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1 Introduction

Bone is one of the most commonly found materials in the archaeological record. Bone is
found at sites in all regions and of all periods, from the earlier hominins to the Second
World War. Analysis of the encountered bones provides insight in what species were
present at the site. The presence or absence of certain species can in turn be used to
provide information on a variety of topics, among others climatic reconstruction, diet or
domestication.

The species identification of a bone is usually achieved on basis of morphological
characteristics, but a morphological approach is not always possible. Taphonomic
processes or anthropic activity may obscure characterising features or fragment the
bone. Consequently, unidentified bone remains are most often simple and small
fragments or, in a minority of cases, bone tools. Additionally, morphological differences
are not always present on all skeletal elements of closely related species. In those cases
identification can still be made on a broader taxonomic level.

The species of a bone can be determined by histology (Hillier and Bell 2007, 260), but
this method is time consuming and destructive (Buckley et al. 2017, 402; Cuijpers and
Lauwerier 2008, 167). Furthermore, fragmented bone is often found in large quantities
and is regarded as having little explanatory value. In the end this results in boxes full of
unidentified bone fragments.

ZooMS is a proteomic identification method, which allows the cheap and fast
identification of many bone fragments. The acronym stands for Zooarchaeology by Mass
Spectrometry (Buckley et al. 2010, 14). Shortly summarised ZooMS works by unfolding
the collagen structure, solubilising it and cleaving the collagen molecule into peptide
chains. Mass spectrometry analysis allows the detection of peptide markers, which are
peptide chains specific to certain taxonomic groups. Its application facilitates the
identification of these boxes full of fragments, but at the moment most sampling
techniques are destructive. Destructive sampling prevents the application of ZooMS to
rare organic finds, like bone tools. Yet at the same time the species identification of
bone tools would add greatly to our knowledge of the role bone tools played for past
hominins.

In order to enable the species identification of precious organic finds several non-
destructive ZooMS sampling protocols have been proposed. The most promising of
these is the electrostatic membrane box protocol (Martisius et al. submitted). However,

it remains untested how the membrane box compares to the commonly used



destructive sampling methods. It is therefore difficult for researchers to weigh the
advantages and disadvantages of each protocol. This thesis aims to provide an overview
of the differences between the established destructive ZooMS sampling protocols and
the non-destructive electrostatic membrane box protocol in order to allow researchers
to assess what sampling protocol is most suited for their research questions and
material. To create this overview Chatelperronian bone and ivory tools from Quingay,
France, and Mesolithic bone and antler points from the Dutch shores of the North Sea

will be analysed.

1.1 Developmental history of ZooMS

The developmental history of ZooMS reveals what aspects of the method can and have
been improved. The original purpose of ZooMS was to find a way to distinguish bone of
sheep (Ovis aries) from goat (Capra hircus). These two species are abundant at sites with
domesticated animals and the characteristic features distinguishing them are often lost
(Buckley et al. 2010, 14-16).

The idea that proteins could aid in taxonomic identification was already present in 1991
(Lowenstein and Scheuenstuhl 1991, 375). Lowenstein and Scheuenstuhl only attempted
to clarify evolutionary relationships between already identified species and not to
identify new samples. In 2000 Ostrom et al. suggested that proteins could perhaps be
used to quickly identify species (Ostrom et al. 2000, 1043). Instead of collagen Ostrom et
al. used osteocalcin, because they thought osteocalcin might preserve best in the
archaeological record (Ostrom et al. 2000, 1044). The development of proteomic
identification continued in 2008 when Buckley et al. managed to differentiate between
bone samples belonging to cattle, chicken, human, rabbit and dog using the mass
spectra of a part of the collagen molecule (Buckley et al. 2008, 327). This method was
the direct precursor of ZooMS (Buckley et al. 2009, 3843).

Building on their earlier work Michael Buckley, Matthew Collins and Jane Thomas Oates
published a more precise identification technique called ZooMS (Buckley et al. 2010, 14).
The main difference between the 2008 protein identification technique and later ZooMS
is what part of the collagen molecule is used. In 2008 only the telopeptides were used
for identification. A collagen telopeptide is a peptide located near the end of the
collagen protein, outside the triple helix structure (Greenblatt et al. 2017, 465),

Telopeptides, however, only constitute around 1% of the total collagen sequence.



ZooMS uses the entire collagen protein (Buckley et al. 2009, 3843; Buckley et al. 2010,
14).
Current research projects are focussed on developing non-destructive sampling

protocols for ZooMS by employing static electricity.

1.2 ZooMS compared to other biomolecular identification methods

There are alternative methods to identify uncharacteristic bones, such as ancient DNA
analysis, tooth wear analysis and stable carbon isotope signatures. However, all these
methods have significant limitations. DNA and its abilities are far better known than
those of proteins, especially regarding species identification, but DNA degrades faster
than collagen, is easily contaminated and DNA analysis is also expensive and time-
consuming (Buckley and Kansa 2011, 278; Buckley et al. 2014, 632-633).

The main disadvantage of tooth wear analysis is that it requires undamaged teeth,
limiting its applicability. Stable carbon isotope signatures distinguish between different
ecological niches rather than directly distinguishing species.

Advantages of ZooMS are that collagen is easier to extract than other bone proteins, like
osteocalcin (Collins et al. 2010, 6). Collagen can also be sampled directly from the bone,
instead of requiring more complex preparation like DNA (Buckley et al. 2014, 633). The
low cost and short analysis time also make ZooMS much more widely applicable than

DNA analysis (Buckley et al. 2010, 14).

1.3 Destructive ZooMS sampling protocols

This thesis compares the two established destructive ZooMS sampling protocols: the
cold acid and ammonium bicarbonate protocol, and three electrostatic non-destructive

sampling protocols: eraser, membrane box and plastic bag protocol.

The cold acid protocol is the original method of sample preparation (Buckley et al. 2010,
15). In this protocol bone is demineralised in a hydrochloric acid (HCI) solution (Buckley
et al. 2010, 15), which causes it to lose the majority of its weight and size (Van Doorn et
al. 2011, 286).

The ammonium bicarbonate buffer protocol is often referred to by its shorter name,
AmBic (Welker et al. 2015a, 281), which will be used for the rest of this thesis. The
AmBic protocol yields less protein than the cold acid protocol (Van Doorn et al. 2011,

286), but it is much less destructive. Macroscopically the AmBic protocol causes no



change in bone size or weight. As the buffer only partially leaches the sample rather
than dissolving it, the same sample can be analysed repeatedly (Van Doorn et al. 2011,
288).

The cold acid and AmBic protocol have been selected, because they represent the most
commonly used and standardised protocols. Therefore they are the best comparisons

for non-destructive protocols.

1.4 Non-destructive ZooMS sampling protocols

The reviewed non-destructive sampling protocols all employ static electricity to extract
collagen from organic tissue. Due to the recent introduction of electrostatic sampling
methods there is little empirical evidence for the limitations and the influence of
variables on sampling results. Therefore expectations concerning the applicability and
an understanding of how the methods work must be based on knowledge about static
electricity as a whole. Although static electricity has been known since Antiquity,

unfortunately its precise workings are still not understood.

The way in which the membrane box, plastic bag and eraser protocol generate static
electricity differs fundamentally. The eraser and plastic bag protocols create static

electricity by friction. They are triboelectric methods, tribo

+
meaning rubbing in Greek (Williams 2012, 316). However,
the membrane box protocol does not entail friction.
Rather the entire design of the membrane box is = ) el

electron transfer
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against each other, mobile ions switch surface generating a force. The applied force is
correlated with the strength of the charge, because it affects the depth from which ions

can change surface (Williams 2012, 323).

In the eraser protocol rubbing the eraser against the target material creates an
electrostatic charge (Fiddyment 2015, 15066). The generated charge causes collagen
molecules to cling to the eraser waste. The eraser protocol is mostly applied to
parchment (Fiddyment et al. 2015, 15066). One of the main advantages of the eraser
protocol is that the actual sampling can be done by the people responsible for the
preservation of the parchment. This minimises the risk that the target material is
accidentally damaged during sampling (Fiddyment et al. 2015, 15067).

At the moment there is no published successful application of the eraser protocol on
bone. The eraser’s protocol success on parchment does not guarantee success on bone
due to the significant difference in the organisation of collagen fibrils between
parchment and bone. Besides the eraser protocol features heavy friction, which might
damage microwear on worked bone. Therefore the eraser protocol will not be tested

within this thesis.

The theory behind the plastic bag protocol is similar to the eraser protocol. Friction
caused by movement inside the plastic bag, generates the triboelectric charge required
for adhesion of bone particles. This protocol has been tested and the results showed
that the principle works. However these results have not yet been published at time of

writing.

1.4.2 Contact electrification protocol: Membrane box protocol

The first publication of the membrane box protocol is in press at the moment (Martisius
et al. submitted). Membrane boxes consist of two halves, each of which is closed by a
thin membrane. When an object is put in a membrane box, it is encapsulated by the two
membranes (fig. 2). The intimate contact between the artefact and the two membranes
generates static electricity. These electrostatic forces ensure that, when the object is

removed again, bone micro-particles remain attached to the membranes.

The phenomenon of a charge arising due to two bodies touching and separating, is

known as contact electrification and is the principle on which the membrane box
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protocol is based (Baytekin et al. 2011, 308). It
used to be thought that contact electrification
arose due to a charge difference between the
surfaces of two contacting bodies. However,
contact electrification was also observed
between two identical bodies. This presented
a problem, because there should not be a

charge difference between two bodies with

equal charge and physical properties.
Research revealed that instead of each surface

having a general charge, it was comprised of a

mosaic of negative and positive charges

(Baytekin et al. 2011, 308) (fig. 3).

Figure 2 Mesolithic point P5 in its membrane

Thus, the general charge of a surface could be i
box, own picture.

equal to or just slightly different from the
other surface, whilst the generated electrical force
would be much larger than expected (Baytekin et al.

2011, 309). What processes determine how many

nanoscopic regions make up the mosaic and the

magnitude of their charges remains largely (+) piece  (-) piece
(+) potential

unknown, although it is suspected that chemical and ;
m (-) potential

micromechanical properties of the material play a

Figure 3 Schematic representation of the
role (Baytekin et al. 2011, 308-311). electrical charges on the surface of a

positively charged object (left) and a
The nanoscopic mosaic of charges explains only part  negatively charged object (right)
(Baytekin et al. 2011, 308).
of the phenomenon of static electricity. Contact
electrification occurs between any two materials and causes a charge transfer between
them (Izadi et al. 2014, 1), which is carried by electrons (fig. 1, upper image) (Horn and
Smith 1992, 363). Contrary to triboelectric forces, where the charge is carried by ions.
However the strength of the adhesion induced by contact electrification differs
immensely. It can be strong enough to deform materials and allows gecko’s to cling to a
surface, but it requires a sharp contact surface between the contacting bodies (Horn and
Smith 1992, 363; Izadi et al. 2014, 1; Derjaguin and Smilga 1967, 4009). The strength of

the electrostatic charge depends on myriad variables: the material of the contacting

bodies, the electronic structure of the bodies, the surface roughness, the manner in
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which contact between the bodies was established and what other physical processes
were occurring during the establishment of contact (Horn and Smith 1992, 363;
Derjaguin 1994, 223). Lastly there is also a positive correlation between the generated
charge and the contact surface area (Persson et al. 2013, 1).

There is disagreement to what extent adhesive strength is determined by electrostatic
forces or by other forces. Some claim that electrostatic attraction is the main force
contributing to the adhesion between solid bodies (Derjaguin 1994, 223), whilst others
claim that of the total amount of work performed by adhesion only a small part is
contributed by contact electrification. Instead the majority of the work is performed by
Van der Waals forces (Persson et al. 2013, 2-5). The disagreement on the mechanisms
underlying adhesion might be obscured, however, by use of different variables: work
versus force (Persson et al. 2013,1; Derjaguin 1994, 223).

In any case, contact electrification generates the adhesive forces necessary to catch the

collagen on the membranes, enabling further analysis of the molecules.

1.5 Collagen

There are multiple types of collagen, each with its own chemical makeup (Shoulders and
Raines 2009, 930). The ratios in which these types occur depends on the used tissue
type. In bone, antler and dentine collagen type 1 is the dominant type (Welker 2018,
139). When referring to collagen in this thesis, collagen type 1 is meant.

The structure of collagen is one of the most important causes of its good preservation
compared to other biomolecules. Collagen is formed by three strands. Two of these are
a(1) strands and the third is a a(2) strand. The a(1) and a(2) strands are composed of
different amino acid sequences. These three strands intertwine together to form a triple
helix (fig. 4), which is called tropocollagen (Buckley 2016, 2). The strands are bound
together by hydrogen bonds (Stryer 1981, 186). Considering that the function of
collagen is to hold cells together, it is not surprising that it has such a robust structure
(Stryer 1981, 185).

More than 30% of the amino acids in collagen is glycine. Around 20% is proline. Two
other important amino acids are hydroxyproline and hydroxylysine (Kirby et al. 2013,
4852). It is the high content of proline and hydroxyproline, which gives collagen its
stability (Stryer 1981, 191).

12



Figure 4 The triple helix structure of collagen, seen from side view A and end view B (Cantor and Schimmel
1980, 98).

Collagen can be found in high abundance in a variety of organic tissues (Kendall et al.
2018, 21). The most commonly encountered collagenous materials in archaeology are
bone, dentine and antler. All three are also known to have been used for the production
of formal tools during the Upper Palaeolithic (Langley 2016, 1). ZooMS was designed for
bone, but is in theory also applicable to other collagenous materials. However, the
differences in tissue structure might influence their suitability for electrostatic sampling.
Bone consists of two tissue types: cortical and trabecular bone, but on a cellular scale
bone consists of a single material. In contrast teeth are composed of two main
materials: dentine and enamel. The difference in chemical composition between enamel
and dentine is that enamel does not contain collagen, whilst dentine does (Lebon et al.
2014, 112).

Dentine can also be found in ivory. In fact, although ivory is commonly equated with
tusks, ivory only refers to the dentine cores of tusks (Locke 2008, 423). Tusks are the
incisors or canines of certain animal species. Instead of being covered with enamel like
teeth, tusks have an outer layer of cementum (Locke 2008, 423), which also contains
collagen (Kumar 2011, 152).

Dentine and bone contain similar amount of collagen (Heckel et al. 2016, 45), while
antler has a higher collagen percentage (Jin and Shipman 2010, 92). In all three the
collagen molecules are embedded in the crystal structure of hydroxyapatite, which

serves as a protective layer for the collagen (Simpson et al. 2016, 29). Dentine, however,
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has a larger mineral component than bone and antler, making it more resistant to

diagenesis (Welker 2018, 141).

1.5.1 From Genome to Proteome

In order for a biomolecule to be usable for species identification it must vary between
taxa. The degree of variation in the biomolecule determines the resolution of the
identification method. Collagen, and other proteins, can be used for species
identification, because proteins are reflections of specific parts of the DNA of a species.
Certain parts of the DNA strand, called exons, code for proteins. When a protein is
produced the relevant part of the DNA is first unfolded by an enzyme. An mRNA copy is
then made of the DNA exon (Stryer 1981, 634). Every three nucleotides on the mRNA
string code for one amino acid. The mRNA string leaves the cell nucleus and is
transported to the ribosomes. In the ribosomes the mRNA is translated into amino acids,
which in turn are assembled to form the protein (Stryer 1981, 642). The differences
between taxa in the exon coding for collagen are linked to the separation time between
the taxa (Stryer 1981, 635). In fact it is possible to study phylogeny using the amino acid
composition of among other proteins collagen (Welker et al. 2015b, 81). If the split
between two species was fairly recent, it is often not possible to distinguish the species

with ZooMS analysis.

1.5.2 Collagen Preservation

For a protein to be usable in palaeoproteomics it is essential that it preserves well
through time. The oldest bone used for ZooMS at time of writing is dated to 3.4 million
years ago from a site called Beaver Pond in Canada (Rybczynski et al. 2013, 6). Apart
from polar climates collagen also survives in other environments, albeit not as long. For
example ivory tusks from the 17* century found at the bottom of the Indian Ocean
could still be identified with ZooMS, although the outer layer of the tusks was collagen
poor (Albéric et al. 2014, 126). Another example is a mammoth bone sample from the
North dated to 60-20 ka, which contained half the collagen concentration of modern

bone (Buckley et al. 2011, 2012).

These examples show that collagen can preserve in a variety of situations, but it is not
unaffected by diagenesis. In order to assess if a sample is suitable for ZooMS or to

explain why ZooMS might not provide expected results, it is necessary to understand the
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mechanisms of collagen degradation. The main processes affecting collagen integrity are
microbial attacks and hydrolysis. Any process that causes collagen demineralisation also
leads to collagen loss (Tripp et al. 2018, 463). The reactions causing collagen loss are the
same for bone, antler and dentine (Titken and Vennemann 2011, 2; Kendall et al. 2018,
21). Of these processes it is thought that hydrolysis is the main mechanism of collagen
degradation (Buckley and Collins 2011, 6). Hydrolysis is the process when an organic
molecule reacts with water causing the original organic molecule to fragment (fig. 5)
(britannica.com; Richards et al. 1967, 376). As a consequence heavier peptide markers
are more vulnerable to diagenesis than smaller markers (Buckley and Collins 2011, 6).
Hydrolysis is also responsible for degradation of DNA and it was thought that the place
where the collagen was split by hydrolysis was randomly chosen, just like it is for DNA.
However, it seems that collagen hydrolysis follows a pattern, albeit an ill-understood

pattern (Dobberstein et al. 2009, 39).

