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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
deposition. The use of X-ray fluorescence spectrometry, a more accessible analytical
technique than others, makes it possible to analyze large batches of samples. At Ulpiana,
two trenches were studied. In the first area, the presence of a lime pit and a mortar
preparation area was identified. The signature of the lime seems to correspond to that
produced in a kiln discovered further north. In the second area, a bronze recycling
workshop was identified, along with a suspected dye molecule.

Keywords: 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
deposits to animal excrement (Craddock et al., 1985). However, as early as the 1970s,
this technique was extended to other chemical elements in Mexico (Barba & Bello,
1978) to characterize anthropogenic activities on a broader scale. While the analytical
methods described at the time may seem outdated from a contemporary chemical
standpoint, they have been continually refined and developed over the decades (Rippon

ISSN 3027-5024 (Online)
DOI https://doi.org/10.62303/ncblap93



Kosova Anthropologica 2

et al. 2001; Wilson et al. 2008; Oonk et al. 2009; Middleton et al., 2010; Misarti et
al. 2011; Dirix et al. 2013; Salisbury 2020; Bintliff & Degryse 2022). The latest
advancement in this field is the replacement of inductively coupled plasma analytical
techniques (ICP-MS, ICP-AES, and ICP-OES) with X-ray fluorescence spectrometry
(XRF). While XRF provides semi-quantitative results compared to ICP, these results
are sufficient for archaeological soil analysis, based on concentration variations.
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.
2018; Gutiérrez-Rodriguez et al. 2019; Hafez et al. 2017; Hayes 2013; Rippon et al.
2001; Save et al. 2020; Smejda et al. 2017; Wilkins 2009; Wilson et al. 2008). One of
the key advantages of XRF is its ease of use, as sample preparation is limited to drying
and grinding, in contrast to the acid digestion required for ICP. Another benefit is that
XREF can analyze almost all chemical elements in a single analysis. More importantly,
XRF holds significant potential for exploration, as its broad range of scanned elements
can reveal notable differences in the concentration of elements previously considered
uninterpretable, paving the way for the identification of new markers of anthropogenic
activity. Furthermore, because all data are recorded for each site analyzed, it is possible
to revisit sites retrospectively once a marker has been clearly identified at another
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
values to distinguish specific activities, but rather to identify distribution anomalies in
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
not benefited from any chemical sediment analysis campaigns until the operation
conducted jointly by French and Kosovar teams in 2017 (Goddard et al. 2017). We
collected samples from the soil layers exposed in the two sondages excavated in 2017
and 2018. These sondages were guided strictly by archaeological questions, meaning
they were not placed with consideration for their archacometric 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
used technique for elemental soil analysis in archaeological structures. While this
technique is indeed the most suitable in terms of sensitivity, it has several drawbacks:
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.

With these limitations in mind, we sought to develop a protocol that is more accessible
for most archaeological situations. Energy-dispersive X-ray fluorescence spectrometry
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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
table, with the notable exception of the lightest elements like sulphur and phosphorus.

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
inner shells of the atoms in the sample. The resulting electronic vacancies are filled by
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.
The characteristics of these emitted rays depend on the electronic configuration of the
atom from which they originate. They thus allow for the differentiation of the various
chemical elements present in the sample.
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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
a few particularly expensive devices are capable of this. In line with the concept of
providing a financially accessible protocol, the device used can only measure elements
from the third row of the periodic table (Fig. 2). While the inability to measure carbon
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and nitrogen levels is a drawback, it is worth noting that other elements in the second
row are unlikely to be associated with specific ancient activities. The sensitivity of
EDXREF to light elements is lower, but it can be improved by performing measurements
under a neutral atmosphere or vacuum. Indeed, in these configurations, the incident
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
directly in the field, which is why we chose not to use portable devices (pXRF) that are
popular in archaeology but currently not sensitive enough to complete our protocol.
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Fig 2. — Periodic Table of Elements; EDXRF can theoretically measure the concentrations of all
elements except hydrogen and helium (marked in red). In practice, the measuring device used
cannot analyze the elements in the second row either (marked in blue).

Materials and methods

The archaeological site of Ulpiana, located in the municipality of Gracanica, lies
about eight kilometers southeast of the capital of Kosovo, Prishtina (Fig. 3). It spans
an area of thirty-five hectares in an agricultural plain, at the foot of a hilly system to
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
important communication routes. The first road connected the Dalmatian coast, north
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
landmark, attesting to the city’s significance during the Roman era and its role in the
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Fig 3 — Location map of the Ulpiana site

The samples studied for this article come from the archaeological excavation
campaign conducted in 2018 and 2019 at Ulpiana as part of the Franco-Kosovar
cooperation mission MAFKO led by Arben Hajdari and Christophe Goddard. These
two campaigns focus on understanding the late phase of the city. The study examines
the reuse of part of the colonnade of the ancient temple to build a paleochristian church,
as well as the rectangular enclosure wall that surrounds it. The whole complex is dated
to the first half of the 6th century AD.

