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ABSTRACT

Collagen isolated from archaeological bone is a common material for radiocarbon dating,
stable isotope analysis, and zooarchaeology by mass spectrometry (ZooMS). However, not
all bones contain extant collagen, leading to unnecessary destruction of unproductive bones
and wasted laboratory time and resources. An aim of this research is to study bone
diagenesis, particularly collagen destruction, in an effort to develop a minimally destructive
method for identifying bones with high collagen content. In a multi-method study of variably
preserved bones from Etton, Cambridgeshire, UK, we examined material properties of
Neolithic cattle and sheep bones including porosity, surface area, and elemental composition.
Micro-computed tomography (microCT) is an imaging technique that furnishes three-
dimensional images of mineralized materials such as bone. Cortical bone porosity, the
percentage of total bone volume consisting of empty space as calculated using microCT, can
act as a proxy for bone collagen preservation. In general, bones with high cortical porosity
are unlikely to contain sufficient collagen for further analysis. Bones with apparently low
cortical porosity have a more varied range of collagen preservation. Bone samples with low
porosity and no extant collagen often contain micropores with a diameter of 10 nm or less
that cannot be seen in microCT images but are apparent in pore size distributions measured
by mercury porosimetry, and indicated by high surface areas measured by nitrogen
adsorption. Furthermore, a re-evaluation of light-induced breakdown spectroscopy data from
this same assemblage confirms that ratios of calcium to fluorine may likewise indicate the

state of diagenesis.
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1. INTRODUCTION

Collagen isolated from archaeological bone is a commonly-used material for
radiocarbon dating, stable isotope analysis, and zooarchaeology by mass spectrometry
(ZooMS). Much discussion exists in the literature about the exact composition of this
substance called “collagen” that comes from archaeological bones (DeNiro & Weiner 1988).
Collagen from fresh bones is a well-defined triple-helical protein, but that from ancient
bones, while resembling modern collagen, has significant physical differences that develop
over time. Ancient bone collagen is susceptible to both degradation (breakage of bonds and
the removal of endogenous material) and contamination (the introduction of exogenous
material) which can render its use for further analysis problematic (van Klinken 1999).

Numerous collagen extraction protocols have been developed, which generally
involve demineralization, followed by gelatinization to solubilize the collagen; these
procedures also sometimes include further steps such as a solvent wash, base wash, or
ultrafiltration (Cleland, et al. 2012; Brock, et al. 2013; Sealy, et al. 2014; Cersoy, et al. 2017;
Brock, et al. 2018). Quality of the collagen is evaluated using C:N ratios (van Klinken 1999).
Generally, these protocols are time-consuming, and all too often the lengthy procedures result
in little or no yield of collagen that can be used for further analysis. Because not all bones
contain extant collagen, unnecessary destruction of unproductive bones and wasted
laboratory time and resources are the result when sampling and pretreatment is initiated on
unsuitable bones. Unfortunately, visual inspection of bones does not offer a useful indication
of collagen preservation, so other methods to study bone preservation must be developed.

Chemical isolation of collagen from archaeological bone is both necessitated and
complicated by degradation of collagen due to diagenesis, and much effort has gone into
trying to understand the post-mortem taphonomic changes that occur in bone, from both

forensic and archaeological perspectives (Behrensmeyer & Kidwell, 1985). Much has been



written about the specific mechanisms of bone diagenesis, and it’s generally agreed that
decay is due to two routes: microbial attack and physicochemical processes, both of which
can change bone histology and be observed using microscopy. Jackes, et al. (2001) describe
the bacterial action as leaving channels of just under 1 um within the bone, as observed by
scanning electron microscopy (SEM). They note that bacterial action lowers the pH within
the bone, leading to mineral dissolution and re-precipitation that causes an increase in
crystallinity. Bacterial action in their experiments doesn’t seem to affect collagen content,
C:N ratios or C and N isotopic values, but this observation has been contradicted by others.
In particular, Hedges (2002) describes microbial attack as the primary mechanism for
collagen loss, although in warmer climates physicochemical processes also play a significant
role. In addition to bacterial attack, fungal action can lead to Wedl tunneling, characterized
by pores 5-10 um in diameter (Marchiafava, et al. 1974; Trueman & Martill 2002; Jans, et al.
2004). Microbial decay can begin hours after death (Bell, et al. 1996), and is more
pronounced in whole burials rather than defleshed or dismembered bones, due to the action of
gut bacteria (Trueman & Martill 2002).

