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A B S T R A C T

Rescue excavations undertaken by Sapienza University of Rome and the Palestinian Ministry of Tourism and
Antiquities, Department of Archaeology and Cultural Heritage (MOTA-DACH) revealed a huge necropolis in the
site of Khalet al-Jam'a, south-east of Bethlehem. Tombs were used during the Early Bronze IV (2300–2000 BCE)
to Middle Bronze I–III (2000–1500 BCE) periods, and up to the Iron Age IB–II (1050–700 BCE). This paper
presents the results of the minero-petrographic and chemical characterization of ceramic material from this site,
with the aim to reconstruct the technological level achieved by ancient populations living in Bethlehem from the
Early Bronze IV to the Iron Age by means of optical microscopy, X-ray Powder Diffraction, Scanning Electron
Microscopy with Energy Dispersive Spectroscopy and Thermogravimetric Analysis. Results show that two main
supplies of raw materials can be recognized at Khalet al-Jam'a. The Early and Middle Bronze Age ceramic
production is made with the so-called Moza-clay: a calcareous-rich clay with predominant limestone, diffuse
grains of calcite, dolomite, and rare sedimentary siliceous rock fragments, quartz and microfossils. The latest
production, namely that of the Iron Age, is more likely consistent with the calcareous-foraminiferous-Rendzina soil
clay, with predominant silty quartz and few microfossils. The firing temperature was estimated from the mi-
neralogical assemblage in each sample. Abundant calcite, clay minerals and the absence of neo-formed minerals
suggest samples fired at temperatures lower than 800 °C. For those samples where calcite was found along with
gehlenite and wollastonite, the temperature was indeed estimated to be in the range 850–950 °C. Finally, the
firing atmosphere was uncontrolled, as testified by the extreme variability in colour of the matrix. The results of
this study enable a preliminary characterization of pottery, whose production shows differences related to
specific historical periods and contribute to improve the knowledge about specific ceramic production used in
funerary contexts.

1. Introduction

Bethlehem arose on the crest of a spur sloping eastwards from the
central Palestinian watershed, on the main Jerusalem – Hebron road,
and was originally occupied in pre-Classical times. Due to the con-
tinuous occupation of the site, Bethlehem has never been attractive for
archaeological investigations, except for the area of the Basilica of the
Nativity and some other convents and churches in its vicinity [1]. The
necropolis of Khalet al-Jam'a provides detailed information on the in-
habitants of Bethlehem from the 3rd millennium to the 1st millennium
BC. A systematic characterization of pottery production is fundamental
for an increased understanding of socio-cultural and political-economic

dynamics describing ancient communities, trades and manufactures in
Palestine. Minero-petrographic characterization of pottery has been
playing a crucial role for the last decades in the study of ancient so-
cieties. Pottery was in facts both a tool in ordinary life and a culturally
identifying item for ancient communities. Technological choices and
manufacturing techniques testify the level of awareness and evolution
of a specific cultural and social context [2–7]. A multi-analytical ap-
proach has been proven to be effective, for example, in assessing the
more or less intentionally selected clay or temper by potters [8] and the
provenance of such raw materials [7,9–12]. The same approach can be
also used to reconstruct forming methods [13] - such as pinching, press
moulding, slab or coil building or wheel throwing – or infer about the
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firing process (temperature, oxidizing or reducing conditions) [14–20].
This study is focused on the minero-petrographic and chemical

characterization of ceramic material yielded from this site, with the aim
to reconstruct the technological level reached by the ancient manu-
facturers during the Early Bronze, Middle Bronze and Iron Age by
means of Optical Microscopy (OM), X-ray Powder Diffraction (XRPD),
Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)
and Thermogravimetric Analysis (TGA). The final purpose is to assess
whether this production was uniform or with different technological
features. Indeed, despite the remarkable pottery inventory, the overall
system of pottery making and its related activities still needs further
insights and new studies [21]. Defining similarities between related
pottery groups from different geographical areas may reveal informa-
tion about economy, exchanges, social models (e.g., sedentary or pas-
toral) and hence, it is of great importance to link archaeometric data
with the archaeological and sociological interpretation.

2. Archaeological context

In spring 2013, during works for the construction of an industrial
park, a bulldozer accidently exposed a rock-cut tomb in the site of Khale
al-Jam'a, 2.2 Km south-east of Bethlehem, on the south-eastern slope of
the hill of Hindaza (Fig. 1, left). The local MOTA-DACH Office in spring
2014 carried out a salvage excavation in order to survey the tombs and
recover their fittings. In spring 2015, the MOTA-DACH and Sapienza
University of Rome formed a joint team to carry on the systematic
exploration of the necropolis and to rescue as much as possible what
was still preserved on the site. The long-lasting utilization, along with
the great number of tombs, suggested that Khalet al-Jam'a was the
necropolis of an urban settlement, occupied almost continuously in the
Bronze and Iron Ages by a rich and variegated society [22].