Analytical protocol

Samples are taken directly from the stratigraphic unit being studied (Fig. 4). A
one-meter grid is deployed over the area to be examined. This gridding module allows
for covering the entire surface of the excavations while limiting the number of sam-
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,
the date of collection, and a number for identification. The trowel is cleaned, and then
we move on to the next sample. The position of each sample is recorded using a total
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
site. Photo credit: Christophe Goddard.

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
samples are not mixed up. Strict attention to detail is required to obtain reliable results.
The beakers are placed in an oven for 12 hours at 85°C. This process gently dehydrates
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
plastic preservation bag is created, labeled with the previously described identifiers
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and marked ‘artifacts.” This information can be included in the data representation but
is mainly sent to the archaeologist in charge of the operation to enhance the definition
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 um. The grinder
is thoroughly cleaned between each sample to prevent cross-contamination. After
grinding, the sample becomes a fine powder. This powder is then placed into a plastic
sample holder with an internal diameter of 30 mm, with the bottom made of a 6 um
thick Mylar film. It is crucial that the film is perfectly taut and free of wrinkles. If any
wrinkles are present, the film must be discarded, and the sample holder reassembled.
The sample holder should be filled to its maximum capacity and then sealed with a cap
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
maximum power of 10 W, 50 kV voltage and a 2 mA current. Signal detection is via
an SDDI10 HR detector with a resolution of 135 eV at 5.9 keV. During an analysis
routine, each sample is bombarded directly and through the instrument’s primary
filters, namely 300 and 500 um copper, 50 and 200 pm aluminium, 7 um titanium, and
100 um silver. Using these filters makes it possible to concentrate the analysis on one
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
analysis software that automatically scans six conditions with different voltage, filter
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 Kao,p. The energy is
calibrated on Al Ka and Cu Ka,3. The measurements of the light elements are carried
out under a helium flow according to the Omnian method and the sample spinner is
activated. The measurements are taken in sample holders with an internal diameter of
30 mm, fitted with 6 um Mylar films in the form of loose powder.

The Omnian method has been adjusted by the introduction of a tag in Omnian
calibration from a soil standard (light sandy soil 1, certified reference material, BCR-
142R). The processing parameters used for our samples are as follows: loose powder,
film correction: Mylar 6 um, drift correction, compound list: geology, normalization
required to 100%, Compton intensity. The compound list geology displays the most
abundant elements as oxides (P: P,O,, S: SO,, Al: AL,O,, Si: SiO,, Na: Na O, K: K O,
Mg: MgO, Ca: CaO, Fe: Fe,0,). One of the main advantages of XRF is to provide
concentrations of most chemical elements directly on solid samples. However, energy
dispersive X-ray fluorescence (EDXRF) is unable to quantify the elements below F.
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
some elements into the processing parameters. Carbon dioxide (CO,), organic matter
(CHON) and water (H,O) 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
than their absolute values. To reflect this, the results are normalized as V normalized =
(V raw — V min) / (V max — V min). The values are then distributed between 0 and 1,
corresponding to the lowest and highest values, respectively. While these measurement
tables can be interpreted directly, it is more convenient to create a map of the results,
which can be easily read in the context of archaeological findings.

The measurement table obtained from the XRF analysis is then supplemented with
the coordinates of each sampling point, previously recorded in the field using the
total station. The enriched table is opened using GIS. Several interpolation options
allow the conversion from discrete data, i.e., points, to continuous values, in our case,
surfaces. We chose the Inverse Distance Weighting (IDW) interpolation. This model
assumes that the phenomenon being modeled is governed by local variation that
can be highlighted through a statistical approach called “neighborhood analysis.” In
other words, this interpolation technique is particularly valid when the influence of
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
a regular point grid. This condition is met during field sampling when we deploy a
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
archaeologists in charge of the site, which may lead to additional analyses to refine the
interpretations. It is also at this stage that bibliographic and historical research can be
conducted regarding the use of certain elements appearing in the results. While some
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.
Once these additional investigations are completed, the final interpretation can be
proposed.
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Sampling locations

The samples were taken from two distinct areas (Fig. 5). The first area corresponds
to a soil level revealed in the initial survey in 2017 and its extensions, identified during
the scientific cooperation mission in 2018. The archaeological goal of this survey was
to date the construction of the enclosing wall and the junction between it and the corner
tower. The sampling took place in 2018 (Fig. 6). It extends along a rampart that borders
the south of the survey. Suspect color variations caught the archaeologists’ attention.
The entire area was sampled, resulting in a total of 114 samples.
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Fig. 5 - Location map of the MAFKO mission trenches in 2018-2019 at the Ulpiana site
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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,
30 meters north of the first area (Fig. 7). This time, the issue that motivated the opening
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.

