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ABSTRACT

The chemical and mineralogical composition of the Zambujeiro Dolmen ceramics was analyzed using
stereomicroscopy (SM), X-ray diffraction (XRD), in-situ X-ray fluorescence spectroscopy (XRF) and scanning
electron microscopy with X-Ray energy dispersive spectroscopy detection (SEM-EDS). Analysis have shown
that quartz is the most abundant mineral in the ceramics, with feldspars, especially alkali feldspars (Na, K),
being also present in the majority of the samples. Titanium-iron oxide minerals, like ilmenite, were also
detected in some samples. The nature of the clay minerals varies among the samples, but it was possible to
identify illite/smectite which can help approximate the firing temperature of the ceramics. Overall, the
ceramics’ composition is consistent with the geology of the area, confirming the local provenance of the
materials used for its production. Analysis of the organic content was done using gas chromatography
coupled with mass spectrometry (GC-MS). The ceramic organic content is likely from vegetable origin, which
can be inferred from the presence of a high content of unsaturated fatty acids, various steroids of vegetable
origin (campesterol, stigmasterol and beta-sitosterol), absence of cholesterol (steroid of animal origin) and
a ratio of fatty acid C16:C18 > 1. Biomarkers for the presence of resins from the genus Pinus, the diterpenoid
derivatives such as dihydroabietic and isopimaric acids, were identified in some samples. The reason for the
use of resinous materials can be attributed to their sealing or gluing properties, but they could also bring a
characteristic flavour to the materials stored in the ceramic vessels.

1. Introduction

The Great Dolmen of Zambujeiro (GDZ), built
between the 4t and mid-3"d millennium BC,
between the late Neolithic and Chalcolithic periods,
is located on the right bank of Peramanca riverside,
in Valverde, municipality of Evora (Portugal), and
is one of the largest megalithic monuments on
the Iberian Peninsula. The Zambujeiro Dolmen
was identified and excavated between 1964 and
1968 and is classified as a National Monument
since 1974. During the 1980s, due to the monu-
ment degradation, some conservation works and

archaeological research were carried out [1].
The Zambujeiro Dolmen still preserves the grave
(burial chamber and hall), much of the tomb hill,
and on its periphery two large stelae-menhirs
can be found. Collective inhumation was practiced
there, accompanied by the deposit of articles of
great quality, indicating that they were most
likely a group of distinguished individuals. The
collection of materials found in GDZ is large and
includes several lithics such as arrows, axes and
schist plates, as well as a large collection of pot-
tery. Despite the lack of important information
that should have been collected during the initial
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Figure 1. The Great Dolmen of Zambujeiro.

excavations in this archaeologic site, the archi-
tectural monumentality of GDZ and the extent
and variety of its spoil are sufficient reasons to
try new types of studies that can bring more
information about the life of people who were
buried in this location (Figure 1).

The study of ceramics in archaeology is mostly
concerned with the vessels provenance, manu-
facture and usage. The recent development of
very sensitive and non-destructive analytical
techniques can provide information at the micro-
scopic level that can elucidate and complement
the archaeological inventory of the spoil. Through
the use of different physical and chemical tech-
nigues, it is possible to identify the mineralogical
and chemical composition of the ceramics, and
thus to obtain information on its provenance (eg.,
to distinguish the local ceramic from imported)
and the production technology used (eg., identify
kiln temperature) [2-4].

The chemical and mineralogical composition of
the paste is partially inherited from the clay raw
material. The clay is a secondary earth material
and the clay deposit geochemistry depends on
its parent rock, and the degree of physical and
chemical weathering [5]. Thus, its composition
reproduces the composition of the initial rock,
modulated by climate that controls the weath-
ering processes. The chemical and mineralogical
data, therefore, can be used as fingerprints for
provenance studies [6].

