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Abstract
During the Classical Period (300 BC–400 AD), the Indian Ocean emerged as one of the largest hubs of ancient international trade. For a long period, these contacts were described from a Rome-centric point of view, looking at the connections between Rome and India. However, recent studies have demonstrated that the Roman-Indo connection was
only one of the vast medium and short distance trade routes involving numerous regions and populations, exchanging goods and culture. Current archaeological investigations have demonstrated that several minor trade dynamics
formed the primary connective tissue of the Indian Ocean. This study attempts to trace these mid-range connections
by focusing on the transport of torpedo jars, recently found in several settlements throughout the Indian Ocean. Two
archaeological sites were considered: Al Hamr al-Sharqiya 1 (Inqitat, southern Oman), and the port of Alagankulam
(southern India). An analytical protocol based on thin sections analysis, SEM–EDS, XRD and GC/MS was applied to
a selection of fragments from the two archaeological sites. The analytical investigation carried out on these vessels
identified three different ceramic compositions, which distributed differently in the two sites, characterized by a black
coating due to a similar bitumen source. The location of the production sites and comparative studies between these
vessels and reference materials available in the literature enabled us to cast new light on the routes followed by the
torpedo jars, from Mesopotamia to India and Oman.
Keywords: Indian Ocean routes, Torpedo jars, Multi-analytical techniques, GC/MS, XRD, Bitumen
Introduction
The study of the commercial contacts between Rome and
India originated with the excavation of Arikamedu by Sir
Mortimer Wheeler [1]. The classification of numerous
archaeological materials as originating from the Mediterranean promoted several studies regarding the Roman
domination or colonization of the Indian coasts [2–5],
reinforcing the idea of the Roman control of the Indian
Ocean trade.
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This Rome-centric point of view remained almost
unchanged until the end of the 1980s, and the archaeological campaign carried out in Arikamedu by Begley
[6, 7]. However, the trade between Rome and India was
only one of numerous connections within the Indian
Ocean over long, medium and short distances. These
interactions were not limited to goods trade but also, and
above all, to exchanges in cultural habits, language and
traditions.
These connections in the Indian Ocean involved a very
large area, including the Red Sea, East Africa, the Persian Gulf, Southern Arabia and India [8–10]. This network connected people from all the coasts of the Indian
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Ocean and beyond, trading in aromatics, textiles, spices,
precious stones, slaves, grain and an incredible range of
other commodities and substances [11].
Based on the literature and archaeological evidence,
from ancient times there were two main routes through
the Indian Ocean, namely the Persian Gulf and the Red
Sea [12]. In the 5th millennium BC there are traces of
small networks, navigating along the coast of the Indian
Ocean [13, 14]. From the Hellenistic period, thanks to
Alexander the Great and his campaign in India (327 BC),
the trade from the Indian Ocean reached the Eastern
Mediterranean through Antioch or Gaza [12]. After the
conquest of Egypt by the Romans in 30 BC, traders began
to reach the Mediterranean also through the Red Sea.
Although some of these connections have begun to be
studied, the extent and reasons for these trades are still
an open issue. Other aspects also need to be taken into
consideration. Firstly, the climate of most of the regions
bordering the Indian Ocean means that many of the
materials involved in these trades have not been preserved, making it difficult to quantify how often such
trade took place. Many organic materials, for example,
are only preserved in particularly dry climatic conditions,
such as in the Red Sea [15–17]. In addition, the common
practices of reusing and recycling [18] make it impossible
to conduct qualitative or quantitative analyses of the contents of the jars. Ceramics are the most valuable material
for such analysis; in fact, some ceramic vessels were not
used very frequently (they break easily), the fragments do
not have many potential uses and are therefore thrown
away. In archaeological contexts these vessels are normally well preserved [19].
Of the ceramics that act as tracers of the Indian Ocean
trade, torpedo jars are an excellent material with easily recognizable characteristics. They represent a class
of transport vessels that were widely diffused throughout the Indian Ocean over a relatively long-time interval
(1st–10th AD) [19].
The name of these containers comes from their shape;
in fact, they are tall and long, they have no handles, a
narrow mouth and a pointed base [19]. For a long time,
they were regarded as Roman amphorae, due to their
similarities with LR1 types [20] and their similar use [21].
However, the internal brownish-blackish coating always
attributed to bitumen facilitates their identification [20].
This material was poured into the vessel in liquid form,
swilled around inside and the remainder poured out [22].
Traces of this waterproofing process are sometimes visible in the incrustation of bitumen running down the rim
of some sherds. Bituminous materials have been widely
used in the Middle Eastern regions, thanks to their
easy availability [23]. Bitumen is an organic fossil material derived from petroleum surface outcrops. It has a
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chemical composition that varies according to the area
of origin, genesis and age. By characterizing the bituminous traces in the vessels, it is possible to hypothesize the
area of origin, and thus understand the provenance of the
archaeological artefact under study. The trade route that
the artefact travelled along can then be established, and
thus the trade routes of a certain historical period and a
geographical area [24].
Torpedo jars were likely produced in Mesopotamia,
although there is no evidence of kilns. They were used
as liquid containers, probably for wine. They have been
found along the coast of the Indian Ocean through the
Persian Gulf [25]. In spite of few archaeometric studies
[25], their classification is mainly based on the typology, thus differentiating between TORP.S—brownish
orange in color with abundant, well-sorted, mixed sandy
grit inclusions—and TORP.C—creamy in color with less
sand inclusions [26]. Based on their distribution and frequency in archeological sites during the Late Antiquity
and Early Islamic periods (3rd–9th cent. AD), TORP.S
seems to be overtaken by TORP.C around the mid-to late
8th century. However, this classification remains limited
to the typological classification, without the definition of
clear compositional reference groups; additionally, literature studies didn’t analyze the Classical period [19, 20],
investigated in the present research.
This study analyzes two sets of torpedo jars from two
different sites in the Indian Ocean both active during the
Classical Period, 300 BC–AD 400 [27, 28], and representing important harbors and entrepôt of the Indian Ocean
(Fig. 1, Table 1): the port of Alagankulam [29] in the Gulf
of Mannar, southern India (fourteen samples) and the site
of Al Hamr al-Sharqiya 1 [27, 30] on the promontory of
Inqitat, Dhofar, southern Oman (four samples).
The minero-petrographic analysis of the ceramic paste,
in depth analysis of specific tempers and chemical fingerprint of bitumen using well established analytical procedures [31, 32] enabled us to propose new clues on the
circulation and use of this type of container, traded from
Mesopotamia to what is nowadays referred to as Oman
and south-eastern India, thus extending the current
knowledge on the medium range commercial circuits
within the Indian Ocean.

