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ARTICLE INFO ABSTRACT

Keywords: Northern Fennoscandia is a geologically complex region affected by both glacial and postglacial processes.
Hunter-Gatherer Quartzite was a key material type utilized by hunter-gatherers in Northern Sweden around the period 4 000 — 2
Lithics 000 BP, and is thus critical to the understanding of raw material procurement and material flow within the
ZT;’;:;:CE region. However, there is a severe lack of methodological development in the characterization of these materials,
Vibrational spectroscopy and provenance of locally available geological material is complex and fraught with uncertainty. 126 quartz/
Scandinavia quartzite points and preforms were sampled from 47 archaeological sites along the upper Angerman river valley

in Vasterbotten, Sweden. The material has been analysed non-destructively using three separate portable spec-
troscopic instrumentations (Near-infrared, Raman, X-Ray Fluorescence). Evaluation of the spectra and explor-
atory data analysis using Principal Component Analysis demonstrates detectable differences in the material that
likely stem from diagenetic/paragenetic origin. The presence of graphite, muscovite and biotite could likewise
provide information on the material’s metamorphic grade. In addition to reaffirming the potential of field-based
screening instrumentation, these results will benefit future surveys of geological sources in the region. They also
indicate potential for the construction of a predictive model that could classify the quartzite based on its
chemical characteristic. Such a model would prove useful in future spatial analysis and testing of models of raw
material management.

1. Introduction

Petrographic characterization and provenance studies are instru-
mental for inferring trade and exchange among prehistoric societies
(Tykot, 2003). The presence of lithic material foreign to the local region
of an archaeological site, raises important questions on the processes
that resulted in its eventual deposition and discovery. The character-
ization of geological material and identification of geological sources are
the first steps in reconstructing a prehistoric community’s strategies for
raw material selection and management. Flint and obsidian have been
central to studies of trade and exchange in European prehistory, due in
part to the well-surveyed geological sources for these materials (Tykot,
2017). This focus has led to a material bias which has been highlighted
by Prieto et al. (2019: 15). Recent decades, however, have seen an in-
crease in interest for non-flint lithics and raw material studies (Blomme
et al., 2012; Columbu et al., 2023; Dalpra and Pitblado, 2016; Prieto
et al., 2019, 2020, 2021; Ramacciotti et al., 2019, 2022, 2023; Sherman
et al., 2023).
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In Northern Sweden, quartz and quartzite dominate the lithic as-
semblages and have been used in settlement, exchange and mobility
studies (Baudou, 1978). Models have been proposed for raw material
sourcing and trade and exchange for the less common slate and flint
finds within Northern Sweden (Halén, 1994: 115-122; Lundberg, 1997:
161-171). There has, however, been little development in the petro-
graphic characterization and provenance study of quartz and quartzite
(Broadbent, 1979; Callahan et al., 1992; Holm 1991: 23-24; Tallavaara
et al., 2010; Knutsson et al., 2016). A possible reason for this might well
be the complex geological background of the region (Bargel, 2003;
Stroeven et al., 2016; Stephens and Bergman Weihed, 2020). Northern
Sweden is extensively covered by glacial till, and whilst there are
identifiable possible source areas (e.g. small bedrock quarries), there is
an extremely large number of other potential sources of raw materials to
be found in moraine deposits. The few existing theories on lithic mate-
rial sourcing within the North Swedish region describe strategies for
direct procurement from the mountain zone (Forsberg, 1985, 2012).
This does not, however, account for the possibility that the material was
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sourced locally around the site, as part of an embedded adaptation
strategy (Binford, 1979; Rankama et al., 2006: 249-250). A new
approach to provenance studies is therefore required in this region.

Prieto et al. (2019: 15; 2020: 32) note the ambiguous usage of the
term quartzite in archaeology, with it often being used interchangeably
between sedimentary orthoquartzite and metamorphic quartzite. When
defining quartzite, different researchers have emphasised different fea-
tures as being characteristic of the material (Howard, 2005). Visual
characterization with the naked eye is typically unreliable, and micro-
scopic analysis is recommended for the identification of metamorphic
structures. The need for field-based methodologies is, however, stressed
by Howard (2005: 708). Spectroscopic surface measurements are fast
and can be adapted for use in the field. However, artefact collections
(museum, private, etc.) also represent a valuable resource and asset,
with easy access to large potential datasets with a wide geographical
distribution. Destructive analysis on material from these collections,
which are often unique and include sensitive cultural heritage material,
are not always suitable or permitted, and thus there is a clear need for
the development and testing of non-destructive techniques.

In this study, bifacial points and preforms made of quartz and
quartzite have been sampled from the collections at Vasterbottens
Museum in Umed, Sweden (https://samlingar.vbm.se/). Bifacial tech-
nology appears to be introduced to Northern Sweden around 4 000 BP
(Forsberg, 2010), and its appearance represents a period of cultural
change among the hunter-gatherer communities (see Forsberg, 2012).
Moving from a previously semi-sedentary settlement pattern, the inland
population seems to adopt a logistical seasonal mobility strategy, based
along the river valleys (Bergman, 1995; Forsberg, 1985). The previously
characteristic semi-subterranean dwellings fall out of use and are
replaced by mainly open-air settlement sites, which are detected as lithic
scatters in the archaeological record. Other technological changes seem
to occur at around the same time, such as the introduction of asbestos
tempered pottery (Stilborg, 2017) and metallurgy (Hulthén, 1991),
giving further indications of a cultural change among the hunter-
gatherer communities.

The geological complexity of both the region and the material ne-
cessitates new approaches to studies of both raw materials and artefact
distributions. Currently, there is very little available data on the chem-
ical characteristic of quartz and quartzite in this region of Northern
Sweden. Three different spectroscopic techniques have therefore been
applied to the sampled material. X-Ray Fluorescence (XRF) is a well-
established spectroscopic technique for petrographic characterization
(Tykot, 2003; Shackley, 2011a), due to its capability of providing
element compositional data. The use of near-infrared spectroscopy
(NIRS) is similarly well-known, as described by Norris (1996), and there
is a large body of work dedicated to the fingerprinting of geological
materials (e.g. Hunt, 1977; Clark et al., 1990; Linderholm and Geladi,
2014a, b; Sciuto, 2018). Complementary to NIR, Raman spectroscopy
has been applied extensively in both the Cultural Heritage sector, in the
analysis of artwork and manuscripts, and the Earth sciences (Dubessy
et al., 2012). This paper presents an assessment of the potential for these
non-destructive spectroscopy techniques to advance the characteriza-
tion of quartz and quartzite material without the use of references from
known geological sources. More specifically, the paper aims to:

e Assess the potential of multispectral non-destructive analysis of
quartzite using NIRS, Raman and ED-XRF

e Assess the variability, and identify features, in quartzite that may be
of use in its characterization

e Discuss the implications of these methods for developing future
strategies for studying raw material management of quartzite be-
tween 4 000 and 2 000 BP in Northern Sweden

