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ARTICLE INFO ABSTRACT

Keywords: Jet and jet-like gemstones are found in graves from the Neolithic, but they became particularly popular during
Jet the Bronze Age and the Roman period. To discover their provenance, several techniques were used to determine
Jewelry od distinctions between organic materials and occurrences. The present study utilized a combination of Fourier
Romfm perto Transform Infrared spectroscopic (FTIR) and stable isotope ratio analyses to compare a unique Copper Age black
Fourier Transform Infrared spectroscopy . A . R | )
. - bead (,,Lelle bead”) with Roman period jet items from the Aquincum Museum’s collection and known jet samples
Stable hydrogen isotope composition X . . . . o k
Stable carbon isotope compositions from various locations (UK, Spain, Turkey). Visual and multivariate statistical analyses of FTIR spectra, combined
Hungary with H%, C%, and stable hydrogen and carbon isotope ratio determinations enabled us to distinguish significant
(p < 0.1) groups among the Aquincum collection: ,Lelle-type” samples, , Whitby-type” jets, shales, and coals.
Some gemstones were positively identified as Whitby jet, whereas some of the others were indistinguishable from
the Lelle bead. This study shows that the coupled FTIR and stable isotope analyses can potentially be used to

determine the provenance of archaeological artifacts.

1. Introduction

Black, organic gemstones have been found in graves since the
Neolithic in Europe. They are scarce in the Chalcolithic (also known as
Copper Age) but are common from the Bronze Age and the Roman
period (Allason-Jones, 1996; Sheridan et al., 2002; Camaré et al., 2011;
Thomas, 2014; Brasser, 2015). The material of these gemstones was
called gagates by Pliny the Elder, after the district Gagae in Lycia
(modern-day Turkey). Jet sensu stricto is a type of coalified wood, whose
trunks were shed into organic-rich, fine-grained marine sediments dur-
ing the Jurassic and Cretaceous periods and were coalified and
impregnated by bituminous fluids. As a result, the coalified wood pieces
became homogeneous. They have conchoidal fractures and can be cut
and polished to a high luster, which made it desirable in ancient and
modern jewelry. The most important location for true jet is Yorkshire
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(UK), where it is found in the Early Jurassic (Toarcian) Mulgrave Shale
Member of the Whitby Mudstone Formation (also known as Jet Rock).
The most well-known jet occurs in North Yorkshire’s coastal outcrops,
but has also been mined extensively inland on the North York Moors.
Similar jet occurrences were exploited throughout history in Asturia
(NW Spain), the Rhineland (Germany), Languedoc (France), Oltu
(Turkey), and Gosau (Austria). Black, organic gemstones may also be
produced from lignite, oil shale, and coal, and due to the similar
appearance, they are frequently called jet or jet-like gemstones in the
literature.

Destructive and non-destructive techniques have been used in at-
tempts to establish a methodology with which to differentiate between
materials and locations, i.e., to determine the provenance of the mate-
rials. To distinguish jets and shales, Teichmiiller (1992) suggested
microscopic petrographic analyses; Allason-Jones and Jones (1994),
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Allason-Jones and Jones (2001) used microscopic techniques (reflec-
tance measurements on polished surfaces); and Hunter et al. (1993) and
Sheridan and Davis (1995) applied X-Ray fluorescence (XRF) analysis,
whereas Pollard et al. (1981) used neutron activation analysis to
determine trace element contents. However, microscopic techniques are
problematic because they require a relatively large amount of sample to
produce thin sections or representative surfaces. Hand-held XRF analysis
is non-destructive, but the variability of most of the elements’ concen-
trations exceeds the differences between jet types (Watts et al., 1997;
Brasser, 2015). Fourier Transform Infrared spectroscopy (FTIR) is a tool
(Watts and Pollard, 1996) used to effectively distinguish between
different organic-rich rocks and coals. With the advent of the attenuated
total reflection ATR measurement, FTIR analysis requires only a 1-2 mg
sample from the artifact, which can be drilled from areas that will not be
visible in future exhibits (e.g, perforation holes of beads). Furthermore,
the powder does not need to be mixed with chemical compounds and
can be used for other examinations, as well. The powdered sample for
FTIR measurements can also be used during the analyses of stable
hydrogen and carbon isotope ratios by Isotope Ratio Mass Spectrometry
(IRMS), which are another promising method to determine the prove-
nance of coal and amber (e.g., Redding et al., 1980; Mand et al., 2018).

