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Salt contamination in the ceramic collection of the Athenian Agora, American School of Classical Studies,
Greece, was confronted for the first time by the fulltime conservation staff that was appointed in 1979. A
review is presented of the examination and analysis of the salt contaminants for their identification and of
simulation tests to determine their source(s) and mode of formation since 1990. In the analytical
campaigns of 1992 and 1994, calclacite (Ca(CH3COO)Cl·5H2O) (ICCD 12-0869) and calcium acetate
hemihydrate (Ca(CH3COO)2·0.5H2O) (ICCD 19-0199) were identified with X-ray diffraction and polarized
light microscopy and examined with the environmental scanning electron microscope. The various means
with which to mitigate the contamination and the crystallization-deliquescence cycles, e.g. consolidation,
desalination, and climate control, were also studied. The article focuses on the processes involved in the
formation of acetate salt compounds with the publication of the first solubility and deliquescence diagrams
of the Ca(CH3COO)2–CaCl2–H2O system at 25°C. Comparisons are drawn with recent work carried out on
thecotrichite (Ca3(CH3COO)3Cl(NO3)2·7H2O). The course of action adopted by the conservation staff of
the Athenian Agora to combat efflorescence has been termination of cleaning with hydrochloric acid and
desalination as a remedial measure in lieu of the costly replacement of wooden cabinets with enameled
steel storage cases for the extensive ceramic collection (52,000 catalogued ceramics). Volatile acetic acid
concentrations in wooden storage cases in the collection have been found to range from 1039± 20 to
1267± 20 μg/m3 (400 to 500 ppb) at 25°C. Since 1979, all newly excavated ceramics and all ceramics
exhibiting efflorescence in the collection have been routinely desalinated. No efflorescence has formed on
the desalinated objects. Various methods of mitigation such as controlling the RH are also discussed.
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Introduction
One of the earliest references to the deterioration of
inorganic materials by the effects of volatile carbonyl
compounds was published in 1899 dealing with the
corrosive effects of acetic acid on shell (Byne, 1899).
This was followed in 1923 and 1926 with publications
on the efflorescence on limestone in the British
Museum (Scott, 1926). Calcium acetate efflorescence
was identified on mineral specimens in 1931
(Taboury, 1931). Calclacite, calcium acetate chloride
pentahydrate (Ca(CH3COO)Cl·5H2O), was identified
on calcareous rocks in Brussels in 1945 that were
stored in oak cases (Van Tassel, 1945; Van Tassel,
1958).
The effects of volatile acetic acid on ceramics that

were first noted were calclacite crystals on a
Babylonian baked clay cone in the Semitic Museum

of Harvard University in 1948 (Fitzhugh & Gettens,
1971). Calclacite was found on two Greek vases in
the Fogg Museum in 1950 and on ceramics from Ur
in the British Museum in 1960 (Fitzhugh & Gettens,
1971). In 1993 calclacite was identified on a Greek
ceramic in the Metropolitan Museum of Art,
New York (Wheeler & Wypyski, 1993). Calclacite
was identified on a Cypriot vase in the Ashmolean
Museum (Halsberghe et al., 2005a). All the ceramics
in question had been stored in wooden cases.

The pottery collection in the Athenian Agora dis-
played considerable salt contamination evidenced by
efflorescence in uncontrolled climatic conditions.
Until 1979 pottery excavated in the Athenian Agora
was routinely cleaned in hydrochloric acid to remove
calcium carbonate encrustations without presoaking
in water and without rinsing with water afterward
(Koob, 2013). This introduced acid that reacted with
calcium carbonate forming calcium chloride in the
ceramic matrix. These ceramics containing calcium
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chloride were subjected to volatile acetic acid emis-
sions in wooden storage cabinets for many years.
Soil from burial is another source of chloride contami-
nation. Desalination of the ceramic collection com-
menced in 1979 when the first professionally trained,
full time conservator hired on staff determined that
the salts were water-soluble. Soluble salts in pottery
exert destructive forces through crystallization that
can dislodge glaze on the surface interfering with the
legibility of the object and cause loss of information
(Fig. 1A). Internal crystallization can lead to the phys-
ical disruption of the ceramic body resulting in com-
plete fracturing and loss of the whole (Fig. 1B).
Efflorescence can be so dense as to completely
obscure an object (Fig. 1C).
The first analysis of the efflorescence to be carried

out identified calclacite and an unidentified com-
pound, using neutron activation analysis (NAA) and
X-ray diffraction (XRD) (Paterakis, 1990). The chal-
lenges of desalinating extensively deteriorated cer-
amics were addressed by carrying out consolidation
and desalination simulation tests using tetraethyl
orthosilicate (TEOS), methyl triethoxysilane (MTS),
and Paraloid® B-72 in a calcareous and non-calcar-
eous ceramic. Based on the analytical results of
1990, calcium acetate was selected as a salt contami-
nant in these tests (Paterakis, 1993), as was sodium

