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Abstract

Each chemical bond has unique vibration energy, which yields a certain characteristic peak(s) in
Fourier-Transform Infrared Spectroscopy (FTIR). The alkyl (CHs, CH,.) functional group, which exists
in almost all organic compounds, will show two or more distinct absorption peaks in the 2800-3000
cm™ range. Thus, if a given spectrum shows these peaks, we can safely say that the specimen con-
tains the alkyl structure(s), which means organic compounds. Alkyl peaks can be used as a positive
screening indicator without diving into the other IR spectra section. The overtone peaks, shapes,
and intensity of carbonates in the 2800-3000cm™ range are different from the alkyl group. This pa-
per uses FTIR, including synchrotron radiation sr-FTIR, to examine 63 fossil specimens spanning
across a long geological time and different taphonomic conditions and 15 extant specimens and
nine matrices for comparisons. Each specimen was FTIR scanned multiple times. A total of 107 spec-
tra were selected from 525 scans. The results indicate that preservation of organic remains in body

fossils is a common phenomenon, not a particular case.

Key words: Organic Remains, FTIR, Organic Remains, Body Fossils.

1 Introduction

We reported preserved organic remains, collagen type I, inside the 195 Ma old Lufengosaurus
dinosaur and embryonic bones from Lufeng (Reisz et al., 2013; Lee et al., 2017). Was it just a lucky
find or a representative of a common phenomenon? In order to check the extent of the preservation, a
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variety of fossils from the Precambrian (Ediacaran body fossil), Paleozoic (reptiles or fishes), Mesozoic
(dinosaurs), and Cenozoic (mammals) eras were tested and compared with extant animal bones and
their matrices (Supplemental Figure S1 Complete Spectra, Supplemental Table S1-S8). If fossils from
various geological times and different taphonomic conditions show preserved organic remains indicat-
ed by IR alkyl functional group peaks, the preservation of organic remains inside fossils is a common
phenomenon, not a unique case of just one particular dinosaur fossil. The original organic material has
been modified by various geological interactions related with factors such as pressure, temperature,
bacteria, and pH and constituents of ground-water, and should have certain degrees of degradation,
such as protein to peptides or even to amino acid level. Furthermore, the degradation products could
undergo secondary polymerization by catalytic trace metal elements under the proper geological condi-
tions. Thus, this study also explores the composition of the preserved organic remains.

During the study of the preservation of organic remains in fossils, several points have to be deter-
mined. First, is the fossil a body fossil or cast/trace/imprint fossil? For the cast/trace/imprint fossils,
their chance to preserve native organic remains is uncertain. If organic remains were preserved, they
were not likely from the ancient organisms but the surrounding or fill-in matrix. On the other hand,
body fossils are the fossilized products of ancient organisms. Finding what kind of organic remains
were preserved can reveal much information. The second issue is whether the preserved organic re-
mains are native (endogenous) or from outside (exogenous), such as invading microbes or other organ-
ic matter into the body fossil. It is essential to distinguish these two. Endogenous organic remains tell
us the fossil constituents, while the exogenous ones show more on the taphonomy conditions.

With the objectives stated above, three steps are designed for this study. The first step is to explore
the generality of preservation of organic remains in fossils. Then, the second is to find out what com-
pounds/components are the preserved organic remains. Finally, the third step is to propose some hy-
potheses for the preservation mechanism of the organic remains. After the data obtained from the for-
mer two steps, we might propose some hypothetical mechanism on why/how the organic remains were
preserved.

2 Materials and Methods

Various body fossils spanning a long geological time were chosen, including the fan parts of Edi-
acaran Chinglian huangyoung (Huang et al., 2010), Paleozoic reptile bones and teeth of the same spe-
cies, Mesozoic dinosaur embryonic, adult, claw, tendon, and teeth, Late Cretaceous hadrosaur and cera-
topsian ribs and teeth, Cenozoic mammals from the Taiwan Strait of Penghu, and the centrum and fe-
mur of the Lufengosaurus embryonic bones. Various common extant animal bones and eggshells were
also used for comparison. Based on their taphonomic variations, the selected fossil specimens were
divided into three types: (1) marine-terrestrial, (2) terrestrial-terrestrial, and (3) terrestrial-marine/river.
The word before “ - ” means the environment where the fossil lived/formed. The word after “- ” indi-
cates where the fossil was found. Furthermore, when available, the surrounding rock of the fossils was
analyzed.

