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ABSTRACT

Archaeological findings prove the appearance and use of birch bark tar since the Middle Palaeolithic. The
production and use of birch bark tar and pine wood tar has overlapped since at least the late Neolithic, but
probably for much longer. The reliable chemical identification of such archaeological tar residues can offer
valuable insights into, for example, ancient technical complexity, trade and culture. In this context, the scarcity
of these mainly organic residue findings in the archaeological record bears the need for non-destructive
analytical tools. However, there is currently no systematic proposed way for this purpose. We aim here to
verify the organic nature and test the reliability of the identification of archaeological pine wood tar and birch
bark tar with a combination of SEM-EDS, FTIR microspectroscopy in reflectance mode and XRD. We examined a
set of experimental adhesive replicas of pine tar and birch tar in pristine form, but also after a three-year-long
weathering experiment. Additionally, we studied a set of archaeological samples, consisting of Mesolithic
bone/antler points with adhering hafting residues, form the Dutch North Sea. This research shows that degra-
dation negatively influences the reliable verification and identification of the organic residue constituents
significantly. SEM-EDS as a starting point of analysis verifies the residue’s organic nature, but it cannot be used to
identify birch or pine tar. XRD can identify crystalline additives in the adhesive mixture, like ochre and wax, as
well as phases related to the artefact’s environment of burial and provenance. Micro-FTIR is also capable of
verifying the organic matter of the residue constituents. The differentiation of birch and pine tars is hindered by
vibrational modes occurring in neighbouring wavenumbers for both tars, and by the limited research on
degradation markers indicative of thermal treatment to prove tar production. Until reference collections also
account for degradation and include a wide variety of adhesives, results of FTIR collected in reflectance mode are
best treated with some caution.

1. Introduction

The earliest currently known adhesive finding corresponds to birch
bark tar with a minimum age of 191,000 years old (Mazza et al., 2006).

The use of adhesive materials in prehistory started with organic
products naturally exhibiting tacky properties, like tree resin exudates
or starchy foods and proceeded to include more complex adhesives,
necessitating human-induced fabrication processes (Langejans et al.,
2022; Regert et al., 2003). A characteristic example of such adhesives
are pine tar and birch tar, products of destructive distillation of biomass.

* Corresponding author.

It is followed by natural bitumen residues dated to around 70,000 years
ago (Boéda et al., 2008). Presently, the oldest evidence of conifer resin
has an age of about 65,000 to 40,000 years ago (Degano et al., 2019).
The earliest finding of pine tar is attributed to a Late Neolithic site from
about 3,200-3,000 years ago. However, the existence of evidence for
pine tar use in Europe from the Upper Palaeolithic and Mesolithic is a
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possibility (Langejans et al., 2024).

While it is not yet clear when it was first discovered and manufac-
tured, pine tar has been used for a variety of applications such as hafting,
waterproofing (Rageot et al., 2016) and sealing (Heron and Evershed,
1993). Birch bark tar also has a wide range of known applications, such
as hafting (Mazza et al., 2006), coating (Rageot et al., 2021), repairing of
ceramic (Urem-Kotsou et al., 2002) and metal (Courel et al., 2018) ob-
jects, and even as a (medicinal) chewing gum (Aveling and Heron,
1999).

The choice among different adhesives for prehistoric people is linked
to raw material availability, and also to technical knowledge (Langejans
et al., 2022). Moreover, adhesive production can be an indication of the
technological and by proxy possibly the cognitive complexity of ancient
hominins like Neanderthals (Fajardo et al., 2023; Wragg Sykes, 2015).
Additionally, it can reveal the socio-economic networks rising from
trading among past civilisations (Connan and Van de Velde, 2010;
Kristiansen and Suchowska-Ducke, 2022; Rageot et al., 2021). Although
the occurrence of pine and birch trees overlaps in Europe for the best
part of the Pleistocene (Bigga et al., 2014), the fabrication and use of
their tars has only overlapped in the archaeological record since about
the 4th millennium BCE (Mitikidou et al., 2008). A possible explanation
for the lack of pine wood tar in the Palaeolithic, stems from indications
that birch bark tar appears to preserve better than pine tar and pine resin
(Kozowyk et al., 2020).

In this context, it is essential to enable the identification and
distinction between the two types of tars, through reliable chemical
analysis methods. However, the identification of mainly organic adhe-
sive remnants is challenging due to their susceptibility to natural decay.
Any archaeological findings, which mostly come in the form of micro-
scopic residues, are thus rare and valuable (Kozowyk et al., 2017;
Monnier et al., 2013; Regert et al., 2003). The most reliable and wide-
spread identification method for archaeological adhesives is Gas Chro-
matography — Mass Spectrometry (GC-MS) (Chapters et al., 1993;
Heron and Evershed, 1993; Rageot et al., 2019; Regert, 2004). Despite
its reliability, GC-MS is invasive and destructive; a problem when ana-
lysing these scarce archaeological materials.

A variety of non-destructive techniques have been implemented for
the characterisation of archaeological adhesive mixtures. These tech-
niques were often used in various combinations with other destructive
and non-destructive methods of analysis. Resins and waxes have been
analysed with Raman spectroscopy (Edwards et al., 1996), while
bitumen residues on three Palaeolithic stone tools from Hummal, Syria
were studied with Raman microspectroscopy, combined with FTIR
microspectroscopy, EDS and XRD (Monnier et al., 2013). Organic resi-
dues on Roman ceramic vessels late Roman-Egyptian adhesives were
characterised with a combination of GC-MS and FTIR (Colombini et al.,
2005; Ribechini et al., 2009). However, no systematic approach was
established or tested for the study of these archaeological adhesive
residues in a completely non-destructive manner.