The necropolis was set on the sloping flanks of a hill on different
terraces, as visible from the satellite photo (Fig. 1, right). The largest
Intermediate Bronze Age (IBA/EB IV)-Middle Bronze I-III (MB I-III)
cemetery is situated on the lower southernmost terrace, while a less
densely exploited Iron Age (IA) cemetery was set on the upper north-
ernmost terrace. At least 30 tombs were identified, out of more than
100 originally hewn in the site [1].

Tombs yielded multiple familiar burials and preliminary ancient
DNA analyses have shown the co-presence of different groups [23].
Both EB IV and Middle Bronze I-III were accompanied by quite ordinary
funerary sets, including ceramics, food offerings, personal ornaments
and in some cases bronze weapons and signet rings with scarabs typical
of the Syro-Palestinian culture of the 2nd millennium BCE. The ceramic
assemblages are in wide variety of shapes, from platters to different
types of carinated bowls; there are also jugs, juglets and jars, as well as
several specialized wares, for example Red Burnished, Tell el-

Yahudiyeh, Black or Dark Faced Burnished, the latter basically in the
form of small juglets possibly serving as containers of ointments or
drugs. In the Middle Bronze Age, tools such as bronze daggers, socketed
axes, toggle pins and needles are found to be the regular belongings to
male and female individuals respectively.

3. Geological setting

The necropolis of Khalet al-Jam'a is located south-east of Bethlehem
(Fig. 1). The area of Bethlehem is in the southern part of the West Bank,
which is composed of thick sequences of layered limestones, dolomite
limestones, chalk and marl [24,25]. Specifically, the so-called Beth-
lehem District, which covers an area of 575 km2, is located 8 km south
of Jerusalem city. It borders on the Hebron District to the south and
south-west, the Dead Sea to the east and Israel to the west.

This District ranges from the upper Albian stage (Cretaceous) to that
of recent Holocene formations (Fig. 2):

1. Limestones and Marls from the Cenomanian to Turonian ages are
the oldest formations;

2. Chalk and chert formations from the Senonian age;
3. Miocene metamorphic and calcium silicate rocks;
4. Lisan and Samara chalks, marls and conglomerates ranging from

Pleistocene to recent ages, which constitute the youngest formations
[26].

Sometimes, old Cenomanian formations are exposed in the area,
including the dolomitic Amminadav and the clay-marl Moza
Formations. The Amminadav Formation overlies the Moza Formation
and it predominantly consists of dolomites with some limestones. From
this formation, the dolomitic sand, derived from the dissolution of the
cementing matrix of coarse crystalline dolomite aggregates, was usually
quarried in antiquity (EB IV – MB II) [27,28]. However, only the Moza
formation contained a great percentage of clay minerals, therefore
sometimes the two formations were mixed to be used in the ceramic
production.

In the District, another source of clay was the so-called Terra Rossa
soils, Cenomanian-to-Turonian hard limestone or dolomite rocks. It
outcrops alone or in association with the Rendzina soils, the latter oc-
curring on exposures of Senonian chalks. Specifically, the Terra Rossa
soil is rich in clays and iron oxides, and quartz is a ubiquitous accessory
mineral. In the clay fraction, predominant are either smectite (red
brown soils) or kaolinite (red soils), with accessory illite. In turn, in the
Rendzina soil quartz and feldspars are the major components of the
sandy fraction. The clay fraction shows smectite as the most abundant
phase, then being rich in calcite, illite, kaolinite and quartz [29].

Fig. 1. Location map of Bethlehem city and Khalet al-Jam'a site (left); sketch map of the necropolis overlying a satellite photo (right), modified after Nigro et al. [1].
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4. Materials and methods

In this study, 20 ceramic sherds of different wares were selected
both from survey and tombs (A7, B10 and C5) to compare pottery
production in different periods (Table S1). A representative sampling is
also shown in Fig. 3 for the different kinds of production.

Ceramics collected in Cemetery A and C date back from the Middle
Bronze [30–33] and Iron Ages [1,23]. Middle Bronze pottery in Area A
consists of Simple Ware jars of different dimensions, functions and
productions. Iron Age pottery consists of ridged neck Simple Ware jugs,
holemouth jars with cylindrical body, flat and unridged rim, and
Cooking Ware, as described by Herzog & Singer-Avitz [34]. Pottery
repertoire of Tomb A1 is consistent with the typology outlined by
Kenyon [35] for Middle Bronze pottery from the Necropolis of Tell es-
Sultan/Jericho.