2. Material

This study includes spectroscopic surface measurements collected on
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bifacial points (probable arrowheads and spear points) made of, what
has been classified by archaeologists as, brecciated quartz and quartzite.
The points have been recovered from archaeological sites during exca-
vations and surveys, including stray finds, in Vasterbotten County,
Sweden (Fig. 1, Table 1). The sites are distributed along the Angerman
river valley, from Lake Kultsjon in the north, towards the town of Asele
in the south. The dataset consists of 126 points, point fragments and
preforms stored in the collections at Vasterbottens museum (www.vbm.
se) (see Supplementary Data), analysed using NIRS, Raman scattering
and ED-XRF (Figs. 2-3).

The geographically closest chronology for bifacial points is centred
around southeast Norway (Mjarum, 2012), but a few attempts have
been made for Northern Sweden (Baudou, 1992: 99; Forsberg, 1985: 5;
Forsberg, 1989). The latter suggest a period of use between ca. 3 800 — 2
000 BP (Forsberg, 2010: 129-132). Studies of raw material use at sites
dating to this period seem to indicate an increase in the use of quartzite
when compared to earlier periods (Baudou, 1978).

The dataset includes two main groups of petrographic material, as
classified by archaeologists: quartzite and brecciated quartz (Swe.
“brecciekvarts”) (Fig. 2, Table 1). Geological definitions of quartzite
include characteristics such as the material being exceptionally hard,
predominantly consisting of quartz, and with conchoidal fracturing
(Skolnick, 1965, Howard, 2005, Prieto et al., 2019). A reliable classifi-
cation would thus be based on a combination of chemical and physical
(macroscopic and microscopic) properties. Archaeologists, however,
tend to classify the material in the field on the basis of visual charac-
teristics and perceived hardness. This can lead to considerable ambi-
guity, but in general, a material will be archaeologically classified as
quartzite in Northern Sweden if it is an exceptionally hard, fine-grained,
quartz-rich rock.

This study includes 122 quartzite and 4 brecciated quartz artefacts.
The inclusion of brecciated quartz in the study enables the separation of
quartz from quartzite to be evaluated on the basis of non-destructive
analysis of chemical and structural characteristics. The term brecciated
quartz (also referred to as mylonite quartz) was introduced to archaeol-
ogists in Northern Sweden by the geologist Ahman (1967: 8) in his
analysis of the petrographic material in the Early Norrland project
(Ahman, 1967; Biornstad, 1968). Ahman describes the material as easily
mistaken for an unusually pure quartzite, but where the fragmented
configuration of the quartz can be identified via microscopic analysis.
No detailed information on these microscopic features were mentioned
in his original publication. Brecciated quartz in particular became a
common term used in North Swedish archaeology, and has typically
been used to identify a certain translucent type of fine-grained, quartz-
rich material that functionally behaves similarly to quartzite (e.g. Holm,
1991: 24) (Fig. 2). As the material frequently has been characterized on
the basis of macroscopic characteristics, despite the fundamental fea-
tures necessary for characterization being microscopic, there is value in
including this material as a test group in the study.

3. Methods

All measurements were collected at the Environmental Archaeology
Lab at Ume& University (https://www.umu.se/en/research/infrastruc
ture/mal/). The analysis was conducted in a darkroom in order to
minimize stray light, with the main light sources in the room being 2
computer screens. The sampled material is heterogeneous in colour and
shape (Figs. 2-3) (see Supplementary Data). The artefacts range from
small and flat point fragments, to large and rough preforms. This vari-
ation led to scattering effects and saturation which at times made signal
integration difficult.

For NIR and Raman analyses, each artefact was sampled twice, on
different sides, with additional measurements where sampling was
difficult. When sampling, the probe was positioned in contact with as
flat a surface as possible on the artefact. If the material featured high
heterogeneity, the sample point was focused on the surrounding matrix,
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Fig. 1. Geographical distribution of the sampled sites, with find context, along the river of Angermanalven, Vésterbotten, Sweden. The Late Quaternary reincor-
poration of geological material from the Scandian mountains into the sediments in the forest inlands adds to the complexity of questions of provenance. Geological
symbology after Gee and Stephens, 2020. Made with © Sveriges Geologiska Undersokning, Lantmateriet (CCO), Natural Earth, and Riksantikvarieambetet.

avoiding deviating inclusions (e.g. the dark mineral veins in Fig. 2).

For XRF, the more time-consuming nature of the measurement pro-
cess necessitated only one measurement per object. The representa-
tiveness of the XRF analysis is thus lower, and inferences derived from
the results in this study should be used with caution. The risk of
misinterpretation is, however, somewhat compensated for by the large
size of the dataset, with larger sites including multiple objects that may
come from the same geological source. The results from sites with
smaller assemblages are, however, more liable to be affected by the
limited range of material analysed.

In colour, the artefacts exhibit a mainly black or grey hue, with a
subset of semi-translucent material with a beige tint, with some being
almost fully translucent (Fig. 2). While the colour of the material has
been classified according to the Munsell system (see Supplementary
Data), for visualization purposes they have also been sorted into general
hues: dark (—~N1-N4), light (~N5-N8), white (~N9), and colourless (lack
of colour, opaque to translucent). For heterogeneous objects, the Mun-
sell colour and general hue describes the surrounding matrix.

3.1. Instrumentation and data pre-processing

3.1.1. Near infrared spectroscopy (NIRS)

On the basis of the theory of molecular vibration and excitation
(Hunt, 1977), it is possible to generate overtone vibrations when
exposing a geological material to electromagnetic radiation. These
overtones can be related to certain molecular groups, the hydroxyl (OH)
group being the most common one capable of generating them. In

quartz-based materials this typically relates to molecular water and
metal-OH combinations (Hunt, 1977: 508). Overtones occur at fre-
quencies that are multiples of the infrared vibration, and most of these
end up in the near-infrared region (Osborne et al., 1993).

Diffuse reflectance NIR analysis was conducted with an Analytical
Spectral Device (ASD) LabSpec 4, using a contact probe (spot size: 10
mm). The ASD features a detection range of 350 nm — 2 500 nm, with
spectral sampling of 1.4 nm in the visible and near-infrared range and
1.1 nm in the short-wave infrared range. Spectral resolution is respec-
tively 3 nm in the visible and near-infrared range, and 10 nm in the
short-wave infrared range.

