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experiments presented in this paper. Fragments of mortar can be used as aggregates in a

lime mortar, but only as a small part of the aggregates of a mixture. Mixing dried powdered

lime or crushed thin shards of mortars with water produces granular pastes, which can be

spread and painted. This technique can be used to recycle mixtures in order to practice

spreading mortar, but not to create works that will stand the test of time. Dried lime plaster

can be used as an aggregate in mixtures, including those used in fresco. The material behaves

better when it is used in a powdered form. Analyses of the mortars of ancient frescoes must

be exhaustive and take into account the fact that ancient craftspeople might have used

unusual techniques.

Introduction

During the Bronze Age, the craftspeople of the eastern
Mediterranean practiced a form of reuse or recycling:
fragments of mortar were used as aggregates in lime mixtures
intended for walls or floors (Shaw, 1973, p.222; Brysbaert,
2003, pp.168-173, pp.175-176; Jones, 2005, p.220; Brysbaert,
2008, p.118). Such a mixture was found in a house in the
Akrotiri settlement of Santorini, in a part of the wall that was
intended to be painted (Jones, 2005, p.220). Piles of fragments
of mortars - including fragments of wall paintings - have been
found in different Bronze Age locations in Greece (Brysbaert,
2003, p.170; Jones, 2005, p.220). This form of recycling or reuse
shows that the craftspeople were aware that these fragments
were compatible with lime plaster (Brysbaert, 2003, pp.169,
172). During later periods, as was reported by authors
discussing fresco techniques, fragments of old mortar were

used to produce a type of lime white pigment. This practice has been identified in the
frescoes of the 16th century church of Voronet in Romania (Dionysius of Fourna, 173?, p.14;
Kondoglou, 1993, p.62; Istudor, 2008, p.31, note 9).

In the beginning of the 20th Century, Heaton studied the composition of the wall and floor
mortars of the Palace of Tyrins. His analyses on the frescoes’ mortars showed that the first
layer consisted of a mixture of 1 part lime with roughly 1 part pulverized limestone. The
second 2 mm-thick layer consisted of plain lime (Heaton, 1912, pp.211-212, pp.214-216;
Cameron, Jones and Philippakis, 1977, p.149; Jones, 2005, pp.208, 220). This mortar was the
one that Mark Cameron wanted to study in his experiments. Cameron’s experiments took
place in 1976 at the University of Western Ontario in Canada (Cameron, Jones and Philippakis,
1977, p.166; Chryssikopoulou, et al., 2000, p.119; Jones, 2005, pp.208, 220; Brysbaert, 2008,
p.69). His research is very important in the study of Bronze Age wall painting techniques, but
it was never fully published. The most analytical publication of his research to date is Jones
(2005, pp.220, 221, Figure 13.4; see also Brysbaert, 2008, p.69). His experiments and notes are
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kept at the Cameron Archive of the British school of Archaeology in Athens. In his
experiments, Cameron showed that it is possible to create a mortar by mixing 1 part lime
plaster to 1 part dried powdered lime plaster or dried powdered lime plaster that had been
baked. His experiments also proved that it is possible to create a mortar by mixing dried
powdered lime plaster with water (Jones, 2005, pp.220, 221, Figure13.4).

We tried the mixtures mentioned above in a small number of experiments and this paper
presents the results  . These experiments were conducted to:

1. Examine Cameron’s experiments.

2. Study the technology and the behaviour of these unusual mixtures.

3. Study the use of these mixtures in fresco techniques.

4. Study a form of ancient technology. 

Materials and Methods

The equipment (for example trowels and paintbrushes) and materials (lime and aggregates)
used in the experimental samples existed during the time period explored. The only material
that did not exist is the extruded polystyrene (XPS), a modern insulation material that was the
base for the samples. It was chosen because it does not react with lime, and it is not affected
by the alkalinity of the mixtures. Its surface was scored to improve its mechanical cohesion
with the lime mixtures. In most cases a mixture was placed over the polystyrene which acted
as a base for the layers placed over it.

