-

View metadata, citation and similar papers at core.ac.uk brought to you byj(: CORE

provided by Diposit Digital de la Universitat de Barcelona

The definitive version is available atvww.blackwell-synergy.com

(http://onlinelibrary.wiley.com/doi/10.1111/.147584.2006.00254.x/abstract

DOI: 10.1111/j.1475-4754.2006.00254.x

(http://dx.doi.org/10.1111/j.1475-4754.2006.002%4.x

ANALCIME CRYSTALLIZATION AND COMPOSITIONAL PROFILES -
COMPARING APPROACHES TO DETECT POST-DEPOSITIONAL
ALTERATIONS IN ARCHAEOLOGICAL POTTERY

A. SCHWEDT12, H. MOMMSEN1, N. ZACHARIAS 1t AND J. BUXEDA | GARRIGOS,

Archaeometry, 48, 237-251 (2006)


https://core.ac.uk/display/16208404?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

ANALCIME CRYSTALLIZATION AND COMPOSITIONAL PROFILES -
COMPARING APPROACHES TO DETECT POST-DEPOSITIONAL
ALTERATIONS IN ARCHAEOLOGICAL POTTERY

A. SCHWEDTY? H. MOMMSEN?, N. ZACHARIAS " AND J. BUXEDA | GARRIGOS’

! Helmholtz-Institut fir Strahlen- und Kernphysik,it#rsitat Bonn,
Nussallee 14-16, D-53115 Bonn, Germany

2 Equip de Recerca Arqueomeétrica de la UniversitaBdecelona,
Departament de Prehistoria, Historia Antiga i Arquiegia,
C/ de Baldiri Reixac, s/n, 08028 Barcelona, Catéoispain

The approaches of comparative studies and profdasorements, often used in
order to detect post-depositional alterations ofawecs, have been applied
simultaneously to two sets of Roman pottery, batiuding altered individuals.
As analytical techniques Neutron Activation and XyRDiffraction have been
used. Both approaches lead to substantially difteresults. This shows that they
detect different levels of alteration and shouldhptement each other rather than
being used exclusively. For the special procesa glassy phase decomposition
followed by a crystallization of the Na-zeolite &me, the results suggest that it
changes high-fired calcareous pottery fast andisddmentally, that the results of
various archaeometric techniques can be severstyrded.
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INTRODUCTION

The problem of post-depositional alterations ofhaeological ceramics has been addressed
up to now — besides the experimental simulationvefthering effects under laboratory
conditions — mainly by two different approachesoff® measurements and comparative
studies.

The profile approach (e.g. Dufournier, 1979, Tubtbal, 1980, Lemoineet al, 1981,
Freestoneet al, 1985, Thierrin-Michael, 1992, Maggetti, 2001, ®eltet al, 2004) relies

on the basic assumption that a ceramic body ihitihhd a homogeneous composition.
Consequently, compositional variations betweentbgcore of an excavated sherd and parts
closer to its surface are interpreted as hintsot-gepositional alterations, as it is expected
that weathering affects the outer parts of a sire@ stronger way than its interior, or, vice
versa, that the original composition is better eresd in the core samples.

The approach of comparative studies (e.g. Picoid6 1&8nd 1991, Franklin and Hancock,
1980, Lemoinest al, 1981, Rottlander, 1989, Buxeda, 1999), on theéraoyy assumes on e.g.
archaeological grounds an initially homogeneous pmusttion for a whole group of sherds
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and explains observed chemical or mineralogicaktians within this group of samples with
possible post-depositional alteration mechanisms.

Since, obviously, both approaches generally atteim@nswer the same question, it was a
challenging task to test them on the same samphlmnskto compare the results.

For this purpose, samples have been chosen in ciioméo a specific weathering process,
which recently has been subject of a high numbeoaiparative studies, i.e. the alteration of
the K and Na contents in pottery connected to fkeyagion of the glassy phase and the
crystallization of the Na-zeolite analcime (Na[AiS{] - 6 HO).

