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 Abstract
 Chemical analysis of archaeological sediments is a research area that has long 
interested archaeologists but has seen recent developments. It locates concentrations of 
chemical elements in soils that can be linked to ancient activities responsible for their 
GHSRVLWLRQ��7KH�XVH�RI�;�UD\�ÀXRUHVFHQFH�VSHFWURPHWU\��D�PRUH�DFFHVVLEOH�DQDO\WLFDO�
technique than others, makes it possible to analyze large batches of samples. At Ulpiana, 
WZR� WUHQFKHV�ZHUH�VWXGLHG�� ,Q� WKH�¿UVW�DUHD�� WKH�SUHVHQFH�RI�D� OLPH�SLW�DQG�D�PRUWDU�
SUHSDUDWLRQ�DUHD�ZDV�LGHQWL¿HG��7KH�VLJQDWXUH�RI�WKH�OLPH�VHHPV�WR�FRUUHVSRQG�WR�WKDW�
produced in a kiln discovered further north. In the second area, a bronze recycling 
ZRUNVKRS�ZDV�LGHQWL¿HG��DORQJ�ZLWK�D�VXVSHFWHG�G\H�PROHFXOH�
� .H\ZRUGV��archaeology, elemental analysis, construction material, bromine, cop-
per metalworking, EDXRF, late Antiquity

 Introduction

 The chemical analysis of soils, particularly the measurement of phosphates, has been 
a widely used technique in archaeology since the 1930s (Arrhenius 1931, 1934) and 
was adopted by French archaeologists starting in the 1950s (Louis 1946). Even today, 
it is routinely applied to identify livestock-related structures by linking phosphorus 
GHSRVLWV�WR�DQLPDO�H[FUHPHQW��&UDGGRFN�HW�DO����������+RZHYHU��DV�HDUO\�DV�WKH�����V��
WKLV� WHFKQLTXH�ZDV�H[WHQGHG� WR�RWKHU�FKHPLFDO�HOHPHQWV� LQ�0H[LFR��%DUED�	�%HOOR��
������WR�FKDUDFWHUL]H�DQWKURSRJHQLF�DFWLYLWLHV�RQ�D�EURDGHU�VFDOH��:KLOH�WKH�DQDO\WLFDO�
methods described at the time may seem outdated from a contemporary chemical 
VWDQGSRLQW��WKH\�KDYH�EHHQ�FRQWLQXDOO\�UH¿QHG�DQG�GHYHORSHG�RYHU�WKH�GHFDGHV��5LSSRQ�
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HW�DO��������:LOVRQ�HW�DO��������2RQN�HW�DO��������0LGGOHWRQ�HW�DO���������0LVDUWL�HW�
DO�� ������ 'LUL[� HW� DO�� ������ 6DOLVEXU\� ������ � %LQWOLII� 	� 'HJU\VH� ������� 7KH� ODWHVW�
DGYDQFHPHQW�LQ�WKLV�¿HOG�LV�WKH�UHSODFHPHQW�RI�LQGXFWLYHO\�FRXSOHG�SODVPD�DQDO\WLFDO�
WHFKQLTXHV��,&3�06��,&3�$(6��DQG�,&3�2(6��ZLWK�;�UD\�ÀXRUHVFHQFH�VSHFWURPHWU\�
�;5)���:KLOH�;5)�SURYLGHV�VHPL�TXDQWLWDWLYH�UHVXOWV�FRPSDUHG�WR�,&3��WKHVH�UHVXOWV�
DUH� VXI¿FLHQW� IRU� DUFKDHRORJLFDO� VRLO� DQDO\VLV�� EDVHG� RQ� FRQFHQWUDWLRQ� YDULDWLRQV��
Additionally, comparative studies have shown a strong correlation between results 
obtained from traditional techniques and XRF analysis (Frahm et al. 2016). In most 
cases, a portable device is used, requiring minimal sample preparation (Cannell et al. 
������*XWLpUUH]�5RGUtJXH]�HW�DO��������+DIH]�HW�DO��������+D\HV�������5LSSRQ�HW�DO��
������6DYH�HW�DO��������6PHMGD�HW�DO��������:LONLQV�������:LOVRQ�HW�DO���������2QH�RI�
the key advantages of XRF is its ease of use, as sample preparation is limited to drying 
DQG�JULQGLQJ��LQ�FRQWUDVW�WR�WKH�DFLG�GLJHVWLRQ�UHTXLUHG�IRU�,&3��$QRWKHU�EHQH¿W�LV�WKDW�
XRF can analyze almost all chemical elements in a single analysis. More importantly, 
;5)�KROGV�VLJQL¿FDQW�SRWHQWLDO�IRU�H[SORUDWLRQ��DV�LWV�EURDG�UDQJH�RI�VFDQQHG�HOHPHQWV�
can reveal notable differences in the concentration of elements previously considered 
XQLQWHUSUHWDEOH��SDYLQJ�WKH�ZD\�IRU�WKH�LGHQWL¿FDWLRQ�RI�QHZ�PDUNHUV�RI�DQWKURSRJHQLF�
activity. Furthermore, because all data are recorded for each site analyzed, it is possible 
WR� UHYLVLW� VLWHV� UHWURVSHFWLYHO\� RQFH� D�PDUNHU� KDV� EHHQ� FOHDUO\� LGHQWL¿HG� DW� DQRWKHU�
location. Since the concentrations of chemical elements in soils are intrinsically linked to 
the geological environment, the goal is not necessarily to establish target concentration 
YDOXHV�WR�GLVWLQJXLVK�VSHFL¿F�DFWLYLWLHV��EXW�UDWKHU�WR�LGHQWLI\�GLVWULEXWLRQ�DQRPDOLHV�LQ�
the soils. This can be achieved by analyzing variations in elemental concentrations, 
which can be derived from semi-quantitative data.
 The archaeological site of Ulpiana, studied by archaeologists since the 1950s, had 
QRW� EHQH¿WHG� IURP� DQ\� FKHPLFDO� VHGLPHQW� DQDO\VLV� FDPSDLJQV� XQWLO� WKH� RSHUDWLRQ�
FRQGXFWHG� MRLQWO\�E\�)UHQFK�DQG�.RVRYDU� WHDPV� LQ������ �*RGGDUG�HW� DO���������:H�
FROOHFWHG�VDPSOHV�IURP�WKH�VRLO�OD\HUV�H[SRVHG�LQ�WKH�WZR�VRQGDJHV�H[FDYDWHG�LQ������
DQG�������7KHVH�VRQGDJHV�ZHUH�JXLGHG�VWULFWO\�E\�DUFKDHRORJLFDO�TXHVWLRQV��PHDQLQJ�
they were not placed with consideration for their archaeometric potential. Therefore, 
the chemical analysis of sediments at Ulpiana is part of a heuristic approach.

