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Microscopic soft tissues have been identified in fossil vertebrate remains collected

from various lithologies. However, the diagenetic mechanisms to preserve such tissues

have remained elusive. While previous studies have described infiltration of biofilms in

Haversian and Volkmann’s canals, biostratinomic alteration (e.g., trampling), and iron

derived from hemoglobin as playing roles in the preservation processes, the influence

of sediment texture has not previously been investigated. This study uses a Kolmogorov

Smirnov Goodness-of-Fit test to explore the influence of biostratinomic variability and

burial media against the infiltration of biofilms in bone samples. Controlled columns of

sediment with bone samples were used to simulate burial and subsequent groundwater

flow. Sediments used in this study include clay-, silt-, and sand-sized particles modeled

after various fluvial facies commonly associated with fossil vertebrates. Extant limb bone

samples obtained from Gallus gallus domesticus (Domestic Chicken) buried in clay-rich

sediment exhibit heavy biofilm infiltration, while bones buried in sands and silts exhibit

moderate levels. Crushed bones exhibit significantly lower biofilm infiltration than whole

bone samples. Strong interactions between biostratinomic alteration and sediment size

are also identified with respect to biofilm development. Sediments modeling crevasse

splay deposits exhibit considerable variability; whole-bone crevasse splay samples

exhibit higher frequencies of high-level biofilm infiltration, and crushed-bone samples

in modeled crevasse splay deposits display relatively high frequencies of low-level

biofilm infiltration. These results suggest that sediment size, depositional setting, and

biostratinomic condition play key roles in biofilm infiltration in vertebrate remains, and

may influence soft tissue preservation in fossil vertebrates.
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INTRODUCTION

The presence of non-biomineralized osteocytes and blood vessels in vertebrate fossils and
sub-fossils from various fluvial deposits has been well-established in literature (Pawlicki, 1978;
Schweitzer et al., 2005, 2007, 2016; Asara et al., 2007; Bertazzo et al., 2015; Lee et al., 2017).
Particles of aggregated hematite have been suggested to play a role in the preservation of collagen
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in such fossils (Schweitzer et al., 2005, 2007, 2016; Lee et al.,
2017). Crucially, growth of microbial biofilms, prokaryotic
organisms in an exopolymeric matrix (Schweitzer et al., 2016),
on the surface of bone and the subsequent sealing of natural
osteological vectors like pores of blood vessels and Haversian
and Volkmann’s canals have been suggested to facilitate the
preservational mechanisms that occur during the early phases of
diagenesis; biofilm infiltration leads to mineralization, retarding
further metabolization of organic materials and promoting soft
tissue preservation (Trinajstic et al., 2007; Peterson et al., 2010;
Schweitzer et al., 2016).

Some previous analyses of early diagenetic biofilm growth
on archosaur bones used the Extant Phylogenetic Bracket (EPB)
method of inference afterWitmer (1995) to focus on the influence
of higher order phylogenetic variation and biostratinomic
processes (e.g., trampling and subsequent fracturing before
burial) with extant analogs (Peterson et al., 2010). Crushing
of a bioclast (biostratinomy), which can stem from particle
transport in high-energy fluvial systems, diagenetic alteration,
or macrovertebrate bioturbation, produces new vectors for
microbial infiltration of bone pore spaces in the form of cracks
and fractures, providing open conditions for decomposition
of internal organic materials in bones. Bone alteration, such
as crushing and fracturing, has previously been illustrated to
have a statistically significant impact on biofilm formation and
infiltration (Peterson et al., 2010).

Another critical factor in the preservation of more labile
tissues in fossils is the sediment in which they are buried (Allison
and Briggs, 1991; Schweitzer et al., 2007; Piñeiro et al., 2012).
From site to site, sedimentary deposits will vary in texture,
porosity, permeability, groundwater geochemistry, andmicrobial
composition (Briggs, 2003; Maier et al., 2009). As the growth
rate of microbial biofilm depends on the nutrients available at
nucleation sites, factors that influence the transport of nutrients,
such as burial media, must be taken into account (Allison and
Briggs, 1991; Briggs, 2003; Trinajstic et al., 2007; Piñeiro et al.,
2012).

The hypothesis of this study was that the burial media (sands,
silts, and clays) and biostratinomic condition (whole or crushed
bone) influence the development and infiltration of biofilms and
authigenic mineralization in extant theropod bones. By further
understanding the role of biofilms in the early diagenetic phases
of fossilization, predictions can be made regarding the conditions
necessary for likely soft tissue preservation in fossilized
bone.