No glue was used during the preparation of the slides. Organic contaminants were avoided. Slices
with a thickness of 15-30 um were made for FTIR. Sr-XRF was used to scan the Lufen-
gosaurus embryonic jaw to determine the distribution of 14 chemical elements to explore the tapho-
nomic features. Organic sulfur was used as crucial evidence for organic remains.

Synchrotron FTIR was used for mapping and spectroscopic analysis to resolve a 5,000-year-old
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mammalian bone (Bergmann et al., 2012). That study sought to use the relatively high spatial resolu-
tion of the synchrotron IR beam to resolve the distribution of chemical functional groups with the fine
structure of bone. The details of the phosphate groups' antisymmetric stretch were analyzed because the
intensity ratio of the peak at 1,030 cm ', relative to that at 1,020 cm ™', can indicate apatite crystallinity.
For modern samples, this ratio tends to be approximately equal to 1. With aging, crystallinity tends to
improve, and the value of this ratio increases. It was calculated that the 1030/1020 cm™' ratio of

the Lufengosaurus embryonic specimen of 195 Ma to be 1.72. Thus, this ratio can be a new way to date

fossils.
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Fig. 1 Infrared Spectrums of pure calcite and natural calcite of nacre. A: Pure calcite (calcium carbonate)
showing standard IR spectrum from NIST. B: Natural calcite collected in Montana, USA. C: Nacre powder
(Verma et al., 2006) (calcite) showing diminished alkyl as temperature increased. Yellow boxes indicate the
alkyl peak regions from 2800-3000 cm™, the most substantial IR peaks at ~1440 cm™ pointed by the black
arrow inside the green boxes. The apatite regions (1000-1200 cm™) marked as brown boxes. In the region
from 1500 cm™ to 1750 cm™ (cyan box), many non-carbonate spectral contributions of impurities from organ-
ic matters are seen, including amide-I and amide-Il asymmetric and symmetric stretching protonated carbox-
ylic group of protein.
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3 Results and Discussions

(1) FTIR case studies, just calcite in the fossil spectra?

Various carbonates (CO5”) are very common inside fossils. The pure calcite (CaCOs5) (NIST, IR
spectrum) shows the most substantial IR peaks at ~1440 cm™ pointed by the black arrow inside the
green box of Figure la. It is broadband with slightly more tailing toward higher wavenumbers in the
1500-1750 cm™ range (cyan box). In the normal IR range (800-4000 cm™) of pure calcium carbonate,
the next noticeable peak is at ~900 cm™ and there is a tiny overtone kink at ~1800 cm™. However, for
the carbonates inside fossils, organic impurities can be seen clearly as for the Montana natural calcite in
Figure 1b. In this spectrum, carbonate peaks show up at ~1450 cm™ as expected, along with many oth-
er even stronger or not negligible peaks/bands. The calcium carbonate peak at ~900 cm™ shows pure
form and natural calcite. However, the intensity is not as strong as pure calcium carbonate in the natu-
rally formed carbonates. In the region from 1500 cm™ to 1750 cm™ (cyan box), many non-carbonate
spectral contributions of impurities from organic matters are seen, including amide-I and amide-II
asymmetric and symmetric stretching protonated carboxylic group of protein (Sasaki et al., 1994). The
yellow box marked in the range of 2800-3000 cm™ is the alkyl peaks. It is noticed that the pure calcium
carbonate has no peak in this region. This is understandable from the taphonomic point of view. When
the carbonate anions (CO;>) participated with various cations (such as Ca*", Mg®", Fe*") to form vari-
ous carbonate crystals (calcite, aragonite, magnesite, siderite, etc.), some decomposed organic debris
from macromolecules were incorporated inside the crystals. Thus, naturally formed carbonate minerals
containing these organics will show various organic peaks in the IR spectra. Verma reported that when
powdered and undisturbed nacre was heated for 6 hours, these organic peaks gradually diminished
along with an increase in temperature and were almost totally gone (Verma et al., 2006) at 600 °C as
shown in the yellow box of Figure 1c.