A combination of XRF, FTIR, and IRMS techniques was used to
determine the material characteristics and possible origin of a black
organic bead found in a Chalcolithic/Copper Age (approximately mid-
4th millennium BCE) grave of a child at Balatonlelle, western Hungary
(Bondar et al., 2021). The results of the FTIR and stable isotope analyses
led Bondar et al. (2021) suggest that this sample potentially originated
from a Carboniferous coal occurrence. The grave also contained copper
jewelry, a bead, an armband, and several skulls interred with the child,
possibly indicating that the child was of elevated social status. These
observations prompted the authors to wonder if the black gemstone
derived from a historically significant site that was exploited for
millennia to produce jet-like gemstones, or if it originated from an
occurrence that was used only by the local populace. Jet jewelry was
popular during the Roman period, and the Aquincum Museum
(Hungary) possesses an excellent collection (R. Facsady, 2009). As such,
this study aimed to determine if the material of the jet jewelry collection
at Aquincum is similar to that of the Copper Age gemstone. Additionally,
samples from known locations containing jet were also analyzed. To
distinguish true jet and jet-like materials, the word ,,jet” will be used to
describe the samples derived from the jet locations of Whitby (UK),
Asturias (Spain), and Oltu (Turkey) (jet sensu stricto), whereas other
black organic materials will be called “jet-like” in this paper. The Copper
Age gemstone will be termed ,,Lelle bead”. To compare the FTIR and
IRMS results obtained for the Lelle bead with known locations, jet
samples from Yorkshire (UK), Asturias (NW Spain), and Oltu (NE
Turkey, Kara-Giilbay et al., 2018) were also investigated.

2. Materials and methods
2.1. Samples

The Lelle bead, the Copper Age black gemstone, was found in a
Copper Age grave of an 8-9 year old child (Bondar, 2020; Bondar et al.,
2021). The artifact is a flat, oval bead made of a hard material with a
shiny surface and is bored through on both sides. It was found at the
neck of the 8-9 year old child (Bondar, 2020). The archaeogenetic
assessment of the child was undertaken by Bondar and Szécsényi-Nagy
(2020). To compare the FTIR and stable isotope results obtained for the
Lelle bead with known locations, jet samples from several other loca-
tions were also examined. One sample was collected from coastal debris
from the northern part of Robin Hood’s Bay, south of Whitby (Yorkshire,
UK). The strata of the site belong to the Pliensbachian Staithes Sand-
stone Formation (Korte and Hesselbo, 2011), but being a debris piece,
the sample may have originated from the overlying Dogger (Middle
Jurassic) strata as well. Although the stratigraphic position is not
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constrained, the Robin Hood’s Bay sample (,,RHB”) is included in the
investigation as i. the location is a well known jet occurrence (e.g.,
among collectors in the Victorian era), and ii. jet was also collected by
beachcombing during the Roman times for jewelry production (Allason-
Jones, 1996), hence it represents an accidental jet piece of beach-
combing. One sample, SS1-10, was collected directly from the Mulgrave
Shale Member at a horizon 40 cm below the Top Jet Dogger (a tough,
calcareous mudstone often used as a roof to support jet mines in the
area) by Sarah Caldwell Steele and can be considered a “hard Whitby
jet” type specimen. Three samples from Asturias (NW Spain) were
collected by Jose Carlos Garcia-Ramos, and eight samples were collected
at the Oltu stone site in eastern Turkey by Reyhan Kara-Giilbay. Addi-
tionally, a collection of 22 jet-like gemstones (R. Facsady, 2009) was
sampled and analyzed from the Aquincum Museum. This collection
contained necklace beads, armlets, pendants, and hairpins, whose de-
scriptions and photographs are included in the Supplementary material.

