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Cells and soft tissues in fossil bone: A review
of preservation mechanisms, with corrections of misconceptions

Philip J. Senter

ABSTRACT

In the most recent three decades, there has been an outpouring of research on
the preservation of cells and soft tissues within fossil bones. Cells and soft tissues that
are documented to have been preserved in fossil bones include osteocytes, chondro-
cytes, blood vessels, nerve fibers, nerves, and the sheets of collagen in bone matrix.
Recent studies identify Fenton reactions as a plausible preservation mechanism for
cells and soft tissues within bones, document the chemical signatures of Fenton reac-
tions in the cells and soft tissues of fossil bones, and indicate that such preservation
occurs early in diagenesis and is facilitated by oxidizing depositional environments and
by protection via external concretions and other factors. Additionally, recent advances
in the study of archaeological bone have identified a suite of factors that enable a bone
and its cellular and soft tissue contents to survive into the fossil record. Despite these
advances, two unfortunate situations persist. One is that there is little connection
between the literature on archaeological bone and the literature on fossil bone. The
other is that the literature of science voices numerous misconceptions regarding the
preservation of cells and soft tissues in fossil bones, many of which are rooted in
young-Earth creationist (YEC) opposition to the hypothesized role of Fenton reactions.
To alleviate these problems, this review corrects misconceptions and links studies of
archaeological bone to studies of fossil bone, to elucidate the mechanisms by which
cells and soft tissues are preserved in bones for hundreds, then thousands, then mil-
lions of years.
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INTRODUCTION

In the current century, few issues in paleontol-
ogy have generated as much excitement from sci-
entists and as much attention from anti-evolution
authors as the discovery of preserved cells and
soft tissues in fossil bone. In recent decades,
researchers have described numerous examples
of fossil bones of Mesozoic reptiles, including non-
avian dinosaurs (hereafter called simply “dino-
saurs” for brevity), in which internal soft tissue
structures and cells are preserved. Such cells and
soft tissue structures include osteocytes (bone
cells) (Pawlicki, 1966, 1977, 1978, 1995; Pawlicki
and Nowogrodzka-Zagoériska, 1998; Schweitzer et
al., 2005, 2007, 2013, 2016; Cadena and Sch-
weitzer, 2012; Armitage and Anderson, 2013,
2014; Armitage, 2015, 2016; Wiemann et al., 2018;
Ullmann et al., 2019; Armitage and Solliday, 2020;
Cadena, 2020; Surmik et al., 2021; Schroeter et
al., 2022), chondrocytes (cartilage cells) (Bailleul et
al., 2020, 2021; Zheng et al., 2021), blood vessels
(Pawlicki, 1966; Pawlicki and Nowogrodzka-
Zagoériska, 1998; Yao et al., 2002; Schweitzer et
al., 2005, 2007, 2014, 216; Peterson et al., 2010;
Armitage and Anderson, 2013; Armitage, 2015,
2016; Cleland et al., 2015; Surmik et al., 2016;
Wiemann et al., 2018; Boatman et el., 2019; Ull-
mann et al., 2019; Armitage and Solliday, 2020;
Schroeter et al., 2022), nerve fibers (Pawlicki and
Nowogrodzka-Zagoriska, 1998), nerves (Armitage
and Solliday, 2020; Armitage, 2021), and the extra-
cellular sheets of type | collagen that form the non-
mineral part of bone matrix (hereafter abbreviated
CBM, for collagen in bone matrix) (Schweitzer et
al., 2005, 2007, 2016; Lindgren et al., 2011; Armit-
age and Anderson, 2013; Armitage, 2015, 2016;
Bertazzo et al., 2015; Wiemann et al., 2018; Miller
et al., 2019; Ullmann et al., 2019; Schroeter et al.,
2022) (Figure 1). Blood cells have also been
reported from the fossil bones of reptiles from the
Mesozoic (Pawlicki and Nowogrodzka-Zagoriska,
1998; Yao et al.,, 2002; Schweitzer et al., 2005,
2007; Armitage and Anderson, 2013; Armitage,
2015, 2016; Bertazzo et al., 2015; Plet et al., 2017)
and Paleozoic (Kiseleva et al., 2019), but their
identification as blood cells is dubious (Saitta et al,
2017; Korneisel et al., 2021; this paper: see the
section on Misconception 10, below). Preservation
of cells and soft tissues in fossil bone was unex-
pected at first, but it now appears to be relatively
common in Cenozoic and Mesozoic fossil bone
(Schweitzer et al., 2007; Huang et al.,, 2022).
Although such preservation in Mesozoic reptiles
has received the most attention, it has also been
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reported in Paleozoic reptiles (Kiseleva et al.,
2019), Cenozoic reptiles (Cadena and Schweitzer,
2012; Cadena, 2016, 2020; Voegele et al., 2021),
fossil birds (Bailleul and Zhou, 2021), fossil mam-
mals (Schweitzer et al., 2007; Buckley and Collins,
2011; Buckley, 2015; Cadena, 2016; Barker et al.,
2021; Schmidt-Schultz et al., 2021; Gatti et al.,
2022), non-mammalian synapsids (Armitage,
2022a), and fossil fishes (Dutta et al., 2020).

The three most commonly reported categories
of cells and soft tissue structures in fossil bone are
blood vessels, osteocytes, and CBM. A given fossil
bone may contain all three, or only one or two of
the three, or none. Such variability exists even
among fossils representing the same slice of
ancient time, and there is no apparent temporal
pattern as to whether a given fossil bone will con-
tain one, two, all three, or none of the three (Sch-
weitzer et al., 2007; Wiemann et al., 2018; Ullmann
et al., 2019). This phenomenon has prompted a
series of paleontological investigations into the
mechanisms of cellular and soft tissue preservation
in fossil bone through geologic time and how it is
that certain cells and soft tissues are preserved in
some bones and not others (Schweitzer et al.,
2007, 214; San Antonio et al., 2011; Surmik et al.,
2016, 2021; Wiemann et al., 2018; Boatman et al.,
2019; Ullmann et al., 2019, 2021, 2022).

To be preserved for millions of years after
death, any tissue must first be preserved for hun-
dreds and then thousands of years. Unfortunately,
there is little connection between the literature on
cellular and soft tissue preservation in bones of
ages of these three orders of magnitude. That is,
there is a body of literature on cells and soft tissues
in bones that are hundreds of years old (e.g., medi-
eval bones), a body literature on cells and soft tis-
sues in bones that are thousands of years old (e.g.,
late Pleistocene and early Holocene bones), and a
body of literature on cells and soft tissues in bones
that are millions of years old (e.g., pre-Pleistocene
fossil bones), with little connection between the
three bodies of literature. A review that connects
the three to elucidate the bigger picture would be
useful. Here, | provide such a review.

To fully address the pertinent issues, a review
of cellular and soft tissue preservation mechanisms
in bone must include a synopsis of bone composi-
tion, Fenton chemistry, the distinction between
archaeological and fossil bone, and the differences
in how fossil bone is viewed between the paradigm
of science and the paradigm of young-Earth cre-
ationist (YEC) ideology. The subject of Fenton
chemistry is important to a review such as this,
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FIGURE 1. Cells and soft tissues from bones of the hadrosaurid dinosaur Edmontosaurus annectens, from the Stand-
ing Rock Hadrosaur Site (SHRS) in South Dakota (Upper Cretaceous: Maastrichtian). The images are reprinted from
figure 2 of Cretaceous Research vol. 99, Ullmann et al., “Patterns of soft tissue and cellular preservation in relation to
fossil bone tissue structure and overburden depth at the Standing Rock Hadrosaur Site, Maastrichtian Hell Creek For-
mation, South Dakota, USA” (2019), with permission from Elsevier. A. Osteocyte from fragment of ossified tendon. B.
Osteocyte from caudal vertebra SRHS-DU-220. C. Blood vessels with spherical structures in the lumen, from metatar-
sal SHRS-DU-274. D. Blood vessel (right) and sheets of CBM (lower left) from fragment of ossified tendon. E. Sheet
of CBM with embedded osteocytes, from metatarsal SHRS-DU-274.

because Fenton chemistry has been identified as a
crucial factor in certain forms of cellular and soft tis-
sue preservation in fossil bone (Schweitzer et al.,
2007, 2013, 2014; Surmik et al., 2016; Wiemann et
al., 2018; Boatman et al.,, 2019). The distinction
between archaeological and fossil bone is import-
ant to a review such as this, because much of the
literature on cellular and soft tissue preservation in
bone focuses on one category of bone or the other,
and statements regarding the state of cells and soft
tissue in bone of one category do not necessarily
apply to the other. The view of fossil bone within
the YEC paradigm is important to a review such as
this, because part of the purpose of a review article
is to correct misconceptions, and several miscon-
ceptions of Fenton chemistry and of cells and soft
tissue in fossil bone that have been voiced in the
primary literature of science are rooted in the YEC
view.

SYNOPSES OF BACKGROUND INFORMATION
Bone Composition

Bone is a living tissue in which cells called
osteoblasts secrete an extracellular mixture of
CBM and the mineral hydroxyapatite:
Ca5(POy4)3(OH). Reactions with water in the body
convert CO, (waste from the body’s cells) into car-
bonate ions (CO32), and carbonate ions replace
so many of the phosphate (PO42) and hydroxide

(OH-) ions in the hydroxyapatite that its chemical
formula must be rewritten as Cag(PO,4, CO3)3(OH,
COg3). This altered mineral is called carbonated
hydroxyapatite, dahllite, or simply bone mineral
(Wings, 2004; Kendall et al., 2018; Senter, 2020).
The extracellular mixture of CBM and bone mineral
is called bone matrix.

In the CBM of bone matrix, collagen mole-
cules are arranged in rope-like units called fibrils,
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FIGURE 2. Microstructure of bone matrix. A. Part of a collagen molecule, showing its triple helical structure (based on
figure 2 of Bella (2016), with modifications), with each of the three helices shown in a different color: black, dark gray,
and light gray. B. A collagen microfibril and associated bone mineral crystallites, showing that the microfibril consists
of five staggered collagen molecules and that the crystallites form between the tips of the collagen molecules in the
microfibrils (based on figure 1d of Alexander et al. (2012), with modifications). C. Part of a collagen fibril, showing that
bone mineral crystallites form both within microfibrils (unshaded crystallites) and between microfibrils (shaded crystal-

lites).

within which are multiple levels of helical winding.
The smallest unit of collagen is the collagen mole-
cule, also called the tropocollagen molecule, which
consists of three helical protein chains that are
bonded together with numerous hydrogen bonds
and are tightly wound around each other to form a
triple helix (Bella, 2016; Amirrah et al., 2022) (Fig-
ure 2A). These collagen molecules aggregate in
staggered groups of five, in which the five collagen
molecules are helically wound around each other.
Such groups of five are called collagen microfibrils

(Veis, 2003; Sweeney et al., 2008) (Figure 2B).
The microfibrils further aggregate into collagen
fibrils, each of which consists of many staggered
microfibrils that are helically wound around each
other (Veis, 2003; Sweeney et al., 2008; Alexander
et al.,, 2012) (Figure 2C). Within CBM, collagen
fibrils form covalent cross-links (molecular bonds
between polymers) with each other (Alexander et
al., 2012), as do adjacent microfibrils within fibrils
(Sweeney et al., 2008) and adjacent chains within
the triple helix of the collagen molecule (Light and
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FIGURE 3. Histology of bone. A. Macroscopic view of compact and spongy bone in a cross-section of the humerus of
a domestic cow (Bos taurus). B. Arrangement of microstructures in compact and spongy bone. C. Human compact
bone viewed through a compound microscope, with cells boiled away and voids filled with black ink, to make lacunae

and canaliculi stand out.

Bailey, 1982). The cross-links confer long-term sta-
bility (Kendall et al., 2018), which is of importance
in the preservation of cells and soft tissue in
archaeological and fossil bone.

Crystallites (microscopic crystals) of bone
mineral form between fibrils, between microfibrils,
and in the gaps between the tips of the staggered
collagen molecules within microfibrils (Veis, 2003;
Alexander et al., 2012) (Figure 2). Collagen mole-
cules form bonds with bone mineral (Veis, 2003),
which probably contributes to the long-term stabil-
ity of both materials (Zazzo, 2014).

In a mature bone, two main types of bone tis-
sue are present: compact bone (also called Haver-
sian bone or cortical bone) and spongy bone (also
called cancellous bone or medullary bone). Com-
pact bone is the type that forms the external part of

a bone (Figure 3). In compact bone, concentric cir-
cular layers of bone matrix surround vascular
canals called Haversian canals, which contain
blood vessels and nerves. Additional vascular
canals called Volkmann’s canals, which also con-
tain blood vessels and nerves, form crosswise links
between Haversian canals (Figure 3). Some Volk-
mann’s canals perforate the surface of the bone
and link the bone’s blood supply to that of the peri-
osteum, the sheet of fibrous connective tissue that
covers the external surface of the bone (Junqueira
et al., 1998; Eurell, 2004). Spongy bone is the type
of bone that occupies the interior of a bone. In
spongy bone, the bone matrix is shaped into a net-
work of struts called trabeculae (Figure 3). Occupy-
ing the spaces between the trabeculae of spongy



SENTER: SOFT TISSUES IN FOSSIL BONE

bone are blood vessels and marrow (Junqueira et
al., 1998; Eurell, 2004).

Within the matrix of both compact bone and
spongy bone are osteocytes (former osteoblasts
that have surrounded themselves with bone matrix)
(Figure 1), each of which inhabits a space in the
matrix called a lacuna. Osteocytes connect to each
other and to blood vessels, using elongate exten-
sions called dendritic processes or filipodia (some-
times spelled filopodia or filapodia). The dendritic
processes inhabit tiny canals in the matrix called
canaliculi (Figure 3). The vascular canals and can-
aliculi and lacunae form a continuous network of
voids within the bone matrix. The network of cana-
licular and lacunar voids is called the lacuno-cana-
licular network (Eurell, 2004; Buenzli and Sims,
2015; Kendall et al., 2018). The combination of the
lacunar-canalicular network and vascular canals
could aptly be called the vascular-canalicular net-
work (hereafter abbreviated VCN). After death, the
fate of each component of bone—bone mineral,
CBM, osteocytes, blood vessels, and the voids of
the VCN—depends on numerous factors (see
below).

Fenton Chemistry, Its Products, and Their
Effects on Biomolecules

The term “Fenton chemistry” refers to the
Fenton reaction and similar chemical reactions
(Barbusinski, 2001). In the Fenton reaction, ferrous
iron (Fe2*) reacts with hydrogen peroxide (H,05).
The products of this reaction are ferric iron (Fe3*),
a hydroxide ion (OH-), and a hydroxyl radical
(OH-). The Fenton reaction is:

Fe2* + H,0, — Fe3* + OH- + OH-

The Fenton reaction can occur in the body of
a vertebrate when red blood cells and peroxisomes
are damaged. Red blood cells contain the oxygen-
carrying molecule hemoglobin (Hb), part of which
is heme, which contains an iron atom. If red blood
cells undergo lysis (rupture), the Hb is released,
and its breakdown liberates the iron (Balla et al.,
2005, 2007). Peroxisomes are organelles that con-
tain H,O,, which is used therein to oxidize various

molecules. If peroxisomes are damaged, they
release H,0, (Valko et al., 2007). When liberated

iron contacts H,O,, the Fenton reaction takes

place (Balla et al., 2005, 2007). The Fenton reac-
tion initiates a chain of subsequent reactions, often
also called Fenton reactions (but not called “the
Fenton reaction”), the products of which oxidize
organic compounds (Barbusinski, 2001).

Hydroxyl radicals are both useful and highly
toxic to the body. Hydroxyl radicals are involved in
the activation of certain proteins, such as the tumor
suppressor protein p53 (Wang et al.,, 2000) and
proteins that regulate autophagy (destruction of
dysfunctional cell components) during chemother-
apy (Sumkhemthong et al., 2021). However, if left
unchecked, hydroxyl radicals in excessive
amounts can cause significant damage to biomole-
cules, and hydroxyl radicals have been implicated
in a variety of diseases, such as atherosclerosis,
cancer, diabetes, and some neurological disorders
(Lipinski, 2011). Reactions with hydroxyl radicals
can cleave polysaccharides (Duan and Kasper,
2011), cleave DNA (Dizdaroglu and Jaruga, 2012),
forge cross-links between and within DNA strands
(Dizdaroglu and Jaruga, 2012), forge cross-links
between DNA and proteins (Dizdaroglu and
Jaruga, 2012), generate conformational changes in
proteins (Hawkins and Davies, 2001; Li et al.,
2012; Zhang et al., 2021; Lei et al., 2022), cleave
some proteins (Nyaisaba et al., 2019), forge cross-
links between adjacent protein molecules (Dunlop
et al., 2002; Xiong et al., 2010; Li et al., 2012; Nyai-
saba et al., 2019; Zhang et al., 2021; Lei et al.,
2022), convert some amino acids into other amino
acids (Leeuwenburgh et al., 1998; Hawkins and
Davies, 2001), convert some amino acids into
other kinds of molecules (Hawkins and Davies,
2001), and cause chain reactions of lipid peroxida-
tion in lipid molecules with fatty acid chains
(McCord, 1998; Yurkova et al.,, 2004; Catala,
2009). In some tissues, iron overload leads to Fen-
ton reactions that generate a kind of cell death
called ferroptosis (Yan et al.,, 2021; Gao et al.,
2022; Liu et al., 2022). Ferroptosis is implicated in
Alzheimer’s disease, Parkinson’s disease, Hun-
tington’s disease, dementia, liver necrosis, isch-
emia/reperfusion injury, and osteoporosis (Doll et
al., 2017; Yan et al., 2021; Gao et al., 2022; Liu et
al., 2022).