0 0
H
H,O
N 2 + HaN
OH
R R R R

Figure 5 Reaction formula of hydrolysis, after Richards et al. 1967, 376.

Collagen degradation speed depends on the burial environment. Especially temperature
seems to have large impact on collagen degradation. There is a clear correlation
between thermal age of a sample and collagen loss, although the older the thermal age
the less clear the pattern is (Dobberstein et al. 2009, 36).

Since successful application of molecular techniques depends on good preservation and
analysis is often expensive and destructive, several techniques have been developed to
test the preservation of organic tissues (Heckel et al. 2014, 134; Lebon et al. 2014, 115;
Simpson et al. 2016, 32). The need for preservation tests became even more apparent,
when it was discovered that macroscopically well preserved bone did not mean well
preserved collagen (Simpson et al. 2016, 33; Tripp et al. 2018, 465). Of the various
preservation tests deamidation tests collagen preservation directly (Li et al. 2010, 3607).

Deamidation is a form of hydrolysis where an amide side group of the amino acids
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Figure 6 Schematic representation of glutamine deamidation (Li et al. 2010, scheme 1).

glutamine or asparagine is either separated or changed into another functional group
(fig. 6) (Li et al. 2010, 3607). The lower the deamidation rate the more intact the
collagen molecule. Artefacts with the same deamidation level likely share the same
taphonomic history (Welker et al. 2017b, 25).

The established destructive ZooMS sampling protocols are able successfully identify
artefacts from a wide range of preservation conditions. However, it remains to be
established whether the non-destructive membrane box protocol shares the same

robustness.

1.6 Research question and hypothesis

Therefore the main research question of this thesis is stated as following:

Is the electrostatic membrane box sampling protocol a suitable non-destructive
alternative for current destructive ZooMS sampling protocols?

The sub-questions that will be addressed in order to determine if the membrane box is a

suitable alternative are:

1) What is the success rate of the membrane box protocol?

2) Are the identifications made with the membrane box protocol as precise as the
identifications obtained from the destructive protocols?

3) Does the time the artefacts have been inside the membrane box affect the success

rate of the membrane box identification?
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4) Is the membrane box protocol applicable to artefacts with various taphonomic
histories and chemical compositions?
a) Is there a difference in success rate between the Quin¢ay and Mesolithic North
Sea material?

b) Is there a difference in success rate between dentine and bone samples?

The success rate necessary for the membrane box protocol to be considered a suitable
alternative depends on the research questions. A study using a large collection of
fragmented bones in order to reconstruct a site’s faunal spectrum will consider the
success rate more important than the non-destructive nature of the sampling protocol,
while for a research of precious organic artefacts non-destructive sampling is more
important. When dealing with precious finds non-destructive sampling can balance out a
lower success rate, due to enabling researchers to analyse a larger number of artefacts.
For this study a success rate higher than 50% is considered sufficient, based on the

reasoning that a sampling protocol should succeed more often than fail.

Based on an understanding of static electricity and empirical evidence from earlier
attempts to apply electrostatic sampling strategies to archaeology it is hypothesised that
the membrane box sampling protocol will:
e Provide identifiable spectra for the majority of the samples,
And
e That the spectra, obtained with the membrane box protocol, allow
identification as precise as spectra, obtained according to the destructive
sampling protocols and that thus the membrane box presents a suitable
alternative for the established destructive ZooMS sampling protocols.
It is also expected that differences in burial conditions may influence the identification
rate, but that in both datasets a majority of the samples can be identified. Since the
Mesolithic North Sea material is more than 30 000 years younger than the Quincay
material, it is expected that the Mesolithic North Sea material will have a higher success

rate. No significant difference between ivory and bone samples is expected.

1.7 Thesis outline

There is a clear demand for a reliable and well-tested non-destructive sampling strategy

in archaeology and it is the aim of this thesis to provide empirical evidence for the
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effectiveness of an electrostatic non-destructive sampling protocol for ZooMS, the
membrane box protocol.

This thesis consists of six chapters. This first chapter serves to introduce the research
and to provide the necessary background knowledge to understand the results and
interpretation offered in this thesis.

In the second chapter, Materials, the used datasets are described. One dataset consists
of possible bone or ivory tools from the Chatelperronian layers of Quincay, France. The
other dataset is comprised of Mesolithic bone points and one antler point from the
North Sea. The archaeological context of the datasets will also be discussed.

The used methodology, from the sampling of the artefacts to the mass spectrometry
analysis, will be extensively described in the chapter Methods.

In the fourth chapter, Results, the data obtained from the experiments is presented. The
results will be grouped per dataset and used method.

In the fifth chapter, the Discussion, the results will be interpreted. The results from the
different datasets and methods will be compared and the effectiveness of the
membrane box method will be evaluated. Based on these comparisons an interpretation
will be constructed and possible alternative interpretations will be briefly discussed as
well. The limitations of the applied methods will also be addressed. Additionally
improvements to the membrane box protocol will be suggested.

The thesis ends with an analysis of the general applicability of the membrane box

protocol and the interpretation of the observed species distributions in the datasets.
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2 Materials

Two datasets from different periods and localities are used for this research, because it
allows a comparison of the results of the sampling protocols between different burial
conditions. Different burial conditions may favour different sampling protocols. The first
dataset consists of 22 possible bone tools, three morphologically identified bone
fragments and three morphologically identified teeth from Quingay, a Palaeolithic cave
site in France. The other dataset consists of 10 osseous points found on the Dutch
shores of the North Sea. These bone points are all attributed to the Mesolithic.

Three different sample preparation protocols will be applied to the 10 Mesolithic bone
points as well as to the three morphologically identified bone fragments and teeth from
Quincay. The morphologically identified fragments serve as controls for the ZooMS
analysis. It is suspected that out of the 22 possible bone tools from Quingay, two may in
fact be ivory. To control for the possibly different results of the preparation protocols for
bone and ivory, three morphologically identified teeth were employed as a control
group. Teeth can be used as a control group for ivory, because in both the collagen

carrying component is dentine (section 1.5; Coutu et al. 2016, 419).

2.1 Quincay

Most of the data used in this study comes
from the French site Quingay (fig. 7). The
site is a limestone cave located near the

city Poitiers. More detailed information Quingay
regarding the stratigraphy of Quingay can .

be found in appendix A.1 and more &

o

information on the Chatelperronian is in

appendix A.2. ° 0. ik

1ka
The finds used in this study come from

Figure 7 Location of Quingay. The area in which
Chdtelperronian sites are found is shaded green

Sfs, (tabs. 1 and 2). The layer of two of the 22  (Roussel et al. 2016, 15).

layers in the cave called Em, Ej, Sps, Sfj and

artefacts was not documented. These layers are associated with the Chatelperronian, a

culture dated to 41-38 ka (J6ris and Street 2008, 782-789). The used Quincay artefacts

are bone tools and other remarkable osseous finds selected by M. Soressi.
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Material from these layers at Quingay has already been used for ZooMS analysis in

earlier research. This research was able to identify 92.3% of its samples to family, genus

or species level (Welker et al. 2017b, 19). This research does not employ the same

dataset as Welker et al. 2017b, but because both datasets originate from the same

layers at the same site, it can be assumed they underwent the same taphonomic

processes. Therefore there is good reason to assume that the samples used for this

research contain sufficient collagen as well.

Number of artefacts

Layer

Number of controls

Em

13

3

Ej

Sps

Sfj

Sfs

Undocumented

N W RPN

O/N| R | OO

zooarchaeological

determination

prelim. prelim.
Tool type

interpretation

Large
mammal

Small

mammal

Carnivore | Possibly

antler

Possibly
ivory

Indet.*

Possible awl/point

Possible point

Possible awl

=W

Indet.*

3

2 1

N U

13

#

3**

1*** 1* 1

14

22

* Indet means undetermined.
** One of artefacts is thought to be either from a large mammal or a carnivore.
*** The artefact determined as small mammal is a rib fragment.

At the moment only preliminary determinations of the artefacts are available. A more

detailed analysis of the artefacts is being done at the time of writing by Leiden Master-

student Walter Mancini. For a detailed description of the artefacts, see appendix B.

Photographs of the artefacts can be found in appendix C. The author labelled the

Quingay material with the letter Q and a sequential number. Numbers below 10 were

used for the control specimens, above 10 for the possible bone tools.

20




2.2 Mesolithic bone points

The Mesolithic bone points used in this study were found on the shores of the Dutch
province Zuid-Holland. The points were washed ashore and thus none of them were
found in situ. It is thought that they were originally deposited in Doggerland, but the last
parts of Doggerland became submerged around 8,0 ka (Leary 2009, 227). Now finds
from Doggerland are washed up by the currents (Verhart 1988, 177). Additional
information about the archaeological context of Doggerland can be found in appendix
A.3.

There has been no in depth research on how being submerged in the North Sea for
roughly 8000 years affects collagen preservation, but a research on 10" century bones
from the Mediterranean showed no significant change in the organic matrix of collagen
(Arnaud et al. 1978, 418).

ZooMS analysis has also been successfully applied on bone from the North Sea, dated to
60-20 ka (Buckley et al. 2011, 2012). Therefore there is no reason to assume a priori that

North Sea artefacts will be unsuited for ZooMS.

The bone points used in this research were not found as part of any excavation or
survey. They were found by private collectors, who often walk along the beaches in
search of archaeological material and Pleistocene faunal remains. Some of these
collectors graciously offered to loan their finds to the author as part of a larger research
project investigating the selection of certain species as raw material for projectile point

production.

The points analysed here were found on six beaches: the Zandmotor, Maasvlakte 1,
Maasvlakte 2, ‘s Gravenzande, Hoek van Holland and Rockanje (fig. 8). The bone points
are attributed to the Mesolitihic on the basis of the earlier C!* dating of three different
points (Verhart 1986, 178). The morphological characteristics of other bone points found
on the Dutch shores indicate that they are all part of the same homogenous group
(Verhart 1988, 177). The points used in this research fall within that homogenous group
and are therefore considered Mesolithic. Mesolithic bone points in general are divided
into two main categories based on length: larger or smaller than 88.5 mm (Verhart 1986,
161; Spithoven 2015, 43). The points in this study range in length from 26 to 165 mm,
where most are smaller than 88.5 mm. One of the bone points (P5) was previously

identified as antler by Dick Mol.
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Additional information on the Mesolithic North Sea points used in this research can be
found in appendix B. Photographs of the artefacts are located in appendix C. The

Mesolithic North Sea bone points were labelled by the author with the letter P followed

by a sequential number.
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Figure 8 Map of the beaches, where the points have been found, indicating the Zandmotor,
Maasvlakte 1, Maasvlakte 2, ‘s Gravenzande, Hoek van Holland and Rockanje (after:
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3 Methods

The various ZooMS protocols only differ in the way, in which they extract collagen from
organic tissue. The methodology employed to select the samples and to analyse the

collagen is the same for all protocols.

3.1 Sample Selection

All suspected Chatelperronian bone tools from Quingay were used in this research, thus
there was no further selection between the Quincay artefacts. On the Quincay bone
tools only the membrane box protocol was used, except for Q31, which was in a plastic
bag. Q31 is significantly smaller than all the other artefacts, which is probably why it was
not put in a membrane box years ago. It was decided to use the plastic bag protocol for
Q31, because no membrane box was available at the time.

Selection criteria had to be formulated for the Quingay controls and the Mesolithic bone

points, since the collectors had provided more points, than could be analysed.

3.1.1 Selecting the Quingay controls

Control samples are necessary to screen for errors affecting the entire batch and also
serve to expose systematically erroneous identifications, by for example human error in
interpretation.

The Quingay controls had to be similar to the possible tools for as many variables as
possible. There were no Quingay finds available with the exact same context as the
possible tools, meaning same layer, same square and sub-square and same depth.
Therefore we selected finds that shared the same layer, square and depth square as one
of the possible tools. These are Q2, Q3 and Q4. Q6 is from the same square and layer as
some possible tools, but was found 10 cm above the nearest tool. Q1 and Q7 are not
from the same square or depth as some of the tools, but they were closest to a possible
tool compared to the alternatives. Another criterion was that the controls had to be
morphologically identifiable. Morphological identification was done by Dr. Laura
Llorente Rodriguez, Andre Ramcharan and Wouter Bonhof RMSc, all affiliated to the
Zooarchaeological Laboratory at Leiden University and by Dr. William Rendu (University
of Bordeaux).

Due to the suspicion that the dataset contains both bone and ivory artefacts, controls
for bone and for dentine were included. Unfortunately no ivory finds from Quingay were

available as control. However, Q1, a lamella of a mammoth molar, should function as a
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control for mammoth dentine, because the dentine in tusk is identical to dentine in
other teeth (Coutu et al. 2016, 419).
The Quingay controls were analysed according to the cold acid, AmBic and membrane

box protocol.

3.1.2 Selecting the Mesolithic Points

The primary reason for developing non-destructive sample preparation protocols is to
prevent unnecessary damage to artefacts. Yet this research destructively samples 10
Mesolithic points twice, for the cold acid and the AmBic protocol. The reason the
Mesolithic points are sampled destructively, instead of using unworked bone fragments,
is twofold. First of all, in contrast with Quincay, it is impossible to find controls from the
same context. Even if a bone would be found next to a point, this does not mean that
both were deposited at the same site. Due to the lack of context and presumed
heterogeneity there are few variables that could be controlled for.

Secondly, the Mesolithic points used in this research were designated for **C dating at
Groningen. The C dating is part of another research project. The destructive sampling
required for ZooMS is much smaller than the amount required for *C (10 mg average
versus a minimum of 50 mg). By using artefacts already designated for destructive
sampling, the damaging of any further artefacts is prevented.

All the Mesolithic points were analysed according to the cold acid, AmBic and

membrane box protocol.

3.2 Sampling protocols
The term ZooMS does not denote a single protocol. Since its first publication in 2009-
2010, various variants have been suggested. These variants differ from the original
method in their sample preparation protocol. The five main variants are:
Destructive protocols:
e The cold acid protocol, the original ZooMS protocol, which uses HCl to
denaturalise the collagen structure (Buckley et al. 2010, 15).
¢ The AmBic protocol, which dissolves the soluble collagen in a bone (Van Doorn
et al. 2011, 283).
Non-destructive protocols:
e The eraser protocol, analyses eraser waste from rubbing the target material

(Fiddyment et al. 2015, 15066).
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e The membrane box protocol, analyses tiny amounts of collagen attached to the
membrane, after a bone fragment is removed from the encapsulating
membranes (Martisius et al. submitted).

e The plastic bag protocol samples residue collagen left behind in plastic bags by
friction.

An overview of the differences between the reviewed ZooMS protocols is shown in
Table 3. Although the eraser protocol is not tested in this thesis, it is added to table 3 for

a complete overview of the characteristics of non-destructive ZooMS protocols.

The cold acid and AmBic protocol both require a destructive sample from the artefact.
The sample size used in the available literature varies significantly. Most studies seem to
use samples smaller than 20 mg (Van Doorn et al. 2011, 283; Welker et al. 2016, 11163).
Another study states that samples should be smaller than 30 mg (Welker et al. 20173, 4;
Welker et al. 2017b, 17). In this study a sample size between 10 and 30 mg was adopted.
A sample size of around 20 mg was aimed for. It was decided to adopt the 20 mg upper
boundary, because there is much uncertainty regarding the preservation conditions of
collagen in the North Sea. Since resampling would not be practically feasible and
unnecessarily destructive the best course of action seemed to take larger initial samples.
Samples were taken using either a scalpel, a set of pliers or a fretsaw (fig. 9). With the
scalpel bone was scraped or sawed off from the point. The pliers were used to break off
small protrusions of bone. The fretsaw was used, when the pliers could not be used. The
fretsaw was considered more efficient than the scalpel in sawing through bone. All
sampling was done wearing nitryl gloves.

Sampling was done in the Chemical Laboratory at the Faculty of Archaeology, Leiden
University. The workspace was cleaned twice
by spraying it with 95% ethanol and then
wiping it with chem wipes. The equipment used
to sample was cleaned once with ethanol.
Sampling of material was done above a
weighing paper. The sample was then
transferred into an Eppendorf tube and
weighed on a scale (accuracy £ 0.1 mg).

Between different samples the workspace and

tools were thoroughly cleaned with ethanol

Figure 9 Used pliers and fretsaw, own work.

according to the aforementioned procedure.
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Table 3: Overview of differences in ZooMS sampling protocols

*Fiddyment et al. state that they combined the solubilisation and digestion step into a single
incubation in both AmBic and Trypsin at 37°C for 4 hours at a later stage in their research.