METHODOLOGY

Sample Preparation
To test the hypothesis of this study, controlled column
experiments were utilized to simulate groundwater flow during
early diagenesis (Leal-Batista and Lenczewski, 2006; Lenczewski
et al., 2007; Greenhagen et al., 2014; Waska, 2014). The
water flowed through a variety of sediments with textures
representative of common fluvial settings containing extant
theropod bones, which were then analyzed for degree of biofilm
formation, defined as a series of Classes (after Peterson et al.,

2010). To appropriately model the taphonomy of fossil theropod
specimens previously reported to possess primary soft-tissues
that may be influenced by biofilms, such as subadult tyrannosaurs
(Peterson et al., 2010), eight femora of the extant theropodGallus
gallus domesticus (Domestic Chicken) were selected and carefully
stripped of bulk muscle and connective tissues with a sterilized
scalpel. Samples were obtained from commercial sources (i.e.,
organic grocery stores in Northern Illinois). The handling of
all bone samples was performed with nitrile gloves to avoid
contamination to the microflora in this experiment. No permits
were required for this study.

Column Construction
To explore the role of burial media on the development of
microbial biofilms in extant theropod bone, control column
experiments were used to simulate groundwater flow after
burial in different sediments (Greenhagen et al., 2014; Waska,
2014). Three sedimentary groups were developed and modeled
after fluvial facies commonly associated with vertebrate fossils;
channel sands, crevasse splays, and distal flood-basin deposits
(Table 1). Sediment mass ratios were based on particle size
analysis values for common late Cretaceous fluvial depositional
environments (Peterson et al., 2011). Sand and clay was obtained
from commercial sources (quartz masonry sand and bentonite
commonly used in installation of groundwater wells) and silt was
obtained from a local Peoria loess deposit in northern Illinois. All
sediments were dried prior to use.

Columns were constructed from 10 cm wide PVC pipes and
each was approximately 30 cm long with a final volume of
approximately 2,700 cm3 (Figure 1). The upper and lowermost
50 mL of each column were filled with high density polyethylene
(HDPE) spheres to aid in equal distribution of water inflow
and outflow. The lower layer of HDPE spheres was covered
with 500 mL of coarse silica sand to further aid in water flow,
followed by 1,000 mL of sediment modeling specific depositional
environments (Table 1), with each column containing a different
fluvial analog and the bone samples. The columns were then
filled with 250 mL of coarse silica sand, followed by an additional
500 mL of HDPE spheres. To simulate pre-burial biostratinomic
variation, two bone samples were reserved for placement in each
sediment column; one sample was placed intact, and the second
sample was crushed. Crushing was conducted in a sterile Whirl-
Pak bag perpendicular to the long axis of the bone to simulate
bones that have been fractured prior to burial, as often observed
in the vertebrate fossil record (e.g., Behrensmeyer et al., 1986).
The column was subsequently filled with sediment to within 2–3
cm of the top of the column, where a final layer of HDPE spheres
were added.

TABLE 1 | Sample columns, particle size ratios, and depositional models

based on particle size analysis from Peterson et al. (2011).

Column Sand:silt:clay ratio Depositional model

A 2:1:1 Channel sand

B 1:2:1 Crevasse splay

C 1:1:2 Flood basin
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FIGURE 1 | Schematic of PVC flow-through columns used in

experiment.

Columns were then placed on a laboratory bench and
connected to a low-flow peristaltic pump that bottom fed
groundwater directly into the columns. The groundwater was
sourced from a well-located near Northern Illinois University
campus, however the pump was not connected directly to the
well. Instead, an influent carboy, filled with well-water, was
connected to the pump. The carboy was connected to the
peristaltic pump, and the tubing was flushed with three times its
internal volume, before being connected to the bottom influents
of the columns.

The time zero for each column started on the first day
of observing an effluent from the column. The experiment
maintained continuous flushing of the columns for 180 days with
short shut-off times (up to 10 min) for water source replacement
(i.e., refilling the influent carboy with well-water). Source water
was kept the same throughout the experiment to maintain a
similar microbial community. Effluent from the columns was
monitored for pH and temperature every 3–4 days. The effluent
from the columns indicated that the temperature was around
room temperature (25◦C) and the pH varied from 6.5 to 7.9
throughout the experiment (Figure 2A).