2.2. Methods

FTIR-ATR measurements were conducted using a Bruker Vertex 70
Fourier Transform Infrared spectroscope equipped with a Platinum ATR
accessory. A spectral range of 4000-400 em ™! was examined, employing
a resolution of 4 cm ™!, and a total of 64 scans were recorded per mea-
surement. Each ~3 mg sample was measured 3 times, and the acquired
data was evaluated with OPUS 8.1 software.

Multivariate statistical analysis was used to group the FTIR spectra of
the jet samples and jet-like gemstones (n = 36; Supplementary Table S1;
Figs. 1 and 2). After preprocessing the data (outlier removal, etc.), the
FTIR spectra were uniformly trimmed to represent the spectrum between
wavenumbers 1800 and 700 cm™! that contain characteristic peaks. The
datasets were then processed using the pvclust () function of the
pvclust package (Suzuki and Shimodaira, 2006) in R (R Core Team,
2023) to obtain groups of similar gemstones with an associated signifi-
cance level. The p-values given for hierarchical clustering were obtained
through multiscale bootstrap resampling (nboot = 2000), allowing for
the assessment of the robustness of the clustering results. The chosen
significance level used in the study was a ~ 0.01. Only pairwise complete
observations were considered, using Ward’s method (method.
hclust = “ward.D”) with method.dist =correlation, i.e.,
correlation-based clustering. The approach grouped the gemstones based
on similar patterns in their FTIR spectra (Supplementary Material).
Spectrum similarity would depend on peak positions on the wavenumber
scale, and relative changes in peak intensities (variations in peak ratios).
As the measured peak intensities depend on both sample-related and
instrument-related factors, Euclidean distance in clustering which would
also include absolute intensity values was not applied. Normalization of
the individual spectra to their own maximum values and bringing the
spectra to the same intensity scale (hence eliminating the measurement
effects) is not needed as correlation based clustering is insensitive to linear
transformation of the data, i.e., normalization of the spectra. The group-
ings were determined with and without the Spanish (Asturias) and
Turkish (Oltu) samples.

The C concentrations (wt%) and stable carbon isotope compositions
of the gemstones were determined using an automated Flash 2000
Elemental Analyzer attached to a Thermo Finnigan Delta V Advantage
Isotope Ratio Mass Spectrometer at the Institute for Geological and
Geochemical Research (IGGR, Budapest, Hungary). Two-point linear
normalization was used to recalculate raw isotope values to VPDB
scales, based on analyses of IAEA-CH-6 and IAEA-CH-7 standards.

The hydrogen contents and stable hydrogen isotope compositions of
the gemstones were determined using a High Temperature Conversion
Elemental Analyzer (TC/EA) attached to a stable isotope ratio
measuring mass spectrometer at the IGGR. For bulk analyses, powdered
samples were wrapped in Ag foil capsules, placed into a carousel (Uni-
prep™, Eurovector SpA, Milan, Italy), heated to 110° C, while pumped
for 1 h using a Cole Palmer® Air Cadet® diaphragm pump and a liquid
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Fig. 1. Fourier Transform Infrared spectroscopic spectra of the Whitby jet sample SS1-10, the Lelle bead, and the jet-like gemstone samples from Aquincum (G1 —

G32). The vertical axis is not to scale, as spectra are arbitrarily shifted for clarity.

nitrogen trap. To analyze the hydrogen isotope composition of non-
exchangeable hydrogen, the protocol in Wassenaar et al. (2015) was
followed. The samples were wrapped in Ag foil, placed into the Uni-Prep
device, and pumped to vacuum. Then the samples were equilibrated
with waters with different isotopic compositions (5%H = -841.3 %o; 5°H
= —584.3 %g; 8°H = —147.7 %o) at 110 °C for 60 min, after which the
water vapor was pumped away. The bulk and equilibrated samples were
then flushed with He and dropped into the high-temperature conversion
unit (TC/EA) in a continuous flux of He carrier gas. The reaction tube
was packed with glassy carbon and heated to 1430° C. The TC/EA unit
was attached to a Thermo Finnigan delta V mass spectrometer, which
was used to determine D/H ratios in the Hy gas. The hydrogen contents
were calculated based on the size of the mass 2 signal peak.