Eraser, Membrane
Cold acid AmBic (van accordingto | box
(van Doorn et | Doorn et al. Fiddyment et | (Martisius et | Plastic-bag
al. 2011, 283) | 2011, 283) al. 2015, al.,
15070 submitted)
Destrlfctwe Yes Yes No No No
sampling
Contact
Electrostatic I electrification _—_
principle n/a n/a Friction (Baytekin et Friction
al. 2011, 308)
0.5 M HCl,
Demineralisation at 4°C, n/a n/a n/a n/a
for40h
AmBic, AmBic, *AmBic, AmBic, AmBic,
I pH 8, pH 8, pH 8, pH 8, pH 8,
Solubilisation 65°C 65°C 65°C 65°C 65°C
for1lh for1lh for1lh for1lh for1lh
1 pl trypsin 1 pl trypsin *1 plL trypsin 1 pl trypsin 1 pl trypsin
Digestion at 37°C at 37°C at 37°C at 37°C at 37°C
for17:15h for17:15 h for 18 h for17:15h for17:15h
0.1% TFA in 0.1% TFA in 0.1% TFA in 0.1% TFA in 0.1% TFA in
1:1 1:1 1:2 1:1 1:1
Clean-up acetonitrile acetonitrile acetonitrile acetonitrile acetonitrile
and distilled and distilled and distilled and distilled and distilled
water water water water water
o . Thermo C18 | Thermo C18 . Thermo C18 Thermo C18
Peptide filtration ZipTips ZipTip C18 Milipore ZipTip ZipTip
Protein sample NG Ves No No No
re-usable?
Bruker Bruker Bruker Bruker Bruker
Mass
T autoflex LRF | autoflex LRF Ultraflex Il autoflex LRF autoflex LRF
P MALDI-TOF MALDI-TOF MALDI-TOF MALDI-TOF MALDI-TOF
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If pliers were used to sample, the sample was held within a beaker glass to prevent any
bone from scattering and contaminating the rest of the laboratory. The beakers were
used only for one sample and then cleaned with soap after which they were left to dry in

air.

3.2.1 The Cold Acid Protocol

In this research 250 pL 0.5 M HCl was added to the Eppendorf tubes with the samples to
free the collagen. The samples were centrifuged at 10000 RPM for 30 seconds in a
Heraeus Megafuge 16 Centrifuge from the company Thermo Scientific, in order to
homogenise the samples. After 40 hours of demineralisation the acid was removed from
the tubes and the tubes were rinsed thrice with ammonium bicarbonate buffer
(NH4HCQO3, Sigma-Aldrich) to neutralize the pH. The rinsing procedure involved adding
200 puL ammonium bicarbonate buffer, vortexing and centrifuging the tube. The
ammonium bicarbonate buffer was then pipetted out of the tube and discarded. After
the third rinse the pH of the tubes was between 7 and 8. The pH was measured using
Fisherbrand pH sticks. Once the final rinse had been discarded, 100 pL ammonium
bicarbonate buffer was added. The buffered samples were then incubated in a heating
block at 65 °C for one hour to gelatinize the soluble collagen fraction. The soluble
collagen fraction was separated from the insoluble fraction by centrifugation at 10000
RPM for one minute. Subsequently 50 pL of the supernatant was transferred onto a

closable plate in order to store the samples before filtering the peptides.

3.2.2 The AmBic Protocol

For the AmBic protocol collagen was extracted similarly to the cold acid protocol, only
with omission of the acid demineralisation step. Samples were directly incubated in a
heating block with 100 uL ammonium bicarbonate at 65 °C for one hour. After heating,

the samples were centrifuged at 10000 RPM for one minute.

3.2.3 The Membrane Box Protocol
The membrane boxes used in this research were from Abemus (reference numbers 12,
13 and 115). These boxes consist of two equal halves (fig. 10). Each half is covered by a

tight membrane of polyurethane. The boxes themselves are made of polystyrene. The
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artefact was placed in the centre of the box. Upon closing the box, the membranes

encapsulated the artefact.

Figure 10 Schematic drawing of a membrane box, 1 is the length, 2 width and 3 depth, www.abemus.fr.

All membrane boxes except P5 were new. The membrane box of P5, however, had been
used before to contain a lithic tool. The used membrane box was first cleaned by
spraying the membranes with ethanol and subsequently with distilled water. The box
was then left to dry for 4.5 hours before use.

Vinyl gloves were worn, when placing the artefacts into the membrane box. P5 is again
an exception. It was handled with nitryl gloves. The different treatment of P5 was due to
the availability of material and for no other reason.

The Mesolithic bone points and Quingay control specimens, except P5, were in their
membrane boxes for 12 days before sampling. P5 was in the membrane box for 10 days.
The precise date on which the possible tools from Quingay were placed in the

membrane boxes is unknown, but it is known that this was more than 10 years ago.

In order to extract the bone from the collagen 200 pL of ammonium bicarbonate buffer
was incubated at 65 °C for one hour. The heated buffer was pipetted into an Eppendorf
tube. A drop of the heated buffer was placed on the surface of the membrane after the
artefacts had been removed from the boxes (fig. 11).
Using the pipet the drop was dragged systematically
over the entire surface of the membrane box. The
drop was then pipetted in the Eppendorf tube
containing the heated buffer. This process was
repeated for every membrane box. Afterwards the
samples were incubated in a heating block again at

65 °C for one hour and centrifuged at 10000 RPM for

one minute.

Figure 11 Membrane box sampling,
picture from Virginie Sinet-Mathiot.
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3.2.4 The Plastic Bag Protocol

The method to extract bone from a plastic bag is very similar to the membrane box
protocol. 200 pL ammonium bicarbonate buffer was heated up to 65 °C for one hour
and pipetted into an Eppendorf. First the ammonium bicarbonate buffer is pipetted in
the plastic bag. The drops are steered over the bottom fold, because it is thought most
of the residue is located there. The ammonium bicarbonate buffer is then collected from
the bag using a pipet. Subsequently, the bag is cut open and the surface is sampled by
moving a drop ammonium bicarbonate buffer across the surface.

Once the plastic bag sample was in an Eppendorf tube, it was incubated in a heating
block at 65 °C for one hour and centrifuged at 10000 RPM for one minute. After

centrifugation 50 pL of the supernatant was pipetted onto the closable storage plate.

3.3 Trypsin digestion

After all the samples had been placed on the closable plate 1 pL trypsin (produced by
Promega, number #V5111) was added to the samples. Trypsin digestion was performed
to cleave the collagen molecules, thereby creating the peptide fragments (Buckley and
Kansa 2011, 273). The samples were left overnight at 37 °C to digest. After 17:15 hours

trypsin digestion was terminated by adding 1 pL 20% TFA (trifluoroacetic acid, VWR).

3.4 Zip-tip Filtration

To remove any particulate sample impurities the peptide fragments must be filtered
from the samples, before they can be analysed with mass spectrometry. Filtering is done
using ZipTips (Thermo C18 Tips, #87784) (Welker et al. 2017b, 17). ZipTips are a form of
reversed phase chromatography. Hydrophobic molecules, like proteins, bind to the
ZipTips. The impurities do not bind to the ZipTip and wash away (Molnar and Horvath
1976, 1498). The attraction of the peptides to the eluent is larger than the peptides’
attraction to the ZipTip, allowing their extraction (thermofisher.com).

Zip-tips were first conditioned with 0.1% TFA in 1:1 acetonitrile and distilled water and
subsequently washed with 0.1% TFA in distilled water. Then the digested peptides were
pipetted in the filters. They remaining sample buffer is discarded. In order to collect the
peptides the 0.1% TFA in 1:1 acetonitrile is passed through the filters. This 0.1% TFA in
1:1 acetonitrile solution contained the peptide fragments and was spotted on a MALDI

plate.
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3.5 Spotting on the MALDI plate
Once the peptides have been extracted and isolated from the samples, they were
spotted on a MALDI Bruker plate MTP384 target ground steel BC, which has a barcode
and transponder (fig. 12).

One in every 9 spots on the MALDI plate was
spotted with a calibrant. The used calibrant is the
Bruker calibrant for 1000-3200Da #8206193 for
the Leipzig laboratory. On the other spots 1 pL of
the samples is spotted. Every sample is spotted
three times on the MALDI plate. After spotting 1
uL of the sample on the plate, 1 pL of sample

matrix was added to each spot. The sample

matrix consists of a-cyano-4-hydroxycinnamic

acid (CHCA; Sigma #C2020-10G) Figure 12 The MALDI plate, picture from
! ! ) Virginie Sinet-Mathiot.

The plate number was 20, run number

20190201_VSM12.

3.6 The Mass Spectrometer

The different protocols described above only affect the preparation of the sample
before it enters the mass spectrometer. The type of mass spectrometer used for ZooMS
analysis is the same for all sampling protocols: the MALDI-TOF MS. The MALDI-TOF MS
along with the LC-MS/MS is the most commonly used mass spectrometer for ancient
proteomic research. MALDI-TOF MS stands for Matrix-Assisted Laser
Desorption/lonisation Time-Of-Flight Mass-Spectrometry (Welker 2018, 139). The
MALDI-TOF MS works in the following way: at an ion source a pulsed laser heats the
spots on the MALDI plate. Due to this energy influx the sample matrix evaporates. As the
sample matrix molecules ablate from the MALDI plate they desorb the peptides.
Without a sample matrix, the peptides would not leave the plate. The laser has also
caused the peptides to become ionised (Guerrera and Kleiner 2005, 72). These peptide
ions are subjected to an electric field, which causes the ions to accelerate. The velocity
an ion reaches is a product of its mass. As an ion leaves the electric field it speeds

through an uncharged (drift) region, before hitting a detector. The detector measures
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the time of impact (Chapman 2000, Source Region

Field Free Region Reflection

(Analyzer) ‘ ‘ ‘ \ |
ﬂ \
Detector1

Target Accelaration Gnd

462). The mass spectrometer used in

this research also contains a reflector.

The ions first hit the reflector and are

bounced back through the drift region to

Detector2

the detector (fig. 13) (Boesl 2017, 92).
Figure 13 Schematic drawing of a reflector mass
Time of impact allows the calculation of  spectrometer, creative-proteomics.com.
velocity, which enables the calculation of the ion’s mass. This type of mass spectrometer
is able to detect ions of all sizes (Chapman 2000, 463). In the case of ZooMS the ions are

ionised collagen peptides.

The mass spectrometer used for this thesis was an autoflex LRF MALDI-TOF from the
company Bruker (fig. 14). It was set in reflector mode. The method used is RP_700-
3500 _Da. The Flex control program was used and the raw data were converted into .txt
files by Flex Analyses (Bruker). The mass spectrometer itself is located at Fraunhofer
121, Leipzig. The triplicate spectra are merged through a custom script in R and the

combined spectrum is identified in mMass (Strohalm et al. 2010, 4648).

3.7 Spectrum Identification

The spectra were analysed with the aid of the open source
program Mmass (Strohalm et al. 2010, 4648). |dentification was
done on basis of the biomarkers P1, A, B, C, P2, D, E, F and G.
The criterion for the original markers A to G was that the
markers should have at least three variants among the 14
species (Buckley et al. 2009, 3845). The biomarkers P1 and P2
were postulated by Kirby et al. using MALDI-TOF analysis (Kirby
et al. 2013, 4852). The database used in this research defined
its biomarkers on basis of the amino acid sequences derived

from either genetic research or LC-MS/MS observation (Welker

et al. 2016, appendix 5). The sample spectra were compared

against a database containing Holocene and Pleistocene fauna Figure 14 The autoflex LRF
MALDI-TOF mass

(Welker et al. 2016, 11163) by the author and verified by spectrometer used in this
e s . . cpe s research, picture from
Virginie Sinet-Mathiot, PhD-student. The identifications of P3 Virginie Sinet-Mathiot.

and P29 were verified by Dr. Frido Welker as well.
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3.7.1 Interpreting a mass spectrum
To demonstrate the process of identifying a sample based on its mass spectrum an

example is given on basis of figure 15. In figure 15 the mass spectra of Q2.1 and P29.1
(Quincay control sample and a Mesolithic bone point) are displayed. Q2.1 and P29.1
were chosen, because both samples contain all the diagnostic biomarkers and because
the mass spectra of Q2.1 and P29.1 differed the most from each other. On the vertical
axis the intensity of the peak is noted. The higher the peak the more present the peptide
is. The horizontal axis displays the m/z (mass /charge ratio). The m/z is what
characterises a certain peptide fragment and determines its speed in the mass
spectrometer. The biomarker peaks have been marked and labelled in the picture. It
becomes immediately clear that, although all the labels are associated with a peak, this
is not necessarily the highest peak in its immediate surroundings. It is common to see a
series of peaks at an interval of 1 m/z. If such a series of peaks represents a biomarker,
then one of the first peaks should match the m/z value of the biomarker. The series of
peaks is caused by the presence of H, C, N, O and P isotopes. There are isotopes that are
1 u, or several u, heavier than the dominant isotope. These isotopes form a small
portion of all the atoms of the element. Peptide fragments are large enough to contain
significant amounts of heavier isotopes.

One also notices that in the above list of biomarkers only A, F and G and not A1, A2, F1,
F2, G1 and G2 are mentioned, yet they are labelled as peaks in the example below. That
is because Al, F1 and G1 are a hydroxylated versions of the same biomarker. The
difference between the 1 and 2 biomarker is always 16 m/z, equal to an oxygen atom.
The 1 and 2 are two versions of the same biomarker and if one is found, the other is
expected as well (Sinet-Mathiot 2019, personal communication). P1 and P2 are an

exception to this rule, because P1 is not a hydroxylated version of P2.
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4 Results

Tables 4 and 5 give an overview of the peptide markers present in the processed
samples and the identification of each sample made on basis of the combinations of the
values for the peptide markers. Table 4 shows the results from the Quingay artefacts,
while table 5 displays the results from the Mesolithic bone points. If a sample could not
be identified, its identification is listed as ‘empty’. Empty refers to the fact that the mass
spectrum of the sample is empty of any collagen peptide marker peaks, meaning no

collagen has preserved.
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Table 4 Quingay Biomarkers, .1 suffix indicates cold acid protocol, .2 suffix indicates buffer protocol,
.3 or no suffix means membrane box protocol. Q31 is plastic bag

protocol.

ri?r%'\tfesr Layer Square Depth Identification

Q1.1 Sfs 7M(4-7) 16| 1105 |x 1453 | 1579 |x 2115| 2808 |2853+2869 3015 | Elephantidae

Q1.2 Sfs 7M(4-7) 16| 1105 1453 | 1579 |x 2115| 2808 2853 | x Elephantidae

Q1.3 Sfs 7M(4-7) 16 X X X X X X X Empty
3077+309

Q2.1 Em 3K(4) 19| 1105|1150+1166 1427 | 1580| 1648 | 2131| 2792 |2883+2899 3 Rangifer tarandus

Q2.2 Em 3K(4) 19| 1105|1150+1166 1427 | 1580| 1648 | 2131| 2792 |2883+2899 3093 | Rangifer tarandus

Q2.3 Em 3K(4) 19 X X X X X X X Empty

Q3.1 Em (5L(8)) 19| 1105|1182+1198 | 1427| 1550|x 2145 | x 2883+2899 2999 | Equus sp

Q3.2 Em (5L(8)) 19| 1105|x 1427 | 1550|x 2145 | x 2883+2899 X Equus sp

Q3.3 Em (5L(8)) 19 X X X X X X Empty

Q4.1 Em 3L(7) 19| 1105|1150+1166 1427 | x 1648 | 2131 |x 2883+2899 3093 | Rangifer tarandus

Q4.2 Em 3L(7) 19| 1105(1150+1166 1427 | 1580| 1648 | 2131| 2792 |2883+2899 3093 | Rangifer tarandus

Q4.3 Em 3L(7) 19 X X X X X X X Empty

Q6.1 Sfj 8M(2) 18| 1105|1150+1166 1427 | 1580| 1648 | 2131| 2792 |2883+2899 3093 | Rangifer tarandus

Q6.2 Sfj 8M(2) 18| 1105 1166| 1427| 1580| 1648 |x X X X Rangifer tarandus

Q6.3 Sfj 8M(2) 18 X X X X X X X Empty

Q7.1 Sf 7M(1) 12| 1105|1150+1166 1427 | 1580| 1648 | 2131| 2792 |2883+2899 3093 | Rangifer tarandus

Q7.2 Sf 7M(1) 12| 1105 1166 | 1427 |x 1648 | x X 2883 | x Rangifer tarandus

Q7.3 Sf 7M(1) 12 X X X X X X X Empty

Q10 Em (f) 4k (3) 18 [ x X X X X X X X Empty

Q11 Sfs 8m (9) >20 X X X X X X X Empty
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ZooMS

Depth P1 Identification

number

Q12 Em sfs DIl 4L X X X X X X X X Empty
Q13 Em eff. DIIl | 4L X X X X X X X X X Empty
Q14 Sfj 8N (7+4+8) 21 |x X X X X X X X X Empty

Elephantidae +
Q15 Sfs 9N <>21 1105 | x 1453 | x X X X 2853 | x Carnivora
Ej-m (165-
Q16 32-51) 3K (4) 17X X X X X X X X X Empty
Q17 Ej ou Em X X X X X X X X X Empty
Q18 Sfs 8M (5) X X X X X X X X X Empty
Q19 10K (1-2) <>15 |x X X X X X X X X Empty
Q20 S DIl <S AM X X X X X X X X X Empty
Em 3 (182-
Q21 95-46) 3k (6) >19 X X X X X X X X X Empty
Q22 Em 1K(8) >21 X X X X X X X X X Empty
Q23 Em 5K (5) 16 | x X X X X X X X X Empty
Q24 Em 3K (6) <19 X X X X X X X X X Empty
Q25 Em 5K (3) <17 |x X X X X X X X X Empty
Q26 Sfs 8M (9) >20 X X X X X X X X X Empty
Q27 Em 3K (6) >19 |x X X X X X X X X Empty
5L (5-6)
Q28 Em 4 (190-56-55) |>19 X X X X X X X X X Empty
3L (4) (186-

Q29 Em 8 0-33) >19 X X X X X X X X X Empty
Q30 Em 3J (3) >19 Empty
Q31 Em 3K (6) >20 Empty
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Table 5 Mesolithic Biomarkers, .1 suffix indicates cold acid protocol, .2 suffix indicates buffer protocol,

.3 or no suffix means membrane box protocol.