Methods
Minero‑petrographic analyses and SEM

Thin sections were studied under a light microscope and
a petrographic description was carried out following the
Whitbread classification criteria [33]. X-ray diffraction
(XRD) analysis was performed on a few grammes of powered samples using a Bruker D2 PHASER diffractometer
in the following experimental conditions: 4°—65° 2θ, with
a 0.02° 2θ step size and a counting time of 184.5 s per
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Fig. 1 Map of investigated sites in the Indian Ocean trade. a Location of the sites, b, c satellite imagery and d examples of torpedo jars (from [34])

Table 1 Samples and analytical techniques applied
Site

Sample ID

Alagankulam,
South-east India

AMG1

5 YR 8/4

+

+

AGM2

5 YR 7/4

+

+

AGM3

5 YR 8/3
Note: not visible residue

+

–

AGM4

5 YR 7/6
Note: not visible residue

+

–

Al Hamr al-Sharqiya
1 on Inqitat

Colour (Munsell Index [55])

Optical microscopy

AGM5

5 YR 7/4

+

AGM6

5 YR 8/4

+

AGM7

5 YR 8/4

+

AGM8

10 YR 7/2

+

AGM9

5 YR 8/3

+

AGM10

10 YR 7/2

+

XRD

SEM

+

GC/MS

+
+

+

+
+

+
+

+

+

AGM11

5 YR 8/3

+

+

+

AGM12

10 YR 7/3
Note: not visible residue

+

+

–

AGM13

5 YR 8/4

+

AGM14

10 YR 7/4

+

+
+

OM1

10 YR 7/4

+

+

OM2

10 YR 7/3

+

+

+
+
+

+

+

OM3

10 YR 7/3

+

+

+

OM4

10 YR 7/3

+

+

+

Reference samples of bitumen were also analyzed; bitumen sample from Babylonia area was provided by Dr Esaim Fadhel Khalfa from the University of Babylon, Iraq
and sample from Middle East (Judea) came from Kremer Pigmente GmbH (Germany)

step; tube current and voltage: 30 mA and 40 kV, respectively. Micromorphological observations were carried
out on small chips of samples using a ZEISS Supra55VP
SEM-EDS with a patented “in-lens” Schottky Field Emission Gun (FEG) equipped with a Bruker EDS system.

the literature [34–36] and reference fresh samples of O.
sativa, which were collected in southern Tuscany, sectioned with a cryotome, stained with toluidine blue, and
observed under a light microscope.
GC/MS equipment and sample preparation

