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Abstract The work deals with the FT-IR and micro-

Raman spectroscopy study of the pseudo-amorphous and

crystalline thermal phases in the composition of calcareous

Iron Age pottery from the Galilee. The application of

second-derivative and curve-fitting techniques improves

the identification of the thermal phases in the composition

of the pottery and makes it possible to analyze the pseudo-

amorphous phases which are formed during the firing of

the clayey raw material to pottery. This technique makes it

possible to distinguish between meta-smectite and meta-

kaolinite and to estimate the firing temperature of the

pottery. The Micro-Raman spectroscopy is sensitive to the

structural degree of ordering of the thermal phases and

enables point analysis of peculiar components in the

composition of the pottery. Based on the spectroscopic

study, it is concluded that the calcareous pottery contained

large amounts of microcrystalline-recarbonated calcite

mixed with the meta-clay. The large amount of recarbon-

ated calcite in the pottery material and the relatively low

firing temperature indicates that instead of sintering the

clay, lime technology was used for the cementation of the

calcareous vessels. This process took place after the firing

by recarbonation of the decomposed calcite which leads to

cementation of the vessels with microcrystalline calcite.

Keywords Ceramic � Curve fitting � Firing temperature �
Gehlenite � Iron Age � Meta-smectite � Meta-kaolinite �
Recarbonated calcite � Recarbonation � Rehydroxylation �
Second derivative � Spectra

Introduction

Iron Age pottery from an archeological site in the Galilee was

analyzed [1]. The pottery was excavated at Tel-Hadar, on the

eastern shore of the Sea of Galilee. The excavation was

carried out in the framework of the Land of Geshur

Archaeological Project of the Institute of Archaeology, Tel

Aviv University [2]. The calcareous pottery was found in a

storage room of a pillared building from the eleventh century

B.C. Figure 1 shows some of the pottery studied. Calcareous

pottery is recognized by its light color, thick walls, low-fired

fabric, and large amount of calcite in its composition. These

vessels were produced for daily use and comprise storage jars

and tableware vessels, excluding cooking pots.

Spectroscopic study of ancient pottery

FT-IR spectroscopy is a useful method for mineralogical

analysis of pottery and this method has been used by us for

investigation of pottery since 1991 [3–8]. The FT-IR

spectroscopy was applied mainly for the identification of

crystalline phases in the composition of the pottery [9–11].

The identification of the thermal phases by IR spectroscopy

is based on their indicative bands in the spectra [12].

Furthermore, this method is advantageous in identification

of pseudo-amorphous and short-range ordered thermal
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phases, which are lack XRD (X-ray diffraction) peaks [7].

In the present study, FT-IR spectroscopy is used for iden-

tification of the pseudo-amorphous thermal phases as well

as the crystalline minerals in the composition of the pot-

tery. The IR spectra of the pottery exhibit broad maxima of

mixtures of phases whose bands overlap partially and

appear as asymmetric bands and as shoulders. The use of

second derivatives of the IR spectra enables the separation

of partly overlay bands and thus improvement in the

identification of the individual phases in the composition of

the pottery [8, 9]. Curve-fitting technique is also applied for

spectral analysis [13, 14].

Micro-Raman spectroscopy enables point analysis of

peculiar components in the composition of the pottery [15].

This technique was applied mainly for the identification of

minerals such as quartz, hematite, anatase, and feldspar

[16, 17], and for examination of binders and pigments in

the decoration of the vessels [15]. Moreover, this method is

advantageous in the sensitivity to the degree of ordering of

the thermal phases [14].