sulphate (Paterakis, 1992) and sodium chloride
(Paterakis, 1998a). The ceramic test tiles were impreg-
nated with the salt solution (1.5 M concentration)
prior to their consolidation. The desalination
methods tested were static immersion and stirred sol-
ution. All three consolidants allowed the dissolution
of the salt and its removal by desalination with little
variance in efficiency between the two desalination
methods tested. Accelerated efflorescence tests were
conducted to monitor the passage of water through
the consolidated, salt-laden ceramics (Paterakis,
1995). All three consolidants protected the ceramic
fabric from physical damage while allowing salt to
migrate to the surface and crystallize.
Paraloid® B-72 was rarely used to consolidate

pottery from 1979 to 1985. Based on the degree of
success achieved with Paraloid® B-72 in the consolida-
tion tests previously discussed it was decided to use
Paraloid® B-72 to strengthen those Agora ceramics
most severely weakened by salt crystallization to
enable desalination. Paraloid® B-72 is also highly rec-
ommended as an adhesive for the reconstruction of
pottery vessels (Koob, 1986). While TEOS and MTS
performed well, as consolidants they are recommended
only when reversible materials are not available on
account of their irreversible nature. Since 1993 only
the most friable ceramics in the collection have been

Figure 1 Salt efflorescence on pottery in the Athenian Agora: (A) loss of surface by soluble salt crystallization (image is 7 cm
across), (B) internal disruption of amphora neck by soluble salt crystallization, (C) needle-like crystals on lamp in wooden storage
drawer, (D) snowflake crystal formations on lamp.
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consolidated with a solution of Paraloid® B-72 and
ethanol/acetone of varying concentration and
solvent ratio by spraying, brushing, or immersion.
The application method was dictated by the condition
of the ceramic. The consolidant was sprayed onto
those objects in storage that were too fragile to be
moved. Once strengthened by the consolidant, they
were moved from storage to the conservation labora-
tory where desalination was carried out by immersion.
While consolidation with Paraloid® B-72 slows down
the rate of salt removal, desalination may be success-
fully achieved. Poulticing is another viable method of
desalination.
In order to understand the source and formation of

these salts, and to prevent their continued occurrence
in the collection, it was necessary to carry out

further testing and analysis. In 1992 and 1994 analyti-
cal campaigns using polarized light microscopy
(PLM), environmental scanning electron microscopy
(ESEM), and XRD were performed to aid in the
characterization of the salts. Salt efflorescence on 14
ceramic objects including a skyphos, two official
measures, and several lamps was sampled in 1991
(Table 1). These ceramics were excavated between
the years 1931 and 1948; analysis was carried out
43–60 years following their excavation. These objects
had been stored in wooden drawers and cabinets in
uncontrolled climatic conditions since their
excavation.

To test the hypothesis for the formation of calcium
acetate on calcareous ceramics from the reaction
with volatile acetic acid, accelerated efflorescence
tests were carried out (Paterakis, 1995). These simu-
lation tests exposed a calcareous and a non-calcareous
ceramic, with and without sodium chloride and hydro-
chloric acid contaminant, to volatile acetic acid in a
wind tunnel. Salt efflorescence based on calcium
acetate formed on the surface of all the calcareous
ceramic test tiles (identification by infrared spec-
troscopy and XRD) whereas it did not form on the
non-calcareous ceramic (Paterakis, 1995). The calcar-
eous component represented 6.36–8.77% weight as
calcium carbonate and amphibole in the test pieces
confirming that calcium in pottery does contribute
to the formation of calcium acetate compounds
when subjected to volatile acetic acid (Paterakis, 1995).

The experimental design and results of the analyti-
cal campaign involving XRD, ESEM, and PLM
from 1992 and 1994 are reported in the following sec-
tions as they delve into the salt contaminants in the
Athenian Agora in greater detail. The analytical
results of the salts are discussed in the subsequent
section in terms of their formation as illustrated by
the first publication of the phase diagram of the
Ca(CH3COO)2–CaCl2–H2O system at 25°C.

Experimental design
XRD was performed on salt efflorescence from four-
teen ceramic objects (Table 1). The samples were
mounted with Paraloid® B-72 acrylic resin in acetone
to a 0.1-mm Mark-Röhrchen glass spindle and
placed in a circular Rigaku diffraction camera.
Samples were run at 30 mA and 40 kV with a nickel
filter in a Rigaku Geigerflex X-ray diffractometer.
The resulting XRD patterns were identified with the
Powder Diffraction file. PLM was carried out on an
Orthoplan-Pol polarizing light microscope. The
PLM and XRD were carried out in the J. Paul Getty
Antiquities Laboratory in 1992 (Mau, 1992). ESEM
was performed with an Electroscan E3 using 20 keV
at 2 Torr water vapor pressure in the SEM laboratory

Table 1 Ceramics analyzed

Getty
sample
no.