Here, we aim to tackle this research gap by testing the ability of non-
destructive analytical methods to identify and distinguish pine tar and
birch tar in archaeological adhesive mixtures. In this context, it is
important to account for the effects of morphological and chemical
degradation. For this purpose, we analysed a set of experimental pine tar
and birch tar samples, in pristine and weathered form. Additionally, we
studied an assemblage of archaeological artefacts with residues char-
acterised by GC-MS as birch bark tar. A combination of scanning elec-
tron microscopy — energy dispersive X-ray spectroscopy (SEM-EDS),
Fourier-transform infrared microspectroscopy (micro-FTIR) and X-ray
diffraction (XRD) was used for this scope.

2. Materials and methods
2.1. Materials

Pine tar is produced by the destructive distillation of pine tree wood
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of the Pinaceae family. It predominantly contains tricyclic diterpenoid
acids with abietane, pimarene and isopimarane skeletons. Abietic,
pimaric and isopimaric acids are biomarkers of fresh pine resin, and
these are also contained in pine tar as native biomarkers. Dehy-
droabietic, dehydro-7-dehydroabietic and 7-oxodehydroabietic acids
result from oxidation or aromatisation processes of the native markers,
either caused by ageing or anthropogenic introduction of heat (Regert,
2004). It is thus difficult to deduce whether the presence of degradation
markers is a result of natural decay of pine resin or caused by anthro-
pogenic heat input to produce tar. The degradation markers that are
reliable markers of pine tar are retene, methyl dehydroabietate and 1,7-
dimethylphenanthrene; these are generally considered as products of
the human-induced distillation process (Rageot et al., 2016).

Birch tar is produced by the pyrolysis or destructive distillation of
birch (Betula sp.) tree bark (Rageot et al., 2019). Birch bark tar consists
of pentacyclic triterpenoids of the lupane family. Fresh birch bark
mainly consists of the following triterpenoid biomarkers: betulin, lupeol,
lupenone, betulone, erythrodiol and betulinic acid (Rageot et al., 2021;
Regert, 2004). Degradation markers result from the thermal treatment
for tar production or because of natural decay (Chapters et al., 1993;
Rageot et al., 2021, 2016). Lupenone and betulone pre-exist naturally in
birch bark, but their proportion may increase during tar production,
because of the oxidation of lupeol and betulin, respectively (Regert,
2004).

The effect of natural decay is a decisive factor for the study of
archaeological artefacts, due to the degradation of the materials’ bio-
markers. The consideration of this effect is of the highest importance for
applying a non-destructive analytical methodology to archaeological
artefacts. Therefore, we studied three sample categories: two types of
experimental samples, pristine and weathered adhesive replicas, as well
as a set of archaeological samples (Table 1).

2.1.1. Experimental samples

The experimental pine wood tar and birch bark tar replicas (Fig. 1a-
d) for both types of experimental samples were sourced from a previous
experiment (Kozowyk et al., 2020). The weathered samples (Fig. 1b and
c) originate from an experiment in which the two tars were replicated
and used to haft flint flakes in 10-mm diameter pine wood dowels. The
hafted flint flakes were then left to weather in three-year-long field
experiment. The objects with adhesives were buried at the Dutch con-
servation area, the Horsterwold (Flevoland province) in the
Netherlands. The hafted flint flakes were retrieved after the burial, softly
cleaned with a paintbrush and water to remove the sediment excess. The
weathered material was analysed in situ, on the tools.

The pristine experimental tars contain the same adhesive ingredients
as the ones of the weathered samples. These samples were melted in
aluminium cups with the use of a conventional electric hot plate. While
in a molten state, a small quantity of each adhesive was poured onto a
flat aluminium sample bar (Fig. 1a), and covered in aluminium foil to
protect it until analysis.

Table 1
Sample list.
Category Adhesive / Origin Description Sample
ID
Experimental Pine wood tar Pristine NDPO1
Weathered Hor3189
Birch bark tar Pristine NDP02
Weathered Hor3225
Archaeological ~ Bone points from the Barbed point NSMO03
Dutch North Sea Barbed point NSM10
Point/awl NSM15
Barbed point NSM16
Barbed point NSM18
Barbed point NSM28
Loose residues from NSM31

NSM18
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cm

Fig. 1. (a) Pristine experimental pine wood tar (NDPO1), (b) pristine experi-
mental birch bark tar (NDP02), (c) weathered experimental pine wood tar
(Hor3189), (c) weathered experimental birch bark tar (Hor3201). Arrows
indicate the preserved hafting adhesives. The scale bar indicates 5 cm.

2.1.2. Archaeological samples

The archaeological samples consist of a set of six Mesolithic bone
points recovered from redeposited sediments on the Dutch shoreline
(Table 1, Fig. 2). These sediments were dredged from the North Sea and
used to consolidate the coastline (Amkreutz and Spithoven, 2019). Both
archaeologists and amateurs have been collecting them from such bea-
ches. The points exhibit macroscopic and microscopic evidence of
hafting, discolouration, and residues believed to be of adhesive nature.
All the bone points in this study were on loan from private collections,
apart from NSM28, which was on loan from the Rijksmuseum van
Oudheden (Dutch National Museum of Antiquities) in Leiden. The points
were soaked in distilled water several times by the custodians, as this is a
standard practice for objects retrieved form marine environments. The
discolourations and residues were analysed in situ, on the tools. NSM31,
which is the loose residue of NSM18, was the only exception.

