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Analysis of the Surface of Historic Fabric from the Auschwitz-Birkenau State Museum after
Treatment with Ethanol Mist Used to Eliminate Microorganisms Harmful to Human Health
Reprinted from: Materials 2024, 17, 2323, https://doi.org/10.3390/ma17102323 . . . . . . . . . . 217

vi



About the Editors

Žiga Šmit

Žiga Šmit is a retired professor at the Faculty of Mathematics and Physics at the University

of Ljubljana. His research was and is still conducted at the Jožef Stefan Institute in Ljubljana. His

general field of interest is atomic collisions with light ions. He studied ionization mechanisms of

inner shells by proton impact in semiclassical approximation and proposed corrections beyond the

first step models. At the same time, he developed numerical models for practical applications of

induced X-rays for chemical analysis and produced several methods for the application of PIXE

on historic materials, like the analysis of archaeological metals, differential PIXE for the analysis of

layered samples, and a combined PIXE-PIGE algorithm for the analysis of historic glasses. Important

historical cases include studies of use-wear on flint tools, Roman military equipment metals, glass

from almost all historical periods from the Bronze Age to the early 20th century, (semi-) precious

stones and paint pigments. Currently, he is interested in the development of procedures for spectral

fitting, the modelling of collisions in thick targets, and in the further analysis of historic materials.

Eva Menart

Eva Menart is the head of the Department of Conservation and Restoration at the National

Museum of Slovenia and is additionally employed as a researcher at the Jožef Stefan Institute. She

began her research, which combines science and cultural heritage, during her studies, after which

she obtained a doctoral scholarship from University College London and in 2013 a PhD in Heritage

Science. She has researched paper degradation and historical inks and worked on electrochemical

gas sensors for detecting heritage material degradation. Her research now mainly focuses on the

analysis of heritage objects with an emphasis on non-destructive methods (XRF, PIXE) and the

interpretation of results. She is also engaged in research in the field of preventive conservation, where

she participates in international and national projects. She was the vice-chair of COST Innovators

Grant ENDLESS Metal, focusing on low-cost analytical tools and their dissemination in the metal

conservation community.

vii





Preface

This reprint is devoted to the application of analytical techniques in the research of historical and

archaeological materials, both with the aim of object characterization and the detection of degradation

processes. This is particularly important for avoiding or slowing down degradation, which is a

crucial conservation issue. This reprint is a continuation of our previous Special Issue, published by

Materials in 2023. In the present volume we deal with the characterization of ceramic materials and

glasses, archaeological bones, plasters and dating medieval frescos; we also address the conservation

of steel in humid environments and the protection of materials prone to degradation with aerogels

and ethanol spray. This volume is intended for researchers interested in the material investigation

of cultural heritage but may also be interesting for historians, art historians, archaeologists, and

conservators. The papers collected here are the result of collective work, but due to space limitations

we only mention the first authors (in alphabetical order): M. Abrudeanu, M. Gajić Kvaščev, G.

Gorgolis, Hye Ri Yang, T. Leskovar, Liang Zheng, Linyu Xia, T. Palomar, C. Reis Santos, Ž. Šmit,

and A. Wawrzyk. The editors would like to thank the authors for their collaboration and to MDPI for

their excellent support.

Žiga Šmit and Eva Menart

Guest Editors
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Editorial

Materials in Cultural Heritage: Analysis, Testing, and
Preservation

Žiga Šmit 1,2,* and Eva Menart 2,3

1 Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, SI-1000 Ljubljana, Slovenia
2 Department of Low and Medium Energy Physics, Jožef Stefan Institute, Jamova 39,

SI-1000 Ljubljana, Slovenia; eva.menart@nms.si
3 National Museum of Slovenia, Prešernova 20, SI-1000 Ljubljana, Slovenia
* Correspondence: ziga.smit@fmf.uni-lj.si

Many things that people achieved in the past are worth admiration, so we are prone
to keep, nurse, and preserve them. We can also learn from examples in the past, though
many experiences deliberately remain forgotten. The development of analytical techniques
has enabled further possibilities for studying how people created, produced, and manip-
ulated certain objects, which then facilitated studies in social sciences and humanities
including history, cultural anthropology, or art history. Analytical studies then aim in two
directions: the first is to discover properties of the objects that enable their more precise
characterization according to their composition, age, or other properties, while the second
direction aims toward the preservation of objects, so the analysis tries to uncover the
formation of harmful compounds or the degree of degradation. This type of division is
also reflected in our volume, so we will first introduce the papers that deal with analytical
characterization, followed by papers concerned with conservation; we also distinguish by
the historical period.

Clay was the first material than man chemically modified with thermal treatment. The
Longshan Culture in Eastern Henan was already studied in the 1990s [1], but knowledge
was further expanded in a study by Linyu Xia et al., where the authors employed XRF, XRD,
infrared spectroscopy, and SEM-EDS to study Neolithic pottery of the Longshan period
from three sites in the Yongcheng area, pointing to the specific differences and cultural
relations among them. Slightly younger is the Eneolithic pottery from Velika Humska Čuka
near Niš in present-day Serbia [2], which was also investigated by the authors Maja Gajić-
Kvaščev et al., who employed EDXRF in combination with statistical techniques, which
are indispensable tools in many heritage science studies [3,4]. The aim was to distinguish
ceramics using local clay from deposits near the site from imported items, testifying to a
long-range connection and exchanges. In the ongoing work, the same authors examined
provenance studies of prehistoric ceramics using portable XRF and advanced statistical
techniques. Besides artifacts, bone remains can reveal details of people’s life such as diet,
possible migrations, and even the type of burial (e.g., cremation) [5]. Tamara Leskovar et al.
studied the changes in bone exposed to high temperature (caused, for example, during
cremation of the deceased) using ATR-FTIR and computed tomography.

Glass and glassy materials are further artificial materials that have accompanied man
since prehistory; during the Roman period, glass was a widely used consumable good,
subject to a wide-range- trade [6]. Žiga Šmit and Tina Milavec studied the glass from Koper,
a port at the northeastern Adriatic, pointing to the transition in the glass industry from
the Late Antiquity until the Middle Ages, a theme that has been intensively studied in the
Mediterranean. By adding small amounts of chromophores, glass can attain different colors.

Materials 2025, 18, 4540 https://doi.org/10.3390/ma18194540
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Amber glass has been known since prehistory, and was intensively used for the storage of
food and medicaments until the end of the 19th century [7]. Catarin Reis Santos et al. tried
to reproduce amber glass following historic recipes from the late 18th century. Enamels
are glassy materials characterized by a lower melting point and are usually applied as thin
layers on a metal or glassy substrate, which could be studied according to their refractive
index [8], and was attempted by Teresa Palomar et al. The authors reviewed different
mathematical models for refractive index in lead glasses; they further discuss the influence
of glass corrosion and the appearance of alteration layers, with possible application in
glass preservation.

Buildings are evident remains of past human activity. Raw walls are usually covered
with plasters, and also with frescos in monumental buildings. Such structures in the
temple city of Bagan in Ancient Burma have already been investigated [9], and further
exploration was carried out by Hye Ri Yang et al. in their study of the calcareous materials
at the Phaya Thon Zu Temple in Myanmar. The analysis of mortars showed that they
were produced by mixing clay and sandy soil, and the location of the sandy soil for the
newly produced plasters was proposed. Corbii de Piatră is a monastery in Romania,
renowned for being carved into a huge sandstone rock and decorated with frescos [10].
Marioara Abrudeanu et al. studied the plaster support of the frescos by microscopy and
compositional analysis. Carbon dating performed by AMS confirmed two production
phases dated to the 14th century.

Analytical studies are particularly important for studies of materials affected by
degradation, especially in harsh conditions such as a marine environment [11]. Liang
Zheng et al. studied a metal nameplate on the Vila D. Bosco, a modern building from the
former Portuguese colony in Macau. The authors applied several analytical techniques,
such as XRF, SEM-EDS, XRD, and ATR-FTIR, to analyze the basic material and corrosion
products. The plate was made of steel with a high sulfur content, which induced corrosion.
The study proposes a restoration plan and protection methodology for objects exposed
in a subtropical marine environment. For protection against volatile organic compounds
and other environmental factors such as high humidity, hybrid aerogels have previously
been investigated [12], and are now being further developed by George Gorgolis et al. as a
three-dimensional aerogel based on graphene and transition-metal dichalcogenides, which
can absorb harmful substances. The last set of investigated objects is from the darkest
period of human history: belongings of the victims from the Nazi concentration camp
Auschwitz-Birkenau. As textiles are prone to microbial deterioration [13], the authors Anna
Wawrzyk et al. proposed the disinfection of cotton with ethanol mist for their protection
and preservation. Subsequent investigation with FTIR-ATR and XPS showed no significant
changes in the fabric.

Author Contributions: Draft, Ž.Š.; Final version, Ž.Š. and E.M. Conceptualization, Ž.Š. and E.M.;
writing—original draft preparation, Ž.Š.; writing—review and editing, Ž.Š. and E.M. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was partly funded by the Slovenian Research and Innovation Agency (ARIS),
program P6-0283 “Archaeological Heritage Research” (E.M.).
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Article

Compositional Analysis of Longshan Period Pottery and
Ceramic Raw Materials in the Yongcheng Region, Henan
Province

Linyu Xia 1,2, Yinhong Li 1, Ge Zhang 3,4,5,*, Jialing Li 6 and Li Jaang 1,2

1 School of Archaeology and Cultural Heritage, Zhengzhou University, Zhengzhou 450001, China;
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Zhengzhou 450001, China
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Zhengzhou 450003, China
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6 School of Water Conservancy and Transportation, Zhengzhou University, Zhengzhou 450001, China;

jialingli1120@163.com
* Correspondence: gezhangyrihr@163.com

Abstract: This study systematically analyzes the composition and microstructure of Ne-
olithic pottery unearthed from the Dazhuzhuang, Likou, and Biting Sites in the Yongcheng
District using techniques such as X-ray fluorescence spectroscopy (XRF), X-ray diffrac-
tion (XRD), infrared spectroscopy (IR), and scanning electron microscopy with energy-
dispersive spectroscopy (SEM-EDS). The results show that although the raw materials for
pottery at the three sites were likely sourced from nearby ancient soil layers, significant
differences in chemical composition and manufacturing techniques are evident. Pottery
from the Dazhuzhuang Site is mainly composed of argillaceous gray pottery, with rela-
tively loose raw material selection and a wide fluctuation in SiO2 content (64.98–71.07%),
reflecting diversity in raw material sources. At the Likou Site, argillaceous black pottery
predominates, characterized by higher Al2O3 content (17.78%) and significant fluctuations
in CaO content (1.46–2.22%), suggesting the addition of calcareous fluxes and the adoption
of standardized manufacturing techniques. Pottery from the Biting Site mainly consists
of argillaceous gray pottery, showing higher Al2O3 content (17.36%), stable SiO2 content
(65.19–69.01%), and the lowest CaO content (0.84–1.81%). The microstructural analysis fur-
ther reveals that the black pottery (from the Likou Site) displays dense vitrified regions and
localized iron enrichment. In contrast, the gray pottery (from the Dazhuzhuang and Biting
Sites) shows clay platelet structures and vessel-type-specific differences in porosity. This
research provides important scientific evidence for understanding raw material selection,
manufacturing techniques, and regional cultural interactions in the Yongcheng area during
the Longshan Culture period.

Keywords: Yongcheng region; Longshan culture; pottery composition analysis; ceramic
manufacturing techniques; raw material sources

1. Introduction

The pottery manufacturing techniques during the Neolithic period in China had
already reached a high level of maturity, with diverse vessel forms and strong functional

Materials 2025, 18, 2681 https://doi.org/10.3390/ma18122681
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designs. As a representative culture of the Late Neolithic period in China, the Longshan
Culture played a key role in developing both cultural evolution and pottery technology. The
Longshan Culture in the Yongcheng District, as an important and distinctive regional type
within the Longshan cultural system, has attracted significant attention from scholars both
in China and abroad. In 1936, Li Jingdan conducted archeological surveys in the Shangqiu
and Yongcheng areas in search of the origins of the Shang civilization. He discovered
several Longshan Culture remains along both sides of the Huai River in Yongcheng and
carried out small-scale excavations at the HeiguDui Site, the Zaolütai Site, and the Caoqiao
Site, uncovering a collection of pottery, stone tools, and bone artifacts [1]. In the late 1970s,
to explore the social conditions in eastern Henan at the end of the primitive society, the
Institute of Archaeology of the Chinese Academy of Social Sciences and the Shangqiu
Cultural Relics Administration conducted three rounds of surveys in the counties of
Shangqiu, discovering 17 Longshan Culture sites [2] and carrying out excavations at the
Wangyoufang Site [3] and the Heigudui Site [4] in Yongcheng. The Wangyoufang Site is
considered the most representative, with thick cultural deposits and rich artifact types,
and the Longshan Culture remains from this site are referred to as the Wangyoufang type.
Subsequently, further discoveries of Longshan Culture remains have been made in eastern
Henan, including at the Duanzhai Site in Dancheng, the Pingliangtai Site in Huaiyang, and
the Luantai Site in Luyi, as well as the Qingliangshan Site in Xiayi and the Lutai Gang Site
in Qixian, Kaifeng. These sites have all yielded Longshan Culture remains and are generally
classified under the Wangyoufang type. In 1995, a Sino-American joint archeological team
excavated the Shantaisi Site in Zhecheng, discovering a large number of Longshan cultural
features and artifacts, such as large rammed-earth platforms and sacrificial cattle pits,
confirming its central position in the Longshan Culture of eastern Henan [5]. In 2002, the
Department of Archaeology at Zhengzhou University surveyed 24 ancient cultural sites
in Shangqiu, including four Longshan Culture sites in Yongcheng: the Hongfu Site, the
Zhaozhuang Site, the Mingyangsi Site, and the Zaolütai Site [6]. In 2022, to further clarify
the distribution of cultural relics and settlement hierarchy of the Longshan Culture in the
Huai River basin of Yongcheng, the Department of Archaeology at Zhengzhou University
carried out a comprehensive systematic survey and exploration of the cultural remains in
the region.

With the continuous publication of archeological excavation data from Longshan
Culture sites, the study of Longshan Culture has produced abundant results. Traditional
archeological research has primarily focused on the cultural chronology and origins, es-
pecially in classifying and forming regional types, such as the Wangyoufang type [7] and
the Wangwan type [8] of the Longshan Culture. Secondly, studies have addressed the
geographical distribution of the culture. Scholars such as Liang Sicheng [9], An Zhimin [10],
and Yang Zifan [11] have proposed different views on the extent of the Longshan Culture,
with three prevailing opinions regarding the western boundary of the Haidai Longshan
Culture distribution area [12]. Thirdly, many specialized studies have been carried out
on the nature and function of sites and have unearthed artifacts and features—especially
tombs and typical pottery vessels. By conducting typological research on representative pot-
tery, scholars have explored issues related to their distribution, manufacturing techniques,
morphological evolution, functions, and social significance.

With the adoption of experimental archeological methods, Chinese researchers
have increasingly employed techniques such as X-ray fluorescence spectroscopy (XRF),
wavelength-dispersive X-ray fluorescence (WDXRF), and scanning electron microscopy–
energy dispersive spectroscopy (SEM-EDS) to analyze the chemical composition and firing
techniques of Longshan Culture pottery. These methods have facilitated deeper investiga-
tions into raw material sources, production processes, and technical strategies. For example,
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Li Minsheng and Huang Suying conducted chemical and physical analyses on pottery
sherds from different periods at the Taosi Site, shedding light on ceramic manufacturing
techniques during the Miaodigou Phase II and Longshan periods [13]. Chen Qianqian and
Yang Yuzhang used WDXRF to study Neolithic pottery from the Jiahu Site in Henan and the
Xiaohuangshan Site in Zhejiang [14]; Gao Shoulei applied XRF to analyze the composition
of pottery from the Hongshan Culture at the Niuheliang Site [15]. As pottery is one of pre-
historic cultures’ most important material remains, its manufacturing technology and social
function have become core issues in international archeological research [16–20]. Interna-
tionally, scholars widely use techniques such as XRF, X-ray diffraction (XRD), SEM-EDS,
and Raman spectroscopy to analyze the composition, mineral structure, and microstruc-
ture of pottery, revealing the technological development of ceramic production [21–24].
For example, Maja Gajić-Kvašćev used EDXRF to study the composition of pottery from
the Velika Humska Čuka Site in Serbia, providing evidence of cultural exchange influ-
ences [25]. Laura Teodorescu and colleagues combined XRD and SEM-EDS to analyze the
raw materials and production techniques of Dacian pottery [26]. Philippe Colomban and
others applied XRF and Raman spectroscopy to detect different chemical compositions in
ceramics, proving that as early as the 12th century CE, Islamic potters had mastered highly
advanced ceramic techniques [27]. These international research paradigms have provided
important references for the scientific and systematic development of ceramic studies in
China [28–32].

However, current scientific archeological research still faces challenges, such as limited
analytical methods and lacking a comprehensive technical system that integrates multiple
techniques and interdisciplinary approaches. This has hindered a full understanding of the
complexity of pottery manufacturing techniques and the diversity of raw material sources.
Based on this research context, the present study adopts an integrated approach combining
traditional archeology and materials science. By applying both typological and scientific
methods and using a combination of analytical techniques, including XRF [33–36], XRD,
infrared spectroscopy (IR), and SEM-EDS, we aim to carry out systematic analysis at the
levels of chemical composition, mineral structure, and microscopic morphology [37–41].
This multi-technical approach overcomes the limitations of relying on single methods,
providing more reliable data for identifying pottery composition and raw material sources.

In 2022, the Department of Archaeology at Zhengzhou University conducted a system-
atic survey and exploration in the Huai River basin of the Yongcheng District, identifying
17 archeological sites containing cultural remains from the Longshan Culture, as shown
in Figure 1. Among them, the Dazhuzhuang Site (16,800 m2), the Biting Site (40,000 m2),
and the Likou Site (90,000 m2) are located at the junction of Henan, Anhui, and Shandong
Provinces. These sites serve as a crucial area for interaction between the Wangyoufang type
of the Longshan Culture in eastern Henan and adjacent cultural regions. With well-defined
hierarchical settlement structures, these sites yielded abundant pottery sherds from the
Longshan period, featuring diverse types and representative vessel forms. For this reason,
pottery from these three sites was selected as the focus of the present study. This research
integrates domestic and international advances in pottery studies through the systematic
sampling and analysis of typical pottery sherds unearthed from the Dazhuzhuang, Biting,
and Likou Sites [42–46]. It applies a multi-technical and interdisciplinary approach to
investigate Longshan Culture pottery in the Yongcheng District comprehensively. The
objective is to clarify the raw material sources and technological characteristics of these ce-
ramics during the Longshan period, thereby uncovering the intrinsic relationship between
ceramic manufacturing and regional cultural interaction. This study aims to provide new
empirical evidence for understanding regional variation within the Longshan Culture and
the pathways of ceramic technological transmission.
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Figure 1. Schematic map of site distribution locations.

The specimens analyzed from the three sites are introduced as follows:

1. Dazhuzhuang Site

The Dazhuzhuang Site is on the northwest side of Dazhuzhuang Village, Peiqiao Town,
Yongcheng District. It is approximately 120 m wide from north to south and 140 m long
from east to west, covering an area of about 16,800 square meters. The cultural deposits
are 0.8–2.1 m thick. Collected artifacts are mainly pottery sherds, with a few shells and
animal bone remains. The pottery primarily dates back to the Longshan culture and Han
periods. Pottery from the Longshan Culture is mainly argillaceous gray pottery, followed by
argillaceous brown pottery and argillaceous black pottery. Decorations are primarily cord
marks and plain surfaces, followed by basket patterns, along with a few string patterns and
grid patterns. Vessel types include storage jars (ceramic containers for liquids or food), the
Yan (a cooking vessel functionally similar to a modern steamer, comprising an upper zeng
for holding food and a lower li for water, separated by a perforated grate to allow for steam
circulation), the Ding (tripod or quadripod cooking vessels with handles, typically round
with three legs and two ears, though rectangular versions exist), the Dou (food-serving
vessels with tall ring feet), urns (storage vessels with a narrow mouth and bulging belly),
bowls (round concave dishes for food), and cups.

A total of 15 specimens were selected for testing, including vessel types such as storage
jars, basins (wide-mouthed, narrow-based containers for liquids, food, or washing), cups
(liquid-holding vessels), Ding legs, Yan legs, and handles (lateral protrusions for grasping).
The majority are argillaceous gray pottery, with a few argillaceous brown pottery pieces.
Decorations are mainly grid patterns and plain surfaces.
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Seven storage jars were examined, including six argillaceous gray pottery specimens
and one argillaceous brown pottery specimen. The six argillaceous gray pottery pieces
exhibit flared rims, folded rims, square lips, contracted necks, and sloping shoulders.
Specimen 2023YPDH1:1 features a globular body and is preserved below the belly. The
surface is plain (Figure 2(1)). Specimen 2023YPDH1:4 is preserved below the shoulder,
which is decorated with grid patterns (Figure 2(6)). Specimen 2023YPDH1:5 has a round
lip and is preserved below the shoulder. The shoulder is decorated with diamond-shaped
grid patterns (Figure 2(7)). Specimen 2023YPDH1:16 has a square lip with a circumferential
groove on the lip surface and is preserved below the shoulder. The shoulder is decorated
with grid patterns (Figure 3(1)). Specimen 2023YPDH2:1 has a grid pattern decoration
on the shoulder. Specimen 2023YPDH2:5 features a round lip and a curved body, with
the lower belly preserved. The exterior is decorated with medium-sized cord marks
(Figure 3(3)).

Figure 2. Pottery specimens from the Longshan Culture period at the Dazhuzhuang Site. (1) Stor-
age jar (2023YPDH1:1), (2) Yan leg (2023YPDH1:23), (3) handle (2023YPDH1:17), (4) Ding leg
(2023YPDH1:21), (5) storage jar (2023YPDH1:9), (6) storage jar (2023YPDH1:4), (7) storage jar
(2023YPDH1:5), (8) cup (2023YPDH1:19), (9) basin (2023YPDH1:13), (10) basin (2023YPDH1:12),
and (11) Basin (2023YPDH1:11).

Figure 3. Pottery specimens from the Longshan Culture period at the Dazhuzhuang Site. (1) Storage
jar (2023YPDH1:16), (2) basin (2023YPDH2:12), and (3) storage jar (2023YPDH1:5).

Specimen 2023YPDH1:9 is an argillaceous brown pottery storage jar. It features a
flared rim, a folded rim, a square lip with a circumferential groove on the inner edge, a
contracted neck, sloping shoulders, and a curved body. The portion below the belly is
preserved. The exterior has diamond-shaped grid patterns (Figure 2(5)).
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Four basins were examined, including three made of argillaceous gray pottery. These
basins have open mouths, round lips, and obliquely straight bodies, with parts preserved
below the belly. The surfaces are plain. Specimens include 2023YPDH1:13 (Figure 2(9)),
2023YPDH1:11 (Figure 2(11)), and 2023YPDH2:12.

One specimen is made of argillaceous brown pottery, featuring an open mouth, a
round lip, an obliquely straight body, and preservation below the belly. The surface is plain
(Specimen 2023YPDH1:12) (Figure 2(10)).

One cup was identified. Specimen 2023YPDH1:19 is an argillaceous gray pottery piece
with an open mouth, a square lip, a circumferential groove on the inner edge of the rim, a
shallow body, and a flat base. The surface is plain (Figure 2(8)).

One Ding leg was found. Specimen 2023YPDH1:21 is an argillaceous brown pottery
piece. It has a side-triangular flat leg with a solid root. There are six depressions on the
outer side of the leg root. The surface is plain (Figure 2(4)).

One Yan leg was recovered. Specimen 2023YPDH1:23 is made of argillaceous gray
pottery and features a pouch-shaped leg with a tall, tapered, solid root. The surface is plain
(Figure 2(2)).

One handle was documented. Specimen 2023YPDH1:17 is an argillaceous gray pottery
piece with a bridge-shaped handle. The surface is plain (Figure 2(3)).

2. Biting Site

The Biting Site is located southeast of Bianzhuang Village, Xinqiao Town, Yongcheng
District. The central, western, and northern parts of the site are overlain by the town’s
grain storage facility. The site is irregular in shape and covers an area of approximately
40,000 square meters. Collected artifacts mainly date back to the Longshan and Shang
culture periods. Pottery sherds from the Longshan Culture period are primarily composed
of argillaceous gray and argillaceous gray-black pottery, along with some argillaceous
polished black pottery and argillaceous brown pottery. There are also small quantities of
sand-tempered gray/brown pottery and shell-tempered brown/gray pottery. Decorative
patterns are dominated by basket patterns, square patterns, and plain surfaces, followed by
cord-marked patterns and a few string patterns. Common vessel types include storage jars,
basins, bowls, and Ding.

A total of eight specimens were selected for testing, including storage jars, basins,
bowls, and Ding legs. Most are made of argillaceous gray pottery, with decorative patterns
mainly featuring square patterns, cord marks, and plain surfaces.

Five storage jars, all made of argillaceous gray pottery, have flaring mouths, folded
rims, and square lips (Specimen 2023YXBP 5©:7: argillaceous gray pottery). A groove is
present inside the lip, and it has a contracted neck and a sloping shoulder but is missing
below the shoulder. The shoulder is decorated with a square pattern (Figure 4(3)) (Specimen
2023YXBP 5©:21: argillaceous gray pottery). It has a contracted neck and a sloping shoulder
but is missing below the shoulder. The shoulder is decorated with a cord-marked pattern
(Figure 4(4)) (Specimen 2023YXBP 5©:13: argillaceous gray pottery). A groove is present
inside the lip, and it has a contracted neck, a sloping shoulder, and a plain surface but
is missing below the shoulder (Figure 4(5)) (Specimen 2023YXBP 5©:8: argillaceous gray
pottery). A groove is present inside the lip, and it has a contracted neck and a sloping
shoulder but is missing below the shoulder. The shoulder is decorated with a square
pattern (Figure 4(6)) (Specimen 2023YXBP 5©:14: argillaceous gray pottery). A groove is
present on the surface of the square lip, and it has a contracted neck, a round shoulder, and
a plain surface; it is missing below the shoulder (Figure 4(7)).
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Figure 4. Pottery samples from the Longshan Culture period. (1) Basin (2023YXBP 5©:1), (2) bowl
(2023YXBP 5©:10), (3) storage jar (2023YXBP 5©:7), (4) storage jar (2023YXBP 5©:21), (5) storage jar
(2023YXBP 5©:13), (6) storage jar (2023YXBP 5©:8), (7) storage jar (2023YXBP 5©:14), and (8) Ding leg
(2023YXBP 5©:19).

One basin: Specimen 2023YXBP 5©:1: argillaceous gray pottery: It has a flaring mouth,
a folded rim, a round lip with an inner groove, an oblique straight belly, and a plain
surface but is missing below the belly (Figure 4(1)). One bowl: Specimen 2023YXBP 5©:10:
argillaceous gray pottery: It has an open mouth, a square lip with a groove on the lip
surface, an oblique belly, and a plain surface but is missing below the belly (Figure 4(2)).
One ding leg: Argillaceous gray pottery: It has a side-triangular flat leg with a solid foot
root. The tip of the foot is broken. A depression is visible on the upper part of the outer
side of the leg (Figure 4(8)).

3. Likou Site

The Likou Site is located in Likou Village, Houling Community. The Huai River
lies to the south, a village to the west, and the northern and eastern areas border the
Huaibei City of Anhui Province. It is situated on a high terrace surrounded by water
on two sides. The site measures about 300 m in length and width, covering an area of
approximately 90,000 square meters, with cultural deposits ranging from 0.3 to 3.8 m thick.
Collected artifacts include pottery sherds, stone tools, shells, deer antlers, and animal
bones. Pottery sherds mainly date back to the Yangshao, Longshan, and Shang cultures.
Pottery from the Longshan Culture period is primarily argillaceous gray pottery, along with
polished black pottery, argillaceous brown pottery, and small quantities of sand-tempered
gray/brown pottery and shell-tempered gray/brown pottery. The decorations include
basket, square, and cord-marked patterns, with minor plain surfaces and scattered string
patterns. Vessel types include storage jars, urns, basins, bowls, pottery lids (a cover for
containers), and Ding.

A total of five specimens were selected for testing, including urns, storage jars, and a
pottery lid.

Two urns, both made of argillaceous black pottery, have straight mouths and sharp
lips. Specimen 2023YHL 6©:1: The outer side of the rim has two raised ridges. It has a short
neck and a sloping shoulder but is missing below the shoulder. The surface is plain and
polished (Figure 5(1)). Specimen 2023YHL 6©:2: The inner side of the rim has a groove; it
has a tall neck and a sloping shoulder but is missing below the shoulder (Figure 5(2)).
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Figure 5. Pottery samples from the Longshan Culture period at the Likou Site. (1) Urn (2023YHL 6©:1),
(2) urn (2023YHL 6©:2), (3) rim of a storage jar (B6:4), (4) pottery lid (2023YHLH2:2), and (5) body
sherd of a storage jar (B6:3).

One pottery lid: Specimen 2023YHLH2:2: argillaceous gray pottery: It has an open
mouth with a slightly constricted rim, a square lip with a groove on the lip surface, an
oblique straight belly, and a flat base, along with wheel marks on the inside and a plain
surface (Figure 5(4)).

Two storage jars are made of argillaceous black pottery with plain polished surfaces:
Specimen B6:3: a body sherd (Figure 5(5)). Specimen B6:4: a flaring mouth, a rounded
sharp lip, a contracted neck, and missing below the neck (Figure 5(3)).

2. Experimental

2.1. Sample Preparation

Firstly, the ceramic sample is cut into small pieces of approximately 2 cm2 using a
cutting machine, and the sections are ground flat. Secondly, the test samples are cleaned
by ultrasonic treatment in purified water twice, followed by cleaning with alcohol. For
SEM-EDS analysis, the samples are broken into smaller pieces using pliers. For XRD, XRF,
and IR tests, the smaller pieces were sequentially pulverized, ground, and sieved through
a 0.075 mm sieve. Table 1 shows the grouping of performance index tests, including the
size and number of each test and specimen.

Table 1. Grouping of the performance index tests.

Performance Index Specimen Size Quantity

Energy-dispersive X-ray fluorescence (XRF) 20 mm × 20 mm × 20 mm 84

Infrared spectroscopy (IR) 20 mm × 20 mm × 20 mm 57

X-ray diffraction analysis (XRD) 20 mm × 20 mm × 20 mm 57

Scanning electron microscopy (SEM) 40 mm × 40 mm × 40 mm 49

2.2. Energy-Dispersive X-Ray Fluorescence Analysis

Energy-dispersive X-ray fluorescence (XRF) (Shimadzu EDX-8100, Kyoto, Japan) was
used to test the chemical compositions of the bodies and surface coatings, with an X-ray
spot diameter of 1.2 mm, an X-ray tube voltage of 30 kV, an X-ray tube current of 0.029 mA,
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and a data acquisition time of 100 s. The standard sample is Corning Glass D, which is
used to calibrate the content of the samples.

2.3. Infrared Spectroscopy Analysis

An infrared spectrometer (XploRA PLUS, Horiba, Longjumeau, France) was used to
analyze the phase of surface coatings. Infrared spectra were collected at room temperature
under the 785 nm excitation line in the 100–4000 cm−1 spectral range. The laser beam was
focused by a 50× objective lens with a laser spot diameter of 1 μm and a laser power of
1 mW.

2.4. X-Ray Diffraction Analysis

To use the Japanese physical X-ray diffractometer (Shimadzu Corporation, Kyoto,
Japan), we took the sample after drying and grinding treatment and placed it into the glass
groove for testing. The sampling interval was 0.04◦ (2θ); the sampling speed was 2 ◦/min,
and the scanning angle range was 5–70◦ (2θ).

2.5. Scanning Electron Microscopy Test

The microstructure of the samples was observed using a Sigma 300 field emission
environmental scanning electron microscope (Carl Zeiss AG, Oberkochen, Germany). The
signal encompassed secondary electrons and backscattered electrons; the acceleration
voltage was 15 kV; the vacuum level was maintained at 1 Pa; the amplification range
was 18–30,000 times, and the maximum resolution was 3 nm. A thin layer of gold was
deposited on the samples to enhance their conductivity for scanning electron microscopy.
Backscattered electron images were obtained at a voltage of 15 kV. EDS was performed at
20 kV. The samples analyzed by SEM-EDS were prepared as polished resin blocks. The
results were obtained from a single bulk chemical analysis.

3. Results and Discussion

3.1. Analysis of Chemical Composition Result

A total of 28 pottery samples were analyzed in this study, including 15 pieces from
the Dazhuzhuang Site in Yongcheng, 5 pieces from the Likou Site in Yongcheng, and
8 pieces from the Biting Site in Yongcheng, all dating to the Longshan Culture period of the
Neolithic Age. The 15 samples from the Dazhuzhuang Site include vessel types such as
storage jars, Yan legs (tripod leg of “Yan,” a ritual cooking vessel with hollow legs), handles
(“pan”, horizontal non-perforated clay attachments for gripping), Ding legs, cups, and
basins, with the majority made of argillaceous gray pottery and a small number made of
argillaceous brown pottery. The five samples from the Likou Site consist of pottery lids,
urns, and body sherds and are mainly composed of argillaceous black pottery. The eight
samples from the Biting Site include basins, bowls, storage jars, and Ding vessels, all made
of argillaceous gray pottery.

From a typological perspective, these samples exhibit distinct regional characteristics.
Artifacts from the Dazhuzhuang Site display a rich diversity of vessel types, covering
these major functional categories, including cooking (Ding legs and Yan legs), storage
(storage jars and basins), and drinking (cups), possibly reflecting the multifunctionality
of the settlement. Artifacts from the Likou Site are predominantly storage vessels, such
as pottery lids, urns, and body sherds, made from thin-walled, polished black pottery. In
contrast, artifacts from the Biting Site are mainly utilitarian vessels for daily use, such as
basins, bowls, storage jars, and Ding vessels, characterized by regular forms and consistent
body structures.
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3.1.1. Dazhuzhuang Site

XRF was used to measure the chemical composition of 16 elements in the pottery
samples unearthed from the Dazhuzhuang site. The contents of 10 elements, including
SiO2, Al2O3, Fe2O3, K2O, MgO, CaO, Na2O, TiO2, and P2O5, are shown in Table 2. The
detailed statistical results of chemical composition are shown in Table 3.

Table 2. XRF experimental data results of the Dazhuzhuang Site in the Yongcheng area (con-
tent: wt.%).

Sample Number Pottery Type Part SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O TiO2 P2O5

2023YPDH1:1-1 argillaceous gray pottery Storage jar 68.41 16.28 5.44 3.52 1.63 1.75 1.30 0.74 0.63
2023YPDH1:1-2 argillaceous gray pottery Storage jar 68.48 16.25 5.45 3.50 1.57 1.81 1.24 0.75 0.66
2023YPDH1:1-3 argillaceous gray pottery Storage jar 68.37 16.31 5.40 3.54 1.59 1.77 1.31 0.75 0.68
2023YPDH1:23-1 argillaceous gray pottery Yan leg 68.01 16.67 5.49 3.70 1.67 1.49 1.15 0.76 0.77
2023YPDH1:23-2 argillaceous gray pottery Yan leg 68.04 16.69 5.47 3.66 1.68 1.53 1.13 0.75 0.79
2023YPDH1:23-3 argillaceous gray pottery Yan leg 68.17 16.59 5.37 3.72 1.69 1.48 1.20 0.75 0.77
2023YPDH1:17-1 argillaceous gray pottery Handle 68.25 16.54 5.33 3.66 1.63 1.44 1.16 0.74 0.98
2023YPDH1:17-2 argillaceous gray pottery Handle 68.50 16.56 5.19 3.58 1.71 1.41 1.11 0.73 0.98
2023YPDH1:17-3 argillaceous gray pottery Handle 68.29 16.58 5.33 3.66 1.64 1.44 1.10 0.74 0.98
2023YPDH1:21-1 argillaceous brown pottery Ding leg 68.24 16.81 5.52 3.57 1.60 1.45 1.16 0.74 0.65
2023YPDH1:21-2 argillaceous brown pottery Ding leg 68.30 16.87 5.40 3.55 1.61 1.42 1.16 0.73 0.72
2023YPDH1:21-3 argillaceous brown pottery Ding leg 68.39 16.86 5.29 3.51 1.63 1.41 1.12 0.74 0.83
2023YPDH1:9-1 argillaceous brown pottery Storage jar 68.84 16.54 5.40 3.60 1.63 1.42 1.13 0.73 0.55
2023YPDH1:9-2 argillaceous brown pottery Storage jar 68.88 16.47 5.39 3.62 1.65 1.39 1.14 0.73 0.55
2023YPDH1:9-3 argillaceous brown pottery Storage jar 69.00 16.44 5.33 3.62 1.63 1.40 1.14 0.74 0.53
2023YPDH1:4-1 argillaceous gray pottery Storage jar 67.29 17.09 5.92 3.62 1.65 1.50 1.29 0.78 0.60
2023YPDH1:4-2 argillaceous gray pottery Storage jar 67.76 16.95 5.82 3.60 1.62 1.49 1.22 0.77 0.54
2023YPDH1:4-3 argillaceous gray pottery Storage jar 67.55 17.15 5.79 3.64 1.63 1.48 1.23 0.76 0.54
2023YPDH1:5-1 argillaceous gray pottery Storage jar 67.93 16.81 5.11 3.68 1.62 1.64 1.12 0.74 1.10
2023YPDH1:5-2 argillaceous gray pottery Storage jar 68.18 16.74 5.20 3.50 1.61 1.63 1.09 0.74 1.06
2023YPDH1:5-3 argillaceous gray pottery Storage jar 68.05 16.70 5.19 3.65 1.59 1.63 1.13 0.74 1.08
2023YPDH1:19-1 argillaceous gray pottery Cub 68.64 16.63 5.64 3.42 1.80 1.19 1.10 0.71 0.65
2023YPDH1:19-2 argillaceous gray pottery Cub 68.56 16.62 5.71 3.51 1.74 1.21 1.11 0.74 0.61
2023YPDH1:19-3 argillaceous gray pottery Cub 68.43 16.57 5.75 3.51 1.77 1.21 1.16 0.73 0.62
2023YPDH1:13-1 argillaceous gray pottery Basin 67.64 16.99 5.61 3.74 1.53 1.55 1.12 0.75 0.76
2023YPDH1:13-2 argillaceous gray pottery Basin 67.54 17.09 5.64 3.74 1.53 1.53 1.17 0.74 0.76
2023YPDH1:13-3 argillaceous gray pottery Basin 67.90 17.01 5.53 3.67 1.49 1.53 1.08 0.73 0.84
2023YPDH1:12-1 argillaceous brown pottery Basin 67.71 17.01 5.52 3.75 1.53 1.51 1.17 0.74 0.78
2023YPDH1:12-2 argillaceous brown pottery Basin 67.90 16.94 5.54 3.76 1.50 1.51 1.10 0.75 0.75
2023YPDH1:12-3 argillaceous brown pottery Basin 67.73 17.02 5.55 3.77 1.54 1.51 1.14 0.75 0.75
2023YPDH1:11-1 argillaceous gray pottery Basin 67.47 16.93 5.72 3.71 1.59 1.54 1.07 0.73 0.96
2023YPDH1:11-2 argillaceous gray pottery Basin 67.75 16.81 5.66 3.73 1.60 1.54 1.05 0.72 0.94
2023YPDH1:11-3 argillaceous gray pottery Basin 67.64 16.78 5.68 3.72 1.60 1.55 1.09 0.73 0.97
2023YPDH1:16-1 argillaceous gray pottery Storage jar 67.08 17.90 7.03 2.94 1.43 1.32 1.11 0.76 0.22
2023YPDH1:16-2 argillaceous gray pottery Storage jar 67.01 17.85 7.07 3.00 1.43 1.30 1.10 0.77 0.27
2023YPDH1:16-3 argillaceous gray pottery Storage jar 67.22 17.87 7.02 2.96 1.41 1.30 1.08 0.76 0.17
2023YPDH2:12-1 argillaceous brown pottery Basin 65.08 18.59 6.80 3.35 1.68 1.77 1.00 0.79 0.69
2023YPDH2:12-2 argillaceous brown pottery Basin 65.08 18.83 6.71 3.27 1.68 1.77 0.95 0.80 0.71
2023YPDH2:12-3 argillaceous brown pottery Basin 64.98 18.68 6.81 3.36 1.72 1.74 1.00 0.79 0.68
2023YPDH2:1-1 argillaceous gray pottery Storage jar 66.94 18.17 6.52 3.18 1.67 1.28 1.08 0.79 0.17
2023YPDH2:1-2 argillaceous gray pottery Storage jar 66.74 18.22 6.68 3.20 1.68 1.25 1.04 0.80 0.18
2023YPDH2:1-3 argillaceous gray pottery Storage jar 66.67 18.24 6.71 3.18 1.70 1.25 1.06 0.79 0.18
2023YPDH2:5-1 argillaceous gray pottery Storage jar 70.19 15.79 5.23 2.95 1.40 1.55 1.24 0.78 0.65
2023YPDH2:5-2 argillaceous gray pottery Storage jar 70.97 15.37 5.08 2.90 1.37 1.50 1.20 0.77 0.63
2023YPDH2:53 argillaceous gray pottery Storage jar 71.07 15.18 5.10 2.91 1.33 1.50 1.24 0.77 0.66

Table 3. Statistical results of the chemical composition of the pottery shards from the Dazhuzhuang
Site in the Yongcheng area (wt.%).

Statistical Measures SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O TiO2

Number of Samples 45 45 45 45 45 45 45 45
Mean 67.93 16.96 5.74 3.49 1.60 1.49 1.14 0.75

Maximum 71.07 18.83 7.07 3.77 1.80 1.81 1.31 0.80
Minimum 64.98 15.18 5.08 2.90 1.33 1.19 0.95 0.71

Standard Deviation 1.19 0.78 0.58 0.26 0.11 0.16 0.08 0.02

According to Table 3, the SiO2 content at the Dazhuzhuang Site ranges from 64.98% to
71.07%, with an average of 64.98% and a standard deviation of 1.19%. The Al2O3 content
ranges from 15.18% to 18.83%, with an average of 16.96% and a standard deviation of
0.78%. The Fe2O3 content varies between 5.08% and 7.07%, with an average of 5.74% and
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a standard deviation of 0.58%. The K2O content ranges from 2.90% to 3.77%, with an
average of 3.49% and a standard deviation of 0.26%. The MgO content ranges from 1.33%
to 1.80%, with an average of 1.60% and a standard deviation of 0.11%. The CaO content
varies between 1.19% and 1.81%, with an average of 1.49% and a standard deviation of
0.16%. The Na2O content ranges from 0.95% to 1.31%, with an average of 1.14% and a
standard deviation of 0.08%.

In terms of oxide composition, the SiO2/Al2O3 ratio of 3.96 at the Dazhuzhuang Site
indicates the use of clay with moderate weathering. The relatively high Fe2O3 content
(5.74%) suggests that the raw materials may contain a significant amount of hematite,
while the stable alkali metal content indicates that illite is the dominant clay mineral.
Notably, SiO2 exhibits the largest standard deviation (1.19%) among the oxides, reflecting
the most significant variability in silicon content. This variability may be attributed to the
following technical characteristics in raw material processing: (1) an uneven distribution of
quartz particles within the raw materials, (2) relatively lenient selection criteria for siliceous
materials by local potters, and (3) the potential mixing of raw materials from different
batches or sources. In contrast, the relatively stable Al2O3 content (standard deviation of
0.78%) suggests that potters in this region likely prioritized stricter quality control for clay
components, while showing greater flexibility in the selection of siliceous temper materials.

3.1.2. Likou Site

The chemical compositions of 16 elements in pottery samples excavated from the
Likou Site were measured using X-ray fluorescence (XRF). Among these, the contents
of ten elements, including SiO2, Al2O3, Fe2O3, K2O, MgO, CaO, Na2O, TiO2, and P2O3,
are presented in Table 4, with detailed statistical results of their chemical compositions
provided in Table 5.

Table 4. XRF experimental data results of the Likou Site in the Yongcheng area (content: wt.%).

Sample Number Pottery Type Part SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O TiO2

2023YHLH2:2-1 argillaceous gray pottery Pottery lid 67.06 18.11 6.17 3.01 1.70 1.50 1.22 0.82
2023YHLH2:2-2 argillaceous gray pottery Pottery lid 67.04 18.04 6.24 3.01 1.70 1.51 1.22 0.82
2023YHLH2:2-3 argillaceous gray pottery Pottery lid 66.91 18.09 6.26 3.03 1.70 1.51 1.27 0.81
2023YHL 6©:1-1 argillaceous black pottery Urn 67.89 17.37 5.14 3.47 1.70 1.76 1.15 0.80
2023YHL 6©:12 argillaceous black pottery Urn 67.90 17.43 5.16 3.43 1.69 1.79 1.10 0.80
2023YHL 6©:1-3 argillaceous black pottery Urn 67.97 17.46 5.02 3.47 1.67 1.75 1.16 0.79
2023YHL 6©:2-1 argillaceous black pottery Urn 67.48 17.83 5.69 3.34 1.85 1.47 1.08 0.78
2023YHL 6©:2-2 argillaceous black pottery Urn 67.00 17.91 5.93 3.43 1.91 1.46 1.06 0.79
2023YHL 6©:2-3 argillaceous black pottery Urn 66.97 17.90 5.97 3.44 1.87 1.47 1.09 0.80
2023YHLB6:3-1 argillaceous black pottery Body sherd 65.93 17.75 6.00 3.60 1.71 2.22 1.12 0.82
2023YHLB6:3-2 argillaceous black pottery Body sherd 65.99 17.70 6.01 3.59 1.70 2.19 1.14 0.82
2023YHLB6:3-3 argillaceous black pottery Body sherd 65.97 17.76 5.97 3.60 1.70 2.21 1.12 0.83
2023YHLB6:4-1 argillaceous black pottery Body sherd 67.44 17.75 5.30 3.46 1.58 1.82 1.20 0.80
2023YHLB6:4-2 argillaceous black pottery Body sherd 67.37 17.85 5.29 3.45 1.58 1.82 1.19 0.80
2023YHLB6:4-3 argillaceous black pottery Body sherd 67.53 17.81 5.23 3.49 1.59 1.82 1.09 0.80

Table 5. Statistical results of the chemical composition of the pottery shards from the Likou Site in
the Yongcheng area (wt.%).

Statistical Measures SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O TiO2

Number of Samples 15 15 15 15 15 15 15 15
Mean 67.10 17.78 5.69 3.39 1.71 1.75 1.15 0.81

Maximum 67.97 18.11 6.26 3.60 1.91 2.22 1.27 0.83
Minimum 65.93 17.37 5.02 3.01 1.58 1.46 1.06 0.78

As shown in Table 5, the SiO2 content at the Likou Site in the Yongcheng region ranges
from 65.93% to 67.97%, with an average of 67.10% and a standard deviation of 0.68%. The
Al2O3 content varies between 17.37% and 18.11%, averaging 17.78% (standard deviation:
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0.23%). Fe2O3 levels span 5.02–6.26%, with a mean value of 5.69% and a standard deviation
of 0.45%. The K2O content ranges from 3.01% to 3.60% (average: 3.39%; SD: 0.20%), while
MgO concentrations fall within 1.58–1.91% (average: 1.71%; SD: 0.10%). CaO values are
recorded between 1.46% and 2.22% (mean: 1.75%; SD: 0.28%), and the Na2O content ranges
from 1.06% to 1.27% (average: 1.15%; SD: 0.06%). Regarding major elemental characteristics,
the high Al2O3 content (17.78%) at the Likou Site suggests using high-quality kaolin or well-
weathered sedimentary clay in pottery production. The SiO2/Al2O3 ratio of 3.77 aligns
with typical clay ranges, effectively excluding the possibility of primary loess utilization.

Compared to the Dazhuzhuang site, the pottery from the Likou site exhibits signif-
icant technological differences. Firstly, in terms of elemental composition, although the
levels of SiO2 and Fe2O3 are similar, the contents of Al2O3 and CaO are notably higher.
Secondly, regarding process control, the standard deviations of Fe2O3, SiO2, and Al2O3 are
significantly lower than those at the Dazhuzhuang site, whereas the standard deviation
of CaO is relatively higher. This phenomenon may reflect the following technological
characteristics during the firing process of the pottery: (1) The Likou site used high-quality
clay materials with higher Al2O3 content. (2) Potters in the region demonstrated more
standardized selection and processing of silico-aluminous raw materials. (3) The greater
fluctuation in CaO content may indicate the intentional addition of calcareous tempering
agents (such as shell powder or lime) during firing or could result from natural variations
in raw material batches.

3.1.3. Biting Site

The chemical composition of 16 elements in the pottery samples unearthed from the
Biting site was measured using X-ray fluorescence (XRF). Among them, the contents of
10 major elements—SiO2, Al2O3, Fe2O3, K2O, MgO, CaO, Na2O, TiO2, and P2O5—are
presented in Table 6. Detailed statistical results of the chemical composition are shown in
Table 7.

Table 6. XRF experimental data results from the Yiting Site in the Yongcheng area (content: wt.%).

Sample Number Pottery Type Part SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O TiO2 P2O5

2023YXBP 5©:1-1 argillaceous gray pottery Basin 67.12 17.60 5.51 3.37 1.73 1.64 1.31 0.82 0.67
2023YXBP 5©:1-2 argillaceous gray pottery Basin 67.06 17.49 5.62 3.39 1.74 1.62 1.36 0.82 0.67
2023YXBP 5©:1-3 argillaceous gray pottery Basin 67.20 17.55 5.65 3.28 1.73 1.63 1.27 0.81 0.65

2023YXBP 5©:10-1 argillaceous gray pottery Bowl 67.95 16.97 5.45 3.35 1.76 1.53 1.33 0.82 0.62
2023YXBP 5©:10-2 argillaceous gray pottery Bowl 67.86 16.91 5.55 3.34 1.81 1.51 1.34 0.81 0.62
2023YXBP 5©:10-3 argillaceous gray pottery Bowl 67.59 16.96 5.68 3.39 1.81 1.57 1.29 0.83 0.64
2023YXBP 5©:7-1 argillaceous gray pottery Storage jar 67.97 17.67 5.38 3.43 1.50 1.43 1.28 0.82 0.29
2023YXBP 5©:7-2 argillaceous gray pottery Storage jar 68.49 17.43 5.28 3.27 1.52 1.41 1.34 0.77 0.25
2023YXBP 5©:7-3 argillaceous gray pottery Storage jar 67.93 17.65 5.30 3.39 1.55 1.44 1.41 0.79 0.31

2023YXBP 5©:21-1 argillaceous gray pottery Storage jar 65.22 17.77 7.08 4.31 1.95 1.13 0.96 0.93 0.45
2023YXBP 5©:21-2 argillaceous gray pottery Storage jar 65.20 17.69 7.10 4.28 1.98 1.13 1.04 0.90 0.45
2023YXBP 5©:21-3 argillaceous gray pottery Storage jar 65.19 17.67 7.11 4.32 1.97 1.13 1.02 0.93 0.46
2023YXBP 5©:13-1 argillaceous gray pottery Storage jar 67.02 17.33 5.98 3.66 1.89 1.38 1.21 0.79 0.51
2023YXBP 5©:13-2 argillaceous gray pottery Storage jar 66.92 17.34 6.08 3.67 1.88 1.39 1.24 0.79 0.49
2023YXBP 5©:13-3 argillaceous gray pottery Storage jar 67.04 17.32 6.04 3.66 1.88 1.37 1.16 0.79 0.51

Table 7. Statistical results of the chemical composition of the pottery shards from the Yiting Site in
the Yongcheng area.

Statistical Measures SiO2 Al2O3 Fe2O3 K2O MgO CaO Na2O TiO2

Number of Samples 24 24 24 24 24 24 24 24
Mean 67.29 17.36 5.98 3.49 1.72 1.41 1.25 0.81

Maximum 69.01 18.08 7.11 4.32 1.98 1.81 1.52 0.93
Minimum 65.19 15.88 5.28 3.11 1.41 0.84 0.96 0.70

Standard Deviation 1.30 0.62 0.59 0.34 0.19 0.28 0.16 0.06
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As shown in Table 7, the SiO2 content in pottery from the Biting site in the Yongcheng
area ranges from 65.19% to 69.01%, with an average of 67.29% and a standard deviation
of 1.30%. The Al2O3 content ranges from 15.88% to 18.08%, with an average of 17.36%
and a standard deviation of 0.62%. Fe2O3 ranges from 5.28% to 7.11%, averaging 5.98%
with a standard deviation of 0.59%. The K2O content falls between 3.11% and 4.32%, with
a mean of 3.49% and a standard deviation of 0.34%. MgO ranges from 1.41% to 1.98%,
averaging 1.72% with a standard deviation of 0.19%. CaO ranges from 0.84% to 1.81%, with
an average of 1.41% and a standard deviation of 0.28%. The Na2O content ranges from
0.96% to 1.52%, with a mean of 1.25% and a standard deviation of 0.16%. Regarding major
elements, the high Al2O3 content (up to 17.78%) in pottery from the Biting site suggests
the use of high-quality kaolinite or well-weathered sedimentary clay as raw materials. The
SiO2/Al2O3 ratio of 3.87 indicates a high degree of weathering of the raw materials. The
notable Na2O content (1.25%) may reflect the presence of sodium feldspar minerals in
the clay.

Compared to the Dazhuzhuang and Likou Sites, the pottery from the Biting Site
exhibits the highest Al2O3 content and the lowest CaO content, although with greater
variability. In contrast, the distribution of SiO2 content is the most stable, suggesting that
calcareous tempering materials were rarely used during the firing process.

3.2. Two-Dimensional Scatter Analysis of XRF Data

In archeological science research, two-dimensional scatter analysis of elemental con-
centrations is important for revealing the characteristics of raw materials used in ancient
artifacts. Based on the chemical composition of the pottery, this study selects four major
oxides—SiO2, Al2O3, CaO, and Fe2O3—for two-dimensional scatter analysis [47].

Figure 6a presents a two-dimensional scatter plot of the SiO2 and CaO content. As shown
in the figure, the pottery unearthed from the Dazhuzhuang, Likou, and Biting Sites in the
Yongcheng area generally has SiO2 concentrations between 65.00% and 69.00% and CaO
concentrations mostly ranging from 1.10% to 1.85%. The SiO2/CaO ratios vary widely, ranging
from 35.14 to 62.72. Specifically, while the CaO content at the Dazhuzhuang site is relatively
concentrated, the SiO2 distribution is significantly more scattered than at the other two sites,
with a standard deviation of up to 1.19. In contrast, artifacts from the Biting Site generally show
lower CaO content, whereas those from the Likou Site display higher CaO levels.

Figure 6b illustrates the bivariate distribution of SiO2 and Al2O3 for pottery from the
three sites. The analysis reveals that most samples from Dazhuzhuang, Likou, and Biting
fall within the ranges of 65.00–69.00% for SiO2 and 15.70–18.25% for Al2O3. The SiO2/Al2O3

ratios range from 3.56 to 4.40, which is significantly lower than the typical 7–10 range found
in the loess of the middle Yellow River region [48]. According to geochemical indicators
proposed by Liu Dongsheng [49], such low ratios may reflect the following formation
mechanisms: (1) The pottery raw materials were derived from highly weathered sediments.
(2) The materials formed under humid climatic conditions and underwent intense chemical
weathering. (3) There may have been deliberate human processes of raw material selection
or levigation. Notably, the three sites exhibit different distribution patterns. Dazhuzhuang
shows the greatest elemental dispersion, possibly due to varied raw material sources or
processing methods. In contrast, Likou shows the most concentrated distribution, which,
along with its significantly larger site scale, indirectly suggests a more standardized raw
material selection and processing system. These differences provide important clues
for understanding ceramic technological traditions in the Neolithic settlements of the
Yongcheng region and offer new perspectives for exploring the relationship between
settlement size, hierarchy, and craft production in the Neolithic period.
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Figure 6c presents a two-dimensional scatter plot of the SiO2 and Fe2O3 content. The
pottery from all three sites shows SiO2 concentrations mainly between 65.00% and 69.00%,
and Fe2O3 concentrations between 5.00% and 6.00%, with SiO2/Fe2O3 ratios mostly in the
range of 11.5–13. Among them, Dazhuzhuang shows the greatest dispersion in both SiO2

and Fe2O3 contents, while Likou and Biting show more concentrated SiO2 distributions,
though the Fe2O3 content still varies considerably.

