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PREFACE



This book is dedicated to the scientific compositional analysis of ancient ceramics. It provides theoretical and practical guidelines for their study via the techniques of thin section petrography, instrumental geochemistry, scanning electron microscopy and X-ray diffraction.


With over 400 photomicrographs of prehistoric, historic and traditional ceramics from 50 countries worldwide, as well as raw material specimens, ethnographic and experimental samples, it can be used as a reference manual for the identification and interpretation of the compositional and microstructural phenomena that occur within ancient ceramics. The detailed accompanying text and logical chapter structure means that it may also serve as a course book for specialist training in ceramic compositional analysis, as well as for self-study.


The bulk of the book is dedicated to the versatile technique of ceramic petrography, detailing the main steps involved in the preparation of archaeological thin sections, their petrographic characterisation and classification, and their interpretation in terms of the provenance and technology of ceramics.


The book focuses mainly on utilitarian, coarse, earthenware and terracotta pottery, which dominate most ancient ceramic assemblages. However, the petrographic analysis of ceramic building materials, refractories and high-fired glazed ceramics such as porcelain and fritware, as well as cementitious materials, are covered in a separate dedicated chapter.


It is assumed that the reader has a basic knowledge of optical mineralogy and the thin section petrography of rocks. The book should therefore be used in conjunction with standard geological texts and identification guides dedicated to these topics.


The related technique of ceramic geochemistry is covered in detail in a dedicated chapter, which aims to provide a digestible introduction for beginners, as well as structured guidelines for more experienced researchers. This chapter details the geochemical composition of ancient ceramics and its relationship to their petrography, geological origins and technology. It takes readers through the steps involved in the geochemical study of ceramics, from the choice of technique and elements, through data quality assessment and the detection of elemental patterning via multivariate statistics, to the interpretation of these signals in terms of ceramic raw materials and provenance. An introduction to atoms, elements and the periodic table is provided, and mathematics, statistics and computer code have been kept to a minimum.


The application of scanning electron microscopy (SEM) and X-ray diffraction (XRD) are presented as supplementary methods of ceramic compositional analysis that can be used to address specific archaeological topics, particularly that of technological reconstruction.


The book has drawn upon the author’s research, consultancy, teaching and supervision on archaeological ceramic analysis via thin section petrography, geochemistry, SEM and XRD. It also builds on an extensive accumulated body of knowledge on these topics. A further reading section at the end of each chapter. provides relevant studies that the reader can refer to for more detail on specific topics.


Given that few publications dedicated to the thin section petrographic, geochemical, SEM and XRD analysis of archaeological ceramics exist, and that these approaches are undertaken in a number of different ways, this book is likely to contain some views or interpretations that divide opinion. Attempts have been made to cover a range of alternative methods in addition to those of the author, where these are relevant to the topics being discussed.





Chapter 1



INTRODUCTION TO ARCHAEOLOGICAL CERAMICS & COMPOSITIONAL ANALYSIS



1.1 Archaeological Ceramics



Archaeological ceramics are clay or carbonate-rich composite inorganic artefacts that were produced and used by past humans. They include pottery (Fig. 1.1), figurines (Fig. 1.2), ceramic building materials (Fig. 1.3), refractories, clay writing tablets, clay smoking pipes, loom-weights, seals and a range of other clay objects, as well as cementitious objects and structures such as plaster, mortar and concrete. Ceramics represent some of the earliest synthetic materials that were intentionally created by humans. In many cases their production involved the use of high temperature ‘pyrotechnology’. The discovery of the unique material properties of naturally occurring clay and the utilisation of these to create hard, semi-permanent objects of a desired shape was a crucial step in the development of ancient craft technology.




[image: Fig. 1.1 Archaeological ceramics. Typical pottery vessels with a range of shapes and functions, recovered from a Bronze Age tomb at Jericho during the 1952–1958 excavations by the Institute of Archaeology, London.]


Fig. 1.1   Archaeological ceramics. Typical pottery vessels with a range of shapes and functions, recovered from a Bronze Age tomb at Jericho during the 1952–1958 excavations by the Institute of Archaeology, London.







[image: Fig. 1.2 Life-size ceramic figurines. These reconstructed statues of Emperor Qin Shihuang’s mausoleum near Xi’an, China, dated to the third century BC, are one of the world most renowned and fascinating ceramic finds.]


Fig. 1.2   Life-size ceramic figurines. These reconstructed statues of Emperor Qin Shihuang’s mausoleum near Xi’an, China, dated to the third century BC, are one of the world most renowned and fascinating ceramic finds.







[image: Fig. 1.3 Ceramic building material. This brick is one of over 250,000 used to pave the floor on which the statues in Fig. 1.2 stood. Qin period, China.]


Fig. 1.3   Ceramic building material. This brick is one of over 250,000 used to pave the floor on which the statues in Fig. 1.2 stood. Qin period, China.





The widespread use of ceramics in ancient societies and their relatively slow degradation in the archaeological record makes them one of the commonest types of ancient artefact of many periods and geographic regions (Fig. 1.4). As such they represent a key resource with which to interpret the activities of past humans and reconstruct deeper aspects of their cultures. Archaeological applications of ceramics include the study of both mundane and ritual activities at ancient sites, the detection of trade, exchange and cultural interaction between social groups, the reconstruction of craft technology and the organisation of production. Ceramics can be used to speculate about deeper, less tangible aspects of past cultures such as their belief systems, their traditions and identities. They have also traditionally played a role in the dating of archaeological sites and can be used, with caution, to identify the existence of specific cultural groups.




[image: Fig. 1.4 Ceramic sherds in situ in archaeological strata. Discarded broken pots represent one of the most common artefact types at many ancient sites. Neolithic Serbia.]


Fig. 1.4   Ceramic sherds in situ in archaeological strata. Discarded broken pots represent one of the most common artefact types at many ancient sites. Neolithic Serbia.





In order to address the above topics, it is necessary to collect specific types of data from ancient ceramic assemblages and interpret this within their wider archaeological context, as well as an appropriate theoretical framework. Ceramics can be studied in many ways, by recording different characteristics, ranging from simple visual observations of their gross form and surface decoration (Fig. 1.5) to the scientific characterisation of their compositional signatures and microscopic structures using sophisticated analytical equipment (Section 1.2) (Fig. 1.6).




[image: Fig. 1.5 Pottery sherd being studied by eye. This comes from a coarse terracotta vessel and exhibits visual evidence for its method of manufacture in the form of wiping marks on the exterior surface. Bronze Age pottery, England.]


Fig. 1.5   Pottery sherd being studied by eye. This comes from a coarse terracotta vessel and exhibits visual evidence for its method of manufacture in the form of wiping marks on the exterior surface. Bronze Age pottery, England.







[image: Fig. 1.6 Dedicated scientific laboratory for the materials science analysis of archaeological ceramics, including SEM, LA-ICP-MS, XRD and X-radiography. Wolfson Laboratories, Institute of Archaeology, University College London.]


Fig. 1.6   Dedicated scientific laboratory for the materials science analysis of archaeological ceramics, including SEM, LA-ICP-MS, XRD and X-radiography. Wolfson Laboratories, Institute of Archaeology, University College London.






1.2 Ceramic Compositional Analysis



The detailed study of the clay- or carbonate-rich material that ancient ceramics are made of can be referred to as ‘ceramic compositional analysis’. Clay is a naturally occurring substance that forms from the weathering of rock (Sections 3.2 & 5.2), and ceramic compositional analysis therefore draws upon the scientific study of rocks and sediments. It can be roughly subdivided into mineralogical, geochemical and microstructural approaches. These differ in terms of the apparatus used and the scale of analysis. Mineralogical techniques such as thin section petrography (Section 1.3; Chapters 2–7) and X-ray diffraction (XRD) (Section 9.6) are used to characterise archaeological ceramics in terms of the types of minerals that they contain (Figs. 1.7 & 1.8) and their abundances. In the case of thin section petrography, small grains or ‘inclusions’ of rock can be identified under the microscope using geological techniques (Fig. 1.7). X-ray diffraction uses the interaction of X-rays with the crystalline structure of the minerals in the ceramic specimen and can detect the presence of clay minerals as well as ‘phases’, formed at high temperature during firing (Fig. 1.8).




[image: Fig. 1.7 Archaeological ceramic sherd seen in thin section under the polarising light microscope, revealing the presence of mineral and rock fragments derived from a metamorphic source. This means that it was likely to have been produced in a region where rocks of this type occur. Neolithic pottery, Greece. Image width = 14.0 mm.]


Fig. 1.7   Archaeological ceramic sherd seen in thin section under the polarising light microscope, revealing the presence of mineral and rock fragments derived from a metamorphic source. This means that it was likely to have been produced in a region where rocks of this type occur. Neolithic pottery, Greece. Image width = 14.0 mm.







[image: Fig. 1.8 Diffractogram of the mineralogical composition of two archaeological ceramic sherds, as recorded by X-ray diffraction (XRD). The sample on the right was fired at a higher temperature due to the presence of hercynite (Hc) and the absence of illite (Ilt). Medieval pottery, Spain. From Travé Allepuz et al. (2014, fig. 9, p. 399)]


Fig. 1.8   Diffractogram of the mineralogical composition of two archaeological ceramic sherds, as recorded by X-ray diffraction (XRD). The sample on the right was fired at a higher temperature due to the presence of hercynite (Hc) and the absence of illite (Ilt). Medieval pottery, Spain. From Travé Allepuz et al. (2014, fig. 9, p. 399)





Geochemical techniques of ceramic compositional analysis such as instrumental neutron activation analysis (INAA), X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma mass spectrometry (ICP-MS) (Chapter 8) look beyond the mineral to the constituent atoms within a sample. They use various principles from the physical sciences (e.g. neutron bombardment, X-ray excitation, ionisation) to detect the types of atomic elements present and quantify their abundances (Fig. 1.9), down to the level of parts per trillion (0.0000000001%).




