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Highlights

e Specific and characteristic spectral bands of collagen in bones have been identified

e NIR imaging as a rapid, nondestructive technique to identify collagen preservation in
bone.

e Chemometric and Imaging tools allow evaluation of collagen preservation in fossil bones

e Application of these techniques to analyze collagen preservation in bones from different
geological strata in archaeological context at a single site is presented.
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Abstract

The scope of this article is to propose an innovative method based on Near Infrared
Hyperspectral Chemical Imaging (NIR-HCI) to rapidly and non-destructively evaluate the relative
degree of collagen preservation in bones recovered from archaeological contexts. This
preliminary study has allowed the evaluation of the potential of the method using bone samples
from the Early Upper Palaeolithic, Mesolithic and Neolithic periods at the site of Trou Al'Wesse
in Belgium. NIR-HCI, combined with chemometric tools, has identified specific spectral bands
characteristic of collagen. A chemometric model has been built using Partial Least Squares
Discriminant Analysis (PLS-DA) to identify bones with and without collagen. This enables the
evaluation of the degree of collagen preservation and homogeneity in bones within and
between different strata, which has direct implications for archaeological applications (e.g.,
taphonomic analyses, assemblage integrity) and sample selection for subsequent analyses
requiring collagen. Two archaeological applications are presented: comparison between sub-
layers in an Early Upper Paleolithic unit, and evaluation of the range of variability in collagen

preservation within a single Holocene stratum.

Introduction

Archaeologists rely on a range of different data sources to reconstruct the past, including the
artifacts and structures created by humans in the past, faunal and vegetal assemblages
reflecting hunting, gathering, husbandry and cultivating activities, geological analysis of the
deposits to determine deposition and post-depositional processes, dating of different materials
to reconstruct the chronological framework, among others. Given the time depth and factors
affecting the preservation of an archaeological site, these sources provide only partial
information on past human behavior and the environmental context of human occupations. Due
to recent progress in analytical methods (see e.g., [1]), archaeologists now have a range of new
analyses to exploit information that could not previously be directly extracted. Bone has a
complex composition which can be seen as a mix between a mineral (apatite) and an organic

matrix (collagen). This composite material contains three major constituents: carbonated
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apatite crystal (Cas(PQ4,C03)3(0H)), collagen and water. Collagen is the protein that constitutes
the main part of bone organic matrix ([2-4]).

Many analyses used by archaeologists require collagen. These analyses include the
Zooarchaeology by Mass Spectrometry (ZooMS) technique for taxonomic identification of even
very small bone particles by comparison of the amino acid groupings contained in bone collagen
([5]-[6]), radiocarbon (AMS) dating of bone from archaeological contexts ([7]-[8]) and stable
isotopic analyses to reconstruct past human and animal diets ([9]-[10]).

For these (and other) analyses, the challenge is to obtain bone samples with sufficient collagen
content to obtain positive results. To date, there has been no protocol or analytic method
capable of rapidly and non-destructively screening bones to detect and quantify collagen.
Techniques are therefore needed to deal with large numbers of samples and with the potential
of direct measurement on-site.

Initial results obtained during the first phase of the ArcheoNIR project, presented here, appear
to show that spectroscopy techniques such as Near Infrared (NIR) and NIR hyperspectral
chemical imaging (NIR-HCI) can be applied to meet these needs. Such technologies could
potentially revolutionize the analysis of sediments in cave and open-air sites and bones by
revealing far more detailed records of the contexts of human occupations.

Both techniques have been successfully applied in agronomy for the detection of meat and
bone meal in animal feed to help prevent Bovine Spongiform Encephalopathy (BSE) [11].
However, only a few studies have applied NIR analyses to bones from archaeological contexts,
showing, however, that these can provide a wide range of information concerning the
classification of archaeological soil samples [12] or the burial history of bones/diagenesis [13],
which have also been analyzed by Mid Infrared (MIR) [14-15] and Raman [16] spectroscopy.
Other studies have investigated collagen in blood vessels or muscles using NIR spectroscopy [17-
18]. For hyperspectral imaging, very few applications have been attempted in archaeology (see
e.g., [19-20], [12]), but not at the scale of assemblage or artifact and none on bone or collagen.
Another potential field of application for hyperspectral imaging is soil analysis ([21-26]).

