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ABSTRACT
Plaster may be the oldest man-made, synthetic product ever created by people. They
altered the available raw materials chemically through heat and water until a usable product
was manufactured. First, a brief overview of the use of marine shells in its chronological and
geographical framework, more specifically, the use of Murex shells within the Aegean and
Eastern Mediterranean Bronze Age, is outlined and discussed to contextualize the paper’s
content. Second, the chemical and structural/physical composition of all materials are
explained in order to demonstrate their importance in recognizing the raw materials’
involvement in plaster manufacturing processes and to clarify the properties of the materials,
in relation to their function.
In relation to various technological aspects of shell lime plaster production and use,
interesting experimental work has been carried out. This experiment and subsequent analysis
is outlined and its outcome is discussed within the context of this paper’s aim and is located
in its archaeological context to demonstrate its full meaning.

KEYWORDS: Bronze Age, experimental archaeology, Murex, painted plaster,
craft specialization.
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INTRODUCTION
Shells and the sea have always fascinated
people. No one who has ever walked along a
beach could resist picking up shells,
collecting them and altering them into
simple musical instruments, jewellery or
containers. These and other uses are
individual, small-scale and culturally
determined and may represent to the
owners a very wide range of functional
and/or symbolic meanings often tightly
intertwined (Novella 1995; Claassen
1991). Next to small-scale uses, large-scale
shell use is present worldwide. In certain
regions, shell exploitation as a raw material
for lime production has a major economical
impact. In Ivory Coast plans were set up in
1998, to start using their own shell deposits
as a raw material to substitute for the yearly
11,000 tons of lime import (European
Union-West&Central Africa Mining Forum
1998). That the use of shells for lime is and
has been important also in India (see Naik
1992) is clear linguistically: the name
‘Calcutta’ (East India) is an Anglicized
version of ‘Kalikata’. One of the
explanations for the meaning of this word
comes from the Bengali words for lime
(kali) and burnt shell (kata) and the area
was known for its shell-lime manufacture.
In an archaeological context, shells
employed for personal ornaments existed as
early as the Pre-Pottery Neolithic (PPN)
period in Jordan and funerary practices
included the use of shells on the plastered
skulls from Jericho and ‘Ain Ghazal’
(Caubet 2002). Karali (1999) presents an
overview of shell remains and their range of
functional uses in her book Shells in Aegean
Prehistory.
Plaster was most probably the first
product of man-made intentional chemical
alteration of raw material and it was the first
product created by pyrotechnology in the
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Eastern Mediterranean and Near East
(Gourdin and Kingery 1975). Rectangular
architecture and plaster floors have been
taken as a hallmark for the PPNB in the
Near East and the geographical distribution
of plaster indicates the extent of Neolithic
technological interactions (Kingery et al.
1988; see also Perlès 2001). Large-scale,
and therefore most likely organized and
systematic, use of lime as part of round hut
floor constructions was found at Çayönü in
Phase I (PPN), dating to 10,230 BP
(radiocarbon date) (Özdogan 1997).
Another proof of large-scale lime use was an
early form of a hearth at the Natufian site of
Hayonim Cave (10,400-10,000 BC). More
limited use of lime was known even earlier
(around 12,000 BC) when employed as an
adhesive in tool production (Bar-Yosef
1983). Other non-architectural uses of
plaster are described by Kingery et al. (1988).
Lime production and pyrotechnology seem
to have developed differently in other parts
of the world but are not discussed here
[Kingery et al. 1988, Hansen et al. 1997).
The evidence of early use of plaster in
Greece seems to be thin and not very well
documented. Early Neolithic plastered
floors were found at Achilleion (Winn and
Shimabuku 1989) and white-coloured
floors at Halai but it was not clear what the
white material was (Perlès 2001). Outside
the houses at Achilleion a storage pit (level
IIIa) was coated on the inside with plaster
(Winn and Shimabuku 1989). Certain
outdoor work or food preparing
spaces/surfaces also had a plastered floor
(level IIa) and a domed oven was lined with
plaster [(Winn and Shimabuku 1989:
figure 4.10]. The most interesting of all
features at Achilleion was the level IIb large
circular hearth, interpreted as a communal
hearth, possibly for pottery firing. The
presence of chalk inside, however,
suggested to Perlès (2001) plaster
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preparation rather than a pottery firing oven
although she does not exclude multiple uses
for hearths and ovens. Prévost also suggests
that some of the numerous combustion
features inside and outside houses in
Neolithic Greece may have had multiple
uses (Prévost 1993) although calcium
carbonate calcination at temperatures
around 900ÆC for long stretches of time can
hardly have been done inside the house.
Perlès (2001) concludes that the Neolithic
architecture in Greece demonstrates a great
variety of features and material usage,
without much homogeneity. Nevertheless, a
few stable features can be recognized and
are very important because they have all
strong Near Eastern affinities. This is useful
if we try to understand the origin and
spread of plaster technology in Greece.
Moreover, the combustion installations are a
typical Near Eastern feature and are
complex in structure, so are their Neolithic
Greek counterparts (Perlès 2001).
From the scant information from the
Neolithic levels in Greece, no mention of
shells in relation to any plaster features was
made. Furthermore, since it is not always
clear what the white material of Neolithic
floors actually was, more research on this
material is needed.
Murex shells were known much earlier
than Neolithic times (Deith and Shackleton
1988) and they were used for food,
jewellery (Karali 1999), grave goods and
tools. With the start of the Bronze Age
period Murex shell remains are reported all
over the Eastern Mediterranean. Detailed
accounts where these shells were found and
what they were used for can be found in the
articles by Reese, Karali (1999) and many
others.
The features, however, that show
combined evidence for the use of Murex (or
other) shells and plaster are summarized
here (Table 1). This combined material
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does not seem to appear before the Middle
Bronze Age (MBA) in the Aegean and, to
my knowledge, no evidence was available
for the Near East at all until recently
(Brysbaert 2002; 2003b). In most cases the
shell evidence is found in plaster from floors
although it has been found also in the
matrix of interior wall plaster surfaces
(MacGillivray et al. 1992; Karali 1999).
It has been suggested that shell
fragments, visible in plaster surfaces, were
evidence for the use of Murex shells as a raw
material for lime. Others have said that the
shells were used to strengthen floor
matrices (Doumas 1983). Since both
statements imply a different technological
use of Murex shells, it was felt necessary to
investigate whether both functions were
plausible, and if the evidence of visible
presence of shell fragments in plaster
supported one or both technological uses.
Therefore, this paper aims at explaining
and discussing how plaster is made from
shells, with special reference to Murex
shells. It, moreover, presents the entire
controlled experiment and its subsequent
XRD analysis in order to replicate all steps
involved in making plaster from Murex
shells. The use of Murex purple as a colour
(on plaster) is not discussed in this paper
(but
see
e.g.
Brysbaert
2006;
Chryssikopoulou and Sotiropoulou 2003).

