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Abstract

In ancient civilisations, bitumen was widely used for its multifunctional applications in
construction, sealing, and adhesion, evidencing early expertise in material engineering
and resource optimisation. Here, Sumerian bitumen-based artefacts were studied through
Fourier transform infrared spectroscopy (FTIR) and machine learning to investigate ancient
practices for the repair, reuse, and recycling of everyday materials. The materials are dated
back to the 3rd millennium BC and come from the archaeological site of Abu Tbeirah
(Iraq). Four primary classes were identified based on their molecular composition, which
revealed a specific gradient determined by the varying proportions of bitumen and other
fillers. These composition-based classes were then applied to predict the classification
of the undetermined samples, which constitute 50% of the entire dataset, via a kernel-
based support vector machine (SVM). The new findings are consistent with philological
sources that reference distinct formulations of use in everyday life. The findings offer a
new perspective on the social and historical importance of the circular economy.

Keywords: Sumerian bitumen; spectroscopic features; machine learning

1. Introduction

Bitumen-based materials were widely used for practical purposes in Sumerian civili-
sation, such as waterproofing, construction, and as adhesives [1-3]. Thanks to its intrinsic
physical and chemical characteristics, Bitumen was suitable for a large variety of applica-
tions such as mortar components in brick buildings, as adhesive for repairing objects, and as
sealing products [4-6]. It is highly viscous at room temperature, but its viscosity decreases
significantly with increasing temperature, making it more fluid and workable when heated.
To enhance its performance, ancient users frequently modified its rheological (e.g., viscosity
and flexibility) and mechanical (e.g., strength and durability) properties by incorporating
various fillers such as mineral aggregates (i.e., gravels and sands) and organic materials (i.e.,
straw and natural fibres) [7,8]. In some cases, more sophisticated modifications included
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the addition of waxes, oils, and resins, which could lower the melting point of the mixture,
thereby saving fuel and time during processing and application.

These technical variations acquire further significance when considered against the
background of environmental and economic constraints. Primary resources in the Sume-
rian region such as wood, stones, and metals were not locally available and had to be
acquired through commerce. Bitumen, although sourced from relatively nearby areas, was
nonetheless considered a primary resource of considerable value. Its strategic role in vari-
ous production processes made it a frequent candidate for reuse and recycling, reflecting
broader patterns of resource optimisation in the Sumerian economy:.

The study presented here has been carried out within the framework of the SLOW
SUMER project [9] which contributes to a comprehensive analysis of the practices of repair-
ing, reusing, and recycling everyday materials, with the aim of exploring how societies
past managed and extended the lifecycle of their material resources—particularly during
the period of 2500-2000 BCE, a time marked by significant political, cultural, and envi-
ronmental changes. A specific focus of the project is the reconstruction of the lifecycle
and recycling trajectories of bitumen in third-millennium BCE southern Mesopotamia. In
particular, the project investigates ancient practices related to the procurement, handling,
processing, and storage of bitumen, as well as the methods employed for its reuse and
recycling in domestic contexts. In order to reconstruct the chaine opératoire and recycling
trajectories of bitumen, the project incorporates scientific techniques commonly used in
materials analysis. In recent years, machine learning (ML) has been successfully applied in
chemistry to interpret patterns in spectroscopic data [10-13] analysing large amounts of
information generated by different techniques such as infrared spectroscopy [14-16], X-ray
fluorescence spectroscopy (XRF) [17,18], mass spectrometry [19-21], extracting meaningful
insights from complex datasets. The application of ML was also successfully integrated into
heritage science, demonstrating its efficacy across various domains such as the classification
of artefacts, digital reconstruction of damaged cultural heritage objects, and predictive
analysis in the context of cultural heritage preservation [22-26].

Here, Fourier transform infrared spectroscopy (FTIR) combined with machine learning
was used to examine the spectroscopic features of bitumen-based materials from the archae-
ological site of Abu Tbeirah [27-30], which dates to the second half of the third millennium
BCE. This medium-sized Sumerian settlement, located near the city of Ur and formerly
situated along the shoreline of the ancient Gulf, has yielded a range of archaeological
contexts through recent excavations. Among the most significant discoveries is a large
domestic complex of approximately 600 square metres (Building A). This exceptional find
offers, for the first time, a detailed window into the daily life of non-elite communities
during the 3rd millennium BCE—a perspective undocumented in the contemporary written
record. Although cuneiform sources from this period are abundant, they overwhelmingly
reflect the activities of elite administrative institutions, thus limiting our understanding of
broader societal practices. Within this domestic context, evidence of a bitumen workshop
was identified, presenting a rare opportunity to investigate the use, reuse, and recycling of
bitumen among commoners. This allows for a comparative analysis between archaeological
data and the administrative narratives preserved in cuneiform texts, shedding light on
material practices that would otherwise remain undocumented.