The isotope compositions were expressed in the 5 notation (§°H and
5'3C = (Ry/Ry — 1)-1000, where R; and R, are the 2H/'H and 3c/!2C
ratios in the sample and the standard, respectively) in permil (%),
relative to V-SMOW for 8°H and V-PDB for 5!°C. The H and C isotope

compositions of laboratory standards (IAEA CH-7 polyethylene foil and
NBS-22 oil) used for calibration yielded an average reproducibility of
< £2%o0 and < £0.1 %o, respectively.

3. Results and discussion

3.1. Fourier Transform Infrared spectroscopy spectra and their statistical
analysis

Altogether, 22 Roman jet-like gemstones from the Aquincum
Museum, 1 Copper Age gemstone (Lelle bead), and 13 jet samples — 2
from Yorkshire (UK); 3 from Asturias (Spain); and 8 from Oltu (Turkey)
— were analyzed using FTIR, the spectra of which are shown in Figs. 1
and 2 (the spectral data are included in Supplementary Table 1). As
Fig. 1 shows, some groups have similar spectrum patterns (e.g., G3, G9,
and G11, with outstanding peaks at around 1000-1100 cm™Y). An
important goal of this study was to detect samples that may have
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Fig. 2. Fourier Transform Infrared spectroscopic spectra of the Whitby jet sample (SS1-10), the Robin Hood’s Bay sample, as well as the jet samples from Asturias
(Spain), Oltu (Turkey), and Gosau (Austria, from Bondar et al., 2021). Published spectra for Whitby jets (Watts and Pollard, 1996; Brock et al., 2020) are shown for
comparison. The vertical axes are not to scale, as spectra are arbitrarily shifted for clarity.

originated from the well-known jet occurrence at Whitby (Yorkshire,
UK), as such, the Whitby jet spectrum of sample SS1-10 is also shown in
Fig. 1. As we have only one sample that can be considered as typical
Whitby jet (sample SS1-10), it was also essential to determine if the
sample is representative of the Whitby jet site. The FTIR spectra of Watts
and Pollard (1996) and Brock et al. (2020) are plotted in Fig. 2. The good
agreement of peak positions and intensities suggests that the Whitby jet
sample SS1-10 is analogous to the samples analyzed in the cited studies.
The jet sample from beachcombing at the Robin Hood’s Bay yielded an

FTIR spectrum strikingly similar to the Whitby jet’s spectrum. Because
jets sensu stricto may be formed in other rock strata that were historically
exploited for jewelry production, FTIR spectra of samples from other
locations (Asturias, Spain; Oltu, Turkey; Gosau, Austria) are also shown
in Fig. 2.

The samples can be divided into groups based on visual analyses and
selection, but for the sake of objective reproducibility, a multivariate
statistical analysis was also conducted on the spectral data. The data
were processed with (n = 36) and without (n = 23) the samples from
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Table 1

Summary of the classification of samples from the Aquincum Museum based on
cluster analysis. Samples belonging to the same groups are significantly different
from the other samples (a = 0.1), according to multiscale bootstrap resampling.
The terms “Lelle group”, “Whitby group”, and “Oil shale-type” samples denote
the similarity of gemstone samples with the Lelle bead, the Whitby SS1-10 jet,
and the oil shales, respectively. The outputs (dendrograms) of the cluster anal-
ysis can be found in the Supplementary Material.

