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Abstract
Birch tar is one of the oldest adhesives known in human history. Its production has been discussed in the framework of early complex behaviours and sophisticated cognitive capacities. The precise production method used in
the Palaeolithic remains unknown today. Arguments for or against specific production pathways have been based
on efficiency or process complexity. No studies have addressed the question whether birch tar made with different
techniques is more or less performant in terms of its properties. We therefore investigate the adhesive performance of
birch tar made with three distinct methods: the open-air condensation method and two variations of underground
structures that approximate the double-pot method in aceramic conditions. We use lap-shear testing, a standard
mechanical test used for testing the strength of industrial adhesives. Tar made in 1 h with the condensation method
has a shear strength similar to, although slightly higher than, tar made underground if the underground process lasts
for 20 h. However, tars from shorter underground procedures (5 h) are significantly less strong (by a factor of about
3). These findings have important implications for our understanding of the relationship between the investment
required for Palaeolithic birch tar production and the benefits that birch tar represented for early technology. In this
regard, the simple and low-investment open-air condensation method provides the best ratio.
Keywords: Early engineering techniques, Shear strength, Neanderthal modernity, Early pyrotechnology, Adhesives
Introduction
Birch tar is the oldest known adhesive dating back to the
European Middle Palaeolithic. There are five pieces of
birch tar known from the Palaeolithic record, all attributed to Neanderthals. The oldest two pieces were found
in Campitello (Italy) and indirectly dated to ~ 200 ka [1].
Two pieces were found at Königsaue (Germany) and estimated to between 40 and 80 ka [2, 3]. The most recently
found birch tar artefact comes from Zandmotor (The
Netherlands) and is ~ 50 ka old [4]. At Inden-Altdorf
(Germany), there are other artefacts with residues that
were claimed to be birch tar [5] but detailed identification with Gas-Chromatography has yet to be undertaken.
One of the questions surrounding these Palaeolithic birch
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tar remains is how they were made in aceramic conditions. This question is important for our understanding
of Neanderthals because birch bark does not exude visible resin that could be fortuitously discovered and identified as substance from which an adhesive can be made.
Birch tar making requires a method that allows to distil
tar from the bark and that has been interpreted to require
advanced cognitive capacities (e.g., [6]).
Perhaps the best-understood birch tar production technique is the double-pot method. There are written and
drawn historical sources (for an overview see: [7]) and
there are well-preserved production sites that illustrate
the use of this method in the fourteenth century [7, 8]. In
a double-pot, bark is heated in a sealed container and tar
drips into another connected container. The resulting tar
is liquid at room temperature and needs to be reduced by
boiling [8, 9]. This supplementary process of tar reduction is at the origin of the distinction between the terms
‘tar’—the first product issued from the process—and

© The Author(s) 2021. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Schmidt et al. Herit Sci