Among the 600 pottery fragments collected in Tomb C5, sample
KJ.16.TC5.1/3 is a White Slip bowlwith flaring rim, pronounced
shoulders and pedestal base, a very common type also in Jericho.
Metallic Ware medium size jars (KJ.16.TC5.1/10), comparable with
common types from Tell es-Sultan [35,36] and Storage/Transport Ware
combed jars (KJ.16.TC5.1/14) are also included in the present study.
This pottery material indicates that the tomb was primarily used during
the Middle Bronze II. Finally, KJ.15.TA7/3 is a Red Slip bowl of the Iron
Age IIC.

Petrography (OM) was used on thin sections to investigate the mi-
neralogical and textural composition of the ceramic artefacts from
Khalet al-Jam'a. Samples were analysed by a Zeiss D-7082 Oberkochen
microscope to describe inclusions, voids and matrix according to
Whitbread criteria [37,38].

XRPD was used to study the mineralogical composition of ceramics.
A few mg of each sample were finely ground in an agate mortar and
analysed using a Bruker D8 focus diffractometer with Cu Kα radiation,
operating at 40 kV and 30 mA. Spectra were collected from 3° to 60° 2θ,
with a scan step of 0.02° 2θ and 2s per step as counting time. Data
processing, including semi-quantitative analysis based on the

“Reference Intensity Ration Method”, was performed using XPowderX©
software.

SEM-EDS was used to study chemical composition, abundance and
distribution of inclusions and their alteration. Elemental analysis was
also used to analyse the distribution and abundance of selected ele-
ments and characterize altered inclusions. Analysis was performed on
carbon-coated thin sections using a FEI-Quanta 400 instrument, oper-
ating at 20 kV, equipped with X-ray energy-dispersive spectroscopy.

Finally, TGA was carried out on ca. 15 mg of powdered samples
representative of each fabric to estimate the content of carbonate
phases, i.e. calcite and dolomite. A TA instrument, TGA 2050 with static
atmosphere, heating rate 10 °C/min, up to 950 °C, was used.

5. Results and discussion

5.1. Petrographic, SEM-EDS and TG analysis

Petrographic analysis allowed the discrimination of two main fab-
rics (A, B) based on the features of groundmass, inclusions (roundness,
size and distribution), and voids (distribution and dimensions). A sub-
group is also present in fabric A, denoted as A1, having the same fea-
tures of fabric A but also an enrichment in iron oxide nodules. Table S1
and Fig. 4 report the main features of each fabric.

Fabric A - Marly Matrix with Dolomitic Inclusions represents the big-
gest group. It is mainly composed of samples from Tomb A1 and Tomb
C5 (both survey and stratigraphy), which correspond to Middle Bronze
jars, jugs and bowls. The only exceptions are samples BL6157 and
KJ.16.A.sur/5, two jars from the Early Bronze IVB and Iron Age, re-
spectively. This fabric is characterized by a porosity lower than 10% of
the total volume, consisting both of vesicles (meso to micro) and vughs
(macro to micro). The latter show marked alignment to the margin of
the sample only when it directly comes from Tomb C5 (KJ.16.TC5.1/3,
KJ.16.TC5.1/10, KJ.16.TC5.1/14). The groundmass is calcareous, iron-
rich, with colour ranging from beige to brown or red and more
homogeneous in the samples coming from tomb C5. The matrix shows

Fig. 2. Geological map of the Bethlehem district, modified after Applied Research Institute Jerusalem [26].
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optical activity in almost all the samples of fabric A. Inclusions re-
present approximately the 30–50% of the total volume. They have
unimodal grain-size distribution. Fragments of sedimentary calcareous
rocks, sometimes with quartz inside, are predominant: they are equant,
very angular to sub-rounded, their dimensions ranging from fine silt
(18 μm) to granules (2 mm). Very angular to rounded inclusions of
quartz are either predominant or common and their dimension ranges

from medium sand (0–2.5 mm) to medium silt (0.02 mm). Dolomite is
either rarely present or common. Iron oxide nodules vary from scarcely
present to common. Clay pellets are frequently recognized in low
amount. SEM-EDS allowed the recognition of some altered inclusions in
one representative sample of fabric A (KJ.16.TC5.1/3), as shown in
Fig. 5. The composition of 4 points from the matrix (point a) to the core
(point d) of a dolomitic limestone inclusion was investigated to describe

Fig. 3. Representative pottery fragments from the archaeological site of Khalet al-Jam'a.