A standardized white reference was used for calibration at 5-minute
intervals. Standard reference analytical grade chemicals (Hydroqui-
none) were used to ensure proper spectral response. Reflectance values
were transformed to absorbance (log (1/R)). The artefacts were
measured against a white reference background and the collected
measurements were then averaged for each artefact. The data was
restricted to the 1 000 nm — 2 500 nm range and mean-centred before
Principal Component Analysis (PCA) modelling (Geladi and Linderholm,
2020).

3.1.2. Raman

Raman spectroscopy shares similarities with NIRS in that they both
can be used to infer molecular structures based on their vibrational
properties within the near-infrared region (Nafie, 2001). By exposing a
molecule to radiation with a monochromatic laser it is possible to induce
a dipole moment in the molecule which generates the Raman effect. The
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Table 1

List of artefact location, material and type.
Sample ID Site Latitude Longitude Parish Material Find context
410 Vilhelmina 1069 65.09 15.18 Vilhelmina Quartzite Survey
400 Vilhelmina 109 64.97 15.37 Vilhelmina Quartzite Stray find
431 Vilhelmina 112 64.93 15.25 Vilhelmina Quartzite Stray find
411 Vilhelmina 1124 65.04 15.06 Vilhelmina Quartzite Survey
417 Vilhelmina 1127 65.05 14.98 Vilhelmina Quartzite Survey
265 Vilhelmina 114 64.97 15.38 Vilhelmina Quartzite Stray find
272 Vilhelmina 114 64.97 15.38 Vilhelmina Quartzite Stray find
241 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
244 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
249 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
258 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
267 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
269 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
377 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
390 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
391 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
393 Vilhelmina 115 64.97 15.39 Vilhelmina Quartzite Stray find
246 Vilhelmina 117 64.97 15.39 Vilhelmina Quartzite Stray find
259 Vilhelmina 117 64.97 15.39 Vilhelmina Quartzite Stray find
262 Vilhelmina 117 64.97 15.39 Vilhelmina Quartzite Stray find
280 Vilhelmina 117 64.97 15.39 Vilhelmina Quartzite Stray find
392 Vilhelmina 117 64.97 15.39 Vilhelmina Quartzite Stray find
245 Vilhelmina 118 64.97 15.41 Vilhelmina Quartzite Stray find
255 Vilhelmina 118 64.97 15.41 Vilhelmina Quartzite Stray find
260 Vilhelmina 118 64.97 15.41 Vilhelmina Quartzite Stray find
261 Vilhelmina 118 64.97 15.41 Vilhelmina Quartzite Stray find
217 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
229 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
231 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
232 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
233 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
234 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
236 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
237 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
238 Vilhelmina 1254 64.68 16.48 Vilhelmina Quartzite Survey
405 Vilhelmina 216 64.68 16.29 Vilhelmina Quartzite Survey
268 Vilhelmina 235 64.70 16.38 Vilhelmina Quartzite Excavation
195 Vilhelmina 240 64.69 16.40 Vilhelmina Brecciated quartz Stray find
235 Vilhelmina 240 64.69 16.40 Vilhelmina Quartzite Stray find
406 Vilhelmina 245 64.69 16.41 Vilhelmina Quartzite Survey
283 Vilhelmina 252 64.64 16.36 Vilhelmina Quartzite Stray find
284 Vilhelmina 252 64.64 16.36 Vilhelmina Quartzite Stray find
282 Vilhelmina 263 64.68 16.48 Vilhelmina Quartzite Stray find
430 Vilhelmina 335 64.44 16.80 Vilhelmina Quartzite Survey
251 Vilhelmina 356 64.67 16.51 Vilhelmina Quartzite Stray find
253 Vilhelmina 356 64.67 16.51 Vilhelmina Quartzite Stray find
254 Vilhelmina 356 64.67 16.51 Vilhelmina Quartzite Stray find
278 Vilhelmina 356 64.67 16.51 Vilhelmina Quartzite Stray find
281 Vilhelmina 356 64.67 16.51 Vilhelmina Quartzite Stray find
387 Vilhelmina 399 64.55 16.72 Vilhelmina Quartzite Excavation
388 Vilhelmina 399 64.55 16.72 Vilhelmina Quartzite Excavation
394 Vilhelmina 399 64.55 16.72 Vilhelmina Quartzite Excavation
432 Vilhelmina 399 64.55 16.72 Vilhelmina Quartzite Excavation
407 Vilhelmina 411 64.51 16.76 Vilhelmina Quartzite Survey
429 Vilhelmina 419 64.46 16.80 Vilhelmina Quartzite Excavation
386 Vilhelmina 439 64.41 16.78 Vilhelmina Quartzite Excavation
403 Vilhelmina 439 64.41 16.78 Vilhelmina Quartzite Excavation
359 Vilhelmina 444 64.42 16.79 Vilhelmina Quartzite Excavation
378 Vilhelmina 444 64.42 16.79 Vilhelmina Quartzite Excavation
384 Vilhelmina 444 64.42 16.79 Vilhelmina Quartzite Excavation
385 Vilhelmina 444 64.42 16.79 Vilhelmina Quartzite Excavation
401 Vilhelmina 444 64.42 16.79 Vilhelmina Quartzite Excavation
402 Vilhelmina 444 64.42 16.79 Vilhelmina Quartzite Excavation
397 Vilhelmina 450 64.39 16.86 Vilhelmina Quartzite Excavation
404 Vilhelmina 450 64.39 16.86 Vilhelmina Quartzite Excavation
227 Vilhelmina 539 64.66 16.48 Vilhelmina Quartzite Survey
207 Vilhelmina 542 64.68 16.49 Vilhelmina Quartzite Excavation
200 Vilhelmina 611 64.95 15.86 Vilhelmina Quartzite Stray find
193 Vilhelmina 619 64.97 15.85 Vilhelmina Quartzite Stray find
194 Vilhelmina 619 64.97 15.85 Vilhelmina Quartzite Stray find
199 Vilhelmina 619 64.97 15.85 Vilhelmina Quartzite Stray find
204 Vilhelmina 619 64.97 15.85 Vilhelmina Quartzite Stray find
210 Vilhelmina 619 64.97 15.85 Vilhelmina Quartzite Stray find
214 Vilhelmina 619 64.97 15.85 Vilhelmina Quartzite Stray find