(a) SiO2-CaO (b) SiO2-Al2O3

(c) SiO2-Fe2O3 (d) Fe2O3-CaO

Figure 6. Two-dimensional compositional analysis of oxides in pottery unearthed from the
Dazhuzhuang, Likou, and Biting Sites in the Yongcheng District.

Figure 6d shows the two-dimensional scatter plot of the Fe2O3 and CaO content.
Pottery from all three sites generally has Fe2O3 concentrations between 5.00% and 6.00%
and CaO concentrations between 1.10% and 1.85%, with Fe2O3/CaO ratios ranging from
2.70 to 5.45. From the figure, it can be seen that the Fe2O3 content at Dazhuzhuang is
more widely dispersed compared to Likou and Biting. In contrast, the CaO content is
more tightly clustered, indicating that potters at Dazhuzhuang had stricter control over
calcareous components in their raw materials.

In summary, although the Dazhuzhuang, Likou, and Biting Sites are all located in
the Yongcheng area of Shangqiu and their pottery dates to the Longshan period, two-
dimensional scatter analysis of elemental composition reveals notable differences. These
distribution patterns reflect the diversity of ceramic raw materials in the region and suggest
differentiated strategies of raw material selection or technological traditions across the sites.
Dazhuzhuang, in particular, exhibits the highest degree of elemental variability, indicating a
relatively loose standard for raw material selection—likely involving the mixing of various
clays or sourcing materials from multiple locations. Notably, no kiln remains have been
discovered at Dazhuzhuang despite a surveyed site area of 16,800 square meters. Whether
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a site of this scale during the Longshan culture possessed the technology and facilities for
independent pottery production remains a topic for further investigation.

3.3. Microcomposition-IR

Infrared (IR) analysis was conducted on pottery artifacts unearthed from the
Dazhuzhuang, Likou, and Biting Sites in the Yongcheng area, with the results shown
in Figure 4. Figure 7a,b display the IR spectra of samples from the Dazhuzhuang Site;
Figure 7c presents the spectrum from the Likou Site, and Figure 7d shows the spectrum
from the Biting Site. The analysis of Figure 7a,b reveals that the IR spectra of artifacts from
the Dazhuzhuang Site exhibit notable heterogeneity. Under identical conditions, there are
fluctuations in the intensity of major absorption peaks and the widths of absorption bands,
indicating a diversity in raw material sources. As shown in Figure 7c, the argillaceous black
pottery from the Likou Site exhibits a pronounced absorption trough near 3400 cm−1, while
the argillaceous gray pottery also presents a distinct absorption band in the same region.
This feature is typically attributed to the stretching vibrations of O–H bonds, which likely
originate from the presence of adsorbed or structural water within the materials. Further
analysis of the IR data from the Biting Site (Figure 7d) shows that some distinctions are
evident, while peak positions across different vessel types largely coincide. Jars and tripods
exhibit stronger peaks at around 1000 cm−1, whereas basins and bowls show weaker peaks
at the same position, but with significantly broadened absorption bands. These variations
reflect differences in raw material composition, forming techniques, and thermal conditions
tailored to the functional requirements of different vessel types [50].

(a) Dazhuzhuang Site (b) Dazhuzhuang Site

(c) Likou Site (d) Biting Site

Figure 7. Infrared spectral analysis of pottery artifacts unearthed from the Dazhuzhuang, Likou, and
Biting Sites in the Yongcheng area.
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3.4. Phase Analysis Using XRD

XRD analysis was conducted on pottery artifacts unearthed from the Dazhuzhuang,
Likou, and Biting Sites in the Yongcheng area, with the results shown in Figure 8.
Figure 8a,b display the XRD spectra of samples from the Dazhuzhuang Site; Figure 8c
presents data from the Likou Site, and Figure 8d shows results from the Biting Site. The
interpretation of the XRD spectra indicates a high degree of consistency in the primary
mineral composition of pottery from all three sites. Common characteristic phases include
mica (KAl2(AlSi3O10)(OH)2), mullite (3Al2O3·2SiO2), quartz (SiO2), and hematite (Fe2O3).
Kaolinite, which was a key raw material for ceramic bodies in northern China, undergoes
significant phase transformations during firing: At 450–650 ◦C, it loses structural water
(Al2Si2O5(OH)4 → Al2Si2O7 + 2H2O), forming amorphous metakaolinite. Beyond 900 ◦C,
metakaolinite decomposes into free Al2O3 and SiO2 (Al2Si2O7 → Al2O3 + 2SiO2) and
recrystallizes into mullite around 1100 ◦C, with excess SiO2 remaining as quartz. The
pronounced intensity of quartz peaks in the XRD spectra may stem from crystallized
free SiO2 from the thermal decomposition of kaolinite and the partial transformation of
original quartz particles. Although the characteristic peaks of mullite are relatively weak,
the combined presence of mullite and quartz forms the ceramic skeleton structure [51].
The residual presence of hematite further confirms that firing temperatures commonly
exceeded 900 ◦C [52]. This aligns with the advanced high-temperature firing techniques of
the Late Neolithic period in the Yellow River basin.

(a) Dazhuzhuang Site (b) Dazhuzhuang Site

(c) Likou Site (d) Biting Site

Figure 8. XRD pattern analysis of pottery artifacts unearthed from the Dazhuzhuang, Likou, and
Biting Sites in the Yongcheng area.
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Figure 8a,b show that due to the heterogeneous nature of raw materials used at
the Dazhuzhuang Site, no clear patterns emerge in the XRD spectra. In Figure 8c, the
clayey black pottery sample from the Likou Site exhibits a significantly stronger quartz
peak at 2θ = 26.6◦ compared to contemporaneous gray pottery. Generally, black pottery
shows stronger quartz peaks than gray pottery. Notably, different vessel types also show
variability; urns have stronger quartz peaks than body sherds. Further analysis of the XRD
data from the Biting Site, as shown in Figure 8d, reveals that under similar clayey gray
pottery conditions, jars exhibit distinct phase characteristics: (1) Quartz peaks (2θ = 26.6◦)
are significantly stronger than those of tripods, bowls, and basins. (2) The intensity of
the hematite peak (2θ = 33.2◦) also increases. (3) A clear positive correlation is observed
between the intensities of quartz and hematite peaks. These findings suggest that as
representative storage vessels, jars may have incorporated more quartz temper to enhance
their mechanical strength. Meanwhile, the elevated hematite content could be associated
with specific surface treatment techniques used for jars, which may improve their density
and extend their service life.

In conclusion, XRD phase analysis of pottery from the Dazhuzhuang, Likou, and Biting
Sites reveals important characteristics of ceramic production techniques. All three sites
had mastered kiln technologies capable of reaching high temperatures (900–1100 ◦C). The
residual hematite peak at 2θ = 33.2◦ suggests that oxidizing atmospheres were deliberately
maintained during firing, implying that temperature control techniques were likely adapted
to suit different vessel types. The preservation of the mica phase (2θ = 8.8◦) indicates that
the firing temperature did not reach full vitrification levels (<1200 ◦C).

3.5. Microstructure Analysis via SEM
3.5.1. Dazhuzhuang Site

Figure 9 presents SEM images of pottery from the Dazhuzhuang Site. The object
types from Figure 9a–e are a storage jar, a Yan leg, a handle, a cup, a basin, and a ding
leg, respectively. In terms of pottery fabrics, except for the ding leg, which is made
of argillaceous brown pottery, all other samples are made of argillaceous gray pottery.
From Figure 9a–f, it can be observed that at the level of the clay matrix, clay aggregates
and partially vitrified clay platelets are commonly present within the matrix, displaying
microstructural characteristics typical of the Longshan Culture. Notable technological
variations are evident among different vessel types. In the argillaceous gray pottery
samples (Figure 9a–e), the clay platelets generally exhibit layered accumulation yet show
vessel-specific differences: The storage jar (Figure 9a) exhibits a typical heterogeneous
structure with numerous partially vitrified clay platelets (5–15 μm) and aggregates (20–
50 μm in diameter), suggesting a relatively low firing temperature [53]. The Yan leg
(Figure 9b) shows unevenly distributed and loosely packed inclusions, which may be
related to functional adjustments in manufacturing. The handle (Figure 9c) exhibits not only
the layered platelet structure but also a small number of rod-shaped features, likely mullite
whiskers formed at high temperatures (>1000 ◦C), indicating targeted high-temperature
treatment for this part. The cup (Figure 9d) displays well-developed clay mineral growth
with denser layered structures. The basin (Figure 9e) and the ding leg (Figure 9f) possess
orderly layered structures and uniformly distributed inclusions. Although the argillaceous
brown pottery ding leg differs chemically from the argillaceous gray pottery basin, their
microstructures are highly similar. These findings suggest the following: (1) Potters at the
Dazhuzhuang Site had mastered techniques to adjust manufacturing processes according
to the functional requirements of different vessel types. (2) The appearance of mullite
whiskers indicates that localized high-temperature treatments were employed to enhance
the mechanical properties of critical components. (3) Despite differences in chemical
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composition, argillaceous brown pottery and gray pottery likely shared similar forming
techniques, with variations mainly in firing atmosphere control.

(a) Storage jar-argillaceous gray po ery (b) Yan leg-argillaceous gray po ery

(c) Handle-argillaceous gray po ery (d) Cup-argillaceous gray po ery

(e) Basin-argillaceous gray po ery (f) Ding leg-argillaceous brown po ery

Figure 9. SEM images of pottery sherds unearthed from the Dazhuzhuang Site.

3.5.2. Likou Site

Figures 10–12 present SEM images of pottery sherds excavated from the Likou Site.
Figure 7 shows a sample identified as a pottery lid that is made of argillaceous gray pottery.
A comparative analysis reveals significant differences in the microstructural characteristics
of the artifacts from the Likou Site compared to those from Dazhuzhuang Site. As shown
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in Figure 10a, although similar to Dazhuzhuang in exhibiting flaky and platy structures,
the pottery lid from Likou displays a notable decrease in quantity but an increase in the
size of the platy phases. The appearance of these large platy structures suggests that
the clay minerals used as raw materials had a higher degree of crystallinity and that
the firing process was controlled more precisely [54], potentially involving specialized
forming techniques. In Figure 10b, the matrix predominantly exhibits a porous structure,
with significant variability in pore size distribution. Combined with the elevated CaO
content identified in the compositional analysis, it is inferred that a calcium-based flux was
intentionally added during the firing process to promote foaming and enhance porosity [55].

(a) Po ery lid-argillaceous gray po ery (b) Po ery lid-argillaceous gray po ery

Figure 10. An SEM image of a pottery lid unearthed from the Likou Site.

(a) Urn-argillaceous black po ery (b) Urn-argillaceous black po ery

Figure 11. An SEM image of an urn unearthed from the Likou Site.

The vessel type in Figure 11 is an urn that is made of argillaceous black pottery.
Microstructural and characteristic phase analysis of Figure 11 reveals that while the urn
shares a porous structure similar to that of the gray pottery storage jar, it exhibits more
densely vitrified regions with fewer pores (Figure 11a). As shown in Figure 11b, coral-like
accumulations are observed within the matrix. Energy-dispersive spectroscopy (EDS)
analysis indicates that the Fe content in the coral-like regions (8–10%) is significantly higher
than that of the surrounding matrix (5–6%), confirming a segregation effect of iron. The
formation mechanisms of these special coral-like structures may involve (1) phase separa-
tion and recrystallization of iron-bearing minerals at high temperatures, (2) compositional
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segregation within the melt, and (3) non-equilibrium solidification induced by specific
cooling rates.

(a) Body sherd-argillaceous black po ery (b) Body sherd-argillaceous black po ery

Figure 12. SEM image of a body sherd unearthed from the Likou Site.

The vessel type in Figure 12 is a body sherd from a pottery storage jar that is made
of argillaceous black pottery. As shown in Figure 12a, the matrix structure exhibits a
honeycomb-like growth pattern. Figure 12b reveals the presence of numerous plate-like
products with a preferred orientation within the matrix. Energy-dispersive spectroscopy
(EDS) analysis indicates that the plate-like phases are rich in Al2O3 (22 ± 2%) and exhibit a
dense structure [56], while the surrounding matrix is primarily composed of SiO2 (68 ± 3%).
This compositional differentiation at the microscale may result from (1) preferentially
oriented growth of kaolinite-derived phases at high temperatures, (2) phase separation
induced by compositional gradients in the melt, and (3) non-equilibrium crystallization
triggered by controlled cooling processes.

In summary, comparative analysis indicates that compared to argillaceous gray pottery,
argillaceous black pottery exhibits more densely vitrified regions, fewer pores, and a re-
duced pore size distribution. These structural features confer improved mechanical strength
and thermal stability to the black pottery. Collectively, the observed microstructural charac-
teristics suggest that the production of black pottery at the Likou Site involved sophisticated
firing control techniques, reflecting a highly advanced material design achieved during the
late Longshan Culture period.

3.5.3. Biting Site

Figure 13 presents SEM images of pottery from the Biting Site. The vessel types
from Figure 13a–d are a basin, a bowl, a storage jar, and a Ding, all made of argillaceous
gray pottery. Although all samples are classified as argillaceous gray pottery, significant
technological differences are observed among different vessel types at the microstructural
level [57]. The basin (Figure 13a) exhibits a distinctive “block-plate” synergistic accumula-
tion structure, where blocky phases and thin plate-like phases interlock to form a network.
The bowl (Figure 13b) displays a typical clay platelet stacking pattern with moderate
porosity, balancing requirements for lightweight construction and thermal insulation. The
storage jar (Figure 13c) also shows a platelet stacking structure but with a denser arrange-
ment and a high degree of platelet orientation, which is favorable for enhancing mechanical
strength and thermal stability. In contrast, the Ding (Figure 13d) presents the densest matrix
structure, where well-developed plate-like products form strong interfacial bonding with
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the matrix. The extensive growth and tight integration of the plate-like phases contribute
significantly to improved mechanical properties and thermal performance.

(a) Basin-argillaceous gray pottery (b) Bowl-argillaceous gray pottery

(c) Storage jar-argillaceous gray pottery (d) Ding-argillaceous gray pottery

Figure 13. SEM image of pottery unearthed from the Biting Site.

In summary, these microstructural differences indirectly reflect the potters’ profound
understanding of the functional requirements of different vessel types and their mastery
of targeted raw material preparation and forming techniques. Notably, the densification
observed in the storage jar and ding indicates specialized technological adaptations for
cooking and storage vessels. In contrast, the relatively more porous structures of the bowl
and basin reflect different functional priorities for daily use items. This precise matching
of material properties, functional demands, and technological choices demonstrates an
advanced understanding of performance optimization and reveals a highly developed
capability to systematically integrate material characteristics with vessel functions. From an
archeological perspective, such a highly specialized technical system marks the transition
of Neolithic pottery production from empirical practices to a more scientific approach,
providing a significant example for understanding the technological evolution of prehistoric
craft industries.

4. Conclusions

This study conducted a comprehensive multidisciplinary analysis of pottery unearthed
from three Longshan Culture sites—Dazhuzhuang, Likou, and Biting—in the Yongcheng
District of Henan Province. By integrating modern analytical techniques such as X-ray flu-
orescence (XRF), X-ray diffraction (XRD), infrared spectroscopy (IR), and scanning electron
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microscopy with energy-dispersive spectroscopy (SEM-EDS), together with archeological
typology and materials science approaches, the following major conclusions were drawn:

(1) Raw Material Sources:

Chemical composition analysis reveals variations in raw material selection among
the sites. The pottery from the Dazhuzhuang Site exhibits significant fluctuations in SiO2

content, indicating flexible raw material choices. The Likou Site pottery shows high Al2O3

and CaO content, suggesting the use of high-quality kaolinite clay and the addition of
calcium-based fluxes. In contrast, the Biting Site pottery displays more weathered raw
materials and the lowest CaO content among the three sites.

(2) Technological Aspects:

Pottery from the Dazhuzhuang Site, predominantly argillaceous gray pottery, exhibits
an uneven distribution of clay platelets and aggregates at the microstructural level, indicat-
ing relatively low firing temperatures (around 900 ◦C) and less controlled manufacturing
processes. The Likou Site pottery, primarily argillaceous black pottery, features dense
vitrified structures and iron segregation phenomena, suggesting the application of high-
temperature reducing atmospheres and a high degree of technological standardization. At
the Biting Site, the vessel-specific microstructural variations (e.g., dense laminar arrange-
ments in storage jars) reflect precise adjustments in raw material preparation and firing
techniques tailored to the functional demands of different pottery forms.

(3) Cultural Significance:

The high Al2O3 content in the black pottery from the Likou Site is comparable to that
of the Shandong Longshan Culture, implying possible technological interactions between
regions. In contrast, the gray pottery from the Dazhuzhuang and Biting Sites reflects
localized production traditions.

(4) Research Implications:

This study highlights the technological diversity and complexity of pottery production
in the Yongcheng area during the Longshan period. It provides critical empirical evidence
for exploring the technological evolution, raw material strategies, and functional adap-
tations of late Neolithic craft industries. Future research could benefit from comparative
studies across broader site distributions and incorporating advanced techniques, such
as stable isotope tracing, to identify clay sources accurately. Ultimately, reconstructing
ancient pottery production chains will enable a more comprehensive understanding of
the technological evolution of prehistoric crafts and their role in early social complexity
and civilization development. Advancing these research directions will help uncover the
intrinsic mechanisms of technological innovation and its significance in the origins of
early civilizations.
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Abstract: The archaeological materials from the Velika Humska Čuka site on the northern
fringe of the Niš Basin in southeastern Serbia were analyzed to reveal the provenance of
ceramics and other artifacts. This study focused on the elemental analysis of 61 samples,
including local clay pits, potsherds, and whole vessels. Samples were chosen based on
stylistic and typological characteristics to distinguish local and “foreign” pottery. Elemental
analysis was conducted using energy-dispersive X-ray fluorescence (EDXRF) spectrometry,
complemented by principal component analysis (PCA) for data interpretation. Results
indicated that the majority of pottery samples, over 80%, were produced using local clay
from deposits near the site. However, approximately 20% of the analyzed vessels were
made using clay from deposits near the Bubanj site, 8 km south of Velika Humska Čuka. A
vessel on a hollow high foot combining stylistic elements of the Bubanj-Hum I group and
Early Eneolithic Pannonian groups was made of clay not sourced from any identified local
deposits, suggesting its non-local origin. While the predominance of local materials suggests
self-sufficient production, the use of non-local clays and stylistic influences highlights
long-distance connections and exchanges. The study emphasizes the importance of Velika
Humska Čuka in understanding the development of ceramic traditions and the cultural
dynamics of the Early Eneolithic in the Central Balkans.

Keywords: Velika Humska Čuka; elemental composition; EDXRF spectrometry; Early Ene-
olithic; pottery provenance; Central Balkans

1. Introduction

The multilayered site of Velika Humska Čuka is located approximately 10 km east
of the South Morava River and 7 km north of the present-day city of Niš, on the northern
fringe of the Niš Basin in southeastern Serbia (Figure 1). The site lies on a dominant and
hardly accessible elevation that comprises four terraces on different altitudes. In total, the
plateau covers an area of 200 × 160 m2, with the highest altitude of around 445 m above
sea level. The site is surrounded by the Hum River on the northern and western sides
and is relatively easily accessible only from the northeastern side. In the north, the site is
connected with a smaller elevation, the Mala Humska Čuka [1]. The dominant position
that the site holds enables good visual connection with the surroundings, particularly the
sites of Bubanj and Kremenac (Figure 1). The site of Kremenac is known as a source of
quality raw materials for the production of lithic tools [2].

Materials 2025, 18, 1083 https://doi.org/10.3390/ma18051083
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Figure 1. The sites of Velika Humska Čuka (1), Kremenac (2), and Bubanj (3); clay pits near the site
of Bubanj—orange dots (Esri Topo Map/Open Topo Map; EPSG: 3857—WGS 84/Pseudo-Mercator;
QGIS 3.28. Firenze).

The first data about the site originates from the beginning of the 20th century and
the survey conducted by V. Fewkes. Soon after, the first archaeological excavations were
conducted in 1932 and 1933 by V. Grbić and the National Museum in Niš. In 1938, the
excavations were continued by B. Gojković. Of particular importance are the excavations
in 1956 by M. Garašanin, which served as a basis for the definition of the Bubanj-Hum
group that marks the Copper and Bronze Age in this part of the Central Balkans [1,3,4].
Finally, the ongoing excavations were renewed in 2009 by the Institute of Archaeology in
Belgrade and the National Museum in Niš [1]. The excavations resulted in the discovery of
numerous archaeological features from different prehistoric and historic periods, as the
site was settled throughout the Copper Age, Bronze Age, Iron Age, Antique Period, and
Medieval Period [1,5]. However, the importance of the site and the neighbouring site of
Bubanj is particularly reflected in their potential for the study of the development and
chronology of the Early Eneolithic in the region [6].

Due to the multilayered nature of the site, well-defined stratigraphy and archaeological
features, and the variety of the material culture, the site of Velika Humska Čuka acted as
one of the pillars of the FLOW project (THE FLOW is the acronym for the multidisciplinary
project Interactions-Transmission-Transformation: Long-distance connections in the Copper
and Bronze Ages of the Central Balkans, which is financed by the ScienceFund of the
Republic of Serbia, IDEAS call, Grant no. 7750074; the project runs from 2022 to 2025 and
incorporates the joint work of archaeologists, physicists, and chemists). Namely, different
categories of the material culture from the site were incorporated into the project, which
included the provenance analyses of copper, bronze, obsidian [7], and now ceramic artifacts.

While examining archaeological ceramics, various scientific analytical techniques
can be used to reveal their chemical and/or mineralogical composition [8–10]. Currently,
non-invasive techniques offer more advantages and are more used in practice [11–13]. This
approach was used in the study to examine the characteristics of materials from which
vessels and potsherds were made. The materials were characterized in terms of elemental
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composition determined using energy-dispersive X-ray fluorescence (EDXRF) spectrometry.
By comparing them with the characteristics of clay samples, the usage of local raw materials
for production was discussed. It was discovered that a whole assemblage of potsherds of
different kinds and periods was locally produced, while certain vessels had a non-similar
chemical composition with the local clay. The analytical results confirm the archaeological
study of these findings.

2. Materials and Methods

2.1. Samples

The provenance analyses based on the comparison of elemental compositions were
conducted on a total of 61 samples, of which 5 samples originate from local and nearby clay
pits, 45 samples originate from targeted potsherds from all prehistoric periods registered at
the site, 10 samples originate from Early Eneolithic vessels of unusual stylistic or typological
characteristics from different archaeological contexts, and 1 control potsherd. The idea was
to compare the elemental composition on a diachronic and cross-cultural scale represented
at the site, and hence, the selection of samples from the site was based on those parameters.
Further, the choice of samples was based on the stylistic and typological characteristics that
indicated both the “foreign” and domestic origin of pottery. The “foreign” pottery was
defined by certain forms and ornamentation styles that demonstrate the cultural attribution
uncommon for the existing cultural stratigraphy of the South Morava Basin.

Two samples from local clay pits near Velika Humska Čuka, marked as Jezero 1 and
Jezero 2, were collected on-field and selected based on communication with the local
population of the village of Hum, where the site is located. Location Jezero 1 is located
approximately 700 m northwest of the site, and location Jezero 2 is located around 330 m to
the west (Figure 2). The sample from location Jezero 1 was used to make two clay tiles for
analysis, while Jezero 2 represented a control sample that resembled soil rather than clay.
An additional three clay samples from the nearby multilayered prehistoric site of Bubanj
(Crepana in Novo Selo, Crepana in Lalinac, and Tri Bresta) were included in the study [14].

Figure 2. Position of clay pits Jezero 1 (1) and Jezero 2 (2) in relation to the Velika Humska Čuka
(Google Satellite; EPSG: 3857—WGS 84/Pseudo-Mercator; QGIS 3.28. Firenze).
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The 45 samples that are taken from potsherds originate from different archaeological
features and the cultural layer at the site (Figure 3). The number of samples covered a
wide chronological (c. 4500–1000 BCE) and cultural span, including the Early Eneolithic
(Bubanj-Hum I/Bubanj-Sălcuţa-Krivodol complex) (9 samples), Middle Eneolithic (Sălcuţa
IV group) (3 samples), Late Eneolithic (Coţofeni-Kostolac group) (4 samples), Early Bronze
Age (Bubanj-Hum II, Bubanj- Hum III groups) (10 samples), Middle/Late Bronze Age
(Verbicioara group) (8 samples), Late Bronze Age (Brnjica group) (7 samples), and the
Transitional Period (Gava-Belegiš II group) (4 samples).

Figure 3. Examples of the potsherds used in the study (each scale is 5 cm).

The final set of samples is represented by a group of specific lavishly decorated and
painted vessels from House 3, a vessel from House 4, and vessels from the pottery accumu-
lation in the trench 1/18 on the southern edge of the site. Most vessels were discovered in
connection with Early Eneolithic House 3 in two pits that were dated to the first half of the
44th century BCE. Those vessels were sampled since most of them bear characteristics of the
Bubanj-Hum I group, a local manifestation of the Bubanj-Sălcuţa-Krivodol complex of the
Central Balkans, yet certain forms indicate the permeation with the Early Eneolithic groups
of the Lower Danube Region, such as the Gumelniţa group, or groups from the Pannonian
regions, such as the Tiszapolgár and Lasinje groups. Further, the ornamentation of some of
the vessels, represented by asymmetrical geometric motifs painted in several different colors
(purple, red, white, blue), at the moment, besides a few vessels from nearby Bubanj site,
represents a unique manifestation of the Early Eneolithic in the wider region (Figure 4) [1].
Vessels from House 4 and pottery accumulation in trench 1/18 show exclusively stylistic
and typological features characteristic of the local Bubanj-Hum I group.

2.2. Sample Preparation

The ceramic potsherds were prepared for analysis in a standardized manner for
elemental characterization using a handy sander equipped with a diamond blade. Suitable
parts of the potsherds were polished to achieve a maximally flat surface and then cleaned.
Where possible, the potsherds were polished in one to three different parts. Each potsherd
was analyzed at several points, and the average value of collected spectra was used for
further analysis [15].
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Figure 4. A set of Early Eneolithic vessels in situ during 2018 excavations (7573337.0822,
4804286.2416—coordinate of the central vessel with two handles) (EPSG: 31277—WGS 85/Balkans
Zone 7).

The whole vessels were not treated before the analysis. The suitable fractured parts
that remained visible were chosen for the analysis, and care was taken to select the flat-
test possible.

The clay samples were prepared in the form of tiles with dimensions around 5 × 4 cm
and a thickness of 3 cm (Figure 5a). After the clay is dried and impurities are removed,
the material is slowly hydrated to form the paste with a suitable consistency for molding.
After tile shaping and air drying for several days, they were fired at 400 ◦C [16]. The tiles
were analyzed under the same conditions as the ceramic material to test the assumption
about local raw material sources.

2.3. Analytical Technique and Data Analysis

The ceramic material was characterized in terms of elemental composition. To es-
tablish these results, EDXRF spectrometry was employed for qualitative analysis. An
in-house-developed EDXRF spectrometer was used (developed at Vinča Institute of Nu-
clear Sciences, Figure 5b). The spectrometer has a milli-beam spot of an air-cooled X-ray
tube (Oxford Instruments, Scotts Valley, CA, USA, Rh anode, maximum 50 kV, maximum
current 1 mA) with a pin-hole collimator. The instrument is equipped with a Si-PIN X-ray
detector (6 mm2/500 μm, Be window 12.5 μm thickness, with an energy resolution of
160 eV at 5.89 keV). The detector is associated with a DSP (X123, Amptek Inc., Bedford,
MA, USA) for spectra acquisition. Two laser pointers, mounted onto the spectrometer head,
serve for proper sample positioning. ADMCA software (Amptek Inc., version 1, 0, 0, 16)
was used for spectra acquisition and processing. The following parameters, X-ray tube
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voltage of 40 kV and 800 μA current, without filter, together with measuring time of 120 s,
were kept constant during all measurements.

Figure 5. (a) Clay tiles from Jezero 1 clay pit and control sample Jezero 2 (scale is 5 cm); (b) measure-
ment of an Early Bronze Age potsherd using EDXRF spectrometer.

All collected EDXRF spectra were pretreated by the peak balancing procedure (using
the original MATLAB (ver. R2023b) code based on peak alignment) to minimize any
contributions of the experimental setup. All 61 aligned measurements were organized in a
61 × 2048-dimensional matrix.

Due to the lack of certified reference materials for the quantification of the chem-
ical composition of archaeological ceramic materials, provenance studies are based on
the similarities/differences between the analyzed samples and raw materials. To reveal
similarities/differences between examined samples, the analytical results were subjected
to a multivariate analysis to transform multidimensional space into lower-dimensional
space. Principal component analysis (PCA) was chosen for this purpose. It is the most
often used unsupervised multivariate technique for dimension reduction [17–19]. This
technique was chosen for the study because dimension reduction was performed without
prior knowledge about the objects’ membership in a specific group. Therefore, the resulting
picture of grouping the lower-dimensional space can be put into an archaeological context.
The PCA-based dimension reduction was performed on raw spectra containing overall
spectral information [20,21].

3. Results and Discussion

The EDXRF spectra collected on the randomly selected vessels and potsherd body, as
well as clay samples, show similar elemental compositions. The Si, K, Ca, Ti, Mn, Fe, Rb, Sr,
Y, and Zr are detected in all the measured samples (Figure 6).

As we mentioned in the above text, the provenance study was performed based on
the qualitative EDXRF results, as its results are comparable to the quantitative ones [14].
The PCA-based dimension reduction, performed on the dataset formed as described above,
is shown in Figure 7. During PCA, a new two-dimensional space was created from the
initial 2048-dimensional one, following the variance of the dataset. The first two principal
components (PC1 and PC2) account for the maximal variance of the initial data. According
to the results of the PCA, the first two principal components account for nearly 61% of the
maximal variance, giving an acceptable picture of the initial dataset structure in a newly
formed space. However, the projection of 61 dataset elements in the PC1–PC2 space shows
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that two groups are formed and clearly separated, indicating a difference between members
in newly formed groups caused by differences in the elemental composition.

Figure 6. Representative EDXRF spectra collected at vessels, potsherds, and clay samples.

Figure 7. PCA-based dimension reduction.

The results show that the analyzed potsherds from different prehistoric periods (blue
dots) have a similar elemental composition as the clay samples (Jezero 1 and Jezero 2,
red dots), indicating the use of local raw materials and local production of ceramic pots
for various utilities. As can be seen from Figure 7, the group that contains potsherds is
quite coherent. This result indicates continuity in the ceramics production during the long
period at the site of Velika Humska Čuka. Only one potsherd, denoted as A-502 (marked
with an arrow and shown in Figure 3), deviates slightly from this finding, making the
group slightly less coherent. A slight deviation in the elemental composition of the A-502
sample might bear connections with their cultural attribution. Namely, analyzed sherds
bear certain ornamental characteristics of the Vučedol group, such as polished surface and
ornamentation organized in vertical friezes. The Vučedol group is primarily connected with
the territory of Western Balkans, from where it spread towards the Adriatic, Carpathian
Basin, and parts of Central Europe [22,23]. However, its penetration towards the east has
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been recorded on multiple sites, although as an exception rather than a common feature.
Interestingly, the Bubanj-Hum II group, which marked the earlier phase of the Early Bronze
Age in the region, bears certain ornamental characteristics of the Vučedol group and the
Coţofeni-Kostolac group, but analyzed samples of the Bubanj-Hum I group were made by
local clay [4,6,24]. It is important to highlight that the absolute and relative chronologies
of the given groups overlap in the first quarter of the 3rd millennium BCE [6,25–28], and
hence, such a permeation and continuation of ornamental elements might indicate certain
contacts between different yet contemporary communities.

The group formed by the EDXRF measurements on the Early Eneolithic vessels of
uncommon characteristics is less coherent than the one comprising the potsherds. The group
is divided into two parts. The differences between the members of these two groups might
originate even from measuring conditions since the measuring spots were not prepared
prior to analysis.

For the complete vessel marked as A-931 (denoted as a star mark in the upper left
corner in Figure 7 and shown in Figure 4—bottom right corner), additional consideration is
necessary, as it is far from any other sample in the study. The vessel originates from the large
pit within House 3, dated to the first half of the 44th century BCE. Sample A-931 is a vessel
whose stylistic and typological characteristics of the upper portion, meaning the recipient
can be connected with the local Early Eneolithic group (Bubanj-Hum I group). The high
hollow foot of the vessel is characteristic of the Pannonian groups of the Early Eneolithic.

As can be seen from Figure 7 (black dots), the vessels seem to be made of raw materials
that differ in the elemental composition of local ones. In addition to vessel A-931, the pit
contained vessels made from both local (Jezero 1 and 2) and ‘foreign’ clay. This suggests
that vessels made from different clays, or those of different origins, were treated similarly
within the Early Eneolithic household at the site. This was the reason for introducing the
EDXRF measurements of the samples prepared from the clay sampled from the nearby
simultaneous archaeological site Bubanj. The introduction of the results of the analyses
of clays from deposits in the vicinity of the nearby site of Bubanj (Figure 7, green dots)
indicate that their composition almost perfectly matches the composition of unusual vessels
from the site of Velika Humska Čuka which differentiate in the PC1-PC2 picture (Figure 7,
black dots).

The remaining samples from both the earlier and the later phase of the Early Eneolithic,
were most likely made of local clay from the aforementioned clay pits (Jezero 1 and 2, red
dots), and though in small number, from the clay from clay pits in the vicinity of Bubanj
(Crepana in Novo Selo, Crepana in Lalinac and Tri Bresta, green dots). Hence, there is no
emerging pattern regarding the utilization of a specific clay for a certain type of vessel
or a certain phase of the Early Eneolithic. Although the number of samples is currently
too low for some final conclusions, it can be noticed that the graphite-painted pottery,
which is one of the main characteristics of the local Bubanj-Hum I cultural group of Early
Eneolithic from the site of Velika Humska Čuka, is made exclusively from local clay. On the
other hand, pottery painted in red, purple, white, and other colors, decorated with motifs
uncommon for the Bubanj-Hum I group, is made exclusively from clay in the vicinity of the
site of Bubanj. These data are not surprising, considering that the pottery of similar stylistic
characteristics, painted in different colors and decorated with similar geometric motifs, was
recorded sporadically at the site of Bubanj during the excavations in the 1930s [29].

Interestingly, the samples of vessels which were based on the stylistic and typological
characteristics marked as “foreign”, or of northern origin, such as the vessel with the
Scheibenhankel type of pottery attributed to the late phase of the Early Eneolithic of Oltenia
and Banat, vessels with characteristics of the Late Eneolithic Vučedol group, or the Gava-
Belegiš II group from the end of the Late Bronze Age [30–33], were in fact made of local
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clay, from the clay pits of Jezero 1 and 2. This also illustrates the contacts between the
communities of the Nišava Valley and the communities of the Morava Valley and the
Pannonian Plain (Figure 8), which resulted in the production of imitations of foreign
pottery made of local clay.

Figure 8. Representation of cultural influences mentioned in the study (Esri Topo Map; EPSG:
3857—WGS 84/Pseudo-Mercator; QGIS 3.28. Firenze).

4. Conclusions

The presented data call for certain conclusions, which are not final due to the upcoming
excavations at this site yet provide certain insights into the possible origin of clay for pottery
production at the site of Velika Humska Čuka.

Based on the picture of the dataset structure in the PC1-PC2 space following maximal
variance among the data (with nearly 61% preserved variance), the following conclu-
sions can be withdrawn. The majority of pottery samples, 45 out of 55 (more than 80%),
from different periods of prehistory, and “foreign” or unusual stylistic and typological
characteristics were made of local clay from the vicinity of the site (Jezero 1 and 2).

Only 10 samples (less than 20%) were made of clay whose elemental composition
matches a different clay deposit, in this case, the deposits in the vicinity of the site of Bubanj,
located around 8 km south of Velika Humska Čuka. These vessels originate from three
different archaeological contexts, dated to the 44th century BCE. The stylistic common
feature of most of these vessels (five examples and all vessels from pits within House 3) is
their decoration comprising uncommon geometric motifs and paintings in different colors,
similar to the pottery recorded at the site of Bubanj in the 1930s.

This leads to the assumption that those vessels were exchanged as final products with
the inhabitants from the site of Bubanj or that the clay was due to the quality brought from
those distant deposits.

Such origin of pottery from the site of Velika Humska Čuka indicates intensive contact
with the population at the site of Bubanj, whether it was an exchange of goods, seasonal
movements between the two sites, or a shared use of clay pits in the vicinity of Bubanj.

On the other hand, the vessel on a hollow high foot (Figure 7, black star—A931),
whose recipient is common for the Early Eneolithic Bubanj-Hum I group, and the foot
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characteristic for the contemporary groups in Pannonia, was made of clay whose elemental
composition does not match either of the presented clay deposits and most likely represents
a vessel of a non-local origin.
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Institute of the Republic of Serbia, University of Belgrade, 11000 Belgrade, Serbia

2 Faculty of Technology and Metallurgy, University of Belgrade, 11000 Belgrade, Serbia
3 Institute of Archaeology, National Institute of the Republic of Serbia, 11000 Belgrade, Serbia
* Correspondence: gajicm@vinca.rs

Abstract: The most common scientific analysis of archaeological ceramics aims to determine the
raw material source and/or production technology. Scientists and archaeologists widely use XRF-
based techniques as a tool in a provenance study. After conducting XRF analysis, the results are
often analyzed using multivariate analysis in addition to interpretation and conclusions. Various
multivariate techniques have already been applied in archaeological ceramics provenance studies to
reveal different raw material sources, identify imported pieces, or determine different production
recipes. This study aims to evaluate the results of multivariate analysis in the provenance study of
ceramics that belong to three cultures that settled in the same area during various prehistoric periods.
Portable energy-dispersive X-ray fluorescence spectrometry (pEDXRF) was used to determine the
elemental composition of the ceramic material. The ceramic material was prepared in two different
ways. The ceramic body material was ground into powder, homogenized, and then pressed into
tablets. After that, the same fragments are polished in suitable places. Quantitative and qualitative
analyses were performed on the tablets and polished pieces. The results were subjected to both
unsupervised and supervised multivariate analysis. Based on the results, it was concluded that
qualitative analysis of the well-prepared shards’ surface using EDXRF spectrometry could be utilized
in provenance studies, even when the ceramic assemblages were made of similar raw materials.

Keywords: archaeological ceramics; clay; EDXRF spectrometry; pattern recognition; classification

1. Introduction

The production of ceramic in prehistory can be considered state-of-the-art technology.
Understanding this process provides valuable insights into the skills of the manufacturers,
trading patterns, and overall development of early civilizations [1]. Since ceramics do not
change over time, analyzing the materials provides reliable conclusions about whether
they were made from local raw materials or resulted from trade with others. Scientific
examining archaeological ceramics usually involves various analytical techniques to reveal
their chemical and/or mineralogical composition [2–5]. Nowadays, these analyses can
be conducted either by sampling the ceramic materials or in a non-invasive manner [6,7].
Moreover, provenance studies can be performed using both quantitative and qualitative
analytical results [8–10].

Many documented provenance studies have focused on differentiating between ce-
ramic assemblages or identifying imported ceramics. Different material characteristics,
such as elemental, chemical, or mineralogical composition, were analyzed using pattern
recognition techniques to draw conclusions about variations in raw materials and/or
production technology among ceramic findings. The present study aims to evaluate the
effectiveness of various pattern recognition techniques used for the provenance study of
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archaeological ceramics from different prehistoric cultures that were made of similar raw
materials. For that purpose, archaeologists carefully selected and grouped the ceramic
fragments according to stratigraphy, typology, and dating. They chose a suitable site where
three cultures settled in prehistory for a relatively short period. The Bubanj archaeological
site is in the southern Pomoravlje region, in the central part of the Niš Valley, approximately
7 km southeast of the confluence of the Nišava and South Morava rivers (today’s Serbia,
Figure 1a). Early excavations in this area (which started in the 1930s) revealed multilayered
stratigraphy. This site was inhabited in the Middle Neolithic period, with the earliest
findings associated with the Starcevo culture (in the first half of the 6th millennium BC).
The Eneolithic and early Bronze Age layers follow mentioned cultural layers, dated to the
Middle Neolithic [11]. The first cultural layer in this study belongs to the so-called Bubanj
Hum I culture, corresponding to the Early Eneolithic and being a regional representative of
the widely spread Bubanj–Salcuţa–Krivodol cultural complex. The findings from the upper
layer, from the Middle Eneolithic, belong to Cernavoda III, with elements of Baden and
Boleraz cultures. The latest group included in this study is from the Late Eneolithic period
and belongs to the Coţofeni–Kostolac cultural layer. All three layers were well dated to
the corresponding period and cultures [12]. The ceramic assemblages were formed from
fragments that belong to each cultural layer. According to archaeologists, Bubanj Hum I
culture settled on this site for the longest time, implying that local raw materials were used
for ceramic production. The Cernavoda III settled the site long after Bubanj Hum I culture;
therefore, they could not take over previous knowledge but rather found local clay sources
nearby the site. Only the fragments from the Coţofeni–Kostolac cultural layer might have
been brought to the site during the settlement. Those archaeological assumptions were
tested in this study to evaluate analytical and multivariate protocols for the provenience
study.

 

Figure 1. (a) Location of the site of Bubanj, Serbia (drawing: A. Bulatović); (b) Representative ceramic
fragments from the Bubanj Hum I (A), Cernavoda III (B) and Coţofeni–Kostolac (C) culture.

The ceramic material was analyzed using EDXRF spectrometry. The quantitative and
qualitative analytical results were subjected to dimension reduction to evaluate suitability
for classification. The most-used unsupervised and supervised techniques were chosen
for the evaluation [13–15]. These techniques were evaluated based on several parameters
to measure their efficiency in reducing dimensions and their ability to separate different
classes, which is crucial for designing classifiers. The classification’s effectiveness was
evaluated by considering its recognition ability and its rate of misclassification.
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This study aims to examine how the method of preparing archaeological ceramics
for analysis affects classification efficiency. For this purpose, samples were taken from
the material of the selected fragments from which tablets were made. Their elemental
composition was quantified using standard reference material (CRM). The elemental com-
position was also determined for the analyses performed on well-polished places on the
fragments. The qualitative and quantitative results obtained in this way are classified using
different dimension reduction techniques. The selection of ceramic materials from different
archaeological stratigraphies, made from similar raw materials, is such that it does not
prejudice an effective classification. Based on the achieved results, qualitative analytical
results can be used in provenience studies as effectively as quantitative ones.

2. Materials and Methods

2.1. Sample Description

The ceramic fragments are grouped according to the stratigraphy layers in which
they were found, and special attention was paid to selecting the fragments from reliable
archaeological contexts corresponding to each cultural layer with certainty. The first group,
labeled BI, contains 18 fragments belonging to the so-called Bubanj Hum I culture and
comes from a structure (pit) marked as 69. The second one, denoted as CV, contains
18 pottery vessel shards (structure 108-pit) from the upper layer, considered Cernavoda
III. The last group, labeled as KK, is formed of the 13 shards that belong to the Coţofeni–
Kostolac cultural layer. These shards were taken from the oldest (first) phase found on
the house floor (structure 15), which can be considered brought in during settlement.
Macroscopic archaeological analysis indicates similarities between the findings from the BI
and CV ceramic fragments but differences with the KK group (Figure 1b).

The ceramic fragments were prepared for analysis in two different ways. Small
amounts of the ceramic material were powdered by grinding the ceramic body from its
various parts. A handy sander equipped with a diamond blade was used. The fragments
were cleaned before grinding. The obtained ceramic powder was fine for tableting, which
was performed without prior sieving. The homogenized material was then pressed into
large tablets, each 3 cm in diameter, containing an equal amount of the material. After that,
suitable parts of the fragments were polished and cleaned. Each fragment was analyzed at
three points, and the average values were used for further analysis [16]. To quantify the
chemical composition, the IAEA PT ancient Chinese ceramic certificated reference material
(CRM, [17]) was tableted in the same manner as the ceramic samples and analyzed under
the same conditions. Three clay samples from nearby clay pits were also analyzed under
the same conditions as the ceramic material to test the assumption about local raw material
sources. The nearest clay pit, Crepana, is about 800 m west–southwest of Bubanj. This
pit was used until the 1940s. Today, it is closed but easily accessible for sampling. The
Tri Bresta clay pit is 2 km from the site in the same direction, which also worked until
the middle of the last century. The farthest clay deposit, Crepana near Lalinac, is located
2.6 km west of the Bubanj site and remains active. All three clay deposits are located at a
15–35 min walk from the site on flat surroundings, so the probability of their exploitation
in the Eneolithic is high.

2.2. Analytical Technique and Datasets Forming

The EDXRF spectrometry was employed for quantitative and qualitative elemental
analysis of the ceramic material using an in-house-developed milli-beam spot instrument.
The spectrometer consists of an air-cooled X-ray tube (Oxford Instruments, Scotts Valley,
CA, USA, Rh anode, maximum voltage 50 kV, maximum current 1 mA) with a pin-hole
collimator and a Si-PIN X-ray detector (6 mm2/500 m, Be window 12.5 m thickness, with
energy resolution of 160 eV at 5.89 keV), associated with a DSP (X123, Amptek Inc., Bedford,
MA, USA) for spectra acquisition. Two laser pointers were used for the accurate sample,
and tablet positioning. ADMCA software (Amptek Inc., version 1, 0, 0, 16)) was used
for spectra acquisition and processing. The following parameters: X-ray tube voltage of
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35 kV and 800 μA current, without filter, were kept constant during all measurements and
measuring time of 120 s.

An original MATLAB code was developed to align the EDXRF spectra using the peaks
balancing procedure to minimize any experimental setup contributions. All EDXRF spectra
were aligned before further analysis. The dimension reduction procedure was performed
on raw spectra containing overall spectral information along with the datasets containing
characteristic elemental composition. This was done to examine the influence of the feature
selection process, which involves potentially losing some information about the dataset
structure. The feature selection was performed by quantifying the chemical composition
using CRM and using a radial-basis neural network (RBNN) procedure. The EDXRF results
were quantified using the Net Peak Area parameter. This parameter was determined by
ADMCA software by marking the peak area. For each EDXRF spectrum, the Net Peak Area
parameter was calculated for nine peaks, corresponding to the elements determined in the
CRM. These nine values can be considered as selected features, and their informativeness
for classification purposes will be evaluated in this study. The data selection using RBNN
was performed as another suitable feature selection method. The detailed procedure is
described in [18]. The RBNN was designed and trained to reach maximal reconstruction
of the initial EDXRF spectrum using normal distribution functions. The maximal height
parameter of the nine functions was utilized to characterize ceramic fragment material. The
procedure is used because it is much faster and more reliable than calculating the Net Peak
Area parameter, so it is suitable for testing.

2.3. Pattern Recognition Techniques

Principal component analysis (PCA) was selected among unsupervised dimension
reduction techniques as it is widely used in analyzing cultural heritage objects [19,20]. PCA
creates a reduced space of maximal variance, where the first few components account for
most of the variation in the original datasets. Based on the above definition, applying PCA
to the provenience studies of ceramic materials made from different raw materials will
result in considerable classification possibilities. In this study, the classification possibilities
of the PCA will be evaluated for the dataset of ceramics made of the same or similar raw
material.

PCA may not be able to accurately represent the dataset’s group membership due to
the small variance expected. Therefore, a supervised method called scattering matrices-
based dimension reduction was tested, aiming to preserve group coherence as much as
possible during dimension reduction. More mathematical details about PCA and scattering
matrices-based dimension reduction can be found in [21,22].

To determine which dimension reduction technique is more effective for provenance
studies, it is important to understand how much of the initial dataset structure is preserved
during the dimension reduction transformation. The effectiveness of PCA transformation
to lower dimensional space is quantified by the percentage of the dataset’s total variance
preserved along the projection axes [23]. The amount of information lost during dimension
reduction is measured by the index of informativeness, a parameter defined as:

ld/n =

d
∑

i=1
λi

n
∑

j=1
λj

(1)

where λi—eigenvalues of the covariance matrix, set in descending order, d—dimension
of reduced space, and n—dimension of initial space. The higher value of this parameter
indicates that dimension reduction was performed in a way that minimized information
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loss. The Bhattacharyya distance μ(1/2) (a measure of separability between groups in the
space of reduced dimensions) is defined as [24]:

μ(1/2) =
1
8
(M2 − M1)

T
[

Σ1 + Σ2

2

]−1
(M2 − M1) +

1
2

ln

∣∣∣Σ1+Σ2
2

∣∣∣√|Σ1||Σ2|
(2)

where M1 and M2 denote expected vectors and Σ1 and Σ2 denote covariance matrices.
A larger parameter value indicates that two classes are separable, and a space between
them is large enough for classifier design. The μ(1/2) parameter value will be discussed
according to the possibility of linear classifier design. The recognition ability parameter
(defined as the percentage of correctly classified dataset members and mathematically
represented by the ratio of correctly classified and the total number of dataset members) was
calculated to evaluate the linear classification effectiveness, together with the percentage of
the misclassified results.

3. Results and Discussion

3.1. EDXRF Spectrometry Analysis

According to the collected EDXRF spectra (Figure 2a), Si, K, Ca, Ti, Mn, Fe, Rb, Sr,
and Zr were detected in both the tablets and ceramic fragments. The same chemical
composition contains the tablet of the CRM, which was used to quantify ceramics’ chemical
composition. The raw EDXRF spectral data collected for both tablets and ceramic fragments,
aligned prior, were reduced to exclude non-informative channels before Si and after Zr.
The data were organized in a matrix with the dimensions 36 × 1700, denoted as RT and
RF, for tablets and fragments, respectively. Further, RBNN was employed for feature
selection from raw spectra. A comparison of the original and RBNN reconstructed spectra
is presented in Figure 2b. The reconstruction enabled total superposition of the spectra
and high confidence in the data selection. The RBNN was used to extract the maximum
value of the most distinctive peak for the same nine chemical elements from the EDXRF
spectra. Using the described procedure, two more datasets were organized as a matrix with
the dimension of 36 × 9 for both fragments (denoted as NF) and tablets (denoted as NT).
The Net Peak Area parameter was used to quantify the tablets’ elemental composition; the
results are presented in Table 1. The dataset organized in the matrix with dimensions of
36 × 9 was denoted as QT.

Figure 2. (a) EDXRF spectra aligned using original spectra alignment procedure; (b) Radial basis
neural network spectra reconstruction for feature selection.
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Table 1. Chemical composition of the ceramic materials from BI and CV ensemble.

SiO2, % K2O, % CaO, % TiO2, % MnO, % Fe2O3, % Rb, ppm Sr, ppm Zr, ppm

BI1 86.82 3.98 1.29 0.86 0.05 5.30 50.22 94.51 153.59

BI2 69.51 3.29 2.56 0.79 0.04 5.48 66.84 95.19 169.15

BI3 78.77 3.42 2.11 0.96 0.05 5.11 65.82 60.53 144.78

BI4 90.31 3.26 2.12 0.80 0.05 4.95 80.41 113.33 152.69

BI5 71.66 3.54 8.73 0.52 0.03 3.63 72.47 111.26 170.44

BI6 79.44 2.65 12.21 0.45 0.03 3.11 63.24 128.71 109.27

BI7 71.39 3.31 2.10 0.76 0.06 5.67 52.53 107.67 128.58

BI8 54.35 2.85 11.11 0.43 0.04 2.96 88.07 97.80 159.04

BI9 67.77 3.61 9.30 0.52 0.03 3.67 50.59 102.62 104.73

BI10 60.12 3.58 2.45 0.83 0.04 5.12 61.12 101.93 111.60

BI11 72.47 4.41 1.91 0.72 0.04 4.64 61.21 116.85 111.86

BI12 75.95 3.35 1.98 0.76 0.04 5.43 66.38 68.34 182.37

BI13 85.62 3.13 1.39 0.72 0.05 4.66 95.92 80.20 142.19

BI14 68.71 3.56 2.21 0.83 0.05 5.33 80.60 98.87 132.60

BI15 77.70 2.84 1.91 1.14 0.05 6.12 72.84 64.51 202.07

BI16 88.30 3.56 2.04 0.70 0.04 4.58 73.21 74.69 167.85

BI17 55.96 1.14 6.57 0.54 0.06 7.12 45.98 68.11 91.77

BI18 84.01 3.78 1.19 0.80 0.13 5.31 90.20 61.22 215.03

CV1 78.91 3.84 2.16 0.83 0.03 5.59 63.89 108.66 152.95

CV2 69.51 4.97 2.44 0.94 0.07 6.50 73.39 76.06 152.17

CV3 88.84 4.14 2.51 0.70 0.10 5.19 78.38 97.41 203.50

CV4 97.56 4.68 2.49 0.96 0.07 6.13 84.38 87.31 149.84

CV5 80.11 4.25 2.27 0.81 0.08 5.56 87.70 100.63 145.69

CV6 83.47 3.84 3.48 0.85 0.05 4.34 81.61 92.90 197.02

CV7 73.67 4.24 2.20 0.86 0.06 6.02 77.73 92.29 121.19

CV8 86.02 4.34 2.21 0.81 0.07 5.10 58.53 109.58 142.84

CV9 85.48 3.90 2.17 0.88 0.07 5.30 71.18 66.42 143.74

CV10 75.95 3.84 1.96 0.71 0.05 4.82 61.39 91.75 120.67

CV11 72.20 4.31 2.61 0.72 0.11 4.88 68.69 89.53 147.89

CV12 70.05 3.59 1.83 0.83 0.03 4.58 64.07 64.05 197.02

CV13 87.09 4.07 7.95 0.71 0.04 5.10 63.52 80.50 146.34

CV14 53.54 4.38 2.21 0.66 0.06 5.64 78.93 92.98 114.19

CV15 75.42 3.02 2.09 0.70 0.05 5.27 82.35 99.86 117.17

CV16 58.91 3.80 3.35 0.65 0.08 5.15 75.43 88.23 150.09

CV17 87.50 4.41 3.37 0.69 0.09 5.88 59.64 97.34 100.58

CV18 69.92 3.72 1.72 1.08 0.05 5.25 98.14 87.62 277.12

SRM-CC 67.50 2.30 0.62 0.95 0.03 2.70 113.00 103.00 337.00

All the experimental data subjected to PCA and SMB dimension reduction were
autoscaled before analysis.
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3.2. Dimension Reduction and Classification Results

The dimension reduction results of a dataset containing elemental composition quan-
tified values (QT) can be considered the reference because the analysis was performed on
homogenized material, and the exact composition is determined. The results of the PCA
dimension reduction of the QT dataset are presented in Figure 3a. As can be seen, the
between-class distance and group coherence are small, with 52.88% of the total variance
preserved. The Bhattacharya distance value is 0.31. Nevertheless, the linear classifier is
designed with a recognition ability of nearly 36% for the BI dataset and 33% for the CV. The
classification enabled the misclassification of 28% of BI and 33% of CV samples. The super-
vised SMB dimension reduction of the same datasets achieved slightly higher between-class
distance, with the Bhattacharya distance value of 0.39. At the same time, group coherence
remained small in the new y1–y2 space (Figure 3b). The linear classification parameters
(together with errors given in brackets) are shown in Table 2. Supervised SMB dimension
reduction enables only 11% of BI and 22% of CV samples to be misclassified

Figure 3. (a) PCA dimension reduction of the tablet’s quantified elemental composition (QT dataset);
(b) SMB dimension reduction of the tablet’s quantified elemental composition (QT dataset).

Table 2. Dimension reduction and classification parameters.

