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1 INTRODUCTION 

Clay is the fundamental raw material used for manufacturing traditional artefacts 
commonly encountered in daily life, such as ceramic containers (i.e., pottery), 
decorative elements, figurines, and masonry materials (i.e., bricks). It is ideal for 
these purposes due to its natural abundance, easy retrieval from the surrounding 
environment, and suitability for large-scale production. Preparation of the mate-
rial is also relatively straightforward, involving the shaping of raw clay in its wet 
state, allowing them to dry, and then firing at elevated temperatures. The physical 
and chemical properties of ceramic artefacts depend on the type of clay used and 
the specific firing temperature. Due to the ease of manufacture and durability, 
clay ceramics have become an essential resource for human societies throughout 
history, serving as tangible links to understanding past cultures (Santacreu 2014; 
Eramo 2020).  

In most archaeological finds, pottery, a type of ceramic vessel produced from 
raw clay, is the most abundant artefact. Analyzing pottery assemblages provides 
valuable insights into various activities and behaviours of past communities, 
which include trade networks, socio-economic developments, production techni-
ques, and technological and cultural exchanges (Tite et al. 2001; Barone et al. 
2005; İssi et al. 2011; Povlsen 2013; Sanjurjo-Sánchez et al. 2018; Papakosta et 
al. 2020). Pottery is an ideal artefact for such analysis because it was widely used 
in daily life, often produced locally to meet specific needs, and is well-preserved 
in terms of archaeological contexts. Although the physical shape, form, and the 
manufacturing technology of pottery may suggest specific vessel functions, these 
attributes are often complicated to interpret and generally lead to determining 
broad functional categories rather than its intended use (Oudemans 2007).  

Examining traces of direct usage, particularly organic residues left on the 
pottery, whether absorbed within the pottery matrix or visible as food crusts on 
the surface, can reveal remnants of the vessel’s original contents, offering more 
direct evidence of its intended function (Evershed 2008a; Regert 2011; Craig et 
al. 2012; Roffet-Salque et al. 2017). Extracting and characterizing these preserved 
organic compounds in the pottery to determine their origin involves analytical 
techniques jointly called Organic Residue Analysis (ORA). Through the appli-
cation of ORA, various classes of organic compounds, or archaeological bio-
markers, have been identified in ancient pottery, which includes lipids, waxes, 
resinous materials (Regert et al. 2003; Lucquin et al. 2007; Craig et al. 2011; 
Roffet-Salque et al. 2015; Dunne et al. 2016; Rageot et al. 2021; Chen et al. 2024), 
and proteinaceous compounds (Barker et al. 2012; Hendy et al. 2018; Evans et 
al. 2023). While extensive degradation during past cooking events and sub-
sequent post-depositional processes have altered the structures of the original 
parent compounds, a significant amount of molecular information can remain 
detectable (Dudd et al. 1998; Regert et al. 1998; Evershed 2008b). Based on the 
class of compounds identified through ORA, insights into the original use of 
pottery can be determined, contributing to a wider archaeological understanding 
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of ancient food ways and subsistence strategies (Evershed 2008b; Salque et al. 
2013; Šoberl et al. 2014; Roffet-Salque et al. 2017; Chasan et al. 2022; Evershed 
et al. 2022; Manoukian et al. 2022; Oras et al. 2023).  

Lipids have been the primary focus of most ORA studies due to their chemical 
stability as archaeological biomarkers and the possibility to differentiate between 
animal and plant sources in both food and non-food commodities. Many factors 
can influence the accumulation of lipids in pottery, including vessel use, cooking 
methods, the nature of the food or non-food products processed, and the pro-
perties of the clay material. Several rigorous methodological discussions focus-
sing on identifying lipid compounds from pottery have been previously published 
(Evershed 2008b; Roffet-Salque et al. 2017; Whelton et al. 2021). However, the 
role of the inorganic components in clay pottery for overall lipid preservation and 
yield remains largely unexplored (Steele 2013). Thus far, investigations into the 
interactions between organic compounds and the clay matrix have primarily 
focused on the porosity analyses of archaeological pottery (Matlova et al. 2017; 
Drieu et al. 2019) and the use of experimental pottery prepared from a single 
mixture of clay and temper (Goldenberg et al. 2014; Hammann et al. 2020). Es-
tablishing how different clay types, tempers, and firing temperature affect the 
physiochemical properties of pottery and how these influence the binding of 
organic compounds could yield significant insights into the mechanism of lipid 
retention in ancient ceramics. This information could contribute to better in-
formed sample selection that would maximize the possible lipid yield and 
acknowledging analytical limitations in archaeological pottery ORA. 

 In this doctoral study, the crucial role of the inorganic clay matrix in relation 
to the preservation and retention of selected lipid compounds was investigated. A 
comprehensive set of replicate briquettes mimicking variations in archaeological 
ceramics were produced using varying amounts and different types of clays (i.e., 
illite/illite-smectite and kaolinite), tempers (i.e., sand and chalk), and fired at 
different temperatures of 600°C and 800°C, respectively. The resulting changes 
in the mineral structure and the development of micro- and mesopores within the 
briquettes were analyzed to tackle the correlations between lipid binding and 
porosity of the clay material. Two sets of these briquettes were used to investigate 
the quantitative yield of selected fatty acids, specifically palmitic acid (C16:0) and 
oleic acid (C18:1), which are common compounds extracted from archaeological 
pottery that are associated with food from animal or plant origin. Within these 
sets, one group of clay samples spiked with C16:0 and C18:1 was allowed to adsorb 
and air dried without further treatments (non-degraded), while another group was 
subjected to degradation at 100°C for 14 h to mimic cooking events (degraded). 
The methodology developed in this study, was further tested on real-life 12th ̶13th 
century AD archaeological pottery samples, excavated from Kukruse cemetery, 
Estonia, and the results were compared to the experimental briquettes. 

Various analytical techniques were utilized in this doctoral study to investigate 
the potential interactions between the inorganic clay matrix and the organic com-
pounds in both the replicate experimental clay briquettes and the archaeological 
samples. These techniques included attenuated total reflection Fourier transform 
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infrared (ATR-FT-IR) spectroscopy, X-ray diffraction (XRD), nitrogen (N2) 
porosimeter, and gas chromatography-mass spectrometry (GC-MS).  

 
This doctoral study focused on two primary directions:  
(1) The quantitative analysis of clay and non-clay minerals, and the deter-

mination of clay micro- and mesoporosity (Paper 1 and Paper 2). 
(2) The quantification of organic compounds, namely C16:0 and C18:1 fatty 

acids retained on the replicate pottery briquettes (Paper 3), and a case 
study using archaeological pottery.  
 

For the characterization of the clay components, a rapid and minimally invasive 
quantitative method was utilized, employing an ATR-FT-IR with Partial Least 
Squares (PLS) technique. This analytical method demonstrated mostly good com-
parability with XRD and enabled quantifying groups of mineral phases in the 
samples, although in some cases at semiquantitative level. The ATR-FT-IR-PLS 
method was able to quantify well the groups of minerals to which the organic 
residues may possibly bind  ̶  calcium carbonate and specific clay mineral groups  
(e.g. kaolinite, illite, and illite-smectite) that have been associated with lipid 
retention in archaeological pottery. Furthermore, this method is very suitable for 
analysing cultural heritage and archaeological materials because it requires 
minimal amount of sample. 

Having established a method for quantifying the mineral phases in clays, the 
porosity of the replicate ceramic pottery and archaeological case study samples 
were investigated using the N2 porosimeter. Porosity is considered as one of the 
key factors in the preservation of organic compounds within ancient pottery, as 
pores can act as protective barriers against microbial attack and environmental 
degradation across archaeological timescales (Drieu et al. 2019). This doctoral 
research investigated the formation of micro- and meso-sized pores (with widths 
< 50 nm), resulting from various combinations of clay types, tempers, and firing 
temperatures, and also for real-life archaeological pottery. It has been reported 
that smaller-sized pores, such as micropores, seem to better protect the organic 
residues due to their nanometer sizes (Matlova et al. 2017). The results of this 
part of the study would contribute to a better understanding of the development 
of pores within clay ceramics and served as a baseline information for further 
investigations of lipid adsorption.   

After determining the mineral content and the micro- and mesoporosity of the 
replicate clay ceramics, a representative set of samples with diverse compositions 
were spiked with C16.0 and C18.1. One part of the set underwent heat degradation, 
while the other remained untreated. Two derivatization techniques were eva-
luated to determine the most effective method for quantifying the organic com-
pounds present in the spiked clay briquettes. These methods are acid catalyzed 
methylation (ACM) compared with a methanol and dichloromethane extraction, 
followed by TMTFTH methylation. Absolute quantification of the methylated 
C16.0 and C18.1 was achieved using a FAME standard calibration curve and GC-
MS.  
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Building on the above, this doctoral study addresses the following research 
questions: 

• What is the progression of the changes in the mineral structure of clay 
ceramics, with various amounts of clay types and sand or chalk temper, 
fired at 600°C and 800°C? 

• How do these mineralogical changes influenced the formation of micro- 
and mesoporosity in the clay, which is relevant for determining the pottery 
composition that would produce more pores?  

• How does the clay composition – temper type and amount – and the 
resulting micro- and mesoporosity affected the extraction yield of C16:0 
and C18:1 fatty acids?  

 
Relying on these experimental settings and analytical approaches, the over-
arching aim of this doctoral study is to highlight the major mineralogical and 
porosity related physio-chemical characteristics affecting the adsorption and 
retention of lipid compounds, using two representative archaeological fatty acids 
(C16:0 and C18:1) as model residues. The results have further implications for 
selecting ceramic samples and interpreting lipid quantities in the fields of 
archaeology and cultural heritage, specifically pottery organic residue analysis, 
but also wider environmental and geological studies including clay minerology 
and organic components.  
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2 LITERATURE OVERVIEW 

2.1 Clays 
Clays are one of the natural constituents of soil, classified as fine-grained with 
particle sizes smaller than 2 μm, and formed through the erosion and weathering 
of sedimentary rocks over geological timescales. Soils that contain clays exhibit 
cohesive properties and become plastic when water is added (Velde and Meunier 
2008; Schroeder 2018). These properties allow clays to act as binders for larger, 
coarse-grained particles in soil, which makes it an ideal raw material for 
manufacturing ceramics since ancient times. While clay minerals are the primary 
components of clay fractions in soils, these fractions also consist of various as-
sociated phases in clay (i.e. non-clay minerals) that do not impart plasticity 
(Guggenheim and Martin 1995). Depending on the geological location, these 
would include silicates (e.g. quartz and feldspars), carbonates (e.g. calcite and 
dolomite), sulfates (e.g. gypsum), oxides and hydroxides (e.g. hematite and 
gibbsite), sulfides, phosphates, and halides. 
 

2.1.1 Clay mineralogy 

Clay minerals are crystalline hydrous aluminum silicates or phyllosilicates which 
are arranged in thin sheets of repeating tetrahedral and octahedral units. The 
tetrahedral sheets are formed by the linkage of the basal O2 ̵ anions in each tetra-
hedral unit, either SiO4

4 ̵ or AlO4
5 ̵, sharing a cation pair. A continuous octahedral 

sheet, with central atoms of Al3+ or Mg2+, is formed by the sharing of the O2 ̵ or 
OH ̵ anions at the six vertices of each octahedral unit. These structural units are 
stacked together in repeating layers. The way these units are layered, as well as 
the different bonding interaction of various metallic ions within the crystal lattice, 
determines the formation of distinct clay mineral types (Brigatti et al. 2006; Velde 
and Meunier 2008). 

The general crystal structure of phyllosilicates is derived from two basic layer 
types, the 1:1 group (two-layer structure) and the 2:1 group (three-layer struc-
ture), which differ in the number and arrangement of the tetrahedral and octa-
hedral sheets (Figure 2.1.1.1). Mixed layer minerals can also develop through the 
stacking of two or more of these basic layer types, such as combinations of 
different 2:1 groups or 2:1:1 and 1:1 groups. Due to the similarities in the pre-
sence of Si-O and Al-O bonds, as well as the closely packed arrangement of these 
layers, variations in the orientations of clay minerals can readily occur in mixed 
layers.  

In the 1:1 group, one tetrahedral sheet is bonded to one octahedral sheet 
through shared oxygen atoms, coming from the apical of the tetrahedra and one 
of the vertices of the octahedra. Strong hydrogen bonds hold together the succes-
sive layers of the 1:1 group, making it less plastic compared to the other clay 
minerals and resulting in the formation of larger, stacked crystals. Kaolinite 
(Al2Si2O5(OH)4) is an example of a clay mineral belonging to the 1:1 group and 
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is utilized as a raw material in making porcelain ceramics (Schroeder and 
Erickson 2014).  

The 2:1 group consists of two tetrahedral sheets positioned on either side of a 
central octahedral sheet. These sheets are connected through the apical oxygens 
of the two tetrahedra, which are shared within different vertices of the octahedra. 
With this layered arrangement, water molecules and other exchangeable ions 
such as Ca2+, Mg2+, Na+ and K+ can enter the interlayer space between stacked 
2:1 layers and expand them (swelling), which is made possible by the weak van 
der Waals forces between the stacked layers and a deficient net negative charge 
in the octahedral sheet. These properties contribute to the structural diversity of 
the 2:1 group, resulting in various clay mineral types within this category. 
Examples of 2:1 group minerals include illite and montmorillonite (i.e. main 
component of smectites), which differ in the types of exchangeable cations 
bonding their interlayer (Velde and Meunier 2008). These clay minerals are 
widely used in pottery and brick ceramics, often recognizable by their red color 
(Ferrari and Gualtieri 2006; Mahmoudi and Bennour 2022). 

 

 
 
Figure 2.1.1.1. Schematic representation of a 1:1 (two-layer structure, like kaolinite) and 
2:1 (three-layer structure, such as illite and montmorillonite) groups. The layer stacking 
is also represented.  
 

