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Abstract
Apart from mould and core remnants attached to metal objects from the Chalcolithic Southern Levant (ca. 4500–3800 BCE), 
production remains of early lost wax casting are seemingly invisible in the archaeological record. An experiment using repro-
duced casting moulds was performed to simulate the Chalcolithic processes to investigate whether the moulds might have 
deteriorated to an unrecognisable state after the casting process. Results from previous studies on mould remains attached to 
metal objects were complemented with ethnographical accounts for the experimental set-up. The moulds were prepared from 
local clays already in use during the Chalcolithic. Petrography, simple alteration tests, and general technological considera-
tions reveal that preservation may be poor but is still visible to the naked eye. The preservation of multi-layered fragments 
is crucial, despite their friable or brittle state after casting. A further, previously unmentioned, clear indication of lost wax 
casting moulds may be the combination of vegetal temper with mineral/rock temper in their clay paste. This composition 
derives purely from technological considerations and is independent of depositional and post-depositional processes.

Keywords  Southern Levant · Chalcolithic · Lost wax casting · Experimental archaeology · Petrography · Ceramic 
technology

Introduction

The emergence of lost wax casting technology, also called 
investment casting, is probably one of the most enigmatic 
phenomena in the development of early metallurgy. This 
complex technology, which requires mastering the high-
temperature behaviour of different materials, accompanied 
the earliest use of metal alloys and copper smelting in some 
regions.

The earliest known lost wax cast objects (Fig. 1), 
dating to the mid-fifth millennium BCE, were made 
of gold and found in the cemetery of Varna, Bulgaria 

(Leusch et al. 2015; Higham et al. 2018). Probably con-
temporaneously (4500 to 3600 BCE), unalloyed cop-
per was exclusively used for lost wax casting in Balu-
chistan. Small amulets and seals cast in this technique 
were recovered at Mehrgarh (Mille 2017; Thoury et al. 
2016). Similarly, at the end of the fifth and into the early 
fourth millennium BCE, polymetallic copper alloys rich 
in arsenic and antimony were nearly exclusively used 
for lost wax casting in the Chalcolithic Southern Levant 
(Shalev et al. 1992; Shalev and Northover 1993; Golden 
2014a). Compared with objects from other regions and 
besides the “leopards weight”, the so-called crowns and 
standards found, e.g. in the Nahal Mishmar Hoard (Bar-
Adon 1980), were by far the most elaborate objects cast 
by this technology at this time.

To date, no early production sites are known, leaving the 
origins and development of this innovation and its tech-
nical details practically unknown. Potential first evidence 
for sites in the Southern Levant was recently discovered 
at Fazael in the Jordan Valley. Part of the metallurgical 
assemblage included fragments of lost wax cast objects and 
crucible fragments in close spatial proximity (Rosenberg 
et al. 2020). Apart from these finds, the earliest secure 
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production remains of lost wax casting date to the end 
of the third millennium BCE. At Altyn Depe (Turkmeni-
stan), sprues (inlet channels) were found in an area with 
abundant metallurgical debris (Salvatori et al. 2002). An 
unused mould was recovered in a metal workshop in Tell 
edh Dhiba’i (Southern Mesopotamia), dating to the first 
quarter of the second millennium BCE. The best-preserved 
remnants of a lost wax casting workshop were found in a 
tomb in Qubbet el-Hawa (Egypt), dating to the late sixth 
and early fifth century BCE. It featured an assemblage of 
moulds ready for de-waxing and casting, together with 
moulds with failed casts (Auenmüller et al. 2019). The lat-
ter two sites date much later than the Chalcolithic South-
ern Levant. However, they seem to be the only other sites 
in the broader region with clear evidence for layered lost 
wax casting moulds—indicating how elusive production 
remains of this technology seem to be in general. Moreo-
ver, the thorough analytical and experimental work on the 
moulds and the technological reasoning behind their design 
by Auenmüller et al. (2019) makes their study a critical 
reference point for this study.

The absence of production sites using investment cast-
ing during the Chalcolithic period might not be surpris-
ing given the general scarcity of such production sites 
throughout time and the small number of uncovered objects 
from the early metal cultures manufactured in the lost wax 
technique. However, in the Chalcolithic Southern Levant, 
hundreds of objects made in this technique were recov-
ered from the Nahal Mishmar Hoard alone (Bar-Adon 

1980), indicating an intensity in production comparable to 
the pure copper technique, for which production sites are 
known (Shugar 2000; Golden et al. 2001; Golden 2014b). 
In addition, mould remains can be found directly on metal 
objects (Goren 1995, 2008, 2014). Therefore, factors other 
than the general scarcity of such remains in the archaeo-
logical record might be the reason for the invisibility of 
the production sites.

Recognisability of early lost wax casting 
moulds

The lost wax casting technology has been the subject of sev-
eral ethnographic studies (Smith and Kochhar 2003; Levy 
et al. 2008; e.g. Anfinset 2011), which allow, in conjunc-
tion with the mould remains from the Chalcolithic Southern 
Levant, the experimental reconstruction of the production 
process (Shalev 1999; Goren 2014).

In brief, lost wax casting consists of seven different steps: 
(1) making a ceramic core to create a base; (2) coating it 
with wax, a wax-resin mixture, or any other material with 
a low melting point that can be hand-shaped but is stable 
at ambient temperatures; (3) shaping the wax coat to the 
shape of the desired object, often adding “gates” to improve 
the metal flow, and sprues; (4) applying fine, then coarse 
layers of refractory materials (in prehistoric times usually 
clays with different mixtures of temper) on the wax model 
to create a mould and let it dry; (5) removing the wax by 

Fig. 1   Location of the sites mentioned in the text. The rectangle in map A indicates the location of the subset shown in map B (imagery: Terra-
metrics, GoogleMaps, 2021)
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melting and pouring, or burning, thereby baking or firing the 
mould; (6) casting the metal into the so-produced cavity; and 
(7) breaking the mould to retrieve the cast object (Fig. 2). 
Because every object is a copy of the wax model and the 
mould is crushed, each of them becomes an individually 
produced, unique creation.

In contrast to casting in e.g. sand moulds, which would 
not leave any trace in the archaeological record (Ottaway 
2003), lost wax casting moulds were made with a ceramic 
paste and at least baked, sometimes even fired. While it 
might be sufficient to heat the moulds to remove the wax, 
the interior parts inevitably are fired to some extent by the 
cast metal melt. Consequently, remains should survive in 
the archaeological record. Nevertheless, lost wax cast-
ing and especially the mould fragments might not be very 

indicative. Metallurgical remains from these times are rare 
in general. Additionally, similar moulds, crucibles, and 
furnaces might be employed for open casting and the lost 
wax casting technique. However, the (almost) exclusive use 
of a specific alloy for lost wax casting (Mille 2017; Shalev 
and Northover 1993), at least for the Chalcolithic Southern 
Levant and Baluchistan, should be in principle traceable 
by chemical analyses of the metal and slag remains on the 
crucible. Another explanation for the near absence of lost 
wax casting workshops in the archaeological record may 
be that they existed away from settlements to keep the tech-
nology secretive and exclusive, as Goren (2008) and Gošić 
and Gilead (2015) suggested for the Chalcolithic Southern 
Levant. Moreover, additional preservation bias is introduced 
as the workshops likely consist only of a few highly fired 

Fig. 2   The reconstructed 
lost wax casting process of a 
Southern Levantine Chalcolithic 
mace head as implemented in 
the archaeological experiment. 
(1) Making the wax model: 
(a) shaping the ceramic core; 
(b) application of the wax-
resin-mix and beeswax; (c) 
attachment of a casting sprue 
and air outlet. (2) Construction 
of the mould: applying (a) the 
defining layer; (b) the second 
layer with calcareous sand; (c) 
the third layer with quartz sand. 
(3) De-waxing. (4) Casting the 
object: (a) casting, (b) cooling 
of the mould. (5) Removing the 
mould: (a) crushing the mould, 
(b) removal of the casting sprue 
and reworking of surface (e.g. 
polishing). (6) Finished object

1a 1b 1c 2a 2b

2c 3 4a
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pits, especially if metal debris was collected for recycling, 
or the place was cleaned to disguise the secret of this tech-
nology. Under such circumstances, the production sites may 
be invisible, remote from habitation sites, devoid of produc-
tion refuse, or any combination. Hence, they are potentially 
overlooked by archaeological surveys.