Material
Dimension
Reduction

Dataset ld/n (%) μ(1/2)
BI Samples CV Samples

RA * MC * RA MC

Tablets

PCA

Quantified (QT) 52.88 (2.37) 0.31 (0.007) 36 28 33 33

RBNN feature selection (NT) 43.82 (2.54) 0.08 (0.003) * * * *

Full spectra (RT) 14.54 (0.86) 0.33 (0.009) 39 22 36 28

SMB
Quantified (QT) 100 (0.81) 0.39 (0.022) 44 11 39 22

RBNN feature selection (NT) 100 (0.72) 0.70 (0.006) 44 11 44 11

Fragments
PCA

RBNN feature selection (NF) 58.24 (2.97) 0.16 (0.008) 42 17 25 50

Full spectra (RF) 43.12 (1.08) 0.25 (0.007) 39 22 36 28

SMB RBNN feature selection (NF) 100 (0.95) 0.35 (0.003) 42 17 39 22

* RA—Recognition ability (%), MC—Misclassification (%).

The results achieved using nine peak maximum values determined for tablets by the
RBNN selection procedure (NT dataset, Figure 4) are shown in Table 2. The PCA dimension
reduction showed that linear classification is impossible, even though 43.82% of the total
variance was preserved. The group coherence is also small, which can be explained by
the fact that some grouping information was lost by data selection. The SMB dimension
reduction of the same dataset enabled linear classification with the highest value of the
Bhattacharya distance (Table 2) and the smallest percentage of the misclassified samples,
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11% for both groups. For comparison, the PCA and SMB dimension reduction results for
the RBNN-selected data for the ceramic fragments (NF dataset) are shown in Figure 5. For
both cases, linear classification is possible. The PCA achieved the highest value of the
total variance preserved (58.24%) with a relatively small value of the Bhattacharya distance
(0.16).

Figure 4. (a) PCA dimension reduction of the tablet’s RBNN selected elemental composition (NT
dataset); (b) SMB dimension reduction of the tablet’s RBNN selected elemental composition (NT
dataset).

Figure 5. (a) PCA dimension reduction of the ceramic fragment’s RBNN selected elemental composi-
tion (NF dataset); (b) SMB dimension reduction of the ceramic fragment’s RBNN selected elemental
composition (NF dataset).

The designed classifier enabled misclassification of 17% of BI and 50% of CV samples.
The SMB dimension reduction achieved a slightly higher misclassification of 17% for BI
and 22% for CV samples compared to the results for the tablet’s dataset. The comparison
of SMB techniques on the two datasets with selected features favors the NT dataset over
the QT dataset (μ(1/2): 0.39 vs. 0.70, RA: 44% for BI and both techniques and 39% vs. 44%
for CV, MC: 11% for BI and both techniques and 22% vs. 11% for CV). This is because
part of the information about the dataset structure is lost during the quantification process,
likely due to feature selection and an ancient porcelain standard. The results of the PCA
dimension reduction of the raw EDXRF spectral data for tablets (RT dataset) and ceramic
fragments (RF dataset) are shown in Figure 6.
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Figure 6. PCA dimension reduction of the raw EDXRF spectral data for (a) tablets (RT dataset) and
(b) ceramic fragments (RF dataset).

The linear classification is possible using raw spectral data even if the ld/n parameter
values are small (Table 2). More confident results are achieved for the fragments dataset
in the PCA space, where less structural data were lost during the dimension reduction.
Group coherence is smaller for the fragments dataset, resulting in a smaller Bhattacharya
distance value. The classification parameters have the same values (Table 2). This result is
highly significant as it shows that the dimension reduction of the dataset containing the
qualitative results of the fragment analysis achieves classification results comparable to
those of quantitative results on the homogenized tablets. This implies that a provenance
study based on qualitative EDXRF results can be conducted with high reliability.

The small group coherence and the Bhattacharya distance values can be explained by
using the same/similar clay sources for ceramic production, resulting in a small variance
between data (Figure S1 in Supplementary Materials). The linear classifier was still pos-
sible to design, likely due to changes in production technology, such as adding different
tempering materials.

The raw EDXRF spectral data obtained for Coţofeni–Kostolac ceramic fragments
assemblages were organized in a matrix with a dimension of 13 × 1700. This dataset
was subjected to PCA-based dimension reduction with Bubanj Hum I and Cernavoda III
fragments. The analysis was performed to compare the results of dimension reduction
and classification between the sets of non-similar raw materials (Figures S2 and S3 in
Supplementary Materials). The results are shown in Figure 7.

Figure 7. PCA dimension reduction of the raw EDXRF spectral data (a) for Bubanj Hum I and
Coţofeni–Kostolac dataset; (b) for Cernavoda III and Coţofeni–Kostolac dataset.
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The percentage of the total variance preserved in the PC1-PC2 space is 51.39% for the
BI-KK and 44.75% for the CV-KK datasets. These results are comparable to those presented
in Table 2. The Bhattacharya distance values are 20.37 and 27.27, respectively. These values
suggest that classification can be performed without any misclassification.

4. Conclusions

The effectiveness of the two most-used dimension reduction techniques, PCA as an
unsupervised method and SMB as a supervised method, was evaluated for the archae-
ological ceramic provenance study. In this evaluation, both quantitative and qualitative
EDXRF analytical results were used. The chemical composition of the sampled ceramic
materials, homogenized and pressed into tablets, was quantified using CRM and used as
referent classification. An RBNN-based procedure was also used to determine the same
chemical composition faster and more reliably to test the amount of lost information during
feature extraction. Qualitative analysis using EDXRF spectrometry conducted on tablets
and ceramic shards aimed to compare their effectiveness in the provenance study among
themselves and with quantitative results. The dimension reduction was assessed based on
the percentage of preserved total variance and the possibility of linear classification. The
Bhattacharya distance was calculated in the reduced space to measure between-class sepa-
rability as an indicator for effective classification. The recognition ability and percentage of
misclassification were calculated for linear classification evaluation.

The preserved total variance ranged from 14.5% to 58%, providing a less representative
picture of the initial dataset structure in the reduced space. This result was followed by
small group coherence in the reduced spaces and low values of the Bhattacharya distance.
Even so, it was possible to design the linear classifier, and the classification results showed a
small misclassification. The parameters used to evaluate the success of dimension reduction
and classification have similar values for quantitative and qualitative results, which is the
most important result (ld/n: 52.88% vs. 43.12%, μ(1/2): 0.31 vs. 0.25, RA: 36% vs. 39%
for BI and 33% vs. 36% for CV, MC: 28% vs. 22% for BI and 33% vs. 28% for CV).
Although quantification leads to precise chemical composition, it was shown that it might
not always be the most informative method for provenance study and comparison with
other assemblages, as some important information may be lost during feature selection.
The qualitative analysis of the well-prepared shards’ surface using EDXRF spectrometry
can be utilized in provenance studies, even when the ceramic assemblages were made
of similar raw materials. The results indicate that qualitative EDXRF results can be used
reliably for provenance studies of archaeological ceramics, similar to the quantitative ones.
This method requires easier sample preparation, is much faster, and does not necessitate
the use of CRM.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma17153725/s1, Figure S1: PCA dimension reduction of the BI
and CV ceramic fragments datasets using raw EDXRF spectral data. The clay material was classified
using the linear classifier. Figure S2: PCA dimension reduction of the BI and KK ceramic fragments
datasets using raw EDXRF spectral data. The clay material was classified using the linear classifier.
Figure S3: PCA dimension reduction of the CV and KK ceramic fragments datasets using raw EDXRF
spectral data. The clay material was classified using the linear classifier.
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Abstract: Charred and burned human and animal skeletal remains are frequently found in
archaeological records and can also be subjects of forensic investigations. Heat exposure
causes specific changes to the physical and chemical characteristics of these remains, offer-
ing valuable insights into their taphonomic history. This research combines the commonly
used ATR-FTIR (Attenuated Total Reflectance–Fourier Transform Infrared) spectroscopy
with the rarely utilised density measurements obtained from Multidetector CT (Computed
Tomography) to investigate changes in defleshed bovine cortical bone exposed to different
temperatures for varying durations. The inclusion of density measurements is significant
because Multidetector CT analysis is non-destructive and can be valuable when remains
cannot be removed from their burial context (e.g., urn) or cannot be damaged. The results
indicate complex changes in both organic and inorganic components, affecting crystallinity
and density. Lower temperatures primarily affect organic matter, while higher temperatures
induce significant changes in the mineral lattice and phase transitions. The transforma-
tion from β-tricalcium phosphate to α-tricalcium phosphate at high temperatures likely
impacts the bone’s crystallinity and density. Bone density measured by CT scans provided
additional information that complemented the interpretations of FTIR spectroscopy. While
CT scans offer important data for planning non-destructive analyses of remains, they
present only one layer of information. Therefore, CT scans need to be combined with other
techniques to provide comprehensive interpretations of the changes occurring in the bone.
Further research is needed on density measurements and other potentially non-destructive
analyses to fully unlock the potential of Multidetector CT analyses.

Keywords: skeletal remains; ATR-FTIR spectroscopy; Multidetector CT; FTIR indices;
density; cremation
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1. Introduction

Be it the result of cooking practices, mortuary and other rituals, destruction of evidence
or anything in between, charred and burned human and animal skeletal remains are found
in many archaeological and forensic contexts. As exposure to heat leaves a unique pattern
in the structural and chemical characteristics of remains, they present a powerful source
of understanding regarding the taphonomic history of the remains. In archaeological
contexts, they can provide a rich source of information regarding life in the past, while
in forensic contexts, they provide means for the reconstruction of events and possible
identifications [1–3].

However, bones are a composite material, which makes understanding the effect of
heat on their structural and chemical characteristics far from straightforward. Bones can be
divided into cancellous and compact types, composed of water (approximately 10%) and
closely linked organic (approximately 25%) and inorganic phases (approximately 60–70%).
The former is mainly represented by lipids and proteins, 90% of which are type I collagen,
formed by amino acid chains in a triple-helical structure [4,5]. Collagen molecules in the
bone form elastic fibrils, held together by hydrogen bonds [6]. In the empty spaces between
collagen molecules and fibrils are inorganic plate-shaped nanocrystals of non-stoichiometric
(highly disordered) apatite with predominantly carbonate (3–8%) but also other (e.g.,
Na, Mg, Al, Pb, HPO4) substitutions replacing phosphates and hydroxy groups [5,7–13].
Furthermore, bone mineral is hydrated as it contains water in its structure [14].

With exposure to heat, processes such as combustion and pyrolysis (thermolysis)
change the structural and chemical characteristics of bones. To simplify, the changes that
occur can be summarised as a loss of water (<250 ◦C), followed by a decline in organic
components (200–600 ◦C) and changes in the mineral (predominantly > 700 ◦C). Most
free water is lost as the temperature approaches 100 ◦C and structural water is lost as
the temperature approaches 250 ◦C, with some small, additional changes around 400 ◦C,
when water produced as a byproduct of organic matter combustion evaporates. Lipids
completely degrade at temperatures of around 300–340 ◦C. Between 200 and 350 ◦C, a loss
of collagen is observed. The majority of the organic phase is combusted between 300 and
400 ◦C in oxidising conditions and 600 and 700 ◦C in reducing conditions. Collagen is
converted into alkylated benzenes and phenols and condensed aromatic compounds, which
decline from around 500 ◦C onwards and almost disappear by 900 ◦C. At temperatures
above 600–700 ◦C, cyanamide forms due to a reaction between the residual C and N from
organic matter and calcium from the inorganic part of the bone [15–18].

Some minor changes in the mineral part of the bone can be observed between 250
and 340 ◦C, likely correlated with the changes in organic content. Most of the changes in
bioapatite occur at temperatures above 600–700 ◦C, although an increase in crystal size,
which is non-linearly correlated with increasing temperature, can start between 300 ◦C
and 500 ◦C. Due to the increase in crystal size, at temperatures above 500 ◦C, a slow
increase in density occurs, which becomes faster at temperatures above 700 ◦C. Most
alterations in the bone mineral can be seen between 800 ◦C and 900 ◦C, when growth of
the crystals and ordering of the crystal structure, accompanied by the loss of carbonates
and structural water, are most pronounced. Structural carbonate loss starts at around
250–340 ◦C; however, most of the loss occurs at temperatures above 600 ◦C. Between
700 ◦C and 900 ◦C, in oxidising conditions, an increase in hydroxyl ions can be observed,
when carbonate ions reorganise into carbon trioxide to create space for them. Additional
carbonate losses occur at temperatures between 700 ◦C and 1000 ◦C, with some minor
losses reported at temperatures up to 1100 ◦C [16–18].

Previous studies investigating bone hardness, porosity and density after exposure to
high temperatures presented decreasing hardness with exposure to temperatures between

53



Materials 2025, 18, 742

100 ◦C and 300 ◦C. The lowest hardness was observed to be between 400 ◦C and 500 ◦C,
which remained low until exposure to temperatures of 800–900 ◦C, when it started to
rise again [19–22], supposedly due to the increasing density of hydroxyapatite and crys-
tal growth [23–25]. Bone porosity was highest in the samples exposed to temperatures
of 600 ◦C (around 50%), while with increasing temperatures, porosity decreased, with
sintering occurring at approximately 1200 ◦C [26].

Analysing these changes in bones can offer information regarding the reasons and
methods for exposing remains to heat. Thus, there are numerous studies focusing on
heat-induced changes [27–35]. Although there are various techniques used for this purpose,
vibrational spectroscopy, especially Fourier Transform Infrared (FTIR) spectroscopy, is one
of the most common choices [28,31,32,34–45]. This is likely because FTIR spectroscopy
is a convenient and relatively inexpensive technique for the exploration of molecular
structure and material characterisation. Additionally, the Attenuated Total Reflectance
(ATR) technique is increasingly being used as it minimises sample preparation, improves
signal-to-noise ratios and increases comparability among samples [46,47]. When used
on skeletal tissues, FTIR spectroscopy allows researchers to explore the organic (mainly
collagen) and inorganic (bioapatite) parts of the tissues. Due to its precision and well-
established use in research on skeletal tissues, it also enables detection of small chemical
and/or structural variations in the samples [31,33,48,49]. However, the chemical properties
of skeletal tissues are heterogeneous, making molecular characterisation using FTIR spectra
elusive [31]. To characterise the molecular structure of skeletal samples, calculations of the
ratios between peak heights and/or areas are necessary, ensuring that the results present
relative and not absolute concentrations of components in the sample [50].

Another less-known technique for studying skeletal tissues is Multidetector CT, which
enables the acquisition of three-dimensional (3d) volume images. It is gaining popularity
in archaeological research, especially for analysing ancient cinerary, as it can reveal the
contents of urns [51,52]. A wide X-ray beam is used in conjunction with multiple rows of
detectors to acquire more than one CT slice in a single tube rotation and to simultaneously
avoid tube overloading. In general, a Multidetector CT slice consists of a matrix of the
smallest elements called “voxels”. The coefficient of absorption at each voxel is converted
into a CT value, reported in Hounsfield units (HUs), which is defined by Equation (1)
as follows:

CT value = k × μt − μw
μw

(1)

where μt is the coefficient of absorption at the scanning volume, μw is the coefficient of
absorption with respect to water and k is a proportionality constant, which is fixed at a
value of 1000.

Hounsfield unit (HU) values are defined as a measurement of the linear attenuation
coefficient of a tissue, based on a defined scale of 0 for the radiodensity of distilled water at
standard pressure and temperature and −1000 for air at standard pressure and temperature.
In CT scans, the reconstruction software calculates HU values for each volume unit (voxel)
of the scan [53].

The density of cortical bone varies depending on whether it is measured in living
bone or in bone remains, including historical/archaeological ones. However, ranges vary
between 1150 and 1550 HU. In skeletal remains, there is some loss of the mineral component
of the bone due to taphonomic processes. Cremated bones instead seem to have a higher
density, generally over 2000 HU and up to more than 2500 HU, probably due to changes in
the composition of the mineral component and alterations in the morphology and size of
crystallites of bone hydroxyapatite [54]. Preliminary experiments seem to express a certain
correlation between the density of the cortex of the cremated bone and the cremation
temperature [55].
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Aims of the Research

The vast amount of research using FTIR spectroscopy to address changes in bones ex-
posed to heat has allowed researchers to establish FTIR indices with relatively well-known
meanings (see Table 1). However, there are still some gaps in our understanding of FTIR
results and heat-induced changes, one being the effect of time of exposure. Although it was
previously observed that time of exposure does play a role [40,56], it is not commonly and
systematically included in research designs. Thus, the first aim of this study was to address
the influence of time of exposure on changes in bones observed with FTIR spectroscopy.

Contrarily to FTIR spectroscopy, bone density calculated from CT scans is not com-
monly used to understand heat-induced changes in bones. As it could provide a completely
non-destructive technique for assessing information about bones, this study expands the
commonly applied FTIR indices with CT density. First, a set of baseline changes was estab-
lished using calculated indices from the FTIR spectra. In the next step, density calculations
were performed and compared against the FTIR indices. The second aim of this study
was to establish a correlation between FTIR indices and density to better understand what
information density can tell us about the bone. Since Multidetector CT is a non-destructive
method, which can be performed without disturbing the burial context, the aim was to
determine if it could be used as a standalone technique for studying and interpreting
taphonomic changes in remains or if other methods need to be incorporated.

Research was conducted on a single bone with known taphonomic history to eliminate
the influence of individual variability and the unknown complexities of bone diagene-
sis. This approach was chosen to isolate the effects of time and temperature of exposure,
as FTIR spectra and density are known to be significantly influenced by extrinsic fac-
tors (e.g., post-depositional environment) and intrinsic factors (e.g., age, sex, skeletal
element) [30,33,57–59]. By focusing on a single specimen, the study effectively controlled
for these variables, ensuring that the observed changes were directly attributable to the
experimental conditions. This method provides a clearer understanding of how time and
temperature impact bone properties, free from the confounding effects of natural variability.

Table 1. Included FTIR indices.

Index ~Peaks Characterisation References

IRSF (560 + 600)/585 crystallinity, indicating crystal size and order in the matrix [60,61]

H1640 1640 height relative amount of Amide I [62,63]

H1415 1415 height relative amount of type B carbonates + organic matter [28,64,65]

OH 630 height relative amount of hydroxyl groups [32]

CN 2015 height relative amount of cyanamide [32,66]

H960 960 * height relative amount of well-crystallised apatite [67]

H872 872 * height relative amount of B-type carbonates [68]

H878 878 * height relative amount of A-type carbonates [68]
* Peaks measured in second-derivative spectra.

2. Materials and Methods

2.1. Samples

The mid part of the femur diaphysis of a single adult bovine was manually defleshed
and cut into rectangular samples of 4 × 4.5 cm. One sample was used as a control while
sixteen others were exposed to low, mid and high temperatures in a vented muffle furnace.
Each sample was placed into the furnace individually once the set temperature was reached.
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Samples were exposed to temperatures of 300 ◦C, 600 ◦C, 900 ◦C and 1200 ◦C for 30, 60, 90
and 120 min each. After exposure, samples were naturally cooled to room temperature and
stored inside perforated polyethylene bags.

2.2. ATR-FTIR Spectroscopy

Each sample was analysed using a Perkin Elmer Spectrum 100 FTIR spectrophotome-
ter in Attenuated Total Reflectance (ATR) mode, equipped with a thallium–bromoiodide
(KRS-5) crystal. To ensure full physical contact between the samples and the ATR setup,
firm and consistent pressure was applied during measurements to optimise the interac-
tion between the sample surface and the ATR crystal. The samples were measured in
their original form, with full pieces of bone used; they were not crushed or altered. ATR
spectra were collected in the range between 4000 cm−1 and 380 cm−1. For each sample,
measurements were taken at five distinct spots, with 32 scans collected at a spectral resolu-
tion of 4 cm−1 per spot. All spectra underwent ATR correction using Spectrum software
(Perkin Elmer, Norwalk, CT, USA). Additionally, the spectra were baseline-corrected, nor-
malised (Min-Max normalisation) to the highest peak at ~1010 cm−1 and averaged using
the OPUS 7.0 software package (Bruker, Bremen, Germany).

As most of the peaks used to understand the changes in the bone due to heat exposure
were found to be between 550 cm−1 and 2020 cm−1, scanned spectra were reduced to
wavelengths between 480 cm−1 and 2100 cm−1. Due to overlapping, three peaks were
measured in second-derivative spectra using the Savitzky–Golay filter with 7 smoothing
points (Supplementary Materials Figures S1 and S2).

FTIR indices were measured/calculated (Supplementary Materials, Figures S1 and S2)
to help better understand the molecular structure of the bones. Indices were chosen based
on the published research studying bones exposed to high temperatures (Table 1). Although
there are more indices mentioned in various other studies, only the ones where peaks were
clearly measurable for all the samples were included. Due to the normalisation of the
spectra to the PO4 peak at ~1010 cm−1, some of the peaks, namely OH and CN, were
slightly adjusted and a peak height of ~1010 cm−1 was used for the ratio calculation instead
of ~605 cm−1.

2.3. CT Scanning

After cremation, the samples were scanned with a 16-slice Multidetector CT scanner
(Toshiba Aquilion 16, 129 KVp, 200 mA, isotropic 0.5 mm voxel). The HU value of each
voxel of the sample was registered and classified by frequency. In order to exclude the
contribution of the partial-volume effect due to the micro-cracking of the bone structure
caused by the heat, the histogram was deconvoluted to obtain the mean HU value of the
higher component of the curve (CT).

2.4. Statistical Analyses

Statistical analyses were performed using IBM SPSS Statistics. First, normality of
the data was checked using the Shapiro–Wilk test. Based on the results, parametric tests
for normally distributed and non-parametric tests for not-normally distributed data were
conducted. Spearman correlation was used to observe correlations between different FTIR
indices and the CT density index. A confidence interval of 95% was used for means or
medians to explore the degree of change in the bones due to exposure to heat and to
evaluate their significance.
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3. Results

All the obtained FTIR indices and densities are presented in the Supplementary
Materials Table S1 and averaged measured/calculated FTIR and CT density indices are
presented in Table 2.

Table 2. Measured/calculated FTIR indices and average CT density (CT).

Temperature (◦C)

Index 0 300 600 900 1200

H1640 1 0.16 ± 0.096 0.035 ± 0.014 0.019 ± 0.004 0.012 ± 0.005

CN 0.136 0.034 ± 0.044 0.043 ± 0.028 0.163 ± 0.118 0.061 ± 0.078

H1415 0.70 0.19 ± 0.07 0.098 ± 0.021 0.028 ± 0.007 0.009 ± 0.003

H872 0.0052 0.0029 ± 0.0003 0.0027 ± 0.0005 0.0008 ± 0.0003 0.00006 ± 0.00001

H878 0.0002 0.0025 ± 0.0007 0.0023 ± 0.0005 0.0020 ± 0.0009 0.0010 ± 0.0015

SF 3.17 3.55 ± 0.17 4.29 ± 0.36 5.40 ± 0.35 4.81 ± 0.45

H960 0.0003 0.0016 ± 0.0001 0.0033 ± 0.0012 0.0122 ± 0.0032 0.0108 ± 0.0020

OH 0.022 0.078 ± 0.027 0.115 ± 0.022 0.183 ± 0.086 0.248 ± 0.080

CT 2139.8 1934.3 ± 195.1 1711.5 ± 89.1 2656.6 ± 294.8 3344.9 ± 216.5

3.1. Changes with Time and Temperature

The obtained FTIR results (Figure 1) showed that with exposure to temperatures of
300 ◦C, significant changes had already occurred in the bone. Significant decreases in
H1640, H1415 and H872, as well as a significant increase in H878, had already occurred
after 30 min of exposure. An increase in OH also occurred but was only clear after 60 min of
exposure at 300 ◦C and there were no further significant changes until prolonged (90 min)
exposure at 900 ◦C. IRSF slightly increased at 300 ◦C, continuing to gradually increase with
prolonged exposure, as did stoichiometric phosphate (H960), but the latter presented no
differences with prolonged exposure.

At 600 ◦C, H1640 continued to slowly decrease and was lost after 90–120 min of
exposure. Similarly, H1415 continued to decrease; however, the changes were small and
barely significant in the first 30 min of exposure and again after 90 min of exposure.
H872 and H878 presented non-significant but observable decreases after at least 90 min
of exposure, while at the same time, OH presented a similar pattern of increase. IRSF
continued to increase slowly and gradually, as did H960; however, the latter presented a
more pronounced increase upon 90 min and 120 min of exposure.

At 900 ◦C, H1640, H1415 and H872 were almost completely lost. In some cases, some
remnants might still be detectable in the first 30 min. On the other hand, H878 and OH both
initially decreased and then significantly increased after 90 min and 120 min of exposure.
CN significantly increased after 30 min and 60 min of exposure and significantly decreased
after 90 min and 120 min of exposure. The increase in IRSF was still present but stopped
after 90 min and 120 min of exposure, while H960 showed an extreme increase after 60 min
of exposure with no further significant change.

At 1200 ◦C, H1640, H1415, H872 and H878 has been largely removed. In some cases,
some leftovers of H878 might still be visible after 30 min of exposure, and the same goes
for CN, which seemed to persist for a bit longer, with peaks sometimes still detected after
60 min and 90 min of exposure. IRSF and H960 both experienced a decrease at 1200 ◦C
exposure. IRSF decreased non-significantly, without any obvious differences caused by
different time of exposure. H960 decreased significantly with some noticeable variation
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due to time of exposure, presenting significant differences between 30 min and 120 min of
exposure, as it started to increase again with prolonged time of exposure. The OH peak
seemed to resemble the peaks at 900 ◦C, although an increase was seen with exposure at
1200 ◦C for 120 min.

Figure 1. Confidence intervals of FTIR indices for different temperatures and durations of exposure.

CT density only significantly changed after 120 min of exposure at 300 ◦C, when it
decreased. The next significant change only occurred after 90–120 min of exposure at
600 ◦C; however, a more substantial increase was observed after exposure at 900 ◦C, which
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continued until 30 min of exposure at 1200 ◦C. With 60–120 min of exposure at 1200 ◦C, CT
density decreased again (Figure 2).

Figure 2. CT density for different temperatures and durations of exposure.

3.2. Correlations

Considering the observed changes in CT density and FTIR spectroscopy measure-
ments, the correlation analysis was adjusted as follows:

(1) First decrease in density (300 ◦C/120 min–600 ◦C/60 min): strong negative correlation
with H1640 (0.84) and H1415 (−0.74); strong positive correlation with IRSF (0.84) and
H960 (0.79).

(2) First small increase in density (600 ◦C/90–120 min): strong negative correlation with
CN (−0.88); moderate positive correlation with H960 (0.68).

(3) First high increase in density (900 ◦C/30–60 min): strong negative correlation with
H872 and H1415 (−0.88); strong positive correlation with H960, CN and OH (0.88).

(4) Second high increase in density (900 ◦C/90 min–1200 ◦C/30 min): strong negative
correlation with H872 and H1415 (−0.80); moderate negative correlation with H960
and IRSF (−0.64).

(5) Final decrease in density (1200 ◦C/60–120 min): strong negative correlation with
H1415 (−0.79); moderate negative correlation with H872 (−0.53); moderate positive
correlation with H960 (0.53).

4. Discussion

4.1. FTIR Spectroscopy

Changes at 300 ◦C indicated loss of organic matter (H1640, partially H1415) following
a short period (30 min) of exposure. Changes in the mineral lattice also took place in
these early stages, as losses of B-type carbonates (H872) were accompanied by increases in
A-type carbonates (H878), crystallinity (IRSF) and stoichiometric phosphates (H960). With
prolonged exposure, further losses of collagen occurred (H1640), hydroxyl ions (OH) were
incorporated into the lattice and crystallinity further increased (IRSF), while both types
of carbonates (H1415, H872 and H878) and stoichiometric phosphates (H960) were not
affected by the additional time of exposure. Significant changes in the organic part are to be
expected [16–18], while the observed changes in the mineral part might predominantly be
a consequence of changes in the organic part, as some of the spectral locations are shared
and calculated ratios only present relative concentrations of specific molecules in the bone.

The presence of the Amide I peak (H1640) at 600 ◦C and its small, gradual decrease
were visible due to the conversion of collagen into aromatic compounds [17]. Decreases
in all type of carbonates (H1415, H872 and H878), especially with prolonged (90–120 min)
exposure, indicated the non-selective loss of carbonates, which predominantly occurred
only after prolonged exposure. On the other hand, a gradual increase in crystallinity (IRSF)
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was accompanied by an increase in stoichiometric phosphates (H960) and the incorporation
of hydroxyl ions (OH) into the mineral lattice. These changes were consistent with reported
reorganisation of the mineral lattice due to carbonate losses and crystal growth [16,17,31,69].

Although some significant changes in the mineral already occurred with prolonged ex-
posure at 600 ◦C, they became more pronounced at higher temperatures. Furthermore, with
prolonged exposure at 900 ◦C, a clear distinction between continuingly decreasing B-type
carbonates (H872) and increasing A-type carbonates (H878) occurred, which was accompa-
nied by an increase in hydroxyl ions (OH) and a decrease in cyanamides (CN). The latter
presented a tangible increase during short periods of exposure (30 min and 60 min) and de-
creased significantly with prolonged (90 min and 120 min) exposure. The predominant loss
of B-type carbonates observed agrees with the findings of previous studies [31,32,48,68],
although one should take into account the very low relative amounts of A-type carbonates
in the bone [70,71]. When acknowledging hydroxyl groups, cyanamides and A-type car-
bonates together, an interesting interplay can be seen. Short-term exposure resulted in an
increase in cyanamides, accompanied by a decrease in A-type carbonates and hydroxyl
groups, while with prolonged exposure, the opposite occurred: there was a decrease in
cyanamides, accompanied by an increase in A-type carbonates and hydroxyl groups. When
considering only samples exposed at 900 ◦C (hydroxyl peaks are known to increase only
after exposure at 700 ◦C) [26,31], there was a strong negative correlation between A-type
carbonates and cyanamides (r = −0.74), a moderate negative one between hydroxyl groups
and cyanamides (r = −0.64) and a strong positive one between A-type carbonates and
hydroxyl groups (r = 0.76). Thus, at 900 ◦C, cyanamides increased while A-type carbonates
and OH decreased. Previous observations indicate that during heating, A-type carbon-
ates are lost and replaced by hydroxyl groups [32]. When also considering cyanamides,
Snoeck et al. [40] proposed that, when present, cyanamides substitute for hydroxyl groups
and replace A-type carbonates. However, based on our results, at 900 ◦C, A-type carbonates
and hydroxyl groups seemed to act together, with cyanamides on the other side. This
only changed with complete loss of both A-type carbonates and cyanamides following
prolonged exposure at 1200 ◦C, when only hydroxyl groups were left and were further incor-
porated into the lattice. The presence of cyanamides mostly correlated to the combustion of
organics, namely to the heating of ammonia [72], in the case of bone possibly deriving from
organic matter (collagen) [40]. Thus, it is surprising that they were still detectable at 1200
◦C. As some leftovers of aromatic compounds were also present, they might be “feeding”
the peak of cyanamides. A strong positive correlation was also seen between CN and H1640
(0.83) following short-term exposure at 1200 ◦C, almost completely disappearing (0.26)
with prolonged time of exposure. With complete loss of cyanamides and A-type carbonates,
only the hydroxyl group remained as substitutes in the lattice and were thus able to further
increase. At this point, IRSF did not seem to change significantly, even decreasing slightly.
This decrease had been previously noted in [31,32], but the reasons behind it are unclear,
generally being attributed to the rearrangement of the apatite structure. Legan et al. [36]
noticed additional bands characteristic of α-tricalcium phosphate (TCP) after exposure
at 1200 ◦C, which agrees with a thermal transformation of β-TCP to α-TCP, occurring
at approximately 1150 ◦C [73]. Since β-TCP has a rhombohedral, more stable structure
with uniformly distributed Ca vacancies when compared to monoclinic α-TCP [74,75],
transformation to α-TCP might be associated with the decreasing crystallinity.

4.2. CT-Obtained Density

The presented results showed an initial significant decrease in density with prolonged
exposure at 300 ◦C, followed by a gradual increase until the period of prolonged exposure
at 1200 ◦C. A decrease in density following exposure at 600 ◦C, followed by an increase
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upon exposure at 900 ◦C and 1200 ◦C, was also observed by Figueiredo et al. [26]. It was
explained by changes in bone porosity caused by a loss of collagen at lower temperatures
and complete removal of carbonate from the mineral lattice at higher temperatures. Based
on the FTIR indices and correlations, our results partially agree with these interpretations.
It seems like density only starts to change with prolonged exposure to low temperatures
(300 ◦C) or after a short period of exposure to medium temperatures (600 ◦C). Correlations
indicate that changes in the density occur due to losses of organic matter with the initial
changes in crystallinity. However, according to FTIR indices, the latter are significantly
less substantial, leading to lower density. This agrees with previous research showing
that most of the water and organic matter is lost at temperatures between 300 ◦C and
800 ◦C when bone losses equate to approximately 30–45% of its weight [21,69,76–78]. Since
the presence of organic matter protects inorganic components of the bone [69,78] and
bone hydroxyapatite remains unchanged up to high temperatures [21,79], the results are
understandable. Significant increases in density only occurred with exposure to high tem-
peratures (900 ◦C), a phenomenon also observed by other researchers [26]. However, the
reasons for the increase were more complex than just the loss of carbonates from the matrix.
B-type carbonates were removed, but they were replaced, first by cyanamides and hydroxyl
groups, and with prolonged exposure, following the removal of cyanamides, by A-type
carbonates and hydroxyl groups. Although organic matter and B-type carbonates were
removed, other molecules were being incorporated into the mineral matrix. Furthermore,
at these temperatures, increases in stoichiometric apatite and crystallinity were observed,
altogether likely causing density to increase. With longer exposure to very high tempera-
tures (1200 ◦C), cyanamides and A-type carbonates were also removed and only hydroxyl
groups persisted as substitutions. Although the mineral matrix was becoming “cleaner”,
density and crystallinity both decreased. The latter is possibly due to the rearrangement of
the apatite structure [31,32], while the decrease in density is unusual, if we assume crystal
growth occurred and a closely interlocked structure was produced [69]. It might be due to
the observed transition of β-TCP to α-TCP, as the former has higher density than α-TCP
(3.07 g/cm3 vs. 2.86 g/cm3) [80–82].

5. Conclusions

This study aimed to improve our knowledge of heat-induced changes in bones ob-
servable with FTIR spectroscopy, also acknowledging the time of exposure and exposure
to very high temperatures (1200 ◦C). Furthermore, it correlates relatively well-established
FTIR indices with the simultaneous changes in bone density measured with CT.

The exposure of bone to varying temperatures results in complex changes in both
organic and inorganic components, influencing crystallinity and density. Lower temper-
atures primarily affected organic matter, while higher temperatures induced significant
mineral lattice changes and phase transitions. The transformation from β-TCP to α-TCP at
high temperatures likely impacts the crystallinity and density of the bone. The changes at
different temperatures can be summarised as follows:

Low-Temperature Changes (300 ◦C):

• Initial exposure leads to a loss of organic matter and changes in the mineral lattice.
• Losses of B-type carbonates coincided with increases in A-type carbonates, crystallinity

and stoichiometric phosphates.
• Prolonged exposure resulted in further collagen loss, the incorporation of hydroxyl

ions into the lattice and increased crystallinity.

Medium-Temperature Changes (600 ◦C):

• Collagen converted into aromatic compounds.
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• Crystallinity and stoichiometric phosphates increased, accompanied by hydroxyl
ion incorporation.

• There was a non-selective loss of all carbonate types with prolonged exposure.
• There was an initial significant density decrease due to the loss of organic matter.

High-Temperature Changes (900 ◦C):

• There was interplay between hydroxyl groups, cyanamides and A-type carbonates;
short-term exposure resulted in an increase in cyanamides, accompanied by a de-
crease in A-type carbonates and hydroxyl groups, while with prolonged exposure, the
opposite occurred.

• There was a significant density increase due to interplay between hydroxyl groups,
cyanamides and A-type carbonates, and an increase in stoichiometric apatite
and crystallinity.

Very-High-Temperature Changes (1200 ◦C):

• Complete loss of cyanamides and A-type carbonates.
• Hydroxyl groups continued to increase.
• Density and crystallinity decreased with prolonged exposure, possibly attributed to

the transition from β-TCP to α-TCP.

The observed changes in the FTIR indices agreed with previous studies, while also
offering a possible explanation—the transition from β-TCP to α-TCP—for the decreasing
crystallinity previously observed with exposure to very high temperatures. Additionally,
the study revealed significant differences between the short- and long-term exposure of the
bones to different temperatures, indicating that time, although often neglected, is also a
crucial factor in heat-induced changes. Because samples originated from a singular bone
with known taphonomic history, the observed changes can directly be correlated to the
exposure conditions. As such, the results provided a solid baseline for understanding the
components of temperature and time, and the correlations between changes observed in
FTIR indices and CT density. This is particularly important when working with valuable
heritage materials. Firstly, FTIR analyses were performed on a piece of bone and not
on powder, limiting the destructiveness of the method. Furthermore, Multidetector CT
is a non-destructive technique. It can be, for instance, carried out without disturbing
the burial context (e.g., urn) and/or damaging the remains (e.g., human bones). When
results of Multidetector CT were analysed alongside FTIR indices, which offer analysis of
several layers of data (changes in different molecules attributed to the organic and mineral
phases of the bone), CT density only provided one value. Although there was a pattern
of initial decrease, followed by a significant, gradual increase and another decrease in
CT density, it would be hard to classify most of the samples in terms of the explicit (time
and) temperature to which they were exposed. CT density could be a useful parameter to
study bones exposed to heat but, for now, not as a standalone technique. Future research
should include other parameters, also obtainable in a non-destructive way (e.g., porosity,
microstructure), to interpret the taphonomic changes in bones exposed to heat.

The results offer meaningful insights and thus a sort of baseline for investigating the
chemical and structural changes occurring in bones exposed to different temperatures and
for different times. This could be useful when trying to decipher mortuary and other rituals,
and also in forensic cases of combustion of the body. It was relatively easy to distinguish
between samples exposed to different temperatures and, to an extent, times, acknowledging
all the FTIR indices and density measurements using non-linear dimensionality reduction
(Supplementary Materials Figure S4). However, it is well known that various intrinsic and
extrinsic factors will significantly affect the FTIR and density results. For the results to be
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transferable to archaeological and forensic contexts, the effect of the biological profile, the
skeletal element and post-depositional bone diagenesis first need to be evaluated.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma18040742/s1, Figure S1: Process of spectra manipulation;
Figure S2: Peak measurement; Figure S3: Non-linear dimensionality reduction using Manifold
Learning, a technique which finds a non-linear manifold within the higher-dimensional space and
outputs new coordinates which correspond to a two-dimensional space (Orange Data Mining). Data
is visualized with Scatter Plot; Table S1: Obtained indices.
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Abstract: A series (n = 22) of glasses from the site Kapucinski vrt (garden of the Capuchin
monastery, 5th–17th c. CE) in Koper (Capodistria), a port town in the northern Adriatic,
was measured using a combined PIXE and PIGE method. Koper has been continuously
populated since the late Roman period, with a rich medieval history, thus offering an
opportunity to study Early Medieval glass. Stemmed goblet fragments, in the original
publication dated between the 6th–9th centuries CE, and several other vessel types (beakers
and flasks or bottles and lamps) were selected for analysis. The measurements were
expected to show the trends in glass production and consumption from Late Antiquity
until the Middle Ages, notably the transition between natron to plant ash glass and the
supply of fresh glass. Among the set of 22 glass vessel fragments, both natron and plant
ash glass were identified. For finer classification, we relied on a newly developed method
of Euclidean distances with respect to major concentrations. Natron glass of the types
Foy 2.1 (9 examples), Magby (2 examples), and Levantine I (Apollonia; 2 examples) was
found. Two glasses remain undetermined but testify to an Egyptian origin. Most natron
glasses show signs of recycling. Among the three unrecycled glasses (about 20% of the
whole set), there are two examples of Levantine glass and a Magby glass lamp; this may
indicate a modest supply of fresh glass during the period. Plant ash glass may be attributed
to the Early or High Middle Ages, exploiting the purified alkalis of the Levantine coasts
(known as alume catino in later Venetian glassmaking), and the admixture of impurities in
the siliceous sands suggests the circulation and consumption of glass that was produced
and traded in the eastern Mediterranean since the 10th century CE.

Keywords: glass analysis; natron glass; plant-ash glass; northen Adriatic; PIXE; PIGE

1. Introduction

In glass studies, the 8th–10th centuries CE represent the transition period between the
use of natron and plant ash glass compositions. In a broader historical context, this reflects
the availability of material supplies and the intensity of trade routes; especially important
is the ratio between the old, recycled material and freshly supplied raw glass. In Egypt
and Mesopotamia, the production of plant ash glass never completely disappeared. In the
Roman world outside this region, it is documented already in the 1st c. CE, though limited
to intensively colored blue or green glass [1,2]. A few examples of plant ash glass during
Late Antiquity are mentioned in the eastern part of the Roman Empire, such as Crete [3]

Materials 2025, 18, 2135 https://doi.org/10.3390/ma18092135
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or Moesia [4,5]. In Italy, the first examples of plant ash or mixed natron-plant ash glass
are dated to the 8th c. CE, in Lombardy and around Venice [6–8]. An earlier occurrence,
such as in the 7th c. CE from Comacchio [9], is opposed in [10]: high MgO values were
hypothetically explained as contamination in the crucible. Most of the secondary glass
production still used recycled natron glass, at least until the 12th–13th c. CE [7,9,11].

At the same time as the compositions, vessel forms were also changing, especially the
stemmed goblet. There is a gap in their development between the ubiquitous Isings 111
form of the 6th–8th c. CE and the appearance of tall-stemmed variants in the 13th–14th c.
CE. An opportunity to study the mechanisms of survival of the stemmed goblet during
these dark ages is given in the examples from central Italy and the Caput Adriae region.
Here, a small group of rare and unique goblet types was documented, usually linked to
high-status sites where the demand for drinking vessels and consumer power continued
after the 8th c. CE [12,13].

To deepen our understanding of the trends in glass production from Late Antiquity
to the Middle Ages, we selected 22 samples of vessels from the excavations of the garden
of the Capuchin monastery in the port town of Koper/Capodistria in the Slovenian part
of Istria. Situated on the Adriatic coast, the archaeology of Koper, previously an island,
displays Byzantine and Carolingian/Ottonian influence and, later, a Venetian influence.
The garden of the Capuchin monastery revealed a complex stratigraphy of stone buildings
from the 5th to the 17th c. CE, when the monastery was built. Until now, only the first
two phases, the Late Antique and the Early Medieval phases, have been published, dated
from the 5th–10th c. CE (Figure 1). Among the small finds, a 10th c. CE Byzantine belt
buckle was discovered in the same building as a coin of Charlemagne, as well as a fitting of
a Carolingian spur set [14]. Two illegible dirhems have also been discovered, dated to the
beginning of the 9th c. CE, as well as a coin of Constantine VII and Zoe from the beginning
of the 10th c. CE [15]. Historical sources report a bishop in Koper (Caprae) in 599 CE. In
908 CE, the Italian king Berengar I promised protection to Adlegida, the abbess of a female
cenobium in Koper, named civitas Justinopolitana [16]. A detailed study of the social and
political situation of the time revealed that the abbess might have originated from the
highest Italian noble families. Caught in the conflicts between the Istrian margrave and the
Venetians in the 10th c. CE, the town signed multiple agreements with Venice. Between the
12th and the 13th c. CE, the city prospered as an independent commune, and in 1279, Koper
eventually came under Venetian dominance. Historical analysis of the recently available
archival sources for 13th–14th c. CE shows the town was comparable to the most important
Late Medieval cities on the Adriatic coast, Zadar and Dubrovnik, and that it represented
one of Venice’s most important supplying areas. The beginnings of the town’s elevated
status can be traced back to the 10th c. CE [17,18].

Excavations in the garden of the Capuchin monastery (45◦32′53′′, 13◦44′03′′) in the
1980s uncovered settlement remains dated from the 5th c. CE onwards [14]. They are
represented by several houses built in local stone bound with clay and additional buildings
built using the post-hole technique (Figure 1). Stone-paved hearths, water channels, and
graves of small children were also discovered among the walls. During the excavations,
several Isings 111 goblets, lamps, and window glass were found, but also some exceptional
Early Medieval goblet types (Cunja types 2 and 4; Figure 4: 1, 3 in ref. [19]). As the site
archive is currently under re-evaluation, only a limited amount of glass was offered for
analysis by the Regional Museum in Koper. Mainly, goblet feet and stems and parts thereof
were chosen for analysis because, among the heavily fragmented material, they could
most reliably be assigned to the vessel forms. One sample (22) can be identified as Cunja
2 type. The vessels were given an approximate age estimation (Late Antique: 6th–7th c.
CE; Early Medieval: 8th–11th c. CE) according to their stratigraphic position, the phasing
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of the site published by Cunja [14], and excavation documentation, kept in the Regional
Museum in Koper. At the time, the ceramic and especially glass typo-chronologies of the
period between the 10th and 13th c. CE were sketchy, and representative objects were not
recognized [20]; thus, the end of the Early Medieval phase in the 10th c. CE may have been
set too early. A more confident dating of the ceramics from the 13th c. CE onwards allowed
the authors to define the Late Medieval phase [21]. The site stratigraphy remains to be
published in detail.

Figure 1. Drawing of the excavation area (after [14]).

Goblet feet with a small diameter (ca. 3 cm) belong to the Late Antique phase, and the
large ones (ca. 4 cm in diameter) to the Early Medieval. This increase in foot size over time
is visible in the published goblet types from Koper [14,19] and elsewhere [22,23]. Among
the glass materials not published in 1996, a part of a long and thin aqua-colored stem with
a disc was discovered and selected for analysis (without context, Figure 2). Comparable
tall-stemmed goblets are relatively rare, and in Italy, they are usually dated from 9th–11th c.
CE [24–26]. Apart from goblets, we also sampled a lamp handle, concave beaker bases, and
bottles. We also sampled five pushed-in bases and a bottle or flask rim with a bulge found
during the excavation of one of the Early Medieval houses. Still, at the time of sampling, it
was estimated to be post-Early Medieval on account of their typological similarity with
European Medieval goblet and bottle forms (Figure 2, Table 1).
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Table 1. Description of the samples with approximate typological (C2—type Cunja 2) and available
stratigraphic dating. Small letters distinguish samples with the same temporary inventory number.

No. ID Description Color Archaeological Dating

1 626 vessel base aqua Middle Ages?
2 429 a bottle neck aqua Middle Ages?
3 429 b vessel base brown indeterminable
4 429 c vessel base aqua Middle Ages?
5 429 d vessel base aqua Middle Ages?
6 624 goblet foot aqua (patina) Early Middle Ages?
7 646 goblet foot greenish (patina) Early Middle Ages?
8 633 goblet foot aqua Late Antiquity
9 695 vessel fragment aqua Early Middle Ages?

10 601 goblet foot aqua Early Middle Ages?
11 447 beaker base indeterm. (patina) Antiquity/Late Antiquity
12 619 lamp/balsamarium aqua LA/EMA
13 151 goblet foot aqua Late Antiquity
14 594 goblet stem aqua EMA/MA
15 715 goblet foot aqua Early Middle Ages?
16 417 a rim of a small bottle indeterm. (patina) Middle Ages?
17 417 b vessel fragment aqua Early Middle Ages?
18 875 goblet foot aqua Late Antiquity?
19 647 goblet foot greenish (patina) Early Middle Ages?
20 186 lamp handle aqua (patina) Late Antiquity?
21 170 a goblet rim aqua Early Middle Ages
22 170 b goblet stem and foot greenish (patina) Early Middle Ages (C2)

Our main research question was whether the putative Early and High Medieval goblet
types and other vessels were made using natron or plant ash and how our results compare
to the other analyses of Early Medieval glass in northern Italy conducted so far.

Figure 2. Photos of the analyzed glass. The numbers are the same as in Tables 1 and 2.
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2. The Analytical Method

2.1. Experimental

The glasses were analyzed using a proton-induced X-ray (PIXE) and gamma ray
(PIGE) method, applying the in-air beam of the Tandetron accelerator at the Jožef Stefan
Institute in Ljubljana (HVE, Amersfoort, The Netherlands). The cleanest part of the samples
(where oxide layers peeled off upon washing with alcohol) was used for the measurements.
The nominal energy of the beam was 3 MeV, but after passing a 200 nm exit window of
Si3N4 and a 7 mm air gap, the impact energy at the target was about 2.94 MeV. The beam
intensity was a few nA, and the proton current was measured by an RBS signal from a
gold foil on a chopper, periodically intersecting the beam in a vacuum. The measurement
of the proton number was checked according to the intensity of the argon signal induced
in the fixed air gap between the exit window and the target. As the fluctuations of the
signal ratio were below 3%, the chopper measurements were recognized as reliable. Typical
measurements were about 30 min per sample. The induced X-rays were detected by a
Si(Li) detector (PGT) of 160 eV resolution at 5.89 keV, positioned about 6 cm from the
target. The exact distance was determined by measuring a series of elemental and simple
chemical compound targets. The detector was further equipped with a pinhole filter made
of 0.05 mm thick aluminum foil with a relative opening of 9%; the pinhole transmission
function was carefully measured and modeled. The combination of the air gap as an
X-ray absorber and the pinhole filter allowed for the detection of X-rays from silicon until
antimony in a single spectrum (including, however, the L-lines of heavier elements). The
lighter elements, Na, Mg, and Al, were then detected according to their gamma rays,
induced by inelastic scattering of protons on the nuclei. The gamma lines used in the
analysis were 440 keV for Na, 585 keV for Mg, and 844 and 1014 keV for Al; they were
detected by an intrinsic germanium detector (Ortec) of 40% relative efficiency positioned
about 10 cm from the target. The concentrations were determined according to the method
of fundamental physical parameters for X-rays and according to the surface approximation
based on the NIST 620 glass standard for gamma rays, considering the effects of proton
stopping and photon absorption simultaneously for both sets of data. The sum of elemental
concentrations in oxide form was set to unity, yet for control purposes, it was also compared
to the calculated virtual concentration of argon induced in the air gap between the exit
window and the target. Departure from the argon nominal value signaled sample mis-
orientation or its roughness, which was then considered as a correction in the calculation.
The detection limit for Na was about 50 μg/g, for Mg about 0.2%, and for Al about 0.1%.
Here, the most critical was the measurement of Mg, on account of low counting statistics of
its 585 keV line; obtaining a satisfactory result, thus, regulated the measuring time. The
detection limits for X-ray-based elements were about 10 μg/g for mid-Z elements until
Z = 30 but worsened to about 50 μg/g around Z = 50 on account of a smaller ionization
cross-section. The accuracy of the method, measured according to the NIST 620 and
621 glass standards, was about 5% for major elements but worsened to 10–15% for minor
and trace elements.

2.2. Determination of Glass Types According to the Euclidean Distance

For the designation of glass types, we designed a numerical method that calculates
the Euclidean distance of an unknown glass sample n from the multi-dimensional ellipsoid
of a specific glass type. The significance of the methods is intended to go beyond the
current case; we expected to develop it into a more general tool for the designation of glass
types. In the present stage, the Euclidean distances replaced the method of score numbers,
tentatively introduced in [27]; this approach often produced undeterminable results, as
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several glass samples could achieve the same number of scores. A stricter criterion is the
Euclidean distance, defined as

d2 =
N

∑
i=1

1
N

(
xi − mi

tσi

)2
(1)

where xi represents the oxide concentrations in the unknown glass, and mi and σi are the
mean concentrations and their standard deviations in the specific glass group or series.
For a 95% agreement with the specific group, we take t = 2. Identification with a specific
type is successful if d < 1. The ellipsoid has nine dimensions (N = 9), considering the major
and minor glass composition with the oxides of Na, Mg, Al, Si, K, Ca, Ti, Mn, and Fe,
which are reported as most analytical results obtained by different methods. The elements
with concentrations around 0.05% and lower, such as Sr and Zr, or trace elements like Li
and B, are presently not considered in the calculation but are rather studied in graphs or
considered as complementary criteria. It is also important that the number of variables N
in (1) is not too large, as a disagreement for one selected concentration can be screened by
good agreement of the remaining N − 1.

The advantage and convenience of the present method is avoiding large sets of in-
dividual experimental data that are indispensable in other analytical methods, such as
PCA. Instead, the user relies on the elemental averages mi and standard deviations σi of the
recognized glass groups that are published by several authors. However, the uncertainty of
the method lies in the distribution of individual elements that may deviate from Gaussian
values and in incomplete databases.

In the following calculation, we tried to collect databases of different authors that
distinguish in the number of collected data and the precision of calculation; especially,
the standard deviations σi need to be calculated with the same precision as the averages
mi since they define the length scale. Priority was, however, given to the authors who
calculated their means and standard deviations from the most complete datasets.

3. Results

3.1. Elemental Concentrations and Broad Distribution into Groups

The list of samples (Figure 2) with their description is given in Table 1, together
with the available stratigraphic/typological dating. Sample selection relied heavily on
availability. We are aware of the limitations, but nevertheless, we trust the results are
interesting enough to publish them at this stage.

The glasses were first distributed according to the type of flux, which can be resolved
from the MgO-K2O diagram (Figure 3); natron glass typically has an MgO value below
1.6%, with plant ash above 2.2% [28]. K2O values are below 1.5% in natron glass and above
2.2% in plant ash glass [28]. In this and the following graphs, we use different symbols for
different glass vessel forms and different colors for the historical periods, as suggested by
available typological designations and stratigraphic data. For the vessel shapes, we used
diamonds for lamps, circles for bottles, squares for bases, left triangles for goblets, and
right triangles for goblets of type Cunja 2. The color scales for the time periods are blue for
Late Antiquity, green for the Early Middle Ages, yellow for the 9th–11th centuries, red for
the Middle Ages, and white for indeterminable.

Two groups are evident from Figure 3: the natron glass type, which involves both
Late Antique and Early Medieval glass forms, as well as the sample dated to the 9th–11th
centuries (no. 14), and glass made from the ash of halophytes, which involves presumably
post-Early Medieval glass and one chronologically undeterminable example. Only two
glasses largely stand apart from the two groups. One is Late Antique goblet no. 8, which
shows a somewhat higher concentration of potassium (1.5% K2O); however, this value
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is not exceptionally high and might have been caused by pollution during remelting,
where additional potassium might have resulted from contamination from the crucible
wall and/or from fuel fume [29,30]. The second sample is Late Antique lamp no. 20, which
is found in the intermediate region between the natron and plant-ash glass. This indicates
that it was produced either from mixed alkalis or from a mixture of natron and plant ash
glass. Its position is also close to the so-called Byzantine Magby glass, as specified in [31].

For a broad distribution into groups, we studied the glasses using principal component
analysis, considering 11 elemental oxides; to overcome the influence of very large and
very small concentrations, we used the logarithmic transform x’ = ln(1 + x) [32]. Figure 4,
again, shows that the presumably earlier glasses (up to the 11th century) form a rather
compact group with slightly different samples (nos. 8, 10, and 20). There are two rather
different samples: undeterminable no. 3 and beaker no. 11; it is located far in the direction
of the aluminum eigenvector, which is due to its high Al2O3 content. On the other hand,
the plant ash glass of the presumably post-Early Medieval group forms an independent
compact group.

Figure 3. Distribution of measured glasses according to MgO and K2O oxides reveals the source of
alkalis: natron or halophytic plant ash.