2.1.2 Post-firing mineralogical changes 

The application of heat to natural clays to create ceramic materials has been a 
well-established practice since ancient times (Rice 2015). Early methods of 
ceramic production typically involved firing in open pits or primitive kilns, often 
resulting in uneven heat distributions and contributing to the variability in the 
final properties of the material. Firing alters the clay’s original microstructure, 
forming a complex set of mineralogical transformations that depend on the maxi-
mum temperature reached (Moropoulou et al. 1995; El Ouahabi et al. 2015).  

Mineral phase transformations in clays during firing generally occur in three 
thermal stages: dehydration, dehydroxylation, and recrystallization (Hanein et al.  
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2022). Several factors can influence the formation of post-firing minerals, in-
cluding the specific types of clay mineral groups present (i.e., 1:1 group, 2:1 
group and mixed layer) (Moropoulou et al. 1995; McConville and Lee 2005), the 
degree of order or disorder of the layer stackings (Wolters and Emmerich 2007; 
Ptáček et al. 2013; Izadifar et al. 2020), and the addition of tempers such as non-
clay mineral inclusions (i.e., crushed rocks and shells) and organic additives (i.e., 
hair and plant fibers) (Santacreu 2014; Maritan et al. 2019). The presence of 
fluxing agents, such as oxides of K+ and Na+, also affects phase transformations 
by lowering the melting point of the minerals, facilitating the vitrification process 
(Trindade et al. 2010; Msinjili et al. 2019).  

Dehydration takes place when the clay is heated from room temperature to 
about 300°C, during which adsorbed molecular water on the outer clay surface, 
as well as the interlayer water in 2:1 clay mineral group, is removed from the 
pores of the clay matrix (Kubliha et al. 2017; Derkowski and Kuligiewicz 2022). 
This stage is followed by dehydroxylation, wherein the structural hydroxyl 
groups in the clay lattice collapse between 400°C and 900°C (Frost and Vassallo 
1996; Hanein et al. 2022). Generally, 1:1 group clays dehydroxylate at a lower 
and narrower temperature range compared to 2:1 group, converting to amorphous 
phases at a lower temperature (Escalera et al. 2012). Depending on the bond 
strengths, crystal purity and stackings, kaolinite, a 1:1 group, usually transforms 
into its meta-form from 400°C to 600°C (Frost et al. 2003; Xue et al. 2023), while 
2:1 group, such as illite and smectite, can persist until 900°C (Wolters and 
Emmerich 2007; Msinjili et al. 2019; Derkowski and Kuligiewicz 2022). Within 
this temperature range, non-clay minerals such as calcite (CaCO3) will also start 
undergoing decomposition at around 700°C until it reaches 850°C (Allegretta et 
al. 2015; Karunadasa et al. 2019). An increase in temperature above 950°C will 
eventually lead to the collapse of the crystalline structure of clay minerals and 
recrystallization will develop, resulting in the formation of more stable high-
temperature phases from structurally disordered clay minerals and the thermal 
modifications of non-clay minerals (Santacreu 2014; Hanein et al. 2022). Certain 
non-mineral phases, such as quartz, plagioclase and hematite, can also retain its 
mineral form at temperatures exceeding 1000°C (Laita and Bauluz 2018; Miras 
et al. 2018).  

Understanding the thermal transformations of minerals in clays is relevant  
in archaeological contexts, particularly for estimating the firing temperature 
achieved during ceramic production (Cultrone et al. 2001; Daghmehchi et al. 
2018; Botticelli et al. 2020; Rahman et al. 2024) and in determining whether the 
firing process took place in a kiln or open pits (Gliozzo 2020). These insights are 
crucial for assessing how the raw clay material and the temper additions may have 
influenced the physical properties of ceramics (i.e. pottery). One example of a 
physical property influenced by the degree of firing is the formation of different 
sized pores, resulting from changes in the mineralogical structures (Musthafa et 
al. 2010; Mondelli et al. 2020; Cayme et al. 2024a). The development of porosity 
in pottery also has significant implications in organic residue preservation 
(Evershed 2008a; Matlova et al. 2017; Drieu et al. 2019). In general, knowledge 
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of the firing temperature can provide direct evidence for evaluating technological 
capabilities of past societies, tracing the provenance of ceramic materials, and in 
reconstructing possible trade networks (Chatfield 2010; Damjanović et al. 2014; 
Mentesana et al. 2019; Thér et al. 2019; Casale et al. 2022).  

 
2.1.3 Identification of clay and non-clay minerals in ceramics 

Clay ceramics, specifically pottery materials, can be viewed as a combination of 
the compositional factors (i.e. original clay and temper materials), mechanical 
process (i.e. kneading and moulding), and the thermal transformation of the raw 
material (Eramo 2020). In the case of archaeological pottery, additional physical 
and chemical alterations may also result from use-wear during its functional 
lifetime and from post-depositional processes (Golitko et al. 2012; Vieugué 2014; 
Sanchez-Garmendia et al. 2021). Use-wear related alterations, such as surface 
carbonation, is a result of soot deposition associated with cooking fires and 
charring of food during cooking events (Skibo 2015; Forte et al. 2018). An 
example of post-depositional processes is the dissolution of calcite in carbonate-
rich ceramics, which can alter the bulk elemental composition of the pottery, 
particularly when buried in acidic soil environments or exposed to groundwater 
seepage (Maritan 2020; Gilstrap et al. 2021).  

Various analytical techniques (see below) are available for analyzing and 
characterizing the mineral composition of pottery, with the choice of method 
depending on the specific type of information being investigated and availability. 
These techniques are often used in combination with one other to achieve a more 
comprehensive understanding of the material properties. Statistical methods have 
significantly improved the accuracy of mineral quantification, particularly in the 
context of cultural heritage and archaeological clay artefacts, where sample 
availability is often limited (Madariaga 2015). Furthermore, the advancement of 
analytical techniques in the cultural heritage and archaeology field in the past 
decades has primarily focused on the development of non-invasive to minimally 
invasive techniques (Holakooei et al. 2019; Bruni et al. 2023; Pérez  et al. 2024). 

Frequently employed analytical techniques in clay identification and charac-
terization include: (1) spectroscopy methods, such as Raman spectroscopy 
(Bersani and Lottici 2016; Carter et al. 2017), Fourier transform infrared spectro-
scopy (FT-IR) including attenuated total reflection (ATR) sampling method 
(Tarhan et al. 2021, 2024; Vahur et al. 2021), and laser-induced breakdown 
spectroscopy (LIBS) (Melessanaki et al. 2002; Genc Oztoprak et al. 2016); (2) 
X-ray techniques, including X-ray diffraction (XRD) (Moon et al. 2021; Singh et 
al. 2021), X-ray fluorescence (XRF) (Tanasi et al. 2017; Liritzis et al. 2020), and 
particle-induced X-ray emission (PIXE) (Bakraji et al. 2015; Roumie et al. 2019); 
(3) mass spectrometry techniques, which includes laser ablation-inductively 
coupled plasma-mass spectrometry (LA-ICP-MS) (Gehres and Querré 2018; 
Vannoorenberghe et al. 2020); (4) microscopy technique coupled with spectro-
scopy method, specifically scanning electron microscopy with energy dispersive 
X-ray spectroscopy (SEM-EDX) (Knappett et al. 2011; Dey et al. 2020); and (5) 
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thermal methods, such as differential scanning calorimetry (DSC) (Drebushchak 
et al. 2005; Giordana et al. 2004) and thermogravimetry differential thermal ana-
lysis (TG-DTA) (Ravisankar et al. 2014; Tamilarasi and Chandrasekaran 2023).  

Chemometric methods, also referred to as multivariate statistical methods, are 
often applied for analyzing quantitative data, particularly when large datasets are 
available from a specific analytical technique (Akyuz et al. 2019; Festa et al. 
2019; Ferri et al. 2020; Papageorgiou 2020). These statistical methods have 
greatly improved the accuracy of the quantitative results and facilitates the com-
parison of unknown samples with reference datasets. In the field of cultural 
heritage and archaeology, the common chemometric applications include prin-
cipal component analysis (PCA), partial least squares (PLS), and correlation ana-
lysis, with PCA being the most widely used method (Hayes et al. 2014; Bitetto et 
al. 2016; Peets et al. 2017, 2019; Vahur et al. 2019, 2021; Işik and Tarhan 2021; 
Chen et al. 2022). 

Among the analytical techniques mentioned, XRD is the most reliable method 
for quantitative analysis of clay minerals due to their regular and repeating crystal 
structures, which enable them to diffract X-rays and produce distinct patterns 
based on their crystal arrangement (Bunaciu et al. 2015). The XRD data can 
reveal the changes in the mineral composition that occurred in the pottery, in-
cluding the remnants of the raw materials used (i.e. clay and temper), the thermal 
transformations as a result of firing, and the post-depositional effects during 
burial (Eramo 2020). However, the effectiveness of XRD for quantitative analysis 
is limited by various factors, examples of which are variations in clay orienta-
tions, crystal defects in clay minerals, and the presence of mixed-layer phases and 
amorphous phases (Dohrmann et al. 2009; Zhou et al. 2018; Ali et al. 2022; Xiao 
et al. 2023a). Furthermore, XRD is not a sensitive technique for trace level 
analysis of mixed minerals which has a detection limit of approximately 2 wt. % 
of the sample (Ali et al. 2022).  

FT-IR, on the other hand, has been a complementary analytical technique to 
XRD for mineral quantification of clays (Craddock et al. 2017; Hahn et al. 2018; 
Vahur et al. 2021) and has gained increasing use due to its non-destructive to 
minimally destructive approach, making it particularly suitable for archaeological 
and cultural heritage materials (Monnier 2018; Liu and Kazarian 2022; Macchia 
et al. 2023). FT-IR can detect poorly crystalline clay mineral phases and other 
inorganic minerals, since each mineral exhibits a unique absorption pattern in the 
infrared region (Shoval 2017). Various application techniques, such as ATR, have 
been employed for mineral quantification of clays using chemometric techniques, 
which greatly enhanced the quantitative ability of FT-IR, especially when the 
model is built with more calibration sets (Müller et al. 2014; Heath et al. 2016; 
Vahur et al. 2021). Furthermore, FT-IR offers the added benefits of fast analysis, 
minimal sample preparation, and small (i.e. few milligrams) sample size (Jordá 
et al. 2015; Işik and Tarhan 2021). Portable FT-IR instruments are also widely 
available on the market, allowing for in situ analysis (Bouchard et al. 2019; Izzo et 
al. 2020).  
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2.1.4 Formation of porosity in clays 

The formation of pores is a fundamental characteristic of nearly all pottery micro-
structures (Rice 2015). These pores, which are pockets of empty spaces or voids, 
are distributed in-between or within the individual mineral grains of the clay or 
non-clay components. It may occur in various shapes and types and are generally 
categorized as open or closed pores. Open pores refer to networks of channels 
that are connected to the ceramic surface, whereas closed pores are isolated from 
the surface (Harry and Johnson 2004). Depending on the sizes of pores formed, 
the International Union of Pure and Applied Chemistry (IUPAC) classifies it as 
micropores (width < 2 nm), mesopores (width from 2 nm to 50 nm) and macro-
pores (width > 50 nm) (Sing et al. 1985). The ratio between the pore volume, 
which is derived from the various sizes and types of pores, and the total volume 
of the sample pottery material defines the porosity (Sobott et al. 2014).   

The pore structure of pottery is quite complex, because it reflects the cumu-
lative effect of the potter’s choices regarding raw materials, forming techniques, 
and production technologies (Lindahl and Pikirayi 2010; Gomart et al. 2017; 
Beltrame et al. 2020; Thér 2020; Cutillas-Victoria and Day 2022). It is possible 
to alter and introduce pores on the ceramic matrix at any stage of the manu-
facturing process (Neumannová et al. 2017; Kozatsas et al. 2018). For instance, 
kneading the clay paste have been shown to eliminate air bubbles, producing 
smaller and more uniform pores compared to the larger and irregular pores found 
in unkneaded clays (Drieu 2020).  

The physical characteristics of the clay material itself, including the presence 
of coarse- and fine-grained mineral sizes and the type of temper additives, also 
contribute significantly to the pore structure of the final pottery product (Van 
Doosselaere at el. 2014; Kramar and Lux 2015; Cayme et al. 2024a). For instance, 
low combustion organic-based tempers can result in more open pores as the firing 
temperature increases (Eramo 2020). Similarly, calcareous clays (Ca > 5%) or 
calcium-based tempers, such as the addition of limestones or marine shells, also 
increases the formation of bloated pores due to the release of CO2 from the 
decomposition of CaCO3 at a high temperature (T > 600°C) (Maniatis and Tite 
1981; Chatfield 2010). Furthermore, as the temperature reaches the vitrification 
or the glass phase stage (T > 1000°C), the minerals become more amorphous and 
begin to fuse together, producing a pottery with low porosity (Hein et al. 2007; 
Dey et al. 2020).  

The presence of pores of less than 1µm (1,000 nm) and generally abundant 
micropores (< 2 nm) in pottery were considered essential for preserving organic 
residues (Namdar et al. 2009; Drieu et al. 2019). During cooking, prolonged food 
storage, or the application of sealants, organic residues are physically absorbed 
into the unglazed pottery matrix and subsequently trapped within these pores 
(Heron and Evershed 1993; Oudemans 2007). Similarly, glazed ceramics have 
also been found to retain organic residues, attributed to adsorption within micro-
cracks from use-wear and pores from possible manufacturing flaws (Pecci et al. 
2015, 2016). This entrapment eventually protects the residues from post-
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depositional processes in harsh burial environments, such as microorganism 
degradation, pH changes, and water seepage (Dudd et al. 1998; Regert et al. 1998; 
Evershed 2008b). Studies have shown that organic residues can be extracted from 
pores of varying sizes in potsherds, which includes micro- to mesopores ( < 2 nm 
to 50 nm) (Cayme et al. 2024b), and meso- to macropores (2 nm to > 50 nm) 
(Matlova et al. 2017; Drieu et al. 2019; Namdar et al. 2009).  