2. Materials and Methods
2.1. Materials

A set of 60 bitumen samples from the archaeological site of Abu Tbeirah were in-
vestigated and reported in Figure 1. Two reference standards, soil from the excavated
archaeological contexts and modern bitumen, were analysed for comparative purposes.
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Samples were polished on the surface, and a clean cross-section was prepared to minimise
the effect of soil contamination. Due to the complex structure of the samples, including
the presence of mineral and vegetal inclusions, FTIR measurements were carried out on
selected areas of the bituminous matrix. Micro-sampling was carried out following surface
cleaning procedures to minimise signal interference from soil contamination and ensure
the representativeness of the analytical measurements. The samples were initially classified
based on their contextual and archaeological information as reported in Table 1.

Based on both their archaeological context and observable morphological characteris-
tics, we propose a preliminary classification. The following categories and subcategories,
as reported in Table 1, were identified through macroscopic observations:

(@) Ingots: samples shaped with one convex and one flat side, with the latter often
bearing impressions of woven mats and having a flat shape with one convex side (i.e.,
samples 6, 35, 42, 44, and 46). These artefacts are interpreted as transport units [31].

(b) Traces: samples where bitumen is present only as a minor or incidental component,
indicating secondary or auxiliary uses, including the following:

(b1) Adhesive materials: samples that include bitumen used as glue, for instance in
the construction of sickles (i.e., samples 1, 37, and 47), or as an adhesive for repairs,
such as sample 43, which was used to bond parts of a sarcophagus found in Grave 17.
(b2) Residues of bitumen found in association with objects (i.e., sample 21 on grinding
stone, sample 41 in which bitumen was used for waterproofing containers woven
from vegetal fibres, and sample 60 on pottery).

(bs) Traces on grindstones are hypothesised to be remnants of bitumen processing
activities, while residues on pottery may indicate the use of ceramic vessels within
the bitumen processing workflow.

(c) Spherical artefacts: this category comprises bitumen objects characterised by a
rounded morphology, including the following:

(c1) Rounded artefacts: samples that have a rounded shape.

(cp) Perforated artefacts: samples featuring a central hole (i.e., samples 28, 30, 33, and 55).
(c3) Drop-shaped artefacts: samples that have a distinctive drop shape (i.e., samples 2,
9,22,23, 32, 34, and 36). They may represent intermediate storage forms of bitumen,
possibly intended for later reuse within ongoing recycling processes. Indeed, they
were found grouped within the workshop area of Abu Tbeirah.

(d) Undetermined artefacts: This category comprises bitumen objects whose function re-
mains unclear, lacking distinctive features allowing for specific functional identification:
(d1) Undetermined: without a specific shape or distinguishing feature
(dp) Flat fragments: samples that have a flat shape and currently unidentifiable func-
tion (i.e., samples 10, 19, 38, 39, 51, and 52). Although the function is unknown, they
constitute a specific macroscopic category based on distinct morphological traits.

Approximately 30% of the samples are labelled as “undetermined”, as their shape
does not allow for a definitive assignment of function or classification, thereby preventing
the determination of their specific usage type. As these samples comprise a substantial
part of the archaeological assemblage, the accurate attribution of these fragments is highly
important. These are crucial pieces of evidence, as they most likely formed part of the
bitumen recycling chain, indicating their direct involvement in everyday practices of
material reuse.
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Table 1. List of the samples analysed.
1 Excavation Context h . Short
ID Label .. paign Area Type Context Phase Room Grave US Inv. No. Preservation Category Description
SIS.07 1 2017 4 Domestic BuildingD 2 - - 1134 AbT17.121  Residue  Adhesives  LintPlade with
bitumen haft
SIS.08 2 2015 1 Domestic Building A 1 16 - 358 AbT.1571  Complete ](?brj‘gfed Dropped object
SIS.09 3 2017 6 Domestic  Building E2 - - - 1544  AbT17.114  Fragments Undetermined | 28ments of
bitumen object
SIS_10 4 2015 1 Domestic  Building A 1 2 - 397 AbT.15.108 A Fragment Undetermined Bitumen fragment
SIS 11 5 2015 1 Workshop Building A 1 23 - 395  AbT15125  Fragments Undetermined o.umen objects
(3 fragments)
Various bitumen
SIS_12 6 2015 1 Domestic  Building A 1 18 - 381 ADbT.15.86 Fragments Ingot fragments
of ingot
SIS 13 7 2017 4 Domestic  BuildingD - 5 - 1111  AbT17.32  Fragments Undetermined Difimen object
(3 fragments)
SIS_14 8 2017 4 Domestic  BuildingD - 5 - 1111 AbT1734  Fragments Undetermined D.tumen object
with a small hole
SIS 16 9 2015 1 Domestic  Building A 1 18 - 381 ADbT.15.89 Fragment ]onrj(;Iz f ed Dropped object
SIS_17 10 2013 2 Funerary = Cemetery - - 102 585 AbT.13.65 Fragments Flat Bitumen object
fragments
sis_18 11 2015 1 Workshop Building A 1 23 - - AbT.15123  Complete ~ ounded Spherical bitumen
object object
SIS19 12 2016 4 Surface  BuildingD - - - 1013  AbT1672  Fragments Undetermined L 28™Mentsof
bitumen and soil
SIS_20 13 2015 1 Workshop Building A 1 23 - 419 ADbT.15.138 Complete  Undetermined Bitumen object
SIS_21 14 2015 Domestic  Building A 1 14 - 338 AbT.15.33 Fragment = Undetermined Bitumen object
SIS_22 15 2017 4 Domestic  Building D - 5 - 1111 ADbT.17.31 Fragment  Undetermined Bitumen object
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Table 1. Cont.