Smith, et al. (2007) measured ten diagenetic parameters on nearly 200 bones from
Holocene Europe, and identified four diagenetic states: (1) well-preserved bones, which have
high % collagen and low porosity; (2) bones showing accelerated collagen hydrolysis, which
demonstrate good histological preservation but low % collagen; (3) microbially-attacked
bones, which show increased porosity due to tunneling and lower % collagen; and (4) bones
with catastrophic mineral dissolution, which have low % collagen and an increase in large
pores leading to reduced density. They suggest that the diagenetic trajectory of a given bone
correlates more strongly with early taphonomic history, such as whether the bone was
defleshed or cooked, rather than with soil conditions, so that the state of preservation of a

given bone isn’t necessarily site-specific.



However, site hydrology can affect the preservation of bone mineral and collagen
(Hedges & Millard 1995; Nielsen-Marsh & Hedges 2000; Gutierrez 2001). Additionally,
collagen loss is accelerated at sites with high temperatures (Collins, et al. 1995; Smith, et al.
2002). Hedges, et al. (1995), however, also note that it is possible for bone to retain good
histological structure but still lose its collagen, by an unknown mechanism. Collagen is best
preserved when it is closely associated with bone mineral (Child 1995; Collins, et al. 2002).
Lees (1989) notes that mineralized collagen is not susceptible to collagenase degradation and
also requires a higher temperature for denaturation compared to non-mineralized collagen.
Thus, processes that lead to demineralization will also promote collagen loss.

Because bone preservation is so variable, and bone pretreatment protocols are
destructive and time-consuming, numerous studies have attempted to find quick, minimally
destructive prescreening methods to assess collagen content before destructive sampling and
laboratory purification commence. The most common method uses % nitrogen or C:N ratio
of whole bone (Ambrose 1990; Bocherens, et al. 2005; Brock, et al. 2012; Jacob, et al. 2018).
In general, authors report that low %N and variable C:N ratios can indicate poor collagen
preservation. However, recent work (Jacob, et al. 2018) found that intrabone %N can be quite
variable and that bones with marginal %N can still yield enough collagen for stable isotope
analysis or radiocarbon dating, making this currently routine prescreening metric a less
certain indicator of bone collagen preservation. Examination of bone histology using optical
microscopy (Hackett 1981; Yoshino, et al. 1991; Hedges, et al. 1995; Trueman & Martill
2002; Hollund, et al. 2012; Huisman, et al. 2017) or various SEM techniques (Turner-Walker
& Syversen 2002; Jans, et al. 2002; Reiche, et al. 2003; Huisman, et al. 2017) can show
qualitative diagenetic changes, but quantitative screening is hindered by differences in image
interpretation by different users. Spectroscopic methods such as Fourier-transform infrared

spectroscopy (FTIR) or FT-Raman have been extensively used to study bone crystallinity by



using carbonate peak intensities to calculate the infrared splitting factor (IRSF) (Wright &
Schwarcz 1996; Surovell & Stiner 2001; Reiche, et al. 2003; Morris & Finney 2004;
Trueman, et al. 2008; Stathopoulou, et al. 2008; Chadefaux, et al. 2009; Brock, et al. 2010;
King, et al. 2011; Hollund, et al. 2013; Halcrow, et al. 2014; Lebon, et al. 2014; Pestle, et al.
2014; France, et al. 2014; Pestle, et al. 2015; Lebon, et al. 2016). The introduction of hand-
held FTIR and Raman instruments hold promise for screening bones in the field and in
museums; however, IRSF values do not always correlate with collagen preservation. The
identification of peaks specific to collagen, such as the amide I peak at 1636 cm™', hold more
promise but are more difficult to detect using the portable hand-held instruments (Chadefaux,
et al. 2009; France, et al. 2014; Lebon, et al. 2016; Madden, et al. 2018). Other methods for
predicting collagen preservation, such as trace element analysis (King, et al. 2011; Fernandes,
et al. 2013), laser-induced breakdown spectroscopy (Rusak, et al. 2011), X-ray and neutron
radiography (Sottysiak, et al, 2018), tensile strength (Turner-Walker & Parry 1995), and
differential scanning calorimetry (Nielsen-Marsh, et al. 2000) have met with mixed success.
Presumably, the different possible diagenetic states lead to non-uniform analytical results,
making for irregular correlation with collagen preservation.

