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Abstract: Recent experiments have heightened our understanding of reactions which can stabilize
biomolecules during early diagenesis, yet little remains known about how groundwater chemistry
can aid or hinder molecular preservation within a bone through geologic time. To elucidate this
issue, we conducted actualistic experiments of bone decay employing varied fluid compositions to
simulate a suite of groundwaters. Modern domestic chicken (Gallus gallus) femora were placed in a
matrix of compositionally- and texturally-mature, fluvially-deposited sand. To simulate groundwater
flow, deionized water or solutions enriched in calcium carbonate, phosphate, or iron were percolated
through separate trials for a period of 90 days. After completion of the experiment, degradation
of the bones was examined via histologic thin sectioning and two immunoassays against collagen
I, the primary bone structural protein: immunofluorescence and enzyme-linked immunosorbent
assay. Collagen loss was found to be greatest in the iron trial and least in the calcium carbonate
trial, the latter of which experienced partial permineralization with calcite over the course of the
experiment. Specifically, the iron trial was found to retain only ~35 ng of collagen I per 100 ng
of protein extract, whereas the calcium carbonate trial retained ~90 ng of collagen I. Further, in
the iron and calcium carbonate trials, cementation of sediment onto bone surfaces preferentially
occurred over more porous regions of the epiphyses, perhaps stimulated by greater release of decay
compounds from these regions of the bones. Of the two trials exhibiting intermediate results, the
phosphate trial induced slightly greater decay of collagen than the deionized water control, which
retained ~60 ng and ~80 ng of collagen I per 100 ng of protein extract, respectively. These results
demonstrate that highly acidic conditions during early diagenesis can overwhelm any preservative
effects of free radical-mediated stabilization reactions, whereas early-diagenetic permineralization
can drastically slow biomolecular decay (ostensibly by hampering microbial access to the interior of a
bone), thereby increasing the likelihood of a bone to retain biomolecules and/or their decay products
through protracted diagenesis. Future variations of this actualistic experiment employing varied
durations, solute concentrations, bacterial communities, pH values, and/or host sediments could
provide further important insights into the ways in which early-diagenetic environments control the
initial decay of biomolecules within bone and other tissues.

Keywords: actualistic taphonomy; bone; calcium carbonate; collagen; diagenesis; fossilization; iron;
molecular paleontology; phosphate

1. Introduction

Discovery of endogenous biomolecules in fossil bones, including DNA and proteins
such as collagen I and osteocalcin, has become increasingly common over the last two
decades (e.g., [1–16]) (Figure 1). These discoveries challenge long-held presumptions about
the nature of fossilization and provide intriguing means of advancing several lines of cur-
rent research, including: (1) identifying indeterminate fossil remains (e.g., [17,18]); (2) test-
ing of phylogenetic hypotheses independent of skeletal morphology (e.g., [4,11,19–24]);
(3) calibration of molecular clocks for cladistic analyses (e.g., [20,23–25]); (4) tracking the
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genetic and phylogeographic history of past populations (e.g., [26–28]); and (5) examining
trajectories of molecular evolution and the physiology of extinct taxa (e.g., [29]).
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Figure 1. The hierarchical structure of bone from the histological to the molecular level. The structural
protein collagen I, shown at far right, forms the majority of the soft-tissue matrix of bone tissue.
Modified from Zimmerman et al. [30] under a CC BY-4.0 license.

Before we can exploit the full molecular potential of the fossil record, it is first impera-
tive to clarify preservation mechanisms which can account for biomolecular preservation
within fossils over geologic timescales. Further, to reach that goal, we must first achieve a
better understanding of the factors involved in cellular/soft tissue decay and stabilization
during diagenesis and their relative importance in varied depositional environments. For
example, groundwater composition, flow rate, and pH, as well as temporal fluctuations in
these variables, are all known to mediate diagenetic alteration of bone as an ultrastructural
tissue after it is buried in sedimentary environments [31–36], but the influences of these
variables on biomolecular decay and stabilization have largely yet to be empirically tested.

One fruitful means of exploring how taphonomic variables influence molecular decay
is to model decay and fossilization processes in the laboratory through actualistic experi-
mentation [37]. Experimental recreation of decay and fossilization pathways allows one to
control and reduce the number of independent variables and evaluate physicochemical pro-
cesses in a manner not achievable by direct study of ancient fossils. For example, actualistic
studies have advanced understanding of how microbes may mediate permineralization of
bone [38,39], how fluvial currents winnow mass death assemblages of skeletons (e.g., [40])
or impart directionality patterns to fossil assemblages (e.g., [41,42]), and how bone adsorbs
trace elements from environmental waters after death and skeletonization [43,44].

We present results of a novel actualistic experiment conducted to explore the influence
of groundwater chemistry on protein decay. Building on the methods developed by
Carpenter [38], Daniel and Chin [39], and Peterson et al. [45], bones were placed within a
sedimentary matrix and exposed to a simulated groundwater for a period of 90 days. Our
simulated groundwater solutions included calcium carbonate supersaturation, enrichment
in dissolved phosphate, and enrichment in ferric iron, along with a deionized water control.
These choices were made with the intent of modeling initial decay after burial in conditions
similar to (but intensified from) those within a diverse suite of natural environments,
so that the results may inform molecular paleontologists working with vertebrate fossils
preserved under diverse depositional circumstances. This study includes the first utilization
of immunoassays in an actualistic simulation of bone diagenesis, thus providing molecular
taphonomists with a novel foundation for further actualistic testing of biomolecular decay
and stabilization pathways.
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2. Materials and Methods
2.1. Materials

All expendable materials used in construction of the trial apparatuses were purchased
new. These included silicone tubing, silicone, cellophane, faucet aerators, steel wool,
aluminum foil, lab spatulas, polyethylene screw-top caps from 50 mL centrifuge tubes,
and 60 mL polypropylene syringes. All reagents used to make solutions were acquired
from Sigma, namely calcium carbonate (Sigma-12010), phosphoric acid (Sigma-466123),
and iron III chloride (Sigma-157740). Borosilicate glass media-storage bottles (1 L) were
sequentially washed with 100% bleach then 95% ethanol, then autoclaved prior to use.
Chicken (Gallus gallus) thighs were purchased from a local grocery store, from which the
femora were extracted with disposable sterile scalpels. Because rapid burial is rare and
the most common taphonomic circumstance is for bones to be buried after skeletonization
and at-least brief subaerial exposure/decay [46–49], the femora were degreased in a 10%
ShoutTM solution by rocking in separate 600 mL Erlenmeyer flasks for 48 h (with three
changes, following the method of [50]). After degreasing, bones were thoroughly rinsed in
deionized water and stored at 4 ◦C overnight before use in the trials.

Natural, fluvially-deposited sand was collected from a south-facing cutbank exposure
along the Mullica River in southern New Jersey (39◦44′02.83′′ N, 74◦42′40.33′′ W) to serve
as a realistic and permeable sedimentary matrix. The Mullica River was chosen due to
accessibility, the high compositional and textural maturity of the unconsolidated sediments
forming its banks, and the limited extent of human development along much of its length
(in an effort to acquire a sediment sample that was as free from anthropogenic physical
and chemical influences as possible). Regionally, the Mullica River is considered one of the
most pristine, undisturbed fluvial systems in the northeastern United States [51], where
it is commonly used as an ‘uncontaminated’ reference for regional water-quality studies
(e.g., [52,53]). Sand was collected from just above, at, and beneath the current sediment-
water interface and passed through a 1 mm sieve to remove any organic particulates
and homogenize the sand sample for use in our trials. Because bones buried in natural
environments are exposed to bacteria and other microbes in soils/sediments, no effort was
made to sterilize the sand (i.e., we did not treat the sand with sodium azide or bleach).