(continued on next page)
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Sample ID Site Latitude Longitude Parish Material Find context
215 Vilhelmina 619 64.97 15.85 Vilhelmina Quartzite Stray find
201 Vilhelmina 636 64.94 15.87 Vilhelmina Quartzite Excavation
208 Vilhelmina 636 64.94 15.87 Vilhelmina Quartzite Excavation
212 Vilhelmina 636 64.94 15.87 Vilhelmina Quartzite Excavation
221 Vilhelmina 636 64.94 15.87 Vilhelmina Quartzite Excavation
413 Vilhelmina 637 64.94 15.86 Vilhelmina Quartzite Survey
196 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
197 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
198 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
213 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
216 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
414 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
415 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
416 Vilhelmina 643 64.89 15.86 Vilhelmina Quartzite Survey
408 Vilhelmina 769 64.57 16.70 Vilhelmina Quartzite Survey
230 Vilhelmina 949 64.94 16.02 Vilhelmina Brecciated quartz Survey
264 Vilhelmina 95 64.99 15.34 Vilhelmina Quartzite Stray find
184 Asele 101 64.18 17.26 Asele Quartzite Survey
185 Asele 107 64.17 17.27 Asele Quartzite Excavation
186 Asele 107 64.17 17.27 Asele Quartzite Survey
187 Asele 107 64.17 17.27 Asele Quartzite Survey

54 Asele 115 64.17 17.36 Asele Quartzite Stray find
55 Asele 115 64.17 17.36 Asele Quartzite Stray find
56 Asele 115 64.17 17.36 Asele Quartzite Stray find
57 Asele 115 64.17 17.36 Asele Quartzite Stray find
58 Asele 115 64.17 17.36 Asele Quartzite Stray find
188 Asele 117 64.22 17.30 Asele Quartzite Excavation
189 Asele 117 64.22 17.30 Asele Quartzite Excavation
191 Asele 117 64.22 17.30 Asele Quartzite Excavation
190 Asele 119 64.25 17.27 Asele Quartzite Excavation
168 Asele 129 64.15 17.38 Asele Quartzite Excavation
169 Asele 129 64.15 17.38 Asele Quartzite Excavation
170 Asele 129 64.15 17.38 Asele Quartzite Excavation
171 Asele 129 64.15 17.38 Asele Quartzite Excavation
172 Asele 129 64.15 17.38 Asele Quartzite Excavation
173 Asele 129 64.15 17.38 Asele Brecciated quartz Excavation
174 Asele 129 64.15 17.38 Asele Quartzite Excavation
175 Asele 129 64.15 17.38 Asele Quartzite Excavation
176 Asele 129 64.15 17.38 Asele Quartzite Excavation
177 Asele 129 64.15 17.38 Asele Quartzite Excavation
152 Asele 182 64.20 17.08 Asele Quartzite Survey
153 Asele 182 64.20 17.08 Asele Quartzite Survey
424 Asele 182 64.20 17.08 Asele Quartzite Survey
425 Asele 182 64.20 17.08 Asele Quartzite Survey
428 Asele 188 64.19 17.08 Asele Quartzite Survey
167 Asele 393 64.17 17.36 Asele Quartzite Excavation
426 Asele 56 64.17 17.19 Asele Quartzite Survey
427 Asele 56 64.17 17.19 Asele Quartzite Survey
178 Asele 91 64.16 17.31 Asele Quartzite Survey
179 Asele 91 64.16 17.31 Asele Brecciated quartz Survey
180 Asele 91 64.16 17.31 Asele Quartzite Excavation
181 Asele 92 64.16 17.30 Asele Quartzite Excavation
182 Asele 99 64.18 17.27 Asele Quartzite Excavation
183 Asele 99 64.18 17.27 Asele Quartzite Excavation

subsequent light that is scattered contains both Rayleigh and Raman
scatter, the former at a frequency of incident radiation and the latter at a
shifted frequency (Dubessy et al., 2012). The spectrometer will measure
the Raman scatter and generate a spectrum where the spectral line has
shifted compared to the incident Rayleigh frequency. As the structure of
a molecule will inform its vibrational mode, the point at which these
shifts occur within the infrared region varies depending on the material
(Smith and Carabatos-Nédelec, 2001).

The Raman instrumentation used was a portable i-Raman EX
featuring a 1064 nm excitation laser (spot size: 85 pm). The spectral
coverage of the instrumentation is 175 cm ™! — 2 500 cm ™!, with a res-
olution of 9.5 cm™". Integration time was set to 20 s with 30 % power.
Dark spectra were collected at 5-minute intervals and subtracted from
the measurements.

After averaging the spectra for each artefact, the results were base-
line corrected in order to detrend the data. This was achieved using
Lieber and Mahadevan-Jansen (2003) algorithm for polynomial fitting,

with the ChemoSpec package (Hanson, 2016). The spectra were then
mean-centred before PCA.

3.1.3. X-ray Fluorescence (XRF)

XRF spectroscopy is a well-established method for petrographic
characterization in archaeology (Hall, 1960; Shackley, 2011a). In a non-
destructive context, where the sample is not homogeneous, it is neces-
sary to correct for matrix effects caused by the presence of other ele-
ments in a sample (Sitko and Zawisza, 2012: 143-159). In this project,
correction was implemented through a calibration constant calculated
using pure-element standards.

Measurements were collected using the Energy Dispersive (ED)
Thermo Scientific Niton XL5 Analyzer (spot size: 8 mm), connected to a
portable test stand. The reference calibration used for element quanti-
fication was mining mode (Knight et al., 2021: 2), with standardised
reference samples provided by the instrument supplier. The integration
time was set to 130 s. Higher spectral resolution can be achieved using a
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Fig. 2. Examples of the bifacial points studied by colour group. Material group is represented by letters (Bq = brecciated quartz, q = quartzite). The material is
heterogeneous in terms of colour, and the surface of the artefacts is not uniform. As artefacts range from near perfect points to rough preforms, it can be difficult to
sample due to light scattering effects and saturation. Length varies between 12 and 138 mm, width between 8 and 67 mm, and thickness between 3 and 76 mm. Inset

images show close-ups of the 2 mm squares marked on each object.
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Wavelength Dispersive (WD) XRF system (Menne et al., 2020). How-
ever, these systems are limited to lab-based environments and not
applicable in the field, and thus not an option for the current study.