Agora
inv. no. Description

Date
excavated

Salt
form

1 P18420 4th c. BC Greek
black glaze
skyphos

1947 Needle

2 L4464 1st c. AD Greek
lamp with
glaze wash

1948 Needle

3 P8098 5th c. BC Greek
black glaze
official
measure

1936 Snow-
flake

4 L4885 Roman lamp
with red-
brown glaze

1937 Needle

5 L346 Greek lamp with
thin glaze

1932 Needle

6 SS6593 Greek stamped
public pot
handle with
thin wash

1936 Needle

7 P5905a Greek black
figure official
measure
fragment

1935 Needle

8 L208 Roman
unglazed
lamp

1931 Snow-
flake

9 L4071 Roman
unglazed
lamp

1940 Snow-
flake

10 PN
L181

Lamp with red
glaze

1932 Needle

11 PN
P280

Mould fragment
for Megarian
bowl

1934 Needle

12 PN
P324

Mould fragment
for Megarian
bowl

1934 Needle

13 PN
L177

Lamp with red
glaze

1934 Needle

14 PN
L248

Lamp with black
glaze

1937 Needle
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of the Getty Conservation Institute in 1994 (Doehne,
1994).

Results
X-ray diffraction
Calclacite (JCPDS 12-0869) was identified as the
major component of 12 of the 14 samples with
major diffraction lines at 2.43 Å, 3.24 Å, and 8.27 Å
(Table 2). In most samples the presence of quartz
was suggested by a diffraction line at 3.34 Å. Quartz
was identified as the major component in samples 8
and 9, with lesser amounts of calclacite. Sample 12
contained approximately equal amounts of quartz
and calclacite.
During sampling the efflorescence was distinguished

with the naked eye as needle-like (Fig. 1C) or snow-
flake-like (Fig. 1D). Under low magnification, many
of the samples appeared to consist of a snowy, granu-
lar compound and transparent, needle-shaped crystals.
These two morphologies were separated in samples 4,
6, and 7 and analyzed by XRD independently. In all
cases, however, both morphologies gave patterns for
calclacite.
Several samples contained one or more compounds

in addition to calcalcite and quartz. The XRD
pattern for samples 8, 9, and 11 identified
the presence of calcium acetate hemihydrate

(Ca(CH3COO)2·0.5H2O) ICCD 19-0199 (Table 3).
This compound was tentatively identified as a minor
component in sample 2 (Table 2).
In some cases preliminary results required confir-

mation by running the samples more than once.
Calcium acetate hemihydrate was indicated primarily
in the first run for sample 4 (film 276). Subsequent pat-
terns (film 313, 314) identified only quartz and calcla-
cite that may be explained by non-representative
sampling. The preliminary analysis of sample 11
(film 268) identified calclacite and quartz with an uni-
dentified minor component. A second run (film 271)
identified calcium acetate hemihydrate as the minor
component. Once again, the discrepancy between the
patterns may be the result of non-representative
sampling.

Polarized light microscopy
The results of PLM confirmed calclacite but were not
conclusive regarding the minor component(s)
(Table 4). The acicular form of calclacite was charac-
terized (Van Tassel, 1958) and calcium acetate hemi-
hydrate in sample 11 was tentatively identified.
Quartz was identified and the relative amounts were
determined in the samples.
The acicular needles of calclacite are transparent

and smooth with squared off ends (Fig. 2A). Similar
calclacite needles from a Cypriot vase in the
Ashmolean Museum were detected with light
microscopy (Halsberghe et al., 2005b). The acicular
needles have a refractive index <1.66 and medium
relief in 1.66 Cargille Meltmount™. These crystals
are weakly birefringent and give a blue-white color-
ation in crossed polarizers. A negative sign of
elongation was determined using a first order red com-
pensator in crossed polarizers.
Weakly birefringent and irregularly shaped particles

of 2–5 μmmade up the bulk of the samples. These par-
ticles were found as agglomerations of distinctly rec-
tangular forms (Fig. 2B), worm-like (vermiform)
shapes (Fig. 2C), or undefined clusters (Fig. 2D).
These clusters are considered to be finely ground
samples of calclacite since they appear in all the
samples that have been identified as calclacite.
Perhaps these resulted from mechanical damage to
the crystals during sampling. The agglomerated par-
ticles in rectangular groups were found to have a posi-
tive sign of elongation with respect to the long side of
the agglomeration, in contrast to the acicular calclacite
needles (both rectangular agglomerations and needles
appear in Fig. 2E).
The particles in sample 11 that were identified as

calcium acetate hemihydrate by XRD differed from
the acicular needles of calclacite by their ragged
edges and node-like swellings (Fig. 2F). They had a
refractive index <1.66 and showed a weaker

Table 2 Results of XRD analysis

Sample
no. Film no. Calclacite

Calcium
acetate
hemi-
hydrate

Unidentified
minor

compound

1 315 X

2 280 X X

3 306 X

4 276 X

313 needles X

314 granular X

5 275 X

311 X X

6 300 needles X

302 granular X

7 303 needles X

304 X

305 ?

8 291 X X

292 X X

9 312 X X

10 299 X

11 268 X X

271 X X

12 307 X

13 308 X

14 309 X
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birefringence than calclacite. Notably, their sign of
elongation was positive, opposite that of calclacite
(calclacite and this other compound form an ‘X’ in
Fig. 2G).
It is important to note that there were ragged,

needle-shaped particles also with a negative sign of
elongation (Fig. 2H) as well as ragged and smooth
crystals that changed sign of elongation (Fig. 2G).

These inconsistencies suggest chemical changes
taking place in the crystals, such as the hydration
state of the compound. Further research is called for
to resolve these questions.