Plant temper analysis

The plant tempers were identified by observation of thin
sections under a light microscope. The plant tempers
were measured, and their morphology compared with

The GC/MS instrumentation consists in a 6890 N Network GC System (Agilent Technologies, Palo Alto, CA,
USA) equipped with a PTV injector and coupled to a
5975 Mass Selective Detector with quadrupole analyser.
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MS parameters: electron impact ionization (EI, 70 eV)
in positive mode; ion source temperature 230 °C; scan
range 50–700 m/z; interface temperature 280 °C. GC
separation was performed on an HP-5MS column (J&W
Scientific, Agilent Technologies, stationary phase 5%
phenil–95% methylpolysiloxane, 30 m length, 0.25 mm
i.d., 0.25 μm film thickness) connected to a deactivated
fused silica precolumn (J&W Scientific, Agilent Technologies, 2 m length, 0.32 mm i.d.). GC program for the:
80 °C, for 2 min isothermal, 20 °C/min up to 200 °C, 4 °C/
min up to 300 °C, isothermal for 60 min. He flows 1.2 ml/
min, injector temperature 280 °C. Amorphous black residue collected from the ceramic fragments as well as the
reference bitumen from areas in Babylonia and Judea
were subjected to a sample pre-treatment in order to
identify free alkanes, aromatic and polar compounds of
bituminous materials [31]. The bitumen sample from the
Babylonia area was provided by Dr Esaim Fadhel Khalfa
from the University of Babylon (Iraq) and the sample
from Middle East (Judea) came from Kremer Pigmente
GmbH (Germany).
Each archaeological sample (ca. 10 mg) was extracted
using 1 mL of an extractant solvent mixture consisting in
n-hexane, dichloromethane and methanol (in the ratios
80:15:5, v/v/v) in a microwave oven (MLS-1200 MEGA
Milestone) for five minutes (power 500 W, temperature
60 °C). The extract was centrifuged at 2000 rpm for five
minutes, and the supernatant was evaporated to dryness
under a nitrogen stream. A total of 300 µL of hexane was
added, and the solution was sonicated for five minutes
at 40 °C to allow asphaltene precipitation (× 3 times).
Starting from the deasphalted solution, the saturated
and aromatic hydrocarbons were separated from the
polar fraction, using column chromatography with silica
gel activated at 400 °C prior to use. Saturated and aromatic hydrocarbons were eluted with 3 mL of n-hexane:
dichloromethane (1:1, v/v). The fraction containing the
saturated and aromatic hydrocarbons was dried under a
nitrogen stream and re-dissolved in 50 µL of isooctane.
A total of 2 µL of the final solution was analyzed by GC/
MS.

Results
Minero‑petrographic characterization

The thin section analysis of jars from the two investigated sites enabled us to identify three main petrographic fabrics. Fabric A includes only samples from
Alagankulam and is characterised by metamorphic
and volcanic rock fragments. Fabric B comprises jars
from both Alagankulam and Al Hamr al-Sharqiya 1
and is characterized by the presence of fibers as tempers. Fabric C comprises just one sample—from
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Alagankulam—and is characterized by quartz fragments and abundant microfossil tests (foraminifera).
The jars in Fabric A (samples A1, A2, A5, A6, A7, A9,
A11, A13, A14, Fig. 2a, b) are characterized by a clayey
matrix, from red to orange in color, scarcely micaceous,
with low-medium/locally absent, optical activity. The
microstructure is mainly due to irregular voids, some
of which are due to fossil molds, reaching a diameter of
500–700 µm. Only in samples A11, A6, and A14 were
observed elongated preferential oriented voids, of up to
100 µm in length. The aplastic fraction (average diameter 100–200 µm) is due to fractured quartz (locally
polycrystalline), feldspar (some altered), plagioclase,
pyroxenes, micas, flint fragments, amphibole, and rare
siltstones, with a unimodal grain size distribution. Volcanic glass fragments are also present. Amorphous
concentration features (ACFs) are present.
Fabric B includes two samples from Alagankulam
(A8, A12, Fig. 2c) and four samples from Al Hamr alSharqiya 1 (O1, O2, O3, O4 Fig. 2d, e). They are characterized by a clayey matrix, ochre yellowish in color,
with low/absent optical activity. The microstructure is
due to elongated voids with an opening of about 100–
150 µm, mainly due to plant temper residues. Irregular
voids are also present. The matrix is highly depurated,
exhibiting ultra-fine aplastic fragments (< 100 µm),
mainly due to quartz.
Finally, sample A10 (Fabric C, Fig. 2f ) is characterized by a clayey matrix, ochre yellowish in color, with
no optical activity. The microstructure is due to scarce
spherical voids, mainly due to fossil molds. Irregular voids are also present, reaching 800 µm in length.
Some of the bigger pores are filled with secondary
calcite. Abundant fossil fragments due to planktonic
foraminifera are visible. The aplastic fraction is fine
(100–300 µm), ranging from rounded to sub-angular
in shape; fragments are due to highly fractured quartz,
feldspars, sericite and micas.
The mineralogical composition of the all ceramics was investigated by X-ray diffraction analysis. The
results obtained (Table 2) confirm the petrographic
observation, with interesting clues as to the firing temperatures. Specifically, in samples from Fabrics B and
C, the detection of a small amount of mullite along with
a large amount of gehlenite, anorthite and diopside (not
present as tempers and thus useful as firing temperature indicators [37, 38]) suggest the use of Ca-rich kaolinite-based clays fired at high temperatures (> 900 °C).
The samples from Fabric A, suggest the use of illitebased clays, without mineralogical clues regarding the
firing temperature as the main temperature indicators are present as tempers, according to thin section
observations.
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Fig. 2 Microphotographs of samples representative of the identified petrographic fabrics. Fabric A: samples a A5 and b A13; Fabric B: samples c A8,
d O1, e O3; Fabric C, sample f A10

