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Preface

On behalf of the organising committee and the University of Zaragoza
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I would want to thank the financial supporters and in particular to the Aragonese
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Technology, for their important collaboration. Special thanks are due to Gres de
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Finally, Archaeometry 2004 would not have taken place without the
collaboration and support of many other people, from Zaragoza and Barcelona,
and I would like to thank them too, but there is not enough place in this page to
write all their names.

I hope that all of you will enjoy this conference and the scientific work, but
also that you will have enough time to visit and enjoy Zaragoza.
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GEOPHYSICS AND ARCHAEOLOGY AT LA
MESA SITE, CHICLANA DE LA FRONTERA,
CADIZ (SPAIN)

Luis BARBA PINGARRON
Laboratorio de Prospeccién Arqueoldgica. Instituto de Investigaciones Antropolégicas.
UNAM. México D.F. barba@servidor.unam.mx

Salvador DOMINGUEZ-BELLA
Departamento de Cristalografia y Mineralogfa. Facultad de Ciencias.
Universidad de Cddiz. Puerto Real. 11510. Cédiz (Spain)

José Ramos MuNo0z; Vicente CASTANEDA FERNANDEZ
Manuela PEREZ RODRIGUEZ and Maria SANCHEZ ARAGON
Area de Prehistoria. Universidad de Cadiz. Facultad de Filosoffa y Letras. 11001.
Cadiz (Spain)

1. INTRODUCTION

La Mesa is a large archaeological site (80 Ha) with deep cultural roots
(Neolithic, Copper and Bronze Age societies besides Roman and Islamic
settlements). It is located near the modern town of Chiclana de la Frontera, in
Southern Spain, in a strategic position along the Iro river valley lying on a
promontory that dominates the natural pass and thus the trade between the
coast and the hinterland.

An international project carried out jointly by teams from the University
of Cadiz and the National University of Mexico undertook the pilot
application of geophysical techniques on order to verify and extend the
archaeological evidence provided by limited archaeological excavations.

2. OBJECTIVE

One of the goals of this project was to contribute to the understanding of
the vertical and horizontal distribution of the numerous settlements at the
site, by defining the spatial limits of each individual archaeological area. This
would supply the corroboration needed for planning future excavations.

Finally, it was important to test the capability of many geophysical and
geochemical techniques in that specific geological environment.
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Figure 1. Location map of the archaeological site of La Mesa, at Chiclana de la Frontera,
Cédiz, Spain.

3. METHODOLOGY AND PROSPECTING TECHNIQUES

When working on this site the first step was to carry out a systematic
archaeological survey. We recovered archaeological materials, dated from
Neolithic to Medieval times, which were later subjected to laboratory tests.

The topographic survey provided the base map to place the rest of the
archaeological indicators.

For the magnetic survey, we used a GEOSCAN FM36 gradiometer, while
for the electric survey we resorted to a Bradphys IV resistivity meter.

The work conditions for the gradiometer were four readings by meter
along lines that were one meter apart. The electric readings were undertaken
over the same lines with a Wenner array and a one meter electrode spacing.

Oblique aerial photographs using a light aircraft offered an overview of
the whole site and showed some faint color traces suggesting buried
archaeological remains in certain specific parts. Among others, scarce
vegetation could be seen in the upper part, related to the Neolithic settlement
area, while light-colored elongated areas trace the smashed walls
surrounding this upper part and, finally, a rectangular structure, recently
discovered at the southeastern corner of the field, seems to have been
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Figure 2. Topographic map showing in yellow the areas with surface material concentrations,
in red electric resistivity lines and magnetic grids in yellow rectangles.

produced by the shallow alignment of the building materials. Unfortunately,
aerial photographs were taken some weeks following the geophysical studies
thus preventing the application of techniques in some of the features
discovered later.

From the geophysical point of view, one of the outstanding information
provided by the magnetic gradient studies permitted to detect the presence of
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a faint circular induced magnetization anomaly interpreted as a ring-shaped
ditch at the Neolithic settlement area.

On the other hand, extended electric resistivity lines ascertained the
presence of a large defensive wall enclosing the Islamic settlement by the
northern and eastern sides.

Magnetic gradient and electric resistivity surveys provided information
confirming and somewhat extending the earlier archaeological findings. This
is the case of the grid close to the excavated storage pit area where electric and
magnetic results suggested the existence of more pits, enlarging the
excavated area at least by 10 more meters.

4. FINAL COMMENTS

Taking into consideration the surface extension and the chronological
depth of the archaeological site, compared with the shortness of time for the
archaeological prospecting pilot project, it can be considered successful and
very promising.

The combined interpretation of aerial photographs, geophysical, surface
survey and archaeological excavation data, support the original idea that it was an
important strategic site occupied by different societies during a large time frame.
This seems to be mainly due to their access to a wide array of local resources and
to their control of the movement between the inland and the costal zone.

In the concentration area of the Neolithic surface material, through
magnetic gradient it was possible to define subtle circular anomalies that
might have been produced by refilled trenches distinctive of the human
settlements from that time.

During the Islamic era, the largest structures were built at the site, among
them the perimeter walls and the already excavated storage pits. Geophysical
results displayed high electric resistivity readings approaching the north and
western walls, in addition to the clear electric and magnetic anomalies that
could be seen along the west side of the storage pits excavated area.

The promising data recovered during fieldwork supported the proposal
presented to the Andalusian government when we requested the funding we
needed to study the entire area applying all the available geophysical
techniques, and when putting together a joint project with the University of
Cadiz, National University of Mexico and the University of Georgia (USA).
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GEOPHYSICS AND ARCHAEOLOGY
AT SANTA CRUZ ATIZAPAN, CENTRAL MEXICO

Luis BARBA, Agustin ORTIZ, Jorge BLANCAS, and Yoko SUGIURA
Instituto de Investigaciones Antropolégicas,
Universidad Nacional Auténoma de México

1. INTRODUCTION

The application of a suite of prospecting techniques for the study of
archaeological sites from the surface, combined with reconnaissance and test
pits made possible to obtain a better understanding for the distribution
pattern, construction techniques and possible function of man-made
“islands” occupied during the late Classic (550/650 AD) and the Epiclassic
(650-900 AD) periods in the northeastern margin of the Chignahuapan Marsh,
at Santa Cruz Atizapan, located in the Toluca Valley, Central Mexico (figure
1). The existence of more than a hundred mounds made virtually impossible
to excavate the entire site. Considering limited time and financial resources,
the geophysical survey of the site, in combination with the archaeological
verification, was a practical and effective alternative.

The site of Santa Cruz Atizapan is divided in two areas: the central area
is conformed by several monumental architectures, built on artificial terraces
at the northeastern lakeshore of the Chignahuapan, whereas the sustaining
area consists of more than a hundred man-made “islands” constructed in a
marshland, covering a surface which exceeds a square kilometer.

Aerial photography taken by helium balloon produced a series of
photographic mosaics of the terrain, while the topographic map was utilized
to determine the size, location and distribution of the mounds. Magnetic
gradient covered large surface extension, whereas georadar and electric
resistivity were effective for verifying specific group of anomalies. Several
test pits and one intensive-extensive archaeological excavation provided
information difficult to be obtained by geophysical methods such as depth,
chronology and characteristics of buried architectural features.

2. GEOPHYSICAL PROSPECTING SURVEYS

For the magnetic gradient survey, we used GEOSCAN FM36 gradiometer
taking four readings by meter with one meter between lines. For those areas
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Figure 1. Location map. Surveyed area can be seen in yellow to the north of the Chignahuapan
marsh.

where the anomalies were registered during the survey, radar and electric
studies were conducted. Electric study was carried out employing
BRADPHYS IV and GEOSCAN RM 15, using Wenner and pole-pole arrays. In
addition, some electric pseudo-sections were registered, providing
information of lateral and vertical variations of the electrical resistivity along
lines at specific places. As a final stage of survey, GPR or georadar studies
were carried out, using SIR System 2 with antennas of 300 AND 400 MHz from
GSSI, to obtain detail information of areas with anomalies identified by the
other techniques.



3. RESULTS

Magnetic survey registered a very good contrast between the low
magnetic properties of the sediments and volcanic stones used for
construction. Most of the small mounds located during the topographic
survey have magnetic dipoles clusters interpreted as collapsed stone walls,
although in some cases we have found that stones were not used as
construction material.

Focus on the distribution pattern of the mounds, the topographic map
seems to indicate that the smallest mounds are built far away from the
lakeshore, in which predominates swampy and unstable soil condition,
unsuitable for the construction of large mounds.

The most outstanding linear feature registered during magnetic survey
was a buried stone concentration with nearly 300m long, which ran from
southeast to northwest with two meters wide. We speculate that it could
represent a dike, an aqueduct or some type of pathway, but we have to wait
for its confirmation until the adequate excavation will be carried out.

3.1. Southern Complex

A cluster of 13 small mounds built, according to magnetic gradient
images, with significant amount of small stones conforms the Southern
Complex. In the present environmental conditions, this cluster is located at
the edge of the marshland. Based on detailed analysis of electric and radar
survey, we propose hypothetically that, over the natural lacustrine sediments
a platform constructed by piling earth was built, and then superimposed
floors and stonewalls formed the mounds.

3.2. Mound 20

It refers to one of the largest mounds, originally located in the
marshland, which is the only one entirely excavated. Previous geophysical
studies identified some of the late stage constructions uncovered by the
excavations such as the circular wall foundation, the stone concentration in a
roughly circular distribution that covers the northwestern edge of the mound
and a the stone clusters forming a square shape surface. The excavation of
this mound uncovered floors, some of which were identified by the radar
study. Intensive, as well as extensive excavations uncovered seven well-
defined floors, which were successively laid. The first five present rectangular
layout, while the last two floors corresponding to the Epiclassic period are

circular in form (figure 2).
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Figure 2. Geophysical results from Mound 20.



3.3. La Campana-Tepozoco

This corresponds to the civic-religious sector of the site, originally
consistent of several monumental architectures and one pyramid called La
Campana (The Bell). It is located roughly 500 m to the north of the lakeshore.
Magnetic studies registered anomalies with circular tendency to the north of
La Campana pyramid, which represented building stone foundations. Radar
studies indicated that the magnetic anomalies were less than 1.3m in depth.
Finally, archaeological excavation uncovered a partially destroyed stonewall
of the circular structure 18m in diameter.

4. CONCLUSIONS

Spatial distribution patterns of the man-made “islands”, their sizes, the
proximity to the civic sector of the site, as well as the archaeological evidence
obtained from geophysical data and excavations, indicated that the most of
these mounds were constructed and used as domestic or habitational units,
supporting one or two houses. Although the excavation of the Mound 20
provided evidence that this was built as public space.

Several field seasons of archaeological prospection and excavations,
together with detailed laboratory analysis revealed that the inhabitants of the
site of Santa Cruz Atizapan developed a complex internal social and political
structure during the final stage of the Classic and the subsequent Epiclassic
periods (550-900AD). In addition, the studies confirmed that these people had
well organized labor force and technical capacity to solve specific
environmental problems and to build many domestic mounds and some
large architectures.
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REMOTE SENSING AND FIELDWALKING
SURVEY APPLIED TO THE STUDY OF ANCIENT
LANDSCAPES: AN INTEGRATED APPROACH

Stefano CAMPANA
Landscapes Archaeology, Dep. of Archaeology and History of Arts,
University of Siena at Grosseto
campana@unisi.it

Cristina FELICI
Ph.d student, Dep. of Archaeology and History of Arts, University of Siena
felicicri@unisi.it

1. INTRODUCTION

In this paper we will discuss our experience with the gradual
introduction of new methodologies and the problems of integrating different
surveying techniques in the archaeological mapping of South Tuscan
landscapes, specifically in the administrative areas of Grosseto and Siena.

The need to test new instruments and new approaches to surveying
derives from a certain dissatisfaction with the results obtained through
previous methods. The main problems encountered in the landscape analysis
could be summarized as follow:

e degeneration of the surface finds due to more than half a century of
ploughing.
* Low level of visibility, whether from the ground or from the air.

e The remaining land consists mainly of agricultural cultivation on
heavy clay soils that are known to be an unfavourable surface for most
remote sensing techniques.

* Areas with a higher level of visibility consist mainly of the alluvial
plains of substantial rivers. In some of these areas, however, other problems
arise from the great thickness of the layer of alluvium and from the impact of
modern industry and residential development.

The strategy developed to face this situation is directed towards an
integrated use of those remote sensing techniques that leave a wide choice to
the archaeologist of times of the year to capture data capture and in particular
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towards the study of the region of the electromagnetic spectrum not visible to
the human eye (CAMPANA-FRANCOVICH 2003).

1.1. Aerial Survey

We started a programme of aerial survey in 2000 averaging 45 hours of
flight per year collecting more than 12000 oblique air photographs. The use of
exploratory aerial survey in Italy has only become possible in recent years. In
ideal conditions this technique offers an extraordinary contribution to the
search for new sites and for the continuous monitoring of the cultural
heritage (fig. 1a). The flexibility of the method in allowing us to respond to
the development of archaeological traces with extreme rapidity is of great
benefit and importance. The archaeologist is free to choose conditions of
lighting that range from soon after dawn to almost sunset as flying conditions
(MussON et al. 2005).

1.2. Ikonos and Quickbird Satellite imagery

The introduction of satellite imagery was aimed in the first place at
providing a total, continuous and objective view of a whole area at a particular
moment of the year as planned by the archaeologist (CampaNA 2002). The
second feature is the capacity to provide multispectral data (and in particularly
in the red and near-infrared region) to monitor plant health and to detect water-
stress in vegetation where it cannot be seen by the naked eye (fig. 1b).

1.3. Historical vertical air photographs

Vertical aerial photographs, spanning with their wide temporal range,
represent an irreplaceable source for the analysis of the Tuscan landscape
(GuarToLl 2003). Anyone interpreting the photographs through a digital
photogrammetric workstation will see a 3D replica model of landscape as it
was in 1938, 1954, 1976 or 1994. In addition to their historical content, vertical
photographs are of course an important source for the conduct of “aerial
reconnaissance” (fig. 1c).

1.4. Field walking survey

The technique of field-walking is aimed at the systematic investigation of
sample areas and at the verification of the remotely sensed evidence. In the last
25 years of field-walking about 9000 sites have been detected in the provinces of
Siena and Grosseto (FRANCOVICH-VALENTI 2001). Field survey constitutes
therefore an important source for the archaeological study of settlement patterns.
Nevertheless the collected information often turns out to be incomplete, confused
and difficult to interpret because of post-depositional processes in the field, if not
integrated with other sources of information (fig. 1d).



Figure 1. a) Oblique air photograph of the ancient roman city of Heba (GR); b) vertical air

photograph of an early middle age village (LI); ¢) Quickbird-2 satellite imagery showing at the

centre a linear feature corresponding to a roman road; d) artefact scatter recognized during field-

waking survey in the Orcia valley; e) example of a double enclosure detected with the gradiometric

survey; f) PDA computer showing on the screen the background layer of the result of the different
remote sensing analysis and on the front the GPS position.

1.5 Magnetic survey

In 2003 we tested a system of data acquisition that allowed us to cover
one hectare per day at a resolution of 60 cm along traverses which were each
set 1 metre apart.

So far we have only acquired data for 15 hectares surveying 12
archaeological sites. The general trend arising from the results seems to
confirm that the degree of detail, although not very high, is sufficient to show
with a good approximation the position of the main features, depending on
the characteristics of the materials to which the magnetometer is reacting
(fig. 1e).

1.6 Field Data integration: PDA technology

The merging of PDA and GPS technologies goes far beyond the level of
increased fieldwork efficiency, enabling data integration directly in the field
and at best allowing the systematic application of strategies and methodologies
developed in the past. These have only rarely been applied before because of
the excessive amount of time required (RYAN-VAN LEUSEN 2002). Best results
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and a larger number of applications are possible only if the PDA mobile GIS
system has the real time support of a GPS base station (fig. 1f).

2. CASE STUDY: PIEVE DI PAVA (SIENA)

The site of Pieve di Pava represents an important case study for us
because we undertook an archaeological excavation there, between July and
August 2004, which was the first chance to verify and compare the remotely
sensed data with the observed stratigraphy. The case study is a good example
of the integrated research strategy illustrated in the first part of our paper.
The site had been discovered during the field-walking in 2000. We repeated
the surface collection in 2001, 2002 and 2003 with significant results for the
understanding of the function and chronology of the site. At that stage the
surface data showed the presence of a roman settlement still alive in the late
antiquity and the available documents revealed the existence of an early
middle age church in the same area (FeLICI 2003). The second step was the
study of the vertical aerial photographs taken in the 1954, 1976 and 1996
(fig. 2a). Because of the geological characteristic of the area (heavy clay soil)
the analysis of the vertical aerial photographs was negative. The same results
come form the aerial survey that we began in the spring of 2002 and that we
repeated over different seasons in 2003 and 2004 (fig. 2b/c).

Figure 2. a) Vertical air photograph of year 1954; b) oblique air photograph of spring 2002;
¢) oblique air photograph of winter 2004; d) gradiometric survey with resolution of 1 m.



A real improvement of the site knowledge was granted by the gradiometric
survey. Firstly we acquired data for 2 hectares at a resolution of 1 metre between
traverses (fig. 2d). This level of detail allowed us to recognize the position of
many features that greatly enrich the interpretation of the site, thus enabling us
to distinguish with a good approximation two main areas features (fig. 2d n. 3
and n. 4), in one case elucidating site geometry (fig. 2d n. 3), and some strong
dipoles (fig. 2d n. 1 and n. 2). Before the excavation we reduced the resolution to
25 cm along traverses and 50 cm apart in order to make a comparison.
Notwithstanding an unquestionable enrichment of the data and the
improvement in the resolution of the shapes, new features could not be detected.
The excavation strategy had been planned following mainly the data of the
magnetic survey. The correspondence after the first two months of excavation
was impressive. On the dipole showed in fig. 2 n.1, an anomaly with values
between -13 and +73 nT/m, we made a 3 by 3 m test excavation. At a depth of

Figure 3. a) Kiln; b) not yet identified productive activity; c¢) the church.
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about 50 cm we found the remains of a kiln, characterized by the presence of
bricks, some of them showing clear traces of exposure to high temperature
(fig. 3a). The second dipole (-33/+98 nT/m) corresponded, at a depth of about 2
m, to a red clay stratification related to some kind of manufacturing activity that
we still have to explore stratigraphically (fig. 3b). Taking into consideretion the
value of the magnetic anomaly in relationship to its depth, it is possible to assume
the presence of a high temperature activity related to some kind of furnace.
Another significant confirmation of the interpretation of the magnetic data come
from the lager area (20 by 10 meters) that we excavated (fig. 2d n. 3). The mosaic
magnetogram showed numerous rectangular features with E-W orientation,
which we interpreted as buildings. The northern side of the main anomaly, a
rectangular feature measuring 20 by 10 meters with values between -3 and +6
nT/m, corresponds to the wall of a church, about 80 cm large, made of stones,
bricks and mortar (fig. 3c).
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GEOPHYSICAL SURVEY AND
ARCHAEOLOGICAL VERIFICATION
OF PREHISTORIC IRON PRODUCTION AREAS
AND MEDIEVAL GLASS-WORKING SITES
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Institute of Archaeology of Academy of Sciences of Czech republic
Letenskd 4, 118 01 Praha 1, Czech Republic
fax: +420-2-57532288, email: krivanek@arup.cas.cz

1. INTRODUCTION

The use of geophysical methods (magnetometry) for survey of different
types of production areas has long tradition in bohemian archaeology. During
more than last 20 years over 25 high medieval (mainly from 14th and 15th
century AD) glass-works were surveyed by different magnetometric methods
(various kinds of magnetometers and also kappameters). Since 2nd half of
90’s about 10 another prehistoric (from Iron Age, La Téne or Roman period)
iron production areas were also surveyed or tested by magnetometric
methods. All of these sites were surveyed by another field survey methods,
nearly half of these sites were verified by archaeological excavation. This
long-time cooperation of geophysicist and archaeologist helped to less
expensive realization of rescue archaeological excavations or to evidence of
unprotected archaeological sites. Subsequent cooperation of methods in more
cases helped also to discovery of more efficient survey procedures of similar
sites with typical production activity and better preliminary interpretation of
particular production features before excavation.

2. POSSIBILITIES AND METHODOLOGY OF GEOPHYSICAL
MEASUREMENTS

Magnetometric methods are the most suitable geophysical methods for
field survey of production areas, particular detection of production and non-
production features (furnaces or waste heaps), another sunken features
(pits,...) and also for study of magnetic properties of different burned
materials. Magnetic characteristics of all remains of production features are
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mainly dependent on level of thermoremanent magnetization. Intensity
(max. temperature), length of time of heating and also state of preservation of
features are the main component for level of amplitudes of magnetic
anomalies over burned materials. Some of differences in magnetic
characteristics of different production features we can also observe during
magnetometric surveys in the field. But possibilities of measurements are
very dependent on type of field survey, methodology and on stage of present
archaeological activities on production site. Different magnetometric field
measurements (in different scale, aim and results of work) we can apply in 3
different stages of archaeoactivities on site: preliminary area prospection of
site, detailed survey of particular situations and production features, detailed
study of individual features in open archaeological situation. During the first
stage according to the type of production site and terrain we can apply first
survey of site by magnetometers in grid-net 1x0,25 m (Cs-magnetometer or
fluxgate gradiometer prospection) to 1x1 m (protone magnetometers). This
intensity of field data seems to be enough for basic identification of high
magnetic production features and their concentrations. For particular survey
of production features during the second stage we need for magnetometers
more detailed grid-net 0,5x0,5 m to 0,25x0,25 m. In this scale of work we can
also observe shape, dimensions or orientation of production features or
separate more individual production features in group. During the third
stage with use of kappameters in situ it is important to use grid-net 0,2x0,2 m
or 0,1x0,1 m for detailed study of magnetic properties of choosen production
features.

3. EXAMPLES OF RESULTS
3.1. Iron production areas

Detailed magnetometric survey within subsequent archaeological
verification of iron production site (La Téne period) near Msecké Zehrovice,
distr. Rakovnik documents efficient cooperation of more methods on arable
fields in Central Bohemia (K¥ivdnek 2001). For Cs-magnetometers survey has
been chosen area identified by previous systematic field walking by typical
big surface concentration of massive iron slags. In magnetometric result we
can also identify a lot of these small point magnetic anomalies (+5-15 nT/m)
from particular ploughed out slags in topsoil but we can also separate here
some wider places of higher magnetic anomalies (+20-30 nT/m) with
diameter approx. 1-3 m and negative border which could represent origin
places of strongly burnt furnaces. Places of two highest magnetic anomalies
were verified by limited trenches (archaeological excavation by Foster in
2001). The small subsurface/subsoil relic of iron-furnance was identified
above one magnetic anomaly, the probable presence of iron-furnance above
the second anomaly was not possible to verify and there was identified on the



level of subsoil only relic of burned soil (possible destruction of place, deep
ploughing, intensive erosion). Detailed magnetometric research was copleted
with surface artefact collection of slag and experimental research by metal
detector (verified possibility of identification of slags only with higher
content of iron). The result of combined geophysical and archaeological
activities confirmed probable poor state of iron production site which has
been ploughed over a long time.

Magnetometric surveys of polycultural prehistoric (Neolithic, La Téne,
Roman period) and Early Medieval settlement and also iron production (La
Téne) site near Hostivice, distr. Praha-zdpad is an example of various detailed
measurements in open archaeological situation during rescue archaeological
excavations by Pleinerova in 2002 NW of Prague. Results of Cs-magnetometer
survey outside of open archaeological excavation confirmed presence of
another mainly prehistoric sunken settlement features (magn. anomalies +5-10
nT/m) in similar concentration of features as on excavated area. Use of the
same geophysical equipment inside of open excavation (with removed soil
layer) helped then in more detailed scale to separate high burned concentrated
material (over +15 nT/m), possible iron production features from another low
magnetic sunken features. Presence of more small iron furnaces confirmed
also archaeological excavation. Another detailed magnetometric measurement
was also realized near another uncovered La Téne iron working center. The
use of kappameters for detailed measurements in situ in open archaeological
situation helped here to identify the most burned centers of one larger iron-
production feature and different level of heating of two nearby small furnaces.
Both small areas were also verified by kappameter measurements on vertical
profiles where was possible to observe poor state of preservation of preserved
only bottom (15-30 cm) sunken parts of iron-furnaces.