Some of the most promising potential methods for studying bone diagenesis and
predicting collagen preservation are those which measure the surface area or porosity of
bone. Biological action or physical dissolution of the bone leads to measurable changes in
bone porosity, typically with a decrease in the number of micropores and an increase in
macropores, and an overall loss of bone density (Hedges, et al. 1995). We will follow the
definition of pore size ranges given by Turner-Walker, et al. (2002) and outlined in Table 1.

Over the last seventy years, various measurements of the surface area of bone have
been carried out using the method of BET N adsorption (Brunauer, et al. 1938). Wood

(1947) first measured the surface area of bone apatite, and also found that tooth dentine and



enamel have significantly smaller surface areas than bone. Others since then have measured
the surface area of fresh and decayed bone using the same method (Dry & Beebe 1960;
Holmes, et al. 1964; Holmes, et al. 1970; Misra, et al. 1978; Weiner & Price 1986; reviewed
by Lowenstein & Weiner 1989). Typical surface areas for bone are in the range of 80-120
m?/g, but depend significantly on species, bone element, and experimental parameters such as
the time and temperature of the degassing process, and ambient humidity.

The limitation of the BET method is that, while it can provide useful information
about surface area and very small pores, it does not accurately measure the volume or
diameter of larger pores. The upper limit for calculating pore size using gas adsorption is
approximately 500 nm (Lowell, et al. 2004, p. 209). Consequently, mercury intrusion
porosimetry (HgIP), which provides more accurate measurements of large pores (or, more
accurately, pore entrance diameter) of over 200 um diameter (Lowell, et al. 2004, p. 209;
Giesche 2006), has also been used to study porosity changes with bone diagenesis. Holmes,
et al. (1964) were the first to measure porosity of fresh bone using HgIP. Nielsen-Marsh &
Hedges (1999) found a good correlation between protein content of archaeological bone,
IRSF, and the microporosity of bone. An increased number of micropores (especially in the
range of 4-10 nm) is observed in deproteinated bone. Turner-Walker, et al. (2002) further
suggested that HgIP would be a useful tool for screening specimens not just for collagen but
also for aDNA. Further studies demonstrated the utility of HgIP for studying diagenetic
trajectories of bones from a variety of burial environments, and suggested correlation
between low collagen content and high meso- and macroporosity (in the range of 0.1-8.5 um)
in their study of several hundred samples (Nielsen-Marsh, et al. 2007; Smith, et al. 2007).
However, Brock, et al. (2010), in a much smaller study, did not see the same correlation

between % collagen and HgIP bulk porosity.



While HgIP is useful for studying bone structure and predicting bone preservation, its
utility as a prescreening method is limited by two factors: it is destructive, and it requires a
fairly large amount of sample, typically at least 0.5 g. It would be preferable to have a
minimally destructive method that would be suitable for screening whole bones or bone
fragments for their suitability for collagen analysis.

Thus, we set out to explore the use of micro-computed tomography (microCT) for
prescreening bones for collagen preservation. MicroCT uses X-rays to produce detailed
three-dimensional images of materials. In particular, the method has long been used for
scanning bones (see, e.g. Feldkamp, et al. 1989), including in vivo scans of small animals. In
previous work (Tripp, et al. 2010) we showed a correlation between cortical bone porosity, as
measured by microCT, and collagen recovery. The sample size was small, just four bones,
but the work showed enough promise that a larger study was carried out, in conjunction with
other measurements of bone microstructure such as HgIP and BET N> adsorption.

In the years since our initial publication other groups have used microCT to study the
microstructure and diagenesis of forensic and archaeological bone (Beck, et al. 2012; Dal
Sasso, et al. 2014; Booth, et al. 2016; Le Garff, et al. 2017; Ngan-Tillard & Huisman 2017).
Le Garff, et al. (2017) used immediate post-mortem forensic studies to show that bone
volume fraction tends to decrease over time, but the data are irregular and other parameters
showed inconsistent trends. Studies of archaeological bones showed that microCT imaging
enables one to distinguish between microbial and other decay (Booth, et al. 2016), but the
promise of the technique has not yet been fully realized. In this work, we illustrate the
potential of microCT imaging for studying bone diagenesis and predicting collagen

preservation.