Table 2 Semi-quantitative data on mineral phases detected by XRD analysis
Sample ID

Fabric

Quartz

Albite

Amphibole

Anortihte

Diopside

Gehlenite

Illite/
muscovite

Mullite

Hematite

AGM 5

Fabric A

xx

x

x

xx

x

–

x

–

–

AGM7

Fabric A

xx

x

x

xx

x

–

x

–

–

AGM11

Fabric A

xx

x

x

xx

x

–

x

–

–

AGM14

Fabric A

xx

x

x

xx

x

–

x

–

–

AGM12

Fabric B

xx

–

–

x

x

xx

–

tr

x

OM1

Fabric B

xx

–

–

x

xx

x

–

tr

x

OM2

Fabric B

xx

–

–

x

xx

x

–

tr

x

OM3

Fabric B

xx

–

–

x

xx

x

–

tr

x

OM4

Fabric B

xx

–

–

x

xx

x

–

tr

x

AGM10

Fabric C

xx

–

–

x

x

tr

tr

tr

x

(x) is related to the relative phase abundance; tr = traces
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Micromorphological analysis by scanning electron
microscope

SEM observations were carried out in order to investigate
the extent of vitrification of the clay paste. They support
hypotheses regarding firing temperatures based on thin
section and XRD analysis [39]. One representative sample of each petrographic fabric and site excavation was
examined, as representative of the compositional variability. The micro-morphological investigation (Fig. 3)
indicated that in all the analyzed samples the matrix
shows from initial vitrification to complete vitrification.
This would seem to confirm the high temperature ranges
suggested by the low-absent optical activity of the matrix
observed in the thin section and by the mineralogical
composition, when Ca–Al–silicate firing indicators were
present as newly-formed minerals (in Fabric B and C).
Analysis of plant temper

The organic inclusions observed in the thin sections
of Fabric B were interpreted as plant tempers (Fig. 4).
These mainly consisted of linear or curved whitish
strips of different lengths, sometimes u-shaped and
often tapering at the ends, resembling sections of leaflike structures. Most display a wavy edge opposite a
straight edge, with a thickness spanning from about
80 µm in the crests to about 40 µm in the troughs. The
distance between the crests is variable, averaging about
70 µm. The edges of a few strips are both straight. One

Fig. 3 SEM images of ceramic microstructures in samples a A13, b A8, c O2
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or two of the tips of the strips are often curled. The
strips appeared to be cavities, rather than actual plant
remains. The cellular structure was not preserved.
Small portions of tissue showed barely visible cell outlines in the cavity left by the oxidation of the temper
elements.
Plant tempers were very badly preserved possibly
because they had been severely affected by oxidation
during firing. Organic materials are normally destroyed
after firing at high temperatures; only phytoliths, which
are commonly found in the plant tempers, may tolerate temperatures up to 500 °C without visible deformations [40]. As a consequence, the Fabric B temper and
reference material were compared on the basis of the
general shape of the inclusions. In fact, the outline and
the size of the plant temper varied according to the
cutting plane of the ceramic thin section, which cut
the leaf-like structures in different orientations. In any
case this analysis showed a good similarity between the
temper of Fabric B and the rice chaff (Oryza sativa L.).
The temper elements with a straight edge and a wavy
edge could be interpreted as transversal or oblique sections of a lemma or a palea, which both show a smooth
adaxial surface and abaxial surface characterized by
alternating furrows and ridges oriented according to
the main axis of the bract, which have curled or slightly
curled edges. The elements with both edges straight
could be longitudinal sections of the same bracts, most
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Fig. 4 Plant tempers in Fabric B samples. a Plant temper in AMG8. Note the occurrence of a straight edge and an opposite wavy edge. b Transversal
section of a lemma of O. sativa. c Plant temper with curled tip in OM1. d Curled margin of a lemma of O. sativa. Transversal section

