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In Europe, adhesives were produced and employed from the Middle Palaeolithic onwards. In the ear-
lier periods, adhesives were used predominantly for hafting tools and weapons, but their functionality
evolved with the advent of ceramic technologies, with use widening to pottery repair and ornamenta-
tion. Limited attention has been directed towards their application in metalwork. It is unclear whether
the scarcity of adhesives described in association with metal is due to preservation factors, such as
corrosion-related issues, or to a research emphasis on other materials associated with metalwork such as
coral, amber, and glass. To address this issue, we conducted chemical analyses including gas chromatog-
raphy - mass spectrometry on 18 adhesive residues present on 15 objects from France and England dated
from the mid first millennium BCE to the first century CE. These artefacts include jewellery, vessels, har-
ness fittings and weaponry components. Our findings suggest that a range of adhesives were employed
in assembling and applying decoration to diverse types of metal objects. These include birch tar and
conifer resins, also bitumen and possibly beeswax, which have not been reported before. However, the
application of waxes in past conservation practices introduces challenges that can potentially constrain
the interpretation of molecular analyses. Our results have implications for the understanding of the ad-
hesive technologies, and illustrate the potential of identifying adhesives linked to metal ornamentation.
They further demonstrate the widening application of long-established adhesive technologies within the

framework of increasingly complex craft specialisms.
© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

rials to adhesives has been evidenced in some cases (for example
ochre, [11]), and shown to modify adhesive properties [12].

Adhesives are the first synthetic material made by humans at-
tested in the archaeological record [1-4]. Their application range
varies depending on region and period. The adhesive most fre-
quently encountered archaeologically in Europe is birch bark tar
(hereafter birch tar), a product obtained through distillation of
birch bark. It's prominence in the archaeological record is likely
due to its preferential use for its adhesive strength [5], and greater
resistance to taphonomic processes compared to other adhesives
[6]. To a lesser extent, conifer resins [7], or bitumen [8], beeswax
[9] or hide glue have been found [10]. Addition of inorganic mate-
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Archaeological evidence attests to a diversification of adhe-
sive function likely linked to concurring inventions such as com-
posite tool, ceramic and metal technologies. Hafting of stone or
bone tools is well documented for the Mesolithic and Neolithic
[13-18]. For these, the composition of the adhesives is revealed
through chemical analyses [14,18] and their performance recon-
structed through mechanical testing [5,12,19,20]. With the onset of
ceramic technologies, evidence of ceramic repair or decoration be-
comes frequent [18,21-24].

Few studies have examined adhesive use on metal objects.
Chemical data from artefacts from Iron Age Europe evidence the
use of birch tar [25-27], in some cases possibly mixed with conifer
resin [28,29]. Birch tar was used to affix decorations on harness fit-

1296-2074/© 2025 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Map of site locations. Site locations that are very close to each other are represented by the same point. Base map made with Natural Earth (free vector map data

@naturalearthdata.com).

tings [25,29] and brooches [30], glue tin strips onto ceramic pots
[22], on sword sheaths [26,27] and has been found within a bronze
pendant [28]. Birch tar was used until the Roman period in west-
ern Europe [31] and in the early medieval period in the United
Kingdom [32]. It is unknown whether the lack of adhesive evi-
dence in Europe on metal is due to a research bias in the study
of the metal objects themselves, decreased preservation on metal
as opposed to stone and ceramic, or whether adhesives were sim-
ply not used for all types of metalwork.

To investigate these aspects, we studied a range of metal
artefacts in the collections of The British Museum, Hull and
East Riding Museum in England, and the Institut national de
recherches archéologiques préventives (Inrap) repository in Stras-
bourg (France). The objects include brooches, a pendant, a sword
hilt, harness fittings, horse chariot terrets and a vessel (Table 1).
These were selected due to the presence of black residues visi-
ble on the metal surfaces or at the interface between different
materials on composite objects. Both copper alloy and iron arte-
facts were included. The objects originate from ten different Iron
Age sites in northern and south-eastern England and north-eastern
France, dated between the fifth century BCE to first century CE
(Fig. 1). Two well-known composite objects from the British Mu-
seum collections were also examined: the Battersea shield found
in the Thames river in London, England [33], and one of the Etr-
uscan style flagons from Basse-Yutz, France [34].