CHEMISTRY, MATERIALS AND
LIME PRODUCTION PROCESS
Lime production is based on very simple
chemistry, is relatively easy to carry out and
has been described in numerous
publications (see e.g. Wingate 1985;
Gibbons 1998). In this paper, the general
chemistry of the different steps in lime
production is applied specifically to shell
lime production which differs only slightly
from limestone.
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Site

Evidence

Period

Knossos

Murex

Chania

Not defined

LM I-

Kommos

Murex

MM I-

Reference

Comment

Reese 1987
Photos-Jones et al.: 2003
Shaw and Ruscillo: pers. comm.,
Ruscillo 2001

Palaikastro

Murex

MM III- LM I

MacGillivray et al. 1992

Pseira

Not defined

LM I

Myer 1995, 1998-a, 1998-b,
Shaw and Betancourt 1998

Vassiliki

Not defined

EM II

Kato Zakro

Murex

MM III- LM I

MacGillivray et al. 1992

Phylakopi

Other

MM III- LM I

Brysbaert 2002a, 2003b: 176

Akrotiri

Murex

MM III- LM I

Doumas 1983, Karali 1999

Thebes

Not specified

LH III

Brysbaert 2002a, 2003b: 176

Casts of mollusks

Shaw 1973

Tiryns

Murex, Venus

Before end LH IIIB

Brysbaert 2003b: 176

Miletus

Murex

MM III- LM I

Brysbaert 2002a, 2003b: 176

Tell el-Dab'a

Murex, Venus

18th Dynasty

In earthen floors

Also in plaster 'altars'

Brysbaert 2002a, 2003b:
176; J΅nosi 2002: 209-10

Hala Sultan Tekke Murex

LC IIIA

Reese 1987

Sarepta

1450-1275 BC

Reese 1987

Murex

Table 1: Archaeological evidence for the visual presence of (Murex) shell fragments in plaster matrices

Raw Material Procurement
Most certainly, Murex shell collection was
not carried out with lime production in mind
as the main or sole purpose, but was collected
for food, bait, and especially for purple dye
production, as evidence demonstrated. Murex
shells were found locally all over the
Mediterranean area even though in one
instance there is evidence of their sea
transport. Large stacks of Murex Opercula
were found aboard the late 14th/early 13th
century BC shipwreck of Ulu Burun. This was
considered by the archaeologists as a byproduct/left-over of purple dye production
and was interpreted as possible raw material
for incense production (Bass 1997; Pulak
1998 with references).
Evidence for crushed shell storage in

bins, pits and vessels has been mentioned
and such storage can be seen in the context
of reuse and recycling of these shells for
construction (as raw material to produce
quicklime, as construction fill) and tempering
purposes (in pottery [see Karali 1999], and
in plaster surfaces as strengthener (for more
on reuse and recycling, see Brysbaert 2002;
2003b).