3.2. Medieval glass-working sites

Various and subsequent magnetometric measurements of high medieval
glass-works Kyjov, distr. D&¢in (14th/15th century AD) shows different role
of magnetometric methods during different stages of prospection, survey and
also excavation of glass-working site in Lusatian mountains region. The first
prospection of site by protone magnetometers contributed to basic separation
of more production features by amplitudes and dimension of magnetic
anomalies: glass-furnaces with approx. +30-120 nT/m and diameter 2-4 m;
glass waste heaps with approx. +5-15 nT/m and diameter over 10 m.
Aditional detailed magnetic survey over production features could help to
precise identification (dimensions, orientation, shape) of glass-furnaces and
possible origin (main glass-furnace with highest magnetic anomalies; another
cooling glass-furnaces with lower magnetic anomalies and often smaller
dimensions) of glass-furnaces before excavations. The use of kappameter
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measurements in situ above uncovered glass-furnace helped in first stage of
excavation to identification of orientation of central heating channel where
apparent magnetic susceptibility was higher than in perimeter rim of furnace.
Archaeological excavations up to now (Cernd 2003b) uncovered 2 different
glass-furnaces, 1 glass waste heap and other non-production situations, third
glass-furnace should be excavated in summer 2004.

Magnetometric survey of newly discovered high medieval glass-
working site Gabrielina Hut’, distr. Chomutov (from 14th century AD) is
example of prospection of endangered site by new afforesting in Ore
Mountains region (K?ivdnek 2003). Measurements by protone magnetometers
and kappameter were realized after the first finds of typical glass-working
material. Only low magnetic unhomogenous anomalies (+5-15 nT/m)
probably from recently redistributed glass-working material were discovered
in area of new afforesting and recent terrain changes with glass-working
finds (Cernd 2003a). Two subrectangular high magnetic anomalies (about
+100 nT/m) from glass-furnaces together with other low magnetic anomalies
(+5 nT/m) from scattered production waste material were than identified not
far in forested and more hilly terrain. The results of geophysical survey shows
the centre of site within identified 2 high magnetic anomalies above glass-
furnaces seems to be still in forested area outside of recent wood exploitation
and new afforesting of disturbed terrain. From detailed magnetometric
measurements we can say these furnaces should be still in subsurface in good
state of preservation. Archaeological excavation of site will be applied in
dependence on another new afforesting of central place of site with
geophysicaly verified glass-furnaces.

4. CONCLUSION

Results of geophysical surveys of common small features with typical high
magnetic burned materials of production sites have many similarities but also
some specifics. Because magnetometric data from particular measurements
share very often similar results we can summarize these results within types,
amplitudes or the average surface extent of magnetic anomalies. 3 main types
of archaeo-features (furnaces, waste heaps, another sunken features) within 3
different types of magnetic anomalies are very typical for all of production
areas (Krivdnek 1995). The furnaces have very significant positive magnetic
anomaly, very limited area and typical negative border around. Prehistoric
iron-furnaces have diameter 1-2 m, High Medieval glass-furnaces diameter 2-5
m. Amplitudes of magnetic anomalies over iron and glass furnaces are very
different, common magnetic anomaly of glass-furnaces is much higher than
magnetic anomaly of iron-furnaces. This fact we could probably connect not
only with different dimensions, length and level of heating of raw material but
also with specific length of use of production features. The main iron-
production features have very often specific location in terrain, glass-working



sites have also typical geometry or orientation not far from water sources. The
waste heaps have wide positive and often unhomogenous less magnetic
anomaly. Their variable diameter 2-15 m depends on configuration of furnaces,
length of use and state of preservation of site. Other subsurface relics of sunken
archaeological features have lower positive magnetic anomalies. Their
common diameter is 1-5 m and they are mainly connected with different
settlement activities without burned materials.

Different magnetometers in different scale of field work we can use for
identification of site and more detailed survey of particular production
features. The first results of prospected production sites by continuous
method of readings by Caesium magnetometers demonstrated the new
possibilities of quick and efficient prospection of large (iron) production areas
in agricultural lowland or flat field regions. The other examples of
prospection of smaller production areas (glass-works) by protone
magnetometers shows advantages of point measuring in conditions of
afforested, variably sloped, less flat and more complicated terrains. The
results of surveys of very small areas by detailed point measuring of
magnetic susceptibility in situ by kappameter documents another
possibilities of use of magnetic methods in open archaeological situations or
during archaeological excavations.
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CHEMICAL RESIDUES OF HUMAN
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Dipartimento di Archeologia e Storia delle Arti, Universita di Siena

Federico MARAZZI
Istituto Universitario Suor Orsola Benincasa, Napoli, Italia

1. INTRODUCTION

Human activities leave traces. Some of the traces, or by-products of these
activities are composed of chemical compounds that are absorbed by the floors.
Ethnoarchaeological experiments have demonstrated that the chemical
compounds in floors do not have a random distribution and that there is a close
relationship between certain types of human activities and the chemical
enrichment of floors (Barba and Lazos 2000, Barba and Ortiz, 1992; Ortiz, Pecci and
Lépez Varela, in press). Thus, analyzing the chemical compounds absorbed in the
floors it is possible to identify the acticivities that produced them. Furthermore,
while archaeological objects move around, chemical compounds do not and stay
where activities actually were carried out, suggesting an interesting way of
studying “activity areas” and their spatial distribution (Barba and Lazos 2000).

2. THE PROJECT

San Vincenzo al Volturno (Molise, Italy) is at the moment one of the best
known italian Early Medieval sites. According to the Chronicon Vulturnense,
a document written in the early 12 th century, the monastery was founded
near the Volturno watersprings between the end of the 7th and the
beguinning of the 8th century a.C. It flourished quickly under the influence
of the Dukes of Benevento and then of the Franks. Afterwords an earthquake,
first, and an attack from the Arabs, in 881 destroyed it. In this occasion a big
fire burnt almost all the monastery. During the 10th and 11th centuries it was
rebuilt but then little by little it lost its properties and importance (Marazzi F.
in press, Marazzi et al. 2003).

The archaeological project, carried out by the Sovrintendenza of the Molise
Region and the Istituto Universitario of Suor Orsola Benincasa, in Naples, was
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characterized by extensive and accurate excavations on a large-scale surface,
that permitted to trace the historical development of the monastery.

This was the perfect occasion to test floor analysis techniques
developped in Mexico on italian sites and understand their potential in the
interpretation of Medioeval contexts.

3. METHODOLOGY

200 floor samples were obtained by drilling holes at the intersections of
a square meter grid covering the site. The samples were analyzed in the
Archaeometry Laboratory of the Medieval Area of the Archaeology
Department of the University of Siena, using techniques developed by Barba,
Rodriguez and Cérdova (1991) in Mexico.

The analyses were used to detect the pH values and the presence of
phosphates, protein residues and fatty acids in the floors. The mapping of the
results was done using a GIS application (Arc View): to interpolate the results
the kriging method was used.

At the interpretative stage, all the maps are considered together in order
to evaluate the relations between the distributions of the different
compounds. They are then related to the other archaeological materials found
on the floors during excavation, such as ceramics, lithics and biological
material, in order to trace the spatial distribution of activities. Chemical
analysis were performed on one side on floor samples recovered from a room
with a known function, the kitchen of the monastery, in order to establish the
chemical patterns characteristics of the cooking activity. On the other side
rooms with unknown functions were studied in order to find out the
activities carried out there. This is the case of the room placed next to the
kitchen and of room CF.

E L

Figure 1. The results of the chemical analyses of the kitchens floors.



4. THE KITCHENS

The monastery kitchen was placed near the river in order to have easy
access to the water. In the south-western corner of the room there was a big
fireplace, made of bricks and clay. In the northern part there was a cooking
platform, of which only four cavities - the firing chambers- are still in place.
Next to the kitchen there was another room, called the “anti-kitchen”
probably used to prepare or store the food.

The high values of Ph indicate the presence of ash in all the rooms. This
suggests a big fire consumed the area. The evidence for this is the presence of
charcoal fragments and ash in the floor. This fire was recognized to be the 881
fire described in the Chronicum Volturnense, related to the Arab attack to the
monastery.

In previous studies relatively higher values of pH permitted to
identify specific areas of heating, related to food preparation, even in
cases where there were high global values of pH due to fire in the whole
room (Pecci 2001). Here, the fireplace is instead characterized by relatively
lower pH values. This can be due to the difference of the construction
materials: the bricks of the fireplace may have absorbed less ash than the
dirt floor that was very rich in charcoal fragments and ashes, probably
produced by the fire and by the burnt material swan from the firing
chambers of the ovens. Therefore we have to use different chemical
compounds to identify the patterns that can be considered typical of the
activities carried out in the kitchen. The results of the analysis of the
phosphates, fatty acids and protein residues revealed interesting patterns.
The phosphates, indicating the presence of organic material, were
concentrated mainly on the fireplace and next to it. They were present also
in the area in front of the ovens. These concentrations were related to the
high values of fatty acids (indicating the presence of fats, oils, resins..) and
protein residues (present in blood, meat, eggs..). This suggest that the
monks may have intensely used the fireplace, the area around it and the
ovens for food preparation.

Traces of activities were found also in the room next to the kitchen.
Most of the room is characterized by average values of all chemical
compounds. Ethnographic and archaeological studies showed that this
pattern is typical of activities that do not leave chemical traces, such as
sleeping and storing solid materials (Manzanilla and Barba 1990, Barba and
Ortiz 1992). For this reason, part of the room may have been a storage area.
In the Chronicon Volturnense it is in fact written that “frumentum et
legumina in fluvium, qui secus effluit, disparserunt” suggesting that the
cellaria were placed near the river. The southern part of the room - probably
a small room - may have been used to carry out “dirty” activities related
with the food preparation that left intense traces of fatty acids, protein

residues and phosphates.
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Figure 2. The results of the chemical analyses of Room CF floor.

5. ROOM CF

The room called CF is a long and narrow room, a sort of a “blind
corridor”. While it is easy to know the activities carried out in the kitchen, in
room CF the strange form of the room and the small dimentions did not
suggest any particular activity.

The chemical study of floors was carried out hoping that some
suggestion could come to solve the problem. Two areas of concentration of
chemical compounds were detected applying the interpolation of the results
of the chemical analysis. They are particularly interesting, as they are
characterized by the presence of phosphates, protein residues and fatty acids
concentrations. This corresponds to the typical chemical patterns of the food
preparation and consumption areas observed at ethnoarchaeological and
archaeological level, as well as to the monastery kitchen (Barba and Ortiz
1992, Barba and Lazos 2000; Manzanilla and Barba 1990; Pecci and Ortiz
2003). Considered the type of room and the presence of real kitchens in the
monastery, this hypothesis seemed to be quite strange. But it was supported
by the presence of a fireplace in the central part of the room and of cooking
vessels and table jars found during excavation. Their presence lead at first to
think of a storage room. But considering together the archaeological findings
and the chemical concentrations, the hypothesis that the fireplace was used to
carry out food preparation activities started to make sense. CF may therefore
have been used as a temporary kitchen during construction or restoration
works in the monastery.



6. CONCLUSIONS

Although all the rooms studied suffered an important fire in the 9th
century, it was possible to detect the presence of chemical residues in the
floors. Studying the monastery kitchens it was possible to recognize the
patterns that are typical of food preparation activities. It was also possible to
give an interpretation of the activities carried out in rooms with an unknown
function, such as the room next to the kitchen and room CF. Considered the
type of room and the presence of real kitchens in the monastery, the cooking
activities in room CF would have been imperceptible had one only studied
the distribution of archaeological materials found on the floors.

Furthermore, the use of GIS has revealed to be an important instrument
for the mapping of the results of the chemical analysis and their interpretation.
GIS makes possible the storage of this type of data and its integration to the
whole archaeological information recovered. Then it is interesting to point out
that chemical analysis of floors may have an application for the intra site
analysis and, used in combination with other techniques, constitute an
effective archaeological tool for discerning ancient living patterns.

REFERENCES

Barba L., Lazos L., 2000. Chemical Analysis of Floors for the Identification of Activity
Areas: A Review. Antropologifa y Técnica, 6:59-70.

Barba L., and Ortiz A., 1992 Andlisis Quimico de los Pisos de Ocupacién: Un Caso
Etnogréfico en Tlaxcala, México. Latin American Antiquity, 3(1):63-82.

Barba L., Rodriguez R. and Cérdova J.L., 1991. Manual de técnicas microquimicas de
campo para la arqueologia, Cuadernos de Investigacién. IIA, UNAM, Mexico D.F.

Manzanilla L. and Barba L., 1990. The Study of Activities in Classic Households, Two
Case Studies from Cobé4 and Teotihuacan. Ancient Mesoamerica 1(1):41-49.

Marazzi F. San Vincenzo al Volturno: evoluzione di un progetto monastico fra IX e XI
secolo. In Il monachesimo italiano dall_eta longobarda all’eta ottoniana. Atti del
VII Convegno di Studi Storici Benedettini,- Pontida (BS), 10 - 14 sett. 2003, Centro
Storico Benedettino Italiano, in press.

Marazzi F., Filippone C., Petrone PP, Galloway T., 2003. San Vincenzo al Volturno:
scavi 2000-2002. Rapporto Preliminare. Archeologia Medievale 29: 209-274.
Ortiz A., Pecci A., and Lépez Varela S., Ethnoarchaeological Study of chemical
Residues in a "living" household in Mexico, Geoarchaeological and

Bioarchaeological Studies. Vrije Universiteit, Amsterdam, in press.

Pecci A., 2001. The chemical analysis of floors. A case study in Teotihuacan,
Proceedings of the 32th International Symposium of Archeometry, april 2000,
Mexico, IIA, UNAM, Mexico (CD publication).

Pecci A. and Ortiz A., 2003. El estudio de estructuras arqueoldgicas del Centro de
Meéxico a través del andlisis quimico de sus pisos. Quaderni di Thule, n. I, Atti del
XXIII Convegno Internazionale di Americanistica (Perugia, 2001), Argo Editore,

Perugia: 227-232.

3-7 May 2004 ¢ Zaragoza, Spain

34th INTERNATIONAL SYMPOSIUM

1S
w



2. DATING



IRSL AND GLSL DATING STUDIES OF SAMPLES
FROM NEOLITHIC SITE, CATALHOYUK-TURKEY

AxoGLry, K.G.
Archaeometry Dept., METU, Ankara, Turkey, e-mail: gakoglu@yahoo.com

OzBAKAN, M.
Physics Dept., METU, Ankara, Turkey, e-mail: ozbakan@metu.edu.tr

Ozer, A. M.
Archaeometry&Physics Dept., METU, Ankara, Turkey, e-mail: aymelek@metu.edu.tr

1. INTRODUCTION

Luminescence dating techniques, i.e. thermoluminescence (TL) and
optically stimulated luminescence (OSL), have been widely used for dating
inorganic materials such as bricks and sediments. In luminescence dating,
quartz and feldspars are the minerals primarily concerned and comprises the
measurement of the charge accumulated within the traps of the crystals of
these minerals. The charges in these traps result from the decay of the
naturally occuring radioelements such as, potassium-40, thorium-232 and
uranium-238. Thus the luminescence dating is a method based on the storage
of energy emitted by radioactivity.

The principle lies beneath the luminescence dating techniques is that the
response of naturally-occuring minerals to environmental radiation is
cumulative overtime. Independent measurements can determine both the
total radiation dose received by the mineral and the environmental dose rate
it experienced in situ (Huntley et al,1985). The age then can be deduced
(Aitken, 1974). In other words, the basic principle of luminescence dating is
to compare the dating signal with the signals obtained from portions to which
known doses of nuclear radiation have been administered by a radioisotope
source with a known activity. This comparison allows the evaluation of
laboratory dose of nuclear radiation needed to induce luminescence equal to
that acquired subsequent to the most recent bleaching event, paleodose
(Aitken, 1998). In principle the age is then calculated using the equation:

Age = Paleodose / Annual Dose.
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The annual dose represents the dose rate at which energy is absorbed
from the flux of nuclear radiation emitted by the radioactive impurities of
#2Th, U and “K in the material, as well as by cosmic rays and by ¥Rb to a
minor extent. The annual dose, evaluated by assesment of the radioactivity of
the material carried out both in the laboratory and on-site.

Catalhoytik was first discovered by James Melaart in the late 1950s
(Melaart, 1967) and excavated by him between 1961 and 1963. The site rapidly
became famous internationally due to the size and dense occupation of the
settlement, as well as the spectacular wall paintings and other arts that were
uncovered inside the houses. Since 1993, an international team of
archaeologists, led by Ian Hodder, has been carrying out new excavations and
research.

Catalhoytik was phased by levels of buildings by Melaart. He also
discovered 15 Neolithic levels numbered 0 (latest) to XIII (earliest), with two
sub levels at VI level as VIA and VIB.

The buildings in the settlement were built of sun-dried mud brick,
plaster, wood beams, and woven mats. Excavations today reveal a plan of
rectangular houses built in a labyrinth-like arrangement. Each house has its
own separate walls but is built next to each other.

Mud bricks are suitable materials for luminescence dating since they
contain feldspars and quartz. Their production process involves direct
exposure to light for drying.

In this note, we report OSL studies carried on mud brick samples from
Catalhoyiik site. In the following paragraphs we report the results of the
experiments performed to determine the ages of the mud brick samples using
both with IRSL (Infra Red Stimulated Luminescence) and GLSL (Green Light
Stimulated Luminescence) techniques.

2. EXPERIMENTAL STUDIES

Ten mud brick samples from different levels were collected and sent to
the METU (Middle East Technical University), the Archaeometry Program of
the Graduate School of Natural and Applied Sciences in 1998 and 1999. The
collection of suitable samples must be done under very strictly controlled
conditions during which the sample is exposed to no light, since the OSL
signal is extremely sensitive to light.

Samples for measurements were taken by carefully scraping the surfaces
of the bricks which may have been exposed to light during collection. Then
they were treated with hydrochloric acid (HCl, 10%) and hydrogen peroxide
(H,O,, 38%) to remove any organics, and thoroughly rinsed with distilled
water, then with acetone in order to remove all traces of chemicals from the



previous treatments. Samples were subdivided into coarse grains (>90um)
and fine grains (<90um). These were prepared following standard
thermoluminescence (TL) dating procedures as described by Aitken (1985)
and placed on aluminum discs.

Optically stimulated luminescence of samples were measured using
ELSEC 9010 Optical Dating System. A broadband green light source was used
as a stimulation source for quartz samples. An array of infrared diodes was
used for the polymineral fine grains (Spooner et. al 1990) resulting in a signal
mainly from feldspars. The “Natural Normalization” technique is used to
normalize the data obtained after irradiation.

The Equivalent Dose (ED) was determined by the multiple aliquots
additive dose (MAAD) technique, where the laboratory doses added to
aliquots of the natural sample and the growth is extrapolated to zero
luminescence signal to give the ED (Rees-Jones and Tite, 1997). Samples were
irradiated by a *Sr/*Y source which is delivering 0.0308Gy / sec.

In order to remove unwanted signals originating from shallow traps,
which are filled during the laboratory irradiation but empty in natural
samples, preheating was used. All quartz samples were preheated at 220°C
for 5 minutes while the polymineral samples stimulated by infrared were at
160 °C for 2h. Water content was determined as a percentage of dry weight.

Uranium and thorium contribution to annual dose rate was estimated by
low level alpha counting (ELSEC Low level alpha counter 7286) system,
Potassium contribution was determined by the K,O% content with Atomic
Absorption Spectrometry (AAS). External gamma and cosmic ray
components of annual dose rate by placing TLD discs (Al,05:C) and kept for
eight months in the site where samples were taken.

OSL ages of ten samples with their uncertainties, studied in this work are

summarized in table 1. Here age refers to the time past since the samples’ last
exposure to light.

SAMPLE LEVEL IRSL AGE (1000 YRS) GLSL AGE (1000 YRS)
53727 VII 1.16 +£0.10 1.14 £0.12
53724 VII 8.50 £ 1.04 8.28 £1.09
53707 VII 2.37+0.23 2.80 +0.28
53715 VII 1.37 £ 0.11 3.03 £0.49
53716 VII 217 £0.17 4.28 £0.33
54240 VII 3.07+0.23 5.68 +0.92
52817 VII 8.54 £ 0.69 8.45 £ 0.73
55206 IX 7.72 £0.62 7.14 £ 0.57
N3830 VI-V 2.83+0.22 5.38 + 0.47
N3010 VI-V 2.79 £0.27 6.34 £ 0.57

Table 1. IRSL & GLSL ages of mud brick samples from different levels.
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3. RESULTS

IRSL & GLSL ages for samples 52817 and S3724 are in agreement with
each other, those ages support the overall dating sequence derived from
radiocarbon and dendrochronology (Newton and Kuniholm, 1999).

Although IRSL & GLSL ages of sample S5206 are in aggrement, the ages
are slighltly younger than the radiocarbon ages given for Level IX
(Cessford, 2001).

IRSL & GLSL ages for samples 54240, S3716, S3715, S3707, N3010 and
N3830 are not in agreement. This disagreement may be explained by the
different rates of eviction of electrons in quartz and feldspar minerals when
they are exposed to light (Godfrey-Smith et al.1988) This exposure occured
probably during collection of samples.

The IRSL & GLSL ages of sample S3727 are in agreement however they
stay younger than the overall dating sequence in Catalhoyiik (Newton and
Kuniholm, 1999). This could be explained by anomalous fading. In the
context of luminescence dating anomalous fading was first noted in an
attempt to date lava flows using the TL of both polymineral fine grains and
extracted feldspars (Wintle, 1973). Since OSL uses the same or similar traps
and centers to TL, it is expected to see the same phenomenon in OSL. In
laboratory induced luminescence there are contributions from traps however,
because of fading, they do not contribute to the natural signal; therefore the
ratio of the natural luminescence to laboratory induced luminescence is lower
than it should be, so the evaluated age (Aitken, 1998).

The OSL ages of this study can be considered to be broadly reliable. In
order to be certain, the OSL dating studies for the same and different levels of
the same site must be repeated for a large number of samples. Therefore, for
Catalhoyiik, to establish a chronology for the site, based on direct dating of
building materials, OSL technique can also be considered.
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The local settlement history was investigated by means of pollen analysis
from the sediment of Lake Orijarvi, Mikkeli, central Finland, situated close to
the Ton Age dwelling site. The aim of the work was to investigate the
development of the environment, settlement history and onset of cultivation
on the area.

Dating of the profile was based on paleomagnetic dating. Reference
material for paleomagnetic dating is based on a carefully constructed and
independent varve chronologies from three annually laminated (varved) lake
sediment records from central southern Finland. Lakes Alimmainen Savijarvi,
Nautajarvi and Korttajdrvi were estimated to contain a varve chronological
error of +1 %, and cover the last ca. 10 000 years. They provide a strong and
stable signal of paleosecular variation (PSV) i.e. paleomagnetic master curve,
that was applied to assign age-depth transformation for a homogeneous
sediment sequence from Lake Orijédrvi, Mikkeli.

Varved sediment records provide a powerful tool for high-resolution
absolute dating of sediment deposits and have, therefore, an important role
in calibrating other soft sediment dating techniques. Paleomagnetic dating
results from the sediment of lake Orijérvi provided a continuous and precise
chronology and provide an excellent basis for the study of cultural-related
pollen stratigraphy of Orijarvi sediments deposits.
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paleomagnetic secular variation curves (declination and inclination).
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ABSTRACT

The present study of the Laurentian complex in Milano has archaeological and
archaeometric implications.

Through the archaeometric dating of several particular phases of the building
history of the complex, especially those of tetraconc, S. Aquilino and S. Sisto chapels
foundations, new reliable chronological and historiographic interpretations could be
made, to better comprehend the meaning of the whole construction.