1 Excavation Context h . Short
ID Label .. paign Area Type Context Phase Room Grave US Inv. No. Preservation Category Description
SIS23 16 2017 1 Domestic Building A 2 23 - 634 AbT.179 Fragments Undetermined DLrumen object
fragmented
SIS 24 17 2015 1 Domestic  Building A 1 16 - 358  AbT1547  Fragments Undetermined \on.0USbitumen
fragments
SIS_25 18 2017 1 Domestic  Building A 2 23 - 634 AbT.17.21 Fragment Undetermined Bitumen object
SIS 26 19 2017 4 Domestic  Building D - 5 - 1111 AbT.17.33 Fragment Flat Bitumen object
fragments
SIS 27 20 2017 4 Domestic  Building D - 5 - 1111 AbT.17.31 - Undetermined Bitumen object
SIS28 21 2015 1 Domestic Building A 1 16 - 358  AbT.1546  Residue Residue on  Grindstone with
grindstone traces of bitumen
SIS29 22 2017 1 Domestic Building A 2 23 - 634  AbT.176 Complete ?ggfed Dropped object
SIS 30 23 2017 1 Domestic  Building A 2 23 - 634  AbT.17.7 Fragment ?gjoeifed Dropped object
SIS_31 24 2015 1 Domestic  Building A 1 14 - 338 ADbT.15.37 Fragment  Undetermined Bitumen object
SIS_32 25 2017 6 Surface Surface - - - 1503 ADbT.17.56 Fragment  Undetermined Bitumen fragment
| . 1di 1 Fragments of
SIS_33 26 2017 6 Domestic ~ BuildingE2 - - - 1505 AbT.17.51 Fragments  Vesse bitumen object
SIS 34 27 2017 1 Domestic ~ Building A 14 - 631  AbT1727  Fragments Undetermined . osments of
(out) bitumen object
SIS.35 28 2015 1 Domestic Building A 2 2 - 409  AbTI5113  Fragment L crorated — Spherical bitumen
object object
SIS 36 29 2015 1 Domestic Building A 1 2 - 394  AbT15.143  Fragments Undetermined \on.0US bitumen
fragments
SIS.37 30 2017 1 Domestic  Building A 2 23 - 634  AbT.17.8 Fragment  Lounded Bitumen fragment
object of object
SIS_38 31 2015 1 Domestic  Building A 1 2 - 397 ADbT.15.108B Fragment  Undetermined Bitumen fragment
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Table 1. Cont.
1 Excavation Context h . Short
ID Label .. paign Area Type Context Phase Room Grave US Inv. No. Preservation Category Description
. - Dropped .
SIS.39 32 2017 1 Domestic  Building A 2 23 - 634 ADbT.17.10 Fragment object Dropped object
SIS 40 33 2015 1 Domestic  Building A 1 14 - 338 AbT1530a  Complete ounded Two bitumen
object objects
SIS_.41 34 2017 1 Domestic Building A 2 23 - 634 AbT.175 Fragment ?gj‘fc’fed Bitumen object
. o Fragments of
SIS_42 35 2017 6 Domestic  BuildingE2 - - - 1505 AbT.17.52 Fragments Ingot bitumen object
D d .
SIS.43 36 2016 1 Domestic  Building A 2 10 - 434 AbT.16.6 Complete Ogjzzf ¢ Dropped object
SIS_44 37 2016 1 Domestic ~ Building A 2 9 - 489 AbT.16.68 Residue Adhesives Flint bladelet
Flat
SIS_45 38 2017 1 Domestic  Building A 2 14-15 - 657 AbT.17.80 Fragment frjgm ents Bitumen object
SIS 46 39 2015 1 Domestic  Building A 1 719 379  AbT1578  Fragment L.t Bitumen
+21 fragments fragments
SIS_48 40 2015 1 Funerary/ o otery - - 24 365 - - Adhesives -
Workshop
I ksh ildi b id Residue on idue inside j
SIS_49 41 2015 1 Workshop Building A 1 23 - 395 AbT.15.395.7 Residue pottery Residue inside jar
SIS_50 42 2014 1 Domestic  Building A 2 5 - 222 - Fragment  Ingot Fragment of ingot
SIS_51 43 2014 1 Funerary = Cemetery - - 17 - Residue Adhesives Glueing together
sarcophagus
SIS_52 44 2013 1 Funerary = Cemetery - - 16 195 - Fragment  Ingot -
SIS.53 45 2015 1 Funerary/ Cemetery - - 24 372 - Residue Undetermined -
Workshop
SIS_54 46 2014 1 Domestic  Building A 2 4 - 126 - Complete  Ingot Bitumen ingot
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Table 1. Cont.