Firing of calcareous raw material to pottery

Two main types of raw materials were used in manufacture

of ancient pottery, calcareous, and non-calcareous clays [1,

6]. Each of them has different advantages for pottery

production. The thermal phases formed during firing of

clayey raw material to pottery have been the subject of

many studies. In firing of non-calcareous kaolinitic raw

material, the kaolinite dehydroxylates mostly at about

450 �C and a pseudo-amorphous phase of meta-kaolinite is

formed [6, 7]. The reaction from meta-kaolinite to mullite

is undergone through short-range thermal phases [14]. The

intermediary phases in this process have been described as

defect Al-spinel or c-alumina phase and poorly crystallized

cubic mullite. Al-spinel phase is detected at about 900 �C

[14]. The formation of well-crystallized phases of mullite is

observed at about 1,200 �C. In firing smectitic (montmo-

rillonitic) clay, the smectite dehydroxylates mostly at about

600 �C, and with increasing temperature meta-smectite is

formed [6]. The major phases formed by the heating of

smectite have been identified as meta-smectite, spinel,

mullite, cordierite, and cristobalite [18]. Over time, some

rehydroxylation of the meta-clay within the fired material

takes place and rehydroxylated clay is reconstructed in the

pottery material [3].

In firing of calcareous raw material composed of a

mixture of clay minerals and microcrystalline calcite, the

calcite decomposes above 600 �C, carbon dioxide gas

(CO2) is released, and free-lime (CaO) is formed [4]. This

earlier decarbonation temperature of the calcite is due to

the microcrystalline structure of the calcite in the calcare-

ous raw material, the presence of clay, and the extended

firing duration. In parallel, dehydroxylation of the clay to

form the pseudo-amorphous phase of meta-clay takes place

[19]. In firing of calcareous kaolinitic raw material above

900 �C, the free-lime reacts with the meta-kaolinite and

gehlenite is formed [19, 20]. At higher temperatures, pla-

gioclase-anorthite is crystallized [19–21]. In progressive

firing, calcareous smectitic clay larnite and b-wollastonite

are formed. After the firing, recarbonation of the non-

reacted free-lime takes place by the reaction with vapor

and carbon dioxide from the air and recarbonated calcite is

formed in the pottery material [4, 22].

In the present work, we applied FT-IR and Micro-Raman

spectroscopy methods in analysis of the thermal phases in the

composition of calcareous pottery. The use of FT-IR spec-

troscopy has advantages in identification of amorphous and

short-range ordered thermal phases, which are unsuccess-

fully observed by XRD. Curve-fitting and second-derivative

techniques are applied for improvement of the identification.

The Raman response is sensitive to the degree of crystallinity

of the thermal products. The firing temperature and the

advantage of using calcareous raw materials in the manu-

facture of ancient pottery are discussed.

Materials and methods

Pottery

Iron Age pottery was excavated from Tel-Hadar [2]. A list

of the pottery investigated is shown in Table 1. Ancient

pottery usually contains temper particles within the cera-

mic material. The analysis was applied on the pottery

material after separation of the temper particles under

binocular microscope. The temper particles were examined

separately.

Fig. 1 Some of the pottery studied. The pottery was excavated at Tel

Hadar in the framework of the Land of Geshur Archaeological Project

[2]
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Reference thermal phases

Reference thermal phases of meta-kaolinite and meta-

smectite were obtained by heating samples of local smectite

and kaolinite in an electric kiln. The samples were heated to

600, 700, 800, and 900 �C for 6 h at each temperature. The

measurements were obtained at room temperature.

Methods

The samples were investigated by the following methods:

X-ray diffracrometry (XRD)

XRD was performed with a Philips PW-3710 diffractom-

eter using Cu Ka radiation 35 kV-40 mA, and a curved

graphite monochromator. Diffractograms from powdered

samples of the pottery material were obtained.

Infrared spectroscopy (FT-IR)

FT-IR was recorded using a Jasco-4100 FT-IR spectrometer

and Spectra Manager software. Spectra of powdered samples

of the pottery were obtained using KBr disks. The disks were

prepared using 1 and 5 mg of the sample in 150 mg of KBr.