Figure 4. Distribution of the analyzed glasses according to principal component analysis (PCA). The
concentrations of 10 elemental oxides plus Cl were logarithmically transformed. The eigenvector of
SO3 is too small to be shown.
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3.2. Natron-Type Glass

The distribution of natron-type glass into groups or series has a complex history; in
this work, we will operate with the following terms:

Roman Mn and Roman Sb [33] will designate pre-4th c. AD Roman glass discolored
with Mn and Sb, respectively. These two glasses approximately agree with Foy Série 3.1
non-tardif and Foy Groupe 4 glasses [34] or RBGY2 and RBGY1 [35]. The first glass type is of
Levantine origin, and the second is of Egyptian origin, respectively. We will not specifically
consider naturally colored blue-green-yellow glass [36]. Glass with a higher content of
impurities encountered after the 4th c. AD was identified as Foy Groupe 1 or as HIMT (high
iron, manganese, and titanium) by Freestone [37], though it was experimentally detected
earlier [38]. Several subspecies were identified by several authors, though only HIMT1 or
strong HIMT is now recognized as true HIMT. According to its iron content, it is divided
into HIMTa and HIMTb [39]. The other derivatives of HIMT glasses are then rather related
to Late Antique glasses of the Foy scheme. Glass Foy Série 3.2 also involves HIMT2, and Foy
Série 2.1 includes weak HIMT, HLIMT (high lime), and Ca-rich HIMT [40]. All HIMT glasses
are now considered of Egyptian origin; their Levantine counterparts were designated as
Levantine I by Freestone and include 4th c. glasses from Jalame and 6th c. glasses from
Apollonia [41]. Of the glasses that appear after the 6th century, we considered Egypt I (7th
to 8th century) and Egypt II (8th to 10th century), as well as Levantine II (or Bet Elie’zer,
6th to 8th century) [42]. Egypt II was split by Schibille into Egypt 2 (<815 CE) and Egypt 2
(>815 CE) [43]. We further added High Al glasses produced from the evaporitic source of
alkalis in Asia Minor [44] and a mixed-alkali Magby glass [45].

The data of the mean elemental concentrations and their standard deviations (mi and
σi) are given in Table 3. For Roman Sb, they were taken from [46] (Table 1: 269–680 data
from refs. [47–53]. For Roman Mn, we used a compilation [46] (Table 4: 138–239 data
from refs. [48,49,52–57]. Two subgroups of Roman Mn glass are taken from [40]: Roman
Mn—Britain (7 glasses from [50]) and Roman Mn—Italy (12 glasses from [53]). The data for
HIMTa (14 glasses) and HIMTb (5 glasses) are from [58]. The compilation from [46] is used
for Foy Série 3.2 (Table 1: 65–99 data from [34,59–62], Foy Série 2.1 (Table 1: 157–180 data
from [31,34,58], and Jalame (Levantine I) (Table 4: 50 data from [63]). Balvanović [64]
distinguished two subgroups: Jalame Mn (14 glasses from [65]) and Jalame no Mn (28 glasses
from [65]). Schibille [46] further provides data for Apollonia (Levantine I) (Table 4: 30 data
from [66,67]) and Bet Eli’ezer (Table 4, 27–79 data from [41,66,68,69]. Phelps [69] summarizes
data for Egypt I (24 glasses from [70]) and Egypt II (17 glasses from [70]). Data for both
Egypt 2 groups are taken from [43] (12 and 24 glasses, respectively, data from [34,41,71],
and for Magby, they were taken from [46] (Table 1, 55–65 data from [31,72,73].

The relation between Egypt II and Egypt 2 glasses was inspected from the perspective
of Euclidean distances. There is a close relation between Egypt II and Egypt 2 (<815 CE)
(d = 0.383), whereas Egypt 2 (>815 CE) differs from Egypt II (d = 4.581) and is closer to Magby
glass (d = 1.336).

As natron is chemically a relatively pure agent, the distinction between different glass
groups is based on the impurities of the siliceous sand, including aluminum, titanium,
iron, and zirconium. The main distinction is between the Egyptian sands, rich in heavy
elements brought by the Nile, and the Levantine sands, rich in feldspars, composed of
lighter elements such as aluminum. In 2005, Freestone proposed distinguishing glass types
according to the Al2O3-CaO diagrams [42]. In Figure 5, we can distinguish post-Early
Medieval plant ash glasses as a separate group, and among the Early Medieval glasses,
there are two in the Levantine I area (nos. 8 and 13), one or possibly two are HIMT (nos. 22
and 7), and two (nos. 10 and 18 and possibly no. 20 also) are in the Egypt II region. All
other glasses form a compact group between these groups. As such characterization is now
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regarded as insufficient, Freestone later [33] presented another diagram, which is based on
the Al2O3/SiO2 vs. TiO2/Al2O3 diagram initially proposed by Schibille [57]. In Figure 6,
we display our data against the shaded areas of glass types, which Freestone plotted as
individual points; additionally, we added the data points of Magby glass [31,45,67]. We
can, again, see that the post-Early Medieval plant ash glasses form an individual group,
whereas most of the glasses up to the 11th c. form a compact group of Foy Série 2.1. There
are three glasses in the region of Levantine glass (nos. 3, 8, and 13). Two glasses are in the
boundary region between Egypt II and HIMT glass (nos. 10 and 18), and one (no. 20) seems
to be at the other edge of Egypt II. There is also an outsider at the high Al side (no. 11).

Figure 5. Al2O3 vs. CaO concentrations approximately distinguish between Levantine and
Egyptian sands.

Figure 6. Distribution of measured glasses according to titanium and aluminum oxides. Regions of
individual glass types according to the data collected in [33]. Magby data (see references in the text)
are added using points.

The conclusions from Figures 3 and 6 are summarized in the second column of Table 4.
As a more thorough test, we performed the calculations of Euclidean distances according
to Equation (1). The glass type or group with the smallest Euclidean distance is given in the
third column of Table 4, and the numerical values of the distances from the group centroids
are listed in the fifth column. The respective dating according to the glass type is given in
the sixth column of Table 4. The table also marks glasses with apparent signs of recycling.
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Table 4. Characterization of the measured samples according to the Al2O3/SiO2 vs. TiO2/Al2O3

diagram (Figure 6) and according to the calculation regarding Equation (1). In columns 3 and 5, the
nearest type and the respective Euclidean distance to the group centroids are given. Foy 2.1 is a
shorthand notation for Foy Série 2.1. The determined glass type implies approximate dating.

No. Type Type Recycling d Compositional a Dat
(Figure 6) (Calculated) Markers (Equation (1)) Dating

1 plant ash Tyre 0.803 10th–11th c.
2 plant ash Raqqa 1 0.638 10th–11th c.
3 plant ash Tyre/Nishapur 1.227/1.317 10th–11th c.
4 plant ash Tyre 0.785 10th–11th c.
5 plant ash Raqqa 1 0.912 10th–11th c.
6 Foy 2.1 Foy 2.1 x 0.534 6th–7th c.
7 Foy 2.1 Foy 2.1 x 0.709 6th–7th c.
8 Levantine I Apollonia (Lev. I) 1.009 6th c.
9 Foy 2.1 Foy 2.1 x 0.610 6th–7th c.
10 Egypt (?) Egypt (?)/Maby x 0.888 ?
11 ? Indet./High Al 0.636 ?
12 Foy 2.1 Foy 2.1 x 0.449 6th–7th c.
13 Levantine I Apollonia (Lev. I) 0.668 6th c.
14 Foy 2.1 Foy 2.1 x 0.432 6th–7th c.
15 Foy 2.1 Foy 2.1 x 0.429 6th–7th c.
16 plant ash Tyre 0.990 10th–11th c.
17 Foy 2.1 Foy 2.1 x 0.364 6th–7th c.
18 Egypt (?) Magby x 0.852 ?
19 Foy 2.1 Foy 2.1 x 0.376 6th–7th c.
20 Magby Magby 0.471 late 6th–7th c.
21 Foy 2.1 Magby x 0.531 late 6th–7th c.
22 Foy 2.1 Foy 2.1 x 0.574 6th–7th c.

The results of the calculation of Euclidean distances (Equation (1)) largely agree with
Figure 6. Among the natron-type glass, nine glasses were identified as Foy Série 2.1 and
two as Magby. The two glasses (nos. 8 and 13) that appear among the Levantine glasses in
Figures 4 and 5 are also Levantine, according to the calculation: both are closest to the glass
from Apollonia.

The characterization of two glasses (nos. 10 and 18) that, in Figure 6, lie in the re-
gion intersecting the areas of HIMT, Egypt II, and Magby glasses is problematic. Magby
glasses are characterized by the mean values of A2O3/SiO2 = 0.0314 ± 0.0052 and
TiO2/Al2O3 = 0.0832 ± 0.0150 (calculated from 53 data points in [31,45,67], while the in-
dividual points spread between the upper region of Foy 2.1 and lower region of Egypt
II (Figure 6). For no. 10, we calculated the following distances with respect to HIMTa
(d = 1.355), Egypt 2 (d = 1.062), and Magby (d = 0.880). For no. 18, we obtain HIMTa
(d = 1.017), Egypt 2 (d = 0.852), and Magby (d = 0.893). For a distinction between the three
types, we further inspect SrO and ZrO2 concentrations, which, in both glasses, amount to
300–400 μg/g and about 200 μg/g, respectively. The mean values for HIMTa are 519 μg/g
and 276 μg/g (from the data of [58], for Egypt 2 (>815 CE), they are 221 μg/g and 244 μg/g,
respectively, and for Magby, 890 μg/g and 118 μg/g, respectively [46]. Nos. 10 and 18 lie
somewhere in between these values and, therefore, cannot be assigned to any definite
type. The common property of the three glass types considered is their Egyptian origin.
Therefore, we will use the notation Egypt (?) for nos. 10 and 18.

3.3. Plant Ash Glass

According to the MgO-K2O diagram in Figure 3, all post-Early Medieval glasses
(nos. 1, 2, 4, 5, and 16) appear to be made of alkalis obtained from the ash of halophytic
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plants, and among them, the undeterminable base no. 3. Glass no. 20, with its mixed alkali
composition, has been determined as Magby glass and is studied among the natron glasses.

Plant ash glass was also subject to the calculation of Euclidean distances (Table 4). For the
database, we used the data compilations and measurements from [74] (Tables 11.4 and 11.6), [43]
(Table 1), [46] (Table 3), [75] (Supplementary Tables S4 and S5), and [76] (Table 1). Here, the
most consistent results were obtained from the data compiled by Phelps, as the plant ash
glass nos. 1–5 and 16 were characterized as Tyre (10th–11th c.) or Raqqa (8th–11th c.)—see
Table 4; experimental data were taken from [41,77] (8 glasses) and [78] (90 glasses). The
distances calculated according to his own data for Ramla (P1, P3, and P4) were greater
than unity. According to [43], the classification was Levantine plant ash (data from [78];
40 glasses)—except for no. 16, which resulted, here, as Mesopotamian due to a slightly
smaller distance (d = 1.158) in comparison with d = 1.166 for the Levantine plant ash. The
distances for Egyptian plant ash glasses E1–E4 [46] were greater than unity. According to
the data collected in [75], the plant ash samples also appeared to be made in Tyre (13 glasses
8th–12th c.) according to the data in [77]; however, this classification was a consequence of a
very large data spread of values [77], as a large σ make the distances smaller. If we consider
as a potential source all distances to be smaller than unity, possible proveniences also
include Ctesifon (9 glasses from [78]), Raqqa 1 (91 glasses from [78,79]), Bayreuth (7 glasses
from [78]), Raqqa 4 (74 glasses from [78,79]), and Siraf Main A 9th–12th c. (15 glasses
from [80]—for no. 2 only). According to the data compiled and calculated in [76], glasses
1–3 were determined as Raqqa 1 (database of 103 glasses from [79]). For glasses 4, 5, and 16,
Raqqa 1 remained the second closest, though smaller distances were obtained for Khirbet
al Minya (no. 4, d = 0.651; database of 6 glasses from [78]) and Sagalassos (no. 5, d = 0.612;
no. 16, d = 0.611; database of 11 glasses from [81]).

Though these locations are quite diverse, most of them are on the Mediterranean
coast or its close background, with three exceptions: Sagalassos in Asia Minor (glass could
have traveled there by trade), Siraf in Iran (encountered as a modest possibility for glass
no. 2), and Ctesifon near Baghdad (attribution to this site may be due to the large standard
deviation from the reference concentrations).

4. Discussion

4.1. Natron Glass

Natron-type glass of Late Antiquity was produced in two regions sufficiently close
to exploit the dry deposits of Egyptian lakes, Egypt itself, and the Levantine coast. The
two regions producing primary raw glass differ according to the impurities in the siliceous
sand. Figure 7, showing Al2O3 vs. Fe2O3, clearly distinguishes between Levantine and
Egyptian sands: Levantine (nos. 8 and 13) is characterized by higher aluminum values and
smaller iron content. The situation is similar in the TiO2 vs. ZrO2 plot (Figure 8). Glasses of
Levantine sands (nos. 8 and 13, as well as the plant ash glass no. 3) show both low titanium
and zirconium values. Higher values of both elements, showing a linear correlation, are
perceived in Egyptian sands, with the highest values in the undetermined Egyptian glasses
of nos. 10 and 18. Glass 20, which is made of mixed natron and plant ash alkalis, and
glass 21 are then among the Egyptian glass, in accordance with their characterization as
Magby glass.

Strontium can be used to distinguish mineral sources of calcium from their source in
mollusks or plant ash [42]. Figure 9 (showing SrO vs. CaO) reveals that SrO concentrations
are typically larger than 300 μg/g, which excludes a mineral source of calcium. The lowest
SrO values are observed in the two Egyptian glasses of nos. 10 and 18. Though these
values are closest to Sr concentrations in HIMT glass, such classification can be excluded
on account of major composition. Juan de Ares [72] noted the structured distribution
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of HIMTa and HIMTb glass in the eastern and western Mediterranean, with the absence
of temporally later (beginning of the 5th c. CE) HIMTb in certain regions, including the
northeastern Mediterranean. This may indicate a limited supply of HIMT glasses since the
beginning of the 5th c. CE, caused by specific political or economic events. In the region
of Koper, this overlaps with changed supply routes, as reflected in amphorae imports.
Until mid-5th c. CE, North Africa predominates as the export region, while in the 6th c.
CE, most ceramic imports arrive from the Eastern Mediterranean. This change follows a
decline in Tunisian pottery workshops, most probably linked to wine and oil production
and circulation dynamics [82].

Figure 7. Distribution of glasses according to iron and aluminum oxides.

Figure 8. Distribution of glasses according to titanium and zirconium oxides.

Manganese can enter glass either as an impurity or as a decolorizer added intentionally,
for example, in the form of pyrolusite (MnO2). In Figure 10 (showing MnO vs. SrO), it is
evident that two Levantine glasses (8 and 13) were made of glass that was not discolored
with MnO, while glass no. 3 exhibits the highest MnO level of 1.47%. Of the two Egyptian
(?) glasses, one (no. 18) exhibits 0.53% MnO, while for no. 10, its content is only 0.2%; for
this reason, no. 10 departs from HIMTa more than no. 18.

It is further important to consider the percentage of recycled/non-recycled glass. There
are several criteria for the distinction of recycled glass: the content of antimony below the
level that ensures discoloration [52] and the admixture of heavy elements that enter the
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glass batch through the colored glass. In our glasses, we did not detect antimony and tin
(the detection limit for both elements was about 50 μg/g), which means that the recycling
process did not involve a significant amount of glass discolored with antimony and glass
opacified with tin. Therefore, we could only rely on the admixture of heavy elements Cu,
Zn, and Pb, the values of which in the recycled glass are typically above 100 μg/g, though
Zn values may be slightly below this value even in the recycled glass [9]. According to
these criteria, all natron glasses in our set are recycled, except for both Levantine glasses
(8 and 13). Another example includes lamp 20 (Magby), produced using mixed alkalis; the
siliceous component points to this being non-recycled; this finding makes the possibility of
mixing natron and plant ash glass less probable.

Compared to vessel typology, both non-recycled Levantine glasses are goblet feet
with a diameter of ca. 3 cm, found in the Late Antique (6th–7th c. CE) phase layers at
the site. The typology, stratigraphy, and composition of these two samples fit very well.
One Magby glass is a lamp handle (no. 20); here, again, the stratigraphy, typology, and
glass composition fit. The second Magby (no. 21) is the rim of a further undetermined
vessel, quite possibly a goblet or a lamp. It was found together with sample no. 22, a Cunja
2 goblet of recycled Foy 2.1 composition, on a stone floor of the Early Medieval phase.
Recycled Foy 2.1 glasses are represented mainly by goblet feet with a diameter of ca. 4 cm
or by parts of goblets (nos. 9 and 17) and one lamp or balsamarium. They belong to the
Early Medieval phase of the site. Among them are the Cunja 2 type goblet (no. 22) and
the thin-stemmed goblet stem (no. 14). As to where they were produced, it is, of course,
not possible to give a definitive answer. Still, it seems worth stressing that Cunja type 2
goblets are very similar to a goblet from the workshop at Torcello, now dated to the 9th
c. CE or even slightly later [22]; Figure 46. They are both composed of two parts, with a
hollow stem and a narrow knob at the top of the stem. The thin-stemmed goblet (no. 14)
confirms the reuse of old glass until the 10th or 11th c. CE in the workshop where it was
made. To our knowledge, these types of goblets are not found in the same layers as the
sturdier Cunja 2 and 4 types or similar vessels. They are also more widely found in the
Italian Peninsula, and their development continues into the Middle Ages. It may well be
that they were produced in different workshops and, more importantly, in different social
and political contexts of the 10th c. CE and later. The second half of the 10th c. marks
the beginning of the consolidation of the Ottonian Empire and the rise of the power of
Venice. More political stability allowed the now firmly established elites to also pursue
their demand for luxury tableware. It also allowed the workshops to meet this demand
with a slightly more constant supply than in the two centuries before, yet still relying on
the circulation of recycled material. A high percentage of recycled earlier glass was also
detected in medieval sites from Italy, such as in Nogara [83], Vetricella [84], or the medieval
castle of San Giuliano [85], while fresh Levantine glass still reached Islamic Sicily [86].

Glass no. 11 is a fragment of a concave beaker base, which was found on a layer of fired
clay and ash, probably a hearth of the Early Medieval phase. It contains a low level of MgO,
which points to a mineral source of alkalis, but it contains a high amount of aluminum. The
reason for the high aluminum content is not clear; if we exclude surface pollution, high-Al
glasses may be associated with the production in Asia Minor exploiting evaporitic mineral
sources of soda [44]. Their characteristic also involves boron and lithium contents, the
presence of which we could detect as gamma lines at 429 keV and 478 keV, respectively [87];
however, the two lines in this object could not be discerned from the background in our
measured spectra. Using another set of data ([76] and unpublished results), the detection
limits for Li and B were estimated to be 10 μg/g and 300 μg/g, respectively. The range
of both elements in 11 glasses from Asia Minor is between 16 and 438 μg/g for Li and
between 657 and 1810 μg/g, so both elements could have been observed. On the other
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hand, agreement with the major composition of high-Al glasses is quite good (d = 0.636).
Another possible origin is glass produced in central Asia and used for beads [88], which is
characterized by a high K2O concentration and low CaO and SrO concentrations. No. 11
does not match these properties, so the question of its origin remains open.

4.2. Plant Ash Glass

Plant ash glasses are produced from cleaner silica sources, as the vegetal ash contains
oxides of both alkali and earth-alkaline elements, as well as several impurities. Inves-
tigations of the silica matrix usually determine the cleanliness of the silica source [89]
or connections with the geological background according to neodymium isotopes [90].
Significant differences are then sought according to the plant ash component.

The Euclidean distances show little differences between the plant ash glasses of our
samples and do not allow distinction within quite a broad region involving present-day
Lebanon and Syria, with a small probability including Mesopotamia and Asia Minor. As
glass was a trading material within the Islamic-Byzantine world, we explore the relation
between our glasses and the glass cullet from the shipwreck of Serçe Limani, sunk around
1025 CE. The Euclidean distances according to the mean values of Serçe Limani glass ([76]
using 99 data from [63]) calculated for plant ash glasses nos. 1–5 and 16 vary between
0.637 and 0.837. These values show a high similarity between our samples and the traded
glass samples.

As Venice was also a renowned trading city in the Mediterranean world, closely
interacting with Constantinople and North Africa [91], we compared our glasses (nos.. 1–5,
16) with the Venetian soda glass: greenish-brown and uncolored, from the 11th–14th
centuries, and later 15th and 16th c. Venetian commune and vitrum blanchum glass according
to the data compiled by Verità ([92], Tables 6.2.3 and 6.2.4). The smallest distances in
the range 0.500–0.658 were obtained for the uncolored glass of the 11th–14th centuries
(except no. 3, which was closest to the green-blue glass of the same period; d = 0.345).
The distances for the commune glass were in the range of 0.655–0.834, and the distances
for vitrum blanchum were in the range of 0.738–0.988. For glass no. 3, both distances were
greater than unity (1.047 and 1.528, respectively). Summarily, the mean distances were
0.563 for the glass of the 11th–14th centuries, 0.797 for the later vitrum commune, and 1.017
for vitrum blanchum, respectively. These values argue strongly towards earlier dating of our
plant ash samples and point to the type of glass that was produced in the Levantine area
and the matter of extensive trade since the 10th c. CE.

Next, we inspected the properties of the alkali component. The quality of the plant
ash can be monitored from the diagram that shows the relative fraction of sodium and
potassium oxides in the total sum of alkaline and earth–alkaline oxides (Figure 11). All
samples are sorted within an area that, in our previous works, embraced certain frac-
tions of glass from Ljubljana and Celje in Slovenia, Antwerp in Belgium, and Lezha in
Albania [93,94]. Within this group, there are also glasses with original Venetian provenance,
and according to the conclusion of de Raedt [95], they are made of the finest plant ash,
named allume catino in the 15th and 16th c. CE, in Venetian glass making, which was
harvested along the Levantine coasts. All our post-Early Medieval glasses were also made
of alkalis matching allume catino; we do not encounter any glass made of lower quality
alkalis harvested elsewhere. Measurements of strontium isotopes suggest two production
areas for harvesting halophytic plants in the Levant: coastal areas and the interior around
the Euphrates River [96]. In Figure 11, we also plotted data for Banias (a representative of
the coastal region; data from [41]), Raqqa (a region around Euphrates; data from [79]), and
Samarra (a region around Tigris, towards the Zagros mountains; data from [78]). The plot
shows differences between the coastal alkalis and those harvested inland (the Raqqa and
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Banias datasets contain some natron-type glass as well). Our data agrees better with the
centroid of the Banias values, confirming that alkalis from the coastal region were more
frequently used in the maritime trade.

Figure 9. Strontium oxide content with respect to calcium oxide.

Figure 10. Glasses according to manganese and strontium oxides.

Considering the origin of siliceous sand material, we, again, rely on the admixtures of
light and heavy elements, as presented in Figures 5–10. In all these figures, all post-Early
Medieval glasses appear as a compact group, suggesting their common origin. In Figure 5
(CaO vs. Al2O3), the post-Early Medieval glasses exhibit the lowest Al2O3 (below 1%) and
highest CaO values (above 12%). High CaO implies high SrO values, between 700 and
930 μg/g (Figure 9). Sample no. 3 departs the group due to its high Al2O3 concentration,
which, in Figure 6, puts it among Levantine glass. The local origin of plant ash glass is
also evident in the MgO/CaO vs. Al2O3 diagram, according to [74]. Figure 12 shows that
all post-Early Medieval glasses are made of Eastern Mediterranean ingredients, while the
indeterminable no. 3 is rather Mesopotamian Type I. The Euclidean distance for no. 3 is
inconclusive and is larger than unity, both for Levantine and Mesopotamian glass (d = 1.317
for Nishapur). It also bears a resemblance to the Egyptian E4 glass (d = 1.297), though
details about this type of glass, dated to 1035–1149 CE, are not yet clear [46]; in Figure 12,
E4 would be characterized as Mesopotamian Type I.
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Figure 11. Relative fraction of sodium and potassium oxides reveals the source of plant ash alkalis.
Smaller symbols show published data for Banias [41], Raqqa [79], and Samarra [78].

Figure 12. Distinction between Mediterranean and Mesopotamian glass according to Al, Mg, and Ca
oxides from [74].

All post-Early Medieval samples have an MgO/CaO ratio between 0.2 and 0.3. This
ratio was also studied in [96]: MgO/CaO values around and below 0.3 refer to glasses from
Banias, Ramla, Beirut, and Damascus, i.e., to the glasses from the Levantine coast. This
confirms the hypothesis that the exported glass mainly came from the coastal area [96].

We also consider the possibility that the post-Early Medieval plant ash glasses (nos.. 1,
2, 4, 5, and 16) were imported to Koper from Venice, which mastered the Mediterranean
glass market in later centuries. For this, we inspected the minor and trace elements. The
content of TiO2 varies between 0.087% and 0.125%, and ZrO2 between 210 and 330 μg/g.
Both elements are then present at concentrations that highly exceed the values for original
Venetian production. De Raedt [95] set the zirconium limit at 30 μg/g for a distinction
between the imported Venetian glass in Antwerp and domestic production. Similarly,
original Venetian glass, according to [97], should not exceed the concentrations of 2%
Al2O3, 0.07% TiO2, and 40 μg/g ZrO2. Since our titanium values exceed these limits
moderately, while the zirconium values considerably, our glasses were not produced from
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glass using siliceous sands of Venetian glassworks. This would imply they were imported
to Koper from a site different from Venice. However, as Venice also imported large amounts
of raw glass or its raw materials from the Levant and elsewhere [92,98], it is also possible
that the objects were manufactured in the Venetian or other workshops from the imported
raw glass or cullet.

High Zr values reopen the question of imports from Egypt, as its prehistoric glass
contains significantly high values of zirconium. However, high Zr values are also found in
glass from Islamic Ramla, where raw glass chunks were imported from Mesopotamia and
Iran during the Abbasid period [74]. This complies with our previous statement that the
plant ash from Koper relates to the locations of present-day Palestine, Lebanon, and Syria,
as well as possibly Mesopotamia and Asia Minor, in contrast to Egypt.

The presence of six plant ash glass samples in Koper also fits well into the picture
sketched by Italian colleagues, especially for Lombardy and the area around Venice [7,8,92].
It is not possible to determine with any certainty whether the glasses are the result of trade
with finished products (e.g., the Cape Stoba shipwreck [99]), raw materials, or cullet (e.g.,
the Serçe Limani shipwreck [100]). However, in line with the rising mercantile role of Venice
between major forces such as the Ottonian Empire, the Byzantines, and the Arabs [101], the
major pull of the North Adriatic for long-distance traders is hardly surprising. Perhaps
Istrian ports and sites in the hinterland benefited from this success indirectly, trading with
Venice or other large centers. However, it is also possible that some of the maritime trade
supplied the eastern Adriatic coast directly. Moreover, the more widely known Cape Stoba
case and the shipwrecks near Savudrija, Umag, and Poreč carrying Byzantine amphorae
indicate that some of the merchants sailed along the Istrian coast as well [102]. The dating of
the plant ash glass compositions from Koper is not precise but revolves around the 10th or
11th c. In a wide sense, then, the plant ash glasses arrived in the same time window as the
much more strongly represented reused old natron glass. The typology of plant ash glasses
is more difficult. The pushed-in bases (nos. 1 and 3–5) most probably represent beakers.
They are incompletely preserved, so the base diameters cannot be determined with certainty.
The bases could also belong to small flasks or bottles, like the rim of sample no. 16. In this
case, if they arrived as complete vessels, they may have represented containers, perhaps
for precious liquids or perfumes. The shape of the partially preserved neck with a bulge
(no. 2) is analogous to the bottles in Syro-Palestine since the Umayyad period and became
particularly popular in the 10th and 11th centuries [103]. In Europe, bottles with bulges on
the neck appear from the 13th c. onwards [26,104]. The pushed-in bases (in contrast to the
merely concave earlier form) appear in Europe around the 12th–13th c. [26], but they are
already present in Umayyad contexts in Jerusalem [105] and continued into the following
centuries. Based on typology alone, then, an occasional import of vessels, perhaps even as
containers, seems more likely than a very early production of these vessel forms.

5. Conclusions

Glass from Koper exhibits two major groups. One is natron-type glass according to the
Roman tradition, though it has properties specific to Late Antiquity and Early Middle Ages.
The most numerous is type Foy Série 2.1 glass (nine samples: eight goblet feet and one lamp
or balsamarium). This type of glass includes a Cunja 2 type and a 9th–11th c. CE thin-
stemmed goblet. Two Late Antique goblet feet of small dimensions are made of Levantine
sands, attributed to the 6th c. CE Apollonia. Two glasses, a rim, and a lamp handle are
of the late 6th–7th c. CE-type Magby, and the composition of the two goblets cannot be
determined but points to Egyptian origin. Such a composition shows the predominance of
Egyptian glass, which has also recently been confirmed for Italy [106] and the Balkans [64].
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It is interesting to note an absence of unaltered HIMT glass, which is normally more
frequent in western Europe [107], and a small percentage of the high-quality Levantine glass,
which is unusual in the Adriatic cities. Glass Foy Série 2.1 was imported to the Balkans
mostly along the major rivers Danube and Sava and from the Aegean ports [40,64]. This
is certainly not an optimal way for Koper, and we may rather imagine maritime trade
through the Adriatic, as in the case of Croatian islands [108]. This trade might have also
continued inland for a certain distance until Korinjski hrib, for instance, which also contains
a considerable fraction of Foy Série 2.1 glass [109].

The second group of six samples is composed of halophytic plant ash of the type
alume catino, harvested in the Levant. The siliceous component shows rather uniform
properties, yet its titanium and zirconium concentrations exclude its Venetian origin. The
present calculation also excludes imports from Egypt but points towards Lebanon and
Syria, with a small probability also to Iraq and Iran. The glass might have been imported
from there as vessels or containers; the other possibility is that the glass vessels were made
in (Venetian?) workshops from imported raw glass or cullet. In any case, they seem to
predate the ubiquitous glass of the Renaissance period and give an important insight into
the very rare presence of Islamic glass on the Adriatic coast.

The role of Egyptian glassworks in the period of Islamic glassmaking is unclear. A
shipwreck on the Israel coast loaded with glass cullet testifies to contact with Egypt [110].
According to [46], the Egyptian glassworks were overloaded by the production of architec-
tural glass for the monumental mosques since the end of the 7th c. CE.

Three glasses are out of this scheme. A beaker base was made of plant ash alkalis.
Still, its aluminum content suggests Mesopotamian origin, yet its specifics include high
manganese content (no. 3). Though its precise attribution is not so clear, it matches very
well with traded glass, such as that found in the shipwreck of Serçe Limani. One lamp
handle was made of mixed alkalis (composed of natron and plant ash), while its siliceous
component is likely of Egyptian origin (no. 20), in accordance with the Magby glass. The
third sample, a beaker base, was made of natron glass, but it shows a high aluminum
content, pointing towards some other, not yet determinable provenience (no. 11).

Our analysis confirmed the reuse of old natron glass for Early Medieval vessels and
for the 9th–11th c. CE thin-stemmed goblet, as has previously been observed in northern,
central, and southern Italy [7,9,11,12,23,111]. It is characteristic that all natron glass of
Egyptian provenience is recycled. A small presence of non-recycled glass (three samples or
roughly 20%) is of Levantine or (in one case) Mesopotamian origin and suggests a modest
supply of fresh glass from this region during Late Antiquity.

The goblet feet of larger dimensions were made of the following glass types: Foy
2.1 (6), Levantine I (Apollonia; 2), Magby (1), and an undeterminable glass of Egyptian
origin (2). All these types represent natron glass, which, in the literature, is dated from the
end of the 5th c. CE (Foy 2.1) to the 7th century (Foy 2.1 and Magby) until the 9th century
(Egypt 2 > 815 CE). In Koper, this type of glass circulated for two centuries longer, as the
last object made of (recycled) natron glass can be dated to the 10th–11th century CE. The
glass market re-intensifies after the 10th c. CE, with the influx of plant ash glass from the
Syrian and neighboring glassworks.

From a methodology point of view, the Euclidean distance method proved effective
and discriminative enough for natron-type glass. For plant ash glass, it seems less selective,
probably on account of the larger dispersion of the plant ash elemental concentrations,
which also partly overshadow the elements of the siliceous component. A solution may be
an improved database with recalculated standard deviations based on critically evaluated
experimental data.
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Abstract: Amber glass has been produced since at least the 6th century BC. Its value derives from
its ability to mimic natural amber and, later, from its ultraviolet filtering properties. Until the 19th
century, amber glass was widely used for the storage of food and medicines because its protective
properties had been empirically recognized. This study investigates historical methods of amber
glass production by using glass recipes from four Portuguese arcana (1793–1975) and focusing on
Fe-S and Fe-Mn chromophores. Five recipes were reproduced under controlled laboratory conditions,
resulting in 21 experiments. Of these, only 10 produced amber glasses were with different shades.
Chemical compositions were analysed by WDXRF, while DSC and dilatometry were used to assess
thermal properties. Vickers hardness tests and UV–visible absorption spectroscopy provided insight
into mechanical strength and chromophore presence. The study found that FeS amber glass was more
difficult to produce than Fe-Mn amber glass, given the complex variables involved in the former, such
as SO3 volatility affecting the final product. Reproduction of historical recipes showed that, even
without modern chemical knowledge, historical glassmakers developed practical, empirical methods
for making amber glass. These findings contribute to a broader understanding of glass conservation
and highlight the importance of historical glass recipes for the interpretation and conservation of
glass objects.

Keywords: glass recipes; amber; Portuguese arcana; 18th–20th century

1. Introduction

Historically, amber glass has been produced and traded by humans since at least the
6th century BC [1]. Its synthesis initially served to create beads that imitated the natural
and valuable amber (a fossilized resin). By the Roman era, glassmakers had mastered the
production of this colour through meticulous control of their raw materials. Amber glass, a
term used to describe hues ranging from golden yellow to dark brown, became popular
for crafting vessels around the 4th–3rd century BCE [2,3]. Around the 19th century, it was
realised that this glass had specific properties—nowadays understood as a capacity to filter
the wavelength ultraviolet and visible radiations—contributing to preserve its content (e.g.,
food and medicines) [2]. In fact, by 2006, it was estimated that amber glass constituted 50%
of all glass containers in the USA, predominantly for beer packaging [4].

In imparting colour to glass, iron is a versatile colourant in glass, producing colours
from yellow (Fe3+) to blue (Fe2+), with green being the most common colour due to the com-
bination of both oxidation states. However, the amber colour discussed here—a brownish
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yellow—differs from colours typically produced by iron alone. The amber chromophore,
now understood to be a ferri–sulphide complex, was long attributed to carbon, a necessary
ingredient for its production [2,4,5]. In 1959, Weyl provided a comprehensive historical
review of “carbon-amber glasses”, exploring earlier theories, such as those proposed by
Eckert and Zschacke in 1928, who suggested that the colour was associated with iron
sulphide formation, although they lacked analytical proof [6]. It is notable that this glass
colour was probably among one of the most difficult to attribute to a colouring agent. It
was only in 1965 that Brown and Douglas, through a series of experiments that involved
the production of several variations of amber glass recipes, proposed that sulphur and iron
were probably involved in the amber colouration [5]. Current understanding posits that
the amber chromophore is composed of an Fe3+ ion with three bridging oxygens (O2−) and
one S2− ion, as shown in Figure 1 [4].

Figure 1. Illustration of the amber chromophore, adapted from Ross and Myers 2006.

Despite various advancements, producing amber glass has proven to be a challenging
process. The recipe appears simple—requiring only silica (as a network former), sodium
(as a flux), lime (as a stabilizer), iron (typically present in the silica source), sulphur (often
from sodium sources like natron), and a reductive agent such as carbon—but it requires
careful control of redox reactions. The amber colour is obtained when the co-existence of
an oxidized-iron species (Fe3+) and a sulphur-reduced species (S2−) is achieved [2]. The
success of Roman glassmakers in producing this colour was probably due to their strict
control of raw materials, including a source of silica with sufficient iron oxide, a source of
sodium rich in sulphur, such as natron, and a reducing agent such as charcoal [3].

The Industrial Revolution introduced more complex recipes and materials in amber
glass production, as evidenced in batch books and patents. For example, the use of pyrite
(FeS2) as an iron and sulphur source became widespread [4,7]. Although amber glass can
be made with inexpensive raw materials, glass factories in the mid-20th century often opted
for more expensive components, such as uranium and selenium, to achieve and control
the amber colour [6]. By the 1940s, researchers such as Lawton, A.J. Holland, and W.E.S.
Turner had conducted extensive studies on amber glass production, showing that even
with identical batch formulas, factories struggled to replicate colours consistently [6].

An alternative method for producing amber glass involves adding manganese oxide to
the mix. In this case, the redox process must still be controlled, and the colour results from
the balance between iron and manganese oxides (Equation (1)) and the mix of colours [2].
Achieving consistent amber colour remains to this day difficult, even when using modern
techniques such as the use of real-time sensors and oxygen probes, allowing for precise
adjustments to the redox environment during production.

Equation (1)—Iron and manganese redox reaction

Mn4+(brown/black) + 2Fe2+(blue) � Mn2+(yellow) + 2Fe3+(yellow) (1)

This article explores how modern amber glass manufacturing can benefit from a
scientific approach to historical recipes found in batch books, such as the arcana. By
analyzing the technologies and knowledge of past periods, this research investigates
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amber glass production and its unique properties, particularly its ability to filter ultraviolet
and visible radiation, while offering insights into predicting long-term glass degradation.
Focusing on the industrial and technological aspects of amber glass production, this study
recovers historical recipes to better understand raw materials, production methods, and
the economic networks of the time. By examining amber-colored glass recipes from four
Portuguese arcana (18th–20th centuries), this research underscores the value of continued
investigation into the Portuguese glass industry, with potential benefits for modern glass
production both locally and globally.

Contextualizing the Recipes: The Arcana

Batch books, often referred as arcana, are invaluable historical records that provide
unique insights into the glassmaking practices of the past. The term arcana, which means
“secrets” in Latin, reflects the confidential nature of the information they contain [8,9]. These
notebooks are not traditional books or treatises, but practical guides used by glassmakers,
especially composers, to document their recipes, techniques, and personal experiences.
Serving as essential references for ensuring consistency in production, these arcana detail
the proportions of raw materials, furnace conditions, and, in some cases, the origin of
the ingredients. Often intended for personal use, they were usually difficult for others to
interpret, functioning more as a testament to the skill and indispensability of the glassmaker
who carried them from factory to factory.

The Marinha Grande Factory arcanum (MG) dates to 1793–1798 and consists of five
notebooks, possibly authored by three different individuals given the handwriting varia-
tions. Like in former research, these five notebooks are to be studied as a whole [10–12].
Marinha Grande Factory, one of Portugal’s most famous glass factories, operated from
1719 to 1922, producing mainly crystal and window glass [13]. The Castro and Oliveira
Guerra arcanum (COG), attributed to two specific glassmakers, is dated from 1875 to 1925,
and is the only arcanum in Portugal to be both published and fully contextualized [8].
Meanwhile, the Gaivotas Factory (GF) arcanum (1935–1975) likely belonged to Francisco
António Rodrigues, a glassmaker whose family later donated the book for study. This
factory, founded in 1811 in Lisbon, was renowned for its Art Deco glassware and laboratory
bottles [13]. The most recent discovery is the arcanum from the Northern Portuguese Glass
Centre (NPGC), dating to 1955, recovered from Oliveira de Azeméis, a town where the first
large-scale Portuguese glass factory was established in the 16th century [13].

Across these four arcana, a total of 69 yellow and amber glass recipes have been
identified. The majority (67%) rely on the iron and sulphur complex as the chromophore,
while 22% depend on a balance of iron and manganese. Uranium-based recipes account for
9%, and cadmium-based recipes make up 3%. Given this distribution, this study focuses
on the amber-coloured glasses derived from the iron–sulphur complex and mixture of iron
and manganese, excluding uranium and cadmium-based recipes.

Since achieving a proper balance between iron and sulphur represents a significant
technological challenge, four recipes using this chromophore were selected for further
investigation, along with one iron–manganese recipe for comparison. The study will
assess the resulting colour and thermal and mechanical properties, such as glass transition
temperature (Tg) and hardness. An additional goal is to determine if the glass produced
aligns with the historical recipe descriptions, such as whether a “light amber” recipe indeed
results in light amber glass.

This work seeks to validate the arcanum as a key historical source, not in theory, but
also potentially tied to the creation of objects currently found in Portuguese museums.
By examining the intricate processes of amber glass production in the Portuguese glass
industry, this research contributes to a deeper understanding of the nation’s industrial
heritage and its place in the global glassmaking history of the period.
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2. Materials and Methods

2.1. Reproduction Methodology

Before reproducing the glass recipes in the laboratory, it is essential to establish a
replicable method for interpreting and selecting relevant recipes for reproduction (Figure 2).
Initially, all glass recipes of a specific colour must be identified; in this case, the focus is on
amber-coloured glass recipes. Subsequently, a thorough assessment should be conducted
to ensure the legibility of these recipes, discarding any that are unreadable. Once only
legible recipes are considered, the next step is to select those that appear to be reproducible.

Figure 2. Decision tree of the process of interpreting and selecting the recipes to reproduce.

In terms of reproducibility, it is crucial to ascertain the meaning of each ingredient, as
the legibility of a recipe does not necessarily guarantee an understanding of its components.
Furthermore, it is important to determine whether a historically accurate interpretation is
feasible. For instance, if a recipe from a specific factory mentions sand as an ingredient,
it is imperative to ascertain whether the sand has been previously analysed. Since iron is
obtained from the sand source, it is vital to understand whether its iron content is known
and whether there are historical objects from that factory that can be characterized to
determine their iron content.

Finally, a check for chemical completeness should be conducted. Following the com-
position of any glass, these recipes should include a network former, a flux, and a stabilizer.
Since this is a coloured glass, they should also incorporate the respective chromophore.
Given that the formation of the FeS complex implies a reductive atmosphere during melting,
it was also necessary to identify the organic compounds in the recipes.

In this work, the recipes from three of the four arcana presented above were studied,
and the most representative of each has been selected. The most representative is the one
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that is similar to the majority of recipes of that colour from each arcana. It is important
to note that while a selection of recipes was made, they are quite similar and share a key
trait: the amount of iron, which is crucial for producing amber glass but is never specified,
as it naturally occurs in the sand. Therefore, when a recipe failed to produce amber glass,
variations were developed instead of altering the original formula. Table 1 shows the
complete transcript of the selected recipes as they are written in the arcana (translated into
English). Recipe NP3 belongs to the NPGC arcanum and is the recipe containing Fe-Mn.
Three recipes were selected from the Gaivotas arcanum—G92, G130, and G192—each with
different compositions and reducing agents. Finally, from the COG arcanum, only one
recipe was selected, C98, featuring a simple composition similar to most of the recipes
found some of the batch books in Corning’s Rakow Library

Table 1. Transcription of the recipes selected for reproduction in kilograms. Northern Portuguese
Glass Centre (NP), Castro and Oliveira Guerra glassmakers (C) and Gaivotas Factory (G).

NP3 C98 G92

Pebbles 100 SiO3 S 200–100 Sand 30
Sand - NaOCO2 100–44 Lime 3.60

Feldspar 60 CaOCO2 72–30 Soda 15
Borax 26 Sulphur 2.8–1.4 Flour 1.5
Soda 12 Sulphur 0.200
Lime 2

Dolomite 8 G192

Boric acid 6 Sand 287.500
Barite - Soda 113.410 G130

Zinc oxide 4 Lime 34.000 Sand 150
Nitrate 4 Borax 1.138 Soda 66

Manganese 11 Sulphur 0.275 Lime 18
Iron oxide 13 Flour 1.900 Sulphur 0.200
Fluor-spar 1 Boric acid 3.980 Charcoal 0.950

Arsenic 0.300 NaCl 3.300 Boric acid 2

For the batch preparation, laboratory-grade reagents were used. As various studies
have shown, the use of natural raw materials introduces many variables, complicating a his-
torically accurate reproduction of glasses [14,15]. Factors such as the time of year when raw
materials were collected (relevant in the case of vegetable sources), the preparation process
before melting, and the initial characterization of these materials can pose challenges. In
cases in which certain ingredients are known to be inherently impure, these impurities are
simulated. For example, using sand as a silica source is always associated with iron oxide
contamination. Reproducing a recipe from a specific batch book historically linked to a
particular glass factory, using only pure silica dioxide, may not yield a historically accurate
reproduction. To address this issue, and because iron oxide is essential to obtaining the
amber-yellow colour, different approaches were employed to determine the amount of
this oxide that should be added to the initial recipe for each arcanum. For the Castro
and Oliveira Guerra arcanum recipes, the amount of Fe2O3 added was based on analyses
conducted on the sands used by the Marinha Grande factory, as this arcanum is thought to
have been used in that factory [16,17]. For the Gaivotas recipes, since there is no analysis or
knowledge of the sands used, several historical colourless glasses produced at the factory
were analysed to quantify the minimum amount of iron oxide required. For the NPGC, the
approach was the same and the amount of iron oxide was also determined by analysing
historical objects. The choice to use colourless objects to determine the percentage of iron
in the sand came from the fact that they were the only historical objects we had associated
with each of the factories. Considering that the sand would probably be the same for all
glass compositions, the minimum iron value was determined.
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Table 2 shows the amount of iron oxide used in each recipe, along with its variations.
The reproduction process always starts with the original recipe, to verify its effectiveness
without modifications. Next, several variables were individually modified, such as the
amount of iron oxide, the addition of charcoal and the sulphur source. Given the complexity
of the glass, recipe C98 was chosen to test all these variables due to its simpler composition,
which facilitates the interpretation of results. In the Gaivotas arcanum, only the original
interpretation of each selected recipe was tested.

Table 2. Selected recipes and variations.

ID Recipe Version Main Recipe
Fe/Mn and Reducing Compounds

(wt.%)
Reference

NP3 a Original recipe Original amount Fe-Mn -
b Original recipe Half amount of Fe-Mn -

G92 Original recipe 0.057% Fe Historical objects
G130 Original recipe 0.057% Fe Historical objects
G192 Original recipe 0.057% Fe Historical objects
C98 a Original recipe 0.008% Fe [17]

b Original recipe 0.2% Fe [3]
c Original recipe 0.2% Fe + 10% charcoal [3]

d1 Natron as sulphur source 0.1% Fe + 20% charcoal [3]
d2 = = [3]
d3 = = [3]
e1 Natron as sulphur source 0.2% Fe + 20% charcoal [3]
e2 = = [3]
e3 = = [3]
f = 0.2% Fe + 30% charcoal [3]
g Double amount of e1 0.2% Fe + 20% charcoal [3]
h Natron as sulphur source 0.2% Fe + 10% charcoal [3]
i Natron as sulphur source 0.1% Fe + 10% charcoal [3]
j Natron as sulphur source 0.05% Fe + 20% charcoal [3]
k Original recipe Fe-Mn from NP3a -
l Natron as sulphur source 0.15% Fe + 20% charcoal [3]

The total amount of raw materials weighed for each recipe ranged from 50 to 60 g
(Table 3), and each recipe mixture was homogenized by mixing it in a powder mixer (tur-
bula) for at least 30 min. The mixture was then placed in the furnace at room temperature in
an alumina crucible. This is one of the proofs that a large-scale reproduction is not exactly
the same as a small-scale reproduction, and at this is one of the major problems in the study
and reproduction of historical recipes.

Regarding the glass melting process, no recipes indicate information on the furnace or
the melting temperature. Therefore, a temperature of 1450 ◦C has been chosen for melting,
with a two hours’ dwell. This temperature may potentially exceed historical practices;
however, it helps to optimise the time required to obtain an proper glass homogenization
and, therefore, for each reproduction, making this study less time-consuming and more
sustainable. When necessary, adjustments to the temperature and, consequently, the soak-
ing time will be made, as the latter plays a crucial role in the success of glass production. It
is important to note that the atmosphere inside the furnace was not controlled or measured.
Previous studies have demonstrated that the atmosphere within the glass batch itself has
more significant impact on the final result than the furnace atmosphere [18]. As for the
procedure following the melting of the glass, some researchers left it in the furnace to cool,
while others poured it onto a metal plate [14,15,19,20]. In previous work [9], the glass was
left in the furnace to cool down to room temperature prior to testing; however, this caused
difficulties in obtaining samples for analysis without cracks or fractures. Therefore, in this
study, it was decided to pour the glass onto a metal plate and then subject the sample to an
annealing process to remove any internal stresses, at approximately 470 ◦C for one hour,
and to leave it to cool naturally in the furnace.
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2.2. Characterisation of the Reproduced Samples

The obtained glass samples were characterised using the following techniques: wave-
length dispersive X-ray fluorescence spectrometry (WDXRF), UV–vis absorbance spec-
troscopy, differential scanning calorimetry (DSC), dilatometry, the Vickers hardness test,
colorimetry measurements and image capture with the stereomicroscope (SMZ Microscope
with a colour camera Nikon DS-Fi3, Tokyo, Japan). The WDXRF was used to analyse
the elemental chemical composition of the samples; UV–Vis spectroscopy to confirm the
colourants imparting the amber colour; colorimetry was used to determine the colour coor-
dinates and to compare tonalities between the FeS amber with the Mn-Fe amber recipes;
and DSC and dilatometry were used to assess the workability of the glasses. Finally, the
Vickers hardness test was used to test the possibility of cutting and engraving, or the
hardness of the glass, in general.

The UV–Vis absorbance spectroscopy analyses were performed with Avantes AvaSpec-
2048 fibber optic spectrometer (Avantes, Eebeek, The Netherlands), which operates at
200–1100 nm with a resolution of 2.4 nm. The emitted light was measured using a 200 μm
reflection probe (Avantes FCR 7-UV-200), which consists of a central reading fibber, sur-
rounded by six lighting fibers, each having a diameter of 200 μm. The spectra were obtained
in absorbance mode, between 350 and 1050 nm, with an integration time of 13–18 ms and
20 scans.

The thermal analyses were performed using a Netzsch Pegasus® DSC 404 F3 (Selb,
Germany), which is equipped with a furnace that can reach temperatures up to 1550 ◦C.
The experiments were conducted using a platinum crucible at a heating rate of 20 ◦C·min−1

in a nitrogen atmosphere. This technique provides the glass-transition temperature (Tg),
and three analyses were carried out on each sample. In dilatometry, the glass transition tem-
perature (Tg) was determined by dilatometry, employing a Netzsch Gerätebau dilatometer
(model 402 PC) with a heating rate of 5 ◦C·min−1, and the equipment was operated by
Cristina Ruiz Santa-Quiteria (Institute of Ceramic and Glass, Madrid, Spain).

The Vickers hardness of the glass samples was measured using Zwick-Roell Indentec
test equipment (West Midlands, UK). Ten indentations were performed on each sample,
with a measurement time of 10 s and a load of 0.5 kg.

Elemental analysis by WDXRF was conducted using a PANalytical XRF-WDS 4 kW
AXIOS sequential spectrometer (PANalytical B.V., Almelo, The Netherlands) equipped
with a Rh X-ray tube and four analyser crystals. The equipment was operated by Fernanda
Carvalho (NOVA School of Science & Technology, Caparica, Portugal). The measurements
were carried out under a helium flow in scanning mode to detect the maximum number
of elements in the sample (Z > 8). Spectral deconvolution was performed using the
iterative least squares method, and elemental quantification was based on the fundamental
parameter approach, utilizing 15 certified secondary standards. This was achieved using
the SuperQ software package and PANalytical’s standardless analytical program IQplus
((v.5.3A, PANalytical B.V., Almelo, The Netherlands). This methodology enabled a multi-
element analysis of samples with varying quantities and complex chemical compositions in
a relatively fast and straightforward manner. Due to the high resolution of the technique,
spectral interferences, such as overlaps of characteristic X-rays from different elements,
were minimal, allowing detection of elements even at trace levels (ppm).

Three colorimetric measurements of each sample were conducted with a Lovibond®

TR520 handheld spectrophotometer, (Dortmund, Germany) configured with an optical
geometry of 8◦ viewing angle, diffused illumination, and a measurement aperture of
8 mm. Colour coordinates were calculated using CIE Illuminant D65, and are presented in
accordance with the CIE L*a*b* system.

3. Results and Discussion

3.1. Recipe Identification

It should be noted that all four arcana are handwritten. In some cases, the calligraphy
prevents a correct interpretation or identification of the written ingredients. However, the
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discussion around the reproducibility of a recipe is far more complex than the one around
the calligraphy. The reproducibility is indelibly associated with the secrecy surrounding the
arcanum (Figure 2). Sometimes these notebooks were written with code words and hidden
information, but it also turns out that this non-reproducibility can be a consequence of the
fact that the authors are so familiar with the subject that writing something so obvious
leads them to often resort to abbreviations or expressions, which were then current or
were part of the factory jargon, but no one knows their meaning nowadays. It is also
important to note that most recipes are entitled “yellow glass”. However, various colouring
agents can be included in this designation, such as uranium, cadmium, iron–sulphur and
iron–manganese. All recipes whose composition includes Fe-S or Fe-Mn, regardless of their
denomination, are considered to be amber glass recipes. The others, with uranium and
cadmium, are called yellow glass. The following section is dedicated to identifying and
positioning the amber glasses within each arcanum.

3.1.1. Marinha Grande Arcanum (MG)

Given the type of objects the factory produced, the MG arcanum is the one with the
fewest amber glass recipes, a glass normally associated with utilitarian objects. Out of a
total of 136 glass recipes, only 12 are of yellow/amber glass, 9% of the total. Considering
that this is an 18th-century arcanum, most recipes are made of lead glass, as is the case for
the other coloured recipes in the arcanum, and the chromophore is FeS, which, although not
specified as an ingredient, was assumed to be the colouring agent in most recipes due to the
presence of iron as an impurity in the sand, and the presence of sulphate compounds from
the other ingredients. Some of the recipes even specify the origin of the sand (sometimes
different from the other sand sources in other recipes), reinforcing the view that the iron
comes from the sand and that it was a raw material known to the glassmakers who knew
the characteristics of the sands from different locations and which one was suitable for
producing this colour.

Some recipes’ names mention using this glass to produce beads. Unfortunately, with
the information and context we have about the MG Factory and the arcanum today, almost
all recipes have been defined as irreproducible, because although the basic recipe for
producing amber glass is relatively simple, the most important information is the ratio
and origin of the raw materials. Given that the industry has been studied emphasising
political and social issues rather than technical ones, the lack of information on the raw
materials used in Marinha Grande during this period makes it impossible to interpret most
of the recipes.

3.1.2. Castro and Oliveira Guerra Arcanum (COG)

The COG arcanum that belonged to two glassmakers, Castro and Oliveira Guerra,
respectively, has a total of 161 glass recipes, 23 of which (14%) refer to yellow/amber glass.
Most recipes have FeS or Fe-Mn as chromophore agents, and, like in the other arcana, the
base composition is soda–lime silicate glass. The remaining recipes are associated with the
manufacture of glass containing uranium, either alone or mixed with iron or copper. As
we have seen, the glass made with uranium, according to these recipes, always contains
potassium, alone or together with sodium. Again, there is no use of the word amber in
these recipes, but instead the use of terms such as composition for French- or English-style
bottles, gold or olive-oil coloured glass and topaz yellow in the Fe-Mn or FeS recipes and
sulphur or canary colour in the recipes using uranium. Although all the recipes were
considered legible, only eight were classified as reproducible. Like in other arcana, this is
due to the use of cullet mixtures, or very specific cullet compositions, as for example, thick
cullet, iron cullet, and green cullet. together with yellow cullet, among others. The basic
composition is simple, but there are some variations in the type of reducing agent used
(fir bark, corn flour, sulphur and coal were the most frequently mentioned), which may
be explained by the fact that this arcanum accompanied the professional careers of both
glassmakers who worked in various factories throughout time.
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3.1.3. Gaivotas Factory Arcanum (GF)

The arcanum with the greatest number of recipes is the GF arcanum, with 201 glass
recipes, 15% of which are for producing amber/yellow glass. Most recipes use soda–lime
glass as the base glass and FeS as the chromophore. Although the composition makes it
easy to distinguish which recipes are for yellow glass or for amber glass, only one of the
recipes is named as being for amber glass. The titles of all the other recipes mention yellow,
champagne yellow, yellow for containers and China yellow (in the recipes with uranium).
The recipes with cadmium or uranium, on the other hand, always have potassium in
their vitreous matrix. Of the 31 recipes, only one is unreadable, but 15 are reproducible
because most recipes include a cullet in the composition, indicating the use of dark and
light cullet—a possible colour control technique—which makes it impossible to correctly
interpret the recipe. The composition of most recipes is relatively simple, mentioning only
silica, sodium, calcium, sulphur and flour. Recipes that include cullet also include flour
and sulphur. It is worth noting that, except for two recipes that use charcoal, the most used
reducing agent at GF was flour.