Despite the destructive potential of hydroxyl
radicals toward biomolecules, a healthy body has a
variety of mechanisms in vivo that prevent and halt
such damage. For example, various substances in
the body scavenge hydroxyl and other free radi-
cals, thereby protecting biomolecules from them.
Such scavengers include the amino acid derivative
glutathione (GSH), the plasma protein albumin,
antioxidant enzymes, and dietary antioxidants (He
et al., 2002; Lipinski, 2011; Veira et al.,, 2017).
Such scavengers also include type | collagen. Type
| collagen is the type of collagen in CBM and in the
tunica adventitia, the outer layer of connective tis-



sue of a blood vessel (Junqueira et al., 1998). Its
long, fibrous shape provides that after hydroxyl
radicals have caused conformational change in the
collagen by reacting with its amides, more residues
containing v(C=0) are externally exposed than in
most other proteins, enabling them to react with
and scavenge more hydroxyl radicals (Xiao et al.,
2007). The presence of type | collagen reduces the
generation of hydroxyl radicals by the Fenton reac-
tion (He et al., 2002; Xiao et al., 2007), scavenges
hydroxyl radicals that the Fenton reaction gener-
ates (Xiao et al., 2007), inhibits lipid peroxidation of
polyunsaturated fatty acids (PUFAs) by hydroxyl
radicals (He et al., 2002), protects GSH from
hydroxyl radicals (He et al., 2002; Xiao et al.,
2007), and inhibits apoptosis (He et al., 2002).

Additionally, the phospholipid membranes of
cells have built-in protection from the chain reac-
tions of lipid peroxidation that hydroxyl radicals
would otherwise cause. In such membranes, the
double bonds in the PUFAs of phospholipid mole-
cules scavenge hydroxyl radicals (Lipinski, 2011),
thereby preventing or stopping such chain reac-
tions. The myelin sheaths that surround nerve
fibers are especially rich in plasmalogen phospho-
lipids, which also halt such chain reactions (Luoma
et al., 2015; cf. Sindelar et al., 2015). This built-in
protection is important to note, in order to under-
stand how the phospholipid membranes of cells
escape complete destruction when Fenton reac-
tions take place in the cells and soft tissues of what
will later become fossil bone.

Although they damage proteins by causing
conformational changes and by altering some
amino acids, hydroxyl radicals also contribute to
protein preservation by generating cross-links
between protein molecules (Dunlop et al., 2002;
Xiong et al., 2010; Li et al., 2012; Nyaisaba et al.,
2019; Lei et al, 2022). The conformational
changes that hydroxyl radicals generate in proteins
make some proteins more susceptible to fragmen-
tation by apoptotic enzymes (Lei et al., 2022), but
they make other proteins less susceptible to frag-
mentation by apoptotic enzymes (Zhang et al,,
2021), thus contributing to protein preservation.
Either way, apoptotic fragmentation of proteins
does not lead to the complete destruction of the
proteins, because the cross-links contribute to
preservation of the resulting fragments. In the case
of collagen in CBM, such fragmentation is not
expected anyway, because CBM is extracellular
and is therefore not subject to attack from apoptotic
enzymes within cells. In collagen, reactions with
hydroxyl radicals cleave the side chains of some
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amino acids, separating them from the parent col-
lagen molecule, but reactions with hydroxyl radi-
cals do not cleave the main chain of the parent
collagen molecule itself (Hawkins and Davies,
1997). Furthermore, hydroxyl radicals generate
cross-links in collagen (Windhager et al., 1998),
thereby contributing to its preservation. These
aspects of the interaction between collagen and
hydroxyl radicals are important to note, in order to
fully understand how Fenton reactions may contrib-
ute to long-term preservation of CBM and of the
type | collagen in the walls of blood vessels. They
also demonstrate that the oft-repeated YEC asser-
tion that Fenton reactions cannot have been
involved in the preservation of fossil collagen
(DeMassa and Boudreaux, 2015; Anderson,
2016a, 2018; Armitage and Solliday, 2020) is inac-
curate.

As with the hydroxyl radical, ferric and ferrous
iron are both useful and highly toxic to the body.
Iron must be in the ferric state to be transported
into cells, where it may afterward be reduced to the
ferrous state as needed (Waldvogel-Abramowski et
al., 2014). Ferrous iron is a component of the heme
unit in metalloproteins that carry oxygen, such as
Hb and myoglobin (Thomas and Lumb, 2012;
Arcon et al., 2015), and ferric iron is a component
of some metalloprotein enzymes (Balogh et al.,
2018). Iron that transitions between ferric and fer-
rous states during redox reactions is a component
of some biomolecules in electron transport sys-
tems, such as cytochromes and ferredoxins (Liu et
al., 2014). Both ferrous and ferric irons are there-
fore necessary for some biological processes, but
excessive amounts of free iron can cause signifi-
cant damage to biomolecules. For example, Fen-
ton reactions induced by iron liberated from heme
during Hb breakdown can induce oxidation of the
fatty acids, cholesterol, and apolipoprotein B-100 in
low-density lipoprotein (LDL) particles, making the
LDL particles cytotoxic to endothelial cells (the
cells that line the inner surface of a blood vessel)
and contributing to the generation of atherosclero-
sis (Balla et al., 2005, 2007). To prevent such prob-
lems, the protein transferrin tightly controls the
delivery of iron to cells that need it (Rouault, 2003),
and excess iron within cells is scavenged and
sequestered by the protein ferritin (Balla et al.,
2005, 2007). Endothelial cells increase their pro-
duction of ferritin to scavenge excess iron when
they are exposed to increased levels of Hb due to
red blood cell lysis (Balla et al., 2005, 2007). These
aspects of the interaction between cells and iron
are important to note, in order to fully understand
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how Fenton reactions may contribute to long-term
preservation of cells and soft tissues.

Science vs. YEC Ideology: Methodologies,
Conceptions of Geological Time, and
Conceptions of Archaeological and Fossil
Bone

Most of the misconceptions regarding cellular
and soft tissue preservation in fossil bone that have
been voiced in science journals have their origin in
the anti-evolution movement. There are a variety of
anti-evolution views (Scott, 2009; Kaden, 2019),
but most of the authors voicing misconceptions of
cellular and soft tissue preservation in fossil bone
advocate one anti-evolution view in particular: the
young-Earth creationist (YEC) view. It is unusual to
address the YEC view in a science journal, but it is
important and appropriate to do so in this case, for
a number of reasons. Firstly, a paper in a science
journal is the most appropriate venue to address
misconceptions that have been voiced in papers in
science journals. Secondly, the misconceptions in
question are testable hypotheses, and it is appro-
priate to address testable hypotheses in a science
journal. Thirdly, to address such misconceptions in
such a way as to be comprehensible to the reader,
it is necessary in this case to delineate how the rel-
evant vocabulary is used differently by two oppos-
ing camps: that of science and that of the YEC
movement.

It is important to note that my use of the term
“science” in this review excludes the YEC disci-
pline that is known as “creation science.” The latter
discipline resembles science in that it involves pub-
lication in peer-reviewed technical journals but dif-
fers from science in that its journals require
conformity with the YEC view (Senter and Mackey,
2017a). Another major difference is procedural.
Within the discipline of science, one first collects
observational and experimental data then draws
conclusions from those data. In contrast, within the
discipline of “creation science,” one begins with
pre-decided conclusions, then interprets data from
within the paradigm of those pre-decided conclu-
sions (Creation Research Society, 1964; Prothero,
2017; Senter and Mackey, 2017a), often ignoring
or dismissing data that contradict the pre-decided
conclusions (Isaak, 2007; Niemenen et al., 2015;
Prothero, 2017; Senter, 2011, 2019). Thus, from
the perspective of science, so-called “creation sci-
ence” is procedurally backwards. It is also founda-
tionally unsound, because the foremost of its pre-
decided conclusions—the conclusion that the text
of the biblical book of Genesis is an accurate

record of ancient events—is rebutted by a vast
body of physical evidence (Isaak, 2007; Wil-
loughby, 2016; Keesey, 2016; Prothero, 2017;
Senter, 2011; online Table 1 of Senter, 2022a) and
also by the ancient texts upon which the YEC view
is ostensibly based (Senter, 2022a).

Although YEC ideology is famously opposed
to certain implications of the results of scientific
studies—especially macroevolution and the pas-
sage of millions of years (Ham, 2017; Kaden,
2019)—it is favorably disposed toward science in
general. YEC ideology therefore encourages both
science and so-called “creation science.” As a
result, there are scientists who espouse the YEC
view and yet conduct good science that is pub-
lished in science journals, whether or not they addi-
tionally conduct “creation science” to publish in
YEC journals. Some are competent microscopists
and histologists who have published descriptions
of cells and soft tissues in Mesozoic fossil bone in
articles in science journals (Armitage and Ander-
son, 2013, 2014; Armitage, 2016, 2021; Armitage
and Solliday, 2020). Some of the misconceptions
that are addressed here are voiced in those arti-
cles.

According to the literature of science, abun-
dant physical evidence indicates that the Earth is
billions of years old (Schmitz, 2020; Strachan et al.,
2020) and that all organisms on Earth evolved from
a common ancestor (Prothero, 2017). The litera-
ture of science divides ancient time into eras,
which are further divided into periods, which are
further divided into epochs. The current epoch is
the Holocene Epoch of the Quaternary Period of
the Cenozoic Era (Figure 4). The context of the
Holocene Epoch is important to grasp in order to
understand the distinction between archaeological
and fossil bone. According to the timescale of sci-
ence, the Holocene Epoch includes all of human
history in addition to a stretch of prehistory that
extends back approximately to the beginning of
settled agriculture (Bowles et al., 2019). The Holo-
cene Epoch was once described as having begun
about 10,000 years ago (Gibbard and van Kolf-
schoten, 2004), but recent developments have
redefined its beginning by tying it to a stratum that
is dated to approximately 11,700 years before the
year A.D. 2000 by the counting of annual layers in
arctic ice cores (Walker et al., 2009). Radiometric
dating places the beginning of the previous epoch,
the Pleistocene Epoch, at 2.58 million years ago
(Gibbard and Head, 2020). Together, the Pleisto-
cene and Holocene Epochs make up the Quater-
nary Period, the last period of the Cenozoic Era.
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FIGURE 4. The geologic column according to science vs. YEC ideology. Time periods are not shown to scale. The
dates according to science are from radiometric dating (Schmitz, 2020). The dates according to YEC ideology are
based on biblical genealogies (Jones, 2016). YEC identifications of Paleozoic, Mesozoic, and pre-Quaternary Ceno-
zoic strata as Flood deposits (e.g., Clarey, 2020; Oard and Carter, 2021) are based on misinterpretations of geologic
data (Senter, 2011; Willoughby, 2016; Prothero, 2017; Senter, 2019).

According to radiometric dating, the Cenozoic Era
began 66 million years ago (Renne et al., 2013).
The previous era was the Mesozoic Era, which was
preceded by the Paleozoic Era, which in turn was
preceded by a vast stretch of time called the Pre-
cambrian Supereon, which began with the forma-
tion of the Earth about 4.6 billion years ago
(Strachan et al., 2020) (Figure 4).

It was once customary to restrict the term “fos-
sil” to pre-Holocene remains (Shimer, 1914), but
that formerly sharp line is often blurred in the litera-
ture of science in the current century. Currently, the
literature of science categorizes ancient bone into
two groupings: archaeological bone and fossil (or
paleontological) bone. Neither term has an official

definition, but the way in which each term is used
clarifies its intended meaning. In the literature of
science, publications that mention both archaeo-
logical bone and fossil bone use the terms in such
a way as to imply a distinction based on age, with
archaeological bone the younger of the two (e.g.,
Trueman and Martill, 2002; Dobberstein et al.,
2009; Kendall et al., 2018). Archaeology is the
study of human material cultures, i.e., items that
humans have made or modified, from scratched
rock surfaces to pottery to buildings to civilizations.
Accordingly, scientists reserve the term archaeo-
logical bone for bone that dates from historical
times (times from which written records are known)
and from prehistoric time spans coeval with early
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humans and their nearest relatives. Scientists
therefore use the term “archaeological bone” for
bone from the Holocene Epoch (e.g., Zazzo et al.,
2012; Zazzo and Saliége, 2011) and use the term
“fossil bone” for pre-Pleistocene bone (e.g., Sch-
weitzer et al., 2007; Brumfitt et al., 2013). A termi-
nological zone of overlap is present in the
Pleistocene and the early Holocene, as bone from
either time span may be called “fossil bone” (e.g.,
Zazzo et al., 2012; van der Plicht and Palstra,
2016; Deviese et al.,, 2018) or “archaeological
bone” (e.g., Trueman and Martill, 2002; Dobber-
stein et al., 2009; Marom et al., 2013; Gatti et al.,
2022) in the literature of science.

According to the YEC view, the Earth has
existed only for about 6000 years (Ham, 2017;
Kaden, 2019). In current YEC literature, Paleozoic,
Mesozoic, and pre-Quaternary Cenozoic strata are
usually considered to have been deposited by the
Genesis Flood in less than one year, between
4000 and 4500 years ago, and Quaternary strata
are usually considered to be post-Flood deposits
(Walker, 2014; Clarey, 2020; Oard and Carter,
2021; Clarey et al., 2022; Tomkins and Clarey,
2022). Current YEC literature thus accepts the
sequence of major time spans that science accepts
(the geologic column), but it does not accept that
those time spans were millions of years long (Fig-
ure 4).

Current YEC literature has much to say on
fossil bone but little on archaeological bone. My
search for the phrase “archaeological bone”
through pdfs of the complete twenty-first century
runs of YEC technical journals through July 2022
(Answers Research Journal, Creation Research
Society Quarterly, Journal of Creation, Journal of
Creation Theology and Science Series B, Occa-
sional Papers of the Baraminological Study Group,
Origins, and Proceedings of the International Con-
ference on Creationism) found the phrase only in
one passing mention (Thomas and Nelson, 2015)
and one bibliographical entry (Price, 2020). Current
YEC literature applies the term “fossil” to pre-Holo-
cene remains (Oard, 2011, 2020; Institute for Cre-
ation Research, 2015; Clarey, 2015; DeMassa and
Boudreaux, 2015; Thomas and Nelson, 2015; Mor-
ris, 2016; Anderson, 2017a; Tacker, 2018; Oard
and Carter, 2021; Sinclair and Wood, 2021), and it
applies the phrase “fossil bone” accordingly.
According to YEC authors, preservation of cells
and soft tissues in fossil bone is easily explained:
the bones are only thousands, not millions, of
years old (Oard, 2011; Institute for Creation
Research, 2015; Clarey, 2015, 2020; DeMassa
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and Boudreaux, 2015; Anderson, 2016b, 2018;
Thomas, 2015; Miller et al., 2019; Oard and Carter,
2021). As shown below (in the section on Miscon-
ception 11), that explanation is inadequate, even
within the YEC paradigm.

MECHANISMS OF DECOMPOSITION AND
PRESERVATION OF THE COMPONENTS OF
BONE

Bone Mineral: Factors Promoting
Decomposition

The physical and chemical changes that occur
in sediments and fossils over time are collectively
called diagenesis. The term diagenesis is also
applied to such changes in bone after death.
Although bone mineral is not a soft tissue, its dia-
genesis is relevant to that of the cells and soft tis-
sues in bone, because it surrounds those cells and
soft tissues, and their preservation depends upon
its protective presence.

In some cases, diagenesis of bone mineral is
destructive and may lead to the complete annihila-
tion of the bone (Figure 5). Some destructive
changes are wrought by living organisms. In
aquatic environments, grazing fishes and inverte-
brates damage bone by eroding its surfaces (Sorg
et al., 1997; Haglund and Sorg, 2002; Stuart and
Ueland, 2017). In terrestrial environments, scav-
enging animals damage bone in a variety of ways
(Young, 2017; Sincerbox and DiGangi, 2018).
Plant roots also damage buried bone mineral,
breaking it as they grow, absorbing it to obtain
nutrients (Janaway, 1997), and creating holes and
grooves in it (Schultz, 1997). Bone-decomposing
bacteria, fungi, and algae bore tunnels through
buried bone mineral (Janaway, 1997; Jans et al.,
2004) and can disintegrate a bone completely
(Schultz, 1997). Some bone-decomposing bacteria
come from the intestine and are released as the
intestinal wall decomposes. The damage that they
cause tends to begin in the bones nearest the
abdomen and can begin as early as 15 h after
death (Jans et al., 2004). Once it has started, bio-
erosion by microbes and other organisms eventu-
ally results in the complete destruction of a bone
within a few thousand years, preventing it from
lasting long enough to be considered fossil bone,
unless the bioerosion is interrupted by some physi-
cal or chemical change (Trueman and Martill,
2002). Even if such interruption occurs, fossil bone
may be invaded by microbes, plants, and fungi late
in its existence (Saitta et al., 2019), introducing the
risk that even a bone that has lasted since the
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Mesozoic or Paleozoic Era may later succumb to
complete destruction.