The concentrated disks were designed for observation of rel-

atively weak OH bands in the pottery material [3]. The disks

were heated to 110 and 250 �C to remove absorbed water

bands. Immediately after heating, the disks were repressed

(without regrinding) to improve their transmission. Accu-

mulations of 60 s were applied for the spectra collection.

Micro-Raman spectroscopy

Micro-Raman spectroscopy was recorded using a Horiba-

Jobin Yvon ARAMIS Raman spectrometer with a UV laser

325 nm, 30 mW, 1.5 cm-1/pixel at 360 nm, 2,400 Grating

lines/mm Resolution spatial, 2 lm avec objective 1009.

Accumulations lasting 30 s were obtained. The advantage

in the use of UV laser in this spectrometer is in the pre-

vention of the interruption of luminescence on the Raman

spectra of the pottery. Some Raman spectra were recorded

using Renishaw RM 1000 Raman spectrometer with an

excitation 532 nm sortie laser.

Spectral analysis

The Raman and IR spectra were analyzed using the

GRAMS/AI 32 software package of Thermo Electron

Corporation. The second derivatives of the spectra were

obtained with the derivative ‘‘Gap’’ function of the soft-

ware. The curve fitting of the spectra were done with the

Peak fitting function of the software. Lorentzian and

Gaussian shapes were chosen in order to obtain best fit.

Results

X-ray diffraction

The XRD diffractograms of the pottery showed peaks of

calcite settled on a wide rise of the baseline between 15� and

35� 2h. This appearance indicates that, in addition to the cal-

cite, a pseudo-amorphous phase of meta-clay is found. Peaks

of gehlenite were not observed in the examined pottery.

IR spectra and spectral analysis

IR spectra of reference thermal phases

The thermal phases in the pottery were identified by com-

paring their IR spectra to that of fired smectite and kaolinite.

Table 1 A list of the investigated Iron Age pottery excavated from Tel-Hadar

Type Pottery number and excavation number

Jars TH-3 1734/2 TH-4 1809/1 TH-11 1823/1 TH-16 1873/1

Jars TH-18 1810/1 TH-20 1757/1 TH-24 1562/1 TH-28 1783/2

Jars TH-29 2290/1 TH-30 1783/1 TH-200 1834/1 TH-202 1277/1

Jars TH-204 1867/2 TH-209 1865/1 TH-250 1267/1 TH-301 2225/1

Jars TH-302 2060/1 TH-308 2148/1 TH-309 2139/1

Jugs TH-9 1790/1 TH-206 1565/1 TH-261 2105/1

Kraters TH-13 2108/1 TH-14 1740/1 TH-32 1828/2

Pithoi TH-15 1302/1 TH-264 2238/1

Chalice TH-36 2149/1

Bowl TH-40 1844/2

Lamp TH-44 1868/2

The sample number used for the experiments (e.g., TH-3, TH = Tel Hadar) and the excavation symbol (e.g., 1734/2) are depicted
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Figure 2 shows curve-fitted FT-IR spectra and second

derivatives of reference samples of meta-smectite and meta-

kaolinite after heating to 700 �C. Figure 3 gives the location

of the SiO-stretching band in the IR spectra of heated kao-

linite and heated smectite as a function of the firing tem-

perature. The main Si–O-stretching band of fired clay is

progressively shifted to higher frequencies as the tempera-

ture increases. Figure 3 was used for estimation of the firing

temperature of the pottery. The meta-smectite is distin-

guished from the meta-kaolinite by the location of the main

Si–O-stretching band (Fig. 3). In the reference samples of

meta-smectite and meta-kaolinite, this band is located at

1,038 and 1,086 cm-1, respectively, after heating to 700 �C

(Fig. 2). Weak bands at 780,798(795) cm-1 are of accessory

quartz (Fig. 2a).

IR spectra of the pottery

Curve-fitted FT-IR spectra and second derivatives of rep-

resentative calcareous pottery in the range 1,800–400 cm-1

are demonstrated in Fig. 4. The dominant bands in the IR

spectra of the pottery are the SiO and CO3 vibrations.