 How EDXRF works

 ICP-MS (Inductively Coupled Plasma – Mass Spectroscopy) is the most commonly 
XVHG� WHFKQLTXH� IRU� HOHPHQWDO� VRLO� DQDO\VLV� LQ� DUFKDHRORJLFDO� VWUXFWXUHV��:KLOH� WKLV�
WHFKQLTXH�LV�LQGHHG�WKH�PRVW�VXLWDEOH�LQ�WHUPV�RI�VHQVLWLYLW\��LW�KDV�VHYHUDO�GUDZEDFNV��
the handling of hazardous materials for sample preparation, the need for calibration for 
each element studied, and the time required for data acquisition. These drawbacks result 
in a high analytical cost per sample, often beyond the budgetary reach of archaeological 
projects, given that soil studies can involve hundreds or even thousands of samples. 
� :LWK�WKHVH�OLPLWDWLRQV�LQ�PLQG��ZH�VRXJKW�WR�GHYHORS�D�SURWRFRO�WKDW�LV�PRUH�DFFHVVLEOH�
IRU�PRVW�DUFKDHRORJLFDO�VLWXDWLRQV��(QHUJ\�GLVSHUVLYH�;�UD\�ÀXRUHVFHQFH�VSHFWURPHWU\�
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(EDXRF) operating in semi-quantitative mode was chosen as the analytical technique 
to meet this requirement. This device can take measurements directly on powders 
obtained by simply dehydrating and grinding soil samples. The device has its own 
calibration, which does not require the creation of standard ranges. The measurement 
is quick, and most importantly, it covers almost all chemical elements in the periodic 
WDEOH��ZLWK�WKH�QRWDEOH�H[FHSWLRQ�RI�WKH�OLJKWHVW�HOHPHQWV�OLNH�VXOSKXU�DQG�SKRVSKRUXV�
 From a technical perspective, EDXRF analysis relies on energy emissions during 
electronic orbital transitions (Fig. 1). An X-ray source is directed at the sample to be 
studied, known as the incident ray. The energy of the ray ejects electrons from the 
LQQHU�VKHOOV�RI�WKH�DWRPV�LQ�WKH�VDPSOH��7KH�UHVXOWLQJ�HOHFWURQLF�YDFDQFLHV�DUH�¿OOHG�E\�
electrons from higher energy levels. This transition is accompanied by the emission of 
a new X-ray, called the emitted ray, which is detected by the spectrometer’s detector. 
7KH�FKDUDFWHULVWLFV�RI�WKHVH�HPLWWHG�UD\V�GHSHQG�RQ�WKH�HOHFWURQLF�FRQ¿JXUDWLRQ�RI�WKH�
atom from which they originate. They thus allow for the differentiation of the various 
chemical elements present in the sample.

Fig 1. – Diagram of the XRF Measurement Process

 Hydrogen and helium are naturally invisible to this technique, as these elements have 
only one electron orbital. In theory, starting from the second row of the periodic table, 
it should be possible to measure elemental concentrations. In practice, however, only 
D�IHZ�SDUWLFXODUO\�H[SHQVLYH�GHYLFHV�DUH�FDSDEOH�RI� WKLV�� ,Q� OLQH�ZLWK� WKH�FRQFHSW�RI�
SURYLGLQJ�D�¿QDQFLDOO\�DFFHVVLEOH�SURWRFRO��WKH�GHYLFH�XVHG�FDQ�RQO\�PHDVXUH�HOHPHQWV�
IURP�WKH�WKLUG�URZ�RI�WKH�SHULRGLF�WDEOH��)LJ������:KLOH�WKH�LQDELOLW\�WR�PHDVXUH�FDUERQ�
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and nitrogen levels is a drawback, it is worth noting that other elements in the second 
URZ� DUH� XQOLNHO\� WR� EH� DVVRFLDWHG�ZLWK� VSHFL¿F� DQFLHQW� DFWLYLWLHV��7KH� VHQVLWLYLW\� RI�
EDXRF to light elements is lower, but it can be improved by performing measurements 
XQGHU�D�QHXWUDO�DWPRVSKHUH�RU�YDFXXP�� ,QGHHG�� LQ� WKHVH�FRQ¿JXUDWLRQV�� WKH� LQFLGHQW�
X-ray radiation discussed earlier does not weaken upon contact with elements present in 
a normal terrestrial atmosphere. However, it is challenging to achieve these conditions 
GLUHFWO\�LQ�WKH�¿HOG��ZKLFK�LV�ZK\�ZH�FKRVH�QRW�WR�XVH�SRUWDEOH�GHYLFHV��S;5)��WKDW�DUH�
popular in archaeology but currently not sensitive enough to complete our protocol.

