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Abstract
The archaeological site of Adulis lays on the Red Sea Coast of Eritrea and during Late antiquity played a significant role
in interregional commerce among the Mediterranean, the Red Sea and the Indian Ocean coasts. Contacts with the
Eastern Mediterranean, Arabian Peninsula and the Sasanian world have been attested from different classes of pottery
that were brought to light from on-going excavations at the site. Transport vessels have attracted particular attention
as they testify the extent of trades and exchange networks. Transport vessels were coated by organic materials to seal
porosity and make them suitable to transport different liquids and/or food. The characterisation of coating materials
helped shedding light on their function, and support the attribution to different classes of transport vessels found in
the Indian Ocean and Red Sea worlds. Here, the characterisation of the organic lining detected on a set of samples
identified as Late Roman Amphora 1 is discussed. Results from the chemical analyses, performed preliminarily by FT-IR
and then by GC–MS, revealed that bitumen was used for lining the jars, thus leading to set the classification of the
amphorae within the wide class of the so- called Torpedo jars. By overcoming the question of typological complexity
posed from macroscopic examination of the sherds, the chemical investigation contributed here crucial information
for the interpretation of past trading in the Indian Ocean. The research gave clues to broaden the distribution of the
Torpedo jars to Adulis, giving an unexpected insight into the trading routes of the past.
Keywords: Adulis, Torpedo Jars, Indian Ocean Trade, FT-IR, GC–MS, Bitumen, Lining, Archaeometry, Late antiquity
Introduction
Fourier Transform InfraRed spectroscopy (FT-IR) and
Gas Chromatography—Mass Spectrometry (GC–MS)
play a relevant role in the characterization of organic
residues found in archaeological vessels. In particular,
the chemical nature of the layers spread on the porous
pottery to make it suitable to conserve and to transport
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liquid foodstuff can be elucidated [1–9]. In addition to
recognising lining materials, the versatility of archaeometric approaches has been proved to be quite significant to tackle vessel function: by investigating organic
residues in transport vessels, analytical techniques can
contribute further information that support the archaeological approach in shedding light on past trades [2, 3, 5,
10–13].
Contacts among settlements on the Mediterranean,
Red Sea and Indian Ocean coasts have been widely discussed in the archaeological community and archaeological records show evidence of the Roman control
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and influence of trades in these regions. The Red Sea,
East Africa, the Persian Gulf, Southern Arabia, and
India were integrated in a net of exchanges between
Rome and India, where connections to all the coasts
of the Indian Ocean and beyond were established to
support the trade of a wide range of commodities [9,
14–17].
The trade networks increased particularly during the
Hellenistic and Roman times, when traders from the
Mediterranean reached the Indian Ocean through the
Persian Gulf and the Red Sea [9]. Studies on the extent
of these trade networks are growing and ceramics have
largely contributed to our understanding of the trades
involving the Mediterranean, Red Sea, and Indian Ocean
worlds.
The Late Roman Amphora 1 (LRA1) and the Torpedo
jars, which were produced broadly in the same chronological period, proved to be excellent proxies for understanding the Indian Ocean trade, as these transport
vessels are spread over much of the Indian Ocean and the
Red Sea.
The LRA 1 is one of the seven varieties of Late Roman
Amphoras, which are indicated with numbers from 1 to
7. The classification is based on the comparisons of the
standardised shapes and sizes of the varieties [18]. The
production of LRA 1 is evidenced from the 4th to 7th
Century in the Eastern Mediterranean, including Rhodes,
western Anatolia, the Cilician coast, and Cyprus [18–20].
LRA1 were made in a multitude of centres, and the shape
pinpoints a standardized production during these periods. It is generally agreed that high uniformity found in
LRA1, and in other LRA types, attests a close cultural or
administrative connection between the regions of production [20].
LRA1 have been found throughout the Roman world
including the British Isles, along the Mediterranean coast
of southern Europe, North Africa, and Western Asia, and
the Black Sea region [18, 21]. Moreover, the vessels have
been identified on the Indian sub-continent beyond the
frontiers of the Mediterranean maritime trade [14]. The
distribution of the LRA1 across the Mediterranean and
beyond testifies an expansive trade network connecting
many parts of the late Roman and early Byzantine worlds.
The vessels are therefore an important proxy for these
intangible social and economic connections [20].
It has been suggested that LRA1 vessels were used to
transport liquids such as wine and—possibly—oil. Some
examples of LRA 1 from Cyprus, Marseille, and the
Yassi Ada wreck were found coated on the inside [18].
The chemical characterization of organic residues from
Roman amphorae highlighted the use of pitch as the
main sealing material, further supporting their function
as containers for liquids [22–24].
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Another material that was used to seal pottery porosity was bitumen, and fragments of vessels coated with
this sealing material were often found in archaeological
sites in Mesopotamia and in the Arabian Gulf [8, 9, 16,
17, 25–30].
The so-called Torpedo jars have, among others, caught
the attention of multidisciplinary studies in recent years
as they can be considered a marker for tracing maritime
trade connections during the Sasanian and early Islamic
periods. These vessels are tall elongated or round bodied
handle-less ceramic transport containers characterized
by a narrow mouth and a pointed base, and they are often
coated with bitumen to seal their porosity [16, 17, 29].
Ceramic vessels classified as Torpedo jars were produced
during the Sasanian (c. 3rd to mid-seventh centuries CE)
to Early Islamic (mid-7th to tenth centuries CE) periods.
The distribution of the Torpedo jars has been attested
mainly from sites throughout the Persian Gulf and western Indian Ocean, and rarely as far west as the Egyptian
Red Sea coast at Berenike [8] and to the east in Thailand
[7]. No kilns directly related to production of Torpedo
jars have been identified yet, hindering the exact recognition of their provenance. Like the Mediterranean amphorae, Torpedo jars may have been primarily used for the
long-distance transport of wine, oil, or other high-priced
liquid foodstuffs [9].
The classification of Torpedo jars has been until
recently mainly limited to typological studies [8, 25, 28,
31–34]. Lately, a distinction between Torpedo-S (TORPS) and Torpedo-C (TORP-C) varieties has been indicated in the literature based both on the macroscopic
characteristics of the vessels and on the microscopic
features of the ceramic body [7, 9, 16, 28]. The TORP-S
fabric—classified by Tomber et al. [16]—is characterized
by thinner walls and by the presence of well-sorted sandy
inclusions in a buff, pink or orange-coloured matrix. It
has been indicated that this fabric corresponds to an earlier production and its distribution has been testified at
the Sasanian site of Bushehr in southern Iran [35], with
finds from the 5th to late 8th century in the assemblages
at Kush [30], in the late Sasanian assemblage at Jazirat
al-Ghanam [36] and in the mid-7th to mid 8th century
assemblages from Sir Bani Yas [34]. In addition, numerous finds are documented in India and Sri-Lanka [37] as
well as in the early 5th to late 7th century occupation of
Fulayj in Oman [27].
On the other hand, TORP-C fabric is related to the
buff or cream-coloured body and characterized by lower
amounts of sand inclusions and thicker walls [16]. The
recovery of assemblages related to this fabric has been
exclusively associated with contexts dated from the
mid 8th century, or later, including those from Sohar,
Manda and Siraf [16]. Recently they have been also found
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in Southeast Asia, namely in the late 8th century Phanom
Surin wreck in Thailand and the mid 9th century Belitung wreck off the coast of Java in Indonesia [7].
In the absence of complete specimens found in Adulis,
non-morphologically diagnostic wall fragments considered in this study were attributed, doubtfully, to LRA1
[9]. Yet, Torpedo jars have been distinguished from
coeval Roman pottery through the internal brownishblackish coating which, differently from the resin that
characterises LRA 1, is formed by bitumen [9, 16]. The
chemical signature of the lining has become a fingerprint for the identification of Torpedo jars, and allowed
researchers to shed further light on their origin and trade
over long distances [7, 9, 33].
Based on these premises, FT-IR and GC–MS analyses
were performed on residues of the original coating found
on a set of fragments attributed to LRA1, with the aim
of contributing some knowledge to the investigation of
the axes of distribution of transport vessels in the Eastern
Mediterranean, Red Sea, and Indian Ocean Worlds.