Calcination
Calcination is the dissociation of
calcium carbonate (CaCO3) into reactive
quicklime (CaO) and carbon dioxide (CO2)
by means of heat. Calcium carbonate or
limestone has been classified in several
ways: according to origin, to composition,
or to texture. The most relevant one for us is
by origin (see Wingate 1985):
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Organic marl, chalk, calcareous ooze,
fossiliferous limestone (incl. shell
limestone, coral limestone, etc)
Chemical Compact limestone, marble,
stalagmite and stalagtite,
concretionary limestone,
kunkar, oolithic limestone,
calcareous tufa or travertine
The best raw sources contain at least
over 90% of calcium carbonate and shells
usually contain between 95-98%. In order
to speed up the decomposition, the raw
material is broken in small parts before
being introduced into the kiln (Rehder
2000). Temperatures around 900Æ C are
used for several days (3-4) in non-industrial
or traditional set-ups (for factors
influencing calcination temperatures, see
Blackman 1982). These temperatures are
much higher than those needed to calcine
gypsum plaster (Rehder 2000; Claassen
1998; Kingery et al. 1988).
The chemical reaction involved is:
CaCO3 + heat → CaO + CO2
The molecular weight in this reaction is:
100[CaCO3] + heat → 56[CaO]+ 44[CO2]
This implies that almost half of the
weight of calcium carbonate gets lost in this
process although the weight loss also
depends on the purity of the raw material
(Wingate 1985). At temperatures of 900Æ C
or lower, more time and a lower
atmospheric pressure in the kiln is needed
in order to complete the decomposition. If
temperatures are too low, the lumps are
underburnt and a core of calcium carbonate
in the centre of the calcined lump remains
as it is. When temperatures are too high or
too much time is given for the calcination,
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lime can be overburned which stops its
reactivity power (Wingate 1985). The
material leaves the oven broken down in
much smaller lumps than when introduced.
This material needs further breaking up to
enhance its reactivity necessary for the
slaking.
Shells are the exoskeletons of invertebrate
animals (for instance mollusks) built up of
mainly calcium carbonate. The mantle, a
skirt-like cover that surrounds the internal
organs of the animal, has an edge which
deposits thin layers of the mineral aragonite
along the growing end of the shell. This is
why the shell enlarges at its open end as the
mollusk grows (Vermeij 1993).
The mollusk species we know as Murex
Brandaris and Trunculus, producing the
famous purple dye come from the
Muricidae Family (univalves) (Novella
1995; Claassen 1998). These specific shells
are heavy, thick and are made up of a quite
elaborate structure with spines, knobs and
ridges (varices) (see Delamotte; Dance
1992). They are carnivorous animals that
bore through the shell of their own species
in order to feed themselves. The calcium
carbonate of biogenic origin (shell, coral,
pearl) is made up by the phase or
crystalline form of aragonite. Aragonite
crystals are small, elongated and prismatic,
while calcite crystals, the mineral for
limestone, are rhombohedral, scalenohedral,
intergrown
and
twinned.
Both
limestone/calcite and aragonite cover a wide
range of colours, going from white over
pink to yellow. The meta-stable aragonite
phase converts readily to the more stable
calcite phase when heated at rather low
temperatures of about 400-500ÆC. A
chemical way of distinguishing between the
two is the effect obtained from boiling its
powdered version in cobalt nitrate:
aragonite will give purple while calcite will
be white [more information, see The
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Macdonald Encyclopedia of Rocks and
Minerals 1993).
Most mollusk shells consist of three
structural layers: 1) periostracum, 2)
prismatic and 3) homogeneous layers. The
outer one consists of a hornlike organic
material, containing no lime but protecting
the more inner lime layers from being
dissolved during the life of the mollusk in
water (Claassen 1998). The prismatic layer
is made up of closely fitting columnar
crystals, forming daily growth lines. This
prismatic layer is next bound by a
homogeneous layer, a muscle-scar shell
layer and the myostracum. Below this is the
inner homogenous layer showing growth
lines again (more detail, see Claassen
1998). Calcium carbonate can only be
deposited when the mantle of the shell is
extended due to the growth of the mollusk.
The quantity and quality of the food control
how long and how often the animal
continues to grow. From this, we can see
that only the external layer of the shell, the
periostracum, does not contribute to the
production of the calcium carbonate
directly, but indirectly protects it. Claassen
(1998) states that most often in
archaeological contexts, this layer has
disappeared anyway. Although no
information was found about this specific
issue, it is assumed that this organic layer,
once shells were introduced to high heat,
was burned off very quickly (see quick
colour change noticed during the calcining
experiment).

The Use of Fuel and Kiln
Constructions
Wingate stated that wood was a very
good source of fuel for traditional lime
burning with temperatures around or below
900Æ C but a vast amount was necessary to
process the limestone. This amount

depends on the type of kiln used and for
batch kilns the ratio limestone/fuel wood
varied from 3:1 to 6:1. In a semi-continuous
vertical shaft kiln, employing pinewood,
the ratio limestone/fuel wood is 3.5-4:1 or
250-280 kg wood per ton of limestone
(Wingate 1985). Alternative sources to
wood for fuel can be used and may have
been readily available (see Adam 1994).
The use of a kiln is considered to be a
prerequisite within this pyrotechnology but
the most simple way of calcining could just
as well be carried out in the open air by
stacking wood and limestone in layers,
forming a pile, and burning this down (for
possibly the earliest lime-burning hearth,
see Kingery et al. 1988). This technique has
advantages and disadvantages. As a next
step, it was easy to cover such a pile with a
clay mixture and allowing air circulation
through a series of air inlet holes (Wingate
1985). These structures did not leave
much, if any, traces behind over time. Also
dome kilns, pit and beach kilns are
perishable over time. More permanent
structures existed as well but in context of
the Bronze Age Aegean where there is no
secure evidence known about lime kilns, we
can only guess about their structure and setup (for a range of possible types see
Wingate 1985; Rehder 2000).

Slaking
Slaking quicklime is essentially
hydrating the very reactive quicklime by
adding water to it, done either in pits or in
vessels (Evely 2000; Immerwahr 1990).
The shape of the raw material in calcium
carbonate lumps or shells that may have
survived partially during the calcination
process now gets lost completely so no shell
shapes are visible anymore. This forms
slaked lime or lime putty and is also called
‘portlandite’ or calcium hydroxide
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(Ca(OH)2). This chemical reaction is
exothermic and workers who carry out this
work need protective clothing when it is
done large-scale. The mixture needs
constant stirring (and therefore needs at
least 2 people) in order to help the process
to completion but also to keep the raising
temperature under control (i.e. below 90100Æ C, see Wingate 1985).
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quality of plaster and maturing, see
Wingate 1992). A special case in historical
conservation, although it has a long
standing tradition, is when quicklime is
mixed with sand and consequently slaked
in a slaking pit. It is not always a very
practical method and needs a lot of time
and space but the actual mixture can never
be improved by doing it the more usual
way.