Archaeological data are inherently incomplete and often 
replete with a myriad of unknowns. Scientific research is 
further complicated by the excavation, recording, and post-
excavation treatment of archaeological materials. Depending 
on the region of origin, they might have been excavated by 
field archaeologists or untrained workers, who are neither 
fully aware of the full range of scientific methods nor speci-
fied research questions concerning the materials, processes, 
and expected leftovers of past technologies. In our region 
of interest, soil exposed to elevated temperatures is often 
overlooked, ash and other sediments from the depositional 
immediate surroundings of the objects are dumped, and fine, 
contextual details are not recorded. Furthermore, relevant 
materials, such as ore and slag, are not always recognised 
and incorrectly attributed to other categories.

As a result, technological finds brought to the labora-
tory for analysis might be wrapped in unsuitable materi-
als, “cleaned” for documentation, and coated in protective 
materials as a conservation measure before examination. 
For example, mould pieces stuck to the metal were either 
removed in antiquity or even “cleaned” in modern times by 
conservators, as in the case of some Chalcolithic objects 
from Israel (Goren 2008). Only in a minority of cases do 
field archaeologists focus specifically on the history of tech-
nology and direct their excavations with this goal in mind. 
This leads to a permanent loss of critical micro-archaeolog-
ical records that are expected to accompany pyrotechnol-
ogy, such as micro-artefacts and technological by-products. 
If recognised, they are predominantly studied as part of the 
post-excavation activity. This further emphasises the pres-
ervation and excavation bias, as research is led by the inci-
dental nature of discovery.

Because the mould must be carefully crumbled to expose 
the metal object without damaging it (Auenmüller et al. 
2019), lost wax casting moulds end up as small crumbs, and 
thus are not easily recognisable in the archaeological record. 
Moreover, due to post-depositional processes, larger mould 
fragments may further lose their shape and indicative fea-
tures that can be identified by the naked eye. In such cases, 
micro-archaeological techniques are required. Among them, 
petrography is a cost-efficient and quick method to gain 
information about the fabric, structure, estimated heating 
temperature, and mineralogical composition of the mould 
remains. In some of studies of the Chalcolithic Southern 
Levant, remnants of moulds preserved on lost wax cast items 
dating to the earliest phase of this technology were identified 
by petrographic analyses (Goren 1995, 2008, 2014). The 

same clays were used for moulds and pottery (Goren 1995, 
2008), strongly limiting methods for a chemical distinction 
between the two. Generally, moulds were multi-layered with 
an inner layer made of calcareous clay with calcareous sand 
and a high amount of fine vegetal temper. If the outer layer 
was preserved, it was made either from ferruginous clay with 
quartz sand and vegetal temper, or plaster. The use of dung 
in the plaster is indicated by abundant spherulites (Goren 
2008). The results allow the deduction of three characteristic 
features of lost wax casting moulds: multi-layered design, 
high content of vegetal matter, and the use of plaster as an 
outer layer.

In the Chalcolithic Southern Levant, the use of plaster 
was minimal and seems to be restricted to mural paintings 
from Teleilat Ghassul, with additional small fragments 
from Abu Hamid (Ilan and Rowan 2011) and the Chalco-
lithic shrine at Ein Gedi (Ussishkin 1980). Hence, even a 
small fragment of plaster, especially if it is far away from 
buildings, can be regarded as a strong indicator of a lost 
wax casting mould. The use of vegetal matter in turn is not 
indicative of lost wax casting moulds but of metallurgical 
ceramics in general. It is absent in pottery of the Late Chal-
colithic Southern Levant, which preferred wadi sand as tem-
per material (Gilead and Goren 1989; Goren 1995, 2006; 
Shugar 2000; Burton et al. 2019). Multi-layered ceramics 
again can be regarded as being indicative of lost wax cast-
ing moulds in the Chalcolithic Southern Levant because no 
other appearances of such a designed ceramic are known. In 
principle, these characteristics often apply to bivalve moulds 
as well. However, there is no evidence for the use of bivalve 
moulds in the Chalcolithic Southern Levant with one excep-
tion: a disc-shaped mace head made of pure copper (Segal 
and Kamenski 2002), a very uncommon type of mace head 
by shape and chemical composition for the Chalcolithic 
Southern Levant. As a result, fragments of lost wax casting 
moulds in the Chalcolithic Southern Levant, if preserved, 
can be positively identified as such by a combination of at 
least two of these features.

Aim of the study

The experiment aimed to test how recognisable mould frag-
ments are if they are not attached to a metal object. Lost 
wax cast objects in the Chalcolithic Southern Levant were 
often found in protected places like caves (e.g. Bar-Adon 
1980; Gopher and Tsuk 1996; Namdar et al. 2004; Shalem 
et al. 2013; Yahalom-Mack et al. 2015), in pits as caches, or 
in subterranean rooms (Perrot 1955; Eldar and Baumgarten 
1985). Since no other region with early lost wax casting (i.e. 
Southeastern Europe/Varna and Baluchistan) has reported 
remnants except for the finished objects, the Southern 
Levant will be used as a reference region.
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An archaeological experiment was conducted to create 
comparable moulds and to use them for the casting of poly-
metallic copper alloys. The archaeological material offers 
little knowledge about the different steps involved in cre-
ating the mould (Tadmor et al. 1995; Goren 2008, 2014). 
Therefore, observations from previous experiments tackling 
this technology (Shalev 1999; Goren 2014), other finds and 
experiments (Davey 1983; Martinón-Torres and Uribe-
Villegas 2015; Auenmüller et al. 2019), and ethnographical 
studies (Smith and Kochhar 2003; Levy et al. 2008; Anfinset 
2011) were combined to reconstruct the process as close 
to what is known from archaeological remains as possible. 
All steps in the experiment were guided by the principle of 
simplicity as defined by Auenmüller et al. (2019, p. 153): 
“This principle of reproduction serves to create a model-
artefact from a process comprised of steps as simple and as 
efficient as possible using only tools attested in archaeologi-
cal contexts.”

Some aspects purposely deviate from the archaeological 
record to enhance the information gained from the experi-
ment and they will be discussed in the respective parts of 
the experimental set-up. Most importantly, the same clay 
was used for all layers. Telling apart different ceramic pastes 
or even a ceramic paste from plaster is comparatively easy. 
Therefore, the experiments were taken as an opportunity to 
investigate how well different ceramic pastes made from the 
same clay can be distinguished.

