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 ABSTRACT 

 The application and use of non-destructive portable x-ray fluorescence (XRF) 

analysis is a critical tool in the preservation and interpretation of cultural material. 

Portable XRF instrumentation produce elemental compositional data that is used to 

reconstruct current artifact composition, which can be related to materials and methods of 

manufacture, technological practice, as well as object condition and presence of corrosion 

surfaces. Portable XRF analysis is used to assess a variety of material classes utilized in 

artifact manufacture. The dissertation research is based on a series of three case studies 

that represent typical groups of material culture commonly encountered in conservation 

and conservation science research.   

 Conservators and conservation scientists frequently undertake analysis and 

interpretation of disparate groups of materials. Often, these objects are tied together by 

research questions or themes directed by outside influences including preservation issues 

requiring action; curatorial research interests; museum exhibition programs; as well as 

many other cultural heritage stakeholders. To this end, both non-destructive and 

destructive tools that provide measurements of interest play critical roles in analysis. The 

case studies have been designed to answer common compositional questions relating to 

(a) bulk analysis of Chinese coins, (b) characterization of Southwestern ceramic 

colorants, and, (c) chemical examination of post-depositional manganese dioxide 

accretions occurring on archaeological ceramic materials. They evaluate the value of data 

produced using effectiveness of non-destructive portable XRF analysis for the 

interpretation of archaeological materials. The case studies provide a template for the 
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development of conservation science research, predicated on object preservation, which 

produce meaningful data for the interpretation and conservation of the analyzed 

archaeological artifacts. Portable XRF provides useful data that is used to successfully 

interpret archaeological materials through (a) classification of metal alloys that can be 

related to published coin data, (b) identification of ceramic colorants and production 

technologies, and, (c) characterization of post-depositional product composition when 

used with established visual typologies.  
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CHAPTER 1. INTRODUCTION 

The research described in this dissertation is based on a series of three case 

studies that represent typical groups of material culture commonly encountered in 

conservation and conservation science research. The case studies evaluate the interpretive 

value of portable x-ray fluorescence (XRF) analyses in the analysis of archaeological 

metal and ceramic materials including (a) Asian cast metal objects dating to the 17th – 

20th centuries, (b) prehistoric ceramic colorants used on Southwest low- and high-fired 

ceramics, and (c) post-depositional products found on low-fired ceramics. Conservation 

science is devoted to the preservation of archaeological, artistic and historic artifacts, 

sites and structures through the analysis and interpretation of the artifact/site/structure 

composition, technology, degree of degradation and its associated environment. The 

discipline investigates conservation materials and treatment techniques; as well as 

evaluates and develops new analytical methods (non-destructive and destructive) for use 

and application in conservation and conservation science research.  

Conservators and conservation scientists frequently undertake analysis and 

interpretation of disparate groups of materials. These objects are tied together by research 

questions or themes directed by outside influences including preservation issues requiring 

action; curatorial interests or research; museum exhibition programs; as well as those 

identified by other cultural heritage stakeholders. Frequently, research may focus on 

object interpretation through identification of materials and technological production 

processes- both of which heavily influence object preservation. Conservation science 

research utilizes compositional data in order to relate material properties and 
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manufacturing methods to condition, degradation and appropriate preservation practice. 

To this end, both non-destructive and destructive tools that provide measurements of 

interest play critical roles in analysis.  

Tailoring the tool to the question and the available data – be it scientific, 

empirical, both, or tools derived from other disciplines – is the critical step towards 

effectively utilizing non-destructive methods of analysis in cultural heritage conservation.  

The scope of conservation science research is broad and requires an “incremental and 

iterative approach” (Cather 2006:90) towards producing effective and meaningful 

research that is beneficial to the preservation and interpretation of artifacts, sites and 

structures. Therefore, the presented case studies have been chosen to reflect this 

important aspect of conservation science research and practice. Compositional data 

provides critical information regarding raw materials and technologies used in artifact 

manufacture; current deterioration and artifact stability; as well as the existence of 

possible repairs (ethnographic, curatorial or conservation) and past interventions. This 

type of data informs any decision made to conserve and interpret the artifact. The case 

studies have been designed to answer common compositional questions relating to (a) 

bulk analysis of metals, (b) characterization of layered ceramic colorants, and, (c) 

chemical examination of post-depositional changes occurring on archaeological ceramics. 

They evaluate the effectiveness of non-destructive portable XRF analysis for the 

interpretation of a variety of archaeological materials and provide meaningful data for the 

conservation of the analyzed archaeological artifacts. The first case study focuses on the 

application of portable XRF instrumental techniques to a group of Chinese copper-alloy 
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coins excavated in Tucson, Arizona. The second case study reports compositional 

analysis of ceramic surface colorants produced by paints, slips and pastes on low-fired 

ceramics from the Southwestern United States and Northern Mexico. The third and final 

case study examines the presence of post-depositional manganese dioxide accretions 

found on low-fired ceramics from Mexico.  

INTRODUCTION AND ANALYSIS SUMMARY 

Conservation science focuses on the preservation of tangible and intangible data 

associated with artifacts through the application of technical study and instrumental 

analyses. Tangible data includes scientifically measured physical and chemical 

properties, while intangible information is associated with the cultural significance, 

meaning, and importance of artifacts (Odegaard 1995). Object preservation incorporates 

long-term preservation conservation of the object itself, as well as associated analytical 

data, object cultural meanings and research potential. Non-destructive evaluation (NDE) 

techniques are critically important to conservation and conservation science research of 

cultural heritage materials. NDE methods do not require object sampling and are 

compliant with established, ethical guidelines for practice, as developed by the American 

Institute for Conservation of Historic and Artistic Works (AIC), the American 

professional conservation organization. NDE techniques refer to “test methods used to 

examine an object, material or system without impairing its future usefulness” and 