(2021) 9:140

‘pitch’—the viscous product obtained by reducing the
tar. Rageot et al. [10] termed the tar production pathway
associated with this method per descensum because tar
is separated from the bark by gravity during the process.
Another technique, based on a single pot in which birch
bark is heated, was proposed for Neolithic tar production [11, 12]. In this technique, tar is not directly separated from the bark but collected at the bottom of the
container. The tar formation conditions in such single
pots have recently been investigated and found to require
rather precise temperature ranges [13]. These two techniques, the double-pot and the single-pot, may be the
best interpretations for prehistoric birch tar production
from the Neolithic on. The absence of ceramic containers
in the Palaeolithic has given rise to a still ongoing debate
about the aceramic counterparts of these techniques that
may have been used by Neanderthals. The proposed techniques, all derived from experimentation, can roughly be
separated into three groups:
The first group consists of techniques that use earthen
structures, most often above ground, in which birch bark
is enclosed. The bark is heated by a fire built around the
structure (e.g., [14, 15]). Tar is collected in a receptacle
that is held in a second chamber, normally below the bark.
These methods are similar to the double-pot method in
terms of their architecture and it can be expected that tar
production follows a per descensum pathway. The second
group consists of techniques based on pits in the ground,
either open [16] or closed by ash and embers [15] or sediment [17]. The tar forms inside the bark rolls or drips out
at the bottom. Those techniques resemble the architecture of Neolithic single-pot methods (for a single-pot
technique based on a structure built above ground see:
[18]). There is a third group of techniques that are based
on fully or partly oxygenated environments: recently, the
fully open-air condensation method was introduced [19].
There, tar is condensed on a stone surface from where it
is collected by scraping during the process. Condensation
tar is relatively solid and ready for use immediately after
collection from the surface. A similar technique based on
an open-air groove-like structure that is partly covered
by a flat stone was proposed by Todtenhaupt et al. [20].
From their description, it is not entirely clear whether tar
is condensed on the stone surface in a fully oxygenated
environment in this method but, similar to the condensation method, the process takes place above ground. The
open-air groove makes use of materials unavailable in
the Palaeolithic (plane stone boards) but if future experiments will confirm that it can be performed with natural
stones, it might be another interpretation of a potential
Neanderthal birch tar making technique.
As it stands, there are three distinct pathways for
aceramic birch tar making: per descensum; without
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separation in a single chamber; and condensation on
stone surfaces. Which of these methods was used in
the Middle Palaeolithic is still actively debated (e.g., [4,
15, 19, 21–23]). As of now, this discussion has concentrated on the likelihood that one or another technique
was used by Neanderthals. One line of argumentation is
on the complexity of different techniques: simpler openair techniques have a higher potential to be discovered
accidentally [4, 19] and may therefore be regarded as a
more likely explanation of Palaeolithic tar making. However, another argument was made that the more complex
underground techniques are more efficient and are therefore more likely [4]. None of these approaches alone has
reached broader consensus so far. Here, we make a third
argument in this debate: the performance of different
birch tars. In a previous study [19], the authors investigated the lap shear strength of condensation tar, finding
a higher strength than tar made per descensum in metal
containers. What their study did not do is compare the
strength of condensation tar with tar made with other
aceramic tar making methods. We therefore conduct a
comparative study that aims at understanding the differences in performance (using lap shear strength) of birch
tars made with different techniques that may have been
used in the Palaeolithic.
The question we attempt to answer with this study is:
do different production methods produce birch tar with
similar properties in terms of its adhesive performance?
To answer this question, we conduct experiments with
the aim of comparing birch tar made with the condensation method and the raised structure as described by
Kozowyk et al. [15]. There are several ways of understanding the performance of adhesives in different conditions (see for example: [24]). In this paper, we use a
type of standard mechanical testing (lap-shear testing)
for which published comparative data on other experimental adhesives relevant for Palaeolithic archaeology
(e.g., [25, 26]) are available. If different techniques allow
to produce birch tar with similar strengths, then tar performance may be disregarded for the discussion on the
likelihood that one technique or another were used in
the Palaeolithic. If, on the other hand, we find significant
differences between the strengths of birch tar made with
different techniques, it becomes worthwhile to discuss
the relationship between the investment imposed by specific techniques and the value of the tar that they allow to
produce.

Materials and methods
Sample production

We made one sample of birch tar with the condensation
method [19] and three other samples with raised structures [15]. The condensation method consists of burning
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birch bark near slightly overhanging stone surfaces
(Fig. 1a). Tar condenses onto the stone surface adjacent
to the flame. The process takes place in a fully aerated
environment. Tar was scraped from the stones regularly
during the process, using a stone tool (Fig. 1b). We used
approximately 170 g of bark in this experiment.
In our raised structures, rolled birch bark is placed
on a grate made of sticks (Fig. 1c) and enclosed in a
dome built from wet sediment (Fig. 1d). A fire was built
around this dome structure. Tar is collected in a second
chamber dug below the grate. We conducted two raised
structure experiments simultaneously, each containing
receptacles made from aluminium below the grate to
minimize loss of the tar. The fire around both structures
was kept burning for 4 h by regularly adding firewood.
We opened one structure after four hours of burning time and collected the tar immediately. The other
structure was left to cool down over night and the tar
was collected the next morning. With this procedure,
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we hoped to produce two distinct tar samples that
were distilled during a similar duration but that had
undergone different cooling histories. We expected the
quenched sample to have low viscosity and the sample
cooled overnight higher viscosity because the remaining heat of the structure had more time to thicken the
tar before it was collected. We used approximately 20 g
of bark in each raised structure. A third raised structure was built with a natural stone receptacle in the
lower chamber. All other conditions remained the same
and the fire was kept burning for the same time. The
reason for this third raised structure was not to support the main argument of this study but rather to
verify whether the use of aluminium in the other two
raised structures has an influence on the resulting tar
or whether it can be compared with raised structure tar
made with naturally available materials only. Dead bark
collected from trees lying on the ground in a forest was
used for all experiments.