After the archaeological experiment, the moulds were 
cut and sampled for petrography to gain information about 
their structure and alterations. For comparison, the unfired 
raw materials were examined, too. Additionally, a selection 
of raw materials, mould fragments, and other fired ceram-
ics (e.g. furnace walls, tuyères) were subjected to simple 
alteration experiments to analyse their mechanical and water 
resistivity (cf. Orfanou et al. 2022 for a similar approach).

Experiment

Materials

The most abundant core/mould material found on lost wax 
cast objects from the Chalcolithic Southern Levant is a 
ceramic paste made of calcareous Moza clay mixed with a 
high proportion of chopped grass and sand-sized rounded 
grains, mainly limestone and quartz (Material A1 in Goren 
2008). Hence, this mixture was chosen as a standard for the 
moulds’ ceramic pastes in the experiment.

The Moza clay was collected from the type locality of 
the Moza Formation (Taitel-Goldman et al. 1995). Vegetal 
matter was removed by hand before the clay was crushed 
to a grain size of < 5 mm. Depending on the layer of the 
mould, fractions with smaller grain sizes were produced by 

further crushing and sifting. Small animal bedding was used 
to prepare the vegetal temper by sorting out straw and stalks 
before chopping it. Sediment from Wadi Fazael (Lower Jor-
dan Valley) was used to extract the calcareous sand by elu-
triation. Sifting of the obtained fraction indicated an almost 
perfect separation of the sand fraction (grain size > 62 µm) 
from silt and clay (grain size < 62 µm).

Dung temper was purposefully not used in the ceramic 
pastes, although it is regularly reported in ethnographical 
studies (Levy et al. 2008; Anfinset 2011). It had been used in 
previous experiments (Shalev 1999; Goren 2014), but Goren 
(2008) reports spherulites only for the lime plaster and no 
other indicators for the use of dung temper in the mould 
materials. Admittedly, due to the high-temperature environ-
ment, reaching temperatures above 800 °C near the melted 
metal, dung temper might be invisible in ceramic pastes 
(Amicone et al. 2021). However, the reconstructed function 
of dung temper in lost wax casting moulds (cf. Auenmüller 
et al. 2019) was achieved differently (see below).

For the wax model, a mixture of equal quantities of tree 
resin and wax was prepared. Such a mixture is attested by 
finds in similar climatic conditions (Auenmüller et al. 2019) 
as well as ethnographical studies (Levy et al. 2008; Anfinset 
2011). Its use is necessary because the high ambient tem-
peratures of tropical and subtropical climates can easily sof-
ten thicker layers of pure beeswax to the extent that the wax 
model loses its shape before the mould is made (Levy et al. 
2008; Anfinset 2011). The details of the wax model were 
made with pure beeswax.

The furnace walls and tuyères were made of Negev loess 
mixed with chaff in a roughly 1:1 volume ratio (Rose et al. 
2021). Such a mixture was used for the furnaces and cru-
cibles in the local pure copper smelting process contempo-
raneous with the lost wax casting process (Golden 2014a). 
The furnaces and crucibles of the pure copper process were 
used as template because they are yet to be found for the 
lost wax casting and the metallurgical processing of poly-
metallic copper alloys. Negev loess is the local soil of the 
Northern Negev. It is a calcareous clay with abundant silt-
sized inclusions, majorly quartz (for a detailed description 
see e.g. the group “Loess-calcareous sand/quartzitic sand” 
in Goren 1995).

Preparing the mould

In total, six moulds were prepared. The template object was 
a mace head with a ceramic core. It is the most abundant 
object type made by lost wax casting in the Chalcolithic 
Southern Levant (cf. Bar-Adon 1980). Furthermore, the 
simple shape and comparatively small size allow us to gain 
practical knowledge of the process with limited expenditure 
on the materials.
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To model the ceramic cores, 60 vol.% Moza clay and 
40 vol.% calcareous sand were mixed and water was added 
until the paste was not sticking to the fingers anymore. All 
subsequent ceramic pastes were prepared similarly. Vegetal 
matter was not incorporated into the experimental cores 
to eliminate the risk of fracturing or even explosion of the 
core due to the release of water and carbon dioxide when 
unburnt vegetal matter is charred during casting. The diam-
eter of the dry cores ranged from 46.7 to 48.5 mm, and their 
height from 38.7 to 42.6 mm. The diameter of their shaft 
hole ranged from 17.6 to 18.7 mm. Considering the metal 
shell enclosing the ceramic cores after casting, the mace 
heads would be a bit larger than the average size but well 
within the dimensions of the mace heads found in the Nahal 
Mishmar Hoard (Bar-Adon 1980).

The ceramic paste was shaped around a stick with a 
smooth surface and a suitable diameter for the shaft hole. 
The stick was removed after shaping the core around it. In 
the still wet paste, two small wooden sticks were inserted 
into the shaft hole to connect the core with the mould later. 
The cores were dried for several weeks (Fig. 3a).

The dry cores were repeatedly dipped in the liquid wax-
resin mixture (heated to 80 to 85 °C) until a 3 to 5 mm thick 
layer had accumulated around the core. To shape the con-
tours of the top and bottom, they were partially dipped in 
beeswax. Subsequently, the cores were submerged to coat 
them with a thin continuous wax layer, and the core’s num-
ber was applied onto it with a string of wax. Last, the wax 
was removed from the wooden sticks with a thin spatula, 
and the separately modelled sprues (diameters between 13 

Fig. 3   Production of the mould: 
(a) the ceramic core; (b) the 
finished wax model with sprue; 
(c) the dried defining layer; (d) 
the applied second layer (with 
calcareous sand); (e) the applied 
third layer (with quartz sand)
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and 21 mm) and negatives for the air outlets were applied 
(Fig. 3b). Tadmor et al. (1995) report that the sprues were 
located at the base of the objects, while Shalev (1999) recon-
structed the location of the sprue on the side. In our experi-
ments, we followed the reconstruction by Shalev (1999) 
because the sprue position does not seem to have a signifi-
cant influence on the mould material, and it seems easier to 
remove it from a flatter area. However, this was only possible 
because we applied a separate outlet for the air. Well-trained 
founders do not necessarily need an air outlet (cf. Auenmül-
ler et al. 2019) but then, the position of the sprue on the base 
(or top) of the core is required to achieve a high-quality cast 
(Garbacz-Klempka et al. 2017).

Afterwards, the “defining layer” (sample Raw-M0, 
Table 1) was applied. It defines the shape of the cast object 
and must perfectly cover the details of the wax model. 
Remaining air bubbles will result in casting errors, as they 
will be filled with melted metal. To create a suitably fine 
paste, a portion of Moza clay with a grain size of < 62 µm 
was prepared and mixed with water to slurry. As was shown 
above, a good separation at 62 µm can be achieved with-
out sieves by elutriation. As reported by Auenmüller et al. 
(2019), it indeed attached poorly to the wax. However, the 
slurry bonded perfectly on areas with remains of dry fine 
clay. Hence, instead of degreasing the wax as suggested 
by Auenmüller et al. (2019), a very thin layer of dry fine 
clay was applied to the wax models and any non-attaching 
material was blown away. After this preparation, the slurry 
was applied without any problem. The dry layer was about 
0.2 mm thick. Drying cracks only developed in areas with 
considerably increased layer thickness (especially around the 
numbers, Fig. 3c). This may be mitigated in future experi-
ments by drying the slurry after each dip or increasing its 
fluidity. As a result, the use of dung temper, at least for this 
clay type, is dispensable to achieve sufficient plasticity and 
cohesion of the clay (cf. Auenmüller et al. 2019).