These vibrations are related to meta-clay and recarbonated

calcite, respectively. The locations of the SiO-stretching

band of the meta-clay (meta-smectite and meta-kaolinite)

and the main CO3 band of recarbonated calcite in the IR

spectra and in the second derivative are shown in Table 2.

The SiO bands

The IR spectra of the pottery have a broad SiO-stretching

band located at 1,030–1,060 cm-1 (Table 2, Fig. 4a). In

many spectra, an additional band is observed at about

1,076–1082 cm-1 (Table 2, Fig. 4b). These bands are rela-

ted to the composition of meta-clay (meta-smectite and

meta-kaolinite) in the pottery. The use of the second deriv-

ative of the IR spectra of the pottery enables the identification

of meta-smectite and meta-kaolinite in the pottery material

(Fig. 4), according to the location of the main Si–O-

stretching band (Figs. 2–3). The meta-smectite is identified

in the second derivative by the location of the main SiO-

stretching band at about 1,027–1,036 and the meta-kaolinite

by the location at 1,082–1,090 cm-1 (Table 2). In some

spectra, meta-smectite is the dominant phase (Fig. 4a), while

in others mixtures of meta-smectite and meta-kaolinite are

dominant (Fig. 4b). The pottery may contain some rehydr-

oxylated clay and quartz. The main Si–O-stretching bands of

these minerals are located at about 1,030 and at 1,084 cm-1,

similar to the location of the meta-smectite and the
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meta-kaolinite, respectively (Table 2). The band-doublet at

about 778 and 798 cm-1 demonstrates the presence of some

quartz (Fig. 3).

The CO3 bands

Curve-fitted FT-IR spectra and second derivatives of re-

carbonated calcite in pottery, in comparison with that of

unheated calcite are demonstrated in Fig. 5. The spectra of

the calcareous pottery have strong CO3 bands, which are

related to composition of calcite in the material. The

characteristics of the main CO3 band in the pottery indicate

that the calcite is recarbonated [4, 22]. The main CO3 band

in the spectra of the pottery is located at about

1,430–1,445 cm-1 and has a broad and asymmetric shape

(Table 2, Fig. 5a). In contrast, in unheated calcite the main

CO3 band is located at 1,424 cm-1 and has a sharp top

(Fig. 5b). In addition, the stronger intensity of the com-

ponent at 1,473 cm-1 in the second derivative of the

spectra of the pottery (Fig. 5a) relative to that in unheated

calcite at 1,464 cm-1 (Fig. 5b) is also characteristic of

recarbonated calcite.

The percentages of the recarbonated calcite in the pottery

material (Table 2) were calculated from the IR spectra

according to the relative intensities of the main CO3 band of

calcite at 1,430–1,445 cm-1 relative to the SiO-stretching

band of the meta-clay at about 1,030–1,082 cm-1. The rel-

ative intensities in calibration curves containing measured

amounts of calcite were used for this determination. The

results demonstrate that the amounts of the recarbonated

calcite in the calcareous pottery range between 40 and 58%.

The H2O and OH bands

Figure 6 demonstrates the curve-fitted FT-IR spectra and

second derivatives of representative pottery in the range

4,000–2,600 cm-1. The spectra show strong H2O-stretch-

ing bands at about 3,410 cm-1, which exist after drying the

KBr disks at 110 �C. It seems that the water is absorbed

within the pseudo-amorphous phase of the pottery material

[3]. Some interlayer water may appear within reconstructed

clay minerals in the pottery material. The H2O-stretching

bands appear with components at about 3,435 and

3,232 cm-1 as observed by the curve fitting.