In all of the samples we used lime plaster that did not contain magnesium or gypsum. The
plaster was created from the calcining of a dark marble by a local producer in Crete, Greece.
Before using it for the samples it was sieved without dilution with a thin net to remove any
impurities.

To prepare the dried lime for the samples we took a quantity of that lime and left it in an
open container to dry for a month. It was then left in an open container to dry for a month
(See Figure 1). When it was half dry it was crumbled to smaller pieces to accelerate its drying.
The dry pieces were ground into powder and mixed with water to form a paste. When the
paste settled the water was removed and the plaster was left to dry again. The final stage of
preparation was to grind the dried lime into pieces of different sizes, from powder to medium
sand. The preparation of the dried lime was based on the methods for lime white production
described in artist manuals (Cennini, n.d., p.34; Taylor, 1843, p.43; Thomas, 1869, pp.38, 40;
Laurie, 1910, p.123; Thompson, 1956, p.97; Seymour, 2003, pp.449, 451).

The fragments of mortars we used came from breaking older samples with mixtures that
contained sand and/or marble chips of various sizes. Some of the fragments that were used

1



were the dried leftovers of various mixtures that were kept for this series of experiments (See
Figure 2).

All of the materials were measured by volume, using the same shovel. In each mixture the
aggregates were measured first, and then the lime was measured and added. The sizes of the
mentioned aggregates are based on the following categorisation:

Thick Ø 5 mm - 1,1 cm

Medium to thick Ø 4-5 mm

Medium Ø 4 mm

Thin to medium Ø 1-3 mm

Thin Ø up to 0.5 to 0.75 of a mm

Experiments

The samples mentioned in this paper are presented in detail in Table 1. The number of each
sample refers to the date of its creation. The name of the majority of the samples refers to
the subject painted on it. In the description of the samples we differentiate between layers
and doses. When we mention a layer we mean that it was produced by a single spreading of
one mixture. When we mention doses we mean that a single mixture was spread at intervals.
The application in doses allows the spreading of a thin mixture in a thicker layer than what it
would normally withstand.

Since the focus was on the application of fresco techniques, all of the samples were painted in
order to behave like a normal fresco. When we refer to painting in fresco we mean that they
were painted within 30 minutes from spreading or levelling the mortar, with the pigments
mixed with water, lime water or milk of lime. The binder for all the pigments used in this
series of experiments was water. In contrast to Cameron’s experiments in Canada, this series
of experiments took place in Chania, Crete where the climate is closer to that of the period
during which the ancient frescoes were created.

All of the observations on the samples were made using the senses and not with specialised
laboratory equipment. A more detailed analysis of such samples would be useful in the future
to study the characteristics of these mixtures.

Mixtures of lime and recycling practices

We undertook a small number of experiments with mixtures that contained a small quantity
of fragments of mortar (1/3rd-1/6th of the mixture). These quantities proved enough to
influence its behaviour: the lime mortar produced dried faster than a mixture of lime and
sand because the fragments absorbed part of the humidity of the fresh lime. When we
wetted the dry samples we observed that absorbed a bit more water than normal mixtures of



lime and sand did. All of the mixtures with fragments of mortar were used as base coats for
other lime mixtures that were painted (See samples 15713 Abduction; 15713 Roman Venus;
2813 Palmette Persephone; 5514 Aineia Lily; 5714 Lily; 25714 Pluto; 26814 Palmette). The
surfaces of the base coats were sanded to improve their mechanical adhesion to the top
coats. The mixtures placed above them did not develop cracks or other forms of damage that
can be attributed to the basecoats (See Figure 3). Fragments of mortar can be used as
aggregates in a lime mortar, but it is better if they are a small part of a mixture and not the
sole aggregate.

Mixtures of lime and dried lime

Sample 150113 Female Figure was our first attempt to make a mixture of lime plaster and
dried powdered lime. The ratio of materials was 1 lime : 1 dried lime plaster crushed in thin
and medium sand-sized pieces. The mixture was placed in one 6 mm thick layer, over a
wetted base coat of lime and sand (See Figure 4). When it dried the layer was full of thin
cracks, the majority of which were very shallow. The pigments were used in various states of
dilution (including excessive dilution) and adhered well to the mixture (See Figure 5).