In 1976, Picon examined two sherds of calcareouteqyoat several spots with a varying
degree of overfiring and observed a leaching ogeeially at the spots which show signs of
a medium overfiring. Later, Picon (1991) found ami&ment in the Na, Mg and Sr
concentrations at the same spots and proposedyttaltzation of zeolites as explanation for
this phenomenon. In the following years, severahgarative studies (e. g. Buxeda and Gurt,
1998, Buxeda, 1999, and references therein, Bugeadd, 2001a, and Buxedeat al, 2002)
detected analcime in various sample sets in commmett a leaching of K, and showed that the
intensity of analcime reflexes in X-ray diffractagns increases with the equivalent firing
temperatures of the analysed sherds. Because difighecontent of crystal water, however,
this mineral phase cannot be formed during thediof the ceramics. By now, the probable
explanation for all these observations is giverBikedaet al (2002): Depending on the
firing temperature of the sherds a certain amodrda glassy phase is formed containing a
large part of the overall K in the sherd. This ghas unstable upon certain weathering
conditions, and a part of the K is leached fromgherd. From the remaining silicate material
subsequently analcime crystallizes under fixatibNa@ from the burial environment.

Finally, TL studies based on analcime containing@as out of several different case studies
have shown, that in samples affected by the analcirystallization, the archaeological dose
deposed in the sample is systematically higher tand be expected on the basis of the
natural radionuclide content as it can be measuretthie samples today (Zacharies al,
2005). This reconfirmed the theory, that K is lafter a considerable burial period and not
already during the firing.

SHORT ARCHAEOLOGICAL DESCRIPTION OF THE ANALYSED SAPLES

Samples showing this behaviour (for the TL dataZeichariaset al., forthcoming), and used
for analysis here, have been excavated at two Ra@it@s in Spain (Fig. 1): Cal Ros de les
Cabres (close to ElI Masnou, about 20 km north afc@ana at the Catalan coast of the
Mediterranean) and Sa Mesquida (close to Santaa?dfeglorca).

Cal Ros de les Cabres was a production centrenfiggharae of the Pascual 1 type (Fig. 2,
left), which were used for the transport of winetag-rance, Italy or England. In 1989-90, at
this site two kilns with the corresponding kiln dosnwere excavated, one of which was full
of amphorae fragments of the mentioned type. Tleeydcbe dated to the first century AD
(Buréset al, 1991). A total of 30 samples had been analysdédréddy Buxeda and Gurt
(1998) using X-Ray Fluorescence (XRF) and X-RayfrBdtometry (XRD) in order to
characterize the reference group. From those samplght could be analysed here, rim
fragments (CRC 4, 5, 6, 9, and 10) as well as mdrtee handles (CRC 16 — 18). All sherds
were found in the same stratigraphical layer (UE2)lof the same kiln dump, so that the
burial environment can be considered as identical.

At the second site, Sa Mesquida (Tsarginal, 2004, and references therein), a courtyard has
been excavated, in which around a central wellrs¢whambers of a similar size (about 2.5 x
3 m) were situated. In the southern part of thislyavidence for a kiln for the production of
tableware has been found, which also dates bacdketdirst century AD. In the adjacent
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chambers larger amounts of jar fragments have bg&eavated, and 60 samples have been
analysed by Tsantiret al. (2004). Seven of these samples could be analysed(MCF 22,

29, 33 — 35, 38, and 59, Fig. 2, right). Also ire tbase of those samples, noteworthy
differences in the burial environment cannot beiaees].

For both sites, the sherds had been cleaned bwrtteeologists only with water before
giving them to the analysis.

SAMPLING AND ANALYTICAL TREATMENT

The actually analysed sherds have been selecteddang to the degree of analcime content
known from the XRD bulk analyses of the previouslsts. From each site, samples affected
by the crystallization (CRC 4, 9, 16; MCF 22, 38, 59) as well as unaffected samples
(CRC 5, 6, 10, 17, 18; MCF 29, 33, 35) have beearseh. Furthermore, in Sa Mesquida,
various degrees of the alteration have been co\efedelow).