2.2. Characterisation methods

A set of three non-destructive characterisation methods were applied
in the identification of the adhesive mixture constituents: Scanning
Electron Microscopy — Energy Dispersive X-ray Spectroscopy (SEM-
EDS), Fourier-Transform Infrared microspectroscopy (micro-FTIR) and
X-ray Diffraction (XRD). Two locations on the pristine experimental
samples were analysed with SEM-EDS and micro-FTIR, while one
reading was collected with XRD. For the weathered experimental sam-
ples, two readings were performed on the residue. Additional readings
were collected from the flint and the wood, providing a comparison of
the tool surface with no visible residues. Two residue readings were
collected from the residue/discolouration area of each archaeological
samples as well, along with one bone reading that also serves as the
background reading. Exceptions to this rule arose occasionally, due to
sample particularities and availability. In total, we conducted 75
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measurements (Table S1). Only the measurements corresponding to the
residue or discolouration areas of interest are presented here. The
measurements collected from the substrate materials (flint, wood or
bone) can be found in the supplementary material.

2.2.1. Scanning electron microscopy — Energy Dispersive X-ray
spectroscopy (SEM-EDS)

Because the samples are porous, fragile and cannot be coated, we
used an environmental (ESEM) or low-vacuum (LVSEM) SEM micro-
scope (Adriaens and Dowsett, 2004; Ominami, 2018). The JEOL JSM-
IT700HR InTouchScope™ scanning electron microscope, with a JED-
2300-Fully integrated EDS system (100 mm? SDD) was used for the
SEM-EDS analysis in this project. The measurement parameters are
summarised in Table 2. The samples were stabilised on the sample plate
with double-sided carbon tape and aluminium stubs. The peaks of EDS
spectra were automatically assigned to the corresponding elements
through the software incorporated in the system controlling the
equipment.

2.2.2. Fourier-transform infrared microspectroscopy (micro-FTIR)

Coupling an FTIR spectrometer with an optical microscope for non-
destructive characterisation is particularly useful for the analysis of
very small-scale samples or very small components in heterogeneous
samples. The beam size ranges from 20 to 100 pm with the standard
radiation source.

A Perkin Elmer Spotlight 400 FTIR microscope, coupled with a
Perkin Elmer Frontier FT-IR spectrometer were used for the micro-FTIR
analysis. Spectrum IR was used for equipment control and data evalu-
ation. The measurements were performed in diffusive reflectance mode
to secure their non-destructive nature, with a resolution of 4 cm™, 16
accumulations per measurement, a spot size of 100x100 pm, in the
wavelength range of 4000-600 cm™!. The weathered experimental and
the archaeological samples were positioned on the sample stage and
stabilized with the use of Blu tac, covered with a small piece of latex
laboratory gloves, to prevent the contamination of the samples by the
putty material.

Only the peak positions assigned to vibrational modes of the com-
pounds of interest (pine or birch tar) are highlighted in the spectra
presented in this paper.

2.2.3. X-ray diffraction (XRD)

A Bruker D8 Discover diffractometer and Eiger-2 500 k 2D-detector
were used for the X-ray diffraction analysis in this project. Cu Ka radi-
ation and an Incoatec 1pS microfocus tube were used for the measure-
ments at 50 kV, 1000 pA. The equipment includes a UBC 1.0 mm
collimator, scatter screen and a UMC 1516 sample stage. The software
for equipment control and data evaluation was the Bruker DiffracSuite.
EVA vs 5.2. The measurement parameters for each sample category are
summarised in Table 3. The measured XRD patterns were subject to
background subtraction and small displacement correction. The col-
oured bars in the resulting patterns provide the peak positions and in-
tensities of the possibly present crystalline phases, using the ICDD pdf4
database.

2.3. Predictions

Based on the characteristics of our set of samples, in combination
with the principle and limitations of the applied analytical methods, we
can have some specific expectations for the results of this non-
destructive analysis.

Firstly, the thickness of the adhesive layer is expected to affect the
detected signal and, as a result, the identification process. When the
samples are analysed in situ, the contribution of the underlying substrate
to the signal can be particularly strong where the layer is thin. This
might interfere with the signal of the residue and hinder identification.
Our pristine experimental samples are deposited in much thicker layers,
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Fig. 2. Archaeological samples, bone points from the Dutch North Sea, photos of both sides. (a) NSM03, (b) NSM16, (c) NSM15, (d) NSM10, (e) NSM18, (f) NSM28

and (e) NSM31 (loose residues form NSM18). The scale bar indicates 5 cm.

Table 2
SEM-EDS measurement parameters for each sample category.
Samples Accelerating Working Vacuum
voltage (kV) distance (Pa)
(mm)
Experimental  Pristine 20 7.8-9.9 30
Weathered 20 9.6-14.5 22-44
Archaeological 5, 10, 20 8.9-11.8 70
Table 3
XRD measurement parameters for each sample category.
Samples 0-20 20 Step Comments
range step time
(°20) ©) (s)
Experimental  Pristine 5-60 0.04 2 samples fixed on

standard sample

Weathered  10-70 0.02 table

samples lying on a
Si510 zero-
background wafer,
on standard sample
table

Archaeological 10-70 0.02

compared to the weathered experimental samples. The residues on the
bone points under examination here, vary in their thickness as well. In
general, most archaeological residues are expected to be thinner than
the thickness of our pristine samples, due to environmental exposure or
decay. In addition, the thickness of their adhesive layers is expected to
vary across the tool surface. As a result, archaeological samples bearing

adhesive residues are likely to be affected by this issue, depending on the
location of analysis. It is therefore important to collect clean readings
from the bare substrates underlying the adhesives, to be able to
extrapolate their signal features. For our weathered experimental sam-
ples, we anticipate contribution from the wood dowel and the quartz
(SiOy) of the flint. The results of the archaeological bone points are
expected to include signal from the bone’s organic and inorganic com-
ponents, namely collagen and hydroxyapatite (Cas(PO4)3(OH)),
respectively.