The precise identification of the mineralogical
composition of the ceramic requires X-Ray Diffrac-
tion (XRD) and thermoanalytical experiments [7].
Chemical composition can be obtained by Scan-
ning Electron Microscopy coupled with Energy
Dispersion X-ray Spectrometry (SEM-EDS), X-ray
fluorescence (XRF) and Inductively Coupled Plasma
Mass Spectroscopy (ICP-MS). The interpretation
of data must be careful because mineralogical
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and elemental composition of clay from a singular
source and the pottery made from it can differ
considerably. Forinstance, because the stability
field of the minerals is dependent of the firing
temperature, the pottery mineralogical composi-
tion might not correspond directly to the clay
mineralogy since clay is a low temperature mineral.

Temper is added to a clay materialin order to
change its properties and improve its workabhility.
Raw materials like sands, shell, micas, crushed
rocks or grog can be used as temper. The miner-
alogical composition of temper can be assessed
by stereomicroscopy and polarizing microscopy
with data acquisition. The size of each temper
unitis adequate to microscope analysis [8].

SEM-EDS analysis allows a further insight on the
paste texture and the texturalinterrelationships
of the mineral phases present that are too small
to observe by optical microscopy. EDS spectra
can provide elemental analysis of the paste and
temper components, complemented with in-situ
XRF. Although the major element composition
stays constant during the firing, the possibility
of chemical element inward or outward diffusion
during the firing or the buried, inducing also
mineralogical and textural transformations, must
be considered. The analysis of the inner part of
ceramics by XRF can provide information about
this aspect.

With XRD it is possible to distinguish the minerals
within the clay group [9]. Also, since itis known
that the original clay components alter its original
structure when subjected to certain intensity and
heating rate [10, 11], itis possible to infer the
approximate temperature ranges [12].

The preservation of organic molecules inside the
porous structure of the ceramic, which can serve
as biomarkers, allows the identification of certain

food products or others that can provide infor-
mation on the type of the ceramics use.

The study of vessel usage using the recovered
organic compounds from the porous ceramic s
based on the archaeological biomarker concept
which relies upon matching the chemical struc-
tures of the organic materials and their distri-
bution on the archaeological samples, the
‘chemical fingerprinting’, with the presence of
chemicals in organisms known to have been ex-
ploited in the past. The archaeological biomarker
concept can be applied to any class of biomolecules,
such as ancient DNA, proteins, carbohydrates,
and fats, even if, in most cases, these are only
presentin a degraded form [14]. In fact, the
application of the archaeological biomarker
concept requires not only knowledge of the bio-
chemical compositions of the organic commodities
exploited by humans in the past but also infor-
mation on how these materials can be altered by
processing and/or burial. Many of the mechanisms
and pathways of molecular structural change
resulting from degradation and decay are predic-
table and, thus, can enhance the interpretative
framework [13].

Fats are one of the most stable biomarkers, and
both animal and plant fats are composed mainly
by triglycerides in which three fatty acids are
attached to a glycerol by ester bonds. Triglycerides
(TGA) from plant and fish origin are richerin
unsaturated fatty acids, while saturated fatty
acids are predominant in TGAs from animal origin.
During burial, the ester bonds in the triglycerides
can be broken by hydrolysis with the release of
the fatty acids. TAGs can degrade forming diacyl-
glycerols (DAGs), when only one fatty acid hydro-
lyzes, or monoacylglycerols (MAGs), when two
fatty acids hydrolyze. Only the most well preserved
archaeological fats still contain TAGs, while MAGs
are most often detected.
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Once released from the triglyceride, the short-
chain fatty acids are more water-soluble and
volatile than the long-chain fatty acids. The
released unsaturated fatty acids are also more
susceptible for degradation (the double C-C bond
is more reactive) when compared to the saturated
fatty acids. Usually, archaeological degraded fats
have a larger amount of long chain saturated fatty
acids like the palmitic and stearic acids, when
compared to all other fatty acids. The presence
of unsaturated fatty acids can be related to fish
or plant origin, being the presence of long chain
alcohols and alkanes a further confirmation for
the plant origin of the fat residues. Sometimes
the unsaturated fatty acids are no longer present,
but their degradation products can provide fur-
therinsightinto the nature and the ways fats
were processed.

Steroids can further assist in the identification of
the fat origin since the presence of cholesterol
in the organic residue extracted from ceramics
indicate possible animal origin, while plant ori-
gin can be attributed when plant sterols, like
campesterol or stigmasterol, are identified.