2. EXPERIMENTAL METHODS



2.1 Samples

Nineteen sheep and cattle long bones from the Neolithic causewayed enclosure at
Etton, located near Peterborough in Cambridgeshire, England, were used in this study. In all
cases, cortical bone was imaged and analyzed. The site of Etton has variable bone
preservation, with some excavated bones having very high collagen recovery, and others
containing no collagen at all (Hamilton & Hedges 2011). Sample information for the nineteen

bones used in our study is listed in Table 2.

2.2 Micro-computed Tomography

Etton bone samples were scanned at The University of Scranton using a MicroCT 80
scanning system (LCT80, Scanco Medical, Switzerland). All samples were scanned
vertically in a cylindrical sample holder (60mm D x 85 mm H), at a voltage of 55kV and
intensity of 45 pA, and a resolution of 60 um (isotropic voxel size). The time required to
complete a scan of a 48 mm specimen is 4 hours. Multiple bones can be scanned
simultaneously as long as they all fit within the sample holder and are kept from touching. In
our previous publication (Tripp et al. 2010), we compared images scanned at 60 um
resolution with higher resolution images scanned at 30 pm isotropic voxel size, and found
that the lower resolution was sufficient for analysis. Thus, we have used lower resolution
scans for the analysis of the bones described here.

Quantitative analysis of the images was undertaken in order to determine any
correlations between microCT images and collagen content. Cortical bone porosity (Ct.Po)
was analyzed on a 9 mm region of each bone specimen. The chosen volume of interest (VOI)
was in close proximity to the area from which a sample was previously taken for extraction
of collagen and stable isotope analysis. For each bone specimen, image analysis was

performed as described in our previous work (Tripp, et al. 2010) using contour lines that



consisted of a series of cylinders drawn within the bone structure. In cases of particularly
dirty, cracked or fragmented specimens such an analysis offers a quicker and easier method
than drawing whole bone contours, and our previous work showed that the results were
comparable, and possibly superior to, whole bone contours. A typical analysis of a bone
using the cylindrical contour method takes approximately 1-2 hours. Note that the cost of
microCT scanning and analysis varies widely between institutions, which typically charge an
hourly rate ranging from $25 to over $200 for use of the instrument and analysis of the
images. Collaboration with other microCT users is likely the best route for archaeologists
who wish to explore the technique and don’t have access to an instrument at their home
institution.

Prior to evaluation, a Gaussian filter (sigma = 0.8 voxels) removed noise from the
images and segmentation, which separated bone from background, was done at thresholds
ranging from 250 to 600 (increments of 50). The VOI was evaluated by the Scanco software
at each threshold, and the bone volume fraction (BV/TV, where BV is bone volume and TV
is total volume) values were recorded. Ct.Po was calculated from equation (1) (Lloyd et al
2008).

Ct.Po = 1-BV/TV (1)
In our previous work (Tripp, et al. 2010) we found that a threshold of 500 offered the best
resolution and distinction between bones of differing preservation, so that is the threshold we
have used for three-dimensional reconstruction and Ct.Po values reported in this study.
Mercury intrusion porosimetry

Samples were submitted to Micromeritics Analytical Services, where measurements
were performed on an Autopore IV 9500 instrument. Sample sizes ranged from

approximately 0.5 g to 1.2 g, and were in the form of solid bone chunks. Pore size



distribution was calculated from differential pressure measurements with mercury intrusion,
assuming cylindrical pores, as described by Webb (1993).
2.3 BET Nitrogen adsorption

Surface area measurements of bone samples were done at Lawrence Berkeley
National Laboratory, in the Molecular Foundry facility, using their ASAP 2010 BET
adsorption apparatus (Micromeritics Instrument Corp). Approximately 1 g of bone, in
chunks, was heated to 80 °C under vacuum for 1 hour for degassing. Pressure differential
measurements with nitrogen adsorption were used to calculate surface area according to the
Brunauer-Emmett-Teller method (Brunauer, et al. 1938), using the supplied instrument
software. A typical analysis of a bone sample took 24 hours, though this can vary widely
based on the nature of the sample and the number of differential pressures used in the
measurements, and can be significantly reduced if a smaller range of pore sizes is targeted.
2.4 Laser-induced breakdown spectroscopy

LIBS measurements were done at the University of Scranton using a Nd:YAG laser
operating at 1064 nm. Centering the spectral window at 680 nm enabled simultaneous
observation of the F I 685.6 and Ca I 671.8 emissions, with no interference. The experiment,

including a schematic diagram, is described in detail by Rusak, et al. (2011).