[image: Fig. 1.9 Geochemical data on the abundance of 23 elements in 50 archaeological ceramic sherds, as recorded by X-ray fluorescence spectroscopy (XRF). Roman pottery, England. Data from Amicone and Quinn (2015).]


Fig. 1.9   Geochemical data on the abundance of 23 elements in 50 archaeological ceramic sherds, as recorded by X-ray fluorescence spectroscopy (XRF). Roman pottery, England. Data from Amicone and Quinn (2015).





Scanning electron microscopy (SEM) (Sections 9.2–9.5) and thin section petrography can be used to investigate the microstructure of archaeological ceramics at high magnification (x50,000) and detect compositional features and particles that are way beyond the resolution of the human eye (Figs. 1.7 & 1.10). The arrangement of the mineral and rock inclusions, the clay ‘matrix’ and pores or ‘voids’ within ceramics are of key importance for the compositional study of ceramics. Microgeochemical data can also be obtained on the elemental composition of these individual phenomena using the SEM coupled with energy-dispersive X-ray spectroscopy (EDS) (Section 9.3).




[image: Fig. 1.10 Archaeological ceramic sherd seen in polished cross section with the scanning electron microscope (SEM) in backscattered electron mode (BSE). This reveals numerous inclusions and elongate voids, as well as a thin decorative layer on the margin. Pre-Columbian pottery, Panama. Image width = 2.0 mm.]


Fig. 1.10   Archaeological ceramic sherd seen in polished cross section with the scanning electron microscope (SEM) in backscattered electron mode (BSE). This reveals numerous inclusions and elongate voids, as well as a thin decorative layer on the margin. Pre-Columbian pottery, Panama. Image width = 2.0 mm.





Despite the different apparatus used and types of data collected, mineralogical, geochemical and microstructural techniques of ceramic compositional analysis share similar goals and theoretical assumptions, and they are therefore largely complimentary. They are used to characterise the composition of ceramic specimens (Sections 4.2.2, 4.3 & 8.2), detect patterning both within and between samples, and classify them into compositional groups of archaeological significance (Sections 4.2.1, 4.3.4 & 8.8) (Fig. 1.11). Numerical multivariate geochemical data is typically subjected to statistical procedures in order to explore its patterning (Fig. 1.12).




[image: Fig. 1.11 Compositional patterning within archaeological ceramics from a single site, as seen in thin section. The images represent representatives of different ‘fabrics’ detected in this assemblage. Bronze Age pottery, Greece. Image width = 2.0 mm. From Day et al. (2011, fig. 4, p. 525).]


Fig. 1.11   Compositional patterning within archaeological ceramics from a single site, as seen in thin section. The images represent representatives of different ‘fabrics’ detected in this assemblage. Bronze Age pottery, Greece. Image width = 2.0 mm. From Day et al. (2011, fig. 4, p. 525).







[image: Fig. 1.12 Statistical exploration of geochemical data on nine elements collected on 56 ceramic artefacts of the type in Fig. 1.2. The two dimensional distribution of the samples indicates a clear chemical difference between the ‘Gong’ and the other statue types. Qin Period, China. From Quinn et al. (2020, fig. 5c, p. 8).]


Fig. 1.12   Statistical exploration of geochemical data on nine elements collected on 56 ceramic artefacts of the type in Fig. 1.2. The two dimensional distribution of the samples indicates a clear chemical difference between the ‘Gong’ and the other statue types. Qin Period, China. From Quinn et al. (2020, fig. 5c, p. 8).





Compositional variability within archaeological ceramic assemblages often reflect the use of different types of raw materials and manufacturing techniques. By characterising the chemical and mineralogical composition of the raw materials of ancient sherds it is possible to interpret their geological characteristics (Sections 5.2, 8.2 & 8.10). As the composition of rock and clay varies from place to place, a comparison between ceramic composition and the nature of local and regional geology can be used to determine the production location or ‘provenance’ of ceramics (Chapter 5 & Section 8.11). Provenance studies are often supported by the collection of potential ceramic raw material sources in the field (Sections 5.4 & 8.11). Scientific provenance determination provides key evidence for the for movement of ceramics via processes such as trade and exchange, migration and settlement shift, which can be used to test assumptions based on the form and decoration of sherds (Fig. 1.13)




[image: Fig. 1.13 Ceramic provenance determination. The composition of the pictured sherd is incompatible with its find spot in Israel. It has a Minoan inscription suggesting that it came from Crete. It’s composition matches the geology and other Bronze Age ceramics from the south east coast of the island, which also contain rounded basalt inclusions (inset).]


Fig. 1.13   Ceramic provenance determination. The composition of the pictured sherd is incompatible with its find spot in Israel. It has a Minoan inscription suggesting that it came from Crete. It’s composition matches the geology and other Bronze Age ceramics from the south east coast of the island, which also contain rounded basalt inclusions (inset).





Whilst they are made from naturally-occurring materials, archaeological ceramics are synthetic objects, produced by past humans. Some ceramics were manufactured via a complex process that involved many different steps. Evidence for the production sequence or ‘chaîne opératoire’ of ceramics can be visible to the naked eye (Fig. 1.5) but also resides within the mineralogical, chemical and microstructural composition of sherds (Chapter 6; Sections 8.12, 9.2 & 9.6). The latter is particularly informative and can reveal the details of the clay ‘paste’ recipes (Section 6.3) (Fig. 1.14) and firing procedures (Sections 9.2 & 9.6) (Fig. 1.15) of ancient ceramics. The reconstruction of ceramic craft technology via methods such as thin section petrography, SEM and XRD provides important data with which to explore themes such as the traditions and identities of past people as well as their skill and capacity to innovate. Such investigations draw upon ethnographic studies of traditional ceramic production (Section 6.1) as well as experimental archaeology (Section 9.2). Ceramic technology also plays an important role in the investigation of how production was organised in past societies, including topics such as scale of production, standardisation and specialisation.




[image: Fig. 1.14 Reconstructed paste preparation technology for the production of multiple ceramic types at Emperor Qin Shihuang’s mausoleum near Xi’an, China (Fig. 1.2), based on thin section petrographic analysis. From Quinn et al. (2017, fig. 6, p. 974).]


Fig. 1.14   Reconstructed paste preparation technology for the production of multiple ceramic types at Emperor Qin Shihuang’s mausoleum near Xi’an, China (Fig. 1.2), based on thin section petrographic analysis. From Quinn et al. (2017, fig. 6, p. 974).







[image: Fig. 1.15 Clay vitrification microstructure of archaeological ceramic sherds in the SEM. The sample on the left exhibits a rough appearance from the presence of the clay minerals, whereas on the right these have vitrified to form a glassy network. Neolithic pottery, Serbia. Image width = 0.1 mm (L) and 0.05 mm (R). Modified from Amicone et al. (2020, fig. 6).]


Fig. 1.15   Clay vitrification microstructure of archaeological ceramic sherds in the SEM. The sample on the left exhibits a rough appearance from the presence of the clay minerals, whereas on the right these have vitrified to form a glassy network. Neolithic pottery, Serbia. Image width = 0.1 mm (L) and 0.05 mm (R). Modified from Amicone et al. (2020, fig. 6).





Scientific ceramic analysis is best applied in conjunction with evidence from traditional archaeological approaches to artefacts, such as their macroscopic study (Section 4.4). Compositional data should be used to answer specific questions and test hypotheses posed by these methods (Section 5.7; Figs. 1.12 & 1.13). The results of scientific investigation are most useful when they are considered within their wider archaeological context.


Ceramic compositonal analysis is used in the field of artefact conservation to determine the raw materials and recipes of objects and design strategies for their conservation and repair. It also plays a minor role in authentication and the detection of forgeries.


Many methods of ceramic compositional analysis are invasive in that they require the removal of a sub-sample of the object under study, which is then prepared in an appropriate format (Sections 2.3 & 8.3). This means that not all artefacts can be studied scientifically and some conflict exists between the needs of ceramic analysts and the role of museums and collections in preserving excavated specimens. Some methods are costly and make use of highly expensive equipment (Fig.1.6) that exists in only a small number of places (Section 8.3), which further limits the numbers of samples that can be analysed. Nevertheless, detailed compositional analysis can also be carried out using rather modest apparatus (Fig. 1.16), given sufficient expertise, and methods of non-invasive testing are starting to see widespread use within the field (Fig. 1.17), offering new opportunities for rapid analysis without the need to destroy irreplaceable artefacts.




[image: Fig. 1.16 Simple, inexpensive polarising light microscope being used to examine an archaeological ceramic thin section. Despite its simplicity, detailed compositional analysis may be performed on such a microscope by a trained analysts.]


Fig. 1.16   Simple, inexpensive polarising light microscope being used to examine an archaeological ceramic thin section. Despite its simplicity, detailed compositional analysis may be performed on such a microscope by a trained analysts.