Environmental scanning electron microscopy
Sample 3 was examined at magnifications from 20× to
20,000× with the ESEM (Doehne, 1994). PLM of this

Table 3 XRD pattern for sample 8

Sample 8 (film 291)
Calclacite Calcium acetate hemihydrate

Ca(CH3COO)Cl·5H2O Ca(CH3COO)2·0.5H2O
JCPDS 12-0869 ICCD 19-0199

d-spacing Intensity d-spacing Intensity d-spacing Intensity

13.262 100 16.7 75

11.065 30 11.7 100

8.311 80 8.27 100 8.4 65

7.020 40 6.87 75 6.98 16

6.130 80 6.15 50

5.697 30 5.57 30

4.215 20 4.16 75 4.18 10

3.663 10 3.67 50 3.66 4

3.443 50 3.52 30

3.322 90 3.24 100 3.35 25

3.039 50 3.06 50 3.02 10

2.690 10 2.65 50 2.68 8

2.572 10 2.56 10

2.439 30 2.43 100 2.39 12

2.299 20 2.3 75 2.28 8

2.207 20 2.22 50 2.18 6

2.105 5 2.14 50 2.14 12

2.035 20 2.04 75 2.06 8

1.888 5 1.876 25 1.86 8

Table 4 Results of polarized light microscopy

Sample no. Calclacite needles Quartz

Agglomerations

Non-Agglomerated vermiform (ragged)Rectangular Vermiform Undefined

1 10 50 40

2 50 15 35

3 20 80

4 5 10 30 55 2

5 10 5 45 40

6 30 10 35 15 10

7 5 20 45 10 20 (coating
quartz)

8 80 20 (coating
quartz)

9 50 50

10 2 50 40

11 40 10 50

12

13 2 20 8 70

14 30 5 65

Numbers represent approximate percentage weight fractions within each sample.
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Figure 2 PLM micrographs: (A) acicular calclacite (image is 4.4 mm across), (B) rectangular forms (image is 4.4 mm across),
(C) vermiform shapes, λ/4 wave compensator, 1.66 Cargille (image is 0.55 mm across), (D) similar undefined clusters in Fig. 5Ac
of Stahlbuhk, 2012 (calclacite and calcium acetate hemihydrate on third century BCE Near Eastern clay tablet stored in wood
from theMuseumof the Ancient Near East, Berlin) (image is 340 μmacross), (E) both needles and rectangular agglomerations are
present, λ/4 wave compensator, 1.66 Cargille (image is 0.55 mm across), (F) calcium acetate hemihydrate needles with nodes,
λ/4 wave compensator, 1.66 Cargille (image is 0.55 mm across), (G) calclacite with calcium acetate hemihydrate, λ/4 wave
compensator, 1.66 Cargille (image is 0.55 mm across), (H) needles with negative sign of elongation, λ/4 wave compensator, 1.66
Cargille (image is 0.55 mm across).
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sample removed from the surface of the ceramic
revealed predominantly undefined agglomerations
(Table 4) that were identified as calclacite with XRD
(Table 2). Sixteen digital secondary electron micro-
graphs were taken of sample 3 with the ESEM. The
ESEM was able to distinguish different crystal mor-
phologies according to location of the salts: on the
surface of the black glaze (Fig. 3A), underneath the
black glaze (Figs. 3B, C), and in pores caused by erup-
tion of salt blisters through the surface of the glaze
(Fig. 3D). The crystals at the edges of the fractured
black glaze in Fig. 3C reveal a snowflake or droplet
morphology. These snowflake crystal formations in

Figs. 3C and D appear to be stellated polygons,
perhaps with nine points although this is difficult to
determine. Parallels for this morphology have not
been found in the literature except for reference to a
star shape formation of sodium calcium formate
around a sodium formate anhydrate nucleus on glass
objects in the National Museums of Scotland
(Robinet et al., 2004). Three crystal morphologies
are present in Fig. 3E, equant grains in the left and
center, needle-like crystals on the right, and rectangu-
lar dark crystals lying on the smooth surface of the
black glaze. The round blister that has erupted
through the black glaze surface in Fig. 3D is filled

Figure 3 SEM micrographs. (A) salt accumulation on surface of the black glaze (image is 80 μm across), (B) salt crystals
underneath the black glaze (image is 250 μm across), (C) (detail of Fig. 3b), note snowflake morphology of crystals at edge of
fractured black glaze (image is 40 μm across), (D) round blister has erupted through the black glaze surface filled with long,
rectangular grains as well as crystals resembling droplets or snowflakes at the edges of the blister. Note small dark crystals on
surface of black glaze (image is 51 μm across), (E) three crystal morphologies: equant grains in the left and center, needle-like
crystals on the right, and smaller dark crystals lying on the smooth surface of the black glaze (image is 107 μm across),
(F) scanning electron micrograph of calclacite and calcium acetate hemihydrate (sample 6a) from another third century BCE
Near Eastern clay tablet that was stored in wood from the Museum of the Ancient Near East in Berlin (Fig. 13 in Stahlbuhk, 2012)
(image is 300 μm across).
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with long, rectangular grains as well as stellated poly-
gons at the edges of the blister. Again dark crystals can
be seen on the surface of the black glaze surrounding
the blister. The lighter and darker needles may be
different crystalline forms of calclacite (Doehne,
1994). A mixture of calclacite and calcium acetate
hemihydrate identified on another third-century BCE
Near Eastern clay tablet that was stored in wood
from the Museum of the Ancient Near East in Berlin
reveals a combination of rectangular crystals and
undefined clusters in the SEM (Fig. 3F) (Stahlbuhk,
2012).
The ESEM examination correlates well with the