“evaluate the properties of a material, component or system without causing damage” 

(American Society for Non-destructive Testing 2009; Cartz 1995). NDE technologies, as 

used in industry, are quantitative techniques that measure and analyze physical and 
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chemical properties. Analysis is noninvasive and is performed directly on, in situ, the 

artifact. The term in situ, used to convey portable XRF analysis conducted directly on the 

artifact, is accepted in the discipline and is used extensively in the literature (Angelucci et 

al. 2001; Cesareo et al. 2007; Desnica et al. 2008; Ferrero et al. 2004; Ferretti et al. 2007; 

Gianoncelli et al. 2008; Gianoncelli and Kourousias 2007; Hocquet et al. 2008; Janssens 

2005; Miliani et al. 2007; Potts and West 2007; Sciuti and Gigante 1986; Suzuki and 

McDermot 2006; Williams-Thorpe et al. 1999; Zarkadas and Karydas 2004). Non-

destructive methods of analysis are critical towards preserving all modes of data 

associated with artifacts for the future. This research foundation complies with current 

cultural, legal and religious ethical concerns regarding object integrity.    

 The conservation science discipline has used non-destructive methods for over 

100 years since the first application of scientific techniques to the analysis of cultural 

artifacts. Technological advances, during the past 30 years, have improved and expanded 

the number and variety of available NDE techniques. In an effort “to support the 

activities of conservation in accordance with an ethical code such as the AIC Code of 

Ethics and Guidelines for Practice” (American Institute for Conservation of Historic and 

Artistic Works 2009), conservation science research has focused on the evaluation and 

development of standard experimental protocols for the application of new NDE 

technologies to the analysis of cultural heritage artifacts. The integration and support of 

preservation activities including examination, documentation, treatment and preventive 

care defines conservation science as a discipline. These theoretical underpinnings also 

differentiate the discipline from materials science and engineering (MSE) and 
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archaeological science (archaeometry) approaches to the study of cultural heritage 

artifacts. MSE analysis of artifacts has its foundation on the structure-property-

processing-performance paradigm where characterization of materials properties leads to 

inferences regarding performance, processing and human behavior (Kingery 1995: 21; 

Vandiver 2001: 374). Archaeological science or archaeometry is the application of 

scientific methods to “the complete study of human society in the past through an 

interpretation of its material remains” (Pollard and Bray 2007: 245). There is 

considerable methodological overlap for these three disciplines including methods used 

to produce and evaluate research data. Their activities equally contribute to the 

interpretation of cultural artifacts. However, the conservation science field’s focus on 

conservation and preservation of material culture through the application and integration 

of scientific methods (cultural, historic, curatorial, archaeological) is what makes 

conservation science a unique scientific discipline. 

Conservation theory is based on the concept of reversibility. This requires that 

any intervention (analysis or treatment) be as reversible as possible and cause little or no 

physical, structural, or chemical changes. While reversibility is sometimes compromised, 

it remains a principal feature of preservation ethics and underlines any decision to 

undertake analysis or treatment. Recent technological advances have expanded the 

number, variety and complexity of NDE techniques that are both non-destructive and 

noninvasive. These advances have significantly improved the resolution, accuracy and 

portability of such techniques including non-destructive/noninvasive portable (handheld), 

XRF. Furthermore, portable XRF and NDE methods provide a relatively inexpensive 
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means to efficiently analyze large groups of artifacts without compromising their original 

physical, mechanical or chemical properties. NDE techniques, such as portable XRF, 

validate data provided by other forms of analysis including oral history, visual 

appearance, as well as other non-destructive/noninvasive techniques and destructive 

analysis technologies. Depending on application of portable XRF technologies, 

conservation scientists are concerned with either performance or credibility imperatives. 

Efforts to meaningful interpret data must be framed against these two options. 

Recent technological advancements in NDE analytical techniques, in particular 

portable XRF, have resulted in an expanded consumer market that includes both 

industrial and cultural heritage applications. The technique’s portability, non-destructive 

and noninvasive characteristics, as well as its efficiency has made it an extremely 

attractive technological transfer into the cultural heritage market. However, the relative 

ease of using portable XRF for novice users often belies the complexity of interpreting 

data collected from cultural artifacts in meaningful ways. Familiarity with the various 

scientific caveats and limitations associated with XRF theory and portable XRF is critical 

when undertaking analysis of cultural artifacts. Portable XRF instrumentation have been 

used at the University of Arizona since 1999 in order to link the medical significance and 

implications of pesticide residues on cultural objects (Odegaard et al. 2006; Seifert et al. 

2000). Data interpretation is complicated and must be based on a variety of data sets 

including artifact composition and construction, artifact cultural meanings, preservation 

practice and medical toxicology. The incorporation of multiple data sets during 

interpretation is critical for the differentiation of applied heavy-metal pesticides from 
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naturally-occurring heavy metal pigments used in artifact manufacture, as well as 

evaluating their effect on human health.  

Archaeological materials, at best, are heterogeneous with complex chemical 

compositions. Object composition is modified throughout its life cycle of production, use, 

repair, discard, burial, curation and conservation. Scientific measurements of object 

physical and chemical properties do not take into account the entire life cycle and 

consequently loose interpretative value when used in cultural heritage research. To this 

end, theoretical constructs, which assess the artifact’s complete life cycle, provide 

meaningful methods used to conceive and reconstruct ancient technologies. Typical 

frameworks used to interpret ancient manufacturing processes and culturally defined 

technological practice in archaeology and anthropology include: chaîne opératoire (Leroi-

Gourhan 1936, 1964), behavioral chain (Schiffer 1977), and/or habitus (Bourdieu 1977, 

1990; Dietler and Herbich 1998). Cultural heritage research, which incorporates and 

relates physical and chemical properties with artifact life cycles and cultural frameworks 

produce more nuanced object interpretation. 