Fig. 7 — Distribution of samples in Zone 2
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In addition to these two main areas, a third sampling location should be noted. This is
a well-preserved potter’s kiln uncovered by Milot Berisha’s team (Fig. 8). Numerous
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.

Fig. 8 — Distribution of samples in the kiln

Results and interpretation

In the first area, at the location of the white stains identified during excavation, we can
observe that the signals for calcium and strontium are both intense and correlated (Fig.
9). It 1s 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,
are located in close proximity to a wall and within the burial site, respectively. Also
note the presence of bromine, a rare element in soils, which is located in conjunction
with the burial site.
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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,
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Interpretation
Zone 1

As previously mentioned, the two stains identified during excavation exhibit
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
of lime, as observed at other archaeological sites (Barba et al. 2008, Abrahms et al.
2012, Ahern 2021, Herrick & Berna 2024). The central spot, which also shows sulphur
concentrations, suggests the presence of plaster. With the formula CaSO4, plaster was
used in antiquity, so its presence does not seem out of place.

We conducted additional analysis on a sample from this spot to verify whether it
is indeed plaster. As noted, while EDXRF provides the concentrations of chemical
elements, it does not provide the molecular structure of the sample. We can hypothesize
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
these samples is likely not related to gypsum (CaSO4), which would have confirmed
the presence of plaster, but rather to chalcopyrites. We then examined the data more
closely, particularly focusing on the silicon content. This element is generally excluded
from interpretations because it is extremely abundant in soil and sand, as aluminum
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 11 and J2 come
from the central spot.

It is then clearly visible that the samples from the central area have significantly
higher concentrations of silicon and aluminum compared to those from the western
area. Therefore, it is likely that the lime in the central area was mixed with sand to
prepare mortar. In the western area, there is little silicon and aluminum, and all the
concentrations are similar to those measured in the lime samples from the kiln. We can
then propose that the western area is the remnant of a lime pit, while the central area
represents the remains of a mortar mixing area.

It seems, however, possible to go further. By creating the same bar chart but exclud-
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
lime pit samples and in the same proportions (Fig. 12). As for the mortar mixing area
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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
of calcium. The significant increases in iron, potassium, and manganese are consistent
with the addition of sand, as these elements are relatively abundant in sand.
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Fig. 11 — Bar chart representing the concentrations of notable chemical elements in the sam-
ples Limel, Lime2, A1, B1, B2, I1, and J2
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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
to the production of copper alloy objects. Examples of such archaeological structures
have been studied, and while they exhibit similar chemical signals, they also show
additional archaeological evidence linked to this production, whether in the form of
waste or structural remains (Shalev et al. 2006, Gauss et al. 2013, Zhang et al. 2017,
Smejda et al. 2018, Tighe et al. 2018, Laenger et al. 2024). At Ulpiana, there are no
traces of production structures, except for a piece of pottery found flat at the centre
of the elemental signal (Fig. 13). Moreover, the location of this activity within the
church’s narthex is rather surprising, but it is easily understood. This small workshop is
situated within the stratigraphic sequence just after the layers indicating a particularly
devastating earthquake. The metallurgical production identified in the narthex is likely
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.
Photo credit: Arthur Laenger
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The burial in the narthex exhibits unusual concentrations of bromine (Fig. 10).
Bibliographic research has highlighted a source of this element in an artisanal process
known to ancient societies (Guckelsberger 2013, Tsourinaki 2020). This involves textile
dyeing, particularly using Tyrian purple. This pigment, extracted from 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
bromine atoms in its structure (Fig. 14). While a royal tomb with significant bromine
concentrations has been analyzed in the past (James et al. 2009), the concentrations at
Ulpiana are too low. It has not been possible to confirm or refute whether the bromine
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.

O

H
N Br
Br u
O
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
textile dyes, underscores the wealth of information that geochemical analyses can
reveal.

These findings demonstrate the efficacy of EDXRF in delivering reliable and
accessible data while reducing the costs and complexities of analytical protocols.
They also highlight how this method can play a central role in heuristic studies,
offering precise interpretative hypotheses that can be confirmed or refined through
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
activities that have thus far been underexplored.
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