Fig. 4. Thin section photomicrographs of re-
presentative samples of the three petrographic fab-
rics (4x, XPL, scale bar = 250 μm): a) Fabric A
sample KJ.16.TC5.sur/1 from the survey of Tomb
C5; b) Fabric A1 sample KJ.16.A.sur/3 from the
survey Area A; c) Fabric B sample KJ.16.A.sur/2
from the survey Area A; d) the loner KJ.16.TC5.1/2
from tomb C5, where a red slip can be also re-
cognized. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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the compositional variation at the reaction edge between a calcareous
grain and the clay matrix during firing. The spectra collected highlight
that Si content remains high up to the core, where its abundance sud-
denly decreases. Al shows the same tendency, with a decreased content
in the core while Ca strongly increases from the rims to the core. Mg is

instead less abundant in the outer and inner layer, while being higher in
the intermediate layers. The scarce presence of Fe and K remains con-
stant all along the layers. EDS data indicate that a neo-formed phase is
present in the alteration layers, with a slight difference in composition
from the inner to the outer alteration rim. The process corresponds to

Fig. 5. BSE image of sample KJ.16.TC5.1/3 (fabric A) showing an altered inclusion and the EDS spectra of the different layers from the matrix (a) to the altered core
(d).
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the formation of calcium silicate and calcium-magnesium alumo-sili-
cates just out of the dolomite grain.

Fabric A1 includes Middle Bronze samples: two jugs from the survey
of area A (KJ.16.A.sur/1, KJ.16.A.sur/3) and a bowl found in Tomb A1
KJ.16.TA1.4/3. It is considered a sub-group of fabric A because samples
in this fabric show analogous features in terms of porosity and
groundmass with respect to fabric A. Fabric A1 in fact displays porosity
from 5 to 10% of the total volume, where meso- and mega-vughs, par-
tially aligned, predominate on meso-vesicles. The groundmass is quite
homogeneous in colour, brownish-red and optically active. Inclusions
(40% of the total volume) are also comparable to the samples in fabric
A: angular to rounded fragments of sedimentary calcareous rocks pre-
dominate, rarely exhibiting quartz inside, their dimensions ranging
from coarse sand (0.8 mm) to coarse silt (0.05 mm). Fine quartz is
common (angular to well rounded, 0.14–0.01 mm in diameter) and a
few clay pellets are present (0.1–0.8 mm). This sub-group differs from
the other samples in fabric A because of a higher content of iron oxide
nodules (0.02–1.3 mm), as shown in Fig. 4b.

Fabric B – Marly matrix with quartz temper and microfossils includes
Iron Age housewares: a jar and a pot from the survey of area A
(KJ.16.A.sur/2 e KJ.16.A.sur/4) and the krater from Tomb A7. In this
fabric porosity represents 10% of the total volume. In the samples from
survey, macro- to micro-vesicles not aligned to the margin predominate
while in the sample from Tomb A7 macro- to meso-vughs are mostly
present, with alignment to the margin. The groundmass is calcareous
and heterogeneous with diffuse clay pellets. The colour is extremely
various, from beige, to red, to light or dark brown. Inclusions represent
ca. the 50% of the total volume and seem to have a bimodal grain-size
distribution. Predominant quartz (equant in shape, roundness from sub-
angular to well-rounded) in fact ranges from coarse sand (0.6 mm) to
medium silt (0.02 mm). Sedimentary calcareous rock fragments, rarely
showing calcite or quartz phenocrysts inside, are frequent. They are
equant in shape, mostly rounded, and their dimension range is quite
wide as well, from very coarse sand (1.5 mm) to medium silt
(0.02 mm). A few sedimentary siliceous rock fragments (coarse-sand
type) and microfossils are also present as distinctive feature. Either
planktonic or benthic foraminifera were recognized. Among the pre-
dominant planktonic microfossils, Globigerinoides were identified. The
highest variability in microfossils is shown by sample KJ.15.TA7/3,
were an Ammonia spp. was also recognized both by OM and SEM-EDS
analysis (Fig. 6a). SEM-EDS confirmed the occurrence of sedimentary
siliceous rock inclusions (Fig. 6b). In sample KJ.15.TA7/3 a residual red
slip was also recognized by OM.

Finally, a Middle Bronze jug from tomb C5 (KJ.16.TC5.1/2) re-
presents a loner. It shows very low porosity (3% of the total volume),
where vughs have greater variability (macro to micro) than vesicles
(from meso to micro). Voids show alignment to the surface of the
sample. The calcareous matrix is homogeneous in colour, reddish-
brown and optically active. Inclusions are also lower than in the other
fabrics (30% of the total volume), displaying a unimodal grain size
distribution both in the predominant fine quartz and in the common
fragments of sedimentary calcareous rocks. A few fossils are present and
clearly recognizable, together with some rare crystals of calcite, while
dolomite is absent. An ochraceous red slip is clearly recognizable in this
sample under OM (Fig. 4d).