Sample codes

“Lelle group” samples
“Whitby group” samples

G1, G2, G4, G5, G13, G15, G16, G22
G10, G14, G19, G20, G25, G27, G30, G32

“Oil shale”-type samples G3, G9, G11
Similar to lignites G23, G24, G29
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Asturias (Spain) and Oltu (Turkey). The dendrograms are shown in the
Supplementary Material, the main sample groups are listed in Table 1.
As expected, the Whitby (sample SS1-10) and the Robin Hood’s Bay jets
are close to the Asturian and Turkish jets in the correlation-based
dendrogram (Supplementary Material, Section 4A), indicating their
similar formations. The Lelle bead is almost identical to sample G5
(rthomboid necklace; significance > 95 % Supplementary Material, Sect.
4). Samples G1, G2, G4, G5, G13, G15, G16, G22 can also classified as
within the “Lelle group” (~100 % significance) in both dendrograms
(with or without the Spanish and Turkish jets). Samples G10, G14, G19,
G20, G25, G27, G30, G32 can be listed in the “Whitby group” (91 %
significance; Supplement 4B, the dendrogram obtained without the
Spanish and Turkish jets). In addition to these groups, the dendrograms
revealed two separate clusters, consisting of samples G3, G9, and G11 in
one and samples G23, G24, and G29 in the other (~100 % and >91 %
significance respectively). The 700 to 2000 cm™! section of the FTIR
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Fig. 3. Fourier Transform Infrared spectroscopic spectra of the Whitby jet sample SS1-10, the Lelle bead, and the gemstone samples from Aquincum plotted in groups
differentiated using dendrograms (see Table 1). The vertical axes are not to scale, as spectra are arbitrarily shifted for clarity. Figures A), B), C), and D) show the
spectra according to the dendrogram-based groups (see text). The dashed line of sample G19 is the spectrum of the chloroform-treated sample.
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spectra is plotted separately using these group divisions in Fig. 3. The
spectrum patterns of the ,Lelle group” (Fig. 3A) are relatively simple
compared to those of the other groups, as the 700 to 2000 cm ™~ section
is dominated by 3 major peaks at about 1240, 1300, and 1600 cm_.
Visual inspection indicates that samples G5 and G22 are the most similar
to the Lelle bead. The other samples in the Lelle group show slightly
different peak ratios at 1380 and 1433 cm ™!, a dominating peak at 1600
cm~! (in contrast to the 1568 ¢cm™! peak of the Lelle bead), or the
appearance of an additional peak at 1315 em L. The spectra of the
Whitby group” (Fig. 3B) is very different to the “Lelle group” spectra in
Fig. 3A. The spectra of the SS1-10 Whitby sample, the Robin Hood’s
Bay’s sample, and the G10, G19, G25, and G27 samples are nearly
identical in the range of 700 to 1600 cm ™, whereas the spectra of the
G14, G20, G30, and G32 samples differ slightly in peak ratios or due to
the appearance of a small peak at 1310 cm™!. The major difference
within the Whitby group is the appearance of the 1715 cm™! peak, or a
hump, at this wavenumber. A possible explanation for this peak is that
the gemstones were treated with wax or oil to make the surface shinier
(Allason-Jones, 1996), although it is generally applied only to shales. To
determine if this was the case, a batch of sample G19 (from which
enough powder was available and which showed a hump at 1715 cm ™)
was treated with chloroform overnight, decanted, dried, and measured.
The spectrum of the chloroform-treated sample (dashed line, Fig. 3B) is
very similar to that of the untreated sample. As such, this gemstone was
likely not treated with oil or wax, so the 1715 cm™! peak cannot be
attributed to the presence of an organic lacquer.

The third group (G3, G9, G11) has additional peaks at 1000-1100
em™!, which can be attributed to silicates. The spectra are very similar to
that of the oil shales in Penton (2008), thus, they are termed ,,0il shale”-
type. Finally, the group comprising samples G23, G24, and G29 shows
spectra that are not similar to any of the other groups’ spectra; they
instead resemble the patterns reported for lignites by Cepus et al.
(2016).

The Lelle bead and other samples in its group (G5, G13, G22) are
characterized by a dominant peak at 1568 cm ™, slightly shifted from
the 1600 cm ™! peak, which is common in coals (e.g., in the other sam-
ples in this study, as well as in the coals of Ibarra et al., 1996; Cepus
etal., 2016; and Zieger et al., 2020). Similar shifts have been detected by
heating coals to 300-400° C (Blanco et al., 1991; Zhang et al., 2015) or
by chemically treating coals with amino acids at 70° C (To et al., 2017).
This may indicate that the original material of the Lelle bead and some of
the other samples in its group derived from coals that had been heated or
had undergone exchange with organic-rich fluids. Excluding the shift of
the 1600 cm ! peak, the ,Lelle group” spectra are very similar to those
of Carboniferous coals found in Spain and France (Iglesias et al., 1995,
see also Bondar et al., 2021), as well as in the Ruhr region (Germany)
(Zieger et al., 2020). As such, we can be confident that these samples are
not true jets (coalified and bitumen-impregnated wood trunks drifted
into Jurassic sediments). On the other hand, the strong similarities in the
FTIR spectra of the Whitby-group samples with the SS1-10 Whitby jet
sample potentially indicate a joint/similar provenance.