In addition to the water bands, the spectra of the pottery

show the presence of weak OH-stretching bands at about

3,630 cm-1, which are related to some reconstructed clay

minerals in the pottery material. In the spectra recorded

after drying the KBr disks at 110 �C, the OH-stretching

bands are distorted by the band of the absorbed water and

observed as a shoulder (Fig. 6a). The second derivative

enables the separation of this band from the broad H2O-

stretching band of the absorbed water (Fig. 6a). The OH-

stretching bands are clearly observed after drying the KBr

disk at 250 �C (Fig. 6b). These bands appear with com-

ponents at about 3668, 3635, and 3583 cm-1 as observed

by the curve fitting. The result demonstrates that over time,

some clay is rehydroxylated and reconstructed from the

meta-clay in the pottery material [4, 23].

Raman spectroscopy

Figure 7 gives curve-fitted Micro-Raman spectra of rep-

resentative calcareous pottery. The broad bands in the
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eous Iron Age pottery in the range 1,800–400 cm-1: a pottery rich in
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Raman spectra are related to the presence of disordered

phases. The sharp bands demonstrate crystalline phases of

calcite, quartz and anatase (Fig. 7).

Discussion

Thermal phases in the composition of the pottery

The IR spectra reveal that the principal thermal phases in

the composition of the calcareous pottery are pseudo-

amorphous meta-clays and microcrystalline-recarbonated

calcite. Both phases are mixed in the pottery material. The

Raman spectroscopy confirms the presence of disordered

phases in the pottery material.

The meta-clay

Meta-clay is the principal phase in firing of clayey raw

material to pottery below 900 �C. The broad SiO-stretching

band in the spectra of the pottery is related to composition

of the meta-clay (Fig. 4). The broadening of this band is in

accordance with the pseudo-amorphous structure of the

meta-clay. The type of the meta-clay in the composition of

Table 2 The location of the SiO-stretching band of the meta-clay (meta-smectite and meta-kaolinite) and the main CO3 band of recarbonated

calcite in the IR spectra and in the second derivatives of the pottery

Pottery

number

IR spectra Second-derivative Recarb.

calcite/%

Firing temp./

Meta-smectite

Firing temp./

Meta-kaolinite
Meta-clay,

rehyd. clay

Meta-clay,

quartz

Recarb.