examination by PLM with regard to those salts
sampled from the surface of the object: more than
one crystal morphology was detected. The four
crystal morphologies (equant, needle-like, rectangular,
and snowflake) observed with the ESEM in sample 3
are supported by the various salt crystallization mor-
phologies for one salt compound detected by
Zehnder and Arnold (Zehnder & Arnold, 1989;
Arnold & Zehnder, 1991). The discovery of three mor-
phologies of sodium formate on glass, i.e. round,
large/flat, and needle-like crystals, further confirms
the multiple morphological states of salts (Robinet
et al., 2004).
In conclusion, XRD identified most of the samples

as calclacite with quartz present. The quartz crystals
were dislodged from the fabric during the crystalliza-
tion of calclacite and calcium acetate hemihydrate in
the outermost pores of the ceramic as a result of mech-
anical damage (the solubility of quartz is too low for
leaching to take place). Minor amounts of other com-
pounds such as calcium acetate hemihydrate were
identified in several samples. PLM was able to identify
and characterize calclacite. PLM confirmed the pres-
ence of quartz in varying amounts in the samples.
Although physical and chemical changes can occur
during the storage of the samples and their mounting
for XRD and PLM, since acetates are not hygroscopic
and the salt samples were stored in museum conditions
the major change that can be anticipated in these salts
would be the dehydration of calcium acetate monohy-
drate to the hemihydrate as discussed in the following
section.

Discussion
Regarding the source of the calclacite components,
calcium undoubtedly derives from the calcareous com-
ponent of the ceramic as either calcareous clay
(Fillieries et al., 1983) or calcite inclusions (Rotroff,
2006) or both. NAA determined that a group of
Subgeometric ceramics (750–650 BCE) in the
Athenian Agora was constructed from calcareous
clay (Fillieries et al., 1983). The main mineral com-
ponents of Athenian Agora pottery have been

characterized as predominantly feldspar (some feld-
spars such as anorthite are calcium-rich) and quartz
(Farnsworth, 1964) and quartz was identified as an
inclusion in Hellenistic pottery by Raman laser
microprobe (RLM) spectroscopy (Rotroff, 2006).
The prevalence of calcite temper in the Hellenistic
pottery of the Athenian Agora has been confirmed
by RLM spectroscopy (Rotroff, 2006) that has pro-
voked ‘lime popping’ in some vessels (Paterakis,
2013). Calcite decomposes during firing, forming
lime that expands upon absorption of moisture,
causing spalling (‘lime popping’) (Rice, 1987).
Abundant evidence of this phenomenon is present in
the pottery collection of the Athenian Agora
(Paterakis, 2013).
Chloride may derive from cleaning with hydro-

chloric acid, as previously discussed (Koob, 2013),
from saline soil during burial (Paterakis, 1998a), or
from salt added to the clay before firing (Rotroff,
2006). During excavation of one quadrant of section
BZ in the Athenian Agora chlorides in the soil were
measured to a maximum concentration of 45 ppm
with Hach Quantab

®

Chloride Titrator strips, using a
weight-to-volume ratio of 1 g: 15 ml (soil weight to
water volume) (Paterakis, 1998b). Groundwater chlor-
ides can accumulate through continuous infiltration of
water and evaporation, reaching salt concentrations
greater than that found during this isolated test and
sufficient to contribute to the formation of calclacite.
Rotroff considers the intentional addition of salt to
the clay to reduce the deleterious effects of the ‘lime
popping’ to be a distinct possibility in Hellenistic
pottery, judging by the coloration of the fabric
(Rotroff, 2006). Sodium was determined to be promi-
nent in the Hellenistic water jugs of the Athenian
Agora by instrumental NAA (Rotroff, 2006).
Chlorides may also derive from hydrochloric acid:
the use of a 20% solution of hydrochloric acid to
clean pottery by archaeologists in the Mediterranean
world in the first half of the twentieth century is
common knowledge (Dowman, 1970). Reference to
the use of hydrochloric acid as a cleaning agent for cer-
amics in the Athenian Agora was published for
Mycenaean pottery in 1966 (Farnsworth &
Immerwahr, 1966). This practice was discontinued in
1979 with the appointment of the first professional
conservation staff (Koob, 2013).
Acetate is known to result from the reaction of

acetic acid emissions from wooden storage materials
with the object, and the presence of soluble salts in
the pores and on the surface of the ceramic encourages
the reaction (Gibson et al., 2005). This was confirmed
with accelerated efflorescence testing described in the
introduction: efflorescence testing confirmed the con-
tribution of a calcium component to the formation
of calcium acetate when calcareous ceramic was
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exposed to volatile acetic acid (Paterakis, 1995).
Volatile acetic acid concentrations in wooden storage
cases in the Athenian Agora collection have been
found to range from 1039± 20 to 1267± 20 μg/m3