Several characterization methods have been developed to determine the 
porosity and characterize the pore structures of archaeological pottery. These 
include direct methods, in which porosity is determined using imaging techniques 
such as scanning electron microscopy (SEM), thin section optical microscopy, 
computed tomography, and neutron scattering and imaging techniques. There are 
also the indirect methods, where gas (i.e. N2) or liquid (Hg) probes are utilized to 
obtain data on the porosity of the material, such as N2 adsorption and mercury 
intrusion porosimetry (Aili and Maruyama 2020). Each method has its advan-
tages and disadvantages depending on the level of data needed, sample prepara-
tion and the scarcity of samples (Klobes et al. 2006). 

For direct methods, producing thin section slides and examining them under 
an optical microscope has traditionally been used as a general visualization tool. 
This technique not only provides an idea of the mineral inclusions but also 
describes the pore structure and its association with other minerals (De Vito et al. 
2014; Cohen et al. 2018; Fabrizi et al. 2020).  

More advanced and accurate non-invasive techniques include SEM (Moraru 
and Szendrei 2010; Moraru et al. 2011), X-ray computed microtomography 
(µCT) (Larreina-García et al. 2021; Coli et al. 2022; Reedy and Reedy 2022), and 
neutron techniques (Barone et al. 2009; Barbera et al. 2013). These techniques 
provide a wholistic interpretation of the pore sizes and their distribution in the 
sample, the orientation and connectivity of the pore structures, and the nature of 
the mineral inclusions. Noteworthy is the ability of these techniques to determine 
the closed pores which the indirect methods will not be able to detect (Barone et 
al. 2011; Kahl and Ramminger 2012). The pore structure of pottery is typically 
dominated by open pores when the pottery is originally fired at lower tempe-
ratures (T < 950°C). However, if fired at higher temperatures above 950°C, 
vitrification becomes more extensive, leading to a significant rise in the pro-
portion of closed pores (Rye 1976; Martín-Márquez et al. 2008). 

The indirect methods are particularly suited for quantifying the surface area, 
volume, and the size distribution of open pores. Porosity analysis can be per-
formed using N2 gas adsorption, where a known amount of N2 gas is physically 
adsorbed onto the open pores of the pottery at a subcritical temperature, even-
tually forming weak intermolecular attraction with the pore surface. When the 
saturation pressure is achieved, N2 gas is gradually removed (desorption) until 
fully evacuated. The gas adsorption isotherm, which represents the amount of gas 
adsorbed and desorbed, are then used to calculate the pore parameters in the 
pottery, particularly in the micro- and mesopore regions (Zouridakis and Tzeve-
lekos 1999; Espinal 2012; Cayme et al. 2024a).   
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Mercury intrusion works similarly as the gas adsorption method but uses non-
wetting liquids (i.e Hg) instead of gas, which is forcibly introduced into the pores 
under applied pressure. The volume of mercury intruded and extruded as a func-
tion of pressure is analyzed to determine the open pore parameters in the meso- 
and macropore regions (Espinal 2012; Volzone and Zagorodny 2014; Dagh-
mehchi et al. 2023).   

 
 

2.2 Organic residue analysis (ORA) 
Organic compounds are often present in various archaeological and cultural 
heritage artifacts, including those found in or on pottery (Cramp and Evershed 
2014; Heron and Craig 2015; Oras et al. 2017a; Bondetti et al. 2021; Hopper et 
al. 2023; Oras et al. 2023), mummified remains (Ménager et al. 2014; Oras et al. 
2020), textiles (Peets et al. 2020; Lantos et al. 2024), and art works (Rella et al. 
2006; Sarmiento et al. 2011). Despite the susceptibility of organic compounds to 
degradation, residues can still be preserved for millennia within pottery, stone 
tools, or other mineral matrices (Langejans 2010; Craig et al. 2013).  

ORA as a methodological approach has significantly improved, evolving from 
classical wet chemistry methods in the early 1900s, that required large amounts 
of archaeological pottery samples (Regert 2011), to the application of advanced 
chromatography techniques at the beginning of the 1980s that needed only small 
sample sizes and provided more detailed characterization (Patrick et al. 1985; 
Needham and Evans 1987). By the 1990s, gas chromatography (GC) with either 
a flame ionization detector (GC-FID) or mass spectrometry (GC-MS), became a 
standard equipment for ORA in knowing the molecular identity of biomarkers 
and the concentration of different lipid compounds from e.g. food sources or other 
organic substances (Evershed et al. 1990). In archaeology, this technique is often 
used in parallel with the gas chromatography-combustion-isotope mass spectro-
metry (GC-C-IRMS) to further determine the origin of analyzed food substances, 
usually through the isotopic analysis of fatty acids (Evershed et al. 1994, 1997). 
There have been several additional mass spectrometry based advancements since 
the 2000s, with the more recent ones focusing on increasing the sensitivity of the 
instruments to identify and distinguish food residues, like e.g. the matrix-assisted 
laser desorption/ionization (MALDI) ionization in tandem with Fourier trans-
form-ion cyclotron resonance mass spectrometry (MALDI-FT-ICR-MS) (Oras et 
al. 2017a; Drieu et al. 2024), and ultra-high-performance liquid chromatography 
coupled with Orbitrap mass analyzer (UHPLC/Orbitrap MS) techniques 
(Doliente et al. 2024).  

 
2.2.1 Organic residue analysis from archaeological pottery 

A widely recognized application of ORA is in the analysis of food residues, speci-
fically the recovery of lipids from archaeological potsherds (Evershed 2008a-b; 
Roffet-Salque et al. 2017; Whelton et al. 2021; Irto et al. 2022). Lipids are 
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excellent targets for ORA due to their hydrophobic properties, making it less 
soluble in water, and gets better preserved within the artifacts by limiting their 
loss during diagenesis (Heron and Evershed 1993). Proteins, one of the most 
commonly occurring biological molecules, can be also recovered from archaeo-
logical ceramics despite being more sensitive to degradation (Craig et al. 2005; 
Pavelka et al. 2016; Hendy et al. 2018; Chowdhury et al. 2021; Tanasi et al. 2021).  

Biomarkers are the main target analytes in lipid-based ORA (Evershed et al. 
1991; Evershed 2008a).These are chemically stable organic compounds that can 
be diagnostic of specific food substances derived from plants and animals, and 
are usually detected using GC-MS in archaeological pottery, and less often with 
liquid chromatography-mass spectrometry (LC-MS) (Krueger et al. 2018; 
Doliente et al. 2024) and tandem mass spectrometry (NanoESI MS and MS/MS) 
techniques (Mirabaud et al. 2007). The analysis of these residues can infer the 
original functions of ceramic vessels, whether for cooking, storage or tableware, 
as well as the type of organic products processes within them (Heron and Ever-
shed 1993; Evershed et al. 1999; Roffet-Salque et al. 2017). Biomarker com-
pounds are indicative of possible animal fats of terrestrial (Evershed et al. 1997, 
2002; Mottram et al. 1999) or aquatic (Hansel et al. 2004; Oras et al. 2018; 
Dolbunova et al. 2022) origin, plant-derived lipids (Dunne et al. 2016; Shoda et 
al. 2018; Chen et al. 2024), and products processed or derived from natural 
sources such as dairy (Salque et al. 2013; Carrer et al. 2016; Evans et al. 2023), 
honey (Oliveira et al. 2019; Dunne et al. 2021), and adhesives including tars 
(Mitkidou et al. 2008; Stacey et al. 2020; Chen et al. 2022) and beeswax (Regert 
et al. 2001; Roffet-Salque et al. 2015; Roumpou et al. 2021), respectively.  

Understanding the intended function and use of pottery through chemical 
evidence has provided insights into the daily lifestyles and practices of ancient 
communities. Among them are mortuary practices (Namdar et al. 2017; Van de 
Velde et al. 2019; Vykukal et al. 2021; Roumpou et al. 2023), dairy innovations 
(Dunne et al. 2019; Cubas et al. 2020; Demirci et al. 2021; Evershed et al. 2022), 
adoption of pottery technologies (Taché and Craig 2015; Oras et al. 2017b; 
Admiraal et al. 2020; Craig 2021), farming practices (Heron et al. 2016; Cramp 
et al. 2019; Lucquin et al. 2023; Oras et al. 2023) and trade networks (Steele and 
Stern 2017; Drieu et al. 2021).  

 
2.2.2 Effects of mineralogical component on organic residues 

The recovery of lipids in archaeological pottery is influenced by several factors, 
which include the physical and chemical properties of the pottery, the intended 
functional use during its lifetime, and the burial environment (Colombini et al. 
2005a). Among these factors, the mineral component of the pottery has the most 
important effect on the long-term preservation of lipid residues because it facili-
tates adsorption during cooking events and serves as a protective barrier during 
burial (Evershed 2008b).  

In the first factor, the type of clay (e.g., 1:1 group, 2:1 group, or mixed layer 
types), the added temper (e.g., mineral, shell, or plant and animal materials), and 
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the firing conditions (e.g., low or high fired, and oxidizing or reducing atmo-
sphere) contributes to the physical and chemical properties of the final pottery 
material (Moropoulou et al. 1995; Sanjurjo-Sánchez et al. 2018). The variability 
in the raw materials and manufacturing processes is dictated by technological 
expertise, raw material availability, and regional traditions (Tite 2008; Povlsen 
2013; Woolsey 2018). The formation of different sized pores in pottery is a direct 
outcome of the mineral content in the clay and temper mixture, and the formation 
of specific post-firing minerals depending on the firing temperature attained. 
These pores can enhance the adsorption of organic residues on the pottery sur-
faces, effectively trapping and preserving them over time (Evershed et al. 1990; 
Drieu et al. 2019; Drieu 2020). Studies have shown that unglazed pottery typi-
cally have higher lipid yields compared to those with surface treatments such as 
burnishing or glazing (Pecci et al. 2016; Drieu 2020). This difference is attributed 
to the higher porosity of unglazed ceramics, which facilitated the adsorption and 
retention of more organic residues, in contrast to surface-treated pottery, where 
porosity is limited (Pecci et al. 2016).  

The presence of specific mineral groups in clay can enhance lipid retention in 
pottery. In particular, clays containing calcium-rich inclusions, such as calcite, 
has been reported to contribute to this preservation. Unsaturated compounds, 
particularly oleic acid bonded to iodine through its double bond, appeared to pre-
ferentially come together within the calcite inclusions in clays, as demonstrated 
through elemental mapping employing a scanning electron microscopy with 
energy dispersive spectrometer (SEM-EDS) (Goldenberg et al. 2014). This 
finding is supported by studies using time-of-flight secondary ion mass spectro-
metry (ToF-SIMS), which revealed significant lipid accumulations surrounding 
calcium-rich inclusions in pottery (Hammann et al. 2020). This binding of fatty 
acids to calcium is attributed to the formation of calcium salts of fatty acids, 
which are insoluble and resistant to leaching, thus protecting lipids during post-
depositional processes. Besides calcite, clay minerals also adsorb moderate 
amounts of oleic acid (bonded to iodine), while quartz exhibited no detectable 
adsorption, as evidenced by SEM-EDS elemental mapping analysis (Goldenberg 
et al. 2014). 

Macroscopically, calcified deposits consisting of CaCO3, lining the interiors 
of archaeological pottery, have been found to preserve not only lipids but also 
proteins (Hendy et al. 2018). Similarly, dental calculus, which also contains cal-
cium minerals, can effectively preserve both protein and lipid residues (Velsko et 
al. 2017; Hendy et al. 2018).   

In addition to lipid preservation, metal oxides within the clay matrix have been 
reported to catalyze the formation of long mid-chain ketones in archaeological 
pottery. These ketones are formed through the ketonic decarboxylation of fatty 
acids, with fatty acid metal salts acting as reaction intermediates. Experimental 
investigations using replicate pottery materials have demonstrated that metal 
oxides and salts, such as CaO, Al2O3, SiO2, CaCO3, MgO, and FeO, can facilitate 
this catalytic process (Raven et al. 1997; Evershed et al. 2008c). 
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Secondly, lipid accumulation is also related to the original function of the 
pottery, with cooking pots generally having more adsorbed lipids compared to 
storage pots (Matlova et al. 2017). Cooking, which in ancient times normally 
involved boiling in liquid or roasting, facilitates the breakdown of organic 
molecules in food which enables the residues to penetrate deeper into the pottery 
matrix (Evershed 2008b; Charters et al. 1993,1997; Dunne et al. 2020). This 
process also produces more degradation products that can eventually react with 
the clay matrix and become bound to it, resulting to better preservation in the 
pottery. Furthermore, charred food remains (food crusts) formed during cooking, 
can also be a source of preserved organic residues (Craig et al. 2007; Evershed 
2008b; Miller et al. 2020).  

Lastly, the combined effect of the mineral composition and the processes the 
pottery underwent during its lifetime of use can either induce further degradation 
or prevent it once buried in the ground (Colombini et al. 2005b). It has been 
reported that lipids are better preserved from water leaching and the harmful 
effects of microorganisms in arid surroundings and anoxic waterlogged deposits 
(Regert et al. 1998; Evershed 2008a; Dunne et al. 2012; Drieu 2020). Additio-
nally, soils characterized by low pH can alter the mineral composition of pottery, 
particularly those containing calcium, leading to the formation of calcified 
mineral deposits that may affect the surface porosity of the pottery (Cau Onti-
veros et al. 2002; Gilstrap et al. 2021). Such changes in porosity, if significant, 
may in turn, also affect the retention of organic residues.  

 
2.2.3 Quantification methods of organic residues 

Typical ORA protocols are generally designed to evaluate the presence and rela-
tive concentration of lipid compounds (i.e. fatty acids, acylglycerols, sterols) and 
its degradation products in the pottery, rather than determining their absolute 
amount with precise quantification. The quantification of lipid components in 
ORA usually involves adding a known concentration of an internal standard to an 
unknown sample and then comparing the peak areas of the standard and target 
analytes to calculate the concentration of the unknown analyte (Charters et al. 
1993; Olsson and Isaksson 2008; Kałużna-Czaplińska et al. 2016). For the 
internal standard to be effective, it should be of high purity, possess properties 
similar to those of the analytes, and should measure accurately. The most widely 
used internal standards in archaeological ORA are long chain n-alkanes, like C 34 
or C36 alkanes. Internal standards are usually introduced to the lipid extracts prior 
to GC-MS analysis, although standards can also be added to the ceramic powder 
before extraction to assess the efficiency of the extraction method (Baeten et al. 
2013; Cramp et al. 2014).  