The heterogeneous nature of most archaeological artifacts is due to both the 

materials and methods used for manufacture. Typically, they are produced using 

relatively impure, raw materials and inconsistent technological production methods when 

compared to modern production of materials using pure materials and rigorously 

controlled technologies. Layered structures are typical and result from manufacturing 

process, as well as external degradation processes, which produce complex corrosion 

fronts resulting from object use, burial, curation and/or conservation. The development of 
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corrosion fronts can further complicate existing layered structures produced during 

manufacture. Most archaeological objects have non-flat surfaces for which portable XRF 

detector and instrument geometries are not designed.  Meaningful interpretation of 

collected data can be difficult to achieve without completely understanding the 

fundamental physics associated with XRF. Furthermore, knowledge of the technique’s 

advantages and disadvantages, as they relate to instrument characteristics (x-ray source 

and beam size, detection limits, depth of resolution, detector geometry), the cultural 

context and the body of knowledge associated with the artifact including its curatorial 

and preservation history, are critical for the production of meaningful data and 

interpretations. The portable XRF user must be familiar with particular instrument 

characteristics that impose further limitations on practical working parameters including 

detection limits, depth of resolution, accuracy, precision, and error, among others. This is 

particularly important, as commercial portable XRF instrumentation were originally 

designed and built for specific industrial applications where analysis is conducted on 

modern industrially produced homogenous (composition and structure) materials. UA 

researchers, conducting portable XRF research relating object composition to the use of 

pesticides in preservation practice, and, and human health, comment repeatedly about the 

difficulty in interpreting instrumental readings collected from cultural objects (Odegaard 

et al. 2003; Odegaard and Sadongei 2005). 

These considerations can be, or, are overlooked as portable XRF instrumentation 

becomes more widely available to the cultural heritage community. There is always a 

strong desire to incorporate recent NDE technological advancements into cultural 
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heritage research practice. There are many obvious advantages associated with 

performing non-destructive, noninvasive in situ analysis directly on the artifact. This 

phenomenon is often associated with technological transfer of a method into a new 

sphere of research. This occurs where a technology is adopted from a sphere (where users 

are intimately familiar with the technology’s scientific foundation, instrument limitations 

and working parameters), to another sphere (where users have a knowledgeable, but 

broad scientific background and limited practical experience with the technique). In 

practice, this transfer stretches the technology’s practical scientific limits/boundaries 

through its use in unique cases for which it was not originally designed. Further 

complications arise when new users want to meaningfully interpret the resulting data 

within the new context. This is particularly evident when one looks at the development 

and application of analytical techniques to both conservation and archaeological 

applications (Cather 2006; Livingston 1994; Logan et al. 1994; Pollard and Bray 2007), 

such as the use of portable XRF for the analysis of cultural heritage materials. 

There are many caveats associated with portable XRF analysis and the 

interpretation of produced data (Constantinides et al. 2001; Dussubieux et al. 2005, 

Gianoncelli and Kourousias 2007; Guilherme et al. 2008; Janssens 2005; Zwicky and 

Lienemann 2004). However, these do not preclude the value of the NDE technique in the 

analysis of cultural heritage materials. Portable XRF is non-destructive, noninvasive and 

is compliant with the ethics of conservation; while, at the same time, is efficient and 

inexpensive. When used in tandem with other NDE methods, interpretation of collected 

data can and does answer critical questions regarding artifact composition and 
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manufacture, as well as characterize artifact changes due to use, degradation and 

curation. This body of data contributes to the preservation of cultural materials and is an 

important tool used in conservation science research. However, it is clear that depending 

on the research question of interest, interpretation of data developed using NDE methods 

may require additional data derived from invasive and destructive analytical techniques.   

As research studies evaluate these questions, other types of information may be 

used for object evaluation and make additional forms of destructive analysis unnecessary 

and unwarranted. Empirical observation, archaeological data, scientific characterization, 

ethnographic analogy, curatorial and conservation records contribute to the formulation 

of artifact interpretation. Reframing research questions of interest within this expansive 

reliance of a wide variety of data types can eliminate the need for destructive forms of 

analysis. Researchers, sensitive to these preservation ethics and concerns, are better able 

to adopt the preservation ethic that understands the need to use NDE techniques, 

recognizes the caveats associated with their use, as well as is familiar with relevant 

questions of interest to the conservation and conservation science disciplines. For these 

reasons, it is critically important that conservators and conservation scientists work 

together to develop research programs to answer and resolve these questions. 

Efforts to develop methodological approaches to the analysis of archaeological 

materials using portable XRF are published, but are frequently limited to the use of 

unique-laboratory made instruments (Appoloni et al. 2007; Cesareo and von Hase 1976; 

Cesareo et al. 1973; Desnica and Schreiner 2006; Ferrero et al. 2004; Gianoncelli et al. 

2008; Gigante et al. 1988, 1990; Hocquet et al. 2008; Langhoff et al. 1999; Longoni et al. 
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1998; Mackerrell 1977; Papadopoulou et al. 2004, 2006; Sciuti and Salmi 1981; Sciuti et 

al. 1986; Stós-Fertner et al. 1979). In other cases, research articles present data, collected 

using commercially available portable units, acquired from a single artwork or groups of 

less than 5-10 objects – often composed of a single material type (i.e. metals, paints, 

obsidian, high-fired ceramics, etc). While these published examples contribute to the 

development and use of portable XRF instrumentation for the analysis of cultural heritage 

materials, they are simplified case studies. They rarely reflect the practical use of portable 

XRF in real world conservation science, conservation and archaeological applications. As 

stated previously, archaeological materials are difficult to model due to a suite of 

variabilities in their chemical composition that are complicated by object degradation and 

change due to use, discard, burial, curation and conservation. The need to develop 

practical and scientifically meaningful methods and interpretive frameworks for portable 

XRF that support survey of large numbers of artifacts and the interpretation of the 

resulting data is critical.    