2.2. Methods
2.2.1. Trial Apparatus

Our trial apparatus design (Figure 2) was inspired by that of Daniel and Chin [39]
(which was in-turn inspired by [38]). Nitrile gloves were worn during the construction of
each identical apparatus to limit the input of exogenous microbes and/or other contami-
nants. 60 mL polypropylene syringes (with plungers removed) were utilized as a sterile
incubation chamber for each trial. To ensure sand would not pass through the base of
the syringes, a small tuft of autoclave-sterilized steel wool was placed in the bottom of
each syringe, then covered by an autoclaved faucet aerator (i.e., a fine stainless-steel mesh).
Roughly 10 mL of sand was then added to each syringe, a femur was placed in each with the
distal end directed down, and ~35 mL of additional sand was packed around and over the
top of each femur with a disposable, sterile lab spatula. A small tuft of steel wool was then
placed over the sand to disperse solution drips so that their impacts would not ‘excavate’ a
depression in the sand down to the proximal end of the bone. A lid for each trial chamber
was prepared by drilling a 7 mm-diameter hole (with an autoclave-sterilized drill bit) in
the center of a polyethylene screw-top cap from a 50 mL centrifuge, then attaching it to the
syringe with clear 100% silicone. The assembled trial chambers were suspended upright
from ring stands via ring clamps. 600 mL beakers were placed under each syringe to collect
effluent solution, which was emptied every ~48 h. Prepared “groundwater” solutions (in
1 L jars) were placed beside the trial apparatuses and fed via 6.4 mm-diameter silicone
tubing through a peristaltic pump and into assigned trial chambers (Figures 2 and 3). Each
silicone tube was then sealed into the respective lid of its trial chamber using 100% silicone.
To limit influx of airborne contaminants, cellophane was tightly wrapped over the top of
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each solution feeder jar and each gap between syringe and effluent beaker (under each
trial apparatus). Finally, aluminum foil was wrapped around each incubation chamber and
each solution feeder jar to simulate the darkness of burial.

Minerals 2023, 13, x FOR PEER REVIEW 4 of 25 
 

 

solutions (in 1 L jars) were placed beside the trial apparatuses and fed via 6.4 mm-diame-
ter silicone tubing through a peristaltic pump and into assigned trial chambers (Figures 2 
and 3). Each silicone tube was then sealed into the respective lid of its trial chamber using 
100% silicone. To limit influx of airborne contaminants, cellophane was tightly wrapped 
over the top of each solution feeder jar and each gap between syringe and effluent beaker 
(under each trial apparatus). Finally, aluminum foil was wrapped around each incubation 
chamber and each solution feeder jar to simulate the darkness of burial. 

 
Figure 2. Schematic representation of the experimental apparatus. The general template of this de-
sign was inspired by that used by Daniel and Chin [39]. 

2.2.2. Solutions and Trials 
While our methods could be utilized to explore the influences of a wide variety of 

potential variables, we elected to focus on the influence of groundwater enrichment in 
metals commonly involved in fossilization. Pore fluid enrichment with metals is an intri-
guing variable to examine because the presence of metal cations has been found to inhibit 
autolytic enzymes [54,55], which could hypothetically elevate biomolecular preservation 
potential within a bone as it is fossilizing. Therefore, to test the influence of groundwater 
enrichment in various metals on protein decay, we made three simulated “groundwater” 
solutions enriched in either calcium carbonate (CaCO3), phosphate (PO4), or ferric iron 
(Fe+3), and compared results from those trials to a deionized water control. Aqueous solu-
tions of the first three of these solutions were made by solubilization of reagent salts. 

Figure 2. Schematic representation of the experimental apparatus. The general template of this
design was inspired by that used by Daniel and Chin [39].

Minerals 2023, 13, x FOR PEER REVIEW 5 of 25 
 

 

 
Figure 3. Initial setup of the experiment, prior to wrapping each of the bone/sediment trial chambers 
and solution bottles with aluminum foil (to simulate darkness of burial). Peristaltic pumps (middle, 
on top of box) fed simulated groundwater solutions from storage bottles at left to separate incuba-
tion chambers at right. Effluent solutions were collected in the beakers beneath each incubation 
chamber. 

Calcium carbonate was chosen for examination because: (1) calcium is a primary 
component of bone hydroxyapatite [56] and an essential metal nutrient sought by micro-
bial decomposers [57,58]; (2) calcite is a common cementing mineral and permineralizing 
phase in clastic sedimentary environments (e.g., [59–61]); and (3) microbially-mediated 
permineralization of bone with calcium carbonate could ostensibly lead to rapid equili-
bration with the early-diagenetic environment [39], thereby promoting biomolecular sta-
bilization in a bone after burial. In an attempt to initiate incipient permineralization over 
the timeframe of an actualistic experiment, we followed the protocol of Daniel and Chin 
[39] to prepare a supersaturated solution of CaCO3. This solution was prepared by dis-
solving 2 g of CaCO3 into 1 L of 0 °C deionized water (i.e., CaCO3 powder dissolved into 
solution as the water melted), which was then titrated to pH 6.5 with 1 N hydrochloric 
acid (HCl). Freezing of the water and titration to acidic pH were necessary to enhance 
calcium carbonate solubilization because CaCO3 solubility increases with decreasing tem-
perature and pH [62]. The prepared solution was filtered (using a disposable 0.22 μm 
screw-top filter) to remove any remaining undissolved CaCO3, bringing it to a final con-
centration of ~0.67 g/L. This is nearly twice natural saturation (0.3 g/L at pH 6.5 [39]). 

Iron was also chosen for investigation because: (1) iron is common in terrestrial sur-
face and groundwaters (e.g., [63,64]); (2) iron carbonates (e.g., siderite) and oxides (e.g., 
goethite) are common permineralizing phases in clastic sedimentary environments (e.g., 
[59,65–67]); and (3) it has been hypothesized that iron released from decaying hemoglobin 
and myoglobin can catalyze free-radical reactions which may stabilize soft tissues and 
their component biomolecules by inducing inter- and intramolecular crosslinking during 
early diagenesis [68–70]. For this trial, a 10 mM iron chloride (FeCl3) solution was prepared 
following the protocol of Ferris et al. [71]. This solution was prepared by dissolving 1.62 
g of FeCl3 in 1 L of water in a laminar-flow hood at room temperature (RT), then filtering 
the solution (0.22 μm) to remove any undissolved iron chloride. 