Both OM and SEM-EDS allowed the recognition of pores originated
from the decomposition of calcareous inclusions and then partially or
fully filled with secondary calcite, which is due to the interaction be-
tween the ceramic and aqueous solutions during burial (Fig. 7a). A
thick layer of secondary calcite is also found at surface in some samples
(Fig. 7b).

Finally, thermogravimetric analysis led to the recognition, in each
fabric, of two endothermic peaks at ca. 685 °C and 776 °C, which were
related to the decarbonation of dolomite and fine calcite [39], respec-
tively. The highest weight loss was found in fabric A1, being 6.67% for
dolomite and 5.53% for calcite (Fig. 8). The lowest weight loss was

documented for fabric B: 1.65% weight loss calculated from dolomite
endotherm; 3.06% from calcite.

5.2. XRPD analysis

The mineralogical composition of the investigated samples is sum-
marized in Table 1. XRPD results show that the ceramic artefacts are
mainly composed of calcite, quartz and feldspar. As expected, quartz is
very abundant in the samples from fabric B, Marly matrix with quartz
sand and microfossils. Calcite content varies greatly, from scarce to very
abundant, confirming the Ca-rich nature of ceramics at Khalet al-Jam'a.
The highest amount was recorded for the loner. Calcite is also present in
the largest group, the Marly Matrix with Dolomitic Inclusions, especially
in the samples from subfabric A1, in agreement with OM results. K-
feldspars and plagioclase are present in all the samples. Dolomite is
detected in low content in a few samples from all fabrics except B.
Moreover, hematite, aragonite and diopside occur in variable amounts,
sometimes in trace. It is interesting to remark the significant occurrence
of amphibole in one sample from fabric A1, KJ.16.TC5.sur/1, as also
recognized by OM. Further studies may be focused on the character-
ization of this amphibole and its chemical composition for provenance
purposes.

The presence of neo-formed phases, gehlenite and wollastonite, was
observed exclusively in the samples from fabric A (Fig. 9), sometimes
only in trace and rarely concomitant (apart in samples KJ.16.TC5.1/3,
KJ.16.TC5.1/10 and KJ.16.A.sur/1). Of these, gehlenite was solely
identified in Middle Bronze liquid-storage wares: two jars
(KJ.16.TC5.1/10; KJ.16.A.sur/3), a jug (KJ.16.TA1.4/3) and a bottle
(KJ.16.A.sur/1). It was also identified in an Iron Age jar (KJ.16.A.sur/
5). The bottle also showed wollastonite, as it was found for other MB
wares – jars, jugs and bowls – namely samples KJ.16.TC5.1/3,
KJ.16.TC5.1/10, KJ.16.TC5.sur/2, KJ.16.TC5.sur/5, KJ.16.TA1.4/1a,
KJ.16.TA1.4/2. It is worth noting that the highest content of gehlenite
was recorded for the samples of fabric A1 and in the jug of fabric A.

5.3. The technological level

The combined OM, XRPD and SEM-EDS analysis allowed us to de-
fine the use of calcareous clay with quartz, feldspars, and fragments of
sedimentary calcareous rocks. Raw materials were Ca-rich: carbonate
minerals are naturally present in the clays chosen for supply, as well as
rare microfossils and sedimentary siliceous rock fragments. This kind of
clay is used in all sorts of fabric, without any apparent technological
reasons or link to a specific use of the artefact. Hence, the slight
variability in composition, expressed by the uncommon presence of
dolomite or microfossils in some samples, may be attributed to a natural
inhomogeneity within the exploited deposit. Alternatively, the great
heterogeneity in inclusions has been recently explained as re-
presentative of a regional production, and not of a single workshop or
production line, in Iron Age figurines from Jerusalem [40]. However, it
should be remarked that dolomite seems lower, both from OM, XRPD
and TGA, in fabric B, where most of the Iron Age samples fall. This
observation may result from a technological choice, i.e. a variation in
the supply from the Middle Bronze to the Iron Age. Furthermore, the
current results do not suggest the addition of rock fragments or fossils
as temper for both fabric A and the loner.

Specifically, fabric A is compatible with the so-called Moza clay-
dolomitic sand group, produced mainly at the site of Nahal Refaim,
approximately 20 km N–W of Khalet al-Jam'a [27]. This production has
been recorded for EB I sites in central Israel extending from the Beer
Sheva Valley to Aphek. In EB IV it dominated sites close to Jerusalem,
representing the largest production at inhabitations like Nahal Refaim,
Minhat and Wadi Zimra, and then became one of the most common raw
materials of Judean craftsmen in the Middle and Late Bronze Ages. In
addition, the Moza - or Motsa [41] - clay category has been attributed to
imported vessels (bowls, jars and fenestrated stands) at Gilat, South-

M. Botticelli, et al. Ceramics International 46 (2020) 16405–16415

16410



West of Khalet al-Jam'a [42]. The matching of the Moza clay-dolomitic
sand features with our data may suggest a shared technological tradi-
tion, both in space and time, as proposed by Goren et al. [27]: from the
Early Bronze IV to the Middle Bronze Age and from the centre of pro-
duction at Nahal Refaim, through Khalet al-Jam'a and finally spreading
to Gilat. This finding provides some support for the conceptual premise
that Khalet al-Jam'a is believed to be in a strategic location along the
important central uphill route passing through Jerusalem and Hebron.