The experiments that followed were made with powdered lime plaster used in different ratios
(See Figure 6). A ratio of 1 lime plaster : 2 dried powdered lime plaster produces a mixture
that is very tight. The ratio of 1 lime plaster : 1-1,5 dried powdered lime plaster is more
appropriate, especially in cases where the mixture is spread in a single layer (See samples
5613 Lily; 18813 Griffin; 12913 Persephone; 15714 Pluto; 20714 Lachesis). Mixtures with a
ratio of 1:1 are generally more stable and can also be compressed after spreading. Powdered
dried lime plaster cannot be used with a ratio smaller than 1:1, as was observed in sample
6613 Egg & Dart (ratio 1:0,5, see Figure 7. See samples 2513 Alavastron; 5613 Lily; 6613 Egg &
Dart; 18813 Griffin; 15714 Pluto).

We also tried a mixture ratio of 1 lime plaster : 1 dried powdered lime plaster : 1 chalk
powder (See Figure 8). The creamy mixture behaved well and dried with a glossy surface
texture (See samples 151113 Persephone; 22714 Hermes). Historically, powdered chalk has
been used as a white pigment, as a filler in pigments, as a base for organic pigments, and in
the preparation of painting grounds (Laurie, 1910, pp.24-25, 123, 254; Forbes, 1965, p.233;
Gettens and Stout, 1966, p.103; Martin, 1986, pp.39, 92-93; Seymour, 2003, pp.94-95;
Vlavogilakis, 2020, pp.790-793, 851-857, 895-898). As an aggregate in lime mortar, powdered
chalk as a material, behaves in a way that is between marble powder and dried lime plaster
powder. Powdered chalk produces a white mortar with yellowish hue (Vlavogilakis, 2020,
pp.235-236; see Figure 9). We would not recommend it as an aggregate because materials
such as marble dust and powdered limestone are widely available and more appropriate for
fresco making.



These experiments prove that dried lime plaster can be used as an aggregate in mixtures,
including those used in fresco. The material behaves better when it is used in very thin shards
or –ideally- in a powdered form. When used in medium sand-sized pieces it behaves better
than when it is part of the mixture and not the sole aggregate. Pigments adhere well to
mixtures with powdered lime plaster. That is a characteristic that was somewhat expected: in
fresco painting, lime whites also act as a binder to the pigments that they are mixed with
(Laurie, 1926, p.199; Winfield, 1968, pp.109-110; Kay, 1983, p.186; Howard, 1995, p.96;
Vlavogilakis, 2020, p.779). Mixtures of lime and dried lime plaster powder can be spread in
doses that are placed at a maximum of 30-40 minutes apart. The time constraint is due to the
fact that these mixtures tend to dry fast. The maximum number of doses that can be spread
are four. As with most aspects of fresco techniques, the number of doses depends on the
application (for example, over a wet or dry mixture or the type of mixture). It was also
observed that such a mixture may be allowed to rest after mixing before spreading it on a
surface, as is done with other lime mixtures (Cennini, n.d., p.42. See samples 080912 Lily;
5613 Persephone Face; 281013 Atropos; 10714 Abduction; 11613 Pluto Arm). The powdered
lime absorbs part of the humidity from the fresh lime, which makes the mixture more pliable,
gives it a better workability, and allows it to remain wet for longer. In contrast to fragments of
mortar, the absorption of the humidity of the plaster does not diminish the properties of the
resulting mixture (See samples 150113 Female Figure; 2513 Alavastron; 5613 Lily; 6613 Egg &
Dart; 18813 Griffin; 151113 Persephone; 15714 Griffin; 15714 Pluto; 15714 Palmette; 20714
Lachesis; 20714 Okeanis; 22714 Hermes; 25714 Demeter; 26714 Pluto; 4814 Romaios lily;
211114 Demeter; Ω10a; Ω10b).