Abiotic chemical factors may also cause bone
mineral to decompose. In buried bone, such
decomposition is often preceded by delay of about
two years, during which bone mineral survives.
Atfter that period, bone mineral dissolves in soil that
is acidic (Janaway, 1997; Nord et al., 2015), con-
tains calcium aluminum phosphate (Berna et al.,
2004), or is porous and light. Porous and light soil
allows greater exchange with water and free oxy-
gen, which promote decomposition (Janaway,
1997). Decomposition of bone mineral is also facili-
tated by small bone size and flat bone shape
(Janaway, 1997). Size and shape also influence
the tendency of bones to break. Smaller sizes and
more spherical shapes make bones more resistant
to breakage, whereas larger sizes and less spheri-
cal shapes make bones more prone to breakage
(Darwent and Lyman, 2002). In aquatic environ-
ments, water movement can cause bones to break
if surf or currents batter bones against rocks or
other hard surfaces (Haglund and Sorg, 2002; Stu-
art and Ueland, 2017).

Bone porosity also influences the decomposi-
tion of bone mineral. The more porous a portion of
bone is, the more easily water flows through its
VCN (Hedges and Millard, 1995). Hence, the more
of its internal surface area is exposed to destruc-
tive agents that water carries, and the faster its
bone mineral is dissolved by such agents (Jans et
al., 2004; Turner-Walker, 2008; Kendall et al.,
2018). The VCN of a bone makes it very porous to
begin with, even in the compact (Haversian) bone
of its exterior. The spongy bone of its interior is
even more porous. Therefore, if a bone is broken
so that its interior is exposed, bone mineral decom-
poses faster in its spongy interior than in its com-
pact exterior (Colleary et al., 2021). Decomposition
of bone mineral is also accelerated after destruc-
tive agents have increased its porosity. For exam-
ple, the tunnels that bacteria and fungi bore
through bone mineral constitute an increase in
porosity and accelerate its decomposition (Jans et
al., 2004; Kendall et al., 2018).

Another process that increases a bone’s
porosity is the decomposition of CBM. When the
CBM between bone mineral crystals is removed by
decomposition, that removal creates more space
(hence more porosity) for water and destructive
agents to enter. Exposure to water also causes the
remaining CBM to swell, cracking the bone, which
creates new avenues for invasion of the bone min-
eral by destructive agents (Pfretzschner, 2016).
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Bone Mineral: Factors Promoting Preservation

In buried bone, certain factors promote the
preservation of bone mineral beyond the initial
post-burial period of two years. Such factors
include alkaline soil, the presence of sand or
organic material or calcium carbonate in the soil,
extreme cold, and anaerobic conditions (Janaway
1997; Nord et al., 2015; Piombino-Mascali et al.,
2017; Junkins and Carter, 2017). The presence of
bactericidal metals such as copper, manganese,
and/or iron in the soil confers further protection
(Schultz, 2001) (Figure 5). Other factors that pro-
mote bone mineral preservation are large bone
size, tubular bone shape (Janaway, 1997; Berna et
al., 2004), deep burial (which usually leads to
exposure to colder temperatures), and burial in a
coffin (Nord et al., 2015). In non-human animals,
which do not bury their dead, scavenging protects
bones from invasion by gut bacteria, because
scavenging results in dismemberment that sepa-
rates bones from the gut and from blood vessels
through which gut bacteria could invade (Trueman
and Martill, 2002). In addition, the framework of
collagen around the bone mineral in bone matrix
provides a physical barrier that protects bone min-
eral from water, which would otherwise slowly dis-
solve it (Trueman and Martill, 2002). Of course,
that protection only lasts as long as the collagen
does. However, collagen is a very long-lasting pro-
tein (see the section on CBM preservation, below).

Over the long term, preserved bone mineral
undergoes diagenesis. Such diagenesis continues
through time, so as a general rule, fossil bone min-
eral is more extensively altered than archaeologi-
cal bone mineral (Trueman, 1999; Berna et al.,
2004). A fraction of bone mineral retains its original
elemental composition even in fossil bone, but that
fraction decreases through time (Goodwin et al.,
2007).

When osteocytes decay away, they leave
behind empty voids in lacunae and canaliculi. Like-
wise, when blood vessels in bone decay away,
they leave behind empty voids in the vascular
canals that had housed them. The infilling of such
voids with minerals is called permineralization.
Under some conditions, bacteria accomplish per-
mineralization. Into the voids, such bacteria may
precipitate calcite (a form of CaCOg) (Carpenter,
2005) or pyrite (FeS,) (Wings, 2004). The decom-
position of bone collagen, which releases sulfide
ions (S-2), can be a second source of permineral-
ization. This causes iron sulfides such as pyrite to
precipitate onto the surfaces of voids and cracks



(Pfretzschner, 2004). After the initial microbial
phase of diagenesis has taken place, a third
means of permineralization occurs: the precipita-
tion of ions dissolved in water that percolates
through the VCN. Such precipitation may deposit
calcite, other carbonates, pyrite, siderite (FeCO3),
kutnohorite (Ca(Mn,Mg)(CO3),), barite (BaSQOy),
pyrolusite (MnO,), or other minerals in the voids
(Pfretzschner, 2004; Wings, 2004; Pfretzschner
and Tuatken, 2011). Partial permineralization of
VCN may be present in archaeological bone as
young as 2000-7000 years (Duffett Carlson et al.,
2022; Mandl et al., 2022). Experimentation shows
that in a natural setting, artificially sliced bone
cubes can undergo permineralization within a few
weeks (Daniel and Chin, 2010).

Permineralization contributes to bone mineral
preservation by decreasing the bone’s porosity
(Kendall et al., 2018) and blocking destructive
agents from entering the VCN. Permineralization
may also occur in the spaces that collagen break-
down creates within the matrix (Hubert et al., 1996;
Trueman et al., 2008) and that bioerosion has cre-
ated before it is halted (Trueman and Martill, 2002),
filling such spaces and thereby further decreasing
porosity and inhibiting the entry of destructive
agents (Trueman et al., 2008). Additional similar
protection can be provided by encrustation, the
precipitation of minerals onto the external surfaces
of bones and onto the surfaces of cracks in the
bone when ions in groundwater precipitate out of
solution.

Another diagenetic change in bone mineral is
recrystallization, in which bone mineral exchanges
ions with groundwater as the groundwater perco-
lates through the VCN (Trueman et al., 2008;
Senter, 2020) (Figure 6). Fluorination is one such
change that promotes long-term preservation. It
occurs when hydroxide ions in bone mineral are
exchanged for fluoride (F-) ions, converting bone
mineral into francolite (Cas(PQO4,CO3)F) and later
into fluoroapatite (also spelled fluorapatite)
(Cag(PO4)F). The fluorination of bone mineral
increases the size of its crystals (Figure 6), provid-
ing the mineral with greater stability through time
(Berna et al., 2004; Kocsis et al., 2010; Kendall et
al., 2018) and reducing the porosity of the bone
(Trueman, 1999).

Recrystallization of bone mineral may also
include the replacement of its calcium ions with
ions of sodium (Na*), strontium (Sr*2), magnesium
(Mg*2), uranium (U*4), or rare earth elements such
as scandium, yttrium, lanthanum, and ytterbium
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(Pfretzschner, 2004; Trueman et al., 2008; Ulimann
et al.,, 2021, 2022); the replacement of its phos-
phate ions with carbonate, orthosilicate (SiO44), or
hydrogen phosphate (HPO42) ions, or with metal
hydroxides that may subsequently become metal
oxides (Pfretzschner, 2004; Trueman et al., 2008);
and the replacement of its hydroxide ions with chlo-
ride (CI-) or carbonate ions (Trueman, 1999). In
carbonate-rich water, replacement of bone phos-
phate by carbonate is increased and can result in
replacement of most of the bone phosphate with
carbonate (Fernandez-Jalvo et al., 2016). Recrys-
tallization proceeds inward from the external sur-
face of a bone, and if water has entered the bone’s
medullary cavity, then recrystallization also pro-
ceeds outward from within the bone (Ullmann et
al., 2022). The fluorination of fossil bone confers
high stability that slows down recrystallization but
does not stop it (Berna et al., 2004; Kocsis et al.,
2010; Kendall et al., 2018), and recrystallization
continues to occur late in the existence of a fossil
bone (Kocsis et al., 2010; Piga et al., 2013; Suarez
and Passey, 2014; Keenan et al., 2015).

If cracking occurs early in digenesis, it facili-
tates the entry of agents that are destructive to
bone mineral. However, if it occurs later, after the
initial microbial decomposition stage has taken
place, cracking can contribute to preservation by
increasing the rate and spread of permineraliza-
tion, encrustation, and recrystallization
(Pfretzschner and Tutken, 2011; Pokines et al.,
2018). Cracking is facilitated by wet-dry cycles and
freeze-thaw cycles in sufficiently moist conditions,
especially on exposed bone surfaces (Pokines et
al., 2018). It is also facilitated in arid environments
as the bone dries out (Pfretzschner and Tutken,
2011).

Blood Vessels: Factors Promoting
Decomposition

Soft tissue decomposition tends to occur in
three stages: autolysis, then putrefaction, then
decay. Autolysis is the self-destruction of cells that
occurs shortly after death, when hypoxia and
changes in pH cause breakdown of the mem-
branes of lysosomes (Piombino-Mascali et al.,
2017). Lysosomes are organelles that contain
digestive enzymes that are used in vivo to break
down worn out organelles and other damaged
structures within cells. In autolysis, their digestive
enzymes are released and break down various
parts of the cell. Putrefaction occurs as anaerobic
bacteria digest tissues and produce gaseous
wastes that cause bloating. During subsequent
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FIGURE 6. Recrystallization of bone mineral. Note that through geologic time, the crystallite has become enlarged,
and many of its original ions have been replaced by other ions from groundwater. Here, ions are not shown to scale
with respect to each other or to the size of the crystallite. For details on relative abundances of the various ions in fos-
sil bone, see Hubert et al. (1996); Kiseleva et al. (2019); Uliman et al. (2021); Schroeter et al. (2022); and Ullmann et

al. (2022). REE = rare earth elements.

decay, cells and soft tissues are consumed by abi-
otic factors and aerobic organisms, including
insects and other arthropods (Piombino-Mascali et
al., 2017; Junkins and Carter, 2017). For cells and
soft tissues to be preserved, these stages of
decomposition must be arrested or slowed.

Much ink has been spilled on factors promot-
ing the decomposition of soft tissues after death
(Galloway et al., 1989; Bass, 1997; Galloway,
1997; Gill-King, 1997; Janaway, 1997; Forbes et
al., 2017; Piombino-Mascali et al., 2017; Junkins
and Carter, 2017; Stuart and Ueland, 2017). How-
ever, such studies typically focus on soft tissues
outside bone. The literature search for this study
uncovered no studies outside the literature of pale-
ontology that specifically tackled the question of
whether there are factors that influence the speed
of decomposition of blood vessels within bone.
Outside bone, factors that increase the speed of
decomposition of soft tissues include non-burial,
alkaline pH, high temperature, moisture, and the
presence of other decomposing organic matter
(Galloway et al., 1989; Galloway, 1997; Gill-King,
1997; Janaway, 1997; Forbes et al., 2017; Piom-
bino-Mascali et al., 2017; Junkins and Carter,
2017).

After death, the blood vessels and blood cells
in bone can succumb quickly to microbial attack.
As | have personally observed, the interior of a
bone that remains on the surface of the ground can
lose its blood vessels and their contents within a
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few months or years after death. Even in human
bones protected by burial, blood vessels and red
and white blood cells can decay completely away
within 200 years (Graf, 1949), and those that sur-
vive longer usually decay completely away within a
millennium, in the absence of further protective fac-
tors (Lengyel, 1968).

Blood Vessels: Factors Promoting Preservation

Factors that slow the decomposition of soft
tissues outside bone include acidic pH, low tem-
peratures, burial (especially deep burial, which
exposes the body to lower temperatures), dryness,
sandy sediment (which promotes bodily dessica-
tion), anaerobic conditions (which occur, for exam-
ple, in deep water), and salt water (Galloway et al.,
1989; Gill-King, 1997; Janaway, 1997; Forbes et
al., 2017; Piombino-Mascali et al., 2017; Junkins
and Carter, 2017; Stuart and Ueland, 2017). It is
plausible that decomposition of cells and soft tis-
sues within bone is slowed by the same set of fac-
tors that slow the decomposition of soft tissues
outside bone, but this has yet to be demonstrated
with certainty.

It is important to note that the factors that slow
decomposition usually do not prevent soft tissue
decomposition altogether. A body is usually skele-
tonized within a few months (Galloway et al., 1989;
Bass, 1997; Galloway, 1997)—albeit at a reduced
speed—even in a dry, cold environment, whether it
is buried or not (Galloway et al., 1989; Galloway,



1997). Long-term preservation of soft tissues
therefore requires shielding them from destructive
factors that are present even in cold soil. Similarly,
water can have a preservative effect if it is cold,
salty, and anaerobic (in the deep sea, for example),
but under other conditions, water is destructive to
soft tissues, because it is a medium that can con-
duct microbes that consume soft tissues. Long-
term preservation of soft tissues therefore requires
shielding them from incoming water.

Preserved blood vessels in bone from arid
sites in North America have been reported, but
without details on the ages of the bones in question
(Stout and Teitelbaum, 1976). Aridity may be a pre-
servative factor that contributed to the preservation
of blood vessels in these cases. In another case, a
small artery was preserved in a Haversian canal in
bone from a skeleton from the Viking age (c. 900-
1200 years old) of Sweden (Graf, 1949). Little else
has been written on preserved blood vessels in
archaeological bone.

In fossil bone, preserved blood vessels are
known in bone from fluvial (e.g., Schweitzer et al.,
2007; Armitage and Anderson, 2013; Ullmann et
al., 2019; Schroeter et al., 2022), estuarine (e.g.,
Schweitzer et al., 2005), and marine (e.g., Surmik
et al.,, 2016; Voegele et al., 2022) depositional
paleoenvironments. Because such paleoenviron-
ments were aquatic, aridity is implausible as the
initial factor promoting the preservation of the
blood vessels. Consequently, some other protec-
tive factor must have been present. Protective fac-
tors other than aridity that can shield a bone from
incoming water include burial in a fine-grained sed-
iment with low permeability, rapid mineral cementa-
tion of sediment around the bone, rapid
encasement in a mineral concretion, and blockage
of the bone’s external pores (Peterson et al., 2010;
Plet et al., 2017; Ullmann et al., 2019, 2021, 2022).
Protective blockage of a bone’s external pores can
occur if mineralized bacterial biofilms fill the pores
soon after death (Peterson et al., 2010). With such
blockage in place, microbes cannot enter the VCN
and therefore cannot degrade the blood vessels
and osteocytes that the VCN houses (Figure 5).
Likewise, external water cannot enter the VCN,
where it would otherwise cause damage by hydro-
lysis or by conducting other destructive factors into
the bone’s interior. Encasement in a mineral con-
cretion is often a result of initial decomposition, but
it then prevents the entry of water and microbes
into the VCN of a bone and thereby inhibits further
decomposition. Different chemical environments
produce concretions of different minerals. Organic
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decomposition releases bicarbonate (HCO3-), and
if the bicarbonate reacts with calcium ions in the
pore water of deep-sea clay or silt, the concretion
that forms is calcite (CaCOj3) (Yoshida et al., 2018).
If the release of bicarbonate occurs in a zone of
sulfate reduction and methanogenesis on the sea-
floor, the concretion that forms is dolomite
(CaMg(COg3),) (Muramiya et al.,, 2020). If the
organic decomposition occurs in an anoxic or dys-
oxic, iron-rich sediment on the ocean floor, the con-
cretion that forms is siderite (FeCOs3) (Trzesiok et
al., 2014). If the organic decomposition occurs in a
calcareous sediment in which the pore water is rich
with silica (SiO,), the lowering of the pH by organic
decomposition lowers the solubility of the silica,
generating a silica concretion (Yoshida et al.,
2021). Where iron-carrying water meets oxygen-
ated groundwater, the concretion that forms is an
iron oxide (such as hematite) or an iron oxyhydrox-
ide (such as goethite) (Chan et al., 2007; Parry,
2011). If decomposing organic matter hosts sul-
fate-reducing bacteria in a freshwater or marine
environment that is rich in ferrous sulfide (FeS), the
bacteria produce hydrogen sulfide (H,S), which

reacts with FeS to coat the decomposing organic
matter with a layer of pyrite (FeS,) (Schoonen,
2004).