(400 to 500 ppb) at 25°C (Paterakis, 2003). Similar
concentrations have been identified in other collections
in which acetate efflorescence has been identified on
ceramics (Gibson & Watt, 2010).
The RHeq is the relative humidity (RH) of air that is

in equilibrium with a salt solution of a given compo-
sition. The RH that functions as the line of demar-
cation between the precipitation (crystallization) and
dissolution (deliquescence) of a salt compound is
termed the RH deliquescence (RHdel) or the equili-
brium RH of the saturated solution (RHsat).
Described in another way, precipitation of salt
depends on the presence of a saturated salt solution
and a RH that will support the solid phase formation

(Gibson & Watt, 2010). Mixtures of salts will deli-
quesce within a range of RHs. For example, the
RHsat for the salt contaminants in the Athenian
Agora was determined to range from 79 to 84% RH
(Paterakis, 1999). The occurrence of precipitation
resulting in efflorescence will be dictated by the com-
position of the salt solution in relation to its RHsat

and, therefore, control of the ambient RH may be a
means with which to protect objects from the deliques-
cence-crystallization cycle. The success of preventive
conservation and control in a collection will be deter-
mined, in part, by the feasibility of maintaining the
target RH that will prevent this change in liquid-
solid state. It has been shown that the attempt to
render innocuous a salt that is commonly found in
museum collections, namely thecotrichite
(Ca3(CH3COO)3Cl(NO3)2·7H2O), by controlling the
RH is not a straightforward matter since the hygro-
scopic components, calcium chloride, and calcium
nitrate, are active in RH levels as low as 20%
(Gibson et al., 2005).

A solubility diagram and a RH deliquescence
diagram for mixed salt solutions containing calcium
acetate and calcium chloride are depicted in Fig. 4.
The diagrams have been calculated using a thermodyn-
amic model of the Na+–Ca2

+–Cl−–CH3COO−–H2O
system (Steiger et al., 2000). Although the ternary
system Ca(CH3COO)2–CaCl2–H2O consists of only
one cation (calcium) and two anions (chloride and
acetate), it is a complex system due to the fact that
both single salts can exist in different hydrated states.
In addition, several double salts are known. However,
at temperatures close to room temperature the only
stable salts are Ca(CH3COO)2·H2O (calcium acetate
monohydrate), CaCl2·6H2O (calcium chloride hexahy-
drate), and Ca(CH3COO)Cl·5H2O (calclacite).

Calcium chloride hexahydrate is a very hygroscopic
salt, its deliquescence humidity is only 29.3% at 25°C
(Fig. 4B). At this humidity, the dry salt picks up moist-
ure and forms a saturated solution. At higher RHs, the
water uptake continues and the solution becomes more
dilute. This is illustrated by the blue lines of RHeq in
the solubility diagram in Fig. 4A. At RHs above the
RHeq, the solution picks up moisture until it is in equi-
librium again (now at the higher RHeq). At humidities
below the RHeq, water evaporates from a solution. The
lowest RH at which a solution can still exist is the sat-
uration (or deliquescence) humidity RHsat, i.e. the
equilibrium humidity of the saturated solution.
Below the RHsat the salt crystallizes out. The satur-
ation humidities of the mixed solutions are shown in
Fig. 4B. It is obvious that Ca(CH3COO)2·H2O
(RHsat= 91.6%) is much less hygroscopic than
CaCl2·6H2O. In effect, the hygroscopicity of mixtures
of the two salts is largely controlled by the calcium
chloride concentration; low equilibrium humidities

Figure 4 Phase diagram of the Ca(CH3COO)2–CaCl2–H2O
system at 25°C. (A) Solubility diagram with stable phases
calcium acetate hydrate, calclacite, and calcium chloride
hexahydrate (inset gives enlarged view of shaded area with
solubilities at high CaCl2 concentration, blue lines are isolines
of RHeq); (B) RH deliquescence diagram for mixed solutions
saturated with calclacite, calcium acetate hydrate, and
calcium choride hexahydrate. The lines give the RHsat below
which a CaCl2–Ca(CH3COO)2 mixed solution of a givenmixing
ratio (given as mole fraction chloride) should precipitate
either calcium acetate hydrate, calclacite, or calcium chloride
hexahydrate.
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require high calcium chloride concentrations. The blue
lines give the compositions of mixed solutions that are
in equilibrium with 90, 80, 70, 60, 50, 40, and 30% RH
(the last four only labeled in the inset). The inset in
Fig. 4A shows an enlarged view of the diagram at
high calcium chloride concentrations. The intersec-
tions of these lines with the solubility curves yield
the composition of the saturated solutions at 90%,
80% etc. These values are plotted in Fig. 4B as
RHsat (RHeq of saturated solutions). The composition
is expressed as mole fraction chloride (Cl−/(Cl−+
CH3COO−)). The intersections of these lines with
the x-axis give the concentrations of pure CaCl2 sol-
utions (Ca(CH3COO)2= 0) that are in equilibrium
with RH 90%, 80% etc. of the surrounding air. It
can be seen that the concentration decreases from
7.4 mol/kg at saturation (RHsat= 29.3%) to about
5 mol/kg at 50% RH. In other words, if a 5 mol/kg
CaCl2 solution is exposed at 50% RH, nothing
happens (this is point A in the inset). If the same sol-
ution is exposed to 30% RH, water evaporates and
the solution becomes more concentrated (about
7.2 mol/kg, the intersection of the 30% line with the
x-axis). No crystallization would occur as the RH is
still above the deliquescence (or saturation humidity)
of 29%. If the 5 mol/kg solution is exposed to 60%
RH, it will pick up moisture and become more dilute
(i.e. about 4.2 mol/kg, i.e. the RHeq of a 4.2 mol/kg
solution is 60%). Hence, in a typical museum atmos-
phere, calcium chloride in an object is always present
as a concentrated 5 molal solution (see inset of
Fig. 4A). In contrast, pure calcium acetate will be
present in crystalline form at all times under such con-
ditions. The double salt calclacite can crystallize from
mixed solutions of the two salts in the humidity range
from 29 to 79.6% RH (Fig. 4B).
In the case of the Athenian Agora and all pottery