calcite

Meta-smectite,

rehyd. clay

Meta-kaolinite,

quartz

TH-3 1,047 1,078 1,437 1,033m 1,088m 47 640 750

TH-4 1,038 1,082sh 1,432 1,036m 1,088w 52 675 750

TH-9 1,044 1,081 1,436 1,030m 1,088m 55 600 750

TH-11 1,037 1,432 1,030m 1,088w 54 600 750

TH-13 1,033 1,430 1,030m 1,088m 40 600 750

TH-14 1,039 1,078sh 1,436 1,030m 1,090m 45 600 780

TH-15 1,037 1,432 1,036m – 45 675

TH-16 1,041 1,077sh 1,441 1,033m 1,090w 39 640 780

TH-18 1,037 1,079sh 1,432 1,035m 1,090w 53 660 780

TH-20 1,035 1,078sh 1,434 1,033m 1,088w 38 640 750

TH-24 1,042 1,080 1,441 1,036w 1,086m 43 675 725

TH-28 1,037 1,076 1,435 1,030m 1,090m 56 600 780

TH-29 1,038 1,073sh 1,432 1,034m 1,086w 52 650 725

TH-30 1,045 1,079 1,436 1,034w 1,086m 47 650 725

TH-32 1,038 1,079sh 1,445 1,036m 1,087m 54 675 740

TH-36 1,037 1,430 1,035m 1,086vw 55 660 725

TH-40 1,037 1,078sh 1,432 1,030vw 1,086m 58 600 725

TH-44 1,044 1,078 1,432 1,034m 1,088m 45 650 750

TH-200 1,040 1,080 1,430 1,035m 1,090m 39 660 780

TH-202 1,037 1,436 1,036m 1,086w 40 675 725

TH-204 1,059 1,081 1,432 1,036w 1,088m 40 675 750

TH-206 1,036 1,432 1,032w 1,088m 45 625 750

TH-209 1,038 1,078sh 1,435 1,035m 1,090m 48 660 780

TH-250 1,043 1,078sh 1,430 1,036m 1,086w 50 675 725

TH-261 1,036 1,430 1,035m 1,082w 50 650 670

TH-264 1,040 1,432 1,036m – 50 675

TH-301 1,034 1,436 1,034w – 52 650

TH-302 1,043 1,076 1,430 1,030w – 58 600

TH-308 1,038 1,071sh 1,432 1,035w 1,086w 57 660 725

TH-309 1,036 1,434 1,031m – 48 615

The percentages of recarbonated calcite and the estimated firing temperatures are depicted

TH Tel-haddar, sh band shoulder, s strong band, m medium band, w weak band, vw very weak band, recarb. recarbonated, rehyd. rehydroxylated
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the pottery is identified using curve-fitting and second-

derivative techniques. The meta-smectite is identified in

the second derivative by the location of the main SiO-

stretching band at about 1,027–1,036 and the meta-kao-

linite by the location at 1,082–1,090 cm-1 (Table 2). Meta-

smectite is more abundant in the composition of pottery

investigated (Table 2). Indeed, calcareous raw material

containing interstratified smectite is more available in the

region. The appearance of both phases in many spectra

indicates that calcareous raw materials containing smectite

and kaolinite were used for their manufacture.

The recarbonated calcite

The calcareous pottery contained large amounts of

microcrystalline-recarbonated calcite mixed with the

meta-clay (Table 2). This composition demonstrates

that, during the firing, the primary calcite of the raw
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material was decarbonated and free-lime was formed.

The recarbonated calcite was crystallized after the firing

by the reaction of the free-lime with water vapor and

carbon dioxide from the air [4]. In the IR spectra, the

recarbonated calcite is distinguished from the unheated

calcite by the shift of the main CO3 band to higher

frequencies and by the broad and asymmetric shape

(Fig. 5). The stronger intensity of the component at

1,473 cm-1 in the second derivative of the spectra of

the pottery (Fig. 5a) relative to that in unheated calcite

at 1,464 cm-1 (Fig. 5b) is also characteristic of recar-

bonated calcite. The shift of the main CO3 band from

1,424 cm-1 in the spectrum of unheated calcite to

1,430–1,445 cm-1 in that the recarbonated calcite might

be associated with the incorporation of Mg ions. The

fired smectite contains Mg ions in the composition and

as exchangeable cation and it seems that during the

recarbonation of the microcrystalline calcite some

incorporation of Mg took place and magnesium-rich

calcite was formed.

The Raman response is sensitive to the degree of

ordering in the structure of the thermal phases. The broad

bands in the Raman spectra are related to the presence of

disordered crystalline phases (Fig. 7). The Micro-Raman

spectroscopy enables point analysis of peculiar components

of the pottery such as calcite, quartz, and anatase. Quartz

usually appears in the pottery material as grains or silt

fragments [1]. Anatase is commonly accessory mineral in

kaolinites [24] and the detection of anatase in some of the

vessels (Fig. 7c) demonstrates the content of kaolinite in

the raw material.

Reconstruction of clay minerals

The presence of weak OH-stretching bands in the IR

spectra of the pottery (Fig. 6a) demonstrate that some

clay is reconstructed within the pottery material [3]. The

OH band is clearly observed in the second derivative or

after drying the KBr disks at 250 �C (Fig. 6b). The

location and shape of the OH-stretching band resembles

that in trimorphic clay minerals. OH-stretching bands

characteristic of kaolinite are not observed in the IR

spectra. The result demonstrates that, over time, some

clay is rehydroxylated and reconstructed from the meta-

clay in the pottery material [3]. The rehydroxylation of

the clay after the firing takes place slowly. Therefore,

rehydroxylation dating was suggested as a method for

dating of ancient pottery [23].