This work has three research aims. First, to identify whether ad-
hesive residues are preserved on different metal objects. Second, to
identify the chemical composition and, hence, the nature of these
residues to understand how adhesives were used in metal tech-
nologies. And thirdly, to assess the potential impact of past sur-
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face treatments and conservation interventions on the composition
and condition of ancient adhesives associated with metal objects.
For this, 18 residues were analysed from the 15 objects using gas
chromatography - mass spectrometry (GC-MS). The objects have
different ornamentations, such as studs and inlays made of coral,
red glass, shell or amber. The adhesives on two of the artefacts
have been studied before but to varying degrees of detail. For ex-
ample, the composition of the copper alloy and the glass have been
analysed and published for the Battersea shield [33]. However, the
adhesive is only briefly mentioned in the unpublished scientific re-
port where the use of bitumen for ornamentation is noted but no
chemical characterisation was reported [35]. Birch tar was iden-
tified on the Mill Hill, Deal strap union [36,37] and bitumen as
the material underlying domed pins on the Asby Scar sword guard
[38]. We reanalysed the data by Stacey [37] and Stead [38] to com-
pare the results with the objects in this study. Our results allow
for a holistic perspective of adhesive technologies in the Iron Age,
currently known predominantly for its use on ceramics. This has
implications for our understanding of the respective adhesive tech-
nologies and their entanglement with metal technology and orna-
mentation.

Research aims

This study aims at 1) identifying whether organic adhesives
preserve on metal objects curated in museum environments; 2)
characterising the chemical composition to identify the nature of
these adhesives, which will allow us to illustrate the range of ap-
plications that adhesives were used for and to understand com-
bined adhesive and metal technologies; 3) highlighting the poten-
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Table 1

List of sites as shown in Fig. 1 and respective objects sampled for organic residue analysis. BM = British Museum, HER = Hull and East Riding Museum, INRAP = Institut national de recherches archéologiques préventives;
UK = United Kingdom, FR = France. Material types based on previous publications or internal museum records.

Site

Argam
Lane

Makeshift
Cemetery

Wetwang
Village

Danes
Graves

Battersea

Mill Hill,
Deal
Asby Scar

Pleurs

Basse-Yutz

Truchtersheim

County/Dept.,
country

East Yorkshire,
UK

East Yorkshire,
UK

East Yorkshire,
UK

East Yorkshire,
UK

Greater
London, UK
Kent, UK

Cumbria, UK

Marne, FR

Moselle, FR

Bas-Rhin, FR

Chronology

c. 400-150 BCE

c. 400-150 BCE

c. 400-150 BCE

c. 400-150 BCE

¢. 350-50 BCE

c. 250-100 BCE
¢.1-100 CE

c. 450-320 BCE

c. 420-360 BCE

c. 625-550 BCE

Museum or
collection: ID
BM:
1991,1001.25

BM:
1975,0401.36
BM:
1975,0401.27
BM:
2001,0401.9
BM:
2001,0401.18
BM:
2001,0401.4
BM:
2001,0501.5
BM:
2001,0401.7
HER:
KINCM:1946.65.2.1
(same ID)
(same ID)
BM:
1857,0715.1
(same ID)
BM:
1990,0102.27
BM:
1994,0204.1
BM: ML.1631

BM:
1929,0511.2

INRAP:
016,885-MCU-
606-004

Sample IDs

ALO2

MCO01
MC02

WWO01S1
WW01S2
WWO01T2
WWO01T3
WWO01T5
Danes_01
Danes_02

Danes_06

BSO1
BS02

DLO1
ASO1

Pleurs01

BYuO1

TRO1

Objects

Brooch

Brooch
Brooch?

Strapfitting
Strapfitting
Terret
Terret
Terret
Brooch
(same)

(same)

Shield
(same)

Strap fitting
Sword

Brooch

Flagon

Pendant?

Metal type

Fe/Cu alloy

Bronze
Fe/Cu alloy

Cu alloy
Fe

Fe/Cu alloy
Fe/Cu alloy
Fe/Cu alloy
Cu alloy
Cu alloy

Cu alloy

Bronze

Cu alloy
Tin bronze

Cu alloy

Cu alloy

Cu alloy

Inlay/stud type

Glass

Glass
Glass and coral

Coral

Coral

Coral

Coral

Coral

Tufa?
Amber?
(dentalium)
shell?

Glass

Glass

Coral

Coral

Coral?