3.1.4. Northern-Portuguese Glass Centre Arcanum (NPGC)

Regarding the arcanum belonging to the NPGC, it has a total of twenty-one glass
recipes, and three are for amber glass, which corresponds to 14% of the recipes in total.
All the recipes were classified as being Fe-Mn amber, although only two indicate both
ingredients in their composition. The third recipe only mentions the use of manganese,
but, as mentioned in the literature, manganese can only produce the amber colour in glass
together with iron [6]. The iron in this recipe could, therefore, be an impurity derived from
a raw material, namely from the sand. However, this recipe, like most of the recipes in this
arcanum, mentions the use of quartz pebbles, which, according to the literature, have a
low iron composition [21]. It is worth mentioning that this third recipe uses corn flour and
sulphur as ingredients, which reinforces the view that iron is present in the composition
and perhaps the manganese was just a routine addition, as it is an ingredient often used in
glass production. The same recipe has a high percentage of cryolite (Na3AlF6), which could
indicate that it is a yellow opal glass. All the recipes contain arsenic and zinc oxide, as a
fining agent and a stabilizer, respectively. The names of the recipes are very basic and make
no reference to what kind of objects could be produced with a particular glass composition.

Although the four arcana belong to different chronologies and are different in length
and number of recipes, the percentage of amber glass recipes is consistent and similar—9–
15% (Figure 3). Most amber glass recipes are made from soda–lime glass, with iron or iron
and manganese identified as chromophores (Figure 4). As mentioned earlier, iron alone
does not produce the desired yellow/amber colour in the glass, but rather the chromophore
FeS, which complexes in the glass matrix during the glass melting process. It should also be
noted that most recipes are entitled as “recipe for yellow glass”, while just one uses clearly
the word “amber” (in a recipe entitled “black glass (bottle amber)”). To better understand
the interests of each factory, all recipes for yellow glass were considered, whether producing
amber glass or not.
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Figure 3. The total number of recipes in each arcanum. Diagonals indicate the number of yel-
low/amber recipes in each arcanum.

Figure 4. Different chromophores of glass recipes in the arcana and percentage of reproducible recipes
for all arcana.

3.2. Recipe Reproduction

From the five selected recipes, 21 attempts to reproduce amber glass were made and
only 10 had a result between light and dark amber, as shown in Figure 5. It is worth noting
that only two of the unsuccessful samples (because the result was either colourless or bluish
colourless glass) have been considered in Figure 5 as examples, to make the data easier to
read. Two versions of the NP3 recipe were reproduced, one of each of the GF recipes (G92,
G130 and G192). The C98 appeared to be the simplest, with only four ingredients; for this
reason, it was chosen to be explored in more depth, with more variables, and 15 versions
were reproduced.
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Figure 5. Pictures taken with the stereomicroscope of the samples produced.

The two reproductions of the NP3 (recipe with Fe-Mn) resulted in a dark amber. The
sample from the original recipe, NP3 a, produced a very dark, almost black glass. NP3 b

had half the amount of Fe-Mn, which slightly altered the colour of the sample, but the
difference is only visible in the finer areas.

Sample G92 had elemental sulphur in its composition and flour as a reducing agent,
but the result was a completely colourless glass. G130 had charcoal as a reducing agent,
but the same result was obtained. G192, despite having a more complex composition and
more ingredients, resulted in the same as before, a colourless glass. In all three recipes, the
problem is believed to be the amount of iron oxide added (0.057 wt.%), so for future work
on amber glass from this factory, more information on its context is needed to ascertain the
raw materials that were used.

Regarding recipe C98, it was chosen to be explored in more depth and with more
variables. Sample C98 a used the amount of iron oxide from the analyses of the sand used
by the Marinha Grande Factory (Barros 1969). As expected, due to the lack of a reducing
agent, this recipe resulted in a colourless glass. In sample C98 b, more iron oxide was
added, according to existing studies about the reproduction of amber glass [3]. Since there
was still no reducing agent, the result was again a colourless glass. Therefore, in sample
C98 c, charcoal was added to the composition. The result was a bluish colourless glass, as
can be seen in Figure 5. According to other studies about natron composition, the problem
seems to be the way sulphur is added [22]. The following results will therefore be presented
together with the chemical characterisation of the glasses using WDXRF, to understand
what may or may not be affecting the formation of the ferric sulphide complex.
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3.3. Chemical Characterization

Although the original interpretation of the recipe did not produce the expected result,
it provided an opportunity to explore and refine various factors. By successively adjusting
several variables, we aimed to gain valuable insights into the role of each ingredient
and to improve our understanding of the characteristics of the recipe. Table 4 shows the
quantification of all the samples discussed in this section.

Table 4. Wavelength-dispersive X-ray fluorescence spectroscopy (WDXRF) results in weight percent-
age of oxides.

SAMPLE
Sum Before

Normalization
Na2O MgO Al2O3 SiO2 SO3 Cl K2O CaO MnO Fe2O3 ZnO

NP3 a 80.1 8.07 0.95 11.0 64.5 - - 0.20 2.11 4.27 6.85 1.89
NP3 b 74.3 8.24 0.89 13.0 67 - - 0.21 2.34 2.25 3.92 2
G92 73.5 18.4 - 0.8 73.9 0.91 - 0.05 5.83 - 0.07 0.01

G130 69.7 16.5 - 0.2 76.5 0.18 - 0.06 6.44 - 0.06 0.01
G192 74.4 16.3 - 0.9 76.1 0.1 0.48 0.05 6.05 - 0.06 -
C98 a 81.2 16.8 - 0.6 66.4 0.85 - 0.03 15.2 - - -
C98 b 81.1 16.9 0.27 1.27 65.3 0.50 - 0.02 15.4 - 0.32 -
C98 c 78.2 15.3 - 1.4 66.1 0.76 - 0.13 16 - 0.27 -

C98 d1 84.4 11.1 0.19 2.24 66.6 0.08 0.29 0.12 19.1 - 0.18 0.01
C98 d2 80.9 9.96 0.14 6.45 66.4 0.08 0.18 0.09 16.5 - 0.18 0.01
C98 d3 80.4 8.54 0.22 0.84 70 0.23 0.51 0.11 19.3 - 0.19 -
C98 e1 58.4 9.91 0.2 1.88 66.3 0.05 0.32 0.13 20.8 - 0.41 0.01
C98 e2 76.3 11.4 0.18 2.16 68.2 - 0.22 0.13 17.3 - 0.36 0.01
C98 e3 74.3 9.99 - 0.63 69.9 0.24 0.56 0.12 18.1 - 0.37 -
C98 f 68.2 10.1 0.18 2.75 64.6 1.07 0.63 0.19 20.1 - 0.37 0.01
C98 g 82.5 8.62 0.19 5.17 67.5 0.37 0.94 0.44 16 - 0.64 0.01
C98 h 86 11.8 - 1.28 69.9 0.31 0.57 0.05 15.7 - 0.34 -
C98 i 71.5 9.81 - 3.24 67.6 0.17 0.4 0.09 18.5 - 0.19 0.01
C98 j 82.7 10.4 0.14 4.55 67.8 - 0.18 0.12 16.6 - 0.11 0.01
C98 k 81.1 13.1 - 3.57 54.4 - - 0.08 13.5 5.8 9.47 0.02
C98 l 83.3 10 - 1.71 69.1 0.3 0.36 0.12 18.1 - 0.22 0.01

Letters: identification of the different versions of the original recipe. Numbers: identification of the several
reproductions of the same recipe.

The authors are aware that some samples—C98 d2, C98 g and C98 j—present a higher
content of alumina than expected. This is due to the alumina crucible contamination. Since
the focus of the paper is on the colour control and variation, we believe that alumina does
not play a role in this. However, it will have an impact on the mechanical properties of the
glasses, which will be reflected in the Tg and Vickers Hardness values. When compared
to historical samples, these will not have this influence from the crucible, as the extent of
the contamination area of the crucibles used in the past (which were much bigger than the
ones used in the current work) has already been studied [23].

Glass production in the 19th century already used chemical reagents produced in
factories and laboratories, but their purity was not as rigorous and controlled as it is nowa-
days. For this reason, although the original recipe mentions the use of sodium carbonate,
with the information we have today it is not possible to determine what impurities would
be associated with it or even whether a specific mixture of sodium sources was used to
produce amber. Therefore, based on these facts and the literature, the basic recipe was
modified by changing the sodium source to a mixture of sodium bicarbonate, sodium
sulphate and sodium chloride, in a ratio of 40:30:30 wt.% [3].

Sample C98 d1 was the first successfully reproduced amber glass, with the following
differences from the original: an increase in the amount of iron, the addition of sulphur
with sodium and the addition of charcoal. From this recipe, two more samples were
reproduced, C98 d2 and C98 d3, based on the exact same recipe, with the aim to test the
reproducibility. In the last one, the result was a colourless glass, despite having tried to
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reproduce it under the same conditions. This difference in result may have been due to an
electrical fault during the melting process, or even differences in the percentage of water
in the raw materials or batch moisture [4]. Looking at the characterization of the amber
(C98 d1 and C98 d2) and colourless (C98 d3) samples, the main difference is the SO3 value,
which in the case of C98 d3 is much higher than in the other samples. Samples G92, G130

and G192 also have a higher SO3 amount than samples C98 d1 and C98 d2. According
to the literature, the lower the amount of SO3, the more reduced the composition of the
glass [4,6]. This shows that for the samples G92, G130 and G192, the proportion, melting
conditions or atmosphere in the glass matrix were not the most suitable for reducing the
batch [4]. The differences in the percentage of SO3 in recipes of the same composition (for
example, C98 d1 and C98 d3) may indicate a greater volatilisation of SO3, which influences
the redox conditions of the batch. Again, this may be due to batch moisture conditions.

As, according to the literature, the ideal proportion of iron oxide in amber glass is
between 0 and 0.5 wt.%, the subsequent samples were made increasing this oxide from 0.05
wt.% to 0.2%. Again, three attempts were made with the same composition, and only C98

e1 produced the amber colour. The C98 e2 sample, although not completely colourless, has
a much more subtle and heterogeneous colour. It is possible to see some areas which are
more yellowish and others more bluish, possibly due to the higher concentration of Fe3+

and Fe2+ ions. The significant difference in characterization is again the SO3 amount, which
in the case of sample C98 e2 is below the detection limit, indicating that it has perhaps
volatilised more than in the other samples. The difference in colour may have been due
to a lack of homogenisation of the composition. Sample C98 f (30% charcoal) has the
same amount of iron as C98 e1 (20% charcoal) and different charcoal amounts, so a slight
difference in colour was to be expected, but not too pronounced, as the amount of colourant
is the same. However, the result for C98 f was an almost black glass, with the amber colour
only visible in very thin areas, clearly due to the increased amount of reducing agent. The
amount of reducing agent plays a fundamental role, sometimes even more important than
the different amounts of iron. Samples C98 d1 and C98 e1, with 0.1 and 0.2 wt.% iron oxide,
respectively, and both with 20 wt.% charcoal, have a very similar visual result. However,
samples C98 e1 and C98 f, with the same amount of iron oxide (0.2 wt.%) and 20 and 30
wt.% charcoal, respectively, produced two completely different colours on the glass (amber,
and a very dark amber resembling black, respectively).

Sample C98 g was made using the exact same recipe as sample C98 e1, but testing
with the double of the total amount of raw materials. Instead of 60 g in total, 120 g was
produced, and the result obtained was quite different for the two samples, with sample
C98 g being noticeably darker. This shows that the result depends on several variables,
including the batch quantity.

According to the literature, the ideal percentage of charcoal is between 10 and 20% [3].
Samples C98 h and C98 i contain 10% of charcoal and 10% and 20% of iron respectively.
Both resulted in colourless glass, suggesting that although 10% of charcoal is sufficient
to make amber glass according to the literature, it may not be enough to work with the
proportions in this recipe.

Returning to 20% of charcoal, two more variations were tested. Sample C98 j has
0.05% iron oxide, an amount very similar to the G samples. The result was a very light,
greenish amber, but it proved that it is possible to produce amber with extremely low iron
content. Sample C98 l has 0.15% iron and although this is theoretically an amount that
should produce an amber colour, since the samples with 0.10% and 0.20% (C98 d1 and
C98 e1) worked perfectly, the result was not satisfactory. Table 4 shows a higher SO3 value
compared to the amber samples.

Finally, sample C98 k was an attempt to understand the influence of the base compo-
sition on Fe-Mn amber, starting from the C98 recipe, but with the same Fe-Si and Fe-Mn
ratio as the NP3 a recipe. Despite the different base composition, the result was a glass that
is nearly black, and indistinguishable from the NP3 a sample.
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3.4. Thermal Properties

Thermal characterisation was carried out using DSC and dilatometry techniques
(Table 5), which allowed for the measurement of the glass transition temperature (Tg), the
dilatometric softening point (Td) and the thermal expansion coefficient (αL) of seven of
the samples.

Table 5. Results of the thermal analyses.

C98 d1 C98 d2 C98 e1 C98 f C98 k NP3 a NP3 b

Tg (onset) DSC (◦C) 608.9 617.4 607.3 - - 582.9 583.0
Tg (onset) DIL (◦C) 608.7 623.3 611.7 605.1 545.9 580.7 593.4

Td (◦C) 642.9 663.6 649.3 650 583.6 643.9 659
αL (50–500 ◦C) × 10−6 (◦C−1) 9.7 9.6 9.5 10.6 12.2 7.1 7.0

The glass transition temperatures of the samples measured by dilatometry range from
545.9 ◦C to 623.3 ◦C, where the samples coloured with FeS have a higher Tg, of around
600 ◦C, and the samples coloured with Fe-Mn have a lower Tg, of around 550 ◦C. It is worth
noting that sample C98 k has the lowest Tg compared to NP3 a and NP3 d. This could be
caused by the fact that the first sample has a higher sodium content, which has a direct
impact on Tg. The lower Tg of NP3 a and NP3 b glasses have the advantage of requiring
lower energy/temperature to melt the glass, making the process faster and less expensive.

As for the softening temperature, it gives us valuable information, and can even justify
some choices about the uses of amber glass, mainly used for containers rather than for
elaborate pieces. The Td of the samples varies between 583.6 ◦C and 663.6 ◦C. These
temperatures are considered quite high, especially when compared to other compositions
known to have been used for blown glass [9]. This characteristic possibly conditioned the
type of object that could be produced with these compositions, because it needs a higher
temperature for work that requires being constantly reheated to allow it to be blown.

With regard to αL, its values are between 7.0 and 12.2, which indicates that, despite
the different compositions, these values remain similar. Samples with a lower αL have a
higher percentage of Al2O3, since the presence of metal oxides like this means that there
are fewer non-bridging oxygens available in the composition, making these glasses more
resistant to expansion differences [24].

3.5. Vickers Hardness

The hardness tests were carried out to understand the properties of the produced
historical glasses. By carrying out hardness analyses on samples produced from historical
recipes and creating a database of their characterisation, when a reproduction is attributed
to a historical object it is possible to hypothesize the thermal and mechanical properties of
that object, without damaging it, in a kind of reverse engineering.

Nine samples were then measured to obtain the Vickers hardness, as shown in Table 6.

Table 6. Vickers hardness of the amber samples.

C98 d1 C98 d2 C98 e1 C98 e2 C98 j C98 j C98 k NP3 a NP3 b

HV 0.5 565 574 590 574 627 567 605 568 655
STDEV 19.8 8.8 15.2 4.4 15.4 8.1 22.7 14.5 16.2

Mean percentage 3.51% 1.53% 2.63% 0.77% 2.46% 1.41% 3.75% 2.55% 2.48%

The hardness of most of the samples ranges between 565 HV0.5 and 655 HV0.5, values
that are significantly high compared to other studies based on historical recipes [9], and
even similar to the hardness of borosilicate glass [25].

The samples with the highest hardness are C98 j, C98 k and NP3 b, and the samples
with the lowest hardness are C98 d1, C98 e2 and C98 f. As can be seen in Figure 5, hardness
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does not seem to be connected to colour or colourants at all. However, by comparing
their chemical characterisation in Table 4, we can see that the samples with the highest
percentage of CaO and the lowest percentage of Al2O3 are the ones with the lowest hardness,
coinciding with what is described in the literature [26].

3.6. Colour Characterisation
3.6.1. Colorimetry

Since iron can give several colours to glass, such as blue, green and yellow, colour
measurement is essential to understand the small differences in the colours of the various
samples and which ones resemble each other despite the differences in composition. The
scatter plot in Figure 6 represents the a* and b* coordinates of the CIE L*a*b* system.

Figure 6. Scatter plot of the L*a*b* coordinates of the colorimetry measurements. Negative L* values
closer to black and positive values closer to white; negative a* values closer to green and positive
values closer to red; negative b* values closer to blue and positive values closer to yellow.

Figure 6 shows that sample C98 d1 is the closest to the yellow and red colours and
sample C98 d2 is much closer to the blue, despite their same composition. According to
the literature, the most similar sample to the amber colour, in terms of a* and b* values,
is sample C98 e1 [27]. In the C98 e2_b and C98 e2_y samples (measurements taken in
the bluest and yellowest areas of the sample C98 e2) it is noticeable that, although the
colour change is not so significant, the analysis indicated that C98 e2_y has a higher b*
value and is more on the yellow side of the plot. Point C98 e3_b, on the other hand, has
negative values, and is closer to the blue area of the plot. In relation to sample NP3 b, it
is visually quite dark, but the measurement clearly shows that its colour is much lighter
than that of sample NP3 a. Samples NP3 a, C98 f and C98 k, as seen from Figure 6, are the
darkest, almost black, so the b* and a* values are very close to zero. The L* colourimetric
measurement confirms this, as samples C98 k, C98 f, NP3 a and NP3 b are the ones with
the highest colour intensity.
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3.6.2. UV–Visible Absorbance Spectroscopy

The chromophores were characterised using UV–Vis absorbance spectroscopy in six
of the samples shown in Figure 7. The rest of the amber samples were not characterised by
this technique because of their dark colour, which saturates the signal.

Figure 7. Absortion spectra of the amber glasses.
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Samples C98 d1 and C98 d2, as expected, show an absorption band around 425 nm,
characteristic of the FeO3S sulphide ion. Additionally, a slight increase in absorption from
650 nm onwards is observed, indicating the possible presence of Fe2+ ions. Similarly,
samples C98 e1 and C98 j also exhibit a band at 425 nm; however, their spectra appear
more absorbent beyond 650 nm, further suggesting again the presence of Fe2+ ions. Their
characteristic bands are found at 1100 and 2100 nm, beyond the detection limit of the
equipment used, but the broad absorption band presented between 650 and 1050 nm
indicates its presence. The existence of Fe2+ ions (responsible for the blue colour) and Fe3+

ions (responsible for the yellow colour) produces the green colour in glass, one of the most
common and easiest colours to produce, due to the natural presence of both iron oxidation
states in glass [2]. Looking at Figure 6, it is possible to see that the colorimetry of the
samples C98 e1 and C98 j is shifted towards the green side of the graph, which may help
to confirm the view that both oxidation states are present in these samples, although they
were visually classified as amber glasses. In sample NP3 b, the Fe-Mn amber, the absence
of Fe2+ ions are noticeable, indicating complete equilibrium between iron and manganese,
as indicated by the equation (Equation (1)).

As mentioned above, the C98 e2 sample is not homogeneous, so the analysis was
carried out in two different areas, to see if this change was noticeable (Figure 7). It became
apparent that the C98 e2 yellow point has a much more intense band at 425 nm from the
Fe3+, while the Fe2+ region is slightly less intense. The C98 e2 blue point is exactly the
opposite, as it is the bluest sample. It has less absorbance in the Fe3+ region and slightly
more in the Fe2+ region.

4. Conclusions

In conclusion, this paper has explored the complex amber-glass colour technology
from the 18th to 20th centuries, using historical recipes as primary sources. The research
began by decoding and interpreting amber glass recipes from four Portuguese arcana,
focusing on those with FeS or Fe-Mn as chromophores. These recipes were then reproduced
in the laboratory and characterized chemically, thermally, and mechanically. The study
revealed that producing FeS amber glass is highly intricate, with numerous variables that
must be carefully controlled throughout the process. One recipe was selected for deeper
analysis, and underwent significant adjustments as regards its interpretation. This was
necessary because when converting historical recipes into modern laboratory protocols, it
can be challenging to determine whether a recipe is ineffective or simply misinterpreted.
By modifying the method of adding certain ingredients—while keeping the same ratio of
elements as the original—we were able to explore whether specific raw materials were
used in alternative forms that had not been initially considered.

This study introduced the critical observation that deeper knowledge of glassmaking
processes does not always guarantee better results. Despite the widespread use of amber
glass throughout history, it remains a challenge to reproduce it today with precise control
over raw materials. Our results show that successful experimental results do not necessarily
equate to a full understanding of all the variables involved, leading to inconsistencies
in reproducing results. This adds a layer of complexity to the study of historical glass
recipes and underlines the importance of not only interpreting historical methods, but also
recognising the limitations that remain, even with modern advances.

As a result of this investigation, the creation of systematic guidelines for reproducing
historical glass is proposed. These guidelines can help future studies on glass from different
centuries, ensuring that new knowledge can continuously refine the process. By comparing
reproduced glass with historical objects and sources, we can assess whether the infor-
mation aligns or contradicts existing interpretations, which is essential to understanding
the technological capabilities of the Portuguese glass industry during the period under
consideration.

In addition to this impact, it is important to highlight information derived from the
experiments that were carried out:
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- Producing FeS amber glass proved far more complex than Fe-Mn amber. While Fe-Mn
chromophores were easier to work with, they resulted in very dark colours, making it
difficult to achieve softer, lighter amber colours.

- The percentage of SO3 and its volatility or complexation is critical. WDXRF analysis
showed that samples with higher SO3 content tended to yield colourless glass. The
method of sulphur addition also proved significant, with sulphur acting as expected,
and producing the amber colour only when combined with sodium.

- Samples coloured with Fe-Mn (NP3 a and b) exhibited the lowest Tg, though all
samples had high softening points.

- Vickers hardness tests showed that the samples were quite hard, with values approach-
ing those of borosilicate glass. However, samples with higher calcium oxide and lower
alumina oxide content were slightly less hard.

- Colorimetry results indicated that most amber samples skewed toward yellow and
red, which is consistent with desired amber hues. While FeO3S is responsible for
amber coloration, some UV–Vis spectra suggested the presence of Fe2+.

By uncovering the secrets of Portuguese glass factories through the study of batch
books and recipes, this research bridges the past and present, offering critical insights into
the craft behind the historic objects in our museums. Understanding these recipes not only
improves the conservation and interpretation of these objects, but also contributes to the
wider field of glass conservation. In this way, we ensure that the knowledge and techniques
of past glassmakers are not lost to time, but continue to inform and enrich the future of
glassmaking and conservation.

Author Contributions: Conceptualization, C.R.S. and I.C.; methodology, C.R.S. and I.C.; validation,
C.R.S., A.R. and I.C.; formal analysis, C.R.S., A.R., J.P.V. and T.P.; investigation, C.R.S. and I.C.;
resources, C.R.S., A.R., J.P.V., T.P. and I.C.; data curation, C.R.S.; writing—original draft preparation,
C.R.S. and I.C.; writing—review and editing, C.R.S., A.C., A.R., J.P.V., T.P. and I.C.; visualization,
C.R.S.; supervision, A.C. and I.C.; project administration, C.R.S. and I.C.; funding acquisition, C.R.S.,
I.C., A.C. and A.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the FCT-Portuguese Foundation for Science and Technol-
ogy, grant number UIDB/00729/2020, UIDP/00729/2020, LA/P/0140/2020, 2023.05135.RESTART,
UIDP/50025/2020, UIDB/50025/2020, CEECIND/02249/2021 (T. Palomar), 2020.00252.CEECIND
(A. Ruivo) and 2020.09269.BD (C. Reis Santos).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors would like to thank Fernanda Carvalho, of the NOVA School of
Science & Technology (Portugal) for the WDXRF analyses and Cristina Ruiz Santa-Quiteria, of the
Institute of Ceramic and Glass (Spain) for the dilatometry.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Costa, M.; Barrulas, P.; Arruda, A.M.; Dias, L.; Barbosa, R.; Vandenabeele, P.; Mirão, J. An insight into the provenance of the
Phoenician-Punic glass beads of the necropolis of Vinha das Caliças (Beja, Portugal). Archaeol. Anthr. Sci. 2021, 13, 149. [CrossRef]

2. Navarro, J.M.F. El Vidrio, 3rd ed.; CSIC: Madrid, Spain, 2003.
3. Paynter, S.; Jackson, C.M. Mellow yellow: An experiment in amber. J. Archaeol. Sci. Rep. 2017, 22, 568–576. [CrossRef]
4. Ross, C.P.; Myers, D.D. Amber Glass—40 years of lessons learned. In 66th Conference on Glass Problems—Ceramic Engineering and

Science Proceedings; Kriven, W.M., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2006; pp. 129–137.
5. Brown, D.; Douglas, R.W. Carbon-sulphur’ amber glass. Glass Technol. 1965, 6, 190–196.
6. Weyl, W.A. Coloured Glasses; Dawson’s of Pall Mall: London, UK, 1959.

110



Materials 2024, 17, 5699

7. Rakow Research Library CMOG. Batch Book (1964–1981) from Beaumont Glass Company. Available online: https://cmog.primo.
exlibrisgroup.com/permalink/01CORNING_INST/1531shl/alma991452843504126 (accessed on 14 October 2024).

8. Barosa, J.P. O ‘Arcanum’ de João Augusto de Castro e Augusto de Oliveira Guerra; Santos Barosa Museum: Marinha Grande, Portugal,
2000.

9. Santos, C.R.; Vilarigues, M.; Dabas, P.; Coutinho, I.; Palomar, T. Reproducing crystal glass from three 18th-20th centuries
Portuguese glass arcana. Int. J. Appl. Glas. Sci. 2020, 11, 743–755. [CrossRef]

10. Lopes, F.; Lima, A.; de Matos, A.P.; Custódio, J.; Cagno, S.; Schalm, O.; Janssens, K. Characterization of 18th century Portuguese
glass from Real Fábrica de Vidros de Coina. J. Archaeol. Sci. Rep. 2017, 14, 137–145. [CrossRef]

11. De Matos, A.P.; Queiroz, C.; Lopes, F.; Ruivo, A.; Lima, A.; Vilarigues, M. Glass Colours at Marinha Grande by the Last Quarter
of the 18th Century. In Proceedings of the Annual Meeting of the SGT, Washington, DC, USA, 4–8 October 2009; Available online:
www.stainedglassconservation.co.uk (accessed on 14 October 2024).

12. De Matos, A.P.; Lopes, F.; Vilarigues, M.; Lima, A.; Coutinho, I. A journey of the glass colours through three portuguese arcana.
In Proceedings of the SGT Centenary Conference & ESG2016, Sheffield, UK, 4–8 September 2016.

13. Valente, V. O Vidro em Portugal; Editora Portucalense: Porto, Portugal, 1950.
14. Dussubieux, L.; Fenn, T.R.; Abraham, S.A.; Kanungo, A.K. Tracking ancient glass production in India: Elemental and isotopic

analysis of raw materials. Archaeol. Anthr. Sci. 2022, 14, 226. [CrossRef]
15. Govantes-Edwards, D.J.; Duckworth, C.N.; Córdoba, R. Recipes and experimentation? The transmission of glassmaking

techniques in Medieval Iberia. J. Medieval Iber. Stud. 2016, 8, 176–195. [CrossRef]
16. Santos, C.R. A Indústria dos Segredos: Os Arcanos de Vidro Portugueses dos Séculos XVIII-XX. Master’s Thesis, FCT NOVA,

Caparica, Portugal, 2018.
17. da, S. Barros, C.V. Real Fábrica de Vidros da Marinha Grande: II Centenário 1769–1969; Edições Magno: Leiria, Portugal, 1969.
18. Vilarigues, M.; Ruivo, A.; Hagendijk, T.; Bandiera, M.; Coutinho, M.; Alves, L.; Dupré, S. Red glass in Kunckels’ Ars Vitraria

Experimentalis: The importance of temperature. Int. J. Appl. Glas. Sci. 2023, 14, 201–215. [CrossRef]
19. Gherardi, F.; Hole, C.; Campbell, E.; Cotte, M.; Tyson, R.; Paynter, S. Unravelling the role of iron and manganese oxides in

colouring Late Antique glass by micro-XANES and micro-XRF spectroscopies. J. Phys. Photonics 2024, 6, 025001. [CrossRef]
20. Bandiera, M. Technological Study and Chemical-Archaeometric Characterization of Roman Opaque Red Glass from Opus Sectile

Decoration in the Lucius Verus Villa, 2nd Century AD. Ph.D. Thesis, NOVA School of Science and Technology, Caparica, Portugal,
2021.

21. Coutinho, I.; Medici, T.; Gratuze, B.; Ruivo, A.; Dinis, P.; Lima, A.; Vilarigues, M. Sand and Pebbles: The Study of Portuguese Raw
Materials for Provenance Archaeological Glass. Minerals 2022, 12, 193. [CrossRef]

22. Jackson, C.M.; Paynter, S.; Nenna, M.-D.; Degryse, P. Glassmaking using natron from el-Barnugi (Egypt); Pliny and the Roman
glass industry. Archaeol. Anthr. Sci. 2018, 10, 1179–1191. [CrossRef]

23. Dungworth, D. Glass-ceramic reactions in some post-medieval crucibles: An instrumental analysis study of archaeological
samples. Glass Technol. Eur. J. Glass Sci. Technol. Part A 2008, 49, 157–167.

24. Shelby, J.E. Introduction to Glass Science and Technology, 2nd ed.; The Royal Society of Chemistry: London, UK, 2005.
25. Barlet, M.; Delaye, J.-M.; Charpentier, T.; Gennisson, M.; Bonamy, D.; Rouxel, T.; Rountree, C.L. Hardness and toughness of

sodium borosilicate glasses via Vickers’s indentations. J. Non-Cryst. Solids 2015, 417–418, 66–79. [CrossRef]
26. Hand, R.J.; Tadjiev, D.R. Mechanical properties of silicate glasses as a function of composition. J. Non-Cryst. Solids 2010, 356,

2417–2423. [CrossRef]
27. ABabini, A.; Green, P.; George, S.; Hardeberg, J.Y. Comparison of Hyperspectral Imaging and Fiber-Optic Reflectance Spectroscopy

for Reflectance and Transmittance Measurements of Colored Glass. Heritage 2022, 5, 1401–1418. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

111



Article

Non-Destructive Ellipsometric Analysis of the Refractive Index
of Historical Enamels

Teresa Palomar 1,2,*, Trinitat Pradell 3 and Jadra Mosa 2

1 VICARTE Research Unit, NOVA School of Science & Technology, Campus Caparica,
2829-516 Caparica, Portugal

2 Institute of Ceramic and Glass (ICV-CSIC), c/ Kelsen 5, Campus de Cantoblanco, 28049 Madrid, Spain;
jmosa@icv.csic.es

3 Departament de Física, Centre de Recerca en Ciència i Enginyeria Multiescala de Barcelona, Universitat
Politècnica de Catalunya·BarcelonaTech (UPC), Campus Diagonal Besòs, Av. Eduard Maristany, 10-14,
08019 Barcelona, Spain; trinitat.pradell@upc.edu

* Correspondence: t.palomar@csic.es

Abstract: The refractive index is an important parameter for the restoration of histori-
cal cultural heritage and for non-destructive optical techniques. In this study, different
mathematical models for lead glasses were assessed in order to analyze their feasibility
to calculate the theoretical refractive index of the historical enamels in stained-glass win-
dows. The models selected were those specifically developed for lead glasses: the Appen
method (1949), the Fanderlik and Skrivan model (1972), and the Bonetti and Salvagno
method (1983). The results of the mathematical methods were compared with the real
values analyzed via ellipsometry. The historical enamels were determined on non-prepared
samples, taking into account the Cauchy model in order to avoid damaging the historical
pieces. We show that the measured refractive indices of the historical enamels (1.59–1.66)
are higher than the values of the lead glasses in the literature (1.55–1.57). The PbO and
B2O3 were the compounds that most influenced the value of the refractive index; nev-
ertheless, the presence of metallic elements increased their value compared to pure lead
glasses. In addition, the presence of a thin layer of grisaille on the historical enamels and
the formation of alteration layers could also modify the real value of the refractive index.
As far as theoretical calculations are concerned, the mathematical model of Bonetti and
Salvagno (1983) seems to be the most accurate model for this material, with errors < 0.04
units. None of the three models work for glasses with >60% PbO, which is not common in
cultural heritage.

Keywords: refractive index; ellipsometry; historical enamels; glass

1. Introduction

The refractive index (n) is one of the optical properties of glasses, along with trans-
parency and coloration. It is manifested when a ray of light enters in a glass from the air,
where it possesses the maximum velocity, and its velocity is reduced as a result of the
interaction of the light with the ions in the glass. In the case of the vertical incidence of
light, the path of the light ray is not altered, but in the case of oblique incidence, a deviation
occurs [1].

The refractive index is related to the electronic density in the glass and the polariz-
ability of its constituent elements. The bonding oxygens in the glass matrix are strongly
polarized and poorly deformable, so the refractive index is low. The addition of modifier
oxides, such as alkaline and alkaline-earth elements, increases the number of non-bonding
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oxygens and, hence, the polarizability of the oxygen and the refractive index of the glass.
The polarization of cations, especially those with small ionic radii, is very low compared
to anions. Voluminous cations with partially filled outer shells significantly increase the
refractive index [2].

The refractive index has also been used for new materials with optical properties [3],
solar concentrators [4,5], smart windows [6,7], or to imitate gemstones [8]. In forensic
investigations, the chemical composition and refractive index of glass micro-fragments are
also analyzed to determine their origin (i.e. automobile windows, headlamps, side mirrors,
beverage container glasses. . .) [9].

Few works have analyzed the refractive index of historical glasses, probably because
it is necessary to prepare a sample with a moderate size, which should not be allowed in
cultural heritage objects. Tennent and Townsend [10] compiled 53 analyses of historical
glasses from different museums and collections. They were clustered in four groups. The
Roman and Egyptian glasses showed 1.490 < n < 1.540, the post-Medieval vessel glasses
had 1.505 < n < 1.530, the Medieval stained glasses presented 1.540 < n < 1.585, and the lead
glasses were 1.550 < n < 1.570. Vassas [11] also analyzed Medieval stained glasses, whose
values ranged between 1.5102 < n < 1.5331 for soda-lime silicate glasses, 1.5379 < n < 1.5514
for potash-lime silicate glasses, and 1.5546 < n < 1.5670 for high-lime low-alkali glasses,
agreeing with the Tennent and Townsend groups. Saminpanya et al. [12] analyzed ancient
Indo-Pacific beads made of soda-alumina glasses, whose values ranged from 1.51 to 1.60,
with this variation related to their coloration and, therefore, to their chemical composition.
Further, Drozdov et al. [13] analyzed some opaque potassium lead silicate glasses for
mosaics and bijouterie produced by Mikhail Lomonosov in the Ust-Ruditsa factory in the
18th century. Their refractive indices ranged from 1.493 to 1.825. Glasses with high lead
content have higher refractive indices. The refractive index is an important parameter in
glass restorations [10,14,15]. The adhesive should have a similar refractive index to conceal
the fissures’ reparation. The closer the refractive index of the adhesive is to that of the glass,
the less noticeable the repair will be.

It is also important in optical techniques used for the non-destructive analysis of
cultural heritage. Optical coherence tomography (OCT) uses the reflection and scattering
of light to identify the multilayer structure and to measure the thickness of the different
layers. The tomograms are corrected for the refractive index of the materials penetrated
by the probing beam, assuming that the refractive index remains relatively constant in
space and time [16,17]. Another example is nonlinear optical microscopy (NLOM), which
provides compositional and structural information based on the detection of the emission
fluorescence of fluorophores through multiphoton excitation fluorescence microscopy
(MPEF) and local differences in refractive indices via third-harmonic generation microscopy
(THG) [18,19]. Three-dimensional Confocal Microscopy also allows measurements to be
made, considering that the refractive index mismatch between the immersion fluid and
sample can affect the focus position and, therefore, making axial distances appear more
elongated [20]. Terahertz time-domain spectroscopy (THz-TDS) uses THz pulses to epi-
detect the signal reflected from the crossed interfaces between materials characterized by
different refractive indices, allowing cross-sectional images of the object’s stratigraphy to
be reconstructed [18].

These techniques have been widely applied to cultural heritage objects. OCT has been
applied to characterize the surface alteration in glass objects [21–25]; NOLM has been used
to determine the thickness of alteration layers in medieval-like glasses [26] and historical
glass grisailles [27,28]; and Confocal Microscopy has allowed for the measurement of the
thickness of laminated altered layers in historical glasses [29]. The refractive index of glasses
and their decoration is, therefore, a key parameter for their characterization and restoration.
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Several techniques have been developed to measure the refractive index. The most common
methods are the deflection of a beam of light in a prism with an angle of about 60◦; the
refractometer, in which a glass polished on one side is pressed onto the refractometer prism
with a liquid of a high index of refraction; the immersion method, in which small glass
pieces are immersed in liquids of known refractive indices until the glass “disappears”; or
with an interferometer that detects the interference produced by the glass on one of the
two light beams emitted by the instrument [1,2]. Most of these techniques require sample
preparation and sufficient size (usually a few centimeters) and are, therefore, not suitable
for historical glasses. Another method of measuring the refractive index is ellipsometry,
which is based on the measurement of the elliptical polarization experienced by a beam
of polarized light when reflected from the surface of a glass [1,2]. This technique permits
the non-destructive analysis of surface layers, even those only a few nanometers thick. For
this reason, this technique should be suitable for cultural heritage material. In this study,
ellipsometry was employed to determine the refractive indices of historical enamel samples.
Ellipsometric measurements are based on the changes in the polarization of light reflected
from the sample surface, from which information about the optical properties of the sample
is extracted. However, obtaining reliable refractive index values requires careful analysis
of the ellipsometric data through advanced modeling techniques. Specialized software
tools were used to fit the experimental ellipsometric data to models describing the optical
behavior of the enamel films. These models take into account various parameters, such
as layer thickness, roughness, and the refractive index itself, among others. In this regard,
the refractive index of surface enamels from stained-glass windows is very complicated
to measure because they are highly fusible colored glasses that are applied as surface
paintings [30], and lead and/or borax (Na2B4O7·10H2O) are usually used to reduce the
melting temperature [31]. Therefore, ellipsometry is proposed as a good technique to carry
out these measurements.

The main objective of this study is to determine the refractive index of the enamel
layers (high-lead glasses) on historical glasses. For this purpose, different mathematical
models from the bibliography for silicate glasses [32,33] and lead glasses [34,35] were evalu-
ated for glasses with chemical compositions similar to historical enamels. The feasibility of
applying non-destructive ellipsometry to historical enamels was also assessed, and, finally,
the agreement between mathematical and the experimental results was evaluated.

2. Materials and Methods

2.1. Samples

Three sets of samples were analyzed. The first set (Figure 1a), produced in VICARTE
laboratories, consisted of blue enamels prepared according to the recipes of the historical
treatise The Handmaid to the Arts (1758) by Robert Dossie [31]. The second set (Figure 1b),
produced by J.M. Bonet Vitralls S.L., was prepared using historical enamels from the Rigalt,
Granell & cia workshop [36] on modern glass. And the third set (Figure 1c) consisted of
historical pieces of Catalan Modernist stained-glass windows from the beginning of the
20th century [37]. The samples were analyzed without any preparation in order to preserve
the historical material. To minimize measurement errors, each enamel was measured
3 times in each area, and each sample was analyzed in at least 3 areas (n > 9).
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Figure 1. Sample sets: (a) Set 1: produced enamels; (b) set 2: historical enamels painted; (c) set 3:
historical enamels from stained-glass windows.

2.2. Theoretical Calculations

Enamels are glasses that melt at a lower temperature than the glass to which they are
applied [30]. Lead and/or borax (Na2B4O7·10H2O) are usually used to lower the melting
temperature [31]. As the refractive index is directly influenced by the ions in the glass matrix,
33 lead borosilicate glasses (Bansal and Doremus, 1986) [38], 34 lead silicate glasses (Bonetti
and Salvagno, 1983) [35] and 16 lead silicate glasses (Fanderlik and Skrivan, 1972) [34] were
considered for the assessment of the feasibility of the proposed methods.

Three mathematical methods were assessed. The Appen method was proposed for
silicate glasses. In it, the refractive index is calculated from the portions of the individual
elements by using Equation (1) and the factors contained in (Appen, 1949) [32,33]. pi is the
molar percentage (mol %) of each oxide and ni is their specific factor.

n =
∑ ni·pi

100
(1)
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To simplify the calculations, Fanderlik and Skrivan [34] formulated an equation to
calculate the refractive index of the “sonoro superiore” lead glasses, in which the percentage
of PbO is between 0 and 5 wt.% (Equation (2)). Some years later, Bonetti and Salvagno [35]
developed another equation for glasses with a PbO content between 21 and 27 wt.%
(Equation (3)). In these two models, the pi is the weight percentage (wt.%).

nD = 1.46037 + 0.00079pNa2O + 0.00290pCaO + 0.00167pBaO + 0.00228pMgO + 0.00327pZnO + 0.00076pAl2O3

+ 0.00141pB2O3 + 0.00337pPbO + 0.000053pPbO·pCaO + 0.000068pPbO·pBaO
(2)

nD = 1.46221 + 0.00151pNa2O + 0.0011pK2O + 0.00316pCaO + 0.0023pBaO + 0.00198pZnO + 0.00258pPbO

+ 0.00215pB2O3

(3)

2.3. Analytical Methods

Enamels were measured via ellipsometry to determine their refractive index. Spectral
ellipsometric measurements were performed using a Variable Angle Spectroscopic Ellip-
someter (WVASE32, M-2000UTM, J.A. Co., Woollam, Lincoln, NE, USA) to characterize
the refractive index of glazes deposited onto glass slides. Spectra were recorded in the
visible range between 250 and 900 nm at variable angles of incidence of 65◦, 70◦ and 75◦

and photon energies in the range of 0.7–4.0 eV (1770–310 nm wavelength). The illuminated
area of the sample at these angles is approximately 3 × 7 mm2. The data were fitted using
the WVASE32 software and considering the Cauchy model [39]. WVASE32 employs sophis-
ticated fitting algorithms to minimize the difference between the measured and modelled
data, allowing for accurate extraction of optical constants. The software can handle mea-
surements taken at multiple angles of incidence, which is critical for accurate modelling of
optical properties. Different optical models are available, including single-layer, multi-layer,
and complex models, depending on the sample structure. Among these, the Cauchy model
describes the refractive index of a transparent material as a function of wavelength (λ)
and is particularly suitable for materials that are transparent in the visible to near-infrared
range, making it ideal for glass and enamel. The model is relatively simple and requires
fewer parameters than more complex models, making it easier to fit and interpret.

The data collected from the samples were first fitted with a transparent Cauchy layer
to provide an initial value of n and e. Using this thickness, the data were then fitted by
varying the refractive index and extinction coefficient (k) of the layer; in all cases, only
very small values of k (weak absorption) were obtained. These best-fit values were then
parameterized with a general oscillator model to ensure Kramers–Kronig consistency of
the optical model [40]. Specifically, the model can include multiple layers to account for
glass and the enamel coating. Each layer presents its own refractive index and thickness.
Calibration was performed using standard silicon as reference material with known optical
properties to ensure accurate measurements and then aligning the optical components
and verifying the zero point before each measurement. Measurements were performed
at a constant humidity level (typically around 40%) to prevent moisture from affecting
the measurements and at a temperature (around 25 ◦C) to minimize thermal effects on
the measurements. Samples were thoroughly cleaned with lint-free wipes to remove any
contaminants and then handled carefully to avoid scratches or other damage. WVASE32
was used for data acquisition and analysis, allowing the ellipsometry data to be fitted to
a selected appropriate optical model. Experimental data were fitted to an optical model,
and thickness and refractive index were adjusted to achieve the best fit. Historical enamels
can exhibit significant heterogeneity in their chemical composition due to variations in raw
materials and manufacturing processes. This can affect their optical properties and may
result in the sample being analyzed in different zones. The mean and standard deviation of
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the measured ellipsometry angles (Ψ and Δ) over multiple measurements were performed
to analyze the central tendency and variability in the data. A linear regression was then
performed. This can be used to model the relationship between Ψ and Δ and other variables,
such as thickness or refractive index, helping to understand how these parameters interact.
A fit test was carried out to assess how well the experimental data fit the chosen optical
model, thereby evaluating the validity of the model parameters derived from Ψ and Δ.
The error must be less than 10%, and the number of measurements per sample varies
between 6 and 10.

To improve the fit to the experimental data, addition of surface roughness, modelled
as a thin surface layer consisting of 50% underlying material and 50% air, was performed
by evaluating the Mean Squared Error (MSE) between the fit and experiment. Surface
roughness can cause light scattering and alter the measured ellipsometry angles (Ψ and
Δ), leading to an inaccurate determination of the refractive index. A common approach
is to model the surface roughness as a layer with optical properties different from the
bulk material. This layer is often described using a “graded” or “effective medium”
approximation, where the refractive index gradually transitions from the air to the bulk
value of the material. This helps to correct the measured values. One way to correct for
these surface layers is to incorporate them into the ellipsometry model as additional thin
layers above the enamel material. By including the thickness and refractive index of this
layer, the correct refractive index of the enamel can be determined. In this case, however,
the heterogeneity of enamels does not allow for the layer to be identified. If the enamel is
applied to a substrate, the optical properties of the substrate may affect the ellipsometric
measurement. The refractive index of the substrate must be included in the ellipsometry
model by considering the substrate as a background layer and fitting the data to separate
the contributions of the enamel and the substrate. For complex systems, where there are
multiple layers (e.g., enamel, oxide layer, substrate), optical interference between the layers
can complicate the ellipsometry measurement. Therefore, a Bruggeman effective medium
approximation was used to account for surface roughness in the data fitting process.

The experimental phases considered in this study are as follows: theoretical calcu-
lations from literature models, determination of refractive index via ellipsometry, and
comparison of data. The comparison between the analyzed results and the mathematical
methods was made by directly comparing the theoretical value with its real value. The
methodology followed in this study is shown in Figure 2.

Figure 2. Schematic representation of the methodology used in this study.

3. Results and Discussion

3.1. Theoretical Calculations

In Figure 3a, the refractive index of the glasses is represented as a function of the con-
centration of the lead oxide, as it is the most polarizable ion in the glass matrix. It is observed
that the concentration of lead oxide in the glass is directly related to its refractive index. A
higher concentration of PbO means a higher refractive index, especially for [PbO] > 70 wt.%.
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Figure 3. (a) Refractive index of lead borosilicate glasses. Data from [34,35,38,41] compared with
data calculated following the Appen model [1], the Bonetti and Salvagno model [35] and the
Fanderlik and Skrivan model [34]. (b) Difference in the values of the refractive index following
ndifference = nmodel − nmeasured. In grey, the values with n ± 0.1.

From the three models (Section 2.3), the Appen model overestimated the re-
fractive index by up to 0.6 units for concentrations with 20–50 wt.% PbO, and for
concentrations > 60 wt.%, it was underestimated by up to 0.4 units (Figure 3b). The models
proposed by Fanderlik and Skrivan and Bonetti and Salvagno are similar; they have a very
good agreement for [PbO] < 10 wt.%, with errors between them of ±0.1 for glasses with
chemical compositions with [PbO] < 70 wt.%. For glasses with [PbO] > 70 wt.%, the refrac-
tive index was progressively underestimated (Figure 3b). There was no good model for
[PbO] > 60 wt.% because the proposed ones are focused on glasses with [PbO] < 30 wt.%,
and the high polarizability of lead ions significantly increases the refractive index [2].

3.2. Experimental Results

The enamels prepared in the Ateliers, sets 1 and 2, were measured without problems
using spectral ellipsometry, and the measurements were fitted using the Cauchy model [39].
Figure 4 shows the adjustment in the fitting of the measurement of sample R8B3S, which
is representative of all the samples analyzed. The historical stained glasses were more
difficult to measure. Some of the historical samples presented a very thin layer of grisaille,
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which is formed by metallic particles embedded in a lead glass matrix that can scatter
the light, compromising the analysis [42]. Additionally, in general, they show an altered
surface. The irregularities in the surface can also affect the measurement [43].

Figure 4. Adjustment in the ellipsometry measurement of the sample R8B3S. It is representative of
all the samples analyzed.

The refractive index of the different enamels was measured at between 1.5 and 1.7
(Table 1). Due to the large variability in the enamel matrixes, their refractive index was not
as linear as the Geller and Bunting data (Figure 3a).

Table 1. Refractive index and thickness of surface enamels measured via ellipsometry.

Set Sample n Calculated
Results

Ellipsometry
Main Elements of the Chemical Composition (wt.%)

Appen
Bonetti,

Salvagno
Fanderlik,
Skrivan

Refractive
Index

B2O3 Na2O MgO Al2O3 SiO2 K2O CaO CuO ZnO BaO PbO

Set 1. Produced
enamels [31] R6B2Z 1.65 1.62 1.62 1.616 ± 0.004 10.9 4.7 - - 22.4 15.8 - - - - 40.8

R6B2S 1.67 1.62 1.62 1.610 ± 0.011 11 4.7 - - 22.6 16.3 - - - - 40.9
R8B1S 1.45 1.59 1.59 1.604 ± 0.006 - 3.7 - 0.2 34.3 17.9 - - - - 38.2
R8B2S 1.6 1.59 1.59 1.597 ± 0.011 5.1 2.2 - 0.2 34.1 17.2 - - - - 35.8
R8B3S 1.36 1.49 1.47 1.489 ± 0.009 1.3 4.3 - 0.2 71.2 17.3 - - - - -

R10B3S 1.18 1.49 1.46 1.554 ± 0.063 1.1 3.8 - 0.1 59.4 14.6 - 16.3 - - -

Set 2. Replica
enamels [36] E3 1.68 1.63 1.67 1.613 ± 0.003 7 5.1 0.1 0.3 30.4 0.1 2.6 - - - 53

E14 1.73 1.67 1.71 1.638 ± 0.004 21.1 2.1 0.1 0.3 8.6 0.2 0.9 - 11.2 - 53.2
E23 1.63 1.63 1.67 1.652 ± 0.007 16.6 0.8 - 0.3 9.3 0.1 0.5 - 14.0 - 40.8
E107 1.73 1.67 1.72 1.645 ± 0.003 19.8 0.9 - 0.2 8.9 0.3 0.6 - 13.8 - 52.6
E119 1.74 1.67 1.72 1.652 ± 0.003 20.4 1.1 - 0.2 8.2 0.3 0.5 - 13.9 - 53.4
E131 1.73 1.67 1.71 1.684 ± 0.002 21.3 1.5 0.1 0.5 9.3 0.1 0.7 - 12.9 - 52.0

Set 3. Historical
20th cent.

stained-glass
windows [37]

BC3B blue 1.59 1.61 1.65 1.591 ± 0.008 5.2 4.9 0.1 3.6 28.3 0.1 1.2 - 8.1 0.2 42.2

BC3C green 1.58 1.62 1.66 1.645 ± 0.003 7.5 6.3 0.1 1.9 26.5 0.2 7.1 1.6 2.2 0.1 40.5
PG2C bluish 1.55 1.6 1.64 1.644 ± 0.006 4.5 5.5 0.1 2.1 32.9 0.1 7.2 1.9 3.7 0.4 35.9
PG2C purple 1.46 1.57 1.59 1.593 ± 0.005 3.5 6.7 0.2 0.7 41.6 0.3 5.8 - 0.2 0.4 27.9
EN1A green 1.71 1.66 1.7 1.641 ± 0.015 15.7 1.4 - 0.8 15.8 0.1 0.8 1.6 1.9 - 61.3
EN1C yellow 1.75 1.66 1.71 1.693 ± 0.029 14.5 1.5 - 0.5 15 0.1 1.0 - 7.5 - 58.4

In the produced enamels (set 1), the refractive index was between 1.489 and 1.616
(Table 1, Figure 5a). Samples R6B2Z and R6B2S were prepared with six parts of base glass
and one part of coloring agent [31]. These proportions of raw materials produced the
highest content of PbO and, therefore, the highest refractive index. Samples R8B1S, R8B2S,
and R8B3S were made with four parts of base glass and one part of coloring agent, but
each sample was made with different base glasses. Sample R8B1S was made with a lead
glass without borax, sample R8B2S with a lead glass with borax, and sample R8B3S with
common flint glass and borax [31]. The addition of borax diminished the refractive index
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of the enamels, decreasing up to 0.07 units (Table 1). Finally, sample R10B3S was prepared
with five parts of base glass, one part of coloring agent, and one part of copper [31]. It had a
relatively high refractive index value because the enamel contains 16.3 wt.% of CuO, which
compensates for the content of lead.

Figure 5. (a) Representation of the refractive index in function of the PbO content on the samples
from sets 1, 2 and 3. (b) Difference between the refractive index value (ndifference = nmodel − nmeasured)
calculated following the Appen model [1], the Bonetti and Salvagno model [35] and the Fanderlik
and Skrivan model [34] model and measured via ellipsometry (Table 1). The circles indicate the
altered historical enamels. In grey, the values with n ± 0.05.

The three mathematical models showed average variations of 0.4 units. The model
of Bonetti and Salvagno showed the most similar result to the measured data (Figure 5b).
Samples R8B3S and R10B3S have the highest error because they did not have lead oxide
in their composition (Table 1). In addition, none of the models include CuO in their
calculations (Equations (1)–(3)), increasing the error in sample R10B3S.

The historical enamels, from set 2, show a good correlation between the PbO content
and the measured refractive index (Figure 5a). Samples E3, E14, E107, E119, and E131 are
chemically similar; however, their refractive indices are slightly different (Table 1). Sample
E23 had less PbO, but it was compensated by a lower content of B2O3. In the case of sample
E3, the high content of SiO2 decreased the refractive index of the enamel, even its high
content of PbO. Samples EN1A and EN1C showed the highest errors in the average results
of ellipsometry (Table 1), because a thick layer of grisaille was applied over the enamel,
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and the PbO content was low [37]. Regarding the accuracies of the models, they were
overestimated by up to 0.1 unit (Figure 5b), with the largest errors in the Appen model.
The model of Bonetti and Salvagno was the most accurate, with an error < 0.04 units.

Finally, six historical enamels from stained-glass windows were measured (set 3).
They have chemical compositions similar to some of the enamels produced nowadays
(sets 1 and 2); however, they have slightly higher refractive indices (Table 1, Figure 5a).
This behavior could be due to two reasons: the presence of a thin layer of grisaille on the
enamel or the formation of an alteration layer.

The presence of metallic particles from the grisaille over the enamel layer can alter the
measured data. The refractive index of the most common grisaille’s particles is Fe2O3: 2.91,
Fe3O4: 2.42, MnO2: 2.13, SiO2: 1.544 [44,45]. Most of these particles have refractive indices
higher than simple enamels (Table 1, sets 1 and 2), so they could increase their value.

Another reason could be the alteration in the surface due to its interaction with the
environment. Analysis of the alteration products in the surface revealed compounds
enriched in lead [37] that could be lixiviated from the glassy matrix. This loss would
decrease the refractive index of the enamel due to a reduction in the electronic density in
the glass, which contradicts the experimental results.

Previous studies have investigated the change in the refractive index due to the
formation of an alteration layer. Lind and Hartman [46] assessed different soda-lime
silicate glasses exposed to a semi-arid environment for more than 30 years. In these glasses,
the refractive index was diminished due to the formation of alteration layers of 148–228 nm.
Similarly, Casparis-Hauser and Guenther [47] also observed a decrease in the refractive
index due to the formation of an alteration layer on the surface of a glass enriched in
BaO and ZnO (N-BAK4). Kaspar et al. [40] characterized the effect of induced corrosion
on a borosilicate glass (ISG glass), and they also observed that the refractive index of
the alteration layer was lower than the glass substrate. Only in a study by Portal and
Sempere [48] was the formation of a two-layer system observed in a soda silicate glass with
a higher refractive index, which was attributed to the densification of the leached layer.