Finally, phosphate was chosen for investigation because phosphate: (1) is the second 
primary component of bone hydroxyapatite [56]; (2) is another essential metal nutrient 
sought by microbial decomposers [57,58,72,73]; and (3) precipitation of secondary authi-
genic phosphate is known to contribute to “replication” of ultrastructural soft tissues in 
vertebrate remains (e.g., [74–79]). Since we could find no previous attempts at modeling 
a groundwater enriched with phosphate in prior literature, we decided that a conservative 

Figure 3. Initial setup of the experiment, prior to wrapping each of the bone/sediment trial chambers
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on top of box) fed simulated groundwater solutions from storage bottles at left to separate incubation
chambers at right. Effluent solutions were collected in the beakers beneath each incubation chamber.
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2.2.2. Solutions and Trials

While our methods could be utilized to explore the influences of a wide variety
of potential variables, we elected to focus on the influence of groundwater enrichment
in metals commonly involved in fossilization. Pore fluid enrichment with metals is an
intriguing variable to examine because the presence of metal cations has been found
to inhibit autolytic enzymes [54,55], which could hypothetically elevate biomolecular
preservation potential within a bone as it is fossilizing. Therefore, to test the influence of
groundwater enrichment in various metals on protein decay, we made three simulated
“groundwater” solutions enriched in either calcium carbonate (CaCO3), phosphate (PO4),
or ferric iron (Fe+3), and compared results from those trials to a deionized water control.
Aqueous solutions of the first three of these solutions were made by solubilization of
reagent salts.

Calcium carbonate was chosen for examination because: (1) calcium is a primary
component of bone hydroxyapatite [56] and an essential metal nutrient sought by microbial
decomposers [57,58]; (2) calcite is a common cementing mineral and permineralizing phase
in clastic sedimentary environments (e.g., [59–61]); and (3) microbially-mediated perminer-
alization of bone with calcium carbonate could ostensibly lead to rapid equilibration with
the early-diagenetic environment [39], thereby promoting biomolecular stabilization in a
bone after burial. In an attempt to initiate incipient permineralization over the timeframe
of an actualistic experiment, we followed the protocol of Daniel and Chin [39] to prepare a
supersaturated solution of CaCO3. This solution was prepared by dissolving 2 g of CaCO3
into 1 L of 0 ◦C deionized water (i.e., CaCO3 powder dissolved into solution as the water
melted), which was then titrated to pH 6.5 with 1 N hydrochloric acid (HCl). Freezing of the
water and titration to acidic pH were necessary to enhance calcium carbonate solubilization
because CaCO3 solubility increases with decreasing temperature and pH [62]. The prepared
solution was filtered (using a disposable 0.22 µm screw-top filter) to remove any remaining
undissolved CaCO3, bringing it to a final concentration of ~0.67 g/L. This is nearly twice
natural saturation (0.3 g/L at pH 6.5 [39]).

Iron was also chosen for investigation because: (1) iron is common in terrestrial surface
and groundwaters (e.g., [63,64]); (2) iron carbonates (e.g., siderite) and oxides (e.g., goethite)
are common permineralizing phases in clastic sedimentary environments (e.g., [59,65–67]);
and (3) it has been hypothesized that iron released from decaying hemoglobin and myo-
globin can catalyze free-radical reactions which may stabilize soft tissues and their com-
ponent biomolecules by inducing inter- and intramolecular crosslinking during early
diagenesis [68–70]. For this trial, a 10 mM iron chloride (FeCl3) solution was prepared
following the protocol of Ferris et al. [71]. This solution was prepared by dissolving 1.62 g
of FeCl3 in 1 L of water in a laminar-flow hood at room temperature (RT), then filtering the
solution (0.22 µm) to remove any undissolved iron chloride.

Finally, phosphate was chosen for investigation because phosphate: (1) is the second
primary component of bone hydroxyapatite [56]; (2) is another essential metal nutrient
sought by microbial decomposers [57,58,72,73]; and (3) precipitation of secondary authi-
genic phosphate is known to contribute to “replication” of ultrastructural soft tissues in
vertebrate remains (e.g., [74–79]). Since we could find no previous attempts at modeling a
groundwater enriched with phosphate in prior literature, we decided that a conservative
starting point would be to prepare a solution to twice maximum-reported natural abun-
dance. Sheldon [80] reported that the concentration of phosphorus in natural sedimentary
pore fluids can be as high as 9 mg/L (0.29 mM), so we prepared a solution to 18 mg/L
(58 mM) using phosphoric acid (H3PO4). This solution was prepared by dissolving 56 mg of
crystalline H3PO4 per 1 L of deionized water. Since this would make an unnaturally acidic
solution, the pH was raised back to 7.0 through addition of a few drops of 6 N sodium
hydroxide (NaOH) solution. The final pH-balanced solution did not require filtration as
the phosphate concentration remained far below saturation.

Fresh solutions were prepared every 3–4 days and continually fed to each trial by two
three-channel peristaltic pumps (Pharmacia model P-3) which were calibrated to matching
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flow rates of 1 L/day (=0.7 mL/min) (Figure 3). This rate equates to ~1.63 m/day, which
falls well within the range of flow rates of natural aquifers (0.025–15 m/day; [39] and
references therein).

After completion of the experiment, the contents of each trial chamber were removed
and the bones photographed. We then described their general state of decay and, with
separate, sterile, disposable scalpels, divided the shaft of each femur into three sections for
(1) resin embedding and histologic sectioning; (2) protein extraction; and (3) demineraliza-
tion and immunofluorescence (Figure 4). This splicing revealed that white/gray-colored
degradation products of medullary tissue remained within the shaft of each femur. These
tissues, which were amorphous and generally consistent with the gelatinous nature of
intensely decayed bone marrow (cf. [81]), were manually removed with sterile dissection
probes prior to further examinations. Pliable, partially-decomposed periosteal linings were
also immediately removed from each diaphyseal segment using separate, sterile disposable
scalpels. Finalized diaphyseal samples designated for histology and protein extraction were
then stored at −20 ◦C until further use, whereas those designated for immunofluorescence
were demineralized in freshly-prepared 0.5 M ethylenediaminetetraacetic acid (EDTA) pH
8.0 (0.22 µm filtered) in new, autoclave-sterilized 20 mL glass scintillation vials for 2 weeks
(with EDTA exchanged daily).

2.2.3. Histology

Traditional methods for bone embedding and sectioning were followed [82]. This
first involved impregnation of designated diaphysis segments with Silmar 41TM resin (US
Composites, West Palm Beach, FL, USA) in a vacuum chamber for 7 min at 24 in Hg. After
polymerization overnight at 4 ◦C then at RT for another 24 h, a precision wafer saw (Buehler
IsoMet 1000) was used to cut 1.5 mm thick transverse sections of each respective diaphysis
sample. Because bone tissues displayed a slightly pliable character at this stage, both faces
of each thick section were lightly treated with PaleoBond Penetrant Stabilizer (Pb002) and
allowed to dry overnight. One face of each section was then ground and polished with suc-
cessively finer sandpapers (320 and 600 grits) on a Buehler EcoMet 4000 Grinder/Polisher.
Polished slides were then adhered to frosted glass slides with two-ton Clear WeldTM epoxy
and allowed to dry overnight at RT. Mounted sections were then ground and polished
as above to a final thickness of ~100 µm. Slides were optically examined and imaged via
transmitted and polarized light using a Zeiss Axioskop 40 petrographic microscope with
an attached AxioCam MRC5 camera.

2.2.4. Protein Extraction

All protein extractions and immunoassays characterizing the extent of decay of col-
lagen I were performed in triplicate. We followed the sequential demineralization-based
immunoprecipitation extraction protocol of Schroeter [83] for this study.