In this context, the aim of the ArcheoNIR project is to combine archaeometric and

archaeological analyses, testing the application of near-infrared spectroscopy (NIRS) combined
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with hyperspectral chemical imaging (NIR-HCI) to faunal samples from the Pleistocene and
Holocene sequence at the Belgian archaeological site of Trou Al'Wesse [27-29]. NIR-HCl is used
to screen bones recovered during excavations and test the model developed to evaluate the
degree of collagen preservation. Taphonomy is the study of the processes from the time of
death of an organism to its retrieval. In archaeology this is extended to include the analysis of
site taphonomy referring to the processes of deposition and those occurring after deposition
that mechanically and/or chemically alter the archaeological material, including the sediments
themselves. Taphonomic analysis of a site considers several lines of evidence to evaluate and
interpret the context in which the artifacts were excavated. NIR-HCI analysis of bone samples
within and between strata provides new taphonomic data with respect to processes affecting
bone and collagen preservation and thus contributes to understanding of site formation
processes and factors affecting the archaeological record. Finally, NIR-HCI can be used as a
decision-making tool to evaluate whether collagen content of bone samples is sufficient for

further analyses requiring collagen.

Materials and methods

Archaeological site

The Pleistocene-Holocene stratigraphic sequence of Trou Al'Wesse covers the period from ca.
50,000 to 5,000 uncal BP (uncalibrated years before present) and includes human occupations
from the Mousterian, Aurignacian, Mesolithic and Neolithic periods. Non-archaeological layers,
one intermediate between the Mousterian and Aurignacian, and others covering the Last Glacial
Maximum and early Late Glacial, also contain faunal assemblages. This long archaeological
sequence enables us to address one of the main questions in current research: the effect of
climate change on human occupation during the Palaeolithic and Early Holocene. Climate and
environment play a key role in explanations of human adaptation, survival and extinction when
hominids are confronted with change [30]. NIRS-HCI analyses of the fauna will contribute to
these questions by clarifying differences in faunal taphonomy within and between strata,
leading to further analyses that will refine our understanding of palaeoenvironmental and

climatic change observed within a single sediment sequence. At Trou Al'Wesse, ongoing ancient
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DNA analyses of fauna (see e.g., [31-32]) may benefit in the near future from appraisal of

potential samples by NIRS-HCI analyses.

Instrumentation

In this work, a NIR hyperspectral line scan or push-broom imaging system combined with
a conveyor belt (BurgerMetrics SIA, Riga, Latvia) was used (Figure 1a and b). The instrument is a
SWIR XEVA CL 2.5 320 TE4 camera (Specim Ltd, Oulu, Finland); using an ImSpector N25E
spectrograph that includes a cooled, temperature-stabilized Mercury-Cadmium-Telluride (MCT)
detector (Xenics nv, Leuven, Belgium). The system projects a beam of light onto a two-
dimensional Focal Plane Array (FPA) and each image consists of 320-pixel lines acquired with
209 wavelength channels: 1,100-2,400 nm with a wavelength interval of 6.3 nm. 32 scans per
image have been averaged and each pixel provides a reflectance spectrum of a point on the
bone specimen. Acquisition is done using HyperProVB software (BurgerMetrics SIA, Riga, Latvia).

Prior to analysis, the spectral NIR imaging system is calibrated with a dark image (by
shutting off the lens entrance) and a white image (background) collected from a standard white
reference board (empty teflon plate). The spectra are then automatically corrected. This
procedure is performed to compensate for offset due to the dark current, the light source
temperature drift, and the lack of spatial lighting uniformity.

Once the spectral library is built, chemometric analyses can be performed, including PCA
(Principal Components Analysis) and PLS-DA (Partial Least Square Discriminant Analysis). These
analyses allow extraction of the maximum amount of information from the raw data [33], prior
to comparison of different areas on a single bone, bones from a single stratum, bones from

different strata, etc.