The experiment ran for 180 days at a continuous flow rate
(500 mL/day), after which the bones and sediment samples
in contact with the bones were collected. All handling of
specimens was conducted while wearing nitrile gloves. Each bone
sample was cut into three equal transverse sections for scanning
electron microanalysis (SEM) (Figure 2B), which focused on the
diaphyseal portion of each studied limb element. Sectioning was

FIGURE 2 | Schematic of experimental columns. (A) Placement of bone

samples and water flow to the six columns over the duration of the

experiment. Effluent water was collected regularly to test variability in pH. (B)

Schematic of section of bone samples following experiment. Diaphyseal

portion of the bone samples (in gray) were used in SEM analyses.

performed using a laminar flow hood, a set of sterilized forceps,
and 20 flame-sterilized cutting plates. A new flame-sterilized
blade was used for each sample and the forceps were re-sterilized
prior to cutting each specimen. All specimens were placed in
labeled sterile Whirl-Pak bags and stored in a −70◦C freezer to
preserve the biofilms until preparation for SEM analyses.

Scanning Electron Microanalysis
Prior to SEM analysis, each sample was removed from its
Whirlpak bag using nitrile gloves and lypholized. Samples were
then fixed with Canemco carbon tape to a standard SEM
aluminum sample stub. Using an SPI magnetron sputter coater,
the specimens were Au/Pd coated to a thickness of ∼40 nm
to ensure optimal adhesion and conduction in preparation
for analysis. Specimens were imaged at 300x magnification
utilizing secondary electron imaging (SEI) via a JEOL 5900 Low
Vacuum Scanning Electron Microscope with Oxford INCA EDS
at Beloit College. All images were taken with a 40 spotsize,
20 keV accelerating voltage at an average working distance
of 10 mm. For each specimen, 25–30 images of Haversian
and Volkmann’s canals were collected. To confirm that the
substances encrusting pore spaces in Gallus gallus domesticus
study specimens were biofilms, micrographs of colonial bacteria
within the material were collected at ultra-high magnifications
for each specimen (450x–5,000x) (Figure 3), revealing microbial
communities surrounded by an undulatory extracellular matrix
[e.g., extracellular polymeric substance (EPS)].

Statistical Analysis
In order to quantify the degree of biofilm infiltration in
bone samples, natural vectors in the form of Volkmann’s
and Haversian canals were identified at the bone surfaces
at a magnification of 300x and tabulated for degree of
biofilm infiltration (Table 2, Figure 4). In order to standardize
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FIGURE 3 | Examples of biofilm morphology. (A) Arrows indicated the

presence of encrusting biofilm on Haversian canal wall of a crushed Gallus

gallus domesticus femur buried in the modeled crevasse splay deposit, with

microbes resting in an undulatory exopolysaccharide (EPS) matrix. Image

taken under HV71 at 450x magnification, 56 spotsize, with a 5 keV

accelerating voltage (scale = 5 µm). (B) Arrows indicating the presence of

bacterial cells in EPS, taken under HV71 at 5,000x magnification, 39 spotsize,

with a 5 keV accelerating voltage (scale = 5 µm).

TABLE 2 | Degree of biofilm infiltration into observed natural vectors in

bone samples of G. gallus domesticus, defined as 4 distinct nominal

Classes (after Peterson et al., 2010).

Class Pore Infiltration

0 No biofilm infilling of vector.

1 Biofilm coating inner vector wall.

2 Thick biofilm coating or infilling.

3 Complete/near complete biofilm infilling.

comparisons among Haversian and Volkmann’s canals, canals
and other vectors were chosen based on their diameter, with only
vectors between 50 and 100 µm being chosen for analysis.

In order to quantify the degree of modern biofilm infiltration
in extant theropod bone, natural osteological vectors were
identified on the surface of SEM samples at a magnification of

300×. Following Peterson et al. (2010), a series of four nominal
classes were established to categorize the degree of biofilm
infiltration (Table 2; Figures 4A–D). A natural vector with no
visible biofilm was classified as Class 0 (Figure 4A), a vector with
a thin biofilm coating the inner wall of the canal was classified as
Class 1 (Figure 4B), a Class 2 vector exhibits thickening biofilm
that is beginning to close the aperture of the pore aperture
of the vector (Figure 4C), and a Class 3 vector possesses a
nearly complete infilling of the canal by biofilm (Figure 4D).
Kolmogorov-Smirnov Goodness-of-fit tests were performed on
the pore size/infiltration matrix to identify variation in biofilm
infiltration among samples in different taphonomic conditions at
a 0.05 significance level (α = 0.05).