Experimental evidence shows that the break-
down of hemoglobin (Hb) may generate Fenton
reactions that contribute to long-term preservation
of blood vessels. In an experiment reported in 2014
(Schweitzer et al., 2014), hereafter called the
Ostrich Hb Experiment, researchers extracted
blood vessels from ostrich bone and soaked them
in liquid for two years. The control samples were
soaked in water or phosphate buffered saline, in
each case with some samples oxygenated and
others deoxygenated. The experimental samples
were soaked in a solution of Hb, with some sam-
ples oxygenated and others deoxygenated. Within
weeks, microbial action almost completely con-
sumed the blood vessels in the control samples.
After two years, some blood vessels in the control
samples had escaped complete destruction but
were nonetheless degraded, collapsed, and
invaded by fungi. In contrast, the blood vessels in
the experimental samples were still free of micro-
bial invasion after two years. They were much
more intact than the remaining vessels in the con-
trol samples, with no collapse or fungal invasion if
oxygenated, and little of either if deoxygenated.
Additionally, the blood vessels in the experimental
samples were infused with iron oxyhydroxide
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(FeO(OH)) (Schweitzer et al., 2014), an iron oxide
precursor (Chan et al., 2007).

In the same report, the researchers presented
a hypothesis as to the mechanism by which Hb
contributes to the long-term preservation of blood
vessels in fossil bone, based on the following facts
that were already known. When red blood cells
break down, the Hb that they contain is released.
When that Hb breaks down, the iron that it contains
is liberated (Balla et al., 2005, 2007). When iron
contacts hydrogen peroxide, the Fenton reaction
occurs, generating hydroxyl radicals, which are
known to generate cross-links between adjacent
proteins, making them more resistant to break-
down (Dunlop et al., 2002; Xiong et al., 2010; Li et
al., 2012; Zhang et al., 2021; Lei et al., 2022). Put-
ting these facts together with their experimental
results, the researchers hypothesized that in the
fossil bones with preserved blood vessels, the rup-
ture of decomposing red blood cells had released
Hb, which induced Fenton reactions. When the Hb
broke down, the released iron had reacted with
hydrogen peroxide from decomposing cells, gener-
ating hydroxyl radicals that generated cross-links
between adjacent collagen molecules in the blood
vessel walls, thus making them resistant to decom-
position (Schweitzer et al., 2014) (Figure 5). In sub-
sequent studies, the spectroscopic properties of
the collagen cross-links in blood vessels in Meso-
zoic reptile bone confirmed that Fenton chemistry
and iron had been involved in the cross-linking
(Surmik et al.,, 2016; Boatman et al., 2019).
Although Fenton reactions can damage biomole-
cules, that damage is minimized in the presence of
collagen, which scavenges hydroxyl radicals (Xiao
et al., 2007) and inhibits lipid peroxidation of the
PUFAs of phospholipids (He et al., 2002). The
PUFAs, in turn, provide further protection by scav-
enging hydroxyl radicals (Lipinksi, 2011). The pro-
tection afforded by collagen and PUFAs plausibly
would have allowed Fenton reactions to generate
tissue-stabilizing cross-links and iron oxide precipi-
tates without completely destroying the altered bio-
molecules.

As with bone mineral, preserved blood ves-
sels undergo diagenesis after death. In fossil bone,
if blood vessels are preserved, their diagenetic
changes include the chemical signatures of Fenton
reactions. For example, blood vessels preserved in
fossil bone are usually enriched in iron (Schweitzer
et al.,, 2014; Cadena, 2016; Lee et al., 2017; Ull-
mann et al., 2019), although there are exceptions
(Cadena, 2020). This is due to infusion and coating
with iron oxides such as hematite (alpha-Fe;O3)
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and the iron oxide precursor iron oxyhydroxide, the
latter of which is present both in the crystalline form
goethite and an amorphous form (Lindgren et al.,
2011; Schweitzer et al., 2014; Surmik et al., 2016;
Lee et al., 2017; Ullmann et al., 2019; Boatman et
al., 2019). In some cases, the collagen that makes
up part of the blood vessel wall is preserved (Paw-
licki, 1966; Cadena, 2016; Boatman et al., 2019),
although it is diagenetically altered in that the num-
ber of cross-links has increased (Boatman et al.,
2019) (see the section on CBM preservation,
below), and endothelial cells are preserved in
some cases (Pawlicki and Nowogrodzka-
Zagoriska, 1998). In other cases, most of the
organic matter has decayed away, leaving behind
the iron oxide that had infused and coated the
blood vessels and which retains the shapes of the
vessels (Lindgren et al., 2011).

It is probable that the Fenton reactions that
stabilize cells and soft tissues within bone occur
early during diagenesis, because their occurrence
appears to be tied to conditions that exist early in
the postmortem history of the bone. One such con-
dition is deposition in an oxidizing environment
(such as fluvial, lacustrine, and shallow marine
sediments). Evidence of Fenton reactions in fossil
bone comes mainly from fossils from depositional
environments that were oxidizing at the time of
deposition (Wiemann et al., 2018; Ullmann et al.,
2021, 2022). Another condition to which Fenton
reactions appear to be tied is an initial prevention
of groundwater from percolating through the VCN,
which might otherwise disrupt Fenton reactions.
Factors that confer such prevention include burial
in a fine-grained sediment with low permeability,
rapid mineral cementation of sediment around the
bone, and/or rapid encasement in a mineral con-
cretion (Plet et al.,, 2017; Ullmann et al., 2019,
2021, 2022). Concretions around decomposing
organic matter tend to form during early diagenesis
(Trzesiok et al., 2014; Yoshida et al., 2018; Mur-
amiya et al., 2020). In addition, Fenton reactions
occurred within the two-year time frame of the
Ostrich Hb Experiment (Schweitzer et al., 2014).
This suite of factors suggests that when Fenton
reactions stabilize cells and soft tissues within
bone, it happens early in diagenesis.

In addition to Hb, ferritin is another plausible
source of the iron in the iron oxides that infuse and
coat the preserved blood vessels in fossil bone.
The presence of superoxide radicals (O5 ") can
cause ferritin to release the iron that is sequestered
in its core (McCord, 1998). Ferritin is produced by
osteocytes (Spanner et al., 1995; Li et al., 2018)



and by the endothelial cells (Balla et al., 2005,
2007) and smooth muscle cells (Zarjou et al.,
2009) of blood vessels. Its production therefore
occurs in locations consistent with ferritin as the
source of the iron in the iron oxides that infuse and
coat blood vessels within fossil bone. It is also pos-
sible that at least some of these iron oxides derive
directly from ferritin cores. The iron-sequestering
cores of ferritin molecules contain the mineral ferri-
hydrite (a form of iron oxyhydroxide), which is
known to form goethite when dissolved and hema-
tite during dehydration (Gutiérrez et al., 2009).
Intracellular and extracellular deposits of goethite
and hematite, apparently from ferritin cores, form in
vertebrate tissues undergoing iron overload in vivo
(Gutiérrez et al., 2009).

The literature search for this review uncov-
ered numerous reports of preserved blood vessels
in fossil bone (Pawlicki, 1966; Pawlicki and
Nowogrodzka-Zagoriska, 1998; Schweitzer et al.,
2005, 2007, 2014, 2016; Peterson et al., 2010;
Armitage and Anderson, 2013; Armitage, 2015,
2016; Cadena, 2016; Surmik et al., 2016; Wie-
mann et al., 2018; Boatman et el., 2019; Kiseleva
et al., 2019; Ullmann et al., 2019; Cadena et al.,
2020; Armitage and Solliday, 2020; Bailleul and
Zhou, 2021; Barker et al., 2021; Schroeter et al.,
2022; Voegele et al., 2022) but few on preserved
blood vessels in archaeological bone (Graf, 1949;
Stout and Teitelbaum, 1976). The researchers
reporting on archaeological bone did not test for
signs of iron oxide or Fenton reactions in the blood
vessels. It is possible that the dearth of reports of
preserved blood vessels in archaeological bone is
due to a dearth of researchers looking for blood
vessels therein. However, it is also possible that
the dearth of reports of preserved blood vessels in
archaeological bone is not an artifact but rep-
resents a real lack of such preservation in the
bones in question. This, in turn, may be because
cellular and soft tissue stabilization by Fenton reac-
tions did not occur in the studied archaeological
bone. A plausible explanation for this is that most
studies of archaeological bone focus on human
bones, which tend to have been subjected to funer-
ary burials. Humans usually do not bury their dead
beneath river, lake, or ocean sediments, whereas
such sediments tend to be the ones that entomb
the fossils of non-human vertebrates. The initial
conditions that bones undergo are therefore usu-
ally very different for fossil bones with preserved
cells and soft tissues than they are for most of the
archaeological bones that have been studied.
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Blood Cells and Plasma Proteins: Factors
Promoting Decomposition

The literature search for this study did not
uncover studies on factors promoting the decom-
position of blood cells and plasma proteins in bone.
It is plausible that the same factors that promote
the decomposition of blood vessels in bone also
promote the decomposition of their contents.

Blood Cells and Plasma Proteins: Factors
Promoting Preservation

Few examples of blood cells are reported
from archaeological bone. In one case, red blood
cells were preserved in the marrow cavity of a
human vertebra between 400 and 700 years old,
from southwestern North America (Stout and
Teitelbaum, 1976). It is possible that the local arid-
ity was an initial preservative factor that contributed
to the preservation of blood cells in that case. In
another case, bone marrow cells were preserved in
bone from a skeleton from the Viking age of Swe-
den, as were red blood cells in one of its Haversian
canals (Graf, 1949). In another set of cases, red
and white blood cells were preserved in the mar-
row cavities of human bones from Kuwait that were
approximately 2200 years old. Aridity cannot have
been a preservative factor, because the area had
become arid only since the 1950s (Maat, 1991,
1993). Anoxic conditions and a low burial tempera-
ture may have contributed to blood cell preserva-
tion in the bones from Kuwait (Maat, 1991, 1993).
The author of the report further hypothesized that
infusion with minerals from groundwater had con-
tributed to the cells’ preservation, but he did not
confirm the presence of minerals with chemical
tests.

To date, there are no undisputed reports of
blood cells in fossil bone. Several examples of
putative blood cells in fossil bone have been
reported (Pawlicki and Nowogrodzka-Zagoriska,
1998; Yao et al.,, 2002; Schweitzer et al., 2005,
2007; Armitage and Anderson, 2013; Armitage,
2015, 2016; Kiseleva et al., 2019), but their identifi-
cation as blood cells is questionable (Saitta et al.,
2017; Korneisel et al., 2021; this paper: see the
section on Misconception 10, below).

Proteins that are normally found in blood
plasma have been identified in archaeological and
fossil bone. Albumin has been identified in archae-
ological bone 300—4200 years old (Cattaneo et al.,
1990, 1992a, b; Sawafuji et al., 2017) and in
archaeological and Pleistocene bone from an array
of sites with ages between 4000 and 900,000
years (Tuross, 1989; Montgelard, 1992; Wad-

17



SENTER: SOFT TISSUES IN FOSSIL BONE

sworth and Buckley, 2014). Although albumin is a
component of blood plasma, it is also produced by
osteoblasts and bone marrow cells (Ishida et al.,
2004) and is incorporated into bone matrix (Owen
and Triffitt, 1976), where it binds to bone mineral
(Clarke, 2008). It is therefore possible that the
albumin in archaeological and fossil bone is from
bone matrix, rather than from blood plasma. If so,
its entrapment in (and protection by) bone matrix
may contribute to its long-term preservation (Wad-
sworth and Buckley, 2014).

Archaeological bone has also tested positive
for plasma proteins involved in coagulation. Such
proteins include coagulation factor X in bones as
old as 6000 years, and prothrombin, fibrinogen,
and coagulation factors VIl and IX in bones as old
as 20,000-60,000 years (Wadsworth and Buckley,
2014). In the latter cases, cold appears to have
been a major factor in the survival of the proteins
for > 20,000 years, because cold is conducive to
cellular and soft tissue preservation, and the bones
in question were from sediments beneath the cold
North Sea (Wadsworth and Buckley, 2014).

Other plasma proteins from archaeological
bone include immunoglobulin G in bones as old as
1490-1540 years (Cattaneo et al., 1992b) and
alkaline phosphatase in bones as old as 100,000
years (Weser et al., 1996). In addition to plasma
proteins, Hb has been identified in archaeological
bone as young as 800-1900 years and as old as
4000-4500 years (Ascenzi et al., 1985; Smith and
Wilson, 1990). The number of plasma proteins that
can be recovered from archaeological and young
fossil bone decreases with increasing age, as does
the amount of each protein that is recovered from
the bone (Ascenzi et al., 1985; Cattaneo et al.,
1992a, b; Weser et al.,, 1996; Wadsworth and
Buckley, 2014). This suggests that even after
favorable conditions have allowed a plasma protein
to last longer than usual, it may become subject to
decay if conditions conducive to its decay subse-
quently arise.

Plasma proteins are expected to be present in
bone canaliculi, because canaliculi conduct materi-
als from blood plasma (Feng et al., 2006). Unlike
vascular canals, canaliculi are too narrow for most
bacteria to enter. Plasma proteins within canaliculi
may therefore survive the microbial decomposition
stage of bone decomposition, even after blood ves-
sels have succumbed to it. Bone canaliculi are
about 0.1 pm in diameter (Fritton and Weinbaum,
2009). Although bacteria as small as 0.02 ym are
known (Velimirov, 2001), most bacteria are 0.2-5
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pum (Levinson et al., 2020), too large to enter bone
canaliculi.

Osteocytes: Factors Promoting Decomposition

Like blood vessels, osteocytes deteriorate
faster than CBM and can decay completely away
within 200 years (Graf, 1949). In the absence of
protective factors, osteocytes that survive longer
usually decay completely away within a millennium
(Lengyel, 1968). Preserved osteocytes were
absent in bone from a skeleton from Viking age
Sweden, despite that marrow cells, red blood cells,
and an artery were preserved in bone from the
same individual (Graf, 1949). Bones of three Egyp-
tian mummies 2500-3500 years old were devoid of
preserved osteocytes (Graf, 1949), despite the arid
environment that is expected to have discouraged
microbial decomposition. Little else has been pub-
lished on preserved osteocytes in archaeological
bone.

Osteocytes and Chondrocytes: Factors
Promoting Preservation

As mentioned above, osteocytes are pro-
tected from microbial degradation by the small size
of the canaliculi, which are too narrow for most
bacteria to enter, which means that most bacteria
cannot reach osteocytes. Nevertheless, to be pre-
served, osteocytes must avoid destruction during
autolysis and during the abiotic phase of bone
decomposition that occurs after the initial microbial
phase.

Osteocytes that are preserved in fossil bone
are iron-rich (Pawlicki, 1995; Schweitzer et al.,
2013, 2014; Cadena, 2016, 2020; Ulimann et al.,
2019; Surmik et al., 2021). One pair of researchers
suggested that preserved osteocytes in a Tricer-
atops horn core lacked the ruffled borders that one
would expect from iron nanoparticles (Armitage
and Anderson, 2014), but they did not chemically
test for the presence of iron, whereas researchers
who did test osteocytes in Mesozoic bone for the
presence of iron found it in abundance (Pawlicki,
1995; Schweitzer et al., 2013, 214; Cadena, 2016,
2020; Ullmann et al., 2019; Surmik et al., 2021). In
at least one case of Mesozoic fossil bone, hematite
is present in the lacunae housing the preserved
osteocytes, even though their canaliculi are
blocked by carbonate infills (Lee et al., 2017). In
another case, the large amount of iron oxide is
inconsistent with exogenous origin (Surmik et al.,
2021). These cases indicate that the source of the
iron is endogenous. This is consistent with the
hypothesis that the iron in the preserved osteo-



cytes and the iron oxide that surrounds them are
derived from iron-associated proteins such as ferri-
tin, which is produced by osteocytes (Spanner et
al., 1995; Li et al., 2018). As with blood vessels, it
is plausible that this iron contributed to the preser-
vation of the osteocytes, via Fenton reactions.

Iron and iron oxides have also been found to
coat and infuse chondrocytes and cartilage matrix
in the articular cartilage of a dinosaur specimen
(Zheng et al., 2021). Although the researchers who
reported the discovery hypothesized that the iron
percolated in from groundwater, it is also possible
that the iron is endogenous and came from ferritin,
which is known to be present in chondrocytes
(Khan et al., 2000) and in the synovial fluid adja-
cent to articular cartilages (Cai et al., 2022). It is
plausible that the iron in this case did not come
from Hb in red blood cells, because cartilage matrix
lacks blood vessels. In two Cretaceous bird fossils,
preserved chondrocytes were infused with alumi-
num and silica, rather than iron (Bailleul and Zhou,
2021). This suggests that metals other than iron
may be involved in cellular and soft tissue preser-
vation in some cases.