Furthermore, the environment of the artefacts’ weathering will most
probably affect the measurement results. In our case, this is mostly the
effect of sediment remains from the site of burial. Quartz (SiO3), calcite
(CaCOs) and clay, mainly kaolinite, are very common in archaeological
sediments (Weiner, 2010) and we expect to detect them in the collected
spectra. As far as our archaeological samples are concerned, we also
anticipate contribution from the marine weathering environment. This
can be in the form of salt remnants. However, it is also worth mentioning
that the degradation of organic matter in anoxic marine environments
by sulphate-reducing bacteria can lead to the production of iron sul-
phides, such as pyrite (FeSy) (Schippers and Jorgensen, 2002). Given the
provenance of this set of bone points, iron sulphides detected in the
spectra, as the result of adhesive residue degradation, can be an indirect
indication for the residue’s organic nature.

3. Results
3.1. SEM-EDS

3.1.1. Pristine experimental tars
The SEM-EDS analysis of the pristine experimental tars clearly
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verifies the organic nature of both materials, through significantly
strong carbon (C) peaks in the EDS spectra (Fig. 3a-d). Weak aluminium
(Al) peaks also emerge in the spectra as a contribution from the
aluminium foil lying under the deposited adhesive material. The back-
scattered images show a sharp difference in the surface morphology of
the two pristine experimental tars. The surface of pristine birch tar
(Fig. 3g-h) appears as quite even and homogeneous, with only a few
contamination particles. On the contrary, the surface of pristine pine tar
(Fig. 3g-h) seems much more irregular with a significantly higher
number of overlaying contamination particles. Based on this observa-
tion, we consider the iron (Fe) detected in the EDS spectra of pristine
pine tar (Fig. 3a-b) as the result of contamination from an iron oxide.

3.1.2. Weathered experimental tars

The organic nature of tars is very easily verified through the EDS
analysis in their weathered state too (Fig. 4a-d). The particularly strong
carbon (C) peaks in Fig. 4b-d prove that the three-year long weathering
of the tars does not affect the verification of organic.

Sediment contamination is apparent through the appearance of sil-
icon (Si), calcium (Ca) and aluminium (Al) in both weathered samples.
While the detection of silicon could also result from the flint substrate,
the backscattered images (Fig. 4e-g), show a strong effect from surface
contamination from the adhering sediment. As a result, it is most likely
that the silicon contribution is due to overlaying sediment particles. The
EDS spectra of Fig. 4a show a sharp difference in elemental composition
compared to every other weathered tar spectrum. The organic content
(C) is significantly lower, and many elements such as iron (Fe),
aluminium (Al), phosphorous (P), sulphur (S), calcium (Ca), magnesium
(Mg) and potassium (K) have a stronger contribution. The granular
morphology of the corresponding backscattered (BSE) image in Fig. 4e
suggests that these spectra were probably collected from a post-
depositional sediment particle overlaying the adhesive.

3.1.3. Archaeological tar

The interpretation of the SEM-EDS results becomes more compli-
cated for the aged archaeological samples (Figs. 5, 6, 7, 8). Out of the
four points that were studied with this method, only the residues of
NSM10 (Fig. 6b) and NSM16 (Fig. 8) generated carbon (C) peaks suffi-
ciently strong to verify them as organic. The discolourations on NSM03
and NSM15 were not verified as organic through the EDS analysis, based
on the intensity of the carbon peaks. Sulphur (S) is detected in the
spectra of NSM10 (Fig. 6a-b) and NSM15 (Fig. 7a). In the latter, iron (Fe)
is detected too. Since the SEM-EDS analysis produced no indications of
organic content for NSM03 and NSM15, these bone points will not be
further discussed with the other methods. The corresponding micro-
FTIR and XRD results can be found in the supplementary information.
The spectra collected from the residue/discolouration areas of all four
points demonstrate a strong contribution of calcium (Ca) and phos-
phorus (P), probably originating from the underlying bone’s hydroxy-
apatite (Cas(PO4)3(OH)). Low sodium (Na), chlorine (Cl), magnesium
(Mg) and aluminium (Al) content might originate from contamination
by the sediment or during handling of the artefacts.

3.2. Micro-FTIR spectroscopy

The micro-FTIR spectra of pristine experimental, weathered experi-
mental and archaeological samples are illustrated in Fig. 9, Fig. 10 and
Fig. 11, respectively (full spectra in Figure S4-5S6). The infrared spectrum
region between 4000 cm ™! and 2000 cm ™! range is not included in our
analysis, as it corresponds to stretching O-H vibrations of hydrogen
bonded hydroxyl groups and stretching C-H vibrations of the methylene
(-CHy) and methyl (-CH3) groups. They are thus not useful for the
distinction between the two tars. Only the most indicative part of the
spectrum, which lies between 2000 cm~! and 800 cm_l, is included.

In the quest to identify the materials under examination, their peaks
are assigned, when possible to those of pine tar (Font et al., 2007;
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Martin-Ramos et al., 2018; Monnier, 2017) and birch tar (Cinta-Pinzaru
et al., 2012; Vahur et al., 2016) from the literature. Among the previous
research, there are few assignments of the bands in their spectra to
particular markers of each type of tar.