This dissertation reports research collected from a survey of disparate museum 

artifacts. Non-destructive portable XRF is utilized to relate visual observations to 

elemental composition, cultural context, object condition and technology in an effort to 

preserve and interpret artifacts. This research seeks to validate the use of portable XRF 

instrumentation in the analysis of cultural materials through direct comparison with 

destructive techniques that provide similar data sets. The case studies are designed to 

answer common compositional questions relating to (a) bulk analysis, (b) 

characterization of layered structures of similar composition, and, (c) chemical 
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examination of post-depositional changes occurring on archaeological materials. Case 

study results confirm that non-destructive portable XRF produces measurements of 

interest that relate technical/chemical information to culture and condition.  

CASE STUDY 1 

 Bulk compositional analysis of cultural artifacts provides critical information 

regarding materials and methods used during manufacture, as well as current object 

condition that inform and direct preservation practice. Archaeological materials are, in 

general, heterogeneous. However, most metal materials exhibit relatively homogeneous 

compositions and structures that are best suited for elemental compositional analysis 

using portable XRF. Meaningful interpretation of portable XRF data is maximized, when 

paired with metallographic characterization of crystalline microstructure. This case study 

focuses on the analysis of a group of Chinese coins (n = 126) in the collections of the 

Arizona State Museum, The University of Arizona. The coins were excavated during the 

Tucson Urban Renewal Archaeological project (TUR) in the 1960’s and 1970’s and 

predominantly date to the Qing dynasty (AD 1644 – 1911) and the Chinese Republic (AD 

1911 – 1949). The coins were selected for analysis to determine the efficacy of non-

destructive portable XRF instrumentation, as a tool in answering archaeometric and 

archaeological questions. Portable XRF results are compared to metallographic and 

electron microprobe analyses, which are invasive and destructive, in order to relate 

elemental composition, sampling volume and material microstructure.  

Interpretation of analytical results, combined with pertinent archaeological, 

conservation and curation data, provides valuable information regarding the 
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manufacturing technology and raw materials used during coin production, as well as 

informs assessment of current coin composition. Coin compositions vary and include two 

types: (a) brass and (b) iron alloys. Portable XRF data is successfully able to differentiate 

discrete coin compositions and relate these to specific manufacturing technologies, mint 

locations and reign periods.  

CASE STUDY 2 

 The use of ceramic colorants is culturally specific in the American Southwest and 

reflects development of specific manufacturing traditions. Archaeological ceramic 

colorants are investigated using portable XRF and other destructive methods in order to 

reconstruct technology and culture. Identification of methods/materials used to 

manufacture ceramic colorants can lead to a nuanced understanding of the development 

and transfer of technology and raw materials used in their production, as well as the trade 

of ceramics across the landscape. Furthermore, interpretation of this data informs 

assessments of current condition and degradation present in preserved ceramics.  

 Given the extensive body of existing archaeological and scientific data, 

Southwestern low-fired ceramics offer an opportunity to test the efficacy, reliability and 

precision of portable XRF analysis of ceramic colorants including pastes, paints and slips. 

Portable XRF analysis was collected from all visible paints, slips and pastes found on a 

group of Southwestern ceramics (n = 114) in the collections of the Arizona State 

Museum. These groups were compared to the compiled archaeological, archaeological 

scientific, ethnographic, curatorial, and conservation data sets on similar material. 

Portable XRF data results are contrasted and compared to scientific research (using both 
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destructive and non-destructive analytical methods) associated with prehistoric Hopi 

ceramics, which were culturally valued for specific yellow surface color properties. Each 

described method provides meaningful interpretive results regarding colorant 

manufacturing technologies, cultural technological traditions and the transmission of 

objects and technologies across the landscape. 

CASE STUDY 3 

 The majority of archaeological materials exhibit evidence of surface degradation. 

These deterioration layers take many forms including surface corrosion or post-

depositional products.  Analysis of surface degradation provides valuable information 

regarding artifact materials and methods of manufacture, burial environment, and 

curatorial and conservation histories.  Efforts to properly interpret deterioration are 

critical towards artifact preservation. This case study focuses on the analysis of the post-

depositional product known as manganese dioxide accretions. Based on survey of over 

1000 low-fired Mexican ceramics (found in the American Museum of Natural History, 

Arizona State Museum; Conservation Center, Institute of Fine Arts, New York 

University; The Metropolitan Museum of Art, and private collections), a macrostructural 

morphological typology is developed to relate manganese dioxide accretion type to 

chemical composition and mechanism of formation. Furthermore, accretion interactions 

with ceramic substrates are characterized through identification of corresponding surface 

alterations. Portable XRF data is used successfully to provide meaningful interpretation 

of manganese dioxide accretions during large-scale survey, when combined with 

established macrostructural morphologies.   
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SUMMARY 

The three case studies serve to demonstrate the importance of conservation 

science approaches to the analysis, interpretation and preservation of archaeological 

artifacts and museum objects. When research questions are reframed to include 

archaeological, cultural, curatorial and conservation data, artifact interpretation is more 

nuanced. As well, the use of multiple lines of evidence can eliminate and/or minimize the 

need to utilize destructive forms of analysis for artifact investigation. Researchers 

sensitive to these preservation ethics and concerns are better able to understand the 

importance of and caveats associated with NDE methods of analysis including portable 

XRF. Furthermore, they are able to recognize relevant questions of interest to 

conservation and conservation science research, while contributing valuable information 

to other disciplines interested in cultural heritage. The presented case studies confirm and 

validate the interpretative value of portable XRF data used to characterize cultural 

artifacts.  
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CHAPTER 2. TECHNOLOGY TRANSFER AND NEW RHETORICS 

The recent adoption and widespread use of non-destructive portable XRF analysis 

in cultural heritage research necessitates critical evaluation of the methods used to 

collect, correct, calibrate and interpret produced elemental data. Assessment and 

validation of portable XRF methods is conducted within the sphere of established 

scientific disciplines including materials science and engineering, chemistry and physics 

among many others. Legitimacy and authority, associated with this technological transfer 

of analytical method, are ascribed through presentation and disputation of analytical data 

results. This process is frequently accompanied by the establishment of specific rhetorical 

language, which is used to assign scientific acceptance or negation of the technique under 

review. Evaluation of established rhetorics provide insight into the process by which 

scientific data is validated and enables more nuanced interpretation of published data.   