The sherds were cut with a diamond cut-off wheehgltheir cross sections (Fig. 2) into
small slices as parallel as possible to the susfatéhe vessels. In order to find a compromise
between spatial resolution and representativeess$, slice had an area of about Z amd a
thickness of about 1 mm. This size of the sliceddgd enough sample material (around 500
mgq) for further analysis with Neutron Activation &lgsis (NAA) and XRD. Regarding the
representativeness of these slices, inclusions af Rbs de les Cabres amphorae can be
considered of medium grain size, homogeneouslyiliged within the matrix. In grain size
estimations based on the examination of polishetiases no inclusions bigger than ca. 1.5
mm could be found. Only the largest of them occiihirequencies so low, that they could
cause slight problems (Bromuret al, 1976). On the contrary, for the pottery from Sa
Mesquida, petrographic analysis (Tsanttial, 2004) showed that the inclusions are also
well distributed with the largest having diametef$.2 mm. In that way no problems due to
inclusions have to be expected. Moreover, for theleorae case study, it must be noted that
assuming that the largest inlcusions contain Sk twonsiderable amount, which cannot be
measured by the NAA in Bonn, variations due to ahomogeneity of them should be
additionally cancelled by the applied way of davarection (cf. below). Therefore, the slices
can be considered as representative enough fdrulkecomposition at that part of the sherds.
Depending on the overall thickness of the shertts Bslices could be cut per sherd. The first
slice corresponds always to the outer surfacelasteslice to the inner, the only exception
being CRC 6 for which the numbering is reverse. ther handles the concept of inner and
outer surface cannot be reasonably applied. Altggehave been found fragmented, but
unfortunately, the exact positions and orientatiohshe sherds within the soil was not
recorded during the excavation. Thus the only atl information is that both surfaces were
in direct contact with the soil. Each slice, aftee cutting, was finally ground in an agate
mortar.

The specifications of the Bonn NAA setup are désadiat length in Mommsest al. (1991)
and need not be repeated here. All slices of desisigerd have been analysed in the same
‘run’ in order to avoid batch differences betweeffedent irradiations. The analytical raw
data of each single measured slice are not presaete because of a lack of space. They are,
however, published electronically in Schwedt (20D¥9ff.), and can be downloaded from the
internet.

Finally, XRD was performed only on the two surfatiees and a core slice (either the central
or one of the two central slices, if the total slimumber is even) in order to have the supposed
extreme cases of contact with the surroundingasmlysed. Measurements were taken using
a Philips PW 1130 diffractometer (35 kV, 30 mA) a@d—Ka radiation A=1.5418 A, Ni
filter in the incident beam) in the range of 6—-20°
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DATA TREATMENT

The analysis of concentration changes requires sgpeeial attention with regard to the
nature of compositional data, as every change enathount of a specific element not only
changes its own concentration, but, over the camdtrthat the concentrations of all
components add up to 100 %, all other concentrsiitmo.

Example: Assume a sample of 100 g, that containg €& and 1 mg Sc, which corresponds
to concentrations of 20 wt% Ca and 10 ppm Sc. Netwthis sample take part in some
reaction and half of the Ca, i.e. 10 g, be leacdaliously, this reduces not only the mass of
Ca component, but also the total sample weightQtay@t the same time. Therefore, this
change in the total mass increases the Sc contientta 11.1 ppm, although Sc did not take
part in any reaction. For Ca, the concentratioeratite reaction is not half of the initial
concentration, but 11.1 wt% instead.

Thus, a comparison of the raw data will misleaditherpretation forll elements. However,
an analysis of data corrected by a factor (totadsredter the reaction) / (total mass before) =
90/100 = 1/1.11 will lead to correct conclusions:i$Sunchanged, and half of the Ca is lost.