Reflectance infrared spectroscopy is useful as a non-destructive, non-
invasive, non-contact method for testing solid surfaces. Three different
phenomena are observed in the FTIR spectra: diffusive reflection,
specular reflection and a large part of absorption of the IR light by the
sample. However, the interpretation of the data can be challenging due
to the arbitrarily mixed contributions of specular reflection, from the
front surface, and diffusive reflection, from radiation that has penetrated
into the sample. In those cases, an opposite direction peak can be
observed, such as in Fig. 9b at 1690 cm™!. A Kramers-Kronig trans-
formation, which mathematically eliminates spectral distortion result-
ing from specular reflectance may sometimes be applied to improve
reflectance spectra. However, this proved unsuccessful with our results,
possibly due to the low signal and high noise, which resulted in alter-
ations to the spectra that cannot be securely attributed to specular
reflection.

3.2.1. Pristine experimental tars

The micro-FTIR analysis of pristine experimental pine tar (NDPO1,
Fig. 9a) resulted in a spectra that is difficult to match with previous
literature, or to identify the majority of peaks indicating pine origin
(Font et al., 2007; Martin-Ramos et al., 2018). Compared to pine tar, the
micro-FTIR analysis of pristine experimental birch tar (NDP02, Fig. 9b)
reveals clearer peaks associated with vibrational modes and functional
groups of birch bark native markers, such as at approximately 1735,
920, and 888 cm ™! which may be attributed to betulin v (C = O), lupeol
® (H-C-H) and betulinic acid o (H-C-H), respectively (Cinta-Pinzaru
et al., 2012). However, there are numerous peaks and their respective
vibrational modes occurring in similar wavenumbers for both different
types of tars.

3.2.2. Weathered experimental

The quality of the micro-FTIR reflectance spectra deteriorates further
for the weathered experimental tars. For pine tar (Hor3189, Fig. 10a),
peaks at approximately 1725 cm! (vC=0), 1465, 1383 cm! (8 CH,
and CHgs), may be assigned to molecular vibrational modes related to
pine origin, with the former at 1725 being unique to heated resin or tar
(Font et al., 2007; Martin-Ramos et al., 2018). The spectra of weathered
experimental birch tar (Hor3201, Fig. 10b) revealed only one peak that
is exclusively assigned to a vibrational mode of birch bark (Cinta-Pin-
zaru et al., 2012; Vahur et al., 2016), while multiple peaks are assigned
to vibrational modes occurring in similar wavenumbers for the two
different types of tars. As a result, the micro-FTIR spectra do not allow
the identification of the material’s birch bark origin.

3.2.3. Archaeological tar

As far as the archaeological samples are concerned, all points
examined with micro-FTIR (Fig. 11a-d) provided multiple peaks that can
be associated with organic materials. This allowed us to safely conclude
that their residues were of organic nature. For each of these bone points,
multiple peaks can also be associated with both pine tar and/or birch tar
from the existing literature, and our experimental samples (Cinta-Pin-
zaru et al., 2012; Font et al., 2007; Martin-Ramos et al., 2018; Vahur
et al, 2016). These include peaks at around 1735, 1700-1710,
1595-1600, 1385-1390, and 890 cm~'. NSM10 resulted in the clearest
match with birch bark tar, however, almost all of the identifiable peaks,
with the exception of 1734 cm ™}, can also be found in pine tar. For
NSM16, NSM18 and NSM28, results are highly variable and of insuffi-
cient quality to securely identify peaks only associated with either pine
or birch tar. As a result, micro-FTIR is unable to identify the residue as
unambiguously either pine or birch tar.
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Fig. 4. (a), (b) EDS spectra collected from two locations on weathered experimental pine tar (Hor3189). (c), (d) EDS spectra collected from two locations on
weathered experimental birch tar (Hor3201). (e)-(g) The corresponding backscattered SEM images. The crosses and coloured areas represent locations that the EDS

signal was recorded from, in (g), Spc_003 was the entire image area.

3.3. XRD

3.3.1. Pristine experimental tars

The XRD analysis of the pristine experimental samples (Fig. 12) is
quite straightforward. For both pristine pine tar (NDP01) and birch tar

(NDP02), it was possible to recognise blunt curves on the XRD patterns.
These features are located around 21° for pine tar (Fig. 12a), around 16°
and 41.5° for birch tar (Fig. 12b) and are associated with a dominant
amorphous part. This is a strong indication for the organic nature of the
samples. Apart from the amorphous contribution, the XRD patterns of
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the pristine experimental tars only show contribution from the under-
lying aluminium foil. The contribution is strong, even though the pris-

birch tar. The patterns do not display any other features that could assist
in differentiating between pine tar and birch tar.

tine experimental samples are deposited in thick layers, particularly
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3.3.2. Weathered experimental tars

No amorphous contribution is recognisable in the XRD patterns of
either weathered experimental pine tar (Hor3189) or birch tar
(Hor3201) (Fig. 13 and Fig. 14, respectively). The lack of amorphous
contribution from the residue layer here can be due to the detrimental
effect of natural degradation and by the residue layer being too thin.
Quartz (SiO,) and calcite (CaCO3) are detected in both weathered
experimental samples, identified in both locations on their residues that
were analysed with XRD. These minerals are rather common compo-
nents in archaeological sediments (Weiner, 2010). However, the
detection of quartz can result from contribution of the flint. When
analysing adhesive residues from unknown archaeological artefacts, we
cannot dismiss the possibility of quartz being included as an additive to
the adhesive mixture (Charrié-Duhaut et al., 2013). XRD does not allow
us to understand whether the contribution results from the substrate, an
adhesive additive, or the sediment. This distinction is very important
when analysing archaeological material. Combining the method with
light microscopy on the analysis location, would be able to provide some
indications on the matter based on the observed surface morphology.
The XRD analysis on one of the analysed locations of the weathered pine
tar residue (Fig. 13a) reveals another crystalline phase of silicon oxide
(SiOy), cristobalite. The reference bars for cristobalite are displayed in
green. On the same analysis location (Fig. 13a), calcite is also detected,
indicted on the pattern with blue reference bars.