ZooMS number  Site  P1 A B C P2 D E Identification
P1.1 M 1105 |1180+1196 1427 | 1550| 1648 | 2131 | 2792 |2883+2899 |3017+3033 | Cervid + saiga
P1.2 M 1105 1196 | 1427 | 1550| 1648 | 2131 | 2792 | 2883+2899 3017 | Cervid + saiga
P1.3 IM |x X X X X X X X X Empty
P3.1 ZM 1105 1235| 1477 | 1580 | 1619 | 2115| 2832 2869 2957 | Human
P3.2 ZM 1105 1235 | 1477 | x 1619 | 2115 | 2832 2869 2957 | Human
P3.3 M | x X X X X X X X X Empty
P5.1 MV2 | 1105|1180+1196 1427 | 1550| 1648 | 2131 | 2792 |2883+2899 |3017+3033 |Cervid + saiga
P5.2 MV2 | 1105|1180+1196 1427| 1550| 1648 | 2131 | 2792 2883 |3017+3033 | Cervid + saiga
P5.3 MV2 | x X X X X X X X X Empty
P6.1 MV2 | 1105|1180+1196 1427 | 1550| 1648 | 2131 | 2792 | 288342899 |3017+3033 | Cervid + saiga
P6.2 MV2 | 1105|1180+1196 1427 | 1550 | 1648 | 2131 | 2792 | 2883+2899 |3017+3033 | Cervid + saiga
P6.3 MV2 | 1105|1180+1196 1427| 1550 | 1648 | 2131 | 2792 | 2883+2899 |3017+3033 | Cervid + saiga
P7.1 M 1105 |1180+1196 1427| 1550| 1648 | 2131 |x 2883+2899 |3017+3033 |Cervid + saiga
P7.2 M 1105|1180+1196 1427 | 1550| 1648 | 2131 | 2792 |2883+2899 |3017+3033 |Cervid + saiga
P7.3 M 1105 |x 1427 | x X X X 2883+2899 | x Castor + Equus + Cervid + Caprinae
P28.1 HvH | 1105|1180+1196 1427 | 1550 | 1648 | 2131 | 2792 | 2883+2899 |3017+3033 | Cervid + saiga
P28.2 HvH | 1105|1180+1196 1427| 1550 | 1648 | 2131 | 2792 | 2883+2899 |3017+3033 | Cervid + saiga
P28.3 HvH |x X X X X X X X X Empty
P29.1 MV1 | 1105 1235| 1477| 1580| 1619 | 2115| 2832 2869 2957 | Human
P29.2 MV1 | 1105 1235| 1477| 1580| 1619 | 2115| 2832 2869 2957 | Human
P29.3 MV1 | x X X X X X X Empty
P30.1 Ro 1105 | x X X X X X X X Empty
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ZooMS number Site P1 A B C P2 D) E F G Identification
P30.2 Ro X X X X X X Empty
P30.3 Ro X X X X X X Empty
P31.1 MV2 | 1105|1180+1196 1427 | 1550| 1648 | 2131 | 2792 |2883+2899 |3017+3033 | Cervid + saiga
P31.2 MV2 | 1105|1180+1196 1427 | 1550| 1648 | 2131 | 2792 |2883+2899 |3017+3033 |Cervid + saiga
P31.3 MV2 | x X X X X X X X X Empty
P41.1 MV2 | 1105|1180+1196 1427 | 1550 | 1648 | 2131 | 2792 | 2883+2899 |3017+3033 | Cervid + saiga
P41.2 MV2 | 1105|1180+1196 1427 | 1550 | 1648 | 2131 | 2792 2883 |3017+3033 | Cervid + saiga
P41.3 MV2 | x X X X X X X X X Empty
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Loxodonta sp.

Castor fiber

Elephas maximus
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Figure 16 Left: Possible species for the identification Elephantidae + Carnivora (Q15). -

Odocoileus virginianus

Right: Possible species for the identification of Castor + Equus + Cervid +Caprinae (P7.3).

Species that can be excluded as identifications based on geographical or chronological
arguments are shown in transparent fields. The remaining possible identifications are

Odocoileus hemionus

presented in opaque fields.
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4.1 Taxonomic ldentifications by ZooMS

The identifications of Q7.2, Q15 and P7.3 are based on respectively four, three and three peptide
markers. ldentifications based on fewer peptide markers are as accurate as identifications based on
all nine peptide markers. Depending on the circumstances they can be as precise or less precise in

their identification.

Q15 is an example of the reduced precision, due to fewer present peptide markers, as can be seen in
table 4. Q15 was the one Quincay artefact, for which the membrane box provided collagen for an
identification. The specific species matching with the Elephantidae + Carnivora identification are

listed in figure 16.

For Q15 the ZooMS identification cannot be more specific than the clade Pinnipedia and the families
Felidae, Elephantidae, Mustelidae and Ursidae. However the morphological analysis and
archaeological context of the artefacts might be able to narrow down the possibilities. The two main
reasons to exclude a species as a possible identification is that its geographical range does not
encompass the find location or that the species is not contemporaneous with the dating of the site.

The species that can be excluded based on their geographical range are listed in table 6. Species that

were not locally present at the time of deposition are listed in table 7.

Table 6: Species excluded as possible Elephantidae + Carnivora identifications
based on geographical range

(britannica.com)

(Swaisgood et al.
2017, 1)

Elephantidae Canidae Mustelidae Feliformia Ursidae Pinnipedia
Loxodonta sp. | Canis latrans | Enhydra lutris Panthera Ursus Callorhinus
tigris maritimus ursinus
(Blanc 2008, 4) (Kays 2018, 1) (Doroff and Burdin (Goodrich et al. (Wiig et al. 2015, (Gelatt et al. 2015,
2015, 2) 2015, 3) 2) 2)
Elephas Ursus Eumetopia
maximus americanus jubatus
(Choudhury et al. (Garshelis et al. (Gelatt and
2008, 2) 2016, 2) Sweeney 2016, 2)
Mammut Ailuropoda
americanum melanoleuca
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Elephantidae

Canidae

Mustelidae

Feliformia

Ursidae

Pinnipeida

Mamuthus
trogontherii

(Wei et al. 2010,
961)

Paleoloxodon
antiquus

(Stuart 2005, 173)

The remaining possible identification are listed in table 8.

(Stewart et al.
2003, 225)

(Stewart et al.
2003, 225)

Elephantidae Canidae Mustelidae Feliformia Ursidae Pinnipedia
Mammuthus Canis lupus Martes sp. Crocuta Ursus arctos Erignathus
rimigenius crocuta
primig barbatus*
(Villaluenga et al. (Villaluenga et al. (Villaluenga et al. (Villaluenga et al. (Villaluenga et al. (Kovacs 2016, 3)
2012, 506) 2012, 506) 2012, 512) 2012, 506) 2012, 512)
Vulpes Gulo gulo Felis sp. Ursus Cystophora
lagopus spelaeus*** .
gop P crisata*
(Welker et al. (Stewart et al. (Stewart et al. (Villaluenga et al. (Bellido et al. 2007,
20154, 282) 2003, 225) 2003, 225) 2012, 506) N
1)
Mustela Lynx Lynx Odobenus**
putorius
rosmarus

Out of the 10 tested Mesolithic bone points 7 were identified as Cervid + saiga. Is identification is

comprised of the species:

Alces alces

Elaphurus davidianus

Cervus elaphus

Megaloceros giganteus

Aepyceros melampus

Saiga tatarica

For European Pleistocene samples this is commonly noted as Cervid + saiga, since the impala

(Aepyceros melampus) does not occur in Europe (Lorenzen et al. 2006, 128). Pere Davids deer

(Elaphurus davidianus) likewise does not live in Europe (Meijaard and Groves 2004, 187). Saiga
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tartarica was extinct in Europe in the Mesolithic and can thus be excluded (Nadachowski et al. 2016,
360). The date of the extinction of Megaloceros giganteus is controversial. A recent comprehensive

study of C dates of Megaloceros giganteus specimens suggests that by the Holocene Megaloceros

giganteus had gone extinct in Europe (Lister and Stuart 2019, 3).

Therefore in this case the Cervid + saiga identification denotes Alces alces and Cervus elaphus.

The Castor + Equus + Cervid + Caprinae identification of P7.3 is again very broad and refers to the

species listed in figure 16.

The possible identifications as presented in figure 16 can be further specified as well. Table 9 shows

what species are excluded due to geographical reasons. Table 10 contains the species not present in

Doggerland in the Mesolithic and Table 11 reveals the possible identifications.

Table 9: Species excluded as possible Castor + Equus + Cervid + Caprinae identifications
based on geographical range

Castoridae Bovidae Cercopithecidae Equus sp. Cervidae
Aepyceros Chlorocebus Equus africanus Elaphurus
melampus sabaeus davidianus

(Lorenzen et al. 2006, (Dolotovskaya et al. (Schulz and Kaiser 2013, (Meijaard and Groves
128) 2017, 472) 115) 2004, 187)
Rupicapra Equus quagga Muntiacus
rupicapra vuquangensis
(Masini and Lovari 1988, (Schulz and Kaiser 2013, (Turvey et al. 2016,
346) 115) 2252)
Hydropotes
inermis

(Lister 1984, 211)

Odocoileus
virginianus

(Gilbert et al. 2006, 114)

Odocoileus
hemionus

(Gilbert et al. 2006, 114)
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(Vervoort-Kerkhoff and
van Kolfschoten 1988,

(Vervoort-Kerkhoff and
van Kolfschoten 1988,

(Vervoort-Kerkhoff and
van Kolfschoten 1988,

Castoridae Bovidae Cercopithecidae Equus sp. Cervidae
Saiga tartarica Macaca mulatta Equus Megaloceros
hydruntinus giganteus
(Nadachowski et al. (Elton and O’Regan (Crees and Turvey 2014, (Lister and Stuart 2019,
2016, 360) 2014, 125-126) 24) 3)
Rangifer
tarandus
(Sommer et al. 2014,
300)
Castoridae Bovidae Cercopithecidae Equus sp. Cervidae
Castor fiber Capra hircus Equus ferus Cervus elaphus

(Vervoort-Kerkhoff and
van Kolfschoten 1988,

(Vervoort-Kerkhoff and
van Kolfschoten 1988,
96)

96) 96) 96) 96)
Ovis aries Capreolus
capreolus

(Vervoort-Kerkhoff and
van Kolfschoten 1988,
96)

Alces alces

(Vervoort-Kerkhoff and
van Kolfschoten 1988,
96)

The cold acid and AmBic protocol gave two kinds of identification for the Mesolithic North Sea bone

points: Cervid + saiga or human (fig. 17; tab. 5). The presence of human was very much unexpected.

Human bone artefacts are rare and the two human points (P3 and P29, fig. 18 and appendix C) are

not dissimilar from the other bone points in morphology and typology.
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The identifications made with the membrane box method did not show any humans. The spectra
obtained for P7 with the cold acid and AmBic protocol indicated a Cervid + saiga identification, while
the spectrum obtained with the membrane box protocol identified P7 as Castor + Equus + Cervid +
Caprinae (tab. 5). Based on the identification made with the cold acid (P7.1) and the AmBic (P7.2)
protocols (tab. 5) it seems clear that P7 was either from a Alces alces or Cervus elaphus. One of the
three times the membrane box protocol yielded sufficient collagen, the identification could be made

to genus/species level.

Identifications of the Mesolithic North Sea bone points

10

~ (o] {e]

[e)]

Number of identifications
w ES [0,

N

[

Identifications cold acid Identifications buffer Identification membrane box

Used protocol

B Cervid + saiga BWHuman  ® Castor + Equus + Cervid + Caprinae B Empty

Figure 17 ZooMS identifications of the Mesolithic North Sea bone points, sorted by used protocol.
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Figure 18 Mass spectra of P3 and P29, the human bone points.
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4.2 Success rates of the ZooMS sampling protocols

The identification rate of the cold acid protocol has been displayed in table 12. Table 13 shows the

success rate of the AmBic protocol and table 14 contains the success rate of the membrane box

protocol.
Table 12: Cold acid identification success rate Identified | Empty | Total | Success rate
Quingay cold acid | 6 0 6 100%
North Sea bone point cold acid | 9 1 10 90%
Total | 15 1 16 93.8%
Table 13: AmBic identification success rate Identified | Empty | Total | Success rate
Quingay buffer | 6 0 6 100%
North Sea bone point buffer | 9 1 10 90%
Total | 15 1 16 93.8%
Table 14: Membrane box identification success rate | Identified | Empty | Total | Success rate
Quingay membrane boxes | 1 26 27 3.8%
North Sea bone point membrane boxes | 2 8 10 20%
Total | 3 17 41 7.3%

Tables 12 and 13 show that there is a difference in the success rate of both the cold acid and AmBic
protocol between the Quingay material and the North Sea bone points. However, applying Fisher’s
test (Fisher 1922, 93) to the success rate of the cold acid protocol shows that there is no significant
difference (p=1.00) between the success rate of the Quingay and North Sea material. Since the
success rates for the cold acid and AmBic protocol are the same, there is also no statistical difference
between the Quingay and material for the AmBic protocol.

The difference between the success rate of the Quingay membrane boxes and the North Sea bone
point membrane boxes seems substantial (20% vs 3.8%). Executing Fisher’s statistical test (Fisher
1922, 93) on this 2x2 contingency table gives a p value of 0.17, indicating that there is no statistical
difference between the success rate of the membrane box protocol for the Quingay and North Sea
material.

The plastic bag protocol is not included in the table, because it was applied to only one artefact Q31.

In the one case that the plastic bag protocol was applied, it did not yield an identification.

North Sea bone point P30 could not be identified with any of the three protocols. Most likely P30

does not contain sufficient collagen for ZooMS analysis.
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The identifications made by both the cold acid protocol and AmBic protocol for the Quincay control
match completely. Differences between the morphological analyses and the ZooMS identifications
were observed, but the results of the different morphological analyses vary significantly (tab. 15).

At first sight only two of the seven controls have a matching morphological and ZooMS identification.
All mismatches between the first morphological analysis and the ZooMS analysis were identified as
Rangifer tarandus by ZooMS.

The second morphological analysis was done with the knowledge of what the ZooMS identification
was, but in the case of Q2 and Q6 it was deemed very unlikely that the fragments were Rangifer
tarandus (Llorente Rodriguez and Ramcharan 2019, personal communication).

The reason the third morphological analysis did match with the ZooMS identification, is that there is

quite large temporal variation in the morphology of Rangifer tarandus. Rangifer tarandus found at

Chatelperronian sites are larger and differ in some morphological traits compared to modern

specimens (Rendu 2019, personal communication). This temporal variation explains, why

morphological analysis based on a Holocene reference collection differs from a morphological

analysis performed by a zooarchaeologist, who has worked extensively on Chatelperronian material.

Table 15: Morphological analyses of the Quingay control samples.
The 1%t and 2" morphological identifications were performed at Leiden University,
while the 3™ identification was provide by Dr. William Rendu.
ZooMS 15t morphological 2" morphological 3 morphological | ZooMS
number | identification identification identification identification
M th .
Q1 gmmu . us N/A N/A Elephantidae
primigenius
Q2 Cervus sp. Cervus sp. Rangifer tarandus | Rangifer tarandus
Q3 Equus caballus N/A N/A Equus sp.
Q4 Sus sp. Rangifer tarandus Rangifer tarandus | Rangifer tarandus
Q6 Bos sp. Bos sp. Rangifer tarandus | Rangifer tarandus
Q7 Bos taurus Rangifer tarandus Rangifer tarandus | Rangifer tarandus
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5 Discussion

The results of this research shed new light onto electrostatic sampling, but before the results can be
discussed in detail the limitations of ZooMS as an identification tool must be considered. These
considerations help to put the identifications provided by this research into the right perspective.
After reviewing the identifications, the Quingcay and North Sea datasets will be compared in order to
determine any biases that may have influenced the success rates of the different methods. In turn,
the success rates of the four applied protocols will be discussed and the various factors influencing
the success rates of the electrostatic sampling protocols will be addressed. Based on these

considerations a revised membrane box protocol is proposed.