collections with salt contamination issues, ideally the
salt contaminants should be identified and the RHsat

of the salt mixtures characterized in order to determine
the appropriate RH levels for the safe storage of the
ceramics collection (Paterakis & Nunberg, 1996).
Regarding salt identification, it has been shown that
sampling the crystallization on the surface is not ade-
quate for a comprehensive determination. Salts in the
body can differ in composition from those on the
surface as has been shown in the case of thecotrichite
(Ca3(CH3COO)3Cl(NO3)2·7H2O) on glazed tiles
(Linnow et al., 2007). Salts in the body may be extracted
through desalination and analyzed by ion chromato-
graphy, among other methods. Destructive sampling
of the ceramic to carry out a qualitative and quantitative
analysis of salts through a cross section of the body is
another option (Gibson et al., 2005). In the case of the-
cotrichite, it was determined that acetate was present in
the crystals on the surface but not in the body of the

ceramic (Linnow et al., 2007). The highly soluble
calcium nitrate and calcium chloride were found in the
body that reacted with volatile acetic acid emissions
forming crystallization of thecotrichite on the surface
of the ceramic (Linnow et al., 2007). In the case of the-
cotrichite it was found that maintenance of crystals on
the surface of an object does not guarantee stability
and protection to the object (Gibson et al., 2005). At
typical museum conditions (about 55% RH) thecotri-
chite can crystallize out while the hygroscopic salts,
calcium nitrate, and calcium chloride in the pores
promote further dissolution of acetic acid, serving as a
reservoir for more thecotrichite crystallization and con-
tinued deterioration of the object. Thecotrichite derives
from a complex quaternary system consisting of one
cation (calcium) and three anions (chloride, nitrate,
and acetate) that contribute to its complicated crystalli-
zation-deliquescence behavior. A phase diagram has
been developed for thecotrichite that may be used to
determine which solid phase or phases ‘would precipi-
tate out from a mixed solution of any given compo-
sition’ (Gibson et al., 2005, p. 289). Phase transitions
and the kinetics of crystal growth depend on ‘(1) compo-
sition of the salt mixture, (2) degree of disparity between
ambient conditions and equilibrium conditions, (3) air
movement, and (4) characteristics of the porous
material’ (Price, 2000, p. 10).
It is conceivable that a similar mode of formation

may occur with calclacite, i.e. soluble calcium chloride
salts in the body react with acetic acid emissions on the
surface causing crystallization of calclacite, and that a
much higher concentration of acetate may be found on
the surface than in the pores of the object. Assuming
that cleaning with hydrochloric acid is in fact the
major source of chloride in the Athenian Agora
pottery, calcium chloride is formed by reaction of
hydrochloric acid with the calcite (CaCO3) present in
the ceramics. As discussed before and illustrated in
Fig. 4A, the calcium chloride is present in the ceramics
as a rather concentrated (5 molal) solution at 50% RH
(point A in the inset of Fig. 4A). If such an object is
exposed to a contaminated atmosphere, the calcium
chloride solution provides an ideal sink and picks up
acetic acid vapor resulting in a decrease in the pH of
the solution. The acidity formed is neutralized by dis-
solution of calcite and formation of calcium acetate.
Continuous deposition of acetic acid, thus, leads to a
continuous increase of the calcium acetate concen-
tration. Then, the solution composition follows the
arrows along the 50% RH isoline in the inset of
Fig. 4A. However, due to the low solubility of calcla-
cite at such high chloride concentration, saturation
with calclacite is reached quickly at point B. Any
further deposition of acetic acid and formation of
calcium acetate will then cause the crystallization of
calclacite. Crystal growth occurs preferably close to
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the surface where the acetic acid is deposited from the
surrounding atmosphere. This may simply lead to the
formation of an efflorescence on the surface, or, a
growing crystal may become confined in a pore close
to the surface. In the latter case, the growing crystal
can generate stresses that are sufficient to cause
damage, i.e. the formation of cracks or granular
disaggregation.
Although the crystallization of calclacite consumes