Archaeological context and sampling
The site of Adulis (Fig. 1) is located on the Eritrean coast
and was the most important port for trade in the northern Horn of Africa during late antiquity, linking the early
urban settlements of the Eritrean and Ethiopian highlands to the coastal people. It also played a significant
role in the policy within the Red Sea area during its long
history, which spanned for some 800 years. Based on the
comparative analysis of architectural features, as well as
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on dating of coinage and pottery [38, 39], it was in fact
determined that the site was continuously inhabited from
the 2nd–1st century BCE up to the 6th and early 7th century CE, and intensely occupied in the 5th–6th century
CE.
The extent of the trade exchanges that involved the
ancient port city of Adulis could be traced by comparing
the Late Roman and Byzantine transport and common
wares that have been uncovered by archaeological excavations at Adulis with wares recovered from the adjacent
Arabian Peninsula and Indian Ocean [39–43].
The samples considered for this archaeometric work
were collected from the on-going excavations at the
archaeological site at Adulis and were retrieved as part
of a comprehensive archaeometric characterization of
different pottery classes. A group of six pottery fragments was selected with the aim of characterising—by
means of analytical chemistry techniques—the (more or
less evident) deposits, which were possibly interpreted
as organic residues of the internal coating. The selection
was mainly based on stratigraphic reliability, in order
to link each fragment to a well-defined chronological
sequence. Since extensive fragmentation of the finds is
very common in urban contexts, morphologically diagnostic specimens were not available in the archaeological
site, therefore the shards were classified as LRA1 based
on the available knowledge on the trade of this type of
amphorae in Adulis and on similarities of the ceramic
paste with LRA1. The analysed samples, with details on
the stratigraphic units, are listed in Table 1.