5.1 Limitations of ZooMS

The choice of mass spectrometer determines the way in which the mass of a molecule is measured,
which influences the possibilities for analysis later on. When selecting a type of mass spectrometer
for research the advantages and disadvantages of the type of mass spectrometer must be taken into
account. All ZooMS research uses the MALDI-TOF MS to analyse the composition of the collagen
molecule. However, the MALDI-TOF MS is not the only type of mass spectrometer that can be used
for proteomic analysis. The other commonly used category of mass spectrometers is the LC-MS/MS

(Liquid Chromatography-tandem — Mass Spectrometry).

5.1.1 Advantages and disadvantages of LC-MS/MS relative to MALDI-TOF MS analysis
Although the use of a LC-MS/MS is more expensive and time consuming than MALDI-TOF MS
(Buckley et al. 2008, 325), the LC-MS/MS has the advantage that it shows the amino acid sequence of
the detected peptides (Welker 2018, 138). Hence the LC-MS/MS has been used to search for new
peptide markers to improve the resolution of species identification (Buckley et al. 2011, 2007;
Welker et al. 201743, 11).

It has also been observed, that some of the peptide markers are not always detected by the MALDI-
TOF MS, because the peptide markers are present in a too low intensity. The low intensity results in a
low peak indiscernible from the noise. The LC-MS/MS shows the amino acid sequence of the peptide
fragment and thus peptide markers can be correctly identified even if they are only present in low
intensity. The amino acid identifications made during LC-MS/MS analysis are probability based. Using
the mass of a peptide fragment an algorithm reports the chance that the peptide fragment has the
identified amino acid sequence. However, especially in the case where there are multiple peptide
markers with the same mass, there is a risk of false positives. In those cases, a peptide fragment is

identified as a peptide marker for one species, while for example it is in fact a deamidated peptide
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marker of another species (Buckley 2016, 11). The fact that the LC-MS/MS does detect all peptide
markers does provide LC-MS/MS analysis with more precision compared to MALDI-TOF analysis. For
example the LC-MS/MS is able to distinguish between the members of the family Rhinocerotidae

(rhinoceroses), while the MALDI-TOF MS is unable to do so (Welker et al. 20173, 11).

The lack of the preciseness of the ZooMS identifications is a serious drawback. For example, the
Cervid + saiga identification covers the subfamily Cervini, two bovids and another cervid and that is
the most specific identification ZooMS is able to give. Although it is often possible to reduce the list
of possible species based on the archaeological context (tabs. 6, 7, 8,9, 10 and 11), it is not

uncommon to end with several species as possible identification.

5.1.2 Selecting sample size

In section 3.2 it was already mentioned that there are large differences in the reported sample sizes
for the destructive ZooMS protocols. Studies were found reporting 1 mg (Charlton et al. 2016, 56), 5
mg (Van Doorn et al. 2011, 283), 10 mg (Bradfield et al. 2018, 7) and 10-30 mg (Welker et al. 2017a,
4; Welker et al. 2017b, 14). When destructively sampling artefacts for ZooMS this large variation in
reported sample size presents a conundrum for a researcher. If the sample is too small, the analysis
will fail and an artefact will have been needlessly damaged. A too large sample is also unnecessarily
damaging.

The large variation in sample size can be explained due to differences in collagen preservation. If
collagen is well preserved as little as 2 mg is needed, where badly preserved collagen requires larger
samples. Sample size is therefore decided on case-by-case basis (Welker and Sinet-Mathiot 2019,
personal communication). If there is no data available about the collagen preservation prior to the
ZooMS analysis 10 mg should be maintained as an average sample size. In this research 10 mg had
been maintained as the lower boundary of the sample size, due to uncertainty regarding the collagen
preservation of the Mesolithic North Sea points. The good quality of collagen extracted from the
Mesolithic North Sea points in this research indicates that smaller samples will most likely also

provide sufficient collagen for ZooMS analysis.
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5.2 Quingay possible bone tool identifications

Unfortunately, only one of the possible bone tools from Quincay could be identified on basis of its
mass spectrum (table 4). This bone specimen (Q15) (fig. 19) was one of the two artefacts that was
suspected to be ivory (Appendix B). Although ZooMS cannot exclude that Q15 is from certain
carnivores (tab. 8), morphological examination can help to narrow down the possible identifications.
The morphology of Q15 was examined by André Ramcharan from the Zooarchaeology Laboratory at
Leiden University and he identified the artefact as ivory. However, the texture of the artefact is
dissimilar to Mammuthus primigenius ivory (Soressi 2019, personal communication). The alternative
would be Odobenus rosmarus. There are few examples of Odobenus rosmarus at Neanderthal sites
(Van Vliet-Lanoé et al. 2006, 256), but their geographic distribution during the Pleistocene is not well
known. The large increase in sea level during the Holocene and drowning of Pleistocene coastal sites

is likely one of the causes of the lack of knowledge on Odobenus rosmarus distribution.

Figure 19 Q:Z%, photo by Walter Mancini.

5.3 North Sea bone point identifications

All the North Sea bone points, except one, could be identified using ZooMS (tab. 5). The quality of the
collagen allowed an identification to the most specific level possible with ZooMS. Based on the
archaeological context this was specified even further. In the end, only two or three species were
used to create the bone points analysed in this research: Alces alces or Cervus elaphus and Homo
sapiens (fig. 17).

From the start Cervus elaphus and Alces alces were considered as possible species of which the
points could have been made, along with Bos primigenius, Equus caballus and Capreolus capreolus
(Verhart 1988, 171). It was thought that the bones of these animals would be most suited for point
production, as long and straight bones were required (Verhart 1988, 171). The majority of
morphologically identified North Sea bone points from Europe are also made of Cervus elaphus bone

(Dickson 2001, 436). Important to note is that ZooMS cannot differentiate between collagen
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containing materials. Of the seven Cervus elaphus or Alces alces identifications one (P5) was

identified as antler by Dick Mol. The ZooMS analysis neither confirms nor rejects this.

Two similar studies using ZooMS on bone points from Taforalt, Morocco, dated to 15077-13892 cal.
BP (Desmond et al. 2018, 151) and from 9 South African sites dated to 300-1700 AD were published
recently (Bradfield et al. 2018, 11). They show a selection for the use of Gazella sp. and bovids
respectively (Desmond et al. 2018, 154; Bradfield et al. 2018, 11). Both studies admit that they are
not able to fully explain the rational behind a selection for Gazella sp. and bovids. In the case of
Taforalt, Desmond et al. suggest that there is a connection between the shape of the tool and the
used species (Desmond et al. 2018, 154-155). In South Africa the selection of species for point
production can be partially explained by selection on functionality (Bradfield et al. 2019, 2430).
Bradfield et al. and Desmond et al. do both suggest that there might be a symbolic component to the

observed species selection (Bradfield et al. 2019, 2430; Desmond et al. 155).

In contrast to the use of cervid bone, the use of human bone was not expected. Since modern
contamination by the analysts is a known risk for proteomic and DNA analyses it must be made
certain that the identification is of actual ancient human. In this case it seems extremely unlikely that
the two points identified as human are contamination. First of all, the spectra were unambiguous
(fig. 18, appendix D). If a sample had been contaminated by modern human collagen one would
expect to see both the human biomarkers as well as the biomarkers of another species. Secondly,
both the cold acid and ammonium bicarbonate protocol samples indicated a human identification.
The samples taken from the bone points for these protocols were small pieces that were removed
from the butt of the point and thus contain both the inner and outer layers of the point. Because
collagen from the inside of the point was analysed contamination of the outer surface of the point
can be excluded as cause of the human identification. Possible contamination would also have had to
occur before spotting on the MALDI plate, because all samples were spotted in triplicate on the
MALDI plate. The only other option to explain the spectra of these two points, apart from a human
origin, is if insufficient collagen was preserved in the points themselves and if these four samples had
been contaminated in the laboratory. This scenario is more unlikely than a human identification of
the points, because it is less parsimonious and because the order of magnitude of the intensity, in
which the peptide markers are present, is similar for all identified Mesolithic North Sea points. If
modern contamination had been present, it would have had a higher intensity than the

archaeological samples.
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The working of human bone is not unknown in prehistory, although it is rare. The oldest example of
hominin worked as a tool is a Neanderthal skull fragment from La Quina dated to MIS 4 (Verna and
d’Errico 2001, 147-154). Other examples are skull-cups from Gough’s Cave in England dated to 14700
cal. BP (Bello et al. 2011, 2), a burin probably used to work hide from Perdig&es, Portugal, dated
around 4500-4200 cal. BP (Cunha et al. 2016, 1107-1110) and a chisel made from a human femur
dated to 3500-3700 BP found at Gohar Tepe, Iran (Soltysiak and Grezak 2015, 362-363). At Gough’s
Cave the skull-cups were accompanied by indicators that cannibalism was practiced at the site (Bello
et al. 2011, 10) and at PerdigGes there are instances in which human and animal bone seem to be
treated the same (Cunha et al. 2016, 1110). At Gohar Tepe and La Quina there are no clear indicators
of systematic extraordinary treatment of hominin remains (Soltysiak and Grezak 2015, 364; Verna
and d’Errico 2001, 155). In both articles the authors admit that it is not possible to determine, if the
selection of hominin bone for tool production carried any intentional meaning, or whether the
producer might not have been aware of the hominin origin of the bone.

At the moment there are no published examples of projectile points made from human bone. Due to
the lack of information on the archaeological context of the North Sea points little can be said at the
moment. It is very interesting that apart from Cervus elaphus or Alces alces the only species
identified by this research is Homo sapiens, but caution must be exercised in constructing an

interpretation based on two datapoints.

5.3.1 Selection on availability?

A possible explanation for a selection for Cervus elaphus or Alces alces for the production of bone
points is that these species were the most available. In that case a selection for Cervus elaphus and
Alces alces combined would be expected at Mesolithic sites. Since none of the points was found in
the context of a site, sites from Britain and the Netherlands are used to test this hypothesis (fig. 20).
The most commonly found species at Mesolithic sites in North-western Europe are Bos primigenius,
Cervus elaphus, Capreolus capreolus and Sus scrofa (Overton and Elliot 2018, 336). At three out of
seven English sites the majority of the number of identified specimens (NISP) was Cervus elaphus. At
two others the dominant species was Bos primigenius and another two sites the majority of the NISP
was Sus scrofa (Overton and Elliot 2018, 336). At Zutphen-Ooijerhoek, the Netherlands, no single
species forms a majority of the NISP. Sus scrofa is the largest minority with 40%, while Cervus elaphus
and capreolus capreolus follow at 35% and 25% respectively (Overton and Elliott 2018, 336).

The percentage of Sus scrofa versus Cervus elaphus and Bos primigenius seems to be larger in South
English sites compared to North England (Overton and Elliot 2018, 341). Interestingly bone and antler
points have been found in North England, but not South England (Overton and Elliot 2018, 341-342).
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Figure 20 Overview of the dominant species at Mesolithic sites, after Overton and Elliot 2018, 339. Acronyms of the sites:
St.C: Star Carr, Se.C: Seamer Carr, FSH: Flixton School House Farm, TWW: Three Ways Wharf, FSS: Former Sanderson Site,
T.llI: Thatcham Ill, FR: Faraday Road, W.III: Warluis Illb, Z-O: Zutphen-Ooijerhoek site M, B-K: Bedburg-Kéningshoven, M-G:
Médnchengladback-Geneicken, F.4 (I/11): Friesack 4 (complex | and Il), F.27 (1): Friesack 27, PS: Postdam Schlaatzm, LM1-5:
Lundby Mose 1-5, S: Skottemarke, F: Favrbo, V: Vig.

Although at none of the reviewed sites fish remains formed a significant component of the NISP,
stable isotope studies on Mesolithic North Sea human remains indicate that a significant portion of
their diet consisted of freshwater animals (Van der Plicht et al. 2016, 115). It must therefore be taken
into consideration that the terrestrial fauna found, represent only a portion of the Mesolithic diet.
The overview of faunal remains at Mesolithic sites shows that Cervus elaphus was exploited in large
numbers. There does not seem to be a general dominance of Cervus elaphus in Mesolithic North-
western European sites, but most of the Cervus elaphus dominant sites are close to former
Doggerland. Combined with the fact that sites from Doggerland itself are lacking, the identification of
a majority of the bone points as Cervus elaphus should not be surprising. What is surprising is the
complete absence of Bos primigenius, Capreolus capreolus and Sus scrofa among the bone points.
Should the raw material of bone points have been selected purely on availability, then bone points of

Bos primigenius, Capreolus capreolus and Sus scrofa are expected as well.

The use of human bone for projectile points cannot be explained from an availability point of view.
For human bone to be the most available bone either the diet of the Mesolithic people of Doggerland

would have to consist for a large portion of human or the degree of interpersonal violence should
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have been extremely high. Both the faunal assemblages as the stable isotope data do not support

extensive cannibalism and the latter scenario is extremely unlikely.

5.3.2 Selection on durability?

Rather than just using the most available bones, it could be that the apparent selection for Cervus
elaphus or Alces alces bone is, because their bone is biomechanically more suited for a projectile
point than other available material. It has been argued that there is a trade-off between the stiffness
and toughness of bone (Currey 2004, 576). Stiff bones are suited for enduring longer periods of
relatively lower stress, while tough bones are able to resist short periods of high stress (e.g. high
velocity impacts) (Currey 2004, 578). The place of a skeletal element on the stiff-tough spectrum is
adapted to the needs of the species (Currey 2004, 570). When skeletal elements are used as
projectile points the stiff-tough spectrum is linked to a penetration power-durability trade-off
(Margaris 2006, 193).

Of the materials used for the North Sea points, antler is expected to have the least penetration
power, because it is the toughest and least stiff. Experimental research shows that Mesolithic type
Cervus elaphus bone (Spithoven 2018, 65) , Gravettian bone (Knecht 1993, 41) and Nenana (An
Upper Palaeolithic Alaskan technocomplex) Bos taurus bone (Wood and Fitzhugh 2018, 10) and
Aurignacian, Gravettian (Knecht 1993, 43) and Magdalenian antler points all have sufficient
penetration depth for hunting (Pokines 1998, 878). The fact that the penetration power of both bone
and antler points of various typologies is adequate to kill large mammals indicates that selection on

functionality would prioritise the most durable materials.

The shock absorbent abilities of projectile points are most important for their durability (Margaris
2006, 193). Shock absorption is measured by the required work to fracture. Research on the
biomechanics of bone has focused on the elasticity and does not report the work to fracture. Due to
an inverse relation between the elastic modulus and the work to fracture, the relative shock
resistance of bone can be inferred.
Table 16 gives an overview of elastic moduli reported in literature based on three criteria:
EITHER

1. The species is phylogenetically close to a species identified as raw material of a bone point.
OR

2. The species was present in Mesolithic Doggerland and could have served as an alternative

raw material for bone point production.

AND
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3. The elastic modulus of the species was reported in at least two studies.

For many species relevant to this research the elastic moduli are unavailable. As it is suspected that
most bone points were produced from metapodia (Verhart 1988, 171), lack of elaborate data on
metapodial elastic moduli hampers direct assessment of the biomechanical suitability of a species for
projectile point production. Besides, most of the elastic moduli were measured on hydrated samples.
Dry bone and antler has a higher elastic modulus (tab. 16; Currey 2006, 127). It must be taken into
account that the projectile points were likely dry when used and thus would have a higher elastic

modulus than listed in table 16. Nevertheless table 16 might be helpful indirectly.
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Table 16: Reported Young’s elastic modulus of bone for relevant species according to 15 studies:

Blob and Snelgrove 2006, Chen et al. 2008, Chen et al. 2009, Currey 1988a, Currey 1988b, Currey 1990, Currey 2006, Currey et al. 2009, Keller et al. 1990, Kieser et al. 2014, Landete-Castillejos et al. 2007,
MacGregor and Currey 1983, Margaris 2006, Reilly and Burstein 1975 and Shah et al. 2008.
*The study by Kieser et al. 2014 uses the elastic modulus of Keller et al. 1990 for the Homo sapiens femur.