1. A FEW OBSERVATIONS ON THE USE AND INTERPRETATION OF
ARCHAEOMETRIC DATA

The archaeometric methods we used are thermoluminescence (TL)
dating (Aitken, 1985) and Radiocarbon (14-C), (Bowmann, 1990, Improta,
2002).

The first one was applied only to unbroken bricks and fictile tubes
sampled in several wall structures of the complex. 14-C was used on wooden
charcoal scrapes contained in the joint of mortars of walls. In absence of
scrapes, calcium carbonates clots found in the mortars themselves were
employed.

In general the dates obtained were interpreted taking into account the

following principles:
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1) Each date represents a post quem limit for the building phase they
belong to.

2) The dates obtained from the wooden charcoal clots of mortars are in
direct relation to the time of edification and, more precisely, to the moment in
which the lime is produced, because it cannot be recycled.

Wooden charcoal, residuals of the calcinations of limestone, survived the
phase of extinction and carbonation of the lime, remaining within the mortar
even after its hardening.

The main limit in their use as dating agents is that their residual content
of 14-C is related to the moment in which the fixation of CO, in the tree
ended. This means that, if old wood and part of the heart of the trunk was
used as combustible in the furnaces, a considerable backdating of the object
could result.

3) The dating of the carbonates found in the composition of the mortars
is in principle possible.

The main problem in this application is the separation of the carbonate of
the binder from other possible carbonates aggregates, like sand. Furthermore,
there is the problem of the possible solution and re-crystallization of the
carbonate. caused by water. In this case the sample resulted “younger”
because the date would refer to the re-crystallization itself. Consequently,
14-C date should be considered as ante quem limit for the age of the item. The
problem of the re-crystallization of the nodule of carbonate is, of course, much
more remarkable in case of open-air exposed structures.

4) The convergence of different dates obtained with TL method is not the
determining factor to date a structure, referring instead to the date of bricks
production.

5) The convergence of the dates obtained with the two methods from
samples coming from the same stratigraphic unit notably increases the
probability of dating the building of a structure. The age limit, more than a
post quem term, tends to be the real date of construction.

2. DATING OF S. LORENZO CHURCH

Several specific dating problems of S.Lorenzo church are related to the
way in which its construction was made, especially in Late Antique and
Medieval periods (Fieni, 2002).

In the Late Antique period masonry techniques in Milan foresaw the use
of new and not recycled bricks.TL dating results demonstrated instead that
most of the bricks related to this phase were reused. Only a very small
percentage of them were “purposely” made. Consequently, in order to date



the foundation of the monument, a dating campaign wider than initially
thought was attempted.

14-C was applied principally to the wooden charcoal scraps frequently
found in the thick mortar joints. The results of the two different dating
methods, specific for two different kinds of materials, were in good
agreement, and allowed to consider the derived post quem term the most
probable date of construction. The multiplication of the coincidences
enhanced the level of reliability of the datings obtained. For what concerns
14-C measurements, they were performed on clots embedded in the mortars,
trying to obtain precise chronological limits, while TL dating gave ante quem
terms, anyway convergent with the last crystallization of CaCOs. In order to
check if the age of carbonates were related to the hardening of the mortar or
to subsequent transformations, the dating of a carbonatic clot and of a
wooden charcoal scrape found spatially very close, was performed.

During the Late Antique period different distinct phases were discovered:

Phase I (s. 251, 127, 549, 575), included the tetraconc of S.Lorenzo, NW,
NE, SW towers and S.Ippolito chapel. It was dated by 14-C on two wooden
scrapes and one clot of CaCO;. The TL age of the related bricks showed that
they had all been recycled, already in this first phase.

The three 14-C dates do well overlap and, from a probabilistic point of
view, indicate a narrow chronological period for the foundation of the
tetraconc. It seems therefore reasonable to narrow the time range in which the
foundation occurred, i..e. the twenty years period 390-410 A.D., that is much
narrow and storiographically significant than the previous ones, estimated on
historical ground (Fieni, 2002).

Phase II is characterised by the construction of S.Aquilino chapel (s. 304,
188, 415 of 14-C). The archaeometric data indicated the range 400-420 A.D.,
also confirming the validity of the dating of phase I. To date this second
phase, both techniques could be used. 14-C results also played an important
role in assessing the chronology of several others coheval stratigraphic units
of the complex (US 613-616).

The results obtained for the S.Sisto chapel were instead unexpected, and
not totally in agreement with the Milanese literary tradition. While the TL age
of bricks, all of sesquipedalian module, is in agreement with the written
sources that attribute the foundation to the bishop Lorenzo I, the 14-C dating
of a scrap found in the vestibule of the chapel (s. 484), gave a later date for the
foundation, probably in the Byzantine age (between 530-620 A.D., at 68%
probability). This result would locate the construction significantly after the
bishop’s commission.

For the Late Antique period, the abundance of dating elements present in
the walls and the possibility of crosschecking the results obtained with the two
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techniques gave highly reliable chronological information for all the building
of the complex, bringing to unexpected archaeological results. In particular,
the absolute post quem chronological limit obtained for the construction of the
S.Aquilino arcade, dated it much later than the foundation of the chapel,
probably occurred during the first half of the VI century (phase III).

To date the Medieval phases of S.Lorenzo, we could rely only on 14-C
analyses. The characteristic masonry techniques used during Middle Age did
not include the use of new brick materials, neither in small quantities. TL
dating of the medieval phases, applied on recycled bricks, could therefore
simply establish generic post quem limits. Another peculiarity of the masonry
techniques in this period is the extreme thinness of the mortars joints, which
very rarely contain datable charcoal scraps. Consequently, it was necessary to
use the carbonate clots extracted from the mortar joints, being careful to select
points of construction never exposed to rain. Even being aware of the
limitation intrinsic in dating such items, several dates have been obtained for
the same stratigraphic unit or for the same phase of construction; all the
results are characterized by a high level of convergence and overlapping.

In the cases attempted, the dating of carbonate clots coincided with that
obtained from wooden scraps located very close. This good agreement gave
more reliability to the 14-C results obtained on carbonates, and to the
historical consideration that can be deduced on their basis.

For the Middle Age phases all the samples have been chosen on the basis
of the stratigraphic analysis. Inside the church, a few carbonate clots coming
from G and H pillars and from the column 1 have been dated. For what
concerns the external walls, only three wooden charcoal scraps have been
found in the WW side: one in the tetraconc (s. 216), one in the SW tower
(s.237) and one on the SW tower (s. 387). In the towers were evidenced, and
included in the stratigraphic analysis ringing works of small thickness (3-4
brick layers). Finally, in the SW tower, a restoration phase of the wall curtain
has been recognised. Both phases were dated through the 14-C analysis of
carbonate clots. The results showed a remarkable constructional continuity
between high and low Middle Age.

TL was also applied to several fictile tubes, coming from the interior of
tetraconc. The date obtained for the twelve samples could be divided into two
groups. The first is composed by four samples dated to X™ century; the
second by eight Romanesque samples. The TL dates are in good agreement
with those obtained by 14-C on mortars from pillars and column and from
wooden charcoal scraps from the tetraconc and the towers. These results
indicated the existence of an important medieval phase of reconstruction of
the S. Lorenzo complex , probably during the Ottonian reign.

Subsequent Romanesque phases of construction should have occurred,
in agreement with the written sources: they correspond to the ringing works



in the towers Even a group of fictile tubes should belong to a Romanesque
restoration of the church.

3. CONCLUSIONS

TL and 14-C dating methods, applied to bricks and organic items
sampled from several structures of S.Lorenzo complex in Milano gave
convergent results, which were very useful in assessing the history of the
church and the complicated chronology of its building.. The applicability of
these methods is subjected to the masonry techniques typical of each
historical period and their results are significant only if obtained on the basis
of the stratigraphic analysis.
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TL DATING RESULTS
Sample Description and USM Dating (AD)
D92 S.Aquilino 433 5620140 a.C.
D91 S.Aquilino 802 360075
D90 S.Aquilino 425 5300135 a.C.
D70 S.Aquilino 613 4100160
D69 S.Aquilino 541 840U60
D67 S.Aquilino 531 350135 a.C.
D66 S.Aquilino 531 300180
D65 S.Aquilino 529 650075
D64 S.Aquilino 531 2450170
D55 S.Aquilino 406 5500110
D54 S.Aquilino 406 2750150
D51 S.Aquilino 409 3950125 a.C.
D43 S.Ippolito 244 575095
D40 S.Ippolito 655 6050100
D29 S.Ippolito 211 490U100
D190 S.Aquilino vault 350095
D189 S.Aquilino arcade 3200100
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Sample Description and USM Dating (AD)

D187 S.Ippolito vault 2000150 a. C.

D186 S.Ippolito vault 1600150 a.C.

D182 S. Aquilino — tomb 7200105

D180 S.Ippolito foundations 85U180

D179 S.Ippolito foundations 550120

D178 Fictile tube 930U80

D176 Tower SW 263 580070

D163 S. Aquilino vault 712 2150130

D162 S. Aquilino vault 712 6000100

D16 S.Sisto 204 5200130

D145 Tetraconc 2045 190U230 a.C.

D143 Tetraconc 1007 2650215 a.C.

D142 Tetraconc 1057 5000110

D114 Tetraconc 7001 95U300

D113 Tetraconc 7001 1600120 a.C.

14 C DATING

sample date 1 sigma building USM | material
127 390 (340-410) Tetraconc pillar ch
188 400 (350-420) S.Aquilino 616 ch
216 970 (900-990) Tetraconc 8030 ch
237 890 (870-960) Torre SE 404 ch
251 400 (350-420) Tetraconc 5055 ch
304 350 (260-400) S.Aquilino 407 ch
358 1030 (1020-1060) / (1080-1150) Tower SW 252 cl
387 890 (870-960) Tower SE 304 ch
409 460-480-520 (430-540) S.Aquilino arcade 712 cl
415 410 (390-430) S.Aquilino mosaic ch
453 bis 1050-1100-1140 (1030-1170) | Tower SE romanesque vault | 211 ch
469 1040 (1030-1160) Tower NE 104 cl
472 1160(1040-1190) Tower SE int. 448 ch
484 560 (530-610) S.Sisto 106 ch
508 1030 (1020-1060)/ (1080-1150) S.Ippolito vault 400 cl
543 390 (340 - 410) S.Ippolito vault ch
549 410 (390-430) Tetraconc inner pillar ch
567 910-920-960 (890-980) Column 1 cl
568 900 (880-980) Pillar G cl
569 1010 (990 - 1020) Pillar H cl
571 340 (250-390) S.Ippolito valut 102 cl
574 880 (790-900) Torre SE gallery cl
575 410 (390-430) S.Aquilino vault 712 cl
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ARTIFICIAL FLUORINE ENRICHMENT IN
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DIFFUSION
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ABSTRACT

Fossil fragments of bone and teeth take up fluorine from the surrounding soil
when exposed to a humid environment. In cortical parts of long bone diaphysis a
fluorine concentration profile can be observed, which decreases from the outer
surface and the marrow cavity towards the inner parts of the bone. As the profile
contains information on the exposure duration, several attempts to use fluorine
profiling as a dating method have been undertaken [Coote 1992, Kottler et al. 2002].
The distribution of fluorine in a sample however is strongly influenced by
environmentally induced processes of bone diagenesis, i.e. alteration in the structure
and composition of the mineral and organic components of bone that may make the
time information indistinct [Reiche et al. 2001].

For this study, pieces of fresh, intact bones have been exposed to fluorine solution
simultaneously with fossil ones to exclude the influence of the site-dependent
deterioration of samples on their fluorine distribution. On the basis of the resulting
profile, the diffusion constant D of the material was determined and the dependency
of the profile shape on exposure duration, temperature and fluorine concentration of
the solution was examined. The artificial fluorine enrichment confirms the presumed
diffusion-like character of the uptake and transport mechanism.

1. INTENTION

The aim of this work is to examine the uptake of fluorine ions into an intact
bone matrix (fresh bovine femur diaphysis) by generating fluorine profiles
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artificially. Bone can be described as a composite material of carbonated apatite
with low crystallinity (“dahllite”), and protein, which is mainly collagen [Berna
et al. 2004]. The fluorine ion replaces the hydroxyl-group in the mineral phase
with the average composition (Ca,Na,Mg)s(HPO,PO, CO;); (OH,COs;).
Geological time spans are needed for this process to obtain equilibrium and for
the distribution to become uniform. Diffusion has been assumed to be the main
uptake mechanism of fluorine, that may however be superimposed by other
effects, for example percolation of solution through microfissures in fossil
samples or via pores (e.g. Haversian canals). Only with an increased
knowledge of the bone diagenesis, the uptake mechanism of elements
originating from the surrounding soil and their resulting distribution in the
sample can be understood [Oakley 1949, Nielsen-Marsh et al. 2000]. Studies on
the uptake of U for age dating for example show similar significant influence
of the environment in the burial site [Pike et al. 2002].

2. EXPERIMENTAL SECTION

Fluorine profiles have been generated by immersing about 0.5 g of the test
samples in 20 ml of aqueous solution of NaF (p.a.). The fluorine content in the
solution [Fl,,, the temperature T and the exposure duration t were
systematically varied (table 1). Quantitative fluorine concentration profiles
were measured with PIGE (Proton Induced Gamma-ray Emission) [Coote et al.
1981, Coote 1992, Kottler et al. 2002] by proton microscopy by scanning a finely
focused 2.5 MeV proton ion beam over the targets from the periosteum towards
the marrow cavity under high vacuum conditions (beam diameter < 25 mm,
ion current density: 0.3 nA mm?, 75 x 75 mm BGO-detector positioned at 90°).
The parameter Dt (D: diffusion constant, t: exposure time) that describes the
depth of the diffusion front that penetrated into the sample was determined by
fitting the data with an error function (erf), which simulates an undisturbed
diffusion process. The diffusion constant D, which is a material constant, was
derived from Dt. The total amount of fluorine was determined by fluorine
selective electrode after completely dissolving the sample in HNO; (65%).

3. RESULTS AND DISCUSSION
a) Environmental effects on fluorine uptake and profile shape

The results of the artificial enrichment experiments show that the value
Dt increases with time and temperature as expected but also with fluorine
concentration in the surrounding medium [F],,, which has been described in
[Gaschen et al. 2004]. The total fluorine content in the sample [F],,, the fluorine
concentration on the sample surface [F],, and the diffusion constant D, are
summarized in table 1. [F] is influenced by T,  and [F] . As it is predicted
for classical diffusion, D, is independent on the exposure time, but increases



T IFl [Flot [Fl,, Dax10" D, x10°
[°’Cl [g/g] t[d] [g/g]l [at%] [mmls]  [mmls]
5 100 7 379 0.13 1.8
14 412 0.60 1.6 2.2
21 417 0.30 3.2
5 500 7 1050 0.26 2.6
14 1218 1.32 4.6 4.7
21 1462 0.50 6.8
35 100 7 471 1.70 0.2
14 614 0.67 0.6 0.6
21 686 0.43 0.9
35 500 7 1460 1.86 0.5
14 2720 1.17 1.5 1.1
21 3018 0.97 1.2
35 1000 7 3246 1.10 3.3
14 5337 1.30 59 3.8
21 5104 1.43 2.1
65 100 7 998 0.94 14
14 965 1.71 0.7 1.0
21 974 0.31 0.8
65 500 7 2725 1.08 3.6
14 3743 2.78 3.3 3.4
21 4401 0.90 3.3

Table 1. Artificial fluorine enrichment in fresh bovine femur diaphysis (cow 2002). Total fluorine

concentrations [F],.,, surface fluorine concentrations [F],, and diffusion constants D,,, at different

temperature and concentration of NaF-solution. Exposure times range from one to three weeks.
As D shows considerable uncertainty, average values over time are considered.

with increasing temperature from 35 to 65 °C. Surprisingly high values are
measured for D, at 5 °C. Surface-fluorine is correlated with the fluorine
concentration in the solution and the environmental temperature. It has to be
noted that whereas [F],, increases during the experiment where high
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Figure 1. The diffusion constant D, for artificially doped fossil samples of human origin is about
10 times higher than for doped fresh bovine bone samples and is not dependent on the exposition
duration.

concentrations of fluorine are supplied (1000 ppm), it decreases with time in
all other samples when the profile develops further into the body of the bone.
Neither this behavior nor the decrease of Dt and D by decreasing [F],, can be
explained by classical diffusion, where an infinite reservoir of fluorine is
assumed. Though it has been observed that the fluorine concentration in the
vials decreased significantly during the experiments (up to 90%), which
indicates that fluorine is readily taken up by the bone samples. This shortage
of fluorine in the reservoir might have been responsible for the low values of
Dt and D at low concentrations of [F],, and the decrease of [F],,,-

b) Artificial fluorine doping as model for fluorine uptake in nature

The diffusion constant shows generally higher values for artificially
generated profiles (D,,,) than for those developed in natural environments (D,y,,).
Furthermore, D, for fossil bones is about ten times higher than D, for fresh ones
(refer to figures 1 & 2), which is probably due to the fact that the fossil bones were
all of human origin, their diaphysis showing canals (Haversian systems) of
typically 60 mm in diameter [Harsdnyi 1993], while in the bovine samples used in
this study only much smaller pores were observed, if any. The major peculiarities
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Figure 2. The degree of diagenesis of the sample is correlated with the uptake of fluorine. Note

the different order of magnitude between D,,, and D,,,. An explanation for “SF x CC” is given in
the manuscript. Exposure times of fossil samples were determined by

for a diagenetically altered bone are an increase in crystal size and perfection
(described by the “splitting factor” SF of the IR phosphate double peak at 565 and
604 cm? [Nielsen-Marsh et al. 2000]) and a decrease of collagen content “CC”,
which is indicated by the intensity ratio of the carbonate and amide vibrations at
1452 cm? and 1650 cm?, respectively. The more the fossil bone underwent
degradation, the more fluorine has been taken up. This is particularly the case for
fossil samples considering their naturally developed fluorine profile as well as for
the same samples that have been doped in the laboratory (figure 2. Sample “wo”
has particular small pores sizes which reduced the transport of fluorine by pore
water). The fact that a fossil sample doped in the laboratory shows an increased
value of the diffusion constant by two to three orders of magnitude compared
with a value calculated for the natural profile, cannot be fully explained by the
reduced soil temperature and a lower fluorine concentration in the natural burial
environment (0.1 mg g in waters, several mg g" in soils). It is considered that D
alters over a period of time. Because the bone was buried intact, the penetrating
fluorine originating from the surrounding soil had encountered an intact bone
structure with low diffusion constant values, e.g., in the Middle Ages, when short
period had passed from burial. During the centenaries before excavation in 1993-
97 the bone was already far degraded, showing considerably higher values for D.
D, is therefore a function of several different values. When this same fossil

sample is submerged in the laboratory, its structure is altered right from the
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beginning. Thus the high diffusion constant D,, measured in laboratory
corresponds to the physical quality of the bone at the time of excavation.

CONCLUDING REMARKS

Diffusion has been found to be one of many relevant mechanisms for
fluorine uptake in bone. However the diffusion constant D is mainly
characterized by the physical and chemical properties of the sample, which are
exceedingly influenced by the soil conditions at the beginning of the burial and
during the burial time. Because the bone undergoes diagenesis, D is not
constant but changes during the time span as the profile develops. So far it is
not possible to reconstruct these changes of D during bone history. Therefore
the applicability of fluorine profiling as a dating technique for bones is limited.
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1. INTRODUCTION

Rescue archaeological works being carried out in France on the A89
highway path revealed numerous open air Palaeolithic sites in the Isle Valley
(a tributary of the Dordogne), downstream from Périgueux, giving us the
opportunity to improve our knowledge about the chronology of palaeolithic
periods. Among the excavated sites, some attributed to the middle
Palaeolithic are being dated by thermoluminescence; the results obtained (at
the end of year 2003) at 2 sites are presented:

— Les Foréts (St. Martin de Gurgon, France): the Mousterian industry
found out in a single archaeological level is remarkable by the evidence of a
predominant discoid flaking method (Brenet and Folgado, 2003).

— Petit Bost (Neuvic sur I'Isle, France): 2 Middle Palaeolithic levels were
identified, the oldest (level 2) was considered the most interesting for dating,
because of lithic characteristics that belong both to the late Ancient
Palaeolithic (Clactonian flakes) and to the Mousterian complex.

According to the basical principles of TL dating (Aitken, 1985),
independent determination of the two following physical parameters is
required : the equivalent dose accumulated in flints from natural irradiation
since its past firing by palaeolithic people (named equivalent dose), and the
annual dose which is the average (through time) dose accumulated in one

year by the sample studied.
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2. DETERMINATION OF EQUIVALENT DOSE

Sufficiently heated flint samples were selected for dating using TL saturation
tests (Valladas, 1985). Those which passed the test were then investigated
employing the additive dose and regeneration technique to measure the
equivalent dose (Guibert et al, 1996). Methodological improvements of this
classical technique were implemented: a study of the TL and EPR (Electron
Paramagnetic Resonance) properties led us to define, for any sample studied,
appropriate annealing conditions equivalent to the archaeological firing in order
to obtain, after the laboratory re-annealing, the growth of TL the material is
supposed to have after its ancient heating (Duttine et al., in press). These
annealing conditions which are related to the thermal history of flints were
approached by EPR using the informations provided by organic radicals, the
type of which is related to the temperature attained by the material in the past,
and by the thermal behaviour of E” centres population (oxygen vacancies having
trapped an electron) (Robins et al., 1978; Toyoda et al., 1993). Complementary
experiments by TL were performed on Petit Bost samples with the same aim. The
appropriate laboratory annealing cycle was determined on the base of changes in
TL sensitivity and in glow curves shapes with the annealing temperature in
comparison with the TL properties of the archaeological material. All
experiments were made on powdered material extracted from the inner part of
samples (80-200 ym in grain size for beta equivalent dose determination and
EPR measurements, 3-12 ym for alpha efficiency, but on annealed material).
After grinding and sieving, carbonates were removed by a HCI(1M) solution and
the surface of grains were then gently etched by a mixed HCI(IM), HF(0.5M)
solution to avoid possible spurious signals resulting from grinding.

The TL glow curves were obtained using a home-made TL apparatus and
heating in N, at a rate of 4 °C/s. The photomultiplier tube (EMI 9213 QKA) used
for photon counting and a set composed of two Schott BG12 and one MTO Ta3
optical filters lead to a spectral window in the blue and UV region of TL. EPR
measurements were performed using a Briiker spectrometer (ESP300E) which
allows recording in the X band region (frequency 9.5 GHz) and at low
temperatures (down to 100 K). Beta irradiations were performed with a *Sr beta
source (1.85 GBg, AEA technology SIF1176 type) and alpha irraditions with a
#Am source (21 MBq, Isotope Products Europe, APS G027 type).

3. DETERMINATION OF ANNUAL DOSE

Annual doses were determined from low background gamma
spectroscopy measurements of both material being dated and surrounding
sediments. Gamma spectrometry analyses were performed using a well Ge
detector (Canberra-Eurisys, EGPC 200 P17, low background type: active Ge
volume is 200cm® and well dimensions are 17 mm in diameter and 55 mm in
length) The radiochemical composition was converted into annual dose using



the conversion factors by Adamiec and Aitken (1998). A disequilibrium in the
U-series of the surroundings was observed. A statistical study of the
distribution of U and Ra within sediment samples from les Foréts (according to
a method already presented in Guibert et al. 1997) and complementary alpha
spectroscopy experiments on some Petit Bost’s sediment samples showed that
in both sites, the disequilibrium was mainly due to the mobilization of uranium
through the archaeological layers. Calculation of the time-averaged annual
dose was achieved taking into account the existence of disequilibria.