The application of the archaeological biomarker
concept requires that the total extract recovered
from the ceramic be separated into individual
compounds, and that these compounds be iden-
tified. This requires that the analytical techniques
employed be able to provide molecular-level
resolution, achievable by the combination of
chromatographic techniques (gas or liquid
chromatography, GC or LC) with mass spectro-
metry detection (GC-MS or LC-MS).

In 1997, Evershed et al. [14] showed that the
stable carbon isotopic composition of the main
fatty acids preserved in the pottery appeared
unaffected by diagenetic alteration during burial.
Thus, by using on-line gas chromatography-

combustion-isotope ratio mass spectrometry
(GC-C-IRMS) and by comparison with modern
reference fats, researchers can now distinguish
different animal fats (dairy and several ruminant
and non-ruminant species) by plotting the §13C
value for palmitic acid against that for stearic acid
[15,16]. Using the available analytical methodo-
logies, researchers have identified several com-
modities used during the Neolithic period in dif-
ferent parts of the world, including milk [17-23],
animal fat [24, 25], fish [26], and resins [27, 28].

2. Methods

Seven ceramic samples recovered from GDZ were
selected from the Evora Museum collection, and
the study was divided in two parts: chemical and
mineralogical composition of the ceramic paste
that can be used as a fingerprint for provenance
and production studies; and organic residue analy-
sis that can provide data on the containers usage.

2.1. Ceramics’ Chemical and Mineralogical
Composition

The chemical and mineralogical composition of
the ceramics paste was obtained using different
analytical techniques that provide complementary
information about the samples.

The samples were observed in a binocular micro-
scope Leica M205C using magnifications between
x65 and x110. The stereomicroscope (SM) was
equipped with a Leica DFC 205 camera allowing
image acquisition of resin mounted samples for
the subsequent analysis by SEM-EDS.

Using SEM-EDS analysis, a high resolution image
can be obtained and it can provide rapid qualitative
or quantitative analysis of elemental composition
with a sampling depth of 1-2 microns. Charac-
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teristics X-rays may also be used to form maps or
line profiles, showing the elemental distribution
in a sample surface. A Hitachi S3700N SEM coupled
to a Bruker Xflash 5010 SDD energy dispersive
spectrophotometer was used in variable pressure
mode, using a voltage of 20 KeV for spectra acquis-
ition and image acquisition in backscattered
electron mode.

In-situ XRF provides information about the ele-
mental composition of the samples. The informa-
tion obtained can be used complementary with
SEM-EDS data. A portable XRF spectrophotometer
Bruker Tracer ITI-IV SD was used for in-situ anal-
ysis. Spectra were recorded using a voltage of
40.0 kV and current intensity of 30.0 pA.

XRD can be used to determine the mineral com-
position of the ceramic paste. XRD patterns were
recorded with a Bruker D8 Discover, using Cu Ko
radiation, operating at a 26 angular range of 3-
75°, step size of 0.05° and a step time of 1 sec.

2.2. Organic Residue Analysis

The organic residues analysis was performed by
gas chromatography coupled to mass spectro-
metry (GC-MS). GC-MS is a separation technique
that allows the identification of the organic com-
pounds present in the ceramic samples. The sample
preparation included the previous cleaning of
the ceramic to eliminate handling contamination,
sample collection, extraction with a chloroform/
methanol mixture, derivatization with N,0-Bis(tri-
methylsilyl) trifluoroacetamide + 1% trimethyl-
chlorosilane (BSTFA) [28] and further injection
in the GC-MS system.

A Shimadzu GC2010 gas chromatographer coupled
to a GCMS-QP2010 Plus Mass Spectrometer was
used with a Phenomenex Zebron ZB-5HT capillary

column (15m length, 0.25mm L.D., 0.10 pm film
thickness) to perform the analysis.

3. Results and Discussion

Traditional methods of pottery analysis by archae-
ologists rely on typological or stylistic criteria/
features to provide information relating to the
means and place of manufacture of individual
vessels, their relative dates, and possible func-
tions. Nowadays, advanced analytical techniques
enable more detailed information on provenance
and technology of fabrication and possible usages
of the pottery materials.