Conservation
treatment
No record of
conservation
undertaken at
the BM

No record of
conservation
undertaken at
the BM

PB72

PB72

PB72
PB72
PB72

HMG, Incralac

PB72, HMG

PB72, HMG

PB72, HMG,
Araldite epoxy
No record of
conservation
undertaken at
the BM

No record of
conservation
treatments of
the inlays
undertaken at
the BM

No treatment

I 32 Sa)1D "W ‘swopy °S Yooy 1L

695-85¢€ (520Z) 12 98p3Lay [pan3n) o ppuinof
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tial of chemical analyses on metal objects but also the impact of
conservation history on our interpretation of ancient adhesives.

o~
Materials and methods = 2% <
g, =2 ¢
Materials EEEssy $58. 868888
SEEESS | oo uRRERgRERRERER 5,
EEEELC55555EEE5E£2£E55
We sampled fifteen metal objects from ten Iron Age contexts CeRssAZZZZZAaAASAEAAZZ
from the collections of The British Museum, the Hull and East Rid- = £
ing Museum, including copper alloy and iron objects (Table 1 and E f
Fig. 2; contextual information on each site and object in the SI). "E g - g .
One object (016885-MCU-606-004) is curated at the Inrap repos- f 2 £ ke r:_é’ ki § § § §
itory in Strasbourg. Where possible, prior to sampling the adhe- g “; : Y > 8555 =
sives, objects were examined and recorded in situ using a VHX T z s- .5 < % 28T E 2
Keyence digital microscope (Fig. 3 and SI). For most of the ob- 8|5 §§ § & & 2 £22% 2
jects, the adhesives are underlying studs and/or inlays made of § 8Y c>>:-555ES5555E5555E
glass, coral, possibly dentalium shell and amber. In some cases, E gﬁ G Z'j % g SEEE5EEEEEES Ess
the inlays were not preserved but residues could be identified in S|ER Z2RL2EicihhcRabncAam
the sockets. In two cases, the organic material is infilling hollow 5
metal components: the Truchtersheim pendant and the Asby Scar S| .
sword. Museum conservation records show the treatment of some K] %
of the objects with Paraloid® B72, HMG®, Araldite® and Incralac® Z ]
- wv I | | I | | | I I I I I I I X1 I
(Table 1). ]
=
(9]
Solvent extraction protocol and GC-MS analysis E g
A 2
Sample preparation and analyses of samples from museum ob- :g = L
jects were performed in the laboratories of the Department of Sci- g é
entific Research of the British Museum. The sample taken from *: £
the Truchtersheim pendant was analysed at the Cepam laboratory ) g
in Nice, France. Samples were extracted and analysed based on R R
o | = X X X X X X X X X X X X X | X X
previously established protocols [18,21,39]. The potential adhesive g1,
residues were solvent extracted and analysed using GC-MS (ana- S1E
lytical details in the SI). =| g
The analytical protocol of the ASO1 extraction can be found in A
Stead [38], and extraction protocols from Stacey [37] of DLO1 are F; a N A T R R R R A
noted in the SI. Identification was conducted with the free soft- g @
ware AMDIS (Automated Mass Spectral Deconvolution and Identi- é - S
fication System; http://chemdata.nist.gov/mass-spc/amdis), NIST li- = £ ;
brary and published data [40-43]. Compound abundances are ex- % £ ]
pressed in percentage and were calculated from the sum of the in- 8|5 E £
tegrated areas of compounds belonging to the same chemical class E %" § %
normalised by the total area of identified compounds. All raw data E[SB AR xR XX X
are archived at the British Museum in the Department of Scientific 2 -
Research Project Records (PRO 7711) and available on request to % £
science@britishmuseum.org. _; 'g 2
5| ES
- | T =
ReSUItS f -8 Z L | I | | | I | | I | | I | | | |
(=9
Molecular profiles of birch tar g § 2
2|2s
In twelve samples we identified triterpenoid compounds char- g E‘—E
acteristic for birch tar (Table 2). These were completely soluble in E £ z
DCM. The residues can be linked to their botanical origin based % BE %k 0
on the presence of specific biomarkers present in birch bark, such = ]
as betulin, lupeol and betulinic acid, and erythrodiol [40-42,44], § E
see Fig. 4. Birch tar is characterised by the degradation prod- S 3‘%
ucts of these biomarkers forming during distillation. We identi- T|IEE
fied the degradation markers lupa-2,20(29)-diene, lupa-2,20(29)- E B R R R RN
dien-ol, lupenone, betulone, allobetul-2-ene, allobetulin, and less S a
frequently 28-oxoallobetul-2-ene and 3-oxoallobetulane. The infre- i TRAERESS 8 5
quency of the latter two compounds is most likely due to coelution N E g asgsessse E¢f-a3zg % =
with other triterpenoid compounds, seen in samples WWO01T3 and E 5 & =55 § 22 § -