At Petit Bost, the gamma dose rate was evaluated by a reconstruction
technique because of the “lumpy” characteristics of the burial medium and its
subsequent radiochemical inhomogeneity (Aitken et al., 1985; Guibert et al., 1998).
The dated flints were collected from a heterogeneous context made of fine grain
sediments and silicious gravels. An exhaustive excavation of a 1m* gravel zone (50
cm deep) has been carried out in order to study the radioactivity distribution and
gamma gradients, and finally to determine a realistic value of the gamma dose rate.
As a result, around 7000 stones the dimensions of which were greater than 2 cm
were sampled and referenced: X, Y, Z coordinates were recorded as well as their
mass and nature of mineral. The “fine grain” sediment (clay, sand and gravels less
than 2 cm) that embedded the gravels was statistically collected from this zone.
The different types of material (i.e. different classes of radioactivity on the
dosimetric point of view) that compose the burial medium and their properties
relevant to dosimetry are given in table 2 as well as the average composition (mass
% of each type of lithic material) of the gravel zone. The latter data were used to
calculate the external gamma dose rate of Petit Bost flint samples, assuming a
moisture content of 15+3% in mass of the fine grain sediment.

Sample reference annealing temperature | beta Equivalent Dose | alpha efficiency factor
(W@ (Gy) (k)

Les Foréts

BDX 5177 (J8B #2) 380 158.8+9.8 0.118+0.011

BDX 5178 (L12C #1) 400 150.6411.0 0.065+0.005

Petit Bost

BDX 7519 (PBO1 #6046) 400 327440 0.043+0.003

BDX 7679 (PB01 #5241) 400 323419 0.049+0.003

Table 1. Results of equivalent dose measurements (uncertainty: 1 o); the duration of the
thermal annealing cycle is 1 hour.

4. TL DATES

Table 3 reports the calculated annual dose components and ages for
flints from both sites. Within each site, TL ages are not significantly different
according to their uncertainty, so if we assume that the dated flint could be
contemporaneous, error weighted means can be calculated.
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The Mousterian industry with discoid flaking method uncovered at the
open air site of Foréts is dated to 92.7 + 4.5 ka (kiloyears, uncertainty 1s) before
the present (2003), corresponding to the last half of oxygen isotopic stage OIS6.

If we consider that the Petit Bost’s dated flints were intentionnally burnt
and related to the assemblage Clactonian and Mousterian found out in the
same layer (level 2), the mean age of 319 + 20 ka (1s) before today (2003) is to
be noticed. It is closed to the ESR dates obtained by ESR-US on horse teeth at
the upper levels of la Micoque in Dordogne (Falgueres et al., 1997) for the
Micoquian ‘Premousterian’ culture. The chronological interval found at Petit
Bost corresponds to the isotopic stage OIS9 - early OIS8, and it seems to date
the very beginning of the Middle Palaeolithic and Mousterian periods.

- - infinite matrix mass %
nature of material [nb| K (%) ((J( U; I(J( Re;) Th (ppm) | gamma dose rate of
ppm ppm (mGy/a) material
fine grain sediment| 8 | 0.56+0.04 | 3.20+0.27 | 2.81+0.28 | 11.4+0.7 0.869+0.061 82.3
(@<2cm)
flint (m>10g) 13| 0.034+0.017| 0.74+0.68 0.74+0.68 | 0.45+0.21 0.114+0.074 6.3
quartz (m>10g) 51 0.00240.002 | 0.010+0.003 | 0.010+0.003]0.026+0.007 |  0.0030+0.0004 54
undetermined -10.034£0.017| 074:0.68 | 0742068 | 045021 |  0.114+0.074 13
(m>10g)
all type small
gravels 6| 0.14+0.04 | 1.48+0.32 1.20+0.25 3.4+1.2 0.333+0.091 4.6
(m<10g, @>2cm)

Table 2. Radiochemical study of lithic components and mass composition of the burial medium test-
zone excavated at Petit Bost site; nb is the number of independent analyses, uncertainty represents the
standard deviation calculated from the dispersion observed for a given type of lithic material; the
material called undetermined is assimilated to flint (laboratory examinations showed that most of these
elements are cortical flint fragments). U**U) is the U content deduced from gamma rays from *Th and
22U, U(*Ra) from *Pb and Bi (sample in sealed container, *?Rn being in equilibrium with *Ra).

1 Iph beta gamma . 1 TL-age (ka
Safmp e alpha (mGy/a) | internal gamma1 cosmic tota before
reference (mGy/a) (mGy/a) | (mGy/a) | externa (mGy/a) | (mGy/a) present)
Les Foréts
BDX 5177 0.465 0.243 0.021 0.866 0.175 1.770 90.35.0
(J8B #2) +0.046 +0.012 +0.001 +0.028 +0.018 +0.060
BDX 5178 0.268 0.226 0.015 0.868 0.175 1.552 97.04£6.9

(L12C #1) +0.030 +0.022 +0.001 +0.028 +0.018 +0.052
Petit Bost

BDX 7519 0.057 0.106 0.007 0.641 0.155 0.967 338+43
(PBO1 #6046) | +0.009 +0.009 +0.001 +0.040 +0.016 +0.047
BDX 7679 0.095 0.163 0.011 0.612 0.155 1.035 312423

(PBO1 #5241) | +0.011 +0.015 +0.001 +0.040 +0.016 +0.048

Table 3. Annual dose rates and TL-ages. Uncertainty: 1 standard deviation (including
statistical and systematic uncertainties).
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1. INTRODUCTION

Lime plasters and mortars have widespread use in Mesoamerica. Their
occurrence in a wide variety of contexts, the existence of many poorly dated,
complex architectural structures, and an environment destructive to organic
remains lead us to investigate the possibility of radiocarbon dating plaster
surfaces. The principle of the method exploits the fact that plasters and
mortars set by the incorporation of atmospheric CO, into newly-formed
crystals of calcium carbonate (Gourdin and Kingery 1975).

There are two fundamental problems in dating mortars and plasters:
contamination from carbonate containing aggregates such as limestone, and
the post depositional precipitation of carbonates from ground water. The first
problem has been discussed extensively in the literature (Stuiver and Smith
1965) Baxter and Walton (1970) Folk and Valastro (1976) Van Strydonck et al.
(1986, 1989, 1992), Pachiaudi et al. (1986), Heinemeier et al. (1997), Sonninen
and Jungner (2001). This is likely to be a common problem for dating
Mesoamerican plasters as many sites are dominated by dolomitic limestone
geology (ref). For the second problem, the suggested solution is to avoid
samples likely to have been subject to water infiltration (Van Strydonck et al.
(1986). An empirical method for identifying samples manifesting this second
problem has not been developed.

Most sample preparation methods are variants on Folk and Valastro (1976).
They exploit the friability, small particle size, and susceptibility to acid
hydrolysis of newly-formed “cryptocrystalline CaCO;” in mortars and plasters
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compared to geologic carbonate in limestones particles. Baxter and Walton
(1970), and Folk and Valastro (1976) recognized that “C measurements on the
first 1/3 of the gas released during hydroysis improved the method’s accuracy.
Subsequent methods have attempted to exploit their observations. Van
Strydonck et al. (1986, 1992) limited acid availability and released only 10% of
the carbonate CO,. Heinemeier et al. (1997) collected both the first 30% and the
last 70% of the released CO,, dating both fractions. Sonninen and Jungner (2001)
suggested that preparations of uniform particle size, specifically a 43-62 um
fraction, would accentuate differences in hydrolysis rates between limestone
inclusions and mortar carbonates. Furthermore, control hydrolyses of limestone
particles alone only would allow correction for early limestone CO, input.

We report on preliminary investigations into radiocarbon dating floor
plasters from a Protoclassic Maya pyramid, Structure K6-1 at Aguateca,
Guatemala (figure 1). The suggested age of the structure is 2100-1650 BP based
upon associated ceramic finds (Bachand 2002). The plasters are stratigraphically

Figures 1a and b. 1a. Plan view of Pyramid K6-1 at Aguateca, Guatamala. The top of the pyramid

was disturbed by looting. The dotted line locates the section shown in b. 1b: A section view with

one meter horizontal intervals. The vertical numbers from 1 to 13 designate horizons within the

section. Plaster floor fragments for this study were obtained from layers 13, 9, and 7. Layer 13 is
believed to be a plaza floor pre-dating the pyramid’s construction.

related; the earliest is thought to derive from a plaza floor that pre-dates the
pyramid’s construction. The two later samples are thought to derive from the
platforms of successive phases of pyramid construction. The samples were likely
subject to water percolations. All were originally thought to contain species-
identifiable charcoal inclusions that could be recovered for readiocarbon dating.
While microscopic charcoal inclusions were visible in thin section, we were not
able to recover charcoal in quantities sufficient for AMS dating.



2. METHODS

Petrographic thin sections of the three floor plasters were prepared
following method outlined in Hansen (2000). Blue epoxy resin was used to
impregnate plasters, which were cut, mounted on slides, and photomicro-
graphed.

Plaster samples were prepared for hydrolysis according to Sonninen and
Jungner (2001). This involved gentle crushing with a mortar and pestle and
size fractionation by wet sieving to recover a 45-65 um fraction. A slight
modification involved wet sieving using CO,-free water and subsequent
drying under a nitrogen atmosphere. Hydrolysis of 50 mg samples was
accomplished using 85% phosphoric acid, with CO, recovered as time-course
fractions directly into liquid-nitrogen-cooled ampoules. The collection
manifold geometry was changed between repetitions of the hydrolysis
experiments to investigate the effect on yield and isotopic composition. The
stable isotope compositions of the evolved gases were measured on a stable
isotope mass spectrometer, with machine precision of + 0.1%o. The total error
is likely higher (+ 0.3%0?), particularly in the earliest fractions due to kinetics.
Radiocarbon measurements were carried out by accelerator mass
spectrometry using established graphitization (Slota et al. 1987), and
measurement methods (Donahue et al. 1990) .

3. RESULTS

The thin sections shown in figure 2 revealed marked differences in
inclusion particle size distributions. The upper layers contained the
progressively larger limestone inclusions. The percent carbon dioxide yield
upon hydrolysis of 45-65 um particle fractions of each plaster are shown in
figure 3a. The 8"C values of each fraction are shown in figure 3b. Radiocarbon
measurements on some of the fractions are shown in table 1. A correction for
limestone carbonate input was also applied to the earliest fractions (see
discussion). This produced dates of 1994 + 31, 2276 + 32, and 2680 + 32 for
layers 1-7-1, 1-9-1, and 1-13-1 respectively.

Figure 2. Thin sections of floor plasters from Pyramid K6-1 in layers 13, 9 and 7. The size and
angularity of inclusions progressively increased from the basal layer 13 up through layers 9 and
7. The black inclusions, originally thought to be charcoal, were inorganic.
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4. DISCUSSION

The high initial rate of plaster hydrolysis shown in figure 3 was predicted
by previous investigators, including Heinemeier et al. (1997). Curve shapes
are similar to those presented in Sonninen and Jungner (2001), but our rates
appear slower by one order of magnitude. This may be partially explained by
the fact that the Aguateca region is dominated by dolomitic limestone
geology. This form of mineral carbonate is one of the least reactive to acid
hydrolysis (Morse 1983, p.227). The fact that late fractions show 8"°C values
approaching that of pure limestone (approx. +1%o) is consistent with all three
samples containing substantial quantities of dolomitic limestone.

In all three samples an initial high rate of hydrolysis lasted
approximately 5 minutes. This was followed by a second phase with a
significantly lower rate, lasting many hours. The transition between the two
phases occurred at approximately the same time for all three samples
(between 5 and 40 minutes), but the proportions of fast and slow hydrolyzing
carbonates differed between them. In sample 1-13-1 the transition to slower
hydrolysis occurred after 60% CO, release, whereas for 1-7-1, the transition
occurred after only 30% CO, release.
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Figures 3a and b. 3a. Hydrolysis of 50 mg of the (45-65 um)-particle fractions of Pyramid K6-1

floor plasters. CO, samples were collected at 1, 2, 3, 5, 10, ... 160, and 960 minutes. One hundred

percent hydrolysis was reached by 960 minutes. Only the first 160 minutes of each reaction is

shown. 3b: Carbon stable isotope measurements on hydrolysis fractions. The results are plotted

on a semi-log scale so that early time-points are distinguishable. Estimated error bars are covered
by the symbols.

The early fractions are depleted in °C (8"°C = -14 %o). The reason for this
depletion is not clear. The plaster carbonate is formed through the
incorporation of atmospheric CO, (8"C = -7%o). It has been suggested that
depletion is due to kinetic fractionation during plaster setting at non-
equilibrium conditions (Letolle 1988).



In both 1-7-1 and 1-9-1 the two minute fractions were slightly enriched in
“C relative to adjacent fractions. This enrichment was seen in replicate
hydrolyses using different collection systems. We plan to look into this
further. Unfortunately, the two minute samples from 1-13-1 were not
measured.

Radiocarbon measurements on the evolved CO, are shown in table 1.
These values were corrected for isotope fractionation. An attempt was made
to correct dates for the first fractions for limestone contamination by assuming
the hydrolysis kinetics of dolomitic limestone to be zero-order. This appears to
be a reasonable assumption given the hydrolysis rates of the late fractions and
hydrolysis curves of pure limestone shown in Sonninen and Jungner (2001).
The corrections had the effect lowering the measured ages but not to within
the expected window of 2100-1650 BP. If the archaeological age is correct, then
the plaster dates overestimate age. This would be consistent with a post-burial
incorporation of older carbon into the plaster matrix. If cycles of dissolution
and precipitation occur as a consequence of episodic water infiltration, then
one might expect that both limestone and plaster carbonate salts would be
susceptible. The re-precipitation of limestone-derived carbonate ions on a
plaster crystal might render the geologic carbonate acid labile. If the kinetics
of hydrolysis of this fraction differs from that of the original plaster carbonate,
then one might see evidence of re-precipitation in a fine-scale analysis of the
stable isotope composition of early fractions.

5. CONCLUSIONS

The hydrolysis experiments we've presented essentially reproduce the
results of previous investigations, but differ in rate and stable isotopic
composition. Our samples were by no means protected from water infiltration
and may have been remodeled in a manner that changes the relative
hydrolysis rates of both the plaster and the geologic carbonate. Our future
research will focus on plaster samples also containing organic inclusions to
better assess the accuracy and viability of dating plasters through AMS.

Layer 1 min 2 min 3 min 80 min 160 min

1-7-1 2266 £ 31 2770 £70 | 2997 + 82 19060 + 400 29740 £ 910
1-9-1 2591 + 32 3522 +33 | 4015 +59 22400 + 380 31220 £ 400
1-13-1 2880 £ 32 n.d. n.d. 18070 + 170 24420 £ 180

Table 1. Radiocarbon dates derived from CO, samples released at various hydrolysis times. The
dates are radiocarbon years BP corrected for fractionation using the 8°C measurements shown in

figure 3.
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ABSTRACT

A systematic investigation on dates of samples from different archaeological sites
related to Bronze age settlements in Campania region (Nola, S. Paolo Belsito, ecc.)
has been undertaken, using the *C method. A significant marker in this context is the
Avellino pumice eruption: charred wood and bone samples have been collected in
layers both below and above the eruption material, with the aim of reconstructing the
cronology of anthropic activity from the old bronze age to the middle bronze age, as
well as the impact of the plinian eruption.

Samples were treated in the Mass Spectrometry Laboratory of the
Environmental Science Department of the 11 University of Naples, and measured at
the Accelerator Mass Spectrometry (AMS) facility set-up at the Dinamitron Tandem
Laboratory of the Ruhr Universitaet in Bochum (D).
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1. INTRODUCTION: THE NOLA BRONZE AGE VILLAGE

In May 2001, in the immediate outskirts of Nola (an important city 25 km
east from Naples), an early bronze age village, in locality Croce del Papa (CdP),
was discovered buried by the products of a Plinian eruption of Vesuvius, the
Avellino Pumices eruption of 3500 BP (Livadie Albore et al 2001). Three huts,
originally part of a more extended settlement, were found six metres below the
ground level, next to an enclosed area which included a threshing floor, some
covered structures and an animal pen made out of wattle and daub (fig.1). The
humidity of the soil conserved not only human footprints, but the hoof marks
of domestic animals (sheeps, goats, cows and pigs) in the enclosures where
they fled from at the time of the eruption (AA.VV. 2002). Nine pregnant goats
were discovered in the animal fence (fig. 2). All other inhabitants escaped at the
time of the eruption. After the fall of grey pumices that covered the huts
without causing their collapse, a wave of mud penetrated slowly within the
structures providing a counterforce to the pumices accumulated outside, and
allowing their preservation. Recent excavations, in the place named Masseria
Rossa (MR), few km apart from CdP, highlighted hut's remains above
rearranged pumices of Avellino’s eruption (AA.VV. 2002). This discover
emphasizes the reinstallation of anthropic activity on the old environment after
the eruption, that probably was mainly characterized by agriculture and stock
farm activities characterizing the Palma Campania facies. Aim of this work is
the historical reconstruction of this paleoenvironment by radiocarbon (*C)
dating of organic materials (bone, charcoal) collected in layers below and above
the eruption materials. In particular, the main goal is to confirm the eruption
date and to characterize the human resumption, in the lands involved by the
eruption.
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Figure 1. General plan of the site of Croce del Papa. 1,2 Wells; 3 Subcircular
enclosure, threshing floor; 4 Hut 2; 5 Hut 3; 6 Hut 4; 7 Cage with goats;

8 Waterhole.



Figure 2. Animal pen with nine pregnant goats.

2. “C - AMS DATING

“C is a radioactive isotope that enters as “CO, in living photosynthetic
organisms or, indirectly, as “organic “C” through the feeding in the
etherothrophes. Therefore, “C concentrations inside the biosphere and the
environment in which organism lives are the same (isotopic equilibrium). The
metabolic processes, which continually bring carbon and realise the isotopic
equilibrium, will be ended with the organism’s death. From this time, “C
content decreases according to the radioactive decay law and the isotopic
ratio between “C and *C supplies information about the time elapsed since
the metabolic activities ended (organism’s death). In this work, radiocarbon
dating is performed by Accelerator Mass Spectrometry (AMS): an
ultrasensitive analytic technique which measures the abundance of the rare
isotope (“C) with respect to the corresponding abundant one (*C). This
isotopic ratio represents a very sensitive indicator of natural and
anthropogenic processes that characterize past environment (Terrasi 2001).
AMS technique offers the opportunity to use small amount of material (few
mﬂligrams) and to measure its isotopic ratio in a few minutes. Therefore,
being a non destructive technique, AMS becomes an important tool to date
rare and precious finds, like those of Nola archaeological site. Measurable age
intervals (from hundreds to 50000 of years), together with the cited features,
make the AMS a powerful tool for the study of an archaeological-

environmental site.
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2.1. Method and sample preparation

The AMS technique needs a set of physical and chemical pretreatments:
their principal purpose is to isolate the carbon fraction and to eliminate carbon
contaminating the sample. The physical and chemical pretreatments depend on
the nature of the sample and on the organic fraction to be extract. The physical
treatment includes the removal of obvious contaminants and the sample
grinding. After these steps, the sample chemical pretreatment starts. Typically,
the chemical treatments include the AAA method (Acid-Alkali-Acid) for
charcoal, wood, peat and vegetation (Mook, Streurman 1983); collagen
extraction from bone (Longin 1971); alpha-cellulose extraction from tree ring
(Green 1963), and phosphoric acid method for shell and marine carbonates
(Hoefs 1987). In fig. 3, it is shown the distribution of different kinds of samples,
treated so far at the Mass Spectrometry Laboratory of the Environmental Science
Department of the IT University of Naples, and measured at the Accelerator Mass
Spectrometry (AMS) system of the Ruhr Universitaet in Bochum (D) (Lubritto et
al 2004). Moreover the pretreatments used for bone and charcoal samples,
collected in CdP and S. Paolo Belsito (SPB), has been summarized in tab. 1.

Sample’s | Pretreatment’s Typic
kind | kind used
mass
(mg)
W Dt (Fogry s, g Charcoal | Treatment AAA
i, (Acid/ Alkali/ Acid):

. - Acid (HC1 3%) - Alkali
cageintion and pal

F g e A (HCI 3%). (NaOH 3%)- Acid | 1-10
Siri Between each phase, there are
dilution with distilled water.

W Eone Bone | Bone is pulverized and
iR immersed in an acid bath
B San (HC1 0,6 N) at 0°C, where
1R the organic fraction of the 50-200
Qwod bone, collagen, is extracted.
e = 5‘“:“__:"’ This cycle is repeated different

times, depending from the
bone preservation.

Figure 3. Cake diagram: % kind of samples Table 1. Different pretreatments applied to
treated in Mass Spectrometry Lab DSA SUN. bone and charcoal samples, collected in Croce
del Papa and S. Paolo Belsito.

Then the sample has been dried and pyrolized by means of a quartz tube
under a nitrogen (N,) flow at 600°C. The pretreated sample is mixed with
CuO and silver wires and put in a quartz test tube where a high vacuum with
a membrane-turbomolecular pump system is achieved. Then, the test tube is
sealed and heated to 900°C in order to oxidise the sample to CO,. The CO, is
cryogenically transferred to a “graphitization line” where it is reduced to
graphite at 700°C. During the cryogenic transfer, the gas passes through a
cold trap (dry ice-ethanol) in order to remove the water vapour impurities.
The reaction takes place, tipically, during 4 hr in a 15 ml reaction chamber



filled with an hydrogen atmosphere at a partial pressure double than the CO,
partial pressure and using iron powder catalyst (Dee et al 2000). The graphite,
togheter with silver powder, is pressed into a target holder (an aluminum
cylinder) and placed in the accelerator ion source of the Bochum Universitaet
Accelerator Mass Spectrometry system (Lubritto ef al 2004). The graphite,
placed in the ion source, is converted to a single negatively charged ion beam
by means of the sputtering process and injected, after the mass selection
occurring in the injection magnet, into the Tandem Accelerator. Here, the
carbon ions are accelerated in the first acceleration stage till the gas stripper
where they are converted to positive ions. Subsequently, these cations are
accelerated again from the stripper to the accelerator exit. The positive ion
beam passes through further electric and magnetic selections in order to
identificate and count the “C ions in a AE-E detector.

Charonl g1 USIT pp Fadra Usep - f—_—
Ll e Mol 1 pecr el g ———

Ahamad (E) AR B 8 5ok <o el Papa [I—

Cherresl 17 %1 52 Mol Crore ool Fapa ——
Clomrrend) 190 52 159 28 Moks R —
Clawoall T 5 B L0 10 boda &K _
Eawer [W1F 7 Mindm vam LK [ —
Uham v 1§ wcab Y ————
Flawm L% 25« 5P [E——

PO00 1100 1200 13H0 j400 iS00 1600 iTO0 1500 1000 00
CAL age (BC)

Figure 4. Calendarial intervals of Nola land’s samples.

3. RESULTS AND CONCLUSIONS

To confirm the eruption date and to characterize the time of the human
resumption, finds coming from CdP site (a goat bone found in the animal fence
and two charcoals found near the goat’s furnace), SPB site (bone and charcoal),
MR site (bone and two charcoals) and Palma Campania site (charcoal) were
measured. In figure 4, for each sample, the calendarial age intervals, obtained by
the calibration software CALIB 3.0 (Stuiver, Reimer 1993) and expressed as Before
Christ years (BC), with the corresponding statistical 1 sigma (s) error, are
represented. In particular, measurements performed on the samples coming from
CDP site , indicated in figure 4 by the circle A, give a more accurate indication
about the date of the eruption, with respect to previous studies (Livadie Albore
et al 1998), fixed to 1880 — 1680 B.C. and whose central value is represented in
figure 4 by continuos vertical line. Indeed, the calendarial age interval, obtained
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from the dating of a goat bone buried by eruption, fixs the eruption calendarial
age interval to 1782-1686 BC. Results of measurements of sample coming from
MR site (circle C) and SPB site (circle B) represent the calendarial age intervals
characterizing the anthropic activity resumption, after the eruption, in the two
sites. For SPB site, the human resumption happened in a time interval of about
250 years , while for the MR one, it happened around 150 years after the eruption.
These results show an installation’s fracture after the eruption: as a matter of fact
the cultural development of the resumption in SPB e MR have the same
characteristic as previous Palma Campania facies, as shown by the hut shapes and
ceramic finds. Finally, the measurement of a charcoal coming from a layer, below
the eruption one, at Palma Campania (circle D) demonstrates the existence of an
older settlement abandoned shortly before the eruption.
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1. THE FUR TRADE AND THE CHRONOMETRY OF GLASS BEADS

Beginning in the late 16th century, Europeans began to trade a variety of
goods, including glass beads, for furs trapped by the Amerindians. The beads
have been systematically classified by archaeologists since the “60s, and by
archaeometrists since the ‘90s. These beads are of Dutch, English or French
trading origin; but many were probably made in The Netherlands (Karklins
et al.2002). It has been shown that several elements follow a definite trend
through time (Hancock et al. 1997, Sempowski et al. 2000, Moreau et al. 2002).
This is notably the case for Sn, Sb, As, Mn and Ca (see figure 3). However the
trend through time is quite less well defined for Al, Cl, Na and K. No definite
explanations have been put forward to understand these chronological
trends. However, economical (such as availability of minerals) and social
(such as traditions in making beads) reasons are among reasonable
hypotheses to be eventually tested. The difference in intervals for the time
periods in figure 3 is the result of fairly unequal samples. Hence the two fifty
years intervals of the 18" century total 15 and 8 beads while all other intervals
(except 1900-1925) comprise generally well over 25 beads, most of them being
25 years intervals. One objective of this paper is thus to enhance the sample
size for the 18" century.