The studies that have been published on the
organic content of Neolithic ceramics have been
done on materials excavated in settlement sites
[17-28], while the Zambujeiro ceramics come
from a funerary context.

Three methods were used to assess the composi-
tion of the ceramics: XRD for mineralogical com-
position, XRF for chemical composition, and
SEM/EDS for chemical composition and spatial
distribution of the elements, through elemental
mapping. Optical microscopy was used to evalu-
ate the size, form and orientation of clasts or
minerals (Figure 2).

Figure 3 presents the X-Ray diffractograms for
two of the studied samples. Quartz is the most
common non-clay mineral found in ceramics, and
it was found in all samples. Muscovite, a type of
mica, was found in some samples. Amphibole,
aninossilicate, was also found in some samples.
Feldspars, especially alkali feldspars (Na, K)
were also found in the majority of the samples.

The nature of the clay minerals varies from
sample to sample and it was possible to identify
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Figure 2. Optical microscopy images of the studied samples.
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Figure 3. X-Ray diffractograms for two of the studied samples..
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Figure 4. SEM-EDS results for sample Z4162.

illite/smectite. Clay minerals crystallize to other
minerals, starting at 600 °C, so their presence in
ceramics gives an estimate of the temperature
used for firing.

The results for SEM-EDS (Figure 4) and XRF (Figure
5) complement the information given by XRD,
confirming the presence of alkali feldspars and
titanium-iron oxide minerals, like ilmenite. Figures
4 and 5 show examples of the SEM-EDS and XRF
results for one of the samples (24162).

In Figure 6 two chromatograms are presented
that areillustrative for the studied samples and
in table I the corresponding peak identification
are shown.

Overall, the samples exhibit good preservation as
several unsaturated fatty acids (C18:1 and C18:2)
and mono-acyl-glycerols (MAGs) were detected
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Figure 5. XRF results for sample Z41624.

in most samples. The presence of unsaturated
fatty acids in the original content of the vessels
was further confirmed by the detection of azelaic
acid, a degradation product of unsaturated fatty
acids. The presence of polyunsaturated fatty acids,
and in particular C18:2, is surprising in samples
from this period. In archaeological environments,
polyunsaturated fatty acids easily undergo oxi-
dation processes localized at the double bonds via
radical reactions with the inclusion of oxygen in
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Figure6. GC-MS chromatograms of samples Z4162 and Z3694. Peak identification is shown in table I.

the carbon chain, carbon-carbon bond cleavage,
and formation of lower molecular weight species,
such as azelaic acid (also detected in the samples)
[13].

The chromatographic profiles suggest that the
ceramics were previously used for materials of vege-
table origin: high content of unsaturated fatty
acids, presence of various steroids of vegetable

origin (campesterol, stigmasterol and beta-sitos-
terol), absence of cholesterol (steroid of animal
origin) and a ratio of fatty acid C16:C18 > 1 [13].
Despite the evidence for a vegetable origin of the
fats stored in the studied fragments it is not
possible to establish its botanical origin.

Anotherinformation gathered from the chemical
analysis of the lipid extract is the absence of
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Table I. Peak identification of the compounds present in the GC-MS chromatograms of samples 24162 and Z3694.

Peak # Rt (min.) Possible identification MW |Peak # |Rt (min.) Possible identification MW
3,856 Caproicacid, TMS ester (C6:0) 188 14,203 1-Hexadecanol, 0-TMS (C16) | 314
6,514 Octadecanoicacid, TMS ester (C8) | 216 15,040 | Palmitic acid, TMS ester (C16:0) | 328
8,162 Tetradecane (C14) 198 15,609 | Margaricacid, TMS ester (C17:0) | 342
8,933 Decanoicacid, TMS ester (C10:0) | 244 15,957 1-Octadecanol, 0-TMS (C18) | 342
10,057 Undecanoic acid TMS ester (C11:0) 258 16,366 | Linoleic acid, TMS ester (C18:2) | 352