Fig. 1 The port of Adulis in the large area from the Mediterranean sea to the Indian Ocean (modified from Google Earth)
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Table 1 Stratigraphic units of the analysed archaeological samples
ID Code

Stratigraphic unit

C02

SU 2176: small portion of a wall delimiting the grave 2175, probably coeval
with the church (4th–6th CE)

C03

SU252: collapse / accumulation, destruction of the church or later (7th–8th?)

C06

2528: backfilling of the cut 2529, destruction of the Church or later (7th–8th?)

C07

6076: collapse of the room South to the apse of the “British Church” (7th–8th?)

C08

6076: collapse of the room South to the apse of the “British Church” (7th–8th?)

C09

6076: collapse of the room South to the apse of the “British Church” (7th–8th?)

The chemical composition of the organic residues was
preliminarily investigated by FT-IR. Then, GC–MS was
employed to obtain more detailed information on the
composition of the organic compounds extracted from
the inorganic substrate.

Materials and methods
Chemicals

Dichloromethane, acetone, and methanol were used for
the preparation of extracts for FT-IR analysis. n-hexane,
dichloromethane and methanol were used for the GC–
MS analyses. All the solvents were analytical grade from
Sigma-Aldrich.
FT‑IR analysis

In order to provide a first chemical screening of the composition of the organic fraction of the shards, FT-IR was
employed. Powdered samples were collected from the
ceramic fragments and subdivided into three 100 mg aliquots for each sample. Each aliquot was treated with one
solvent, namely acetone, methanol or dichloromethane,
in order to exploit the different extraction capability of
solvents with different polarity [4, 44, 45]. Extraction was
performed in a glass vial. 2 mL of the solvent was added
to the powder, favouring the interaction between the
solid and the solvent by a Vortex lab shaker. After 2 min
of treatment, the system was allowed to settle for about
4 h, then the liquid fraction was transferred into another
vial and left to dry in a fume hood. The resulting deposits
were collected, set in a diamond anvil cell and analysed
in transmission mode using a Vertex 70 FT-IR benchtop
spectrometer by Bruker, equipped with a Hyperion 3000
Microscope. Spectra were collected in the range from
4000 cm−1 to 400 cm−1, with a resolution of 4 cm−1 and
64 scan acquisitions.
GC–MS analysis