3. RESULTS and DISCUSSION
3.1 Micro-computed Tomography Imaging

MicroCT images for five of the bones used in this study are shown in Figure 1. Clear
differences in the appearance of the bones indicates differences in morphology. For the most
part, bones with no preserved collagen, such as ET51, look more porous than well-preserved

bones, such as ET12. Some of the bones, such as ET18 and ET60 appear to have a bright,



dense, mineralized ring around the outside. Others, such as ET12 and ET62, contain large
cracks.

More instructive than the simple flat images in Figure 1 are contour surfaces
calculated by the microCT imaging software. A selection of these images is shown in Figure
2, and images for all of the bones used in this study are available in the supplemental
information. Prior to the 3-D analysis, we select a threshold for differentiating between bone
and non-bone within the analyzed volume. In line with our previous work (Tripp, et al. 2010)
we have chosen to use a threshold of 500. It is clear at this threshold that, while several of the
bones seem solid, others look very porous or indeed hollow within the portion of the shaft
that was scanned. An extreme version of this is ET51, which shows the presence of dense
material along the outer surface of the bone and lining the medullary cavity, but appears to
lack mineralization between the two surfaces. Note that this does not mean that the space is
actually empty, but just that the scanned density of the material is below the set threshold
used when making the image.

3.2 microCT image analysis

Based on our previous work, we anticipated that we could use cortical porosity
(Ct.Po), the percentage of total bone volume consisting of non-bone as calculated using
microCT, as a proxy for bone collagen preservation. Values for Ct.Po for all of the bones are
given in Table 2, and results are shown graphically in Figure 3, correlated with collagen
preservation. From the graph two things become readily apparent. First, with one exception,
all of the bones that have useful collagen recovery (>1% by mass of recovered collagen) have
Ct.Po below 0.31. This makes sense given our discussion of bone diagenesis and the
increased porosity that normally accompanies collagen decay. The exception is ET12, which
has 5.7% collagen recovery, and also a very high Ct.Po. Examination of the microCT image

from this bone shows a network of cracks, which serve to increase the calculated porosity



without necessarily leading to or resulting from collagen degradation. They may, for instance,
be the result of physical impact during or after excavation. The second important aspect of
the data is that bones with no collagen preservation have a wide range of Ct.Po values, from
close to zero (implying no pores) up to nearly 0.8. This indicates that there may be several
different mechanisms of collagen degradation within the site of Etton that result in different
morphologies of the bone mineral. In practice, bones with high Ct.Po are unlikely to have
significant collagen content, and can be excluded from analysis. Bones with low Ct.Po have a
higher probability of collagen recovery, but may also contain no collagen. So, while microCT
prescreening to eliminate bones with high Ct.Po may increase the likelihood of sampling
bones that contain collagen, it is not a method that will enable complete removal of low-
collagen bones from sampling.
3.3 Mercury intrusion porosimetry

In order to further understand how the Ct.Po values correlate with collagen recovery
and other morphological parameters of the bone, a subset of four bones was analyzed using
mercury intrusion porosimetry (HgIP). Total bulk porosity is the percent of total volume that
consists of pores, and can be likened to Ct.Po. However, the actual values are different due to
the different measurement methods. Total porosity measured by HgIP for four samples is
given in Table 2. In general, for both measurements, the porosity increases with decreasing
collagen preservation. However, HgIP bulk porosity seems to correlate more strongly with
collagen preservation than Ct.Po. In particular, sample ET60 seems to have very low porosity
as measured by microCT, but has quite high porosity measured by HgIP. This indicates that
HgIP may be more sensitive to some pore size ranges than microCT.

A more useful way to view the HgIP data is using pore size distribution graphs.
Nielsen-Marsh and Hedges (1999) previously published pore size distribution graphs for

fresh modern bone, as well as for modern bone that was experimentally deproteinated using



hydrazine. The pore size distribution of modern bone, represented by the dark line in Figure
4, has a bimodal pore distribution, with a peak representing pores with diameter of
approximately 10 um, and another peak illustrating smaller pores just larger than 0.1 um. The
larger pores are thought to be the Haversian canals, which contain the blood vessels in bones,
while the smaller are the canaliculi, small channels which connect the osteocyte-containing
lacunae. These two pore sizes are also present in the deproteinated bone, but this bone
additionally has a large number of very small pores, which are believed to be the spaces left
behind when the collagen is removed.