The chemical reaction involved is:
CaO + H2O →
Ca(OH)2 + heat (given off)
The molecular weight in this reaction is:
56[CaO] + 18[H2O] →
74[Ca(OH)2] + heat (given off)
The end product, calcium hydroxide,
can form a range of useful products such as
dry hydrate, lime milk, lime putty and lime
water. Any impurity should at this stage be
removed by passing the putty through a
sieve.
Once this product is ready, it is not used
immediately. The putty is stored over a
period of time in slaking pits where it is
well protected from any contact with the air.
This way, its crystals get the chance to grow
and intertwine well. This results in a
mature, smooth and strong material to be
used for plastering, and it enhances its
general plasticity and workability. This was
known even in antiquity when the authors
(Pliny the Elder for instance) wrote about
maturing lime putty for 3-4 years in slaking
pits. An ideal amount of 3-4 years maturing
time for good quality lime putty (used for
historical restorations) was confirmed by
the Scottish Lime Centre (2002: personal
communication, see also Gibbons 1998). In
most cases, however, maturing is allowed
only for about two weeks to one month (on

Fillers/Aggregates
Before the lime putty is put into use it
may be mixed with a filler or aggregate (on
aggregates see Prentice 1991). This
addition of external material has two main
purposes: 1) to influence the drying rate
and hence, stop shrinking and hence
cracking of the plaster and 2) to bulk out
the product. It may also have aesthetic
purposes when specific fillers are added.
The nature of fillers can be manifold:
Organic chopped straw, hair, charcoal,
any type of fibrous material,
bone,…
Inorganic sand, grit, pebbles, stone,
crushed ceramics, crushed or
complete shells, crushed/
powdered limestone, ash,
marble dust,…

Plastering
The act of using the lime putty on an
architectural surface is called ‘plastering’
and its effect is the setting and subsequent
curing or ‘carbonation’ of the hydrated lime
putty back into calcium carbonate. The
obtained end product is chemically the
same as the original raw material (primary
calcite) but now forms a different structure
(secondary calcite). The difference between
primary and secondary calcite is visible 1)
when comparing the grain size (secondary
calcite grains are far smaller) studying
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polished cross sections under the reflecting
microscope and 2) when a carbon coated
cross-section of a plaster sample is studied
under the Scanning Electron Microscope
using backscattering electrons (see
Brysbaert and Perdikatsis: in press). The
final chemical reaction involved is:
Ca(OH)2 +CO2 → CaCO3 +H2O (evaporates)
Depending on the amount of fillers or
aggregates, the thickness of the layer, the
type and porosity of the backing support,
the relative humidity, ambient temperature
and many more factors, this setting and
curing process takes up different amounts of
time to be complete.

EXPERIMENTS AND ANALYSIS
The employment of experiments in
archaeology as a non-destructive method to
study technological phenomena provides
very useful insights in a range of aspects
and should be seen as complementary to
scientific analysis (Brysbaert 2003a; 2004a;
2004b). In small-scale experiments the
actor and observer are often one and the
same person. In the artificial system that
the experiment represents, the actor and his
actions create a contemporary relationship
between human behaviour and material
culture (see also Coles 1979). This is of
great importance when we consider that,
observing this relationship in its correct
time frame, has revealed and established
our knowledge about entirely lost
technologies. In a context of material
studies this approach also adds to the
understanding that techniques are in
essence social productions (Lemonnier
1993) and it shows how people (actors)
may have transformed or manipulated
ecofacts (raw materials) into artifacts
(usable products).
From this point of view we can identify

experimental work as an agency-centred
approach which, when viewed in its right
context (i.e. contemporary re-production)
can help the archaeologist to understand
technological aspects more fully (Ingold
1999) and to see technology in its social
context. Therefore, accurate documentation
of each step of the process is essential so
that these steps can be reconstructed for
more detailed observation and analysis once
the experiment is completed. Good
documentation also forms the basis for
refining the experiments. Strict monitoring
and documentation, furthermore, provide
all ingradients to test the experiments,
because the results of every experimenr
published -whether successful or notshould be reproducible. The experiments
presented here focus on specific aspects of
shell plaster making and have briefly been
mentioned elsewhere (Brysbaert 2003b).
They are outlined in full here.

Description of the Experiment
Used Materials
Washed and cleaned Murex Brandaris
and Murex Trunculus shells, bottle
water
Oven reaching temperatures as high as
1100Æ C (ambient temperature in oven),
3 porcelain glazed heat resistant cups
(up to 1200Æ C)
Electronic scales
6 tiles, stirrers, measure beaker, mixing
vessel
Heavy gloves, goggles, dust mask
Preparation stage
The washed shells were photographed
and weighed (Fig. 1), and subsequently
crushed up into fragments of maximum 25
mm diameter. The crushing was timed
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Fig. 1. Two murex species before crushing

are based on Wingate’s graph demonstrating
the amount of time necessary for the
dissociation of calcium carbonate lumps of
25mm diameter into quicklime at
specifically given temperatures (Wingate
1985). This lump size explains why the
shells were crushed up in the above given
size. The middle time range for each
temperature (batches 2 and 5) represented
the ideal time in relation to the temperature
for dissociation at the determined lump
size. The others are bracketing this ideal
time by 1 hour overheating and underheating.

because the shells did not break up easily
even under a hammer and under substantial
force. Once there was a first crack, the
crushing became easier. Both shell types
were thoroughly mixed and divided into 7
batches, one of which remained untouched
as the control batch. Each batch was
weighed and numbered.
Calcination
Table 2 summarises the variables that
played a role in the calcination process. I
decided that the six batches would be
calcined as follows: 3 at the temperature of
860ÆC and 3 at 920Æ C. Each batch would
then be calcined for specific amounts of
time (Fig. 2). The temperatures and times