An insight into the chemical nature of the organic material extracted from the inorganic ceramic substrate was
then performed by GC–MS following a procedure previously validated [6]. Briefly, about 10 mg of each sample
were treated with 1 mL of n-hexane, dichloromethane

and methanol (80:15:5 v:v:v) in microwave extractor
MLS-1200 MEGA Milestone (Italy) for 5 min at 500 W
and 60 °C. The extract was centrifuged at 4000 rpm
(1780×g Relative Centrifugal Force) for 5 min and the
supernatant was dried under a nitrogen stream. 300 μL
of n-hexane were added and the solution was sonicated
for 10 min at 40 °C in order to allow asphaltene precipitation; the extraction with n-hexane was repeated 3 times
and the supernatant from each of the three steps was collected in a vial. Deasphalted solution was subjected to
separation of saturated and aromatic hydrocarbons from
the polar fraction using column chromatography with
silica gel activated at 400 °C prior to use. After conditioning the column with 1 mL of n-hexane, the sample was
loaded in the column and then it was eluted with 3 mL
of a n-hexane-dichloromethane mixture (1:1 in volume).
The collected hydrocarbon fraction was dried under a
nitrogen flow and then added with 50 μL of isooctane.
The fraction containing the saturated and aromatic
hydrocarbons was dried under a nitrogen stream and redissolved in 50 mL of isooctane. 2 mL of the final solution were analyzed by GC–MS. The GC–MS system
consists of a 6809 N-Network gas chromatograph with
a PTV injector and a 5975 single quadrupole mass spectrometer (Agilent Technologies, Palo Alto, USA). The
PTV injector was used in splitless mode at 280 °C. The
chromatographic separation was performed on a HP5MS chromatographic capillary column (5% phenyl/95%
dimethylpolysiloxane, inner diameter: 0.25 mm, length:
30 m, film: 0.25 m, J&W Scientific Agilent Technologies, Palo Alto, CA), coupled with a deactivated fused
silica guard column (inner diameter: 0.32 mm, length:
2 m, J&W Scientific Agilent Technologies, Palo Alto,
CA). The chromatographic oven was set with the following temperature program: initial temperature 80 °C
for 2 min, a first ramp rate of 20 °C/min up to 200 °C,
200 °C for 1 min, a second ramp rate of 4 °C/min up to
300 °C, 300 °C for 60 min. The mass spectrometer ionization source was set at 230 °C, the quadrupole was kept at
150 °C. The mass spectrometer was used in the EI mode
(70 eV), acquiring in the range 50–700 m/z. The relative
percentages of the peak areas of principal biomarkers

Zerai et al. Heritage Science

(2022) 10:162

Page 5 of 10

obtained from extracted ion chromatograms (m/z 191)
were used to estimate the relative abundance of the various compounds.

Table 2 Characteristic bands of the typical FT-IR spectrum
obtained on the sample extracts (see text for details)
Absorption (cm−1)

Assignment

Results and discussion

3600–3000

O–H stretching

FT‑IR analysis

3400

O–H stretching (adsorbed water in silicates)

The preliminary screening with FT-IR of the extracts
from all the samples showed clear evidence of the presence of organic components. The spectra obtained on
extracts from the same solvent were essentially comparable for all the samples, as were the spectra acquired
on the three different solvents extracts of a same sample. However, a slightly higher complexity of the spectroscopic pattern in the 3600–3000 
cm−1 region and
in the low wave number interval (below 900 cm−1) was
observed for the methanol and dichloromethane extracts.
As an example, Fig. 2 reports the FT-IR spectra obtained
for the three different solvents extracts from sample C07,
and Table 2 summarizes the features of the spectroscopic
patterns obtained from the extracts.
The broad band in the 3600–3000 
cm−1 interval
is ascribable to the O–H stretching vibration, being
recorded in many of the materials which could be used
for lining the ceramic surface such as pitch or tar [46,
47], charred organic residues [48], diterpenoid resins
from Pinaceae family trees [49] and bitumen [46]. On the
contrary, the absorption around 3400 cm−1 can be specifically attributed to adsorbed water in silicates. This
signal, together with the broad, complex and quite strong
peak in the 1100–1000 cm−1 range, can be explained by
the presence, in the extract, of some residual clay particles from the powdered ceramic fragments. Moreover, in
this spectroscopic range, a contribution of signals due to