In practice however, this factor cannot be caladatirectly, since the needed sample weight
of an altered sample before the alteration is unknd herefore it can only be estimated. This
is possible either by the concentration ratio oelement assumed to be unchanged (Buxeda,
1999), or by a best relative fit based on sevdamhents. We generally used a best relative fit
following Beier and Mommsen (1994) on the basislbimeasured elements (Tab. 1) except
for As, Ba, Ca, and the alkali elements, as itesagally done in Bonn, and for Ca and the
alkali elements it is also especially reasonabl@se cases (cf. below) .

THE COMPARATIVE APPROACH: CHARACTERIZATION OF THE BLK SAMPLES

The concentration mean values of all slices frochesite, respectively, are given in Tab. 1.
As can be seen, at both sites, the used claysghly lcalcareous. Under neglect of the alkali
elements (cf. below) the samples show a sharpipeldfelemental pattern for each site. Only
elements which are usually found to scatter a V@hen homogeneous pottery groups (As,
Ba, Ca) or elements which can be only measured avitlgh analytical error in Bonn (Ni, Ti,
Zn and Zr) show considerable variations. Gener#tilg,variability among the samples of Cal
Ros de les Cabres is slightly larger than amongdhkeware from Sa Mesquida. However,
for both sites, the assumption of a production fimomogeneous clay paste each, seems to
be justified.

The variations of the Na and K concentrations carclearly correlated to the existence of
analcime in the samples as can be seen in Figntng the Mallorcan samples, Rb shows
the same behaviour as K, for the CRC samples, henvé¢ and Rb seem to be widely
independent.

Mineralogically, besides analcime, the major refexn the diffractograms are given by
guartz, plagioclases, gehlenite and pyroxenes (yndiipside), especially for Sa Mesquida
also peaks of primary and secondary calcite, adeaseen by petrographic analysis (Tsantini
et al, 2004; Cawet al, 2002; Heimann and Maggetti, 1981; Maggett§1)9
Thermodiffractometric experiments (heating rate160 °C/h, maintaining the maximum
temperature for 1 h) performed at the UniversieaBdrcelona allowed to classify the samples
according to the following equivalent firing tempeire classes:

Cal Ros de les CabréBuxeda and Gurt, 1998):

900 — 950 °C (CRC 5, 6, 18), 1000 — 1050 °C (CR@004,16, 17), and > 1050 °C (CRC 9)

Sa MesquidgTsantiniet al,, 2004):



850 — 950 °C (MCF 35), 950 — 1000 °C (MCF 29, 3800 — 1050 °C (MCF 22, 59, 38), and
1050 — 1100 °C (MCF 34).

If analcime is present, it is in highly fired sher@ 1000 °C), and the highest intensities can
be found in the overfired samples (> 1050 °C, Bjg.

In conclusion, the comparative approach yieldstyipecal signs of this weathering process
concurring with the studies mentioned above. A aldlity of the alkali elements found
comparing the different samples can be connectedifferent firing temperatures and
mineralogical changes: Once an appropriate dedrgiassy phase formation is reached, the
degree of the alteration of Na and K (for Sa Medgualso Rb) concentrations and of the
analcime crystallization depends, to some extemt, tloe firing temperature and the
environmental solutions.

THE PROFILE APPROACH

Examining the concentration profiles in each aredysherd separately, the most pronounced
profiles can be found, surprisingly, for an elememlich is not connected to the analcime
crystallization and does not show any peculiar bigha in the comparison of the bulk
samples, namely Ca. The measured profiles in thgles from Cal Ros de les Cabres are
plotted in Fig. 4. For the sake of an easier coaipéty, in this and the following figures,
after the best-relative-fit correction within easingle sherd, the data additionally have been
normalized to an average core concentration ofraégamples not affected by the analcime
crystallization (cf. the corresponding figure caps). As can be seen, a Ca profile formation
can be found in almost all samples, independentheffiring temperature and analcime
crystallization. These profiles show lower Ca corngions at the surfaces with one
exception in sample CRC 9 that cannot be fully aixgd by now, especially because micro-
environmental information and exact position andrgation within the soil are not available.
These profiles cannot be the result of natural imbgeneities in the clay paste, since the Ca
content of the core samples is much more homogenéekhe samples from Sa Mesquida
show similar profiles. Independent of the analcpnablem, similar observations have already
been made in earlier studies (Thierrin-Michael,2,%chwedet al, 2004).