Fig. 2: Calcined batches (4-6) and control sample
right below (7)

nbr

Preheat

Fry
temp/C

Fry
time

Weight
before
calcination

Weight
after
calcination

Weight loss
during
calcination:

Weight after
crushing

Weight
after 24h

Weight
after 48h

1

1h

920

2h

22.51g

12.58g

9.93g

12.6g

12.7g

13.3g

2

1h

920

3h

22.59g

12.62g

9.97g

12.5g

12.7g

13.3g

3

1h

920

4h

22.57g

12.51g

10.06g

12.5g

12.6g

13.1g

4

1.5h

860

3h

25.29g

14.03g

11.26g

-

14.11g

14.3g

5

1.5h

860

4h

22.58g

12.63g

9.95g

-

12.67g

12.8g

6

1.5h

860

5h

22.61g

12.60g

10.01g

-

12.6g

12.8g

7

0

0

0h

22.42g

0

0

0

0

0

Pre-heat: time that oven was pre-heated before crucibles were put in the oven

Table: 2. Calcination experiment
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Slaking
Table 3 shows the variables involved in
the slaking process. Although there is a
perfect hydration formula which is based on
the molecular weight measures, called ‘dry
hydrate’ (Wingate 1985: 115) (= Ca(OH)2
in powder form, ideal for trade and
transport) this was not used for the slaking.
Slaking is usually done with an excess of
water in ratios of 2.5-6 parts of H2O to 1
part of CaO. A water temperature of 100Æ C
is ideal but can also cause cold and hot spots
in the mixture. This should be avoided
because it can cause structural failure in
plastered surfaces. The amount of stirring,
type of water, air slaking, purity of the CaO
and many more factors all influence the
slaking process. Therefore, standardization
is important in the process. It was decided
to heat up the water to a temperature of 7680ÆC and to use 4 parts of water for each
part of quicklime (Fig. 3). The water used
for slaking was bottled drinking water. The
slaking took place outside (for safety
reasons) on a rather cold (5-7Æ C), windy
and humid day. The actual pouring of water

Fig. 3. Six batches of quicklime and control
sample 7

into the quicklime and mixing/stirring time
took 3.5 minutes per sample. The reaction
started almost immediately and whatever
was left of the original shape of the shell
fragments dissolved during this process into
a putty.

nbr

Weight
H2O

Weight
CaO

Weight mix
after slaking

Weight mix
after 30 min

Effect

Comments

1

55.2g

13.3g

48.5g

48.1g

Air bubbles

Stiffens: 10 min

2

53.2g

13.3g

55.0g

52.1g

Air bubbles

Stiffens: 10 min

3

52.4g

13.1g

56.7g

54.6g

Steam+ Air bubbles

Steam!

4

57.2g

14.3g

60.3g

56.3g

Steam+ Air bubbles

Stiffens: 5 min

5

51.2g

12.8g

53.7g

50.5g

Steam+ Air bubbles

Stiffens: 5 min

6

51.2g

12.8g

52.7g

51.5g

Steam+ Air bubbles

Stiffens: 5 min

7

0

0

0

0

0

Contol

For samples 1-3: temperature went back to room temperature in 20 minutes
For samples 4-6: drop in temperature in 25 to 40 minutes
Table 3: Slaking experiment
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Plastering
Fig. 4 presents the weight measures
taken before and after drying of the plaster.
The plastering itself (Table 4) is
straightforward and each batch was applied
to a flat surface, monitored for 1 hour and
then allowed to dry out under a constant
temperature of about 20-22Æ C.

Fig. 4. Slaked plaster ready to be applied

Observations
The calcination was carried out in two
sessions, grouped per temperature. After
having taken the calcined shells out of the

nbr Wet
weight
1 38.1g
2 45.0g
3 46.3g
4 46.0g
5 42.9g
6 41.4g
7 0

Dry
weight
16.7g
17.1g
16.8g
18.5g
16.8g
16.3g
0
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oven, I observed that all lost their colour
and lustre and all turned creamy
white/white within one hour after the
calcination began. Apart from sample 4, all
showed seriously flaky, cracked, porous and
fragile shell remains and all, apart from the
thicker bits in sample 4, all snapped easily
between my fingers. This was certainly not
the case with the control sample 7. As the
temperature was higher and the samples
were calcined longer, the bits broke up
faster afterwards. I also observed the
expected weight loss explained by the
chemical reaction caused by the
dissociation of the calcium carbonate into
quicklime (see 2.2.). However, Wingate
also mentions the fact that this dissociation
reaction is reversible and since CaO is very
reactive, it can immediately react with H2O
and CO2 from the air (on a humid day for
instance) in order to form CaCO3 again.
Because this phenomenon, called ‘air
slaking’ (Wingate 1985) was anticipated,
the calcined samples were weighed at
several stages after they came out of the
oven. Air slaking did happen as can be seen
from the small weight gain after 24 and 48
hours of exposure to the ambient
environment. If and when air slaking is
allowed to happen, the then formed CaCO3
must be secondary calcite but exactly how
this differs from the secondary calcite

comments
Soft lime putty, 1mm H2O on top after settling (15 min), putty stiff in 1h
Soft lime putty, 2mm H2O on top, putty stiff in 1h
Soft lime putty, 2mm H2O on top, putty stiff in 1h
Runny lime putty, 3mm H2O on top, putty still malleable after 1h+ dry film formed
Runny lime putty, 1.5mm H2O on top, putty still malleable after 1h+ dry film formed
Soft lime putty, 1.5mm H2O on top, putty still soft after 1h, no film formed
Control