1 Excavation Context h . Short
ID Label .. paign Area Type Context Phase Room Grave US Inv. No. Preservation Category Description
SIS_55 47 2015 1 Workshop Building A 1 23 - 395  AbT.15.114  Residue Adhesives ~ Ditumen sample
on sickle blade
SIS.57 48 2015 1 Workshop Building A 1 23 - 395 ADbT.15 Residue Undetermined Bitumen fragment
SIS_.58 49 2015 1 Funerary/ o otery - - 24 365  AbT24.1 Fragments  Vessel Bitumen
Workshop fragments
SIS.59 50 2015 1 Funerary/ o otery - - 24 365  AbT.242 Fragments Undetermined Dirumen
Workshop fragments
SIS_.60 51 2015 1 Funerary/ Cemetery - - 24 365 AbT.24.3 Fragment Flat Bl.t omen fragment
Workshop fragments with impression
Funerary/ Flat .
SIS_61 52 2015 1 Workshop Cemetery - - 24 365 AbT.24.4 Fragment fragments Bitumen fragment
SIS_62 53 2015 1 Funerary/ o otery - - 24 365  AbT.245 Fragments Undetermined DLWnen
Workshop fragments
SIS_63 54 2015 1 Funerary/ Cemetery - - 24 365 AbT.24.6 Fragments = Undetermined Bitumen
Workshop fragments
SIS_ 64 55 2015 1 Funerary/ Cemetery - - 24 365 AbT.24.7 Fragment Perforated Bitumen fragment
- Workshop o object
SIS_65 56 2017 4 Domestic ~ Building D - 5 - 1113 AbT.17.95 Complete  Reed basket  Reed basket
SIS_66 57 2015 Workshop Building A 1 23 - 395 - Residue Undetermined -
Residue on Bitumen
SIS 67 58 2017 1 Domestic  Building A 2 14-15 - 659 - Residue incrustation on
pottery
pottery
SIS .68 59 2013 Domestic  Building A 2 4 - 136 ADbT.24.8 Fragments  Undetermined Bitumen object(s)
SIS 69 60 2017 4 Domestic  Building D - 6&7&8 - 1120 AbT.24.9 Fragments  Undetermined Bitumen object(s)
soil 61 - - - - - - - - - - - -
STD 2 ) ) ) i i ) ) ) ) ) i

bitumen
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Figure 1. Analysed samples.

2.2. Fourier Transform Infrared Spectroscopy (FTIR) Investigations

FTIR spectra were acquired using a NICOLET™ iS5 spectrometer (Thermo Scien-
tific™, Waltham, MA, USA) [32] equipped with a DTGS detector and a KBr beam splitter.
Measurements were performed in ATR mode (T%) over the 4000—400 cm~! range, with
128 scans per spectrum at a resolution of 2 cm~!. A total of 62 spectra were collected un-
der the same experimental conditions to ensure reproducibility. Spectral processing and
visualisation were carried out using OMNIC™ and OriginPro® 2021 (OriginLab Corp.,
Northampton, MA, USA) [33].

2.3. Supervised Machine Learning Model

A supervised classification approach was employed, integrating a support vector
machine (SVM) with principal component analysis (PCA), to discriminate archaeological
bitumen samples based on their spectral signatures. PCA was initially applied as a dimen-
sionality reduction technique. The first five principal components were retained to project
the high-dimensional spectral data into a lower-dimensional space and to facilitate residue
analysis. This facilitated the classification process and enabled the assignment of predicted
classes to undetermined bitumen samples.

Data Loading and Preprocessing. Each spectrum is assigned a label following the
archaeological bitumen sample assignments that were initially classified based on their
archaeological context and macroscopic characteristics. These include, for instance, ad-
hesives, residues, ingots, and other functional forms, as outlined in previous paragraphs
These labels serve as ground truth for supervised learning. Spectra labelled as “Unde-
termined” were treated as unknown data during model training and were used in the
prediction phase.

SVM Model Training. A machine learning model was constructed to classify the
bitumen samples based on their spectral profiles. It consists of a standard scaler for
feature normalisation, followed by a support vector classifier (SVC) with a radial basis
function (RBF) kernel, which is well suited for handling high-dimensional and non-linearly
separable data. The classifier was trained exclusively on the spectra associated with labelled
samples, leveraging the known archaeological classes to learn patterns in the spectroscopic
data. Once the model was trained, it was applied to the “Undetermined” test samples to
predict their most likely class labels. In addition to the predicted label, the model outputs
a class probability distribution, representing the confidence of the prediction across all
defined classes.