[image: Fig. 1.17 Archaeological ceramic sherd being non-invasively geochemically characterised via portable X-ray fluorescence spectroscopy (pXRF). The sherd has been placed within a lead-lined chamber (open for illustrative purposes) over the beam and detector of the instrument, and data is being recorded on a laptop. Roman pottery, England.]


Fig. 1.17   Archaeological ceramic sherd being non-invasively geochemically characterised via portable X-ray fluorescence spectroscopy (pXRF). The sherd has been placed within a lead-lined chamber (open for illustrative purposes) over the beam and detector of the instrument, and data is being recorded on a laptop. Roman pottery, England.





Ceramics have been studied in detail ever since the development of the earliest scientific apparatus, such as the petrographic microscope in the mid 19th century. However, it was not until the latter half of the 20th century that ceramic compositional analysis became popular, with the rise of processual archaeology. It is now a well-recognised branch of ‘archaeometry’ that is undertaken by scientifically trained archaeologists as well as through collaborations with geologists, physicists and chemists. The field is diverse and contains multiple key laboratories and research groups on most continents, as well as specialist training courses for students and dedicated international and regional meetings and journals, through which findings are disseminated. While the subject relies on several well-established scientific methods, it also stays abreast of new technological innovations and incorporates these into its remit, where they are useful (Section 9.4).


Thin section petrography and bulk geochemistry are the two methods most commonly applied to the analysis of low fired earthenware and terracotta ceramics, which dominate most archaeological assemblages, as well as cementitious artefacts. Thin section petrography is introduced further in Section 1.3 below and explained in detail in Chapters 2–7. A dedicated guide to the principles and practice of the ‘bulk’ geochemistry of the clay body of ceramics is given in Chapter 8. The use of SEM for the microstructural and ‘microgeochemical’ analysis of archaeological ceramics is detailed in Chapter 9, followed by an introduction to the mineralogical analysis of ceramics via XRD. Several other techniques for ceramic compositional analysis exist, such as inductively coupled plasma mass spectrometry (LA-ICP-MS), Raman spectroscopy and synchrotron radiation.



1.3 Introduction to Thin Section Petrography



Thin section petrography is the oldest scientific method used for the compositional analysis of archaeological ceramics. It however remains one of the most popular due to the rather simple level of technological investment required (Fig. 1.16), compared to geochemistry, SEM and XRD, as well as its versatile nature. It relies less on instrumental determination and instead requires more experience on the part of the analyst to identify features, characterise, classify and interpret the meaning of compositional signals within ceramics. For this reason, the following six chapters are dedicated to the subject of thin section petrography and outline in detail its principles, as well as providing a guide to the range of compositional phenomena that occur in ceramics under the microscope.


Ceramic thin sections are 30 µm thick slices of an artefact, fixed onto a glass microscope slide (Fig. 1.18) (Section 2.3). They are used in the geological disciplines of optical mineralogy and thin section petrography to analyse and classify rocks and minerals. Thin sections are studied at magnifications of x25–400 with a ‘polarising’ or ‘petrographic light microscope’ (Fig. 1.16). This uses two types of light: plane polarised light (PPL) (Fig. 1.19), which looks similar to regular transmitted light, and crossed polars (XP) (Fig. 1.20), in which the light is polarised in two directions and interacts with the mineral specimens in the thin section, producing optical effects that can be used for their identification.




[image: Fig. 1.18 Archaeological ceramic thin sections. These thin sections of pottery and cementitious ceramics (centre) have been produced with 76 x 26 mm (left) and 46 x 26 mm (right), as well as larger 76 x 46 mm (centre) glass slides. The section on the right has been carbon coated for study in the scanning electron microscope.]


Fig. 1.18   Archaeological ceramic thin sections. These thin sections of pottery and cementitious ceramics (centre) have been produced with 76 x 26 mm (left) and 46 x 26 mm (right), as well as larger 76 x 46 mm (centre) glass slides. The section on the right has been carbon coated for study in the scanning electron microscope.







[image: Fig. 1.19 An archaeological ceramic thin section seen at high magnification under the light microscope in plane polarised light (PPL). The dark brown is the clay matrix, which surrounds the white and light brown inclusions, as well as the white elongate voids. Compare with Fig. 1.20 below. Anglo-Saxon pottery, England. Image width = 2.9 mm.]


Fig. 1.19   An archaeological ceramic thin section seen at high magnification under the light microscope in plane polarised light (PPL). The dark brown is the clay matrix, which surrounds the white and light brown inclusions, as well as the white elongate voids. Compare with Fig. 1.20 below. Anglo-Saxon pottery, England. Image width = 2.9 mm.







[image: Fig. 1.20 The same sample as Fig. 1.19 above, but seen in crossed polars (XP). The inclusion just above the centre is sandstone, made of quartz clasts and the one below it is oolitic limestone. The elongate voids appear black in XP. Anglo-Saxon pottery, England. Image width = 2.9 mm.]


Fig. 1.20   The same sample as Fig. 1.19 above, but seen in crossed polars (XP). The inclusion just above the centre is sandstone, made of quartz clasts and the one below it is oolitic limestone. The elongate voids appear black in XP. Anglo-Saxon pottery, England. Image width = 2.9 mm.





Ceramic petrography applies the techniques of optical mineralogy and thin section petrography to archaeological material in order to identify the types of mineral and rock inclusions that they contain (Figs. 1.7, 1.19 & 1.20) (Section 3.3). Naturally occurring clay is a form of ‘argillaceous’ material and thus archaeological ceramics share certain characteristics with fine-grained clastic sediments. Ceramic petrography incorporates methodology from sedimentology and sedimentary petrography, such as the description of particle shape and texture (Sections 4.2.2.2 & 4.3.1). The abundant clay minerals within the clay matrix of archaeological ceramics (Figs. 1.19 & 1.20) (Section 3.2) are too small to be studied individually in thin section. Instead, ceramic petrography draws upon principles from the microscopic study of soils or ‘soil micromorphology’ to describe the nature of the matrix as well as the pores or ‘voids’ that occur in ceramic artefacts (Figs. 1.19 & 1.20) (Sections 3.4, 4.2.2.3 & 4.2.2.4).


Provenance determination may be carried out in thin section by identifying the mineral and rock inclusions in ceramics and relating these to geological maps or field samples of possible raw materials from their excavation location or other suspected sources (Chapter 5) (Figs. 1.7 & 1.13). In this respect it is much more suited to the detection of trade, exchange and other means of ceramic distribution than geochemistry (Section 8.11), at least for coarse ware sherds.


As synthetic artefacts, ceramics contain evidence of the technology involved in their manufacture (Chapter 6), including raw material processing, paste preparation (Figs. 1.14 & 1.21), forming, finishing and firing, as well as their use (Fig. 1.22). This is an important distinction that sets ceramic petrography apart from the microscopic study of natural earthy materials such as minerals, rocks, sediments and soil. A key aspect of the approach is therefore an appreciation of the craft of ceramic manufacture. This is normally provided by ethnographic studies of traditional pottery production, historical records and basic knowledge from materials science. Experimental archaeology is also used to investigate the effects of specific manufacturing techniques on natural raw materials, and is an integral part of ceramic petrography.




[image: Fig. 1.21 Archaeological ceramic sherd with plant matter added to its paste. The elongate parallel sided voids in this sample were left from the combustion during firing of plant ‘temper’ that may have been added to modify the properties of the paste during forming. Medieval pottery, Ethiopia. PPL. Image width = 2.9 mm.]


Fig. 1.21   Archaeological ceramic sherd with plant matter added to its paste. The elongate parallel sided voids in this sample were left from the combustion during firing of plant ‘temper’ that may have been added to modify the properties of the paste during forming. Medieval pottery, Ethiopia. PPL. Image width = 2.9 mm.







[image: Fig. 1.22 Used ancient refractory ceramic in thin section. A layer of copper slag with a dendritic crystal structure is present on the margin, which grades into the vitrified ceramic body. Bronze Age smelting crucible, England. XP. Image width = 2.9 mm.]


Fig. 1.22   Used ancient refractory ceramic in thin section. A layer of copper slag with a dendritic crystal structure is present on the margin, which grades into the vitrified ceramic body. Bronze Age smelting crucible, England. XP. Image width = 2.9 mm.





Ceramic petrography is most frequently performed on relatively coarse, low-fired, utilitarian pottery vessels such as earthenware and terracotta, which tend to dominate ceramic assemblages, especially in prehistoric contexts. These are well suited to analysis in thin section due to their abundant inclusions. However, ceramic petrography can provide important insights into fine wares and higher fired glassy pottery types such as stoneware, fritware (Fig. 1.23) and sometimes porcelain (Section 7.7).




[image: Fig. 1.23 Fritware/stonepaste ceramic artefact in thin section composed of angular, crushed quartz inclusions set in a glassy, isotropic matrix with abundant voids. The sample has a fritted glaze applied to the exterior. Islamic pottery, Turkmenistan. XP. Image width =2.9 mm.]


Fig. 1.23   Fritware/stonepaste ceramic artefact in thin section composed of angular, crushed quartz inclusions set in a glassy, isotropic matrix with abundant voids. The sample has a fritted glaze applied to the exterior. Islamic pottery, Turkmenistan. XP. Image width =2.9 mm.