Fig 2. – Periodic Table of Elements; EDXRF can theoretically measure the concentrations of all 
HOHPHQWV�H[FHSW�K\GURJHQ�DQG�KHOLXP��PDUNHG�LQ�UHG���,Q�SUDFWLFH��WKH�PHDVXULQJ�GHYLFH�XVHG�
cannot analyze the elements in the second row either (marked in blue).

 Materials and methods

� 7KH�DUFKDHRORJLFDO� VLWH�RI�8OSLDQD�� ORFDWHG� LQ� WKH�PXQLFLSDOLW\�RI�*UDþDQLFD�� OLHV�
about eight kilometers southeast of the capital of Kosovo, Prishtina (Fig. 3). It spans 
DQ�DUHD�RI�WKLUW\�¿YH�KHFWDUHV�LQ�DQ�DJULFXOWXUDO�SODLQ��DW�WKH�IRRW�RI�D�KLOO\�V\VWHP�WR�
the south, and along the Sitnica River, which is situated three hundred meters north 
of its walls. The city of Ulpiana occupied a strategic position at the crossroads of two 
LPSRUWDQW�FRPPXQLFDWLRQ�URXWHV��7KH�¿UVW�URDG�FRQQHFWHG�WKH�'DOPDWLDQ�FRDVW��QRUWK�
of Dyrrachium, to the Danube limes and Dacia. The second road linked Thessalonica, 
passing through Stobi in Macedonia. Its foundation dates to the Roman period and was 
related to the conquest of Dacia. The city was part of the province of Upper Moesia, 
which served as a rear base for consolidating this domination. Due to its geographical 
location, Ulpiana was a key passage for east-west journeys. However, it faced 
numerous barbarian incursions in the 5th, 6th, and 7th centuries AD, which marked 
its tumultuous history. Today, the archaeological site of Ulpiana is a major historical 
ODQGPDUN��DWWHVWLQJ�WR�WKH�FLW\¶V�VLJQL¿FDQFH�GXULQJ�WKH�5RPDQ�HUD�DQG�LWV�UROH�LQ�WKH�
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UHJLRQ¶V�FRPPHUFLDO�DQG�FXOWXUDO�H[FKDQJHV�

Fig 3 – Location map of the Ulpiana site

� 7KH� VDPSOHV� VWXGLHG� IRU� WKLV� DUWLFOH� FRPH� IURP� WKH� DUFKDHRORJLFDO� H[FDYDWLRQ�
FDPSDLJQ� FRQGXFWHG� LQ� ����� DQG� ����� DW� 8OSLDQD� DV� SDUW� RI� WKH� )UDQFR�.RVRYDU�
FRRSHUDWLRQ�PLVVLRQ�0$).2�OHG�E\�$UEHQ�+DMGDUL�DQG�&KULVWRSKH�*RGGDUG��7KHVH�
WZR�FDPSDLJQV�IRFXV�RQ�XQGHUVWDQGLQJ�WKH�ODWH�SKDVH�RI�WKH�FLW\��7KH�VWXG\�H[DPLQHV�
the reuse of part of the colonnade of the ancient temple to build a paleochristian church, 
DV�ZHOO�DV�WKH�UHFWDQJXODU�HQFORVXUH�ZDOO�WKDW�VXUURXQGV�LW��7KH�ZKROH�FRPSOH[�LV�GDWHG�
WR�WKH�¿UVW�KDOI�RI�WKH��WK�FHQWXU\�$'�

 Analytical protocol

 Samples are taken directly from the stratigraphic unit being studied (Fig. 4). A 
RQH�PHWHU�JULG�LV�GHSOR\HG�RYHU�WKH�DUHD�WR�EH�H[DPLQHG��7KLV�JULGGLQJ�PRGXOH�DOORZV�
IRU�FRYHULQJ�WKH�HQWLUH�VXUIDFH�RI�WKH�H[FDYDWLRQV�ZKLOH�OLPLWLQJ�WKH�QXPEHU�RI�VDP-
ples and thus the analytical cost, all while providing multiple samples per uncovered 
archaeological structure. A trowel is then used to collect 200 grams of sediment at each 
intersection of the grid. The sample is placed in a plastic bag labeled with the site name, 
WKH�GDWH�RI�FROOHFWLRQ��DQG�D�QXPEHU�IRU�LGHQWL¿FDWLRQ��7KH�WURZHO�LV�FOHDQHG��DQG�WKHQ�
ZH�PRYH�RQ�WR�WKH�QH[W�VDPSOH��7KH�SRVLWLRQ�RI�HDFK�VDPSOH�LV�UHFRUGHG�XVLQJ�D�WRWDO�
station to ensure spatial accuracy. Bags are left open and closed only when collecting 
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the entire sample. In Ulpiana, samples are collected during the summer, in dry weather. 
The risk of mold is therefore almost zero. At other times, under other conditions, the 
risk of mold is not zero but does not impact the elemental composition of the sample 
and therefore has no effect on the analysis. The sealed bags are then sent to the labo-
ratory.