Ensuring the reliability of results requires incorporating blank samples during 
extraction to monitor possible contamination, performing multiple sample ana-
lysis for improved repeatability when necessary, employing internal standards, 
and including reference materials as part of the protocol (Kałużna-Czaplińska et 
al. 2016). Furthermore, it has been established that the total lipid extracted from 
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archaeological pottery in order for it to be considered representative of its original 
contents should be above 5µg/g of clay powder (Evershed 2008b; Reber et al. 
2019; Suryanarayan et al. 2021). This threshold value ensures reliable inter-
pretation of its organic residue contents.  
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3 EXPERIMENTAL SECTION 

The general methodology employed in this doctoral study is presented in Figure 
3.1. Specifically, analyses were conducted on the inorganic compounds and  orga-
nic components of the clay samples, which included the experimental pottery 
briquettes and the 12th 1̶3th century archaeological pottery from Kukruse, Estonia, 
to determine their mineral composition, porosity, and yields of two archaeo-
logically relevant fatty acids (C16:0 and C18:1).  
 

 
 

Figure 3.1. General flow of experiments. 
 
 

3.1 Replicate clay pottery briquettes   
The reference pottery briquettes were manufactured using two distinct clay types: 
predominantly illite and mixed-layered illite-smectite red clay (RC), and kaolinite 
white clay (WC). The aim was to test and compare the physical and chemical 
properties and their influence on lipid yield of two different, archaeologically 
relevant clay types. RC was sourced from a Quaternary clay formation in south-
eastern Estonia while WC was obtained commercially from Bang & Bonsomer 
Group Oy in Helsinki, Finland. Additionally, natural Quaternary sand (S) from 
Toome Hill in Tartu, Estonia, was used as sand temper. The sand was first sieved 
on a 0.500 mm mesh screen (#35 US Standard Mesh Number) to ensure uniform 
grain size, and then the finer fraction was mixed with the clays. Commercial 
powdered chalk (CH) purchased from Bang & Bonsomer Group Oy in Helsinki, 
Finland, was used to represent shell debris temper, which is commonly found in 
archaeological pottery from the eastern Baltic region (Kriiska et al. 2017). The 
production process, including the firing temperatures employed in the manu-
facturing of the replicate clay briquettes, were designed following the practices 
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identified in prehistoric pottery production (Dumpe and Stivrins 2015; Spataro et 
al. 2021).  

Table 3.1.1 presents the proportions by mass of the clay type and temper 
additives used in the manufacture of each briquettes having an individual total 
weight of 30 g. Briquettes made entirely from RC and WC, representing 100% 
clay without temper, were also produced. Both the pure clays and the clay-temper 
mixtures were thoroughly hand-mixed, and approximately 8 to 10 mL of ultra-
pure water (Milli-Q® Advantage A10 system, Merck Millipore, Darmstadt, 
Germany) was added to achieve plasticity. The resulting paste was then shaped 
into rectangular forms with dimensions of 3.0–3.5 cm x 5.0–6.0 cm and a thick-
ness of 0.8–1.0 cm. The formed briquettes were air-dried at room temperature for 
12 h and oven-dried at 105°C for an additional 24 h. Two equivalent sets of 
briquettes were prepared, which was fired separately at 600°C and 800°C. A total 
of 44 briquettes were produced.  

A muffle furnace (KL-22, Kerako, Tallinn, Estonia) with an electronic pro-
grammable controller (ST315A, Stafford 129 Instruments, Stafford, United King-
dom) was utilized to fire the prepared briquettes in an oxidizing atmosphere. The 
temperature program for the furnace was as follows: room temperature equilibra-
tion for 10 min, followed by a temperature increase within 90 min to either 600°C 
or 800°C, and finally, a 120 min soaking time at the final temperature.  

 
 

Table 3.1.1. Mass percentage of different clay types, tempers, and firing temperature used 
to form the replicate briquettes.  

 
Composition RC WC 

600°C 800°C 600°C 800°C 
 
Clay:15%  
Sand (S): 85% 

 
RC600-S1 

 
RC800-S1 

 
WC600-S1

 
WC800-S1 

 
Clay: 20%  
Sand (S): 80% 

 
 

RC600-S2 

 
 

RC800-S2 
 

WC600-S2

 
 

WC800-S2 
 
Clay: 25%  
Sand (S): 75% 

 
RC600-S3

 
RC800-S3 

 
WC600-S3 

 
WC800-S3 
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Clay: 50%  
Sand (S): 50% 

 
 

RC600-S4 

 
 

RC800-S4 
 

WC600-S4

 
 

WC800-S4 
 
Clay: 75%  
Sand (S): 25% 

 
RC600-S5 

 
 

RC800-S5 
 

WC600-S5
 

WC800-S5 
 
Clay: 100%  
Sand (S): 0% 

 
RC600-S6 

 
 

RC800-S6 
 

WC600-S6
 

WC800-S6 
 
 
Composition RC WC 

600°C 800°C 600°C 800°C 
 
Clay:20%  
Sand (S): 32% 
Chalk (CH): 48% 

 
RC600-CH1 

 
RC800-CH1 

 
 

WC600-CH1
 

WC800-CH1 
 
Clay: 25%  
Sand (S): 30% 
Chalk (CH): 45% 

 
RC600-CH2 

 
RC800-CH2 

 
WC600-CH2 

 
WC800-CH2 

 
Clay: 50%  
Sand (S): 20% 
Chalk (CH): 30% 

 
RC600-CH3

 
RC800-CH3

 

 
 

WC600-CH3 

 

 
 

WC800-CH3 
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Clay: 75%  
Sand (S): 10% 
Chalk (CH): 15% 

 
RC600-CH4 

 
RC800-CH4 

 

 
 

WC600-CH4 

 
 

WC800-CH4 
 
Clay: 90%  
Sand (S): 5% 
Chalk (CH): 5% 

 
RC600-CH5

 
RC800-CH5 

 

 
WC600-CH5 

 

 
WC800-CH5 

 
 

3.2 Inorganic clay components   

3.2.1 ATR-FT-IR analysis  

A Thermo Scientific Nicolet 6700 FT-IR spectrometer with a Smart Orbit dia-
mond micro-ATR accessory (active sampling a 1.5 mm diameter), was utilized to 
acquire the ATR-FT-IR spectra of the 236 reference clay samples, 28 mineral 
standards, and the 11 case study samples in the 4000–225 cm-1 region. The FT-IR 
spectrometer is equipped with a DLaTGS (deuterated L-alanine doped triglycine 
sulphate) detector, CsI (Cesium Iodide) beamsplitter, and Vectra Aluminium 
interferometer. A constant purging of dry air protects the FT-IR spectrometer from 
atmospheric moisture.  

For obtaining ATR-FT-IR spectrum, small amount of grounded sample was 
placed on the ATR crystal and initially pressed on a micro-ATR crystal utilizing 
a pressure applicator. The FT-IR operating parameters were set as follows: 4cm-1 

resolution, 128 and 256 scans, zero filling factor was 0, and Happ-Genzel 
apodization window. Afterwards, the spectra were recorded and processed using 
the Thermo Electron’s OMNIC 9 software.  

To ensure homogeneous results, 2 to 4 recorded ATR-FT-IR spectra were 
made for every individual monomineralic samples and clay-related reference 
samples, while 1 to 3 ATR-FT-IR spectra were acquired for the case study 
samples. The resulting IR spectra were averaged, and the statistical average ATR-
FT-IR spectra were obtained. Atmospheric suppression correction was applied to 
all the recorded ATR-FT-IR spectra using Thermo Fisher Scientific Inc. OMNIC 
Specta 2.0 software. The smoothing function of the OMNIC software was 
employed for some noisier ATR-FT-IR spectra. 

Details on the development of the discriminant analysis (DA) classification 
model and the PLS partial least squares model for quantification can be found in 
Paper 1. For these techniques, Thermo Scientific TQ Analyst™ Professional 
Edition 9.0 software was used. 
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The compositions of the calibration and validation standards for creating the 
ATR-FT-IR-PLS quantification model were based on the XRD data. For eva-
luating the PLS model the following parameters were used: root mean square 
error of calibration (RMSEC), root mean square error of predication (RMSEP), 
squared correlation coefficient (R2), root mean square error of cross-validation 
(RMSECV), and modified Willmott performance index.  
 

3.2.2 X-ray diffraction analysis 

A Bruker D8 Advance (Germany) X-ray diffractometer (XRD) was employed to 
identify the mineral content of the raw clay materials used for the replicate 
briquettes, the fired clay briquettes, and the archaeological samples from Kukruse 
Estonia. The sample preparation process included drying the samples at 105°C in 
an oven for 24 h, followed by grinding into fine powder with an agate mortar and 
pestle, and then transferring them into aluminum sample holders, which were 
flattened with a glass side. The XRD measurements were performed using Ni-
filtered CuKα radiation in the 3–70°2θ range. The resulting XRD data were 
interpreted and modeled using Siroquant-3 software, which utilizes a Rietveld 
algorithm-based code. The XRD analysis was conducted in collaboration with the 
Department of Geology, University of Tartu, Estonia.  
 

3.2.3 Porosity: Nitrogen gas adsorption 

The N2 adsorption of the raw clay materials used for the replicate briquettes, the 
fired clay briquettes, and the archaeological case study samples at different 
relative pressures were measured using a Micromeritics 3Flex adsorption 
analyser (Norcross, GA, USA). The samples, each weighing approximately 1.0 
g, were first degassed under vacuum for about 24 h at 300°C in a VacPrep 061 
Micromeritics sample degas system (Norcross, GA, USA) prior to analysis. The 
total specific micro- and mesopore volume (V0.95) and the total specific surface 
area (SBET) were computed from the amount of N2 adsorbed at p/p° = 0.95 for 
V0.95, and in the p/p° range from 0.05 to 0.2 for SBET, respectively. The Brunauer–
Emmett–Teller (BET) method was used to determine the SBET.  

The non-local density functional theory (NLDFT) model for pillared clays 
was used to derive the pore size distribution, the cumulative values for the 
specific surface area (SNLDFT) and specific pore volume (VNLDFT), and the per-
centage of micropores, Smicro and Vmicro, using the Micromeritics 3Flex software 
(version 6.01, Norcross, GA, USA). Further details on the computations are 
reported in Paper 2. The N2 adsorption analysis was conducted in collaboration 
with the Chair of Physical Chemistry, Institute of Chemistry, University of Tartu, 
Estonia. 
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3.3 Organic residue analysis  from experimental and 
archaeological samples   

3.3.1 Chemical standards and solvents used in ORA 

All sample solutions were prepared by weighing and expressed in mass units. The 
fatty acid standards used for spiking on the powdered clay samples are palmitic 
acid (C16:0) (certified reference material, TraceCERT®, 99.6%, Sigma-Aldrich, 
Switzerland) and oleic acid (C18:1) (ROTICHROM® GC, ≥ 99%, Carl Roth GmbH 
+ Co. KG, Karlsruhe, Germany). Each standard was dissolved in hexane (puriss 
p.a. ACS reagent, ≥ 99% (GC), Sigma-Aldrich, Co. St. Louis, MO, USA) to pro-
duce solutions with concentrations of approximately 1 µg/µL. The internal stan-
dard used for quantification was a 10% hexadecane (≥ 99.0%, Sigma-Aldrich, 
USA) in toluene (puriss p.a., ACS reagent, ≥ 99.7%, Honeywell) solution with a 
concentration of 0.4 mg g-1. Additionally, a stock solution of fatty acid methyl 
esters (FAME) standard, consisting of 14 different fatty acid methyl esters 
ranging from C8-C24 (CRM18918, Supelco, Sigma-Aldrich, USA) was prepared 
by diluting in toluene to a concentration of 6.1 mg g-1. From this stock solution, 
the series of standard solutions for the calibration curves were prepared.  

The following reagents were used in the derivatization and extraction process: 
TMTFTH (m-(trifluoromethyl)phenyltrimethylammonium hydroxide, 5% w/v in 
methanol, Thermo Scientific, Kandel, Germany), concentrated sulfuric acid (ana-
lytical reagent, AnalaR NORMAPUR, 98%, VWR Chemicals BDH Prolabo, 
Leuven, Belgium), potassium carbonate (ACS reagent, ≥ 99.0%, Sigma-Aldrich, 
USA), dichloromethane (puriss p.a., ACS reagent, ≥ 99.9%, Honeywell, USA), 
and methanol (ChromasolvTM for HPLC, ≥ 99.9%, Honeywell, USA).  
 

3.3.2 Spiking of palmitic and oleic acid standards 

Standard solutions of C16:0 and C18:1 were spiked on homogenized clay briquettes, 
according to the amounts presented in Table 3.3.2.1. Homogenization was carried 
out using a mini ball mill (Mini-mill Pulverisette 23, Fritsch GmbH, Germany). 
Two equivalent sets of spiked clay briquette powders were prepared, one set was 
air-dried without additional treatment (non-degraded), while the other set was 
heated (100°C) in a laboratory oven (ECOCELL® 22-ECO line, MMM Group, 
München, Germany) for 14 h (degraded). The degradation temperature and time 
settings were selected based on the starting point of degradation of pure C16:0 and 
C18:1 (Charuwat et al. 2018; Xiao et al. 2023b), with the purpose of investigating 
whether the clay influences the oxidation of these fatty acids. Furthermore, the 
parameters reflect potential low-heat cooking events.  

Additionally, out of the sets prepared, one batch underwent acid catalyzed 
methylation (ACM), and another batch was designated for the TMTFTH methy-
lation. ACM is a conventional method used for one step extraction and methy-
lation (Correa-Ascencio and Evershed 2014; Oras et al. 2017b) of lipids, while 
TMTFTH was used for comparison, since it is largely unexplored on clay pottery 



32 

ORA (Stern et al. 2000). The spiked amount of C16:0 and C18:1 and the mass of clay 
used were adjusted between the two methylation methods to ensure that sufficient 
amount was quantified. Spiking was performed by first diluting both C16:0 and 
C18:1 in 1.0 mL hexane in a separate vial, then uniformly distributing this solution 
onto the clay powder. Afterwards, the hexane was allowed to evaporate com-
pletely, leaving the C16:0 and C18:1 at their original concentrations on the clay 
briquettes. Each sample was placed in clear glass test tubes with PTFE-lined 
screw caps. 
 