In the diffractograms analogies to the chemicalfil@® can be found. On one hand, a
lowering of the calcite intensities towards theface can be found especially for samples
from Sa Mesquida (most pronounced in MCF 22, 28hcarring with earlier observations
(Schwedtet al, 2004). Another analogy can be observed espe@aligng the samples of Cal
Ros de les Cabres: So show the core slices of CRID,516, 17 and 18 clear reflexes of
gehlenite, the intensity of which strongly decrsasewards the surfaces (Fig. 5). The
decomposition of gehlenite has been extensivelyudised by Heimann and Maggetti (1981).
However, none of the decomposition products giventhat paper could be found
systematically increased in an analogous way in diffractograms. Whatever the exact
process is, at the end Calcium is lost in the csuefaces.

In contrast to Ca, the elements of interest in egtion to the analcime crystallization show a
completely different and rather puzzling behaviauth regard to profile formation (Fig. 6
and 7). For both sites, the loss of K in the sampliéected by the analcime crystallization,
thought to be the beginning of the alteration pssdgf. above), can be found homogeneously
all across even thick-walled sherds without leaang profile. Also, the proposed Na uptake
from the burial environment can be found in the lehmody of the affected sherds. It seems
to produce concentration profiles, in which the dncentration towards the surfaces is
slightly increased. However, this intra-sherd v@omain the case of Sa Mesquida adds up to a



maximum of 20 % in contrast to a total increasalofost 200 % from the core slices of the
unaffected samples to those of MCF 34. For Caldoles Cabres, the situation is similar.
This comparatively homogeneous alteration of the ddd K concentrations corresponds
mineralogically to a homogeneous crystallizatioranélcime within the sherd as can be seen
in Fig. 8 for MCF 34. Similar observations couldrhade for the other samples.

The behaviour of the two other measured alkali elelsy Rb and Cs, is not necessarily
connected to that of K. Among the samples from Rsdwida, Rb closely follows K. In Cal
Ros de les Cabres, however, it stays more or leddesin the fragments affected by the
analcime crystallization. Independent of an ovecakhnge of the Rb content, no significant
profile formation can be found.

With regard to the formation of Cs concentratioofies, the most conspicuous profile for Sa
Mesquida can be found for the medium high fired @anMICF 33, which is depicted more in
detail in the lower part of Fig. 6, in dependentehe actual depths. In this case, the firing
temperature was not yet high enough for the sherbet subsequently affected by the K
leaching and analcime crystallization, K and Rbragge or less constant all across the body.
The Na concentration, however, is increased towénrdssurfaces for up to 50 %, Cs, in
contrast, is lowered for up to 30 %. This concdmrachange reaches up to 3 mm into the
sherd, and is not just a problem of the topmodasar The constancy of the concentrations in
the central slices, however, shows, that this tianacannot be explained by natural
inhomogeneities. One possible explanation for sughofile in a single sample could be a
coincidence of salt and calcite in the paste (Béaraal, 1989, Schwedt and Mommsen,
forthcoming). However, here the composition of thther samples make this possibility
unlikely: If the salt would be naturally occurring the paste, it should be present in all
samples, and one would expect significant Na mefdlso in the lowest fired samples, since
Na profiles are formed during the drying of theyclalso an increasing loss of Cs towards the
higher fired samples should be expected (SchwetdliMommsen, forthcoming). Contrary, if
salt would be only present in this special sammealise of a peculiar preparation by the
potter, the Na concentrations generally should igeifecantly higher within this special
sample compared to the other samples from Sa MémqUliherefore, it is much more
probable, that the Na and Cs profiles in sample BBRave developed after the firing of the
vessel. Under this assumption, no clear possilpéaaation can be proposed to present.
Among the samples from Cal Ros de les Cabres, fissvalready between the core slices of
the sherds unaffected by the analcime crystalbmativhich is most probably the result of an
inhomogeneity of this element already in the udag paste. Anyway, also in Cal Ros de les
Cabres, the behaviour of Cs and the analcime dligatéon seem to be widely independent.
With regard to Cs concentration profiles, it hadéonoted as a certain regularity in Cal Ros
de les Cabres, that all samples unaffected byriakiane crystallization show profiles with a
lowering of the Cs concentration towards the s@fanost pronounced for sample CRC 5,
whereas the concentration in the samples affecyetthd crystallization show more constant
Cs profiles. Also here, an influence of salt canelkeluded as in none of the five samples
unaffected of the analcime crystallization systeenaicreases of Na towards the surface
could be found.