In conclusion, FTIR analyses can serve as a fingerprint technique to
define groups in a set of samples, as well as to detect similarities and
differences when compared with known locations. Additional, inde-
pendent analyses can further refine the provenance determinations.

3.2. D/H ratios in bulk vs. non-exchangeable hydrogen

Organic matter, such as coal, is rich in hydrogen, which makes
hydrogen isotope analysis appealing for provenance studies, particularly
if combined with other data, like stable carbon isotope compositions (e.
g., Redding et al., 1980; Mand et al., 2018). Potential drawbacks are the
mobility of hydrogen and its known sensitivity to late-stage isotope
exchange with ambient solutions, which necessitate the analysis of the
non-exchangeable hydrogen content (Schimmelmann et al., 1999;
Mastalerz and Schimmelmann, 2002). Measuring the hydrogen isotopes
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of the non-exchangeable hydrogen content requires a larger sample size.
As a result, bulk analyses were conducted for all of the samples, and non-
exchangeable hydrogen analyses were performed on the artifacts that
contained sufficient sample material. The data are listed in Supple-
mentary Table 2. Excluding one outlier (G13), the 5%H values of non-
exchangeable hydrogen (§%Hponex) correlate positively with the bulk
values (§°Hpui), with an 72 value of 0.93, a slope of 1.2, and an average
§%H bulk-nonex difference of —8.8 %o (3.7 %o 16). This good agreement
may suggest that either 1) late-stage isotope exchange did not signifi-
cantly affect the hydrogen content, so the bulk §2H data may be used in
provenance analysis, or 2) even the ,,non-exchangeable” hydrogen has
been altered. Comparison with additional data is needed to determine
which of the two conclusions is valid.

3.3. H-C contents and stable isotope compositions

Hydrogen and carbon contents (H% and C% values), as well as stable
hydrogen and carbon isotope compositions are listed in Supplementary
Table S2 and are plotted in Fig. 4, with the FTIR-based groups specified.
The H% and C% values (Fig. 4A) clearly define three major fields. The
Asturian, and the Turkish jet samples plot within a small area, indicating
that they formed in similar environments and under similar processes.
Sample SS1-10, which is considered to be representative of Whitby
gemstones, yielded relatively high H% and C% values, which are
nevertheless close to the Turkish and Asturian jet fields. The Robin
Hood’s Bay sample (RHB) plots within the jet field close to the Asturian
samples. The ,,Whitby group” samples plot close to the jet field, partly
overlapping it, and the G19 sample is very close to the SS1-10 sample.
The values of the Lelle bead fall between those of samples G5 and G22,
which have the most similar FTIR spectra to that of the Lelle bead. The
,Lelle group” (Fig. 3A and Table 1) shows a large scatter and overlaps
with the oil shale-like samples, as well as with the non-classified samples
(Fig. 3C and D).

The C contents and carbon isotope compositions are generally less
sensitive to late-stage alteration, and the incorporation of secondary
carbonate (which would affect both variables) was not detected by FTIR.
The jet samples plot close to each other in Fig. 4B, although the Turkish
jets appear to have higher C% and 8'3C values than the Asturian ones,
and the SS1-10 Whitby sample is shifted to higher C% values. The RHB
sample plots in the middle of the jet field. Among the Whitby group
gemstones sample G19 plots closest to the jet field. The ,,Whitby group”
samples, however, plot away from the jets, with more negative §'>C and
slightly lower C% values. As for the , Lelle group”, sample G2 plots close
to the jet field, whereas G13 and G15 have low §'3C values that are
similar to the low end of the ,,Whitby group” field. Although the FTIR
spectrum of G4 is within that of the ,Lelle group” (Fig. 3A), the low H
and C contents (Fig. 4A and B) make it an outlier. The C% and 53¢
values of the Lelle bead and sample G5 are very close to each other,
nearly within the analytical precision.