A wide range of non-pottery ceramic artefacts are also studied in thin section, including bricks and tiles (Section 7.2), clay crucibles and other refractories for metal and glass production (Section 7.4) (Fig. 1.22), as well as clay smoking pipes, loom-weights, seals, stamps and clay writing tablets (Section 7.5). The petrographic analysis of ancient cementitious building materials including plaster, render, mortar and concrete (Fig. 1.24) (Section 7.5) is closely related to that of archaeological ceramics and falls within the general remit of ceramic petrography. These are composed of calcareous ‘binder’ instead of clay and the intentionally added inclusions are referred to as ‘aggregate’. Modern plaster and concrete are also analysed in thin section within engineering materials science (Fig. 1.24).




[image: Fig. 1.24 Photomicrograph of cementitious material in thin section. This is composed of a re-carbonated Portland cement ‘binder’ with angular aggregate deriving from igneous and metamorphic rock. 20th Century concrete, California, USA. XP. Image width = 2.9 mm.]


Fig. 1.24   Photomicrograph of cementitious material in thin section. This is composed of a re-carbonated Portland cement ‘binder’ with angular aggregate deriving from igneous and metamorphic rock. 20th Century concrete, California, USA. XP. Image width = 2.9 mm.





Ceramic petrography is mostly used to examine the composition of the main body or paste of ceramic artefacts. However, thin sections can also provide important information about the nature of finishing layers, such as slip, paint and glaze (Fig. 1.23) (Section 6.5), as well as deterioration effects and external deposits (Section 6.9).


Ceramic petrography can be used on its own as a research tool for interrogating aspects of the composition, technology and provenance of ancient artefacts. However, it works best when combined with data from the traditional macroscopic study of ceramics (Fig. 1.13) and other analytical techniques such as geochemistry, SEM and XRD in what has been referred to as an ‘integrated’ approach.


There is some debate over the correct name for the technique of analysing archaeological ceramics in thin section. The terms ‘ceramic petrography’ and ‘ceramic petrology’ are both widely used, sometimes interchangeably, and may therefore be considered as synonyms. In geology, the name petrography refers more specifically to the description and classification of rocks under the microscope, whereas petrology encompasses all aspects of their study. However, as archaeological ceramics usually contain abundant isolated mineral inclusions as well as fragments of rock (Figs. 1.7, 1.19 & 1.20) (Section 3.3), neither term fully describes their study in thin section. Furthermore, low-fired ceramics are composed of abundant clay minerals that are too small to be seen individually in the polarisng microscope (Section 3.2) and cannot therefore be studied via optical mineralogy. In this respect a more general term such as ‘ceramic thin section analysis’ might be more appropriate. Other labels given to the approach include ‘mineralogical analysis’ and ‘optical microscopy’ (OM).


The number of different names given to ceramic petrography is matched by similar diversity in the methods by which the technique is carried out. This is perhaps a consequence of its interdisciplinary nature and a strong reliance on approaches from the earth and environmental sciences, which are sometimes applied to ceramics without sufficient modification. Archaeologists, geologists and engineering material scientists independently undertake petrographic analysis of ancient ceramics, each guided by their own experience, standpoints and biases. Nevertheless, rigorous methodology for the qualitative description (Section 4.2.2) and quantitative characterisation (Section 4.3) of archaeological ceramics in thin section have existed for some years.


An advantage of thin section petrography, which sets it apart from geochemical approaches to compositional analysis (Chapter 8), is its ability to investigate both the provenance and technology of ancient ceramics. As a mainly visual approach (Section 4.2) it is highly flexible and can be modified to the material under study. The wide range of compositional phenomena that can occur in archaeological ceramics (Chapter 3) in thin section means that the fundamentals of the technique can take time to grasp, and experience is gained by exposure to material made in multiple regions with different geological raw materials and technology. Aspects of the method are somewhat subjective and therefore seem more like a ‘art’ than a science. Nevertheless, ceramic thin sections can also be studied via a strictly quantitative approach that focuses mainly on the inclusions but offers more objectivity (Section 4.3).
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Chapter 2



SAMPLING, PREPARATION & ANALYSIS OF CERAMIC THIN SECTIONS



2.1 Introduction



Thin sections of archaeological pottery and other ceramic artefacts are prepared using a modification of the standard technique used in geology to study rocks and minerals under the microscope (Section 2.2). This involves mounting the sample on a transparent glass slide and grinding it to a thickness of 30 µm, so that light can pass through it. Specialised cutting and lapping equipment is available for thin section preparation. However, much of the process can be carried out by hand and has changed little since its initial development in the 19th century. Thin sections are examined with a standard geological polarising transmitted light microscope. This is relatively ‘low-tech’ compared to the analytical equipment used in other methods of compositional analysis (Sections 8.3, 9.2 & 9.6), though several modern developments such as the digital microscope camera, computer-controlled stepping stages and image analysis software may be used to bolster its capabilities (Section 2.4).


The sampling and preparation of archaeological ceramics for geochemistry, scanning electron microscopy and X-ray diffraction are described in Sections 8.2, 9.2, 9.3 & 9.6, but are referred to in places below.



2.2 Sampling



Thin section preparation is an invasive/destructive process and therefore may not be applicable to all archaeological ceramic artefacts. Complete, intact and reconstructed vessels and other whole ceramic objects, as well as rare, diagnostic or heavily decorated sherds are less likely to be given up for thin sectioning than more abundant, plain body fragments. A small piece, c. 5 g in weight with a long dimension of 3 cm or more (Fig. 2.1) is typically required to prepare a standard thin section. This is considerably greater than that required for some other destructive techniques of ceramic analysis such as INAA or ICP-MS (Section 8.3). However, thin sections can be restudied many times and therefore represent a permanent record of the composition of the artefact from which they were made. Thin sections may be prepared from smaller pieces <1 cm in size, but these can be difficult to make and contain limited petrographic information on account of their low two-dimensional area.




[image: Fig. 2.1 Thin section production sequence. 1. Cut ‘chip’; 2. Impregnated cut surface; 3–4. Vacuum impregnated block with and without blue dye; 5–6. Polished chip/block bonded to frosted slide; 7. Sample re-sectioned to c. 1–2 mm; 8–9. Slide hand polished to 30 µm; 10. Coverslipped slide; 11. Labelled slide; 12. Carbon-coated polished thin section for SEM.]


Fig. 2.1   Thin section production sequence. 1. Cut ‘chip’; 2. Impregnated cut surface; 3–4. Vacuum impregnated block with and without blue dye; 5–6. Polished chip/block bonded to frosted slide; 7. Sample re-sectioned to c. 1–2 mm; 8–9. Slide hand polished to 30 µm; 10. Coverslipped slide; 11. Labelled slide; 12. Carbon-coated polished thin section for SEM.





Thin section ceramic petrography can be applied to single interesting ceramic artefacts as well as a larger ‘assemblage’ of samples, which could include objects from several sites, different periods or macroscopic ceramic types. The number and selection of samples in a project depends upon the archaeological questions being asked of the material.


It may be necessary to take a small sub-sample of the chosen artefact if the complete object cannot be removed from its storage location. This can be done using a diamond-tipped rotating blade or with a pair of carpenter’s pliers (Fig. 2.2). Sub-samples should be bagged and/or labelled so any remaining material can be returned after thin sectioning. It is important when selecting and sampling ceramic artefacts for petrographic analysis to record all associated information on their form, decoration, context, period and date of excavation, as this may be needed during the interpretation of the petrographic data.




[image: Fig. 2.2 Sub-sampling archaeological ceramics for thin section petrography at a museum, using carpenters pliers (left) and battery-powered rotating diamond-tipped tool (right).]


Fig. 2.2   Sub-sampling archaeological ceramics for thin section petrography at a museum, using carpenters pliers (left) and battery-powered rotating diamond-tipped tool (right).





One thin section is normally prepared per ceramic sample, except in cases where is suspected that several clay recipes have been used for different parts of an artefact (e.g. body, handle, applied decoration), or in detailed investigations of ceramic forming techniques (Section 6.4). Thin sections should be taken either vertically or horizontally through the wall of pottery sherds or vessels (Fig. 2.3). Vertical sections can contain more information about the methods of forming (Section 6.4) and are therefore usually preferable to horizontal sections. It may not be possible to determine the orientation of small body sherds relative to their parent artefact, in which case, a section should be taken through a transect of suitable length that can fit onto the microscope slide. Thin sections of brick, tile and other ceramic building materials can be taken in any orientation. If different layers exist, for example in plaster, daub or ceramic furnace linings, it is worth sectioning across these where possible to examine their ‘microstratigraphy’ (Section 7.6). Larger format microscope slides may be required for this purpose (Fig. 1.18).




[image: Fig. 2.3 Orientation of ceramic thin sections. A vertical and a horizontal section has been marked on this rim sherd of archaeological pottery. In this case the vertical section will cut through the rim of the sherd, though this is not always possible.]


Fig. 2.3   Orientation of ceramic thin sections. A vertical and a horizontal section has been marked on this rim sherd of archaeological pottery. In this case the vertical section will cut through the rim of the sherd, though this is not always possible.





Petrographic slides may be prepared from very small or particularly valuable ceramic artefacts that cannot be sampled for regular thin sections, by flaking off minuscule amounts of material with a needle, or in the case of un-fired clay artefacts such as writing tablets or seals (Section 7.5), by slicing off a ‘peel’ with a scalpel. These fragments can then be embedded in epoxy resin and used to manufacture thin sections, which provide valuable, but somewhat limited petrographic information.