RESULTS

Variance in the Degree of Biofilm
Infiltration
Degree of biofilm infiltration for all analyzed samples is recorded
in Tables 3A,B. Both whole and crushed bones from modeled
channel sediments displayed the highest frequency of infiltration
Class 3 (whole−50%; crushed−40%). Frequencies of infiltration
observed for whole and crushed bones in modeled channel
sediments decrease with each successive infiltration Class, such
that Class 2 is the second most frequently observed, followed
by Class 1 and Class 0. For bone samples in modeled crevasse
splay sediments, whole bones display a similar pattern to channel
sediments, with Class 3 being the most frequent (44%), followed
by Classes 2 and 1 (26% each) and finally Class 0. However,
crushed bones from modeled crevasse splay sediments displayed
the highest proportion of infiltration Class 0 (36%), followed
in order of decreasing frequency by Class 1, 2, and 3. Results
from modeled flood basin sediments follow those of the channel
sediments, with Class 3 being the most frequently recorded for
both whole (81%) and crushed (62%) bones. Each subsequent
infiltration Class is less frequent for whole bone in modeled flood
basin sediments. Crushed bones revealed fewer Class 2 than 3,
and equal frequencies of Classes 1 and 0 (8% each).

Burial Media
Bone samples buried in the modeled flood-basin deposit (clay)
exhibited a trend toward high frequencies of Class 3 biofilm
infiltration and very low frequencies of lower-class biofilm
infiltration (Figure 5). Samples buried in modeled channel
deposits (sand) and crevasse splays (silt) exhibited similar trends
of moderate frequencies of mid-level biofilm infiltration (Classes
1 and 2).

Biostratinomic Condition
Crushed-bone samples consistently exhibited lower frequencies
of maximum biofilm infiltration (Class 3) than their whole-bone
counterparts (Figure 5) in channel and flood-basin deposits.
Crushed- and whole-bone samples buried in modeled crevasse
splay deposits exhibit considerable variability. Alternatively,
whole- and crushed-bone samples in channel sands follow
comparable trends, exhibiting moderate-levels (Classes 1 and 2)
of biofilm infiltration. Whole- and crushed-bone samples buried
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FIGURE 4 | Examples of Vector Infiltration Classes for statistical analysis: (A) Class 0—no biofilm visible inside of canal. Arrow indicating the biofilm-free canal

wall; (B) Class 1—some biofilm coating inner pore wall. Arrow indicating the presence of early-stage biofilm development; (C) Class 2—biofilm thickening and

beginning to seal pore aperture of a whole femur. Arrow indicating the increasing abundance of biofilm; (D) Class 3—near complete infilling of the canal. Arrow

indicating the presence of nearly complete covering of biofilms. All images are SEI, taken under HV71 at 300x magnification, 40 spotsize, with a 20 keV accelerating

voltage and a working distance of 8–12 mm.

TABLE 3 | Kolmogorov Smirnov Goodness of Fit results: (A) number of natural osteological vectors tallied with Class of biofilm infiltration; (B) results of

significant difference comparisons.

A. Number of Vectors Per Infiltration Class

Class Channel (Whole) Channel (Crushed) Crevasse (Whole) Crevasse (Crushed) Flood basin (Whole) Flood basin (Crushed)

0 1 (6%) 4 (14%) 1 (4%) 8 (36%) 0 (0%) 2 (8%)

1 4 (25%) 6 (21%) 7 (26%) 7 (32%) 1 (3%) 2 (8%)

2 3 (19%) 7 (25%) 7 (26%) 5 (23%) 5 (16%) 6 (23%)

3 8 (50%) 11 (39%) 12 (44%) 2 (9%) 25 (81%) 16 (61%)

Total 16 28 27 22 31 26

B. Kolmogorov Smirnov Test Results (0.05)

Channel (Whole) Channel (Crushed) Crevasse (Whole) Crevasse (Crushed) Flood basin (Whole) Flood basin (Crushed)

Channel (Crushed) x

Crevasse (Whole) x x

Crevasse (Crushed) 0.05 0.05 0.05

Flood basin (Whole) 0.05 0.05 0.05 0.05

Flood basin (Crushed) x 0.05 x 0.05 0.05
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FIGURE 5 | Degree of biofilm infiltration of Haversian and Volkmann’s canals of bone samples in various burial media and biostratinomic conditions.