For the second layer, ceramic pastes were made from 
Moza clay crumbs of < 1 mm grain size, grass chopped 
to < 2 cm (mainly < 1 cm), and calcareous sand. Ceramic 

pastes with different quantities of each were mixed with 
water to form a non-sticking paste and applied on the wax 
models (samples Raw-M1 and Raw-M2, Table 1). Care was 
taken to closely cover the inner layer. The paste was thor-
oughly squeezed into the shaft hole to prevent the inclusion 
of air bubbles, as the thermal expansion of air trapped in 
them might break the moulds during heating. The moulds 
were dried for several days, the last day under direct sun 
(Fig. 3d). The minimal thickness of the dried second layer 
varied from 5.3 to 8.6 mm, depending on the mould.

The outermost layer (Raw-M5, Table 1) was applied to 
ensure that the mould was thick enough to withstand the 
heat and pressure of the melted metal. According to Goren 
(2008), this layer is always made from another material. As 
highlighted previously, multi-layered ceramics can serve as 
clear indicator for mould remains of the lost wax casting 
technology. In order to test how easily layers of the same 
material could be distinguished, Moza clay was used again. 
To provide sufficient stability to the mould, the Moza clay 
was tempered with large amounts of quartz sand (compara-
ble to the mineral temper of material B in Goren (2008) but 
with an overall larger grain size: 0.5 to 1 mm) and coarser 
chopped grass (up to 5 cm length, Table 3). The composi-
tion further emphasises the difference of this layer from the 
second one. The moulds were dried for over a week, first 
inside the laboratory for some days, later in an open shaded 
area, before exposing them for several days to the bare sun 
(Fig. 3e). The minimal thickness of the finished moulds var-
ied between 9.7 and 18.9 mm.

Firing and casting

The casting experiments were carried out in late August 
2020 on the banks of Nahal Beer Sheva, several kilome-
tres east of Beer Sheva. Two furnaces were constructed 
(Fig. 4). To melt the metal in a crucible, a furnace was 
made according to the reconstructions of contemporane-
ous furnaces found in Abu Matar and Shiqmim on the 
riverbanks of the Nahal Beer Sheva (Shugar 2000; Golden 

Table 1   The composition of 
the ceramic pastes used in the 
experiment

Label Layer Material vol.% Fraction

Raw-M0 “Defining layer” Moza clay 100.0  < 62 µm
Raw-M1 Second layer, Exp. 1, 3, 4 Moza clay 50.0  < 1 mm

Calcareous sand 20.0 62 µm–1 mm
Vegetal matter 30.0  < 2 cm

Raw-M2 Second layer, Exp. 2 Moza clay 40.0  < 1 mm
Calcareous sand 10.0 62 µm–1 mm
Vegetal matter 50.0  < 2 cm

Raw-M5 Third layer Moza clay 32.5  < 5 mm
Quartz sand 50.0 0.5–1 mm
Vegetal matter 12.5 2–5 cm
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et al. 2001; Golden 2014b). As there is no information 
about how the moulds were de-waxed, a small separate 
furnace was prepared for de-waxing and firing the mould. 
Each furnace was heated with a bag bellow made of cow 
leather. Citrus charcoal was used as fuel. Different mix-
tures of copper filings, antimony shot, and lead granulate 
were used to simulate the polymetallic copper alloys used 
for lost wax casting in the Chalcolithic Southern Levant 
(arsenic was omitted for health reasons). Temperatures 
were recorded intermittently with an infrared pyrometer. 
Pyrometer operators could not reliably recognise the focal 
spot of the pyrometer, resulting in measurements that often 
underestimated the real temperature. Therefore, it was 
decided to report only the maximum temperatures.

Initially, it was intended to pour the liquid wax from the 
mould and then fire it at high temperatures. However, when 
starting the experiments, it seemed more appropriate to let 
the wax burn off. Due to the unanticipated general high tem-
perature of the glowing charcoal, even without bellowing, 
it could not be excluded that the wax flowing out of the 
mould would uncontrollably catch fire when the mould is 
placed with the pouring cup on the side/bottom. Hence, the 
moulds were placed with the pouring cups upwards and the 
wax was burned off under controlled conditions. Although 
removing the wax by pouring is more widespread, burning 
it off is known from ethnographical studies (Capers 1989; 
Smith and Kochhar 2003).

In three of the four experiments (Table 2), the mould 
was placed in the de-waxing furnace in the hot zone of 
the tuyère (Fig. 4c)—the only area where glowing char-
coal was observed—to ensure that the mould and also the 
ceramic core in it is sufficiently heated to char the chaff and 
to remove any water. The arrangement in the crucible fur-
nace was changed for the last experiment, and the mould set 
between the two bellows, i.e. outside the hot zones of their 
tuyères (Fig. 4d). While bellows were operated in the first 
two experiments to keep the charcoal glowing, the mould 
was intentionally extensively heated in the third experiment 
to test the behaviour of the ceramic paste at high tempera-
tures. In the fourth experiment, heating was comparatively 
gentle (Table 2).

The experimental part concerned with the heating and 
melting of the metal is described in detail by Rose et al. 
(2021). It is not related to the fate of the moulds, and it 
might suffice here to say that due to several circumstances 
we did not succeed in melting large amounts of copper. Con-
sequently, no proper casting could be done. Only during the 
third experiment was a small amount of copper (based on its 
colour) melted. However, the casting process was impeded 
by small pieces of charcoal falling off the crucible and 
blocking the pouring cup before the melt reached the mould 
(Fig. 5a). In the fourth experiment, metal mixed with a high 
proportion of antimony was used, and it was possible to cast 
the melted antimony (Fig. 5b). Judging by the whitish colour 

Fig. 4   The furnaces used in the 
experiment to fire the moulds: 
(a) the furnace to melt the metal 
in a crucible before kindling the 
fire; the later position of bellow 
2 is indicated. (b) The furnace 
for de-waxing. (c) The location 
of the moulds from experi-
ments 1 to 3 in the furnace for 
wax removal. (d) The crucible 
furnace with the mould from 
experiment 4 placed between 
the tuyères. The tuyères are 
located under the cobblestones
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of the cast metal and the remaining crucible batch, the cop-
per remained almost unmelted.

Post‑experiment examination

Petrography

Selected cores and mould fragments were sampled for 
microscopical analysis. All samples were embedded in 
epoxy resin under vacuum conditions to allow proper pen-
etration of the resin into the voids. Petrographic thin sec-
tions were prepared according to standard procedures and 

analysed under a petrographic microscope with plane (PPL) 
and cross-polarised light (XPL).