The broadband at around 2920 cm™ of Figure 1b is also assigned to the organic impurities, i.e.,
organic remains containing the alkyl functional group. The sharp peak at 1800 cm™ is the stretching of
carbonyl of acidic protein, while 2920 cm™ stretching C-H bonds of alkyl. The 1800 cm™ peak could
also come from acyl halides (R-COX), which could be formed by the replacing of amine functional
group (-NH?) such as amino acids from the degradation of proteins with the halide ions (CI', Br’, and I')
from the groundwater or seawater. So, when interpreting the IR spectra of fossils, the existence of car-
bonates should not be neglected. Carbonates are parts of fossil constituents. Fossils contain more than
just simple carbonates. They contain preserved organic remains.

(2) Taiwan mammals

Figures 2a, b, and ¢ are spectra of mammal fossils from different taphonomic environments, with
an age of 30,000 years ago, i.e., the last global ice age of the late Pleistocene. At that time, the sea level
was 130-180 meters below the current level. The deepest site of the current Taiwan Strait is about 70
meters deep, and the mainland of China and Taiwan were connected by a land bridge, allowing mam-
mals to roam freely between the mainland and Taiwan ( He, 2011, in Chinese).

This set of FTIR spectra shows the taphonomic influence on the preservation of organic remains.
Figure 2a is the spectra of a mammal excavated from the Tainan Formation at Guanmiao of Tainan
city. Its taphonomic type is terrestrial-terrestrial. Figure 2b is the spectra of a mammal believed to be in
the same Tainan Formation but was washed out into the river bed of Tsailiao Creek. It is a transition
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from terrestrial-fresh river water type taphonomically. This fossil was being washed by fresh river wa-
ter before it was collected, and how long it has been in the water is unknown. However, certain de-
grees of decomposition of organic remains should be expected. Figure 2c is a fossil recovered in a fish-
net from the Taiwan Strait near Penghu islets. It is terrestrial-marine type taphonomically. It was sub-
jected to seawater washing for an unknown period of time, estimated to be up to 30,000 years or more,
and should be considered the most influenced by water.

As shown by the alkyl regions (2800-3000 cm™, yellow boxes), the amount of the preserved alkyl
material was the greatest in the terrestrial-terrestrial (Figure 2a) fossils, that in Figure 2b is less proba-
bly because some alkyl material was decomposed due to soaking by river water, and that in Figure 2c is
almost absent due to a long time in seawater. A similar situation can be observed from the region of
organic functional groups (1500-1750 cm™, cyan boxes). In Figure 2a, intense and unresolved mix
peaks/bands can be seen. However, in Figure 2b, the absorbance of amide peaks was reduced to two
unresolved humps, while in Figure 2c, many components have decomposed, and only two main peaks
at ~1580 cm™' (amide-IT) and ~1620 cm™ (amide-I) were preserved. The apatite region (1000-120 cm™,
brown boxes) of the three different taphonomic fossils show about the same strong apatite peaks/bands,
indicating that the apatite in these fossilized bones has not been influenced by seawater or freshwater.
Figure 2¢ shows that apatite, amide-I, and amide-II were all well preserved. Amide-I and amide-II are
two prominent peaks for collagenous proteins intermixed with apatite during bone formation. The or-
ganic remains were likely native (endogenous).
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Fig. 2 Taiwan mammal fossils in different burials and found taphonomic environments. A: Mammal fossils formed
and excavated in the terrestrial-terrestrial environment. B: A mammal fossil formed in terrestrial and found in a
river environment. C: A mammal fossil formed in terrestrial and collected from sea bottom environment. The sig-
nificant peak strength of alkyl groups can be seen in A and C. Also, apparent differences can be seen in the organic
functional groups’ region. Yellow boxes indicate the alkyl peak regions from 2800-3000 cm™. In the region from
1500 cm™to 1750 cm™ (cyan box), many non-carbonate spectral contributions of impurities from organic matters
are seen, including amide-I and amide-Il asymmetric and symmetric stretching protonated carboxylic group of

protein.
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(3) Paleozoic Permian Dolese fossils

Fossil materials were collected from the early Permian infill in the Ordovician limestone and
dolostone karst fissures in the cave system at Dolese Richards Spur, Oklahoma, USA. The fossils were
often disarticulated, although articulated materials were not uncommon (MacDougall et al., 2017). The
white bones are consistent with the surrounding clay/calcite-rich sediments and have the typical type
of Permian preservation, but groundwater does not appear to have deposited colored minerals (iron,
copper, manganese, etc.). The brown-black bones have concentrated hydrocarbons in their surficial
layer, while the surrounding sediments were not similarly affected.