As the variables in XRF analysis are given as proportions of a

constant sum (i.e. percentage), this creates something referred to as the
closed sum effect (Pawlowsky-Glahn and Egozcue, 2006). This means
that if one element was to change in value, others would follow to
maintain the constant (Grunsky and de Caritat, 2020). This has
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implications for classical statistical methods and is managed by trans-
forming the data using log-ratio transformation (Aitchison, 1999).
Currently there are three main methods; additive log-ratio (alr),
centered log-ratio (clr) and isometric log-ratio (Pawlowsky-Glahn et al.,
2015). In the PCA, the Principal Components are orthogonal and thus
the relationships between variables treated with log-ratio trans-
formation are linear and independent of the total concentration (e.g.
Reimann et al., 2012). With this transformation, PCA is thus suitable for
exploring geochemical trends related to the rock-forming process
without being impacted by the closed sum effect.

As the current dataset features values below the Limit of Detection
(LOD) these were treated as NULL (or “missing values”) during PCA. A
LOD value is defined as a measured value 3 times lower than the stan-
dard deviation for that measurement. Missing values are not permitted
in the PCA and thus had to be imputed before the analysis. Analysis was
performed using the IrEM function from the zCompositions R package

1.014

0.99 1

0.98 1
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(Palarea-Albaladejo and Martin-Fernandez, 2015). IrEM stands for “Log-
ratio Expectation-Maximisation”, which is an algorithm used to impute
“left-censored data” (e.g. values below LOD, rounded zeros). Following
log-transformation the data was mean-centred and scaled to unit vari-
ance before PCA. To prevent quantification errors related to sample size,
artefacts that were less than 10 mm in length or width were excluded
from the model (Lundblad et al., 2008, Shackley, 2011b: 9).

3.2. Principal Component analysis (PCA)

The data were evaluated using PCA, an unsupervised exploratory
technique for reducing the dimensionality of a dataset (Geladi and
Linderholm, 2020). Analysis was performed using the base R prcomp()
function (R Core Team, 2021a, b).
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Fig. 4. The main features in the NIR spectra can be related to overtones and vibration combinations of OH groups. The 1 400 nm and 1 900 nm peaks are indicative
of molecular water, and common in quartz-based materials. The 2 200 nm and 2 350 nm bands indicate metal-OH combinations, where a more intense 2 200 nm
band has typically been related to the presence of AIOH, and a more intense 2 350 nm band MgOH. Although difficult to detect in the non-processed spectra, weaker

features also appear at 1 065 nm and 1 300 nm, that may be the result of ferrous iron (Fe

2+,
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4. Results

The results from each instrumentation (NIR, Ramen, XRF) are
described separately below. Each description is followed by an evalua-
tion and explanation of the implications of the statistical analysis, with
respect to the advantages and detection limits of each analytical method.
Spectra and PCA loadings for each instrumentation can be found in the
supplementary data. An open repository with the code used in the
analysis is linked in the Data availability section.

4.1. Near infrared spectroscopy (NIRS)

NIRS is less effective on translucent material, such as a pure quartz
crystal, as the absence of impurities in the material will result in little to
no reflection/absorbance of light (Hunt, 1977). Similarly, it can be
difficult to work with dark materials as most of the light produced by the
instrument will be absorbed, with the high absorbance potentially
obscuring visible features in the spectra. The dark material exhibits a
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wider range of absorbance, most likely due to the range of hues within
the group, and generally shows less distinct peaks than the material with
a lighter hue.

The spectra were evaluated using Savitzky-Golay (SG) filtering, a
smoothing technique widely applied in spectroscopy (Chryssikos and
Gates, 2017: 78-81). 2nd derivative SG can amplify weaker peaks in the
spectra, although at the risk of amplifying noise (Mark and Workman,
2021: 351-397; Schmid et al., 2022). After reviewing the dark group
using SG filtering, 45 out of a total of 93 points were kept in the analysis.

Significant peaks were identified at 1 400 nm, 1 900 nm, 2 200 nm,
and 2 350 nm. These features are all the result of overtones and vibration
combinations of OH groups, with the two first peaks at 1 400 nm and 1
900 nm being indicative of molecular water (Fig. 4) (Hunt, 1977: 508-
510; Sciuto et al., 2019). Hydroxyl (OH) groups can produce a
response in a number of different fields in the same material, with metal-
OH combinations occurring in the 2 000 nm — 2 500 nm region. While
there are exceptions, a more intense 2 200 nm band has typically been
related to aluminium hydroxide (AIOH), and a more intense 2 350 nm

A Near infrared 1 000 - 2 500 nm
(@)
| F ° .
X (@)
= e L
o
14 . 1o} v
v e Vv o© LIPS s ®| &
z © o o. = o ©
= o ® o
g |2 ° . 3
g b o ®°
N @ 8 o 00’ °
(e} (@)
()
[
] ° Hue
”O @ Colourless
2 (? T : T B Dark
8 e 0 10 ;
PC1 (98.71%) E ;-:m
ite
B 1.549
@®
Material
W Brecciated quartz
1.04 o) @ Quartzite
. & .
9 @ v ®
<"
g = (@) @
o o ° " v g
8} ~, o B
A o
., ‘i
. (1] °®
0.04 Q ® .=
e O 4 0.8 e) -
o © _o ° ®
o0~ o (0] e © o
Sy :
0.5 o . e ®e o
054 ° o
[

o

0
PC2 (1.08%)

N~

Fig. 5. NIR PCA score plot for PC 1-3: (a) dark and light material is separated out along PC 1, due to absorbance, with white and colourless material separating along
PC 2, (b) PC 3 adds little new information, mainly separating three of the light samples.



M. Sjolander et al.

band to magnesium hydroxide (MgOH) (Hunt, 1977: 509; Clark et al.,
1990: 12664). In the current dataset the 2 200 nm band is typically the
more intense band.

The 2 200 nm and 2 350 nm absorption bands can be found in mica,
such as muscovite and biotite, which can be found in quartzite (Clark
et al.,, 1990: 12; Hunt, 1977: 510; Ramanaidou et al., 2015: 207).
Although muscovite and biotite share some band positions, the altered
aluminium (Al) content as a response to metamorphism has been
documented to shift some positions and increase others, such as the
2 250 nm band for biotite (Duke, 1994). As can be seen in the average
spectra in Fig. 4, the dark material exhibits an additional peak at

~ 2 250 nm, which may indicate the presence of biotite and a different
metamorphic grade.

Two smaller features were recorded, albeit vague and difficult to
make out in the non-processed spectra, at 1 065 nm and 1 300 nm
(Fig. 4). These could be caused by ferrous iron (Fe2+) (Hunt, 1977: 503-
504), which has been demonstrated to produce a response in the NIR in a
number of minerals. In studies of olivine the absorption region has been
determined to be broad and centred around 1 000 nm, but with three
features at 900 nm, 1 100 nm and 1 300 nm (Trang et al., 2013).
Alternatively, weak absorption features (OH) have also been noted in
the 950 nm and 1 150 nm bands, particularly among clays. However,
these overlap with the Fe?* bands in, for example, biotite (Adams, 1975:
104-106). It is possible that the features at 1 065 nm and 1 300 nm can
be linked to the presence of ferrous iron, but it is difficult to say what the
contributing mineral is at this stage.