Therefore, the increase in the refractive index of the enamels could be due to the
application of the thin layer of grisaille on the surface of the enamels.

For these samples, the mathematical models from Fanderlik and Skrivan and Bonetti
and Salvagno agreed with the experimental results (Figure 5b). The error in the Fanderlik
and Skrivan model was up to 0.06 units, but the error in the model of Bonetti and Salvagno
was <0.04 units. The latter model was developed for “sonoro superiore” lead glasses with
21–27 wt.% PbO. Nevertheless, it also works for glasses with a higher content of lead.

Very few studies have analyzed the refractive index of historical glasses, and none of
them characterized the glazed surface paintings. The historical lead glasses analyzed by
Tennent and Townsend [10] had refractive indices between 1.550 and 1.570; however, the
chemical composition of these pieces has not been published. Vassas [11] did not analyze
lead glasses, and Saminpanya et al. [12] did not publish the value of each glass bead, so it
is not possible to compare the n value with the chemical composition. Finally, Drozdov
et al. [13] analyzed some opaque potash-lead silicate glasses with n values between 1.493
and 1.825. For a similar lead content (sample 1), the n was 1.825, a higher value than that
obtained in the present study, but its chemical composition did not present boron, unlike
the historical enamels. This light element reduces the value of the refractive index [2].

4. Conclusions

In general, enamels and grisaille paints have a higher refractive index (1.59–1.66) than
historical glasses due to their high lead oxide content. When compared with historical lead
glass, they have higher values than measured in the literature (1.55–1.57), probably because

121



Materials 2025, 18, 1137

the surface paints contain metallic elements that increase the electronic density of the glass
and, therefore, the n value.

This study evaluated the accuracy of three mathematical models. The Appen model
was found to be less accurate than the models proposed by Bonetti and Salvagno and
by Fanderlik and Skrivan. The latter is similar, with the Bonetti and Salvagno model
being slightly better because it was developed for glasses with a higher PbO content.
Nevertheless, the three models do not work for glasses with >60% PbO, which are not
common in cultural heritage.

This study also showed that ellipsometry is a suitable technique for analyzing the
refractive index of glass and surface paints without damaging the stained-glass window’s
fragments. A limitation of this technique is that historical samples are not homogeneous, so
a large number of measurements are needed to reduce the error. In addition, the presence
of very thin surface layers such as grisaille or alteration layers inherent to the cultural object
can also modify the refractive index value, requiring more measurements to obtain an
average value. Polishing or damaging the object is not allowed under any circumstances.

Future lines of research include the application of ellipsometric analyses to samples of
different chronologies, locations, and chemical compositions to provide a database useful
for restorers and heritage scientists.
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Abstract: The calcareous materials used in constructing the Phaya Thon Zu temple at the Bagan
historical sites in Myanmar are mortars, plasters, and stuccos. Among them, the mortars and plasters
are a mixture of original and new materials used for recent conservation treatments. In this study, the
making techniques were examined through analysis of calcareous materials by production period. All
calcareous materials have a mineral composition similar to soil, except calcite. Stuccos have the most
refined aggregates, homogeneous particle size, and the highest lime and organic contents. They were
designed to improve ease of carving and weathering resistance, considering the unique characteristics
of the stuccos. Because all calcareous materials were mixed with soil, the origin of the clay materials
was analyzed. It was concluded that the mortars were produced by mixing clay and sandy soil,
and the original mortars showed characteristics similar to soil. It is highly possible that sandy soil
from around the Htillominlo temple was used to produce new plasters, and it is estimated that a
mixture of clay soil was used for the original plasters and stuccos. A clear provenance interpretation
of the original and raw materials used for each construction and the mixing ratio of clay materials
need to be discussed through experiments, along with the estimated provenance area of the raw
calcareous materials.

Keywords: Phaya Thon Zu temple; mortar; plaster; stucco; manufacturing techniques

1. Introduction

The Bagan historical area is located at a bend in the Ayeyarwady River developed in
the central plains of Myanmar, and it is one of the three greatest Buddhist sites in the world
designated by UNESCO, along with Angkor monuments in Cambodia and Borobudur
temple in Indonesia, with the most enormous scale among them (Figure 1A). Numerous
archaeological sites, such as pagodas, temples, and monasteries, as well as murals and
sculptures, are distributed in the Bagan region [1]. They are a testament to the climax of
the Bagan civilization in Myanmar, which flourished during the 11th to 13th century, and
its dedication to Buddhism [2]. In recognition of their value, seven sectors of Bagan were
registered as UNESCO World Heritage Sites in June 2019 (Figure 1B).

The subject of this study, the Phaya Thon Zu temple, with the literal meaning of three
pagodas, is believed to have been constructed in the late 13th century [1,3]. It consists of
three independent temples with antechambers and a main chamber covered with domed
ceilings that are connected by two passages, a unique structure that differentiates it from
other temples in the Bagan area (Figure 1C). The antechamber of each temple houses a
primary Buddha statue, and the interior walls and ceilings are decorated with a wide range
of artistic elements, including various murals such as painted representations of Sakyamuni
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Buddha statues and lotus patterns, thereby endowing a significant archaeological and
historical value [4].

 

Figure 1. Location and overview of the study area. (A) Detailed location of the Phaya Thon Zu
temple and Bagan area in Myanmar. (B) Map showing the Bagan historical area. (C) General view of
the Phaya Thon Zu temple.

It is believed that approximately 4000 pagodas were constructed between the 11th and
13th centuries in the Bagan area, and there are currently about 3000 pagodas and temples
distributed throughout the region. However, although many of these pagodas and temples
were damaged by earthquakes with magnitudes of more than six on the Richter scale that
occurred in 1975 and 2016, there is insignificant research on their repair and conservation
management [5–10].

Diversified damages to the Phaya Thon Zu temple have also progressed significantly
due to damage from prolonged exposure to natural weathering, disasters, and artificial
deteriorations [11]. Due to the absence of technology to cope with frequently earthquakes
and anthropogenic damages, it is essential to conduct scientific analysis and precision
diagnosis to research on the selection and application of alternative materials that reflect
the results thereof [6,12].

Therefore, based on the investigation history and records of local experts, the original
and new materials used for repair works were distinguished, and various specimens of
the original and new ones were obtained from multiple repair processes on the site. In
this study, the same analysis method was applied to all acquired specimens to examine
the differences and homogeneity between the new ones for repair work and the original
materials.

Investigations on the main calcareous materials of architectural and cultural heritages
have also been conducted relatively diversely in Korea [13–19]. However, research on
the calcareous materials used as the functional materials of the primary structures has
been only limitedly reviewed, thereby needing substantially more extensive studies in the
future [6,7,20,21].

This study strove to analyze the material characteristics of mortars, plasters, and
stuccos used in the construction of the Phaya Thon Zu temple and examine the construction
technology system based on the results obtained. Accordingly, the data gathered in this
study contributes towards the establishment of appropriate conservation measures to
maintain the outstanding universal value, authenticity, and integrity of the original form of
the damaged construction materials as a world heritage.

2. Materials and Methods

2.1. Conservation and Classification of Materials

Materials including brick, mortar, plaster, stucco, and rock were utilized in the con-
struction of the Phaya Thon Zu temple (Figure 2). Bricks were made by firing clay and
were the structural material used in the construction of the entire temple. Almost all have
a reddish-brown color, are rectangular in shape, and are classified into small and large

126



Materials 2024, 17, 4294

bricks with relatively constant dimensions of about 18 × 10 × 5 cm and 28 × 16 × 3 cm,
respectively.

 

Figure 2. Photographs showing representative construction materials of the Phaya Thon Zu temple.

Mortar was used as the joint filler of the bricks, which is categorized into two types:
red series, for which the clay is the main component, and light gray series, for which the
lime is the main component. In addition, the surface is composed of brick and mortar and
finished with plaster. Plaster is made up of lime and sand as the main components and was
used as the finishing material for the base layer of the murals, walls, and ceilings inside the
temple at the time of construction. It is also the material used most often to repair temple
walls nowadays.

Although the Phaya Thon Zu temple is situated on relatively firm ground and main-
tains a stable structure, a closer examination reveals that damages are distinct and pro-
gressive for each type of material. Moreover, due to the repeated repairs and numerous
conservation treatments, the distinction between the original materials and the new materi-
als used for repairs is ambiguous, and it is difficult to identify trends or uniformity in the
locations at which conservation treatments were rendered.

The representative types of damages in the interior and exterior of the temple can be
broadly categorized into physical damages, such as cracks, exfoliation, and detachment, and
chemical and biological damages, such as discoloration by contaminants and infestation.
Physical damages are particularly evident in a wide area with cracks and detachment of
the brick, mortar, and plaster layers that make up the walls (Figure 3A).

127



Materials 2024, 17, 4294

 

Figure 3. Photographs showing representative deteriorations and conservation treatments of the
Phaya Thon Zu temple. (A,B) Physical damage. (C,D) Chemical and biological damage. (E,F) Exam-
ples of conservation and restoration interventions.

Although it is presumed that the stuccos covered the entire exterior walls of the temple
at the time of construction, much of it has fallen and is lost due to natural deterioration and
natural disasters, such as earthquakes. The physical damages in the remaining stuccos are
also very severe, with an extensive distribution of cracks and detachment throughout the
entire area (Figure 3B).

Chemical and biological damages are also observed throughout the temple. The tem-
ple’s interior and exterior brickwork and calcareous auxiliary materials are interspersed
with cavities throughout. These appear to have been caused by insects, implying the
possibility of the addition of organic components, such as molasses or sap, at the time of
brick production (Figure 3C). Among the calcareous materials, the stuccos used for exte-
rior decoration displayed the most pronounced biological contamination with extremely
severe black stains and lichen coverage, making it impossible to discern its original color
(Figure 3D).

Although the conservation history of the Phaya Thon Zu temples has still not been
documented or confirmed, it is presumed that conservation measures were taken intermit-
tently, over several periods, based on the lack of consistency of locations and methods of
repair implemented. It can be confirmed that the original mortar used as joint filler has been
overlaid with relatively recent new mortars along the sections of cracks and detachments
(Figure 3E). The sections with detached coloring layers of the mural are interspersed with
traces of relatively recent repairs with new plasters (Figure 3F).

The original materials presented in the study and the new materials used for the repair
are distinguished visually on site. In particular, the two parts differ in color and texture.
However, in order to obtain samples for analysis, the original and new repair mortars were
selected with the help of local experts who were in charge of the actual repair of the temple.

2.2. Analytical Specimens

In this study, samples of 6 mortars, 6 plasters, and 11 stuccos were used to analyze
the material characteristics of the materials used at the time of the initial construction and
the new materials used in repairs after that. All the stuccos are original. In the case of the
samples of mortars used as joint fillers for the bricks, some are original and some are new;
the first ones are brown, and the second have a milky white hue.
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The original mortars have been detached from the temple’s exterior walls in a powdery
state and have a clay-like consistency with a high alumina content. As mentioned above,
the original mortar and the mortar used for repair have differences in color and texture.
On the other hand, the new mortars are relatively cohesive and have a distinct calcareous
substrate (Figure 4, Table 1).

 

Figure 4. Photographs showing the samples analyzed. Sample numbers are the same as those of
Table 1.

The sample selection for the study was quite limited. However, since the temple
had already undergone several repairs, there were relatively many and diverse samples
preserved on site. Fortunately, through discussions with the local administrator, we were
able to secure the minimum number of samples required for analysis.

Two of the plaster samples are new materials used for the repairs. The original plaster
was collected from those detached from the exterior wall in a powdery state, along with
the agglutinated portion with a milky white color. The new plaster, in part, has a relatively
high degree of solidification, a grayish-brown color, and a mixture of white substances,
thereby displaying different characteristics.

Also, all the stucco samples are in their original form, produced at the time of the
initial construction. Although they generally have a milky white color, some samples have a
light brown color. Even though they display decorative features that may have adorned the
temple’s exterior walls, their decorative elements are either unclear or unconfirmed since
some samples were collected only in minute quantity. The stucco samples are generally
dominated by calcareous substrate, but phaneritic crystals were not confirmed (Figure 4).
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Table 1. Sample list of analytical materials and characteristics from the Phaya Thon Zu temple in
Bagan historical area, Myanmar.

Type Group Sample No. Location Use

Mortars

PMO

PMO-1

On the outside surface of
Phaya Thon Zu

Original mortarsPMO-2

PMO-3

PMN

PMN-1

New mortarsPMN-2

PMN-3

Plasters

PPO

PPO-1

On the outside surface of
Phaya Thon Zu

Original plasters
PPO-2

PPO-3

PPO-4

PPN
PPN-1

New plasters
PPN-2

Stuccos PST

PST-1

Near the
Phaya Thon Zu

temple
Original stuccos

PST-2

PST-3

PST-4

PST-5

PST-6

PST-7

PST-8

PST-9

PST-10

PST-11

Soils

PS-1 Near the Sulamani temple Clayey soil

PS-2 Near the Htilominlo temple Sandy soil

PS-3
Brick factory in the Thu Htay Kan

Clayey soil

PS-4 Sandy soil

2.3. Research Methods

To examine the material characteristics of the calcareous auxiliary materials used
in the Phaya Thon Zu temple, a precision field survey of the construction materials that
compose the temple was conducted first to collect calcareous samples that fell off by
the time of their respective productions. Their physicochemical characteristics, such as
chromaticity, magnetic susceptibility, and P-XRF analysis, were reviewed on the site to
select the representative samples based on their outcomes.

The studied samples were concurrently examined under a stereomicroscope (Nikon
Eclipse LV 100N POL, Nikon Instruments Inc., Melville, NY, USA) to investigate the sta-
tus of their yield, voids, mineral composition, and weathering. Thin sections were also
prepared and examined under a polarizing microscope (Nikon Eclipses E 600W, Nikon
Instruments Inc., Melville, NY, USA), and scanning electron microscopy (Tescan, MIRA-3,
Brno, Czech Republic) and attached energy-dispersive elemental spectroscopy (Bruker
Quantax 200, Bruker, Bremen, Germany) were used for microstructure and qualitative anal-
ysis. The samples were coated with platinum (Pt) to increase their electrical conductivity
and minimize the influence of the composition ratio.
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To precisely identify the mineral composition of all samples, they were pulverized
into sizes less than 20 μm and subjected to X-ray diffraction analysis (Rigaku MiniFlex 600,
Rigaku, Tokyo, Japan). The X-ray irradiation source was CuKα, and the anode accelerating
voltage and filament current were 15 mA at 40 kV, respectively. The measurement range
and speed were 3◦ to 60◦ and 1◦/min, respectively.

Meanwhile, a differential thermal analyzer and thermogravimetric analyzer (TA In-
struments, SDTQ600, Hüllhorst, Germany) were used to track the thermal history and
phase transitions of the constituent minerals during the reheating process of the representa-
tive samples. The α-Al2O3 was used as a standard sample, and the thermal history change
was measured in the room temperature range to 1000 ◦C at a rate of 10 ◦C/min.

Geochemical analysis was performed to quantify each sample’s major, some trace, and
rare earth elements. Analyses were performed at ACT LAB in Canada using inductively
coupled plasma-atomic emission spectroscopy (ICP-AES), mass spectrometry (ICP-MS),
and an instrumental neutron activation analyzer (INAA). In addition, all analytical data
were validated for their quantitation by utilizing blank, duplicate, and standard samples.

3. Results and Interpretation

3.1. Textural Characteristics

To examine the microtexture of the calcareous materials to be investigated, including
the substrate, particle size of minerals, voids, and organic matter distribution, stereoscopic
and polarizing microscopy observations and SEM-EDS analysis were conducted. As a
result, although the substrate of all the mortars utilized as joint sealers was cryptocrystalline
regardless of their production time, a relatively large quantity of clay was observed in the
substrates of the raw materials (Figure 5). The constituent minerals are mainly quartz, with
a size of approximately 1 mm and a roundness ranging from subcircular to subangular.
Such characteristics were also visible under SEM, and EDS analysis of some raw materials
displayed the highest content of Si (Figure 6, Table 2).

 

Figure 5. Photographs showing representative stereoscopic and polarizing microscopic images of
calcareous materials. Sample numbers are the same as those of Table 1.
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Figure 6. Microphotographs showing the SEM images and analytical area for SEM-EDS of calcareous
materials. Sample numbers are the same as those of Table 2.

Table 2. Chemical compositions (wt.%) by SEM-EDS analysis of calcareous materials. Sample
numbers are the same as those of Figure 6.

Sample Si Al Fe Ca Mg Na K Ti O

Mortar 1 20.67 9.11 2.48 1.50 1.84 0.93 1.45 - 62.02

Plaster 2 16.57 2.48 - 16.42 3.52 - 1.39 - 0.43

Stucco 3 10.74 4.77 2.27 20.94 3.87 - 1.13 - 56.28

Plaster appeared as a covering layer on bricks and mortar, forming the base layer of
murals. According to the microtextural characteristics of the different production periods,
the original plaster was a yellowish cryptocrystalline matrix with the detection of many
subangular quartz and opaque minerals with sizes of about 1 mm. The new application had
a milky white microcrystalline substrate with observation of subangular to angular quartz
with dimensions of more than 1 mm, thereby illustrating some differences in composition
minerals and grain sizes depending on the production time (Figure 5). Under the scanning
electron microscopy, although massive substrate was dominant in both the original and
new plasters, calcite of idiomorph crystals was observed in the original plaster (Figure 6,
Table 2).

The stucco displayed milky white to the white microcrystalline substrate without
significant differences, although some samples (PST-1, PST-4) had high chrominance values
and others (PST-5) had low chrominance values. They generally contained a significant
quantity of poorly apportioned subangular to angular prismatic quartz with sizes of around
1 mm, along with observation of a small amount of clayey material and opaque minerals
(Figure 5). Numerous organic matters along with the peculiar substrate were confirmed in
SEM-EDS analysis with the detection of Ca with the highest content at 20.94 wt.% and Si
and Fe subsidiary component elements (Figure 6, Table 2).

3.2. Mineralogical Compositions

X-ray diffraction analysis was performed to investigate the mineral composition
of the calcareous materials. As a result, quartz, alkali feldspar, plagioclase, mica, and
amphibole were detected in the original mortar. In contrast, calcite appeared in the new
mortar and amphibole was not seen in the new mortar. Thus, mortars used as joint fillers
displayed differences in their mineral compositions depending on the time of production
and utilization (Figure 7).
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Figure 7. X-ray diffraction analysis of calcareous materials. M; mica, Ho; hornblende, Af; alkali
feldspar, Q; quartz, Pl; plagioclase, Ca; calcite. Sample numbers are the same as those of Table 1.

Quartz was the most dominantly detected mineral in the plaster regardless of the
production, and calcite and alkali feldspar are commonly confirmed as subordinate min-
erals. The mineral composition of some of the new plasters used in the repair displayed
some variations with the presence of mica and amphibole. However, secondary minerals
that can occur from the hydration reaction of calcareous materials did not appear, so more
quantitative analysis was required to detect them.

Although the minerals comprising the stucco were mainly quartz, SEM-EDS analysis
displayed a high content of Ca, implying that the microcrystalline substrate contains
numerous minerals with Ca as the main element. As a result of X-ray diffraction analysis
of the stucco, a mineral composition mainly of calcite and quartz was found with alkali
feldspar, mica, and traces of amphibole (Figure 7).

3.3. Thermal Analyzes

The analyzed calcareous materials were composed by mixing raw materials with
different composition ratios, and although their mineral composition could be determined
by X-ray diffraction analysis, it was not easy to discern the changes in the mineral phase.
Therefore, differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were
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performed concurrently to track the changes in the mineral phases and weight loss due to
temperature change.

The mineral composition of the mortar varied depending on the production time,
and the thermal characteristics were also different. As a result of thermal analysis, the
original mortar had an average weight loss of 4.40 wt.%, while the modern repair material
had a very high weight loss of 14.61 wt.% (Figure 8, Table 3). In addition, only a 573 ◦C
endothermic peak by the phase transition of quartz, along with an endothermic peak in the
low temperature domain, was confirmed in the raw material.

 

Figure 8. Representative DTA-TG diagrams of calcareous materials. Sample numbers are the same as
those of Table 3.

Table 3. Results of weight loss (wt.%) by thermal gravity analysis of calcareous materials. Sample
numbers are the same as those of Figure 8.

Sample Name Weight Loss Sample Name Weight Loss

Mortar

Original PMO-2 3.31

Plaster

Original PPO-2 12.28
PMO-3 5.48 PPO-4 20.48

New
PMN-1 14.02

New
PPN-1 8.27

PMN-2 15.19 PPN-2 17.29

Stucco Original PST-1 21.52
Stucco Original PST-6 19.45

PST-4 21.51 PST-10 21.33

However, an endothermic reaction at about 750 ◦C is confirmed simultaneously,
along with a large amount of weight loss at around 750 ◦C in the new mortar (Figure 8,
Table 3). This peak is interpreted as a characteristic of the decarbonization reaction of
calcite. Therefore, proving that the analyzed mortar has different mineral compositions
depending on the production time was possible.
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The plaster displayed an endothermic peak at 573 ◦C and an endothermic response at
around 700 ◦C due to the phase transition of quartz in all samples (Figure 8). Moreover,
there was a sharp weight loss along with an endothermic reaction at around 700 ◦C due
to the decarbonization reaction of calcite. The weight loss rate of the whole plaster was
relatively high, ranging from 8.27 to 20.48 (average of 14.58) wt.%, and the reduction rate
of the original plaster was high (Table 3).

Stuccos displayed the highest weight loss rate, ranging from 19.45 to 21.52 (average
20.95) wt.% (Table 3). They had a common trend of weight loss that decreases slightly up to
about 680 ◦C and then sharp decreases after that. Along with the weight loss, an extensive
range of endothermic peak at about 750 ◦C caused by the decarbonization reaction of calcite
was detected in all samples (Figure 8).

3.4. Geochemical Analyzes

The geochemical characteristics of the studied calcareous samples were analyzed to
quantitatively review their material characteristics and homogeneity (Table 4). Major and
some trace elements of all calcareous materials were standardized based on the average
compositions of rocks presented by [22,23], respectively. The initial ratio of meteorite
presented by [24] was applied to rare earth elements and the primitive mantle compositions
presented by [25] to compatible and incompatible elements.

The mortar had the highest SiO2 content with an average of 68.84 wt.%. It con-
tained CaO (average 7.82 wt.%) and Al2O3 (average 7.01 wt.%) as subsidiary components
(Figure 9). The contents of all the elements are differentiated according to the time of their
production, and, in particular, the CaO content is high in the new mortars from which
calcite was detected. The original mortar with low CaO content has high Al2O3, K2O,
Fe2O3, MnO, and TiO2 contents, while the MgO content was similar regardless of the
time of production but varied depending on the content of SiO2 (Table 4). Although the
compatible and incompatible elements had similar overall behavior, they differed slightly
in their levels of enrichment and deficiency, while P2O5 content varied by the samples.

 

Figure 9. Normalized pattern diagrams showing the major, minor, rare earth, compatible and
incompatible elements of calcareous materials. Sample numbers are the same as those of Table 1.

135



Materials 2024, 17, 4294

Table 4. Chemical compositions of major elements (wt.%), some minor and rare earth elements (ppm)
for calcareous materials. Sample numbers are the same as those of Table 1.

No.
Mortar Plaster Stucco

PMO-2 PMO-3 PMN-1 PMN-2 PPO-2 PPO-4 PPN-1 PPN-2 PST-1 PST-4 PST-6 PST-10

SiO2 78.66 76.64 60.63 59.42 61.62 48.58 59.27 51.78 43.98 44.83 49.17 45.87
Al2O3 8.72 8.60 5.47 5.24 5.4 4.88 12.33 5.54 5.64 4.71 5.01 4.71
Fe2O3 2.69 2.73 1.18 1.12 1.52 1.57 5.08 1.92 2.66 1.51 1.62 1.47
MnO 0.07 0.07 0.04 0.04 0.08 0.10 0.10 0.10 0.19 0.10 0.10 0.10
MgO 0.59 0.72 0.66 0.74 2.96 3.46 1.60 3.29 3.99 1.23 1.33 1.20
CaO 0.78 1.12 14.59 14.78 11.92 17.99 10.05 15.76 20.53 24.18 21.62 23.70

Na2O 0.71 0.70 0.80 0.79 0.73 0.57 1.02 0.79 0.54 0.41 0.43 0.41
K2O 2.58 2.46 2.08 2.12 2.97 1.82 2.01 2.72 1.59 1.74 1.94 1.67
TiO2 0.39 0.37 0.19 0.18 0.23 0.23 0.60 0.26 0.27 0.23 0.25 0.23
P2O5 0.05 0.09 0.07 0.71 1.18 0.58 0.18 1.13 0.59 0.46 0.63 0.52
LOI 3.26 5.35 14.60 14.98 12.11 20.14 8.13 17.14 20.66 21.31 18.67 20.84

Total 98.51 98.84 100.30 100.10 100.70 99.91 100.40 100.40 100.60 100.70 100.70 100.70

Ba 390 362 326 322 327 295 351 287 272 317 317 330
Be 1 1 1 1 1 1 2 1 1 1 1 1
Cd 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Co 7 6 3 4 6 8 18 6 11 9 6 6
Cr 177 156 87 83 105 109 204 125 115 93 116 97
Cu 7 9 3 4 18 13 25 17 15 11 11 10
Hf 4 3.4 2.6 2.1 3.2 3 4.3 3.2 2.4 3.9 3.1 2.5
Ni 38 41 17 16 26 27 92 36 48 24 27 23
Pb 18 21 15 15 12 11 19 13 11 10 11 11
Rb 130 130 80 110 100 70 120 60 40 60 30 30
Sc 5.7 6.0 2.8 2.7 3.5 3.7 12.1 4.3 4.9 3.6 3.7 3.5
Sr 104 119 305 316 446 352 395 502 420 321 344 345
V 57 64 21 20 27 33 88 36 49 34 33 31

Zn 28 32 13 14 59 37 70 60 44 31 38 32
Zr 125 113 79 67 90 103 148 99 91 105 103 101

La 34.3 26.8 16.0 15.7 20.6 21.0 31.0 21.5 19.0 20.2 21.5 22.5
Ce 62 51 29 34 37 35 62 37 33 34 31 37
Nd 18 15 8 16.0 16 7 22 20 18 11 13 15
Sm 3.5 3.5 1.9 1.9 2.4 2.7 4.7 3.0 2.7 2.5 2.6 2.7
Eu 0.8 0.7 0.5 0.4 0.3 0.6 1.2 0.6 0.6 0.5 0.5 0.6
Tb 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Yb 1.5 1.7 1.0 0.7 1.2 1.2 2.1 1.2 1.0 1.1 1.0 0.9
Lu 0.21 0.21 0.06 0.07 0.13 0.09 0.30 0.08 0.13 0.05 0.06 0.08

In particular, although the original mortar had a high alumina content with no detec-
tion of calcite, the new mortar displayed the properties of a lime mixture. Even though
quartz and feldspar are also detected in the new mortar obviously, their physical and
mineralogical characteristics were significantly different from those of the original mortar.
However, despite the differences in material characteristics by the time of their projection,
their geochemical behavior tended to be similar (Figure 9, Table 4).

SiO2 content was the highest, with an average of 55.31 wt.% in all plasters, followed
by CaO and Al2O3, with average contents of 13.93 wt.% and 7.04 wt.%, respectively. When
the correlation of elements with SiO2 was examined, CaO content was found to be higher,
and MgO content was also relatively higher in the original plaster than in the new plaster.
However, the contents of K2O and Na2O were relatively low (Figure 9). Although the
contents of trace and rare earth elements also varied somewhat depending on the extent
of enrichment and deficiency of the main component element, the overall trend was
very similar.

The behavior of the main element of stuccos is highly homogeneous, with SiO2 being
the highest at an average of 45.96 wt.%, followed by CaO and LOI at averages of 22.51 wt.%
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and 20.37 wt.%, respectively (Figure 9). However, level enrichment of CaO, MnO, MgO,
and P2O5 with the most significant level of enrichment for CaO was displayed. Trace
elements had a homogeneous tendency to be enriched for Cd, Cr, Ni, Sr, and V while
deficient for other elements.

In particular, some rare earth elements in stuccos displayed the tendency of a gradual
decrease in the level of enrichment from light to heavy rare earths, and all the compatible
and incompatible elements also behaved by displaying the same enrichment and deficiency.
Therefore, since the stuccos had very homogeneous geochemical characteristics, it can be
interpreted that raw materials with the same cause of their genesis were utilized (Figure 9,
Table 4).

4. Discussion

4.1. Material Considerations

This study examined the material scientific diversity of the calcareous materials uti-
lized in the construction of the Phaya Thon Zu temple by categorizing them into original
and new materials. In particular, plaster and stuccos are distinguished by whether they
are used as decorative elements on the exterior walls of the temple or not, and, upon
summarization of their material analysis, they displayed very similar textural, mineral, and
geochemical characteristics.

Therefore, to examine the differences in the characteristics of the lime mixtures based
on CaO, the distribution of the main component elements was reviewed by illustrating
them on the SiO2-(CaO + MgO)-Al2O3 triangle (Figure 10A) and preparing a basic oxide
(RO + R2O) correlation chart by the acidic oxide (RO2) (Figure 10B). As a result, the contents
of CaO and basic oxides were relatively the highest in stuccos.

 

Figure 10. Plotted diagrams showing the comparison results of calcareous materials. (A) Ternary dia-
gram showing the relationship between SiO2-(CaO + MgO)-Al2O3. (B) Correlation of (RO2-RO) + R2O.
Sample numbers are the same as those of Table 4.

The stuccos had a relatively good distribution compared to the plaster and mortar,
with high roundness and small particle size. While the other materials displayed different
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appearances with low roundness and uneven distribution (Figure 5). As illustrated, mixing
a higher proportion of lime in the selected aggregates with a homogeneous particle size
would have been advantageous for the ease of carving and detailed expressions. It seems
that the lime used to make stucco would have been more readily available based on the
fact that the diversity of basic oxides acts to lower the melting point of the subject material
for firing.

The function of stucco is to protect walls exposed to the external environment and
prevent water leakage by sealing the joints between the individual masonry pieces and
the joint filler as finishing materials. According to the archaeological evidence such as
inscriptions and murals, it can be discerned that organic materials such as buffalo hide
glue, Aegle Marmelos sap, fishtail palm fruit, and neem tree resin were used as additives
in the production of stucco in construction works during the Bagan Dynasty [7,26–28].

Accordingly, given the unique nature of the stuccos being continuously exposed to the
outside environment by decorating the outermost aspects of the structures, it is deemed
that an increase in the binding force and enhancement of the durability were sought by
increasing the contents of organic additives in their production. This may explain why
the stuccos have slightly higher lime and organic component content than the finishing
materials and joint filler inside the temple.

However, the effectiveness of organic additives has yet to undergo a stage of scientific
verification because it is not possible to quantitatively evaluate the organic components
only by means of the LOI. In addition, it would be necessary to investigate the exact
composition and mixing ratio of bonding material, aggregates, and organic additives
used in the lime mixture, including the finishing material and joint filler. As such, for a
clear material distinction between lime mortar, plaster, and stuccos, the characteristics of
organic components used as additives, the mixing ratio of raw materials, and the strength
characteristics of lime mixtures must be researched.

Although the original mortars displayed characteristics close to ordinary soil, such as
shallow CaO content and almost no detectable calcite, the new mortar was characterized
by a lime mixture similar to stuccos and plasters. This CaO content was also the same in
the level of RO2-(RO + R2O) correlation, which can be interpreted as an adjustment of the
material differences based on CaO by the production times (Figure 10).

All the plaster samples had been illustrated in the domain close to the SiO2-CaO
line, thereby displaying the tendency to be distributed in different locations depending on
the SiO2 content (Figure 10A). The level of RO2-(RO + R2O) correlation also displayed a
broader range of acidic oxides of the original plasters (Figure 10B), thereby implying that
there was a slight difference in its composition.

4.2. Provenance Considerations

It is interpreted that all types of soils had been mixed for the calcareous materials
since the Ca content is high and Si, Al, and K were detected except the original mortar. In
particular, the original mortar was primarily produced using soil, while the new mortar
was made by mixing some soil as the aggregate with the primary lime material.

Therefore, clayey and sandy soils were collected from the area around the Phaya
Thon Zu temple to analyze their microstructure, mineral composition, and geochemical
behavioral characteristics. This analysis enabled the examination of the clay used as a raw
material for the calcareous materials, its origin, and the production technology system. Soil
samples were collected from clay pits within a 3.5 km radius of the Phaya Thon Zu temple,
which are currently used to produce bricks for various purposes, including repairing the
temple site (Figure 11).
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Figure 11. Locations showing the soil samples of origin for clay materials used to produce calcareous
materials around the Phaya Thon Zu temple. Sample numbers are the same as those of Table 1.

Sample PS-1 is viscous alluvium recovered from the marshy deposit in front of the
Sulamani temple in its dried and peculiar state and produced in a lumpy form. PS-2 is a
sandy subsoil distributed in the flat area in the vicinity of the Htillominlo temple (Figure 12).
Samples PS-3 and PS-4 were collected during a visit to a brick factory in Thu Htay Kan
village, situated approximately 3.5 km southwest of the Phaya Thon Zu temple.

 

Figure 12. Occurrences of soil samples around the Phaya Thon Zu temple. Location of the collection
point shown in Figure 11. Sample numbers are the same as those of Figure 11.

These are the clay for the bricks that are used locally for the construction and repair
of the temples as mentioned above (Figure 12). These marshy clays were collected at the
suggestion of local experts. According to them, although there is no record in the literature,
locals testified that in the past and present, the same materials were obtained from the
same place in the same way and used to repair the monuments. Therefore, this study also
respects their methods and reflects them in the study.
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In the Bagan region of Myanmar, tropical grassland (Savana) soil has developed due
to the dry climate with low rainfall. Therefore, the soil layer is characterized by porosity
and reddish color due to the large quantity of iron concentrated by leaching action due
to rapid drainage. Accordingly, when the soil samples were observed under a polarizing
microscope, they all displayed a reddish color and cryptocrystalline substrate, and quartz
was regarded as the main mineral, while having slight differences in their particle sizes
and contents (Figure 13).

 

Figure 13. Microphotographs showing the polarizing microscopic images of soil and building
materials around the Phaya Thon Zu temple. Sample numbers are the same as those of Figure 11.

Regardless of the production time, all of the studied mortars had relatively small
particles of the constituent minerals compared to sandy soil. Still, the content of sand
was observed to be high. While the stuccos and original plasters were characterized by a
mineral distribution similar to that of clayey soil, the new plaster had characteristics that
were most similar to those of sandy soil near Htillominlo temple, with mineral particle
sizes of more than 1 mm (Figure 13).

When the homogeneity of these soil samples with calcareous materials was examined
through X-ray diffraction analysis, it was found that they all contained quartz and alkali
feldspar as major components, with the inclusion of trace amounts of mica and plagioclase
(Figure 14). In addition, montmorillonite was detected in soils (PS-3 and PS-4) recovered
from a brick factory in Thu Htay Kan. Thus, the calcareous materials used in the Phaya
Thon Zu temple were found to have a very similar mineral composition to the soil except
calcite. The results on calcareous substances obtained in the study are summarized in
Table 5.

When the elemental behavior of the plasters and stuccos of the Phaya Thon Zu temple
was compared with that of the soil, it was found that they had considerable geochemical
homogeneity, thereby suggesting that they all utilized soil distributed in the general region
of the temple (Figure 15). Therefore, the calcareous materials used in the temple were
categorized according to the time of their production, and their behavior was examined by
calculating the average values for the constituent elements of each material (Figure 16).
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Figure 14. X-ray diffraction analysis of soil samples around the Phaya Thon Zu temple. Mo; mont-
morillonite, M; mica, Ka; kaolinite, Ho; hornblende, Af; alkali feldspar, Q; quartz, Pl; plagioclase.
Sample numbers are the same as those of Figure 13.

Table 5. Summary on X-ray diffraction analysis of calcareous and soil materials from the study area.
Sample numbers are the same as those of Table 1.

Sample No. Mo M Ho Ka Af Q He Pl Her Ca

Soil

PS-1 - * - - ** *** - * - -
PS-2 - * * - ** *** - * - -
PS-3 * * * * ** *** - * - -
PS-4 * * - * ** *** - * - -

Original Stucco

PST-1 - * * - ** *** - * - **
PST-4 - - - - ** *** - - - **
PST-6 - * - - ** *** - - - **

PST-10 - - - - * *** - - - **

Original Mortar PMO-2 - * * - ** *** - * - -
PMO-3 - * * - ** *** - * - -

New Mortar
PMN-1 - * - - ** *** - * - **
PMN-2 - * - - ** *** - * - **

Original Plaster PPO-2 - - - - ** *** - * - **
PPO-4 - - - - ** *** - - - ***

New Plaster
PPN-1 - * * - ** *** - * - **
PPN-2 - - - - ** *** - * - **

Mo; montmorillonite, M; mica, Ho; hornblende, Ka; kaolinite, Af; alkali feldspar, Q; quartz, He; hematite, Pl;
plagioclase, Her; hercynite, Ca; calcite. -: not detected, *: minor, **: moderate, ***: major.
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Figure 15. Normalized pattern diagrams showing the enrichment and deficiency factors of major,
minor, rare earth, compatible and incompatible elements of calcareous materials around the Phaya
Thon Zu temple. Sample numbers are the same as those of Table 1.

As a result, although the behaviors of rare earth elements were the same for all the
groups, the main components, compatible and incompatible elements, displayed different
levels of enrichment of CaO and P2O5 depending on whether lime was included or not.
The new mortars, plasters, and stuccos containing lime were interpreted to have a higher
CaO content due to the process of their production by mixing lime into the clay. At the
same time, the P2O5 was believed to be a component generated as the result of organic
matter being utilized as an additive in the process.
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Figure 16. Normalized pattern diagrams showing the enrichment and deficiency factors of the major,
trace, rare earth, compatible and incompatible elements by group of calcareous materials and soil
around the Phaya Thon Zu temple. Sample numbers are the same as those of Table 1.

The clay minerals detected in the soil mainly dissipated during the production process,
and it appears that the lime additives were likely responsible for the detection of a high
level of calcite in the new mortar, plaster, and stuccos (Figure 17). Accordingly, it can be
concluded that the original materials utilized in the production of the calcareous materials
were all soil from the temple sites that were homogeneous in their genesis, and it can be
interpreted that the calcareous materials except for the original mortar were composed by
adding lime to these clay materials.
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Figure 17. Schematic diagrams of the production technology system of calcareous materials using
the construction of the Phaya Thon Zu temple.

4.3. Interpretation of Making Techniques

The calcareous materials exhibited the characteristics of lime mixtures except the
original mortars, and thermal analysis confirmed a rapid weight loss in all of the materials
at around 700 to 750 ◦C with an endothermic reaction due to the decarbonization of calcite.
The calcite and quartz were mainly identified in the new mortars, plasters, and stuccos,
and no detritus was observed in the milky white to white substrate based on their yield
state and micro texture.

CaCO3 is the primary component of calcite that composes limestone, and calcite is
the most stable form of calcium carbonate. Generally, when limestone is fired at high
temperatures, it undergoes decarbonization and converts into quicklime (CaO), which is
a steady condition. During this process, calcium carbonate, which is neutral and stable,
escapes by decomposing into basic and unstable calcium oxide and acidic carbon dioxide.

Therefore, to obtain the lime needed for the new mortars, plasters, and stuccos, the
firing of limestone must have taken place while refining the raw materials. In general,
although calcite, a helpful mineral in limestone, begins to undergo phase decomposition at
650 ◦C, firing at 850 to 1000 ◦C is required to obtain higher-quality lime.

When limestone is heated at a temperature above 1000 ◦C, calcite produces quick-
lime (CaO) due to a calcination reaction involving the dissociation of carbon dioxide.
Quicklime reacts with water to form slaked lime (Ca(OH)2), which in turn forms cal-
cite (CaCO3) through a carbonation reaction in which carbon dioxide binds with slaked
lime [15–18,21,29].

The utilization of lime as a construction material is based on the carbonization of slaked
lime during this limestone cycle, and the calcite formed through this carbonization reaction
acts as a mineral adhesive. Therefore, since it is advantageous to have a carbonization
reaction to have high strength and durability, high-temperature firing is beneficial to obtain
high-quality lime.

As a result of thermal analysis of the calcareous materials collected from the Phaya
Thon Zu temple, a maximum endotherm was displayed in the temperature range of 710
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to 730 ◦C due to the decarbonization of calcite, and no carbonation reaction with recrys-
tallization was observed at temperatures higher than 900 ◦C. As such, it was found that
pyrolysis ended at around 750 ◦C, and it was presumed that the calcareous material used in
the temple was relatively low-quality lime that had undergone incomplete decarbonization
in obtaining quicklime.

Moreover, the thermogravimetric analysis of each sample displayed a high weight
loss of 20.95 wt.% for stuccos and 14.58 wt.% for plaster, and the average LOI was also
increased to 20.37 wt.% for stuccos and 14.38 wt.% for plasters. This average LOI is very
high compared to the average weight loss of 8.94 wt.% for the studied soil. Thus, although
it can be interpreted that organic matter may have been used in the kneading of the lime
and soil-based material mixture to produce the plasters and stuccos used in the temple,
additional experiments are needed, along with additional review to confirm this.

By integrating the results of the material analysis of limestone and clay materials,
which are the main raw materials utilized in the production of the studied calcareous
materials, the production technology system was examined (Figure 17). First, the distribu-
tion would have been adjusted to make more straightforward utilization of the limestone
quarried at the site of origin as construction material. The limestone was then transported
to a nearby kiln, fired at a temperature below the range of 700 to 750 ◦C before undergoing
a slaking process through a hydration reaction.

Although the hydration reaction is completed on the surface of the slaked lime par-
ticles, there may still be unreacted quicklime remaining inside the particles. Therefore,
an additional aging process was possibly implemented to ensure sufficient hydration of
all the particles. Aggregates are then mixed to function as a construction material, and
the calcareous materials from the Phaya Thon Zu temple showed two different types of
aggregate mixing ratios (Figure 17).

While the original mortars displayed characteristics close to normal soils, the other
calcareous materials were produced by mixing lime-based materials with clay and organic
materials. As a result of the previous comparison of the mineral composition of soils
and each construction material, there were some differences in contents and particle sizes.
However, the roundness is similar overall (Figure 13).

When the mixing ratio of the clay materials was examined through the results men-
tioned above, the minerals had relatively large particle sizes of more than 1 mm. In
particular, it is likely that the sandy soil in the general region of the Htillominlo temple
site was utilized for the production of the new plaster. However, since there is a slight
difference in their contents, it is interpreted that some sorting process must have occurred.

Furthermore, since clayey soils appeared to have been used to produce the original
plasters and stuccos, it was presumed that the mortar was produced by appropriately
mixing clay and sandy soils. A more precise interpretation of the provenance of each
material and the mixing ratio of clayey materials will require quantitative examination
through experiments, along with the estimated provenance of lime materials.

5. Conclusions

1. The calcareous materials used in the construction of the Phaya Thon Zu temple in
Bagan, Myanmar, are mortars, plasters, and stuccos, which were utilized as joint
filler, plaster, and decorative elements inside and outside the temple. In the study,
specimens of each calcareous material that fell off were collected by classifying their
uses and production time, and their material characteristics and making techniques
were discussed through mineralogical and geochemical analysis.

2. As a result of the integration of the material scientific characteristics of the studied
calcareous specimens, the stuccos and plasters had lime-mixture characteristics due
to their high content of CaO along with calcite. At the same time, the mortar was
confirmed to have similar characteristics only in the new mortar used for repair. When
their geochemical behavioral characteristics are examined, the clayey materials used
in the construction were sourced from soils distributed in the temple site.
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3. The calcareous auxiliary materials of the Phaya Thon Zu temple are a mixture of
soil-based clay and lime paste, to which organic materials have been added. As a
result of thermal analysis, in the firing of limestone performed during the process of
obtaining the lime used to produce the calcareous materials, pyrolysis was found to
have ended at around 750 ◦C. Therefore, relatively low-quality lime was obtained due
to an incomplete decarbonization reaction while securing quicklime.

4. The aggregates mixed in producing the calcareous auxiliary materials were largely
of two types. Although the original mortars generally had a composition close to
the soil, other calcareous materials were produced with a higher lime content mixed
with clay and organic matter. In particular, stuccos had the highest range of lime
and organic matter among the calcareous materials and was combined with the most
homogeneous selected aggregate. This reflects increased durability against weathering
and ease of carving by considering its unique feature of being continuously exposed
to the external environment.

5. If research on the clear provenance interpretation of the raw materials for calcareous
auxiliary materials and investigation on the mixing ratio of clayey materials were to
be carried out in the future based on the results of this study, it would be possible
to establish conservational measures to maintain the outstanding universal value,
authenticity, and integrity of the Phaya Thon Zu temple as a World Heritage Site.
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Abstract: The stone Ensemble from Corbii de Piatrǎ Romania arouses a continuous scientific
interest, with the final goal being to obtain an exhaustive and multidisciplinary package of
results that will become the support of an extensive restoration project. The cave painting
stands out as the most important and most affected by the advanced degradation among
the historical monuments in Romania. This article provides for the first time a radiocarbon
dating of the first forms of painting by establishing the age of the mortar/plaster used as a
pictorial support. Being a very complex context from the point of view of the type of datable
material and the disappearance over time through degradation of other elements that would
ensure a simpler and more reliable radiocarbon dating (such as the straws used to form the
material), it was necessary to use a multidisciplinary approach for the selection of samples
and for supporting the radiocarbon results. The set of analyses consisted of visualization
techniques through microscopy and compositional analysis, providing information on the
similarities/differences between the samples, the degradation mechanisms/impurities and
the quality of the calcium carbonate dated by the Accelerator Mass Spectrometry (AMS)
technique. The results supported each other, ensured the selection of reliable radiocarbon
data and established the most probable moment of the early interventions, namely the
two phases corresponding to the 14th century.

Keywords: cave painting; radiocarbon dating; electron microscopy; compositional analysis;
accelerator mass spectrometry
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1. Historic

Considered to be one of the oldest places of worship, used since the second century
AD and sheltered from persecutions and barbarian raids, the current Corbii de Piatrǎ/Stone
Crows cave monastery in Romania is built on an old Dacian site [1].

The first mention of the Corbii de Piatrǎ dates back to 15 April 1456, when Vladislav
II, the Voivode of Wallachia, issued an act in Old Slavic language in Targoviste, confirming
Mogos’ ownership of the villages: “All the Corbii, from Aghiş downward, and all the
Corbii-de-Piatrǎ, and the pasture from Miceşti, and the mill waters, and half of Mǎlureni,
because they are ancient and rightful pastures of Mogoş (. . .)” [2]. Corbii de Piatrǎ became
the first nunnery on the territory of Romania, documented on 23 June 1512, when the nun
Magdalina (Muşa in lay life), the hereditary heiress of the estate in Corbi, re-established
the monastery, which acquired the status of a princely monastery, donating it to Voivode
Neagoe Basarab [3].

The architecture of the Corbii de Piatră cave church (Figure 1A) is typologically derived
from hall-type churches, with two altars dedicated to a double rite, characteristic of the
Byzantine world from the 10th century (Figure 1B,C) [1–5].

It is considered that the fresco painting, in a purely Byzantine style, was made at
the beginning of the 14th century, during the reign of Voivode Basarab I the Founder
(1310–1352), having the wall excavated in the sandstone (naturally and/or man-made) as
support. Over time, water infiltrations through the sandstone wall, temperature variations
and biodegradation processes determined the advanced deterioration of the frescoes.

The previous studies [6–13] carried out for the fresco from Corbii de Piatrǎ provide re-
storers with data on their execution materials. The recent characterization of two fragments
of the church fresco, from areas with different behavior under similar conditions [6,7],
posed the problem of their dating and their inclusion in the chronology of the fresco.

Figure 1. Cont.
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Figure 1. Corbii de Piatrǎ rupestral church: (A) exterior view, tiled wall (Photo: Simion, C. A.);
(B,C) interior view for ship-type structure (Photo: Valcea, A. E.).

2. Geological, Mineralogical and Hydrogeological Considerations

From a geological point of view, the site containing Corbii de Piatrǎ Monastery is
located in the Getic Depression (Figure 2), a narrow sedimentary basin in the South-
ern Carpathian foreland with sediments from the Cretaceous to Miocene ages [14]. The
monastery was excavated in massive sandstones of the Oligocene age, which belong to
the Corbi Formation [9,15]. These sandstones are characterized by a polymictic compo-
sition that includes quartz, alkali feldspar and plagioclase, muscovite granoclasts and
metamorphic rock fragments such as gneiss, schists and quartzites [16].

Due to the mineralogy of the grains and the composition of the binder, the Corbi
sandstone petrotype is a particular one. The average grain size and the proportion of
40–60% unclogged pores from the total volume of pores determine the permeability, the
accumulation of water in the bedrock and the gravitational circulation of water [9]. The
research carried out by the team led by Prof. Marin Şeclǎman established a percentage
of the water stored in the inner walls of the church of 11%, which would correspond to
a maximum porosity of 25%, a value much higher than the real porosity. Water from
the Pârâul Cascadei/Cascade Stream brings most of the moisture. The Pârâul Cascadei
originates from the Brǎduleţ formation and drains the rocks with sulfates from the Corbi
sandstone roof, infiltrating the walls of the church, with priority in the northern one.
The water has a flow with seasonal fluctuations and variable compositions, containing
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predominantly Ca2+ and Mg2+ ions, chlorides and SO4
2− ions, which participate in the

degradation process, with the formation of gypsum, CaSO4·2H2O.

Figure 2. Map with the researched area, modified after Ghiran et al., 2023 [14]; (a) Occurrence of
Southern Carpathian (Google Earth source); (b) Simplified tectonic map of the Getic Depression,
modified from Sandulescu, 1984 [15]; (c) The studied area with location of the Corbii de Piatră
monastery on Oligocene Corbi Formation, modified after Murgeanu et al., 1967 [16].

The chemical composition established for the wall tiles inside the church also has a
high content of uranium (U) and thorium (Th), values that determine a higher natural
radioactivity inside the church compared to the radioactivity of the natural background
outside it [17]. Measuring the indoor and outdoor dose rate levels and comparing them
will express the extent to which the interior is isolated from the exterior [18]. It is possible
that radon (with radioactive isotopes produced both by the descendants of thorium and
especially by uranium) accumulates inside in higher concentrations than outside. This
radioelement is also soluble in infiltration waters, respectively, in the humidity of the air
inside the church [19]. In the first constructive forms of the place of worship, when it was
insulated from the outside (preserving the walls better) much better than it is today, the
radioactivity level of the air inside was most likely much higher. Understanding the risks
associated with radon exposure (beyond the states of dizziness, exaltation and other forms
that could induce religious trances in the past) and mitigating radon levels through the
measures taken will significantly reduce the risk of lung cancer, for example, for those
who regularly attend church nowadays [20,21]. Currently, there are kits on the market for
testing radon in closed spaces that are simple and relatively cheap. However, the technical
solutions for stabilizing the hill and reducing infiltrations should also take into account the
long-term minimization of indoor dose rates, with the simplest methods being adequate
ventilation but also maintaining a temperature regime specific to the day/night cycles
and the succession of seasons. Once the cave complex is stabilized both externally and
internally, it is possible to move on to a project to restore the inner walls, including the
painting [10].
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3. Preliminary Dating Characteristics and Radiocarbon Dating

Materials and Characterization Techniques

The dating of the frescoes can be done from the point of view of identifying the mate-
rials and execution techniques used and through the prism of art history but also through
physico-chemical analyses to establish their composition (pictorial support, pigments and
materials necessary for the creation of frescoes, specific to historical periods).

Intrinsic information can be provided by radiocarbon dating. The result will com-
plement both the conclusions of specialized studies and the investigations that usually
accompany them. Thus, compared to the older studies [9–13] or the recent experiences in
the field of the RoAMS laboratory from IFIN-HH [22,23], this method provides an answer
regarding the age of the investigated materials by means of absolute chronology, in tandem
with a series of methods that usually are not associated with radiocarbon dating. This has
its limitations, in addition to its advantages [24]. Therefore, it is not important to obtain a
radiocarbon date but to interpret it through the prism of all the information held (historical,
archaeological, architectural, from the records of the interventions, from the history of art
and from the preceding physico-chemical investigations). Based on this preliminary infor-
mation, the relevant sampling areas can be established from where to extract representative
fragments that may contain carbon compounds. Since radiocarbon dating is an invasive
technique, the preliminary studies must provide sufficient information to take into account
the minimum intervention on the walls/frescoes while obtaining maximum information.
A representative sample can be taken, through an appropriate technique, for each wall,
which will contain differentiated fragments depending on the studied area.

Based on the characterization through previous studies of the four walls of the church,
it was determined that the northern and southern walls remain important in the radiocarbon
dating of the first forms of painting on the inner walls [6,7].

Based on the existing information, it was possible to establish the position horizontally
in front of the altar and vertically in front of the current floor level from where these
samples could be taken, as well as the minimum justified number of required samples.
Thus, respecting the deontology of the conservation and restoration of historical monu-
ments [25,26], one sample of mortar/plaster was extracted for each sampling point on each
of the two walls, and they were then sub-divided into several fragments, depending on
the preliminary results regarding the characterization of the state of preservation of the
respective sample, obtained on the remains left after preparing the samples for dating.

The fragments thus obtained for dating, two for the southern wall and three for the
northern wall, corresponding to the two chosen areas, were taken from the height of 1.70 m
above the floor. The sample on the northern wall was taken from the second square from
the altar (Figure 3A), and the one on the southern wall from the corresponding opposite
square (Figure 3B).

The remains were prepared for other physico-chemical investigations necessary for
the preliminary characterization. The details of these latter fragments are captured in
Figure 4A,B.

According to traditional receipts, all mortars may contain carbon residues from the
straw inserts used in the preparation [27]. S-type fragments, taken from the southern wall,
are very poorly adherent. The N-type fragments, taken from the northern wall, are very
adherent. In addition to the S-type fragments, the N-type fragments could contain sheep
tallow or mineral oil (Table 1).
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Figure 3. Corbii de Piatrǎ church: (A) the second square from the altar on the northern wall from
where sample N was taken, divided into fragments N1, N2, N3 for radiocarbon dating (Photo: Simion,
C. A); (B) the second square from the altar on the southern wall from where sample S was taken,
divided into fragments S1, S2 for radiocarbon dating (Photo: Simion, C. A).

Figure 4. Corbii de Piatrǎ church; details of the leftovers from the samples prepared for radiocar-
bon dating, used in the preliminary analyses: (A) remains from the sample of the northern wall;
(B) remains from the sample of the southern wall.

Table 1. Fragments from the samples used for radiocarbon dating and their masses.

Sample Name Weight [mg]

S1 265.7
S2 243.5
N1 39.1
N2 196.5
N3 351.0

The sub-samples taken from N-type and S-type remains (Figure 4A,B), one for each
side, were investigated before the radiocarbon dating through a series of techniques to
reveal the initial pictorial composition/at the intervention in direct context with the plaster
that will be dated but also information on the materials with which this plaster came into
contact over time, whether it is about the lithic support, whether it is about the fresco itself
or about its interaction with the environment inside the church. Thus, a direct connection
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can be made between the age of the pictorial support and the painting in the respective
area, but we can also anticipate contaminants containing exogenous carbon that can affect
the radiocarbon date of the calcium carbonate, formed by strengthening the pictorial
support after being applied to the walls. The characterization of the fresco fragments was
carried out by optical microscopy [28,29], cathodoluminescence [30–32], scanning electron
microscopy with energy-dispersive fluorescence spectroscopy mode for elemental chemical
analysis [28,29,33], X-ray diffraction [34,35] and X-ray fluorescence [36,37].

The optical microscopy (OM) characterizations were performed in polarized light
with a Zeiss Observer A1m optical microscope, which allows magnification up to 1000×,
visualization in bright field, dark field, polarized light and the acquisition of images with a
Canon camera Zeiss AG, Oberkochen, Germany.