Weathering, even for a three-year period, was decisive for the
detection of amorphous-related features in the diffractogram. XRD is
thus unable to verify the organic nature of both weathered experimental
tars. As a result, it is expected that it will be hard or even impossible to
detect the amorphous contribution in archaeological samples as well.
Similar to the pristine experimental samples, the patterns do not show
any other features useful for distinguishing between pine tar and birch
tar.

3.3.3. Archaeological tar
Based on the XRD analysis of the archaeological artefacts (Figs. 15,

16, 17, 18, 19), it is surprising that an amorphous part was detected in
the pattern of the analysis location 1 of NSM10 residue (Fig. 15a). The
amorphous contribution is revealed in the form of a large blunt curve
centred around 18° 2 0 in the pattern of the black residue on the bone
point’s surface. There was no such feature observed in the diffractogram
of the remaining analysis locations of the same bone point or in any of
the other bone points. This implies the organic nature of the black res-
idue on NSM10.

The discoloured and residue locations, show a very strong contri-
bution of hydroxyapatite. The detection of this inorganic bone compo-
nent in the XRD patterns was anticipated, based on the strong
contribution of the substrate material, aluminium and flint, already
observed in the diffractograms collected from the experimental samples.
We should underline that hydroxyapatite signal is detectable in almost
every single one of the XRD readings. This holds when the discoloura-
tion is only a thin film of black staining, like in the case of NSMO03
(Figure S7), but it is also the case for three-dimensional residues that are
a few millimetres thick. For instance, hydroxyapatite is detectable in the
pattern of the NSM10 residue (Fig. 15a). It is not detectable in any of the
two readings collected from the residue on NSM18 (Fig. 17a and b). This
can imply that the NSM18 residue is thicker and does not allow for the
contribution of the bone substrate to reach the XRD detector. Two
slightly different crystalline structures of hydroxyapatite are detected
among the bone points’ XRD patterns, Cas(PO4)3(OH) and the less
conventional Cag gg(Ho 222(PO4)3)(OH)g.942. This small variation of the
stoichiometric ratio is probably related to defects in the hydroxyapatite
crystal. The difference in their diffraction patterns is negligible for the
purpose of this study.

Quartz (SiO2) and calcite (CaCOs3) have a strong presence in the
residue diffractograms too. They can both be associated with the post-
depositional material resulting from burial, since, as already dis-
cussed, these minerals are very common in archaeological sediments
(Weiner, 2010). Quartz might also be an additive to the organic residue,
but as already mentioned, XRD cannot offer further insight on dis-
tinguishing its origin. An additional phase, calcium silicate (CaSiOs),
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Fig. 15. XRD patterns collected from two locations on NSM10. (a) location 1 (residue), (b) location 2 (discolouration near the point’s edge). The coloured bars
provide the reference peak positions and intensities of the possibly present crystalline phases, using the ICDD pdf4 database. (a) beeswax (Cy5H3;C02C30Hg1) in
green, calcite (CaCO3) in magenta, hydroxyapatite(Cag gs(Ho.222(PO4)3)(OH)p.942) in turquoise, pyrite (Feg 93Nig 07S2) in red and quartz (SiOy) in blue, (b) hy-
droxyapatite (Cas g6(Ho.222(PO4)3)(OH)g.942) in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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was detected on the pattern collected from the residue of NSM28,
probably because of sediment contribution.

Different crystalline forms of iron sulphides are also detected with
XRD. Pyrite, in different crystalline forms with varying stoichiometric
ratios, from the conventional FeS, lattice to FeS; g3 and Feg 93Nig 7S,
are detected in the XRD patterns of the residues on NSM10 (Fig. 15a) and
NSM18 (Fig. 17a-b, Fig. 18). Iron sulphides such as pyrite can result
from the degradation of organic matter in anoxic marine environments
by sulphate-reducing bacteria (Schippers and Jorgensen, 2002). Seeing
that this collection of bone points has been exposed to marine envi-
ronment for a long period of time, the detection of pyrite with XRD acts
as an indication for the presence of some organic matter in the surface of
the point in question.

Finally, some possible additive materials are falsely detected in the
XRD patterns. Beeswax (C15H31C02C39Hg1) is one of the phases possibly
identified in the pattern of the residue on NSM10 (Fig. 15a). This could
suggest that the residue on NSM10 is a mixture of birch tar, as confirmed
by GC-MS, and beeswax, as detected by XRD. However, beeswax was not
detected in the GC-MS and micro-FTIR results of NSM10 (Aleo et al.,
manuscript in preparation). Also, a closer look on the pattern of Fig. 15a
reveals that only two peaks match with the beeswax reference. Due to
the lack of beeswax detection in GC-MS and in our vibrational spectra,
the detection of beeswax here by XRD is probably a result of misinter-
pretation. Another important observation is the detection of hematite in
the XRD patterns of the NSM16 residue. It is likely that hematite was
used in this case as an additive to the adhesive mixture, probably as part

of an ochre mineral (Kozowyk et al., 2016; Wadley, Williamson, &
Lombard, 2004).

The results collected from the XRD analysis of the archaeological
samples are summarised in Table 4.