2. LE PREMIER PALAIS DE 'INTENDANT ET LES MAGASINS DU ROY

While Québec City began with the early 17" century settling of
Champlain, later 18" Century occupations are among the common
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archaeological enterprises undertaken in the last forty years in Québec. The
glass beads collections analysed here came from two archaeological contexts
(Moussette 1994). The Premier Palais de 1'Intendant, the residence of the
French king’s representative in New France, was erected around the
beginning of the 18" century, the beads associated with the archaeological
units of this Premier Palais may date to any time period from 1700 to 1750 as
shown by several associated artifacts pertaining to later periods than the
construction of the Palais. The second archaeological context is that of the
Magasins du Roy (king's stores), erected by the middle of the 18" century and
burned in 1760 when Québec was under English siege. Hence the beads from
this context are neatly pinpointed to the 1750-1760 time period.

3. NEUTRON ACTIVATION RESULTS AND DISCUSSION

Following procedures largely described elsewhere (Moreau et al. 2002),
these beads were submitted to neutron activation analysis (INAA) for nine
elements (table 1). As shown in figure 1, the overall variation for any element
is generally smaller and often much smaller for the Magasins du Roy
(homogeneity of collections) than it is for the Premier Palais. Taking into
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Figure 1. Québec’s beads: mean and standard ~ Figure 2. Factor analysis for Québec’s and
deviation. other 18th Century sites.

account both mean and standard deviation values, only three elements (Mn,
Na, Sn) may be considered similar for both archaeological contexts while the
values of Al and Cl are smaller for the Magasins compared to those of the
Premier Palais, the reverse being observed for Sb, Ca, K and As. In figure 2,
the factor analysis compares the beads from these two archaeological contexts
to those two fifty years intervals collections that had been used for the
chronometric trends already referred to in figure 3. While there is a split
between the beads from Québec and the other sites along the horizontal axis,



Magasins CeEt-30-13F8-12 1443
Magasins CeEt-30-13F8-12 1£2 4
Magasins CeEt-30-13F8-12 125
Magasins CeEt-30-13C11-6 EO1
Magasins CeEt-30-13Cl11-6 EO02
Magasins CeEt-30-13Cl11-6 EO03
Magasins CeEt-30-13Cl1-6 EO04
Magasins CeEt-30-13C11-6 EO5
Magasins CeEt-30-13C11-6 EO06
Magasins CeEt-30-13C11-6 EO07
Magasins CeEt-30-13C11-6 EO08
Magasins CeEt-30-13Cl11-6 EO09
Magasins CeEt-30-13Cl11-6 E10
Magasins CeEt-30-13Cl1-6 E11
Magasins CeEt-30-13Cl1l-6 E12
Magasins CeEt-30-13Cl1-6 E13
Magasins CeEt-30-13C11-6 El14
Magasins CeEt-30-13C11-6 EIL15
Magasins CeEt-30-13C11-6 E16
Magasins CeEt-30-13C11-6 E17
Magasins CeEt-30-13Cl1-6 E18
Magasins CeEt-30-13Cl11-6 E19
Magasins CeEt-30-13Cl1-6 E20
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Magasins CeEt-30-13F8-12 2/205
Magasins CeEt-30-13F8-12 2/206
Magasins CeEt-30-13F8-12 2/207
Magasins CeEt-30-13F8-12 2/208
Magasins CeEt-30-13F8-12 2/209
Magasins CeEt-30-13F8-12 2/210
Magasins CeEt-30-13F8-12 2/211
Magasins CeEt-30-13F8-12 2/212
Magasins CeEt-30-13F8-12 2/213
Magasins CeEt-30-13F8-12 2/214
Magasins CeEt-30-13F8-12 2/215
Magasins CeEt-30-13F8-12 2/216
Magasins CeEt-30-13F8-12 2/217
Magasins CeEt-30-13F8-12 2/218
Magasins CeEt-30-13F8-12 2/219
Magasins CeEt-30-13F8-12 2/20
Magasins CeEt-30-6C13-510 F21
Magasins CeEt-30-6C13-510 F22

PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
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PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-27C71
PremierPalais CeEt-30-17B39
PremierPalais CeEt-30-17B39
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
PremierPalais CeEt-30-17B27
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Table 1. Neutron activation data for Beads from Premier Palais and Magasins du Roy

BO1
B02
BO3
B04
BO5
BO6
BO7
BO8
BO9
Bl1l
B12
Clé
c17
DO1
D02
D03
D04
D05
D06
D07
D08
D09
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0.72
0.73
0.76
0.75
0.71
0.68
0.69
0.73
0.66
0.67
0.71
0.74
0.69
0.72
0.73
0.73
0.69
0.71
0.74
0.70
0.72
0.69
0.38
0.67
0.73
0.67
0.68
0.72
0.71
0.74
0.73
0.70

0.65
0.75
0.70
0.70
0.74
0.76
0.72

0.72
0.73
0.79
0.68
1.03
0.93
0.96
0.92
0.97
0.91

0.72
1.09
0.81
0.77
0.72
0.51
0.78
0.55
0.73
0.88
0.73
0.74
0.73
0.74
0.80

45
0.71
0.06
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0.82
0.14
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0.75
0.71
0.76
0.69
0.75
0.84
0.76
0.76
0.68
0.73
0.73
0.77
0.73
0.74
0.74
0.70
0.62
0.77
0.73
0.67
0.73
0.70
0.69
0.72
0.70
0.76
0.74
0.68
0.70
0.73
0.69
0.70
0.77
0.74
0.72
0.64
0.82
0.67
0.72
0.70
0.70
0.68
0.68
0.67
0.68
0.91
0.83
0.81
0.83
0.75
0.79
0.83
0.72
0.71
0.82
0.79
0.79
0.84
0.82
0.71
0.81
0.75
0.65
0.89
0.83
0.70
0.71

45
0.72
0.04

22

0.79
0.07

2
2.0
0

8.50
8.75
8.92
8.23
8.68
8.94
8.32
8.77
8.39
8.37
8.56
8.13
8.43
8.38
8.13
8.19
8.33
8.30
8.19
8.18
8.38
8.24
8.46
8.28
8.19
8.18
8.21
8.33
8.60
8.09
8.13
8.56

8.30
8.53
8.31
8.25
8.20
8.38
8.44

8.52
8.65
7.94
8.51
9.30
8.16
8.34
8.67
8.40
8.53

7.97
8.33
9.35
8.67
8.10
7.93
8.89
8.54
7.74
7.92
7.95
8.67
8.23
7.52
7.70

45
8.37
0.22

22

8.32
0.48
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Sn
ppm

1650
1300
1590
1150
1560
1630
1190
1190
1340
1210
1270
1740
1340
1360
1350
1290
1330
1500
1240
1250
1510
1520
1210
1320
1410
1350
1330
1520
1380
1330
1390
1280

INIA A A A A A A A A A A A A A A
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As Sb
ppm ppm

160 33400
200 37600
200 35000
210 35900
170 33000
220 32200
220 31000
210 35000
180 29000
210 32200
220 34500
200 20000
210 29700
250 32200
190 31000
190 32000
260 36000
230 32000
250 34500
270 34500
290 33000
320 34100
290 34600
260 27500
260 32600
250 28800
260 33100
310 33900
310 31400
290 29500
330 32200
300 33200
350 34100
330 30800
330 32700
300 33100
310 30000
330 32600
320 32900
290 32900
320 35500
300 33300
420 40600
260 20000
400 34900
74 26500
70 23700
64 24100
69 26800
73 22900
75 24500
76 22600
90 26700
76 24600
280 23400
250 21900
160 22700
180 24900
220 21800
170 25600
160 25400
200 17300
390 27000
480 30800
300 26100
170 21600
150 23400

45 45
266 32396
60 3576

22 22

172 24277
113 2691
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the vertical distribution respects quite well the time periods of each groups
compared to the other. In figure 3, the trends in time expressed in mean and
plus/minus one standard deviation for the five most significant elements is
compared to the mean and plus/minus one standard deviation calculated for
the Magasins du Roy’s collections, symbolized by the three red lines.
Moreover the violet vertical dotted line represents the 1750-1760 time interval
of use of the Magasins du Roy.

4. CONCLUSIONS

The samples from the Premier Palais and the Magasins du Roy fit
generally well with the previous beads studied by INAA. The definite short
interval of the Magasins du Roy enable us to ascertain the chronometric trend
for the elements in the third quarter of the 18" Century. Next steps will be to
find collections for the three other quarters of century as well as testing if the
blue beads from the Premier Palais and the Magasins du Roy also present
good agreement with the general trends obtained from other sites.
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1. INTRODUCTION

Radiocarbon dating of lime mortars is based on setting the present “C
concentration of CO, by mortar carbonates in the hardening process. If the
mortars are made of completely burnt lime, radiocarbon dating gives the age
of construction of the building.

1.1. The difficulties in radiocarbon dating of lime mortars

The problem with the estimation of the real radiocarbon age appears,
when there are some unburnt fragments of carbonate rocks in the mortar.
Then not all the CaCO; is transposed into CaO and the mentioned fragments
give so called “dead carbon”, what is the reason of significant exaggeration in
the absolute age. The big difficulty is also the presence of aggregate,
especially carbonatious one, which is hardly separable from the also
carbonate binder. This kind of aggregate is partially or completely devoid of
active isotope 14C, what makes the age determined by dating much older
than the real one (cf. Folk, Valastro, 1979).

In this context, the application of petrographic studies that enable
determination of mineral composition and percentage of aggregate turns to
be particularly important. If in mortar some content of limestone fragments,
which are the source of dead carbon, is identified, it needs to be eliminated,
to make the sample destined for dating possibly clear. Practice shows, that
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limestone fragments building aggregate can be very small in size and difficult
to eliminate, so despite efforts to separate them, some amount may remain in
the sample.

1.2. The difficulties in radiocarbon dating of charcoal fragments

The charcoal materials are probably most widely used material in
radiocarbon dating. The dates obtained from the charcoal sample often give
ages which are too old. The main source of this errors seems to be the fact,
that the wood fragments could came from the old tree. Each year a tree grows
a new layer of wood over the older wood, and the analyzing sample from
inner part, could exist even hundreds years before the death of a tree.

2. Subject and aim of the study

This study is an attempt to evaluate and compare the methods of the age
estimation of lime mortars using gas proportional counting method (GPC) and
accelerator mass spectrometry technique (AMS). The dating by GPC has been
performed in Gliwice Radiocarbon Laboratory, whereas by AMS in Pozna_
Radiocarbon Laboratory. As the benchmarks there were used samples of the
mortars with the approximate age established by an archaeological research.
Three groups of samples have been analysed. The first group comes from the
Medieval church (XII cent. AD) situated on the terrain of the Wle_ Castle, SW
Poland. The second one was collected at the north-western shore of the Dead
Sea. These mortars are from the Roman period (II cent. BC - I cent. AD). They
come from the settlement Khirbet Mazen and from the water supply system
situated near the caves above Qumran. The third gruop is from the Byzanthine
church (V-VI/VII cent. AD) in Hippos, the town situated at the top of the hill,
about 350 m above water level of the Galilean Lake (III cent. B.C.-749 AD). It
should be stressed, that the investigations are not the profound study aiming
to solve the problems raised by archaeologists. They are the material, which
enables the development of the methodology connected with the possibility of
absolute age estimation of mortars on the basis of radiocarbon content.

3. SAMPLE MATERIAL AND PREPARATION FOR “C DATING

Mortar is a mixture of binder and aggregate, in different proportions.
Petrographic investigations allowed to obtain the precise characteristics both
the aggregate and the binder of the analysed mortars. The analysed mortars
from south-western Poland, as well as from Palestine represent the type of
lime mortars. The Palestinian mortars contain appreciable amount of
aggregate (sometimes even exceeding 50%), whereas the Polish ones (e.g.
K/160/4) are almost completely devoid of aggregate (fig. 1, 2).
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Figure 1. Microphotograph of sample K/160/4 from Wlen.

Two categories of the investigated material have been determined from
these samples: the binder and the charcoal fragments from the mortars.

3.1. GPC-Gas counting

The first radiocarbon dating was performed for the mortar samples from
the Medieval church in Wlefi and for the Roman mortars from the settlements
on the west bank of the Dead Sea (table 1). The conventional method was
applied. To make the dating of the mortars reliable, it was necessary to
remove the limestone components, clearly visible at the microphotographs of
the Palestinian mortars (fig. 2). The mechanical separation basing on the fact,
that the limestone in aggregate is stronger and more resistant than more
porous mortar carbonate was carried out. The mortars were delicately
crushed, and then repeatedly frozen and thawed. Most of the soft mortar
carbonate was separated from the aggregate grains, and during binocular
observations, required amount of sample material was collected. Carbon
dioxide in the studied mortar samples was released by treatment of the
sample with hydrochloric acid in the vacuum apparatus of the Gliwice
Laboratory. Then, after purification process, 14C has been counted in a

proportional counter.
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Figure 2. Microphotographs of the mortar QA /1997 from Khirbet Mazen. The variegated
composition of the aggregate (quartz, snail shells, limestone grains) is visible.

3.2. AMS - accelerator mass spectrometry technique

Sometimes collected samples are too small for the conventional 14C
dating. AMS radiocarbon dating requires less than 1 mg of carbon, what
makes collecting of the sufficient amount of material for investigation much
easier. From among the chosen group of the mortars, i. a. the charcoal
fragments (Hip14, Hip2, K/157/1, K/160/4, Qm4) and the binder (Hip2sp,
Hip10) allowing the comparison of the results were selected for dating by this
method (table 2).

The next group of mortars, after delicate crushing in a porcelain mortar,
sifting and XRD analysis of individual fractions is prepared for the
radiocarbon dating. For this part of the material, in order to eliminate the
dead carbon coming from the limestone fragments used as an aggregate, the
difference in the course of reaction with acid will be applied. The separation
of fractions from mortars for dating and the application of the dependence of
the rate of reaction on grain size for a mortar and a limestone proposed by
Soninen, Jungner (Soninen, Jungner,2001) seem to be promising for obtaining
the reliable real ages.



4. RESULTS

Radiocarbon ages (obtained by GPC method) of the samples from
medieval church in Wlen, which were devoid of lime aggregate confirm
existing architectural-historical data. The obtained GPC radiocarbon results
for the Roman mortars were far from expectations and historical premises,
although they revealed some regularity. The samples, from which the
sufficient amount of the binder could not be separated, were the mixture of
binder and aggregate. Despite of efforts made to eliminate lime aggregate
from binder (by freezing and thawing) and taking into consideration the 8"°C
value in the binder alone and in the mixture of binder with aggregate, so
called corrected conventional radiocarbon age was still significantly higher
then the age obtained for the binder (table 1). It must be noted, that the age of
the mixture is much more exaggerated, what confirms the enormous

5°C Approximate age
Sample M | Lab.| T | ATc [%o, Teca | ATcca Cal. age established by
name no | [BP] |[years] PDB] [BP] | [years] [BCJ/[AD] archeological

research

QA/1997 | S |15262 | 2810 | 130 | -9,74 | 2810 130 [1127, 829] 140BC, 68AD
Q1/2000 S | 15264 | 4360 | 220 | (-9)* | 4360 220 [3356, 2857] 140BC, 68AD
Q6/2000 S 15226 | 3250 | 120 | -8,11 | 3250 120 [1642, 1410] 140BC, 68AD
Q1/2000 |SK |[15223 | 6640 | 110 | -7,69 | 6210 180 [5324, 4917] 140BC, 68AD
Q2/2000 |SK |15225 | 4730 90 | -1L,0® | 7180 150 [3634, 3555]° 140BC, 68AD
Q3/2000 |SK |15228 | 8750 | 130 | -7,37 | 7980 200 [7084, 6638] 140BC, 68AD
Q6/2000 |SK |[12313 | 9220 80 | -613 | 6970 180 [5933, 5719] 140BC, 68AD
K1/93/W | S [15369 | 1030 80 | -125 [890AD,1050AD |[1177AD,1230AD
K160/4/W | S | 17105 | 940 | 130 | -132 [980AD,1230AD] | [1177AD,1230AD

Table 1. “C dating results for lime mortars in comparison with historical data; gas proportional
counting method.

Explanatory notes (table 1, 2):

A=estimated 8”C values; B=estimated 6”C value (-8.11 per milles) is higher than
8"C value of the dated material (binder with aggregate). It resulted in T, value
higher than T, C=T. age was calibrated; M=type of dated material; S=binder;
SK=binder with aggregate; W=charcoal; T.=Conventional radiocarbon age of dated
mortar fraction; T.c,=Conventional radiocarbon age of aggregate, obtained after
correction for content of “old”, radiocarbon-free aggregate. In case of binder sample
dating, the age is identical with the T, age; AT, AT =estimated errors of the given
ages; Cal age=Calendary (calibrated) age interval on the confidence level of 68% (Tcc,
was calibrated); Samples from the Roman period are indicated by Q and QA; from the

Medieval by K, from the Byzantine by Hip.

3-7 May 2004 ¢ Zaragoza, Spain

34th INTERNATIONAL SYMPOSIUM

Ne)
Q1



3-7 May 2004  Zaragoza, Spain

34th INTERNATIONAL SYMPOSIUM

\O
(@)}

influence of aggregate on the radiocarbon age. The dating results by AMS
look much better than in the first stage (by GPC) and mainly fall into the age
range expected from the historical context. The difference in the AMS dating
results of the charcoal and the binder from the same sample (Hip2) should be
connected with the above-mentioned constraints for dating of this kind of
materials. The future analysis will be based on the separation of an fraction
which is appropriate to the dating from mortar (cf. Heinemeier et al., 1997).

Approximate age

Sample | M | Lab. | “C yA:;s §C C(;é @g)e C(;l; 21}7g)e established by
/2 /0 ,2./0 .
name no | age | “po [%0] [BC/AD] [BCI/[AD] archeological
research
. 160BC94,6%)130BC
Hip14 | W| 5088|2025 | 80 | -42,9| 400BC-250AD 120BC(63,6%)70AD V-VI/VII cent. AD
Hip 2 W 5087|1570 | 70 | -42,4| 340AD-640A 410AD-570AD V-VI/VII cent. AD
: V-VI/VII cent.AD
Hip 2sp| S | 5016|1295 | 30 | -10,8 | 660AD-780AD |680AD(40,1%)725AD 740AD(28,1%)775AD)
. V-VI/VII cent. AD
. -, 0
Hip10 | S | 7417|1245 | 35 9,5 | 680AD-890AD |690AD(61,0%)820AD $40AD(7 2% )860AD
K/57/1 | W 5091 | 1035 | 30 | -21,9 | 890AD-920AD | 9ggAD.1020AD [1177AD,1230AD]

950AD-1040AD

720AD-750AD
K/160/4 | W | 5092 | 1185 | 35 -26 770AD-970AD 780AD-890AD [1177AD,1230AD]
360BC-270BC | 360BC(31,3%)290BC
260BC-110BC | 240BC(36,9%)160BC

Om 4 W 5089|2165 | 30 | -22,3 140BC, 68AD

Table 2. AMS radiocarbon dating results.
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1. INTRODUCTION

Archaeomagnetic (AM) dating involves comparison of an
archaeomagnetic direction to a master record of secular variation to derive an
absolute date (Sternberg, 1997). This is similar to radiocarbon dating where a
radiocarbon age is compared to a calibration curve to obtain a probabilistic
calendric date. AM dating is complicated by the three-dimensional nature of
the problem, and counterintuitive dating interpretations can result (Sternberg
and McGuire, 1990). Here we systematically consider how these interactions
influence the derivation of archaeomagnetic dates.

Archaeomagnetic secular variation (SV) curves constructed using
statistical methods are also subject to 3D uncertainties. Statistical curves are
commonly based on a moving-average technique. Lengyel and Eighmy
(2002) showed the effects of incorrectly dated directions on a looping curve.
If a point which actually dates to one segment of a looping curve is incorrectly
dated to the opposite side of the loop, the curvature of the segment will be
damped. Lengyel and Eighmy (2002) suggested how curves can be corrected
for this problem.

As an example of archaeomagnetic dating, consider HV046, a fire pit from
Homolovi II, an Anasazi archaeological site in northeastern Arizona, USA,
with a tentative archaeological date of AD 1325-1425. Statistically comparing
the AM virtual geomagnetic pole (VGP) direction point-by-point to Eighmy’s
(1991, table 2, with subsequent corrections) SV curve (fig. 1) using F-tests
(Sternberg, 1989; Le Goff et al., 2002) yields an archaeomagnetic date with two
options at the 5% significance level, AD 930-1370, and 1430-1645 (fig. 2). The
B95 (geometric average of VGP semi-major axes dm and dp) for HV046 is a
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Figure 1. The oval of confidence of the VGP for the archaeomagnetic feature HV046 (red) is

plotted with the U.S. Southwestern secular variation curve (blue; Eighmy, 1991, table 2). The plot

is centered on the north geographic pole; several latitudes and the cardinal longitudes are shown.
Several dates in years AD are shown for the curve.

mediocre 4.1c0. The oval of confidence for HV046 overlaps the curve from AD
1000-1350, yet the archaeomagnetic date is more inclusive because of the
varying precision with which the time-averaged SV VGPs are known. The pre-
1000 and post-1450 AM dating options arise because of the larger uncertainty
(A95s>500) of the curve for those times (Eighmy, 1991, table 2), even though the
HV046 oval is further away from the curve. It could be argued from the full
probability curve (fig. 2) that the two options could be lumped into one larger
option, with only one intervening point having a probability just below 5%.

In this paper, we seek to better understand the interaction of AM
directions to be dated with SV curves through a series of simulations, using
both hypothetical and actual SV curves.
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Figure 2. The dating probability plot for HV046 using the secular variation curve of Eighmy
(1991), using methods like those in Le Goff et al. (2002). The red line represents the 5%
significance level for dating probabilities.

2. SIMULATION METHOD

To better examine the interactions between a VGP to be dated and VGP
secular variation curves, we have looked for 16 cases at how a grid of
possible VGPs would date at the 5% significance level against the
following secular variation curves: 1) a hypothetical linear curve; 2) a
hypothetical circular curve; 3) a hypothetical cusped curve; 4) Lengyel &
Eighmy’s (2002) SW U.S. curve; 5) Sternberg’s (1989) SW U.S. curve. The
hypothetical curves represent typical SV rates at 50-year intervals. VGPs at
each point on a 2 grid about the north geographic pole were dated against
each curve. A95 and B95 angles were generally set to 200, but were varied
for some cases. Using the probabilistic dating method (Le Goff et al., 2002),
the dating probability was calculated for each point on the grid. An Excel
spreadsheet with macros for looping was used for the basic calculations.
The results for each simulation were summarized in terms of total number
of both dated intervals and dating options for each point on the grid. An
interval is a period of time represented by one point on the secular
variation curve. A dating option is a continuous period of time composed
of one or more consecutive dated intervals. These numbers were posted to
a grid corresponding to the test VGPs to be dated, and then contoured

using Surfer software.
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Figure 3. Posted and contoured values are the  Figure 4. Posted and contoured values are the
number of different dating intervals for a number of different dating options for a
simulation based on VGPs over a grid and the  simulation based on VGPs over a grid and the

SV curve of Eighmy (1991). SV curve of Eighmy (1991).
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Figure 5. Posted and contoured values are the
number of different dating intervals for a
simulation based on VGPs over a grid and the
SV curve of Sternberg (1989). The smoother SV
curve with larger windows produces fewer
options than the curve of Eighmy (1991).