Fig. 1 Experimental set up for the aceramic birch tar making experiments. a Condensation method using several stones simultaneously and
the resulting tar (b); c two raised structures during construction. Birch bark rolls are placed on grates bade from fine sticks. The lower chamber is
covered by aluminium foil to minimize loss of the tar; d finished raised structure with the sediment covering the bark rolls; e tar produced in one of
the raised structures, still adhering to the aluminium foil receptacle
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Mechanical testing

The performance of the samples as adhesives was compared using lap-shear testing (see for example: [27]). Lapshear tests, similar to the ones used here, have previously
been applied to the study of birch tar and other natural adhesives [19, 25, 26]. All those tests were based on
ASTM-D 1002 [28]. The norm was originally intended for
adhesively bonded metal specimens (laps) that are tested
with a single-lap-joint shear strength test. Such tests are
commonly used to evaluate the strength of industrial
adhesively bonded joints (e.g., [29]).
The rationale behind this is as follows: ideal brittle
materials exhibit linear stress–strain behaviour. In this
case, the basic relation under pure shear is τ = G·γ,
where τ is the shear stress, γ the shear deformation and
G the shear modulus. γ is then tan(α), α being the angle
of deformation of the flat adhesive cuboid as seen onto its
side between the laps. However, materials such as natural tars, that are not ideally brittle, develop a non-linear
stress–strain behaviour because of plastic deformation
(see the detailed discussion in [30]). A great number of
studies have discussed lap-shear tests of non-brittle samples (e.g., [31–34]), stressing the necessity of good control over the deformation for mechanical analyses. This
can be achieved with a test similar to ASTM D-5656 [35],
requiring a more complicated experimental set-up and
that the laps’ deformation be measured optically. The
requirements for ASTM D-5656 cannot be fulfilled in
our laboratories. Therefore, our tests only provide values
of the apparent applied shear stress (henceforth τ) at any
moment during the test. In this case, τ is the (tensional)
force in N applied to the bonded area in mm2. Although
our tests cannot provide real values of G, it is still possible to compare our birch tar samples in terms of this
shear stress. Data were therefore plotted in stress/strain
diagrams reporting τ over percent elongation strain.
We performed lap-shear tests with an Instron 4502 universal test machine equipped with kardanic suspended
tensile grips. All tests were performed at room temperature (21 °C in this case). Laps were mounted vertically
and pulled apart with a speed of 1 mm/min. Laps were
cut and precision ground from 4 mm thick Populus sp.
plywood measuring 100 × 25.5 mm. The 25.5 × 12.5 mm
measuring contact zones (319 mm2) were abraded with
100 grit sand paper. Tests were repeated 10 times for the
two raised structure samples produced with aluminium
receptacle and the condensation method sample samples
(by mistake, 11 times for the condensation method) and
5 times for the raised structure sample produced with
a stone receptacle. Tar was applied to the laps by heating it over a flame and then smearing it onto the contact
zone before the second lap was bonded to it. Clamping
force was not measured but held approximately constant
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by using manual pressure exerted by the same person
in all cases. We let the contact zone cool down to room
temperature before testing began. Because this protocol
does not allow to visually ascertain that the entire contact zone is covered by tar when gluing together both laps
(i.e., there might still be holes in the middle of the bond
that cannot be seen when the laps are joined together),
we determined the actual bonded areas (in mm2) by photographically measuring the extent of the tar-covered
zone on both laps after each experiment and averaging
both values.