The pore size distributions measured for four Etton sheep bones are shown in Figure
5, and the distributions show a number of interesting features. Note that the ET46, given by
the dark solid line, appears remarkably similar to the fresh modern bone in Figure 4, with an
additional small peak in the micropore region, indicating some loss of collagen. This bone
has very good collagen preservation, with 13.4% recovered. At the other extreme is the
poorly preserved ET51, represented by the gray solid line, which appeared very porous on the
microCT images, and by HgIP has a significant number of pores in the mesopore to
macropore range, with the distribution centered on 1 pm. This bone contains no collagen.
The bone represented by the dashed line, ET62, contains 3.0% collagen, a low yield but still
useful for radiocarbon dating or stable isotope analysis. The cortical porosity as measured by
microCT is moderate and the bone appears porous, but the pore size distribution looks
somewhat like the modern bone, with additional micropores and slightly elevated porosity in
the macropore range. It is likely these macropores that are being detected in microCT,
although their presence does not indicate complete collagen degradation. ET60 was a
puzzling specimen, because it looks very well-preserved by microCT, with very low cortical
porosity, but it has no preserved collagen. In the HgIP measurements it is apparent that the

pore distribution of this bone (represented by the dotted line in Figure 5) looks almost



identical to the deproteinated modern bone measured by Nielsen-Marsh and Hedges (1999).
The collagen has disappeared from this bone by some mechanism that has left the rest of the

bone microstructure intact.

3.4 BET nitrogen adsorption

Six of the bones were further analyzed using BET nitrogen adsorption. Results of the
BET surface area measurements for six bones are given in Table 2, and this same information
is shown graphically in Figure 6. This chart shows surface area measurements for six bones
(A, left axis) correlated with collagen recovery. The four bones with the lowest collagen
recovery have the highest surface areas, all measured to be over 100 m?/g. Since surface area
increases with increased porosity, particularly with the small pores that may form with
collagen destruction, these results make sense. The better-preserved bones have lower surface
areas, indicating better preservation; collagen is still present so microporosity is not elevated.
Ct.Po from the bones is shown in the same figure (@, right axis). While the well-preserved
bones clearly have low cortical porosity, as already discussed, the bones with no preserved
collagen show variable cortical porosity. The results in this figure tell us two things. First,
BET nitrogen adsorption seems to do a better job at identifying poorly preserved bones, most
likely because it can detect much smaller pores than can be seen in microCT. An interesting
case is that of ET60. This bone has a very low cortical porosity, possibly indicating good
preservation by microCT, but it contains no collagen. The BET measurements reveal a very
high surface area, indicating that the bone is quite porous, but that the pores are likely too
small to be seen by microCT. We observed these micropores in the HgIP pore size
distribution, and the BET adsorption data backs up the observation. Secondly, while low

nitrogen adsorption surface area measurements may help with the identification of well-



preserved bones, it does not seem to do a good job at distinguishing between bones with no

collagen and those with low, but still useful, collagen content.

3.5 Laser-induced breakdown spectroscopy

Rusak, et al. (2011) report LIBS data from thirteen of the Etton bones that we have
imaged with microCT. LIBS instruments work by gradually ablating the surface of the bone
with a laser and measuring the atomic ratios of the resulting vapor. In their analysis, Rusak, et
al. found a positive correlation between collagen recovery and the measured Ca 671.8 / F
685.6 ratio of the bones. The average Ca/F ratio for ten pulses beginning with pulse 210 are
given in Table 2 for the analyzed samples. In their publication, Rusak, et al. (2011) provide
Ca/F ratios for all of the laser pulses, and a reanalysis of these results, plotted in Figure 7, is
instructive. Figure 7 shows a significant difference of Ca/F ratios between bones that contain
no collagen (black lines), and those with >1% collagen (light gray lines). At the surface of the
bones, measured by the earlier laser pulses, there is little correlation between collagen content
and Ca/F ratios. However, as the laser bores into the surface of the bones the Ca/F ratios of
the two types of bones become resolved, with the collagen-containing bones having a higher
Ca/F ratio. LIBS is a minimally destructive technique in that the laser does not bore deeply
into the bone. After an analysis comprising approximately 220 laser pulses, the finished bone
has a barely-visible channel with a crater depth on the order of 10> microns (Rusak et al.
2011).