When preparing and studying thin sections of archaeological ceramics it is important to bear in mind the degree to which they represent the compositional range of the artefact under study. As small (usually <10 cm2) slices of a larger three-dimensional object, it is highly likely that certain compositional characteristics of the artefact will not be represented in the prepared thin section, especially if it contains obvious heterogeneity in hand specimen. Similarly, two thin sections prepared from the same ceramic sample are not likely to be identical to one another (Figs. 2.5 & 2.6). Nevertheless, it is generally assumed that if the potter homogenised the paste that they used to prepare a pot or other ceramic artefact (Section 6.3.4), then a single standard (76 x 26 mm) thin section (Fig. 2.1) should provide a reliable representation of its main compositional characteristics. Petrographic ‘fabrics’ (Section 4.2.1) are patterns that repeat themselves on a microscopic scale, so only a certain amount of material is normally required to characterise their main components.




[image: Fig. 2.4 Apparatus for cutting ceramics during thin section preparation. Affordable tile saw for home improvement (left) and specialist slow speed laboratory saw (right). Both are fitted with a thin diamond-tipped blade and are lubricated with water or oil-based fluid. The lab saw has a jig with which to hold the sample for slow controlled cutting.]


Fig. 2.4   Apparatus for cutting ceramics during thin section preparation. Affordable tile saw for home improvement (left) and specialist slow speed laboratory saw (right). Both are fitted with a thin diamond-tipped blade and are lubricated with water or oil-based fluid. The lab saw has a jig with which to hold the sample for slow controlled cutting.







[image: Fig. 2.5 Archaeological ceramic sherd thin sectioned twice, indicating the unique petrographic composition of each individual slice. Bronze Age pottery, Cyprus. Compare with Fig. 2.6 below. Image width = 1.45 mm.]


Fig. 2.5   Archaeological ceramic sherd thin sectioned twice, indicating the unique petrographic composition of each individual slice. Bronze Age pottery, Cyprus. Compare with Fig. 2.6 below. Image width = 1.45 mm.







[image: Fig. 2.6 Archaeological ceramic sherd thin sectioned twice, indicating the unique petrographic composition of each individual slice. Bronze Age pottery, Cyprus. Compare with Fig. 2.5 above. Image width = 1.45 mm.]


Fig. 2.6   Archaeological ceramic sherd thin sectioned twice, indicating the unique petrographic composition of each individual slice. Bronze Age pottery, Cyprus. Compare with Fig. 2.5 above. Image width = 1.45 mm.





Studies have shown that two-dimensional thin sections tend to underrepresent the maximum dimensions of particles. This can affect the textural characterisation of inclusions within archaeological ceramics (Section 4.3.1).



2.3 Thin Section Preparation



The process of preparing thin sections from archaeological ceramic artefacts (Fig. 2.1) is very similar to that applied to rock samples in lithic petrography. For this reason, only an overview of the protocol is presented here, with reference to the ways in which it differs from the standard geological technique. Different laboratories and researchers often prepare thin sections according to their own personal preferences or experience and it is thus possible to modify some of the steps described below. Ceramic thin sections may also be made in the field by substituting specialised cutting or lapping devices with more readily available, cheaper items, as well as more portable equipment.


The first step in the thin sectioning process is to cut the ceramic sample in the chosen direction and free a small ‘chip’ (Fig. 2.1). This chip will be used to make the thin section. The chip should be large enough to grasp with the fingers but not much bigger, as any excess cannot be reattached to the sample at the end of the process. Cutting is normally performed with a geological rock saw, a low-speed laboratory saw or a rotary tile cutter, with a circular, diamond-tipped blade, lubricated with water or oil-based fluid (Fig. 2.4). Delicate sherds should be cut with a thin blade and as little lubricant as is possible. As the cut surface will form the beginning of the thin section, it is important to keep this as even as possible. Sample clamps are available for precision saws, which permit a smooth, straight cut and thus save time later in the process. However, good results can be achieved with a steady hand and an affordable tile saw of the type that is sold in hardware stores (Fig. 2.4). It is possible to sensitively sample complete objects by removing a small core from a hidden portion, such as the base of pottery vessels, with a diamond drill bit (Fig. 2.7). Where quantitative petrographic analysis (Section 4.3) is planned, then sufficient sample sizes for data collection can be ensured by thin sectioning a large sherd, or mounting two slices of the same sample on a slide.




[image: Fig. 2.7 Sensitively sampling a complete ceramic artefact for thin section preparation. A hollow diamond drill bit is being used to remove a small core from the base of this complete pottery vessel. This will be hidden and can even be plugged and painted.]


Fig. 2.7   Sensitively sampling a complete ceramic artefact for thin section preparation. A hollow diamond drill bit is being used to remove a small core from the base of this complete pottery vessel. This will be hidden and can even be plugged and painted.





The key difference between the thin sectioning of hard rocks and softer material such as archaeological ceramics, plaster, sediment or soil, is that the latter need to be impregnated to hold them together during the process. This is done by filling the pores or voids with resin, either before or after the initial cutting process. Various types of resins exist for this purpose, many of which are epoxy-based and require the addition of a catalyst or ‘hardener’. Polyester resins favoured for the impregnation of soil thin sections can also be used for ceramics, but are more hazardous, slow curing and require the use of a fume cupboard. Resin with low viscosity is more easily taken up by the pores in the ceramic sample and acetone or other solvent may be added to the mix to modify its consistency.


A rapid and cost effective method of impregnation, which uses a relatively small amount of resin involves drizzling or dipping the ceramic samples. Once dry, the chips can be sat with their cut face upwards and drizzled with resin, or alternatively lowered face down into a cup of the epoxy mixture, which is absorbed into the surface of the sample, filling voids (Fig. 2.1). Heating the sherd and/or the epoxy to c. 100-150°C or adding acetone to the resin mixture improves the penetration of the resin into the chip. Incomplete impregnation of ceramic sherds can lead to plucking of material during the grinding and polishing steps of the thin section process and therefore result in loss of petrographic information (Fig. 2.8).




[image: Fig. 2.8 Plucking of a ceramic thin section due to insufficient impregnation of the chip during preparation. Much of the sample has been lost. The linear features are groves left from grinding. Roman pottery, England. XP. Image width = 3.8 mm.]


Fig. 2.8   Plucking of a ceramic thin section due to insufficient impregnation of the chip during preparation. Much of the sample has been lost. The linear features are groves left from grinding. Roman pottery, England. XP. Image width = 3.8 mm.





More thorough sample impregnation can be achieved by placing the chip in a small sample cup or mould, filling this with epoxy and placing it under vacuum (Fig. 2.1). Air will then be forced out of the pores and replaced by resin. In the case of very delicate sherds, un-fired clay artefacts or other friable materials such as plaster and mortar, this step can be carried out before cutting to avoid the breakup of the sample. Certain automatic lapping devices require samples to be set in resin blocks of a specific size and cannot accommodate samples that have been simply dipped in epoxy. Resin mounting consumes a larger piece of the artefact and a greater volume of epoxy, but has certain advantages. Several duplicate thin sections can be made from the same resin block. The remains of blocks left over from thin section preparation can also be used for other types of compositional analysis, such as SEM-EDS (Section 9.3) and LAICP-MS.


Cementitious materials such as plaster and mortar (Section 7.6) can be oven dried at c. 40–50°C to remove free moisture before impregnation with epoxy. Subjecting samples to higher temperatures may induce shrinkage cracks and unwanted changes in minerals such as calcite and gypsum. The cutting and subsequent grinding of mounted plaster samples can be carried out using oil or alcohol as a lubricant, as exposing them to too much water during thin section preparation can lead to the dissolution or precipitation of carbonate minerals.


Once impregnated, the face of the chip or resin block must be polished flat to provide a smooth surface that can be bonded to a microscope slide. It is this surface that will become the thin section later in the process. Firm bonding is essential and polishing the chip increases the surface area available for adhesion. Polishing can be performed by manually rotating the chip face downwards on a glass plate in a mixture of fine grit and water or on a horizontal rotating lapping device with grit slurry or grinding/polishing paper (Fig. 2.9).




[image: Fig. 2.9 Polishing impregnated ceramic chips on a rotating lapping device. The cut impregnated surface is being pressed onto a fine grit paper lubricated with water in order to remove excess resin and provide a flat surface for bonding.]


Fig. 2.9   Polishing impregnated ceramic chips on a rotating lapping device. The cut impregnated surface is being pressed onto a fine grit paper lubricated with water in order to remove excess resin and provide a flat surface for bonding.





Silicon carbide (SiC) powder or ‘carborundum’ is commonly used as an abrasive in thin section preparation. Other abrasives include calcined aluminium oxide and industrial diamond paste. Powder with a diameter of 10–16 µm (600–800 grit) should be used for polishing. Coarser grade 320 grit (c. 34 µm) can be used to remove excess epoxy from the surface of the chip or resin block to reveal the impregnated surface. Samples that have been drizzled or dipped in epoxy rather than vacuum impregnated usually contain resin within the upper few millimetres only, and care is therefore needed not to grind or polish beyond this. The surface of the chip will become lighter coloured if the impregnated layer is removed. Resin blocks of a specific size are required for certain automatic lapping machines. After polishing, the chip or resin block should be washed thoroughly under a jet of water to remove any abrasive.