The H%-5H plot (Fig. 4C) reveals systematic data distributions. The
Lelle bead is an outlier, with a relatively low §2H value, which may be

Table 2

Comparison of the classifications in Allason-Jones and Jones (2001) and this
study. Vitrinite reflectance data (%RO) from Allason-Jones and Jones (2001) are
also listed.

Samples of this Classification of this Classification of A-J & J %RO

study study

Gl “Lelle group” jet (pendant AM.1993) 0.18

G3 ,,0il shale”-type jet (beaded armlet 0.1-0.14
AM.632a and b)

Gl1 ,,0il shale”-type shale (armlet AM.70.6.79 0.35
Unpubl.)

G19 “Whitby group” jet (armlet AM51468) 0.17

G23 similar to lignite jet (beaded armlet 0.23
AM52379)
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Fig. 4. Hydrogen and carbon contents (H% and C% in wt%), as well as stable hydrogen and carbon isotope compositions (in %o relative to VSMOW and VPDB,
respectively) of the studied samples. Data groups follow the dendrogram-based division (see Table 1). Jet samples from Asturias are marked by white, filled circles
within the jet fields. RHB: Robin Hood’s Bay sample. SS1-10: Whitby jet sample. TR and SP: samples from Turkey and Spain, respectively.

related to postdepositional alteration in the grave’s soil where the bead
was found. The Asturian and the Turkish jets overlap with the ,,Whitby
group” samples, whereas the SS1-10 Whitby and the RHB samples are
characterized by lower 8°H values. Interestingly, the $S1-10 Whitby
sample is shifted from the other jets due to its elevated H%, whereas the
RHB sample plots close to the Asturian and Turkish jets and the “Whitby-
group” samples. Sample G19 again plots closest to the Whitby sample
compared to other Whitby group gemstones. The H% and §2H values
clearly separate the “Whitby group” samples from the ,Lelle group”-
objects. Samples G2, G13, and G15 are again closest to the jet field, as
depicted in Fig. 4A and 4B. The combined §°H-3'3C diagram shows
overlapping compositions, without revealing new relationships.

These data distributions show that provenance investigations using
FTIR and stable isotope analyses are not straightforward but that diag-
nostic features may nevertheless be inferred. The good separation of the
,Whitby group” and the ,Lelle group” samples in the H%-8?H results
indicates that bulk hydrogen measurements may be helpful in prove-
nance research and that the compositions of exchangeable hydrogen are
not shifted from the formation-related values. The non-exchangeable H
% and 52H values are not discussed here, as their quantity of data is
smaller than that of the bulk analyses. The H% and C% values clearly
differentiate between jet and non-jet samples. The latter may be derived
from coal deposits. The similarities in the FTIR spectrum and the pre-
viously published §'3C ranges (Redding et al., 1980; Igleasias et al.,
1995; Bondar et al., 2021) suggest that the most likely origin for the
Lelle bead, as well as for samples G1, G5, G16, and G22 is Carboniferous
coal. As for the jet-like samples, only one sample’s (G19) material is