Micropetrosis, the infilling of osteocyte lacu-
nae with bone mineral during an organism’s life,
has been described as fossilization in vivo (Bell et
al., 2008). Uncommon in young and healthy bones,
its frequency increases with old age and in cases
of osteoporosis (Carpentier et al., 2012). The
plasma membrane, nuclear material, and cytoskel-
eton of a micropetrotic osteocyte can survive for
over 400 years after death. However, in all known
examples of micropetrotic lacunae in fossil bones,
the organic components of the osteocytes have
decayed away and have been replaced by mineral
bodies with the shapes of the cells (Carpentier et
al., 2012). In such cases, the cells themselves can-
not be said to have fossilized, because they did not
survive into the fossil record. However, because
micropetrosis contributes to the formation of min-
eral casts of osteocytes, and because a mineral
cast of all or part of an organism is considered a
category of fossil (Prothero, 2013), it is correct to
say that micropetrosis contributes to fossilization in
that it produces mineral casts of osteocytes.

CBM: Factors Promoting Decomposition

Bone collagen is vulnerable to microbial
attack, and its preservation requires protection
from such attack. A watery environment without
special protective factors facilitates microbial
action and is therefore a factor that promotes colla-
gen decomposition. Small bone size is another
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such factor. In a watery environment without spe-
cial protective factors, microbial action completely
eliminates the CBM of small bones such as those
of rodents within a few months (Pfretzschner,
2004). In larger bones, such as those of humans,
microbes in watery environments consume the
CBM around the periphery of a bone within a few
months, whereas CBM in the interior of the bone
outlasts the initial microbial phase of post-mortem
bone alteration (Pfretzschner, 2004). However, in a
watery environment, after the initial microbial
phase of decomposition, the CBM in the interior of
a large bone undergoes an abiotic decomposition
phase in which water breaks down the CBM by
hydrolysis (Pfretzschner, 2004). During this phase,
the influx of water causes CBM to swell, generating
cracks in the bone that admit more water, which
keeps the process going (Pfretzschner, 2004). In
some large fossil bones, CBM has decayed com-
pletely away (Saitta et al., 2019; Suarez and Kohn,
2020), and processes such as these may be
responsible for its disappearance.

In environments that are not saturated with
water, mineralized collagen such as CBM is pro-
tected from hydrolysis by its intimate association
with bone mineral (Trueman and Martill, 2002). In
such environments, microbial activity may be nec-
essary for hydrolysis of CBM to occur. However,
microbes tend to require water and tend not to gain
access to the CBM without it (Trueman and Martill,
2002). Thus, in an arid environment without
groundwater, CBM may survive for millennia, even
in the absence of further protective factors.

However, no bone that survives long enough
to enter the fossil record has completely escaped
exposure to groundwater, because on a scale of
millennia, aridity is temporary. Even the areas that
are now occupied by major deserts were rainy ear-
lier in the Holocene. For example, according to
radiometric dates, such was the case for the area
now occupied by the Gobi Desert as recently as
2000 years ago (Rosen et al., 2019), the Chihua-
huan Desert 4000 years ago (Castiglia and Faw-
cett, 2006), the Sahara Desert 5000 years ago
(Tierney et al., 2017), the Patagonian Desert 5200
years ago (lglesias et al., 2011), the Arabian Des-
ert 6000 years ago (Petraglia et al., 2020), the
Great Basin 8000 years ago (Steponaitis et al.,
2015), and the Colorado Plateau 10,000 years ago
(Louderback et al., 2020). Patterns of recrystalliza-
tion, in which ions in bone mineral are exchanged
for ions in groundwater, demonstrate that ground-
water can penetrate the VCN of buried bone (True-
man et al., 2008; Ullmann et al., 2021, 2022),
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which can then conduct the water to internal CBM,
unless the bone is protected from the influx of
water, for example by permineralization or an
external mineral concretion.

Collagen breakdown is accelerated in envi-
ronments that are hotter, extremely acidic, or
extremely basic, and around cracks in bone (Kend-
all et al.,, 2018). It also occurs when collagen is
exposed to hydroxyl ions (OH-), although the
hydroxyl-mediated hydrolysis of collagen that is
protected by bone mineral is slower than that of
unmineralized collagen and is also slower than col-
lagen hydrolysis by collagenase enzymes such as
those that collagen-consuming microbes use
(Trueman and Martill, 2002).

CBM: Factors Promoting Preservation

Collagen is the most long-lasting of all pro-
teins (Wadsworth and Buckley, 2014). A major rea-
son for this is that cross-links confer long-term
stability upon organic molecules, and adjacent col-
lagen molecules readily form cross-links with each
other in vivo (Kendall et al., 2018; San Antonio et
al., 2011), both within and between collagen fibrils
(Veis, 2003; Sweeney et al., 2008; Alexander et al.,
2012). This cross-linking does not stop at death.
Instead, collagen continues to accumulate cross-
links post-mortem, contributing to the continuing
survival of collagen in bone long after death (Kend-
all et al., 2018). The bonds that collagen forms with
bone mineral appear to contribute further long-term
stability to both materials (Zazzo, 2014). The tightly
packed, triple helical structure of the collagen mol-
ecule provides additional stability (Kendall et al.,
2018). As a result of its stability, CBM may persist
in archaeological bone for centuries after blood
vessels and osteocytes have decayed away (Graf,
1949; Lengyel, 1968; Duffett Carlson et al., 2022;
Mandl et al., 2022).

Further protective factors for CBM include dry-
ness, extreme temperatures, and bactericidal met-
als. CBM can escape microbial decomposition in a
dry environment, if it undergoes dessication before
microbes can begin their attack (Trueman and Mar-
till, 2002). Extremely cold or hot temperatures also
inhibit microbial degradation of CBM, as does the
presence of bactericidal metals in sediments
entombing bones (Jans et al.,, 2004). In some
cases, preserved CBM in fossil bone is enriched in
iron (Ullmann et al., 2019), a bactericidal metal
(Schultz, 2001). In other cases, it is not (Cadena,
2016). Iron enrichment alone is therefore not suffi-
cient to explain the preservation of CBM in all
cases.
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Large bone size is another protective factor
for CBM. In human skeletal remains, decomposi-
tion of CBM during the initial microbial decomposi-
tion phase may be restricted to the external cortex
of a bone, due to its size (Pfretzschner, 2004). The
collagen in the internal cortex may escape the ini-
tial phase of decomposition but needs protection to
avoid decomposition during the following, hydro-
lytic phase of decomposition.

If mineralized bacterial biofilms fill the bone’s
external pores soon enough after death, this can
prevent water and microbes from entering the
VCN. The blockage protects the internal CBM from
microbial attack and from hydrolysis by groundwa-
ter (Peterson et al., 2010). Blockage of canaliculi
by the precipitation of endogenous iron can have a
similar protective effect (Lee et al., 2017). Such
processes are effective only if the bone is not frac-
tured post-mortem, because fracturing allows
destructive agents to bypass the blockages via
cracks in the bone (Peterson et al., 2010).

As with the other components of bone, CBM
undergoes diagenesis after death. Collagen in fos-
sil bone matrix includes AGEs (advanced glycation
end-products) (Wiemann et al., 2018; Boatman et
al., 2019) and ALEs (advanced lipoxidation end-
products) (Wiemann et al., 2018). AGEs are pro-
teins or lipids that have become covalently bonded
to monosaccharides (Goldin et al., 2006). ALEs are
proteins that have become covalently bonded to
reactive carbonyl species, which are products of
lipid peroxidation (Gianazza et al., 2019). AGEs
and ALEs are resistant to microbial digestion. In
the CBM of fossil bones, such modified collagen
molecules have also undergone a dramatic
increase in the number of cross-links, reinforcing
them further against breakdown and making them
hydrophobic and thus resistant to hydrolysis (Wie-
mann et al., 2018). Depositional environments that
are oxidizing (for example, fluvial, lacustrine, and
shallow marine sediments) encourage such cross-
linking, whereas depositional environments that
are reducing (for example, deep marine sediments)
discourage it (Wiemann et al., 2018). Conse-
quently, collagen-rich fossil bone is more charac-
teristic of oxidizing than reducing depositional
environments (Wiemann et al., 2018). However,
the preservation of cells and soft tissues in fossil
bone does not seem to be compromised by a
microenvironment within the bone that is oxidizing
at first and becomes reducing later (Ullmann et al.,
2022).

The AGEs, ALEs, and increased cross-linking
in fossil CBM are signs of Fenton reactions (Wie-



mann et al., 2018; Boatman et al., 2019). Another
sign of Fenton reactions is the presence of iron
oxide precipitates. Researchers have found such
precipitates in numerous examples of preserved
cells and soft tissue from fossil bones (Lindgren et
al.,, 2011; Schweitzer et al., 2014; Surmik et al.,
2016, 2021; Lee et al., 2017; Ullmann et al., 2019;
Boatman et al., 2019; Zheng et al., 2021). Further-
more, in fossil CBM, the connection between
cross-linking and oxidizing environments is consis-
tent with Fenton chemistry as a source of the
cross-linking.

Despite the protection that Fenton chemistry
confers via hydroxyl radical-mediated cross-links, it
is possible that some collagen breakdown may yet
occur. Reactions with hydroxyl radicals cause a
degree of unfolding of the main chain of the colla-
gen molecule (Xiao et al., 2007), which could con-
ceivably expose vulnerable parts of the molecule
that were previously protected by its three-dimen-
sional shape, leaving those parts exposed to
destructive agents later. This could explain how the
main chain of collagen in fossil CBM may have
undergone cleavage (San Antonio et al., 2011).
The intact amino acid sequences between the
breaks are those that are shielded by tight packing
between adjacent collagen molecules, those that
are hydrophobic and therefore resistant to hydroly-
sis, and those that have few acidic amino acids
(San Antonio et al., 2011).

Even in a degraded state, CBM is still recog-
nizable as collagen, even in bone far older than the
Holocene (Lengyel, 1968; Schweitzer et al., 2007;
Wadsworth and Buckley, 2014; Schroeter et al.,
2017). Despite the breaks in some of its amino acid
sequences in fossil bone, the amino acid
sequences that remain are recognizable as colla-
gen, and the relative abundances of the different
amino acids are typical of collagen (San Antonio et
al., 2011; Lindgren et al., 2011; Bertazzo et al.,
2015; Cleland et al., 2016; Surmik et al., 2016;
Schroeter et al., 2017; Boatman et al., 2019; Bail-
leul et al., 2020). Hydroxyl radicals generate cross-
links in collagen (Windhager et al., 1998), and even
after other destructive agents have fragmented the
collagen chain, the fragments may remain cross-
linked together, which undoubtedly contributes to
their preservation.

During CBM diagenesis, cross-links form not
only between adjacent collagen molecules but also
between collagen and incoming organic contami-
nants (van Klinken and Hedges, 1995). Organic
contaminants in archaeological and fossil bone can
come from soil or from invading algae, fungi, and
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other microbes (Colleary et al., 2021). Whether
cross-links with organic contaminants contribute to
the long-term preservation of CBM has not been
established.

Overview of the Post-Mortem Fate of Cells and
Soft Tissues in Bone: lllustrative Scenarios

As shown above, the fate of a bone and its
cells and soft tissues after death depends upon a
complex set of factors that at first glance is a bewil-
dering labyrinth of possibilities. Navigating that lab-
yrinth becomes easier if we consider a simplified
set of hypothetical examples, such as the follow-
ing. Note that numerous other scenarios and com-
binations of scenarios are possible than the few
that are given below.

Bone A is surrounded by soil that is acidic,
contains calcium aluminum phosphate, and is
porous and light. These abiotic factors cause the
bone mineral of Bone A to dissolve in the soil. As
the bone mineral dissolves, cracks in Bone A are
exploited by bone-consuming bacteria, fungi, and
plant roots. These invaders consume the bone
mineral and CBM of bone matrix, exposing more of
Bone A to destructive agents, which accelerates its
decomposition in the vicinity of the cracks. Bone A
vanishes before it can fossilize.

Bone B is surrounded by soil that is alkaline,
cold, and sandy, and contains calcium carbonate.
As a result, Bone B remains intact longer than
Bone A. After a thousand years, its blood vessels
and osteocytes have succumbed to decay, leaving
behind a relatively empty VCN, but the matrix of
Bone B remains intact. Over the next tens of thou-
sands of years, as groundwater percolates through
the VCN, it exchanges ions with those of the bone
mineral. The exchange of hydroxide ions in bone
mineral with fluoride from groundwater converts
the bone mineral into francolite and later into fluo-
roapatite, stabilizing it and enabling it to last yet
longer. Permineralization occurs as ions in ground-
water precipitate as mineral crystals onto the sur-
faces of the VCN, filling the voids and further
contributing to preservation by preventing the entry
of destructive agents later. Subsequent drying
(during freeze-thaw cycles, during wet-dry cycles,
or as a result of the local environment becoming
arid) generates cracks, which create more surfaces
on which minerals precipitate, contributing further
to long-term preservation. Bone B will last for mil-
lions of years after its blood vessels and their con-
tents have vanished.

Bone C is deposited in an oxidizing environ-
ment beneath sediment at the floor of a body of

21



SENTER: SOFT TISSUES IN FOSSIL BONE

water. Water and microbes invade the VCN of the
bone’s cortex and consume organic matter. As
they do, they increase the porosity of the bone,
allowing more water to enter. The entry of water
causes the collagen in the matrix of the bone’s cor-
tex to swell, which creates cracks in the cortex that
let in yet more water, accelerating the rate of colla-
gen destruction by hydrolysis even after the initial
microbial phase of decomposition has taken place.
If Bone C were tiny, these processes would con-
sume it before it had a chance to fossilize. How-
ever, Bone C is very large, and the destructive
processes are restricted to its external cortex. As
microbes in the VCN of the bone’s exterior precipi-
tate minerals that plug the VCN, they block both
themselves and water from entering further into the
bone. Deeper inside Bone C, iron is released as
the ferritin in its osteocytes and the endothelial lin-
ing of its blood vessels decomposes. The resulting
Fenton reactions split numerous organic molecules
and forge cross-links between their fragments,
enabling those fragments to remain intact. Further
Fenton reactions, generating further breakdown of
organic molecules and cross-linking between their
fragments, occurs as iron is released from decom-
posing heme that is liberated from decomposing
red blood cells. The release of iron also generates
a protective coating of iron oxyhydroxide over the
internal and external surfaces of the blood vessels
in Bone C, a coating that will later be converted into
iron oxide. Over time, cross-links accumulate
between collagen molecules in the CBM that was
shielded from the Fenton reactions by bone min-
eral, increasing its stability and its resistance to
hydrolysis. Millions of years later, the body of water
dries up. Freeze-thaw cycles and wet-dry cycles
generate cracks in the bone, allowing water into
the VCN. Where the coating of iron oxides over the
blood vessels is continuous, the vessels are
shielded from hydrolysis. Where it is interrupted,
the blood vessels succumb to decay as water and
other destructive agents arrive, leaving behind an
empty shell of iron oxides that maintains their
shape. Some collagen also succumbs to decay by
hydrolysis and other destructive agents, but such
decay is prevented where cross-links are particu-
larly abundant and where water has not entered
the adjacent VCN. As groundwater seeps through
some parts of the VCN, recrystallization and per-
mineralization take place in those parts of the bone
and contribute to its long-term preservation. As
Bone C illustrates, different magnitudes and modes
of cellular and soft tissue preservation can exist in
different parts of a bone, due to differences in
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microenvironment and diagenetic history in differ-
ent parts of the bone.

Bone D is covered in sediment at the floor of a
body of water. If the pore water in the sediment is
calcium-rich, a concretion of calcite forms around
Bone D, shielding its VCN from the entry of
destructive agents and allowing Fenton reactions
to preserve its osteocytes and blood vessels as
iron is released from decomposing ferritin and Hb.
The same occurs if the pore water is iron-rich and a
concretion of siderite forms around the bone, or if
the bone is located where iron-rich water and oxy-
genated groundwater meet and a concretion of iron
oxide forms around it. If the water is not rich in sub-
stances that facilitate concretions, then no concre-
tion forms around Bone D. Water invades its VCN,
and the organic matter in Bone D succumbs to
decomposition by microbial action and hydrolysis.
Over the years, the bone mineral slowly dissolves
in the water, unless it is protected by sufficiently
timely recrystallization and permineralization as
water percolates through its VCN.

MISCONCEPTIONS ABOUT CELLULAR AND
SOFT TISSUE PRESERVATION IN FOSSIL
BONE

Misconceptions 1-13 below were voiced in
science journals, including peer-reviewed journals
in most cases (Misconceptions 2—4 and 9-13).
Most of these misconceptions are rooted in the
YEC view (Misconceptions 1, 3-8, and 11-13),
although a few are not. Much YEC literature
opposes the hypothesis that Fenton chemistry is a
plausible explanation for the preservation of cells
and soft tissues in fossil bone through geologic
time (hereafter called the Fenton hypothesis,
abbreviated FH). Most of the arguments that are
presented to support such opposition are based on
misconceptions of Fenton chemistry.