Generally, it is noteworthy, that if Cs profilesedound, for both sites this is rather the case
for medium high fired samples (between 900°C arieD1G, cf. MCF 33, but also e.g. CRC 5,
17). Contrary, in the samples affected by the atisation of analcime, Cs seems to be stable
again, whereas K leaves the complete sherd. Askgri®l Cs initially should be present more
or less in the same mineral phases, this diffebaitaviour should be explained by the
different ionic radii. One possibility would be ththe crystals of these mineral phases are
built in a zonar way, with Cs being enriched in theer layers of these minerals. For illitic
clay minerals, such a zonar structure is discuafeddy by Gaudettet al. (1966). As long as
the crystal structures are intact, the binding wWolbé comparatively stable. In the firing
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temperature range of those samples not yet affdnptatie analcime crystallization, the clay
minerals have lost their crystal structure alreathgir reflexes disappeared from the
diffractograms. However, in the amorphous rest ithieal zonar structure could be still
present. An alteration of these crystal rests waifdct first of all their outer layers, and
therefore the largest ions. At higher temperatd@iresly, the microscopic crystals would be
more and more molten, the initially zonar structwauld disappear. In the resulting glassy
phase affected by the analcime crystallizationdifierent alkali elements would be equally
distributed, and those with the smaller radii (Ma &) would be more mobile. If finally after
the analcime crystallization, the Cs happens tmberporated in the new crystal structure, it
is difficult to be solved from there — the analcigrgstal acts as ‘ion sieve’. This has been
also found by Fornaseri and Penta (1960) who aedlyse behaviour of the minor alkali
elements in various natural analcimes from lItaly.

IMPLICATIONS OF THE RESULTS

The results of this project show that the two apphes applied in order to detect post-
depositional alterations obviously have a differsggsitivity to different alteration processes:
The processes connected to the analcime crystallizatrongly alter the complete sherd —
chemically as well as mineralogically — in a wagttdoes not leave traces in form of profiles.
Obviously, alterations like the K loss connectedthts process can only be detected by
comparative studies, or indirectly by mineralogiealamination, but not with the profile
approach.

On the other hand, there are processes as the ©aloss in our cases, which can be detected
by their profile formation, but are rather ‘inviggbfor comparative studies.

One possible explanation for this different behawicould be that the process of glassy phase
decomposition / analcime crystallization is enaogdlly favoured and, therefore, much faster.
Support for this hypothesis is given by the fabgttBuxedaet al. (2001b) detect analcime
already in samples of T7century ceramics, whose burial time of around 3@@rs is
comparatively small. Also experimentally, Holler9fD) reports the conversion of natural
silicates into analcime in alkali-rich solutions teimperatures between 100°C and 180°C
within only a few months of reaction time. If treBould be the reason, the profile approach
could be only applied to alteration processes whighsufficiently slow, that the surfaces are
still affected in a stronger way than the core dasip

The different sensitivity might lead to the impiiess that the profile approach is less useful,
since it seems to detect rather faint alteratidtswever, this is a fallacy, as also these
weathering processes might cause severe probleths evaluation of the data, especially for
analytical techniques which restrict themselvesieasurements on small samples taken close
to the surface of archaeological objects in orademinimize the damage caused to the
artefact.