Alteration experiments

To analyse the durability of the mould remains and other 
metallurgical materials (tuyères, furnace wall), selected sam-
ples underwent simple alteration experiments. The experi-
ment aimed to acquire a (rough) qualitative estimate on how 
easily the materials could be turned into a state that makes 
them invisible in the archaeological record (cf. Orfanou et al. 
2022 for a similar approach). It focussed on accidental events 
because intentional destruction would have resulted in suf-
ficient efforts to achieve this goal. To check for mechanical 

Table 2   Summary of the experiments and the mould characteristics after the experiment. The temperature gives the overall maximum tempera-
ture measured at the moulds’ outer surface. Vitrification was observed only in the specified area as a very thin layer on the mould’s surface

Experiment Tmax (°C) Dura-
tion 
(min)

General state Paste colour Inner surface Vitrification

Exp. 1 800 76 Very crumbly, second and 
third layers easily detach-
able

Beige to grey Beige to grey; many little 
cracks

Yes, close to tuyère

Exp. 2 927 65 Very crumbly, second and 
third layers easily detach-
able in smaller fragments

Beige (third layer), grey to 
black (second layer)

Grey; little cracks Yes, close to tuyère

Exp. 3 1038 81 Friable but not crumbly Half beige, half grey to 
black (with second layer 
black and third layer grey)

Half beige with pronounced 
cracks; half grey with no 
visible cracks

Yes, close to tuyère

Exp. 4 312 81 Stable, second and third 
layer not detachable

Black to grey, one small 
area on the outside orange, 
another one beige

Black to grey, beige close 
to the pouring cup, few 
cracks

no

Fig. 5   The melted metal from 
(a) experiment 3 and (b) experi-
ment 4. In experiment 3, the 
metal ran down outside of the 
mould
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resistance, a person with ~ 80 kg body weight and sneakers 
stepped on the materials with a defined number of steps to 
simulate accidental trampling. Resistivity against water was 
tested by submerging the samples in water and stirring them 
after specified time intervals. Admittedly, this cannot prop-
erly simulate e.g. the impact of flash floods, but it provides 
an estimate on whether the materials can dissolve in rain like 
unfired clay. The degradation of the samples was recorded 
after each interval (Tables 3, 4). Although this contribution 
focusses on the moulds, the other materials are included for 
comparison.

Results

Macroscopical examination

Different aspects of the mould fragments’ appearance 
after the experiments are summarised in Table 2. In the 
first three experiments, the moulds became very friable 
and could be easily crumbled between fingers. The cal-
careous sand grains were powdery. The mould of experi-
ment 1 accidentally broke in the field (Fig. 6). At this 
point, the core did not show any fractures and the second 
and third mould layers had partly separated. At the end 
of the experiment, the ceramic core was fractured with-
out any additional mechanical influence, and large parts 
of the mould crumbled away during the transport to the 

laboratory. Likewise, the moulds of experiments 2 and 
3 became significantly more friable after the end of the 
experiments. New cracks and propagation of existing ones 
were observed after they arrived in the lab, even though 
they were carefully packed for transport (Fig. 7). Moreo-
ver, the friability seemingly increased during storage in 
closed zip-lock bags during the 10 days that followed the 
experiments, while no condensed water was observed in 
the bags.

Some moulds revealed abundant thin cracks on the inside. 
However, it is unclear whether they arose from impact or 
firing. The surface and ceramic body of the mould, as well 
as the surface of the ceramic core, exhibited different shades 
of grey (Fig. 8). After experiment 1, the ceramic paste was 
beige, like the unfired clay, or pale grey. The grey colour of 
some areas in the other two experiments indicates that the 
carbon from the vegetal matter was not fully combusted. 
This stands in line with previous experiments (London 
1981), indicating the resistivity of grassy material within 
fired clay to relatively high temperatures. Additionally, all 
moulds became superficially vitrified in the area closest to 
the tuyère. While this was somewhat intended in the third 
experiment (see above), it was not for the first and second. 
To successfully cast a small object like a mace head, the 
reached temperatures (Table 2) were much higher than nec-
essary. However, it cannot be excluded that moulds for the 
large (up to 77 cm) lost wax cast items found in the Nahal 
Mishmar Hoard, cast in a single run (Bar-Adon 1980), were 

Table 3   Results of the trampling experiments

Sample Material After 1 step After 5 steps After 10 steps After 20 steps

Planum0-Rest-1 Furnace wall Very fragmented Powdery
Planum0-Rest-2 Furnace wall Very fragmented Powdery
Planum0-Rest-3 Furnace wall Very fragmented Powdery
T2-setup Furnace wall Fragmented Powdery
Exp4-C1 Ceramic core Broken in half Broken in larger pieces Larger pieces crumbled 

a bit
Pieces ~ 1 cm

Raw-Cr-F Unfired raw material 
for crucibles (1:1 mix 
Wadi Fazael clay and 
chaff)

Fragmented Powdery

Raw-Cr–N Unfired raw material 
for crucibles (1:1 
mix Negev loess and 
chaff)

Fragmented Powdery

Exp2-C1 Ceramic core No changes Broken in half Broken in large pieces Rounded edges
Exp2-M1 Mould fragment Experiment not carried out, 

already crumbling under a 
bit harder grip with hands

T1-1 Tuyère, tip Fragmented Powdery
T1-2 Tuyère, bellow end Unchanged Widely cracked Mostly powder
T1-S Support for tuyère Very fragmented Powdery
T2-S Support for tuyère Fragmented Powdery
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(partially) heated to higher temperatures to keep the metal 
long enough liquid to fill the entire mould.

The two outer mould layers of experiments 1 to 3 
cracked and separated at the pouring cup. The two layers 
of the previously broken mould of experiment 1 easily 

separated in some areas. The ceramic pastes of the moulds 
obtained in experiments 2 and 3 behaved similarly when 
the moulds were cut. Separation of the layers occurred 
especially during the extraction of samples for petrogra-
phy, although this was not the case for large fragments. In 
all three experiments, the layers could be partially distin-
guished by their different colours (Fig. 8).

The mould of experiment 4 behaved differently. It nei-
ther crumbled nor did it reveal significant cracks. Nonethe-
less, it became brittle and required care during jigsaw cut-
ting to prevent breakage instead of cutting. The colour of 
the ceramic paste is primarily black to grey, except for two 
small opposing patches on the outside, which are orange 
and beige (Fig. 8). Only the inner surface of the mould 
close to the pouring spout is beige, in contrast to the other 
parts of the mould and the ceramic core, which are grey 
to black and sometimes covered with a thin layer of soot. 
The small amount of melted metal flowed to the bottom 
of the mould and was easily detached from the mould and 
the ceramic core.

In all the experiments, the shaft hole paste filling 
exhibited the darkest shade. The wooden sticks to keep 
the ceramic core in place were burnt, but charred remains 
were observed in the ceramic cores of experiments 2 and 
4.

Table 4   Results of the submersion experiments. No changes were observed after 75 min

Sample Material After 5 min After 15 min After 25 min After 35 min After 45 min After 75 min

Planum0-Rest-1 Furnace wall Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged
Planum0-Rest-2 Furnace wall Integrity partially 

lost
Integrity lost

Planum0-Rest-3 Furnace wall Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged
T2-setup Furnace wall Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged
Exp4-C1 Ceramic core Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged
Raw-Cr-F Unfired raw mate-

rial for crucibles 
(1:1 mix Wadi 
Fazael clay and 
chaff)

Integrity lost

Raw-Cr–N Unfired raw mate-
rial for crucibles 
(1:1 mix Negev 
loess and chaff)

Integrity lost

Exp2-C1 Ceramic core Unchanged Unchanged Unchanged Unchanged Unchanged Unchanged
Exp2-M1 Mould fragment Unchanged A bit crumbled 

away
Unchanged Unchanged Small part crum-

bled
Broken in 

several 
larger 
pieces

T1-1 Tuyère, tip Unchanged Unchanged Integrity lost
T1-2 Tuyère, bellow end Very soft Integrity lost
T1-S Support for tuyère Integrity lost
T2-S Support for tuyère Unchanged Few material 

crumbled away
Unchanged Unchanged Unchanged Unchanged

Fig. 6   The mould of experiment 1 after it was accidentally broken in 
the field. The separation of layers 2 and 3 is apparent in the larger 
fragments
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Petrography

Photomicrographs of all the ceramic pastes used in the 
study are provided in Fig. 9. The clay is identical to Mate-
rial A described by Goren (2008). The calcareous sand 
fits the description provided, although it includes a larger 

amount of coarse sand than the archaeological mould 
material.