Species

Blob and
Snelgrove
2006
(GPa)

Chen
etal.
2008

Chen
etal.
2009
(GPa)

Currey
1988a
(GPa)

Currey
1988b
(GPa)

Currey
1990
(GPa)

Currey
2006
(GPa)

Currey
etal.
2009
(GPa)

Keller
etal.
1990
(GPa)

Kieser
etal.
2014
(GPa)

Landete-
Castillejos
et al. 2007

(GPa)

MacGregor
and Currey
1983
(GPa)

Margaris
2006
(GPa)

Reilly
and
Burstein
1975
(GPa)

Shah
etal
2008
(GPa)

Alces alces
antler
(hydrated)

11.6

Rangifer
tarandus
antler
(hydrated)

6.41

8.1

8.1

5.68

5.8

Cervus
elaphus
antler
(hydrated)

6.71

7.2

7.2

7.30

5.27

Cervus
elaphus
antler (dry)

17.50

13.55

Cervus
elaphus
femur
(hydrated)

22.39

3.8

Cervus
canadensis
antler (dry)

7.5

7.6

Cervus
canadensis
antler
(hydrated)

6.98

Cervus
canadensis
limb bone
(hydrated)

16.14
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Odocoileus
virginianus
radius
(hydrated)

9.75

Dama dama
radius
(hydrated)

25.5

Dama dama
tibia
(hydrated)

26.84

26.8

26.8

Capreolus
capreolus
femur
(hydrated)

18.4

Equus
caballus
femur
(hydrated)

21.22

24.5

24.5

Ovis aries
metacarpus
(hydrated)

18.95

Ovis aries
femur
(hydrated)

3.8

Homo
sapiens
femur
(hydrated)

16.7

12.1

12.1*

17.4

Bovine femur
(hydrated)

18.49

19.58

26.1

26.1

22.7

Bos taurus
tibia
(hydrated)

17.24
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As table 16 shows, there is considerable variation in the reported elastic moduli of the same skeletal
element from the same species (e.g. Cervus canadensis antler (dry) 7.5 € 7.6 GPa and Cervus
elaphus femur 3.8 < 22.39 GPa). There is also an unexpectedly large intraspecies differences
between different skeletal elements. The difference between the elastic moduli of Ovis aries femur
and metacarpus is similar to the maximum observed interspecies variation in elastic modulus.
However, the large differences between the elastic moduli reported in Kieser et al. 2014 and the
other studies in table 16 raise doubts on the extent to which the values reported in different studies
can be compared. Moreover, Kieser et al. 2014 report an elastic modulus for Cervus elaphus and Ovis
aries femur much lower than that of Rangifer tarandus and Cervus elaphus antler. Bone elastic
moduli lower than antler elastic moduli are suspect, because of the functional difference between
bone and antler. Antler needs to be able to withstand huge impacts experienced during fighting
between deer (Currey 2006, 124-125).

Due to these issues, the shock absorption of a skeletal element of a species will only be ranked

relative to other skeletal elements reported within the same study.

Due to lack of available data on elastic moduli of Cervus elaphus or Alces alces bone, it is not possible
to conclude that deer bone would have provided more durable or less durable projectile points than
bones of other species. Although Currey et al. 2009 provides an elastic modulus for a Cervus elaphus
femur, no bones of other animals are reported in the same study. The Cervus elaphus antler however
is considerably more shock resistant than bone and an antler point would likely be more durable
(Currey 2006, 130).

Interestingly enough antler points have been found as well on the Dutch shores of the North Sea.
Two earlier studies report that based on morphology 13.8% (N=389) (Spithoven 2015, 48) and 25%
(N=165) (Verhart 1988, 161) of the found North Sea points are made of antler (Spithoven 2015, 48;
Verhart 1988, 161). The rest is made of bone. As mentioned in section 2.4 one of the specimens was
identified as antler (P5) by Dick Mol on basis of its morphology. ZooMS analysis identified P5 as
Cervus elaphus or Alces alces (tab. 5). Since only one out of the seven Cervus elaphus or Alces alces

identifications is made of antler it seems that there was no selection for antler.

The elastic modulus of the Homo sapiens femur is reported in the same study (Currey 2006, 130)
alongside the elastic moduli of antler, Dama dama tibia, Equus caballus and bovine femora. Since the
points P3 and P29 (Appendix B) are too large to be made from human metapodia there is a chance
that they were made of a long bone. Table 16 shows that the human femur is actually more shock

absorbent than either Equus caballus, Dama dama and bovine femora.
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5.4 Influence of external factors on membrane box collagen extraction

Although tables 12, 13 and 14 revealed no significant difference in success rates of the sampling
protocols between the Chatelperronian dataset from Quincay and the Mesolithic dataset from the
North Sea, this is no proof that both datasets have the same quality of collagen preserved. There are
several reasons why possible differences between the two datasets have to be taken into account.
First of all, the burial conditions of both datasets are widely different. The Quingay dataset was found
in a cave, whereas the North Sea points were recently washed ashore. Secondly, there is a significant
age difference between the two datasets. The Quingay material dates to the Chatelperronian, while
the North Sea points are Mesolithic. Thirdly, the Quin¢ay and North Sea material have not been in

membrane boxes for the same amount of time.

5.4.1 Influence of burial conditions

The burial conditions of the material from Quincay and the North Sea are very different, which could
have caused a difference in results. Salt in the seawater may have reduced the charging capacity of
the North Sea bone points (Welker 2019, personal communication). In solution salt splits in its two
ions: Na* and CI". These ions bind to polarised sites on the collagen molecule, reducing its overall
charge. However, usually the salt ions recrystallize again when the solution evaporates. Since the
bone points had been dry for at least months it is possible that the salt ions have recrystallized
instead of remaining attached to the collagen molecule. Besides, the collectors reported to have
desalinated their artefacts, possibly removing the influence of salt. There was one destructively
sampled North Sea point (P30), which could not be identified. It seems likely that this is due to lack of
collagen.

Although all destructively sampled Quingay samples could be identified, this difference between the
Quincay and North Sea dataset cannot be interpreted as a result of better burial conditions at
Quincay. The sample size is too small. Previous ZooMS analysis performed on bones from the
Chatelperronian layers at Quingay reported that 92.3% of the samples could be identified to family,
genus or species level using destructive sampling protocols (Welker et al. 2017b, 19). If the 92.3%
success rate is used to predict the success rate of all destructively sampled artefacts in this thesis,
then one would expect to obtain 6 (5.54) identifiable spectra from the Quingay material and 9 (9.23)
identifiable spectra from the North Sea dataset.

These predictions seem to match with the observed success rates. If a binomial distribution for the
success of the identification is assumed, where the chance to successfully identify an artefact is
92,3%, then 6 successful identifications out of 6 artefacts, yield an exceedance probability of

p=0.618. 9 successful identifications out of 10 gives an exceedance probability of p=0.551. In both
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cases it cannot be proven that there is a significant difference between the observed and assumed
success rate, but one should be careful concluding that the burial conditions for Quingay and the

North Sea are equivalent. Such a claim requires a larger sample size.

5.4.2 Influence of the age of artefacts on collagen quality

The difference in age between the datasets could also have had impact on the success rates. The
North Sea bone points are over 30 000 years younger than the Quincay material. Therefore it is
expected that the North Sea bone points would have less degraded collagen. However, it may be that
the difference in collagen preservation is not large enough to affect the ZooMS analysis. There are
many instances, in which ZooMS has been successfully applied to samples much older than the
artefacts used in this research (Welker et al. 20173, 4). In fact there have been cases in which
collagen from the Late Pleistocene was not significantly different from modern collagen (Buckley and
Collins 2011, 3).

As the destructive methods yielded good quality collagen for both the Quincay as the North Sea
artefacts, it seems that the issue lies with the quantity rather than quality of collagen extracted by

the membrane box protocol.

5.4.3 Influence of membrane box storage time on collagen extraction

The Quingay material had been in the membrane boxes since 2007, while the North Sea material only
spent 12 days inside membrane boxes. Yet the results in table 12 provide no indication that the time
the artefacts spent inside the membrane box influences the extraction of collagen. If the time in the
membrane box mattered, the Quingay dataset should have shown a larger identification rate for the
membrane boxes than the North Sea points. There are experiments that show that time required for
maximal charge generation by contact electrification varies from 2 seconds to 15 min (Baytekin et al.
2011, 310, Lowell and Rose-Innes 1980, 962). Other scholars argue that time of contact is much less
important (Horn and Smith 1992, 363). In any case the time the artefacts spent in the membrane
boxes should have been enough to generate the maximum charge of contact electrification (Lowell

and Rose-lnnes 1980, 962).
Although it is not possible to discount storage time and environmental conditions as factors

influencing the success rate, the data show that it is unlikely that environmental conditions are the

dominant factor determining the identification rate.
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5.5 Protocol success rates

The results show a clear difference in success rates of the collagen sampling protocols (Tables 12, 13
and 14). The cold acid and AmBic protocol performed well for both datasets, with success rates 100%
for Quingcay and and 90% for the North Sea points, respectively. There was only one instance, in
which both destructive protocols failed, P30. In all other cases the mass spectra contained distinct

peaks for all biomarkers (Appendix D).

In contrast to the destructive sampling protocols the identification rate of the non-destructive
membrane box protocol is very low (table 12). For Quingay the success rate was 3.8%, while for the
North Sea bone points it was 20%. Because the protocols are identical once the samples are
transferred onto the storage plate, the explanation for the low success rate of the membrane box
protocol must be sought before that moment in the protocol (Methods 3.6).
There are two possible explanations:
1. either the contact adhesive forces between bone and membrane were too weak to trap
bone particles on the membrane,
or
2. the adhesive forces were stronger than the desorption of bone from the membrane by

heated ammonium bicarbonate buffer.

The same reasoning applies to the plastic bag protocol, which did not yield enough collagen for an
identification. A value judgement on the plastic bag protocol cannot be given on basis of a single
experiment.

The results of the membrane box protocol indicate that the protocol is sound in principle, but lacking
in application. One possibility to improve the success rate of the membrane box protocol is to
increase the adhesion of the collagen onto the membrane. As the main force contributing to the
adhesion between solid bodies is electrostatic attraction induced by contact electrification (Derjaguin
1994, 223), ways to increase the electrostatic forces must be considered.

Although it is possible that the adhesive forces were too strong, rather than too weak, this is
extremely unlikely. Static electricity is practically nullified by moisture (Visser 1995, 182). Since a
drop of ammonium bicarbonate buffer has been dragged over the surface of the membrane,

electrostatic adhesion should have been eliminated or severely reduced (lzadi and Zandieh 2017, 28).
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5.6 Toward improving electrostatic sampling by contact electrification

The recommendations to improve the non-destructive collagen sampling protocol in this thesis will
focus on the membrane box protocol instead of the plastic bag protocol. There are three main
reasons for this.

1. The static electric charge that must be enhanced, can be generated by contact electrification
or by friction (section 1.2). Friction is considered the main mechanism for creating a
electrostatic charge in the plastic bag protocol, but contact electrification contributes to the
charge as well. Contact electrification is also responsible for generating the electrostatic
charge in the membrane box protocol. Thus by enhancing the charge generated by contact
electrification both the membrane box and plastic bag protocol will improve.

2. Friction increase is not without risk. In the current protocol it is assumed that the friction an
artefact endures over time, whilst gently being move around in a plastic bag, is sufficient to
extract collagen. This level of friction is harmless to the microwear and general structure of
the artefact. Applying increased friction risks to damage the artefact or obscure any
microwear and should therefore be avoided.

3. One of the main strengths of the plastic bag protocol was its accessibility. It can be done
using common plastic bags, in which artefacts are often already stored. Suggestions to
change the material or the form of the plastic bag would eliminate the protocol’s
accessibility. The recommendations made in this thesis do involve the contact material and
its form.

The magnitude of contact electrification is dependent on the charged area, surface charge density,
separation distance, charge penetration depth, the atmospheric conditions, material properties (lzadi

and Zandieh 2017, 7) and repeated contact (Lowell and Rose-Innes 1980, 965).

5.6.1 Charged area

Since all surfaces have a certain degree of roughness, the area of intimate contact is not equal to the
area of contact visible with the naked eye. It can be assumed that the charged area is of the same
order of magnitude as the apparent area of contact (Lowell and Rose-Innes 1980, 953). The intimate
contact area can be increased by either exerting pressure on the materials (Lowell and Rose-Innes
1980, 954) or by increasing the roughness of the surface (Chen et al. 2018, 4). A surface with features
on both the nano and micro scaled was observed to provide the largest electrostatic charge (Chen et

al. 2018, 6).

62



5.6.2 Separation distance

As not the entire area of visible contact is actually in intimate contact, the rest of the artefact’s
surface is separated from the membrane by a certain distance. The influence of the separation
distance on the electrostatic charge is complex. The two main forces involved in contact
electrification, the electrostatic adhesion force and the intermolecular Van der Waals forces, both
vary non-linearly with separation distance.

The electrostatic adhesion force increases when the distance between the artefact and the
membrane decreases (lzadi and Zandieh 2017, 7). However, increased separation distance can also
lead to increased electrostatic adhesion when the dielectric constant of the medium that separates
the objects decreases; for instance when the gap between the artefact and the membrane is filled by
air molecules (lzadi and Zandieh 2017, 27).

The Van der Waals force component of adhesion decreases rapidly as the separation distance
increases. However, at extremely short distances, the Van der Waals attractive force actually
becomes repulsive.

Due to this trade-off between the electrostatic and the Van der Waals forces component of
adhesion, it seems that a separation distance between 5 and 20 nm provides the largest electrostatic

charge (Izadi and Zandieh 2017, 22-27).

5.6.3 Surface charge density

The charge density is dependent on material properties and thickness of the membrane (Zhou et al.
2014, 1571). Charge density can be manipulated under the influence of an electric field. Electrical
fields are commonly employed in toner printers in order to cause particles to adhere to a surface
(Hays and Sheflin 2005, 688). A negative electric field enhances the charge density of a negatively
charged material and vice versa (Zhou et al. 2014, 1570) by polarising the material if it is an insulator,
such as bone (Ruffato et al. 2014, 2). Experiments show that collagen is charged slightly more
positive than glass (Mesquida et al. 2018, 2). A negatively charged field would therefore increase the

charge difference between the artefact and the membrane, increasing the electrostatic forces.

5.6.4 Charge penetration depth

The deeper the charge penetrates a material, the more the charge is spread over a larger volume. A
smaller charge penetration depth means a larger portion of the charge is conserved at the surface.
Therefore the smaller the charge penetration depth, the larger the electrostatic forces (lzadi and
Zandieh 2017, 7). Charges reach a higher penetration depth in conductive materials and friction also

increases penetration depth (lzadi and Zandieh 2017, 23).
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However experiments have measured that sometimes an enhancement of the electrostatic forces
comes paired with an increased charge penetration depth. This can be explained by the fact that if a
larger volume of an object is affected by the electric charge, more molecules will be able to

participate in electron transfer (Izadi and Zandieh 2017, 23).

5.6.5 Atmospheric conditions

In humid conditions electrostatic forces are reduced or completely eliminated (Matsusaka et al.
2010, 5787; Visser 1995, 183). Under normal atmospheric pressure the air can become ionised by the
contact electrification induced charge. The ionised air particles reduce the charge of the dielectric. It
must be stressed that the ionisation of air is a possibility and not a certainty (Lowell and Rose-Innes
1980, 955). Both the influence of humidity and the ionisation of air particles can be prevented by

worked in a vacuum of a strength around 1073 torr (Lowell and Rose-Innes 1980, 955).

5.6.6 Material properties

Lastly, the choice of material significantly influences the generated charge. The polymers able to
generate the largest charge upon contact, are fluoropolymers (Izadi and Penlidis 2013, 590). The
main reason these polymers are able to generate such a large charge is, because they contain a
carbon atom with dangling bond (Matsusaka et al. 2010, 5785). There are rankings called
triboelectric series?, which show what materials are able to generate larger contact electrification
charges. It is not the absolute position of a material on this series that matters, but its position
relative to the material it contacts. A material is negatively charged, if it contacts a material placed
higher on the triboelectric series (Galembeck et al. 2014, 64283) and the larger the difference
between two materials on the triboelectric series, the greater the generated charge (tab. 17). As
collagen is quite positively charged (section 5.6.3) (Mesquida et al. 2018, 2), the membrane needs to
consist of a material at the bottom of a triboelectric series. The membranes in the membrane boxes
were composed of polyurethane, which is already quite low on the triboelectric series (tab. 17) (Diaz
and Felix-Navarro 2004, 282). Polymers that are ranked lower on the triboelectric series are
polyethylene, polypropylene and polytetrafluoroethylene (Teflon) (Diaz and Felix-Navarro 2004,
282). Replacing the membrane with one of the aforementioned polymers would increase the

electrostatic forces.

1 Although in section 1.2 it is written that triboelectricity and contact electrification are fundamentally
different, the concept of the triboelectric series was coined before the distinction between contact
electrification and triboelectricity was made. Thus a triboelectric series can be applied both for triboelectrically
induced and contact electrification induced charges.
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Table 17: Shortened triboelectric series, after Diaz and Felix-Navarro 2004,

282.

Charge Material

Positively charged Collagen
Glass
Nylon
Cotton
Polyester

Polyurethane
Polyethylene
Polyvinyl chloride (PVC)

Negatively charged Polytetrafluoroethylene (Teflon)

5.6.7 Repeated contact

Apart from the aforementioned characteristics there is another way to increase the generated
charge and the amount of transferred material. Repeatedly contacting the membrane at the same
place with an artefact will increase the generated charge (Lowell and Rose-Innes 1980, 965). The fact
that an increase in charge penetration depth was recorded after repeated contact also suggests an
increase in electrostatic forces (Izadi and Zandieh 2017, 23). Although it would be difficult to place
the artefact back on the precise same spot on the membrane, this will likely not matter. Even if the
artefact touches the membrane on different spots an electrostatic charge will still be generated and

material transfer will still occur.