Figure 1

Sample selection
The bone specimens used for the calibration and validation sets to build the model are all small
fragments, on average, 27 mm long, 14 mm wide and 5 mm thick (size ranges: length 12-47

mm, width 6-24 mm, thickness 1-9 mm). For many of the samples, one side is the external
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surface of the cortical bone of longbone fragments, the other the interior; other samples are flat
bones (e.g., rib fragments) where both sides are external. Since collagen may not be uniformly
distributed throughout a bone, both sides of a specimen were scanned. All are relatively flat,
some with a very slight curve. Archaeological bones (and other artifacts) to 1 cm are recorded in
situ during excavation and include bone fragments and larger, more complete bones. Water
sieving of the sediments additionally permits recovery of small complete and fragmentary
bones, particularly of small rodents, birds, fish, etc. The bone samples used for this paper are all
larger mammal bone fragments recovered in situ. The smaller fragmentary bones of these were
selected as these are much more common in an archaeological assemblage than complete
bones and are often unidentifiable (anatomical element, species); evaluation of collagen
preservation enables them to be sent for specialized analyses, such as ZooMS or ancient DNA,
that could lead to identification. The samples used were cleaned with water only and air dried.
Bone is originally damp from the sediments in which they were found, but not water-logged; all
have been air dried to the same humidity level. NIRS and HIS analyses took place well after
excavation and processing, samples used in the present paper were excavated in from 2005 to
2009.

After image acquisition, individual spectral libraries are created for each bone scanned using the
HyperSee software (BurgerMetrics SIA, Riga, Latvia). Each library contains 50 spectra selected at
random places on the bone. The selection of spectra is made in such a way to cover the range of
spectral diversity on the bone surface and also takes into account the variability between the
different sides of the bone. For this, on each side of the bone, subsampling is done by selecting
5 pixels of interest (assuring maximum variability) as well as the four neighbours, i.e. 25 spectra
per side. Both sides of the bones were analyzed because the penetration depth of the radiation
with this instrument is only a few um.

After collection of the spectral library, a sample set to be used for building models for collagen
detection is created and randomly split into a calibration and a validation set. The calibration set
comprises 800 spectra coming from 16 different bone samples grouped in two classes. The
success or failure of AMS dating of bones from Trou Al'Wesse prior to the present study and

their geological context (alluvial [stream deposits] or colluvial [slope deposits]) were used as
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criteria to define two classes of bones that have sufficient collagen (successful AMS dating,
colluvial layers) or would have little or no collagen (failed AMS dating, alluvial layers). The first
class (COL+) includes bones from two Mesolithic strata that were not subject to collagen decay
(successful AMS dating, colluvial layers). Bones from this layer are assumed to have good
collagen preservation, sufficient for successful AMS dating and thus, by extension, for other
analyses requiring collagen as well, such as ZooMS, stable isotope analysis and potentially
ancient DNA. The second class (COL-) comprises bones from two Mesolithic strata subject to
recurrent water flooding (failed AMS dates, alluvial layers). Such flooding may have removed
most or all of the collagen. The validation set, independent from the calibration set, contains
200 spectra from four additional samples, two each from the "COL+” and "COL-" classes and
from the same layers as the calibration set. This sample set is used to validate the calibration
model by predicting presence or absence of collagen. The model design and sample selection

process is shown in a synthetic diagram (Figure 2).

Figure 2

For comparison an external independent validation standard was provided by the University of
York, a medieval cow tibia (Figure 3). Analysis of this sample at York indicated that collagen

preservation was close to modern levels and it had lost the lipids found in modern bones [34].

Figure 3

Model design

Two models were constructed for the present study: a PCA and a PLS-DA model. Both models
were created using the Matlab software (The MathWorks, Inc., Natick, MA, USA) and the PLS
Toolbox (Eigenvector Research, Inc., Wenatchee, WA, USA).

Pre-processing of the data was applied for both models to remove scattering and other non-
chemical effects from the spectra. For the PCA model, a first derivative was applied using the

Savitzky-Golay algorithm with a polynomial order of 2 and a window of 15 points.
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Two preliminary archaeological applications were done to test the model: comparison of sub-
layer in an Early Upper Paleolithic unit, and evaluation of the range of variability in collagen

preservation within a single Holocene stratum.