Misconception 1: Fenton Reactions Would
Destroy More Soft Tissues Than They Preserve

Prominent among oft-repeated misconcep-
tions of Fenton chemistry is the misconception that
Fenton chemistry would destroy more soft tissue
and protein than it preserves. This misconception
was first voiced in YEC literature (DeMassa and
Boudreaux, 2015; Anderson, 2016a, 2017a, 2018),
then in a science journal (Armitage and Solliday,
2020).

Experimental data rebut this misconception.
Although collagen is affected by the hydroxyl radi-
cals that Fenton chemistry produces, it is not
destroyed by them. Reactions with hydroxyl radi-



cals alter some of the exposed functional groups of
the amino acids in collagen (Xiao et al., 2007),
remove the side chains of some amino acids (Haw-
kins and Davies, 1997), and cause a degree of
unfolding of the main chain of the collagen mole-
cule (Xiao et al., 2007). However, such reactions
do not cleave the main chain of collagen (Hawkins
and Davies, 1997). The collagen is therefore
altered but not destroyed. Furthermore, hydroxyl
radicals generate cross-links in collagen (Wind-
hager et al., 1998), thereby contributing to its long-
term preservation.

It is plausible that the unfolding of collagen’s
main chain exposes vulnerable parts of the mole-
cule that would otherwise have been protected by
the three-dimensional shape of the molecule leav-
ing those parts vulnerable to destructive agents
(see the section on CBM preservation, above).
However, fossil CBM is rich in cross-links (Wie-
mann et al., 2018; Boatman et al., 2019) that would
keep adjacent collagen fragments united if the col-
lagen were fragmented. In such a case, the CBM
would be damaged but not disintegrated.

Nor is Fenton chemistry expected to destroy a
cell’s plasma membrane. When hydroxyl radicals
generate chain reactions of peroxidation in the
phospholipids of a cell’'s plasma membrane, the
results of these reactions can include cleavage of
phospholipids (Yurkova et al., 2004), in addition to
further changes that stop the membrane from func-
tioning properly, which may culminate in cell death
(McCord, 1998; Yurkova et al., 2004; Catala,
2009). However, a severely damaged cell mem-
brane may be altered and functionally compro-
mised and yet remain a continuous sheet of
material that encloses and maintains the shape of
the cell, just as a blanket that has become worn,
abraded, and oxidized is still a coherent sheet of
fabric. Furthermore, there is only so far that such
chain reactions can go, because the double bonds
in the PUFAs of phospholipid molecules scavenge
hydroxyl radicals (Lipinski, 2011), thereby prevent-
ing or stopping such chain reactions, thus limiting
damage.

The misconception that cellular and soft tissue
preservation in fossils is incompatible with Fenton
chemistry has also been falsified in a more direct
way. Collagen cross-links produced by Fenton
chemistry and iron can be distinguished by spec-
troscopy from collagen cross-links that formed via
some other mechanism. Spectroscopy confirms
that the blood vessels and CBM of Mesozoic reptile
bones bear the diagnostic signs of Fenton reac-
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tions (Surmik et al., 2016; Wiemann et al., 2018;
Boatman et al., 2019).

Misconception 2: Not Enough Iron

In a 2016 article on soft tissue preservation in
fossil reptile bones from the Triassic Period,
researchers hypothesized that the iron source for
the iron oxides that coated the blood vessels within
the bone was exogenous. They based that hypoth-
esis on the assumption that “the total body iron
content of various animals...may be insufficient for
the precipitation of iron (hydro)oxides” (Surmik et
al., 2016: p. 20). This misconception was repeated
in a YEC book in which the author cited the article
as a reference for the statement that “blood would
probably not carry sufficient levels of iron to the tis-
sue,” to cast doubt upon the FH (Anderson, 2017a:
p. 58). The latter author made similar statements in
other publications (Anderson, 2016a, Anderson
2017b).

Published data rebut this misconception. In
the Ostrich Hb Experiment, iron oxyhydroxides pre-
cipitated from 20 mL of ostrich blood (electronic
supplementary information of Schweitzer et al.,
2014), a tiny fraction of the total blood volume of an
ostrich or a multi-ton dinosaur. The Ostrich Hb
Experiment therefore demonstrated that red blood
cells have enough iron to precipitate iron oxyhy-
droxide, an iron oxide precursor. Moreover, the
endogenous iron that contributes to cellular and
soft tissue stabilization within bone need not all
have come from blood. Another plausible source is
ferritin, the iron-sequestering cores of which con-
tain the mineral ferrihydrite, which is known to form
iron oxides (Gutiérrez et al., 2009). Ferritin is pro-
duced by osteocytes (Spanner et al., 1995; Li et al.,
2018) and by the endothelial cells (Balla et al.,
2005, 2007) and smooth muscle cells (Zarjou et al.,
2009) of blood vessels. It is therefore produced in
locations that make it a plausible a source of iron
involved in precipitating the iron oxides in and
around cells and soft tissue within fossil bone.

Misconception 3: Controlled Laboratory
Conditions

According to this misconception, the Ostrich
Hb Experiment did not support the FH, because
the experiment was not conducted under natural
conditions but was instead conducted under con-
trolled laboratory conditions. This misconception
was first voiced in a peer-reviewed science journal
(Armitage and Anderson, 2014) before it was
repeated in subsequent YEC literature (DeMassa
and Boudreaux, 2015; Anderson, 2017a; Armitage,
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2017; Anderson, 2018) and another science jour-
nal (Armitage and Solliday, 2020). The FH oppo-
nents who voiced this misconception cited other
biochemical studies that were conducted under
controlled laboratory conditions, without apparent
misgivings (DeMassa and Boudreaux, 2015;
Anderson, 2017a; Armitage and Solliday, 2020).
Therefore it appears that their objection to the
drawing of conclusions based on controlled labora-
tory experiments applies only to experiments pro-
ducing inconvenient results.

If this misconception were accurate, it would
invalidate nearly all laboratory experiments in
physiological biochemistry. The use of controlled
laboratory conditions is necessary to test most bio-
chemical hypotheses, because it is often the only
way to ensure that a specific experimental result is
due to a given factor (Lazic, 2016). When there are
too many potential causative factors present in vivo
for a given experiment to pinpoint one, it is neces-
sary to conduct a controlled experiment in which
the number of causative factors is limited, so that
the experimenters can determine which factor
caused a given result (Lazic, 2016). In the case of
the Ostrich Hb Experiment, the potential causative
factors were sufficiently limited to enable the deter-
mination that Hb was the source of the iron in the
resulting infusion of iron oxyhydroxide.

Misconception 4: Ostrich Hb Experiment
Duration

According to this misconception, the two-year
duration of the Ostrich Hb Experiment was too
short to support its conclusions. This misconcep-
tion was first voiced subtly in a peer-reviewed sci-
ence journal: “it examined tissue preservation for
just a few months” (Armitage and Anderson, 2014,
p. 1274). Since then, it has been more bluntly
voiced in YEC literature, in which the authors
assert that the two-year duration of the Ostrich Hb
Experiment is insufficient to demonstrate that the
preservation mechanism would continue for mil-
lions of years (DeMassa and Boudreaux, 2015;
Thomas, 2015; Anderson, 2017a, 2018; Armitage,
2017).

Obviously, it is impossible for researchers to
keep an experiment running for millions of years,
so it is unreasonable to insist that an experiment
run that long. Moreover, the short duration of the
Ostrich Hb Experiment does not invalidate its main
conclusions: that Hb is an iron source that can pro-
duce an infusion of the iron oxide precursor iron
oxyhydroxide in cells and soft tissues, and that
cells and soft tissues are then protected from
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microbial degradation (at least for a time). The
experiment’s results unambiguously confirm these
conclusions.

Misconception 5: Intact Vein Valve Cuspids

According to this misconception, the finding of
intact valve cuspids (the curved flaps of tissue that
make up the valves in veins) within Triceratops
bones invalidates the FH, because Fenton reac-
tions should have damaged the cuspids (Armitage
and Solliday, 2020). Recent findings on the effects
of Fenton reactions on venous valves rebut this
misconception. Venous valves are extensions of
the tunica intima, the tissue that lines the lumen
(the internal cavity) of the vein. The tunica intima
consists of a thin endothelium composed of a sin-
gle layer of cells, plus an underlying subendothelial
layer of loose connective tissue (Junqueira et al.,
1998). In vivo, damage by hydroxyl radicals gener-
ated by Fenton reactions causes the tunica intima
to thicken, due to changes in the organization of
extracellular fibers composed of the protein elastin
within the subendothelial layer, rendering the
valves incompetent (Krzysciak et al., 2012).
Despite being functionally compromised, incompe-
tent valves are nonetheless intact (Lane et al.,
2007). Because the changes that thicken the
tunica intima in response to Fenton reactions occur
in the extracellular matrix of its connective tissue,
they are apparently not dependent upon conditions
within living cells and would therefore be expected
to occur even after death if Fenton reactions took
place in the tissue of a valve. Fenton reactions
within the valve of a vein after death therefore do
not destroy its cusps but instead thicken them,
making them more—not less—Ilikely to be intact in
a fossil bone with preserved veins.

Misconception 6: Preserved Osteocyte
Dendritic Processes

According to this misconception, Fenton reac-
tions should have fragmented the dendritic pro-
cesses of osteocytes. The authors who voiced this
misconception stated that dendritic processes “just
outside of the vessel canals are long and unfrag-
mented, suggesting that Fenton reactions never
occurred within the lacuna-canalicular network...”
(Armitage and Solliday, 2020: p. 34).

Fragmentation of dendritic processes would
entail rupture of the cell membrane. However, Fen-
ton reactions in bone cells undergoing iron over-
load generate ferroptosis (Gao et al., 2022; Liu et
al., 2022). In cells undergoing ferroptosis, the cell
membrane is damaged but not ruptured (Yan et al.,



2021; Gao et al., 2022; Liu et al., 2022). Fenton
reactions are therefore not expected to result in
fragmentation of the dendritic processes of osteo-
cytes.

Misconception 7: Blood Clots vs. Fenton
Reactions

According to this misconception, preserved
blood clots in veins in a Triceratops bone would
have prevented free iron from arriving at cells and
soft tissues to preserve them: “free iron was
unavailable, at least in these Triceratops bones,
because clotted vessels would have blocked water
from flowing over lysed RBCs (red blood cells)’
(Armitage and Solliday, 2020: p. 38).

Two lines of reasoning rebut this misconcep-
tion. Firstly, blood clots in a vein do not prevent
water from flowing over lysed red blood cells. A
blood clot that forms in an artery has a core of red
blood cells, surrounded by a layer of platelets,
which in turn is surrounded by a mesh of fibers of
the protein fibrin (Chernysh et al., 2020). The fibrin
mesh is not a continuous coating but resembles a
net (Chernysh et al., 2020). A blood clot in a vein
lacks the platelet layer (Chernysh et al., 2020), so
the red blood cells next to the external fibrin mesh
are in direct contact with the surrounding water,
just as a bird in a net is in contact with the sur-
rounding air. Secondly, Hb from red blood cells is
not the only plausible source of iron. Another plau-
sible source is ferritin (see the section on Miscon-
ception 2, above).

Misconception 8: Blood Clots and Drowning

According to this misconception, a prevalence
of blood clots in fossil bones of the Permian synap-
sid Dimetrodon and the dinosaurs Triceratops and
Nanotyrannus indicates disseminated intravascular
coagulation (DIC), which suggests death by drown-
ing (Armitage and Solliday, 2020; Armitage, 2022a,
b). However, DIC can be caused by many things,
including trauma, cancer, cardiovascular diseases,
pancreatitis, inflammatory gastrointestinal disor-
ders, immune-mediated hemolytic anemia, heat
stroke, sepsis, envenomation, and protozoal infec-
tion (Honse et al., 2013; Hampton, 2022; Stokol,
2022), which means that DIC is not diagnostic of
drowning. If the singling out of drowning is what it
appears to be (a subtle promotion of blood clots in
fossil bones as evidence of drowning during the
Genesis Flood), such promotion is misguided. In
fact, blood clots are evidence against drowning.
The kind of DIC that drowning causes is hyperfibri-
nolytic DIC. In hyperfibrinolytic DIC, clots that

PALAEO-ELECTRONICA.ORG

begin to form are immediately destroyed, so that a
patient's blood cannot clot (Schwameis et al.,
2015). Furthermore, of the two references that the
authors cited in favor of blood clots as evidence of
drowning (Armitage and Solliday, 2020), one does
not mention drowning at all (Levi and ten Cate,
1999), and the other meticulously documents that
there are not blood clots in the blood vessels of
drowning victims (Schwameis et al., 2015).

Misconception 9: Soft Tissues as Microbial
Biofilms

Several authors have voiced the misconcep-
tion that pre-Quaternary fossil bone does not have
soft tissues and that putative soft tissues in fossil
bone are actually bacterial biofiims (Kaye et al.,
2008; Saitta et al., 2019). One group analyzed ves-
sel-like structures from within fossil bones from the
Cretaceous Period. They found that the vessel-like
structures were spectroscopically more similar to
modern biofilm than to modern collagen and had
surface troughs that were suggestive of microbial
movement through a viscous medium. They con-
cluded that the vessel-like structures were bacterial
biofilms and that putative soft tissues from other
Mesozoic fossil bones were misidentified microbial
biofims (Kaye et al., 2008). A second group
showed by microscopy that vessel-like structures
in another set of fossil dinosaur bones from the
Cretaceous Period had surface morphology that
differed from that of blood vessels. They further
found by spectroscopy that collagen was absent
from the fossil bones. Their phylogenetic analysis
of DNA recovered from the bone revealed a
diverse bacterial community. They concluded that
the vessel-like structures were bacterial biofilms
and that putative soft tissues in other Mesozoic fos-
sil bones were misidentified microbial biofilms
(Saitta et al., 2019).

It appears that the two groups correctly identi-
fied microbial biofilms in the bones that they stud-
ied. However, the presence of biofilms and a lack
of collagen in one set of fossil bones do not
demonstrate the same in any other set, especially
given that taphonomic conditions and their ensuing
alterations can vary substantially among speci-
mens, even among bones from the same deposit
(e.g., Bertazzo et al.,, 2015; Cadena, 2016;
Voegele et al., 2022). The findings by Kaye et al.
(2008) and Saitta et al. (2019) do not rebut or dis-
prove the enormous amount and variety of evi-
dence of preserved soft tissues that numerous
independent researchers have found with numer-
ous independent techniques in a plethora of pre-
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Quaternary fossil bones. Morphological and bio-
chemical evidence demonstrates that in such
bones the soft tissues in question are not bacterial
biofilms but are genuine soft tissues. Putative
blood vessels in fossil bone have a lumen (internal
cavity) and walls of uniform thickness, whereas
biofilms have neither trait (Schweitzer et al., 2009,
2016; Cleland et al., 2015). Antibodies specific to
proteins found in blood vessels bind to putative
blood vessels in fossil bone, whereas they do not
bind to biofilms (Cleland et al., 2015; Schweitzer et
al., 2016; Boatman et al., 2019). Antibodies spe-
cific to peptidoglycan, a substance that only bacte-
ria produce, bind to biofilms and not to the putative
blood vessels in fossil bone (Schweitzer et al.,
2016; Boatman et al., 2019). Antibodies specific to
tubulin and actin, proteins that are found in eukary-
otic but not prokaryotic cells, bind to putative osteo-
cytes in fossil bone and not to biofilms (Schweitzer
et al., 2013). Putative CBM in fossil bone is spec-
troscopically similar to modern collagen and is
spectroscopically very different from modern bio-
film (Lindgren et al., 2011; Lee et al., 2017; Tahoun
et al.,, 2022), and antibodies specific to collagen
bind to it, as confirmed by independent immunoas-
say results from different fossil bones (Asara et al.,
2007; Schweitzer et al., 2009; Schroeter et al.,
2017; Tahoun et al., 2022). Multiple lines of evi-
dence therefore clearly indicate that these putative
soft tissues in fossil bone are genuine soft tissues
of bone, not biofilms.

Misconception 10: Fossilized Blood Cells

Although blood vessels, osteocytes, and CBM
have been convincingly identified in fossil bone,
the same is not the case for blood cells. Putative
blood cells in fossil bone include spherical struc-
tures within blood vessels from Cretaceous dino-
saur bone, reported as possible red blood cells
(Pawlicki and Nowogrodzka-Zagoriska, 1998; Yao
et al., 2002; Schweitzer et al., 2005, 2007; Armit-
age and Anderson, 2013; Armitage, 2015, 2016)
(Figure 1C, Figure 7A). They also include spherical
structures within Haversian canals in bone of the
Permian parareptile Deltavjatia vjatkensis, reported
as possible white blood cells (Kiseleva et al.,
2019). Irregularly shaped structures with spiky sur-
faces, within blood vessels of bone from the Creta-
ceous dinosaur Tarbosaurus bataar, have been
reported as possible red blood cells that underwent
hyperosmotic stress (Pawlicki and Nowogrodzka-
Zagoriska, 1998). Concave, circular discoid struc-
tures on the surfaces of trabeculae of spongy bone
from a Cretaceous theropod dinosaur and a Creta-
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ceous ichthyosaur have been reported as possible
red blood cells (Bertazzo et al., 2015; Plet et al.,
2017), and ovoid structures on the surfaces of tra-
beculae of spongy bone from the same ichthyosaur
have been reported as possible white blood cells
(Plet et al., 2017). However, the identification of
such structures as blood cells does not hold up to
scrutiny, as shown below.