The polished impregnated ceramic chip or resin block is next bonded to a glass microscope slide (Fig. 2.1). Standard slides measuring 76 x 26 mm are normally used for mounting pottery sherds, though in the case of larger artefacts such as ceramic building materials and plaster structures (Sections 7.2, 7.3 & 7.6), 76 x 52 mm slides may be required (Fig. 1.18). One side of the slide should be ‘frosted’ with 600–800 grit carborundum and cleaned with acetone to assist with the bonding of the chip. The sample number of the sherd is usually etched onto the bottom of the other side of the slide with a diamond-tipped pen. Samples can be bonded onto the slide using two-part epoxy resin or a one-part UV optical cement. The latter is set by exposing the slide to UV-light and offers a cleaner and more controlled means of bonding. Bonding jigs designed to press the chip onto the slide can be used to minimise the thickness of the resin, but are not essential. However, it is worth letting the chip settle onto the cement or pressing it down by hand before exposing it to UV-light, in order to reduce the thickness of the glue layer.


Once bonded, the majority of the ceramic chip or resin block needs to be cut off. This is process is referred to as ‘re-sectioning’ and is normally performed on a thin sectioning machine (Fig. 2.10). Thin sectioning machines consist of four main parts: a diamond tipped cutting wheel, a diamond abrasive wheel for grinding, a ‘jig’ or ‘chuck’ to hold the slide in place and a lubrication system. The slide is held on the jig by surface tension, a vacuum or both. It is then lowered onto the diamond-cutting wheel, which removes the bulk of the chip, leaving a c. 1–2 mm slice bonded onto the slide (Fig. 2.1).




[image: Fig. 2.10 Two models of commercially available thin sectioning machines. Both machines consist of a cutting wheel for re-sectioning, a diamond cup wheel for grinding, a slide holder and a water-based lubrication system. In the machine on the right, the moving parts are covered by a housing.]


Fig. 2.10   Two models of commercially available thin sectioning machines. Both machines consist of a cutting wheel for re-sectioning, a diamond cup wheel for grinding, a slide holder and a water-based lubrication system. In the machine on the right, the moving parts are covered by a housing.





The cup wheel of the thin sectioning machine is used to grind down the thin slice of sample. The slide is held in the jig and swept back and forth across by the diamond-covered surface of the rotating wheel. The distance between the sample and the cup-wheel is progressively reduced until the sample reaches the required thickness. Many thin sectioning machines feature a precision micrometer to control and measure this distance.


It is not advisable to take the sample down to 30 µm on a thin sectioning machine, as fine polishing will be required to remove scratches left from the grinding process (Fig. 2.11). Grinding the section too far with the abrasive wheel can also damage mineral inclusions. The sample should therefore be ground to c. 50–100 µm, at which point the quartz inclusions will exhibit high first to low second-order interference colours (Fig. 2.12), and the ceramic slice will start to become translucent when held up to the light.




[image: Fig. 2.11 Fine scratches left from grinding the sample with the diamond cup wheel of a thin section machine. These should have been removed by final polishing in fine grit powder. Traditional pottery, Greece. PPL. Image width = 2.9 mm.]


Fig. 2.11   Fine scratches left from grinding the sample with the diamond cup wheel of a thin section machine. These should have been removed by final polishing in fine grit powder. Traditional pottery, Greece. PPL. Image width = 2.9 mm.







[image: Fig. 2.12 This coverslipped thin section is more than 30 µm thick. This is indicated by the colourful interference colours of the quartz inclusions in XP. It should have been ground until the quartzes were white or grey. Late Prehistoric pottery, California, USA. XP. Image width = 3.8 mm.]


Fig. 2.12   This coverslipped thin section is more than 30 µm thick. This is indicated by the colourful interference colours of the quartz inclusions in XP. It should have been ground until the quartzes were white or grey. Late Prehistoric pottery, California, USA. XP. Image width = 3.8 mm.





Grinding can also be performed on a lapping machine with a rotating disc (Fig. 2.9). Some machines have a jig to enable several samples to be automatically ground at once. These generally take smaller microscope slides measuring 46 x 26 mm (Fig. 1.18).


Ground thin sections are brought to the desired thickness of 30 µm by hand polishing them face down on a glass plate in carborundum grit and water (Fig. 2.13). Powder of 600–800 grit or finer is used for this process to achieve a smooth finish with scratches that are too small to be seen in the light microscope. The section is washed periodically and viewed under the microscope in crossed polars (XP) to check the interference colour of the quartz inclusions in the ceramic sample. Quartz is one of the most common rock forming minerals and is very resistant to weathering. As a result, most clay deposits and archaeological ceramics contain quartz clasts/inclusions. By observing the interference colour of these particles in XP, it is possible to determine the thickness of the ceramic sample. Quartz inclusions will become a pale yellow colour just before they reach 30 µm and exhibit first-order grey and white interference colours when they are the correct thickness.




[image: Fig. 2.13 Final polishing thin sections by hand. A sample is being brought to 30 µm by rotating it face down on a glass plate in a slurry of fine grit powder and water. The thickness of the section is checked occasionally by washing it under the tap and examining the interference colour of quartz or feldspar under the microscope in crossed polars (XP).]


Fig. 2.13   Final polishing thin sections by hand. A sample is being brought to 30 µm by rotating it face down on a glass plate in a slurry of fine grit powder and water. The thickness of the section is checked occasionally by washing it under the tap and examining the interference colour of quartz or feldspar under the microscope in crossed polars (XP).





The final polishing process requires some skill and patience, particularly in the case of samples on large 76 x 52 mm slides. The consistency of the grit-water slurry, the pressure applied with the fingers and the speed at which the sample is rotated can be varied in order to control rate of abrasion. For various reasons, some samples do not grind evenly on the thin section machine and it is therefore necessary to even them up during the last hand polishing step by applying more or less pressure on specific parts of the slide. Contamination of the carborundum-water slurry by grit of coarser grades or grains detached from the sample should be avoided as this can scratch the thin section leaving elongate grooves that may resemble planar voids (Section 4.2.2.4). If the chip was drizzled or dipped during impregnation, then it is not uncommon for the edges of the thin section to be removed during hand polishing. Ceramics with finishing layers such as slip or glaze (Section 6.5) should therefore be set in a resin block if these are to be preserved in the final thin section.


Occasionally, it may be advisable to polish thin sections of archaeological ceramics beyond 30 µm. Sections of 20–25 µm are useful for resolving the composition of the binder in cementitious building materials (Section 7.6). Similarly, fine high temperature ceramic phases such as mullite (Section 6.7.1) can be easier to see at high magnification in ‘ultra-thin sections’, as can the microstructure of specific inclusions such as bone. Care should be taken when grinding below 30 µm as the slice of artefact is extremely thin at this point. Quartz inclusions will take on a dark grey colour in XP beyond 30 µm and can even disappear entirely, leaving holes in the section (Fig. 2.14).




[image: Fig. 2.14 The upper part of this thin section is <30 µm thick. The quartz and feldspar inclusions are dark grey or have disappeared entirely. Traditional pottery, Mexico. XP. Image width = 2.9 mm.]


Fig. 2.14   The upper part of this thin section is <30 µm thick. The quartz and feldspar inclusions are dark grey or have disappeared entirely. Traditional pottery, Mexico. XP. Image width = 2.9 mm.





Once the section has been polished to 30 µm it should be washed thoroughly to remove any residual abrasive particles (Fig. 2.15). Thin sections can also be placed in an ultrasonic cleaning bath with water or methylated spirits to assist this process. Excess epoxy around the sample may be scraped off with a scalpel if required.




[image: Fig. 2.15 This sample contains dark carborundum grit particles that have accumulated in voids during polishing and were not removed before coverslipping. Medieval pottery, England. PPL. Image width = 1.45 mm.]


Fig. 2.15   This sample contains dark carborundum grit particles that have accumulated in voids during polishing and were not removed before coverslipping. Medieval pottery, England. PPL. Image width = 1.45 mm.





Uncovered thin sections may be studied under the petrographic microscope. Wetting the section surface with water, immersion oil or paraffin will improve its visibility. Uncoverslipped thin sections can be analysed via SEM-EDS (Fig. 2.16), but need to be polished further with finer grit powder and diamond paste (down to c. 1 µm) and covered with a thin layer of carbon (Fig. 2.1) or gold (Section 9.2).




[image: Fig. 2.16 SEM micrograph of carbon-coated, non-coverslipped, diamond-polished archaeological ceramic thin section in backscattered electron mode. See Fig. 2.1. Bronze Age Pottery, Poland. Image width = 3.0 mm.]


Fig. 2.16   SEM micrograph of carbon-coated, non-coverslipped, diamond-polished archaeological ceramic thin section in backscattered electron mode. See Fig. 2.1. Bronze Age Pottery, Poland. Image width = 3.0 mm.





Most ceramic thin sections are permanently covered with a thin coverglass (Fig. 2.1). This protects the delicate 30 µm slice of ceramic, enabling the section to be handled, stored and studied repeatedly. The coverglass should be larger than the sample beneath, but not be any bigger than the slide itself. Rectangular coverglasses 50 x 22 mm or 40 x 22 mm and <0.5 mm thick (No. 1, 2 or 3) are normally used for standard microscope slides.


The coverglass can be bonded onto the section with a two-part epoxy resin or UV hardening cement. Since the introduction of synthetic optical adhesives, traditional organic mounting media such as ‘Canada Balsam’ have fallen out of use in thin section preparation. While these can still be used, they take on a yellow colour over time and may even crack and disintegrate. Canada balsam does, however, have the advantage that it can be mobilised by gentle heating, enabling the coverslip to be removed at a later date. Care must be taken not to trap air bubbles when coverslipping thin sections (Fig. 2.17). Whilst these are easily recognisable under the microscope in PPL, particularly large or abundant bubbles can interfere with the recognition of inclusions or other features. Bubbles that are visible to the naked eye can be forced to the edge of the slide by applying pressure to the coverglass with a toothpick or a needle, before the adhesive sets.