Results
Birch tar making experiments

The condensation method produced 0.6 g in 1-hour
working time (the experimental setup, using several
stones simultaneously, is shown in Fig. 1a). The recovered tar was solid at room temperature and could not
be deformed by hand (Fig. 1b). Building the two raised
structures using aluminium receptacle took approximately 30 min altogether. Producing a sufficiently large
fire on top of the structures took another 30 min. Building the raised structure with the stone receptacle took
40 min. The fires were kept burning for 4 h. Thus, the
stone receptacle sample and the first aluminium receptacle sample required a total time investment of approximately 5 h each. The second aluminium receptacle
structure was left when still surrounded by warm embers
and the tar sample was retrieved the next morning. This
accounted to a total time investment of 20 h before tar
was collected (for a discussion of tended and untended
technical systems, see: [36]). The 5 h experiment using
the aluminium receptacle produced 1.4 g of tar with low
viscosity that could be deformed by hand. The 20 h experiment produced 1.65 g of tar that was solid at room temperature and could not be deformed by hand. Tar yield
could not be determined for the raised structure using
the stone receptacle because some of the tar was lost and
other parts were found to be mixed with sediment (see
the photo of the stone receptacle after the experiment in
the Additional file 1). We subsampled this sample to only
include tar that was not contaminated with sediment.
Lap‑shear tests

Figure 2 shows three typical stress/strain curves from
each of the samples. Strength related values are summarised in Table 1. Tar made with the condensation method
had a maximal shear stress τu of 1.14 + 0.46 − 0.52 MPa,
as averaged from 11 measurements (in this case, maximal shear stress is vaguely equivalent to ultimate tensile
strength in tensile testing, hence we use the notation τu).
At τu catastrophic failure of the bond occurs. Tar made
during 20 h with the raised structure showed similar
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Fig. 2 Stress–Strain curves of birch tar made with the condensation
method (a), the raised structure including overnight cool down (b)
and the raised structure without cool down phase (c). The samples’
shear strength values (i.e., the shear stress values in MPa at which
elongation in the samples’ stress–strain diagrams cease to be linear)
are marked by black arrows. All values obtained from the three
samples are marked with the same letters (a, b, c) in Table 1

behaviour: it failed catastrophically in a brittle manner
(Fig. 2, curve b). τu was ~ 20% lower than condensation
tar with a mean of 0.95 + 0.33 − 0.53 MPa.
Tar made in 5 h with the raised structure had significantly different τu at ~ 65% below that of condensation tar and ~ 55% lower than 20 h-raised structure
tar with 0.417 + 0.45 − 0.21 MPa. Tar made with the
raised structure using a stone receptacle had a τu of
0.24 + 0.24 − 0.15 MPa (some of the stress strain curves
of this sample can be seen in the Additional file 1).
Once τu is reached, the 5 h-raised structure tar bonds
underwent ductile deformation with apparent lowering
of the shear stress (Fig. 2, curve c; this is true for aluminium and stone receptacle samples). This observed
failure behaviour holds the key to understanding why
τu might not be the only value to be considered here.
Before failure, curves are not linear all along but the
relative increase of τ slows down at greater elongation
strains. Thus, our samples do not behave as brittle solids.
Another way to interpret our stress/strain diagrams is
therefore by calculating the tangent slope for small deformation intervals on the curves. The stress at which the
curve deviates from this tangent (typically after a period
of near linearity) is taken to reflect the stress at which
creep becomes the dominant deformation (this is vaguely
equivalent to the yield strength σ in tensile material testing). The method is schematically outlined in Fig. 2 (tangent slopes in broken lines, τ(yield) marked by arrows). We
call this point the shear strength τ(yield). τu can be equal
to or greater than τ(yield), depending on the moment at
which different samples begin to deform plastically. τ(yield)
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values are reported together with their associated strain
values in Table 1. Both values are plotted in Fig. 3. The
scatter plot shows a linear trend, suggesting a roughly
linear elastic behaviour of the samples up to their shear
strength. Comparing the three tar samples in terms of
τ(yield), a similar trend emerges as for their τu value. Condensation tar has a τ(yield) of 0.86 + 0.2 − 0.36 MPa; tar
made during 20 h with the raised structure and an aluminium receptacle has a τ(yield) of 0.7 + 0.4 − 0.4 MPa
(19% lower); tar made with the raised structure and
an aluminium receptacle for 5 h has a τ(yield) of 0.28 +
0.32 − 0.13 MPa (67% lower than condensation tar). Tar
made with the raised structure and a stone receptacle for
5 h has a τ(yield) of 0.2 + 0.14 − 0.13 MPa.