Fig. 4 – Sampling in progress in Zone 1, near the southern rampart, in Ulpiana archaeological 
VLWH��3KRWR�FUHGLW��&KULVWRSKH�*RGGDUG�

 The contents of the bags are transferred into beakers, which are carefully labeled with 
the sample number. It is crucial throughout the entire analysis protocol to ensure that 
VDPSOHV�DUH�QRW�PL[HG�XS��6WULFW�DWWHQWLRQ�WR�GHWDLO�LV�UHTXLUHG�WR�REWDLQ�UHOLDEOH�UHVXOWV��
7KH�EHDNHUV�DUH�SODFHG�LQ�DQ�RYHQ�IRU����KRXUV�DW����&��7KLV�SURFHVV�JHQWO\�GHK\GUDWHV�
the samples to remove the water content. By doing so, we ensure that the moisture level 
of all samples is uniform, which prevents any issues during data analysis.
 Once the samples are dried, they are manually sorted to remove ‘impurities.’ This 
involves carefully inspecting the sample to remove stones, roots, and other debris that 
might be present. There may also be fragments of archaeological materials, such as 
bone splinters, charcoal, or ceramic sherds, which also need to be removed. However, 
these elements are not discarded, as they contain archaeological information. A new 
SODVWLF� SUHVHUYDWLRQ� EDJ� LV� FUHDWHG�� ODEHOHG�ZLWK� WKH� SUHYLRXVO\� GHVFULEHG� LGHQWL¿HUV�
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and marked ‘artifacts.’ This information can be included in the data representation but 
LV�PDLQO\�VHQW�WR�WKH�DUFKDHRORJLVW�LQ�FKDUJH�RI�WKH�RSHUDWLRQ�WR�HQKDQFH�WKH�GH¿QLWLRQ�
of the stratigraphic units. After sorting, the sample consists only of the dry sediment.
The sample is placed into a Retsch RM100 mortar grinder with a corundum mortar. 
The sample is ground for 60 seconds, achieving a particle size of 100 µm. The grinder 
is thoroughly cleaned between each sample to prevent cross-contamination. After 
JULQGLQJ��WKH�VDPSOH�EHFRPHV�D�¿QH�SRZGHU��7KLV�SRZGHU�LV�WKHQ�SODFHG�LQWR�D�SODVWLF�
sample holder with an internal diameter of 30 mm, with the bottom made of a 6 µm 
WKLFN�0\ODU�¿OP��,W�LV�FUXFLDO�WKDW�WKH�¿OP�LV�SHUIHFWO\�WDXW�DQG�IUHH�RI�ZULQNOHV��,I�DQ\�
ZULQNOHV�DUH�SUHVHQW��WKH�¿OP�PXVW�EH�GLVFDUGHG��DQG�WKH�VDPSOH�KROGHU�UHDVVHPEOHG��
7KH�VDPSOH�KROGHU�VKRXOG�EH�¿OOHG�WR�LWV�PD[LPXP�FDSDFLW\�DQG�WKHQ�VHDOHG�ZLWK�D�FDS�
to prevent accidental loss.
 The sample holders are then placed in the Epsilon 4 EDXRF spectrometer from 
Malvern Panalytical. The device is equipped with a silver anode X-ray tube with 
PD[LPXP�SRZHU�RI����:�����N9�YROWDJH�DQG�D���P$�FXUUHQW��6LJQDO�GHWHFWLRQ�LV�YLD�
DQ�6''���+5�GHWHFWRU�ZLWK� D� UHVROXWLRQ�RI�����H9�DW�����NH9��'XULQJ�DQ�DQDO\VLV�
routine, each sample is bombarded directly and through the instrument’s primary 
¿OWHUV��QDPHO\�����DQG�����ȝm copper, 50 and 200 ȝm aluminium, 7 ȝm titanium, and 
100 ȝP�VLOYHU��8VLQJ�WKHVH�¿OWHUV�PDNHV�LW�SRVVLEOH�WR�FRQFHQWUDWH�WKH�DQDO\VLV�RQ�RQH�
part of the spectrum, limiting masking effects. In addition, the use of a helium stream 
is conducive to observing light elements with greater sensitivity. Measurements are 
performed using the Omnian method, the manufacturer’s standardless semi-quantitative 
DQDO\VLV�VRIWZDUH�WKDW�DXWRPDWLFDOO\�VFDQV�VL[�FRQGLWLRQV�ZLWK�GLIIHUHQW�YROWDJH��¿OWHU�
and current. The Omnian method produces XRF analysis results that are comparable 
to those produced by other laboratories, under the same analytical conditions. The 
Omnian method was calibrated on delivery of the spectrometer and the gain is adjusted 
automatically with a Cu/Al alloy copper plate every 12 h on Cu KĮ,ȕ. The energy is 
calibrated on Al KĮ and Cu KĮ,ȕ. The measurements of the light elements are carried 
RXW�XQGHU�D�KHOLXP�ÀRZ�DFFRUGLQJ�WR�WKH�2PQLDQ�PHWKRG�DQG�WKH�VDPSOH�VSLQQHU�LV�
activated. The measurements are taken in sample holders with an internal diameter of 
���PP��¿WWHG�ZLWK���ȝP�0\ODU�¿OPV�LQ�WKH�IRUP�RI�ORRVH�SRZGHU�
 The Omnian method has been adjusted by the introduction of a tag in Omnian 
FDOLEUDWLRQ�IURP�D�VRLO�VWDQGDUG��OLJKW�VDQG\�VRLO����FHUWL¿HG�UHIHUHQFH�PDWHULDO��%&5�
���5���7KH�SURFHVVLQJ�SDUDPHWHUV�XVHG�IRU�RXU�VDPSOHV�DUH�DV�IROORZV��ORRVH�SRZGHU��
¿OP�FRUUHFWLRQ��0\ODU���ȝP��GULIW�FRUUHFWLRQ��FRPSRXQG�OLVW��JHRORJ\��QRUPDOL]DWLRQ�
required to 100%, Compton intensity. The compound list geology displays the most 