2950

C–H asymmetric stretching (methyl groups)

2925

C–H asymmetric stretching (methylene groups)

2855

C–H symmetric stretching (methylene groups)

1705

C=O stretching (esters and acids)*

1670

C=O stretching (esters and acids)*

1590

C=C stretching (aromatics)

1455

C-H asymmetric deformation (methyl groups)/
scissoring (methylene groups)

1375

C-H symmetric deformation (methyl groups)

1295

Not assigned

1100–1000

Si–O stretching (silicates)/ring deformations

875

C-H out of plane deformation (aromatics)

835

C-H out of plane deformation (aromatics)

Fig. 2 FT-IR spectra of the acetone (a), dichloromethane (b) and
methanol (c) extracts obtained from sample C07

the presence of aromatic compounds (ring deformations)
cannot be excluded.
The 2950, 2925 and 2855 cm−1 peaks are characteristics of the methyl and methylene groups stretching vibrations in the spectroscopic patterns of all the already-cited
materials. The 1705 and 1670 cm−1 signals have been
attributed to the C=O stretching vibration corresponding to different chemical environments, but—according
to literature data—only the band at 1705 cm−1 is ascribed
to the C=O bond in the spectra of pitch or tar [2, 46].
The same band was observed, but not assigned, in the
bitumen spectrum [46], whereas both the peaks were recognized in the spectroscopic pattern of diterpenoid resins and ascribed to the C=O stretching signals in organic
acids and esters, although slightly shifted towards higher
wavenumbers: 1715 and 1688 cm−1, respectively [49].
The signal at 1590 cm−1 was recognised in the spectra
of pitch or tar [2, 47], charred organic residues [48] and
bitumen [46], while the peaks at 1455 and 1375 cm−1
were highlighted not only in both pitch or tar [46, 47]
and bitumen [47] spectra, but also in the spectroscopic
patterns of diterpenoid resins [4, 49]. Lastly, the signals
at 875 and 835 cm−1 were observed in bitumen spectra
[46], while aromatic ring C-H deformation in pitch or tar
generate higher wavenumbers peaks in the spectroscopic
patterns (886 and 881 cm−1).
Therefore, FT-IR spectra suggest that the organic components extracted from all the investigated sherds are
residues of some kind of material employed for sealing
the internal porosity of the ceramic. Nevertheless, the
FT-IR spectroscopic patterns did not allow us to confidently recognise the nature of this material. As this
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information is crucial for contributing new knowledge
for interpreting the role of Adulis in past trades, a more
selective approach with GC–MS analyses was employed
to pursue the identification of the specific substance/s
used for lining.
GC–MS

The chromatographic profile obtained from the analysis
of all the archaeological samples is typical of a bituminous material (Fig. 3), attested from the presence of the
terpane compounds including the hopane and homohopane series (H28-H35). The most abundant peaks,
identified in the extracted ion m/z 191 chromatograms

by the examination of their mass spectra [6, 9, 50] are
ascribable to H29 (17α(H),21β(H)-30-norhopane) and to
H30 (17α(H),21β(H)-30-hopane), both belonging to the
hopane class. In sample C06 a tricyclic terpane (TR23),
a tetracyclic terpane (TET24) and the several homohopanes (H32-H35) were detected as minor components.
Only in sample C02 gammacerane (GAM) was not identified. Steranes (m/z 217), monoaromatic steranes (m/z
253) and triaromatic steranes (m/z 231) are below the
detection limit of the employed procedure.
The relative percent distribution of the detected compounds is illustrated in Fig. 4 and they are listed in
Table 3.
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Fig. 3 Sample C06 extracted ion (m/z 191) chromatogram (see Table 3 for the list of compounds)