Discussion
Choices made during our experiments and the quality
of our data

Previous authors have performed impact tests along
with lap-shear tests [25]. This combined approach may
provide a more complete understanding of adhesives as
it tests for bonding strength under static conditions like
cutting with hafted stone tool and under impact conditions when a projectile is tipped with a hafted stone
point. We decided not to test for impact strength as there
are no indications that any of the known Palaeolithic
birch tar artefacts were used for hafting stone tools to
projectiles or handles (compare: [1, 2, 4]).
We chose to use aluminium receptacles for the two
main raised structure experiments. In this way, sediment contamination could be limited and a relatively
large quantity of uncontaminated tar could be collected
after the experiments (because the earthen walls of the
lower container were covered by aluminium, Fig. 1).
One of the possible effects of this protocol is that the
use of aluminium containers, obviously not available
in the Palaeolithic, could influence the quality of the
tar produced with the raised structures. Although the
nature of the container is not expected to have an influence on the volatile components of the raised structure tar (which is lost through evaporation), it appears
possible that an aluminium container allows to collect
more of the low viscosity fraction of the tar because it is
more impermeable than other natural materials. These
low viscosity components might be absorbed by a container made from a more porous natural material. We
had therefore conducted another raised structure test,
using a more porous stone receptacle. The comparison
between the tar from this stone container and tar made
with the aluminium container, both produced during
5 h, showed that tar collected in a more porous stone
container had a ~ 40% lower maximum shear stress
value and a comparable, although slightly lower, shear
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Table 1 Bonded surfaces, shear strengths and maximum shear stresses from the performed lap-shear tests of each of three analysed
samples
Tar making method

Surface 1 (mm2)

Surface 2 (mm2)

Average (mm2)

Shear strength Strain (%)
τ(yield) (MPa)

Maximum shear
stress τu (MPa)

Condensation

211.65

212.94

212.29

0.55

2.20

0.93

Condensation

304.50

305.51

305.00

1.00

4.40

1.24

Condensation

266.04

316.95

291.49

0.82

3.90

1.32

Condensation (a)

214.16

192.41

203.28

0.90

3.00

1.23

Condensation

278.82

283.89

281.36

1.10

4.20

1.60

Condensation

301.49

275.78

288.63

0.80

3.80

1.14

Condensation

290.81

273.09

281.95

1.10

4.60

1.22

Condensation

275.83

294.56

285.19

1.10

4.40

1.16

Condensation

311.12

290.88

301.00

0.80

3.30

1.31

Condensation

277.51

288.30

282.91

0.78

4.40

0.77

Condensation

322.07

287.43

304.75

0.50

2.60

0.62

Raised structure 20 h

298.66

272.99

285.83

0.90

4.30

0.99

Raised structure 20 h

275.42

299.95

287.69

0.85

3.80

1.08

Raised structure 20 h

304.93

337.93

321.43

0.60

3.30

1.01

Raised structure 20 h

213.96

226.67

220.32

1.10

4.20

1.15

Raised structure 20 h

322.58

322.58

322.58

0.80

3.50

1.28

Raised structure 20 h

303.57

264.90

284.23

0.30

3.60

0.42

Raised structure 20 h (b)

260.21

264.82

262.52

0.82

4.30

0.94

Raised structure 20 h

336.37

334.96

335.66

0.55

2.80

1.10

Raised structure 20 h

331.36

294.26

312.81

0.60

2.40

1.01

Raised structure 20 h

342.52

350.86

346.69

0.48

2.90

0.51

Raised structure 5 h

234.67

254.45

244.56

0.45

2.70

0.21

Raised structure 5 h

332.33

319.04

325.69

0.20

2.80

0.28

Raised structure 5 h

322.58

322.58

322.58

0.18

5.90

0.69

Raised structure 5 h

323.80

246.75

285.27

0.15

1.80

0.22

Raised structure 5 h

310.95

268.32

289.63

0.25

2.40

0.42

Raised structure 5 h

322.58

322.58

322.58

0.60

3.40

0.87

Raised structure 5 h (c)