4. Discussion

Our study shows that SEM coupled with EDS analysis is a useful tool
of analysis for the purpose of this study. In all three stages of organic
material degradation (pristine experimental, weathered experimental,
aged archaeological) the generated spectra are clear, and their carbon
peak intensity is not significantly affected by degradation. This enables
the analyst to confidently draw a conclusion on the organic content of
the material under examination. In our case, demonstrating that the
residues lying on the surface of the bone points are organic, paves the
way for the macro-wear and micro-wear analysis to prove them as
hafting remnants (Aleo et al., 2023). It must be stressed that there were
no features detected in the EDS spectra of the experimental or archae-
ological samples that could be indicative of the origin of the tars under
examination, i.e. pine versus birch. The information provided by SEM-
EDS is limited mainly to the verification of a residue being organic. El-
ements related to the environment of weathering can also be detected,
possibly providing some insight into its provenance, like in the case of
iron and sulphur. In a general case of analysing unknown archaeological
samples, the EDS elemental analysis would also be able to provide in-
dications on possible additives to the adhesive mixture.
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Fig. 17. XRD patterns collected from two locations on NSM18. (a) location 1 (black residue), (b) location 2 (red/brown residue). The red bars provide the reference
peak positions and intensities of the possibly present crystalline phase, using the ICDD pdf4 database. pyrite (FeS; 95). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 18. XRD pattern collected from the inner surface of NSM31 (loose residue collected from NSM18). The coloured bars provide the reference peak positions and
intensities of the possibly present crystalline phases, using the ICDD pdf4 database. pyrite (FeS,) in red and (c) quartz (a-SiO5). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Our EDS results, collected from experimental and archaeological
samples, do not corroborate with Dinnis et al. (2009), Pawlik (2004) and
Pawlik & Thissen (2011), who associate the presence of calcium, po-
tassium and/or sulphur in the EDS spectra of experimental or archaeo-
logical samples with birch tar. In our work, calcium, potassium and
sulphur are only present in the spectra of weathered experimental ma-
terials, not of the pristine samples. Furthermore, calcium is present in
the spectra of the NSM10 and NSM18 archaeological residues, which
have been identified by GC-MS as birch tar. This results either from the
bone’s hydroxyapatite, or, most probably, from sediment deposition. On
the other hand, potassium is not detected in any locations of the bone
points, neither on the residues, nor on the bare bone. The presence of
sulphur here is interpreted as the result of decomposition in the marine
environment. Calcium, potassium and/or sulphur are related to weath-
ering of the organic materials and linking these elements with birch tar
production is not accurate.

Our knowledge can be further complimented by the XRD analysis.
The results of the pristine experimental samples and one of the
archaeological bone points (NSM10) implied an organic content by
broad blunt curves in the diffraction patterns. Furthermore, the presence
of pyrite, resulting from the marine environment related to our
archaeological samples, reinforced the indications concerning their
organic nature. It thus seems that XRD can simultaneously offer some
insight on the provenance of unknown archaeological artefacts, by
exposing phases that are characteristic to their environments. Lastly,
XRD can also serve for the identification of inorganic crystalline
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additives, like ochre, as well as the detection of post-depositional sedi-
ment particles overlaying the adhesive surface. Therefore, our analysis
shows that, while there is no evidence that can help us in identifying or
distinguishing the tars in any of the degradation states, XRD is a useful,
but complimentary tool.

Identifying the tars through micro-FTIR proves very challenging,
particularly for weathered and significantly aged samples. Yet, it is the
best out of our selected methods. In addition, our analysis demonstrates
that this spectroscopic technique is also able to verify the organic nature
of adhesives, no matter their state of degradation, with results that
corroborate with those of SEM-EDS.

The main complication with distinguishing between pine tar and
birch tar using reflectance infrared spectra is issued by many vibrational
modes being close or common between markers of pine and birch tar,
the general high signal to noise ratio of the spectra, and the combination
of specular and diffuse reflectance. The distinction between the two
types of tars for aged experimental samples and archaeological materials
is further complicated due to the severe effect of natural decay. Based on
the literature, a small number of the peaks detected for NSM10, NSM16,
NSM18 and NSM28 can be exclusively assigned to pine or birch tar. Most
detected peaks are assigned to vibrations that occur for both tars, with
the exception of 1734 cm ™! in NSM10, which provided the single best
quality spectra for the archaeological material. It is thus impossible to
reliably identify the residues on all of the archaeological bone points as a
pine or birch product through FTIR analysis. Further, most IR spectra
have very low reflectance, indicating that most of the IR light was
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Fig. 19. XRD patterns collected from two locations on NSM28. (a) location 1 (discolouration near the point’s edge), (b) location 3 (discolouration near the point’s
barbs). The coloured bars provide the reference peak positions and intensities of the possibly present crystalline phases, using the ICDD pdf4 database. hydroxy-
apatite (Cas(PO4)3(OH)) in red, calcite (CaCOs3) in blue, quartz (SiO2) in green and calcium silicate (CaSiO3) in magenta. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Table 4
Summary of XRD results for the residue/discolouration analysis locations of archaeological bone points.
Sample Location Description Crystal phase
Amorphous Pyrite / Pyrrhotite Beeswax Quartz Calcite Calcium silicate Hematite
NSMO010 1 black residue v v v v v X
2 black residue at tip X
NSM16 1 black residue X v X \/ \/ X \/
NSM018 1 black residue X v X X X X X
2 red/brown residue X v X X X X X
NSM31 loose residue, inner surface X \/ X \/ X X X
NSM028 1 black residue X X X v v v
3 black residue at tip X X X v v X

absorbed, resulting in weaker/noisier reflectance spectra. The analyses
should thus be performed with great care, since the sample’s surface
characteristics can result in measuring low reflections.