In brief, aliquots of 2 g of cortical bone were ground to fine powder (<1 mm grain
size) in nitric-acid- and autoclave-sterilized mortar and pestles and added to separate
10 mL spin columns (Pierce) in 50 mL centrifuge tubes. Aliquots of sediment from each
trial were also separately ground to serve as negative controls, and one additional spin
column per column of bone powder was left empty to serve as a buffer (“blank”) control.
Columns were demineralized overnight at RT on a rocker with 10 mL of 0.6 M HCl, then
centrifuged at 1000 rcf the following day to collect an ‘HCl extract’. Demineralization was
then continued with 10 mL of 4 M guanidine hydrochloride (GuHCl) in 0.05 M Tris pH 7.4,
again incubating overnight on a rocker (this time at 65 ◦C). The next day, columns were
centrifuged to collect a ‘GuHCl extract’. Protein precipitation began with centrifugation
(8000 rcf, 10 min) to pelletize any remaining undissolved solids. Resulting supernatants
were then decanted into new 50 mL tubes for immunoprecipitation, which was performed
for 1–1.5 h at 4 ◦C with 2.5 mL of 100% trichloracetic acid (TCA) for each HCl extract or
overnight at −20 ◦C with 25 mL of 100% ethanol for each GuHCl extract. Precipitated HCl
extracts were washed the following day by three rounds of centrifugation for 20 min (each
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at 8500 rpm), decanting, and rinsing of the pellet with 5 mL of 100% acetone. Precipitated
GuHCl extracts were washed by three rounds of centrifugation for 10 min, decanting, and
rinsing of the pellet with 5 mL of 90% ethanol. After final centrifugation and decanting,
tubes were inverted over paper towels in a laminar-flow hood to dry overnight at RT.
Finalized extract tubes were then sealed and stored at −80 ◦C until analysis. ‘GuHCl
extract’ fractions are expected to contain the majority of extracted collagen [15].
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2.2.5. ELISA

We followed the ELISA protocol of Zheng and Schweitzer [84]. In brief, precipitated
extracts were resuspended in 1X phosphate buffered saline (PBS) to form 1 mg/mL stocks,
which were then serially diluted to form 1 µg/mL stocks for plating. For the buffer control,
1 mL of PBS was added to each extraction blank tube and then immediately collected.
Bone sample solutions and 1X PBS (for resuspension buffer control wells) were plated at
100 µL/well (=0.1 µg/well of sample) on a 96-well Immulon 2HB U-bottom microtiter plate
(Thermo Scientific, Waltham, MA, USA). Solutions were discarded after this 4 h incubation
at RT, as well as after each of the following steps (to remove any unbound antigens or
antibodies). The plate was then incubated for 4 h at RT in 200 µL/well of ELISA blocking
buffer (5% bovine serum albumin in 1X PBS with 2% Thimersol and 0.005% Tween 20)
to avert non-specific binding. Polyclonal rabbit anti-chicken collagen I antibodies (U.S.
Biological, Salem, MA, USA, C7510-13B), diluted to a concentration of 1:400 in blocking
buffer, were then added to a subset of wells, whereas blocking buffer was added to control
wells. After an overnight incubation at 4 ◦C, the plate was washed 10–15 times in ELISA
wash buffer (10% PBS in Type I 18.2 Ω water with 0.1% Tween 20) and dried. Wells were
then incubated for 2 h at RT in secondary antibodies (100 µL/well alkaline phosphatase-
conjugated goat anti-rabbit IgG (H + L), Invitrogen G-21079) diluted 1:1000 in blocking
buffer. The plate was then washed, dried, and 100 µL/well reading substrate (made by
adding one tablet of 0.5 mM MgCl2 + p-nitrophenylphosphate (Sigma N-9389) to 10 mL
of 9.8% diethanolamine) was added. Absorbance values were read at 405 nm using a
Molecular Devices THERMOmax microplate reader at the following time intervals: 0, 10,
20, 30, 40, 50, 60, 90, 120, 150, and 180 min. Secondary-only wells, which never received the
primary antibody, were analyzed as additional controls to test for non-specific binding of
secondary antibodies.

2.2.6. Immunofluorescence

Demineralized bone tissues were embedded, sectioned, and analyzed following the
protocols of Zheng and Schweitzer [84] and Ullmann et al. [15]. This initially involved
mincing of demineralized tissues with a sterile razor on a sterilized lab plate and rinsing of
the minced products with Type 1 18.2 Ω water in sterile 1.5 mL centrifuge tubes. Minced
tissues were then fixed for 1 h in 10% neutral buffer formalin pH 7.2 in 15 mL centrifuge
tubes. After brief rinses in Type 1 18.2 Ω water, samples were transferred to new 15 mL
centrifuge tubes and dehydrated in 70% ethanol. Resin impregnation then involved incu-
bation for 1 h in a 2:1 solution of 70% ethanol/LR WhiteTM, after which the samples were
transferred into 0.95 mL gelatin capsules filled with pure LR WhiteTM (Electron Microscopy
Services, Hatfield, PA, USA) and polymerized at 60 ◦C for 48 h. 200 nm sections were then
acquired using a Leica EM UC6 ultramicrotome and added to six-well Teflon printed slides
(Electron Microscopy Services). Slides were initially dried for 3–4.5 h on a slide warmer,
then continued drying overnight at 45 ◦C to adhere tissue sections to the slide.

Antigen retrieval, blocking, and antibody incubations were then performed as follows,
with the volume of each solution added being 100 µL/well. Antigen retrieval was initiated
by incubation with 25 µg/mL proteinase K (Roche) in 1X PBS at 37 ◦C for 15 min. Following
two washes with PBS pH 7.4, antigen retrieval was continued by three incubations in 0.5 M
EDTA pH 8.0. After two PBS washes as above, autofluorescence was quenched by two
incubations in 1 mg/mL NaBH4. After another two washes, slides were placed in a
humidity chamber for all remaining incubations. First, sections were incubated for 2 h
in 4% normal goat serum in PBS pH 7.4 to inhibit non-specific antibody binding. Select
wells were then incubated (overnight at 4 ◦C) with polyclonal rabbit anti-chicken collagen I
antibodies (Millipore, Burlington, MA, USA, AB752P) diluted 1:40 in a primary dilution
buffer (PDB = 0.1% bovine serum albumin/0.1% cold fish skin gelatin/0.5% Triton X-
100/0.05% sodium azide/0.01 M PBS pH 7.3), chicken collagen-inhibited antibodies (same
as above, at ~6 mg of lyophilized chicken collagen/mL in PDB, prepared separately), or in
solely PBS pH 7.4 (for wells to serve as secondary-only controls). Following two washes
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each with PBS pH 7.4/0.5% Tween 20 (PBS-T) then PBS pH 7.4, all wells were incubated for
2 h at RT with biotinylated goat anti-rabbit IgG H + L antibodies (Vector BA-1000) diluted
1:333 in a secondary dilution buffer (SDB = 0.01 M PBS pH 7.2/0.05% Tween 20). After
four washes as above, wells were incubated for 1 h in the dark in fluorescein avidin D
(FITC; Vector) diluted 1:1000 in SDB. After four final washes as above, slides were mounted
with 5 µL/well of VectaShield H-1000 mounting medium. Cover slips were then applied
and the slides were stored in the dark until imaging later the same day at 40X and 50 ms
exposure using a Zeiss AxioSkop 2 Plus microscope with a connected AxioCam MRC5
camera. Digestion assays were also performed for select wells by incubation in 1 mg/mL
collagenase A (Roche) in Dulbecco’s PBS prior to antigen retrieval with proteinase K.
Digestions were performed at 37 ◦C in a humidity chamber for 1 h (with changes each
20 min), after which slides were washed twice in PBS pH 7.4. Antigen retrieval then
proceeded with proteinase K as described above.