The firing temperature

Several methods were previously applied for the determi-

nation of the firing temperature of ancient pottery [25–29].

In many studies XRD is used for such determination, based

on the crystalline phases which are formed during the fir-

ing. However, much ancient pottery was fired at tempera-

ture intervals in which the principal thermal phases are

meta-clays, and these thermal phases are amorphous for

XRD detection. Thus, determination by XRD is limited to

pottery fired at a relatively high temperature in which the

crystalline phases are formed. Such determination is lim-

ited to highly fired calcareous pottery in which crystalline

thermal phases of gehlenite, plagioclase-anorthite, and

pyroxene diopside-wollastonite are formed [20, 21]. It

should be noted that some phases which seem to be formed

by the firing can be derived from the raw material. For

example, the detection of plagioclase-anorthite, pyroxene,

and amphibole in pottery manufacture from basaltic soil

may originate from the basalt residue and not thermal

phases of the firing.

FT-IR spectroscopy was also used for estimating the

firing temperature [6, 8, 25–27]. The use of FT-IR

spectroscopy enables the estimation of the firing
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temperature of low fired pottery according to the fol-

lowing criteria:

The meta-clay

The composition of meta-clay in the calcareous pottery

examined demonstrates that the pottery was fired above the

dehydroxylation temperature of the clay minerals. Kao-

linite dehydroxylates to form meta-kaolinite mainly at

about 450 �C and smectite (montmorillonite) dehydroxy-

lates to form meta-smectite mainly at about 600 �C [19].

The recarbonated calcite

The composition of recarbonated calcite in the calcare-

ous pottery examined demonstrates that the pottery was

fired above the decarbonation temperature of the initial

calcite, above 600 �C. Some studies relate the presence

of calcite in the pottery material to the initial calcite of

the raw material and concluded that the pottery was fired

below the decarbonation temperature of this mineral.

Nevertheless, the calcite in the pottery material is usually

formed by recarbonation of the decomposed calcite, and

is not the initial calcite [4]. The recarbonated calcite is

formed above the decomposition temperature of the ini-

tial calcite and thus the presence of calcite in the pottery

material cannot be used as higher limit of the firing

temperature.

Moreover, some publications reported that the calcite in

the pottery is decomposed at about 800–900 �C. This is

true in DTA experiments in which monocrystalline calcite

is treated under fast rate of heating. Nevertheless, in firing

of calcareous raw material, an early decarbonation takes

place at about 600 �C due to the microcrystalline structure

of the calcite in the calcareous pottery, the presence of clay

and the extended firing duration [4, 22].

The rehydroxylated clay

The reconstruction of clay minerals in the pottery material

demonstrates that the pottery was fired below 800 �C [3].

In firing above this temperature non-reversible dehydr-

oxylation takes place [3] and the meta-clay reacts with the

free-lime to form gehlenite [19]. Some studies relate the

presence of clay in the pottery material to the initial clay of

the raw material and concluded that the pottery was fired

below the dehydroxylation temperature of this mineral.

Nevertheless, the clay in the pottery material is usually

formed by rehydroxylation of the meta-clay, and is not the

initial clay [3, 23]. Thus, the presence of clay in the pottery

material cannot be used as higher limit of the firing

temperature.

The absence of gehlenite

Gehlenite is formed by the reaction of the free-lime from

the decomposition of the calcite and the meta-clay at about

900 �C and pottery containing this phase was fired above

this temperature [19, 20]. The absence of gehlenite in the

calcareous pottery examined is in agreement with firing

below 900 �C.

The location of the SiO-stretching band

Figure 3 gives the location of the SiO-stretching band in

the IR spectra of heated kaolinite and heated smectite as a

function of the firing temperature. The SiO-stretching

bands of the meta-kaolinite and the meta-smectite are

progressively shifted to higher frequencies as the firing

temperature increases. Figure 3 is used for estimation of

the firing temperature of the pottery. According to the

location of the SiO-stretching band of the meta-smectite,

the calcareous pottery was fired at 600–675 �C (Table 2).