The microscopic analysis with cathodoluminescence (CL) was performed with Nikon
E400, (Nikon company, Tokio, Japan) an optical microscope equipped with a cathodo-
luminescence device with a cold cathode (CL 8200 MK 3A). The images were acquired
with a C.OOLPIX 950 digital photomicrograph device (Keyence International, Mechelen,
Belgium). The parameters required to perform the technique were the average vacuum
value of 0.5 Torr, current voltage on the bundle of 15–17 kV and current intensity on the
electron gun of 350–400 mA, according to the standard in use [30,31]. The interpretation of
cathodoluminescence results is qualitative.

The characterization of the fresco element by scanning electron microscopy with
energy-dispersive fluorescence spectroscopy (SEM-EDS) was carried out using the HI-
TACHI SU5000 electron microscope equipped with a backscattered electron detector and
the energy-dispersive fluorescence spectroscopy module for elemental analysis (Hitachi
Groupe, Chiyoda, Tokyo, Japan).

The X-ray diffraction analysis (XRD) is used to complete the identification of the
crystalline phases of the mortar components and the painting layer. X-ray diffractions
(XRD) were performed using an XPERT PRO MPD 3060 facility from Panalytical (Almelo,
The Netherlands), with a Cu X-ray tube (Kα = 0.154051 nm), a 2 Theta of 20◦–70◦, a step
size of 0.13◦, a time/step of 51 s and a scan speed of 0.065651◦/s. The phase analysis,
qualitative, was carried out using the PDXL2 program (Rigaku Corporation, Chiyoda City,
Tokyo, Japan) and the PDF4+ 2022 database (International Center for Diffraction Data).

X-ray fluorescence (XRF): the XRF analysis was performed using a portable Bruker
Tracer S1 Titan spectrometer (Billerica, MA, USA). A Rhodium (Rh) anode was used to
generate an incident X-ray beam to probe the samples. For safety reasons, the energy used
is limited to 50 keV. The incident beam is passed through a collimator, resulting in a circular
8 mm in diameter spot on the sample. The resolution for the medium energy domain (Sc to
Zr) is approximately 120 eV, according to the manufacturer. Each sample was analyzed in
significant zones. The generated spectra were later analyzed using the Bruker Instrument
Tools software 1.7.0.128, supplied by the manufacturer.

Additionally, regardless of the chemical form in which it was present in the samples,
the following equipment was used for the identification of total carbon (TC), inorganic car-
bon (IC) and total organic carbon (TOC): PrimacsMCS in combination with FormacsSERIES
and the elemental analyzer EA (VarioMicroCube, Elementar, Hanau, Germany)™.

PrimacsMCS allows us to analyze the total carbon (TC) and inorganic carbon (IC)
separately. The total carbon is determined by catalytic oxidation of the sample at 1100 ◦C,
while inorganic carbon is determined by digestion of the sample with phosphoric acid
H3PO4 in the IC reactor. Carbon dioxide CO2 is detected by the nondispersive infrared
NDIR sensor of the FormacsSERIES analyzer. The TOC concentration of the sample is
obtained by subtracting TC − IC = TOC.
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The radiocarbon dates were obtained at RoAMS laboratory in IFIN-HH using the
1 MV HVEE Tandetron™ system (High Voltage Engineering Europa B.V., Amersfoort, The
Netherlands). Before AMS analysis, the samples were converted into graphite by com-
bustion using the AGE 3 graphitization installation [38], which works in conjunction with
the elemental analyzer (VarioMicroCube, Elementar, Hanau, Germany)™. The experimen-
tal data obtained for all the samples were normalized against NIST SRM 4990C—Oxalic
Acid II (NIST SRM 4990C International Standard Reference Material for Contemporary
Carbon-14, 1983) to the modern radiocarbon level, while to estimate the blank level, a fossil
coal of Romanian origin was used. By measuring the 13C/12C ratio, the results were also
corrected by δ13C parameters determined by AMS data processing software version 4.06
(according to A-4-35-501-7621 Rev. A Operator Manual 1.0 MV Tandetron for AMS B7621
IFIN-HH Magurele, Romania, page 73), representing the cumulative isotopic fractionation
of all physico-chemical processes on the analysis chain. The ages were calculated using the
BATS software tool (Bats version 4.06 (04.06.2015)) [39], according to Stuiver and Polach
(1977) [40]. The dating strategy, after characterization of the pictorial layer, should include
the determination of the nature of the material and of contaminants, the limitations of
methods on the type of material and the analysis of current literature data, whether they
are about the type of material to be radiocarbon dated or whether they are about the most
appropriate working methodology.

4. Experimental Results

The microscopic analysis in section of the samples highlighted the differences in the
microstructure of the two types of mortars: the friable, slightly adherent mortar has a
flat surface with traces of the roughness of the abrasive paper (Figure 5A), which reveals
the low hardness, while the adherent mortar presents a raised surface that highlights the
particles in the mortar that confer a higher hardness (Figure 5B).

The analysis by cathodoluminescence microscopy of the sample with friable mortar
highlighted the degradation process over the entire thickness of the layer and the presence
of numerous cracks (Figure 6A).

Adherent mortar presents an unaltered outer layer, which includes the pictorial layer
with an unaltered internal substrate. Following the massive dissolutions, vacuolar-type
secondary pores were formed in canaliform places (Figure 6B). The pores are large, irregular
and interconnected, allowing the circulation of interstitial fluids (infiltration waters). This
structure suggests the operation of a settling mortar used since ancient times for walls with
infiltrations [41].

Figure 5. Cont.
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Figure 5. The microstructure of the mortars at the optical microscopic analysis: (A) the friable mortar
with low adhesion; (B) the adhesive mortar with high hardness.

Figure 6. Fragments of fresco under cathodoluminescence microscopy: (A) fresco fragment with low
adhesion to the sandstone wall; (B) fresco fragment with high adhesion to the wall with two distinct
areas: an external unaltered sublayer and an internally altered sublayer with high porosity.

Microscopic analysis by cathodoluminescence highlights two fresco fragments with
distinct characteristics. The first fragment of the fresco, taken from the southern wall, is
made of a carbonate cohesive matrix with weak orange luminescence, which includes sand
particles with various grain sizes from 62 to 1000 μm (Figure 6A). The grains embedded
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in the matrix are mainly represented by carbonate rock fragments and subordinately by
muscovite, feldspar and non-carbonate rock fragments. While carbonates have strong or
dull orange luminescence, the feldspars show bright green luminescence and the biotite
dull blue-violet luminescence. Nonluminescent fragments of carbonized plants and non-
carbonate lithoclasts are also distinguished. An incipient secondary porosity is observed
represented by small and irregular pores in low concentration.

The second fragment of the fresco was sampled from the northern wall. This has a
more complicated structure, being made up of an unaltered outer sublayer and an altered
inner one (Figure 6B). The dominant material of fresco is carbonate, with orange colors and
variable luminescence, from bright to dull. The unaltered outer sublayer is compact and
has pigment infiltrations on the surface that are signaled by bright vivid colors. The altered
sublayer contains an active system of interconnected microchannels (channel porosity),
formed in time by selective dissolution processes of carbonate bioclast fragments. The
dissolution is a continuous process due to the meteoric waters that percolate the monastery
wall [32].

Characterization by scanning electron microscopy in the section of the mortar sam-
ple [42] with low adhesion revealed a degraded structure, with a granular appearance,
for which the stratification in relation to the surface of the fresco cannot be established
(Figure 7A). In the areas strongly affected by the infiltration water inside the mortar, the
EDS mapping analysis highlighted the presence of sulfur from meteoric water (Figure 7B).

Figure 7. SEM-EDS of the sample with small adhesion in cross-section and elemental mapping:
(A) surface layer; (B) an area where the mortar shows advanced degradation inside.

In the case of the adhesive mortar sample, the scanning electron microscopy analysis
in section shows that the fresco has kept the initial layering, and the component layers of
the fresco have been highlighted as follows: the superficial carbonation layer, the pictorial
layer, the intonaco layer and the support layer (Figure 8).

The qualitative X-ray diffraction analysis of the two fresco fragments [42] highlighted
the existing phases in the two mortars and in the pictorial layers. The advanced degradation
of the fresco fragment with low adhesion is revealed by the presence of gypsum in the
friable superficial layer (Figure 9A) as a result of contact with infiltration waters and
diffusion processes towards the surface of the fresco.
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Figure 8. The microstructural analysis in cross-section by scanning electron microscopy of the sample
with high adhesion revealed the fresco stratigraphy: (A) pictorial layer ×450 WD-10 mm 25 kVcu30si
(BSE); (B) intonaco layer ×450 WD-10 mm 25 kVcu30si (BSE) [6].

The high durability and adhesion of the fresco element taken from the northern wall
(Figure 9B), the most exposed to the action of infiltration waters, in relation to other fresco
areas in the Corbii de Piatrǎ church, is explained by the different structure and properties,
especially by the way of degradation with the formation of infiltration water drainage
channels. The differences can be explained by the realization of this part of the fresco with
a different mortar, in a different period of time than the one in which the full painting of the
fresco in the church was done, most likely represented by the samples on the southern wall.
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Figure 9. Qualitative phase analysis by X-ray diffraction of pictorial layer of the fresco element:
(A) with low adhesion to the sandstone wall [7], (B) with high adhesion to the sandstone wall [6].

X-ray fluorescence: Compared to previous studies that carried out in situ mapping
through dozens of measurement points of the entire surface of the walls and ceiling [10],
the current measurements were only performed on the samples that have been taken
(Tables 2–4). According to the investigations already published, the previously identifiable
elements were Fe, K, Al, Mg, Si, Ca, Hg, S, Pb and Mn.

Table 2. XRF results, without errors, in ppm; all identified elements; brings together types of materials,
construction periods/restorations and recipes + sources of raw materials.

Sample
Name

Mg Al Si P S K Ca Ti V Cr Mn

S2 5474 0 165,353 0 2308 0 183,631 135 0 69 197
S1 7543 1055 133,947 2060 55,834 0 162,457 352 33 36 383
N3 7138 7578 277,789 616 1082 1082 128,797 1596 0 92 257
N2 3863 6968 203,358 0 2654 1406 38,027 907 33 15 182
N1 6255 0 137,900 494 2725 0 77,282 122 0 0 136
S2 Fe Ni Cu Zn As Sr Y Mo Pb Th U
S1 9720 111 33 104 84 197 14 0 19 0 0
N3 24,554 128 0 561 3946 322 74 11 1421 19 176
N2 17,850 43 33 38 0 101 0 0 0 0 0
N1 12,689 127 40 56 0 113 0 0 0 0 0
S2 2498 182 77 75 0 127 0 0 0 0 0

159



Materials 2025, 18, 1149

Table 3. XRF results in ppm for elements from Mg through Mn, errors included.

Sample
Name

Mg Err Al Err Si Err P Err S Err K Err Ca Err Ti Err V Err Cr Err Mn Err

S2 5474 3077 0 165,353 1170 0 2308 131 0 183,631 325 135 22 0 69 10 197 12
S1 7543 3299 1055 618 133,947 1085 2060 191 55,834 346 0 162,457 318 352 26 33 14 36 11 383 16
N3 7138 2955 7578 674 277,789 1472 616 179 1082 110 1082 92 128,797 279 1596 36 0 92 11 257 15
N2 3863 1945 6968 567 203,358 1163 0 2654 90 1406 59 38,027 137 907 24 33 12 15 8 182 10
N1 6255 2106 0 137,900 968 494 120 2725 96 0 77,282 192 122 16 0 0 136 10

Table 4. XRF results in ppm from Fe through U, errors included.

Sample
Name

Fe Err Ni Err Cu Err Zn Err As Err Sr Err Y Err Mo Err Pb Err Th Err U Err

S2 9720 61 111 22 33 22 104 14 84 15 197 10 14 8 19 6
S1 24,554 109 128 23 561 26 3946 64 322 12 74 10 11 5 1421 21 19 2 176 16
N3 17,850 76 43 16 33 15 38 9 101 7
N2 12,689 59 127 22 40 19 56 11 113 8
N1 2498 30 182 28 77 26 75 14 127 11

This time, 22 elements were identified not only on the pigment traces but also in the
mortar/plaster.

The available information [10,42,43] from XRF prior to the current analysis can be
summarized as follows and will implicitly help to select the radiocarbon dating strategy:

• Identified pigments: lead minium, Pb3O4, applied with the initial addition of an
organic binder or during previous interventions (red pigment); white lime; cinnabar
(HgS); lead carbonate, PbCO3 as a result of degradation or impurity from the lead
mine; red and yellow based on iron oxides and coal black;

• Bluish hue: possible mixing of lime white with coal black;
• Possibly azure or malachite in some paintings; possibly an introduction from the time

of painting the pediment, like lead white;
• Scheele green pigment CuHAsO3 and Schweinfurt green pigment Cu(CH3COO)2-

Cu(AsO2)2, used from the 18th–19th century until the beginning of the 20th century;
• Sulfates and nitrates as salts formed by degradation;
• Alteration products: calcium oxalate; lead carbonate from the alteration of lead minium;
• Analyzes by pigment classes are extensively commented;
• Natural and artificial pigments were used;
• Natural pigments used for ocher and red colors: hematite, limonite, cinnabar;
• Artificial pigments used in white, black, gray and partially red colors;
• Some ingredients are native: limestone, coal, hematite, limonite;
• Cinnabar is “imported”.

The XRF results obtained at this stage highlighted, by applying the Principal Compo-
nent Analysis (PCA) function of the Minitab 17.0 Program, to what extent the five fragments
from the two samples are correlated with each other (testing also the degree of homogene-
ity/the quality of the partition selection of each sample in several fragments) from the
same wall and between different walls. If all the elements determined by XRF are used
(Tables 2–4), the Score Plot shows a similarity between fragments N2 and N3, respectively,
between N1 and S2, with fragment S1 being considered an outlier. The general degree of
correlation between all fragments is 92%; it can be an indication of the state of the material
from formation to analysis. If only the majority elements are used, and fragments N1,
N2 and N3 are separated from S1 and S2, with the general degree of correlation being
86%, it can be an indication of the same type of material but obtained by different recipes.
Through the minority elements, N2 and N3 become distinct from S1 and S2, but there is a
correlation between S2 and N1; the general degree of correlation is 69%; it shows sources of
possibly different raw materials but also the degree of damage by impurities introduced
over time from infiltrations from contact with the pictorial material and the surrounding
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environment. Finally, through trace elements, the following distribution is obtained: N1,
N2, N3 and S1 are separated from S2, with the general degree of correlation being 77%.

The interpretation of these results, as well as the information useful for radiocarbon
dating, will be presented in the paragraph regarding this method, as in the case of the
other analyses.

TC/IC/TOC analysis: The results are shown in Table 5.

Table 5. Total carbon (TC), inorganic carbon (IC) and total organic carbon (TOC) values.

Sample Name TC [%] IC [%] TOC [%]

S1 8.88 ± 0.44 8.56 ± 0.43 0.32 ± 0.01
S2 8.99 ± 0.45 8.45 ± 0.42 0.54 ± 0.03
N2 9.86 ± 0.49 9.86 ± 0.49 Near 0
N3 10.09 ± 0.50 9.55 ± 0.48 0.54 ± 0.03

Being in small quantity, fragment N1 could not be analyzed. The results are expressed
as mass percentages.

The association is observed again on each side of the church; those on the northern side
contain more inorganic carbon, most likely carbonates, compared to those on the southern
side; a correlation may appear with the degree of friability. The very low percentages of
total organic carbon do not exclude deposits due to biological attacks, but they show, a
fact also demonstrated in [10], that the straws were not preserved; in their place, small
degradation products appeared that will not be able to be separated from such quantities of
small fragments/samples so that they can be dated separately. If this isolation/purification
had been possible, the radiocarbon age could have fixed the moment of application of the
material on the wall much better in time, with the straw being a short-life datable material
(annual cycle).

Elemental Analysis (EA): This was carried out practically during the graphitization of
the samples for subsequent measurement by AMS. The results are presented in Table 6.

Table 6. Elemental analysis results.

No
Weight

[mg]
Sample
Name

Lab Code
(RoAMS)

N Area C Area N [%] C [%] C/N Ratio

1 34.31 S1 G4896_2534.150 8657 92113 0.67 10.13 15.01
2 16.92 S2 G4897_2535.150 8238 45221 1.30 10.08 7.76
3 19.09 N2 G4898_2537.150 825 52457 0.12 10.36 88.95
4 19.28 N3 G4899_2538.150 894 57986 0.13 11.35 89.81
5 17.21 N1 G4900_2536.150 1242 44391 0.27 9.73 49.09

The differences can be noticed between the fragments belonging to sample S on the
southern side and those on the northern side, N. The total carbon values are somewhat
higher compared to the alternative TC/IC/TOC method (Table 5); this is most likely
due to the fact that in both methods, the values are in mass percentages and the base
value against which the reporting is done in each case makes it count. The average
value of the total carbon during graphitization is approx. 10%; then, the actual carbon
contained in the samples subjected to graphitization will enter the range below 35 mg,
recommended for the initial mass. It will lead to reduced carbon with a mass within the
range [1.7–3.4 mg], acceptable for the chance to obtain approx. 1.52 mg of carbon deposited
on the iron catalyst, which is the basis for the AMS target. Nitrogen values, a sign of possible
organic compounds, are within the limits of the background of the equipment, so they are
most likely not present in the dated samples, being another indication of the absence of
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degraded organic materials, coming from straw (humic, in general, with significant content
in nitrogen).

Radiocarbon dating: The work strategy and the primary interpretation of the re-
sults, without placing them in a historical and archaeological context, were based on the
information provided by the previous methods. They can be summarized as follows:

Imaging: In regard to differences in structure between the sample on the northern side
compared to the one on the southern side, the one on the northern side represents a more
compact, adherent material, with short cracks and traces of a possible fatty organic additive
(this confirms the hypothesis of its use but will not affect the radiocarbon date, being
practically of the same age as when the mortar/plaster on the walls hardened); the one on
the southern side is friable and shows cracks propagated over long distances (it may be an
indication of the introduction of exogenous carbon of a different age than that in the mortar
recipe, in support of this hypothesis comes the identification of sulfur/gypsum formed by
infiltrations and deposited in the mortar structure). In the friable fresco, we cannot speak of
stratification, and therefore, the better-preserved portions cannot be accurately separated
(it was still possible to separate two fragments, S1 and S2, based on the observations during
the preliminary analyses), while in the adherent fresco, it is possible to identify all layers in
their evolution since formation, which can be separated given the degree of preservation
(appreciated implicitly by the lack of sulfur/gypsum deposits) as N1, N2 and N3.

Cathodoluminescence: This highlights the degradative processes in the friable mortar
and, therefore, a possible appearance of secondary carbonates of different radiocarbon
ages; the adherent one presents an unaltered external layer and an altered internal one
with interstitial channels through which the water from the infiltrations circulates freely
but preserves the initial signature of carbon-14 in this decanting mortar.

EDS: This highlights the presence of sulfur on the southern side; it becomes a poison
for the conditioned iron catalyst in the AGE 3 unit in the case of fragments S1 and S2; that
is why it is recommended to use thermal combustion at EA for all five sample fragments,
with the subsequent separation of the higher sulfur oxides in the hatch dedicated to
their retention.

XRD: This indicates the formation of sulfur-containing gypsum in the fragments on the
southern side and shows the differences in the recipe and that the mortar on the northern
wall in the investigated area appeared after the initial painting of the church, represented
by the selected portion on the southern wall.

XRF: The analyzed samples are basically lime mortar plasters, with traces of pigment.
There is a difference between the sample on the southern wall and the one on the northern
wall. The fragments on the southern wall probably contain lead minium or lead carbonate
formed by its carbonation over time, along with traces of green pigments and/or lead
arsenate, a biocide. An argument in support of this last hypothesis comes from the very
large amount of arsenic, identified in S1, with a higher concentration in these two elements.
Compared to the green pigments identified in previous studies [10–12,42,43], used from
the 18th–19th century and until the beginning of the 20th century, lead arsenate, introduced
later and banned after the 70s in agriculture, was intensively used until the middle of
the 20th century and was therefore easy to procure without restrictions on applications,
remaining impregnated in the portions of the walls where it was used, which helped to
slow down the biocidal attack and preserve the original paintings.

TC/IC/TOC analysis: This confirms the XRF information regarding the lime mortar
support, and therefore the possibility of radiocarbon dating. The obtained values show
a difference between the north and south sides, which could be revealed by different
radiocarbon data. It confirms the practical absence of preserved straw; given the actual
situation and the very small quantities of the samples, it will not be possible to separate
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and purify the inorganic and organic fractions to be dated separately. According to the
information from [10], the samples contain calcite and quartz, with mineral impurities
originating from the raw materials, from mineral pigments or as a result of aging processes—
these will not disturb the radiocarbon dating. The very small amounts of organic carbon
identified in the sample on the northern wall come either from traces of straw or from
contaminants (possibly sheep tallow or mineral oils for the pictorial support, or as a result
of biological degradation); the remains of straw and sheep’s wool would have carbon-
14 levels close to those of hardened lime and therefore will not disturb the dating; mineral
oil, if present, will lead to much too old data, and biological contamination could lead to
much too young radiocarbon data.

The experience of the RoAMS laboratory at IFIN-HH established that, due to the
nature of the samples and the very small quantities, it is practically impossible to separate
and purify the inorganic and organic fractions to be dated separately. Moreover, the
extraction and purification of calcite, even if it is the majority in the samples, could become
a risk factor in the sense that it is very possible that in the end, the purified quantities will
be too small to meet the conditions for graphitization, especially for N1. Knowing the
characteristics of the organic part, there are two risks: one or more radiocarbon ages may
be too old (mineral oil, geological carbon from pigment or contamination by infiltration
with geological carbonates) or too young (biological attack or exchange with atmospheric
carbon dioxide). According to previous studies [9–11], it is unlikely that a slow exchange
with carbonates from infiltrations or with atmospheric carbon dioxide will occur in the
sample from the northern wall, and it is more likely in the sample from the southern
wall. Thus, taking into account the risks assumed for objective reasons, the samples
were graphitized in raw form in order to measure AMS. The thermal combustion, based
on the differential thermal analysis [10], which provided in the diagram a single peak
characteristic of calcium carbonate and insignificant peaks for other carbonates or organic
compounds, was performed at the elemental analyzer coupled with the graphitization unit.
Thus, another set of values was obtained in parallel for the total carbon in the samples,
commented on above.

The remaining fragments, after TC/IC/TOC analysis, were finely ground and taken
in the quantities indicated in Table 6. The quantity is directly proportional to the car-
bon/carbonate content established by the other methods. These were subjected to thermal
combustion in EA, with the separation, purification and drying of carbon dioxide prior to
its introduction into the graphitization unit. The graphitization process, the formation of
carbon-containing targets formed by hydrogen reduction on the iron catalyst, the AMS mea-
surements, the calculation of the Conventional Radiocarbon Age (CRA) and the transition
from this value to the calibrated age have been extensively exposed in the previous works
of RoAMS [44–46]. After all these stages, the calibrated ages are obtained, represented by
the probability intervals that the historical age (the age of the material, the mortar in this
case) is included in it or, with certain statistical weights, in sub-intervals.

The obtained histograms are represented in Figure 10. The interpretation of the results
is done in the next chapter.
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Figure 10. The histograms obtained for the fragments of mortar/lime plasters from the Corbii de
Piatrǎ church, separated from the two samples taken, one each for the southern and northern wall,
respectively; at the top of each graph, the unique code of the graphitization in RoAMS is indicated
(2534.150 for S1, 2535.150 for S2, 2536.150 for N1, 2537.150 for N2, and 2538.150 for N3), as well as
the CRA value with the associated measurement uncertainty, both in years BP (according to OxCal
version 4.4.4 and [47,48]).

5. Determination of the Chronology

Determining the chronology involves establishing the contact chronology, through
which the relative and absolute dating converge towards a consensus.

Preliminary historical-architectural and archaeological information [1–5,9–11]:
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15 April, 1456—the oldest documentary attestation through a charter issued by the
royal chancellery of the Voivode of Wallachia, Vladislav II, confirming the master Mogoş’s
right to rule over the “Corbii de Piatrǎ”;

Proposed, assimilated or documented founders: Basarab I the Founder (ca. 1310–1352),
Neagoe Basarab, Radu de la Afumaţi, Lady Ruxandra and Lady Despina (ca. 1487–1554);

Associations with other religious settlements: cave churches from Cappadocia
(7th–12th centuries); the church of St. Procopius from Fasano (11th century); hermitages
from Bulgaria (13th–14th centuries); small churches from Macedonia (13th–14th centuries);
the dating of the altar (10th–14th centuries);

The cutting of the pilaster from the altar and the formation of an altar table, 1m high,
the complete restoration of the west wall, currently made of brick, the porch excavated on
the south side of the nave: 19th-century interventions;

It was originally intended for small monastic communities; from the 19th century—the
laity church (when the transformations occur at the altar);

Elements of dating through the painting of the church: lacunar, summary, placed in
the second half of the 14th century by I. D. Ştefǎnescu [49]; in 1973, he returns in another
work [50], saying that “it could be two or three decades older than the paintings of the
church of Sf. Nicolae-Domnesc at Curtea de Argeş originally built at the beginning of the
13th century by Seneslau; developed by Basarb I (1310–1352) and then by Neagoe Basarab
(1512–1521); similar to the Corbii de Piatrǎ;

Immediately or shortly after the excavation/anthropization of the church space in
the bedrock, it was decorated with painting; a small part was preserved in particularly
bad conditions: fragments in the apses of the altar (east), on the east tympanum, on the
southern half of the vault of the nave, on the southern wall of the nave; in the northern
part, on the vault and walls, the painting is practically destroyed;

Painted areas on the south wall of the nave: on the upper part of the walls and on
the vault;

Painted areas on the north wall of the nave: a single painting fragment visible in the
niche next to the altar;

The Deisis in the upper part of the apse of the altar, similarities with the cave chapels
of Asia Minor, Southern Italy (10th–13th centuries);

The style of the original painter: c. 12th–13th centuries;
There are also elements that belong to a more advanced phase: the second half of the

13th century—the first decades of the 14th century;
With some effort, one could distinguish two or three “hands” in the original picto-

rial style;
Not many comments can be made on the chromatics: everything is dull, smoky and

altered by mold nowadays;
Broadly speaking, from painting and iconography: end of the 13th century or the first

decades of the 14th century.
Analysis of historical documents: the existence of an older foundation of the 16th

century; for the previous centuries, there is no written information; after 1503–1506, docu-
ments appear due to the Magdalina Nun; she worshiped the monastery of Neagoe Basarab
in 1512 in order to be completely “a church for nuns”; from a monetary donation made
in 1517 for the commemoration, the legend of the refectory table, dated at IFIN-HH in
2015 and which attests that the wood was cut no earlier than the second half of the 16th
century, most likely somewhere after 1725–1813; after 1518, he became a satellite church of
the Arges, Monastery; in 1809, it became a wedding church for Transylvanian emigrants
from over the mountains (the table in the refectory actually originates from this period,
thus refuting the legend that it was stipulated to be the table where Neagoe Basarab took
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counsel); 1814—the excavation of the pronaos with the modification of the south side and
the reduction of the trapeze; 1819—the addition of the wall temple; 1887—the restoration
of the west wall, after its collapse; 1890—the erection of the wooden belfry;

The conclusions of the 2008 archaeological survey: no archaeological materials were
found in surveys older than the 16th century.

Inscriptions were visible in 2023, on the southern wall, near sampling point S
(Figure 11); with writing specific to the second half of the 19th century, the year 1881
is mentioned, without any reference in the context of the other historical data, with the year
being placed before the restoration of the western wall. However, there is also a writing in
Slavonic or possibly with elements in Slavonic alternating with elements in Greek, before
the transition to the Latin alphabet (ca. 1860), in a register more erased than that of the
inscription 1881. In particular, the inscription of the year 1881 does not seem affected
by subsequent works, which can advance the hypothesis that after this year, no notable
interventions probably took place in the portion of the wall from where the sample from
the southern wall was taken.

Figure 11. Inscription on the southern wall of the Corbii de Piatrǎ church (Photo: Simion, C. A.).

From the previously published information on the state of conservation of the mural
painting, on the support of the mural painting, on the damage to the bedrock caused by
meteoric infiltration waters in the inner walls of the church and on the damage to the
pictorial support [10], the following conclusions can be drawn:

1. Byzantine painting, with lime-based mortar plaster, applied directly to the
bedrock wall:

The painting is almost entirely covered with a biological green layer (the north wall
entirely, the south wall up to a level of approx. 2 m of pavement);

Pigments more sensitive to humidity lose their bonds with the binder and form
powdery layers when touched;

Decohesion: the migration and recrystallization of salts in many places from the inside
to the outside, with the formation of efflorescences and crypto-efflorescences;
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The advanced degradation is the result of infiltration of meteoric waters, the natural
microclimate, human interventions and the loss over time of the properties of pigments
and plaster materials through natural aging;

Meteoric water infiltrations on the northern wall are due to the washing of this wall
by the waterfall stream, whose flow rate fluctuates depending on the level of precipitation;

The characterization of two fresco samples with different adhesions, from the northern
wall and the southern wall, highlighted the different behavior of the two mortars, with
higher adhesion for the northern wall.

2. Different types of mortars, identified as belonging to different centuries/periods
of intervention:

Mortars A. from the 14th century, with the preservation of the original painting–
partially the walls and the vault of the nave and the altar;

Mortars B. from the 19th century, mortars located on the pediment;
Mortars C. from the 19th–20th centuries, mortars considered for repair, on certain

portions of the nave, the lower register of the northern wall, near the arch, from the junction
of the door with the southern wall;

Mortars A: lime and straw, porous, biological degradation, repeated recrystallization
or induced by freeze-thaw; calcite, traces of quartz, rather impure from the limestone
source; sometimes gypsum and feldspar (altar and southern wall) as associated or as
mortar degradation products; 75% microcrystalline calcite (from the moment of hardening
in the masonry), 3% quartz, 4–5% various minerals; from the differential thermal analysis–
the samples contain only calcite due to the binder and do not contain limestone added to
the recipe; gypsum–due to the limestone and not to the painting; the straw no longer exists;
the original calcite led to phenomena of autogenous healing of the lime, filling in time the
gaps in the cracks and pores;

The bedrock in the inner walls is inert and has not interacted with the mortar in the
fresco/plaster nor with the pigments in the painting layer; it most likely degraded over
time, forming a friable layer at the rock-painting support interface that led to its peeling, a
sign of the age of the applied layer; water from the sandstone pores: exogenous soluble
salts, dominated by sulfates; appearance of plaster;

The study of the infiltration directions through the bedrock/sandstone shows a pre-
disposition that explains why the northern walls are more exposed than the southern ones;

The appeared efflorescences do not contain calcium carbonates;
The organic component of crusts: lichens;
On the northern wall, the biological colonization is intense, being also identified in the

mortar; almost exclusive presence of gypsum on the southern wall;
The specific Liesegang carbonation of lime matured, years before use, with the forma-

tion of rings rich in calcite succeeded by bands poorer in calcite, precipitated over time,
which finally gives different density to carbonated lime.

An interesting hypothesis that deserves to be studied in the future is the accentuation of
the state of friability/degradation due to the combined exposure to radon in the presence of
oxygen from the air or from the infiltration waters. It is known that in isolated cavities, such
as barrow graves, sudden exposure to air/humidity in the presence of high concentrations
of radon accumulated over time induces the friability to the pulverulent state of some
perfectly preserved archaeological materials until the time of excavations [51,52].

Interpretation of radiocarbon data:
There are differences between the radiocarbon data of the fragments on the southern

side compared to the northern one. Those on the southern side offer older radiocarbon data
than the northern one. The results are supported by all the previous analyses presented in
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the summary before but also by those offered by this study. The dates are included in the
11th–15th centuries AD, in accordance with the presented historical-architectural data.

The result for S2 is slightly older (which would support some hypotheses from the
preliminary historical-architectural and archaeological information paragraph), and for N1,
it is slightly younger (which would support other frameworks from the same paragraph).
Although they could represent application sequences of the pictorial layer, the fragments
(N1, N2 and N3 and S1 and S2) are too close to each other to have different ages from
different historical contexts. Most likely, some contain contaminants with a different
level of carbon-14 that affects the radiocarbon result (as explained by some observations
independent of radiocarbon dating). Although they do not vary in the same direction, N1
and S2 have in common this modification of the radiocarbon date from the hardening of
the mortar in the masonry and therefore form a distinct group in the PCA analysis of the
XRF data.

The results for N2 and N3 correlate perfectly; in both cases, the majority of sub-
intervals were placed in the 14th century. This result is supported by the PCA analysis of
the XRF data, as in the case of S1. For S1, the estimate would be for the end of the 13th
century–the beginning of the 14th century.

The 14th century presents a disadvantage in radiocarbon dating, being considered
an “imprecise” century [53]; it can be seen from the histograms in Figure 10 how two split
signals of relatively equal intensity are obtained. In the particular historical context of the
Corbii de Piatrǎ Ensemble, it will be very difficult to decide, for these samples or for others
in the future, if the painting segments belong to the first half of the 14th century, therefore
associated with Voievod Basarab I (1310–1352), or if there are interventions from a second
half of the 14th century. Anyway, the results exclude the interventions of the 16th century
(Neagoe Basarab) and highlight the initial forms of the painting.

If we use the R_Date Combination function in OxCal (https://c14.arch.ox.ac.uk/oxcal.
html, accessed on 26 January 2024) for N2, N3 and S1, then we will obtain a radiocarbon
date with better precision, ±21 years BP, which passes the χ-Test. It gives a clearer situation
for interpretation: the paintings on the two walls represent an early pictorial form currently
identifiable with the following statistical weight: for σ = 2, there is a 74.0% probability that
the time of execution of the painting is placed in the interval calAD 1305–1365, and for σ = 1
there is a dominant probability of 56.2% that the interval is restricted to calAD 1321–1358.
Most probably, these painting segments belong to the first half of the 14th century and,
therefore, are associated with Voievod Basarab I (1310–1352). Anyway, the results exclude
the interventions of the 16th century (Neagoe Basarab) and highlight the initial forms of
the painting.

Finally, I. D. Ştefǎnescu correctly defined in 1973 the correspondence with Sf. Nicolae-
Domnesc at Curtea de Argeş church, which was originally built at the beginning of the 13th
century by Seneslau and developed by Basarab I (1310–1352) and then by Neagoe Basarab
(1512–1521).

6. Conclusions

Mortar/plaster samples associated with pictorial layers documented as being from the
first forms of painting of the inner walls of the church from the Corbii de Piatrǎ Rupestre
Monastery in Romania were analyzed.

During sample collection, it was observed that large sections of the fresco had low
adhesion, while small portions were highly adherent to the wall. The specific structural
components of the intonaco mortar used include the matrix, hard particles and straw inser-
tions.
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The low-adherence, friable mortar sampled from the southern wall is severely de-
graded, exhibiting large pores and cracks that propagate perpendicularly to the fresco
surface due to wetting/drying cycles or developing randomly from the tips of the straw
insertions. Areas of advanced degradation contain sulfur carried by rainwater from the
slopes, which it washes before infiltrating the church walls. The mineralogical characteriza-
tion of the mortars is framed within the geological context of the site. From a geological
point of view, the site containing Corbii de Piatrǎ Monastery is located in the Getic Depres-
sion, a narrow sedimentary basin in the Southern Carpathian foreland with sediments from
Cretaceous to Miocene age [14]. The monastery was excavated in massive sandstones of
the Oligocene age, which belong to the Corbi Formation [8]. These sandstones are charac-
terized by a polymictic composition that includes quartz, alkali feldspar and plagioclase,
muscovite granoclasts and also metamorphic rock fragments such as gneiss, schists and
quartzites [9,14–16].

Similar studies have been conducted on fresco paintings in Cappadocia from the
9th–12th centuries [54–58] and on frescoes in Orthodox churches in Bulgaria [42].

The adherent mortar sampled from the northern wall, through which water infiltrates,
is compact, with few short cracks and separations of a fatty additive, possibly sheep tallow,
which was used in that period to enhance the mortar’s properties. In this mortar, rainwater
infiltration created a network of large, interconnected pores forming channels that allowed
water transfer through the mortar to the middle layer without degrading the masonry–
fresco interface or the mortar–pictorial layer interface. This behavior functioned as a settling
mortar, which helped the fresco maintain its adhesion to the wall.

To support the radiocarbon dating strategy and the results obtained by this method, a
series of physico-chemical investigations were preliminarily carried out on small portions
left after the preparation of the two samples for radiocarbon dating (microscopy, elemental
analysis, identification of natural compounds or formed as a result of the degradations)
with the aim of separating several individual fragments and their separate dating (the
consistency of the radiocarbon data originating from the endogenous carbon is monitored).

Techniques were used that cover a wide and complementary palette of analyses, com-
pleting the existing studies, and the conclusions are convergent: the fragments represent
lime mortars, different in appearance, constitution and behavior.

Regarding the radiocarbon strategy, the results of the preliminary analyses provided
the following information: the percentage of calcite in the sample, the content of impurities,
the presence/absence of organic materials bearing exogenous carbon (with a carbon-14
level different from that at the time the mortar hardened in the plaster) and the extent to
which the last two categories could affect the radiocarbon date.

Thus, there were enough arguments to support direct AMS dating, without pre-
treatment. The results for the northern wall are different from those for the southern wall.
The latter provide older ages but are not old enough to be a clear separation from the
results for the northern wall. In both cases, there are even older and newer ages that could
be supported by some historical and architectural data, but the PCA analysis of the XRF
results shows that the outliers are most likely a sign of carbon-14 contamination levels
different from the one at the time of hardening of the mortar on the wall.

From the point of view of historical information, the data up to now support the idea
of two close phases of painting: a first phase revealed on the southern wall, which belonged
to a painting during the time of Voivode Basarab I the Founder (1310–1352), and a second
phase highlighted on the northern wall that was lacunar, brief and framed in the second
half of the 14th century by I. D. Ştefǎnescu.
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The fact that the adherent fresco on the northern wall is slightly more recent than
the friable one on the southern wall suggests that these are restored areas, following a
degradation process, using a mortar with superior properties.

Being extremely degraded, further invasive analyses will no longer be allowed. There-
fore, in order to obtain additional information on the areas of the initial painting, a mapping
with an XRF/FT-Raman portable instrument [54] can be used, highlighting, compared to
previous studies, the traces of the biocide applied to the mural painting 100 years ago.
Moreover, with the help of radon determinations, other phenomena can be highlighted that
can affect both the painting and the health of the people who come to religious services.
This is due to the sandstone from which the bedrock is formed, with the percentages of
uranium and thorium from the natural radioactive series being quite significant.
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nia, 2009.

2. Available online: https://viavalahia.ro/en/corbi-arges-county (accessed on 29 September 2023).
3. Available online: https://ro.wikipedia.org/wiki/M%C7%8En%C7%8Estirea_Corbii_de_Piatr%C7%8E (accessed on 29 Septem-

ber 2023).
4. Available online: https://revistaagressive.ro/cultura/capadocia-de-la-arges (accessed on 29 September 2023).
5. Dumitrescu, C.L. Corbii de Piatră Rock Church, the Oldest Group of Paintings—Known Today—From Romania; Art History Studies and

Research; Romanian Academy Publishing House: Bucharest, Romania, 1975; Volume 22.
6. Vâlcea, A.E.; Grecu, D.; Maris, I.; Negrea, A.D.; Cimpoesu, N.; Giugea, D.; Istrate, B.; Munteanu, C.; Moga, S.G.; Anghel, D.-C.;

et al. The Characterization of a Fragment of a Medieval Fresco from Corbii de Piatră Cave Church. Appl. Sci. 2023, 13, 4933.
[CrossRef]

7. Vâlcea, A.E.; Maris, I.; Negrea, A.D.; Cimpoesu, N.; Garbea, G.; Grecu, D.; Moga, S.G.; Istrate, B.; Finta, F.N.; Rizea, A.D.; et al.
Interdisciplinary Research on Medieval Fresco Subjected to Degradation Processes in the Corbii de Piatra Cave Church. Materials
2023, 16, 5257. [CrossRef]

8. Barzoi, S.C.; Luca, A.C. Significance of studying the petrography and mineralogy of the geological environment of old rupestrian
churches to prevent their deterioration.A case study from the South Carpathians. J. Cult. Herit. 2013, 14, 163–168. [CrossRef]

170



Materials 2025, 18, 1149
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Abstract: The use and integration of novel materials are increasingly becoming vital tools in the field
of preventive conservation of cultural heritage. Chemical factors, such as volatile organic compounds
(VOCs), but also environmental factors such as high relative humidity, can lead to degradation,
oxidation, yellowing, and fading of the works of art. To prevent these phenomena, highly porous
materials have been developed for the absorption of VOCs and for controlling the relative humidity.
In this work, graphene and transition-metal dichalcogenides (TMDs) were combined to create three-
dimensional aerogels that absorb certain harmful substances. More specifically, the addition of the
TMDs molybdenum disulfide and tungsten disulfide in such macrostructures led to the selective
absorption of ammonia. Moreover, the addition of the ionic liquid 1-hexadecyl-3-methylimidazolium
chloride promoted higher rates of VOCs absorption and anti-fungal activity against the fungus
Aspergillus niger. These two-dimensional materials outperform benchmark porous absorbers in the
absorption of all the examined VOCs, such as ammonia, formic acid, acetic acid, formaldehyde, and
acetaldehyde. Consequently, they can be used by museums, galleries, or even storage places for the
perpetual protection of works of art.

Keywords: cultural heritage; volatile organic compounds; graphene; transition-metal dichalcogenides;
aerogels; ionic liquids

1. Introduction

The air quality to which cultural objects are exposed is highly important for main-
taining the appropriate conditions regarding the conservation of an artwork collection.
In museums, galleries, and archives, the construction and decoration materials of the
building and the technical equipment itself can be important sources of harmful chemical
emissions that interact with the artworks exhibited or stored in closed environments [1,2].
The interactions between these harmful chemical substances, which are transferred by air,
and the materials of art objects occur in different ways, mainly induced by temperature
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and relative humidity. Along with the aesthetic effect of pollutants and dust, such reactions
cause material degradation and eventually result in disfiguring phenomena on the surfaces
of the objects. Extra attention should be paid to containers, such as display cases, storage
crates, cabinets, and drawers, where the emission of volatile chemical compounds from
constituent materials can affect very badly the containing objects. In all the aforementioned
enclosures, the air exchange amount is constrained in the sense that the local emissions
will be easily accumulated in the closed environment until reaching concentration levels
able to cause alterations to the works of art. Current museum guidelines consider that well-
designed display cases are not only designed to provide an object’s visibility and physical
protection but are also tools for the primary environmental control of the objects [3].

Chemically, the volatile compounds originating from display case materials and
other containers used for the needs of museums are mainly organic and categorized as
volatile organic compounds (VOCs) [4]. VOCs can be divided according to the boiling
points at standard atmospheric pressure of 1 atm of their emissions. Thus, very volatile
organic compounds (VVOCs) show boiling points <100 ◦C, volatile organic compounds
(VOCs) are those with boiling points up to 250 ◦C, and semi-volatile organic compounds
(SVOCs) stand for boiling points >250 ◦C, up to 380–400 ◦C [5]. These substances can be
either present inside the materials as residues from their synthesis or otherwise can be
produced after chemical reactions (oxidations and other degradation processes). Some of
the most commonly reported VOCs that are detected inside museums are acetaldehyde,
formaldehyde, acetic acid, formic acid, and ammonia [6–10]. The control of VOCs inside
museums is one of the most effective preventive conservation methods [11], although it is
hard to achieve a delay of the more invasive techniques of conservation of artworks [12].
Museums trying to keep their environment stable use various porous materials in their
facilities and inside storage crates [8]. Currently, these materials are not so effective and
have a limited operational time.

Except for VOCs, mold and fungus growth is one of the least controllable parameters
that cause aesthetic and structural alterations to artworks and historical monuments [13].
The fungal contamination of art objects is mostly airborne, with significant seasonal varia-
tions. Water availability and high temperature are the most significant factors favoring mold
growth [14]. Aside from deteriorative fungi, which affect only the objects, pathogenic fungi
can cause health issues to people working with or visiting the contaminated objects [15].
The reason why the art objects are so appealing for fungal thriving is that artworks contain
a diversity of organic materials, namely proteinaceous materials (like eggs, bovine milk, an-
imal skin, and bones), polysaccharides, and oils, which in total, comprise the perfect source
of nutrients for microorganisms [16]. Within this context, easel paintings of Giorgio Martini
from the late nineteenth century showed the attack of different species of microorganisms
at different parts of the paintings [16]. For example, Cladosporium and Ulocladium species,
which produce cellulolytic enzymes, were responsible for the damage of canvas, and other
species like Aspergillus and Penicillium attacked the paint binder and caused chromatic alter-
ations and detachment of the support. Fabrics are another category that are mostly affected
by microorganisms. Fabrics consist mainly of fibers, and based on the origin of the fibers,
they can be divided into natural and chemical [17]. Plant fibers like cotton, linen, hemp, and
jute or animal fibers like wool, silk, or leather are considered natural, while chemical fibers
consist of modified natural or synthetic molecules like viscose, polyester, acryl, and PVC
based [18]. Some microorganisms that have been reported to colonize fabrics of significant
historical value are Arthrobacter, Microbispora, Sporocytophaga, Cellulomonas, Bacillus,
Cellvibrio, Clostridium, Cytophanga, Pseudomonas, Nocardia, Streptomyces, Aspergillus,
Chaetomium, Mnemoniella, Stachybotrys, Verticillium, Penicillium, Mucor, Trichoderma,
Myrothecium, Rhizopus, Alternaria, Fusarium, Aureobasidium, and Cladosporium [19].
Mold inside the museums can be prevented by complying with and following the revised
environmental guidelines that accept relative humidity between 40–60% for more sus-
tainable storage [20]. Also, conservators and mycologists should collaborate to establish
targeted detection and prevention practices for heritage repositories.
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Graphene-based aerogels have caught scientific attention for being highly effective
in VOC absorption [7–9]. Thanks to their unique structure and high surface area, such
materials have been used as superior absorbers of toxic pollutants [21]. Graphene is a
hydrophobic material, and its theoretical specific surface area is equal to 2600 m2/g [22].
Hence, it possesses remarkable adsorption ability for hydrophobic organic compounds and
can be exploited as an excellent absorber for air purification. The precursor material for
such structures is graphene oxide (GO), which is a sheet of graphene with carboxylic groups
at its edges and epoxide/phenolic hydroxyl groups on its basal plane. Reduced graphene
oxide (rGO) can be obtained after chemical treatment or thermal annealing, eliminating
such functional groups on GO [21]. Compared with GO, rGO can reach a higher absorption
capacity for aromatic pollutants thanks to its lower oxygen content, higher hydrophobicity,
and higher surface area. Chen et al. [23] examined the absorption of m-dinitrobenzene,
nitrobenzene, and p-nitrotoluene onto GO and rGO, showing that rGO nanosheets have
higher absorption capacities for nitroaromatic compounds. Apart from hydrophobicity, π–π
interactions also contribute to the strong adsorption of organic molecules onto graphene-
related materials [24]. Wang et al. [25] examined the adsorption of phenolic compounds on
rGO and concluded that the adsorption depends on π–π interactions between the aromatic
molecules and rGO. The degree of rGO reduction and the chemical structure of the phenols
can affect the π–π interactions.

Another category of two-dimensional materials in tandem with graphene is the
transition-metal dichalcogenides (TMDs), which are known to be able to adsorb envi-
ronmental pollutants [26–28]. The fascinating characteristics of the TMDs, like the layered
structure, tunable bandgap, and unique optical, thermal, and electrical properties, are the
main reasons why the potential of these two-dimensional materials is explored for pollu-
tion prevention [26]. Graphene can be combined with TMDs and create three-dimensional
macrostructures like aerogels with enhanced properties. The as-resultant structures are
usually named as ‘hybrid’ aerogels [8,29]. Worsley et al. [29] have reported molybdenum
disulfide (MoS2)/graphene aerogels with a high surface area of ~700 m2/g and an electrical
conductivity of 112 S/m. Also, Zhu et al. have explored graphene/MoS2 aerogels for the
absorption of water-soluble organic contaminants [30]. The 3.2 wt.% polydopamine addi-
tion resulted in a composite structure with small MoS2 nano-crystallites homogeneously
dispersed over the graphene surface without aggregation.

Ionic liquids (ILs) are a very interesting category of materials and consist of a discrete
cation and anion pair. The research on these salts with low melting temperatures was
intensified thanks to their tunable properties, high ionic conductivity [31], good thermal
stability [32], low flammability [33], negligible vapor pressure [34], and tunable polar-
ity and surface activity [35]. Regarding their biological activity, various ILs have been
studied as potential molecules for antitumoral [36] and antimicrobial agents, due to their
relatively low toxicity [37,38]. Such biological activity of the ILs strongly depends on
the charge, size, alkyl chain, electronegative group, charge distribution on the ions, and
small changes in the shape of covalent bonds with protein or micro-molecules interac-
tion, and their thermal properties as well [39–41]. In the case of the imidazolium ILs,
1-hexadecyl-3-methylimidazolium chloride (C16MImCl) has been identified as a strong
antimicrobial [37,38] and antitumoral agent [36]. The incorporation of this IL in mate-
rials represents an effective strategy for the preparation of biologically active materials,
including poly(L-lactide)- [42] and high-density polyethylene-based [43] biomaterials, and
calcium phosphate-based bionanocomposites [44]. The advantages of using ILs in such
processes can be listed as the following. (1) It is considered an easily applicable and cost-
efficient way to create tunable, diverse libraries of biologically active compounds with a
countless number of combinations of anions and cations. (2) ILs result in control of the
ion formation in a solution and the adjustment of the solvation properties in water and
biological fluids to provide a reliable solution for solubility and bioavailability. (3) Their hy-
drophobic/hydrophilic properties, nature of the ionic core, covalent/ionic binding, linker
size, and characteristics can be finely tuned via simple organic synthesis procedures. On
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the other hand, some challenges that are currently faced are the following. (1) Mechanisms
of action of many biologically active compounds with ionic nature are not well understood
and require further examination. (2) Systematic comparative studies on different types of
IL-based drug development systems have not yet been reported, since most of the reported
works focus on specific types of IL systems. (3) The relationship between the molecular
structure and nano-/microscale arrangement of molecular properties into self-organized
structures is at the first stages of understanding [45].

Our research consortium has recently reported on graphene-based aerogels with an IL
(C16MImCl) additive, exhibiting anti-fungal and VOC absorption properties [7]. Several IL
contents were evaluated, and the graphene aerogel containing 10 wt.% IL was found to
have the best anti-fungal activity, preventing the aerogel contamination with Aspergillus
niger. When exposed to a VOC-saturated micro-environment, this aerogel is highly suitable
for the absorption of acetaldehyde, formic acid, acetic acid, and formaldehyde. Since
the combined anti-fungal and VOC absorption properties are prerequisites for bringing
preventive conservation to a higher level, herein, graphene was combined with MoS2, tung-
sten disulfide (WS2), and C16MImCl to prepare ‘hybrid’ absorbent materials for enhanced
selective absorptions of pollutants that present, at the same time, anti-fungal activity. It is
strongly believed that, apart from the context of the preventive conservation of cultural
heritage, these results are of much general importance, including the chemical industry
and research laboratories.

2. Experimental Procedure

For the materials, an aqueous solution of GO was prepared by the modified Hum-
mer’s method [45,46] and was subsequently diluted in water to obtain a concentration
of 1 mg/mL. The commercial WS2 (Sigma-Aldrich, Steinheim, Germany, 2 μm, 99%) and
MoS2 (Sigma-Aldrich) powders were used as received. C16MImCl was synthesized as
described in the literature [47–49].

For the preparation of the ‘hybrid’ graphene—TMDs aerogels, the approach presented
by Hong et al. [50] for the simultaneous assembly and reduction of GO (the steps for
the synthesis of neat rGO aerogel are described in the Supplementary Materials) was
adapted. The freeze-drying technique was exploited for solvent sublimation and obtaining
the aerogels. Ethanol–water (50/50% w/w) solutions of 1 mg/mL of 2D material bulk
platelets (MoS2 and WS2) were prepared and bath-sonicated for 10 min. The GO solution
was mixed with one of the two 2D materials in contents of 90/10%, 70/30%, and 50/50%
w/w and stirred for 10 min, and then, the same steps were followed as for the preparation
of the neat GO (see Supplementary Materials). For the ‘hybrid’ aerogels with the IL additive,
at the stage of the reducing agents’ addition (H3PO2 and I2, see Supplementary Materials),
the amount of C16MImCl was added based on the IL:GO weight ratio of 1:10 w/w. The
as-prepared samples were correspondingly coded as rGO, rGO10IL, rGO10IL/MoS2, and
rGO10IL/WS2.

For scanning electron microscopy (SEM), SEM images were obtained using a LEO
SUPRA 35VP with a maximum resolution of 1.5 nm and 2 nm at high and low vacuum,
respectively.

For Raman spectroscopy, Raman spectra were collected using a Renishaw InVia Raman
Spectrometer with a 1200 grooves/mm grating for the 785 nm laser excitation and several
lenses, such as 20×, 50×, or 100×. The power of the laser beam was kept lower than 1 mW
to avoid heating of the specimens.

For the attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR), ATR-FTIR spectra were collected using a Nicolet iS50 spectrometer (Thermo Fisher,
Waltham, Massachusetts-United States) equipped with an ATR accessory. The measure-
ments were recorded using a germanium crystal cell using, typically, 32 scans at a resolution
of 4 cm−1. No ATR correction has been applied to the data. The range of wave numbers
within which the measurements were performed was equal to 450–1650 cm−1.
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For X-ray diffraction (XRD), a Bruker D8 Advance X-ray diffractometer was used
for performing the XRD measurements. The specimens were examined under ambient
conditions.

For X-ray photoelectron spectroscopy (XPS), the surface-analysis measurements were
performed in a UHV chamber (P ~5 × 10−10 mbar) equipped with a SPECS Phoibos
100-1D-DLD hemispherical electron analyzer and a non-monochromatized dual-anode
Mg/Al X-ray source for XPS. The XP Spectra were recorded with MgKa at 1253.6 eV photon
energy and an analyzer pass energy of 10 eV giving a full width at half maximum (FWHM)
of 0.85 eV for the Ag3d5/2 line. The analyzed area was a spot with a 3 mm diameter. The
atomic ratios were calculated from the intensity (peak area) of the XPS peaks weighted
with the corresponding relative sensitivity factors (RSF) derived from the Scofield cross-
section, taking into account the electron transport properties of the matrix (the inelastic
mean free path (IMFP). λi and the elastic-scattering correction factor Q depend mainly
on the corresponding electron kinetic energy (KE)) and the energy analyzer transmission
function. For spectra collection and treatment, including fitting, the software SpecsLab
Prodigy with version No 4.12.0r49869 (Specs GmbH, Berlin, Germany) was used. The XPS
peaks were deconvoluted with a sum of Gaussian–Lorenzian peaks after a Shirtey-type
background subtraction.

For the volatile organic compounds (VOCs) absorption tests, the gas absorption tests
were conducted under static conditions in a closed glass desiccator with an excess of pollu-
tant using a saturated vapor stream at room temperature (Figure S2A,B), as described also
in detail in the Supplementary Materials file. The absorption capacity [51] of the prepared
graphene aerogels was determined by calculating the percentage of weight change:

A% =
last weight measurement − initial weight measurement

initial weight measurement
× 100%

Since the graphene-based aerogels reached the saturation point in the volatile gas
absorption, which corresponds to the maximum weight change, the weight of the aerogels
was stabilized. For the establishment of a baseline for the saturation of the aerogels, after
two consequent gravimetric measurements similar to the maximum observed value, the
samples were considered saturated and were submitted to the regeneration process. The
regeneration was carried out by drying the absorber and removing the absorbed pollutant
above its boiling temperature. The regeneration of the hybrid aerogels after their saturation
in the VOCs absorbance was performed by heating them (60 ◦C) with a common electric
hair dryer for 24 h (Figure S2C), as published elsewhere [52]. Alternatively, overnight
drying at 120 ◦C in an oven with a vacuum can be also efficiently used. All samples were
tested for three absorption–desorption cycles.