3. RESULTS

Results for the hypothetical curves, not surprisingly, confirmed the
observations that have been made about the counterintuitive results of the
statistical method when applied to directions (Sternberg and McGuire,
1990; Le Goff et al., 2002). Points further from the curves dated to fewer
intervals, giving an apparently better precision, if only the number of
dated intervals was considered, but the peak probabilities were lower.
Precision of SV curves typically decreases towards the endpoints due to
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decreased density of data comprising the curve. Simulation of this effect
showed, as expected, the corresponding increase in the number of dated
intervals for VGPs near the curve endpoints. For the cusped or triangular-
shaped SV curve, it was shown how VGPS near the cusp can have two
dating options, one to either side of the cusp. Probability curves reflected
the asymmetry of the VGP locations relative to the sides of the curve on
either side of the cusp, with higher probabilities for the side of the curve
closer to the VGP to be dated.

3-7 May 2004 ¢ Zaragoza, Spain

Results for the actual SV curves were instructive concerning the
complicated interaction of VGPs with curves of varying smoothness and
precision. For the SV curve of Eighmy (1991) VGPS near the curve generate
as many as fifteen different dating intervals (fig. 3) spanning up to five
different dating options (fig. 4). The effects of using a different SV curve are
shown in figure 5, where the SV curve of Sternberg (1989) is used. The
number of dating options is now no more than three, less than what is
generated using the SV curve of Eighmy (1991). The curve of Eighmy is
based on a greater number of data points, but is also less smooth because of
shorter windows used for the moving averages. Longer windows gives a
smoother curve with smallers A95s. Both these factors will lead to fewer
dating options.

4. CONCLUSIONS

Whereas the results for the hypothetical curves were not surprising
based on past experience, these simulations provide a tool for exploring the
less obvious interactions of actual SV curves with directions to be dated. The
statistical dating method in archaeomagnetism, when quoted at the 5%
significance level, generates apparently paradoxical results, such that VGPs
further from the SV curve yield more precise dates. For determining dates by
the statistical method, reporting of complete probability curves (Le Goff et
al., 2002) as shown in fig. 2 would compensate for this apparent anomaly.
Probability curves are also useful in demonstrating that maximum dating
probabilities do fall along the SV curve. Our analysis has shown that the
number of dating options are reduced for smooth secular variation curves,
so archaeomagnetists should optimize the number of data comprising a SV
curve as well as the method used to construct the SV curve from the
database.
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1. INTRODUCTION

Thermoluminescence (TL) is one of the most extensively used methods for
dating heated archaeological ceramics as well as geological sedimentary
materials (Aitken M.J.,1985). Various techniques have been developed for the
application of the method for the absolute dating of ancient pottery. A
commonly used technique that avoids inhomogeneities caused by non-
uniform radiation fields inside grains is the ‘fine grain’ (FG) technique,
originally developed by D.W. Zimmerman (Zimmerman D.W,,1971). In this
technique, only fine grains, typically less than 10 um, are used for the dose
determination, so that the alpha dose attenuation inside them is negligible and
the absorbed dose is uniform and consists of the full contribution of all
ionizing radiations. For the successful application of the technique, a critical
step in the sample preparation is the extraction of the fine grains from the
ceramic fabric without breaking apart and mixing with larger grains. Several
‘extraction’ techniques can be used but the most ‘favored’ over the years is
crushing the shred in a vice.

The present work, studies the effects of different extraction techniques on
the TL signal (glow-curve), the equivalent dose determination, as well as the
mineralogical constituency of the fine grain fraction received and used for the

age determination of ceramics.

34th INTERNATIONAL SYMPOSIUM



2. EXPERIMENTAL PROCEDURE
2.1. Site and samples

A single large shred of a 4th century B.C. roof tile from an excavation in
Northern Greece was used in the present measurements. A surface layer
approximately 2 mm thick from each side was removed manually with a
grindstone, and the remaining part was cut in ten pieces. A different sampling
technique was used next for the extraction of the fine grains from each
segment. The used sampling techniques are given in table 1.

3-7 May 2004  Zaragoza, Spain

No. Sampling Technique Sample Code
1 Manual grinding with a grindstone ST1
2 Grinding with an electrical grindstone at low rpm ST2a
3 Grinding with an electrical grindstone at high rpm ST2b
4 Drilling with a carbide bit at low rpm ST3a
5 Drilling with a carbide bit at medium rpm ST3b
6 Drilling with a carbide bit at high rpm ST3c
7 Manual ‘drilling’ the sample with a carbide bit ST4
8 Scraping the sample with a metal scraper ST5
9 Crushing the sample in an agate mortar and pestle STé6
10 Crushing the sample in a vice (commonly used technique) ST7

Table 1. Fine grain extraction techniques.

2.2. Thermoluminescence measurements

For the TL measurements the 2-8 um fine grain fraction from each
sample was separated and deposited on Al-disks using the well prescribed
2-20 minute sequence in an acetone suspension (Fleming S.J., 1979). All
measurements were performed with a RISO TL/OSL reader (model TL / OSL-
DA-15) equipped with a 0.085 Gy/s “Sr/™Y B-source for irradiations. All TL
measurements were performed using a combination of a Pilkington HA-3
heat absorbing filter and a 12 mm Corning 7-59 blue filter.

Both the natural TL signal and the signal after a specific artificial beta dose
were measured for each sample. The various glow-curves were compared then
with each other, in terms of shape and size. The equivalent doses were also
determined in each case using the “age-plateau’ analysis (Fleming S.J., 1979).

2.3. X-Ray diffraction measurements

The mineralogical consistency of the fine grain fraction in each case was
investigated using powder X-ray Diffraction (XRD). The X-ray diffraction
measurements were performed with a Philips PW 1730/10 Diffractometer,
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equipped with monochromator, Co-tube and Fe-filter. High-quality powder
XRD spectra were obtained for all samples, under the following operational
conditions: current 20 mA, voltage 40 kV, counting time 5 s every 0.020 (26).

In order to obtain a better comparison of the intensities of the same
characteristic lines the operational conditions were maintained constant and
a standard procedure was adopted for the preparation of the test specimens.

In powder XRD analysis, the measured peak area of a characteristic line
of each mineral is a limited criterion for the calculation of the concentration
of the particular mineral, as the crystalline structure, absorption, particle size
and background are conditioned by the material itself. The relative intensities
(peak areas) are sufficient, however, for comparison in order to obtain a trend
in the behaviour of the samples originating from the same bulk sample using
different sampling techniques.
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3. RESULTS
3.1. TL Analysis

From the TL results presented in figures 1-2, it can be seen that the
various extraction techniques affect both the shape and the size of the glow-
curve. The equivalent dose estimated from the segment crushed in a vice
(ST7) is the only one that agrees with the expected total dose from the known

@ sT2b
I 5T2a
STl
[ sT3b
] sT7
] sT4
C1sT3a
Bl 575
H 5T3c
B 576
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Figure 1. Natural dose TL glow-curve obtained for different fine grain extraction techniques.
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Figure 4. Relative Quartz content in different samples from XRD analysis.



archaeological age of the sample (figure 2). It is important to note that
although the natural glow-curve from ST3a is similar in size (integral area)
with ST7, the estimated Equivalent Dose is much lower than the expected (see
figures 1 and 2). Sample ST2b exhibited a significantly higher integral value
for both natural (figure 1) and natural+beta dose glow curves which was
attributed to an artificial enrichment (see also XRD analysis, figure 4) of the
quartz fraction due to dislocation of quartz particles present in the
grindstone.

3-7 May 2004 ¢ Zaragoza, Spain

3.2. XRD Analysis

From the results given in figures 3 and 4, it can be seen that the various
extraction techniques alter the relative mineralogical composition of the fine
grain fraction. More specifically, in the case of quartz only two other methods
(ST5-metal scraper and ST3c-high speed drilling) provide a fraction
approximately equal to the fraction from ST7-vice (see figure 4).

4. CONCLUSIONS

The various sampling techniques for the extraction of the fine grain
fraction for TL dating of ceramics has a significant effect on the shape and size
of the obtained glow-curves and the relative mineralogical consistency of this
fraction. This change can be attributed to the breaking of larger grains in
various degrees for different minerals. Considering the changes in the relative
mineralogical consistency and the respective behavior of the glow curve it is
apparent that tribo-luminescence phenomena are taking place that either
induce or bleach the luminescence signal.

The present results confirm that the crushing of a sample in a vice,
though relatively inefficient since a large portion of the sample is finally
discarded, is the most ‘gentle’ technique that leads to the most accurate age
determination. At the same time crushing the sample with a mortar and
pestle has the most serious effect on the size and shape of the glow-curve and
leads to a significant underestimation of the age of the sample.
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1. INTRODUCTION

Luminescence signals from naturally occurring minerals have been used
over the last forty years for dating both heated materials and unheated
sediments. Thermoluminescence (TL) is the most widespread used method
for dating heated materials in general (Aitken M.J.,1985) and especially
archaeological artifacts like ceramics (Zimmerman D.W.,1971), while
Optically Stimulated Luminescence (OSL) is used mostly for dating
geological sediments (Aitken M.J.,1998). The major difference between the
two methods is the zero-setting mechanism of the luminescence clock. In
the case of sediments the luminescence was bleached during the exposure of the
mineral grains to daylight during sediment transport and deposition. In
the case of heated materials and especially ceramics, the luminescence signal
was extinguished by the firing of the pottery. Various techniques and
laboratory procedures have been developed for the application of the above
methods. The most commonly used technique for dating pottery, using TL is
the “fine grain’ (FG) technique (Zimmerman D.W.,1971) while for OSL dating
the preferred method is the one prescribed in the “single-aliquot regenerative-
dose’ (SAR) protocol (Aitken M.]J., 1998).

The FG technique in TL dating, however, requires relatively large sample
sizes and is limited to well-fired samples. The OSL techniques, on the other
hand, usually demand smaller samples and give a higher age precision but so
far these techniques have been mainly restricted to sediments.

The present work investigates the use of the above TL and OSL dating
techniques for the age determination of ‘well’ and ‘not-well’ fired ancient
ceramic materials of known age. The results obtained are compared on the

bases of accuracy, age precision and applicability.
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2. EXPERIMENTAL PROCEDURE
2.1. Site and samples

Three shreds (coded WF1, WF2, WF3) of ‘well-fired’ and three shreds
(coded NF1, NF2, NF3) of ‘not-well-fired” pottery from the excavation in
Karabournaki were used in these measurements. Karabournaki is located in
North Greece, on the edge of the promontory in the center of Thermaic Gulf
(Thessaloniki area) and it preserves the remains of an ancient site including a
settlement, a harbor and cemeteries. The occupation of the site appears to be
continuous from the Late Bronze Age down to the Roman times, with the
flourish of the “town”, however, during the Archaic times (7th - 6th centuries
B.C.). Typological assessment of ceramics put the age of the samples used in
this study sometime between 650 and 550 BC (Tiverios, M. et al, 2003).
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2.2. Sample preparation and equipment

An external layer with thickness approximately 2 mm was removed
manually with a grindstone from each sample. The remaining part was
broken in a vice and the resulting powder passed through a 20 um sieve.

For the TL measurements the fine grain fraction from each sample was
separated using the well-described 2/20 minute sequence in an acetone
suspension (Zimmerman D.W., 1971). For the OSL measurements a 10-20 um
fine grain fraction was used from each sample and the SAR protocol was
followed.

All samples were deposited on Al-discs and the measurements were
performed using a RISO TL/OSL reader (model TL/OSL-DA-15) equipped
with a high-power blue LED light source, a infrared solid state laser and a
0.085 Gy /s *Sr/™Y B-source for irradiations.

2.3. TL measurements

TL measurements were performed using a combination of a Pilkington
HA-3 heat absorbing and a Corning 7-59 blue filter, and a maximum heat
temperature of 500 °C. The equivalent dose (D) was determined using both
the glow-curve routine and the “‘age-plateau” analysis (Fleming, S.J., 1979).

2.4. OSL measurements

OSL measurements were performed using a Hoya U-340 filter and the
signals were integrated over the first 5 out of 250 channels of stimulation
time. A background was subtracted based on the last 25 channels. For the
estimation of De a modified SAR protocol was employed using the IR laser
diode to stimulate and zero the IRSL signal from feldspars, prior to the use of
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blue light that was used to stimulate and zero the signal from both quartz and
feldspar grains. After the IR exposure a substantial OSL signal is observed
from feldspar (Duller G.A.T. and Botter-Jensen L., 1993). The procedure thus
permits the determination of a D, from both the feldspar signal and the
mixed quartz plus feldspar signal for a single aliquot, thus providing an
‘intrinsic’ merit. A minimum of three regenerative -doses (namely 10.2, 30.6
and 51.0 Gy), were given to each aliquot. A 0 Gy p-dose was included to
monitor recuperation. A repetition of the first regenerative dose, applied at
the end of the measurement protocol, was used to monitor possible
sensitivity changes. Following the measurement of each natural or
regenerative dose signal, a fixed test dose (5.1 Gy) was used to monitor and
correct possible sensitivity changes during the measurement procedure. OSL
signals were bleached by IR stimulation for 100 s at 125 °C followed by blue
light stimulation for 50 s at 125 °C. In both cases the pre-heat temperature was
200 °C (held for 10 s).
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2.5. Age calculation

To provide a basis for assessing the reliability of each method, the
expected total accumulated dose was estimated based on the known age of
the samples. This dose was compared to the equivalent dose values. The
average annual dose used in the above calculations was estimated using a-
counting for the determination of U and Th and y-spectroscopy for K-40. The
estimated annual average dose was 0.0041 + 5% Gy, and the corresponding
total dose 10.5 - 10.9 Gy (archaeological age 650 — 550 B.C.).

3. RESULTS AND DISCUSSION
3.1. Fine Grain TL dating

The D¢ values determined by the Fine Grain TL technique for the well-
fired ceramics were found to be in good agreement among them and with the
expected total accumulated dose. That was not the case for the not well-fired
ceramics where the De values were related more to the geological age of the
material itself (clay). As can be seen in figures la and 1b in the case of not
well-fired ceramics the plateau is not well defined and the glow curve does
not have a good shape.

3.2. Single-Aliquot OSL dating

In the case of OSL measurements the estimated Devalues were in good
agreement among them and with the expected total accumulate dose. As can
be seen in figures 2a and 2b in both cases the decay curves have good shape

and give similar regenerative growth curves.
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Figure 1b. Additive Dose Glow Curve of a ‘not well-fired’ ceramic sample.

3.3. TL-OSL Comparison

D values for well-fired ceramics from both methods (TL, OSL) are in good
agreement with each other and with the expected total accumulated dose
value. For not well fired ceramics D, values obtained with the OSL technique
seem to over-estimating the total dose by 8-10% while the TL technique yields
De values that are related more to the geological age of the material itself (clay)
and not the artifact. The above values are summarized in table 1.
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Figure 2b. Regenerative Growth Curve for a ‘not well-fired” ceramic sample.

4. CONCLUSIONS

Based on the above results, it can be seen that the application of the OSL
method using the SAR protocol for dating well-fired ceramics yields in general
similar results as the TL Fine Grain technique, while at the same time provides
the advantages of the method (smaller sample size ect.). For not-well-fired
shreds the TL method, yields values that are much higher than the age of the
artifact and are more related to the geological age of the material itself (clay).
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£ Sample Method Used De SD Method Used De SD

& No (Gy) (Gy) Gy) | Gy
<

go WF1 Glow-curve routine 10.08 0.68 Post IR Blue LEDs 10.11 0.13

g Age-plateau analysis | 10.40 0.34 IRSL 10.60 0.47
N

. WF2 Glow-curve routine 10.88 0.57 Post IR Blue LEDs 10.23 0.46

§ Age-plateau analysis | 10.30 0.10 IRSL 9.04 0.36
~

> WF3 Glow-curve routine 10.50 0.21 Post IR Blue LEDs 8.91 0.44

pS Age-plateau analysis | 8.39 0.46 IRSL 11.78 0.50
~

A NF1 Glow-curve routine 16.37 5.21 Post IR Blue LEDs 11.54 0.91

Age-plateau analysis — — IRSL 11.25 0.93

NF2 Glow-curve routine 15.53 2.78 Post IR Blue LEDs 11.59 0.48

Age-plateau analysis — — IRSL 12.57 0.82

NF3 Glow-curve routine | 20.97 0.94 Post IR Blue LEDs 11.61 0.39

Age-plateau analysis | 32.3 1.86 IRSL 11.37 0.81

Table 1. D, values obtained by the TL and OSL methods (expected archaeological De=10.5 -
109 Gy).

However, the OSL technique (SAR protocol) still provides age values that are
closer to the real age of the artifact, although slightly overestimated.

As a conclusion, OSL appears to be a reliable alternative to TL for dating
of ancient ceramics with certain advantages regarding the sample size and in
the case of artifacts that were not well fired.
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Usually, dating a structure built of burnt bricks by luminescence
(thermoluminescence, optically stimulated luminescence) means dating the
making of materials. Since bricks recycling is possible, interpretation
problems could arise. This led us to use optically stimulated luminescence in
a less “conventional” way to investigate the potentials to date the moment of
construction.

Within the framework of Termez medieval citadel (Uzbekistan)
luminescence dating, we were interested in the brick laying in the walls:
exposing to light their surface before embedding in masonries makes it
possible to empty the optical traps of the crystals present on material surface.
Consequently, if we were able to extract those crystals, we could know the
sealing time and thus obtain a direct dating of the construction of the
architectural structures. This is the purpose of this work.

1. THE UZBEK CITADEL OF TERMEZ

Termez, an uzbek city in the centre of Central Asia, was founded during
the Hellenic era. Some historians believe that Alexander the Great had been
there. Its geographic position along the Amou Darya river, at the crossroads
of Iranian, Mesopotamian, Indian and Chinese cultures, allowed it to become
one of the medieval Tokharestan capitals. The city was destroyed in 1220 by

Gengis Khan (Leriche et al., 2001).
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Termez archaeological site extended on about 500 hectares, which
represents also a great and large site in Central Asia. Besides various antique
monuments built in adobe bricks and daub, the citadel, about 10 hectares in
area, present architectural vestiges built in adobe bricks and strong
fortifications built in burnt bricks, that constitutes the predominant material
during the islamic era (VIIth-XIVth centuries).
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2. TOWARDS THE BRICKS SURFACE DATING

For this surface dating study, we had to proceed in several steps. First, TL
has been studied on several samples. As we used polymineral fine grains
(quartz and feldspars), a careful study of the feldspars fading was necessary in
order to avoid the underestimating of the equivalent dose (ED) (Zimmerman,
1971; Sanderson, 1988; Visocekas et al., 1994; Zink, 1996). For this TL study, an
additive dose and regeneration procedure is carried out. A thermal annealing
precedes the regeneration experiments, in order to determine the appropriate
growth curve function. This procedure consists in fitting the first TL reading
experimental points with the growth curve deduced from the regeneration
experiments performed with the thermally annealed material (Guibert et al.,
1996). This procedure must be carried out for every sample studied, in order
to avoid most changes in luminescence properties, which would distort the
ED-values and, as a consequence, the dates themselves (Roque et al., 2004).
After the first TL studies were achieved (Vieillevigne et al., in press), we carried
out different OSL experiments to attempt at brick surface dating.

2.1. First step: comparison between TL and OSL to date the brick firing

To test OSL response, we compared TL and OSL dates obtained on brick
cores. OSL dates are generally younger than TL dates for the same sample
(fig. 1). The OSL signal was generally of very low intensity because of a poor
quartz content, as shown in the figures 2 and 3, however OSL sensitivity
varies from sample to sample. Because of these weak OSL signals and of the
feldspar presence, we have also tested the IRSL of few samples but we had to
overcome the well known fading phenomenon (fig. 1). Although OSL results
were found less accurate than TL ones, we estimated that OSL signals were
significant and so experiments were kept on.

2.2. Second step: measurement of the solar bleaching depth

In practice, solar bleaching should have affected a volume of material
and not only the very superficial crystals. In order to evaluate the depth of
material affected by solar bleaching, freshly cut pieces of the studied bricks
were exposed to the daylight. The exposed face has then been eroded by steps
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Figure 1. Comparison between TL and OSL dates (in black) for four bricks samples from Termez
citadel. Brick BDX 6391 was studied by IRSL: the two dates (a and b) correspond to distinct
models for fading corrections (tunnel afterglow model (a) and isothermal decay model with a

stable level (b)).
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Figure 2. Brick BDX 6367. An example of the low OSL signal intensity is shown here. The natural

OSL signal and its background are not very different. For these averaged curves, the stimulation

wavelength was fixed at 450410 nm. OSL is detected in the range 250-400 nm (combination of the

spectral transmittance of optical filters, 2 Schott DUGI11, and spectral efficiency of
photomultiplier EMI 9813 QKA).

of 0.2 mm with a law speed disc saw. The remaining OSL of every subsample

obtained has been measured.

The first results (fig. 4, 5) have shown that bleaching light penetrates into
the brick at a depth that varies from sample to sample: from 0.4 mm to 1 mm
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Figure 4. Brick BDX 6392. This graph showed that the

bleached depth of this brick is around 0.4 mm. This

experiment was carried out by OSL. The daylight exposition
time was 2 weeks.

respectively with bricks BDX 6392 and BDX 6387. Such effects of daylight in
the interior of other materials were observed also for granites or gabbro
(Haberman et al., 2000; Greilich, 2004). It is then possible to sample the
material anciently bleached at the superficial layer of bricks, since the
bleached volume is sufficient to carry on further OSL measurements.
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2.3. Third step: how to take out the superficially layer, anciently bleached,
of a brick with irregular surface?

As the surface of bricks is commonly irregular and covered by mortar, a
particularly careful sampling must be performed. First, the mortar is
removed by a mechanical and manual method using a scalpel, taking care to
not remove fragments from the brick surface. Then because of the irregular
topography, punctual sampling is practiced every 5 mm (order of magnitude
of the blade dimensions) at the brick surface. The thickness of each point
sample is controlled by a micrometer.

3. CONCLUSION: FIRST ATTEMPT AT SURFACE DATING

A surface dating has been attempted by OSL. The same difficulties than
those for core dating by OSL were encountered. The rough value of paleodose
was 1.2 + 1.8 Gy (1.). This high uncertainty only provides an age inferior to
970 years (2) which is not contradictory to the firing age (856 + 41 years).

The IRSL signals from these samples being more significant, a further
investigation using IRSL rather than OSL could be envisaged in order to lead
to more substantial results. Nevertheless first results are encouraging (the
methodology and the practical aspects of surface dating have been
established) and we need to carry on investigations with other bricks from

different origins to validate this method.
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1. INTRODUCTION

The “Farga Rossell” (1842-1876) was the last active iron producing factory
using the direct system in Andorra (figure 1) (Olivier CODINA, 2001, p. 148).

SPAIN

l

Figure 1. Geographyc location of Farga Rosell.

The Historical Research Service of the Government of Andorra started, in
collaboration with the Archaeological Analysis Service of the UAB, a study
project to characterize the different slag types obtained during the successive
phases of ore reduction occurring in this ancient metallurgical process.
During the first stage of this work a mineralogical study of the intermediate
and final products has been carried out. The metallographyc study will be

presented in a next paper.
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2. ARCHAEOLOGICAL SETTING AND SAMPLING

The Farga Rossell factory (figures 2 and 3) has not been reused after its
closure in 1876. For this reason, the excavation of this site provided a large
amount of data about the structure of the furnace and a useful collection of
slag. The main interest of the remains lays on the fact that the slag samples
preserve their original location in the furnace.
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Figure 2. The Farga Rosell is a relatively

modern factory. The iron metallurgy

process used was the system known as
“farga catalana” (bloomery fire).