DEXQGDQW�HOHPHQWV�DV�R[LGHV��3��32O5��6��623��$O��$O2O3��6L��6L22��1D��1D22��.��.2O, 
0J��0J2��&D��&D2��)H��)H2O3). One of the main advantages of XRF is to provide 
concentrations of most chemical elements directly on solid samples. However, energy 
GLVSHUVLYH�;�UD\�ÀXRUHVFHQFH��(';5)�� LV�XQDEOH� WR�TXDQWLI\� WKH�HOHPHQWV�EHORZ�)��
This drawback is addressed by the Omnian software, which issues an evaluation of 
the latter to calculate the content of the analyzed chemical elements. In order to reduce 
this randomness and make the results more reliable, by bringing the semi-quantitative 
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results even closer to the quantitative value, Omnian can integrate the measurement of 
VRPH�HOHPHQWV�LQWR�WKH�SURFHVVLQJ�SDUDPHWHUV��&DUERQ�GLR[LGH��&22), organic matter 
(CHON) and water (H2O) concentrations were then measured by Thermogravimetric 
analysis on a set of samples spread over the sampling areas. The mean values from 
these samples were then integrated to the Omnian processing parameters. Although 
an EDXRF semi-quantitative method is not as accurate in absolute terms as traditional 
analysis techniques such as ICP, the results obtained display good repeatability 
and provide the most important data for this study, that is, concentration variations 
depending on sampling coordinates.At the end of the XRF analysis, the sample holders 
are emptied into bags containing the remaining powders. Since the analysis is non-
destructive, the sample can be preserved in case a second measurement or further 
analyses are considered. The XRF analysis data is presented in a table showing the 
elemental concentrations measured for each sample. Since our analysis is semi-
quantitative, we focus more on the variations in chemical element concentrations rather 
WKDQ�WKHLU�DEVROXWH�YDOXHV��7R�UHÀHFW�WKLV��WKH�UHVXOWV�DUH�QRUPDOL]HG�DV�9�QRUPDOL]HG� �
�9�UDZ�±�9�PLQ�����9�PD[�±�9�PLQ���7KH�YDOXHV�DUH�WKHQ�GLVWULEXWHG�EHWZHHQ���DQG����
FRUUHVSRQGLQJ�WR�WKH�ORZHVW�DQG�KLJKHVW�YDOXHV��UHVSHFWLYHO\��:KLOH�WKHVH�PHDVXUHPHQW�
tables can be interpreted directly, it is more convenient to create a map of the results, 
ZKLFK�FDQ�EH�HDVLO\�UHDG�LQ�WKH�FRQWH[W�RI�DUFKDHRORJLFDO�¿QGLQJV�
 The measurement table obtained from the XRF analysis is then supplemented with 
WKH� FRRUGLQDWHV� RI� HDFK� VDPSOLQJ� SRLQW�� SUHYLRXVO\� UHFRUGHG� LQ� WKH� ¿HOG� XVLQJ� WKH�
WRWDO� VWDWLRQ��7KH� HQULFKHG� WDEOH� LV� RSHQHG� XVLQJ�*,6�� 6HYHUDO� LQWHUSRODWLRQ� RSWLRQV�
allow the conversion from discrete data, i.e., points, to continuous values, in our case, 
VXUIDFHV��:H�FKRVH�WKH�,QYHUVH�'LVWDQFH�:HLJKWLQJ��,':��LQWHUSRODWLRQ��7KLV�PRGHO�
assumes that the phenomenon being modeled is governed by local variation that 
can be highlighted through a statistical approach called “neighborhood analysis.” In 
RWKHU�ZRUGV�� WKLV� LQWHUSRODWLRQ� WHFKQLTXH� LV� SDUWLFXODUO\� YDOLG�ZKHQ� WKH� LQÀXHQFH� RI�
the variables represented at each point decreases with distance. Since the dispersion 
of chemical elements in soils is generally limited, this basic principle is relevant for 
modeling concentration variations. This interpolation method works best when it has 
D� UHJXODU�SRLQW�JULG��7KLV�FRQGLWLRQ� LV�PHW�GXULQJ�¿HOG� VDPSOLQJ�ZKHQ�ZH�GHSOR\�D�
regular grid for collecting samples.
 The maps then take the form of color-coded areas ranging from blue to red, with cooler 
colors indicating low concentrations and warmer colors indicating high concentrations. 
The color-coded areas are typically overlaid on archaeological surveys of the sampling 
area, allowing for an initial interpretation. This interpretation is discussed with the 
DUFKDHRORJLVWV�LQ�FKDUJH�RI�WKH�VLWH��ZKLFK�PD\�OHDG�WR�DGGLWLRQDO�DQDO\VHV�WR�UH¿QH�WKH�
interpretations. It is also at this stage that bibliographic and historical research can be 
FRQGXFWHG�UHJDUGLQJ�WKH�XVH�RI�FHUWDLQ�HOHPHQWV�DSSHDULQJ�LQ�WKH�UHVXOWV��:KLOH�VRPH�
elements and their sources (or causes of deposition in the archaeological layers) are 
well-known due to their frequency, others are rarer and require more in-depth research. 
2QFH� WKHVH� DGGLWLRQDO� LQYHVWLJDWLRQV� DUH� FRPSOHWHG�� WKH� ¿QDO� LQWHUSUHWDWLRQ� FDQ� EH�
proposed.