5.7 Suggestions for revising the membrane box protocol

In the previous sections several options to increase electrostatic adhesion are mentioned. Some of
these are more easy to incorporate into the existing protocol than others. At the moment there is no
way to predict and quantify to what extent the suggested changes will improve the existing
membrane box protocol. The revised protocol below differs in multiple aspects from the original
membrane box protocol, but it would be good practice to also test single aspects in order to
determine what factors are dominant in generating the electrostatic charge. Apart from advancing
the understanding of static electricity in general, it might also allow ‘streamlining’ of the protocol.
For example the introduction of an electric field might be practically difficult. Should experiments

show that an electric field contributes less to the generated electrostatic forces than the use of
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polyethylene as contact material, then a researcher could decide to not employ an electric field, but

instead to analyse more samples.

5.7.1. Suggestion 1: Changing the material

The first suggestion is to exchange the polyurethane membranes for either Teflon or polyethylene.
Teflon would be preferable, as it is ranked lowest on the triboelectric series (Diaz and Felix-Navarro
2004, 282). However polyethylene might be more accessible than Teflon, as its applications amongst
others include common plastic food wrap (Albert Heijn cling foil). The latter would also be low-cost,

and easily accessible.

5.7.2 Suggestion 2: Controlling laboratory conditions

Secondly, the experiment should take place in a humidity controlled environment. Although a
vacuum is advised in section 5.6.5, this might not be feasible. It is advised to take precautions to
ensure an environment as dry as possible. Before placing the artefact on the membrane the charge
of the membrane can be enhanced by rubbing it with a negatively charged roller (Izadi 2019,

personal communication).

5.7.3 Suggestion 3: Repeated contact

Lastly, membrane-bone contact should be broken and re-established multiple times by opening and
closing the membrane box. The duration of contact and number of times establishing contact
suggested here are mainly arbitrary. This suggestion should be experimentally calibrated, especially
since the conflicting data on the time needed to establish maximum charge (section 5.4.3), (Baytekin

et al. 2011, 310; Lowell and Rose-Innes 1980, 962).

5.7.4 Additional suggestions
The following two suggestions might not be feasible to implement on a large scale.

1. Surface features on both the micro and nano level would greatly increase electrostatic
adhesion (Chen et al. 2018, 6). Ideally, a membrane with nano and micro level features
should be used.

2. On each side of the membrane box a negatively charged electrode could be placed. The
electrodes will bring the entire membrane box under the influence of a negative electric
field, which will enhance the membranes’ charge density. Since most scholars in the field of
electrostatic adhesion do not work on the sampling of biomolecules the literature does not

give clear recommendations regarding the characteristics of the electric field. One study,
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which applied an electric field in order to increase electrostatic adhesion, used a voltage
potential of 2-4 kV (Ruffato et al. 2014, 3). Another research found that 5 V was enough to
enhance electrostatic adhesion (Zhou et al. 2014, 1570). The use of a high voltage electrical
field requires safety measures. The field strength required to manipulate the electrostatic
forces depends on the thickness of the material. The research applying a 5 V field used a film

with a thickness of 2.4 um (Zhou et al. 2014, 1570).

5.8 Alternative non-destructive sampling methods

Apart from the aforementioned electrostatic sampling protocols, a recent study showed that protein
can also be sampled non-destructively using Cs resins (Manfredi et al. 2017, 3311). The study used a
film composed of 70% cation/anion exchange resins and Cs resins and 30% ethyl-vinyl acetate. The
principle of these resins is that proteins will bind to the resins (Manfredi et al. 2017, 3311). The
method was tested on replica canvas, wood paintings and frescos and 16" century Italian frescos
(Manfredi et al. 2017, 3313). A strip of the resin — ethyl-vinyl acetate film was moisturised with
ultrapure water and placed on the target surface for 30 minutes. Ammonium acetate was used to
elute the protein from the film strip. Afterwards the proteins were denatured using trifluoroethanol,
alkylated with dithiothreitol and analysed with LC-MS (Manfredi et al. 2017, 3313). Using this method
it was possible to extract the proteins beta-casein, alpha-S1-casein and kappa-casein from the 16
century frescos (Manfredi et al. 2017, 3315)., The resin — ethyl-vinyl film also succeeded in capturing
collagen from the replica canvases, wood paintings and frescos (Manfredi et al. 2017, 3314).
Additionally it was shown that the resin — ethyl-vinyl film did not leave any traces or residue on the

target surface (Manfredi et al. 2017, 3316).

The fact that this method succeeded in sampling collagen non-destructively is worthy of interest.
However, for archaeological applications it is worrisome that collagen was found in the replica
frescos, but not in the 16™ century frescos. It may be that this is because the 16™ century frescos
used a different binding agent than the replica frescos. Based on the presence of the casein protein it
was suggested that a mixture of milk and albumin was used as binding agent for the 16 century
frescos, while rabbit skin glue was used for the replicas (Manfredi et al. 2017, 3311-3315). In that
case the 16™ century frescos would not have contained any collagen, explaining the discrepancy

between the results of the frescos and historical frescos.
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6 Conclusion

The primary aim of this research was to test the applicability of the membrane box protocol as a non-

destructive alternative for the current destructive collagen sampling ZooMS protocols. The sub-

guestions were meant to help defining the criteria for a suitable alternative.

1) What is the success rate of the membrane box protocol?

2) Are the identifications made with the membrane box protocol as precise as the identifications
obtained from the destructive protocols?

3) Does the time the artefacts have been inside the membrane box affect the success rate of the
membrane box identification?

4) Is the membrane box protocol applicable to artefacts with various taphonomic histories and
chemical compositions?
a) Is there a difference in success rate between the Quin¢ay and Mesolithic North Sea material?
b) Is there a difference in success rate between dentine and bone samples?

As a secondary objective the ZooMs identification of the artefacts presented in this thesis enabled

study of the species selection patterns of the tools from Quincay and the Mesolithic North Sea bone

points.

6.1 Membrane box protocol a suitable alternative?

With regards to the first sub-question, the success rate of the membrane box protocol was in 8.1%
(3/37). For the Quingay possible bone tools the success rate was 3.8% and for the North Sea bone
points a success rate of 20% was achieved. Despite the seemingly large difference in success rate in
the two datasets, the difference is not statistically significant (tab. 12) according to Fisher’s test
(p=0.17). A success rate of at least 50% is deemed necessary for a suitable sampling protocol, see

section 1.6.

The second criterion for a suitable alternative is the precision of its identifications. In two out (Q15
and P7) of the three cases (Q15, P6 and P7) that the membrane box protocol did extract enough
collagen for identification, the identification was less precise than the identification of the same

artefact obtained with the cold acid and AmBic protocol (tabs. 4 and 5).

There are large differences in the age, burial conditions and the time the artefacts spent inside the
membrane box between the Quincay and North Sea artefacts. Of these the time spent inside the
membrane box can be directly controlled and is thought to have the least impact on the amount of

collagen extracted (section 5.4.3).
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As no significant difference was observed between the Quingay and North Sea dataset (tab. 12) it can
be concluded that the membrane box protocol is applicable to artefacts with various taphomonic
histories and that neither age, burial conditions nor time was the dominant factor determining the

success rate of the membrane box protocol.

Some tools from Quincay were suspected to be ivory. It was intended to test if the ivory artefacts
provided similar success rates as the bone tools. The structural differences between the collagenous
materials might influence the generated electrostatic charge and thus the membrane box protocol’s
success rate. However, because only one of the Quingay possible tools was identified with the

membrane box protocol there is not enough data to answer this question.

It seems that the membrane box protocol is not yet a suitable alternative to the current destructive
ZooMS sampling protocols. The success rate of the membrane box protocol is much lower than that
of the destructive cold acid and AmBic protocols ( tabs. 12, 13 and 14). The cold acid and AmBic
protocol are able to offer a certain level of assurance that, if collagen is preserved in the artefact, a
ZooMS identification will be possible. The membrane box protocol is not able to offer such an
assurance.

However, it must be stressed that the membrane box protocol does extract sufficient collagen for
identification in some cases, indicating that it is possible to extract collagen using electrostatic
adhesion. Although the non-destructive methods might not be able to reach the success rates of the
destructive protocols, they can undoubtedly be significantly improved. Specific suggestions to

improve electrostatic sampling of collagen are made.

6.2 Species selection patterns of the Mesolithic North Sea points

The identifications of the bone projectile points from Mesolithic Doggerland do indicate certain
patterns of selection for the raw material. This thesis was not able to explain the selection for Cervus
elaphus or Alces alces bone from either a functional or a availability point of view. At the moment a
comparative overview of the work to fracture or elastic moduli of various skeletal elements
(primarily metapodia) of the species present in Mesolithic Doggerland is required in order to test if
the selected species were biomechanically most suited for projectile points.

Apart from a selection for Cervus elaphus or Alces alces this research has also revealed the use of
human bone for projectile points by the Mesolithic people of Doggerland. Tools made of human

bone are rare and often singular finds. Although the two finds are insufficient evidence to interpret
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the human working of bone as a custom, they raise the possibility and warrant further research into

the North Sea bone points.

6.3 Further research

The results of this research indicate several promising directions for further research. First of all, the
revised protocol as written in section 5.7 might be a first step in improving the success rate of the
membrane protocol. The Quingay dataset used in this research would be ideal for testing future
versions of the membrane box protocol. Since the protocol is non-destructive the artefacts are not

damaged and the number of variables in future experiments would be minimalised.

Secondly, it must be stressed that electrostatic sampling is very much an interdisciplinary subject. Its
advance could be accelerated by establishing cooperation with scholars from other fields, like
physics. The scholarly debate in the field of electrostatics deals with the same topics as
archaeological research like this thesis, namely: how to control contact electrification induced
charges. Yet the intended applications and models designed in electrostatics do not match well with
what is required for archaeological research. The same scenario applies to the study of the
biomechanics of bone. Medical researchers have the tools and the knowledge to provide the answer
to archaeological questions. However, because the clinical relevance of such research is often

unclear, it is not done. The result is insufficient data to answer archaeological questions.

Apart from improving the membrane box protocol it would be useful to develop the application of a

resin — ethyl-vinyl acetate film, following Manfredi et al. 2017, to archaeological bone.

Should the success rate of the membrane box protocol indeed be improved, then more North Sea
bone points should be sampled in order to test if the pattern observed in this thesis holds true. If
indeed 20% of the bone points is produced from human bone, this would be a most rare example of

the systemic working of human bone for tool production.

In section 5.3 there was a discourse on the possibility that selection for availability or function might
explain the pattern of species identifications observed in the bone points. As it was not the primary
aim of this thesis the discussion focused only on some aspects of selection for availability or
functionality. Experiments measuring the work to fracture of skeletal elements of animals present in
Mesolithic Doggerland are also suggested as further research. Such experiments would allow testing

of the hypothesis that raw material of the Mesolithic North Sea bone points was selected for its
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durability. Other explanations of the observed selection should also be investigated. Do the used
species reflect the most commonly hunted species or were they the most available in the landscape?
Is there a difference in used species between different find locations? The availability of species was
touched upon briefly, but only eight sites were discussed. A more extensive overview is required to
truly test this hypothesis. Possible variation in the selection pattern through time must also be
considered. In fact at the time of writing, a project by the RCE and the Centre for Isotope Research of
Groningen University is working on a project to C'* date North Sea bone points from the Dutch

shores, amongst which the ten points used in this research.
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7 Abstract

In this thesis the membrane box protocol, a new non-destructive electrostatic collagen sampling
protocol for ZooMS (Zooarchaeology by Mass Spectrometry), is compared for the first time to the
destructive cold acid and ammonium bicarbonate buffer sampling protocols. The new sampling
protocol employs electrostatic adhesive forces, generated by contact electrification between a
polyurethane membrane and an osseous artefact, to extract miniscule amounts of collagen from the
artefact onto the membrane.

The membrane box, cold acid and AmBic protocols were applied to 6 morphologically identified bone
and dentine fragments from the Chatelperronian layers of Quingay, France, and 10 Mesolithic bone
and antler projectile points found on the Dutch shores of the North Sea. Moreover, the membrane
box protocol was applied on 21 possible Chatelperronian bone and ivory tools from Quingay.

The success rate of the membrane box protocol appeared to be low (Quingay: 3.7%, North Sea: 20%)
compared to the cold acid (Quingay: 100%, North Sea: 90%) and the AmBic protocol (Quingay: 100%,
North Sea: 90%). These results show the possibility to non-destructively extract collagen using
electrostatic adhesion, but also indicate the need for improvement of the membrane box protocol.
Literary analysis of electrostatic adhesion yielded several opportunities for improvement of the
membrane box protocol. Of which the most easy implementable are: replacement of the
polyurethane membrane by a polyethylene or polytetrafluoroethylene (Teflon) membrane, limitation
of atmospheric humidity, enhancement of the membrane’s electrostatic charge by applying friction
and repeated contact between artefact and membrane.

Of the 10 Mesolithic North Sea bone points 7 were identified as Cervus elaphus or Alces alces. Two
other bone points were identified as Homo sapiens. These two Mesolithic bone points form a rare
example of the production of formal tools from human bone. The 7 Cervus elaphus or Alces alces
bone points hint at selection for Cervus elaphus or Alces alces bone for projectile point production.
Further research is required to test the suggestions for improvement of the membrane box protocol
and to test the pattern of selection for Cervus elaphus/Alces alces and Homo sapiens bone for

projectile point production.
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Appendix A: Archaeological context
A.1 Quingay

Quincay is a limestone cave near Poitiers, in western France. It was excavated by Francois Lévéque
from 1968 to 1990. The cave can be divided into two parts, a front area with numerous limestone
blocks, and the back, which lacks large limestone blocks (fig. 21) (Lévéque 1997, 5). In the front area
the names of stratigraphical units start with E, while the stratigraphic units start with an S in the back

area (Welker et al. 2017b, 16). The back area was the focus of the 1968-1990 excavation (Lévéque et
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Figure 21 Excavation plan of Quingay (Roussel and Soressi 2010, 205).
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al. 1997, 5). Lévéque described four main archaeological layers in the front part of the site: Ej, Em, En
and Eg (from top to bottom) (Lévéque 1979, 25-26). Each front layer is linked with a posterior layer:
Ejis linked to Sj, Em to Sm, Sfs and Sj, En to Sfi and Eg to Sg. Layers Ej, Em and En are attributed to
the Chatelperronian (Lévéque 1979, 25), while Eg has been attributed to the Mousterian of the
Acheulean Tradition (Roussel and Soressi 2010, 217). Some Mesolithic and Neolithic artefacts were
found on the surface of the cave as well, but these periods do not constitute a separate layer
(Lévéque 1997, 5). The layers Em and En contain the most artefacts. Compared to each other, Em
contains more retouched tools, while En contains more flakes (Lévéque 1979, 25). The fact that most
retouched tools were found in Em most likely correlates with the fact that the possible bone tools

predominantly originate from Em.

A.2 The Chatelperronian

To put the species interpretation of the Quingay artefacts in perspective it is important to
understand their context, including the associated culture. All the Quincay artefacts come from the
Chatelperronian, which is a culture from southwest France dated to 41-38 ka (J6ris and Street 2008,
782-789). The dating of the Chatelperronian is controversial because of unreliability in the *C dates
(Ruebens et al. 2015, 77).

The Chatelperronian is considered to be one of the transitional industries. The transitional industries
are thought to represent the technological transition from the Middle Palaeolithic to the Upper
Palaeolithic. The Chatelperronian does not constitute a distinct time period on a continental scale.
Both Middle Palaeolithic (Mousterian) and Upper Palaeolithic (Proto-Aurignacian) sites are
contemporary to Chatelperronian sites. However, on a local scale the three are distinct (Ruebens et
al. 2015, 79). The change from Middle to Upper Palaeolithic is often equated with a transition from
Neanderthals to AMH (Anatomically Modern Humans) in Europe (Lahr and Foley 1998, 157). The
Chatelperronian seems to dispute this association. The Chatelperronian features characteristics of
Upper Palaeolithic industries (Hublin 2015, 200; Higham et al. 2010, 20234). Yet technological
analysis (Ruebens et al. 2015, 76), stratigraphical analysis (Welker et al. 2016, 11166; Zilhao et al.
2006, 12648) and the hominin remains found in Chatelperronian layers (Hublin 2015, 201; Welker et
al. 2017b, 25) all indicate an association between the Chatelperronian and Neanderthals.

The authorship of the Chatelperronian is relevant for the interpretation of the species identification
by ZooMS for several reasons. First of all formal bone tools have often been referred to as a hallmark
of modern behaviour (d’Errico et al. 2012, 59). If the ZooMS analysis shows that there was a clear
selection for certain species in tool production, this would support the view that Neanderthals made

formal bone tools and thus had modern behaviour. Secondly, in order to interpret whether the tools
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were made of the most available species or whether there was selection on other criteria, the diet of
the producers must be known. If it is known, which species produced the tools, then stable isotope
analyses of relevant hominin remains combined with the remains of butchered fauna can be used to
reconstruct their diet.