[image: Fig. 2.17 Small air bubbles have been trapped in the optical adhesive used to fix the coverslip to this thin section. This can be minimised by gently lowering the coverslip onto the cement. Iron Age pottery, England. PPL. Image width = 1.45 mm.]


Fig. 2.17   Small air bubbles have been trapped in the optical adhesive used to fix the coverslip to this thin section. This can be minimised by gently lowering the coverslip onto the cement. Iron Age pottery, England. PPL. Image width = 1.45 mm.





The last step in the production of a standard ceramic thin section is to label the slide (Fig. 2.1), using a small self-adhesive paper label or by writing on the glass itself with a fine permanent pen. The code etched onto the bottom of the glass slide can be used to identify the sample should the label be removed. Thin sections should be labelled with sufficient information to link them to the original artefact from which they were produced. The minimum requirement is the sample number and the site or project. As ceramic artefacts can have long and complex catalogue numbers it is often worth assigning simpler codes to the samples in a petrographic study, such as a six-character system composed of a three-letter project and/or site number and a three-digit analytical number (e.g. Anza-Borrego Desert Ceramics: ABC001–ABC999). A safe record should be kept of the relationship of any such coding system to the original catalogue or context numbers. Adding other details, such as pottery form, date and macroscopic fabric is not advisable as it can bias the process of visual grouping (Section 4.2.1). If the thin section was cut in a known orientation, such as vertically or horizontally (Fig. 2.3), or it was made from a specific part of a vessel such as its base or handle, then this can be noted on the slide label as it may be useful when considering the methods used to form the ceramic object (Section 6.4).


A range of coloured and fluorescent dyes can be used at different stages in the thin section preparation process described above to highlight specific features of the ceramic thin section under the microscope. Blue dye may be added to the epoxy resin used to impregnate the chip. This picks out the pores or voids in PPL (Fig. 2.18) and therefore assists in the estimation of void shape, void size or overall porosity, especially when using automated image analysis (Sections 2.4 & 4.3.3). Alternatively, fluorescent dye such as fluorescein isothiocyanate may be added, which highlights voids when the thin section is illuminated with a fluorescence microscope (Section 2.4). In order to sufficiently fill the voids in a sample with stained or fluorescent epoxy it is necessary impregnate the chip under vacuum (Fig. 2.1).




[image: Fig. 2.18 Blue dye has been added to the epoxy resin used to impregnate this sample. The stained epoxy picks out the pores in PPL. Historic plaster, Qatar. PPL. Image width = 0.7 mm.]


Fig. 2.18   Blue dye has been added to the epoxy resin used to impregnate this sample. The stained epoxy picks out the pores in PPL. Historic plaster, Qatar. PPL. Image width = 0.7 mm.





Dickson’s Method, a staining process developed for carbonate petrography, can be used to distinguish between ferroan and non-ferroan phases of calcite and dolomite in ceramics with abundant limestone inclusions. The method involves treating the 30 µm section with hydrochloric acid, potassium ferricyanide and ‘Alizarin Red S’ dye prior to coverslipping. In PPL calcite appears red, ferroan calcite turns purple-blue, dolomite is unstained and its ferroan phase takes on a light blue colour (Fig. 2.19).


It is possible to preferentially stain plagioclase and alkali feldspars in ceramic thin sections using the ‘Houghton Method’. This technique is also applied to the section before the application of a coverglass and requires the use of hydrofluoric acid, sodium cobaltnitrate, barium chloride and potassium rhodizonate. After treatment, alkali feldspars have a yellow colour and plagioclase feldspars turn pink. The use of hydrofluoric acid makes this staining technique potentially hazardous.


Once manufactured, archaeological ceramic thin sections should be stored in a standard plastic or wooden microscope slide box to protect them from breakage. If treated carefully, thin sections can survive for many years and thus serve as a valuable archive that can be referred to in subsequent studies (Section 2.5).



2.4 Analytical Equipment



Thin sections of pottery and other ceramic materials are studied under plane polarised light (PPL) and XP using a standard geological polarising microscope (Fig. 2.20). These vary in terms of their complexity, functionality, size and price, from high-end research grade apparatus to simpler teaching scopes and miniaturised field microscopes (Fig. 2.21). However, all are essentially based around the same basic design of a light source, two polarising filters, a circular stage, magnifying objectives and one or two eye pieces that has remained unchanged since the 19th century. Deciding which microscope to use depends upon whether it will be applied to research or teaching, how often it will be used, whether specific additional functions are required (see below), and of course the available funds.




[image: Fig. 2.19 The carbonates in this ceramic thin section have been stained using Dickson’s Method. The blue inclusions are composed of ferroan calcite and the pink inclusions are nonferroan calcite. Medieval pottery, England. PPL. Image width = 3.8 mm.]


Fig. 2.19   The carbonates in this ceramic thin section have been stained using Dickson’s Method. The blue inclusions are composed of ferroan calcite and the pink inclusions are nonferroan calcite. Medieval pottery, England. PPL. Image width = 3.8 mm.







[image: Fig. 2.20 Petrographic microscope fitted with a mechanical stepping stage and a point-counting machine for quantitative petrographic analysis. A digital camera is attached to the trinocular head and a computer for image capture.]


Fig. 2.20   Petrographic microscope fitted with a mechanical stepping stage and a point-counting machine for quantitative petrographic analysis. A digital camera is attached to the trinocular head and a computer for image capture.







[image: Fig. 2.21 Field microscope for the analysis of geological, archaeological and environmental thin sections. This miniaturised scope has several objectives, polarising filters, a rotating stage and a battery-powered LED light source.]


Fig. 2.21   Field microscope for the analysis of geological, archaeological and environmental thin sections. This miniaturised scope has several objectives, polarising filters, a rotating stage and a battery-powered LED light source.





Magnifications of x25, 40 or 50 and 100 are commonly used to examine archaeological ceramic thin sections. Higher magnifications of x400 or more are useful for the examination of fine inclusions and lower magnifications of less than x10 can be used for grouping samples (Section 4.2.1), as well as observing large scale features related to ceramic forming methods (Section 6.4) or the microstratigraphy of cementitious materials (Section 7.6). A magnification of x1000 is needed for the study of calcareous nannofossils, which can be <10 µm in size (Section 5.6). A graduated eyepiece graticule or reticule is necessary for measuring inclusions, voids or other features. This should be calibrated at each magnification with a micrometer slide.


Circular polarisation is a useful alternative to normal XP, especially for the estimation or automated measurement of the abundance of inclusions. When a thin section is viewed under circular polarisation, all birefringent minerals exhibit their maximum brightness (Fig. 2.22). This eliminates extinction and therefore means that inclusions are easier to distinguish from voids in the ceramic sample.




[image: Fig. 2.22 Photomicrograph of ceramic thin section taken under circular polarisation. This has the effect of all birefringent minerals exhibiting their maximum brightness, which reduces the confusion between extinct inclusions and black isotropic voids experienced in normal XP. Roman pottery, England. PPL. Image width = 2.9 mm.]


Fig. 2.22   Photomicrograph of ceramic thin section taken under circular polarisation. This has the effect of all birefringent minerals exhibiting their maximum brightness, which reduces the confusion between extinct inclusions and black isotropic voids experienced in normal XP. Roman pottery, England. PPL. Image width = 2.9 mm.





Samples impregnated with fluorescent dye need to be observed under light of a specific wavelength appropriate to the excitation of the dye that has been used. This requires the use of an optical microscope with a source that emits short-wave radiation such as ultra violet (UV) or blue light (BL). Fluorescence microscopes can also assist with the detection and study of certain substances and features in ceramic thin sections, such as phosphate, which can be deposited in voids during burial (Section 6.9) or be present as apatite within bone inclusions (Section 3.3) (Figs. 2.23 & 2.24).




[image: Fig. 2.23 Bone inclusions seen in thin section under a fluorescence microscope. The angular fragments in this sample are fluorescing whereas the mineral inclusions and clay matrix are not. Phosphate also occurs in several small narrow voids in the upper part of the image. Compare to the XP micrograph in Fig. 2.24 below. Anglo-Saxon pottery, England. XP.]


Fig. 2.23   Bone inclusions seen in thin section under a fluorescence microscope. The angular fragments in this sample are fluorescing whereas the mineral inclusions and clay matrix are not. Phosphate also occurs in several small narrow voids in the upper part of the image. Compare to the XP micrograph in Fig. 2.24 below. Anglo-Saxon pottery, England. XP.







[image: Fig. 2.24 Bone inclusions seen in white light under XP. Compare with a fluorescence micrograph in Fig. 2.23 above. Anglo-Saxon pottery, England. XP. Image width = 1.0 mm.]


Fig. 2.24   Bone inclusions seen in white light under XP. Compare with a fluorescence micrograph in Fig. 2.23 above. Anglo-Saxon pottery, England. XP. Image width = 1.0 mm.