The adoption and use of portable XRF instrumentation in conservation science 

research is directly related to perceptions of this relatively new scientific discipline. 

Review of portable XRF literature is conducted in order to identify rhetorical language 

used to validate published research and the technique’s scientific application. Therefore, 

it is useful to address the current state of conservation science as a discipline; describe 

discipline definitions, as published by members of the profession and associated 

professionals; and interpret the discipline’s acceptance as a legitimate science by other 

scientific disciplines. Interpretation is framed within the concepts of legitimacy and 

legibility in order to address processes deemed necessary to ascribe authority to the 
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discipline. Furthermore, this foundation will frame discussion of the transferal of non-

destructive analytical technologies to conservation science applications. 

INTRODUCTION 

The transferal of new technologies into conservation science is a frequent 

occurrence accompanied by a variety of discipline activities, which serve to legitimize 

the transferred technology. This process accompanies the development and acceptance of 

portable XRF analysis in conservation science, as a technique that produces meaningful 

data.  Discussion of the methods used by scientists to assess and validate analytical 

techniques and data sets provides insight into current discourse and the development of 

portable XRF research programs. As stated previously, the scientific environment, which 

publishes and legitimizes portable XRF data, adjudicates value through the development 

of specific rhetorical vocabulary. Efforts to understand this process, as it relates to 

portable XRF, is best understood through evaluation of the development and codification 

of conservation science as a legitimate scientific discipline. History of science studies are 

a valid methodological approach used to discuss the development of disciplines, new 

technologies and methods, and assess research funds used to support scientific and 

academic practice. Research results described in this chapter were developing during 

completion of work advised by Dr Jennifer Croissant – a materials scientist and 

technological historian in the Gender and Women’s Studies Department with join 

appointments in the Departments of Materials Science and Engineering and Sociology, 

The University of Arizona.  
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The current discourse on conservation science literature, which includes portable 

XRF publications, is undecided on how to define and bound the discipline. Improved 

communication and the development of a universally understood rhetoric are critical for 

the formation of disciplines with recognized scientific authority. The transfer of new 

technologies and techniques into conservation science practice complicates development 

of universally understood rhetorical vocabulary. This is particularly evident in the 

adoption and use of non-destructive portable XRF instrumentation in conservation 

science applications. The adaptation of portable XRF technologies to cultural heritage 

applications has required the creation of a new rhetorical language. This is particularly 

critical given the limitations associated with the application of commercially produced 

instrumentation to the analysis of complex, heterogeneous cultural materials. The 

majority of marketed portable XRF instrumentation were originally designed and 

manufactured for basic compositional questions in mining and geological applications, as 

well as quality control in metal manufacturing. In spite of the restrictions imposed by the 

fundamental physics theory, non-destructive portable XRF remains an important means 

of analysis in conservation science research. 

Over the past 10 years, there has been a dramatic rise in the popularity of using 

non-destructive portable XRF analysis in conservation, archaeological and other cultural 

heritage applications. The ability to produce compositional data that is completely non-

destructive, does not require sampling and can be acquired in the laboratory or field 

setting has become an increasingly important feature in the analysis and conservation of 

archaeological and ethnological materials. Non-destructive technologies are an efficient 
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and inexpensive means of producing data that increase research flexibility. Furthermore, 

preservation of both artifacts and their analytical potential is feasible, which supports a 

wider range stakeholder interests. The use of non-destructive technologies has increased, 

as concerted efforts are made to incorporate indigenous concerns into Western scientific 

frameworks for research associated with sacred objects and related patrimony. The 

adoption of non-destructive technologies for the analysis of cultural materials has become 

more important since the passage of the 1990 Native American Graves Protection and 

Repatriation Act (Public Law 101-601). As a result, portable XRF instruments continue 

to be used in the analysis of museum collections and the technique is successfully applied 

to a wide range of research topics.  

Questions regarding precision, accuracy and error associated with interpretation 

of produced data from cultural material are numerous. The use of specific language and 

research formatting presented to the broader scientific community can further 

compromise the technique’s legitimization. Specific vocabulary is needed to adjudicate 

the scientific value of any produced data. The scientific value of research is negotiated by 

disciplines through presentation of data and results at professional conferences; 

publication in peer-reviewed literature; and acceptance by other scientists. Socially 

defined rhetorics are required for this process in order to advance intellectual enquiry and 

ascribe authority. As addressed previously, adaption of technologies and associated 

rhetoric often produce cross-communication along disciplinary lines and this can result in 

serious opposition towards accepting the value of research results. As Gross (2006: 191) 

states, “disciplinary allegiances and ingrained habits of solitary work can impede answer 
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to such questions” when research is conducted along the intersection of multiple 

disciplines. These disciplinary allegiances are critical and will be analyzed through a 

survey of the published literature associated with portable XRF.  

The process of knowledge legitimatization requires a specific, universal rhetoric, 

as well as a forum and process for adjudication. This is important when classifying data 

produced by portable XRF instrumentation as quantitative or qualitative. The scientific 

method uses mathematical formulas to assign data sets with varying degrees of error. 