WWO1T5. Although some of these markers can form through nat-
ural decay [40], their abundance increases during production and
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Fig. 2. Selected photographs of objects included in the study (image credits for 016885-MCU-606-004: T. Koch; for object 1946.65.2.1: © Hull and East Riding Museum; and
for the remaining objects: © The Trustees of the British Museum). For details see Table 1 and SI.
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1000um

1000um

Fig. 3. Microscope images of selected adhesive residues (arrows indicate adhesive), A) between coral inlays on the brooch from Pleurs (BM registration ML.1631); B) under-
lying the studs on the Danes Graves brooch (HER registration KINCM:1946.65.2.1); C) underlying the coral studs (BM registration 2001,0401.7) and D) preserved in empty
sockets on the Wetwang Village terrets (BM registration 2001,0501.5). Microscope image of empty cavities with E) no rivet puncture through the metal on a Wetwang Village
terret (BM registration 1975,0401.36) and F) puncture related to the rivet on the brooch from grave R22 at Makeshift cemetery (BM registration 1975,0401.27). © The Trustees

of the British Museum.

their presence with other degradation markers linked to manufac-
turing supports the interpretation of birch tar [39]. Many triter-
penoids present in birch tar remain to be chemically identified. We
therefore expect the real values of triterpenoid abundance to be
higher than presented in Fig. 5. We identified saturated and unsat-
urated fatty acids, and diacids, which have been reported in previ-
ous studies on birch tar residues and may be released from suberin
[41] during the production of birch tar [39]. The presence of be-
tulin in samples MCO02 without other bio- or degradation markers
is insufficient for an interpretation as it also occurs in other an-
giosperms [44]. For a list of all detected compounds, see Table S1
of the SL

Diterpenoid profiles of pinaceae-derived products

In addition to triterpenoid compounds, four samples also con-
tained specific markers suggesting the presence of a conifer-
derived substance. We identified dehydroabietic acid and its degra-
dation product 7-dehydroabietic acid, which, are common markers
for resins from the Pinaceae family [18,45] in samples WWO01T2
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and Danes_01. Sample MCO1 also contains simonellite, which is
another common biomarker derived from conifer products [46,47].
Sample Danes_06 features a fourth marker, pimaric acid. Compared
to the area of triterpenoid molecules in these samples (see Fig. 5),
the diterpenoid compounds are less abundant. We were unable to
identify specific markers that would enable us to narrow down the
botanical source to a genus level.

Wax-characteristic compounds

The molecular profile of beeswax is commonly characterised
by a combination of long-chain even-numbered palmitic and 15-
hydroxypalmitic wax esters, even-numbered fatty alcohols, long-
chain fatty acids and odd-numbered n-alkanes [48-50]. We found
some of these compounds in the samples taken from one of the
brooches from the Makeshift Cemetery (MC02), the Pleurs brooch,
the Battersea shield and the Basse-Yutz flagon (Table 2). Five sam-
ples taken from these objects show a molecular profile of wax es-
ters with W40-W50, although W50 was absent in two samples
(PleursO1 and BYuO1). In one of the samples taken from the Bat-
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7-oxodehydroabietic acid

lupenone lupeol
allobetul-2-ene betulone
lupa-2,20(29)-dien-28-ol betulin
lupa-2,20(29)-diene betulinic
acid

20

Intensity

erythrodiol
‘I*
lupeol

allobetul-2-ene
lupa-2,20(29)-dien-28-ol
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cholesterol
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allobetulin
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Fig. 4. A) Total lon Chromatograms (TIC) of the residues from the Danes Graves brooch (Danes_06, top) and the Battersea Shield (BSO1, bottom); CX:Y = fatty acid,
DX = diacid, AX = alcohol, WX = wax ester, where X = number of carbon atoms, Y = number of double bonds on the aliphatic chain,; * = unidentified oxidised triterpenoids

with mass spectra identical to (1) lupenone and (2) betulone.