The workflow for this study is presented in Figure 2.
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Archaeological context

SamplePreparation

Patterns or clusters identification in

Molecular Spectroscopy (FTIR Analysis) the spectral dataset (PCA)

Classification Using
Correlation Matrix Support Vector
Machines (SVM)
|| (1]

Sample grouping and validating

classification results

Figure 2. Workflow of the present study.

3. Results and Discussion

To investigate the chemical composition, preservation state, and potential additives
of archaeological bitumen, FTIR spectra were acquired for a total of 60 archaeological
samples, with one soil sample from the excavation and one modern bitumen sample
used as references. Variations in the FTIR spectra serve as key indicators of chemical
differences, linked to usage conditions, degrees of alteration, or the deliberate addition of
fillers or tempering agents. Representative spectra, one for each main macroscopic category
observed, is presented in Figure 3. The modern bitumen sample in Figure 3 displays
the typical absorption bands of hydrocarbon-based materials, with signals from alkyl
functional groups. These are characteristics of a well-preserved bitumen matrix and serve
as a reference for comparison with the archaeological ones. In contrast, the excavation soil
shows strong bands associated with carbonates and silicates due to its mineral composition.
Archaeological bitumen samples show different ratios of organic/inorganic content—for
instance, in the region between 1200 and 1800 cm ~!—and characteristic spectra features
such as bands associated with alkyl functional groups like sym gasym-CH, -CHp, and -CHj3,
which are typical of hydrocarbons.

Principal component analysis (PCA) was carried out to identify compositional trends
and patterns. The dataset is composed of 62 spectra, resulting in a matrix of shape
62 x 14,935. The PCA was computed using a mean-centred approach with the non-iterate
singular value decomposition algorithm and cross-validation method, and results are re-
ported in Figure 4. The loadings plot is used to identify the components that significantly
describe the system. Based on this analysis, we selected up to the fifth PC with the following
explained variance PC1—64.4%, PC2—15.3%, PC3—5.9%, PC4—3.4%, and PC5—2.7%,
accounting for a cumulative variance of approximately 92%.

In Figure 4a, scores plots for PC1 and PC2 are shown and describe the data structure
in terms of overarching sample patterns. A specific pattern is identified at PC1 > 0 and
PC2 > 0 for samples 22, 41, 48, and 57, which cluster in proximity to the soil reference
sample n. 61. These samples are characterised by high signals from carbonates and silicates.
Sample 22 corresponds to a drop-shaped bitumen object, sample 41 comes from residues
recovered from the internal area of a jar, while sample 48 has an undetermined origin and
was found among the remains of a jar, showing a high degree of soil contamination. On the
other hand, in the region defined by PC1 < 0 and PC2 > 0, a distinct cluster includes samples
n. 1,3, and 5. Sample 1 was recovered from the bituminous adhesive employed to attach a
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46 - INGOT

58- RESIDUE

10 - FLAT FRAGMENT

now-lost handle (possibly made of a perishable material) to the chert blade, likely serving
as part of a hafting or binding system, while sample 3 is identified as undetermined. The
sample closest to the modern and pure bitumen reference (sample n. 64) is the sample n. 43,
which is described as an adhesive to repair a sarcophagus. Samples identified as ingots
through macroscopic observations are in the PC1 < 0 region, not far from the bitumen
reference sample. An analysis of the sample distribution in the PCA score plot indicates
that PC1 accounts for the main variance among the data and is associated with bitumen
ageing, whereas the variance along PC2 is linked to contamination, such as the presence of
additives and fillers.

43 - ADHESIVE
&

Absorbance [a.u.]

I N I i I B I v I ' I i I
3500 3000 2500 2000 1500 1000 500
Wavenumber [cm™]

Figure 3. Some selected images and the FTIR spectra dataset. The spectra are shown with transparency
to highlight overlapping peaks. Sample 2 (sky-blue) corresponds to bitumen with a distinctive drop
shape; sample 10 (orange) refers to a bitumen fragment with a flat shape; sample 43 (turquoise)
corresponds to the bitumen used as an adhesive to repair a ceramic sarcophagus; sample 46 (green) is
a bitumen fragment coming from an ingot; sample 56 comes from a reed basket coated with bitumen;
and sample 58 is a bituminous residue on a pottery vase. Samples 61 and 62 correspond, respectively,
to the excavation soil and a modern bitumen standard used as references.

Figure 4b reports the loading plot for the five principal components. The main IR
absorption bands characterising the dataset are indicated with dashed lines and listed in
Table 2. The plot shows spectral regions which contribute most to the discrimination of
bitumen samples along each principal component.

Table 2. List of IR absorption bands which characterise the dataset and are reported in the loading
plot in Figure 4.