3. Results
3.1. General Observations

Sediments within the iron trial chamber acquired a dark orange coloration within the
first two weeks that was maintained for the remainder of the 90-day experiment. In the
last few weeks of the experiment, the tip of the syringe for this trial frequently became
blocked by precipitated iron oxides, briefly preventing the flow of waste solution into the
waste beaker below. When this occurred, an autoclave-sterilized straight dissection pick
was gently twisted within the syringe top to break up the clots of precipitated mineral and
reestablish fluid flow. This was never necessary for the other three trials.

After completion of the trials, bones and sediment were emptied from each trial
chamber and manually parsed from one another with separate, sterile, disposable scalpels.
Contrary to expectations based on the results of Daniel and Chin [39], minimal sand was
cemented to the external surfaces of the femur in the calcium carbonate trial. Bones from
the deionized water control, calcium carbonate, and phosphate trials remained solid/hard
to the touch and similar in color to when the experiment was begun (Figure 5). In sharp
contrast, the femur from the iron trial was soft, pliable, and darkened in color. Yellow- and
orange-stained sand was cemented over much of this bone, especially over its epiphyseal
ends (Figure 5).
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3.2. Histology

Histological integrity was generally well-preserved in all four trials. All four femora
can be assigned a Histologic Index of 5 (“unaltered”) according to the scale of Hedges et al. [85].
Osteons and osteocyte lacunae remained clearly visible in the thin section of each speci-
men. No bone sections exhibited any unequivocal evidence of microbial attack (i.e., Wedl
tunneling, microscopic focal destructions [86]) or signs of recent bone mineral dissolution-
reprecipitation induced by strains from burial or exposure to the various trial solutions
(cf. [87]).

All four femora retained excellent preservation of original crystalline structure, as
evidenced by retention of alternating dark and light bands (Figures 6B, 7B, 8B and 9B)
and Maltese crosses (e.g., Figure 8B) under polarized light [32,88]. Maltese crosses are
birefringence patterns that form as a product of hydroxyapatite crystal orientation; crystals
that are aligned with their c axes parallel to the viewfinder block the passage of polarized
light and appear dark, whereas crystals oriented in any other manner will allow the passage
of light and appear bright. In an osteon in fresh bone, alternating layers of collagen fibrils
and hydroxyapatite form an interference pattern that creates a cross of birefringence under
polarized light which is centered around the Haversian canal at the center of the osteon [32].
Retention of these Maltese crosses in osteons of all trials indicates the mineral structure of
the tissues has not been significantly altered.
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Figure 6. Histology of the femur from the water control trial after completion of the experiment.
(A,B) Cross section of entire cortex in (A) transmitted light and (B) viewed with crossed polars.
External cortex edge is at upper left, marrow cavity is at lower right. External and internal cortex are
semitransparent but the middle cortex could not be ground to correct thickness; this region remains
too thick and as a result appears opaque (dark brown) in transmitted light (A). This region appears
a dark golden color under crossed polars (B). (C) Higher magnification of the cortex viewed by
transmitted light, showing that Haversian canals remain open. Note that some osteocyte lacunae are
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vacant (appear white) within the internal cortex (arrows). (D) Representative osteon in which some
lacunae retain dark brown osteocytes while others are now empty (arrows). Inset displays well-
preserved osteocytes which retain long, dark, intact filipodia (arrow). Scale bars for (A,B) equal
200 µm. Scale bar for (C) equals 100 µm. Scale bar for (D) equals 50 µm. Scale bar for inset in
(D) equals 100 µm.
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Figure 7. Histology of the femur from the calcium carbonate trial after completion of the experiment.
(A,B) Cross section of entire cortex in (A) transmitted light and (B) viewed with crossed polars.
External cortex edge is at right, marrow cavity is at left. Multiple Haversian canals are infilled by a
tan-brown mineral precipitate (arrows). (C) Tan-brown, cryptocrystalline mineral precipitate lining
the wall of a void in the marrow cavity. (D) Same as (C) viewed in cross-polarized light, showing
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how patches of the mineral precipitate exhibit high order interference colors (arrows) characteristic of
calcite. (E) A representative infilled Haversian canal (arrow) at higher magnification. Infilling mineral
in this canal ranges from semi-translucent to tan-brown in color. (F) Representative well-preserved
osteocytes which retain long, dark, intact filopodia (arrows). Scale bars for (A,B) equal 200 µm. Scale
bars for (C,D) equal 100 µm. Scale bars for (E,F) equal 50 µm.
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The femur from the iron trial exhibits the greatest alteration among the four trials 
(Figure 9A,B). A dark orange-brown mineral precipitate, identified as an iron oxyhydrox-
ide mineral (most likely ferrihydrite and/or goethite) based on its optical characteristics 
and amorphous form, frequently lines and partially infills voids in the medullary cavity 
(Figure 9C–E). Subrounded sand grains are commonly cemented to one another by this 
new precipitate in the medullary cavity (e.g., Figure 9C,D). The sand grains, in contrast, 
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Figure 8. Histology of the femur from the phosphate trial after completion of the experiment.
(A,B) Cross section of entire cortex in (A) transmitted light and (B) viewed with crossed polars.
External cortex edge is at upper right, marrow cavity is at lower left. Excellent preservation of the
tissue structure is evident under polarized light by presentation of Maltese crosses (arrows) by most
osteons (see text for further discussion of these birefringence interference patterns). (C) Higher
magnification of the external and middle cortex viewed by transmitted light, showing negligible
alteration of bone microstructure and open Haversian canals. (D) Representative well-preserved
osteocytes which retain long, dark, intact filopodia (arrows). Scale bars for (A,B) equal 200 µm. Scale
bar for (C) equals 100 µm. Scale bar for (D) equals 50 µm.