tersea Shield (BS02) we detected only one wax ester (W46). To
further investigate the composition of the wax esters, we extracted
specific ion fragments related to different fatty acids (C14:0-C30:0,
m/z = 229, 257, 285, 313, 241, 369, 397, 425, and 453). We found
that palmitic wax esters are the predominant species (details are
reported in the SI), these being characteristic markers for beeswax
[49,50]. Even-numbered fatty alcohols (A24-A32) were present in
sample MCO2. Sample BSO1 only contained A30. Odd-numbered n-
alkanes were not identified in any of the samples that contained
wax esters. Different long chain fatty acids (C24:0 and C30:0) were
identified in samples BSO1 and MCO2. For a confident identification
of beeswax, a complete set of wax esters with alcohols or alkanes
is crucial, which is not the case for all our samples. We identified
palmitic wax esters and even-numbered alcohols in sample BSO1
and MCO02, the latter also containing long chain fatty acids. The
other three samples BS02, BYuO1 and PleursO1 only contain wax
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esters without any traces of alcohols or n-alkanes. However, we
note that the absence of n-alkanes in our samples could also be
due to heating or natural degradation of beeswax [49].

Molecular profile of bitumen

The Asby Scar sample (ASO1) contained a series of chemical
classes characteristic of bitumen (Fig. 6): terpanes (C28-C29), ster-
anes (C27-C29), and hopanes (29«SH to 33« BH). Steranes were
characterised based on their c«ao and a8 configuration which
can be identified by their m/z 217 vs 218 ratio [51]. The aow
configuration is characterised by more abundant m/z 217, whereas
o BB configuration by m/z 218. The simultaneous presence of these
classes suggests that the residue is a petroleum product [52].
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Fig. 5. Relative abundance of each major chemical class for samples with complex molecular compositions (as calculated from the sum of peak integrals per chemical class
normalised by the sum of peak integrals from all identified compounds; unidentified peak areas were not taken into account).
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28/3
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Fig. 6. Extracted Ion Chromatograms (EIC) of the bitumen residues on the Asby Scar sword sheath showing the distribution of terpanes (m/z 191, top) with tricyclic terpanes
with n total carbon atoms (n/3), 17a—22,29,30-trisnorhopane (Tm), 18«¢—22,29,30-trisnorneohopane (Ts), Gammacerane (GCE), and 17¢,218-hopanes with n total carbon
atoms (n «BH) in both R and S configurations; and steranes (m/z 217 and 218, bottom) with long chain ca«- and o8- steranes with n carbon atoms (Cn).

Non-identified residues

Sample WWO01S1 contained diacids and fatty acids, but no
characteristic compounds that would allow further interpre-
tation, as these could also be linked to handling or sedi-
ment contamination. Several odd-numbered n-alkanes and even-
numbered fatty alcohols are present in sample AL02, but the
lack of beeswax-characteristic palmitic wax esters hinders clear
identification.
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Conservation treatment residues

The sample chromatograms were further investigated by ex-
tracting specific m/z values related to compounds applied for the
conservation treatments listed in the objects’ conservation records.
Paraloid® B72, which is a copolymer of ethyl methacrylate and
methyl acrylate [53], could not be chemically identified in any of
the samples. We identified phthalates (based on the characteristic
ion fragment m/z 149) in almost all samples, except for the Wet-
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wang Village objects, the Truchtersheim pendant, and one of the
Battersea Shield samples (BSO1). These likely derive from plasticis-
ers added to treatments or storage in plastic containers and wrap-

pings.
Discussion
Implications of our data for adhesive diversity and functionality

Our results show the diverse use of adhesive substances for
metal ornamentation and assembling. Birch tar being the main
component in most samples is in line with previous studies on Iron
Age adhesives on ceramic [21,22,54,55] and metal [28-30]. This
suggests continuity and persistence of birch tar as an adhesive.
Iron Age birch tar finds use in a wider range of applications and
specialised crafts. This raises questions on combined technologi-
cal expertise of adhesive technology and metallurgy. Based on our
study and previous findings [28-30], we argue that metal as a sub-
strate, or the corrosion thereof, does not hinder adhesive preser-
vation. However, most objects in this study are copper alloys. It
is unclear if adhesives survive on forged iron objects, whose of-
ten stronger corrosion could have a more significant impact on
the preservation of adhesives. These might be dislodged or con-
cealed by corrosion. We analysed only one iron object (WWO01S2)
which shows that adhesives can preserve. Still, the choice to in-
clude mostly copper alloy objects in this study could potentially
have been biased by lack of visible adhesive residues on iron ob-
jects, an issue which remains to be further explored.