part of the chloride that is present, the calcium concen-
tration in the solution remains constant as long as the
RH is constant. In principle, the reaction proceeds
until all chloride is consumed. Once all chloride is con-
sumed further acetic acid deposition leads to the for-
mation of calcium acetate. If the concentration of
calcium chloride is small, the amount of calclacite
formed is also small. It should be emphasized that
the formation of calclacite is dependent on the pres-
ence of chloride just as the formation of thecotrichite
is dependent on the presence of nitrate and chloride.
There is also no chloride threshold concentration, as
long as chloride and acetate are present calclacite
can be precipitated. In the absence of chloride and
nitrate, calcium acetate will form (the hemihydrate in
normal ambient conditions). This was confirmed by
efflorescence tests in which calcareous ceramic
exposed to volatile acetic acid formed calcium
acetate crystallization (Paterakis, 1995).
This analogy of thecotrichite and calclacite for-

mation may account for the presence of different salt
morphologies of Agora sample 3 observed in the
ESEM according to location (surface, under the

glaze, in the pores) and the predominance of calclacite
on the surface. The salt crystals visible in ESEM under
the surface and in the pores could be chloride salts,
whereas calclacite was identified predominantly on
the surface by XRD and PLM. Calcium chloride
was detected as a trace in sample 11, supporting this
theory. There are different possible pathways of
calcium acetate hemihydrate formation, which was
found as a minor compound in the efflorescence on
a few samples. This is in accordance with the solubility
diagram, which predicts that calcium acetate hydrate
can only precipitate from the mixed solution at high
RH, namely above the monohydrate-calclacite tran-
sition (79.6% at 25°C, Fig. 4B). Minor amounts of
calcium acetate hydrate may also be formed by
direct reaction of acetic acid vapor with CaCO3 in
absence of a CaCl2-containing solution. Moreover,
as can be seen from Fig. 4A, small amounts of
calcium acetate monohydrate might co-precipitate
with calclacite from the mixed solution. This is
because the solubility of the monohydrate, as esti-
mated by extrapolation of the monohydrate branch
in the solubility diagram, is probably not much
higher than the calclacite solubility. Finally, it is also
plausible that calcium acetate was identified as the
hemihydrate. Even if the monohydrate is formed
initially, it dehydrates to the hemihydrate below
67–71% RH at 20–25°C (Fig. 5). Normal museum
conditions (about 55% RH) in which the salts were
stored and underwent analysis supported the
hemihydrate.

Conclusions
The proposed mode of formation of calclacite on
CaCl2-containing objects that are exposed to acetic
acid vapor is in agreement with the experimental
results. It is predicted that calclacite is formed as the
major compound under typical museum conditions
and should be preferably precipitated close to the
surface of an object.

Desalination successfully removes chloride contami-
nants from burial and chloride residues from acid
cleaning as well as efflorescing salts. Desalination
eliminates any possible recontamination by removing
both the free calcium and chloride ions. Those cer-
amics in the Agora that have been desalinated since
1979 have remained stable without subsequent efflor-
escence formation. Since some acetate compounds,
such as calcium acetate hemihydrate, can form
without the presence of chloride in wooden cases, cer-
amics should not be stored in wood as a general rule. It
is recommended that the wooden storage cases in the
Agora be replaced with enameled steel cases to
prevent the formation of acetate salts. This would be
an expensive undertaking given the large size of the
ceramics collection (52,000 objects). Another means

Figure 5 Deliquescence diagram according to RH and
temperature shows the deliquescence humidities of calcium
acetate hemihydrate and calcium acetate monohydrate and
also the hydration-dehydration equilibrium curve. The green
dotted curve is the deliquescence humidity of the
hemihydrate at low temperatures, i.e. where themonohydrate
is the stable phase. At lower RH calcium acetate
monohydrate is dehydrated to the hemihydrate (67–71% RH
at 20–25°C). Both salts have very similar deliquescence
humidities.
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to prevent salt formation is through control of the RH
and temperature. In this case the same formidable
economic constraints apply given the large area of
the storerooms. Sealing the internal surfaces of the
wooden cases with impermeable barriers such as
Marvelseal

®

is another option that would require con-
siderable man hours and expense.
The pottery in this study was exposed to volatile

acetic acid emissions in storage for decades. The goal
of conservation is to prevent acetic acid contamination
by using appropriate conservation treatments and
storage materials and by improving the climatic con-
ditions. Every collection requires careful characteriz-
ation to determine whether the deleterious effects of
salt contaminants may be controlled by RH
regulation.
As this study has shown, the identification of

complex salt compounds presents many difficulties,
not the least of which include the potential transform-
ation of salt composition and state of hydration during
storage, handling, and analysis. Ideally, the salts
should be analyzed immediately upon sampling and
the same crystals used first for XRD and then for
PLM. The salts should not be exposed to purge gas
or vacuum during XRD or SEM. Salt samples
should be protected from fluctuations in temperature
and RH that can cause alteration in the crystals.
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