10,222 1-Dodecanol, 0-TMS (C12) 258 16,727 | Stearicacid, TMS ester (C18:0) | 356
10,475 Hexadecane (C16) 226 17,222 |Dehydroabietic acid Methyl ester | 314
11,117 Lauric acid, TMS ester (C12) 272 17,669 Dehydroabietic acid TMS 372
11,278 1-Tridecanol, 0-TMS (C13) 272 18,261 | Arachidicacid, TMS ester (C20:0) | 384
11,547 Heptadecane (C17) 240 19,071 1-Docosanol, 0-TMS (C22) | 398
12,141 Tridecanoicacid, TMS ester (C13) | 286 19,258 2-Monopalmitin, TMS ether | 474
12,293 1-Tetradecanol, 0-TMS (C14) 286 19,473 1-Monopalmitin TMS ether | 474
12,701 Azelaic acid, di-TMS (C9) 332 19,707 |Behenicacid, TMS ester (€22:0) | 412
13,128 | Tetradecanoicacid, TMS ester (C14) | 300 | © 23,476 Campesterol, TMS ether 472
13,268 1-Pentadecanol, 0-TMS (C15) 300 © 24,014 B-sitoesterol, TMS ether 482
14,066 | Pentadecanoicacid, TMS ester (C15:0) | 314 | © 24,116 Stigmasterol, TMS ether 484

long-chain ketones; these compounds are usu-
ally present when animal or vegetable fats are
heated above 300 °C [13], suggesting that the
pots were not used for frying, but usage for boil-
ing foodstuffs of vegetable origin cannot be ex-
cluded. However, food materials of plant origin
(except the oils) have a small content of fats,
leaving few residues in the ceramics when just
boiled in water [13]. The large fat residue con-
tent of some of the analysed samples suggests
that the ceramic vessels were likely used for
storage of materials based on a vegetable fat.

One of the most interesting results of these
analyses was the identification of diterpenoid
derivatives such as dihidroabietic and isopimaric
acids, in some samples. These compounds are known
to be biomarkers for the presence of resins from
Pinaceae family, and in particular from genus Pinus.
So far, the use of pine resins in the Neolithic

period is rare, being more common the detection
of resins derived from birch bark (genus Betula)
[29]. The reason for the use of resinous materials
can be attributed to their sealing or gluing prop-
erties. Resins can also impart a characteristic
flavour to any material storage inside the vessels.
The studied ceramics had no visual signs of the
resin and it is not obvious why they were used in
the first place. Pinaceae resins were widely used
by the Romans to seal their amphorae, used to
transport different food products throughout
their empire [30].

4. Conclusions

Mineralogical composition of the ceramics, deter-
mined by XRD, showed quartz as the most abundant
mineralin most samples. Feldspars, especially
alkali feldspars (Na, K) were also found in the
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majority of the samples. The nature of the clay
minerals varies from sample to sample and it was
possible to identify illite/smectite. This gives an
approximation to the firing temperature of the
ceramics, since illite decomposes above 950/
1000 °C, and smectite decomposes at lower tem-
peratures However, this is not enough to de-
termine the firing temperature of the ceramics,
and further examination of the sherds using
thermal analysis will be performed in a near fu-
ture. SEM-EDS and XRF results corroborate the
information given by XRD, confirming the pres-
ence of alkali feldspars and titanium-iron oxide
minerals, like ilmenite. Results for the ceramics’
composition are consistent with the geology of
the area and confirm the local provenance of the
materials used for the ceramics’ production.
The presence of a high content of unsaturated
fatty acids, various steroids of vegetable origin
(campesterol, stigmasterol and beta-sitosterol),
absence of cholesterol (sterol of animal origin)
and a ratio of fatty acids C16:C18 > 1, suggests
that the fat content on the ceramics is likely from
a vegetable source. Biomarkers for the presence
of resins from the Pinus genus, dihydroabietic and
isopimaric acids, were identified in some samples.
Pinus resin could have been used for their sealing
or adhesive properties, but they would also bring
a characteristic flavour to the materials stored in
the ceramic vessels.
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