Quantitative results are held to a higher standard of mathematical precision, accuracy and 

error than qualitative data. This process assures scientists that data is authoritative and 

reproducible. Issues of precision, accuracy and error, as well as the acceptance of a 

technique as quantitative, are resolved through the creation of calibration formulas based 

on certified reference standards/materials with known composition and manufacturing 

process. However, precision, accuracy and error are particularly difficult to settle when 

analyzing non-industrial, heterogeneous cultural materials with complex surface 

geometries.  

The development of calibrations solely using industrially certified reference 

standards and materials towards the analysis of cultural heritage materials is extremely 

problematic. Events following artifact use and discard frequently modify and complicate 

object composition through conservation, curation or research actions/interventions. 

Certified reference standards and materials rarely reflect the deteriorated, complex 

compositions/structures and manufacturing processes that characterize archaeological and 

ethnographic materials. The proliferation of multiple parameters is difficult to 
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mathematically model – thereby making any such analysis problematic and difficult to 

adjudicate. For scientists, the scientific method is “used to arrive at certainty about 

physical objects and events” (Gross 1991: 937). Using this characterization of cultural 

heritage compositional data, quantification is virtually impossible to achieve. Analytical 

data associated with cultural material is automatically assumed to be qualitative. The 

adaptation of instrumentation to conduct analysis in situ on geometrically complex 

objects further constrains the precision of produced data. 

Rhetorical issues associated with the adaptation of NDE methods used in material 

culture research have their root in basic disciplinary lines dividing the sciences and 

humanities. These disciplinary boundaries contribute to the process by which “experts” 

socially constructed scientific knowledge through presentation, evaluation and 

codification (Gross 2006; Penrose and Katz 2004). Terms such as precision, accuracy, 

error, quantitative and qualitative become critical tools in evaluating the value and 

designation of research as “scientific” using accepted methods or instrumentation. 

Mathematical measures of precision, accuracy and error form the burden of proof, ascribe 

authority and influence accepted methods used by the discipline to report research data, 

results and interpretations. Assignment of positive and pejorative meanings to data also 

influence decisions regarding accepted formats for reporting data as evidence, the choice 

of cited sources in manuscripts, and decisions made regarding submission of results for 

publication. To some degree, this is not unusual or unexpected. As Gross (1991: 936) 

states, these stylistic devices “reflect in language the world as meant by science.” 

However, when conducting research at the intersection of disciplinary lines, there is a 
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need to provide a fair valuation of the contributing disciplinary components of the 

research – without playing to the rhetorical divides of the sciences and the humanities.  

Conservation and archaeological inquiry is based on incomplete knowledge 

regarding the object’s life cycle. Original parameters for production, use, and curation of 

the artifact or artifacts under study are difficult to identify completely. The chemical state 

of material culture (prior to its use in scientific research) is characterized by 

inhomogeneous compositions and is complicated by the physical and chemical effects of 

material degradation, use, discard, deposition and curation. As Sillar and Tite (2000: 4) 

suggest, when using materials science-based approaches to material cultures, one must 

consider “the overall context that affects the availability of resources as well as the 

valuation of alternative techniques [so] that [one] will be able to explain why particular 

technological choices were made and what material and social effects they had.”  

In the social construction of material culture, there is an implicit understanding 

that scientific analyses of such materials will incorporate a measure of imprecision. This 

implicit imprecision is not pejorative and does not negate the value of such scientific 

research and analysis. Rather, the imprecision is framed within the context of multiple 

lines of scientific and cultural evidence (observation, language, cultural studies, archival 

records, etc.) used to present data, make interpretations and assign value. This approach 

allows researchers to categorize the relative value of data sets in order to make informed 

decisions regarding the maximum degree of error acceptable in analytical results. This 

strategy is critical to the acceptance and use of non-destructive instrumentation in the 
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analysis of material culture. The advantage of using NDE techniques is sufficiently large 

to accept increased imprecision in analytical results. 

Rhetoric surrounding the framing of technology, in particular the use of portable 

XRF instrumentation in the analysis of cultural material, is complex and dependent on the 

academic training and experience of the researchers involved. Efforts to recognize, 

identify and define such rhetoric require an understanding of Bijker’s description of 

technological frames and tacit knowledge (1995). Used to order data and facilitate 

interpretation of interactions within a relevant social group, the technological frame is 

composed of many socially constructed “elements that influence interactions within 

relevant social groups and [can] lead to the attribution of meanings to technical artifacts – 

and thus to constituting technology” (Bijker 1995:123). Tacit knowledge (Bijker 1995: 

125-6) refers to the specialized knowledge developed by social groups in their everyday 

research, which is not recognized by or hidden from other social groups. Technological 

frames, used to adjudicate authority through publication of portable XRF research, often 

create cross-communication and misunderstanding amongst members of other scientific 

disciplines. This process is understood through the specific definition of key terms, which 

are used to limit problems of cross-communication. However, discipline formation, 

knowledge construction and developed rhetorics are not sequential events. They are 

organic and frequently intersect to provide mutual foundations for final codification of 

knowledge. The developed rhetorics, which accompany knowledge transfer, are framed 

within a theoretical discussion of discipline formation and knowledge construction. 
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DEVELOPMENT OF A DISCIPLINE AND ITS INFLUENCE ON KNOWLEDGE CONSTRUCTION  

The typical placement of conservation science experts and practice within 

museums and other cultural heritage institutions shelters and hinders the field from the 

academic world of scientific discourse. This behind-the-scenes existence limits academic, 

governmental and public recognition/support of the discipline as a codified body of 

specialized knowledge (Gieryn 1983). As a result, the discipline is difficult to define and 

recognize by outsiders. This results in miscommunication and unclear discourse about the 

nature, practice and theory of conservation science. The term conservation science, first 

introduced in the 1980s (Townsend 2006), grew out of earlier concepts adopted by 

scientists engaged in research focused on the preservation of material culture. Dominated 

by chemists, these first transplanted scientists were appointed to conduct research into the 

chemistry of deterioration and preservation. The Berlin Staatliche Museen was the first 

museum to develop a scientific department, directed by the chemist Friedrich Rathgen 

(Gilbert and Vivian 2001), in 1888. The British Museum and other institutions created 

similar departments in the 1920s (Bradeley 1997:1). In the decades since, conservation 

science practice has created a specific body of scientific knowledge, data, practice, and 

ethics and requires a formal definition of the discipline.  