Mixtures of dried lime and water

In a small number of experiments we tried to create a mortar by mixing dried powdered lime
with water (See Figure 10). A mixture of a ratio of 1 dried powdered lime:0,5 water was spread
over a dry layer of lime and thin sand and was painted successfully five minutes later. When
dried powdered lime plaster is mixed with water or lime water it produces a granular paste.
That paste is sticky, tightens quickly and absorbs water. It also has a limited ability to absorb
pigment. In such a mixture the quantity of water needs to be smaller than that of the dried
lime. The technique produces a mortar that cannot withstand the test of time. We believe that
this method can only be applied in a sample (See samples Ω10a and Ω10b, and Figures 11 and
12).

In two small experiments we tried using crushed shards from mortars that were composed of
lime and thin sand. Instead of adding lime, we added water and kneaded the mix until it
became a soft paste (See Figure 13). This mixture was spread over a dry base layer of lime
and sand that had been wetted. The layer was left to settle for an hour before levelling the
surface, and another 20 minutes before painting it. In sample Ω12 (See Figure 14) the mixture
was composed of thinner shards and included powdered dried lime. The second sample,



Sample   Ratio of materials

Number

of layers

or doses

Thickness of

layer or total

thickness of

doses

Placed

over a

base coat

or is a

base coat

Outcome

150113
Female
Figure

1 lime : 1 dried lime (medium to
thin sand-sized pieces)

1 layer 6 mm Yes Cracks

2513
Alavastron

1 lime : 0,5 dried lime (medium
sand-sized pieces)

1 layer 1,5 mm Yes Cracks

Ω12b (See Figure15), was made from larger shards and had a coarser surface texture. In both
samples the thin layer produced was painted and dried without a problem. The pigments
appeared to adhere well to the surface of both samples.

Both of the above techniques can be used to recycle mixtures in order to practice the fresco
technique or to practice spreading mortar -as was frequently the case in our research.
However, we would not recommend these methods for painting a fresco. The technique
cannot be applied to a surface that is larger than a sample without the appearance of cracks
and flaking when it dries.

Conclusions

In the analysis of ancient frescoes, it is necessary to bear in mind that the ancient
craftspeople who created these works might have occasionally used unusual techniques. The
analysis must, moreover, be exhaustive. This is important because as an aggregate dried lime
plaster cannot be identified in the analyses by laboratory techniques because it has the same
composition as the fresh lime plaster of the mixture. Lime on its own can only be spread in
thin layers with a thickness up to 1 mm (Gettens and Stout, 1966, pp.238, 250; Kay, 1983,
p.174; Jones, 2005, p.208; Goffer, 2007, p.149; Vlavogilakis, 2020, pp.396-399). By that we
mean that a single spreading of undiluted lime, and not successive layers of diluted lime or
milk of lime. Such a technique produces a layer that has a total layer thickness ranging from
0.2 mm to 1.2 mm when it dries (Vlavogilakis, 2020, pp.399-405). One is able to identify a
mixture of lime and dried lime in analyses in observing a layer that is composed solely of
lime, but has a thickness that is larger than 1,5 mm.

One must also consider that in experiments in fresco painting some techniques work on
small samples but cannot be applied to large surfaces. Mixtures of lime and dried lime
powder can be applied to large surfaces. We believe that these mixtures are possible, but we
also believe that one needs to be careful when attributing techniques to findings. This paper
hopes to shed more light into Bronze Age mortar technology and to give ideas for future
avenues of experimental research.