324.25

295.36

309.80

0.30

2.40

0.45

Raised structure 5 h

330.95

338.62

334.79

0.30

2.60

0.37

Raised structure 5 h

318.88

315.45

317.16

0.20

1.60

0.35

Raised structure 5 h

286.64

299.29

292.97

0.20

2.30

0.31

Raised structure 5 h stone receptacle

322.58

322.58

322.58

0.07

1.60

0.09

Raised structure 5 h stone receptacle

322.58

322.58

322.58

0.12

2.03

0.14

Raised structure 5 h stone receptacle

322.58

322.58

322.58

0.34

1.94

0.37

Raised structure 5 h stone receptacle

322.58

322.58

322.58

0.12

3.47

0.13

Raised structure 5 h stone receptacle

322.58

322.58

322.58

0.33

2.33

0.48

Letters in brackets in the first column are the numbers of stress/strain diagrams shown in Fig. 2

strength value. Thus, using an aluminum container has
the opposite effect to what we expected. This result
suggests that the use of aluminum containers might
cause the shear strength of tar made with the raised
structure to be overestimated. As it stands, our quantitative comparison between condensation method tar
and raised structure tar must be regarded with caution,
although the overall trend is most likely correct based
on our results from this comparison.

We also found that there are complex stress distributions present in the bonded areas of birch tar analysed
with lap-shear tests, leading to non-linear behaviour
even before failure. This can be expected to depend (at
least in part) on the thickness of the bond and the quality of the bonding surface (see for example: [34]). Measuring bond thickness was not possible with the wooden
laps used for this study, as their thickness is not uniform
across the bonded surface (i.e., they were not sufficiently
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Fig. 3 Shear strength in MPa plotted over shear strain in percent.
Note the near-linear trend, suggesting that samples exhibit nearly
brittle behaviour below their shear strength

plan parallel). Measurements were therefore repeated at
least ten times for the samples (except for tar made with
a stone receptacle that was repeated 5 times, as this was
only done to verify the validity of our experimental protocol). As highlighted above, we consider only the apparent shear stresses τ, attributing all measured forces to be
shear only. This is not entirely true, as can be seen from
the curves in Fig. 2, which are not linear even for tars that
fail catastrophically. One of the reasons for this is that
organic materials, such as some of our birch tar samples,
do not respond to stress with elastic deformation up to
their failure. They show plastic deformation by viscous
processes or other creep phenomena. Furthermore, horizontal elongation in lap-shear tests cannot be expected to
be linear because the tar samples’ thickness at the bond
varies with elongation (depending on Poisson’s ratio of
the adhesives). Thus, τu recorded by lap-shear tests is not
a good indicator of the resilience of natural tars against
shear. We still use this value here because previous
authors have provided lap-shear data [19, 25, 26] with
which our data may be comparable. Although our tests
cannot yield absolute values of G, our approach to measuring τu provides comparability with previous works [25,
26] that reported similar values.
The performance of birch tar made with different
production techniques