Thin sections of the fired moulds were prepared, predomi-
nantly of the moulds from experiments 3 and 4. Only they 
allowed the extraction of cross-sections through the entire 
mould without significant crumbling (Fig. 10). Additionally, 

Fig. 7   The mould of experi-
ment 2 (a) immediately after 
the experiments and (b) 10 days 
later in the laboratory with new 
or considerably enlarged cracks

Fig. 8   Mould fragments from 
(a) experiment 1, (b) experi-
ment 2, (c) experiment 4, and 
(d) experiment 3
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the ceramic cores of experiments 2 and 4 were sampled. 
The colour of the matrix corresponds to the macroscopic 
observations: sections from grey- and black-coloured areas 
show matrices in the same range of colours under PPL, often 
masking the petrographic properties of the matrix in XPL. 
Where it could be observed, the clay exhibited some opti-
cal activity except for the very outside of the mould in sec-
tion Exp3-M1. The heat affected all the carbonate grains, 
with less impact on the calcareous sand in the ceramic cores 
and even less in the shaft hole filling. The vegetal matter 
was burnt in all sections but charred remains were always 
present.

In all thin sections, the different layers of the mould could 
not be readily distinguished by their matrix or structural fea-
tures. Their most obvious differences are their different tem-
pers (no temper, calcareous sand, quartz sand). Occasionally, 
fractures align with the interface of two layers (Fig. 10) but 
more often they are slightly shifted into the interface derived 
from the temper. The “defining” layer can be recognised as 
a band of temper-less paste, sometimes with aligned temper 
and pores on top of it (Fig. 10).

Alteration experiments

The mechanical resistivity tests revealed that all sampled 
materials except for the ceramic cores (Exp2-C1 and Exp4-
C1), and a tuyère (T1-2) became powdery after a maximum 
of five steps (Table 3). The mould sample from experiment 
2 (Exp2-M1) was excluded from this test because it was 

already crumbling when touched. The same result was 
achieved for T1-2 after 15 steps. After ten steps, Exp2-C1 
was crushed to pieces sizing ~ 20 mm and the edges showed 
significant rounding (Fig. 11a). For Exp4-C1, 20 steps were 
necessary to achieve the same result (Fig. 11b).

Submersion tests were carried out on parts of the same 
samples. As expected, the unfired and very low-fired ceram-
ics (Planum0-Rest-2, Raw-Cr-F, Raw-Cr–N, T1-1, T1-2, 
T2-S) fully disintegrated after 5 to 25 min (Table 4). The 
furnace wall samples and T1-S were not or only slightly 
affected by the water. Ceramic cores Exp2-C1 and Exp4-C1 
were not visibly affected by the water at all, while Exp2-M1 
started to crumble before it broke into several pieces after 
75 min. The samples were submerged in water for a total of 
405 min, but no changes were observed after 75 min.

Discussion

Suitability of the experimental moulds

Because no sufficient amount of metal melt for casting was 
produced, comparing the experimental moulds with archaeo-
logical casting remains requires further discussion. Although 
the crucibles became hot enough to melt copper, the melted 
crucible walls indicate that the hottest zone was not suitably 
placed to efficiently heat the copper to the melting point 
(Rose et al. 2021). In experiment 3, a small volume of cop-
per was melted but the voids between the copper filings may 

Fig. 9   Photomicrographs of the 
unfired ceramic pastes in plane-
polarised light, (a) Raw-M0; 
(b) Raw-M1; (c) Raw-M5; (d) 
Raw-M2. Please note the differ-
ent scale in (a)
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have created an internal layer of air, which isolated most of 
the charge from the heat (Heeb 2009).

Copper alloys rich in arsenic and antimony can be fully 
melted at temperatures as low as 600 °C (Massalski 1986; 
Northover 1998). In previous experiments, Cu-As-Sb alloys 
were cast at 800 to 900 °C and the moulds were fired at 600 
to 700 °C (Shalev 1999). This is comparable to the firing 
temperatures of the moulds in experiments 1 to 3. For sim-
ple undecorated objects such as mace heads, moulds can be 
heated to significantly lower temperatures while ensuring 
a high casting quality. In this case, the temperature differ-
ence between the liquidus of the melt and the mould is large 
enough, allowing the melt to fill the entire cavity before it 
solidifies. This was observed in experiment 4, where the 

melt reached the bottom of the mould, despite being too cold 
to melt copper (Fig. 5b).

Another aspect is the missing interaction between the 
mould and the melted metal and the resulting absence of 
strongly reducing conditions at the metal–mould interface. 
The significance of such an interaction must be questioned 
for the Chalcolithic Southern Levant because Goren (2008) 
does not report any traces of a high-temperature impact. 
On the contrary, the clay matrices of his samples exhib-
ited birefringence, indicating that the calcareous clay did 
not reach high enough temperatures for a sufficient length 
of time to completely decalcinate and to sinter. In addition, 
plant material was not combusted but charred. This sug-
gests rapid cooling due to the slim thickness of the moulds 

Fig. 10   Cross-sections through 
(a) the complete mould of 
experiment 3 (Exp3-M3); (b) 
the mould of experiment 4 with 
the outer layer detached during 
sampling and the outer part of 
this layer missing (Exp4-M3). 
The approximate locations of 
the interfaces between the layers 
are indicated, composite images
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on these parts (especially within the shafts of the objects, 
from where most of these samples were taken). It certainly 
does not exclude the existence of such areas. Even if they 
occurred and stuck to the metal object, it seems most likely 
that they were removed by grinding to protect the cast’s sur-
face. These small crumbs (Goren 2008) are barely recognis-
able in the archaeological record.

The ceramic pastes are sufficiently comparable with Chal-
colithic materials. In general, it is virtually unachievable to 
perfectly reconstruct a paste recipe based on petrography or 
analytical data alone. Solely, relative amounts of the differ-
ent components can be estimated as a percentage of area or 
volume. A direct application to the raw materials is impossi-
ble as factors such as the volume of pore space of unconsoli-
dated materials cannot be reconstructed with the methods 
employed. To reduce the risk of drying cracks, estimates for 
the temper (sands and chopped grass) leaned towards higher 
quantities, resulting in higher proportions than observed in 
the archaeological pastes. Generally, the raw materials are 
comparable and all experiment steps could be performed in 
the Chalcolithic. From the observations discussed below, it 
can be inferred that a higher proportion of calcareous sand 
will increase the friability of the mould at sufficiently high 
temperatures. In contrast, a higher proportion of vegetal mat-
ter will increase its pore volume and hence its brittleness.

In combination, all three aspects confirm that the fired but 
unused moulds are sufficiently comparable to the archaeo-
logical ones. General trends inferred from the experiment 
will help to identify the preservation potential of mould 
remains in the archaeological record, their probable appear-
ance when not protected by their metal objects and from 

taphonomic depositional changes occurring for nearly six 
millennia on archaeological sites.