Current data ([28-30]; and this study) make clear that adhe-
sive technologies are closely entangled with other material tech-
nologies. In this study, the manufacture of adhesives such as birch
tar seems to be an integrated step in the finishing of metal ob-
jects, constituting a key component of a secondary metallurgi-
cal chaine opératoire including other materials. Material acquisi-
tion (birch bark, resin, coral, shell, amber) and production (glass,
birch tar, metal) might relate to specialised crafts, but the Danes
Graves brooch shows that different materials may have sometimes
been combined in a single object. The original publication of the
brooch [56] proposes the beads were made of tufa (or a similar
stone), amber (or similar resin) and dentalium shell, but scientific
research is underway for accurate identifications [57]. The inte-
gration of multiple material chaines opératoires highlights the de-
gree of craft organisation played in wider production networks or
réseaux opératoires (see [58]). Use of rivets to attach studs already
held in place by an adhesive demonstrates how different material
components are integrated, potentially in the same workshop. It is
not clear why some studs are held in place only by adhesive whilst
others are also attached with a rivet. The Danes Graves brooch,
or the Battersea shield, show that the use of rivets was not al-
ways necessary. Similarly, the Wetwang Village terrets are deco-
rated with coral studs that, when preserved, are attached with riv-
ets. However, when the coral and rivets are not preserved, it be-
comes evident that the rivets do not always fully pierce into the
underlying metal (Fig. 3e). This contrasts with the clear technical
use of a rivet on one of the Makeshift cemetery brooches (Fig. 3f),
where the rivet penetrates both the stud and the underlying metal.
Here, the marking of narrow grooves into the surface of the metal
before adding the adhesives may have aided adhesion. This ques-
tions the necessity of rivets: were they meant to hold the coral in
place while the adhesive dried, or do they represent an older tech-
nology but are now purely decorative? For a more informed assess-
ment of these technological choices, future experimental studies
could help determine the functional necessity of combining adhe-
sive (e.g., birch tar) and mechanical (e.g., rivets) joining techniques.

Adhesive function in securing and holding studs and inlays of
different materials is clear for the ornamentation of brooches, har-
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ness fittings or the Battersea shield and the Basse-Yutz flagons. For
example, the red glass decorating the Battersea Shield cannot be
melted and fused into place by enamelling ([33], p. 49), which
explains the need for an adhesive. Two of the objects analysed
here, however, indicate the use of adhesive between metals with-
out any other material components attached. The Truchtersheim
half-sphere filled with a lump of birch tar is comparable to a pre-
vious discovery by Courel et al. [28]. The authors suggest that the
adhesive is used to join two half-spheres to make a pendant. The
guard and pommel of the Asby Scar sword is ornamented with
multiple hollow domes that are filled with bitumen. Bitumen here
serves both as an adhesive to aid the pin holding the dome in
place, and as a filler of the hollow metal. We may hypothesise
that this function is different from gluing studs into metal sock-
ets, where no infill is required. It may be that bitumen presents a
more suitable adhesive for this specific purpose, or it could be an
opportunistic choice because bitumen was available, thus reflecting
the craft specialism or workshop environment. Freshly collected
bitumen is sticky but it has been shown to have no measurable
adhesive strength, even after cooking [11]. However, air-dried bi-
tumen’s adhesive strength is comparable to cooked/reduced birch
tar from double-pot distillation, and may be even slightly stronger
(see [5,11]). This would explain the use of both materials for simi-
lar purposes.

In a previous study, Koch et al. [21] compared the molec-
ular composition of birch tar samples on different ceramic ob-
jects, functioning as repair material, decoration or surface treat-
ments. This comparison was made with samples from site loca-
tions in geographical and chronological proximity. In contrast, the
objects presented here originate from different geographical con-
texts, which are not always clear or known. Chronological classifi-
cation can also be vague for objects within the museum records,
hindering direct temporal comparison. When possible, we encour-
age chemical comparison of birch tar function on ceramics versus
metal objects from similar site contexts to assess whether any vari-
ation due to production or post-production processes can be iden-
tified. However, we do call for caution in the comparison of ar-
chaeological residues found on different substrates (i.e. metal ver-
sus ceramic) as the differential impact on degradation is not fully
understood. Huber et al. [59] showed that (cedar oil-characteristic)
molecules degrade differently based on the material they are ad-
herent to. Studies of other archaeological residues associated with
copper alloys have shown the occurrence of copper salt formation
[60]. The organic acids detected here might therefore be present
as metal complexes, as these are indistinguishable from free acids
when analysed as TMS derivatives. This phenomenon has not yet
been examined for archaeological resins and tars, meaning the im-
pact on preservation and molecular profiles is unknown.