Besides this, the results of this project also rgelaour knowledge of the special alteration
process of the analcime crystallization. The meassuprofiles show, that this type of
alteration is not only a problem of the surfacet, ¢hanges complete vessels even as thick as
the amphorae from Cal Ros de les Cabres so fundaltyemhat it will affect a large number

of analytical techniques used in archaeometry: Qimly, chemically as well as
mineralogically the composition is altered, whiclauses problems for corresponding
techniques. As a consequence, also the Luminesceéatieg is disturbed (Hedges and
McLellan, 1976, Zachariast al, 2005), since the original K concentration neetedthe
estimation of the dose rate, cannot be found atspoy in the sherd. TL measurements on the
samples from Sa Mesquida will be published in aassp paper (Zachariast al,

8



forthcoming). Therefore, the wide-spread use ok(bred) kiln wasters as reference material
for archaeometric studies generally has to be trext at least for calcareous pottery.
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Tab. 1: Average concentration values M and spread&standard deviations) for all
measured slices from Cal Ros de les Cabres (CR&)rend Sa Mesquida (MCF, n=29). M
in pg/g (=ppm), unless indicated otherwise, in % of M. Prior to the calculation of the
spreads, the data of each slice has been adjustbd groups mean values by a best-relative-
fit on the basis of all elements except As, Ba,Ca,Na, K, and Rb (cf. text)

CRC MCF
39 slices 29 slices

M a(%) M a(%)
As 125 (18) 4.89 (29)
Ba 563. (15.) 363. (13.)
Ca (wt%) 9.30 (29.) 14.7 (11.)
Ce 75.9 (7.5) 66.8 (1.9
Co 10.7 (6.6) 9.65 (4.1)
Cr 50.7 (11.) 69.2 (5.2)
Cs 6.48 (20) 10.1 (11)
Eu 1.17 (4.8) 1.11 (3.6)
Fe (wt%) 3.45 (4.3) 3.06 (1.6)
Ga 194 (12.) 21.8 (6.0)
Hf 5.46 (6.7) 497 (3.7)
K (wt%) 2.40 (21) 1.71 (37)
La 36.3 (7.4) 35.4 (1.3)
Lu 0.40 (4.9) 0.39 (5.2)
Na (wt%) 0.86 (34) 0.82 (46.)
Nd 28.2 (20.) 28.7 (6.5)
Ni 62.4 (44.) 74.7 (51.)
Rb 117. (12) 109. (36.)
Sh 1.01 (20.) 0.77 (6.1)
Sc 135 (3.0) 13.3 (1.8)
Sm 5.13 (10) 5.11 (9.5)
Ta 0.96 (6.6) 1.10 4.7)
Th 0.73 (6.0) 0.76 (5.5)
Th 13.3 (6.8) 125 (2.2)
Ti (wt%) 0.49 (34) 0.42 (29.)
U 2.52 (7.7) 2.59 (6.6)
W 2.82 (16.) 2.90 (7.6)
Yb 2.77 (3.1) 2.76 (3.5
Zn 91.0 (34) 94.1 (8.5)
Zr 115. (23.) 102. (24.)
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Fig. 1: Geographical location of the sites
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Fig. 2: Drawings of the analysed vessels. The jposdf the measured profiles is indicated by
grey bars.
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Fig. 3: Dependency of the Na- and K-concentrati@figr correction) of the sherds from Cal
Ros de les Cabres, CRC, and Sa Mesquida, MCF @@wenmlue, as well as
minimum/maximum of the corresponding slices) ondhalcime content, semi-quantified by
the integrated intensity (background-corrected sficounts between 15.5° and 16.%) 2of
the non-overlapped 5.61 A-reflex in the diffractmmr. The numbers refer to the sample
labels. Additionally indicated in grey are the m@@d equivalent firing temperatures. The
plotted lines just indicate trends, they do notespond to any regression lines.
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Fig. 4. Ca-profiles in the samples from Cal RodedeCabres. The data are corrected within
each sherd by a best-relative fit to the sherdsnmedues, calculated on the basis of all
elements except As, Ba, Ca, Na, K, Rb, and Cstl@sake of an easier comparability, the
data are additionally normalized to the averagecentration of the core slices CRC 5-3, 6-3
and 18-3. The plotted errors correspond to thésstal error of the NAA.
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count rate / 10s
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Fig. 5: Background-corrected diffractograms of giees CRC 10-3 (core, black) and CRC
10-5 (surface, grey). Q: quartz, KF: potassium dpéds, P: plagioclases, D: pyroxenes
(mostly diopside), Ge: gehlenite. As can be sd®®gehlenite content decreases towards the
surface. A similar behaviour can be found for sas@RC 5, 16, 17, and 18.