�
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 Sampling locations

� 7KH�VDPSOHV�ZHUH�WDNHQ�IURP�WZR�GLVWLQFW�DUHDV��)LJ������7KH�¿UVW�DUHD�FRUUHVSRQGV�
WR�D�VRLO�OHYHO�UHYHDOHG�LQ�WKH�LQLWLDO�VXUYH\�LQ������DQG�LWV�H[WHQVLRQV��LGHQWL¿HG�GXULQJ�
WKH�VFLHQWL¿F�FRRSHUDWLRQ�PLVVLRQ�LQ�������7KH�DUFKDHRORJLFDO�JRDO�RI�WKLV�VXUYH\�ZDV�
to date the construction of the enclosing wall and the junction between it and the corner 
WRZHU��7KH�VDPSOLQJ�WRRN�SODFH�LQ�������)LJ������,W�H[WHQGV�DORQJ�D�UDPSDUW�WKDW�ERUGHUV�
the south of the survey. Suspect color variations caught the archaeologists’ attention. 
The entire area was sampled, resulting in a total of 114 samples.

)LJ������/RFDWLRQ�PDS�RI�WKH�0$).2�PLVVLRQ�WUHQFKHV�LQ�����������DW�WKH�8OSLDQD�VLWH
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Fig. 6 – Distribution of samples in Zone 1

 The second area corresponds to a part of the survey conducted in the temple-church, 
���PHWHUV�QRUWK�RI�WKH�¿UVW�DUHD��)LJ������7KLV�WLPH��WKH�LVVXH�WKDW�PRWLYDWHG�WKH�RSHQLQJ�
of this sondage was the dating of the church and the understanding of its installation 
within the former portico of the Roman temple that predates it. A burial and an in situ 
ceramic prompted the deployment of a sampling grid. Samples taken at the southeast 
end of the area were collected from the level that appeared after the removal of mosaic 
elements. A total of 35 samples were collected from this area.

10

Fig. 7 – Distribution of samples in Zone 2



Kosova Anthropologica 2

11

In addition to these two main areas, a third sampling location should be noted. This is 
D�ZHOO�SUHVHUYHG�SRWWHU¶V�NLOQ�XQFRYHUHG�E\�0LORW�%HULVKD¶V�WHDP��)LJ������1XPHURXV�
white deposits suggest that it may have been repurposed as a lime kiln. Here, we did 
not sample using a grid but only collected from the deposit traces and the base of the 
structure. The results of these samples are not mapped but are presented alongside the 
interpretation of Zone 1, where they provide valuable information.

)LJ����±�'LVWULEXWLRQ�RI�VDPSOHV�LQ�WKH�NLOQ

 Results and interpretation

� ,Q�WKH�¿UVW�DUHD��DW�WKH�ORFDWLRQ�RI�WKH�ZKLWH�VWDLQV�LGHQWL¿HG�GXULQJ�H[FDYDWLRQ��ZH�FDQ�
observe that the signals for calcium and strontium are both intense and correlated (Fig. 
9). It is also worth noting that sulphur shows high concentrations in the central stain. 
This difference between the two stains should help guide our interpretation. Finally, 
various minor contaminations are present. These contaminations can be both current 
pollution caused by agriculture or industry and minimal traces of ancient activities. 
In Ulpiana, the soils are irrigated by a river passing near a contemporary mining site, 
which suggests that we are dealing with present-day contaminations.
 In the second area, metals are prominently featured (Fig. 10). The concentrations 
of copper, tin, and lead are clustered in the center of the study area, at the location of 
a ceramic found in situ. The other metal-rich areas, to the north and east of the trench, 
DUH�ORFDWHG�LQ�FORVH�SUR[LPLW\�WR�D�ZDOO�DQG�ZLWKLQ�WKH�EXULDO�VLWH��UHVSHFWLYHO\��$OVR�
note the presence of bromine, a rare element in soils, which is located in conjunction 
with the burial site.



Kosova Anthropologica 2 

Fig. 9 – Distribution of notable chemical element concentrations for Zone 1, namely calcium, 
strontium, and sulphur
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Fig. 10 – Distribution of notable chemical element concentrations for Zone 2, namely copper, 
tin, lead, and bromine
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 Interpretation
 