Identification/confirmation of geological stratification

In 2012, one of the aims of the field season was to examine Early Upper Palaeolithic
stratigraphic unit 15, dated between ca. 26,000 and 40,000 BP, which contains evidence of an
Aurignacian human presence, and to identify potential geological sub-divisions. Vertical
excavation of a 25 cm wide band in unit 15 led to the identification of nine distinct sub-layers in
the field, based on geological variables. Nine bones (one for each sub-layer) were processed
with the PLS-DA model and screened for potential variation or groups between samples. These
are currently being dated by AMS using ultrafiltration at the Oxford Radiocarbon Accelerator

Unit dating lab.

Comparison within and between layers

Bones found within a single stratum may have been subject to different post-depositional
processes leading to differential degradation or intensity of decay; these include chemical
processes that can cause removal of collagen and/or mechanical processes that can cause bone
fragmentation. Such taphonomic variability may be linked to, among others, the past
environmental conditions, the length of exposure of bone prior to burial, movement of bone (by
water, erosion, etc.). Comparing bones from a single stratum provides information on range of
variability in collagen preservation and thus the post-depositional processes that affected the
stratum. Comparison of sample sets from two different strata can therefore be done to evaluate
the degree of similarity/difference between them and provide further support for geological
distinction.

Bones from two layers were selected to analyze the collagen homogeneity within and between
each layer. The first series of samples was selected from stratum AC, classified as COL-. The
second sample set contains bones from a Holocene stratum with no preliminary information
available on collagen content (stratum 4a). The choice for the latter was based on evidence of
human occupation attributing it to the Middle Neolithic. 50 bones were selected from each

layer and for each of these bones 50 spectra were extracted (25 spectra per side), making a
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total of 2550 spectra collected per stratum. Next, the 2550 spectra from each layer were
analyzed using the PLS-DA model to obtain the prediction score of each spectrum. The
prediction scores of the spectra from a single sample were then pooled to compute the mean

prediction score of the sample and its estimated standard deviation (confidence level of 95%).

Preliminary results and discussion

Figure 4

In their paper, Baykal et al. [17] discuss characteristic wavelengths related to the presence of
collagen in samples analyzed in the NIR range. Figure 4 presents the mean spectra of samples
from COL+ and COL- classes used for the model construction. The medieval cow sample is also
included to show the potential wavelengths of interest for collagen detection. As can be seen, a
drift in absorbance is visible in the figure: samples with higher collagen content seem to have
higher absorbance values. This drift could be linked to the higher level of organic matter present
in bones with collagen compared to bones without collagen. Such drift should be further
studied to explain its occurrence.

Comparison between the data presented in Baykal et al. [17] and spectra from the COL+ class
and the medieval cow appears to show similar characteristic wavelengths (vertical lines in
Figure 4). Further, spectral comparison between COL+ and COL- samples seems to indicate the
potential for segregation. Figure 5 shows the spectral differences between COL+ and COL-
samples. Figure 5a was obtained after applying a first derivative using the Savitzky-Golay
algorithm with a polynomial order of 2 and a window of 15 points, and Figure 5b after applying
a second derivative using the Savitzky-Golay algorithm with the same parameters. The spectral
difference is particularly clear in the 2000-2400 nm range. These observations are promising for

model building to sort the samples by presence/absence of collagen.

Figure 5
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Model design

The PCA model carried out on the calibration and validation sets provides good separation
between COL+ and COL- samples (Figure 6a). The scatter plot of PC1 against PC2 clearly
indicates a better separation on the second component (PC2). Overall, positive PC2 scores (top
of the graph) can be attributed to COL+ samples and negative PC2 scores (bottom of the graph)
to COL- samples. The analysis of the loadings for PC1 (Figure 6b) indicates two wavelengths of
influence at 1410 nm and 1910 nm, which are within the absorption bands of the O-H bond [35].
These observations suggest that PC1 does not discriminate the samples according to their
collagen content, but may be linked to the O-H bond of the carbonated crystal apatite, or to the

water content of the samples.

Figure 6

Figure 7

Loadings on PC2 were then plotted (Figure 7) to visualize the wavelengths responsible for the
separation between COL+ and COL- samples. The loadings of a model are the respective weights
of each wavelength in the model. Wavelengths with high loading values (in absolute value) are
the ones that most influence the model.