The concave, circular discoid structures are
rich in carbon (Bertazzo et al., 2015; Plet et al.,
2017) and are spectroscopically similar to red
blood cells from modern emu blood (Bertazzo et
al., 2015). However, the discoid structures are only
about 2 ym across (Bertazzo et al., 2015; Plet et
al., 2017), which is < 20% the length of avian red
blood cells (Palomeque and Planas, 1977), < 10%
the length of crocodilian red blood cells (Hartman
and Lessler, 1964), and < 15% the length of lizard,
snake, and turtle red blood cells (Hartman and
Lessler, 1964). The discoid structures are morpho-
logically similar to folds on the surfaces of
degraded sheets of collagen-rich connective tissue
(Saitta et al., 2017) and morphologically dissimilar
to avian and reptilian red blood cells, which are
elliptical (Claver and Quaglia, 2009) (Figure 7C).
The size and morphology of the concave, circular
discoid structures therefore do not match those
expected for avian and reptilian red blood cells.
Their spectroscopic similarities to emu blood cells
could be due to having originated from organic
matter of some other kind (Saitta et al., 2017).

In Cretaceous dinosaur bone, the spherical
structures (Figures 1C and 7A) have usually been
found within and not outside blood vessels, which
is consistent with identification as blood cells (Sch-
weitzer et al., 2005, 2007). They have a diameter
of 5-10 ym (Pawlicki and Nowogrodzka-Zagoriska,
1998; Yao et al.,, 2002; Schweitzer et al., 2005;
Kaye et al., 2008; Peterson et al., 2010; Armitage
and Anderson, 2013; Armitage, 2016; Kiseleva et
al., 2019), which is consistent with avian blood
cells (Palomeque and Planas, 1977), although it is
only 34%—68% the length of the smallest red blood
cells of extant reptiles (Hartman and Lessler,
1964). They are iron-rich (Pawlicki and
Nowogrodzka-Zagériska, 1998; Peterson et al.,
2010), which is suggestive of the heme in red
blood cells. However, the iron content of red blood
cells is only about 0.3% by weight, too small to be
detectable by energy-dispersive X-ray spectros-
copy (EDS) (Bertazzo et al., 2015), whereas that of
the spherical structures from the blood vessels of
Cretaceous dinosaurs is over 8% by weight (Paw-
licki and Nowogrodzka-Zagoriska, 1998) and is
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FIGURE 7. Spherical objects in a blood vessel from fossil bone, and items with which such structures have been hypo-
thetically identified. The scale bar applies to A, C, and the smaller version of the image in B. The correct identity of the
spherical objects in blood vessels of fossil bone remains unknown. A. Spherical objects in a blood vessel from fossil
bone of the theropod dinosaur Beipiaosaurus inexpectus, from the Yixian Formation of Liaoning, China (Lower Creta-
ceous: Barremian—Aptian). This image is used with the permission of the journal PeerdJ. It is from figure 2C of “Putative
fossil blood cells reinterpreted as diagenetic structures,” PeerJ, vol. 9: 12651, Korneisel et al. (2019). B. Pyrite fram-
boids, shown to scale with A and C (left) and enlarged (right). This image is used with the permission of the journal
PALAIOS. ltis from figure 1 of “Rapid formation of framboidal sulfides on bone surfaces from a simulated marine car-
cass fall,” PALAIOS, vol. 30: 327-334, Vietti et al. (2015). C. Red blood cells of the crocodilian species Caiman yacare
(spectacled caiman). This image is reprinted by permission from Springer, from figure 1A of “Hepatozoon caimani
Carini, 1909 (Adeleina: Hepatozoidae) in wild population of Caiman yacare Daudin, 1801 (Crocodylia: Alligatoridae),

Pantanal, Brazil,” Parasitology Research, vol. 116: 1907-1916 (2017).

strongly detectable by EDS (Peterson et al., 2010).
Furthermore, avian and reptilian red blood cells are
not spherical but elliptical (Claver and Quaglia,
2009) (Figure 7C), with a length to width ratio of
1.5-2.0 in crocodilians and birds (Hartman and
Lessler, 1964; Palomeque and Planas, 1977) (Fig-
ure 7). Furthermore, spectroscopic data show no
evidence of heme in the spherical structures
(Korneisel et al., 2021), and the discovery of similar
structures within the vascular channels of petrified
wood casts further doubt upon their identification
as blood cells (Korneisel et al., 2021).

Some researchers have identified the spheri-
cal structures within the blood vessels of Mesozoic
fossil bone as framboids (Kaye et al., 2008; Peter-
son et al., 2010). Framboids are spheroidal aggre-
gations of pyrite microcrystals (Figure 7) that range
in size from < 1 to 250 ym (Ohfuji and Rickard,
2005) but are usually around 4-10 pym in diameter
(Ohfuji and Rickard, 2005; Vietti et al., 2015) (Fig-
ure 7B). Framboids form in sediments and water
columns where an oxidizing environment and a
reducing environment meet, when pyrite is so
highly concentrated that supersaturation occurs,
causing pyrite nucleation to outpace pyrite crystal
growth (Ohfuji and Rickard, 2005). They also form
in reducing microenvironments within microbial
mats on decomposing bone that is surrounded by
oxygenated water on the seafloor, early in diagene-
sis (Vietti et al., 2015). However, the spherical
structures in Mesozoic fossil bone are not fram-
boids. Although they are iron-rich (Pawlicki and

Nowogrodzka-Zagériska, 1998; Peterson et al.,
2010), their chemical composition is inconsistent
with pyrite in that they have little sulfur (Schweitzer
et al.,, 2005, 2007; Peterson et al., 2010). Some
researchers have hypothesized that they are prod-
ucts of diagenesis of clay that had infilled the
lumens of the blood vessels after burial (Korneisel
et al., 2021). A test of that hypothesis and a more
definite identification await further study. For now,
the identity of the spheres remains a mystery. The
same is the case for the identity of irregularly
shaped structures with spiky surfaces from within
blood vessels (putative red blood cells: Pawlicki
and Nowogrodzka-Zagériska, 1998), and the ovoid
structures on the surfaces of trabeculae of spongy
bone (putative white blood cells: Plet et al., 2017).
In both cases, detailed investigation into their iden-
tity has not yet occurred.

Misconception 11: Soft Tissue Preservation as
Evidence of Young Age

In a peer-reviewed article in a science journal,
a group of authors expressed a misconception that
the preservation of soft tissues in Mesozoic fossil
bones demonstrates that the bones are only thou-
sands of years old (Miller et al., 2019). However, if
the bones are thousands of years old, then they
are too old for soft tissues to have survived without
some special preservation mechanism. This is
because without some special preservation mech-
anism, soft tissues in bone decay away in less than
1000 years (Lengyel, 1968). Bones that are thou-
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sands of years old are therefore too old for young
age to explain the preservation of soft tissues
within them. Hence, some other explanation is
required.

In their article, Miller et al. (2019) subtly advo-
cated the YEC view that Mesozoic fossils were bur-
ied by the Genesis Flood (see the section on
Misconception 13, below), which current YEC
thought places at over 4300 years ago (Jones,
2016). Therefore, even within the YEC paradigm,
Mesozoic fossil bones are far too old for young age
to explain the preservation of soft tissues within
them.

This misconception is inconsistent with the
YEC view for another reason as well. According to
current YEC thought, all Mesozoic and pre-Pleisto-
cene Cenozoic strata were deposited during the
single year of the Genesis Flood (Walker, 2014;
Clarey, 2020; Oard and Carter, 2021; Clarey et al.,
2022; Tomkins and Clarey, 2022). If that is correct,
then the Mesozoic fossil bones in which soft tis-
sues are preserved are the same age as the Meso-
zoic fossil bones in which soft tissues are not
preserved. Therefore, even within the YEC para-
digm, the preservation of soft tissues in fossil
bones requires an explanation that is not based on
age.

Given the empirical support for Fenton reac-
tions as a mechanism to provide long-term stability
in biomolecules (Schweitzer et al., 2014; Wiemann
et al., 2018; Surmik et al., 2016; Boatman et al.,
2019), and given that the short time frame involved
in that explanation (Schweitzer et al., 2014; Ull-
mann et al., 2021, 2022) is consistent with the YEC
view of the young age of the fossils in question,
Fenton chemistry is a plausible explanation even
within the YEC paradigm. Therefore, it would make
more sense for YEC authors to embrace the FH
than to oppose it.

Misconception 12: Radiocarbon in Mesozoic
CBM as Evidence of Young Age

Miller et al. (2019) expressed a misconception
that radiocarbon in Mesozoic CBM demonstrates
that the bones are only thousands of years old.
They had subjected CBM from Mesozoic bones to
radiocarbon dating and found radiocarbon “dates”
between 22,000 and 42,000 years (Miller et al.,
2019). In that article, Miller et al. concluded that
“the 65 to 150 million year ages attributed to dino-
saurs are apparently erroneous” and “the 45 million
years between the Late Cretaceous and Late
Jurassic epochs [sic.] are also mistaken, since

28

dinosaur fossils and coal from these strata exhibit
equivalent 14C ages.”

However, the radiocarbon “dates” that the
Mesozoic CBM vyielded are not correct dates.
Radiometric dating with isotopes other than radio-
carbon (such as 238U/206pp, 235U/207Ppb, 87Rb/
86Gr, 40K/40Ar, and 40Ar/39Ar) consistently shows
that the sediments that entomb Mesozoic fossils
are millions of years old (Schmitz, 2020).
Advances in radiocarbon dating have made such
dating reliable for organic substances other than
collagen if the samples are less than 50,000 years
old (Wood, 2015), but collagen’s tendency to form
cross-links with contaminants makes it a problem-
atic substance to date with radiocarbon (van
Klinken and Hedges, 1995; Deviese et al., 2017,
2018; Spindler et al., 2021). Miller et al. (2019)
used the ABA (acid-base-acid) decontamination
technique on the CBM, but ABA does not circum-
vent the problem. Although ABA is an appropriate
decontamination technique for sufficiently young
archaeological CBM that is not cross-linked to its
contaminants, it is not sufficient to decontaminate
fossil CBM. That is because CBM continues to
accumulate new cross-links with incoming organic
contaminants through geologic time (van Klinken
and Hedges, 1995). As a result, fossil CBM is
molecularly bonded with substances containing
new radiocarbon that yields a falsely young radio-
carbon “date” (Senter, 2022b). The discrepancy
between the bone’s correct age and the radiocar-
bon “date” becomes significant in bones older than
10,000 years and increases with each passing mil-
lennium (Zazzo, 2014). The curve that expresses
the difference between a sample’s correct age and
its radiocarbon “date” at different levels of contami-
nation flattens between 45,000 and 50,000 years.
For example, a sample with 1% contamination by
new radiocarbon will yield a falsely young date of
about 35,000 years, whether the sample is 50,000,
50,000,000, or 500,000,000 years old (Wood,
2015).

No decontamination technique can separate
cross-linked contaminants from fossil collagen.
Even decontamination techniques that are stronger
than ABA, such as ultrafiltration and acid base oxi-
dation - stepped combustion (ABOx-SC), cannot
do it. As a result, even when these decontamina-
tion techniques are used, fossil collagen still yields
a falsely young radiocarbon “date” (Higham et al.,
2009; Higham, 2011; Marom et al., 2012, 2013;
Deviése et al., 2017, 2018; Spindler et al., 2021).

One can get fossil collagen to yield a correct
radiocarbon date only by using the HYP method, in



which one separates the amino acid hydroxypro-
line (HYP) from collagen and subjects only it to
radiocarbon dating (Marom et al., 2012, 2013; Nal-
awade-Chavan et al., 2014; Deviése et al., 2017,
2018; Spindler et al., 2021). This method works
because hydroxyproline is abundant in collagen
and little else, so subjecting only HYP to radiocar-
bon dating ensures that only collagen-specific
material (and no contaminant) contributes to the
radiocarbon date. If a fossil is too old to date with
radiocarbon (i.e., older than about 50,000 years),
then radiocarbon dating of its CBM with the HYP
method yields a date of “greater than x” (“greater
than 43,000 years,” “greater than 45,000 years,”
etc.) (Deviese et al., 2018; Spindler et al., 2021).
Miller et al. (2019) did not use the HYP method.
Their radiocarbon “dates” of between 22,000 and
42,000 years are therefore falsely young. Had they
used the HYP method, the collagen would have
yielded a correct radiocarbon date of “greater than
x.”

To support their conclusions, Miller et al.
(2019) pointed out that radiocarbon in coal and
other Mesozoic materials yielded “dates” of thou-
sands and not millions of years. Previous authors
had also found that Mesozoic fossil bone mineral
yielded “dates” of thousands of years (Dahmer et
al., 1990; Fields et al., 1990; Helfinstine and Roth,
2007; Thomas and Nelson, 2015). However, such
materials undergo recrystallization, which adds
new radiocarbon via carbonate, thereby yielding a
falsely young radiocarbon “date” (Senter, 2020).
For a correct radiocarbon date, one must use
organic substances (which do not undergo recrys-
tallization), not minerals (Senter, 2020). The use by
Miller et al. (2019) of radiocarbon “dates” of Meso-
zoic minerals, which cannot yield accurate radio-
carbon dates, is therefore an unsound argument.
Further unsound arguments from Miller et al.
(2019) and their rebuttals are detailed in Appendix
1.

Misconception 13: Radiocarbon Dating of
Mesozoic CBM as Evidence of the Genesis
Flood.

Miller et al. (2019: p. 13) asserted that their
radiocarbon “dates” of Mesozoic CBM are evi-
dence of the Genesis Flood: “The 19th century
hypothesis that sedimentary rock formations took
millions of years to form is clearly contradicted by
14C ages...This leads to the possibility that exten-
sive sedimentary formations were deposited by
one or more cataclysmic events only thousands of
years ago rather than millions.” Although the group
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did not explicitly mention the Genesis Flood, their
wording is transparently a reference to it.

As has already been shown above, radiocar-
bon “dates” from Mesozoic samples are unreliable
and therefore not evidence that all Mesozoic fossils
were entombed by cataclysmic sedimentation that
occurred within a geologically short time frame
mere thousands of years ago. Radiometric dates
from isotopes other than radiocarbon (such as
238|4/206pPp, 235(J/207Pb, 87Rb/86Sr, 40K/40Ar, 40Ar/
39Ar) consistently demonstrate that Mesozoic sedi-
ments represent a range of ages between 262 and
66 million years (Schmitz, 2020). YEC arguments
to the contrary have been rebutted elsewhere (Wil-
loughby, 2016).

Furthermore, a worldwide Flood would
unquestionably qualify as a megaflood. “Mega-
flood” is the term that geologists use for a flood of
gargantuan magnitude. Several have occurred in
the late Cenozoic, discharging over a million cubic
meters of water per second during peak flow
(Baker, 2010b, c). Megafloods leave a consistent
geological signature: an enormous deposit or
deposits of gravel (which is called conglomerate if
it has lithified), often several meters in height (Blair,
2002; Moscariello et al., 2002; Russell and Knud-
sen, 2002; Komatsu et al., 2009; Baker, 2010a;
Carling, 2013; Waitt, 2021). A worldwide mega-
flood would leave such a deposit worldwide. The
fact that the worldwide geologic record lacks an
immense stratum of gravel or conglomerate across
continents demonstrates that there has never been
a worldwide megaflood. Additionally, a plethora of
Paleozoic, Mesozoic, and pre-Quaternary Ceno-
zoic deposits have features that indicate subaerial
deposition, deposition under calm conditions, or
deposition over the course of many years. Those
parts of the geologic record demonstrate that the
idea that all Paleozoic, Mesozoic, and pre-Quater-
nary Cenozoic sediments were deposited by a
worldwide megaflood within a single year, is incor-
rect (Senter, 2011).