  Zone 1

� $V� SUHYLRXVO\� PHQWLRQHG�� WKH� WZR� VWDLQV� LGHQWL¿HG� GXULQJ� H[FDYDWLRQ� H[KLELW�
different concentrations of chemical elements. The western stain contains calcium and 
strontium, while the central spot also includes sulphur (Fig. 9). The correlation between 
calcium and strontium is naturally observed in limestone (Pracny et al. 2019). These 
two elements are somewhat equivalent and can substitute for one another in larger 
chemical structures. These data should not surprise archaeologists; the calcium-to-
strontium ratio in teeth is typically used to assess individuals’ diets (Bentley 2006). The 
substitution of calcium by strontium in this case tends to indicate a more plant-based 
diet, though in our case the correlation of Ca and Sr simply indicates the presence 
RI� OLPH��DV�REVHUYHG�DW�RWKHU�DUFKDHRORJLFDO�VLWHV� �%DUED�HW�DO��������$EUDKPV�HW�DO��
������$KHUQ�������+HUULFN�	�%HUQD��������7KH�FHQWUDO�VSRW��ZKLFK�DOVR�VKRZV�VXOSKXU�
FRQFHQWUDWLRQV��VXJJHVWV�WKH�SUHVHQFH�RI�SODVWHU��:LWK�WKH�IRUPXOD�&D62���SODVWHU�ZDV�
used in antiquity, so its presence does not seem out of place. 
� :H�FRQGXFWHG�DGGLWLRQDO�DQDO\VLV�RQ�D�VDPSOH� IURP� WKLV� VSRW� WR�YHULI\�ZKHWKHU� LW�
is indeed plaster. As noted, while EDXRF provides the concentrations of chemical 
HOHPHQWV��LW�GRHV�QRW�SURYLGH�WKH�PROHFXODU�VWUXFWXUH�RI�WKH�VDPSOH��:H�FDQ�K\SRWKHVL]H�
molecular forms based on the concentrations alone; here, we proposed plaster. 
However, when possible, such hypotheses should be tested. In this case, we used 
X-ray diffraction to identify plaster. The spectra highlight that the presence of sulfur in 
WKHVH�VDPSOHV�LV�OLNHO\�QRW�UHODWHG�WR�J\SVXP��&D62����ZKLFK�ZRXOG�KDYH�FRQ¿UPHG�
WKH�SUHVHQFH�RI�SODVWHU��EXW�UDWKHU�WR�FKDOFRS\ULWHV��:H�WKHQ�H[DPLQHG�WKH�GDWD�PRUH�
FORVHO\��SDUWLFXODUO\�IRFXVLQJ�RQ�WKH�VLOLFRQ�FRQWHQW��7KLV�HOHPHQW�LV�JHQHUDOO\�H[FOXGHG�
IURP�LQWHUSUHWDWLRQV�EHFDXVH�LW� LV�H[WUHPHO\�DEXQGDQW� LQ�VRLO�DQG�VDQG��DV�DOXPLQXP�
silicates. In this particular case, the silicon concentration helps us understand what the 
two white spots are. The bar chart represents the measured elemental concentrations 
for seven samples (Fig. 11). Lime 1 and Lime 2 come from the lime kiln we previously 
discussed. Samples A1, B1, and B2 come from the western spot, while I1 and J2 come 
from the central spot.
� ,W� LV� WKHQ� FOHDUO\�YLVLEOH� WKDW� WKH� VDPSOHV� IURP� WKH� FHQWUDO� DUHD�KDYH� VLJQL¿FDQWO\�
higher concentrations of silicon and aluminum compared to those from the western 
DUHD��7KHUHIRUH�� LW� LV� OLNHO\� WKDW� WKH� OLPH� LQ� WKH�FHQWUDO�DUHD�ZDV�PL[HG�ZLWK�VDQG� WR�
prepare mortar. In the western area, there is little silicon and aluminum, and all the 
FRQFHQWUDWLRQV�DUH�VLPLODU�WR�WKRVH�PHDVXUHG�LQ�WKH�OLPH�VDPSOHV�IURP�WKH�NLOQ��:H�FDQ�
then propose that the western area is the remnant of a lime pit, while the central area 
UHSUHVHQWV�WKH�UHPDLQV�RI�D�PRUWDU�PL[LQJ�DUHD�
� ,W�VHHPV��KRZHYHU��SRVVLEOH�WR�JR�IXUWKHU��%\�FUHDWLQJ�WKH�VDPH�EDU�FKDUW�EXW�H[FOXG-
ing the concentrations of calcium, silicon, and aluminum, which are the three highest, 
we observe that the minor elements present in the lime from the kiln also appear in the 
OLPH�SLW�VDPSOHV�DQG�LQ�WKH�VDPH�SURSRUWLRQV��)LJ�������$V�IRU�WKH�PRUWDU�PL[LQJ�DUHD�
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samples, we note that the concentrations are generally higher, particularly for iron, 
potassium, and manganese. The overall increase is likely due to the lower proportion 
RI�FDOFLXP��7KH�VLJQL¿FDQW�LQFUHDVHV�LQ�LURQ��SRWDVVLXP��DQG�PDQJDQHVH�DUH�FRQVLVWHQW�
with the addition of sand, as these elements are relatively abundant in sand.

Fig. 11 – Bar chart representing the concentrations of notable chemical elements in the sam-
ples Lime1, Lime2, A1, B1, B2, I1, and J2

  

Fig. 12 – Bar chart representing the concentrations of chemical elements in the samples from 
)LJ������H[FOXGLQJ�WKH�WKUHH�PRVW�FRQFHQWUDWHG�HOHPHQWV��&D��6L��$O��
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 Zone 2