What does performance of adhesives made in the Stone
Age actually mean? Two cases may be distinguished.
Adhesives that have to work only one time (as may be
true for a projectile hafting) can most likely be qualified
by either the maximum shear stress they endure (including a plastic deformation modifying the shape of the joint
permanently) or by the total energy they absorb during
the shearing process. For such a rupture energy evaluation, other experiments with better strain control are
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needed. The other case consists of adhesives used for
repeated actions (cutting, scraping, etc.). These may be
better qualified by shear strength τ(yield). A nearly brittle
nature of the failure (the sample behaving almost elastically until the breaking point) might in this case be an
advantage because tools either hold or break loose. A
plastically deformed haft will perform less well in successive use cycles.
Our results highlight that tar made with the condensation method is similarly, although slightly more,
performant when used as adhesive than tar made with
the raised structure can be. A larger difference exists
when raised structure tar is collected from the structure directly after the surrounding fire burned out. Our
τu measured on 5 h-raised structure birch tar (0.417 +
0.45 − 0.21 MPa) is in accordance with, although lying
slightly above, previously published lap-shear values
of birch tar made with the double-pot method (using a
metal container) that was subsequently boiled to thicken
it (0.32 + 0.19 − 0.18 MPa, see: [26]). The raised structure is a good approximation of the double-pot architecture in aceramic conditions (for a detailed description
of the double-pot, see: [7]) and it also appears to produce birch tar with similar properties. It is noteworthy however, that the aceramic raised structure allows
the production of birch tar with similar strength as the
metal-based double-pot without requiring the supplementary step of tar reduction by boiling. The reason for
this might be a better availability of oxygen in the raised
structure due to incomplete sealing because of the wet
sediment. The strength of the raised structure tar can be
improved by a factor of two, if the tar is allowed to cool
slowly overnight. The reason for this might be oxidative
reactions in the slowly cooling tar or tar reduction by
degassing. Only further studies may shed light on these
processes. The condensation method produced birch tar
with the highest τu of the tested production methods.
Our maximal strength (1.14 + 0.46–0.52 MPa) is well in
accordance with previously published strength values of
condensation tar (1.145 + 0.403 − 0.438 MPa, see: [19]).
The cost and return of birch tar made with different
techniques

The differences in adhesive performance of our samples
are best discussed with regards to the investment in time
and effort required by different production methods.
Recently, Blessing and Schmidt [36] found that the raised
structure is the most efficient of the aceramic production
techniques in terms of material requirement (supporting previous arguments made by: [15]). However, it can
be inferred from the data in Badino et al. [37] that birch
bark was readily available in northern Europe during the
Late Middle Palaeolithic. It is therefore unclear whether
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efficiency in terms of required bark over tar yield may
possibly have imposed constraints for making the birch
tar artefacts from Zandmotor and Königsaue. Another
raw material-related factor is that the raised structure
requires the collection of firewood, imposing supplementary constraints on the environment in which tar is made
and which are absent for the condensation method.
If time investment is compared for both techniques,
the difference between the raised structure and the condensation method seems to be negligible. Both produced
similar amounts of tar per hour in most experiments [36].
It is also noteworthy that the raised structure imposes a
minimum requirement of time, which is roughly 4–5 h
[15], while the condensation method allows to produce
usable amounts of tar in approximately one hour [36]
(e.g., the 0.87 g weighing smaller birch tar piece from
Königsaue can be produced in ~ 1 h 20; these times cannot be compared in terms of attention required, see for
example [36], but they do still represent time requirements). Thus, in terms of time requirement, the condensation method may be far more advantageous if tar is
needed rapidly. In the light of our finding that condensation tar is similar to tar made with the raised structure in
20 h and superior to raised structure tar made in 5 h (in
terms of shear strength at least), we note that this simple
open-air technique provides the best value for the time
investment it requires. Whether raised structure tar produced without the cooling phase may be improved by a
supplementary step of tar reduction, in which the low
viscosity tar is boiled over an open flame to produce a
more viscous product, cannot be answered at this point.
However, additional cooking of the tar would require
larger investment than investigated here.

Conclusion
The relationship between the quality of the tar and the
investment required for its production highlights the
condensation method as the most likely of all known
aceramic birch tar production techniques. There are
however other adhesives that were used by Neanderthals (such as bitumen, see: [38], and pine resin, see:
[39]). Data on the adhesive strength of pine resin suggest
similar strength to birch tar made with the condensation
method and even slightly higher adhesive strength either
when an additive is added or if it is reduced by boiling
[26]. The strength can be further improved by adding
complex mixtures of additives [25]. Whether these differences are significant for our understanding of adhesives
in the Middle Palaeolithic cannot be decided based on
our study but we note that among all currently discussed
birch tar production techniques, the simplest and most
expedient condensation method provides the strongest
tar.
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The online version contains supplementary material available at https://doi.
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Additional file 1: Figure S1. Side (left) and top view (right) of the stone
receptacle used in the raised structure (production time 5 h). Note that
there is still tar adhering to the stone. This tar is contaminated with sediment. The middle portion was scraped to obtain tar without sediment
impurities. Figure S2. Three stress strain curves obtained from lap shear
tests on the raised structure birch tar sample using a stone receptacle and
a total production time of 5 h.
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