5613 Lily
1 lime : 1,5 dried lime (medium
sand-sized pieces)

1 layer 1,5 mm Yes Cracks

6613 Egg &
Dart

1,5 lime : 2 thin sand : 1 dried
lime (medium sand-sized pieces)

1 layer 4 mm Base coat Successful

  1 lime : 0,5 dried lime (powder) 1 layer 0,5 mm Yes Cracks

15713
Abduction

1,5 lime : 1 thin sand : 1 Egyptian
quartz (medium sand size) : 1/3
chopped goat hair : 1 fragments
of mortars with thick medium
and thin aggregates : 1/5 clay :
1/5 brick powder : 1/3 water

1 layer 5 mm Base coat Successful

15713 Roman
Venus

1 lime : 1 thin sand : 1 Egyptian
quartz (medium sand size) : 1/3
chopped goat hair : 1 fragments
of mortars with thick medium
and thin aggregates : 1/5 clay :
1/5 brick powder : 1/3 water

1 layer 5 mm Base coat Cracks

2813
Palmette
Persephone

2 lime : 2 thin sand : 0,5
fragments of mortars with thick
and medium aggregates : 1
Egyptian quartz (medium sand
size) : 1 pumice (thick sand-size) :
1/4 brick powder : 0,5 clay : 1/4
water

1 layer 1,3 cm Base coat Cracks

18813 Griffin
1 lime  : 1,3 dried lime (powder) :
1/5 water

1 layer in
3 doses

1,2 mm Yes Successful

12913
Persephone

1 lime  : 1 dried lime (powder) :
1/3 water

1 layer 1,5 mm Yes Successful

151113
Persephone

1 lime  : 1 dried lime (powder) : 1
chalk (powder)

1 layer 0,5 mm Yes Successful

4314
Brysbaert 2

1 lime : 0,5 thin sand : 0,5 dried
lime (powder) : 1 straw : 0,5

marble (powder) : 1 crushed
seashell

1 layer 2 mm Yes Successful

5514 Aineia
Lily

1 lime : 1 thin sand : 1 fragments
of mortars with thin aggregates
(thin and medium sand-sized
pieces)

1 layer 1 cm Base coat Cracks

5714 Lily
1 lime  : 1 thin sand : 1 fragments
of mortars with thin aggregates

1 layer 9 mm Base coat Cracks

15714 Pluto 1 lime  : 2 dried lime (powder)
1 layer in
2 doses

1 mm Yes Cracks



20714
Atropos

1 lime  : 2 dried lime (powder)
1 layer in
4 doses

1,5 mm Yes Cracks

20714
Lachesis

1 lime  : 2 dried lime (powder)
1 layer in
2 doses

0,8 mm Yes Cracks

20714
Okeanis

1 lime  : 0,5 dried lime (powder)
1 layer in
3 doses

1,5 mm Yes Cracks

22714
Hermes

1 lime  : 1 dried lime (powder) : 1
chalk (powder)

1 layer 1 mm Yes Successful

25714
Demeter

1 lime  : 3 dried lime (powder) 1 layer 6 mm Yes Successful

25714 Pluto

1 lime : 1 thin sand : 0,5 Egyptian

quartz (medium sand size) : 1
chopped goat hair : 1 fragments
of mortars with thin aggregates :
1/4 pumice powder

1 layer 4 mm Base coat Cracks

26814
Palmette

1 lime : 1 thin sand : 0,5 Egyptian
quartz (medium sand size) : 1
chopped goat hair : 1 fragments
of mortars with thin aggregates :
1/4 pumice powder

1 layer 4 mm Base coat Successful

Ω10a 1 dried lime (powder) : 1 water 1 layer 1,5 mm Yes Cracks

Ω10b 1 dried lime (powder) : 0,5 water 1 layer 1,5 mm Yes Successful

Ω12
Wet fragments of mortars with
thin sand (thin sand-sized pieces)

1 layer 1,5 mm Yes Successful

Ω12b
Wet fragments of mortars with
thin sand (thin sand-sized pieces)

1 layer 1,5 mm Yes Successful
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FIG 2. SOME OF THE FRAGMENTS OF MORTARS THAT WERE USED IN THE SAMPLES. PHOTO BY ΑNTONIS

VLAVOGILAKIS
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FIG 3. THIS IS A CHARACTERISTIC SELECTION OF SAMPLES FROM THIS SERIES OF EXPERIMENTS. ON THE TOP