Various accessory plates and lenses are available for a standard petrographic microscope, including a ‘quartz wedge compensator’, a ‘lambda plate’ and a ‘Bertrand lens’. These are used in geology to measure specific optical properties of mineral specimens. They can also be applied to the detailed analysis of mineral inclusions in archaeological ceramics. However, most mineral specimens can be adequately identified using PPL and XP, and problematic inclusions are often too small and too rare to be effectively studied by such methods. The lambda plate, ‘whole-wave plate’ or ‘sensitive tint’ introduces colour contrast in XP and can be useful for enhancing the interference colours and ‘b-fabric’ of the clay minerals in archaeological ceramics (Fig. 2.25) when investigating firing conditions (Sections 4.2.2.3 & 6.7.1) and forming techniques (Section 6.4).




[image: Fig. 2.25 Archaeological ceramic sample viewed in XP with lambda plate inserted. Voids and isotropic inclusions appear pink and the interference colours of the mineral component of the sample have been enhanced. Anglo-Saxon pottery, England. XP. Image width = 1.45 mm.]


Fig. 2.25   Archaeological ceramic sample viewed in XP with lambda plate inserted. Voids and isotropic inclusions appear pink and the interference colours of the mineral component of the sample have been enhanced. Anglo-Saxon pottery, England. XP. Image width = 1.45 mm.





Oblique incident light can be used to distinguish between different types of iron-rich inclusions such as haematite, magnetite and ilmenite. This can be performed by shining a torch at an angle onto the thin section, with the transmitted light turned down.


A microscope with a trinocular head is recommended for photomicrography or digital image capture. Specialised digital microscope cameras can be attached directly to a computer to acquire photomicrographs or ‘videomicrographs’, as well as to display a live view down the microscope on the screen (Fig. 2.20). In the absence of a trinocular head, is possible to attach a microscope camera, a standard digital photographic camera or a mobile phone camera to the eyepiece of most microscopes.


Stage clips are not often used in the routine analysis of ceramic thin sections. However, mechanical X-Y slide holders may be required when searching for and studying very small features such as microfossils (Sections 3.3 & 5.6) at magnifications of x400 or more. A stepping stage attachment is usually required for the sampling of inclusions during quantitative petrographic characterisation (Fig. 2.20) (Section 4.3.3). Older analogue systems are now being replaced by digital computer controlled stepping stages with on-screen imaging and recording capabilities.


Image analysis software packages can be used to process digital photomicrographs of ceramic thin sections and collect quantitive data from them (Section 4.3.3). Thresholding and edge detection procedures permit the definition of inclusions, voids and other features (Fig. 2.27 & 2.28), whose shape, size, orientation and two-dimensional area can then be automatically calculated. Such routines require experimentation, but once set up, they can be applied to multiple samples. The use of blue or fluorescent dye (Section 2.3) (Fig. 2.18) can greatly assist in the detection of voids, and circular polarisation (Fig. 2.22) eliminates error caused by inclusions being in extinction in XP photomicrographs.




[image: Fig. 2.26 Geological maps and field guides. Specialist maps detailing bedrock and superficial geology and accompanying literature on the geological characteristics of specific regions.]


Fig. 2.26   Geological maps and field guides. Specialist maps detailing bedrock and superficial geology and accompanying literature on the geological characteristics of specific regions.







[image: Fig. 2.27 The digital photomicrograph in Fig. 2.26 below has been subjected to image analysis in order to pick out and ‘segment’ the inclusions (white), matrix (brown) and voids (black). Bronze Age pottery, England. Image width = 2.9 mm.]


Fig. 2.27   The digital photomicrograph in Fig. 2.26 below has been subjected to image analysis in order to pick out and ‘segment’ the inclusions (white), matrix (brown) and voids (black). Bronze Age pottery, England. Image width = 2.9 mm.







[image: Fig. 2.28 Compare this photomicrograph with Fig. 2.25 above in which it has been subjected to a filtering processes in order to pick out the inclusions, matrix and voids. Bronze Age pottery, England. Image width = 2.9 mm.]


Fig. 2.28   Compare this photomicrograph with Fig. 2.25 above in which it has been subjected to a filtering processes in order to pick out the inclusions, matrix and voids. Bronze Age pottery, England. Image width = 2.9 mm.






2.5 Other Resources



A range of other materials and resources may be consulted during the petrographic analysis of archaeological ceramic thin sections or in the interpretation of the data produced. Geological guides to the identification of minerals and rocks in thin section are an indispensable resource that even the most experienced petrographer should have to hand. Although the mineral and rock fragments in ceramics are generally far more degraded and altered than the ideal geological specimens illustrated in such books (Section 3.3), they are a good starting point for the identification of a particular inclusion. Separate guides exist for rock forming minerals, igneous rocks, sedimentary rocks, carbonate sedimentary rocks and metamorphic rocks. Optical mineralogy textbooks are also a very useful source of reference. These contain detailed descriptions of the crystallographic and optical properties of minerals that can be very useful in cases where the illustrations and basic properties provided by colour handbooks are not sufficient to distinguish between several related mineral species.


In addition to published geological guides, it is useful, though not essential, to have access to thin sections of rock and mineral specimens. These can be directly compared to archaeological ceramic thin sections under the microscope and used in conjunction with identification guides to classify problematic inclusions. Pre-prepared geological thin sections can be purchased, or suitable rock specimens can be thin sectioned in the laboratory. Rock samples collected in the field are not always as well preserved in thin section as they appear in hand specimen and buying pre-made slides therefore guarantees the usefulness of the specimen as a comparative sample.


Geological maps and specialist geological reports are of particular importance to the interpretation of petrographic data in terms of the raw materials and provenance of archaeological ceramics (Fig. 2.26) (Section 5.4). Specific maps and literature are normally obtained as and when required by the particular petrographic project being undertaken. General guides to regional geology can also help to identify specific areas to examine in more detail. They are also worth having if numerous petrographic projects are to be carried out in the same region. Geological maps and accompanying information are increasingly available online as interactive resources.


Comparative thin sections of other, previously studied, archaeological material (Fig. 2.29) are of tremendous value to the petrographic analysis and interpretation of ceramic thin sections. Thin sections of contemporaneous material from the same or other sites can be crucial for provenance interpretation (Section 5.3). By building up a relevant database of ceramic thin sections of a specific region, period or style, it is possible to extract more archaeological information from the study of a particular sample or assemblage. Ceramic thin sections of any period or region can be useful for the identification of specific inclusions, features or microstructural phenomena, especially if they have already been studied and described in detail (Section 4.2.2). They can also serve as teaching material. For this reason thin sections should be carefully archived and made accessible for microscope study (Section 2.6).




[image: Fig. 2.29 A ceramic thin section collection. These previously analysed samples from research projects and commercial work are safely archived in plastic and wooden boxes for future reference. Selected samples can be transferred to trays for research and training purposes as and when needed, then returned afterwards.]


Fig. 2.29   A ceramic thin section collection. These previously analysed samples from research projects and commercial work are safely archived in plastic and wooden boxes for future reference. Selected samples can be transferred to trays for research and training purposes as and when needed, then returned afterwards.





Published or unpublished accounts of petrographic studies on archaeological ceramics are extremely valuable, especially when combined with the actual ceramic thin sections that were analysed. These often contain photomicrographs and detailed descriptions that may enable the identification comparable petrographic compositions. A literature search of previous analytical studies on related ceramic material is therefore always a useful first step in any petrographic project. These can be found in a range of different sources (Section 1.3).



2.6 Curation & Access to Thin Sections



A wide range of opinions, needs and practices exist regarding the post-analysis treatment of thin sections and other scientific preparations of archaeological ceramics. Despite containing a small slice of the pot or other object from which they were made, the question as to whether a ceramic thin section is still an artefact is not easy to answer and depends on who is making the judgement. As custodians of archaeological artefacts, curators and collections managers may view thin sections as artefacts and wish to curate them alongside the object that they were made from. Many are never returned after study and their whereabouts is unknown, meaning that future analyses on the same ceramic specimens require further invasive sampling. Ceramic analysts, on the other hand, tend to consider thin sections as their property. Given that they have the expertise to study them, as well as the need to build comparative collections and teaching materials (Fig. 2.29), they also have a strong case for retaining the preparations after analysis.


Reconciling these contradictory opinions is not any easy task, and few published recommendations on the curation of thin sections exist. Individual projects, collaborations, commissions and requests for the analysis of curated ceramic artefacts should instead be considered and negotiated on a case-by-case basis. Thin sections should ideally reside in a location where a petrographic microscope exists for their analysis, so that they do not have to be loaned and transported. Published studies that include ceramic analysis should state the whereabouts of and the procedures for accessing the thin sections and other scientific preparations that were made and analysed as part of the disseminated research. The acknowledgements section of journal articles, books or chapters is an appropriate location for the publication of this information.


Online databases of thin section photomicrographs and accompanying petrographic information (Fig. 2.30) represent a potential solution to the above problem, enabling researchers to browse, search and study ceramic thin sections anywhere in the world without the need to physically handle them. For such systems to be of value, different petrographers and laboratories need to share their data and adopt common systems of characterisation (Section 4.2.2). Databases also offer a chance to integrate different types of ceramic analysis such as thin section petrography and geochemistry (Fig. 2.30).




[image: Fig. 2.30 Screenshot of on-line database for archaeological surveys and image collections being used to access and investigate ceramic thin section micrographs and related geochemical data from a research project on-line. SuAVE, University of California San Diego.]


Fig. 2.30   Screenshot of on-line database for archaeological surveys and image collections being used to access and investigate ceramic thin section micrographs and related geochemical data from a research project on-line. SuAVE, University of California San Diego.
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