Identification of mould remains

Three features are characteristic of lost wax casting mould 
remains in the Chalcolithic Southern Levant: layers of dif-
ferent materials, among them plaster, and the use of vegetal 
matter as temper. Studies of vast numbers of Ghassulian 
Chalcolithic vessels from most of the important sites of the 
Southern Levant (e.g. Boness et al. 2016, with references 
therein) have clearly evidenced that this culture prefers sand 
temper for pottery production. Hence, it may be categori-
cally deducted that vegetal temper was solely restricted to 
metallurgical ceramics for technical reasons and, therefore, 
is a reliable indicator for metallurgical ceramics (Perrot 
1955; Goren 1995; Shugar 2000). The same is true for plas-
ter fragments, which are a strong indicator of a mould (see 
above). However, not all observed mould remains had a layer 
of plaster (Goren 2008). This might be related to sampling, 
as the mould fragments surviving on metal objects only 
represented the inner parts of moulds. Both features can be 
easily identified in thin sections and sometimes even with 
the naked eye; hence, they do not require a detailed discus-
sion. Identifying layers of different (ceramic) pastes within 
one fragment is more complex because they easily separate 
after firing. This aspect, as well as some more general ones, 
necessitates a detailed discussion on the stability of mould 
remains.

Identifying a mould fragment during excavation can be 
difficult. It must be large enough to be recognised as an 

Fig. 11   The fragments of the ceramic cores of (a) experiment 2 and (b) experiment 4 after 20 steps
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artefact and can easily remain unnoticed by an untrained 
eye. Preservation of multi-layered structures requires even 
larger fragments depending on the occurring breakage dur-
ing the removal from the cast, not withstanding the effects 
of post-depositional processes. Furthermore, the different 
layers may not be distinguishable on the surface anymore 
but only in a fresh cross-section or petrographic thin sec-
tion. Consequently, the layering may not be recognised if 
the mould fragment was broken parallel to the orientation 
of the layers rather than across them.

Besides these considerations, how may a mould fragment 
have looked like after the mould was broken? A mould mate-
rial that easily crumbles away from the cast, or is very frag-
ile after cooling, is highly desirable. It minimises the force 
necessary for removing the mould from the metal, hence 
minimising the risk of damage to the final product (Auen-
müller et al. 2019). Such crumbly material will most likely 
be poorly preserved by design. Experiments 1 to 3 attained 
such highly friable material, most likely due to the calcare-
ous sand. Micritic limestone, like chalk, is the main constitu-
ent of the used sand. It starts decalcinating above 600 °C. 
The same process occurs in sparitic (coarsely crystalline) 
limestone heated to 650 °C and above. With pure calcite, the 
process begins at a somewhat higher temperature (Shoval 
et al. 1993). Therefore, it is not surprising that most of the 
calcium carbonates in the mould (and partially also in the 
core) reacted to calcium oxide in the experiments. Calcium 
oxide is very reactive, and often reacts with the clay body 
surrounding it when it is found as inclusions in pottery. As 
soon as cooling starts, calcium oxide will react with water 
and water vapour in the air to calcium hydroxide, gaining 
a much larger volume (Shoval et al. 1993). This, in turn, 
will result in fractures around the former calcite grains. The 
reaction and its temporal extent due to the restricted access 
to water would also explain the increase of the mould’s fri-
ability over time. Due to the comparatively low firing tem-
peratures of the mould in experiment 4, this reaction did not 
occur and the mould remained more stable.

Another parameter that influences the stability of the 
mould material is the materials’ breakability. This param-
eter was studied using experiment 4 as well as other low-
fired materials (furnace walls, tuyères, and their supports). 
The correlation between the volume of vegetal temper in 
a clay body and its breakability after firing is obvious: 
burnt disintegrated organic matter creates pores, resulting 
in a reduced resistance against impact but an increased 
stability to thermal shock (Bronitsky and Hamer 1986). 
This was observed during the trampling experiments 
(Table 3). Only materials with a low proportion of veg-
etal matter were resistant to breakage after trampling. 
Increased porosity of the mould material is beneficial for 
the lost wax casting process because the pores prevent the 
propagation of cracks during heating. Furthermore, they 

allow gases to escape even if the mould does not have 
a designated air outlet (cf. Auenmüller et al. 2019). The 
porous and brittle material can easily be reduced to crumbs 
by limited mechanical forces. Therefore, ancient casters 
desiring to keep their technology secret could have easily 
trampled or crushed the moulds and ceramic by-products. 
If the destruction was unintentional, e.g. caused by simply 
leaving the material on site and walking over it or by post-
depositional processes, it is highly likely that fragments 
can be recovered from the archaeological record.

The final investigated characteristic was the visibility 
of the different layers. Our experiments indicate that dif-
ferent layers, even of the same clay type, can easily sepa-
rate after cooling. The detached surfaces were sufficiently 
clean with no implication of any former additional layers. 
Similar features can be seen on the (unused) lost wax cast-
ing mould from Tell edh Dhiba’i (Davey 1983, Plate II). It 
may be that small pores were entrapped along the interface 
(Fig. 10, inner layer), or that the temper was aligned in a 
preferred orientation parallel to the surface whilst it was 
smoothed to minimise the risk of entrapping air in larger 
pores before applying the next layer (Fig. 10a, second layer). 
This enriches the contact between different materials on the 
interface. Additionally, the underlying layer must be dried 
completely before applying the next one. Otherwise, the 
remaining moisture may crack the mould during firing (Levy 
et al. 2008; Anfinset 2011). In the experiment, wet ceramic 
pastes could seldom stick to a previous dried layer, even 
if they were of the same clay type. This was overcome by 
applying a sufficiently large lump of clay to enclose the pre-
vious layer. Another option was to slightly moisten the dry 
surface. If done carefully, the water evaporated completely 
when the new layer dried.

However, the experiments highlighted that this procedure 
did not guarantee strong cohesion of the layers during fir-
ing and cooling. The layer interfaces become structurally 
weak regions in the mould. During heating, the differences 
in the physical properties of the layers, such as their thermal 
expansion, may result in different behaviours. This induces 
mechanical stress on the layers’ interface (e.g. the inner layer 
pressing against the outer one due to a higher thermal expan-
sion). Likewise, gases in a porous inner layer could generate 
pressure on a less porous outer layer. In any case, cracks will 
evolve at the interface to release mechanical stress. Continu-
ous increase in stress, e.g. due to further heating, will most 
likely propagate these cracks. Crack propagation always fol-
lows the weakest structural points in a material, in this case 
the interface of the layers with its enrichment in pores and 
temper. This process continues even after the mould is dis-
carded (e.g. the moulds from experiments 2 and 3) as daily 
changes in ambient temperature or differences in humidity 
can accumulate stress in the material over time, and conse-
quently create or propagate fractures.
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Goren (2008) and Goren (2014) outlined that larger 
mould fragments generally consisted of two different mate-
rials. However, it remains unknown how many production 
sites and mould manufacturing techniques existed. There-
fore, this mould design might not be a general trait and 
mould types with layers made from the same clay may exist 
as production debris in other archaeological sites. The exper-
iments indicated that such mould material would be very 
difficult to identify. In our experiment, identification was 
possible due to prior knowledge of the distinctive features 
of the experimental moulds and later based on structural fea-
tures such as the alignment of pores and temper. Especially 
without a sufficiently large fragment or a section through the 
interface of both layers, it seems more likely that such dif-
ferences might be assigned to a heterogeneous paste instead 
of two different pastes based on the same clay. This problem 
might be even more pronounced when less well-separated 
clays are used and non-plastic inclusions in the paste came 
directly with the clay instead of being deliberately added 
as temper.