On the contrary, the large-sized quarzitic sand found in fabric B
possibly represents an additive. The predominance of quartz and the
associated presence of microfossils leads to a likely association of fabric
B with the most popular clay used for pottery vessels and only secon-
darily for figurines in the Iron Age: the Terra Rossa clay type [40,41].
Such clay usually comes from more western locations in Jerusalem and
may indicate a different workshop or a different supplied material.
However, it has been described as characterized by accessory chalk,
which is indeed absent in our samples. Ben-Shlomo and Darby [40]
have also pointed out that Terra Rossa is intimately associated with
Rendzina soils. The latter develop as a result of erosion and attrition

processes mainly on Senonian and Eocene chalk and Cenomanian marl
formations [29,43]. They are very common throughout the hilly and
mountainous regions of the eastern Mediterranean and seem compa-
tible with weathering formations in the Bethlehem area. Thus, the de-
finition calcareous-foraminiferous-Rendzina soil clay is possibly the most
appropriate for fabric B.

More generally, the technological choices of the ancient craftsmen
at Khalet al-Jam'a seem to differ greatly from the Transjordan pro-
duction. Specifically, at Khalet al-Jam'a pottery is predominantly de-
prived of temper, as instead has been found for other productions
[14,44]. Moreover, the type of inclusions in Transjordan wares, at-
tributed to the Lower Cretaceous lithological section [27], greatly dif-
fers from those identified in our samples, where basaltic rock fragments
or bivalve shells are absent.

In addition, frequent clay pellets have been identified in ceramic
samples, usually attributable to an uncomplete mixing of the paste
during the production [44]. Voids are aligned to the margins in the
samples from tomb C5, while all inclusions show no alignment. This
indicates a forming method involving a moderate applied pressure,

Fig. 6. BSE images of sample KJ.15.TA7/3 (fabric B) showing: a) microfossils, with the corresponding OM image under XPL (10x, scale bar = 100 μm); b) two
sedimentary rock fragments with the corresponding OM image under XPL (4x).

Fig. 7. a) Well-formed crystals of secondary calcite into pores, due to burial in sample KJ.16.TC5.sur/4, fabric A (XPL, 40x, scale bar = 25 μm); b) secondary calcite
deposition on the surface of the ware (fabric A sample KJ.16.TA1.4/3, XPL, 4x).
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such as the manual potter's wheel (i.e. slow wheel or tournette), the
extent of kinetic energy being not enough to drive inclusions alignment
to the margins but sufficient for pores alignment [45]. The alignment of
voids is indeed absent in most Iron Age artefacts, except KJ.15.TA7/3
leading to infer a possible change in forming practices, from the potter's
wheel to the coil, for the latest production. Alternatively, it may testify
a specialized manufacture, either by wheel-coiling or wheel-throwing
technique, in the pottery production of Tomb C5, as it frequently
happened in EB South-Levantine fashioning [46,47].

5.4. The firing process

The optical activity of the groundmass in almost all the samples
suggests a firing temperature lower than 850 °C [48]. In several sam-
ples, mostly belonging to fabric A, XRPD results led to the identification

of a clay component, possibly illite, which is the latest to be subjected to
the breakdown induced by the firing, starting from 700 to 750 °C [49].
The absence of chlorite in all the samples, determined either by XRD or
TGA, also confirms that the temperature was always well above 650 °C
[50,51]. However, in a few samples optical activity was very weak and
calcareous and dolomitic grains showed partial decomposition: this
may mean that the firing temperature was even slightly higher, but it
did not exceed 850 °C. The high-temperature firing is associated to the
presence of gehlenite, whose occurrence is due to the reaction among
SiO2, Al2O3 and free CaO from the breakdown of clay and carbonate
minerals [13]. Trindade et al. [52] have also observed that the pre-
dominant neo-formed minerals in dolomite rich clays are both members
of the melilite and olivine groups. The reaction tends to favour the Mg-
rich member of the åkermanite-gehlenite solid solution, as expressed by
the higher Mg content in the intermediate rim between the matrix and
the core. Our EDS data seem to confirm the formation of a member of
the åkermanite-gehlenite solid solution, whose range of stability is
850–950 °C [16], at the border of the Mg-rich calcite relicts. Neo-
formed phases such as anorthite, usually occurring above 850 °C, were
not observed in most of our samples, indicating that the temperature of
850 °C was not exceeded during firing. In parallel, the formation of
wollastonite is promoted at the expense of the primary calcite in the
clay, especially when the latter is rich in carbonates [52,53].