probably in the furrows because ridges present rows of
tubercles, or sections of the glumes, which have smooth
surfaces.
The plants that were used as temper are characterized by a notable amount of silica; whose accumulation
is particularly enhanced in Poales [41]. This could partly
explain the large use of cereal byproducts in tempering
ceramics. In fact, cereal crop processing produces abundant waste, which consists of different plant portions,
mainly stalks, husks and ear bristles. The availability of
cereal processing byproducts is related to cereal cultivation; therefore, their addition to the clay paste indicates
the occurrence of cereal farming in the geographical area
of production of the artifacts. Given that different cereal
crops are characteristic of different cultural areas, the
plant temper may denote the origin of the ceramic materials [42].
GC/MS analysis of black coatings

The chromatographic profiles obtained from the analysis
of the samples collected from Algankulam (India) and Al
Hamr al-Sharqiya 1 (Oman) are very similar. Figure 5a,
b shows the results for sample A11 from India, and O1
from Oman, while Table 3 lists all the compounds identified in all the chromatograms.

Chromatographic data indicate the occurrence of bitumen in all the samples analysed. The most abundant
peaks in the extracted ion chromatograms of m/z 191
are due to 17α(H),21βb(H)-30-Norhopane (H29) and
17α(H),21β(H)-Hopane (H30). 17α(H),18α(H),21β(H)28,30-Bisnorhopane
(H28),
17β(H),21α(H)-Hopane
(M30) and Gammacerane (GAM) are present in high
abundances, followed by 17β(H),21α(H)-30-Norhopane
(M29). The benzohopane BHC35 and the tricyclic terpane series (TR23, TR24, TR25) as well as tetracyclic terpane (TET24) are present in low abundances.
The chromatographic profiles show the entire series
of Homohopanes (H31-H35). The relative abundance
of homohopane compounds decreases as the number of carbon atoms increases. The two isomers Ts
(18α(H),21β(H)-22,29,30-Trisnorhopane)
and
Tm
(17α(H),18α(H),21β(H)-22,29,30-Trisnorhopane) are also
present, the second one in much greater abundance than
the first. 18α(H)- and 18β(H)-oleanane was detected only
in some profiles with a very low abundance (sample A8,
A10 and all the Oman samples).
The GC/MS profiles obtained for samples from both
archaeological sites were compared to reference bitumen
from Judea and Babylonia areas (Fig. 5c, d), as well as
different sources of bitumen and different geographical
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Fig. 5 Extracted ion chromatograms (m/z 191) of the sample extracts. Examples for a AGM11 and b Oman1 c Judea and d Babylonia: peak labels
are reported according to Table 3

areas such as those from the Dead Sea, Abu Jir, Hit [23]
and Iraq [43]. The comparison highlighted a great similarity with bitumen sources from the Babylonia area (reference material) and Abu Jir or Hit, which are today part
of Iraq [23].
Aromatic steranes are present in all the samples analysed with low or very low abundances (Fig. 6), highlighting severely altered steranes. The decreasing
homohopane series and low and very low steranes can
be attributed to the biodegradation [23] of bituminous
material.
In order to identify the bitumen source, parameters
from the literature were used to compare and evaluate
the origin, biodegradation and age of different bitumen
sources [44]. Table 4 reports the biomarker ratios calculated for all samples analysed.
Low values of Ts/Tm ratio < 0.5 indicate a marine carbonate depositional environment [45]. Low gammacerane index values were observed, such as GAM/H30
(Gammacerane/17α(H),21β(H)-Hopane) and GAM/
H31R (Gammacerane/22R-30-Homohopane), the first
ranging from 0.16 to 0.28 and the second from 0.51 to
0.70 (see Table 3). These indicate that our bitumen samples were formed in reducing conditions in different
saline depositional environments, which were mainly
marine carbonate [44, 46]. All the samples from both
archaeological sites showed a high ratio of H29/H30, with
values greater than 1, ranging from 1.01 to 1.39, indicating a marine environment with organic rich carbonates
[47]. The predominance of H29-Norhopane is consistent with a carbonate source rock [45]. Also, the H35/
H34 index with values higher than 0.8 indicates a marine