Table 4: Plastering experiment
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obtained from proper slaking and how it
affects the actual slaking and the end
product (lime putty and then plaster), was
not determined. One can expect that if air
slaking is allowed to go too far, the
quicklime becomes spoilt and loses its
quality. Eventually it forms a powdery
mixture of oxides, hydroxides and
carbonates (Wingate 1985).
The slaking itself only caused minimal
effects, such as steam and air bubbles rising
from the mixture, from the exothermic
reaction (possibly due to the tiny amounts
dealt with in this experiment). The actual
reaction took only a few minutes and
dissolved both powdered and fragmented
calcined shell remains into a putty. This
meant that no sign of the original shell,
when calcined completely, was any longer
visible at this stage. The heavier lime putty
sank to the bottom leaving limewater sitting
on top. This actually protects the slaked
lime from curing due to exposure to CO2.
Once spread out, the slaked lime was
allowed to cure and by the next day all
samples were dry, forming beautifully pure
and white plaster (Fig. 3). Most were
cracked as a result of drying without filler
added to the mixture. The surface also
demonstrated a very nice lustre.

The analysis
Each sample, including the control, was
sub-sampled, crushed and ground into
powder for X-Ray Diffraction analysis
(XRD). This provided the mineralogical
identification which distinguished clearly
between the samples and the control
(Tables 5-7). This is of importance when
results are related to the analysis of the
archaeological evidence.
Batch 7, the control, exists of pure
aragonite, to be expected from shell. In the
six samples, we see a large percentage of
portlandite: Ca(OH)2 or slaked lime, next to
the cured calcite or calcium carbonate. This
is not surprising because the samples were
measured only 3 days after the plaster was
dry. Although this plaster was considered to
be set, it is quite possible that, underneath
and in the thickness of the material, the
entire reaction was not yet completed due to
lack of CO2 presence. This stands in relation
to the curing of al fresco paintings whereby
the paintings become brighter over time as
the calcium carbonate is completing its
formation, thus forming and fixing the
pigment layer (Cameron et al. 1977).
Although we followed a specific firing
strategy for the six batches of raw material,
no major difference occurred in the outcome

Nbr

XRD identified minerals/phases

1

portlandite (82%), calcite (13.8%), aragonite (4.2%)

2

portlandite (80.8%), calcite (12.4%), aragonite (6.8%)

3

portlandite (82.4%), calcite (15.1%), aragonite (2.4%)

Most complete calcination: little aragonite left +
faster calcite formation

4

portlandite (81.7%), calcite (15.6%), aragonite (2.8%)

Most complete calcination: little aragonite left +
faster calcite formation

5

portlandite (82%), calcite (13.4%), aragonite (4.6%)

6

portlandite (86.3%), calcite (8.8%), aragonite (4.8%)

lowest calcite formation+most portlandite

7

aragonite (100%)

Control: calcium carbonate of shell origin

Table 6: XRD results of the 7 samples

Comments
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Table 7: X-Ray Diffractogram of batch sample 5

Table 8: X-Ray Diffractogram of control sample 7
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term measurable quality of the end product,
something which cannot really be
measured nor monitored within the scope
of small-scale laboratory-based experiments.

DISCUSSION

Fig. 5. Cross section of sample 5 showing
horizontal lines due to plastering

Fig. 6. Cross section of sample 6

demonstrated in six cross-sections (Figs 56). All show a very homogeneous secondary
calcite mass with similar grain size. This
can be explained by the fact that the
experiments were carried out with raw
material in very small size (25mm
diameter) and that the interrelation
between temperature and calcinations time
and the extra bracketing of time, therefore,
had no real impact on the end result.
However, this interrelation may well have
an influence upon large-scale activity with
larger and irregular blocks of limestone. It
may also have an impact upon the long-