As we have good separation along PC2, the positive values in the loading plot for PC2 can be
linked to the positive PC2 values of the PCA scatter plot. These positive values are mostly the
values for COL+ samples. By using this analysis method, the loadings report three influent
wavelengths that could potentially be linked to collagen. These wavelengths are 1430 nm (N-H
first overtone), 2030 nm (C=0 stretching second overtone) and 2150 nm (amide | + amide Il)
[35]. These three wavelengths are linked to chemical bonds that are typical for protein. As
collagen is the most abundant protein in bones, there would appear to be a direct link between
these wavelengths and the presence of collagen. In addition, the 2030 and 2150 nm peaks are

also consistent with the spectra presented by Baykal et al. [17]. In addition, the possibility of
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interference of water absorbed by the samples can be rejected since all samples are at the same
low humidity level.

To control the influence of the latter two wavelengths, another PCA was carried out on the
same data with a restricted spectral range, from 1800 to 2300 nm. The PCA scatter plot still
provided a good separation, with positive PC2 values for COL+ samples, and the 2030 and 2150
nm positive peaks are still observed in the loadings plot of PC2.

The results obtained with the PCA method were considered sufficiently good to attempt the
design of a PLS-DA model. The preprocessing applied to the raw spectra was a Savitzky-Golay
first derivative with the same parameters used in the PCA model and a cross validation step was
applied. The maximum number of latent variables for the model was set at 8.

The confusion matrix of the model is presented in Table 1 for the validation set. This matrix
summarizes the results of the PLS-DA classification by showing the results of the prediction

compared to the actual value of the spectra.

Table 1

The same results can also be demonstrated more visually in Figure 8. A spectrum from COL+
(triangles) below the grey dashed line would mean that the spectrum is predicted as COL-
instead of COL+, that is, a false negative result. In contrast, a COL- spectrum (stars) above the
grey dashed line would mean that the spectrum is predicted as COL+ instead of COL-, or a false
positive result. As we can see, regarding both Figure 8 and Table 1, the model seems to report
no bad detection (false positive or negative).

In addition, a reduction of the spectral range was applied, from 1800 to 2300 nm as for the PCA
model, to confirm the influence of this band for the detection of collagen. All the COL+ spectra
were still detected (no false negative result) and only five out of the 100 COL- spectra were
detected as COL+ (false positive results). This suggests that the spectral band between 1800-
2300 nm has a high contribution to the discrimination of collagen in bones. Despite the good

performances obtained with the restricted range model, these were slightly lower compared to
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the full range model. For this reason, the model with the full spectral range has been used in the

present study.

Figure 8

Taphonomy

1. Model development. The models developed compared samples considered to have (COL+) or
lack (COL-) collagen from four strata at Trou Al’'Wesse: alluvial strata AC and ACOF (COL-), and
colluvial strata 4b-6 and 4b-LaH (COL+). All are Mesolithic in age, based on AMS dates obtained
and analysis of the lithic assemblages. These results are thus not independent of the
archaeological context.

Figure 9 shows the prediction of the medieval cow sample in the PLS-DA model. The model
tends to sort the sample in the same class as samples from COL+ class. The model is thus

validated with an external reference of known high collagen content.

Figure 9

2. Identification/confirmation of geological stratification

The initial results of the PLS-DA predictions applied to the detection of geological stratification
within Pleistocene stratigraphic unit 15 (Figure 10) seem to be much more nuanced. One sample
from each of the sub-layers was analyzed (n=9). Each sample is represented on the right side of
Figure 10 by a vertical distribution where each point is the prediction score of one spectrum
extracted from the image of the sample. Two samples appear to contain preserved collagen and
are sorted in the COL+ class (grey stars and dark circles, or sub-layers 15.3 and 15.4). For the
remaining seven samples, the prediction is more complex as they overlap the threshold of
COL+/COL- classes. In the case of the nuanced samples, the predictions appear equally
distributed on each side of the discrimination line of the model (black dashed line). This is due
to variability in collagen presence/absence across the surface of each of these specimens,

preventing clear separation into COL+ or COL- classes, which can be done when the range in
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spectra falls entirely above or below the threshold. Moreover, when conducting the analysis,
including the external validation reference sample (medieval cow tibia), the errors obtained
correspond to the limits of detection of the technique and model. This may be related to the
age of the samples (40-30,000 versus 9-5,000 years ago) or to other factors that need to be
determined. To address these issues, larger sample sets from these sub-layers are being

analyzed and will be discussed in a forthcoming publication (Miller et al., in prep.).