carbonate or evaporite environment [44]. Analysed samples produced values of 1.02–1.64, indicating a hypersaline, anoxic carbonate environment of deposition with
no available free oxygen. In addition, the bisnorhopane
index (H28/H30) with the low/medium values indicates
a source rock with a marine carbonate environment [45].
The Ts/Tm ratio is one of the indices that has been
used to characterize and evaluate the thermal deposition
maturity. In our case the values of this index are low but
very similar, indicating that Tm is dominant. Low values indicate low maturities [44]. Another ratio obtained
from bitumen biomarkers used to indicate the maturity
of the source rocks is the 2α-methylhopane index, which
is strongly affected by the burial temperature [48]. The
immature source usually has a low index value. In our
case the low values obtained, between 0.19 and 0.40,
further confirm the immature source rocks for both the
archaeological bitumen from Algankulam and Al Hamr
al-Sharqiya 1.
The chemical composition, thermal maturity and type
of source rocks of the bitumen samples from India were
very similar to those from Oman (see Table 4). Figure 7
compares various characteristic parameters, such as the
Ts/Tm index of maturity, indexes of gammacerane variation GAM/H31R, GAM/H30 and ratio of redox conditions H29/H30 obtained for samples from the two
analysed sites and those for the reference bitumen from
various natural deposits. All the samples were very similar to bitumen from Hit, Abu Jir, Iraq [23, 46] and Babylonia. On the other hand, bitumen from Judea and the
Dead Sea [23] show different profiles and thus different
biomarker ratios.
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Table 3 List of the compounds identified in the bitumen
samples analyzed by GC–MS procedure
TR23

C23 Tricyclic terpane

TR24

C24 Tricyclic terpane

TR25

C25 Tricyclic terpane

TET24

C24 Tetracyclic terpane

Ts

18α(H),21β(H)-22,29,30-Trisnorhopane

Tm

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

MeH29

2α-methyl-17α(H),21β(H)-30-Norhopane

H28

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

C29stig

C29-20S-5α(H),14α(H),17α(H)-Stigmastane
C29-20R-5α(H),14β(H),17β(H)-Stigmastane
C29-20S-5α(H),14β(H),17β(H)-Stigmastane
C29-20R-5α(H),14α(H),17α(H)-Stigmastane

H29

17α(H),21β(H)-30-Norhopane

MeH30

2α-methyl-17α(H),21β(H)-Hopane

C29Ts

17α(H),21β(H)-30-Norneohopane

M29

17β(H),21α(H)-30-Norhopane (normoretane)