Due to slight pliability of the femur from the water control trial, it was exceedingly
difficult to grind/polish its thin section to even thickness, even within the scale of a single
cortical wall. As a result, we were able to grind the internal cortex and outer cortical edge
to optimal viewing thickness yet much of the middle cortex remains thicker than desired;
this region consequently appears dark tan-brown under transmitted light (Figure 6A)
and dark gold under polarized light (Figure 6B) rather than semitransparent. In order
to not permanently lose the internal cortex and external cortical margin from the section,
we did not conduct further grinding of the slide. Although fine structural details of the
middle cortex consequently remain partially obscured, osteons are still clearly visible, as
are osteocytes within lamellae around many osteons (e.g., Figure 6A,C). Haversian canals
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remain open/unpermineralized (Figure 6C). Osteocytes remain present in many regions
throughout the cortex, and they are typically dark red-brown in color, as in the calcium
carbonate trial (see below). However, osteocytes are locally absent from lacunae in several
small regions of the internal cortex, wherein they appear as bright, simple, ovoid entities
(Figure 6D). Where osteocytes persist, they commonly retain visible filopodia (e.g., inset in
Figure 6D). Filopodia were not encountered as frequently in this bone as in the femur from
the calcium carbonate trial (see below).
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Figure 9. Histology of the femur from the iron trial after completion of the experiment. (A,B) Cross
section of entire cortex in (A) transmitted light and (B) viewed with crossed polars. External cortex
edge is at top, marrow cavity is at bottom. (C) Orange-brown, iron-rich mineral precipitate cementing
sand grains together within a void in the marrow cavity. (D) Same as (C) viewed in cross-polarized
light. Quartz sand grains exhibit moderate-order interference colors ranging from blue to green, pink,
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orange, and yellow. (E) An iron-rich precipitate (gold-brown color) cementing sand grains (arrows) to
one another and lining a strut of bone (the white, gray, and black linear feature passing from top right
to bottom left) within the marrow cavity. (F) High magnification of the middle cortex, demonstrating
universally-vacant osteocyte lacunae. Clearly visible examples are noted by arrows. Scale bars for
(A,B) equal 100 µm. Scale bars for (C–E) equal 200 µm. Scale bar for (F) equals 50 µm.

A cryptocrystalline mineral precipitate frequently infills Haversian canals and partially
infills medullary cavity voids in the femur from the calcium carbonate trial (Figure 7A–E).
This precipitate also occasionally cements sand grains to walls within the internal medullary
cavity. In transmitted light, these secondary mineral deposits appear semi-translucent to
dark-tan in color (e.g., Figure 7C,E). Under crossed polars, the mineral linings generally
appear golden-brown and locally include patches exhibiting bright, high-order interference
colors (small regions of pastel colors; Figure 7D). Collectively, these optical characteristics
identify the cryptocrystalline mineral precipitate to be calcite, as expected from the CaCO3-
supersaturated solution used in this trial. Osteocytes universally remain within lacunae,
are dark red-brown in color, and consistently retain filopodial extensions from the cellular
body (Figure 7F).

The femur from the phosphate trial appears essentially unaltered in histological struc-
ture (Figure 8A,B). Haversian canals frequently remain open (Figure 8C), hydroxyapatite
crystal orientations are preserved (i.e., Maltese crosses are very common under crossed
polars; Figure 8B), and osteocytes remain present throughout the entire section. As in the
calcium carbonate trial (see above), osteocytes appear dark red-brown in color and retain
clearly-visible, long filopodia (Figure 8D).

The femur from the iron trial exhibits the greatest alteration among the four trials
(Figure 9A,B). A dark orange-brown mineral precipitate, identified as an iron oxyhydrox-
ide mineral (most likely ferrihydrite and/or goethite) based on its optical characteristics
and amorphous form, frequently lines and partially infills voids in the medullary cavity
(Figure 9C–E). Subrounded sand grains are commonly cemented to one another by this
new precipitate in the medullary cavity (e.g., Figure 9C,D). The sand grains, in contrast,
commonly display a wide range of moderate-order interference colors (yellow, blue, pink,
and purple) under cross-polarized light (e.g., Figure 9D,E), consistent with their identifica-
tion as quartz. In contrast to all other trials, osteocyte lacunae are almost universally empty
(Figure 9F). Osteocyte lacunae also appear proportionally larger and elongated (relative to
the thickness of osteonal lamellae) in this femur than those from the other three trials.

3.3. ELISA

Collagen I was positively identified in all GuHCl extracts and most HCl extracts based
on standard ELISA signal acceptance criteria (positive ≥ two times background levels;
e.g., [89,90]). These results demonstrate that almost all extracted collagen I appears to be
within the GuHCl extracts rather than the HCl extracts (Figure 10). In two of our three
replicates, GuHCl extracts of the calcium carbonate trial reached saturation (3.0) more
rapidly than did GuHCl extracts from the deionized water control. In the third replicate,
GuHCl extracts of the water control reached saturation first. Saturation was normally
reached in less than 90 min. That both the calcium carbonate and water control trials
reached saturation so rapidly reflects negligible decay of collagen I in these trials. GuHCl
extracts from the phosphate trials achieved slightly lower absorbance readings (~1.5–2.7)
in 90 min than either the water control or the calcium carbonate trial. GuHCl extracts from
the iron trial exhibited significantly lower absorbance than those from any other trials,
generally yielding absorbance values ~0.7–1.8 in 90 min. In contrast, HCl extracts from the
iron trial yielded greater absorbance readings than the HCl extracts from all three other
trials, indicating that the initial demineralization in HCl more readily and rapidly freed
collagen from the iron trial bone than from the bones from other trials; however, these
readings still only reached ~0.1–0.3 in 90 min. Secondary-only and buffer blank control
wells yielded no significant absorbance (Figure 10), respectively, confirming absence of
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contaminants in the extraction buffers and lack of spurious binding of secondary antibodies
to the plate.
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Figure 10. Representative ELISA testing bone HCl and GuHCl extracts from each actualistic trial
against antibodies to chicken collagen I. The presented absorbance readings were taken at 405 nm at
150 min. Bone extracts were plated at 0.1 µg/well. Extraction blanks, testing laboratory reagents, are
presented at right as ‘Blank HCl’ and ‘Blank GuHCl’. The virtually indistinguishable dark gray bars
to the right of the white bars present results from the secondary only controls (in which no primary
antibodies were added).

3.4. Immunofluorescence

Collagen I was positively detected in all four femora (Figure 11A,E,I,M). In agreement
with the ELISA results, fluorescent signal intensity was greatest for the femur from the
water control trial (Figure 11A), of moderate intensity for the femur from the phosphate
trial (Figure 11I), and weakest for the femur from the iron trial (Figure 11M). The femur
from the calcium carbonate trial exhibited a fluorescent signal intermediate in intensity
between those of the femora from the water control and phosphate trials (Figure 11E).
Fluorescence was expressed throughout entire tissue sections of all four femora, consistent
with collagen I comprising the majority of the proteinaceous matrix of bone tissues [91].

Secondary-only controls, in which anti-collagen antibodies were not added, present
no fluorescence for all trials (Figure 11B,F,J,N), affirming a lack of non-specific binding by
the secondary antibodies. Inhibition controls, in which primary antibodies were inhibited
by incubation with purified chicken collagen prior to incubation with sample tissues, also
exhibit no fluorescence (Figure 11C,G,K,O), confirming high specificity of the primary anti-
bodies towards binding only to collagen I. Digestion controls, in which tissue sections were
degraded by incubation for one hour with the enzyme collagenase, present dramatically
reduced fluorescence in comparison to non-digested sections (Figure 11D,H,L,P). These
results independently corroborate the presence of a protein with the tissue sections that
is structurally consistent with collagen I (i.e., contains abundant Pro-X-Gly amino acid
sequences that are rare in other proteins [92]).
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collagenase for 1 h prior to exposure to anti-collagen I antibodies. All section images were taken at 
40X and 50 ms integration. All scale bars equal 50 μm. 