Wavenumber [cm 1]

Assignment Vibrational Mode References

3300-3400

2952, 2920, 2850, 1380, 720
1490, 1455, 1425, 1380
1600
1640
1700

Hydrogen-bonded —OH (resins, asphaltenes, and

oxidation products) vO-H [34-36]
Aliphatic chains (resins and saturates) Vsymé&asym CH [34,35,37,38]
Aliphatic deformation vCH,, 6CHj3 [35-38]
Aromatic C-H and C=C from asphaltenic fraction vC-H, vC=C [35,36]
Conjugated ring vibration c=C [35,37-39]

Carbonyl groups (aged bitumen) vC=0 [34,39]
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Table 2. Cont.

Wavenumber [cm—1] Assignment Vibrational Mode References
1310, 1160 Sulfones Vsym&asym S=O [35,39-41]
1057 Silicate mineral contamination, fillers vSi-O [42]

1030 Sulfoxides (aged bitumen) vS=0 [34,36-39,43]
1057, 875 Carbonate minerals, contamination, and fillers 5C0O52~ out-of-plane, S5i-O [44]
(a) e Bitumen ’ 6f
8 e Reference 5% 1 29
i 1 ¥ 19 e
ry . . 5
544 @ 3P
< 4P
[To N 39 5P
= o 6 9281 40
3 183221 » 57, 53 57
£ a2 %o .375?51!4 208 10 P 48
-2 62 829 o 18 2857 3313 49 ;"
6 5%4 19 ° . *
- 22 13%° 38
T T Sg T T
-10 -5 0 5 10 15 20
PC1 [64.89%]
b) o.10
( ) — PC1 [64.9%]
0.081 — PC2[15.4%]
— PC3[5.3%]
0.06 - PC4 [3.1%]
— PC5[2.4%]
—0.04 H P
3500 3000 2500 2000 1500 1000

Wavenumber [cm™!]

Figure 4. Score and loading plots from the principal component analysis (PCA) based on the Fourier
transform infrared spectroscopy (FTIR) dataset in the range of 4000400 cm ™. (a) 2D scatter plot prin-
cipal component 1 (PC1) and principal component 2 (PC2). Samples of bitumen analysed are indicated
in blue, while reference samples, n.61 for the excavation soil and 62 for modern bitumen samples are
shown in black. (b) Loading plot principal component 1 (PC1)—principal component 5 (PC5). Matrix
entries: 60 x 14,935. The blue-shaded region indicates hydrogen-bonded ~-OH groups (resins, as-
phaltenes, and oxidation products), while the yellow-underlined area represents carbonate minerals,
contamination, and fillers (Table 1).

PC1, which explains the most variance, accounts for 64.4% and is associated with
inorganic contribution. It shows significant positive loading at around 3300-3400 cm !
which corresponds to the intermolecular H bonds (-OH), indicative of ageing [34-36].
Additionally, the band attributed to carbonates and silicates at 1057 and 875 cm ! is
highlighted in brown. PC2 accounts for 15.4% of the variance and shows negative loading
except for in the carbonates and silicates spectral region. PC3 explains 5.3% of the variance
and exhibits positive loading in the range of 1500-1200 cm~!, associated with aliphatic
deformation [34-38] and in the carbonates and silicates spectral region. PC4 accounts for

—1 associated

3.1% of the variance and shows negative bands in the range of 1500-1200 cm
with aliphatic deformation. Finally, PC5 contributes 2.4% of the variance and highlights
the bitumen fingerprint characterised by a double-band typical shape in the range of

3000-2700 cm ! and 1100-1500 cm ™!, here associated with pure bitumen [34-45].
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Following dimensionality reduction via PCA, a robust machine learning model was
applied to classify the bitumen samples based on their FTIR spectral profiles. The classifier
was trained on the spectra associated with labelled archaeological samples collected in
the Abu Tbeirah archaeological context and then applied to the “Undetermined” bitumen
samples to predict their most likely class labels. Results are reported in Figure 5 where the
training dataset is reported by small circles (for a total of n. 36 bitumen samples) while the
test dataset (composed of n. 26 bitumen samples) is reported as large circles. Four distinct
categories were established for the analysis: assigned Droplet-shaped artefacts (samples 2,
9,22,23,32,34, 36), Flat fragments (samples 10, 19, 38, 39, 51, and 52), Adhesives (samples 1,
37,40, 43, and 47), and Ingots (five samples: 6, 35, 42, 44, and 46). The spatial distribution
in PCA + SVM demonstrates a good consistency. Classification of the unknown analysed
samples based on a support vector machine (SVM) is reported in Table 3.

Table 3. Summary of classification results for the unknown test samples. The table reports the sample
ID, the predicted class, and the probabilities associated with the top-ranked classes.