1-The use of shells as a raw material for
lime production is perfectly possible as
ample examples all over the world have
demonstrated (see also Reese 2000;
Ruscillo 2001) and it would certainly help
to explain the smaller-size heaps of shells
on Aegean and Near Eastern Bronze Age
sites which may have been the left-overs of
shells used to produce the purple dye.
However, this specific use of shells is not
macroscopically visible nor through
analysis unless the calcination process was
not complete. We may assume that
secondary use of shell may have formed part
of the total mass of calcium carbonate used
to produce tons of lime putty. This
secondary use via reuse and recycling may
have been part of the initial procurement
planning of the shell collectors as an
embedded activity for the procurement of
raw materials for purple dye glands (on the
concept of embedded activities, see Binford
1978).
As stated above, during the slaking
process the shape of the calcium carbonate
lumps, reduced to calcium oxide, lose their
shape upon the addition of water. The same
happened undoubtedly also to the fragile
crushed shell fragments and made them
completely invisible. Cameron et al. (1977)
mentioned specifically that calcite was the
only mineral phase that was detectable on
the X-Ray diffractograms for Knossos. New
XRD results from Bronze Age plaster of 16
sites in the Aegean and Eastern
Mediterranean showed only in very few
cases a tiny amount of aragonite (Brysbaert
2004b). There are two possible explanations:
ñ Shells of any type, or shell limestone
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containing fossilized shells (even if we
focus on Murex shells here because
they were the only visible ones in the
plaster) may have been used as a raw
material in lime production in the
Aegean and eastern Mediterranean
Bronze Age but the fact that aragonite
shows up may mean that, if calcination
temperatures were around 880-900Æ C,
XRD identified uncalcined remnants
in the mixture because aragonite
converts to calcite at above 400-520Æ C.
This subsequently may indicate tiny
fragments during cross-sections
studies. These tiny particles then must
be present as primary calcite and
should be clearly distinguishable by
reflected light microscopy and SEM. So
far no such observations have been
made. If, instead, these shell particles
were powdered and then added to the
plaster as powder, we would not see
them necessarily by SEM or reflected
light microscopy (potentially through
a study on thin sections) but aragonite
would be found frequently in
quantities large enough to be picked up
in the XRD analysis of the plasters
(which was not the case). Moreover,
we then also need to ask the question
why this was done in the first place.
ñ Another possibility (Perdikatsis 2003:
personal communication) is that this
aragonite is a by-product from weathering
processes which produces aragonite as
a secondary mineral or a salt.
2- Where shells fragments are still
visible in the plaster, this can only point to
non-calcined fragments as the experiments
here showed. It is, therefore, argued that
visible fragments of these shells were added
to the plaster as key or strengthener,
mentioned before by Reese and Ruscillo and
in agreement with Doumas (1983) as far as
Akrotiri is concerned (see also Karali-
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Yannacopoulou 1990; Karali 1999). Similar
thoughts
have
been
formulated
independently for plaster material from
Maya sites in Mexico and Belize (VillasenorAlonso 2006: personal communication).
Crushed shells are a perfectly compatible
with lime plaster which shows that the
plasterers had a very good understanding of
their raw and produced materials and that
they could use them to their full capacity
(Brysbaert 2003b). This explanation for the
visible shell presence was confirmed by the
experiments conducted by Clancey et al.
(1995) who calcined shells for 24 hours at
a temperature of 1700Æ F (or 926.6Æ C).
They stated firmly that visible shells are
either unfired or poorly fired and, therefore,
only act as an aggregate with little chemical
participation. D. Eigner (2001: personal
communication) mentioned that, in present
day southern India people use crushed sea
shells, including Murex, as a fortifier for
plaster and mortar. The presence of two
small batches of crushed Murex shells in
the vicinity of the plaster features at Tell elDab’a possibly suggest that these plaster
layers are the left-overs of plaster mixing
areas or slaking pits (with organic material
covering the surface in order to stop the
setting process, see [Jànosi 2002]). The
shells may have been there for them to be
mixed in with the matured plaster when it
was ready to be used. This evidence
combined with the pigment traces (red,
yellow and blue) found in one area of these
plaster features point to a craft area and may
be the only evidence to date so clearly
pointing in the direction of a plaster
working stage, together with possibly the
Room of the Plaster Pits at Knossos
(Momigliano and Hood 1994; Jànosi 2002).
In sum, shells may be the raw material for
lime production but where we can see
actual fragments sitting in the Bronze Age
plaster, these were not calcined properly
and were, therefore, not slakable; or they
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were added as an aggregate to fortify the
plaster. In any case, the conclusion we can
come to is the fact that these fragments were
not calcined even if they were meant to be
and this was the case for plaster material
across the Aegean and eastern
Mediterranean which makes it a useful
indicator for a similar production process.
3- Considering the role of experimental
replication, we see that, on the one hand,
replication experiments can never
determine conclusively entire production
processes but it can provide insights into
prehistoric technologies. On the other
hand, replication is often our only option to
make inferencesw about certain unclear
aspects of prehistoric technologies (Skibo
2000). It can also never demonstrate
completely what went on during such
activities on a social level. As stated before,
experimental work may re-enact the
activities of the past agent but not of past
agency (Brysbaert 2003a). Skibo also
promotes future experimental work to come
out of the laboratories and ‘escape’ the
controlled environments under which most
have been conducted, including the one
presented here. They have to be followed up
and should be contextualised by being
located in their real situation (Skibo 2000).
However, in this specific case, the
practicalities of setting up a calcination and
slaking installation is far beyond the scope
of this study and has been successfully
conducted in other parts of the world (at the
Scottish Lime Centre for instance). For the
purposes of this work, the small scale
laboratory work was sufficient to test the
stated hypotheses and I believe that there is
no justified reason to set up a large scale
(and expensive) experiment if the posed
questions do not require this.
Another interesting fact that plays a role
in the set up of an installation for
experiments is the existing knowledge of
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every step and every piece of equipment
that was used in the past in order to
simulate the technological process. As far as
the Aegean Bronze Age is concerned, Evely
stated that there does not seem to be
sufficient reliable evidence to identify
certain kilns (such as the LM IB kilns found
at Knossos: Evely 2000) as calcinations
kilns and he suggests, furthermore, that
such work was probably carried out close to
the quarries in order to reduce the transport
logistics, efforts and costs (Evely 2000;
Blackman 1982. Lime kilns of later periods
in Greece, see Adam 1994; Van Effenterre
1992). A very interesting example of
combined activities of quarrying and
pyrotechnological efforts seems to have
occurred in the Prehistoric phase of the
Balearic Islands (Kopper and RosselloBordoy 1974). Furthermore, we can also
assume that not every settlement in the
Bronze Age had their own installations and
the possibility of inter-communal or