 
Table 3.3.2.1. The amount of fatty acids and the mass of clay utilized in the ACM and 
TMTFTH methylation methods.  
 

Fatty acid and 
clay 

Methylation methods
ACM TMTFTH

C16:0  25 µL 50 µL
C18:1 25 µL 50 µL
Clay powder  0.25 g 0.50 g

 
 

3.3.3 Derivatization methods 

The methodology discussed in the subsequent sections was applied to both 
degraded and non-degraded powdered clay samples spiked with C16:0 and C18.1. 
Each batch extraction included a blank that contained no clay powders and no 
spiked C16:0 and C18.1. Additionally, test tubes containing only C16:0 and C18.1were 
extracted in parallel with each batch run to correct and improve the accuracy of 
the fatty acid percentage yield computations. Representative clay powders with-
out any spiked fatty acids (blank samples) were also derivatized and extracted to 
confirm the absence of organic compounds. The archaeological Kukruse pottery 
used as case study samples was also subjected to the ACM method, but not with 
the TMTFTH methylation method. The amount of homogenized Kukruse clay 
powders extracted and derivatized by ACM was around 0.50 g.  

 
3.3.3.1 Acid-catalyzed methylation (ACM) 

The extraction protocol was followed from previously published ACM procedure 
(Correa-Ascencio and Evershed 2014; Papakosta et al. 2015; Oras et al. 2017b). 
Briefly, the powdered clay samples were treated with methanol (4 mL), sonicated 
for 15 min, and then concentrated sulfuric acid (800 µL) was added dropwise 
before sealing. The mixture was heated in a dry heating block at 70°C for 4 h, 
then allowed to cool at room temperature. Once cooled, the heterogenous mixture 
were centrifuged for 5 min at 3000 rpm and extracted three times with hexane  
(2 mL) while filtering through a glass pipette plugged with silanized glass wool 
containing potassium carbonate. Each hexane extracts were combined and eva-
porated to dryness under a stream of N2 gas. The dried lipid extracts were 
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reconstituted in 10% hexadecane in toluene (15 µL), further diluted with toluene 
(140 µL), and analyzed by GC-MS.  

 
3.3.3.2 Solvent extraction and TMTFTH derivatization 

The DCM:MeOH extraction (Evershed et al. 1990) and modified TMTFTH deri-
vatization (Tammekivi et al. 2019) protocols, were adapted from previously 
reported studies. Using another set of powdered clay samples, the spiked lipids 
were extracted three times with a solution of 2:1 dichloromethane: methanol 
(DCM:MeOH, v/v, 5 mL), sonicated for 15 min and centrifuged for 15 min at 
3000 rpm. The DCM:MeOH extracts were combined and evaporated to dryness 
under a stream of N2 gas. The dried lipid extracts were then treated with a solution 
of 5% TMTFTH in methanol (50 µL) and sonicated for 30 min. To complete the 
derivatization, the mixture was allowed to stand at room temperature for 24 h. 
After derivatization, 10% hexadecane in toluene (30 µL) was added, followed by 
dilution of toluene (230 µL), and analyzed in GC-MS.  
 

3.3.4 GC-MS instrumentation and parameters 

Methylated samples from ACM and TMTFTH, together with the prepared FAME 
calibration standards, were analyzed by injecting a 1 µL aliquot into an Agilent 
Technologies 6890N gas chromatography system coupled with a 5973 mass 
spectrometer (MS). The instrument was operated using an Agilent GC-MSD/ 
Enhanced software. Helium (purity 6.0, 99.9999%) served as the carrier gas for 
the samples. The GC inlet temperature was set to 300°C, and the samples were 
split at a ratio of 2:1, with a 2.3 mL/min flow rate. Separation was achieved using 
an Agilent J&W HP-5ms capillary column composed of (5%-phenyl)-methyl-
polysiloxane, with the following specifications: 30 m length, 0.25 µm film thick-
ness, and 0.25 mm internal diameter. 

The temperature program for the GC analysis was as follows: the oven was 
initially held at 80°C for 2 min, then ramped to 200°C at 10°C/min, held at 200°C 
for 1 min, increased to 220°C at 5°C/min, held again for 1 min, and further raised 
to 280°C at 30°C/min with a 3 min hold. Finally, the temperature was increased 
to 300°C at 30°C/min, resulting in a total run time of 25.67 min.  

For the MS, the electron ionization (EI) energy was at 70 eV, the ion source 
temperature was set at 230°C, and the transfer line was maintained at 280°C. The 
total ion chromatogram (TIC) was recorded within the mass range of 30-600 m/z 
in scan mode and a 4.00 min solvent delay. The target analytes have the following 
mass ratios: 226.0 m/z for hexadecane, 239.2 m/z for methyl palmitate, and 264.2 
m/z for methyl oleate. For the data analysis, an Agilent Technologies MassHunter 
Workstation, Qualitative Analysis Version 10.0 and the NIST 23 Mass Spectral 
Library was used to evaluate the peak areas in the extracted ion chromatogram 
(EIC) mode.  
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3.3.5 Quantification by GC-MS  

A series of standard solutions with varying concentrations of the fatty acid methyl 
ester (FAME) stock solution was prepared, each containing a fixed amount (60 
µL) of internal standard (10% hexadecane in toluene). The solutions were diluted 
with a known volume of toluene depending on the target concentrations. Since 
only the C16:0 and C18:1 were quantified in this study, the dilutions were designed 
based on the relative amount of methyl palmitate (10.9%) and methyl oleate 
(4.98%) in the FAME solutions. The ratio of the peak areas relative to the con-
centration ratios between the analytes (methyl palmitate or methyl oleate) and the 
internal standard (10% hexadecane in toluene) was plotted, as shown in Figure 
3.3.5.1. Two sets of calibration curves were prepared at different concentration 
ranges, a ten-point calibration curve for ACM, and a nine-point calibration curve 
for TMTFTH. The difference is due to the lower concentration of extracted com-
pounds from TMTFTH. Linear equations derived from these calibration curves 
were used to calculate the unknown concentrations of C16:0 and C18:1 extracted 
from the clay powder samples. The percentage yields of C16:0 and C18:1 were then 
calculated as follows: 
 % yield = concentration of C16: 0 or C18: 1 extractedconcentration of pure C16: 0 or C18: 1  x 100 
 
Calibration curves were constructed for each batch of GC-MS run, with calibra-
tion solutions made from stock solutions of fatty acid methyl esters (FAME) 
producing very good linearity for the target fatty acids, C16:0 and C18:1. The ob-
served linearity was reproducible across a range of concentrations, including low 
concentrations for the TMTFTH methylation (R2 ≥ 0.998), mid-range concentra-
tions for the acid-catalyzed methylation (R2 ≥ 0.998), and high concentrations (R2 
≥ 0.999) used for the archaeological pottery. Data analysis was performed on the 
briquette powders by computing the average yields from the two replicate 
analyses conducted on separate days. The data was organized to reflect the 
changes in the concentrations of C16:0 and C18:1 between the different amounts of 
clay and temper types, and whether the samples were degraded or non-degraded. 
The detailed data analysis employed is discussed in Paper 3. The amount of 
selected fatty acids investigated in the Kukruse pottery samples were expressed 
in µg/g clay instead of the percentage yield.  
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Figure 3.3.5.1. Representative calibration curves used for quantifying the extracts from 
(A) ACM, and for (B) TMTFTH. The peak area ratios of methyl palmitate (SMP) or methyl 
oleate (SMO), relative to the area of the internal standard, 10% hexadecane in toluene (SIS) 
was plotted relative to the concentration ratios of the analytes (CMP) or (CMO), and the 
internal standard (CIS).  
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4 RESULTS AND DISCUSSION 

4.1 Characterization of mineralogical components  
of clay minerals 

The mineralogical composition of clays provides important information about the 
possible type of raw materials used in the production of pottery, including the 
addition of non-clay mineral tempers, and its thermal mineral transformations 
after the firing process. ATR-FT-IR-PLS method and XRD were employed in this 
study to determine the mineralogical composition of archaeological pottery 
which will be presented in the Case Study section.  
 

4.1.1 Quantitative ATR-FT-IR-PLS method 

An ATR-FT-IR-PLS quantitative method was developed to address the need for 
rapid and efficient quantitative analysis when sample size is limited. This method 
serves as an alternative to XRD, which requires larger sample sizes and cannot 
determine amorphous components. Section 4.1.1.1 provides a summary of the 
advantages of the ATR-FT-IR-PLS method compared to the conventional XRD 
technique.   

Paper 1 describes a quantitative method that demonstrates the effectiveness of 
ATR-FT-IR-PLS (using spectral range of 3720-275 cm-1) in quantifying seven 
different mineral groups in clays. These groups include: (1) silica varieties (quartz 
and cristobalite), (2) feldspars (plagioclase and K-feldspar), (3) clay minerals, 
group 1 (kaolinite and halloysite), (4) clay minerals, group 2 (micas, illite, illite-
smectite, smectite, vermiculite), (5) clay minerals, group 3 (chlorite, chlorite-
smectite), (6) carbonates (calcite, dolomite, siderite, ankerite), and (7) iron-
oxyhydroxides (hematite and goethite). The PLS model was developed using the 
largest calibration and validation datasets ever collected for clay minerals, con-
taining 222 clay-related reference standards with known and diverse com-
positions. Different natural clays were used as standards, as well as archaeolo-
gical, cultural heritage and geological materials that were of different types, age 
and origin, to cover a broad and extensive range of mineral components in the 
model (see Paper 1).  

During this work, it was also evaluated how effectively it was possible to 
differentiate between various monomineralic minerals usually present in most 
clays based on their ATR-FT-IR spectral features. For that, discriminant analysis 
(DA) classification were used, which is based on principal component analysis 
(PCA) (Fig. 4.1.1.1).   
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Figure 4.1.1.1. The classification results of the individual minerals presented by the three 
principal components (source: Vahur et al. 2021). 

 
 
In Fig. 4.1.1.1, it can be seen that the silica varieties, feldspars, carbonates and 
iron-oxyhydroxides were distributed in separate groups. Micas, clay minerals and 
amphiboles were grouped more together. The DA classification results demon-
strate that the ATR-FT-IR spectra of analysed minerals are different enough and 
can be utilized for quantification by the PLS model. The ATR-FT-IR spectra 
interpretation and the detailed discussions are provided in Paper 1.  

The overall performance index, which indicated how accurately the created 
PLS model can quantify the validation standards, was 82.6%. The average 
performance index of 7 classes of minerals in clays was 84.8%. Carbonates (i.e. 
calcite, dolomite) showed the highest accuracy at 96.4% performance largely due 
to their well-resolved ATR-FT-IR peaks compared to the other mineral groups. 
The clay mineral groups, specifically group 2 (i.e. illite, illite-smectite), have the 
lowest performance index at 79.7% due to their overlapping bands in the ATR-
FT-IR that are difficult to separate. However, the R2 values for the calibration and 
validation standards are all > 0.9, signifying satisfactory to good accuracy. 
RMSEC values of main components were between 1.7 to 6.1 g/100g and RMSEP 
values 0.9 and 5.1 g/100g. These results are satisfactory. The ATR-FT-IR-PLS 
method developed in Paper 1 has demonstrated its usefulness as a starting point 
for determining the clay components of archaeological pottery. The PLS method 
shows that carbonates (i.e. calcite and dolomite) were the most accurately quan-
tified group of minerals. The clay minerals in the sample were separated into three 
groups. Group 1 (i.e. kaolinite and halloysite) was quantified well, while Group 
2 (i.e. illite, illite-smectite) was quantified satisfactorily.   
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4.1.1.1 Advantages and disadvantages of ATR-FT-IR-PLS method  

Applying the ATR-FT-IR-PLS method to eleven real-life archaeological and 
cultural heritage case study samples, as described in detail in Paper 1, have shown 
its effectiveness in quantifying the seven mineral groups selected in the PLS 
model. The method is particularly well-suited for small sample amounts, for its 
fast data acquisition, minimal sample preparation requirements, and in some 
cases, the ability to obtain usable data from a single FT-IR spectrum. However, 
improving the precision and reducing the uncertainties in quantitative analysis 
would require at least three replicate IR measurements. These features make the 
ATR-FT-IR-PLS method especially valuable for cultural heritage and archaeo-
logical materials, where preserving the sample’s integrity is very relevant. While 
the ATR-FT-IR-PLS method performed well in determining the amount of the 
silicate varieties, feldspars, and iron-oxyhydroxides in some case study samples, 
it was less effective in quantifying the clay minerals 1 and 2 groups compared to 
the XRD technique.  

The XRD has the advantage in identifying crystalline mineral phases and pro-
vides greater accuracy in quantifying their amounts. However, its limitations 
become apparent in the presence of amorphous mineral phases, as seen in one of 
the case study samples in Paper 1. XRD is unable to identify non-crystalline 
phases, which can lead to overestimation in the amount of the crystalline phases 
at the expense of the amorphous phases. In contrast, ATR-FT-IR can identify 
amorphous, semi-crystalline, and crystalline phases, with the potential for more 
improved quantification through the addition of new calibration standards in the 
PLS model. Although the XRD has the advantage of more detailed and accurate 
mineral phase analysis, the ATR-FT-IR-PLS method is a more practical alter-
native when semi-quantitative data is already sufficient to address the research 
question or when sample amounts are very limited.  

 
4.1.2 Analysis by X-ray diffraction (XRD)  

The comprehensive XRD analysis of the mineral composition of the briquette 
raw materials (i.e. RC and WC clays, sand, and chalk) and their corresponding 
thermal transformations at 600°C and 800°C were provided in detail in Paper 2. 
Furthermore, the mineralogical characterization of the Kukruse pottery and its 
potential implications for lipid yield from those potsherds will also be discussed 
in detail on the Case Study section of this dissertation.  