Review of the conservation and conservation science literatures indicate that there 

are many proposed definitions (de la Rie 1999; ICCROM 2000; McCrady 1997; Muñuz 

Viñas 2005; Tennent 1994; Townsend 2006), developed by a variety of practitioners. 

Opposition to the term, its use and the discipline’s classification as a science also exists 

(Torraca 1996, 1999). Unfortunately, no single definition is accepted, or, recognized by 
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conservation scientists, conservators, art historians, archaeologists, and other trained 

scientists interested in cultural preservation. Despite this, there is consensus regarding the 

skills and roles ascribed to the practicing conservation scientist. Serious questions remain 

regarding the definition of the conservation science discipline, its codified knowledge, 

claim to disciplinary status and the demarcation of the discipline’s boundaries (de 

Guichen 1991; Kirby Talley, Jr. 1997; Muñoz Viñas 2005; Price 2000; Tennent 1994; 

Torraca 1999; Townsend 2006). Issues of inter- and intra-discipline communication (de 

Guichen 1991; McCrady 1997; Muñoz Viñas 2005; Podany and Scott 1997) and the 

methods by which knowledge is shared through professional publication and conference 

participation must be addressed.  

Problems associated with the transfer of knowledge and technology, as well as 

their effects on the recognized authority of the conservation science discipline require 

greater discussion. Boundary-work activities are recognized for their role in establishing 

discipline legitimacy and legibility. The term boundary-work, first introduced by Gieryn 

(1983: 781), refers to the ideological process by which scientists create a public image 

through contrast with non-scientific intellectual or technical activities. In following 

sections, current conservation science literature is assessed through application of 

sociological theories. These theories are typically used in history of science studies in 

order to characterize discipline formation and development (Bauer 1990; Ben-David and 

Collins 1966; Minder 1990; Mullins 1972; Pietig 1975), as well as the boundary-work 

necessary to differentiate and ascribe authority and legitimacy (Gieryn 1983, 1999; 

Jardine 2000). Furthermore, these theoretical frameworks highlight the importance of 
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inter- and intra-discipline legibility, and the role technology transfer plays in ascribing 

legitimacy. They are used to accurately assess conservation science as a legitimate 

scientific discipline that contributes meaningfully to multiple fields of inquiry. The 

tangible contribution of conservation science research is demonstrated through the 

presentation of three analytical case studies focusing on the analysis of artifacts in the 

collections of the Arizona State Museum, The University of Arizona, as well as some 

from other museum and private collections. These case studies provide an opportunity to 

reveal how conservation science research contributes to the interpretation and 

preservation of museum artifacts. 

DISCIPLINES: THEIR THEORETICAL DEVELOPMENT AND DEFINITION 

Disciplines and professions have a long history of analysis in the sociological 

literature. They are linked to the establishment of authority and status through the 

acquisition of specialized knowledge. The social classification of disciplines and 

professions stems from a desire to order and categorize knowledge resulting in distinct 

professional cultures (Bauer 1990: 215). As a result, disciplines are dynamic, evolving 

concepts that must be situated in a specific time and place in order to understand the 

development of their current manifestation. Professions have been recognized since the 

adoption of the guild system in Europe during the medieval period. Specific roles were 

grouped into guilds according to specialized knowledge and skill sets. However, there 

was little recourse in preventing misappropriation of the knowledge or skills associated 

with these specialized bodies of knowledge. For example, while similar 
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pyrotechnological knowledge was needed for ceramic, glass and metal production, the 

ceramic, glass and metal guilds developed and operated independently.  

Regulated professionalism and true disciplines do not come into existence until 

the 19th century. Changes in the social structure of European universities promoted the 

existence of proscribed academic roles and developed processes by which professors 

disseminate information that links knowledge production with knowledge reaffirmation. 

Pedagogical demarcation of specialized, scientific knowledge bases required the 

formalization of disciplinary philosophy and theory. During this period, academic 

research practice adopts the objective, scientific method as a technique to ascribe 

authority and validate data. Furthermore, the scientific method becomes the philosophical 

foundation of science (Minder 1990: 205).  

Disciplines, as discrete concepts, are notoriously difficult to define universally. 

Pietig’s seminal 1975 article reviews definitions of the education discipline to describe 

many of the problems associated with the development and acceptance of the discipline’s 

definition and foundations. She uses this survey to characterize problems associated with 

the development and acceptance of the discipline’s definition and foundations. Pietig 

identifies nascent problems associated with this process including the demarcation of 

specific discipline knowledge bases and models used to explain/interpret produced data. 

Her work also examines the process by which legitimacy is attained through recognition 

and acceptance of the discipline activities within a hierarchy. While Pietig (1975:11) 

states that discipline definitions are impractical and spurious when used to demarcate 
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specific disciplines, she concludes that they are useful in reconstructing the various social 

currents that dominate the demarcation of knowledge, authority and disciplinary culture.  

Social demarcation of knowledge, as a means of ascribing authority, becomes the 

foundation for the construction of disciplines. This social component is important 

because the pedagogical and philosophical underpinnings of disciplines explicitly assign 

value to specific practices, methods, theories and vocabulary (Bauer 1990: 217-218). 