 The metal concentrations in the center of Zone 2 leave little doubt about the 
activity that took place there. Indeed, the presence of copper, tin, and lead indicates 
metallurgical activity (Fig. 10). However, it is unlikely that this was a forge dedicated 
WR�WKH�SURGXFWLRQ�RI�FRSSHU�DOOR\�REMHFWV��([DPSOHV�RI�VXFK�DUFKDHRORJLFDO�VWUXFWXUHV�
KDYH� EHHQ� VWXGLHG�� DQG�ZKLOH� WKH\� H[KLELW� VLPLODU� FKHPLFDO� VLJQDOV�� WKH\� DOVR� VKRZ�
additional archaeological evidence linked to this production, whether in the form of 
ZDVWH�RU�VWUXFWXUDO�UHPDLQV��6KDOHY�HW�DO��������*DXVV�HW�DO��������=KDQJ�HW�DO��������
6PHMGD�HW�DO��������7LJKH�HW�DO��������/DHQJHU�HW�DO���������$W�8OSLDQD��WKHUH�DUH�QR�
WUDFHV�RI�SURGXFWLRQ�VWUXFWXUHV��H[FHSW� IRU�D�SLHFH�RI�SRWWHU\�IRXQG�ÀDW�DW� WKH�FHQWUH�
of the elemental signal (Fig. 13). Moreover, the location of this activity within the 
FKXUFK¶V�QDUWKH[�LV�UDWKHU�VXUSULVLQJ��EXW�LW�LV�HDVLO\�XQGHUVWRRG��7KLV�VPDOO�ZRUNVKRS�LV�
situated within the stratigraphic sequence just after the layers indicating a particularly 
GHYDVWDWLQJ�HDUWKTXDNH��7KH�PHWDOOXUJLFDO�SURGXFWLRQ�LGHQWL¿HG�LQ�WKH�QDUWKH[�LV�OLNHO\�
connected to post-catastrophe recovery activities. The pottery mentioned earlier most 
likely served as a crucible for melting debris from copper alloy objects retrieved from 
the rubble.

Fig. 13 – Photograph of the ceramic in situ, at the center of the high metal concentrations. 
3KRWR�FUHGLW��$UWKXU�/DHQJHU
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7KH� EXULDO� LQ� WKH� QDUWKH[� H[KLELWV� XQXVXDO� FRQFHQWUDWLRQV� RI� EURPLQH� �)LJ�� �����
Bibliographic research has highlighted a source of this element in an artisanal process 
NQRZQ�WR�DQFLHQW�VRFLHWLHV��*XFNHOVEHUJHU�������7VRXULQDNL��������7KLV�LQYROYHV�WH[WLOH�
G\HLQJ��SDUWLFXODUO\�XVLQJ�7\ULDQ�SXUSOH��7KLV�SLJPHQW��H[WUDFWHG�IURP�Murex brandaris, 
was highly prized by Roman elites, becoming a distinctive mark of the senatorial 
class and later the imperial elite. Although ancient societies did not know this, the 
molecule responsible for the purple color of this pigment, 6,6’-dibromoindigo, contains 
EURPLQH�DWRPV�LQ�LWV�VWUXFWXUH��)LJ�������:KLOH�D�UR\DO�WRPE�ZLWK�VLJQL¿FDQW�EURPLQH�
concentrations has been analyzed in the past (James et al. 2009), the concentrations at 
8OSLDQD�DUH�WRR�ORZ��,W�KDV�QRW�EHHQ�SRVVLEOH�WR�FRQ¿UP�RU�UHIXWH�ZKHWKHU�WKH�EURPLQH�
detected in the EDXRF analysis originates from this molecule. However, the hypothesis 
is plausible, as dyeing a garment would not leave a very strong chemical imprint. The 
bromine in the soil is probably from a piece of dyed fabric that did not preserve.

Fig. 14 – Lewis structure of the 6,6’-dibromoindigo molecule, a dye molecule present in Tyri-
an purple.

 Conclusion

 Soil chemical analyses, particularly the use of EDXRF, provide unprecedented 
insights for identifying and interpreting past human activities. The study conducted at 
Ulpiana enabled the distinction of production and transformation areas, notably a copper 
alloy recycling workshop and mortar remains associated with construction material 
preparation. Furthermore, the presence of bromine, potentially linked to prestigious 
WH[WLOH� G\HV�� XQGHUVFRUHV� WKH� ZHDOWK� RI� LQIRUPDWLRQ� WKDW� JHRFKHPLFDO� DQDO\VHV� FDQ�
reveal.
� 7KHVH� ¿QGLQJV� GHPRQVWUDWH� WKH� HI¿FDF\� RI� (';5)� LQ� GHOLYHULQJ� UHOLDEOH� DQG�
DFFHVVLEOH� GDWD� ZKLOH� UHGXFLQJ� WKH� FRVWV� DQG� FRPSOH[LWLHV� RI� DQDO\WLFDO� SURWRFROV��
They also highlight how this method can play a central role in heuristic studies, 
RIIHULQJ� SUHFLVH� LQWHUSUHWDWLYH� K\SRWKHVHV� WKDW� FDQ� EH� FRQ¿UPHG� RU� UH¿QHG� WKURXJK�
complementary techniques.
 In the future, the systematic application of this methodology to comparable 
archaeological sites, such as Justiniana Secunda, located just to the north of Ulpiana, 
could deepen our understanding of cultural and economic interactions in the region. 
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Additionally, integrating EDXRF with other analytical approaches, such as isotopic 
analysis or X-ray diffraction, may uncover new chemical markers of anthropogenic 
DFWLYLWLHV�WKDW�KDYH�WKXV�IDU�EHHQ�XQGHUH[SORUHG�

� &RQÀLFW�RI�,QWHUHVW

� 7KHUH�DUH�QR�FRQÀLFWV�RI�LQWHUHVW�WR�GHFODUH�UHJDUGLQJ�WKLV�SXEOLFDWLRQ�
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