SampleID  Predicted Class Predicted Class Probability Maximum Probability Class Maximum Probability
3 Adhesives 0.072 Droplet-shaped artefact 0.251
4 Ingot 0.094 Droplet-shaped artefact 0.177
5 Adhesives 0.080 Droplet-shaped artefact 0.243
7 Droplet-shaped artefact  0.170 Adhesives 0.183
8 Ingot 0.070 Droplet-shaped artefact 0.203
12 Flat fragment 0.082 Droplet-shaped artefact 0.199
13 Droplet-shaped artefact ~ 0.133 Adhesives 0.188
14 Droplet-shaped artefact ~ 0.190 Adhesives 0.184
15 Droplet-shaped artefact ~ 0.128 Adhesives 0.177
16 Droplet-shaped artefact  0.171 Adhesives 0.182
17 Flat fragment 0.102 Droplet-shaped artefact 0.226
18 Ingot 0.090 Adhesives 0.180
20 Droplet-shaped artefact ~ 0.163 Adhesives 0.190
24 Droplet-shaped artefact ~ 0.174 Ingot 0.183
25 Droplet-shaped artefact ~ 0.111 Ingot 0.187
27 Droplet-shaped artefact ~ 0.175 Ingot 0.187
29 Ingot 0.077 Droplet-shaped artefact 0.183
31 Flat fragment 0.088 Ingot 0.204
45 Droplet-shaped artefact ~ 0.154 Ingot 0.202
48 Droplet-shaped artefact ~ 0.175 Ingot 0.192
50 Flat fragment 0.070 Droplet-shaped artefact 0.233
53 Flat fragment 0.080 Droplet-shaped artefact 0.201
54 Ingot 0.099 Adhesives 0.182
57 Droplet-shaped artefact ~ 0.193 Ingot 0.187
59 Ingot 0.098 Droplet-shaped artefact 0.217
60 Droplet-shaped artefact ~ 0.182 Adhesives 0.182
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Figure 5. Principal component analysis (PCA) + support vector machine (SVM) model. Unknown

samples are projected into the PCA space alongside known ones, giving a clear visual check of

clustering and class confidence. Total labels: 62, known (training): 36, and unknown (test): 26. The

metrics of such predicted classes and the probabilities associated with the top-ranked classes are

reported in Table 3.
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Notably, the adhesives reported as orange dots are in the IV quadrant of the PC1-
PC2 plot and samples n. 3 and 5 have a similar composition to the adhesives, which are
compatible from an archaeological point of view. Indeed, although these samples are not
clearly identifiable as bitumen used as adhesive from their archaeological context, their
chemical composition suggests that the material could potentially have been a product
similar to adhesives. Ingots reported as green dots exhibit the best grouping along PCs
and suggested a homogeneous composition with a low presence of additives. The Droplet-
shaped artefact and Flat fragment samples display greater variance along the principal
components, indicating a broader range of compositional variability within these classes.
Our analytical approach has identified several samples as Predicted Ingots, indicating
that their spectroscopic profiles closely match those of the known ingot samples. The
predicted ingots samples n. 4, 8, 18, 29 come from a domestic context (Buildings A and D)
whereas sample 54 was likely accidentally deposited in a grave backfill that cut into the
earlier workshop area. Sample 59, by contrast, is directly associated with the workshop.
The Predicted Droplet-shaped artefacts have spectral signatures that group them along
PC2-PC3 and PC4-PC5. From an archaeological point of view, samples 7, 15, and 60 were
recovered from Building D, samples n. 13, 14, 16, 24, 27, 48, and 57 were collected from
Building A (the last two from the workshop), and sample 45 was collected from a funerary
context. This recurring presence in domestic contexts confirms bitumen’s likely use in
common household items or activities. Since drop-shaped artefacts are hypothesised to
have served as temporary storage forms—several having been found in a pit within a Phase
2 room of Building A—their marked compositional variability, combined with similarities
to fragments and artefacts of different typologies, points to a continuous recycling process.
This practice, with the exception of ingots and adhesives, likely involved mixing available
bitumen of various origins and preserving it in such shapes for later reuse.

The Droplet-shaped artefact class is frequently predicted, but seldom with high confi-
dence. Adhesive and Ingot often appear among the top three predicted probabilities. The
training accuracy is 47.22%, meaning that the model correctly predicted the category for
about 47% of the samples it was trained on (Table 4).

Table 4. Classification report (training set).

Precision Recall f1-Score Support
Droplet-shaped artefact 0.42 0.71 0.53 7
Flat fragment 0.67 0.67 0.67 6
Adhesive 0.80 0.80 0.80 5
Ingot 0.31 0.80 0.44 5
Accuracy - - 0.47 36
Macro avg 0.18 0.25 0.20 36
Weighted avg 0.35 0.47 0.39 36

The efficacy of the classification model is detailed in the accompanying confusion
matrix (Figure 6). In this visualisation, each row corresponds to the actual class (ground
truth), and each column represents the predicted class determined by the model. The
numbers in each cell indicate the count of samples. The principal diagonal elements record
the number of true positives, signifying the samples correctly classified for each class. The
off-diagonal entries quantify the misclassifications.
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Looking at the FTIR spectra across the defined sample classes in Figure 7, it is shown
that the Droplet-shaped artefacts and ingots exhibit the highest degree of spectral similarity
while the Flat fragments display greater spectral variability. Specifically, it is noted that
certain spectra, particularly those corresponding to samples 12 pred, 38, and 50 pred, lack
the characteristic features attributable to the ngymgasym CH stretching vibrations. Regarding
Adhesives, sample 1 samples of a flint blade with a bitumen haft shows a low concentration
of organic components.