25.0

20.0

15.0

%
10.0

5.0

0.0

C02

C03

C06

C07

C08

C09

TR23

TET24

Ts

Tm

H28

H29

M29

H30

M30

H31S

H31R

GAM

H32S

H32R

H33S

H33R

H34S

H34R

H35S

H35R

Fig. 4 Relative percent distribution of the detected compounds in the samples analysed by GC–MS
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Table 3 List of the compounds detected by GC–MS in all the investigated samples
N. Identified compound
Tricyclic terpanes
1

TR23

tricyclic terpane C 23

TET24

tetracyclic terpane C24

Tetracyclic terpanes
2
Trisnorhopanes
3

Ts

18α(H),21β(H)-22,29,30-Trisnorhopane

4

Tm

17α(H),18α(H),21β(H)-22,29,30-Trisnorhopane

H28

17α(H),18α(H),21β(H)-28,30-Bisnorhopane

Bisnorhopanes
5
Norhopanes
6

H29

17α(H),21β(H)-30-Norhopane

7

M29

17β(H),21α(H)-30-Norhopane

Hopanes
8

H30

17α(H),21β(H)-Hopane

9

M30

17β(H),21α(H)-Hopane

Homohopanes
10

H31S

22S-30-Homohopane

11

H31R

22R-30-Homohopane

GAM

Gammacerane

Gammacerane
12
Bishomohopanes
13

H32S

22S-30,31-Bishomohopane

14

H32R

22R-30,31-Bishomohopane

Trishomohopanes
15

H33S

22S-17α(H),21β(H)-30,31,32-Trishomohopane

16

H33R

22R-17α(H),21β(H)-30,31,32-Trishomohopane

Tetrakishomohopanes
17

H34S

22S-17α(H),21β(H)-30,31,32,33-Tetrakishomohopane

18

H34R

22R-17α(H),21β(H)-30,31,32,33-Tetrakishomohopane

Pentakishomohopanes
19

H35S

22S-17α(H),21β(H)-30,31,32,33,34-Pentakishomohopane

20

H35R

22R-17α(H),21β(H)-30,31,32,33,34-Pentakishomohopane

The identification of a bituminous substance in all the
investigated samples allows us to give a new classification for the ceramic sherds: they were initially attributed
to LRA 1, but they shall be instead interpreted as fragmentary Torpedo jars [9, 37]. The typological complexity
due to the similarities between Torpedo jars and LRA1 is
resolved here by the chemical information obtained from
the residues of the lining agents.
It is well-known that bitumen was used from the Palaeolithic or early Neolithic periods for several purposes.
Long distance commercial networks were eventually
established to provide different settlements with bitumen, where the bitumen trade expanded in the MiddleBronze Age and continued until the Early Islamic period
and beyond [51, 52].