Error bars represent standard error.

in modeled flood basin deposits exhibited very high frequencies
of Class 3 biofilm infiltration compared to all other samples, and
very low frequencies of other infiltration Classes.

Statistical Analysis
Kolmogorov Smirnov Goodness-of-Fit test results show
significant differences (p < 0.05) (Tables 3A,B) between biofilm
infiltration in whole-bone vs. crushed-bone samples in modeled
crevasse splay and flood basin sediments. Biofilm development
in whole-bone and crushed-bone samples buried in a modeled
channel sand show similar frequencies of biofilm Classes and
were not found to be significantly different.

Differences between bone samples (whole and crushed) buried
in modeled flood basins and channel sands also show significant
differences, as do bone samples buried in modeled flood basins
and crevasse splay sediments. However, differences between
channel sands and crevasse splay sediments are only significant
in crushed samples; whole-bone samples between channel and
crevasse splay sediments were not found to be significantly
different (Table 3B).

DISCUSSION

These results confirm previous analyses concerning the
relationship between biostratinomy and biofilm growth in
modern bones (Peterson et al., 2010), and further demonstrate
that the grain size of burial media plays a significant role
in the degree of biofilm development. However, while both
biostratinomic and depositional variables significantly influence
the degree of biofilm growth in bone samples, it is clear

biostratinomy plays a greater role than depositional setting.
Biofilm infiltration is the highest in whole-bone samples buried
in flood-basin analogs (clay-rich), and lowest in crushed samples
in crevasse splay analogs (silt-rich). All samples, with the
exception of crushed samples buried in crevasse splay analogs,
show a similar trend of dominance Class 3 (Table 2), likely due
to the prolonged duration of the experiment (6 months).

Peterson et al. (2010) experimentally demonstrated the
potential relationship between relative degree of biofilm infilling
of natural osteological vectors (e.g., Haversian and Volkmann’s
canals) and osteological soft tissue preservation in vertebrate
fossils. The mineralization of biofilms established in osteological
vectors during decomposition may promote the preservation
of primary soft-tissues in extant and fossil archosaur bones by
retarding further microbial metabolization of tissues in bones
(Trinajstic et al., 2007; Peterson et al., 2010; Schweitzer et al.,
2016). As such, bones which have experienced less biostratinomic
alteration, i.e., bones which have not been crushed, are more
likely to preserve soft tissues than those which have been altered
(Peterson et al., 2010).

The results of this study demonstrate that well-developed
biofilms infiltrate the vectors of whole bones better and more
thoroughly than in crushed bones, mirroring the results of
Peterson et al. (2010). Whole-bones samples buried in modeled
channel sands and crevasse splay sediments exhibited relatively
high frequencies of nearly complete or completely biofilm-
filled Haversian and Volkmann’s canals (Classes 2 and 3),
and thus would be expected to yield primary soft-tissues in
vertebrate fossils. Crushed bones in modeled channel and
crevasse sediments display decreased frequencies of Class 3
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infiltration, and are less likely to preserve soft tissues. However,
whole and crushed bones in modeled flood-basin sediments
both exhibited extremely high frequencies of biofilm infiltration
(Class 3), demonstrating an interaction between biostratinomic
condition and sediment grain size.

Samples buried in flood basin sediments possess an increased
frequency of advanced biofilm development, likely due to the
increased concentrations of microbial communities in mud and
clay-rich sediments (Camesano and Logan, 1998). However,
lithification of mudstones involves a more pronounced degree
of compaction, and slickenside surfaces that develop during
the early diagenetic stage can fracture and displace bioclasts,
opening additional vectors for microorganisms to enter bones
and metabolize soft tissues (Peterson et al., 2010). Furthermore,
mud-rich flood-basin deposits are generally more likely to yield
remains that have been trampled, crushed, and subaerially
exposed for a considerable period of time prior to burial
(Behrensmeyer, 1982; Gates, 2005), thus reducing the likelihood
of preserved primary soft-tissues. The results of this experiment
verify these findings. While Class 3 infiltration is most commonly
exhibited by both whole and crushed bones in modeled flood
basin sediments, the whole bones have a higher frequency of
Class 3 (81%) compared to crushed bones (61%). Hence, while
mud and clay-rich flood basin sediments are more likely to
preserve soft tissues compared to deposits with larger grain sizes,
biostratinomic effects still play a role in soft tissue preservation in
fine-grained deposits.