The loading lines for the PCA can be seen in the supplementary data.
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The first principal component (PC 1) shows a strong trend (98.71 %) that
seems to largely correlate with the absorbance of the material (Fig. 5:A).
This can be seen in the trend of darker material clustering towards the
positive side of PC 1, with lighter towards the negative. A slight differ-
ence in the clustering of material with a light hue can also be seen along
PC 2 (1.08 %). Objects with a white or light grey hue gravitate towards
the bottom left of the score plot, while material that displays some
translucence cluster towards the top left. There are objects that break
this trend, however, such as sample 255 in the bottom right of Fig. 5:A.

Whilst the explained variance of PC 3 is low, (0.13 %), it still contains
a number of the aforementioned features visible in the spectra (inverse
to PC 1). Adding PC 3 to a score plot (Fig. 5:B), however, provides little
new information apart from a couple of samples, mainly from the light
group, that break away from the larger cluster.

4.2. Raman

There are two distinguishing features present in the Raman data
(Fig. 6), one which can be related to quartz and another that may
indicate the presence of carbon (C) structures. The three initial bands at
~128cm™ L, ~ 200 cm™! and ~ 460 cm ™!, are some of the more intense
quartz bands (Zhong et al., 2021), with the strongest peak occurring at
460 cm™! (Gillet et al., 1990).

The second feature shows as two peaks at around 1 287 cm ™! and 1
598 cm™! and dominates the spectra in terms of intensity for the darker
samples. These positions fall within what is referred to as the D and G
band respectively and have been observed in spectroscopic studies of
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Fig. 6. Averaged and baseline corrected Raman spectra for the light and dark groups. The features can be related to quartz and carbon structures in the material. The
initial three peaks in the 100-500 cm ! range correspond to some of the more well-known vibration modes of quartz. The 1 287 cm™! and 1 598 cm™! peaks fall
within what is referred to as the D and G band respectively, indicating the presence of carbon structures. The white and colourless spectra only show significant peaks

for quartz (see Supplementary Data).
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graphite (Cesare and Maineri, 1999). The D band occurs as a result of
disordered carbon structures, whilst the G band is indicative of sp2
carbon networks and caused by stretching in the carbon bonds, which is
common in graphite-based materials (Cohen-Ofri et al., 2006; Vollebregt
etal., 2012; Lee et al., 2021). The G band peak falls within the expected
position, whereas the position of the D band is more commonly identi-
fied as being in the 1 330-1 350 cm™! region. It has, however, been
documented that the dispersive behaviour of the D band can cause a
frequency change as a result of the energy of the incident laser (Pimenta
et al., 2007: 1280). This could thus explain the discrepancy between the
observed peak in the dataset and the literature.

In addition to the more intense features described above, a number of
weaker peaks can also be seen in the spectra. Some of these could be
additional quartz bands (Zhong et al., 2021), such as a weak peak at 1
160 cm ™! that is obscured by the D band. Two peaks can also be found in
the 700-800 cm ! band range, and while the 700 cm ™! band has been
identified as one of the aforementioned quartz bands. Studies of clay
minerals (Kloprogge, 2017), and iron ore minerals (Ramanaidou et al.,
2015), have also generated a response related to silicon (Si), aluminium
(Al) and hydroxyl (OH) vibrations within the 700-800 cm! region.

The PCA model (Fig. 7) shows a clear trend along PC 1 (75.9 %)
related to the quartz and D/G peaks. Samples where the D/G peaks
dominate in terms of intensity cluster towards the positive side of PC 1,
with those that completely lack or have weaker D/G bands on the
opposite side. Similarly, along PC 2 (21.2 %) the samples that have
higher intensity D/G peaks gravitate towards the top of the score plot.

Raman 100 -1 800 cm™'
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Worth noting are two dark samples that completely lack D/G peaks,
placing them among the light material in the left side of the plot. One of
these is a brecciated quartz sample with a dark yellow tint, and thus
more a sign of the difficulties with assigning a generic hue to the ma-
terial. The second sample, however, stands out from the rest of the
material. It is a point preform made from a grey material with a rough
texture, and possible layering, with larger quartz crystals. It does not fit
with the “expected” image of a quartzite and may be a case of erroneous
archaeological classification. The addition of PC 3 (2.1 %) provides no
new information, but rather separates out those samples with a higher
level of noise.

4.3. XRF

The XRF spectrometer is not capable of detecting all the common
elements, and the software therefore calculates a balance (BAL) that
represents the remaining unquantifiable elements in a sample. The el-
ements represented in this group are all those with an atomic number
lower than magnesium (3;oMg) (Thermo Fisher Scientific, 2018). The
analysis shows that silicon (;4Si) makes up the main bulk of the material,
with aluminium (33Al) recorded up to ~ 5 % for some samples (Fig. 8).
The majority of the readings resulted in a silicon (;4Si) content of less
than 50 %, as well as a BAL between 40 and 70 %, meaning that a sig-
nificant portion of the material remains unknown. Whilst this could be
due to the detection limitations of the instrumentation, it could also be a
result of the sampling (Trojek and Trojkova, 2023). As quartzite is a
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metamorphic rock where the distribution of quartz is not necessarily
uniform in the material, the sample point can have a considerable in-
fluence on the measurement. Out of a total of 126 samples, 28 measured
a silicon (14Si) content higher than 90 %. Magnesium (;2Mg), vanadium
(23V), manganese (25Mn), yttrium (39Y) and zinc (39Zn) recorded a high
number of values below the LOD (“missing values”), although in the case
of magnesium (;2Mg) and manganese (25sMn) the recorded values
reached up to 0.3 % and 3 % respectively.

Initial analysis used clr transformed data, but encountered issues
related to the structure of the silicon (14Si) values. Instead loglO-
transformation was used, producing a similar model, but one that
managed the loading for silicon (14Si) better. The PCA was run twice,
firstly with the > 90 % silicon (14Si) samples included and secondly
excluded. The initial PCA (model A), with the full dataset included,
resulted in 3 PCs with an eigenvalue above 1, and a cumulative
explained variance of 66.15 %. K-means cluster analysis was performed
on the PCA data in order to identify potential groups with similar
elemental composition. Using the elbow graph method, 3 clusters were
deemed suitable for the analysis (see Supplementary Data).