Figure 10

In order to take into account the potential variability of collagen content on a bone’s surface,
predictions were redone for the entire surface and on both sides of the bones instead of a
sampling of 50 spectra per specimen. A total of 247,300 spectra (representing the entire surface
of all nine samples) was processed by the model, confirming the results obtained with the first
sampling method.

The predictions suggest that two specimens from layer 15 are similar to COL+ samples while the
others remain uncertain. These observations show variability between the different sub-layers
of layer 15 and are promising, but further work needs to be done to allow interpretation.

3. Layer comparisons

The mean prediction score of each bone from COL- layer (stratum AC) (Figure 11) and stratum
4a, with unknown collagen content (Figure 12), is plotted with its confidence interval.

These prediction results (Figure 11-Figure 12), seem to indicate good homogeneity in collagen
content as most of the samples within a single layer are found on the same side of the
prediction threshold. Outlier values were found for three samples within the COL- layer. These
samples were removed from the dataset to lower the noise in the display of the prediction
results. In Figure 11 almost all the samples are sorted under the prediction threshold (dashed
line), meaning that they are sorted into the COL- class which is consistent with the expected
results; the single COL+ sample, located at the upper interface between stratum AC and
overlying 4b-delta, has been determined to belong to stratum 4b-delta (R.M., pers. obs.); it can

thus be eliminated from the AC sample set. In Figure 12 almost all the samples are above the
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prediction threshold, meaning that the model sorted them into the COL+ class, suggesting that
bones from this layer have good collagen preservation. Most of the samples in both figures have
only a small dispersion of their prediction values, particularly in the case of the layer with
unknown collagen content. This suggests that collagen content does not vary significantly within

bones in these strata.

Figure 11

Figure 12

Conclusion

The overall objective of this work was to propose a new method based on NIR-HCI to evaluate
the relative degree of collagen preservation in bone recovered from archaeological contexts.
This preliminary study has enabled evaluation of the potential of the method using bone
samples from the Early Upper Palaeolithic, Mesolithic and Neolithic periods at Trou Al'Wesse in
Belgium. NIR-HCI combined with chemometric tools have detected specific spectral bands
characteristic of collagen, which enables analysis of the degree of collagen homogeneity within
and between different strata. ldentification of factors affecting the degree of collagen
preservation, such as the presence of water and other post-depositional processes, help to
clarify the site formation processes at an archaeological site and have direct implications for
archaeological applications: faunal assemblage integrity, taphonomy and sample selection for
subsequent analyses requiring collagen preservation, including ancient DNA, radiometric dating
and ZooMS. However, further research is needed in order to evaluate the qualitative and/or

guantitative degree of collagen preservation in archaeological bone.
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Figure captions

Figure 1: Instrument used for image acquisition (a) and image acquisition configuration, sample

on the conveyor belt (b).

Figure 2: Synthetic diagram for model design and sample selection (AC & ACOF = alluvial layers;

4b-LaH & 4b-6 = colluvial layers).

Figure 3: Photos of the medieval cow tibia sample (scale in cm).

Figure 4: Mean spectra of samples from COL+ class, COL- class and medieval cow tibia.

Figure 5: Spectral differences in preprocessed spectra between COL- and COL+ samples: (a) first

derivative and (b) second derivative.

Figure 6: PCA model, scatter plot of PC1 against PC2 (a) and PCA loadings on PC1 (b).

Figure 7: PCA loadings on PC2.

Figure 8 : PLS-DA prediction plot.

Figure 9: Prediction of the medieval cow tibia sample in the PLS-DA model.

Figure 10: PLS-DA predictions for the samples from sub-layers of unit 15. Specimens identified

by unique ID (e.g., N4.42) followed by sub-layer (e.g., 15.2).
Figure 11: PLS-DA predictions for samples from layer AC (COL-).

Figure 12: PLS-DA predictions for samples from layer 4a (COL+).
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Table captions

Table 1: Confusion matrix of the PLS-DA model applied to the validation set.
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