In general, RC contains 64 wt.% average clay minerals, mainly 50 wt.% 
average of 2:1 clay type (illite, illite-smectite, mica), with fractions (14 wt.% 
average) of 1:1 clay type (kaolinite). WC, on the other hand, consisted of 91 wt.% 
average clay minerals, composed primarily of kaolinite (74 wt.% average) and 18 
wt.% average of 2:1 clay type. The rest of the minerals in the raw clays are non-
clay minerals, which included quartz and K-feldspar in both RC (31 wt.% 
average) and WC (9 wt.% average). In addition, hematite is also present in RC at 
about 4 wt.% average.  
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For the tempers, sand (S) has quartz (74 wt.% average) as its major com-
ponent, along with K-feldspar (8 wt.% average) and plagioclase (8 wt.% ave-
rage). It also contained minor amounts of 2:1 clay type (5 wt.% average) and 
carbonates (4 wt.% average). The ground chalk (CH) was composed of relatively 
pure calcite (99 wt.% average), with 1.0 wt. % average dolomite. The mineral 
composition of raw clays varies depending on their geographical origin and the 
geological processes that shaped its environment.  

 
4.1.2.1 Mineralogical changes after firing  

The behavior of phyllosilicates or clay minerals during firing was related to their 
specific types (i.e. 1:1 clay, 2:1 clay, or mixed-layer clay) and their interactions 
with other non-clay minerals within the clay matrix. These processes are further 
influenced by firing conditions made in either oxidizing or reducing environment, 
the firing duration, and the maximum temperature attained. Despite these 
different factors, the briquettes used in this doctoral study exhibited mineralogical 
transformations consistent with those typically observed at firing temperatures of 
600°C and 800°C.  

At a firing temperature of 600°C, the phyllosilicates in RC and WC have 
already underwent dehydroxylation, losing both interlayer water and structural 
hydroxyl groups. In particular, kaolinite in RC and WC was fully transformed 
into amorphous metakaolinite as shown in equation [1] and is no longer identi-
fiable by XRD (Trindade et al. 2009; Izadifar et al. 2020). This transformation 
occurred consistently across all the briquettes, regardless of whether sand or chalk 
was used as temper. Figure 4.1.2.1.1 shows an example of this transformation, 
where at 800°C, the kaolinite is already absent.   

 
Al2O3·2SiO2·2H2O (kaolinite)  Al2O3·2SiO2 (metakaolinite) + 2H2O  [1] 

 
However, the 2:1 clay group (i.e. illite, illite-smectite) in both RC and WC were 
not fully dehydroxylated and still stable at 800°C (Gualtieri an d Ferrari 2006). 
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Figure 4.1.2.1.1. Representative XRD patterns of (A) RC, and (B) WC sand-tempered 
briquettes both fired at 800°C. Kaolinite, which is present in the original raw material in 
both clays, have already dehydroxylated at this temperature. Selected mineral phases are 
tabulated in (a). The mineral symbols are as follows (Warr 2021): Hem = hematite, Kfs = 
K-feldspar, Pl = plagioclase, Qz = quartz. 

 
At 800°C, the carbonate minerals calcite and dolomite, originally present in the 
chalk temper, have largely decomposed, releasing CO2 from their molecular 
structure, as described in equations [2] and [3] (Cultrone et al. 2001; İssi et al. 
2011). Similarly, the sand temper, which also contained small amounts of carbo-
nates, will also undergo decomposition at this temperature. This decomposition 
is evident from the comparison of the XRD data of the chalk-tempered clay 
briquettes fired at 600°C (i.e., RC600-CH and WC600-CH series) with those fired 
at 800°C (i.e. RC800-CH and WC800-CH series), where a consistent and very 
large decrease in the amount of calcite and dolomite was observed (Figure 
4.1.2.1.2).  

 
CaCO3 (calcite)  CaO (lime) + CO2(g)    [2] 
CaMg(CO3)2 (dolomite)  CaO (lime) + MgO + 2CO2(g)  [3] 
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Figure 4.1.2.1.2. Representative XRD patterns of RC chalk-tempered briquettes fired at 
(A) 600°C, and (B) 800°C. Selected mineral phases are tabulated in (a). The amount of 
calcite has reduced, and the formation of calcium-silicate minerals (i.e. Lrn and Mw) are 
evident in (b). The mineral symbols are as follows (Warr 2021): Cal = calcite, Dol = 
dolomite, Hem = hematite, Kfs = K-feldspar, Lm = lime, Lrn = larnite, Mw = merwinite, 
Pl = plagioclase, Por = portlandite, Qz = quartz. 

 
 
The XRD profiles of the chalk-tempered briquettes fired at 800°C (i.e. RC800-
CH and WC800-CH series) showed the formation of stable calcium-silicate 
mineral phases such as larnite and merwinite (González-García et al. 1990; Trin-
dade et al. 2010). At this temperature, CaO, a decomposition product of calcite, 
reacts with the clay minerals to form the calcium-silicate mineral phases (Fabbri 
et al. 2014). These mineralogical transformations were not observed in the chalk-
tempered briquettes fired at 600°C (i.e. RC600-CH and WC600-CH series) or in 
the sand-tempered briquettes (i.e. RC600-S, RC800-S, WC600-S, and WC800-S 
series).  
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4.1.2.2 Relationship between mineralogy and micro- and 
mesoporosity development 

Although a pottery can contain broad range of pore sizes from micro- to macro-
pores, the assumption is that the smaller sized pores, such as the micropores, 
should be more effective at preserving organic residues (Matlova et al. 2017). 
Paper 2 provided an extensive characterization of the micro- and mesopores in 
the RC and WC, sand- and chalk-tempered briquettes used in this doctoral study.  

From the XRD data, the firing temperature employed during the manu-
facturing process has a significant influence on the thermal transformation pro-
ducts of both clay (i.e. kaolinite) and non-clay minerals (i.e. CaCO3 in chalk) in 
the pottery briquettes, directly affecting the development of micro- and meso-
sized pores (Mondelli et al. 2020). When different proportions of RC and WC 
raw clays with sand temper were fired at 600°C and 800°C, the specific surface 
area (SNLDFT) and specific pore volume (VNLDFT) exhibited very good propor-
tionality with the initial amount (in %) of clay used to manufacture the different 
briquettes, with coefficients of determination (R2) ≥ 0.993. This shows that both 
RC and WC clays were the primary contributors of porosity (Kuila and Prasad 
2013), and that the sand temper did not directly alter the micro- and mesoporosity 
of the briquette despite being fired (Kilikoglou et al. 1998). Furthermore, the 
presence of dolomite in the sand-temper, which is prone to thermal decomposition 
as shown in equation [3], caused the differences in pore parameters between the 
lower mass clay fractions compared to the higher mass clay fractions in both RC 
and WC (see Figure 4.1.2.2.1). 
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Figure 4.1.2.2.1. Graph of the (A) specific surface area (SNLDFT), and the (B) specific pore 
volume (VNLDFT), both vs the added clay mass fraction. Samples are shown for both RC 
and WC sand-tempered briquettes.  
 
 
The addition of chalk temper caused a significant deviation from proportionality 
between the pore parameters and the initial amount of RC and WC, particularly 
in briquettes fired at 800°C. At this temperature, the WC briquettes were more 
affected by the addition of chalk, with pore parameters of R2 ≥ 0.564, compared 
to the RC briquettes, which exhibited an R2 ≥ 0.843 (see Figure 4.1.2.2.2). This 
deviation highlights the important effect of CaCO3 decomposition in the clay 
matrix, as described in equation [2], which can produce highly porous CaO. Some 
of the formed CaO has reacted with the clay minerals, forming non-porous 
calcium-silicate minerals. In comparison, the chalk-tempered RC and WC bri-
quettes fired at 600°C, where CaCO3 decomposition products were not present, 
both exhibited an R2 ≥ 0.959.  
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Figure 4.1.2.2.2. Graph of the (A) specific surface area (SNLDFT), and the (B) specific pore 
volume (VNLDFT), both vs the added clay mass fraction. Samples are shown for both RC 
and WC chalk-tempered briquettes.  

 
 

In general, pottery fired at a higher temperature, 800°C, would form smaller 
percentage of microporosity parameters (Smicro and Vmicro) compared to those fired 
at a lower temperature, 600°C, regardless of the clay type used or the temper 
added. The Smicro data also indicated that the replicate briquettes are mostly com-
posed of micropores. The extent of the reduction in microporosity across the two 
firing temperatures used in this study was influenced by the sintering of illitic 
clay in the case of sand-tempered briquettes and by the formation of CaCO3 
decomposition products that would eventually react with clay, in the case of the 
chalk-tempered briquettes.  

The pore size distribution of the fired RC and WC sand-tempered briquettes 
closely resembled that of the original raw clay materials and varied proportionally 
with the amount of clay used. At 800°C, a significant shift towards higher micro-
pore widths is observed in both clay types.  

The porosity data obtained from the replicate RC and WC clay briquettes in this 
doctoral study revealed that there are multiple factors that can influence the 
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development of porosity. Based on the experimental parameters employed, these 
factors include the type of clay, mineralogical transformations occurring at varying 
temperature, and the composition of the non-clay minerals or the added temper, 
which can react with clay minerals during the manufacturing process. The results 
also indicate the substantial presence of micro- and mesopores within the briquet-
tes, which are likely sufficient to entrap organic residues and enhance long-term 
preservation.  

 

 
4.2 Quantitative analysis of palmitic and oleic acids   

Out of the 44 sets of replicate pottery briquettes described in Paper 2, that were 
utilized for the XRD and porosity analysis, eight (RC-800-S3, RC-800-S4, RC-
800-S5, RC-800-S6, RC-800-CH2, RC-800-CH3, RC-800-CH4, and RC-800-
CH5) were selected and spiked with C16:0 and C18:1 to evaluate the extraction yield 
both with and without degradation. These sets of briquettes were chosen due to 
the prevalence of illitic clays in unglazed archaeological pottery and the occur-
rence of CaCO3 thermal transformations at 800°C.  

Paper 3 showed that ACM derivatization method consistently achieved higher 
fatty acid yields, more than two-fold recovery, compared to those obtained using 
a combination of solvent extraction followed by TMTFTH methylation. Hence, 
the quantitative yield of C16:0 and C18:1 from using the ACM was used to evaluate 
its effect on the briquettes. A discussion on the comparison of the extraction re-
coveries from ACM and TMTFTH methods are found in Paper 3. Since the 
absolute yields of C16:0 and C18:1 is important for determining the recovery relative 
to the mineral composition of the briquette samples, as demonstrated in this 
thesis, the FAME calibration curve method is the most appropriate approach for 
quantification. The archaeological samples will be further discussed in the Case 
Study section of this doctoral study. 
 

4.2.1 Relationship between mineralogy and preservation of 
organic residues 

4.2.1.1 Sand-tempered clay briquettes 

The amount of clay and sand in the replicate pottery briquettes have minimal 
effect on the recovery of the spiked C16:0 and C18:1 when no heat was applied (non-
degraded). Table 4.2.1.1.1 shows that the average (two replicates) recoveries of 
90% (4%) for C16:0 and 88% (4%) for C18:1, wherein the values in parenthesis 
represent the half-widths at 95% confidence intervals (CI), have overlapping 
standard deviations across the samples indicating no significant differences in the 
recoveries despite the variations in the clay and sand content. The half-widths of 
the 95% CI are the measured uncertainties.  

Degradation, i.e. applying heat on the briquettes containing the adsorbed fatty 
acids (100°C for 14 h) decreased the average recovery of C16:0 to 87% (5%) and 
also yielded no significant differences in recovery across the briquettes. However, 
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the unsaturated C18:1 was more affected by heating. Its recovery decreased signi-
ficantly to an average of 61% (5%). A statistically significant correlation was identi-
fied between the recovered yield of C18:1 and the mineral content of the briquettes.  

The reported reduction of degraded C18:1 yield compared to C16:0 is attributed to 
the formation of an isomer of C18:1. Isomers of C18:1, such as trans C18:1, have been 
reported as possible diagnostic biomarker for ruminant fats (Mottram et al. 1999; 
Baeten et al. 2013). However, considering that only two fatty acids were analyzed 
in this study, the presence of these isomers cannot be ascribed to the direct de-
gradation from food stuffs. Rather, it is more likely the result of the C18:1 heat 
degradation, generated from the catalytic effect of metals (flux elements) within the 
illitic clay matrix (Poulain et al. 2016). The GC-MS chromatographs in Paper 3 
illustrated the progressions of isomer formation, with briquettes containing more 
clays (less sand) exhibiting lower C18:1 yield, while those with less clay (more sand) 
showed higher C18:1 yield. This indicated that sand remains chemically inert under 
the experimental conditions employed (Kilikoglou et al. 1998), and that the ob-
served isomer formation was influenced by the amount of clay. Similarly, the non-
degraded samples show that C16:0 and C18:1 can be absorbed in the clay matrix and 
retained even without the application of heat (Drieu et al. 2022). 

 
4.2.1.2 Chalk-tempered clay briquettes 

Unlike the sand-tempered briquettes, the recovery of C16:0 and C18:1 was strongly 
influenced by the amount of chalk originally added in the briquettes and its 
decomposition products, even in the absence of heat. A statistically significant 
correlation was observed between the chalk content and the recovery of both fatty 
acids (Table 4.2.1.2.1). For the non-degraded samples, the briquettes with more 
clay (5% and 15% chalk) content, have resulted in more C16:0 and C18:1 recovery. As 
the amount of chalk temper increases (30% and 45% chalk), the recovery of these 
fatty acids decreases. This suggests that, even without heat, interactions between 
the fatty acids and CaCO3, along with its calcium-containing mineral transforma-
tion products, such as CaO, portlandite and calcium-silicate minerals, facilitated 
the formation of calcium salts of the fatty acids. These salts were only partially 
converted back into free acids and extracted by the ACM procedure. Furthermore, 
the structural similarities between the carbonate group and the carboxylate in the 
fatty acid may have also contributed to the additional stability of the fatty acid salts 
(Goldenberg et al. 2014). This would have made it more strongly bound to the clay 
matrix and decreased the ability of the ACM to extract efficiently.  