The graphs of the two fossils in Figure 3 show very significant differences in their alkyl ranges
(2800-3000 cm™). The low peak in Figure 3b is attributed to the decomposition of organic remains in
the groundwater, leaving the bones white. The black color of the backbones was due to being soaked
in hydrocarbons. Significant differences are also present in the other two wavenumber regions: apatites
(1000-1200 cm™) and organic functional groups (1500-1750 cm™), meaning that the permeating water
and hydrocarbons have significantly changed the composition of the organic remains in the fossils.

(4) Wide geological time span, various taxa and taphonomy

The fossils of Figures 4a-j include various taxa from land animals to marine creatures of a long
age ranging from ~30 kya to an estimated 565 Ma, from many different taphonomic environments,
such as marine-terrestrial and terrestrial-terrestrial. A terrestrial-marine specimen (Figure 4j) was also
included. Many originally marine animal and terrestrial animal fossils were scanned and show the
preservation of organic remains evidenced by the strong alkyl peaks. Different taphonomic environ-
ments were included. Some fossils went through the change from the marine environment to the terres-
trial. The Mesozoic dinosaurs were buried in terrestrial conditions and found in terrestrial conditions.
Seawater and groundwater likely played a key role during and after the fossilization process.

All spectra of the fossil specimens (Supplemental Table S1-S6) show clear evidence of preserved
organic remains, such as the relatively high alkyl functional group peaks/bands (2800-3000 cm™, yel-
low boxes) and the organic functional group peaks/bands at the 1500-1750 cm™ (cyan boxes). The pre-
served organic remains are most likely the endogenous proteins and their degradation products. These
proteins bond inorganic mineral apatite for bone and inorganic mineral carbonates and could be seen
for Brachiopoda and Echinoidea shells. After the animal died, the soft body parts started to decompose
by bacteria. However, the tightly bonded organics (proteins) with inorganic apatite/carbonates would
be less affected by bacterial attacks. During the fossilization process, pressure, temperature, and
groundwater could break down the complex macromolecular proteins. The breakdown products from
the macromolecular proteins, such as peptide fragments and even amino acids, could react with each
other or other chemicals brought in by groundwater. SRS-XRF (Synchrotron Rapid Scan X-Ray Fluo-
rescence) of a Dawa embryonic jaw bone containing un-erupted teeth clearly shows the distribution and
presence of organic sulfur, as shown in Figure 5.

(5) Preservation of complex organic residues in Dawa Lufengosaurus

Thin transversal section (Fig. 6a) of a Dawa embryonic limb bone was examined with Synchrotron
Radiation Fourier Transformation Infrared (SR-FTIR) spectroscope. Organic residues, very likely origi-
nal or minor likely degradation products of complex proteins, were observed in both the cortex region's
fast-growing fibrous bone and the vascular canals (Fig. 6b) (Jackson et al., 2010).
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Fig. 3 Spectra of Dolese fossils. A: Black Dolese fossil impregnated with hydrocarbons. B: White Dolese fossil by the
influence of groundwater. Significant spectra are showing different degrees of preservation of chemical com-
pounds. Spectra of early Permian tetrapod bones from the Dolese Brothers Limestone Quarry, near Richards Spur,
Oklahoma. In both A and B, the top left images are the 3D color mapping of the FTIR scan area, with green and red
marking lines intercepted at the selected point. The top right image shows the greyscale image corresponding to
the 3D color image at the top left. The bottom spectrum shows the complete FTIR spectrum of the intersection
with the alkyl region (2800-3000 cm™) high-lighted.
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yellow boxes, amide region in blue boxes, and apatite in brown boxes.
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The SR-FTIR spectrum of the fibrous bone clearly shows organic functional group amide peaks
(deconvoluted 1500-1700 cm™ strong band from amide I & II in Figure 6d); and 1200-1300 cm™ weak
band from amide III (Lindgren et al., 2011). The Raman spectroscopy shows a strong amide A peak at
3264 cm™ in Figure 6e. So, three significant peaks for positive amide (I, II, and A) identification are all
clearly present. A further study from
the Fourier self-deconvolution of the
amide I peaks (Fig. 6d) shows sec-
ondary protein structural peaks indi-
cating presence of complex organic
residues. These deconvoluted peaks
match very well with previously re-
ported data (Warren et al.,, 2009;
Gallagher, 2009).