As can be seen in the score plot (Fig. 9:A), the three K-means clusters
remain separated. Cluster 1 is made up of those samples that feature a
high silicon (34Si) content (>90 %). There is no real pattern to this
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cluster aside from higher silicon (34Si) values with lower iron (3¢Fe) and
zirconium (40Zr) values. Loadings for elements expected to follow
changes in silicon (14Si) content also end up near cluster 1 (e.g.
aluminium (73Al), calcium (39Ca)).

Cluster 2 is distinguished by a higher titanium (2, Ti), iron (3¢Fe) and
zirconium (49Zr) content. It mainly features samples with a dark hue,
with the few samples from the light group being grey in colour and
arguably somewhere in between a “dark” or “light” hue. Aluminium
(13AD) and potassium (;9K) is similarly higher in cluster 2 than cluster 3,
which is in turn marked by its, on average, lower elemental content than
the other two clusters. Aluminium (33Al) and potassium (;9K) are
indicative of a sedimentary depositional context that has been subject to
metamorphism (Hazen and Morrison, 2022), and the cluster with higher
values may thus indicate samples with a different grade of meta-
morphism. Cluster 3 features a more limited range of values between the
samples and includes all the brecciated quartz.

In the second PCA model (model B) four PCs feature an eigenvalue
above 1 with a cumulative explained variance of 71.52 %. Three clusters
were deemed suitable for the K-means analysis (Fig. 10) (see Supple-
mentary Data). The range of values is more limited in cluster 3, with
overall lower values than compared to the other clusters (Fig. 9:B). The
brecciated quartz samples all remain in cluster 3, along with mainly light-
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Fig. 9. XRF PCA score plots: A) Score plot featuring the full dataset, cluster 1 includes all samples with Si > 90 %, while the remaining samples seem to cluster based
on ¢Fe and 40Zr content. This results in most of the darker materials clustering towards the bottom of the plot. B) Score plot with > 90 % Si samples excluded. Similar
to plot A there is a separation based on ycFe and 40Zr values, with darker material towards the bottom of the plot. Light-to-colourless samples remain largely together
in cluster 3. Cluster 1 stands out by featuring slightly lower 14Si, 26Fe, 22Ti, and 40Zr values, but higher values in ;3Al, 50Ca, 19K, and 12Mg.

to-colourless samples. Cluster 2 features the main bulk of darker samples
with higher titanium (92Ti), iron (9¢Fe) and zirconium (49Zr) values.
Cluster 1 likewise features a large portion of the darker materials, with
comparable titanium (25Ti), iron (3¢Fe) and zirconium (49Zr) values. It
also has higher values of magnesium (;2Mg), aluminium (33Al), sulphur
(16S), potassium (;9K), and calcium (3pCa).

Strontium (3gSr) was detected at trace amounts. It is a lithophile
element that can substitute for calcium (20Ca) in sulphates, feldspars,
mica and clays (Banner, 1995; Ahijado et al., 2005), which might be one
explanation for its presence in cluster 1 in model B. Nearly all samples
with strontium (3gSr) are located in cluster 2 in model A.

The K-means cluster analysis of model B is visualised in the NIRS PCA
score plot, which further emphasizes the variation within the general
colour groups (Fig. 11). Cluster 2, with higher iron (3¢Fe) and zirconium
(40Zr) values, mainly coincides with the darker material to the right side
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of the plot. This was expected as the trend along PC 1 in the NIR PCA
mainly separates the material according to absorbance. Cluster 3 in turn
coincides with the lighter material in the opposite side of the model.
Cluster 1, however, is fairly evenly distributed within the model along
PC1 and PC 2.

The variation that occurs within the general colour groups can be
further exemplified by looking closer at three samples selected from the
dark group, that each belong to a different K-means cluster. They all
share a similar hue with D/G peaks detected in the Raman analysis
(Fig. 12). All three samples have similar absorbance values, but sample
391 exhibits differences in the spectra when compared to the other two
samples. Samples 386 and 404, however, are separated primarily in the
XRF analysis.
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5. Discussion

A screening-based approach to material analysis using non-
destructive spectroscopy is particularly useful in regions with complex
geology, such as Northern Sweden, where little development has been
made in the chemical characterization of quartzite. With so many un-
knowns, it is better to first assess the variability within the material
before engaging in more detailed, targeted analysis. Non-destructive
methods are capable of generating large and expansive datasets with
relative ease, and little risk to the material in question. When coupled
with exploratory data analysis, these techniques are a useful starting
point for an empirically grounded description of a material and for
identifying any features of note. Where feasible, a selection of the ma-
terial can then be further analysed with destructive methods capable of
providing a higher resolution view of chemical and physical character-
istic, potentially leading to its general characterisation (e.g. Blomme
et al., 2012, Prieto et al., 2019, 2020).

The results presented here have increased the state of knowledge of
the chemical and structural variation that exists under the umbrella of
what archaeologists refer to as quartzite within the Vasterbotten area.
This non-destructive exploratory approach is particularly useful in re-
gions where there is a lack of data and an element of uncertainty (see
Jebb et al., 2017 for discussion of Exploratory Data Analysis), making it
possible to identify variables and trends of interest to follow up with
more deductive methods. The same approach can be applied in most
regions where there is a lack of information on which to build a robust
provenance study. The main limitation is the material in question and
how it responds to the spectroscopic instrumentation. The results are
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applicable to neighbouring regions and beyond, and should help
advance research into prehistoric tools in Scandinavia and other areas.
The material exhibits considerable variation in terms of texture and
colour, and the results suggest that the initial classification, based on the
archaeological documentation, may have included mistakes. These
mistakes, whilst of little consequence for site interpretation individually,
may introduce considerable noise, or “messiness”, when aggregating
data for large scale spatio-temporal analyses (Gattiglia, 2015: 2). The
results also highlight some of the implications that the choice of spec-
troscopic analysis method may have for the identification of features in a
material. In particular, they demonstrate that reliance on any individual
method may introduce limitations which could make material classifi-
cation difficult or misleading.