  

Figure 11. In situ immunofluorescence results showing the localization of collagen I in demineralized
cortical fragments of chicken femora from each trial, alongside three different types of negative con-
trols. All images show FITC-labeled antibody-antigen complexes under fluorescent light. (A–D) Water
control trial. (E–H) Calcium carbonate trial. (I–L) Phosphate trial. (M–P) Iron trial. The first column
(A,E,I,M) shows chicken femur tissue sections incubated with anti-chicken collagen I antibodies. The
second column (B,F,J,N) shows secondary-only control sections that were not exposed to primary
antibodies, to control for non-specific binding of secondary antibodies. The third column (C,G,K,O)
shows sections exposed to anti-chicken collagen I antibodies that were first inhibited with chicken
collagen (prior to incubation). The fourth column (D,H,L,P) shows sections digested with collagenase
for 1 h prior to exposure to anti-collagen I antibodies. All section images were taken at 40X and 50 ms
integration. All scale bars equal 50 µm.

4. Discussion

Our immunofluorescence and ELISA assays on GuHCl extracts positively identified
collagen I remaining in the femur from each of the four trials (Figures 10 and 11), and results
from these two immunoassays generally agree about the relative extent of decay of collagen
I among the four trials: water control ≈ calcium carbonate < phosphate < iron (Table 1).
The fact that collagen I accounts for ~90% of the organic fraction within bone [91] permits a
rough approximation of the amount of collagen remaining in each trial’s (GuHCl) extract.
By this statistic, ~90 ng of the 100 ng of extract plated per well should be collagen I. Using
the highest 150 min absorbance for reference (the calcium carbonate GuHCl absorbance in
our third replicate, ~3.2) and including error bars of one standard deviation, percentage
calculations indicate that our observed GuHCl absorbance values of 2.8–3.0, 1.5–2.7, and
0.7–1.8 reflect retention of 79–84 ng, 42–76 ng, and 20–51 ng collagen per 100 ng of extract
from the water control, phosphate, and iron trial femora, respectively (compared to an
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assumed 90 ng collagen/100 ng extract for the calcium carbonate trial femur). These
findings suggest that approximately twice as much collagen was lost to decay in the iron
trial than in the water control and calcium carbonate trials, and that the femur in the
phosphate trial lost ~30% more collagen than the femora in those same two trials. Because
all other variables were held constant among the trials (i.e., temperature, darkness, flow
rate, taxonomic identity, bone density/microstructure type, and the same natural bacterial
flora), these observed variations in collagen decay can be confidently attributed to exposure
to simulated groundwater solutions of varied chemistry.

Table 1. Summary of bone attributes after completion of the experiment. Histological Index (HI) scores
follow the ranking system of Hedges et al. [85]. Abbreviations: ELISA, enzyme-linked immunosorbent
assay; IF, immunofluorescence.

Trial HI after
Experiment Histologic Alterations Relative

ELISA Signal
Relative IF

Signal

H2O (control) 5 Some osteocytes lost to
decay in internal cortex High High

CaCO3 5

Common calcite
infilling of Haversian

canals, linings in
medullary cavity

High High

PO4 5
Minimal signs of

alteration, no mineral
precipitate/linings

Moderate Moderate

Fe 5

Common iron
hydroxide infillings and

linings, nearly all
osteocytes lost to decay

Low Low

Our four solutions differed in two aspects: the metal ion of enrichment and pH. The
pH values of the solutions for the deionized water control (pH = 7), calcium carbonate
(pH = 6.5), and phosphate (pH = 7) trials were purposefully adjusted to be circumneutral to
simulate conditions in typical sedimentary environments known to be conducive to bone
fossilization (e.g., fluviolacustrine settings), but iron chloride in the iron trial was allowed to
hydrolyze (Fe3+ + H2O→ Fe[OH]2+ + H+) without pH counterbalancing, which ultimately
made this solution highly acidic (pH = 2.2). The 10 mM FeCl3 solution we used for the
iron trial has been successfully used to promote rapid precipitation of iron oxyhdroxides
(e.g., ferrihydrite) to simulate fossilization of bacteria [71] and leaves [93], but its low pH
simulates diagenesis within an acidic, dysaerobic environment (e.g., swamp, marsh) that
would be more likely to dissolve a bone than to preserve it as a fossil [31,94]. In fact, bones
only tend to have high preservation potential in organic-poor, circumneutral to slightly-
alkaline pH soils and sediments [31,95,96]. Thus, our iron trial modeled diagenesis within
an environment that would not be conducive to bone fossilization, and, consequently, the
considerable decay of collagen in the femur from this trial (Figures 10 and 11) is an expected
result. Relatively greater decomposition of the femur in the iron trial is also evident by the
softer post-experiment character of that bone compared to those from the other trials and
the greater yield of collagen I within the HCl extract fraction from this bone than those
from the other three trials (Figure 10).

Despite clear indications of partial dissolution of the femur in the iron trial (i.e.,
it was soft and pliable to the touch), precipitation of an amorphous, ‘protective’ iron
cement occurred over much of the bone, especially over its epiphyseal ends (Figure 5).
Greater development of iron cement/concretion over the epiphyseal ends of limb bones
has also been previously reported from select nonavian dinosaur fossils (e.g., [97]). This
phenomenon may be due to greater emission of iron-rich hemoglobin decay products
from these cancellous tissue regions (than from regions of bones externally comprised of
comparatively-denser compact cortical tissues).
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At the molecular level, early-diagenetic encrustation of organic remains within pre-
cipitated iron oxyhydroxides has been hypothesized to elevate molecular preservation
potential through: (1) physical shielding from exogenous microbes [98,99]; (2) inactivation
of autolytic enzymes [71]; and/or (3) Fe-mediated inducement of (non-enzymatic) inter-
and intramolecular crosslinking via Fenton and glycation reactions [69,70]. However, re-
sults from our iron trial definitively demonstrate that any ‘protective’ benefits from iron
oxyhydroxide precipitation are insufficient to forestall molecular decay in highly-acidic
diagenetic environments. Thus, in agreement with traditional perspectives [31,95], it is
clear that the pH of the diagenetic environment constitutes an overarching control on bone
fossilization—not only at the ultrastructural level, but also the molecular level.

Despite constant immersion under oxic conditions, the femur in the water control trial
experienced surprisingly minimal collagen decay over the course of the experiment. This
is particularly evident from its reaching saturation in ELISA within 90 min (Figure 10).
One conceivable explanation for this result could be that our experiment was not run
long enough for extensive microbial attack to take place; however, results from numerous
published actualistic taphonomy experiments indicate that 90 days should be sufficient
time to yield significant early-diagenetic changes (i.e., extensive decay, mineralization, or
both; e.g., [38,39,69,71,93,100–106]). We therefore advance modest microbial attack as a
more plausible, alternative explanation. This interpretation is supported by the rarity and
spatial restriction of empty osteocyte lacunae to only within confined regions of the inner
cortex (Figure 6C,D), as well as a complete absence of Wedl tunnels and microscopic focal
destructions in the thin section of the femur from this trial (Figure 6). Although these
findings imply only nominal microbial attack, microbial enzymes (autolytic, exogenic, or
both) can still be confidently inferred to have been the primary agents of decay because
the deionized water used in this trial was neutral in pH. Oxidation and hydrolysis [94,107]
also probably contributed to decay, but strong ELISA and immunofluorescence signals
for collagen in the femur from this control trial (Figures 10 and 11A) indicate that these
processes did not cause significant decay of collagen over the duration of the experiment.
Thus, collectively, results of the water control trial demonstrate that the duration of our
experiment was sufficient to produce noticeable, but not necessarily substantial, decay
(which was likely primarily driven by microbial attack).