Average values for the Ca/F ratios are plotted in Figure 8, and the difference between
bones that contain collagen and those that do not is clear. Error bars represent 1 standard
deviation on the average value for each set of bones. Clearly, bones with interior Ca/F ratios
above about 5.5 tend to have usable collagen preservation levels, while those with Ca/F ratios

lower than that have no collagen. It has been known for decades that fluorine concentration



increases in buried bones due to incorporation of fluoride ion into recrystallizing bone
mineral (Parker, et al. 1974), and dating of buried bones by measuring fluorine content has
been attempted (Kottler, et al. 2002). The fluorine diffusion profile in a bone varies based on
its permeability as well as site-specific hydrology. Collagen preservation, too, depends on the
interaction of the bone with its aqueous environment, so it makes sense that the fluorine
concentration and collagen preservation may be correlated. However, it is difficult to draw
conclusions based on results from a single site, so future work should measure variably

preserved bones from other sites to see if the same trends are observed.

4. CONCLUSION

In general, bones with high Ct.Po as measured by microCT are unlikely to contain
sufficient collagen for further analysis and can thus be excluded from a sampling assemblage.
Bones with apparently low cortical porosity have a more varied range of collagen
preservation. Bone samples with low Ct.Po and no recoverable collagen often contain
micropores with a diameter of 10 nm or less that cannot be seen in microCT images but are
apparent in pore size distributions measured by mercury porosimetry, and indicated by high
surface areas measured by BET nitrogen adsorption. Such micropores are probably the space
left behind by decaying collagen bundles.

Furthermore, a re-evaluation of LIBS data from this same assemblage confirms that
ratios of calcium to fluorine may likewise indicate the state of diagenesis, with well-
preserved bones measuring a lower Ca/F ratio than those with no extant collagen. However,
fluoride content of archaeological bones is likely to be site-specific, and therefore future
studies should be undertaken to see if the difference in Ca/F ratios observed in differentially
preserved bones in Etton holds true at other sites, with samples of other ages, and in different
environments. Thus, we conclude that cortical bone porosity as calculated by microCT can be

used to exclude bones that are unlikely to contain collagen, while LIBS may provide further



information about their diagenetic state. Both methods hold promise as minimally destructive
methods for bone prescreening, and future research should elucidate this further.

We have also shown that pore size measurements by HgIP and BET nitrogen
adsorption are quite useful for studying bone diagenesis parameters and for predicting
collagen preservation, but we should note here that neither method avoids destroying the
bone samples in some manner. Both instruments require bone chunks or powder to be
removed from the specimen for introduction into a small analysis chamber. HgIP is
completely destructive, as the bone sample post-analysis is infused with mercury and must be
disposed as toxic waste. For this reason, and the significant cost of analysis if an in-house
instrument is not available, it is unlikely to become a routine pre-screening method despite its
value for studying diagenetic trends. If the degassing temperature is not so high as to destroy
the collagen within the bone, a sample used for BET nitrogen adsorption measurements
should be able to be re-used for collagen extraction, but this has never been studied in a
systematic way. LIBS can accommodate whole bones, depending on the size of the bone and
the sample chamber, and results in a small surface abrasion. Thus, we have classified it as
minimally destructive, and this technique along with microCT hold promise as pre-screening
methods for collagen content of archaeological bones.

While microCT is often described as “nondestructive”, including in our earlier
publication (Tripp, et al. 2010), more recent work has led to doubts about whether this is
really true (Tuniz and Zanini 2014). Griin, et al. (2012) demonstrated that teeth subjected to
microCT imaging subsequently gave erroneous ESR dates. Additionally, the field of radiation
genetics has demonstrated for nearly a century that X-ray irradiation can lead to DNA
damage (Muller 1927; Wolff 1971; Grosovsky, et al. 1998). Immel, et al. (2016) have found
that exposure of archaeological bone samples to synchrotron radiation leads to significant

loss of aDNA in ancient samples, but irradiation at levels normally seen in microCT did not



cause significant damage. This agrees with work by Paredes, et al. (2012), who found no
damage to DNA in Hawaiian honeycreeper skins collected in the 1890s when irradiated at
levels commensurate with microCT measurements. So, while microCT does not require
cutting or drilling into a bone, and does not lead to significant visual changes in samples,
underlying chemical degradation may result. However, the parameters leading to these
changes are not well-established and until they are it seems prudent that samples to be
imaged using microCT be carefully selected, and that non-imaged samples remain available

to future researchers.
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Table 1. Terms for pore size ranges used in this report (after Turner-Walker, et al. 2002)

Term Pore size  Features in size range

Micropore <0.1 um Space left by collagen fibril degradation

Mesopore 0.1-1 um  Normal physiological features such as canaliculi,
and channels resulting from bacterial degradation

Macropore >1 pm Normal physiological features such as Haversion
canals, fungal (Wedl) tunneling, and space left after
mineral dissolution



Table 2. List of bones used in this study along with essential measured parameters.