A comparison of the slope (m) and the half-width of its 95% CI in Table 
4.2.1.2.1 shows a similar trend was also observed for the degraded C16:0, where a 
statistically significant correlation was also found between the chalk content and 
the fatty acid recovery. For the degraded C18:1, the recovery was not statistically 
significant, and there is no clear relationship between the amount of clay or chalk 
and its yield. Despite this, the general trend among the samples remains consistent 
for the degraded C18:1, with higher chalk content associated with reduced recovery. 
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4.2.2 Relationship of micro- and mesoporosity with  
organic residues  

The specific surface area (SNLDFT) of the sand-tempered briquettes used for the 
recovery of C16:0 and C18:1 ranged from 44 m2 g-1 for S-0 (100% clay) to 10 m2 g-1 
for S-75 (25% clay). The proportion of micropores (Smicro) within this range 
accounts for 48 to 51%, while the rest are attributed to the mesopores. The chalk-
tempered briquettes have lower overall SNLDFT, ranging from 31 m2 g-1 for CH-5 
(90% clay) to 6.4 m2 g-1 for CH-45 (25% clay), with Smicro ranging from 53 to 56% 
(see Paper 2). Even with the lowest SNLDFT observed in S-75 and CH-45, as well 
as the lowest fatty acid recovery for the sand tempered briquettes at 33.8%, for 
the degraded C18:1 from S-0, and 49.5% for the degraded C18:1 from CH-45 for the 
chalk tempered briquettes, there is no clear indication that the micro- and meso-
sized pores may have influence the amount of C16:0 and C18:1 recovery. This holds 
true regardless of whether the fatty acids are non-degraded or degraded, or the 
type of temper used.  

Given the substantial amount of micro- and mesopores in the briquettes, it is 
likely that the spiked amounts of C16:0 and C18:1 were sufficiently absorbed into 
the clay matrix. Furthermore, the larger grain size of sand, primarily composed 
of quartz and K-feldspars as indicated by XRD data in Paper 2, or the decom-
position of chalk at 800°C, likely contributed to the expansion of pores to the 
macropore (pore width > 50 nm) region within the clay briquettes. These macro-
pores would be undetectable by the N₂ porosimeter due to its measurement limita-
tions in the micro- and mesopore regions. These findings suggest that mineral 
interactions with the fatty acids may have a more direct role in the initial retention 
of organic residues, while pore adsorption may contribute to their long-term 
preservation.  

 
 
4.3 Applied case study: Kukruse 12th to 13th century AD 

pottery  
To further test the methodologies presented above for disentangling organic-in-
organic interactions in archaeological pottery (Figure 4.3.1), a selection of 
archaeological pottery excavated from the 12th 1̶3th century AD Kukruse ceme-
tery, in northeastern Estonia (Lõhmus et al. 2011), was subjected to ATR-FT-IR-
PLS method developed for quantifying the mineralogical composition, N2 porosi-
meter for the analysis of the micro- and mesopore structures, and GC-MS for the 
absolute quantification of palmitic acid (C16:0) and oleic acid (C18:1). The ex-
cavated vessels exhibit diverse typologies, suggesting a combination of locally 
produced and potentially also imported wares. From the total assemblage of 14 
vessels recovered, three – designated as Kukruse V, Kukruse XXXVII, and 
Kukruse XLIII – were selected for the analytical tests in this study (Oras et al. 
2018). 
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Figure 4.3.1. The archaeological pottery excavated at the Kukruse cemetery where the 
samples, (a) Kukruse V, (b) Kukruse XXXVII, and (c) Kukruse XLIII, were obtained 
(Photo by Ester Oras).   
 
 
4.3.1 Analysis of clay and non-clay minerals using ATR-FT-IR-PLS 

The mineralogical analysis of the selected Kukruse vessels (see Table 4.3.1.1) 
using the ATR-FT-IR-PLS model in Paper 1 identified Clay Minerals group 2 (i.e. 
2:1 clay mineral type) as the most abundant clay mineral in the three samples. 
Kukruse XXXVII exhibited the highest Clay Mineral group 2 content at 
(40.1±5.1) g/100g, while Kukruse V had the lowest at (10.6±5.1) g/100g. Kukruse 
XLIII has the median amount of (35.6±5.1)g/100g. Clay minerals grouped under 
1 (i.e. kaolinite/halloysite) and 3 (i.e. chlorite/chlorite-smectite) were not detected 
in the XRD data.  

For the non-clay minerals, Kukruse XLIII was found to have the highest 
amount of silica varieties, with (41.1±3.6)g/100g identified by the PLS model. 
Kukruse XXXVII has the most abundant feldspar content at (24.6± 4.0)g/100g, 
while Kukruse V has the lowest amount of both silicate varieties (7.2±3.6)g/100g 
and feldspars (11.6± 4.0)g/100g, respectively. This trend aligns well with the 
results of the XRD, which similarly identified the distribution of silica varieties 
and feldspars across the samples. Regarding the carbonates (i.e. calcite, aragonite, 
dolomite, siderite, ankerite), Kukruse V exhibited the highest amount quantified 
by the PLS method at (81.2±0.9)g/100g. The XRD analysis supported this, identi-
fying 76.5g/100g of carbonates in Kukruse V, while no carbonates were detected 
from Kukruse XXXVII and Kukruse XLIII.  

However, the PLS model has overestimated the amount of iron-oxyhydroxides 
in Kukruse V, quantifying it at (6.4±1.9)g/100g, which resulted to a total mineral 
content exceeding 100g/100g (i.e. (111.1±8.3)g/100g). This overestimation may 
have likely resulted from this mineral group due to the XRD not able to detect 
any iron-oxyhydroxides in Kukruse V or any of the other samples, despite the 
PLS model predicting that Kukruse XLIII and Kukruse XXXVII containing 
(0.9±1.90)g/100g and (0.7±1.9)g/100g of iron-oxyhydroxides, respectively.  

Based on the results of the ATR-FT-IR-PLS method, the selected Kukruse ves-
sels can be classified  according to their mineralogical composition  as  represen-
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tatives of different clay and temper types in pottery: Kukruse V with higher carbo-
nate (chalk) content, Kukruse XXXVII with higher clay mineral content, and 
Kukruse XLIII with higher quartz (sand) content. These vessels were found to 
approximate the composition of the replicate clay briquettes used in this study, 
with varying proportions of clay and tempers such as sand or chalk (CaCO₃), and 
to test the implications of these clay compositions to pottery porosity and sub-
sequent quantification of C16:0 and C18:1 yield from those sherds. 

 
4.3.2 Micro- and mesoporosity  

4.3.2.1 Pore characteristics 

The Kukruse V pottery, which consists of 76.5 g/100 g carbonates (74.4 g/100g 
calcite and 2.1 g/100g dolomite), by XRD analysis, had greater porosity para-
meters (SNLDFT and VNLDFT) compared to the Kukruse XLIII and Kukruse 
XXXVII, which primarily composed of quartz most likely from added sand 
temper or naturally found in the clays (Table 4.3.2.1.1). Specifically, the SNLDFT 
(15 m2 g-1) and the VNLDFT (20 mm3 g-1) of Kukruse V are both higher compared 
to Kukruse XLIII and Kukruse XXXVII. Two possibilities may account for the 
greater formation of micro- and mesopores in Kukruse V. First is the possibility 
that the abundant CaCO3 identified from the XRD data was a product of the re-
carbonation process of lime (CaO) (Shoval 2003; Shoval et al. 2011), produced 
during high temperature (T > 800°C) firing of pottery and have reacted with atmo-
spheric CO2 over hundreds of years, following the lime cycle reaction (Fabbri et 
al. 2014; Herrick and Berna 2024). CaO could have been produced if the firing 
temperature exceeded 800°C, leading to the thermal decomposition of CaCO₃, as 
observed in this study’s model chalk-tempered clay briquettes fired at 800°C 
(RC800-CH and WC800-CH series). The second possibility is that the CaCO₃ 
was originally present in the clay matrix, described as a primary calcite, and was 
not fully decomposed during firing, suggesting a lower firing temperature likely 
T < 650°C in an oxidizing atmosphere or T < 750°C in a reducing atmosphere 
(Tite et al. 2001; Fabbri et al. 2014). Hence, the release of CO2 during the 
production process and the aggregation of CaCO3 may have contributed to the 
increased micro- and mesoporosity observed in the Kukruse V pottery compared 
to the other two samples (Trindade et al. 2009). 
 
 
Table 4.3.2.1.1. Surface area and pore volume parameters of the Kukruse archaeological 
samples determined from the N2 adsorption isotherms. 

Archaeological 
samples 

Specific surface area Specific pore volume 
SBET 

(m2 g−1) 
SNLDFT 

(m2 g−1)
Smicro 
(%) 

V0.95 

(mm3 g−1)
VNLDFT 

(mm3 g−1) 
Vmicro 
(%) 

Kukruse V 12 15 47 24 20 12 
Kukruse XXXVII 8 9 40 19 16 9 
Kukruse XLIII 7 8 48 16 12 12 
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The pottery with the highest clay mineral content, as quantified by XRD in Paper 
1, is Kukruse XXXVII, which contained 46.8 g/100g of Clay Minerals 2 group 
(or 2:1 clay mineral type). The results show that Kukruse XXXVII exhibited a 
slightly higher SNLDFT of 9 m² g-1, compared to the Kukruse XLIII which has a 
higher sand content, with 56.2 g/100g of silica varieties (mainly quartz in sand) 
and a lower SNLDFT value of 8 m² g-1. Additionally, Kukruse XXXVII formed a 
greater VNLDFT of 16 mm³ g-1, in contrast to Kukruse XLIII, which has a VNLDFT of 
12 mm³ g-1.  

A similar general trend was observed in the replicate sand-tempered briquettes 
made from an illitic/illite-smectitic clay type (RC clay) in Paper 2. The clay con-
tent increased proportionally with both the SNLDFT and VNDLFT, or consequently, 
these pore parameters change inversely with the amount of added sand temper in 
the briquettes. These results are comparable with the findings for Kukruse 
XXXVII and Kukruse XLIII, regardless of the firing temperatures of the replicate 
briquettes at either 600°C or 800°C. Sand, in its raw material form, has an almost 
negligible contribution to porosity (Kilikoglou et al. 1998), resulting in lesser 
micro- and mesopores in pottery with higher sand content such as in Kukruse 
XLIII.  
 

4.3.2.2 Pore-size distribution 

The pore-size distribution of the three Kukruse vessels revealed the presence of 
significant volume of micropores (width < 2 nm) ranging from 1.4 to 2.4 mm3 g-1. 
This level of porosity is sufficient to protect the absorbed food residues within 
the pottery matrix. As shown in Figure 4.3.2.2.1, Kukruse V exhibited a peak 
maximum at 1.5 nm, accompanied by a peak shoulder at about 1.1 nm, which is 
characteristic of the chalk-tempered briquettes with an illite/illite-smectite clay 
group (RC clay) used as replicate archaeological ceramics in this study. A slight 
shift of the peak distribution maximum to about 1.6 nm was observed for both 
Kukruse XLIII and XXXVII. This suggests that the relatively higher clay content 
in Kukruse XXXVII, and the higher sand content in Kukruse XLIII, did not 
significantly alter the micropore volumes.  

In addition to the microporosity, the CaCO3-rich Kukruse V also displayed a 
larger volume of mesopores (width between 2 nm to 50 nm) compared to the clay-
rich Kukruse XXXVII and sand-rich Kukruse XLIII. The presence of mesopores 
may also enhance the capacity of the ceramic matrix to absorb more lipids and 
other food residues. Direct comparisons between the Kukruse vessels and the 
model sand- and chalk-tempered briquettes remain complicated due to the diffe-
rences in the manufacturing processes, firing temperatures, and uncertainties 
regarding the extent of diagenetic changes in the archaeological pottery. Despite 
these limitations, the model briquettes made in this study provided a useful basis 
for comparison with the archaeological Kukruse pottery samples. 
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Figure 4.3.2.2.1. Pore-size distributions, as differential pore volumes (dV/dlog(wpore)) vs 
pore widths (wpore) of the Kukruse archaeological samples. 

 
 

4.3.3 Absolute quantification of palmitic and oleic acids  

Calibration curves were prepared for C16:0 and C18:1 from the same FAME stock 
solution used for the replicate pottery briquettes. The concentration range was 
adjusted to account for the higher absolute abundance of fatty acids, particularly 
C16:0, in the archaeological pottery compared to the spiked concentrations in the 
briquettes. The resulting calibration curves produced very good linearity for both 
C16:0 and C18:1, with coefficients of determination (R2) of 0.9986 and 0.9995, 
respectively (Figure 4.3.3.1). This indicated that the calibration curves remained 
replicable and robust, even with an increase concentration of FAME solution.  
 
 

 
Figure 4.3.3.1. Calibration curves used to quantify the amount of C16:0 as methyl palmi-
tate, and C18:1 as methyl oleate extracted using ACM. The peak area ratios of methyl 
palmitate (SMP) or methyl oleate (SMO), relative to the area of the internal standard, 10% 
hexadecane in toluene (SIS) was plotted relative to the concentration ratios of the analytes 
(CMP) or (CMO), and the internal standard (CIS). 
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Among the archaeological samples analyzed, Kukruse V, which has the highest 
carbonate composition of (81.2±0.9) g/100 g based on the PLS method, exhibited 
the lowest amount of C16:0 and C18:1 extracted in ACM, with yields of 7.7 µg/g 
clay and 0.59 µg/g clay, respectively (Table 4.3.3.1). These findings are consistent 
with the general results from the chalk-tempered clay briquettes, which demon-
strated a decreasing trend in C16:0 and C18:1 yields when the chalk content ex-
ceeded 30%, regardless of whether the briquette sample was degraded or non-
degraded.  

In contrast, Kukruse XXXVII and XLIII have significantly higher yields, with 
C16:0 exceeding 100 µg/g clay and more than 17 µg/g clay for C18:1. Specifically, 
the clay-rich Kukruse XXXVII exhibited the highest C16:0 yield at 155 µg/g clay. 
As expected, the unsaturated C18:1 consistently showed lower yields than C16:0 
across all the Kukruse samples, indicating that unsaturated compounds are indeed 
more susceptible to degradation, regardless of the mineral composition.  