For the anti-fungal tests, these tests were conducted in triplicate, placing the aerogels
in Petri dishes with a malt agar extract as the culture medium, followed by incubation
in the dark at 25 ◦C. Finally, the fungal growth and, thus, the percentage of Petri dishes
colonized by Aspergillus niger were verified after 24 h and quantified by image analysis
using ImageJ software with version No 1.8.0.

3. Results and Discussion

The two-dimensional materials were kept in bulk form to maintain their ability to trap
gaseous pollutants [53], avoiding also the elevated cost of the exfoliation process. Ethanol
was added to ensure a good dispersion of the bulk 2D materials, which also significantly
stabilized the solutions. It is reported elsewhere that a mixture of 50/50% w/w of ethanol–
water results in good dispersion of two-dimensional nanosheets and that ethanol can be
removed from hydrogels during the freeze-drying process [53,54]. When only water was
used, the platelets tended to separate from the solution, and even though gelation still
occurred, there was a non-uniform distribution of the platelets in the formed aerogels. The
density of the prepared aerogels was found to lie in the range of 13.9–23.4 mg/cm3, which
is within the desirable range of values, without significant variation between samples. In
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fact, these values (less than 30 mg/cm3) are a prerequisite for classifying the 3D porous
structure as an aerogel [30].

Since the 2D materials do not contain reactive groups on their surfaces, they were
randomly dispersed in the starting GO solution. During the formation of the conjugated
network of rGO sheets, the bulk nanosheets of 2D materials got wrapped in the 3D rGO
structure, which served as a rigid template for the final 3D porous hydrogel [8]. The result
was a 3D rGO foam with two-dimensional nanosheets randomly attached to its pores, as
shown in the SEM images of the produced samples. To examine the size and structure of
the pores of the prepared aerogels, SEM images for all the IL-free samples with various
mixed ratios were also acquired (Figure 1). The platelets of the 2D materials are clearly
distinguished and seem to be either attached to the surface of the rGO layers or wrapped
around them, creating a robust macro-scale interconnected porous network. Also, the
magnitude of the pores tended to increase for the samples with a higher content of the
nanosheets, and the prepared aerogels are considered mainly macro-porous structures
(because the size of pores exceeded 50 nm). Also, some meso-pores [55] are detectable.
It is known that the porosity of carbon aerogels can be controlled by the size and shape
of the sheets and the concentration of the precursor GO solution [56]. Since the same
GO stock solution was used for the preparation of all the samples, this observation can
be explained by considering the concentration of the initial GO solutions for each set of
aerogels (90/10, 70/30, and 50/50 rGO/nanosheets). In the preparation of the pure rGO
aerogel, the concentration of the used GO was 1 mg/L, while for the rGO/TMD hybrids,
the concentration of GO was lower. Even though the starting GO solution for hybrid
aerogels had lower GO content, the final volume of these aerogels was the same as that of
the neat rGO [8], which means that the porous network inside them should be less dense.

 

Figure 1. SEM images of rGO/MoS2 50/50 (A,B) and rGO/WS2 50/50 (C,D) aerogels with different
scale bars. The yellow arrows point to flakes of MoS2 or WS2, correspondingly.

The survey XPS scan (Figure 2) of the rGO/MoS2 50/50 aerogel showed, except for
the signals of the C, O, and P atoms related to rGO, a spin-orbit doublet at 229.2 eV
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(Mo3d5/2) and 232.4 eV (Mo3d3/2), which is attributed to the Mo4+ of MoS2. Furthermore,
two S2p peaks at 162.2 eV (S2p3/2) and 163.3 eV (S2p1/2) were observed, assigned to S2− of
MoS2 [29]. The XPS survey spectrum of the rGO/WS2 50/50 aerogel (Figure 3) demonstrated
the coexistence of C, O, W, and S atoms. The binding energy of the S2p peak due to S2−
appears at 162.2 eV and 163.4 eV, corresponding to S2p3/2 and S2p1/2, while W4f7/2 and
W4f5/2 are observed at 32.5 eV and 34.7 eV, respectively, indicating the existence of W4+

in WS2 [57]. The sulfur-to-tungsten ratio was calculated to be 2.2, which is slightly S-rich.
Additionally, to find the reduction level of the hybrid aerogels with TMDs and compare it
to the reduction level in the pure rGO sample, the C:O atomic ratio was calculated for each
specimen, subtracting the oxygen concentration due to the presence of P2O5 (resulting from
the addition of hypophosphorous acid (H3PO2), see Supplementary Materials). These levels
were equal to 10.4 and 8.3 for the rGO/MoS2 and rGO/WS2 samples, respectively. The
calculated C:O ratio indicates that the higher the percentage of two-dimensional material
contained in a sample, the lower its reduction level. This observation was further assessed
by Raman measurements, which are presented below.

 
Figure 2. (A) XPS survey scan of the rGO/MoS2 50/50 hybrid aerogel. Deconvolution of its
C1s (B) and O1s (C) peaks. XPS peaks attributed to its Mo4+ of MoS2 (D) and S2− of MoS2 (E).
(F) Percentages of C1s components derived from the C1s peak deconvolution and relative atomic ratio
C:O:TMD:S of this hybrid aerogel.
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Figure 3. (A) XPS survey scan of the rGO/WS2 50/50 hybrid aerogel. Deconvolution of its C1s (B) and
O1s (C) peaks. XPS peaks attributed to its W4+ of WS2 (D) and S2− of WS2 (E). (F) Percentages of C1s
components derived from the C1s peak deconvolution and relative atomic ratio C:O:TMD:S of this
hybrid aerogel.

Figure 4 shows the results of XRD and Raman measurements for the hybrid samples.
Both analyses proved the presence of rGO and TMDs in the hybrid aerogels. The XRD
plot of a neat rGO aerogel shows a broad peak at 2θ = 26◦, which corresponds to the (002)
plane of graphite [58]. For the rGO/TMD 50/50 hybrid aerogels, the obtained XRD spectra
confirm the crystalline nature of MoS2 and WS2 [56,58], and a lower reduction level of
GO as the peak of rGO shifted to lower 2θ values compared with the 26◦ of neat rGO [59].
The Raman spectra of a neat rGO aerogel comprise several frequency bands, each one
assigned to a specific structural configuration [60]. For the main Raman peak, the so-called
G peak is located at ~1590 cm−1 and is related to the E2g mode that corresponds to the
in-plane stretching of C=C bonds [61]. Another prominent Raman peak that has been
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associated with the presence of disorder has been termed the D peak, and it is present
at about 1356 cm−1. It corresponds to a breathing vibrational mode, and its intensity is
associated with the number of lattice defects or discontinuities, such as flake edges [51,61].
The two main Raman peaks of GO, G and D, are very sensitive to small sp3/sp2 ratio
changes. Also, the intensity ratio of these two peaks ID/G is correlated to the changes in the
sp3/sp2 ratio and can be used to confirm the reduction of GO. From the calculated ratio
of D/G peaks, it is evident that the highest reduction occurred in the neat rGO aerogel,
while the lowest ones occurred in hybrid aerogels with the highest 2D materials content.
The main Raman peaks found for the MoS2 aerogel, except the peaks of rGO, are those at
408 cm−1 (first-order mode A1g) and 373 cm−1 (second-order mode E2g), and for the WS2

aerogel, there are those at 420 cm−1 and 355 cm−1 [62,63]. These peaks’ positions are in
good agreement with similar values from the literature for nanoparticles that are composed
of multiple layers [29].

 

Figure 4. XRD and Raman spectra for the rGO/MoS2 50/50 (A,C) and rGO/WS2 50/50 (B,D) aerogels.
The characteristic peaks of the 2D materials are highlighted in the Raman spectra.

For the hybrid aerogels (rGO/MoS2 50/50 and rGO/WS2 50/50) with the IL additive,
the SEM, XRD, and Raman measurements showed no significant differences in comparison
with the samples without IL. The XPS measurement on an rGO/IL aerogel, prepared
under the same conditions but without TMD, detected the existence of nitrogen (N) with a
calculated atomic concentration (%) equal to 2.62 (Figures S3 and S4, Table S1).

VOCs Absorption

The prepared hybrid aerogels were tested for sorption of formaldehyde (CH2O), acetic
acid (CH3COOH), formic acid (CH2O2), acetaldehyde (CH3CHO), and ammonia (NH3), as
well as water vapor (humidity), which are the most common pollutants in places where
artworks are exhibited.

The regeneration ability was examined, while the significance of this process lies in the
necessity of recyclability of the 3D material from an environmental, economic, and practical
perspective. Ideally, absorbent material is desired to maintain its absorption ability after
many regeneration cycles. From the absorption results summarized in Figures 5 and 6, the
incorporation of TMDs in rGO aerogels favored the selective absorption of ammonia, while
the absorption capacity increased with increasing TMD content. Thus, the most efficient
ammonia absorbers were the hybrid aerogels with the highest amount of MoS2 and WS2,
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namely the 50/50 samples. For the assessment that the higher increase in weight of the
samples with TMDs was not due to enhanced humidity absorption, similar sets of samples
were tested under 55% RH (inside a desiccator with a saturated aqueous salt solution [64]),
and did not show any weight increase. This means that the weight increase of the aerogels
was caused only by ammonia sorption. Meanwhile, for the cases of formaldehyde, acetic
acid, formic acid, and acetaldehyde, the opposite trend was observed for the aerogels
containing MoS2, with the rGO/MoS2 90/10 sample being the most efficient absorber. At
the same time, the hybrid aerogels with WS2 showed a dramatic decrease in absorption
capacity for the examined VOCs (apart from ammonia), particularly for the 50/50 sample,
and a 40% decrease for both formaldehyde and acetic acid was recorded. An important
note is that the humidity absorption at 75% RH was insignificant, in the range of 4–6%,
while at 99% RH, the absorption capacity was decreasing with the increasing TMD content
(rGO/MoS2 90/10: 32.4%, rGO/MoS2 70/30: 22.2%, rGO/MoS2 50/50: 6.7%, GO/WS2 90/10:
31.8%, rGO/WS2 70/30: 16.6%, and rGO/WS2 50/50: 5.6%, compared with the neat rGO
aerogel). This behavior can be ascribed to the hydrophobic nature of TMDs. As a result,
water molecules are physiosorbed with a low degree of charge transfer on TMDs [65].
When the performance of the proposed ‘hybrid’ aerogels of this study is compared with the
corresponding ones of neat rGO aerogels (Figure S5) [7], the absorbance values are found
to be two-to-three (2–3) times lower on average for all the examined VOCs, apart from
ammonia. For the case of ammonia, the neat rGO aerogel shows an absorption of only
84% (Figure S5), while the corresponding values for rGO/MoS2 and rGO/WS2 are equal to
273% and 232%. This difference of one order of magnitude in the absorption performance
reveals the selectivity for ammonia of the ‘hybrid’ aerogels.

There is extended research on ammonia detection using TMDs, so their selective
absorption of ammonia after incorporation in rGO aerogels was maintained [64,65]. In the
case of neat rGO aerogels, the absorption of ammonia takes place only on oxygen-containing
functional groups, such as epoxy and hydroxyl, through hydrogen bonding [66,67], while
when adding MoS2 and WS2 into the rGO structure, practically active adsorbing sites with
selectivity to ammonia are added [68–70]. Owing to the existence of a lone pair of electrons,
ammonia behaves as a charge donor to provide electrons to get physiosorbed on TMDs.
Due to the strong electronegativity of the elemental sulfur layer of the TMD layers, NH3
molecules are easily adsorbed to the edge sites of the few-layered and bulk TMDs and
transfer electrons to the TMD layers to form NH4

+. Thus, NH4
+ ions adhere to the edges of

two adjacent elemental sulfur layers and expand the interlayer space. Subsequently, more
NH3 molecules enter deeper inside, expand the interlayer space, and eventually fill the
entire interlayer space [64,65,71–73]. Another observation from the absorption-capacity
results (Figures 5 and 6) is that MoS2 samples exhibited higher ammonia absorption relative
to the WS2 samples. This can be related to the larger radius of W4+ in WS2, resulting in a
weaker bonding ability to ammonia than for Mo4+ in MoS2, which is also supported by the
calculated absorption energy for ammonia of −216 eV for WS2 and −250 eV for MoS2. That
practically means that the desorption of ammonia from WS2 becomes easier compared to
that from MoS2 at room temperature. This phenomenon also has been found to contribute
to the better recovery feature of the WS2-based ammonia sensors, when compared to the
MoS2 ones [53].

Regarding the other VOCs, the addition of TMDs into rGO aerogels resulted in lower
absorption capacities, which has been also reported elsewhere [53]. TMDs cannot interact
with VOCs through π–π stacking or hydrogen bonding, but only via electrostatic attraction
forces. The flakes of TMDs (p-type), which were dispersed in the three-dimensional pores
of rGO aerogels, interact with some active adsorption sites, oxygen-containing groups
(n-type), and form p–n junctions, leading to less active sites of rGO aerogels for absorbing
VOCs. Furthermore, the TMDs are hydrophobic, especially tungsten disulfide, and this
is not favorable for attracting molecules of formaldehyde, formic acid, acetic acid, and
acetaldehyde. Despite this drawback, there is a positive aspect to the absorption of formic
acid under high RH. As the hydrophobicity of TMDs disfavors the competitive adsorption
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of water molecules, the hybrid aerogels favor the absorption of formic acid molecules. The
hybrid aerogels with TMDs maintained similar absorption capacities of ammonia through
all the absorption–desorption cycles (Figures 5 and 6). This behavior can be attributed to
the reversible interaction of ammonia with TMDs. Moreover, Raman spectroscopy revealed
that ammonia promoted a further reduction of the hybrid aerogels with TMDs, which did
not occur with the other examined VOCs. More specifically for the rGO/WS2 50/50 aerogel,
the ratio of the intensities of characteristic D and G peaks was increased from 1.01 ± 0.06 to
1.05 ± 0.016. A red shift of the G peak was detected from 1591 cm−1 to 1587 cm−1, proving
the further reduction of rGO/TMDs aerogels. Contrarily, the absorption capacities and
saturation times of formaldehyde decreased after regeneration. This can be justified by the
fact that TMDs do not exhibit selective adsorption of formaldehyde, so all the formaldehyde
molecules were attached to rGO active sites, leading to degradation. Meanwhile, the
acquired Raman spectra detected no further reduction of rGO.

Figure 5. Maximum absorption capacities of rGO/MoS2 aerogels for three absorption-desorption
cycles with VOCs.

 

Figure 6. Maximum absorption capacities of rGO/WS2 aerogels for three absorption–desorption
cycles with VOCs.
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Although TMDs are prone to oxidation, WS2 is considered to be more stable than MoS2.
When water and pollutant molecules are physiosorbed on TMDs, they can be transformed
into semiconducting metal oxides (MoO3, WO3). Yet, they maintain their sensing and
selectivity properties [68]. In the case of acetic acid, some fluctuations of the acquired data
were observed, and these can be attributed to slight oxidation after exposure to the acid,
as shown from Raman measurements. Regarding the saturation time of the samples, in
general, the trend remained the same for all the VOCs except ammonia, which showed
better performance.

As shown in Figures 7 and 8, the addition of the IL (10% w/w related to GO) resulted
in increased absorption capacities for all examined VOCs. ILs have been reported to
exhibit remarkable affinities for VOCs [74]. C16MImCl should have induced a significant
increase in hydrophobicity, enhancing the surface potential of the GA-based surfaces [75]
and turning the interaction with the VOC molecules stronger [76]. Furthermore, such IL
favors the formation of strong hydrogen bonds with VOCs [77]. According to molecular
interactions between the VOCs and the ions of the ILs, the VOCs do have preferential
adsorption near the IL interfacial region compared to the bulk region [78]. The VOC
molecules have been reported to prefer to reside near the IL/VOC interface, while, also, the
longer the length of alkyl substituents of the imidazolium cation is, the higher the solubility
of VOCs in ILs [79]. Acetaldehyde was absorbed the most, and this could be attributed to
its high volatility, which depends on its boiling point and saturation vapor pressure [80].
In addition, for acetaldehyde, there is a synergistic action of dipole–dipole and hydrogen
bonding interactions with the GA surface [81].

Even though some of the aerogels showed lower performances after the first absorption–
desorption cycle, the samples exhibited significantly higher absorption capacities than
the other relevant reported materials [8]. Similar experiments have been performed for
testing reduced graphene oxide-based porous materials as gas absorbers for various VOCs,
including benzene, toluene, carbon dioxide, ammonia, acetic acid, and formaldehyde [8]. In
addition to rGO aerogels, various other materials have been studied as pollutant removers,
ranging from activated carbons to zeolites and from metal–organic frameworks (MOFs)
to hyper-crosslinked polymeric resins (HPRs). Thanks to their large surface areas, these
porous materials are capable of trapping volatile pollutants either by physical or chemical
absorption [81,82]. Nevertheless, several drawbacks of commercially available porous
materials have been discovered when it comes to VOC removal. For example, activated
carbon cannot capture VOCs with low molecular weight like formaldehyde, and other
materials may not be effective in capturing polar VOCs like ammonia [83]. Hence, the
selectivity, as well as the reusability of these materials, needs improvement. Also, the
manufacturing costs of the materials play a crucial role. In fact, to make the materials
attractive for practical applications in museums and art galleries, where the real needs are,
for thousands of display cases or storage boxes, the production costs should be as low as
possible. Activated carbons, natural porous materials, and natural zeolites represent reason-
able compromises between production costs and environmental impact. Indeed, activated
carbons have tremendous potential thanks to their low manufacturing costs and thanks
to the biomass nature of the raw materials, which could be coconut shells, walnut shells,
woods, and many more. Also, some natural porous materials, such as diatomite, stellerite,
and vitric tuff, have low environmental impact and could be used as VOC removers after
easy activation steps. Despite this, both natural porous materials and activated carbons
have low VOC absorption capacities, and even more importantly, their powdered nature
makes their practical usage extremely limited (e. g. they need filters, boxes, etc.).

Some of the most common commercial absorbent materials were used for the bench-
marking study, like activated carbon, silica gel, and polyurethane. These materials were
dried and placed inside the desiccators with the same VOCs, and the calculated absorption
capacities and kinetics are presented in Figure S6. This confirmed that commercial ab-
sorbent materials exhibit significantly lower absorption performance than graphene-based
aerogels without any particular selectivity. Comparing the best commercial absorbent with
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the best aerogel sample for each examined VOC, the rGO/MoS2 and rGO/WS2 50/50 sam-
ples showed about 530% more weight increase for ammonia absorption than polyurethane.
Also, it is worth mentioning that the superior performance of the presented materials was
achieved by using much less weight (a few milligrams) compared with the commercial
absorbents (a few grams). Additionally, the commercial materials were tested for humidity
absorption under the same RH conditions to examine whether their weight increase was
due to water or VOC absorption. For 55% RH, polyurethane absorbed significantly less
humidity than activated carbon and silica gel. So, it can be concluded that polyurethane
has good selectivity for ammonia and acetic acid over water molecules. In the case of 75%
RH, polyurethane again exhibited significant selectivity for formaldehyde absorption over
humidity, contrary to activated carbon and silica gel. Finally, for 99% RH, none of the com-
mercial absorbents had selectivity for formic acid absorption over humidity. Thus, it can be
also deduced that the detected weight increase of the examined commercial materials after
exposure to formic acid was entirely because of humidity absorption. As a consequence,
this benchmarking study showed that the graphene/TMDs-based aerogels exhibit superior
absorption properties and gas selectivity compared to the available commercial products.

 

Figure 7. Effect of the IL on the maximum absorption capacities of rGO/MoS2 50/50 aerogels.

 

Figure 8. Effect of the IL on the maximum absorption capacities of rGO/WS2 50/50 aerogels.

The as-prepared ‘hybrid’ aerogels (without the addition of the IL) were put into
the absorption system to investigate their interactions with VOCs by FTIR analysis, as
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described in the experimental procedure and in a previous work [7], followed by desorption
treatments to remove the physiosorbed pollutants and evaluate their ability to capture
VOCs with a stable interaction. Representative results of the absorption tests after VOC
treatments are reported in Figure 9A for rGO/WS2 50/50 and in Figure 9B for rGO/MoS2
50/50. For all the rGO/TMD aerogels (untreated = UTT and treated = TT), there are
three important bands of the oxygen-containing epoxide functional group at ~1154 cm−1

(C-O-C stretching peak), ~1000 cm−1 (C-O-H deformation peak), and ~800 cm−1 (C-OH
stretching peak). The band at 1567 cm−1 is attributed to the C=C skeletal vibration of
rGO/TMD [84]. Additionally, an extra peak emerged at ~470 cm−1, which is characteristic
of the Mo-S stretching mode of vibration, confirming the successful incorporation of MoS2
in the rGO/TMD (identified with a red star in Figure 9B) [85].

 

Figure 9. FTIR spectra of rGO/TMD ((A) for rGO/WS2 50/50 and (B) for rGO/MoS2 50/50) af-
ter absorption tests with acetic acid (gold line), acetaldehyde (blue line), formic acid (pink line),
formaldehyde (olive line), and ammonia (orange line). The spectra of aerogels as prepared (UTT),
after exposure to the pollutant for 168 h (TT), and after the desorption test are compared.

The doping of rGO aerogels with TMD nanosheets (MoS2 or WS2) introduced TMD-
originated acidic centers and resulted in rGO with a higher content of functional groups due
to a lower degree of reduction. As a consequence, the surfaces of these materials became
more sensitive and selective to the attachment of ammonia molecules, which was shown
in the absorption-capacity experiments (Figure 5 for rGO/MoS2 aerogels and Figure 6 for
rGO/WS2 aerogels). The FTIR spectra acquired after the exposure of rGO/TMD aerogels
to ammonia show the ability to capture this VOC with a stable interaction. The most visible
band at 1440 cm−1 can be attributed to the characteristic NH deformation vibration of
NH4

+ (identified with an orange star for rGO/TMDs TT) [86]. The formation of NH4
+

was due to ammonia hydrolysis in contact with atmospheric or adsorbed water molecules.
For all the tested VOCs, the FTIR spectra of the rGO/TMD aerogels exposed to a VOC
show changes compared with the spectra of their untreated equivalents. This confirms
the occurrence of chemical changes in the surfaces of these aerogels after treatments with
VOCs.

The antifungal properties of rGO and rGO-based hybrid aerogels have been inves-
tigated by evaluating their capacity to inhibit the proliferation of Aspergillus niger. This
fungus was selected as a model microorganism, representative of those commonly detected
in museums [87]. In particular, the effect of TMDs (MoS2 and WS2) on the antifungal
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properties of rGO aerogels (rGO/TMDs 50/50), without or with the IL, was studied. This
was evaluated by the ability of these aerogels to inhibit fungal growth in the surrounding
environment. The results reported in the following Table 1 show that the addition of
10 wt.% of IL improved the antifungal property of the rGO aerogel, significantly reducing
the average percentage of the Petri dish covered by the fungus, which was demonstrated
in our previous work [7]. By embodying a TMD (MoS2 or WS2) in the aerogels with the IL
additive, increased surface areas of the Petri dishes were covered by the fungus, although
an inhibition effect was maintained. The results presented in Figure 10 show that all the
aerogels were able to inhibit the fungal growth in the culture medium. Representative
pictures of the Petri dishes after 24 h of incubation are shown in Figure 11, visualizing
the inhibition effect of the different formulations. The obtained results clearly indicate the
positive effect of IL. Although this effect was partially lost by the incorporation of a TMD
(likely the result of a strong interaction between the TMD and the IL), it is worth noting that
all rGO-based aerogels considered in this study were effective in preserving, to varying
degrees, their surfaces and surroundings from fungal attack. The latter properties were
mainly improved through the addition of IL.

Table 1. Percentage of Petri dish surface covered by the fungus.

Average % St.D.

rGO 52.27 34.20
rGO + IL 10% 26.56 22.48

rGO/WS2 + IL 10% 79.28 5.29
rGO/MoS2 + IL 10% 72.93 6.50

 

Figure 10. Graph of the percentage of the Petri dishes colonized by the fungus.

Figure 11. Representative pictures of the Petri dishes colonized by the fungus Aspergillus niger in the
presence of (a) rGO, (b) rGO + IL 10%, (c) rGO/WS2 + IL 10%, and (d) rGO/MoS2 + IL 10% aerogels.
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4. Conclusions

In conclusion, macroporous rGO/TMD (MoS2 or WS2) hybrid aerogels, without or
with the IL C16MImCl, were successfully prepared through freeze-drying as novel absorbers
of VOCs with antifungal properties. These materials can be created with varying content
of the examined TMDs in the rGO backbone, specifically 90/10, 70/30, and 50/50% w/w
(TMD/starting GO). For the rGO/TMDs 50/50 samples, SEM confirmed the macroporosity
with clearly shown TMD crystals, while with the assistance of XPS, XRD, and Raman
spectroscopy, the characteristic peaks of the TMDs were detected, except the already shown
ones of the rGO. All hybrids showed high absorption rates with ammonia, formic acid,
acetic acid, formaldehyde, and acetaldehyde, which was absorbed the most, exceeding the
corresponding performances of other benchmark products, like activated carbon, silica
gel, and polyurethane. As these superior performances were maintained in three cycles
of absorption–desorption tests, these hybrids can be effectively reused after a simple
drying process. The addition of a TMD enhanced the absorption of ammonia, providing
materials for the selective absorption of ammonia with the rGO/TMDs 50/50 exhibiting
the highest performance. When the rGO/MoS2 structure is compared with the rGO/WS2
one, the absorption of ammonia for the first structure is clearly higher than the latter one.
FTIR spectroscopy was also used for the detection of the absorption of all the examined
pollutants, while especially for ammonia, a stable interaction was deduced. Especially
after the ammonia absorption, the most visible band at 1440 cm−1 was attributed to the
characteristic NH deformation vibration of NH4

+. The formation of NH4
+ was due to

ammonia hydrolysis in contact with atmospheric or adsorbed water molecules. This
finding confirms the occurrence of chemical changes in the surfaces of these aerogels after
the treatment with this VOC, rendering a spectroscopic proof of their absorbing ability.
C16MImCl as an additive potentialized the absorption ability for all the examined VOCs,
without altering the previously-reported selectivity, and the anti-fungal activity against
the fungus Aspergillus niger, which is a model microorganism and representative of those
commonly detected in museums, galleries, private collections, et al. This anti-fungal
intrinsic property was evaluated by the ability of these materials to inhibit fungal growth
in their surrounding environment. From the results, it is shown that the incorporation of
TMDs in the aerogels with IL additive increased the surface areas of the Petri dishes that
were covered by the fungus, but a significant inhibition effect was maintained. All examined
formulations were able to inhibit fungal growth in the culture medium, indicating, thus,
the positive effect of IL. All the aforementioned findings turn these hybrid aerogels into
promising tools for the preventive conservation of cultural heritage.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ma17133174/s1, Figure S1: Schematic representation of the experimental
process of rGO aerogels production. Figure S2: (A,B) Experimental set-up for the measurement of
VOCs absorption from the prepared graphene aerogels. (C) Regeneration of aerogels using an electric
hairdryer. Figure S3: XPS Survey Scan of sample. Figure S4: XPS Deconvoluted C1s of sample. Figure
S5: VOCs absorption results for neat rGO aerogel sample. Figure S6: (A) Maximum absorption capacity
of commercial absorption materials (activated carbon, silica gel and polyurethane) for the examined
VOCs. (B–E) Kinetics of absorption of commercial absorption materials for the examined VOCs; Table S1:
Quantification, Table S2: Maximum absorption capacity of commercial absorption materials (activated
carbon, silica gel and polyurethane) for the examined VOCs, Table S3: Maximum absorption capacity of
commercial absorption materials (activated carbon, silica gel and polyurethane) for the examined RH
conditions. References [46,47,88–96] are cited in the Supplementary Materials.
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Abstract: Aim: the aim of the work was to present the changes occurring on the model and historical
cotton surface of cotton resulting from disinfection with 90% ethanol mist. Materials and methods:
Samples of historical materials consisted of fabric elements from suitcases stored in A-BSM. A mist of
90% ethanol was applied for 15 s at a distance of 16 cm from the surface. The spectra of cotton samples
before and after ethanol application were recorded using Fourier transform infrared spectroscopy
(FTIR-ATR). Analyses of the surface layers were performed using X-ray photoelectron spectroscopy
(XPS). Results: the decontamination performed did not show any significant differences in the
chemical composition and surface structure of cotton before and after the use of 90% ethanol mist.
Conclusions: Ethanol mist, which eliminates microorganisms from the historical surface, does not
cause significant changes to the surface of historical objects.

Keywords: ethanol mist; disinfection; microorganisms; FTIR; XPS

1. Introduction

Preserving cultural heritage for years is very important for a country like Poland. The
state of preservation of historical objects depends on the protection works, among others:
disinfection that protects against biodeterioration.

KL Auschwitz was the largest concentration camp and extermination center estab-
lished by Nazi Germany during World War II on the outskirts of Oświęcim in occupied
Poland. Auschwitz was originally intended to serve as concentration camp and a place
of slow death for Polish political prisoners and other Poles. In later years, however, it
gradually became the main center of mass extermination of European Jews and the largest
concentration camp for prisoners of other nationalities from almost all of Europe. KL
Auschwitz is currently the most recognizable symbol of terror, genocide, and the Shoah.

A total of at least 1,300,000 people were deported to Auschwitz; 1,000,000 of them
died [1].
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After the Second World War, following the liberation, the Auschwitz-Birkenau State
Museum in Oświęcim (A-BSM) was established at the site of the former concentration
camp, focusing on preserving the remnants of the Auschwitz-Birkenau Konzentrationslager.
During the museum’s formation, everything found within the area of the former camp
structure was secured to the best extent possible, laying the foundation for the museum’s
collection. Personal items discovered after liberation often serve as the sole testament to
the presence of individuals deported to KL Auschwitz. A significant part of these objects,
known as looted property, comprises items containing fabric in their composition. These
include, among others: clothing, shoes, prosthetics, belts, and suitcases. The presence of
fabric in individual objects varies. Objects can be entirely made of fabric, while others
incorporate fabric as one of several materials used in their creation (Figure 1).

 

Figure 1. Cotton objects from the collections of the Auschwitz-Birkenau State Museum in Oświęcim.
A child’s carriage with elements made of cotton fabric (a), and objects entirely made of cotton: a
child’s dress (b), and a prisoner’s camp number patch (c).

A significant part of the collection is in poor condition, primarily due to the prolonged
use of items and the way they were treated after confiscation in the camp. They were often
piled in large heaps in front of warehouse buildings, directly on the ground. Additional
damage occurred during the searching process after returning them to their owners, leading
to numerous instances of mechanical destruction.

The main conservation efforts at A-BSM regarding textile objects focus on appropriate
prevention, ensuring optimal storage and exhibition conditions, including microbiological
cleanliness. In order to minimize the potential spread of microorganisms, suitable decon-
tamination techniques are sought. A-BSM is testing various disinfection techniques for
historical objects using different methods and biocidal substances. The primary goal of
these investigations is to eliminate microorganisms harmful to human health and those
acting destructively on surfaces isolated from historical objects stored in the Collection
Department. This is crucial for the preservation of cultural heritage, as confirmed by
numerous studies on the biodegradation of cultural heritage [2–5].

The species composition of microorganisms varies depending on the material they
inhabit. The microbiome composition is largely determined by the type of substance
covering the historical material. Therefore, in the field of museology, constant efforts are
made to find new disinfection methods. In each case, the biocidal effectiveness of a method
depends on the properties of the disinfected surface material. Often, disinfection methods
are adapted from the medical field, where they were applied to abiotic surfaces [6].

Microbiological studies conducted in museums worldwide and at A-BSM have re-
vealed the presence of various types of bacteria on the surfaces of textiles. One frequently
encountered type is the spore-forming Bacillus sp. with cellulolytic potential [1,7,8].

These rods can be harmful to historical objects, and also exhibit pathogenic potential.
B. cereus is a common cause of acute food poisoning and post-traumatic eye infections, while
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B. subtilis has been isolated from individuals with bacteremia, endocarditis, pneumonia,
and sepsis [9,10].

On the surface of historical textiles at A-BSM, 12 species of fungi were detected,
including Aspergillus flavus and Aspergillus niger [11].

A. flavus is the main etiological agent of allergic bronchopulmonary aspergillosis
and lung infections. It has also been linked to infections of the ear canal, pulmonary
aspergillosis, and other localized aspergillosis [12,13].

The elimination of A. flavus from the museum environment is essential because,
under favorable conditions, this fungus produces aflatoxins in large quantities, which are
hepatotoxic and carcinogenic [14].

A. niger, when detected on objects, is responsible for infections of the middle and
external ear, as well as nail fungus. It causes invasive pulmonary aspergillosis, and certain
strains can lead to subcutaneous infections [15,16].

Fungi isolated from the museum environment can, under favorable conditions, pro-
duce toxic aflatoxins and ochratoxins, like other mycotoxins, posing health risks [17].

A. niger is highly pervasive and invasive, posing a threat not only to humans but
also to historical objects. Even one colony of this fungus detected on an object at A-BSM
qualifies the object for comprehensive disinfection.

Given that potentially harmful microorganisms are isolated in museum environments,
A-BSM tested the biocidal effectiveness of vaporized hydrogen peroxide (VHP), ethylene
oxide (EtO), and diode laser. Each of these techniques is dedicated to different types of
objects. VHP and EtO are used for comprehensive disinfection of large object surfaces
through fogging [11].

A diode laser was tested for the elimination of microorganisms on the surfaces of
historical textiles appearing as very small spots [18].

Research conducted currently at A-BSM focuses on adapting the ethanol mist disin-
fection method to surfaces of approximately 1 m or slightly larger, which is the subject
of this study. To eliminate fungi and bacteria with potential pathogenic and cellulolytic
capabilities, 90% ethanol mist has been applied. Wawrzyk et al., presented the results of
microbiological studies, confirming the biocidal effectiveness of the method. The reduction
of most microorganisms was over 99% [19].

To confirm that ethanol mist does not have a harmful effect on the fibers of historical
fabric, the authors conducted scanning electron microscopy (SEM) tests, which did not
show any significant, visible changes on the surface after the use of ethanol mist [19].

In the case of employing innovative techniques or using a biocidal agent different
from the traditional one, the composition and structure of the disinfected material should
not undergo adverse changes. The authors also presented results from Scanning Electron
Microscopy (SEM), which did not reveal significant, visible changes on the surface after the
application of ethanol mist [19].

For a more detailed analysis of the impact of ethanol mist on the chemical properties
of historical materials’ surfaces, Fourier-Transform Infrared Spectroscopy (FTIR) analysis
was conducted before and after the decontamination process. FTIR is successfully used for
analyzing textile surfaces, as confirmed by researchers [20].

It has also been applied to analyze historical paper [21].
In A-BSM, this research technique has been previously used for the analysis of textiles,

leather, and materials based on cellulose nitrate [18].
Researchers also recommend this technique for archaeological textile studies because

it is non-invasive and non-destructive [22].
To further assess the potential impact of ethanol mist on the near-surface layer at

PMA-B, X-ray photoelectron spectroscopy (XPS) studies were conducted, allowing for the
capture of changes up to a depth of 2–3 nm. XPS is successfully utilized for studying both
biotic and abiotic surfaces [23].

Topalovic applied XPS to determine chemical changes occurring on the surface of
cotton due to bleaching, explaining the correlation between the increase in the capillary
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constant and the removal of non-cellulosic impurities characterized by the C1 component
in the C1s XPS spectrum [24].

XPS has also been used for the analysis and conservation studies of artistic emulsion
acrylic paints [25].

In A-BSM and other museums, it is extremely important to eliminate from the envi-
ronment microorganisms that are potentially harmful to human health and those that may
contribute to the biodegradation of objects.

Therefore, the aim of the work is to analyze, using highly specialized methods, the
potential impact of 90% ethanol mist on the chemical changes that may occur on the surfaces
of highly degraded historic materials.

2. Materials and Methods

2.1. Research Objects

The surfaces of both the model and historical materials underwent Fourier-Transform
Infrared Spectroscopy (FTIR Thermo Fisher Scientific, 168 Third Avenue Waltham, MA,
USA, 02451) and X-ray photoelectron spectroscopy (XPS, 100 Red Schoolhouse Road, Bldg.
A-8 Chestnut Ridge, NY 10977, USA) analyses. The model material used was cotton
(SDC Enterprises Limited, Thongsbridge, UK) with a grammage of 100 g/m2. Before the
decontamination effectiveness test, the samples were sterilized (121 ◦C, 20 min).

The historical material sample was cut from the inner side of a suitcase lid from the
collections of A-BSM, dating back to the first half of the 20th century. Fiber analysis revealed
that it was dusty cotton covered with secondary conservation agents.

The dimensions of the model fabric samples were adjusted to the dimensions of the
historic fabric and selected so that the total surface was 100 cm 2. Two cotton samples with
dimensions of 50 × 100 mm and two cotton samples with dimensions of 40 × 12.5 mm on
which ethanol was applied were used as controls. The test was performed in two repetitions.

2.2. Application of 90% Ethanol in Mist Form on Cotton

Both short-term and long-term effects of 90% ethanol (Chempur, Piekary Śląskie,
Poland) were investigated. For this purpose, ethanol mist was applied to the samples using
Paasche VL 0819 and VE 0707 airbrushes at a pressure of 0.2 MPa and a PA HEAD VLH-5
nozzle (with a diameter of 1.05 mm). The application was carried out in a chamber with
laminar air flow of microbiological safety class II, with a double HEPA filtration system
ensuring the flow of sterile air. During application, the sample was placed vertically and
secured with a metal handle. As part of the optimization of the method, the pressure
parameters, nozzle and application time were adjusted to ensure the minimum moisture of
the samples. After applying ethanol, the sample was weighed to determine the mass of
ethanol applied.

During the assessment of the short-term effect of ethanol, the mass of the applied
solution depended on the alcohol concentration and ranged from 0.2 to 1.0 g per 100 cm2.
The application time was set at 4–16 s/100 cm2. Subsequently, the cotton was dried in a
sterile chamber. To examine the long-term effect of ethanol, after the short-term treatment,
the contact time of microorganisms with ethanol was extended. Following the application,
the cotton was wrapped in foil, and after 22 h, it was also dried in a sterile chamber.

2.3. Chemical Analysis of the Surfaces
2.3.1. FTIR Analysis of the Chemical Composition of Cotton Surface before and after
Decontamination with Ethanol

To investigate whether ethanol induced adverse changes on the surface of the disin-
fected fabric, Fourier-Transform Infrared Spectroscopy (FTIR) analysis was employed. The
FTIR analysis was conducted using a Nicolet 8700 FTIR spectrometer (Thermo Scientific,
Waltham, MA, USA) with an Attenuated Total Reflection (ATR) diamond crystal and a
liquid nitrogen-cooled Mercury-Cadmium-Telluride (MCT-A) detector. Spectra were col-
lected before and after the application of ethanol mist from a layer with a thickness of 2–3

220



Materials 2024, 17, 2323

μm in the range of 4000–650 cm−1 and with a resolution of 4 cm−1. ATR spectra underwent
ATR correction, scaled normalization, and baseline correction. The obtained spectra were
equivalent to transmittance spectra. The software OMNIC 3.2 (Thermo Scientific, USA)
was utilized for the analysis.

2.3.2. XPS Analysis of the Chemical Composition of Cotton Surface before and after
Decontamination with Ethanol

For the analysis of the near-surface layer of materials before and after decontamination,
X-ray photoelectron spectroscopy (XPS) was employed. The analysis utilized a multi-
chamber Ultra High Vaccum (UHV) analytical system (Prevac, Poland). Photoelectrons
were excited by X-rays with Al Kα characteristic line at an energy of 1486.7 eV, generated
by a VG Scienta SAX 100 lamp with an aluminum anode along with a VG Scienta XM 780
monochromator. The X-ray lamp operated at U = 12 kV and Ie = 30 mA. Photoelectrons
were recorded using a hemispherical analyzer Scienta R4000. The pressure in the analysis
chamber during measurements was below 1.0 × 10−8 mbar. The fundamental parameters
for the survey spectrum were as follows: sweeping mode, pass energy: 200 eV, measured
range of photoelectron binding energy: 0–1350 eV, step size: 0.5 eV, and dwell time in a
single step: 200 ms. To compensate for the electric charge formed during measurement,
samples were bombarded with a low-energy electron beam. The recorded spectra were
processed using Casa XPS Version 2.3.16 PR16 software. All spectra were calibrated by
establishing the position of the C1s carbon line at an energy of 284.5 eV.

2.3.3. Quality Assurance in Research

Quantitative microbiological methods were validated by repetition test 20 times. The
accuracy values were <0.25 log under repeatability conditions and <0.33 log under intral-
aboratory reproducibility conditions. The workload under repeatability conditions was
also determined for all physicochemical elements of quantitative methods, and amounted
to 1% for FTIR and 7% for XPS. Moreover, to ensure quality in ethanol biocidal effective-
ness testing, each combination of microbial strain and ethanol mist parameter variant
was performed using three samples, and each sample was tested twice. FTIR and XPS
spectra were collected for one area of each material at a number of replicates appropriate
for each method.

3. Results

3.1. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of the Surface of Disinfected Model
and Historical Cotton

The first stage of research, focusing on the analysis of the impact of 90% ethanol mist
decontamination on the historic cotton surface, involved conducting measurements using
the FTIR-ATR technique. The application of this method aimed to determine the influence
of the applied biocidal solution on the chemical structure of the decontaminated surface.
Three samples of model cotton and three samples of historical cotton were used for the
study. The model cotton, with a known and precisely defined chemical structure, served
as a reference material in relation to the historical cotton, which was the target material
for the discussed decontamination method. Samples of historical materials are available
in small quantities because they are cultural heritage, which is the greatest limitation in
research conducted on historical objects.

Sample I of the model cotton and historical cotton served as control samples not sub-
jected to the decontamination process. Sample II of the model cotton and historical cotton
was prepared by applying 90% ethanol mist to the material surface, and measurements
were taken immediately after the biocidal agent dried. The last samples, i.e., model cotton
III and historical cotton III, were prepared similarly to samples II, but the measurements
were taken after 22 h of decontamination. During this time, these samples were stored in a
closed container.
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3.1.1. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of the Surface of
Disinfected Model Cotton

The model material is used for preliminary research so as not to destroy the monu-
ments. It has properties similar to disinfected historical materials, but does not have a layer
of dust or impregnation on the surface.

As a result of conducting FTIR measurements using the ATR attachment, spectra were
obtained for the model material samples, which are presented in Figure 2 below. Figure 2
below shows the collective spectrum for three model cotton samples.

Figure 2. ATR collective spectra of samples: (a) model cotton I (sample not subjected to decontamina-
tion); (b) model cotton II (sample subjected to 90% ethanol mist decontamination); (c) model cotton
III (sample subjected to 90% ethanol mist decontamination and stored in foil for an additional 22 h).

3.1.2. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of the Surface of
Disinfected Historical Cotton

The spectra obtained from the analysis of historical material are presented in Figure 3.

Figure 3. ATR collective spectra of samples: (a) historical cotton I (sample not subjected to decontamina-
tion); (b) historical cotton II (sample subjected to 90% ethanol mist decontamination); (c) historical cotton
III (sample subjected to 90% ethanol mist decontamination and stored in foil for an additional 22 h).
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Confirmation of the relationship between the peak intensities for the three historical
cotton samples shown in the spectra (Figure 3) is presented in the composite spectrum
containing graphs for the three historical cotton samples mentioned.

Analysis of the spectra from samples of model cotton, presented in Figure 2, did not
reveal noticeable and significant differences in the intensity and position of spectral bands
in the IR spectrum.

In the case of historical cotton samples (Figure 3), the only visible change in the
spectrum concerns the intensity of bands in the range of 1650–1730 cm−1, corresponding
to stretching vibrations of C=O groups. Reduced intensity of the band around 1650 cm−1

is observed for historical cotton sample II, and may result from incomplete evaporation
of the applied 90% ethanol solution on the surface of the examined material. The peaks
of the other two samples, historical cotton I and historical cotton III, located at the same
wavenumber value, overlap with each other.

3.2. X-ray Photoelectron Spectroscopy (XPS) Analysis of the Surface of Decontaminated Model and
Historical Cotton
3.2.1. X-ray Photoelectron Spectroscopy (XPS) Analysis of the Surface of Decontaminated
Model Cotton

To fully illustrate the impact of decontamination with a 90% ethanol mist on cotton
surfaces, a complementary study was conducted using XPS. It allowed the determination
of the elemental composition of the external layers of the investigated model samples. The
obtained spectra are presented in Figure 4.

Figure 4. XPS spectra obtained for samples: (a) model cotton I (sample not subjected to decontamina-
tion); (b) model cotton II (sample subjected to decontamination with 90% ethanol mist); (c) model
cotton III (sample subjected to decontamination with 90% ethanol mist and additionally stored in foil
for 22 h).

3.2.2. X-ray Photoelectron Spectroscopy (XPS) Analysis of the Surface of Decontaminated
Historical Cotton

Elemental composition of historical cotton was also determined. The obtained spectra
are presented in Figure 5.
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Figure 5. XPS spectra for samples: (a) historical cotton I (not subjected to disinfection); (b) historical
cotton II (sample subjected to disinfection with 90% ethanol in the form of mist); (c) historical cotton
III (sample subjected to disinfection with 90% ethanol in the form of mist and additionally stored in
foil for 22 h).

Analysis of the spectral lines visible in the spectra allowed for the detection of elements
present in the examined samples. The outer surface of the model cotton consisted of the
following elements: carbon, nitrogen, oxygen, magnesium, silicon, and calcium. The
historical cotton samples additionally contained aluminum and sulfur on their surface.

Detailed information regarding the percentage distribution of individual elements on
the model cotton, obtained in the course of the conducted study, is presented in Figure 6.

Figure 7 illustrates the percentage distribution of individual elements on historical
cotton obtained during the XPS study.

It was observed that, in the case of model cotton samples, the vast majority of the
elemental composition, expressed in mass percentages, consists of carbon and oxygen. This
is due to the structure of cotton, which is composed of over 90% cellulose. XPS studies
conducted in a narrow binding energy range showed the presence of the following chemical
bonds characteristic of carbon: C-C, C-O-C, C=O, O-C=O. Calcium present in the samples
occurs in the form of carbonates, while silicon is present in the form of silicon dioxide. No
significant differences were observed between the model cotton samples not subjected to
decontamination and those treated with 90% ethanol in the form of mist.

Historical cotton samples also show the highest content of carbon and oxygen in their
composition. Additionally, an increase in nitrogen content was observed compared to
model cotton samples, which likely originates from the chemical compounds used for
dyeing materials, such as azo dyes, nitroso dyes, or nitric dyes [26].

In the case of historical samples, aluminum and sulfur were additionally detected,
which most likely constitute a secondary layer of the examined historical surface. The
analysis of historical cotton material samples also did not reveal significant changes in the
elemental composition after decontamination with a 90% ethanol mist.

The increase in carbon content in both types of material and oxygen content in the
case of model material is most likely due to the incomplete evaporation of ethanol applied
to the examined surfaces. Ethanol has carbon and oxygen atoms in its structure, which can
be detected during surface studies.
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Figure 6. Percentage distribution of individual elements in the outer layer of the examined model
cotton samples.

 

Figure 7. Percentage distribution of individual elements in the outer layer of the examined historical
cotton samples.
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The results were obtained after applying ethanol mist from the same distance, but the
limitation of the method will be its repeatability in real conditions, when the airbrush is
used by conservators freely. You cannot then maintain a constant distance.

4. Discussion

In A-BSM and other museums, microorganisms harmful to human health and those
that can adversely affect the surfaces of historical objects are isolated. In museology, in
addition to the biocidal aspect, minimizing the impact of the applied decontamination
on the structure and morphology of disinfected surfaces is crucial. Various decontamina-
tion methods have been tested in museums, including gamma radiation, X-ray radiation,
low-temperature plasma, volatile compounds, and essential oils, as well as silver nanopar-
ticles [27–32].

Researchers have achieved different degrees of microbial reduction. In A-BSM, the
biocidal efficacy of vaporized hydrogen peroxide (VHP), ethylene oxide (EtO), diode laser,
and the focus of this study, ethanol in the form of mist, was tested [11].

VHP, previously used in medical spaces, resulted in a reduction (R) of the majority
of tested microbial strains by a minimum of R = 3 log and all tested mixed cultures
above R = 98% when applied at a concentration of 300 ppm for 20 min on porous textile
material [6].

Historical cardboard subjected to disinfection using VHP (300 ppm, 20 min) showed
a reduction in the number of isolated microorganisms by 1.6–7.0 log on new cardboard,
corresponding to a reduction of 97.26–100.00% [33].

A-BSM successfully achieves disinfection with a diode laser, where in the medical field, a
reduction of bacteria and fungi from 60% to 100% was achieved on various materials [34,35].

On 25-year-old corroded metal, the reduction of microorganisms using a diode laser
was 88.85–100% [36].

In A-BSM, historical collagen material achieved a reduction of 78–92%, and on cellu-
lose, it achieved 90–100% reduction [18].

Among the tested methods in museology, fogging or vapor methods were included.
Disinfection with Cinnamomum zeylanicum essential oil-based alcohol mist demonstrated
a reduction effect of 5–7 logs on cotton and linen textiles [37].

Using a benzalkonium chloride solution at a concentration of 0.01 mg/m3 in vapor
form showed no reduction in bacteria on wool and cotton [38].

Researchers have also explored the impact of ethanol on artifacts, primarily in liquid
form. No harmful effects of 70% ethanol were observed on the tested paper, either in the
short or long term [39].

Karbowska tested the biocidal effectiveness of ethanol vapors applied for 18 h on old
paper, and showed an R > 4.00 log reduction of the tested fungi. In the case of Cladosporium
cladosporioides, only a 3 h exposure to ethanol vapor was sufficient. Other fungi, including
Penicillium spinulosum, and the most resistant strains of Trichoderma viride and Chaetomidium
subfimeti, were completely eliminated after 18 h [40].

In A-BSM, using the 90% ethanol mist decontamination technique, a reduction level
was achieved at concentrations of 80% and 90%, ranging from 93.27% to 99.91% for fungi
and from 94.96% to 100% for bacteria, with 74.24% for B. subtillis [19].

Comparing the results of the biocidal effectiveness of ethanol mist to previously tested
decontamination techniques in A-BSM, such as diode laser and VHP, it can be observed
that the antimicrobial effect is slightly lower. Disinfection with a diode laser with an
exposure power of 0.3W in continuous CW mode for 2 min in two repetitions, a 90.20–100%
reduction in the number of microorganisms was achieved. However, the use of vaporized
hydrogen peroxide at a dose of 300 ppm for 20 min reduced the number of microorganisms
by 70–100%. The use of various decontamination techniques gives similar results in the
case of fungi, but spore-forming bacterial species, especially those of the Bacillus genus,
are the most difficult to combat. The tested ethanol in the form of mist also has the lowest
effectiveness against these microorganisms.

226



Materials 2024, 17, 2323

However, the conducted studies are promising because, under the applied parameters
of a distance of 16 cm from the object, misting for 15 s, at 2 bar pressure, and 90% concen-
tration of applied ethanol, no changes in the morphology and chemical structure of the
surface were observed.

A crucial aspect when implementing new decontamination methods on historical
artifacts is the absence of an impact on surface properties and no change in the color of
the treated objects. To assess color changes, the CIELab scale is used. A-BSM cannot use
any decontamination technique that changes the color of the object’s surface. Both the
spectrophotometric and visual methods confirmed that the tested ethanol in the form of
mist did not change the color of the disinfected surfaces of the historical fabric. Researchers
confirmed using this method that a bath in absolute ethanol (99.80%) for 24 h did not alter
the color of white and yellow silks, and red silk velvet. After disinfection with ethanol mist,
there were no changes significant for the condition of the objects. Conservators did not
observe any changes with the naked eye.

To evaluate the impact of decontamination techniques on surface morphology and
fiber changes, SEM electron microscopy is employed [41].

In previous studies in A-BSM, SEM was utilized, demonstrating no changes in fiber
morphology after the application of ethanol mist on historical fabric [19].

FTIR is a commonly used technique in various research fields, including museum
studies. Its utility has been confirmed in the examination of cotton and other fabrics,
particularly in determining changes on surfaces caused by decontamination techniques.
The method has been applied to investigate the impact of ethanol and isopropanol solutions
on silk artifacts. FTIR results show that even after immersing silk in these solutions for
180 min, no significant chemical or physical changes are observed in the silk fibers [42].

Analysis of FTIR results indicates that VHP decontamination of cotton fabric practi-
cally does not induce changes in the structure of cotton cellulose, thus not affecting the
material’s susceptibility to biodeterioration [11].

Results from FTIR analysis of cotton fabrics after decontamination with Cinnamomum
essential oil vapors and low-temperature plasma show that these processes cause only
minimal changes in the molecular structure of cellulose [30,37].

FTIR has also been used to study surface changes resulting from the cleaning of cotton
materials. Analyses of obtained spectra allowed the for estimation of, among other things,
the amount of waxes remaining on the examined fabric layer after the cleaning process [43].

For cotton fibers, the region between 1750 and 1600 cm−1 is most suitable for assessing
cellulose degradation through oxidation, as confirmed in the current study [44].

Kavkler et al. utilized FTIR to determine the degree of biodegradation in historical
textiles based on proteinaceous components stored in museums in Slovenia. More intense
biodegradation processes caused by microorganisms and other degrading factors were
observed in the inner part of the fibers compared to their superficial part [45].

XPS spectroscopy enabled the analysis of the surfaces of bleached cotton fibers. This
study compared and identified surface chemical changes in a sample of used fabric and a
model fabric previously cleaned of easily removable contaminants [24].

XPS has also been successfully used to assess the impact of VHP on cotton fabric in
the medical field [6].

In the conservation of cultural heritage, including at A-BSM, XPS has been repeatedly
employed to analyze the surfaces of objects. This technique provides information about
changes occurring in the near-surface layer, typically 2–3 nm deep. This is crucial, as it
allows for the assessment of changes not only in the base material, but also in the layers of
conservation preparations covering the objects.

In the current study, FTIR measurements did not register any impact of decontami-
nation with a 90% ethanol mist on changes in the structure of the decontaminated cotton
samples, both model and historical. It is highly probable that the ethanol solution used in
the study evaporated completely or to a significant extent from the surfaces of the tested
materials. Cotton primarily consists of cellulose, which does not react with ethanol.

227



Materials 2024, 17, 2323

Research conducted using XPS, complementary to the FTIR measurements, confirms
that the decontamination of cotton samples with a 90% ethanol mist has no impact on the
chemical structure of the outer layer of cotton. Any potential changes in the percentage
content of individual elements likely result from the presence of ethanol on the surface of
the samples, which did not completely evaporate.

The use of these techniques in analyzing the chemical composition of cotton surfaces
suggests that they are valuable methods for the research described in this article, focusing
on the impact of decontaminating cotton materials with a 90% ethanol mist. The obtained
results did not show any drawbacks to the application of this form of decontamination.

The tests performed showed that ethanol effectively eliminates most of the microor-
ganisms inhabiting historical fabrics, but worse results are achieved if the sample contains
spore-forming bacteria of the Bacillus genus. The next stage of research will be related to
the inclusion of antibiotics, which may improve effectiveness.

5. Conclusions

The decontamination method using 90% ethanol mist is biocidal, and does not nega-
tively affect the surface structure of both model and historical cotton. Therefore, it can be
used for decontamination of cotton elements in historic buildings in the A-BSM area. In
further research, the method should be tested on other textile materials, for example linen,
viscose, silk, and wool.

The next stage will be testing of ethanol in the form of mist with the addition of
antibiotics, which may prove to be more effective against bacteria of the Bacillus genus.

Ethanol fog is safe for people who disinfect moving objects because it can be carried
out in a fume hood or in a safe work chamber. A-BSM is conducting research on employee
safety that will allow for the disinfection of large wall surfaces in stationary facilities. The
research simultaneously focuses on the safety of facilities and the protection of people
performing conservation work.

Ethanol mist is an easy-to-use, cheap and, importantly, non-destructive disinfection
method that can be used on cotton objects.
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