The identification of pine tar is further complicated due to its
chemical affinity to pine resin. The two pine products share their native
biomarkers. In addition, the markers of aged pine resin coincide with
some of the degradation markers of pine tar. It is thus difficult to deduce
whether the presence of degradation markers is the result of natural
decay of pine resin or are caused by anthropogenic heat input to produce
tar. The markers that can guarantee pine tar are retene, methyl dehy-
droabietate and 1,7-dimethylphenanthrene (Rageot et al., 2016).

Invasive ATR-FTIR has been applied to identify archaeological pine
pitch (e.g. Odegaard et al., 2014), resulting from heat processing of pine
resin in the absence of wood. Destructive transmission FTIR has been
applied to compare the spectral features of colophony, pine pitch (pine
resin heated in the absence of wood) and tar (Font et al., 2007) as ref-
erences for the identification of archaeological amphorae coatings. Font
et al. (2007) produce very clear FTIR transmission spectra of their
archaeological samples that match their pristine reference experimental
samples well, thus enabling identification. They indicate the emergence
of a few bands related to hydroxyls, ketones and aromatic groups that
are distinctive for pine wood tar, versus colophony.

It must be noted that the available literature is based on invasive,
even destructive applications of FTIR that require sampling. This
methodology does not fulfil the requirements for non-destructive in situ
analysis, which is essential for the archaeological research of many ar-
tefacts. In situ spectra collection of weathered experimental and
archaeological residues in reflectance, like in our work, results in spectra
that are less clear and necessitate detailed assignment of the bands to
vibrational modes of interest to enable identification. Such a detailed
designation of the pine tar spectra bands and their assigned vibrational
modes to specific native versus degradation markers is not included in
the available literature. Without this information, it is unclear which
bands are related to human-induced tar production processes. There-
fore, it might be possible to identify the pine origin of an adhesive, but
we cannot reliably conclude on its tarry nature by applying FTIR inde-
pendently. As far as the identification of birch bark tar through band
assignment is concerned, Cinta-Pinzaru et al. (2012) include assign-
ments of the ATR-FTIR bands for their birch bark samples to lupeol,
betulin and betulinic acid. Technically, these native biomarkers are
unable to distinguish birch tar from untreated birch bark. However,
combined with the functional context and visual inspection of the
archaeological residues, it is easy to conclude on tar of birch origin. The
work by Cinta-Pinzaru et al., among others, has been used by Rao et al
(2009) to identify residues in Chinese prehistoric pottery as birch bark
tar, through their transmission FTIR spectra. However, their bands are
assigned to vibrations that are not exclusive to birch bark tar, as they are
also associated with pine resin and/or pine tar (Font et al., 2007). They
particularly state that the emergence of a band at 886 cm™! indicates
birch tar versus pine resin. However, Font et al. (2007) state that an 888
cm ! band is characteristic of pine pitch/tar, with respect to pine resin.
This contradiction illustrates the problematic and biased use of band
assignments that are not exclusive to one tar for identification. It also
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highlights the need for further research on band assignment to particular
degradation markers, characteristic of tar production. This research
needs to take into account the complications issued by decay and the
need for non-invasive analysis in the identification process. Our work,
issuing the FTIR study of weathered experimental materials in situ and in
non-destructive, non-invasive reflectance mode is thus important, as it is
more representative of the archaeological record.

ATR FTIR can enhance infrared spectra obtained with better visu-
alization of weak bands, as they are generally less subject to background
effects and easier to interpret. ATR spectra of experimental samples can
be utilised as additional references for spectra comparison, but this
method does not fulfil the criteria for non-destructive and non-invasive
characterisation of archaeological material. In rare circumstances, ATR
FTIR may be applied directly on an artefact, however, this comes with a
risk of damaging fragile materials. Other methods, such as Raman
vibrational spectroscopy, could be better suited for the differentiation of
tars. However, they should be thoroughly tested for their ability to
identify weathered tars in an exclusively non-destructive manner.
Incorporating more methods in such a systematic attempt is promising.
However, distinguishing different archaeological tars is currently best
done through destructive methods.

5. Conclusion

Aiming to differentiate archaeological pine wood tar and birch bark
tar, three different non-destructive methods were tested in this study.
SEM-EDS, FTIR microspectroscopy and XRD were used to analyse a set
of experimental adhesive replicas, as well as a collection of Mesolithic
bone points from Doggerland (Dutch North Sea).

Although the SEM-EDS analysis cannot contribute to the identifica-
tion of tars, the EDS spectra are a very powerful and straightforward tool
for organic verification and can also reveal information on the envi-
ronment of burial for archaeological artefacts. Crystalline phases used as
additives to the tar mixture, for example beeswax or ochre, or related to
the environment of burial can be detected through XRD. While in-
dications of amorphous organic contributions might be visible in the
XRD patterns, identification of the amorphous constituents is not
possible. Infrared spectroscopy emerged as the most valuable technique
for non-destructive analysis, since it can independently verify archaeo-
logical tar material as organic and offer useful evidence towards tar
identification and distinction. However, the complexity of identifying
archaeological tars is clear: birch bark and pine wood tar markers often
overlap and are not unique; it is difficult to distinguish resin and tar from
the native markers for pine wood using reflectance FTIR. Further
research is needed to enrich the FTIR libraries with weathered reflec-
tance tar spectra, to explore techniques for enhancing the quality of the
spectra, and to identify vibrational modes characteristic of degradation
markers that guarantee for tar production processes.
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