The classification ranging from Adhesives—Ingots—Droplet-shaped artefacts—to Flat
fragments represents a gradient from most pure bitumen to most filler presence, connecting
the macroscopic shape and archaeological function with the microscopic structure of the
samples. The classes named Adhesive and Ingot are more homogeneous. This finding
not only allows for the confident identification of undetermined samples with similar
compositional profiles but also carries significant archaeological implications. This homo-
geneity suggests that these categories might correspond to a specific recipe or standardised
preparation method used by Sumerians. This observation aligns with the archaeologi-
cal data from Abu Tbeirah, where ingot-shaped bitumen artefacts—characterised by flat
bases with mat impressions—appear to have functioned as transport or storage units,
possibly for standardised distribution. Similarly, fragments classified as Adhesives derive
from contexts where bitumen was used as an adhesive, particularly for hafting tools or
sealing containers, indicating specific preparation methods tailored to functional needs.
Moreover, cuneiform sources refer to distinct types of bitumen—solid and liquid—likely
corresponding not only to different intended uses (e.g., coating, sealing, and hafting) and
modes of transport and storage, but also to intentionally differentiated compositions. Solid
bitumen may have circulated in shaped forms such as ingots, while liquid bitumen was
likely transported in containers such as jars, suggesting distinct chaines opératoires and
preparatory recipes adapted to functional and logistical needs. This aligns with archaeo-
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logical evidence suggesting sophisticated material knowledge and specialised production
processes in ancient Mesopotamia, where bitumen was a vital resource [32,46]. The re-
currence of compositionally similar samples across different areas of the site, including
but not limited to domestic contexts, indicates the use of specific bitumen formulations
in routine tasks such as sealing containers, mending tools, or small-scale waterproofing.
The Droplet-shaped artefacts proved to be less homogeneous in their composition, which
suggests that these fragments may not represent a standardised product. Instead, they may
represent residues or by-products from different phases of bitumen reworking, potentially
reflecting transitional stages within broader recycling sequences. Their morphological
similarity may be related to their function as single-use portions, set aside in preparation
for subsequent recycling. Similarly, the Flat fragment, which lack a clear archaeological
definition in existing literature, also exhibited low homogeneity. This suggests that they
too may correspond to intermediate forms within the recycling process—material shaped
or set aside for remelting, but not yet fully reintegrated into a functional product.
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Figure 7. FTIR spectra of the samples grouped by classes: (a) Droplet-shaped artefacts, (b) Flat
fragments, (c¢) Aadhesives and (d) lingots.
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4. Conclusions

A collection of 60 bitumen artefacts from the 3rd millennium BC Sumerian site of
Abu Tbeirah (Iraq) was studied via FTIR and machine learning to unveil ancient working
methods used for the repair, reuse, and recycling of everyday objects. The FTIR spectra
showed significant chemical variations, which are attributed to different organic/inorganic
content ratios and states of production. Characteristic spectral features were identified
within the 1200 to 1800 cm~! range, where the presence of bands associated with alkyl
functional groups (sym. and asim. CH, -CHj, and -CHj3) confirms the hydrocarbon ma-
trix of the samples. Through the principal component analysis, PC1 is associated with
inorganic contribution, showing significant positive loading of around 3300-3400 cm ™!
corresponding to the intermolecular H bonds (-OH) indicative of ageing and the carbon-
ates and silicates bands at 1057 and 875 cm™~!. PC2 shows negative loading except for in
the carbonates and silicates spectral region. PC3 exhibits positive loading in the range
1500-1200 cm ! associated with aliphatic deformation and in the carbonates and silicates
spectral region. PC4 shows negative bands in the range 1500-1200 cm ! associated with
aliphatic deformation. PC5 highlights the bitumen fingerprint characterised by a double-
band typical shape in the range of 3000-2700 cm ! and the range of 1100-1500 cm !, here
associated with pure bitumen. The kernel-based support vector machine (SVM) model,
trained on archaeologically labelled samples, successfully predicted the classification of the
undetermined samples, which comprised 30% of the dataset. The resulting spatial distri-
bution in the PCA-SVM plot demonstrated high consistency, establishing a compositional
gradient linked to the macroscopic observations: from the relatively pure bitumen found
in Adhesives and Ingots, to the highly altered Drop and Flat fragment. The homogeneity
observed in the spectral profiles of the Ingots and Adhesives is particularly noteworthy,
suggesting that these materials may have corresponded to standardised recipes or specific
preparation methods employed by the Sumerians.

Finally, this interdisciplinary methodology, combining archaeological classification
with advanced analytical techniques and machine learning, offers a substantial contri-
bution to the study of bitumen in Sumerian contexts, enhancing our understanding of
technological knowledge, resource management, and the material dimension of daily life
in third-millennium BCE southern Mesopotamia.
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