Intentional use of pinaceae resins or fuel-derived contamination?

We further found evidence of Pinaceae-derived products in four
of the samples. Pinaceae resins have been identified at other Iron
Age sites, for example Le Cailar (France) where Iron Age human
heads were impregnated with a possibly heated Pinaceae-derived
product for facial preservation or embalming [61]. The interior sur-
face of an adult parietal fragment from Oram Arbour (UK) was cov-
ered in a residue ([62], p. 205) likely a pine resin [63]. The exte-
rior of this bone showed evidence of scorching, suggesting either
its use as a potential vessel (a skull cup), or post-mortem mor-
tuary rites [63] which fit a wider range of Iron Age technologies
[64]. Previous studies have shown that Pinaceae resins were used
in combination with birch tar to attach coral studs to the Wet-
wang terrets [29] and assemble the Eckwertsheim pendant [28].
We did not identify any molecular component of a resin added
to the Truchtersheim artefact. This might relate to a hypothesis
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proposed by Courel et al. [28] that the presence of resin is due
to contamination. The three samples from different inlay locations
of the Danes Graves brooch show that adhesive compositions can
also vary on the same object. Besides birch tar, two of the sam-
ples taken from the brooch contained diterpenoids. A possible ex-
planation for this is that the mixture was not physically homoge-
nous, resulting in samples containing topical varying amounts of
molecular markers which might skew molecular characterisation.
Or, small amounts of diterpenoid compounds could come from
nearby fires using conifer woods as fuel. Multiple conifer specific
compounds are also present in smoke from biomass burning, for
example dehydroabietic, pimaric, abietic acid and retene [65]. This
was also evidenced by the diterpenoid markers found in ceramic
pots fired using pine wood [66]. Incidentally produced wood tar
has also been shown to form on flint tools if deposited in fire
places [67]. For these reasons, we cannot be certain of the ori-
gin of these markers. This is especially so if they are present as
minor components in an archaeological material which required
fire to produce (here, the production of birch tar). Low abundances
of diterpenoids have been identified in experimentally made birch
tar [16]. The samples in this study contain only few diterpenoids,
whereas a full sequence of diterpenoid markers would provide
more convincing data for the intentional use of conifer products
(as suggested in [68]).

Limitations in interpretation due to museum conservation practices

Past conservation treatments may have had an influence on the
organic composition of the residues sampled. Conservation records
at the British Museum note different treatments on some of the
objects (Table 1). Paraloid® B72 is an acrylic resin that has been
used in conservation practices to restore paintings [69] or con-
solidate glass [53,70]. It is known to have a weak adhesion to
inorganic materials and poor water resistance [53], which may
have influenced its preservation over time and explain the ab-
sence of Paraloid-related residues. Paraloid® does not specifically
require a plasticiser [71], explaining their absence in some sam-
ples treated with it. Incralac® is an acrylic resin that is commonly
used in bronze and copper coatings [72]. Given that acrylic resins
are mainly composed of synthetic polymers, the absence of these
compounds might be due to limitations in our methodology (art-
works are more commonly tested for acrylic resins using pyrolysis
coupled with GC-MS, see [73,74]).

Cellulose nitrate is the polynitrate ester of cellulose commonly
used in art conservation [75]. Combined with plasticisers to soften
it, it is used for repair in museum conservation [75,76]. We found
phthalates in almost all samples. However, there is no apparent
correlation between the presence of phthalates and the recorded
use of nitrate cellulose. The only objects with known treatment of
HMG® are the Battersea Shield and the Asby Scar sword. In these
two cases the phthalates are likely linked to conservation treat-
ments. For the other objects, they may be linked to plastic bags or
storage containers. Although no further records are known of spe-
cific conservation, we cannot exclude that further treatment was
undertaken. This is especially the case for older museum acquisi-
tions or objects that have a long history between discovery and
museum acquisition, such as the Danes Graves brooch, the Bat-
tersea Shield, the Basse-Yutz flagons and the Pleurs brooch. We
also acknowledge a certain limitation of our study in identifying
conservation-related materials without analysing the reported con-
servation treatments for direct comparison. We therefore encour-
age future to include chemical characterisations of modern sub-
stances, if these are available for analysis.