Sample % collagen® C:Nratioof Ct.Po° Porosity Surface area  Ca/F ratio
number collagen® (%) (m%/g)°
Cattle Bones
ET2 1.1 3.3 0.0350 119.6 7.58
ET4 9.7 3.2 0.0027 7.71
ETS 6.5 3.2 0.3045
ET10 0 - 0.1429
ET12 5.7 3.3 0.7596 8.47
ET16 0 - 0.4890 2.12
ET18 0 - 0.4448 1.45
ET20 6.5 33 0.1207 8.38
ET22 0 - 0.6148
Sheep Bones
ET46 13.4 3.3 0.0060 13.45 68.9 6.44
ET47 17.0 33 0.0007 5.70
ET49 0 - 0.5787 3.86
ETS0 0 - 0.3315 104.4 4.44
ET51 0 - 0.7852 50.02 121.3 2.92
ETS53 0 - 0.0491
ET54 0 - 0.0904
ETSS 0 - 0.0027
ET60 0 - 0.0096 37.37 127.5 5.64
ET62 3.0 3.4 0.1262 30.57 82.8 5.72

* % collagen is calculated by dividing the mass of recovered collagen by the mass of bone used for the
extraction. Details of the collagen extraction procedure are provided in Hamilton & Hedges 2011,
where these values were first published.

® C:N ratios were measured by IRMS and reported in Hamilton & Hedges 2011.

¢ Ct.Po is calculated from microCT images using the method discussed in this paper and Tripp, et al.
2010, using cylindrical contours and threshold=500.

4 Total bulk porosity as measured by HgIP.

¢ Surface area as measured by BET nitrogen adsorption.

fCa 671.8 / F 685.6 ratio measured by LIBS, average of ten pulses beginning with pulse 210. Details
of the experimental methods and results are reported in Rusak, et al. (2011).



Figure 1. Microcomputed tomography (microCT) images of five of the bones used in this
study. (A) ET18 (top) and ET12 (bottom), (B) ET60 (top, two pieces), ET62 (bottom left,
three pieces), and ET51 (bottom right). Additional images of bones from the assemblage
appear in Tripp, et al. 2010.




Figure 2. Contour images from bones calculated from microCT measurements at a threshold
of 500. Images for all bones can be viewed in Supplemental Information.




Figure 3. Cortical porosity calculated from microCT, correlated with % collagen recovery
from 19 Etton sheep and cattle bones. [ represents samples with no collagen preservation, ®
denotes samples with useful amount (>1% by mass) of recovered collagen.
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Figure 4. Differential pore size distributions, measured by HgIP, for fresh modern bone (dark
line) and modern bone that was deproteinated using hydrazine (light line). Figure was
produced using data from Nielsen-Marsh and Hedges 1999 (with permission from R.
Hedges), and experimental details for deproteination can also be found therein.
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Figure 5. Pore size distributions measured by HgIP for four Etton sheep bones: ET46 (black
solid line, 13.4% collagen), ET51 (gray solid line, 0% collagen), ET60 (gray dotted line, 0%
collagen), and ET62 (black dashed line, 3.0% collagen).
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Figure 6. Percent collagen recovery from six bones correlated with surface area as measured
by BET nitrogen adsorption (A, left axis) and cortical porosity as calculated from microCT
(@, right axis).
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Figure 7. Ca/F ratio from thirteen Etton bones analyzed by LIBS. Experimental details and
measurements used to make the graph were first published by Rusak, et al. (2011, Table II).
Bones with no collagen recovery (black lines) have a lower Ca/F ratio than those with higher
collagen recovery (gray lines), after the initial laser pulses.
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Figure 8. Average Ca/F ratios for bones measured by LIBS. Average and standard deviation
for bones with no collagen preservation (black dots, N=7), and bones with >1% collagen
extracted (gray dots, N=6). Calculations use data from Rusak, et al. (2011, Table II).
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Supplementary information
Calculated 3-D contour images for Etton bones.
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