Complex organic matter preser-
vation inside dinosaur bones have

been reported (Schweitzer et al.,
Fig. 5 SRS-XRF scan image of organic sulfur from S-containing amino  1997; Schweitzer & Horner, 1999;

acids inside a Dawa embryonic jaw bone. Bern et al..2009: Asara et al
Color assignment: Ca in green and P in blue as apatite bone matrix. Or- . .
2007; Martill & Unwin, 1997,

collagen remains. SRS-XRF were conducted at SLAC of Stanford Universi- Schweitzer et al., 1997, 2005, 2007,
ty, California, USA. 2009). However, it was also inter-

ganic S in red to show the S-containing amino acids from the preserved

preted as possible microbial biofilms
(Peterson et al., 2010) and was also rebutted (Lindgren et al., 2011). Here we provide further infor-
mation to support the complex organic preservation. It can be argued that during the very long period
after the animal died, the microbes might enter into the spaces of vascular canals and cause the preser-
vation of the organic residue of the invading microbes. However, it is unlikely that the microbes could
enter into the fibrous bone's tightly woven apatite and collagen. The fibrous bone area's FTIR spectra
clearly show both apatite and amide peaks, suggesting strongly that the preserved organic residues
were not introduced postmortem. Our analyses also exclude the possibility of contamination from han-

dling or from the surrounding matrix.

4 Conclusions

The representative spectra from more than 550 FTIR scans of numerous fossils from a long geological
time and different taphonomic conditions show that preservation of the original organic remains in fos-
sils is a common phenomenon, not an exceptional event. If the proper method and sensitive enough
instrumentation are used, most, if not all, body fossils could be found to contain preserved organic re-
mains. This suggests that future work using various methods for identifying what was preserved in fos-
sils and the mechanisms of preservation will yield valuable results.

Supplemental Information

Supplemental Information includes 107 figures and 8 tables.
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Fig. 6 Optical, microscopic and infrared microscopic images and deconvolution of FTIR spectra. A: Optical image of
the Dawa embryonic limb bone, transversal cut. B: Magnified section of the boxed area of cortical bone in A, show-
ing fast-growing fibrous bone tissue and vascular canals. (scale bar: 500um). C: Infrared microscopic image of the
boxed area in B, clearly showing both fast-growing fibrous bone tissues and vascular canals. The distance between
each adjacent red dot in FTIR scan C inside the red box is 15 pm. The photo was taken from the NSRRC FTIR instru-
ment at 300X. D: Further Fourier self-deconvolution of Amide | peaks (around 1,537 cm™). The wavenumbers
marked in red show the decomposed peaks of protein secondary structures. E: Raman spectrum of Dawa embryonic
limb bone clearly shows the Amide A peak at 3264 cm™.
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Comments by Robert Burne:

The field of Organic Geochemistry presents overwhelming evidence for organic materials being preserved in
seemingly “lifeless inorganic rock”.

| recommend the authors review the publications of organic geochemists such as Roger Summons or Jochen
Brocks and redraft their paper to highlight the use of FTIR Spectra as an alternative method for the identification of

fossilized organic material.
Comment by Ya-Sheng Wu:

What is the probability that organic matter is preserved in body fossils, what is the composition of the preserved
organic matters, and what is the relationship between the composition and preservation conditions? These are ques-

tions that need further study.

Innovation scored by: Robert Burne, Hua-Xiao Yan, Dong-Jie Tang, GW Hugheson, Fritz Neuweiler, Adrita Choudhuri,
Ya-Sheng Wu.

Innovation score (0-5): 0+5+5+5+1.5+0+5=3.1

Detailed reviewed by: Ya-Sheng Wu, Santanu Banerjee, Giorgio Bianciardi, Anonymous reviewer 1, Hua-Xiao Yan, G.

Wyn Hughes.

Published on: 6 January, 2022
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