centralised use of installations for an
activity of this scale may have been operated
(and controlled) beyond the individual
settlement. The potential cross-craft use of
ovens and furnaces should be considered as
well (Brysbaert in press-b for Brysbaert
2007), and evidence of such activities has
been documented well for other regions
(Blackman 1982). This lack of knowledge
about calcination kilns for the Aegean
Bronze Age makes it rather hard to take the
experiment out of the controlled laboratory
environment. Our lack of knowledge
concerning calcinations installations
influences our understanding of the type
and accurate amount of necessary fuel for
such an activity. This then influences our
entire understanding of the human
logistics, efforts, and costs of the complete
process. It is clear that the more
archaeological evidence may be collected,
all the more effective may be the replication
experiments and their potential outcome.
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CONCLUSION
This paper aimed to explain and discuss
how lime plaster can be made from
(Murex) shells and has demonstrated this
with a set of experiments. These, together
with the XRD analysis, proved that shells
can be used as a raw material for lime
making but that this is not visible in its end
product if done thoroughly and properly.
Hence, visible fragments of Murex shell in
plaster are not necessarily an indicator for
the use of these shells as raw material for
lime production but rather for the fact that
calcination was either not done properly or
the shells were added as an aggregate
without being calcined in the first place.
Furthermore, this paper demonstrated that
these experiments are meaningful within
an archaeological context and from a
methodological point of view.
It is obvious that Murex played a very
important role during the Bronze Age
period in the Aegean and Eastern
Mediterranean (Burke 1999). People in the
Aegean used Murex as a dye stuff for textiles
the latter of which may have been
exchanged for precious metals coming from
the Near East. Murex shells were possibly
used as a raw material in lime production
and surely as an aggregate in plaster
features. Its general importance in the
economical Bronze Age system and in the
emergence of the Minoan palaces on Crete
has been pointed out (Burke 1999). As
earlier suggested (Brysbaert 2003b) the
link between functional uses and religious
and symbolic meanings of materials is often
not too far away off and this would make
sense in context of the importance of Murex
in its association with ‘royal’ dye stuff, and
the role it may have had in the context of the
ruling elite in the Bronze Age societies, (see
Shelmerdine 2001; Burke 1999; Watrous
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2001; Nosch 2004).
Apart from functional uses of the shell in
plaster, symbolic and religious and magical
uses could explain why shells were found in
certain contexts (such as grave goods). Can
we go as far as suggesting specific meaning/
importance to the places where purple
colour was used on the wall, as in Akrotiri,
and also where we see the shells embedded
in the plaster? But then how to understand
the purple dye used at Gla (possibly Murex
see Brysbaert 2006; Brysbaert and
Perdikatsis: in press) in the context of
spaces related to general storage areas? It is
known that shells, especially conch shells
and sea snails in Mexican iconography, are
associated with fertility, growth, sexual
female organs and the moon. Sections of
shells, connoted to certain deities (see
Aphroditi being born out of the sea and a
shell), were also used in ceremonies,
dedicated to temples and used as grave
furniture ( Novella 1995; Claassen 1998).
Shell collection in some societies seems to
be an engendered occupation for women
and their children (Claassen 1998). Shell
ground into powder may have had also a
medical and hygienic power in the
Mediterranean (Reese 1979-80).
Although there is an inherent danger in
using cross-cultural analogies, certain
comparisons are not totally out of context
considering Mediterrranean societies. Some
groups were living in the vicinity of shores
and used the sea as a route for travel in
between islands and mainlands, as a
resource for food, and as a marker for
territory and power (see Broodbank 2000),
and hence, as a natural and symbolic
boundary. Shell collection and use can,
hence, imply geographical knowledge and
interaction between cultures (Claassen
1998) and this only confirms ideas about
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transfer of knowledge and technology as a
proof of social interchange, communication,
contact and growing social complexity,
understanding of the ‘other’, the exotic….
(Helms 1993; Brysbaert 2004b). Claassen
(1998) suggests the growing idea of a shell
matrix site as a sacred landscape. May we
cautiously extend these non-secular
interpretations of shell deposits from these
man-made landscapes to man-made
artifacts such as plaster matrices containing
visible or invisible shell? It would certainly
combine functional and ritual usage of raw
materials (ecofacts) into usable or finished
products (artifacts) very well. Novella
believes that shells may have served as
vehicles by means of which values, ideas
and social relations were expressed but the
actual symbolic meaning escapes us
(Novella 1995). In this specific idea he
refers mainly to shells that are shaped and
decorated but why not considering also
crushed shells used in architectural features
or in dying activities?
I believe that their symbolic meaning
may be seen completely interwoven with
their functional meaning: economical
strength (as a dying material), physical
strength (in plaster matrices), chemical
compatibility (crushed or dissociated in
plaster) and consequently, power (growing
elite just before and during the First Palace
Period, see Burke 1999). Analogy can be
made carefully with Mexico where Claassen
describes the transition of chiefdoms into
states, which is intimately related to the
forcible extraction of luxury goods such as
shells from neighbouring places, or seeing
the growth of a class based on their
dominating role in a long distance demand
for such luxury products (see Palaima 1991
on the role of Mycenaeans on Crete in
purple dying industry). The bringing
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together of the different uses (functional,
religious, economical, social) is seeing the
actual roles that human agents had to play
in their interaction with their material culture,
applied to our archaeological evidence.
The questions of who had access to the
shells and in which contexts come to mind
but do we have enough evidence about the
use of these shells in order to be able to
differentiate between specific use by the
elite versus a more general use, from the
first palaces onwards until well into the
Third Palace Period? The same question
may be asked for the meaning these shells
have in grave context. Novella (1995)
suggests the possible status of the person
with such grave goods (or prestige goods
and paraphernalia for religious leaders). In
order to be able to answer such questions a
thorough study of strong contextual
evidence is crucial and is far beyond the
scope of this study. In this context, the use
of a clear classificatory system of shell
matrix/bearing sites, mentioned above and
suggested by Claassen (1999), would be a
welcome tool.
To conclude we can remark that exactly
the combination of uses, values, and
meanings may very well explain why only
specific species of shells were found in
plaster matrices (mainly Murex shells).
Because of the prominent role Murex plays
in plaster production, these shells, being
one element of the assemblage of a
technological style (Brysbaert 2004b), can
form a marker for us in trying to unravel the
variety of contacts and communication
between people. It, finally, also helps us
(and has already done so) to enhance our
understanding of the technological
expertise, awareness, choices and
achievements that Bronze Age artisans
mastered and produced.
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