similar to the SS1-10 Whitby or the RHB samples. The other FTIR-based
. Whitby-group” samples may originate from related jet occurrences, but
they are not similar to the Robin Hood’s Bay sample or the SS1-10
sample. Although the age and formation of the Kimmeridge jet
(another jet occurrence in the UK also used for black jewelry, Watts and
Pollard, 1996) are similar to those of the Whitby jet, the Kimmeridge jet
has a slightly different FTIR spectrum (Watts and Pollard, 1996).
Therefore, the ,,Whitby group” samples may not originate from this
formation type. Hesselbo et al. (2007) analyzed stable carbon isotope
compositions of jet samples from the Early Jurassic Mulgrave Shale
Member (Yorkshire, UK). Their 5'3C values range from -30.8 to —24.7
%o, with a systematic stratigraphic variation (,,negative carbon isotope
excursion”). As such, the 53¢ range of —-30 to —25 %o of the ,,Whitby
group” samples may be consistent with an origin from Yorkshire jet
occurrences. Based on the 5'3C value of —25 %, sample SS1-10 may be
correlated with the wood compositions detected at layers 39 and 40 in
the sedimentary section of Hawsker Bottoms (Yorkshire, UK) in Hes-
selbo et al. (2000). The 8'3C value of —23.5 %o of the Robin Hood’s Bay
sample is unusually high compared to the Toarcian jet range of Hesselbo
et al. (2000), but would be consistent either with Pliensbachian wood
compositions observed for the Robin Hood’s Bay sedimentary section
(8'3C values mainly between —26 and —23 %o; Korte and Hesselbo, 2011),
or with middle Jurassic wood 8'3C data of the Ravenscar Group, York-
shire (from —26 to —21 %o, Hesselbo et al., 2003). The FTIR, chemical,
and stable isotope similarities of the G19 gemstone with the SS1-10 and
RHB samples indicate that the G19 material may have derived from a
source which is identical to the “hard jet” of Whitby or the “soft jet” of
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the Robin Hood’s Bay. The similar FTIR spectra but different isotopic
compositions of the jets and the “Whitby group” gemstones, as well as
the overlapping 6'3C ranges of the “Whitby group” gemstones (-30.1 to
—-25.4 %0) and the Hesselbo et al. (2007) jet range (-30.8 to —24.7 %o)
indicate that the materials for the “Whitby group” gemstones may have
been collected from different stratigraphic positions within the lower
Jurassic jet-bearing layers. Further detailed sampling of the potential jet
mining locations, as well as of Roman jewelry from Yorkshire may shed
light on the provenance of Roman jet artifacts.

4. Comparison with microscopic reflectance studies

Some of the samples from the Aquincum Museum collection (marked
,,AM”) were studied using reflected light microscopy and were classified
as jets and shales by Allason-Jones and Jones (2001). Table 2 shows the
comparison of the two studies. Out of the 5 samples analyzed in both
studies, only 2 identifications matched (samples G11 and G19). Three
other samples were identified as jets by Allason-Jones and Jones (2001),
but they plotted outside of the jet fields in Fig. 4 and were classified as
,.Lelle group” (sample G1), ,,0il shale”-type (sample G3), and lignite-like
(sample G23). As suggested by Bondar et al. (2021), the FTIR and
geochemical characteristics of the Lelle bead are similar to those of
Carboniferous coal. This is in accordance with the low H% and C%
values of the ,Lelle group” samples, which are characteristic of coal
rather than jets (Pollard et al., 1981). Textural characteristics would
help to determine the material type (e.g., Teichmiiller, 1992), but our
results show that reflectance alone may not be sufficient to distinguish
between jets and other coal-like materials. Textural analysis by a re-
flected light microscope, however, requires a large piece of the sample to
be cut and polished, whereas the powder sampling used for the coupled
FTIR-IRMS requires only a small amount of material (1-2 mg), which
can be taken without damaging the artifact for future museum exhibits.

5. Conclusions

Black, organic gemstones from a Copper Age grave at Balatonlelle
(western Hungary) and from the Aquincum Museum’s Roman period
collection (Budapest, Hungary), as well as jet samples from Yorkshire
(UK), Asturias (NW Spain), and Oltu (Turkey) were investigated using
Fourier Transform Infrared (FTIR) spectroscopy, H and C concentra-
tions, and stable isotope ratio determinations. The FTIR spectra were
statistically processed and grouped using correlation-based metrics,
accompanied by bootstrapping. Four major groups were differentiated:
1) samples similar to the Copper Age Lelle bead, 2) samples similar to
Whitby jet, 3) samples with spectrum patterns similar to oil shales, and
4) non-classified samples that may be similar to coals. The H-C contents
and stable isotope compositions also helped to refine the sample groups.
Combining the FTIR, chemical, and isotopic information, some of the
Aquincum samples were nearly identical to the Lelle bead, one sample
was very similar in all aspects to the Whitby jet sample, and seven
gemstones had Whitby-like FTIR spectra but a §'C range that over-
lapped published 5'3C values of lower Jurassic wood from Yorkshire
(UK). This observation warrants further, systematic study on the prov-
enance of Roman jet jewelry and stratigraphically well-known jet oc-
currences. Additional samples may represent oil shales and lignite-like
coal on the basis of their FTIR spectra and chemical compositions.
Although exact origins cannot be conclusively determined, this study
demonstrates that combined geochemical analyses are potentially useful
in future provenance research.
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