The Chatelperronian seems to be trapped between two cold phases (Staubwasser et al. 2018, 9116),
which were characterised by lower temperature, increased aridity and a reduction of forests in
favour of steppes (Staubwasser et al. 2018, 9118-9119). This last cold phase seems to have caused a
reduction in hominin activity. At several sites a nearly artefact sterile layer is found above the
Chatelperronian (Staubwasser et al. 2018, 9120).

The faunal remains at Chatelperronian sites provide a hypothesis for what the species distribution of
the Chatelperronian bone tools should be, if there is no selection for particular animals. If the species
distribution of the bone tools differs significantly from the common species distribution at
Chatelperronian sites, it seems likely that there was a selection for certain specific animals. The
macrofauna at many Chatelperronian sites is composed of mainly bovids, reindeer and horses
(Welker et al. 20154, 282), indicating a cold climate (Pasty et al. 2012, 34). The bovids are thought to
be the most commonly hunted species at Chatelperronian sites (Bocherens et al. 2014, 35). However,
there is large variation in Neanderthal diet. For example, late Neanderthals at Goyet, Belgium, seem

to have predominantly eaten mammoths (Wiling et al. 2016, 342).
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A.3 Mesolithic Doggerland

13,000 years ago

S0TW oo

10°00W

Figure 22 Changing size of Doggerland through
time, (Brooks et al. 2011).

«
A\

North Sea

Figure 23 Extent of Doggerland around 10 ka. Red
dot denotes Maasvlakte 2, Moree and Sier 2015,
313.

Doggerland is the name for the parts of the North Sea
that were dry during much of the Pleistocene up to the
Mesolithic (Coles 2000, 393). It is named after the
Dogger Bank, fish rich shallows in the North Sea. At the
end of the Palaeolithic, Doggerland connected the
British Isles to the European mainland and the North
Sea was dry up to the latitude of York, (fig. 22) (Brooks
et al. 2011, appendix). At the beginning of the
Holocene the sea level started to rise, steadily flooding
Doggerland. During the Mesolithic Doggerland still
covered a large part of the south of the North Sea and
connected South England to the Netherlands and
Germany (fig. 23) (Moree and Sier 2015, 313).

It is thought that throughout the flooding of

Doggerland it was occupied by Anatomically Modern

Humans (AMH) (Peeters and Momber 2014, 58-60).
During the Mesolithic there were still only hunter-
gatherers in Europe. The 6N of Mesolithic AMH found
in the North Sea or on the coast of the Netherlands
indicated that the protein in their diet originated from
freshwater animals for the most part (Van der Plicht et

al. 2016, 115).
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Appendix B: Additional information on the analysed artefacts

Lamella
mammoth Protrusion
Ql.1 Sfs | 7M(4-7) | 16| Tooth | molar 42,9 41,6 8,86| 8,80 30,4|CA |Pliers |atthebase
Lamella
mammoth Protrusion
Q1.2 Sfs | 7M(4-7) | 16| Tooth | molar 42,9 41,6 8,86| 8,80|226|B Pliers | at the base
Lamella
mammoth
Ql.3 Sfs | 7M(4-7) | 16| Tooth | molar 42,9 8,86 MB | MB
Molar, Corner of
Q2.1 |2 Em | 3K(4) 19 | Tooth | Cervus sp. 23,6 | 23,3 4,85| 4,79 19,3 | CA | Pliers | the root
Molar, Corner of
Q2.2 |2 |Em |3K(4) 19 | Tooth | Cervus sp. 23,6 23,3 485| 4,79| 154 (B Pliers | the root
Molar,
Q2.3 |2 |Em |3K(4) 19 | Tooth | Cervus sp. 23,6 4,85 MB | MB
Incisor,
Equus caballus Tip of
Q3.1 |4 |Em |5L(8) 19 | Tooth | juvenile 37,6|37,4| 10,24| 10,02 | 14,4 | CA | Pliers | the root
Incisor,
Equus caballus Tip of
Q3.2 |4 |Em |5L(8) 19 | Tooth | juvenile 37,6|37,4| 10,24| 10,02 |21,8|B Pliers | the root
Incisor,
Equus caballus
Q3.3 |4 |Em |5L(8) 19 | Tooth | juvenile 37,6 10,24 MB | MB
2nd phalange, Edge at
Q4.1 |3 Em | 3L(7) 19 | Bone | Sus sp. 19,6 | 18,2 3,31 3,27 | 18,6 | CA | Pliers | the base
2nd phalange, Edge at
Q4.2 |3 Em | 3L(7) 19 | Bone | Sus sp. 19,6 | 18,2 3,31| 3,27|145|B Pliers | the base
2nd phalange,
Q4.3 |3 |Em [3L(7) 19 | Bone | Sus sp. 19,6 3,31 MB | MB
Mandible,
Bos sp., Lower
Q6.1 |4 |Sfi |8M(2) 18 | Bone | juvenile 64,2 | 64,2 | 10,45| 10,36 | 23,5 | CA | Pliers | edge
Mandible,
Bos sp., Lower
Q6.2 |4 |Sfi |8M(2) 18 | Bone | juvenile 64,2 | 64,2 | 10,45| 10,36 | 26,1 |B Pliers | edge
Mandible,
Bos sp.,
Q6.3 |4 |Sfj |8M(2) 18 | Bone | juvenile 64,2 | 64,2 | 10,45 | 10,36 MB | MB
Metacarpus,
Bos taurus Protrusion
Q7.1 |3 |Sf |7M(1) 12 | Bone | juvenile 30,11 28,4 7,84 | 7,78| 25|CA |Pliers | atthe base
Metacarpus,
Bos taurus Protrusion
Q7.2 |3 |Sf |7M(1) 12 | Bone | juvenile 30,1 28,4 7,84 7,78|21,5|B Pliers | at the base
Metacarpus,
Bos taurus
Q7.3 |3 |Sf | 7M(1) 12 | Bone | juvenile 30,1 7,84 MB | MB
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Q1o

14

Em (f)

4k
(3)

18

Bone

Most likely bone, either long bone of carnivore
or small to medium size bone of big mammal
(deer, horse). Pointy end on one side and
fracture on other one (proximal?, distal?)
heavy polishing on two surfaces.

Long fracture on other (internal) side.

85

Qi1

10

(piec

nl)

Sfs

8M
(9

20

Bone

Bone(?) fragment, (Awl ?, point ?) Distal end,
Polished on three surfaces, Long fracture on
one

lateral surface, breaking fracture on marginal
end.

43

@<

@<

Qi2

Em Sfs
DIl

4L

Bone

Bone, distal end of a pointy object, squished on
two sides, interesting aspects are the pointy
end,

and the fracture break at the marginal end.
Also,

presence of black points-striations.

50

12

Qi3

Em eff.
DIl

4L

Bone

Bone, most certainly a rib, signs of polishing on
the whole piece. Read note on actual piece for
exact stratigraphic context (note in French)

115

L |mL

L |®Z

Q14

20

Sfj

8N
(7+4+8)

21

Antler?

Antler (?) Distal End (Spear Point?). Fracture at
both ends and lateral side toward the tip, heavy
signs of dark areas (burning?), the internal side
has a concave base, look for signs manufacture
techniques (Splitting?)

80

15

@<

@<

Q15

13

Sps

9N

21

Ivory?

Bone (?) could also be Ivory, Medial part,
Fractures at both ends but different kinds of
fractures: one end is more truncated while
other one is more stepped. Light signs of
parallel striations on longitudinal side,

Signs of manufacture (Splitting)

70

13

@™

[os}

Qle

17

Ej-m
(165-32-51)

3K
4)

17

Bone

Bone (?) Medial fragment of a Point or Awl,
Fractured at both ends, Signs of polishing and
parallel striations on the whole length,
perpendicular cut marks at about half way.

48

@<

@ <Z

Q17

Ej or Em

Bone

Bone, distal end of a pointy object (Point?)
Beautifully shaped, Signs of manufacture show
no splitting but instead heavy
grinding/polishing.

Very interesting fracture on marginal end.

42

Def.
tool

Q18

Sfs

8M
(5)

Bone

Bone, Medial Fragment, Fractured on both
ends,
little black stains (Burning? Dirt?).

30

| mL

< |mZ

Q19

10K
(1)

15

Bone

Bone, (Point?, AwlI?) distal end, Signs of
polishing on the whole length, Small fracture
break on the pointy tip and truncated fracture
on other marginal end, light signs of black stains
(burning? dirt?).

43

® <L

® <L

Q20

15

Dill

4M

Bone

Bone (Looks like a flat bone) Medial Fragment,
signs of polishing and cut marks on longer side,
Fractures on concave side, Broke half way,
Black and Brown stains, NOTE( Os Grave).

75

11

Def.
tool

Q21

Em
(182-95-46)

3K
(6)

19

Bone

Bone fragment, distal end, fairly thick so

maybe large mammal (deer, horse), Very pointy
and heavily polished End (Awl for hide
working?), it seems no signs of manufacture (so
perhaps was just a pointy Bone Fragment) but
then heavily used on one side.

64

10

Def.
tool
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Q22

16

Em

1K
(8)

21

Bone

Bone Fragment, Medial part, fairly thick bone
so maybe large mammal (deer, horse) long
bone,

No clear signs of manufacture and use (like
splitting or polishing) but very interesting
features. First, 8 parallel cut marks on long
side unequally distributed (not regular) and
also Brownish/Red stains (Ochre?)

63

14

o)

o~]

Def.

tool

Q23

Em

5K
(5)

16

Ivory?

Bone(?) lvory(?) Fragment, (Spear Point?)
Distal End, looks like a flat long bone, presence
of Black and Brown stains, Signs of Breaking on
4 parts (Post-depositional)

75

20

® <L

® <L

Def.
tool

Q24

18

Em

3K
(6)

19

Bone

Bone Fragment, Medial part, no signs of
manufacture and light signs of use (polishing).
Also, very interesting parallel striations
(around 12) almost look red in colour

40

Def.
tool

Q25

Em

5K
(3)

17

Bone

Bone Fragment, Distal End, Breaking
fractures on both Ends, Presence of dirt

34

13

@ww<L

@wZL

Q26

11

(piec

n.8)

Sfs

8M
9

20

Bone

Bone Fragment, Medial Part, Most likely a Rib
judging from its shape, Brownish and Red stains
present, light cut marks, light sign of use
(polishing)

52

10

Q27

Em

3K
(6)

19

Bone

Bone Fragment, Medial Part of a relatively small
bone, Possible signs of manufacture (Splitting)
and polishing on one side, (inside small box)

30

10

L |mL

L |®Z

Q28

Em

5L
(5-6)
(190-
56-55)

19

Bone

Bone Fragment, Distal pointy end, (Point?
Awl?),

light parallel to long axis, heavy signs of
manufacture and use (shaping by grinding)
and polishing, Look for breaking fracture on
the tip, plus breaking fracture on other end.

30

® <L

® <L

Def.
tool

Q29

19

Em

3L
(4)
(186-0-
33)

19

Bone

Bone Fragment, Medial Part, Flat bone most
likely Rib of a small mammal, Step fractures at
both ends, little notch on one side near the End,
Multiple Horizontal reddish striation marks,
Breaking fracture perpendicular to long axis
near the End

20

Q30

12

Em

3)
(3)

19

Bone

Bone Fragment, Rectangular shape, Could be
splitted Rib of small mammal, Fractured at both
ends and ventral side

15

w<L |®mL

<< |®mZL

Q31

Em

3K
(6)

20

Bone

Bone Fragment, Pointy shape, very small
(Point?
Awl?) Peculiar fracture on ventral side.

12

Def.
tool
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Q(uingay)X.Y, where the value of the suffix indicates the used protocol

The number of the box from which the control samples were taken.

Stratigraphical layer in which the bone fragment has been found.

The cultural attribution of the bone fragment.
All Quingay samples are thought to be Chatelperronian.

The square according to the site grid, in which the fragment was found.

The depth at which the fragment was found.

Antler Bone Ivory Tooth

Length as measured before sampling.

Length as measured after sampling.

Weight as measured before sampling.

Weight as measured after sampling.

Weight of the sample as measured.

CA B MB PB
(Cold acid) (Ammonium (Membrane box) (Plastic bag)
bicarbonate buffer)

Pliers Membrane box

Comments on where the sample was taken from the bone fragment.

Def. tool = definitely tool
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P1.1 28 1|ZM bone 66,1 66,1 51 51| 17,8 |CA |Scalpel | Scalpel
P1.2 28 1|ZM bone 66,1 66,1 5,1 50( 10,8 |B Pliers Base
P1.3 28 1|ZM bone 66,1 51 MB | MB
Base, the
P3.1 28 3|ZM bone 49,3 44,1 4,0 2,6 17,0 |CA |Scalpel |non barb side
Top of the
P3.2 28 3|ZM bone 49,3 44,1 4,0 2,6 21,0|B Fretsaw | base
P3.3 28 3|ZM bone 49,3 4,0 MB | MB
Cervus
P5.1 86 1|MV2 |antler | elaphus 165,0| 163,0| 16,4| 16,2| 12,0 |CA |Scalpel |Residue
Cervus Split,
P5.2 86 1|{MV2 |antler |elaphus 165,0| 163,0| 16,4| 16,2| 17,7 |B Pliers Top
Cervus
P5.3 86 1| MV2 |antler | elaphus 165,0 16,4 MB | MB Reused MB
Trabecular
P6.1 1000 1| MV2 |bone 132,4| 132,4| 13,2| 13,7| 10,0 |CA |Scalpel |bone
Trabecular
Scalpel, | bone
P6.2 1000 1|{MV2 |bone 132,41 132,4| 13,2 | 13,7 95|B Split at the base
P6.3 1000 1|MV2 |bone 132,4 13,2 MB | MB
P7.1 27 1|ZM bone 139,9| 139,0| 17,4| 17,1| 21,3 |CA |Scalpel |Base
P7.2 27 1|ZM bone 139,9| 139,0| 17,4| 17,1| 14,6|B Split -
P7.3 27 1|ZM bone 139,9 17,4 MB | MB
P28.1 37 4 | HVH bone 92,5 92,0 7,9 7,7| 11,5|CA |Scalpel |Base
P28.2 37 4 | HVH bone 92,5 92,0 7,9 7,7| 11,5|B Split -
P28.3 37 4 | HVH bone 92,5 7,9 MB | MB
Trabecular
P29.1 34 1|{MV1 |bone 63,7 63,0 3,6 3,5| 23,5|CA |Scalpel |bone
P29.2 34 1|{MV1 |bone 63,7 63,0 3,6 3,5| 27,5|B Pliers Base
P29.3 34 1|{MV1 |bone 63,7 3,6 MB | MB
C14,
P30.1 14| 121 |Ro bone 26,8 24,7 0,9 0,9| 15,2 |CA |Scalpel |trabecular
P30.2 14| 121 |Ro bone 26,8 24,7 0,9 09| 16,3|B Split -
P30.3 14| 121 |Ro bone 26,8 0,9 MB | MB
Trabecular
P31.1 30 1| MV2 |bone 79,0 75,4 5,1 49| 445|CA |Scalpel |bone
P31.2 30 1|{MV2 |bone 79,0 75,4 51 49| 15,3|B Split -
P31.3 30 1|{MV2 |bone 79,0 51 MB | MB
P41.1 41 3| MV2 |bone 38,9 38,5| 1,9| 1,9| 28,2|CA |Pliers Base
P41.2 41 3| MV2 |bone 389| 385| 19| 1,9| 27,6|B Pliers Base
P41.3 41 3| MV2 |bone 38,9 1,9 MB | MB
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P(oint)X.Y, where the value of the suffix indicates the used protocol.

The number of the private collector, as listed in the database.

The number of the points, as listed in the database.

M MV2 SGZ HvH Ro
(Zandmotor) | (Maasvlakte 2) ('s Gravenzande) | (Hoek van Holland) | (Rockanje)
All points are thought to be Mesolithic.
Bone | Ivory | Antler
Length as measured or listed in database in mm.
Length measured after sampling in mm.
The weight of the point before sampling as measured or listed in database.
The weight of the point after sampling as measured.
The weight of the sample sampling as measured (mg).
All listed bone points are designated for C14 dating.
CA B MB PB
(Ammonium
(Cold acid) bicarbonate (Membrane box) | (Plastic bag)
buffer)
Split
(Split means that the
sample taken earlier
was split into two Membrane
Pliers Scalpel Fretsaw samples) box

Comments on where on the point the sample was taken.
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Appendix C: Artefact photographs

C.1 Quingay morphologically identified controls, before sampling
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C.2 Quingay possible bone tools
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C.3 Mesolithic North Sea bone points, before sampling
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C.4 Quingay morphologically identified controls, after sampling
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C.5 Mesolithic North Sea bone points, after sampling
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Appendix D: Labelled mass spectra

D.1 Quingay morphologically identified controls
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D.2 Quingay possible bone tools
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D.3 Mesolithic North Sea bone points
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