The determination according to the location of the SiO-

stretching band of the meta-kaolinite showed higher firing

temperature, 670–780 �C (Table 2). Both results reveal

that the calcareous pottery was manufactured with a low

firing temperature. It should be noted that the exact loca-

tion of the main SiO-stretching band of the meta-smectite

and of the meta-kaolinite may be effected by the presence

of recarbonated clay and quartz, respectively. The main Si–

O-stretching bands of these minerals are located at about

1,030 and at 1,084 cm-1, respectively (Table 2).

The production of vessels using lime technology

The consolidation of the ceramic body by sintering of the

clay usually occurs in firing above 900–1,000 �C [28, 29].

In this process, the meta-clay grains stick to each other.

The results reveal a low firing temperature of the calcare-

ous pottery (Table 2), which seems to be lower than that

required for the sintering of the clay. Lime is considered to

be a flux material and vessels prepared from this clay are

sintered at lower temperatures [30]. Nevertheless, the large

amount of recarbonated calcite in the pottery material

(between 40 and 58%, Table 2) and the relatively low-

firing temperature indicates that instead of sintering the

clay, lime technology was used for the cementation of

these vessels [1, 6]. In this technology, the calcite was

decarbonated in firing of the pottery above 600 �C and the

cementation took place after the firing by recarbonation

and recrystallization of microcrystalline calcite in the

pottery material. Consolidation of the pottery by lime

technology required lower firing temperature than that

necessary to complete the sintering of the clay. Firing

above 600 �C is sufficient for decomposition of the calcite
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in calcareous raw material [4]. It seems that after the firing,

the vessels were carefully stored over a period in order to

complete the solidification by recrystallization of the re-

carbonated calcite. It should be noted that the use of lime

technology was already known from the Neolithic period

and was applied for cementation of lime-based plasters and

mortars [31, 32] and for production of Vaiselle Blanche

(‘‘Whiteware’’, [33]). Mixtures of free-lime and meta-clay

have some pozzolanic activity and such a process was used

for the cementation of ancient plasters and mortars [34].

Summary

The thermal phases in the composition of calcareous Iron

Age pottery from the Galilee were analyzed using FT-IR

spectroscopy and micro-Raman spectroscopy and the

application of second-derivative and curve-fitting tech-

niques. FT-IR spectroscopy has advantage in analysis of

the pseudo-amorphous meta-clay in the composition of the

pottery material. Applying the spectral analysis improves

the identification of the individual phases in the composi-

tion of the pottery.

The results demonstrate that the principal thermal pha-

ses in the composition of the calcareous pottery are pseudo-

amorphous meta-clays and microcrystalline-recarbonated

calcite. Both phases are mixed in the pottery material. The

type of meta-clay is defined by the second derivatives and

the curve fitting of the IR spectra as meta-smectite and

meta-kaolinite. The Raman spectroscopy confirms the

presence of disordered phases in the pottery material.

These methods make it possible to differentiate between

calcareous and non-calcareous pottery, to distinguish

between pottery manufacture from kaolinitic and smectitic

raw material, to observe rehydroxylated clay reconstructed

in the pottery material and also to analyze the composition

of temper particles in the pottery.

The large amount of recarbonated calcite in the pottery

material and the relatively low-firing temperature indicate

that instead of sintering the clay, lime technology was used

for the cementation of the calcareous vessels.

The results demonstrate that Iron Age potters had

knowledge of raw materials and firing technology thus

enabling them to select suitable raw materials according to

the advantages of each for the manufacture of the vessels.

The potters selected calcareous raw material for the prep-

aration of inferior pottery for daily use such as storage jars

and tableware vessels.
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