17



3.5

™ 2.5

2 \//

e]

g

o 2 \/ ——Na
N

- K
[T}

™ Rb
& 154 = Cs
=

Y

o

:
!
7

corrected concentration, normalized to core slices

. =
05 =T == - ==
-9 7] E 1 [

[ S i 3

0 +———F+—+"r—"r————r

zzz zzzzz ZTZZTZTZTZZT ZZZ ZZTZTZT ZTZTZT ZZEZZ

[eNeNe} OO000O0 ONONONONONONS] OO0 0 OO0 0 OO0 OO0 00

m M M m m m, /M M M m m M m m m m M m m T m m T m ™ T M

W W W NDNDNNN W W wWwwWwwww NN N o a g O W W w W W ww

e YYBIY BLBLEE NNR 33 8L LLLE

- N W - NDw s~ O - N W s OO N - W H - N W s - N ® - N W s

O 1.4
o
o
[e)
2 i3]
el
(0]
N
T 1.2
S
S
Na
S 14
c
kel
=
© i
£ .
[0} Rb
e
0.9 1
3 Az
it v
% 0.8 1
2 I Cs
o -
O 079 T
0.6 T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 10 11 12

distance from outer surface [mm]

Fig. 6: Alkali element profiles for the sherds fr@a Mesquida. The data are corrected within
each sherd by a best-relative fit to the sherdsnmedues, calculated on the basis of all
elements except As, Ba, Ca, Na, K, Rb, and Csthlesake of an easier comparability, the
data are additionally normalized to the averagecentration of core slices MCF 29-3, 33-4,

and 35-2, which are unaffected by the analcimetalizmation. The samples are ordered by
rising equivalent firing temperature (cf. text).€elplotted errors correspond to the statistical
error of the NAA.
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Fig. 7: Alkali element profiles for the sherds froGal Ros de les Cabres. The data are
corrected within each sherd by a best-relativéofithe sherds mean values, calculated on the
basis of all elements except As, Ba, Ca, Na, K, &t Cs. For the sake of an easier

comparability, the data are additionally normalitedhe average concentration of core slices
CRC 5-3, 6-3, and 18-3 (for Cs only 5-3 and 6-3)eTplotted errors correspond to the

statistical error of the NAA. Analcime only crydiaéd in the three samples on the right.
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Fig. 8: Background corrected diffractograms of stiees MCF 34-3 (core, black) and MCF
34-1 (surface, grey). Q: quartz, C: calcite, Pgpealases, D: pyroxenes (mostly diopside),
Ge: gehlenite, Am: analcime. A significant variati@f the analcime-reflex intensities
between core and surface cannot be noted.
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