Figure 3. A present day photographic view of the Farga Rossell furnace. Scale bar:
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The absence of a slagheap is a particularity of this type of factory during
the last technological phase of bloomery fire in Andorra. This fact determined
the methodology used in the present study differing from most of the
published works about this metallurgical process as the latter are only based
on data obtained from historical and related references. (Jean CANTELAUBE,
2001, p. 9).

The excavation process was specifically designed to collect the largest
amount of slag in each of the different areas of the factory. Each area is
associated with a specific process within the operative chain to obtain the
wrought iron. The slag samples were selected after washing and cleaning and
several cross- sections were performed in order to study the internal
composition of slag. Finally, the most representative samples were chosen for
analysis and further examination.
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3. METALLURGICAL PROCESS

The bloomery fire system, known as “farga catalana”, is a not totally
controlled process. The obtained product may have a variable quality, and a
similar final result can occur through diverse paths (MOLERA 1983). It is
therefore difficult to recognise all the metallurgical processes, from mineral
extraction to iron production. Determining the iron reduction degree in each
slag sample permits to know their position and role within the global
metallurgical process (figure 4). The ore minerals used in the Farga Rosell
were hematite (Fe,O;), limonite (Fe,O;.nH,0) and goethite (FeO.OH). These
minerals were roasted in a special furnace previously to the introduction into
the main kiln.

4. ANALYTICAL PROCEDURES AND RESULTS

Fourteen thin and polished sections of silicate and metallic phases were
studied using transmitted and reflected light polarizing microscopy,

Ore Fe(OH), + Fe,O; + impurities ~ Coal Fe,O,
Y Co,
FeO —> [H,0 —>» Type 1 slag
50,

L FeO
FeO + Fe + CO, *—» Type 2 slag

|—>Fe + CO, ——> Type 3 slag Fe

Metallic iron block (MASSER)
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Figure 4. Metallurgical process.
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Figure 5. Sample 53 from the “Farga Rosell” Figure 6. Sample 65 from the “Farga Rosell”
observed under reflected light. Bright observed under reflected light. Bright white:
white: metallic Fe; dendritic forms: wiistite; metallic Fe dendrites. Scale bar: 0.1 cm.

light grey knebellite and dark grey: calcium
silicate Scale bar: 0.1 cm.

respectively. These methods allowed to observe the texture and distribution
of the diverse mineral phases simultaneously (figures 5, 6). Mineral phases
were also identified by X-Ray diffraction (XRD).

Semiquantitative elemental analysis of the different metallic phases were
performed using Scanning Electronic Microscopy (SEM) (SIMON 1992). The
distribution map of Fe and Mn helped to identify the knebellite crystals
((Fe,Mn),Si0,), (figures 7 and 8).

Figure 7. SEM image of sample 65.
Components are knebellite (light grey)
and wiistite (dark grey). Scale bar 200 um.

Reflected light microscopy allowed to recognise the presence of two
metallic phases with dendritic forms but different reflectivity (metallic iron
and wiistite; see below). Dendritic textures are typical of fast crystal growth
processes. In the present case, the physico-chemical reactions (wiistite and
metallic iron formation) took place in the solid state. However, local melting
processes have been observed (presence of small rounded metallic particles,
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Figure 8. SEM image of sample 65- The matching distribution of Fe and
Mn allowed the identification of knebellite crystals (see figure 7). Scale
as in figure 7.

disseminated in the slag). It is interesting to note that, in some cases, metallic
iron growths replacing, from the border to the core, wiistite grains (figure 9),
showing that the reduction process was a gradual transformation of the
previously formed wiistite.

Thin section study under transmitted light showed the presence of
several silicate phases in the slag. The most abundant is knebelite, sink for
most of the Mn from the ores. Knebelite grain size seems to be controlled by
the temperature attained by the slag. Therefore, the larger crystals are found
in slag from the bottom of the furnace, where the highest temperatures are
reached. At lower temperatures knebelite crystals are smaller and developed
a different texture (figures 10 and 11).

Feldspar and a Ca-bearing silicate vitreous phase are also present in slag.
The vitreous phase is only found around the walls of the furnace and is
produced from melting involving quartz, feldspar and carbonates, probably
used as additives.

Figure 9. Sample 53 from the “Farga Rosell” observed under
reflected light. Metallic iron (white) is coating ore mineral and
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The different silicate phases in the slag, observed by transmitted light
microscopy, were characterised by XRD. The presence of wiistite (FeO) and
metallic iron was confirmed by SEM-EDS. Moreover, this technique allowed to
know the chemical composition of knebelite ((Fe,Mn),SiO,), as well as the
presence of two amorphous phases: the Ca-bearing silicate glass and silica glass.
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Figure 10. Crystallized knebellite. Crystals Figure 11. Sample 57. Transmited light.

have a large size, indicating a high temperature Knebellite crystals have a smaller size and

in the furnace. Sample 65. Transmitted light. different texture compared to fig. 10. Scale
Scale bar: 0.1cm. bar: 0.1cm.

5. DISCUSSION

The analysis and characterisation of slag samples from the Farga Rosell
(Andorra), allowed to recognise three different reduction degrees of the iron
ore in the metallurgical process. During the first stage, the iron ore (hematites,
goethite and limonite) was partially reduced to wiistite and minor metallic
iron (Fe). The slag produced (Type 1) was composed by iron ore, wiistite, Fe,
silica glass and Ca-bearing silicate glass.

In the second stage, slag was mainly composed by wiistite, knebelite,
silica glass and minor metallic iron (Type 2). Knebelite crystals were small in
size and developed prismatic and acicular forms. In the third stage, slag
usually showed spongy textures and was made up of wiistite, knebelite,
metallic iron, and glass (silica and Ca-bearing silicate). Knebelite tended to
develop rounded and larger crystals compared to Type 2 slag.

Mineralogical and textural study of slag allowed to recognise that
reduction of the iron ore proceeded progressively with wiistite as
intermediate phase. Replacement of wiistite by metallic iron increased
proportionally with the temperature of the furnace. The presence of dendritic
textures in metallic Fe, are also related to temperature allowing to locate the
sampled slag within the metallurgic device. Our results also show that the
combination of mineralogical, textural and analytical data is a useful
methodology to investigate arqueometallurgical problems.
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1. INTRODUCTION

Lead, a cheap and easily worked metal, was used widely in antiquity, but
is not well studied scientifically. This paper focuses on two major cities which
were economical, commercial and cultural centres, in east central Greece
during the Hellenistic period; ancient Demetrias and ancient Pherai. Both
cities belong geographically to what is today Magnesia, Greece, and are about
15 km apart from each other. In the framework of a wider study of the
presence and use of lead in central Greece, initial analyses have been done in
four objects from each site.

2. MAIN ASPECTS OF THE STUDY
The main aspects of the study are:
a) Identification and characterization of the metal,
b) Provenance of the metal, and

c) Significance of the data for the interpretation of the archaeological evi-
dence.

3. ANALYTICAL TECHNIQUES
The main data we report here are from:

-ICP-AES for the analysis of trace elements indicating the degree of
refining and desilvering, and to check for elements indicating possible
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recycling, such as tin. The selection of elements included in ICP-AES analyses
was based on the work done by Rehren and Prange (1998).

-MC-ICP-MS was done to determine the lead isotope ratios in order to
geologically provenance the lead metal to known lead mines.

All analyses were done in the Dept of Earth Sciences of the University of
Bristol.
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3.1. Samples

All the Demetrias samples come from tombs in the northern cemetery of
the town, excavated by the 13" Ephorate of Prehistoric and Classical
Antiquities (E.P.C.A). They are from a lead sheet, 90 cm long, 10-25.5 cm wide
and 2.4 mm thick, possibly part of a lead coffin and three lead trephines, parts
of gilded wreaths (Asderaki & Rehren 2002), about 2 mm thick and 1.6 cm
wide. Even though they are all extensively corroded to cerussite,
hydrocerussite and litharge, as found by XRD analysis, both the lead coffin
and the lead trephines preserve enough metal in their core for metallographic
and chemical analysis.

b
[ty izt fst ]

Figure 1. Lead ingot 356.
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Figure 2. Lead ingot 305.

The Pherai samples come from a suspected workshop area
(Intzesiloglou, 1993), also excavated by the 13" E.P.C.A. They comprise two
lead ingots (fig. 1, 2) and two lead sheets. The two ingots are bun shaped and
similar in size to copper bun ingots. As far as we are aware, there are few
known parallels for this type of ingot in lead, making them a particularly
interesting group to study. Their dimensions are 8.7 cm and 7 cm in diameter,
and they weight 540 g and 310 g, respectively. The two sheets (No 444a and
450) are 6.5 and 3.7 cm long and 5.1 and 2.5 cm wide respectively, and may
represent off cuts from the workshop activity.

4. RESULTS AND DISCUSSION
4.1. Results from ICP-AES analyses

The results from ICP-AES analyses indicate (table 1) a very clean lead
metal. The main trace elements found were copper at just below 0.1 wt% and
iron with up to 0.03 wt%. The copper is about twice that of other published
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values from ancient lead finds, while the elevated iron content in four of the
samples may indicate a certain degree of corrosion of the lead metal (Rehren
& Prange 1998). Antimony is rather low in the Pherai samples while it varies
from 10-300 ppm in Demetrias samples. The low level of tin in most samples
indicates that the metal probably was not recycled (Wyttenbach & Schubiger
1973); only the sheet from Demetrias has an elevated tin level which might
indicate recycling. The metal was probably desilvered, an interpretation
based on the silver content of around 45 ppm, a level found to be at the lower
end for desilvered ancient lead. Bismuth scatters more closely around 40
ppm. Arsenic is also very low, with an average 20 ppm or less. This indicates
arelatively ‘clean’ geological source for the galena, when compared e.g. to the
LBA lead from Qantir (Rehren & Prange 1998), or some sort of refining.
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The samples from Pherai have somewhat lower levels of antimony and
arsenic, which might indicate the use of a slightly different ore. Rehren et al.
2002 have shown that within the Laurion ore field at least two different ore
types occur, differentiated by their antimony and arsenic levels, among other
parameters. The difference could alternatively be originated from a hotter or
more oxidising cupellation procedure, resulting in an increased evaporation
of the two metals.

Nr Date BC | Bi Cu Sb Sn | Ag | Fe | Zn | As
DEMETRIAS|Treph 455 4" 40 800 285 11 30 190 4 22
Treph 924 4 /3 45 | 895 10 14 30 | 190 | 1 3
Treph. 140 | 3</2 | 40 | 835 | 45 7 40 | 275 | 1 3
Sheet 876 4/ 3 30 700 105 130 65 - - 16
PHERAI Ingot 356 2nd 40 755 4 - 110 10 1 1
Ingot 305 2 35 700 11 18 36 70 1 3
Sheet 444a 2nd 30 | 550 6 3 32 6 9 1
Sheet 450 2 30 650 2 10 35 170 5 13

Table 1. ICP-AES analyses of selected lead objects from Demetrias and Pherai. The balance to 100
% is lead. Elements analyzed for but not found include selenium and tellurium. All analyses Dr
Chung Choi, Dept of Earth Sciences, University of Bristol. (All values given in ppm).

4.2. Results from MC-ICP-MS analyses

The lead isotope ratios for the eight samples, determined by MC-ICP-
MS, are given in table 2. Six of them fall well within the range known for lead
metal from Laurion as most recently defined by Stos and co-workers (1996).
The chemical composition and in particular the silver content are in
agreement with their possible origin from Laurion (Konophagos 1980; Rehren
et al. 2002). The other two samples, the sheet from Demetrias and ingot 356
from Pherai, have higher *"Pb/**Pb ratios than is usual for Laurion ores and
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also lower **Pb /*Pb ratios than the other samples. These two match both the
Chalkidiki ore field and some as yet unpublished Laurion ore samples from
near Agrileza (Stos pers.com. 2004).
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Nr Date BC 25Ph/*Pb Pb/*Pb 2Pb/™Pb
DEMETRIAS Trephine 455 end 4* 2.0562 0.83104 18.828
Trephine 924 43 2.0548 0.83064 18.810
Trephine 140 3rd-2nd 2.0587 0.83162 18.832
Sheet 876 4*- 3rd 2.0677 0.83410 18.747
PHERAI Ingot 356 27 BC 2.0618 0.83259 18.786
Ingot 305 27 BC 2.0584 0.83171 18.809
Sheet 444a 27 BC 2.0564 0.83118 18.819
Sheet 450 2 BC 2.0568 0.83129 18.823

Table 2. MC-ICP-MS analyses of selected lead objects from Demetrias and Pherai. All analyses
Dr Tim Elliott, Dept of Earth Sciences, University of Bristol.

5. CONCLUSION

Although only eight samples were analyzed from both sites, the present
data demonstrate that some important information can be gained from the
analysis of even these few lead objects. The first results indicate that fresh
desilvered, and not recycled, lead was used in most cases. Small quantities of
copper, antimony and arsenic, typical for ancient lead, are present throughout,
and traces of some other elements at or just below the detection limits. There
are some subtle differences in antimony and arsenic levels between the
samples from Demetrias and Pherai. Tin in particular is an indicator for
possible recycling of lead, as it does not normally occur geologically with lead
deposits, but is frequently incorporated in scrap lead as pewter or solder.
Wyttenbach and Schubiger (1973) found up to 10 ppm tin in Roman lead
ingots, but several hundred to thousands of ppm in lead pipes. The values
found here are thus in line with the use of fresh metal, as was already found
to be the case for the copper in an earlier study (Asderaki & Rehren 2002). The
lead sheet 876, though, which is also isotopically different, has nearly 200 ppm
tin, and could well include a component of recycled lead metal.

The lead isotope signature of the metal, in all cases but two, is compatible
with their origin from a single source, Laurion. Those samples with a higher
2Pb / *Pb ratio may either indicate that the Laurion field is indeed more
complex than previously thought, or that these samples come from a different
source, such as the Chalkidiki (Stos pers.com 2004). This further underlines
that the mining district of Laurion continued to be the dominant provider of
metal even during the Hellenistic period, when we have little historical
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evidence for ongoing mining there. The potentially more complex lead
isotope signature of the Laurion region, and the overall pattern of lead
provision and trade in Hellenistic central Greece, requires further work in
order to confirm the above results and conclusions. The full evidence from a
wider range of materials and archaeological features has to be considered,
and we hope to make a contribution to the ongoing research in this area.
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1. INTRODUCTION

During excavation works in 1995-96, carried out by the 13* Ephorate of
Prehistorical and Classical Antiquities, in the northern cemetery of ancient
Demetrias, tomb 389 revealed a bronze funerary urn (Nikolaou, 2000). It is
dated in early Hellenistic period, first half of 4™ century BC (fig. 1). Demetrias
was the second capital of Macedonian Kingdom, one of the greatest
economical centers of Thessaly and the base for military and political control
of the cities in southern Greece.

1.1. Description of the urn

The urn was placed in a box-like case made of limestone (Varoufakis
1991; Nikolaou 2000). It is 41.5 cm high and 31 cm wide. The urn consists of
the main body, the base, three handles, a decorative pattern and its lid which
was attached to the body with a chain. The remains of a deceased man,
existed inside the urn, were covered with two different types of textile, as it
was identified from this study. Copper corrosion resulted into the
preservation of the textiles through mineralization, thus enabling their study
and the acquisition of valuable information.

2. MAIN ASPECTS OF THE STUDY

Our interest is focused on: a) the manufacturing techniques of the urn, b)
the type of the alloy used for the manufacture of the various pieces of the urn,
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Figure 1. The urn of Demetrias, dated to the first half of 4th century BC.

c) the welding techniques used to join the various pieces to the main body and
d) the technology of the mineralized textile found inside the body of the urn.

3. METHODS OF INVESTIGATIONS

a) A portable Energy Dispersive X-rays Fluorescence (EDXRF) developed
at the Institute NCSR “Demokritos” and a Total Reflection XRF (TXRF) set-
up, were used as the main analytical techniques for elemental analyses, in
order to determine the alloy used as well as the welding material.

b) Optical microscopy helped us to understand how the metal was
worked. The analysis was done at the Institute NCSR “Demokritos”.

c) X-ray analyses, showed how many metal sheets were used for the
manufacturing of the urn, and

d) as far as it concerns the textile analysis, a Wild M3 low power
stereomicroscope was used for the investigation of weave patterns and
threads twist, while a Camscan Maxim 2040 Scanning Electron Microscope,
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equipped with Oxford Instrument energy-dispersive analytical system and
Maxim 4 imaging software, was used for fibre identification and threads
diameter measurements. Textile investigations were performed in Cardiff
University, School of History and Archaeology.

4. RESULTS-DISCUSSION
4.1. Urn
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The urn consists of cast and forged parts. The body of the urn was
shaped from only one bronze sheet. Neck was made separately and then
joined to the main body. The cover (lid) is hammered and the decorative
figure hand-made. The handles and the base are cast. The size and the
spherical shape of the base exclude the use of the lathe. The handles are
attached on the rosettes both metallurgically and mechanically. The metal
sheet of the body was first cast and then hammered. The metallographic
examination showed that the metal was worked hot. An annealed texture,
with large annealing twins is obvious; there is not much post-annealing
deformation, but enough to prompt the intra-granular corrosion. There is
precipitation of pure copper in cracks, not unusual corrosion phenomenon in
bronze. It is clear that the dendrites are homogenized; however, some of the
delta phase has survived and this indicates a relatively high tin content in the
alloy.

4.1.1. XRF results

Using the portable XRF spectrometers, 23 points of the urn were analyzed.
Two samples taken from the base and left handle of the urn were used for
destructive analysis by means of the TRXRF method. The analytical data
obtained by means of in-situ XRF analyses on the urn surface treated carefully
as corrosion of the surface could alter considerably the alloy composition.
Therefore, towards a reliable validation of these measurements it has been
chosen to present directly raw XRF data (table 1). The shaded areas correspond
to the variation of the various experimental parameters presented, in order to
be in accordance with the TXRF analyses. Apart from the raw Cu-K, and Sn-K,
X-ray intensities, the values of a qualitative parameter are presented, that
expresses the Sn-K,,/Sn-L,, intensity ratio. If there is a uniform distribution of
tin, between the surface and the bulk of the alloy, it is expected that this
intensity ratio would be varied inside the corresponding shaded area, even for
Sn concentration up to 20%. However, this intensity ratio should be considered
only as a qualitative criterion; it doesn’t prove that the analysis spot is free from
any corrosion product. Among the total 23 spots that were analyzed in-situ, the
Sn-K,/Sn-L, ratio was in full agreement with the TXRF results for 13 analysis
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spots that were also, at least by visual observation, free from any surface
corrosion product. However, only six spots on the body of the urn and two
spots on the cover (lid) provided similar quantitative data with the TXRF one,
as shown also in table 1. At the other five spots from the left handle and the
base, the quantitative results gave an overestimation of the Sn concentration
with respect to the TXRF results, proving the qualitative character of the Sn-
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Table 1. Raw XRF data

The three handles, the base and the decorative figure were adhered on the
body of the urn with a tin-lead soft solder, traces of which are still visible. The
analyses for the soldering were performed with EDXRF. The analyses for the
soldering were performed with EDXRE. The chemical analyses in the various
parts of the urn as found with EDXRF and TXRE in %, are given in table 2.
Increased quantities of cuprite exist on the surface of the left handle due to the
increased Cu signal with respect to the Sn one. Lead traces were identified on
the surface of the lid but this is probably due to contamination of the lead sheet
which is adhered on it. The yellowish appearance of the body is due to the high

p=

2 tin content.
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@ No Point Method Cu % Sn % Fe % As ppm
é 1 Body of the In-situ 88.2+0.2 11.7+0.2 0.12 +£0.02 119 £ 53
% urn (6 points) XRF

= 2 Lid (2 points) In-situ 88.0+0.4 119+ 0.4 0.16 £ 0.08 -
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% 3 Left handle TXRF 89.0+0.5 11.0+£0.5 -
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5 Table 2. Results of the chemical analyses done both with EDXRF and TXRF in the various pieces of
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4.2. Textile

Textile investigations were performed on four mineralized samples. The

results of the investigation are summarized in table 3.

Type of Threads/cm | Thread Twist | Mean Thread | Mean Fibre | Fibre Type
Weave Diameter Diameter
in mm in pm
Textile A | Plain 25 (System 1) Low Z 0.25 (System 1) 11 Flax (?)
23 (System 2) 0.19 (System 2)
Textile B | Plain 27 (Weft) 1 (weft) 0.35 (Weft) 20.5 Wool
weft-faced| 20 (Warp) |High Z (warp)| 0.19 (Warp)
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Table 3. Summary of the investigation results on the textiles

Textile A was identified as a linen plain weave textile with a fairly open
weave. Fibre identification possessed problems, since the sample had been
previously consolidated with an unknown polymer. However, SEM made
possible for certain fibre features (such as swelling along the fibre surface) to
be visible (fig. 2). Furthermore, fibre diameter measurements, with the help of
SEM, matched with those given for flax fibres (Ryder, 2000). Flax has a natural
“S” twist, (Sheffer and Tidhar, 1991: 3; Ryder, 2001); however, analysts often
encounter flax having a “Z”-twist (Walton, 1989: 347). Textile B was

Figure 2. SEM photograph of fibres from sample 3 (X1000). The possible
presence of swelling might indicate the presence of flax or hemp.
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Figure 3. SEM photograph of the fibres of sample 4 (X500). The characteristic
scale patterns indicate the presence of sheep wool.

identified as plain weft-faced wool (possibly sheep wool) made from a fine
wool fleece (fig. 3). The accurate distance between the wrap threads, which
ranged from 0.525 mm to 0.553 mm (fig. 4), show a highly developed textile
manufacture industry in the area at that period.

5. CONCLUSION

Various analytical techniques were used in order to answer the questions
which have been arisen concerning the manufacture of the urn and the
identification of the mineralized textile which was found in its interior.
EDXRF and TXRF were chosen to be the main analytical techniques for the
elemental and quantitative analyses of the urn’s metal. Compositional and
manufacturing differences were observed between the various parts of the
urn. Elemental analysis proved that the yellowish appearance of the body
was due to the relatively high tin content in the alloy. Metallographic
investigation showed that the body was first cast, then hammered and
annealed, while a good quality of metal has been used for this purpose. X-ray
examination showed that the urn was made of two sheets; one single bronze
sheet up to the neck and a second one up to the rim. The decorative figure
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Figure 4. SEM photograph of cross section preserved by positive casting (x2000) of
sample 4 showing the accurate distance between the warp threads (x50).

that ornaments the central part of the urn was hand-made. The base and the
handles were cast. They were made of a slightly different alloy than the one
used for the body. A tin-lead soft solder was used to adhere the three handles,
the base and the decorative figure to the body of the urn. The question which
could arise is why they used an alloy so difficult to shape? Did they intend to
obtain just an attractive appearance, or it was to increase the corrosion
resistance, since the urn could contain the remains of a specific person; or
they had both aims?

Two different textiles were found to co-exist in the internal of the urn;
wool and flax. For the weave and fibre investigations, the SEM has been
proved to be the most useful technique, with two different types of weave
and two different types of fibres being identified. The accurate distance
between the wrap threads of the woollen textile might indicate as well the
presence of a well established textile manufacture industry at the area at that
certain period. Further investigation needs to be performed on the
determination of the co-existing of the two different types of textile in the urn.
The manufacturing of such highly standard products (both in the metals and
textile industry) indicates the presence of a well organized community with

well specialized craftsmen in Demetrias area.
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1. INTRODUCTION

Many litharge cakes have been found in urban excavations in Britain.
They were initially studied to identify the process that produced them
— which confirmed them as by-products of silver refining. They are the porous
lining of a hearth which absorbed litharge (lead oxide, PbO). The refining
process is known as cupellation, and involved melting impure silver with lead
metal. The melt was oxidised by blowing air across it, forming litharge which
then both oxidised any base metals (such as copper) that were present and
dissolved them, before being absorbed by the hearth lining. Although silver
dissolves readily in lead metal it is insoluble in litharge. The pure silver was
thus left behind on the surface of the hearth at the end of the process.