The strength of this study is in the multispectral approach; the data
generated from each method providing a complementary image of the
structural and compositional nature of the material. Although Raman
spectroscopy generated a limited amount of information in comparison
with the other methods, the graphite structures identified in the material
will likely be significant in future provenance studies. The utility of
Raman spectroscopy as a screening tool, and in comparison to NIRS and
XRF, seems to be somewhat limited when applied to quartz-based ma-
terials. Similarly, the broad bands in NIRS spectra are complex and can
be difficult to interpret. Nevertheless, insights from the metal-OH bands
suggest that more information on metamorphic grades may be obtain-
able. If the bands are related to the aluminium (Al) content of the ma-
terial and the presence of mica, then the band positions may indicate
differing metamorphic grades in the material (muscovite — biotite). This
will need to be evaluated in more detail in future studies if this
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1 is fairly evenly distributed in the score plot. This means that whatever differences can be discerned in the compositional data does not seem to be detectable using
the ASD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

information is to be useful for establishing material provenance.
Whilst NIRS and Raman may be somewhat limited in the charac-
terization of quartz and quartzite they have considerable potential when
combined with XRF. The complementary information about the struc-
tural elements in the material can help guide interpretation of the
compositional data. Ideally, these different sources would be fused using
methods such as multi-block PCA to better assess key variables
contributing to the model (Mishra et al., 2021). Such analysis is, how-
ever, outside the scope of this paper and a potential direction for future
work.The metamorphic nature of quartzite presents a particular chal-
lenge for spectroscopic sampling. The material frequently exhibits
mineral inclusions that produce a varied surface, and the spot size of the
probe will affect the user’s ability to capture a representative area of the
artefact. Likewise, the artefact’s shape, type, and preservation signifi-
cantly influence the availability of surfaces suitable for sampling. This
can be further compounded by certain limitations with the technique
itself. Both NIRS and Raman can be affected by saturation on darker
materials, due in part to the absorbance, obscuring spectral features.
Although some of these issues may be overcome with other non-
destructive methods, such as Hyperspectral Imaging (Sciuto et al.,
2019), the arguably more affordable techniques presented here produce
valuable data. Not everyone will have the benefit of working with all
three instrumentations however, and in such situations XRF seems to
provide more utility. Although WD-XRF systems will provide higher
spectral resolution and element detection (Menne et al., 2020), portable
ED-XRF has come a long way since its introduction, and instruments are
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becoming commonly available in archaeological laboratories.

The spectroscopic features identified in this study relate to the
diagenetic/paragenetic environment and are thus useful for locating
potential geological sources in future field surveys. As quartzite is a
metamorphic rock, there are two factors affecting its chemical and
structural properties; the composition of the materials in the original
depositional context, and the grade of metamorphism (in the case of
sedimentary orthoquartzite it is mainly the former). The D/G bands
indicating graphite in the Raman results imply that the material formed
in carbon-rich formations. Alum shales and similar carbon-rich tectonic
strata are present within the Scandian mountain chain (Stephens and
Bergman Weihed, 2020: 482-599), and it would be reasonable to expect
carbon (C) structures in quartzite or quartzite-like materials in the re-
gion. However, the term “graphitic quartzite” is seldom encountered in
contemporary Swedish geological publications. Usage of the term can be
found in an early 20th century description of an excursion to Storfjallet,
Tarna parish, by the Geological Society (Geologiska Foreningen i
Stockholm, 1925). The occurrence of metamorphic rocks containing
graphite, including schist and quartzite, in other regions (e.g. Gaweda
and Cebulak, 1999; Ukar and Cloos, 2016) suggests that further studies
of this material would be useful for provenance studies in Scandinavia.

The high representation of quartz and quartzite in the Mesolithic -
Bronze Age lithic assemblages of Northern Sweden necessitates the
development of methods for the characterization of these materials.
They represent a primary lithic resource, and thus hold a critical position
for understanding resource procurement, trade and exchange, and
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XRF - Elemental content (%)

Sample Mg(%) Al(%) Si(%) P(%) S(%) K(%) Ca(%) Ti(%) Fe(%) Sr(%) Zr(%) Ba(%)
386 0.2568 0.7762 38.8005 0.0515 0.1529 0.1703 0.0636 0.0656 0.5157 0.0001 0.0096 0.0049
391 0.3044 43.0357 0.0367 0.2306 0.1200 0.0636 0.0105 0.1195 0.0003 0.0012 0.0067
404 0.7130 41.5187 0.0263 0.1263 0.1447 0.0442 0.1420 0.3636 0.0005 0.0102 0.0120
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Fig. 12. Comparison of three dark samples from separate K-means cluster groups (model B). Sample 391 from cluster 3 stands out the most with visible differences in

both the NIR and Raman spectra, when compared to the other samples.

human mobility within the region (and beyond (e.g. Prieto et al., 2019)).
Whilst spectroscopic methods can provide new data for advancing the
understanding of patterns in resource procurement in geologically
complex areas, procurement is only part of the picture for resource
management strategies during the Mesolithic — Bronze Age. These data
could, however, be used to test the different scenarios which existing
models represent (e.g. Forsberg, 1985; Bergman, 1995; Lundberg,
1997). For example, a transhumant settlement system in which inland
groups, organised along the river valleys, utilize raw materials collected
in the mountains, should leave evidence of material flow from the
mountains to the forest inland. With high quality spectroscopic data
from more of the existing quartzite artefacts, a predictive model could be
built to forecast the type of material expected at other sites. Multiple
hypotheses and models could then be tested, and revised, on the basis of
further data from new archaeological excavations and geological
exploration. The uncertainty of the detailed geology of the region, and
the potential noise that glacial disturbance will have introduced, would
require that multiple scenarios are tested. A more robust geological
resource model could be developed by fusing data from multiple types of
spectroscopic instrumentation (e.g. multiblock PCA; Mishra et al.,
2021).

6. Conclusion

This study provides, through a non-destructive multispectral
approach, empirical insights into the variability of quartzite material in
Northern Sweden. The development of non-destructive screening
methods provides a good initial basis for future detailed studies of quartz
and quartzite material. This is especially valuable in geologically com-
plex regions where there is an absence of reference materials and an
ambiguous distribution of potential geological sources. Through the use
of multiple instrumentations, the study has identified a number of fea-
tures in quartzite that may be relevant to its future characterization.
These include different forms of mica (NIRS), graphite (Raman), and
iron content (ED-XRF). When coupled with exploratory data analysis,
and with the addition of further geological and archaeological data, it
should be possible to generate hypotheses on the flow of these materials
in the Mesolithic — Bronze Age of the region. These hypotheses could
then be tested through the analysis of material from new excavations
and surveys. Targeted studies using destructive methods (e.g. thin sec-
tions analysis, laser ablation), capable of providing more detailed
analysis and potentially a classification of the material, could be stra-
tegically employed to increase the robustness of the study. In order to
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truly advance the topic of prehistoric raw material management in
Northern Sweden, it will be necessary to combine such studies with both
archaeological and geological models. These will need to integrate
archaeological and geological survey data with theories of resource
procurement and economic strategies, ice sheet and glacial flow dy-
namics and detailed Quaternary geological mapping.
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