Bitumen sources from Mesopotamia, Iran and the
Dead Sea have been widely discussed in the literature,
where different sites across the Persian Gulf, Indian
Ocean and the Mediterranean were included in the longdistance trade of the material. It is known that settlements under Mesopotamian influence used exclusively
bitumen from Hit in Iraq, whereas bitumen sources in
northern Iraq and Iran supplied other settlements [9, 52].
Moreover, it is mentioned that bitumen from Iran played
a bigger role in the Gulf starting from the second half of
the first millennium BCE, as is attested from settlements
in Southeast Arabia, the Oman coast and as far as across
the Indian Ocean at Anuradhapura in Sri Lanka [33].
While bitumen from Mesopotamia and Iran were widespread across the Near East, many sites in the Eastern
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Mediterranean were provided with bitumen from the
Dead Sea [52–54]. Therefore, the reconstruction of bitumen trade in antiquity is framed within the framework
of comparing the biomarkers (GC–MS profiles, chemical compositions, source of the bitumen rocks) of these
known sources.
Archaeometric work on Torpedo jar samples from 3rd
to ninth century levels at Anuradhapura (Sri Lanka) indicated that the source of most of the bitumen could be in
the region within the vicinity of Dehluran and Susa in
southern Ilam or northeast Khuzestan in Iran [33]. Similarly, a recent publication by Connan et al.[7] on fabrics
belonging to TORP-S and TORP-C fragments from Phanom-Surin wreck has attributed the source of the bitumen from a set of deposits near Dehluran and Khuzestan
[7]. Furthermore, the analysis of two sets of Torpedo
jars from Alagankulam in southern India and the site of
Al Hamr al-Sharqiya1 in Oman by Lischi et al. [9] has
attested to sources in Iraq.
Tracing the source of the bitumen is beyond the scope
of the present work. Moreover, it should be noted, that
it remains unclear whether Torpedo jars were manufactured in the same location in which the bitumen was
obtained, or if the vessels were lined with a bituminous
material imported from elsewhere [16].
This leaves open the need to consider both the characterization of the clay paste and the source of the bitumen
for approaching the provenance of the vessels. We demonstrated that similarities in the macroscopic features of
the clay body and other archaeological inferences supported the identification of the investigated fragments
from Adulis as LRA1, whereas the chemical characterization of their organic lining identified them as Torpedo
jars.
The similarities possibly suggest production areas
exploiting materials from similar geological basins in the
wider geographical areas from Eastern Mediterranean to
Mesopotamia.
In fact, two main geological features, namely the TigrisEuphrates basin of Iraq (Mesopotamia) and the continuous mountain range stretching from Troodos, Cyprus to
Semail, Oman, dominate the area where Torpedo jars are
most likely to originate [16]. On the other hand, the possibilities of the transport of solid bitumen to production
centres can pinpoint multiple production for the vessels.

Conclusion
The characterization of organic residues of lining carried out in this study—with the detection of a bituminous coating—allowed the archaeologists to securely
recognize as fragments of Torpedo jars some sherds
that were initially interpreted as LRA1 due to both the
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similarities between fabrics and the present knowledge on past trades in the area. This unexpected information revealed a new scenario on the role of Adulis
in the framework of the distribution of transport vessels to the African shores of the Red Sea and broadens
the themes revolving around the provenance, production, and distribution of the Torpedo jars on the wider
Indian Ocean and Red Sea Worlds.
Trade connections in the Indian Ocean involved a
very large area, including the Red Sea, East Africa, the
Persian Gulf, Southern Arabia, and India. The scope of
regional exchanges involving the Red Sea and Indian
Ocean Worlds encompassed multiple routes [9] and the
one going from Oman to the Red Sea could have contributed to the distribution of transport vessels from
the Indian Ocean to the Eritrean Coast. The extent of
these contacts is further attested by the expansion of
the Sasanian trade into the Red Sea by late antiquity. By
the chemical characterization of the pottery fragments
considered in this work, the role played by Adulis in
the trading in textiles, spices, precious stones, essential
oils and a range of other commodities can be further
enhanced in a new perspective of commercial interactions within the wider Indian Ocean.
However, the analysis undertaken in this study represents a starting point, as only a small number of
fragments was considered. Nevertheless, the result is
relevant as the presence of Torpedo jars has never been
testified in Red Sea contexts. As far as the contribution
given by Torpedo jars to the archaeological research is
considered, it is evident that the study of the bitumen
lining using archaeometric approaches proves to be of
paramount relevance when the macroscopic observation does not evidence any diagnostic clue for typological attribution.
The present work places Adulis within the growing
archaeometric discussion on the production, distribution and use of the Torpedo jars. The information from
Adulis further supports the fact that these jars provide a direct proxy for trade and exchange throughout
the Indian Ocean. Moreover, it should be noted that a
closer examination of the ceramic fabric, form and lining of the jars needs to be systematically approached in
the future, and sherds already found in the past should
be possibly reconsidered in a new perspective. Chemical analyses of the lining—and minero-petrographic
and geochemical analyses of the clay body—of samples
obtained from archaeological sherds found in sites of
the Red Sea and Indian Ocean should be considered for
an exhaustive typo-chronological framework and provenance evaluation to build the picture of the past connections in the area.
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