OL

18α(H)- and 18β(H)-oleanane

H30

17α(H),21β(H)-Hopane

MeH31

2α-methyl-17α(H),21β(H)-30-Homohopane

H31S

22S-17α(H),21β(H)-30-Homohopane

MeH32

2α-methyl-17α(H),21β(H)-30,31-Bishomohopane

H31R

22R-17α(H),21β(H)-30-homohopane

GAM

Gammacerae

H32S

22S-30,31-Bishomohopane

H32R

22R-30,31-Bishomohopane

H33S

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

H33R

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

H34S

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

H34R

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

H35S

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

H35R

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

BHC35

C35 Benzohopane

S22

C21 5α(H),14α(H),17α(H)-sterane

C27ααS

C27 20S-5α(H),14α(H),17α(H)-cholestane

C27ββR

C27 20R-5α(H),14β(H),17β(H)-cholestane

C27ββS

C27 20S-5α(H),14β(H),17β(H)-cholestane

C27ααR

C27 20R-5α(H),14α(H),17α(H)-cholestane

C28ααS

C28 20S-5α(H),14α(H),17α(H)-ergostane

C28ββR

C28 20R-5α(H),14β(H),17β(H)-ergostane

C28ββS

C28 20S-5α(H),14β(H),17β(H)-ergostane

C28ααR

C28 20R-5α(H),14α(H),17α(H)-ergostane

C29ααS

C2920S-5α(H),14α(H),17α(H)-stigmastane

C29ββR

C2920R-5α(H),14β(H),17β(H)-stigmastane

C29ββS

C2920S-5α(H),14β(H),17β(H)-stigmastane

C29ααR

C29 20R-5α(H),14α(H),17α(H)-stigmastane

Discussion and conclusions

This research provides, for the first time, a systematic
compositional and technological classification of various
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classes of torpedo jars, which all show evidence of a common production area in Mesopotamia. Specifically, the
GC/MS analysis of the black coating locates the production of all the studied torpedo jars to the area of Iraq, as
resulted from the comparison of GC/MS profile with reference data (see Fig. 7). The differences detected by the
minero-petrographic analysis suggest a complex scenario
encompassing different production workshops in Mesopotamia, from which different jars batches were exported
through different routes.
Based on our investigations, two classes and three different petrographic fabrics were identified among the
studied torpedo jars; the first characterized by orange
color and grit inclusions due to volcanic-metamorphic
tempers (Fabric A) which occurs only in Alagankulam
(India); the second characterized by a creamy color with
less inclusions, discriminated in two petrographic fabrics namely a fiber tempered one (Fabric B) occurring
both in Alagankulam (India) and in Al Hamr al-Sharqiya
1 (Oman) and a fossiliferous rich one (Fabric C) typical
only of Alagankulam (India).
Fabric A might be associated with TORP.S type; it is
reported as a pre-mid-8th cent. production [26] which is
coherent with the Alagankulam stratigraphic sequence.
In a moment when the Alagankulam harbor took the
role as the main entrepôt in south-India in commercial
contacts with Sri Lanka (e.g., Thissamaharama), a direct
route from Iraq to India probably existed for the TORP.S
jars. In India, the literature reports several examples of
torpedo jars characterized by rock fragment tempers
with a mineralogical assemblage due to volcanic and metamorphic fragments. Looking at the Persian Gulf area,
this compositional fingerprint could be associated with
clay sources located in the north of Baghdad [25, 49], in
accordance with studies which locates their source areas
within the southern Zagros mountains [26]. In this investigation, no records of TORP.S were found in Al Hamr alSharqiya 1 (Oman); in 8th cent. the Al Hamr al-Sharqiya
1 site had already been destroyed and abandoned since
some centuries. Nevertheless, it is possible that this type
of ceramic was present in the assemblage of HAS2 [27],
an entrepôt in the northeastern area of Inqitat; however,
no potteries from this settlement have yet been analyzed
[50].
Fabric B and C might be interpreted as TORP.C type,
due to their creamy color and the few sandy inclusions.
Based on the literature, the mid-8th cent. marks the transition between TORP.S (orange-red with grit inclusions)
and TORP.C (creamy vessels) [26]; however, this is in
contradiction with the Al Hamr al-Sharqiya 1 sequence
which date the fiber-tempered creamy typology (Fabric
B) to 1st–2nd centuries AD, as well as with records from
Egypt, at Myos Hormos, or from Sumhuram, in Oman,
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Fig. 6 Extracted ion chromatograms (m/z 217) of the sample extracts. Examples for a AGM11 and b OM1 showing positions of steranes; peak labels
are reported according to Table 3

Table 4 Biomarker ratios
Site

Sample ID

Ts/Tm

GAM/H30

GAM/H31R

H29/H30

H35/H34

H28/H30

2aMeH/H

24/4/23/3

Alagankulam, AGM1
South-East AGM2
India
AGM5

0.2

0.2

0.6

1.4

0.4

15.1

0.3

3.5

AGM6

0.2

0.3

0.7

1.2

1.3

13.0

0.2

1.7

AGM7

0.2

0.2

0.6

1.3

1.3

15.4

0.4

1.1

Al Hamr alSharqiya 1
on Inqitat

0.2

0.2

0.6

1.3

1.3

14.1

0.4

2.0

0.2

0.3

0.6

1.1

1.4

8.7

0.3

2.8

AGM8

0.2

0.2

0.5

1.2

1.5

12.6

0.4

1.2

AGM9

0.2

0.2

0.6

1.1

1.6

14.7

0.4

0.9

AGM10

0.1

0.2

0.5

1.1

1.0

9.6

0.3

2.5

AGM11

0.1

0.2

0.5

1.0

1.6

10.2

0.3

1.7

AGM13

0.2

0.2

0.6

1.3

1.3

15.5

0.4

3.0

AGM14

0.2

0.3

0.6

1.2

1.5

12.3

0.4

2.6

OM1

0.2

0.2

0.7

1.0

1.1

11.6

0.2

3.1

OM2

0.2

0.3

0.7

1.0

1.2

11.6

0.2

2.0

OM3

0.1

0.2

0.6

1.0

1.1

11.6

0.2

3.1

OM4

0.1

0.3

0.7

1.0

1.2

8.5

0.2

4.1

Characteristic biomarker ratios calculated from the abundances of the various compounds detected in the extracted ion chromatograms (m/z 191) for samples from
Alagankulam and from Al Hamr al-Sharqiya 1
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Fig. 7 Comparison of selected biomarker ratios calculated for
bitumen samples from a archaeological site under study as
Alagankulam (AGM) and Oman (OM) and b from other sites such
as Babylonia (BAB) and Judea (JUD) analysed in our lab and from
literature on the Dead Sea (DES), Hit, Abu Jir (AJ) [23], Iraq [43]