Miller et al. (2019) further attempted to con-
nect Mesozoic CBM with the Genesis Flood by
stating that “the minute amounts or absence of col-
lagen found in dinosaur bones could be at least
partly attributed to their burial in megaflood depos-
its, with associated leaching...” (Miller et al., 2019:
p. 13). However, no dinosaur fossils are known
from megaflood deposits. There are a few deposits
of Mesozoic gravel or conglomeratic sandstone
from which dinosaur fossils are known (Jacobs et
al., 1996; Gangloff et al., 1998; Van Itterbeeck et
al., 2005; Mankar et al., 2019), but dinosaur fossils
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are, as a rule, found in sediments that indicate
deposition under much calmer conditions: sand-
stone, claystone, mudstone, siltstone, shale, lime-
stone, and paleosol (Dodson et al., 1980; Zhiming,
1983; Sun et al., 1985; Colbert, 1989; Cox et al.,
1992; Sander, 1992; Currie et al., 1993; Eberth,
1993, 2018; Jacobs et al., 1996; Sereno et al.,
1996, 2008; Blows, 1998; Gangloff et al., 1998;
Rogers et al., 2000; Tang et al., 2001; Hunt et al.,
2003; Leanza et al., 2004; Van ltterbeeck et al.,
2004; Dingus et al., 2005; Eberth, 2005; Lucas et
al., 2005; Catuneanu et al., 2006; Fursich et al.,
2007; Kirkland and Madsen, 2007; Smith et al.,
2007; Dashzeveg et al., 2008; Bussert et al., 2009;
Getty et al., 2010; Lyson et al., 2011; Martinez et
al., 2013; Oreska et al., 2013; Tucker et al., 2013;
Schoch et al., 2014; Leahey et al., 2015; Brown-
stein, 2018; Bell et al., 2019; Mankar et al., 2019;
Yu et al., 2019; Xu et al., 2022). No dinosaur fossils
are known from any megaflood conglomerate
deposit. This demonstrates that the preservation of
collagen in dinosaur bones has nothing to do with
megaflood conditions.

Further Misconceptions from YEC Literature

Many misconceptions about cellular and soft
tissue preservation in fossil bone have been voiced
only in YEC literature. Of these misconceptions,
most are expressions of opposition to the FH that
are based on misunderstandings of the Ostrich Hb
Experiment and of Fenton chemistry. These mis-
conceptions are summarized in Appendix 2, Table
1, along with facts that rebut them.

DISCUSSION AND CONCLUSIONS

In the most recent three decades, knowledge
of the mechanisms of cellular and soft tissue pres-
ervation in fossil bone has grown by leaps and
bounds. Recent findings identify Fenton reactions
as a plausible mechanism for the preservation of
blood vessels and cells (Schweitzer et al., 2014;
Surmik et al., 2016; Wiemann et al., 2018; Boat-
man et al., 2019), show that cells and soft tissues
in fossil bones bear the chemical signatures of
Fenton reactions (Surmik et al., 2016; Wiemann et
al.,, 2018; Boatman et al., 2019), and rebut argu-
ments against Fenton reactions as a plausible
preservation mechanism (Hawkins and Dauvies,
1997; Windhager et al., 1998; Feng et al., 2006;
Lipinski, 2011; Krzysciak et al., 2012; Schweitzer et
al., 2014; Surmik et al., 2016; Wiemann et al.,
2018; Boatman et al., 2019; Chernysh et al., 2020;
Liu et al., 2022). Recent findings also indicate that
such reactions occur early in diagenesis and are
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facilitated by oxidizing depositional environments
and external concretions (Plet et al., 2017; Wie-
mann et al., 2018; Ullmann et al.,, 2019, 2021,
2022). Recent findings further elucidate the diage-
netic changes occur in fossilized cells and soft tis-
sues (Pawlicki, 1995; Pawlicki and Nowogrodzka-
Zagoriska, 1998; Lindgren et al., 2011; Schweitzer
et al.,, 2013, 2014; Cadena, 2016; Surmik et al.,
2016, 2021; Lee et al., 2017; Boatman et al., 2019;
Ullmann et al., 2019; Cadena, 2020; Bailleul and
Zhou, 2021; Zheng et al., 2021) and indicate that
cross-links are important in the preservation of fos-
sil collagen (Antonio et al.,, 2011; Zazzo, 2014;
Kendall et al., 2018), which does not necessarily
require Fenton reactions to be preserved (Cadena,
2016).

Of course, for cells and soft tissue to persist
within fossil bone, the bone that encases it must
first survive long enough to enter the fossil record.
Recent findings in the study of archaeological bone
have identified factors that contribute to its long-
term survival, such as alkaline sediment, low tem-
perature, anaerobic conditions, bactericidal metals,
large bone size, tubular bone shape, fluorination,
late permineralization, and lowering of the bone’s
porosity (Janaway, 1997; Schultz, 2001; Berna et
al., 2004; Trueman et al., 2008; Kocsis et al., 2010;
Pfretschner and Titken, 2011; Nord et al., 2015;
Kendall et al., 2018; Pokines et al., 2018).

Archaeological bone often contains CBM
(Graf, 1949; Lengyel, 1968; Jans et al., 2002; Wad-
sworth and Buckley, 2014; Kendall et al., 2018;
Duffett Carlson et al., 2022; Mandl et al., 2022), but
there are few reports of preserved blood vessels,
osteocytes, or blood cells in archaeological bone.
As hypothesized here, this may be because stud-
ies of archaeological bone tend to focus on bone
from human burials, and the initial conditions that
such bones undergo are different from those of fos-
sil bones that were entombed by fluvial, lacustrine,
estuarine, or marine sediments. To fill in gaps in the
knowledge of cellular and soft tissue preservation
in bone, it might therefore be fruitful to search for
blood vessels, osteocytes, and blood cells in bones
of archaeological age that did not undergo funerary
burial but instead were entombed by fluvial, lacus-
trine, estuarine, or shallow marine sediments,
especially if said bones were protected by external
concretions or sediments with low permeability.

Some of the factors that preserve bone and its
cells and soft tissues are products of biological
decomposition. For example, organic decomposi-
tion may be involved in the formation of external
concretions that shield a bone from further destruc-



tive factors (Trzesiok et al., 2014; Yoshida et al.,
2018; Muramiya et al., 2020). Likewise, the Fenton
reactions that stabilize cells and soft tissues by
generating cross-links are produced by the break-
down of organic molecules (Balla et al., 2005,
2007). Ironically, then, a bone and its cells and soft
tissues must initially undergo a little decomposition
in order to afterwards undergo a lot of preservation.
A certain balance between destructive and preser-
vative factors must occur in order to ensure the
long-term preservation of a bone and its soft-tissue
contents. Long-term preservation must also entail
balance between factors that slow the decomposi-
tion of bone mineral and those that slow the
decomposition of cells and soft tissues. Fortu-
nately, some factors slow the decomposition of
both: deep burial, low temperature, dryness, bacte-
ricidal metals, and blockage of the VCN (Galloway
et al., 1989; Galloway, 1997; Gill-King, 1997;
Janaway, 1997; Schultz, 2001; Jans et al., 2004;
Trueman et al., 2008; Peterson et al., 2010; Nord
et al., 2015; Kendall et al., 2018).

It is puzzling at first that YEC authors have
expressed such vehement opposition to the FH
and have instead embraced young age as the
explanation of cellular and soft tissue preservation
in fossil bone. It is puzzling because, as shown
above, the FH is compatible both with science and
with the YEC view, whereas the young age hypoth-
esis is compatible with neither (see the section on
Misconception 11, above). Likewise, YEC literature
has a long history of insisting that biological degen-
eration occurs, while simultaneously denying the
existence of vestigial organs (Senter and Mackey,
2017a), and it has a long history of insisting that
adaptive and heritable biological change occurs,
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while simultaneously denying the existence of ben-
eficial mutations and natural selection (Senter and
Mackey, 2017b; Senter, 2017). Similarly, the very
basis of the YEC paradigm is the acceptance of
certain ancient texts as authority sources while
simultaneously ignoring the parts of those texts
that rebut the YEC view (Senter, 2022a). Some
YEC authors have challenged the YEC tendency
toward self-contradiction by recognizing the exis-
tence of vestigial organs, beneficial mutations, and
natural selection (Senter and Mackey, 2017a,
2017b; Senter, 2017). Such about-faces, which
involve replacing the denial of demonstrated facts
with the acceptance of those facts, are steps in the
right direction that should be encouraged. It will be
interesting to see whether future YEC authors take
similar steps regarding cellular and soft tissue
preservation in fossil bone, by endorsing the FH.

The preservation of cells and soft tissues in
fossil bone was once thought to be surprising.
However, the plethora of examples of preserved
cells and soft tissues in fossil bone that are now
known perhaps ought to inspire a reconsideration
of surprise, because it appears that such preserva-
tion is quite common in the fossil record. Now that
plausible mechanisms and paleoenvironmental
parameters that facilitate such preservation have
been identified, perhaps it should be unsurprising
to find preserved cells and soft tissues within
bones entombed under conditions that satisfy
those parameters.
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APPENDIX 1.

Further problems with the Miller et al. (2019) paper on collagen in fossil bone

To support their conclusion that collagen in Mesozoic fossil bone provides evidence that the bone is only
thousands of years old, Miller et al. (2019: p. 12) stated: “Dinosaurs apparently coexisted with both Nean-
derthal and Modern man for a period of time. Distinct dinosaur depictions exist world-wide, apparently
because contemporaneous people actually saw them,” an unexpected statement in a peer-reviewed sci-
ence journal. To support that statement, Miller et al. (2019) illustrated a sixth-century mosaic in Sepphoris,
which they claimed depicts a dinosaur. However, the animal in the Sepphoris mosaic is a crocodile. A croc-
odile was a standard feature of Nilotic scenes in the art of the Mediterranean world during the Roman period
and early Middle Ages. Through the centuries, the crocodile was depicted with increasing inaccuracy, which
began with its often being given short ear flaps and an unrealistically bulbous midsection in Roman art. In
art of the fifth—sixth centuries, further unrealistic details were added, such as a short snout and long legs in
some cases and long ear flaps in others (Hachlili, 1998). In the high Middle Ages, the trend away from real-
ism in artistic depictions of crocodiles culminated in their being regularly given fur, feathered wings, and
occasionally lateral spikes, in addition to long ear flaps, in medieval European bestiaries (see illustrations in
Barber (1992) and Heck and Cordonnier (2018), for examples). The crocodile in the Sepphoris mosaic rep-
resents a stage at the beginning of this trend, in which the animal is given a bulbous midsection and long
ear flaps. It is not a dinosaur, despite that its long ear flaps could be mistaken today for ceratopsian brow
horns by someone unfamiliar with animal stylization in early medieval art, if one fails to take into account
that the animal in the mosaic lacks both the prominent beak and the huge parietal frill that are present in
every horned ceratopsian.

To further support their conclusion that humans coexisted with dinosaurs, Miller et al. (2019: p. 13) also
illustrated what they called a “dinosaur petroglyph” at Kachina Bridge in Natural Bridges National Monu-
ment, Utah. In fact, their illustration is a previously published (Swift, 2006) creative misrepresentation of the
petroglyph, in which a light-colored image of a dinosaur has been digitally superimposed over a photograph
of the petroglyph. The petroglyph itself has no legs and is therefore not a dinosaur. Mineral stains on the
rock face yield the illusion of legs beneath the petroglyph, which is a sinuous shape of enigmatic meaning
(Senter and Cole, 2011). Regarding the “distinct dinosaur depictions” that “exist world-wide” according to
Miller et al. (2019: p. 12), it should be noted that alleged dinosaur depictions that have been investigated
have been shown to be misinterpretations (Senter, 2012, 2019; Burnett, 2019) or hoaxes (Carriveau, 1976;
Polidoro, 2002; Burgess and Marshall, 2009).
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APPENDIX 2.

TABLE 1. Misconceptions of cellular and soft tissue preservation in fossil bone from YEC literature.

Misconception Rebuttal

In the Ostrich Hb Experiment, the experimenters In the Ostrich Hb Experiment, the experimenters conducted several
“made a visual determination of the preservation of the chemical tests, including electron energy loss spectroscopy (EELS) and
blood vessels after two years and did not conduct any micro-x-ray fluorescence (uXRF) to identify and map iron in the tissues,
chemical tests” (Clarey, 2020: p. 100). micro-x-ray absorption near-edge structure (u-XANES) to determine
the chemical speciation of iron, y-XANES and micro-x-ray diffraction (-
XRD) to identify the minerals in the tissues, and iron chelation and
immunoreactivity to confirm that iron was bound to proteins (Schweitzer

et al,, 2014).
The published illustrations from the electronic In the illustrations in question, the vessels soaked in water show much
supplemental material (published online) of the Ostrich collapse and fungal invasion, whereas those soaked in blood show
Hb Experiment do not show a major difference much less of both, and those soaked in blood under oxygenated
between the water-soaked and blood-soaked vessels conditions show no collapse at all (figure S4 of the electronic
at high magnification (Anderson, 2017). supplementary information of Schweitzer et al., 2014). The differences

between water-soaked and blood-soaked vessels are illustrated in
figure S4 of the electronic supplementary information and are also
verbally pointed out in the caption to that supplemental figure and on p.
7 of the main article (Schweitzer et al., 2014).

The electronic supplemental material of the Ostrich Hb It is still available at
Experiment is no longer available online (Anderson, https://royalsocietypublishing.org/doi/suppl/10.1098/rspb.2013.2741
2017).

The FH is falsified by the presence of certain amino This misconception fails to take into account that the three-dimensional

acids in the soft tissues in dinosaur bone, because structure of a protein can shield reactive amino acids from reactants
Fenton reactions would have altered those amino (Robinson and Robinson, 1991; Cournoyer et al., 2005). It also fails to
acids (Anderson, 2017; Anderson, 2018). Fenton take into account that even though certain amino acids and amino acid
reactions require an aqueous medium, and the pairs are more unstable than others, the longer sequence of amino
presence of water causes asparagine to become acids that contains them can counteract their instability (Robinson and

deamidated to isoaspartic acid, causes glutamine and Robinson, 1991).
asparagine to become deamidated in the presence of

certain neighboring amino acids, and causes serine to

detach from neighboring amino acids by hydrolysis

(DeMassa and Boudreaux, 2015). In the presence of

hydroxyl radicals, tyrosine would have formed cross-

links, methionine would have oxidized to become

methionine sulfoxide, and histidine would have

oxidized to become 2-oxo-histidine (DeMassa and

Boudreaux, 2015).

Heme is stable and therefore unlikely to release free ~ When Hb breaks down, its heme then breaks down and releases free
iron (Armitage, 2017). iron (Balla et al., 2005, 2007).

“Without an actual decay rate of vascular tissue in The decay rate of vascular tissue has no bearing on how long said
blood concentrate, we cannot reliably extrapolate an  tissue will be preserved if its decay is arrested.
age expectation” (Thomas, 2015: p. 243).

The FH does not explain the preservation of CBM, CBM is adjacent to canaliculi, which conduct materials from blood

because CBM wouldn’t have had enough access to (Feng et al., 2006), thereby providing CBM with access to iron from

blood for a sufficient amount of iron to arrive there from decomposing Hb. CBM is also adjacent to osteocytes, which produce

Hb (Anderson, 2017). ferritin (Spanner et al., 1995; Li et al., 2018), another plausible iron
source.

Collagen cannot last longer than 900,000 years (ICR, This misconception is based on misreadings of a 2011 study that found

2013; Clarey, 2015; Thomas, 2015) or 1.5 million years collagen in fossils 1.5 million years old and expressed hope that

(Anderson, 2018). collagen could be found in fossils from a deposit 900,000 years old
(Buckley and Collins, 2011). The study did not conclude that collagen
cannot last longer than that.

Canaliculi are too narrow to have conducted materials Canaliculi do conduct materials from blood (Feng et al., 2006). Also,
from Hb breakdown from blood to osteocytes (Thomas, osteocytes produce ferritin (Spanner et al., 1995; Li et al., 2018), a
2015). plausible source of iron for Fenton reactions.
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The FH is implausible, because a “blood bath” was
absent in the case of other preserved soft tissues such
as dinosaur skin and the casings of sabellid worms
(Thomas, 2015; Anderson, 2017).

Mesozoic bones with preserved cells and soft tissues
are “fresh” (Woetzel, 2012; Oard et al., 2016) or
unfossilized (Oard, 2009, 2011).

If dinosaur skin and invertebrate casing are preserved by some method
other than Fenton chemistry, that doesn’t invalidate the FH, because
the FH is an explanation of the preservation of cells and soft tissues
within fossil bone, not skin or invertebrate casings.

Although fossil bones with preserved cells and soft tissues may be less
permineralized than those without preserved cells and soft tissues, they
bear the chemical signatures of fossilization, such as fluorination
(Surmik et al., 2016; Kiseleva et al., 2019; Korneisel et al., 2021;
Schroeter et al., 2022; Voegele et al., 2022), recrystallization with rare
earth elements (Kiseleva et al., 2019; Gatti et al., 2022; Schroeter et al.,
2022; Ullmann et al., 2022), and (in some cases) partial
permineralization (Plet el al., 2017; Kiseleva et al., 2019; Voegele et al.,
2022). Even the collagen in such bones is sufficiently altered (Wiemann
et al,, 2018; Boatman et al., 2019) to be considered to have undergone
fossilization. The many diagenetic changes that the cells and soft
tissues have undergone (Pawlicki, 1995; Pawlicki and Nowogrodzka-
Zagoriska, 1998; Lindgren et al., 2011; Schweitzer et al., 2013;
Schweitzer et al., 2014; Cadena, 2016; Surmik et al., 2016; Lee et al.,
2017; Boatman et al., 2019; Ulimann et al., 2019; Cadena, 2020;
Bailleul and Zhou, 2021; Surmik et al., 2021; Zheng et al., 2021) show
that neither they nor the bones that house them are fresh.
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