Furthermore, it appears that Kukruse XLIII, identified as the sample with the 
most silicate variety (i.e. quartz) content based on the PLS method, showed a 
generally higher C18:1 extracted amount of 21 µg/g clay compared to Kukruse 
XXXVII. This observation correlates with the results from the sand-tempered 
briquettes, which suggests that an increase in sand content may favor the retention 
of relatively higher amounts of C18:1.  
 

Table 4.3.3.1. C16:0 and C18:1 yields from the Kukruse archaeological samples. 

Archeological Samples C16:0 yield 
(µg/g clay) 

C18:1 yield 
(µg/g clay) 

Kukruse V 7.7 0.59
Kukruse XXXVII 155 17
Kukruse XLIII 135 21

 
To further demonstrate the effectiveness of the FAME calibration curve in the 
absolute quantification of fatty acids in archaeological pottery, the same calibra-
tion solutions used for C16:0 and C18:1 were applied to quantify two additional fatty 
acids that are present in the Kukruse samples, specifically myristic acid (C14:0) 
and stearic acid (C18:0) (Figure 4.3.3.2). The calibration curves constructed for 
both C14:0 and C18:0 were linear and have an R² value of at least 0.998, making it 
suitable for accurate quantification.  

The yields of C14:0 and C18:0 followed a pattern similar to that observed for C16:0 
and C18:1. The calcium carbonate-rich Kukruse V, still had the lowest fatty acid 
yields, with 2.4 µg/g clay for C14:0 and 1.7 µg/g clay for C18:0. On the other hand, 
Kukruse XXXVII, which is composed of more clays, produced the highest yields, 
with 140 µg/g clay for C14:0 and 31 µg/g clay for C18:0. Kukruse XLIII, which 
contains the highest amount of silicates, showed intermediate yields, with 49 µg/g 
clay for C14:0 and 43 µg/g clay for C18:0. 

The interpretation of the organic residues quantified from the Kukruse pottery 
requires caution since the usage and technical history of the vessels are unknown. 
It is also impossible to know whether the quantified fatty acids represent a single 
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cooking event or a series of such events over its lifetime of use. Additionally, 
post-depositional effects were not accounted for, which may have influenced or 
altered the concentration of the extracted fatty acids (Rice 2015). Consequently, 
the measured quantities may not accurately reflect the original contents of the 
archaeological pottery. Despite these uncertainties, the results of the quantifi-
cation made on the pottery has demonstrated good consistency with the minera-
logical content, as shown in Paper 3.   

  
 

 
Figure 4.3.3.2. Total ion current (TIC) chromatogram of pottery samples from Kukruse 
V, XXXVII and XLIII obtained from ACM. The methylated fatty acids (i.e. C14:0, C16:0, 
C18:1, and C18:0), quantified in this study were labelled.  

 
 

The amount of C16:0 and C18:1 quantified in the three Kukruse pottery samples far 
exceed the concentration of the same fatty acids spiked on the clay briquettes. 
Interestingly, Kukruse V, which exhibited the highest SNLDFT value (15 m2 g-1) 
yielded the lowest amount of C16:0 and C18:1, while the Kukruse XXXVII, which 
produced the median value of SNLDFT (9 m² g-1) has the highest concentration of 
these fatty acids. This comparison clearly indicates that there is no direct corre-
lation between the micro- and mesoporosity of the pottery and the quantity of 
fatty acids recovered, other than the assumption that these nanometer sized pores 
were sufficiently large to accommodate the organic residues and may have pro-
tected them from further degradation. However, the case study of these three 
archaeological vessels has shown that mineralogical composition can affect the 
preservation process. 
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SUMMARY 

This PhD work has provided a quantitative baseline information into the factors 
influencing the retention and preservation of organic residues, particularly C16:0 
and C18:1, in archaeological pottery. These factors are (1) the formation of pores 
in the clay matrix, which enhances the absorption of organic residues, and (2) the 
mineralogical composition, covering both initial clay and added tempers. These 
were investigated by creating 44 experimental replicate clay briquettes composed 
of different clays (illitic/illite-smectitic and kaolinite clay types), different 
tempers (sand and chalk), and fired at two different temperatures (600°C and 
800°C). Within these sets, one group of clay samples spiked with C16:0 and C18:1 
was allowed to adsorb and was thereafter air dried without further treatments 
(non-degraded), while another group was subjected to degradation at 100°C for 
14 h to mimic cooking events (degraded). The analytical results from experi-
mental material were compared with three selected archaeological pottery from a 
12th ̶13th century AD burial site at Kukruse, Estonia.  

Based on the porosity analysis of the experimental briquettes, the formation 
of micro- and meso-sized pores, are dictated by the initial porosity of the clay raw 
material, which is further modified by the type of temper added and the minera-
logical transformations resulting from the firing temperature. The addition of 
sand has minimal effect on the porosity, while chalk, specifically at their de-
composition at 800°C, can alter the development of micro- and mesopores de-
pending if illitic/illite-smectitic or kaolinic clays. These are important conside-
rations especially when choosing archaeological pottery that will most likely 
produce greater amounts of micro- and mesoporosity. 

The yield of C16:0 and C18:1 spiked on selected briquettes were also found to be 
considerably influenced by the composition of the clay and temper. Absolute 
quantification using the FAME-based calibration curves was employed for more 
accurate quantification of C16:0 and C18:1 yield from the replicate briquettes. The 
results show that the unsaturated C18:1 was particularly affected in sand-tempered 
briquettes, where heating with illitic clays catalyzed its conversion into an isomer. 
Sand in clay had a minimal effect on the yield of non-degraded fatty acids and 
degraded C16:0. In contrast, a high proportion of chalk enhanced the binding of 
both C16:0 and C18:1 on the clay matrix, regardless of whether the fatty acids were 
degraded or non-degraded. Degraded C18:1 was shown to bind more strongly to 
the mineral matrix as the chalk added increased. This effect is attributed to the 
formation of fatty acid calcium salts which enhances lipid preservation. 

The key mineral components potentially influencing the retention of organic 
residues in pottery are the clay minerals, quartz from sand, and CaCO3 from chalk. 
These minerals were identified effectively by the ATR-FT-IR-PLS method in the 
Kukruse archaeological pottery (Kukruse V, Kukruse XXXVIII and Kukruse 
XLIII). Furthermore, the archaeological pottery contained significant micro- and 
mesopores, with pore parameter values comparable to those of the replicate 



58 

pottery briquettes containing higher proportions of CaCO3 (Kukruse V), clay 
(Kukruse XXXVIII), and sand (Kukruse XLIII), respectively.  

 Absolute quantification using the FAME calibration curves was also em-
ployed in the Kukruse samples to determine the yields of C16:0 and C18:1 and was 
found to have consistent results with that of the briquettes. Kukruse V, charac-
terized by the highest CaCO3 content, exhibited lower fatty acid yields, while the 
samples with relatively higher clay content (Kukruse XXXVII and Kukruse 
XLIII) produced the yielded fatty acid yields. Additionally, other fatty acids, such 
as myristic and stearic acids, were quantified, and their yields were found to 
correlate consistently with the mineral content. 

All things considered, the results of this study have demonstrated that the 
mineralogical changes which occurred in clays upon heating, including the 
formation of micro- and mesoporosity have an impact on the amount of C16:0 and 
C18:1 that can be recovered from the pottery. These physical and chemical changes 
are essential for interpreting ORA data and future ORA methodologies should 
incorporate the influence of mineral composition on the preservation and yield of 
organic compounds.    
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SUMMARY IN ESTONIAN 

Orgaanilised-anorgaanilised interaktsioonid eksperimentaalses 
ja arheoloogilises keraamikas 

Käesoleva doktoritöö peamine eesmärk on tuvastada olulisimad faktorid ja 
seaduspärasused, mis mõjutavad orgaaniliste ainete, eriti lipiidide (antud juhul 
täpsemalt C16:0 ja C18:1 rasvhapete) säilimist arheoloogilistes savinõudes. Need 
faktorid on (1) pooride teke savimassiivis, mis suurendab orgaaniliste jääkide ab-
sorptsiooni, ning (2) keemiline ja mineraloogiline koostis, mis hõlmab nii esialg-
set savi kui ka selle lisandeid. Vastavaid mõjufaktoreid uuriti 44 erineva eksperi-
mentaalse savibriketi abil, mis koosnesid erinevatest savidest (illiitne/illiit-
smektiis ja kaoliniitsavi tüübid), erinevatest lisanditest (liiv ja lubjakivi/kriit) ja 
põletati kahel erineval temperatuuril (600°C ja 800°C). Valikule neist eksperi-
mentaalsetest brikettidest lisati C16:0 ja C18:1 rasvhappeid, kusjuures ühe rühma 
puhul lasti neil adsorbeeruda ja kuivada õhu käes ilma edasise töötlemiseta 
(lagundamata), samas kui teist rühma lagundati 100°C juures 14 tundi, et jäl-
jendada kuumutamisprotsessi (lagundatud materjal). Eksperimentaal-materjali 
analüüside tulemusi ja korrelatsioone võrreldi ja testiti kolme arheoloogilise, 12.–
13. sajandi Kukruse matmispaigast pärineva arheoloogilise savinõu analüüsidega. 

Eksperimentaalsete savibrikettide poorsuse analüüsi põhjal tuvastati, et mikro- 
ja mesopooride tekkimist mõjutab otseselt tooraine ehk savi algne poorsus, mida 
täiendavalt mõjutavad lisandite tüüp ja põletustemperatuurist tulenevad minera-
loogilised muutused. Liiva lisandina kasutamine avaldab poorsusele vähe mõju, 
samas kui lubjakivi, eriti selle saviseguna põletamine 800°C juures, võib sõltuvalt 
illitilisest/illite-smektitilisest või kaoliniitsavist muuta mikro- ja mesopooride 
moodustumist olulisel määral. Need on olulised faktorid, mis mõjutavad mikro- 
ja mesopooride teket ja on olulised arheoloogilise keraamika kui uurimismaterjali 
valikul orgaaniliste jäägianalüüside kontekstis. 

Valitud savibrikettidele lisatud C16:0 ja C18:1 rasvhappe ekstraheerimise saagis 
oli samuti märkimisväärselt mõjutatud savi ja täiteaine koostisest. Täpsema 
kvantifitseerimise eesmärgil kasutati C16:0 ja C18:1 rasvhapete metüülestrite (ingl. 
k. FAME) põhiseid kalibreerimiskõveraid. Tulemused näitavad, et küllastumata 
C18:1 saagist mõjutas liiva osakaal eksperimentaalsetes brikettides, kusjuures 
lagundamiseksperimendis illitilise saviga toimus ka selle komponendi isomeeri-
seerumine. Liiva lisandina kasutamine avaldas küllastunud C16:0 saagisele mini-
maalset mõju. Seevastu lubjakivi/kriidi kõrge osakaal suurendas nii C16:0 kui ka 
C18:1 sidumist savimaatriksis, sõltumata sellest, kas rasvhapped olid eksperimen-
taalselt lagundatud või mitte. Lagunenud C18:1 rasvhappega proovide puhul näi-
dati, et see komponent seondub mineraalmaatriksisse tugevamalt korrelatsioonis 
lisatud lubjakivi/kriidi hulgaga. See on tingitud rasvhappe kaltsiumsoolade 
moodustumisest, mis parandab muuhulgas lipiidide säilimist. 

Töö käigus tuvastati, et peamised mineraalkomponendid, mis võivad mõju-
tada orgaaniliste jääkide säilimist keraamikas, on savimineraalid, liivast pärinev 
kvarts ja lubjakivist/kriidist pärinev CaCO3. Vastavate mineraalide tuvastamiseks 
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kasutati ATR-FT-IR-PLS meetodit, mida kasutati Kukruse arheoloogilises keraa-
mika kolme savinõu (Kukruse V, Kukruse XXXVIII ja Kukruse XLIII) ana-
lüüsiks. Nende savinõude proovides mõõdeti suures hulgas mikro- ja meso-poor-
suse väärtusi, mis olid võrreldavad eksperimentaalsete brikettide pooride para-
meetritega, milles tuvastati vastavalt näiteks suurem CaCO3 osakaal (Kukruse V), 
savi osakaal (Kukruse XXXVIII) ja liiva lisandi osakaal (Kukruse XLIII). 

Kukruse proovidest C16:0 ja C18:1 esktraheerimise saagise kindlakstegemiseks 
kasutati samuti rasvhapete metüülestrite põhiseid kalibreerimiskõveraid ja leiti, 
et tulemused olid kooskõlas eksperimentaalbrikettidest mõõdetud tulemustega. 
Kukruse V, mida iseloomustab kõrgeim CaCO3 sisaldus, näitas madalamat rasv-
hapete saagist, samal ajal kui suhteliselt suurema savisisaldusega proovide (Kuk-
ruse XXXVII ja Kukruse XLIII) rasvhapete saagised olid suuremad. Lisaks 
kvantifitseeriti Kukruse proovide puhul ka teisi rasvhappeid, nagu müristiin- ja 
steariinhape, ning ka nende saagised leiti olevat mineraloogilise koostisega korre-
latsioonis. 

Käesoleva uuringu tulemused näitavad, et eri liiki savide ja nende lisanditega 
täiendatud segude kuumutamisel toimuvad savimaatriksis erinevad mineraloogi-
lised muutused, sealhulgas käesoleva töö seisukohast oluline mikro- ja meso-
pooride teke, mis omakorda mõjutab keraamikast ekstraheeritavate C16:0 ja C18:1 
rasvhappe saagist. Need füüsikalised ja keemilised muutused savimaatriksis ja 
nende mõju orgaaniliste komponentide ekstraheerimisele mõjutavad oluliselt 
arheoloogilise orgaanilise jäägianalüüsi proovide valikuid ja tõlgendusi ning tule-
vikus peaks orgaanilise jäägianalüüsi metoodikad võtma arvesse ka savimaatriksi 
mineroloogilise koostise mõju orgaaniliste ühendite säilimisele ja ekstraheeri-
mise saagisele.  
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