The limited extent of observed microbial attack in the water control trial, and in our
experiment in general, may also result inpart from our removal of the vast majority of
soft tissues (i.e., muscles, ligaments) by dissection and degreasing prior to “burial” of
the femora within the trial chambers. It should be noted, as discussed in the Methods,
that removal of skin, muscle, and the majority of lipids was intentionally performed
so that our results would provide insights specifically into the molecular-taphonomic
trajectories of bones after skeletonization (the most common taphonomic pathway of
bones in terrestrial ecosystems [46–49]). Vertebrate remains buried more immediately
postmortem, and hence with a greater proportion of soft tissues such as muscles and
skin still enshrouding them, could be expected to experience more significant microbial
attack; presence of more of these water- and nutrient-rich tissues would be more likely
to attract a greater abundance and diversity of endogenous (putrefactive) and exogenous
(soil) microbial decomposers [108,109].

Lack of authigenic mineral precipitation in the phosphate trial indicates a phosphate
concentration of twice maximum-reported natural abundance (9 mg/L [80]) was not high
enough to induce inorganic nor bacterially-mediated precipitation (neither active nor
passive). That inorganic precipitation did not occur is unsurprising (as the solution we
utilized was prepared to well-below saturation), but it could be viewed surprising that
bacterially-mediated precipitation did not occur. Lack of bacterially-mediated phosphate
precipitation could be due to: (1) insufficient supply of phosphate in solution due to in-
complete dissociation of H3PO4 and/or an insufficient supply of additional phosphate
from the bone (because the pH was not acidic enough to cause significant hydroxyapatite
dissolution); (2) insufficient presence of microbes around the bone to promote precipitation
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of secondary mineral deposits; (3) the microbes present were incapable of inducing phos-
phate precipitation; or (4) a combination of these factors. Although each of these options
is possible, the ubiquity of bacteria in modern environments, especially in moist settings
at circumneutral pH [110], makes the second option above highly unlikely. We also view
the third option, that the microbes present could not induce phosphate precipitation, to be
implausible because the negatively-charged exopolysaccharides secreted by and encasing
bacteria are known to easily and commonly bind a diverse array of metallic cations, which
in turn frequently promotes mineral nucleation (e.g., [72,111–115]). This leaves option
one above, insufficient availability of phosphate from solution and bone dissolution, as
our favored explanation for the lack of phosphate precipitation in this trial. As a weak
acid, phosphoric acid does not completely dissociate in water [116], and each of its three
successive dissociations into phosphate release hydrogen ions (H+) which could create brief,
slightly-acidic conditions before the freed H+ ions solvate with other anions: H3PO4 →
H2PO4 + H+, H2PO4 → HPO4 + H+, HPO4 → PO4 + H+ [117]. Although we did not track
the pH of effluent solutions after they passed through the trial chambers, we speculate that
gradual and incomplete phosphoric acid dissociation produced slightly acidic conditions
within the phosphate trial chamber. The production of slightly acidic conditions in this trial
could also reasonably explain how each of our immunoassays found the femur from the
phosphate trial to have experienced an intermediate extent of collagen decay compared to
the other trials (Figures 10 and 11I).

In contrast, permineralization with calcite clearly promoted stability of collagen within
the femur in the calcium carbonate trial. For example, in two of our three ELISA replicates
(e.g., Figure 10), absorbance readings for GuHCl extracts from this trial reached saturation
even more rapidly than those from the femur from the deionized water control trial.
Although histologic examination identified permineralization in the calcium carbonate
trial to have been incomplete (Figure 7), this did not seem to be a limiting factor. Further,
according to ELISA and immunofluorescence results (Figures 10 and 11), two of the three
trials which did not produce extensive permineralization, namely the iron and phosphate
trials, exhibited greater loss of collagen. Our results thus support prior predictions that
(even partial) early-diagenetic permineralization can promote stabilization of not only the
mineral component of bone, but also its soft tissues and their component biomolecules [15,118].

Collectively, our findings thus have several potentially-impactful implications to
molecular paleontologists in regards to specimen selection. First, in agreement with
prior inferences [15,118], we suggest that fossil bones exhibiting partial to complete early-
diagenetic permineralization possess elevated molecular preservation potential, making
them favorable candidates for paleomolecular analyses. In contrast, fossil bones which
exhibit signs of having been exposed to acidic conditions during early diagenesis (e.g.,
surficial corrosion [119]) should be avoided when selecting specimens for paleomolecular
analyses as they are likely to have experienced considerably greater biomolecular decay (in
addition to loss of mineral; cf. [120]). Finally, our results imply that bones interpreted to
have become encased in early-diagenetic concretions or rapidly-lithified sandstone may
represent favorable specimens for paleomolecular studies.

5. Conclusions

Actualistic experiments offer a powerful means of investigating the roles of pore-fluid
chemistry and other variables on the physical and chemical diagenesis of organic remains.
In this study, we demonstrated that actualistic approaches can be equally informative
toward understanding diagenesis at the molecular level. Specifically, by adapting meth-
ods developed by Carpenter [38] and Daniel and Chin [39] and integrating them with
immunoassays for the first time, we were able to explore the influences of groundwater
chemistry on collagen decay within bones encased in chambers simulating burial in a
diverse range of diagenetic environments.

Our results yielded several novel and intriguing insights into biomolecular decay and
stabilization. For example, results from our calcium carbonate trial identified that (even
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partial) early permineralization can rapidly equilibrate a buried bone with its diagenetic
environment and, by hindering microbial mobility, protect a portion of its soft tissues and
biomolecules from microbial attack through protracted diagenesis. Similarly, results from
our iron trial revealed that though iron enrichment in groundwater may facilitate early-
diagenetic precipitation of ‘protective’ iron-hydroxide and/or iron-oxide cements/linings,
these precipitates alone cannot prevent the dissolution of bone and decay of its biomolecules
under highly-acidic diagenetic conditions.

Collectively, our findings demonstrate the uniquely-informative power of actualistic
experimentation in the field of molecular paleontology. Critical variables ripe for further
actualistic testing include sediment composition, the pH and flow rate of pore fluids,
microbial community presence/absence (and composition), and sediment permeability,
among others. For example, it would be intriguing to test whether the use of less porous and
less permeable sediments (i.e., with a high fraction of clays) within this type of experiment
might induce greater decay of collagen within bone due to the constrainment of decay
fluids and microbes to within and around decaying remains (cf. [45]). Similarly, it would be
intriguing to see if the use of more compositionally-immature sediments (i.e., a feldspathic
litharenitic sand) induces greater decay as a result of the production of acidic conditions
from gradual dissolution of feldspars and mafic grains. Such experiments hold great
promise to advance understanding not only of the molecular taphonomy of collagen within
bone, but also for DNA, carbohydrates, and other types of biomolecules in a wide array of
animal and plant tissues. We therefore advocate for wider adoption of actualistic methods
to clarify biomolecular decay and preservation pathways.
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