where similar containers occur in contexts datable, at
least, to the 1st cent. AD [34, 51]. These evidences would
suggest a scenario more complex than suggested in literature, so that the typology and the surface buff cannot be
used as the solely chronological indicator.
As regards Fabric B samples, they have been found
both in India and Oman from 1st to 2nd AD stratigraphic
sequences; they were thus probably produced in antiquity and traded on multiple routes: a southern route
from Mesopotamia to India and beyond, and a western
route going from Oman (Al Hamr al-Sharqiya 1) to the
Red Sea, in the direction of the Mediterranean Sea. It
is therefore likely that a great diffusion occurred during
the Sasanide period [25], but after the opening of the sea

route such containers began to transit along the Indian
Ocean route to the east and west. Another interesting
observation related to Fabric B potteries is the presence
of rice chaff. The first evidence of rice in Mesopotamia
dates back to the Hellenistic period [52, 53], but the only
direct evidence currently available is from Susa [53] and
can be traced back to the 1st cent AD. The chronology
of this finding matches perfectly with the chronology of
the torpedo jars we analyzed and seems to emphasize the
presence of cultivated rice in the production area of Susa.
In respect to the creamy vessel characterized by
foraminifera rich clay paste (Fabric C), it could be identified with another TORP.C type [26], later than the first
typology; in fact, this creamy type is absent in the stratigraphic sequence of Inqitat, where nor Fabric C neither
TORP.S were found. Otherwise, in Alagankulam, all the
torpedo jars fabrics were herewith identified, confirming a long-lasting occupancy of the site and its relevant
role in the Indian Ocean trade over a wide chronological
interval (since 1st–2nd AD—marked by the presence of
TORP.C/Fabric B—to post-mid-8th cent. AD—marked
by the presence of TORP.S and the TORP.C/Fabric C
type-; see Table 5). The composition of Fabric C type is,
again, in accordance with the geological areas identified as torpedo jars sources, namely within the southern
Zagros; in fact, geological outcrops bearing planktonic
foraminifera have been identified in the Western Iraqi
desert Paleocene sequences [54].
To sum up, the analysis of bitumen coatings suggest
that the torpedo jars originated from a common area
located in the area of Iraq, where different local raw
materials and a common bitumen source were available
(Fig. 8). The variability in minero-petrographic features
would confirm the use of different sources from an area
identified within the southern Zagros (through central
and southern Iraq and southwest Iran), where both alluvia rich in volcanic and metamorphic rock fragments and
Paleocene sequences bearing foraminifera were attested.

Table 5 Comparison of the nomenclatures and their chronology used in the literature with those reported in our work
Reference

This study

Priestman, 2013 [19]

Connan et al. 2020 [26]

Identified typology

Fabric A

TORP.RG
8th–10th cent. AD

TORP.S
before 8th cent. AD

Fabric B
3rd cent. BC–AD 3rd cent.

TORP.S
3rd cent. BC–AD 10th cent

?

Fabric C
Analysis

Typology
Petrography
GC/MS identification of bitumen sources

The analyses carried out to arrive at the results are also reported

TORP.C
8th–10th cent. AD
Typology

Typology
GC/MS identification of
bitumen sources
Carbon isotope (δ13C)
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Fig. 8 Reconstruction of the long-distance routes across the Indian Ocean, the Red Sea and the Persian Gulf. In red, the possible routes along
which torpedo jars were distributed from Mesopotamia to Oman and India

The study provided the first petrographic classification
of TORP.S types, which occurrence in Alagankulam
sequence would be in accordance with the chronology
reported in the literature (before the mid-8th cent.).
Otherwise, in respect to the creamy fabrics (both fibers tempered and foraminifera rich clays), the obtained
results dated back to 1st-2nd AD the plant-tempered
TORP.C type, thus suggesting that the solely typological
classification cannot be used as chronological indicator.
In fact, the literature would date the TORP.C production
after the mid-8th cent AD. It can be thus hypothesized
that two types of TORP.C circulated in antiquity: a first
type, credibly corresponding to Fabric B (fiber tempered)
dated to 1st–2nd AD and a second type, which could correspond to Fabric C (fossil-rich paste) which might overtake the TORP.S type in the mid-8th cent. or coexist with
TORP.S; however, a possible confirm of these hypotheses could be achieved only with the support of petrographic analysis on vessels from already studied pottery
sequences.

H31-H35: Homohopanes; Ts: 18α(H),21β(H)-22,29,30-Trisnorhopane; Tm:
17α(H),18α(H),21β(H)-22,29,30-Trisnorhopane.
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