PICTURES THE DRIED BASE COATS, ON THE BOTTOM PICTURES THE FINAL DRY SAMPLES. IN SAMPLE 15713

ABDUCTION THE BASE MIXTURE DRIED WITHOUT CRACKS. IN SAMPLE 2813 PALMETTE PERSEPHONE THE BASE

MIXTURE DEVELOPED CRACKS WHILE DRYING. IN SAMPLE 25714 PLUTO THE MIXTURE ALSO CONTAINED CHOPPED

GOAT HAIR, BUT IT STILL DEVELOPED THIN CRACKS. PHOTO BY ΑNTONIS VLAVOGILAKIS
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FIG 4. SAMPLE 150113 FEMALE FIGURE: ON THE LEFT THE FRESH SAMPLE, ON THE RIGHT THE DRIED SAMPLE.

PHOTO BY ΑNTONIS VLAVOGILAKIS
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FIG 5. . SAMPLE 150113 FEMALE FIGURE: THREE PHOTOGRAPHS OF THE DRY SAMPLE TAKEN WITH LIGHT AT

DIFFERENT ANGLES TO SHOW THE SURFACE TEXTURE AND EXTEND OF THE CRACKING. PHOTO BY ΑNTONIS

VLAVOGILAKIS
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FIG 6. ON THE TOP PICTURE LIME PLASTER AND DRIED POWDERED LIME PLASTER. ON THE BOTTOM PICTURE THE

MIXED MORTAR. PHOTO BY ΑNTONIS VLAVOGILAKIS
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FIG 7. SAMPLE 6613 EGG & DART: ON THE TOP PICTURE, THE FRESH SAMPLE. ON THE BOTTOM TWO PICTURES THE

DRY SAMPLE, PHOTOGRAPHED WITH LIGHT AT DIFFERENT ANGLES TO SHOW THE EXTEND OF THE CRACKING.

PHOTO BY ΑNTONIS VLAVOGILAKIS
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FIG 8. ON THE TOP PICTURE, ON THE RIGHT DRIED POWDERED LIME PLASTER, ON THE LEFT POWDERED CHALK. IN

THE PICTURE IN THE MIDDLE THE ADDITION OF LIME PLASTER. ON THE BOTTOM PICTURE THE FINAL MIXTURE.

PHOTO BY ΑNTONIS VLAVOGILAKIS
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FIG 9. SAMPLES 151113 PERSEPHONE AND 22714 HERMES THAT WERE CREATED WITH MIXTURES OF LIME

PLASTER, DRIED LIME PLASTER AND CHALK. PHOTO BY ΑNTONIS VLAVOGILAKIS
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FIG 10. ON THE TOP PICTURE DRIED POWDERED LIME PLASTER. IN THE MIDDLE PICTURE THE ADDITION OF WATER.

ON THE BOTTOM PICTURE THE FINAL MIXTURE. PHOTO BY ΑNTONIS VLAVOGILAKIS
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FIG 11. SAMPLE Ω10A: ON THE LEFT THE FRESH SAMPLE, ON THE RIGHT THE DRY SAMPLE. PHOTO BY ΑNTONIS

VLAVOGILAKIS
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FIG 12. SAMPLE Ω10B: ON THE LEFT THE FRESH SAMPLE, ON THE RIGHT THE DRY SAMPLE. PHOTO BY ΑNTONIS

VLAVOGILAKIS

FIG 13. ON THE LEFT CRUSHED SHARDS FROM MORTARS THAT WERE COMPOSED OF LIME AND THIN SAND. IN THE

MIDDLE THE ADDITION OF WATER. ON THE RIGHT THE FINAL MIXTURE. PHOTO BY ΑNTONIS VLAVOGILAKIS

FIG 14. SAMPLE Ω12: ON THE LEFT THE FRESH SAMPLE, ON THE RIGHT THE DRY SAMPLE. PHOTO BY ΑNTONIS

VLAVOGILAKIS
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FIG 15. SAMPLE Ω12B: ON THE LEFT THE FRESH SAMPLE, ON THE RIGHT THE DRY SAMPLE. PHOTO BY ΑNTONIS

VLAVOGILAKIS
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