A case point is the Battersea Shield, which arrived at the Mu-
seum in 1857 [77] and was almost entirely reconstructed. Technical
examination reports describe the adhesives used to fix the glass in-
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lays as “bituminous cement not to be confused with the bitumen
which has been used for modern repairs” [35]. This relates to a
prior interpretation of the original adhesive as well as a record of
conservation treatment. Our chromatographic data of the adhesive
does not indicate any presence of bituminous materials. This in-
consistency is probably due to previously undefined terminology,
with the terms pitch, tar and bitumen being used interchangeably
for black substances [78]. Or, it could relate to a sampling bias, if
different adhesives were used in different locations. To our knowl-
edge, birch tar has not been used in conservation practices or for
modern repair in museums, leading us to conclude that it is the
original adhesive used to ornament the shield.

Oils, fats, lacquer and wax were, however, common substances
used in artefact conservation ([79], p. 279). Details of the spe-
cific composition of these varnishes and adhesives are not always
recorded and the definition for specific terms may vary. Plender-
leith [[79], pp. 179-180] describes bleached beeswax as an effec-
tive finish on metal objects to prevent corrosion. This raises the
concern that the wax-characteristic markers identified on some
objects could be related to conservation using waxy substances.
Previous analyses on the contents of the Basse-Yutz flagon found
that it contained waxy and resinous residues ([34], p. 75). The wax
residues found in the adhesive from the outside of the flagon could
hence originate from the vessel content. No tar, resin or bitumen
was identified in sample MC02, and the wax-characteristic mark-
ers more likely represent the main adhesive component. On the
other objects, wax-characteristic markers are less abundant com-
pared to triterpenoids (see Fig. 5). Plenderleith [[79], pp. 179, 359]
notes the use of Paraffin wax to enhance the appearance of arte-
facts and exclude moisture. Paraffin waxes can be characterised by
long homologous series of even and odd-numbered n-alkanes [80].
No n-alkane was identified on the Basse-Yutz flagon, the Battersea
Shield or the Pleurs brooch, making Paraffin as a conservation sub-
stance unlikely. One of the technical examination reports on the
Battersea Shield notes a sealing wax being added to one of the
roundels [35]. It is not clear whether this relates to wax typically
used for seals, possibly to replicate the red glass inlays. The wax
composition is not reported but it might be an explanation for the
presence of wax-characteristic markers on the shield, and possibly,
on the other objects. This highlights that distinguishing between
ancient use of beeswax as an adhesive and modern beeswax for
conservation is especially challenging on museum-curated objects.

Previous studies have tested whether the process of lost-wax
casting can be evidenced through biomarkers preserving in clay
cores [81]. The authors note, however, that high temperatures dur-
ing the casting process would strongly alter the beeswax com-
pounds. While they might survive the casting process in the ce-
ramic moulds (during dewaxing), it is very unlikely that wax es-
ters preserve on the cast metal itself. Rather, the residues origi-
nate from (bees)wax used with birch tar as the original adhesive,
or from modern conservation.

Conclusion

Previous studies have shown that birch tar and other adhe-
sive substances were used in composite tool hafting technologies,
in ceramic repair, and decoration. Less attention has been given
to the use of adhesives to ornament metal objects. Our results
broaden understandings of combined metal and adhesive tech-
nologies, highlighting the continuity of birch tar use and its di-
verse range of applications on metal objects. We demonstrate that
birch tar was used for the attachment of coral and amber studs
onto brooches and harness fittings, of glass inlays on the Battersea
Shield and coral inlays on the Basse-Yutz flagons, and the infill in
the Truchtersheim pendant. Adhesive use is not limited to birch
tar, as bitumen is shown to be used as an infill on the guard of the
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Asby Scar sword. Based on the success of our analysis we propose
that future studies offer real potential for identification of organic
residues associated with metal objects. Identification of Pinaceae-
derived compounds is in line with previous research, though we
stress that low abundances might originate from the tar production
environment. The potential for the preservation and analysis of ar-
chaeological adhesives may be affected by surface treatments and
past conservation practices, and it is vital to consider past treat-
ments that have been carried out on the artefacts. Confident iden-
tification of molecular compounds may be hindered when treat-
ments have not been reported or recorded in the past, particu-
larly those applied to the object prior to assessment by a conser-
vator and museum acquisition. Ideally, analysis would be under-
taken prior to any treatment, soon after excavation. Nonetheless,
our study demonstrates that even for metal objects held in mu-
seum collections for decades, with only small amounts of adhesive
preserved, there exists potential to identify the original adhesive.
Future extension of this work offers promise for understanding the
full significance of adhesives in their craft and cultural contexts.
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