J.A.; et al. Cold spells in the Nordic Seas during the early Eocene Greenhouse. Nat. Commun. 2020, 11, 4713.
[CrossRef] [PubMed]

92. Glass, K.; Ito, S.; Wilby, P.R.; Sota, T.; Nakamura, A.; Bowers, R.; Miller, K.E.; Dutta, S.; Summons, R.E.; Briggs, D.E.G.; et al.
Impact of diagenesis and maturation on the survival of eumelanin in the fossil record. Org. Geochem. 2013, 64, 29–37. [CrossRef]

93. Van Der Kamp, T.; Riedel, A.; Greven, H. Micromorphology of the elytral cuticle of beetles, with an emphasis on weevils
(Coleoptera: Curculionoidea). Arthropod Struct. Dev. 2016, 45, 14–22. [CrossRef]

94. Vinther, J.; Briggs, D.E.G.; Clarke, J.; Mayr, G.; Prum, R.O. Structural coloration in a fossil feather. Biol. Lett. 2009, 6, 128–131.
[CrossRef]

http://doi.org/10.1126/science.276.5318.1541
http://doi.org/10.1021/bk-1998-0707.ch012
http://doi.org/10.1016/S0146-6380(00)00174-1
http://doi.org/10.1130/G31648.1
http://doi.org/10.1130/0091-7613(2000)28&lt;559:AOOAPI&gt;2.0.CO;2
http://doi.org/10.1126/sciadv.aba6883
http://www.ncbi.nlm.nih.gov/pubmed/32832604
http://doi.org/10.1098/rspb.2006.3646
http://www.ncbi.nlm.nih.gov/pubmed/17015325
http://doi.org/10.1021/ef9601778
http://doi.org/10.14411/eje.2014.021
http://doi.org/10.1016/j.cois.2016.05.004
http://doi.org/10.3390/ijms17101753
http://doi.org/10.1146/annurev.en.37.010192.001421
http://doi.org/10.1073/pnas.1310885110
http://doi.org/10.1098/rspb.2015.2893
http://doi.org/10.1007/s00442-020-04738-1
http://doi.org/10.1046/j.1600-0749.2003.00098.x
http://www.ncbi.nlm.nih.gov/pubmed/14629718
http://doi.org/10.1016/0309-1651(77)90093-5
http://doi.org/10.1111/1523-1747.ep12292038
http://doi.org/10.1016/S1357-2725(97)00013-7
http://doi.org/10.2307/40166782
http://doi.org/10.1642/0004-8038(2004)121[0656:BDOBAW]2.0.CO;2
http://doi.org/10.1562/0031-8655(2004)079&lt;0211:RCRQYF&gt;2.0.CO;2
http://doi.org/10.1016/j.anbehav.2004.06.022
http://doi.org/10.1073/pnas.1118448109
http://doi.org/10.1098/rsbl.2013.0184
http://www.ncbi.nlm.nih.gov/pubmed/23536445
http://doi.org/10.1038/s41467-020-18558-7
http://www.ncbi.nlm.nih.gov/pubmed/32948769
http://doi.org/10.1016/j.orggeochem.2013.09.002
http://doi.org/10.1016/j.asd.2015.10.002
http://doi.org/10.1098/rsbl.2009.0524


Biology 2022, 11, 395 16 of 16

95. Parker, A.R. 515 million years of structural colour. J. Opt. A Pure Appl. Opt. 2000, 2, R15–R28. [CrossRef]
96. Parker, A.R. The diversity and implications of animal structural colours. J. Exp. Biol. 1998, 201, 2343–2347. [CrossRef]
97. Seago, A.E.; Brady, P.; Vigneron, J.-P.; Schultz, T.D. Gold bugs and beyond: A review of iridescence and structural colour

mechanisms in beetles (Coleoptera). J. R. Soc. Interface 2009, 6, S165–S184. [CrossRef]
98. Wilts, B.D.; Michielsen, K.; Kuipers, J.; De Raedt, H.; Stavenga, D.G. Brilliant camouflage: Photonic crystals in the diamond

weevil, Entimus imperialis. Proc. R. Soc. B 2012, 279, 2524–2530. [CrossRef]
99. Kinoshita, S.; Yoshioka, S.; Miyazaki, J. Physics of structural colors. Rep. Prog. Phys. 2008, 71, 76401–76431. [CrossRef]
100. Onelli, O.; van de Kamp, T.; Skepper, J.N.; Powell, J.; dos Santos Rolo, T.; Baumbach, T.; Vignolini, S. Development of structural

colour in leaf beetles. Sci. Rep. 2017, 7, 1373. [CrossRef] [PubMed]
101. Stavenga, D.G.; Leertouwer, H.L.; Hariyama, T.; De Raedt, H.A.; Wilts, B.D. Sexual dichromatism of the damselfly Calopteryx

japonica caused by a melanin-chitin multilayer in the male wing veins. PLoS ONE 2012, 7, e49743. [CrossRef] [PubMed]
102. Parker, A.R.; Mckenzie, D. The cause of 50 million-year-old colour. Proc. R. Soc. B 2003, 270, S151–S153. [CrossRef] [PubMed]
103. Parker, A.R.; Hegedus, Z.; Watts, R.A. Solar-absorber antireflector on the eye of an Eocene fly (45 Ma). Proc. R. Soc. B 1998, 265,

811–815. [CrossRef]
104. McNamara, M.E.; Briggs, D.E.G.; Orr, P.J.; Wedmann, S.; Noh, H.; Cao, H. Fossilized biophotonic nanostructures reveal the

original colors of 47-million-year-old moths. PLoS Biol. 2011, 9, e1001200. [CrossRef]
105. Dyke, G.; Lindow, B. Taphonomy and abundance of birds from the Lower Eocene Fur Formation of Denmark. Geol. J. 2009, 44,

365–373. [CrossRef]
106. De La Garza, R.G.; Madsen, H.; Eriksson, M.E.; Lindgren, J. A fossil seaturtle (Reptilia, Pan-Cheloniidae) with preserved soft

tissues from the Eocene Fur Formation of Denmark. J. Vertebr. Paleontol. 2021, 41, e1938590. [CrossRef]

http://doi.org/10.1088/1464-4258/2/6/201
http://doi.org/10.1242/jeb.201.16.2343
http://doi.org/10.1098/rsif.2008.0354.focus
http://doi.org/10.1098/rspb.2011.2651
http://doi.org/10.1088/0034-4885/71/7/076401
http://doi.org/10.1038/s41598-017-01496-8
http://www.ncbi.nlm.nih.gov/pubmed/28465577
http://doi.org/10.1371/journal.pone.0049743
http://www.ncbi.nlm.nih.gov/pubmed/23185423
http://doi.org/10.1098/rsbl.2003.0055
http://www.ncbi.nlm.nih.gov/pubmed/14667366
http://doi.org/10.1098/rspb.1998.0364
http://doi.org/10.1371/journal.pbio.1001200
http://doi.org/10.1002/gj.1150
http://doi.org/10.1080/02724634.2021.1938590

	Introduction 
	Geological Setting 
	Material and Methods 
	Fossil Material 
	Scanning Electron Microscopy and Elemental Analysis 
	Transmission Electron Microscopy 
	Time-of-Flight Secondary Ion Mass Spectrometry 

	Results 
	FUM-N-17627 
	FUM-N-11263 and FUM-N-10904 

	Discussion 
	Conclusions 
	References