This paper aims to increase understanding of the process, show if any
significant changes were made to silver-refining technology from Roman to
medieval times and, compare archaeological finds with descriptions of
cupellation in classical and medieval texts. The litharge cakes investigated
range in date from the 1st to the 13th centuries AD. Note that litharge cakes
which are found on rural silver-production sites normally contain no copper
— they are not considered here.

2. THE PHYSICS AND CHEMISTRY OF CUPELLATION

Cupellation is a selective oxidation. Lead, the majority of the copper
and most of the other impurities are oxidised while silver (and any gold)
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remain unaltered. The diffusion of oxygen through a layer of molten
litharge is very slow; for this reason the litharge must be removed from the
surface of the melt. This can be done by skimming but usually a porous
hearth lining is used. The molten metal oxides are removed by capillary
attraction into the pores of the lining while the metal, having a higher
surface tension, remains on top where it is further exposed to oxidation. The
process finishes when all the lead is oxidised, leaving a pool of pure silver
on the surface of the hearth.
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The temperature required for cupellation initially depends on the degree
of debasement of the silver (the Cu-Ag eutectic is 779°C at 71.5wt% Ag)
(Brandes 1983, 11-13). As silver dissolves in lead but copper and lead are
mutually insoluble, adding an equal amount of lead produces a melt that can
be approximated by a Pb-Ag binary system with a melting point of around
650°C (Brandes 1983, 11-19). Oxidation produces litharge, which reacts with
the copper, giving a melt with a eutectic of 680°C at just under 20wt% Cu,O
(Levin et al 1964, fig 163). Relatively low temperatures produce complete
oxidation of impurities and keep volatisation losses of lead and silver to a
minimum. As lead and copper are oxidised, the proportion of silver in the
melt increases so the process temperature increases towards 960°C, the
melting point of pure silver. Temperatures this high are only needed towards
the end of the process.

In cupellation the oxides of arsenic and antimony are volatile and are
carried off with the fumes at the beginning of the process. Tin oxide separates
early on, but the eutectic of 850 °C corresponds to only 2.5% SnO, so larger
proportions of tin require much higher temperatures (Levin et al 1964, fig 285)
or the addition of a flux (like the glass Theophilus mentions — Hawthorne and
Smith 1979, 97), as do quantities of zinc.

Litharge readily forms low-melting phases with any silicates, so silicate
refractory linings begin to break down; copper-rich litharge is extremely
aggressive. If the hearth lining is to have a lasting porosity so it can continue
to absorb litharge, it should be made of a low-silica, basic material; from the
end of the first millennium BC the preference has been for bone ash. This is
powdered bone, with the organic matter, carbonate and water removed by
calcination, leaving just the extremely stable calcium phosphate. Other
materials were also used, especially when working on larger scales. Any
material rich in calcium and/or magnesium will do, and mixtures of shell,
lime, dolomite, clay and plant ashes have probably all been used.

3. HISTORICAL DESCRIPTIONS OF CUPELLATION

Theophilus, writing in the 12th century AD, has the earliest good
description of cupellation: ‘Sift some ashes ... and take a fire-tested
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earthenware dish ... Put ashes in it, thinly in the middle and thickly around
the rim ... When it is dry ... put the dish ... beneath the [tuyere] hole, so that
the blast from the bellows will blow onto it ... place coals on top, and blow
until the dish is red-hot. Then put the silver into it, add a little lead on top,
heap charcoal over it, and melt it. You should have at hand a stick ... with
which you should carefully uncover the silver and clean away whatever
impurity you see on it. Then put on it ... a stick burnt in the fire, and blow
gently, using a long stroke [of the bellows]. When you have removed the lead
by this blowing, if you see that the silver is not yet pure, again add lead, place
charcoal on it, and do as you did before. However, if you see the silver boiling
and jumping out, know that tin or brass is mixed with it, and finely crush a
small piece of glass and throw it on the silver. Then add lead, put charcoal on,
and blow vigorously. Then inspect it as before, take away the impurities of
glass and lead with the stick ... Keep on doing this until it is pure’
(Hawthorne and Smith 1979, 96-7).
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He also describes what sort of ashes to use: ‘“Take the bones of any kind
of animal that you may have found in the street and burn them; when they
are cold, grind them very fine and mix with them a third part of beechwood
ashes and make dishes, as we described above ...” (ibid, 146).

Figure 1 comes from a 16th-century treatise (ibid, fig 12) and shows the
refining of silver by cupellation. The right hand side shows the ash-lined
hearth (B) just below the tuyere, through which air enters from the bellows
(D). On the left the process is in progress with a fire (C) burning and the
craftsman holding a tool (F) with which he manipulates the fire and scrapes
the litharge off the molten silver.

Figure 1. Refining silver in a cupellation hearth (from Ercker 1574).

For the Roman period Pliny, writing in the 1st century AD, has a less
clear and detailed description of cupellation: “The method of refining [silver]
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... is heating with lead ... but the silver floats on top like oil on water’ (Bailey
1929, 111). Lead and silver are mutually soluble so separation is only
achieved by oxidising the lead to litharge. This is less dense than silver, so
for silver to ‘float on top’ the litharge must have been absorbed by the hearth
lining.

4. INVESTIGATION AND ANALYSIS
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Samples removed from litharge cakes from six different sites were
examined by optical microscopy and in a scanning electron microscope (SEM).
SEM-based energy dispersive X-ray analysis was used to determine their bulk
composition and to identify the individual phases present. All the data is
calculated as conventional oxides and normalised, though in some cases the
elements are present in other oxidation states (eg, copper is present as Cu and
Cu' as well as some Cu*). In general the composition of each litharge cake is
fairly consistent, though the zones near the top and bottom surfaces are often
atypical. Fig. 2 shows the average composition of the six litharge cakes.

100 %

E%

A
@3Nty
[ ] ]
EFED
= Faly

ocat
o b [

6%

1%

A%

%

wWinchester Dorchestar Soutfwark Lincoin ‘wincheshar Trastiord
1324 =5

Figure 2. Average composition of analysed litharge cakes.
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Site Date Composition of | Pb:Cu | Silver in Reference ‘s
litharge cake litharge &
<
Winchester, Roman bone ash * low yes unpublished S
L 50
Victoria Road s
Dorchester, Roman clay marl high no McDonnell 1993 N
Colliton Park | (1-2nd C) &
Southwark Roman mixed * low yes unpublished §
Lincoln, Anglo-Saxon bone ash * medium |  yes unpublished &
Flaxengate (4-9th C) E
Winchester, medieval mixed high no Bayley and Barclay ch
Brook Street (11-12th C) 1990, 181
Thetford, medieval bone ash * high no Bayley 1999
Guildhall (12-13th C)

* = bone ash particles visible

Table 1. Samples investigated (see Section 5 for discussion of data in columns 3-5).

4.1. Litharge cake from Thetford

A segment of a litharge cake (fig. 3) was investigated. It is one fragment
from a group weighing a total of 20 kg. The hearth lining was originally bone

o

":..-I..I';.l:.ﬂ

Figure 3. Fragment of litharge cake from Thetford.
(Arrow show sfeature mentioned in text).
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ash and can be reconstructed as a shallow dish about 200 mm across, like
those shown in figure 1. The silver-rich litharge that solidified round the edge
of the pool of silver (arrowed in fig. 3) was chipped off so it could be cupelled
again to increase recovery of the silver. Figure 4 shows its internal structure.
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Figure 4. Backscattered SEM image of litharge cake from Thetford. The bone ash particles (black)
are partly destroyed, forming newly-crystallised Ca-Si-phosphates. The matrix is a eutectic
mixture of PbO (pale grey) and PbO + PbO.Cu,O (mid grey).

4.2. Litharge cake from Southwark

The degree of destruction of the hearth lining is more extreme than in the
other bone ash litharge cakes, and suggests the upper part of the lining may have
been partly molten. This may explain the why large silver droplets are trapped at
the surface (fig. 5); they are typically 93wt% Ag and contain inclusions of copper
and lead oxides. Figure 6 shows the copper-rich internal structure.

4.3. Litharge cake from Dorchester

This hearth lining was made of a lime-rich clay mixture. No bone
particles or primary phosphorus-rich phases are present (fig. 7), and their
absence is demonstrated by the high CaO:P,O; ratio (fig. 2).
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Figure 5. Section through litharge cake from Southwark, showing
mechanically-trapped silver (arrowed) on the upper surface (sample is
78 mm across).

5. DISCUSSION AND CONCLUSIONS

SEM images of the litharge cakes show a range of different
microstructures, and considerable variations in bulk composition were also
noted (fig 2). These differences are due to the varying composition of the
hearth lining, and to the proportions of metals present. Table 1 shows that
in some cases the hearth had been lined with bone ash, while in other cases
the results suggest a mixture (including bone ash and probably plant ash)

Figure 6. Thick section from core of litharge cake from Southwark showing silver (white)
precipitated from cuprite (pale blue). Image width 660 um.
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or clay marl (lime-rich clay) was used. All are low in free silica so the
formation of lead silicates is minimised, which leads to good absorption of
the litharge by the hearth lining and thus effective separation of base metals
from the silver.

The phase composition within the litharge cakes is also variable and
seems to provide an indication of the efficiency of the cupellation process,
which can be assessed on the basis of the amount of silver present. Table 1
shows that silver is only detected where the Pb:Cu ratio is low. When
insufficient lead was added to the hearth, the oxidised copper was present as
Cu,O rather than PbO.Cu,O. Up to 44% silver dissolves in Cu,O (but is hardly
soluble in PbO.Cu,0) so significant amounts of silver are carried down into
the litharge cakes, and separate on cooling, when free Cu,O is present (see fig
6). This silver is lost, unlike silver physically trapped on the surface (fig 5).
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There is no correlation between the composition of the hearth lining and
the effectiveness of the cupellation process; all the linings used were
adequate for their purpose. It is also clear that in three cases significant
amounts of silver were lost into the hearth linings because insufficient lead
was added. The Pb:Cu ratios are low, partly because the lead contents of the

Figure 7. Backscattered SEM image showing the original clay-lime hearth lining from Dorchester
is completely recrystallised and now consists of Pb-Ca-Mg-silicates and K-Al-silicates. The
striped areas are a mixture of PbO and PbO.Cu,0, as in Fig 4.
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litharge cakes are low, but also because the copper contents are high. Two of
the three cases are Roman in date (Southwark and Winchester, Victoria
Road), and the other one (Lincoln) came from an Anglo-Saxon context but
may be residual Roman material. The high copper values suggest that most
of the Roman silver being refined was considerably less pure than later
medieval silver. The higher lead contents of medieval litharge cakes may
demonstrate the craftsmen had a better understanding of the process than
their Roman predecessors did.
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The reconstruction of the cupellation process from archaeological finds is
very similar to that described in the historic texts. Unlike their descriptions of
some other processes, those of cupellation mention only materials that are
necessary. It thus appears that Roman and medieval craftsmen did
understand, in an empirical if not a scientific way, what they were doing
when they were refining silver.
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1. INTRODUCTION

In the study of ancient ores, it remains notoriously difficult to establish
the origin of a metal object from its composition (Gale and Stos-Gale, 1982).
However, the lead isotopic composition of an artifact is identical, within
analytical errors, to the signature of its ore (Brill and Wampler, 1965).
Provenance determination of metals through lead isotope ratios is therefore a
well-established method (Gale and Stos-Gale, 1982). A problem in the isotopic
analysis of metal and ore, is the large variation in chemical composition of the
ore itself. Lead isotope signatures may be ‘broad’ and fields may coincide
(Brill and Wampler, 1965; Gale and Stos-Gale, 1982). Because of this and
analytical difficulties, lead isotope ratios have hardly been employed for iron
provenance determination (Gale et al., 1990).

Like lead, strontium isotopes are not fractionated by natural reactions or
kinetic effects (Faure, 1998). Thus, the strontium isotopic composition of an
artifact is inherited from its raw material and strontium isotopes should be
suitable for tracing the origin of artifacts. The technique is unprecedented for
provenance studies of ancient metals in general, and iron in particular.

The frequent occurrence of slag in the excavations, proves that iron was
worked at Sagalassos. The territory of the ancient city offered a variety of
mineral resources, including iron ore (Degryse et al., 2003). In early Roman
excavation contexts, hematite ore was found in association with metallurgical
waste, raw iron and many artifacts. In late Roman and Byzantine excavation
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contexts, large amounts of slag and iron artifacts were identified, alongside a
Byzantine iron workshop. However, no signs of the ore were found. Apart
from the iron working in the city, in Byzantine times smelting sites were also
active on the territory, where a magnetite sand was used as ore (Degryse et
al., 2003).

2. METHODOLOGY
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Iron ores and artifacts from Roman to Byzantine Sagalassos (SW Turkey),
have been characterized on the basis of their lead and strontium isotopic
composition. In this way, the strontium technique can be evaluated as a new
means of ore provenance determination in archaeology.

Precleaned pieces of uncorroded iron artifacts were completely dissolved
in aqua regia and split into two aliquots for separate determination of *Sr/*Sr
and Pb isotope ratios and Sr-Pb concentrations by isotopic dilution using
mixed *Pb-¥Sr tracers. Pb contents in the iron objects were typically 200 to
500 ppb, Sr contents were typically around 1 to 2 ppm.

Strontium and lead were chemically separated with 3 N HNO3 using
EICHROM Sr resin on 250 ul Teflon columns, following the methods of
Horwitz et al. (1991 a and b). Sr was stripped from the columns with 5 ml of
H,O. Subsequently, Pb was eluted from the same column with 5 ml of HC1 6
N. The Pb cut was further processed through a 250 ul column containing
EICHROM Pre Filter Resin. After evaporation to dryness, the entire
procedure was repeated using 50 ul columns to further purify both the Sr and
Pb eluates.

For mass spectrometry, Sr was loaded with TaCl;-HF-H,PO, solution
(Birck, 1986) onto W single filaments, and Pb loaded onto single Re filaments
using silica gel-H;PO, bedding. All Sr and Pb isotopic measurements were
performed on a six-collector FINNIGAN MAT 261 solid-source mass
spectrometer running in static multicollection mode. Sr isotopic ratios were
normalized to ¥Sr/*Sr = 0.1194. Repeated static measurements of the NBS 987
standard over the duration of this study yielded an average ¥Sr/*Sr ratio of
0.71025 + 4 (2s mean, n = 22). Pb isotopic ratios were corrected for mass
fractionation using a mean discrimination factor of 0.123 + 0.029 (2s)
% [[amu], based on replicate measurements of the NBS SRM 981 common
lead (n=84) standard. Errors and error correlations were calculated after
Ludwig (1980), the 2s uncertainties for the corrected *°Pb/**Pb,
2P /2Pb,*®Pb /*Pb, ’Pb/**Pb and **Pb/*Pb ratios are better than 0.3%.
Individual a priori uncertainties (2s) are given for the Sr and Pb elemental
concentrations. All Sr and Pb isotope data were corrected for maximum total
procedure blanks (n=6) of 30 pg for both Sr and Pb.
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3. RESULTS

Isotopic analysis data are given in table 1 and figure 1. It is clear that for
the early Roman ore and iron artifacts, the Sr isotopic data are even better
than those of Pb in providing similar signatures for ore and iron. Also, the
magnetite sand and Byzantine raw iron from the territory, show an excellent
correspondence for the strontium isotopic signature. As in both cases, ore and
iron were found in a single production location, alongside smelting hearths
(Degryse et al., 2003), their relation is certain. The data prove the validity of
strontium isotope data in ore provenance determination. Remarkably, an iron
object (0BNK78) from the Byzantine excavation contexts at Sagalassos proper,
shows an excellent correspondence to the isotopic field defined by the ore
and raw iron from the territory. It is most probable that this object was
manufactured from the magnetite sands.

All late Roman iron from the city proper shows a homogenous isotopic
composition. The strontium signature, however, is far more reliable than the

Sample Date - Location 26Ph/2Pb | *’Pb/*Pb | **Pb/*Pb | ¥Sr/*Sr
Iron Ores

02PDC11 - hematite | early Roman - Sagalassos 18.301 15.623 38.367 | 0.71149
03PDS7 - magnetite | early Byzantine - territory 19.363 15.709 39.257 | 0.70379
03PDS5 - magnetite | early Byzantine - territory 19.365 15.717 39.269 | 0.70373
03PDS8 - magnetite | early Byzantine - territory 19.375 15.730 39.327 | 0.70372
03PDS4 - magnetite | early Byzantine — territory 19.375 15.714 39.281 | 0.70375
Raw iron

91N352 early Roman — Sagalassos 18.169 15.656 38.176 | 0.71097
00CS70 early Byzantine — Sagalassog 18.814 15.707 38.818 | 0.70534
03PDC33 (flake) early Byzantine — Sagalassog  18.637 15.704 38.720 | 0.70535
02PDS1 early Byzantine — territory 19.011 15.674 38.971 | 0.70375
02PDS25 early Byzantine — territory 19.454 15.685 39.254 | 0.70375
Iron objects

00LL4 - nail early Roman — Sagalassos 18.139 15.641 38.191 | 0.71124
03NK145 A - arrow | late Roman — Sagalassos 18.777 15.667 38.846 | 0.70631
03NK145 B - arrow | late Roman - Sagalassos 18.782 15.672 38.883 | 0.70631
00LLS5 - nail late Roman — Sagalassos 18.648 15.702 38.835 | 0.70637
03NK?78 - scissors early Byzantine — Sagalassos 18.782 15.723 38.959 | 0.70379
03NK72 I - spatula | early Byzantine — Sagalassos 18.873 15.687 38.883 | 0.70535
03NK95 I - hammer | early Byzantine — Sagalassog  18.423 15.625 38.432 | 0.70587
03NK147 - pliers early Byzantine — Sagalassos 18.773 15.692 38.892 | 0.70514
03NK?79 - sickle early Byzantine — Sagalassos 18.733 15.675 38.822 | 0.70484
03NK146 - axe early Byzantine — Sagalassos  18.756 15.684 38.871 | 0.70469

Table 1. Lead and strontium isotope data of ores and iron from Sagalassos.
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lead signature. Both differ from those of the earlier discussed local ores. A
different ore was used for the manufacture of iron in late Roman times at
Sagalassos.

In view of the large spread and weak correspondence in both the
strontium and lead isotopic composition of the early Byzantine iron at
Sagalassos, it is obvious that many different ore sources were used. It is
unlikely that all these were imported and smelted locally. It can be assumed
that iron was only worked locally, besides the import of finished objects.
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Figure 1. *"Pb/*Pb versus ¥Sr/*Sr for all ores and iron analysed.

4. CONCLUSION

This work shows the advantages of strontium isotopic analysis in
establishing the provenance of iron artifacts. While lead isotopic fields may
be broad due to the often highly variable chemistry of the ore, the ¥Sr/%Sr
ratio permits distinction between overlapping lead isotope fields. It is
therefore a more straightforward way of discarding or corroborating ore
sources.
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ABSTRACT

The analysis of the archaeological artefacts described here is part of the ongoing
INCO-MED project EFESTUS (Contract No. ICA3-CT-2002-10030). Its objective
is the study of the corrosion processes of well-defined groups of Cu-based artefacts
from the Mediterranean Countries. These processes are to be related to the specific
conditions of the archaeological context and to the chemical composition and
structure of the objects. This knowledge will be used to develop tailored strategies for
conservation of Cu-based alloy artefacts exhibited or deposited in Museums.

The Spanish archaeological context of choice has been the site of the ancient city
of Augusta Bilbilis. At this stage of the project, characterization of the Cu-based
alloys, the soil in which they were found and the resultant corrosion products is being
undertaken. With this purpose, eight small Cu-based objects of quotidian use, from
the 19-2" c. AC, in as-excavated condition, have been selected. Samples have been
taken and prepared for metallographical analysis using Optical Microscopy,
Scanning Electron Microscopy (SEM) and Energy-Dispersive Spectroscopy (EDS).
Also was sampled the soil strata where the artefacts came from. The chemical and
microstructural composition of the Cu-based alloy artefacts has been determined as
well as the nature of their corrosion products and processes. The soil sample was
subjected to analysis, and its humidity, resistivity, pH, as well as CI- and SO/
contents have been determined, among other parameters.

1. INTRODUCTION

EFESTUS is an acronym for the European INCO-MED project “Tailored
strategies for the conservation and restoration of archaeological value Cu-based artefacts
from Mediterranean Countries” (Contract No. ICA3-CT-2002-10030). The general
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objective of the EFESTUS project is to identify the degradation causes of well-
defined groups of Cu-based artefacts from the Mediterranean Countries,
selected as a function of the archaeological context and of their chemical
composition and structure. After accomplishing this, Cu-based reference alloys
with a microchemical structure similar to that of the studied ancient alloys are
to be produced in order to test traditional and innovative restoration and
conservation methods. The purpose is to develop and validate tailored
approaches to deal with the degradation processes of archaeological bronze
artefacts in order to prevent any further damage when in Museum show boxes
and storehouses.
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The five specific scientific and technological objectives of the EFESTUS
project are:

—Selection of archaeological contexts and bronze artefacts represen-
tative of different buried conditions and materials.

—Production of Cu-based reference alloys characterised by a compo-
sition and a microstructure similar to that of the ancient alloys.

—Identification of the electrochemical degradation mechanism [Ingo et.
al.: 2004].

—Design and production of tailored innovative removable conservation
and restoration materials and procedures to be used for each specific
degradation phenomenon [Favre-Quattropani et. al.:2000]

—Development of an integrated information system allowing commu-
nication, control and exchange of information as well as the production of an
Atlas with detailed physical-chemical information on the selected Cu-based
artefacts related to the burial conditions, degradation mechanism and
conservation methods.

The Partner institutions for this project are from Italy, Spain, Greece,
Turkey, Jordan, Tunisia, Algeria and Egypt.

2. EXPERIMENTAL PROCEDURES

At the moment, the project is in the stage of having analysed some
selected bronze artefacts and actually carrying on some tests to establish the
degree of corrosion-promoting elements present in the atmosphere in
different environments of some selected museums. In order to produce an
appropriate supply of suitable samples to perform comparative tests for
conservation procedures, there is also currently going on some accelerated
corrosion tests on Cu-based reference alloys produced following the results of
preliminary analysis of some of the ancient artefacts [Constantinides et. al.:
2002].
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Archaeological artefacts suitable for destructive analysis, essentially
fragments of quotidian objects, have been kindly provided from the
following contexts: Municipium Augusta Bilbilis, Corduba, Lancia, La
Cabarieta and Contrebia Belaisca. Preliminary work is now completed for the
Municipium Augusta Bilbilis context.

Bilbilis is a Celtiberian-Roman city located in three hills at the outskirts of
present Calatayud, province of Zaragoza (Spain). Its preservation status is not
good, as it was used as a source of construction materials since the Middle Age.
Nonetheless, it is rich in all kind of archaeological materials. Nowadays, it is
unknown if the Celtiberian population would have been settled on the main roman
piece of land or on its surroundings, since the native discoveries were limited in
inferior levels. Quoted by classical authors like Strabo, Pliny, Ptholemy, etc., it was
also the birthplace of the famous poet Martial, well known for his Epigrams.
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The metallurgical samples were prepared by cutting a suitable fragment
off the artefacts, embedding it in resin and polishing with different grit
sandpaper and diamond paste up to 1 um. The samples were then studied via
optical microscopy using a OLYMPUS PME 3 inverted metallurgical micros-
cope. Furthermore, they were analysed using a JEOL JXA-840 Scanning
Electron Microscope (SEM) with EDS.

A sample representative of the soil where the artefacts were buried was
also taken and analysed. The sampled soil corresponds, chronologically, to
the second half of the 1st century and first years of the 2nd century AC. It is
composed of infillings of what appears to be a construction set-up belonging
to the chronological moment quoted. It is a dark ochre soil with uniform
coloration containing high amounts of sand and little stones with a smal