Sands, while lower in concentrations of microbial
communities (Camesano and Logan, 1998), provide a grain-
supported framework which would reduce crushing and keep the
natural vectors as the primary means for microbial integration.
From these results, a prediction can be proposed that un-
fractured bones in sand to silt-sized sediments are more likely to
yield primary soft tissues in vertebrate fossils than crushed bones
in either setting.

While previous studies on biofilm development in vertebrate
fossils show a potential influence on the preservation of
osteological soft-tissue in the fossil record (Trinajstic et al.,
2007; Peterson et al., 2010; Schweitzer et al., 2016), it
should be noted that the observations of this study do
not necessarily imply that primary osteological soft tissue
preservation will always occur in accordance with biofilm
development. Though primary soft-tissues in vertebrate fossils
are commonly associated with relatively coarse-grained facies
(e.g., Schweitzer et al., 2005; Asara et al., 2007), the results
of this study suggest soft tissue preservation should be more
common in fine-grained sediments. The limited exposure and
rapid burial of samples in this experiment may produce unique
conditions for soft-tissue preservation in remains buried in
finer-grained facies. However, Peterson et al. (2010) reported
on the extraction of primary soft-tissues from tyrannosaurid,
ceratopsian, and ornithopod dinosaurs encased in a variety of
depositional settings, and only those ceratopsian bone fragments
which were buried in a flood-basin deposit yielded pliable
tissues, following the results of this study. The nature of
the deposit studied by Peterson et al. (2010) may explain
the departure from the commonly observed pattern. The
taphonomy for this deposit has been thoroughly described

(Mathews et al., 2009) and the remains exhibit virtually no
abrasion, crushing, or fracturing, and are attributed to three
individual juvenile Triceratops; a unique age profile that suggests
a single depositional event and limited exposure prior to burial
(Mathews et al., 2009), similar to the conditions created in
this study. As such, the preservation of pliable primary soft-
tissues may be due to biostratinomic processes such as the
rate of burial. Rapid burial of the remains could promote soft-
tissue preservation rather than the usual taphonomic processes
associated with floodplain deposits, such as prolonged exposure
and biostratinomic reworking (Behrensmeyer, 1982; Gates,
2005).

The mechanisms required to promote preservation of soft-
tissue internal to bone in vertebrate fossils are complex. Despite
previously proposed alternative hypotheses for the presence
of primary soft-tissues in Mesozoic vertebrate fossils, such
as contaminants or recent biofilms (Kaye et al., 2008), an
abundance of biomolecular evidence has confirmed their initial
interpretations as primary soft-tissues (Schweitzer et al., 2005,
2009, 2016; Asara et al., 2007). Biochemical processes have
been proposed to play a significant role in the preservation of
soft osteological tissues; recently iron has been suggested as an
alternative mechanism to explain the process by which primary
soft-tissues can remain pliable over geologic time, by which iron
from hemoglobin serves as a natural chelator to increase tissue
immunoreactivity in vertebrate remains (Schweitzer et al., 2014;
Lee et al., 2017). However, the presence of mineralized biofilms
in vertebrate samples were osteological soft-tissues have also
been recovered suggests a role in tissue preservation (Briggs,
2003; Peterson et al., 2010; Kremer et al., 2012; Raff et al.,
2013, 2014; Schweitzer et al., 2016), where biofilm crystallization
in Haversian and Volkmann’s canals seals natural vectors
from further microbial penetration and retards subsequent
metabolization of soft-tissues. Therefore, by sealing the internal
pore spaces of bones, biofilms promote the preservation of those
soft tissues found within bone. Furthermore, iron has also been
previously associated with soft-tissue preservation and biofilms
and interpreted as pyrite framboids (Kaye et al., 2008; Peterson
et al., 2010). The presence of iron associated with both preserved
soft-tissues and mineralized biofilms suggests that multiple
mechanisms may be involved in the preservation of primary
biomolecules in fossil vertebrates (e.g., Kaye et al., 2008; Peterson
et al., 2010; Schweitzer et al., 2014), including depositional
chemistry, biostratinomy and sediment grain size. In order to
fully explain the complex processes required to preserve primary
soft-tissues in vertebrate remains over tens of millions of years,
further analysis and actualistic taphonomic experimentation of
biochemistry, geochemistry, and paleoenvironmental factors are
needed. Furthermore, future experimentation is needed in order
to understand the complex interactions between environmental
factors which may lead to the preservation of those soft tissues
not found within bone.
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