Dolomite becomes unstable at 600 °C; the decomposition of calcite
and dolomite then starts at T > 700 °C and continues up to 800 °C,
when they both disappear [53]. For those samples where we observed
alteration rims in the inclusions, we can infer a firing temperature
higher than 800 °C.

The co-occurrence of gehlenite, wollastonite and secondary diopside
in two samples from Tomb C5, suggests that they reached the highest
firing temperature, at about 900 °C, when diopside starts to form in
dolomite-rich clays [52,53].

Conversely, other samples, especially those belonging to fabric B,
did not show the presence of such neo-formed phases and were thus
fired at lower temperature.

Hematite was identified in several samples and its formation occurs

Fig. 8. Thermogravimetric (green line) and second derivative (blue line) plots
for one representative sample of fabric A1, calculated maximum temperatures
and weight loss for each step. (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

Table 1
XRD results showing the mineralogical assemblage of the internal body for each ceramic sample. (Qtz = quartz, Cal = calcite, Kfs = K-feldspar, Pl = Plagioclase, Ill-
Mnt = Illite - Montmorillonite, Hem = Hematite, Cl-px = Clinopyroxene, Gh = Gehlenite, Dol = Dolomite, Opx = Orthopyroxene, Ol = Olivine, Arg = Aragonite,
Wo = Wollastonite, Am = amphibole).

Fabric Sample Qtz Cal Kfs Pl Ill-Mnt Hem Cl-px Gh Dol Ol Arg Wo Am

A KJ.16.TC5/1/3 ++ + + ++ - - ++ tr - - - + -
KJ.16.TC5.1/10 +++ ++ ++ + - tr + tr - - - tr -
KJ.16.TC5.1/14 + +++ + - ++ - - - ++ tr - - -
KJ.16.TC5.sur/1 ++++ + + + – + + – – – – – tr
KJ.16.TC5.sur/2 ++ ++ ++ ++ – – ++ – – – – + –
KJ.16.TC5.sur/3 ++ +++ ++ + – – – – – + – – –
KJ.16.TC5.sur/4 +++ ++ ++ tr ++ – – – tr – – tr –
KJ.16.TC5.sur/5 ++ ++ ++ – + – + – – – – ++ –
KJ.16.TA1.4/1a ++ + + tr ++ – ++ – tr – – + –
KJ.16.TA1.4/1b ++++ + + + + – + – tr – – – –
KJ.16.TA1.4/2 ++ ++ ++ – + – ++ – – – – + –
BL6157 +++ ++ +++ + tr – + – – – – – –
KJ.16.A.sur/5 ++ tr ++ ++ – tr + tr tr – tr – –

A1 KJ.16.TA1.4/3 + +++ ++ + – tr + + – – – – –
KJ.16.A.sur/1 + +++ + tr – + + + tr – – tr –
KJ.16.A.sur/3 ++ +++ + – – – + + – – – – –

B KJ.16.A.sur/2 +++ ++ tr ++ – – – – – – – – –
KJ.16.A.sur/4 ++++ + ++ + – + – – – – – – –
KJ.15.TA7/3 +++ ++ ++ + + - - - - - - - -

loner KJ.16.TC5.1/2 ++ ++++ tr tr + - - - tr tr - - -

++++ very abundant
+++ abundant
++ present
+ scarce
tr trace
- absent
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above 600 °C in oxidizing atmosphere [9].
When carbonates are present and react to form diopside and geh-

lenite, above 800 °C, hematite can nucleate into nano-sized particles
then growing up in microdomains. Firing can induce their nucleation
because it causes the decomposition of Fe-rich sheet silicates into an
amorphous phase, which later nucleates into nano-sized hematite [50].
However, iron oxides seem also naturally occurring in the original clay,
as already documented for the Moza clay-dolomitic sand group [27]. This
suggests a firing process characterized by higher temperature and oxi-
dizing conditions for the Middle Bronze jugs in fabric A1 and A.

Concerning the firing atmosphere [54], the colour of the ground-
mass in samples from Khalet al-Jam'a suggests diffuse oxidizing con-
ditions. The homogeneous colour in samples from fabric A, A1 and the
loner testifies a good control of the firing conditions both in the EB and
MB production. On the contrary, scarce homogeneity was observed in
the colour of fabric B (Iron Age samples) and the firing was assumed to
be in uncontrolled atmosphere conditions.