In conclusion, it seems that a good portion of luck is 
necessary to find and identify a mould fragment during an 
archaeological excavation, especially because the perfect 
mould material would be one that crumbles away after the 
cast metal solidified. Moreover, due to the low melting point 
of the polymetallic copper alloys used in the Chalcolithic 
Southern Levant, baking of the mould rather than firing 
could have been sufficient and such material often deterio-
rates easily back into clay afterwards. Nevertheless, it is not 
impossible in well-preserved archaeological contexts in arid 
environments with a low impact of post-depositional move-
ment/mechanical stress.

The recognition of relevant fragments is much more prob-
lematic. The soot remains indicate that organic residues of 
the wax/resin model could be preserved in lost wax casting 
mould fragments. The use of beeswax as sealant for pottery 
mandates that this feature is combined with other features 
to reliably identify a fragment as part of a lost wax cast-
ing mould. In addition, it was noted that conditions for the 
preservation of such organic residues are very difficult in the 
Southern Levant (Chasan et al. 2021). Therefore, a focus on 
the characteristics of the clay pastes and their petrographic 
features seems to be more promising. Except for plaster, no 
typical feature of mould materials is likely to be preserved 
on the macro-scale to a degree that will be easily visible to 
the untrained naked eye. However, it might be possible to 
identify mould remains made of ceramic pastes based on 
features not hitherto discussed in the literature. Regarding 
the Chalcolithic of the Southern Levant, this is especially the 
combination of vegetal and non-vegetal temper. In contrast 
to mould remains, metallurgical ceramics, i.e. crucibles and 
furnace walls, were exclusively fashioned with vegetal mat-
ter as temper (Shugar 2000), while only non-vegetal temper 

was found in pottery (Boness et al. 2016; Burton et al. 2019, 
and references therein). This criterion is easily recognisable 
and independent of any other aspect discussed above.

From a technological perspective, the differentiation is 
straightforward. Crucibles are heated from the top/inside, 
therefore being exposed to much lower temperatures on the 
outside. Crucible walls are often considerably thinner (usu-
ally < 1.2 cm, Shugar 2000) than lost wax casting moulds, 
which may have been dug into the ground for heat insula-
tion and stability between the heating and the casting steps. 
The thin crucible wall efficiently cools the ceramic paste 
and contains most of the heat within the crucible filling. A 
high proportion of vegetal temper, resulting in high poros-
ity, increases the insulating properties while reducing the 
propagation of heat cracks. At the same time, the crucible 
must withstand rapid temperature changes (e.g. when taken 
from the furnace to cast the melted metal). Consequently, the 
absence of non-vegetal inclusions or a paste entirely made 
from clay and vegetal matter would be ideal for this task.

In contrast, moulds for lost wax casting are comparatively 
thick and must be heated from the outside. Therefore, the 
use of vegetal temper is similarly necessary and addition-
ally facilitates air evacuation during casting (cf. Auenmüller 
et al. 2019). The comparatively thick walls and outside heat-
ing require the inclusion of non-vegetal temper. It provides 
the necessary stability of the clay paste when modelled, and 
reduces the risk of drying fractures. During heating, it acts 
as a scaffold and keeps the shape of the mould when the clay 
minerals become soft.

In pottery production, the use of vegetal matter is not 
necessary and was not practised in the Late Chalcolithic. 
Firing conditions are more or less homogeneous and the 
non-vegetal matter provides the necessary stability of the 
shape during firing. Additionally, a low porosity enhances 
the mechanical resistance of the vessel.

The use of clays with large amounts of (natural) non-
plastic inclusions might obscure the differences between clay 
and deliberately added non-vegetal temper. Therefore, the 
applicability of the suggested criterion might be not easily 
transferable to archaeological remains. Petrographic analyses 
of crucibles indicate that non-vegetal inclusions are not com-
mon (Shugar 2000). However, all these objects were made 
from Negev loess and our own petrographic analyses on e.g. 
the tuyères indicate that this sediment contains by nature 
only a very small amount of larger non-plastic inclusions. 
This implies that no removal of larger non-plastic inclusions 
was involved in the preparation of the clay. Since metallurgi-
cal remains are currently confined to the Nahal Beer Sheva 
(Golden 2014a) but the mould remains indicate a production 
site at En Gedi or in the Jordan Valley (Goren 2008), the 
investigations cannot be regarded as representative for the 
entire metallurgy of the Chalcolithic Southern Levant. Fur-
ther studies are necessary and the recently reported crucible 
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fragments from Fazael in the Jordan Valley (Rosenberg et al. 
2020) might pose such an opportunity.

Conclusions

In the Chalcolithic Southern Levant, metal objects and 
mould remains adhering to them are the only surviving 
remnants of early lost wax casting technology. Conse-
quently, production sites are unknown. Because e.g. cru-
cibles can also be used for other casting techniques, mould 
remains might be the only clear evidence for lost wax cast-
ing at a site. To investigate how they could be identified 
in the archaeological record, an archaeological experiment 
was conducted based on the reconstruction of the lost wax 
process in the region. Although not enough metal could 
be melted for casting, it is shown that the fired but unused 
moulds are sufficiently comparable to the archaeological 
material to allow further discussion. The obtained mould 
materials were petrographically examined and underwent 
simple alteration tests. The results were combined with gen-
eral technological considerations.

The alteration experiment indicated that the preservation 
of mould fragments might only be possible in sites with 
a very low impact of depositional and post-depositional 
processes and if the moulds were not only baked but fired. 
Even then were the mould fragments so brittle or friable that 
they effortlessly turned into crumbs under little mechanical 
stress. This is particularly relevant for multi-layered materi-
als because they are the most striking characteristic of lost 
wax casting moulds in the Chalcolithic Southern Levant. 
Different physical properties of the layers’ pastes seem to 
favour their separation and detachment, either during cool-
ing, crushing of the mould, or in post-depositional processes, 
therefore reducing the recognisability of this feature in the 
archaeological record.

Widely unnoticed in previous studies, the combination of 
vegetal- and non-vegetal matter seems to be a specific and 
characteristic feature of the lost wax casting moulds of the 
Chalcolithic Southern Levant. General technological consid-
erations highlight the excellent suitability of the mixture for 
this specific purpose. However, validity of this feature must 
be examined in further studies. Currently, comparative mate-
rial, e.g. of other metallurgical ceramics like crucibles, is 
only available from the Nahal Beer Sheva valley. Since only 
very pure loess was used at these sites, no inferences about 
clays naturally rich in non-vegetal inclusions can be drawn.

The findings in this study should only be considered 
indicative for the Chalcolithic Southern Levant as no pro-
duction remnants are known from other regions with early 
lost wax cast items. Refinement of the applied methodol-
ogy ‒ other than a successful casting operation ‒ will only 
be possible when the seemingly ephemeral fragments that 

could have been moulds are found in other unprotected con-
texts, collected, and analysed. Only then can the reconstruc-
tion of the lost wax process in the Chalcolithic Southern 
Levant become more complete. It seems that only a com-
bination of intricate fieldwork and scientific methods will 
allow the identification of mould remains for what they are. 
The characteristic feature of the lost wax mould fragments 
suggested here provides a simple method for the latter step.
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