5.5. The provenance of raw materials

Discerning the different kinds of inclusions in ceramic artefacts is
aimed at discriminating the different clays involved in their production,
which could give information on the raw materials selection. The mi-
neralogical assemblage defined for the ceramics of Khalet al-Jam'a
makes it possible to distinguish two kinds of supply: the first, with
predominance in fragments of sedimentary calcareous rocks, sometimes
enriched in calcite and dolomite; the latter, with a few sedimentary
siliceous rock fragments. The mineralogical composition of the samples
from Khalet al-Jam'a is compatible with the geological setting of the
surrounding area: the most common inclusions, quartz and calcite, are
easily found in clay deposits, limestones and marls. Calcite in these
samples is probably derived by weathering process of limestones and
marls outcropping in the geological area near the archaeological site.
Clayey material, limestone and dolomite in fact occur in the
Cenomanian-Turonian formations within the archaeological site and in
the nearby area to the west. As found in our samples, dolomitic grains
exhibit a typical rhomboidal shape, which has been attributed to an in
situ-developed sand, quite common in the Cenomanian formations of
the Judean hills [27]. Sedimentary siliceous rock fragments are ran-
domly found as rare inclusions in all fabrics and this may be due to a
compositional variation within the raw material sources.

A distinctive feature is also the presence of microfossils occurring in
the matrix in fabric B and the loner, which allows a preliminary dis-
crimination of the clays. Our results may suggest a variation in the
supply of the clay from the Middle Bronze to the Iron Age, the loner
being a transition sample, where microfossils are possibly linked to the
use of marls as raw material. The microfossils recognized in this fabric
may be concordant with the Rendzina soils [40]. The mineralogical
features described for fabric B in fact allow the comparison with the
Rendzina production, typical of Jerusalem in the Iron Age. This kind of
soil is common and abundant in Judah, Samaria and Galilee and fre-
quently used by potters. However, microfossils may also be concordant

with the so-called Lisan formation, which is constituted by the deposits
of a brackish-water inland lake extensively exposed in the Jordan
Valley [55,56], still supporting the hypothesis of a local exploitation
site, but more distant than in the earliest pottery production. The
transition to a slightly different supply may be somehow linked to the
use of these Iron Age artefacts, which were all conceived for liquid
storage (mainly jars and a krater). The number of samples in fabric B is
too low to draw a conclusion with any certainty. However, if the pre-
sence of such inclusions corresponds to a technological choice, it may
also mean an increased awareness of raw materials in Iron Age
craftsmen

6. Conclusions

The combined analytical methodology hereby proposed led to the
characterization of the ceramic production at Khalet al-Jam'a, both in
the Bronze (Early to Middle) and Iron Ages. These artefacts are ex-
amples of ceramics with un-glazed low-fired (800–950 °C) bodies and
high proportion of non-plastic constituents, most often naturally oc-
curring and determining a quite high porosity. This study highlighted
that the temporally extended utilization of the necropolis and the wide
variety of shapes corresponds to differences in ceramic production, ei-
ther in terms of technological choices or clay supply.

Such differences highlight meaningful technological choices made
in the two productions basing on the supply of raw materials. In par-
ticular, Middle Bronze Age ceramics can be related to the so-called
Moza-clay production, whereas that of the Iron Age is in turn re-
presented by the Rendzina group.

The Iron Age ceramic is also characterized by a slight variation in
the supply of raw materials, especially in the production of houseware
for liquid-storage, for the presence of sedimentary siliceous rock frag-
ments possibly added as temper. The temper is mainly made of quartz,
similarly to recipes for cooking pots and earlier Iron Age kraters, to
prevented cracking in vessels exposed to rapid temperature changes.
This may suggest increased exchange activities of the town in the Iron
Age. Moreover, a distinction of the latest production is also due to the
firing conditions, which appear to be less homogeneous and at lower
temperatures. The Early Bronze-to-Middle Bronze production shows a
common supply of the clay in the local area, recognized by the wide-
spread presence of dolomitic sand typical of the Jerusalem area. This
petrographic group is well known from pottery assemblages from sites
of different periods spread throughout the Judaean-Samarian area.
Furthermore, our data suggest that Iron Age craftsmen were capable of
skilful choices in terms of raw materials but probably had minor ability
to control the firing process than their ancestors.
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Fig. 9. Diffraction pattern of sample KJ.16.A.sur/1, where the contemporary presence of gehlenite, clinopyroxene and wollastonite (trace) was determined; relevant
reflections assigned to the various minerals are marked: Qtz = quartz, Cal = calcite, Cpx = clinopyroxene, Gh = gehlenite, Hem = hematite, Wo = wollastonite.
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