Cultural differences result when epistemic features, entrenched in everyday practice, 

create misunderstandings and disagreements between and among disciplines. Cultural 

differences, such as the use of specific vocabulary, style and protocol used to confirm and 

report new data, further aggravate this process. Analysis of discipline formation and 

development helps to characterize this social and cultural component. This process 

provides insight into discipline demarcation including recognition of conservation 

science as a separate and unique scientific discipline. 

DISCIPLINES: FORMATION AND DEVELOPMENT  

Mechanisms describing the development and emergence of scientific disciplines 

rely on the concept of paradigm shift. Paradigm shift events or activities expand the 

discipline and effectively change the construction and evaluation of research and are 

situated around authority figures membership in other scientific fields. Ben-David and 

Collins (1966), Mullins (1972) and Steckel (1998) describe mechanisms that provide 

insight into the development and formation of disciplines. Role hybridization, as defined 

by Ben-David and Collins (1966: 459), is the social mechanism that drives discipline 

formation, as individuals move from one role to another in an alternative academic field. 
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This frequently results in conflict and competition for academic position and status 

pushing scholars to adopt new attitudes and behavior to fit new roles. This theory is 

highly dependent on socially constructed power and legitimacy to drive role 

hybridization and innovation.  

Mullins (1972) presents an alternative mechanism to the social construction of 

power and legitimacy. He suggests that social variables (competitive position and relative 

status of specialties/disciplines) are not sufficient to explain the development of 

disciplines including the development of molecular biology from the phage group, a 

research entity focused on the study of bacteriophages. Mullins (1972: 51) argues that 

normal intellectual and social activities play important roles in nurturing emerging 

disciplines. Intellectual frameworks establishing research goals, methods and publication 

norms are necessary to promote a discipline paradigm and communication between 

specialists. Social and intellectual communication networks act together to create 

specializations and promote collegiality. These intellectual and social mechanisms are 

integral to formalizing disciplines, while ascribing authority that maintains academic 

roles. Given the role of social mechanisms in discipline formation,  role hybridization is 

not adequate to describe the initial stages of paradigm formation. 

Steckel (1998) describes a third mechanism of discipline formation, which has its 

foundation in interdisciplinary research questions. Formulation of meaningful questions 

that use aspects of many different disciplines will result in the creation of significant, 

novel and credible results that address research questions of interest to multiple 

disciplines. This process ultimately lends credibility to the method, researcher and newly 
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formed discipline. Initial support from respected specialists in other disciplines increases 

legitimacy across fields and provides necessary validation to the fledgling discipline 

(Steckel 1998: 811). The execution of research through experiments based on the 

scientific method provides acceptance and ascribes authority. Furthermore, 

communication of research results must be legible across multiple disciplines. 

Methodology sections spelling out experimental practice and the utilization of analytical 

tools, such as regression analysis, for handling/interpreting data increase accessibility to 

data and its interpretation (Steckel 1998: 816). The mechanism is successfully when 

authority, legitimacy, utility and legibility are established specialists and representatives 

from related fields adopting the new method/research technique. 

The work of Ben-David and Collins (1966), Mullins (1972) and Steckel (1998) 

identifies a variety of social mechanisms by which disciplines develop and are codified. 

Each mechanism relies on recognition of unique topics that require specialized 

knowledge, which is not fully developed through current research practice. Placement of 

pivotal figures who provide support, structure and some authority to the fledgling 

discipline (while still retaining membership in another discipline) is also critical. 

Recognition of the social construction of disciplines provides a framework for current 

manifestations of disciplines and a method for understanding their constant evolution. 

This is critical when assessing the development of conservation science from a variety of 

scientific and social scientific disciplines including chemistry, physics, biology, materials 

science and engineering, as well as archaeology, technical art history and architecture.  
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DISCIPLINES: ESTABLISHMENT AND MAINTENANCE THROUGH BOUNDARY-WORK  

The emergence and recognition of scientific disciplines is best framed within the 

demarcation of cartographic boundaries. Boundary-work, a term first coined by Gieryn in 

1983, refers to the “attribution of selected characteristics to the institution of science … 

for purposes of constructing a social boundary that distinguishes some intellectual 

activities as “non-science”” (1983: 782). Boundary-work processes become instrumental 

in formulating the ideological concept of science as objective, skeptical, free from 

emotion and carrying its own mathematically defined authority. At its heart, boundary-

work deals with authority, legitimacy and legibility and is better viewed within the 

framework of ideologies battling for geographies of knowledge and capital. As Gieryn 

(Gieryn 1983: 782-3) writes, “descriptions of science as distinctively truthful, useful, 

objective or rational may best be analyzed as ideologies: incomplete, and ambiguous 

images of science nevertheless useful for scientists’ pursuit of authority and material 

resources.”  These boundary-work activities are driven by explicit and implicit social 

mechanisms associated with deliberate creation of disciplinary boundaries (Gieryn 1983: 

785), assignment or definition of rivals as “pseudo-” or “non-“ scientists (Gieryn 1983: 

788), discipline members are protected through the process of constructing boundaries 

between members and non-members (Gieryn 1983: 789). Boundary-work is constantly 

being enacted in the social realm and is epitomized by the debates that characterize and 

politicize climate change, as well as the disdainful references and jokes regarding 

astrology. This process that is integral to analyzing the current status of conservation 

science as a scientific discipline. 
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Other methods establishing the legitimacy of disciplines via boundary-work exist 

in the literature. Jardine states that “strategies of legitimation play major roles in all 

scientific disciplines in securing compliance with new methods and continued adherence 

to old ones” (2000: 121). Histories of scientific disciplines are successfully used to 

ascribe and legitimate authority. They chronicle the practical utility of a discipline by 

citing precedent, theoretical achievements and insights of founders, as well as identifying 

a discipline’s contribution to other fields (Jardine 2000: 125-130). Laudan’s work 

describes published histories of science successfully used to convince the public that 

“science [is] an important enterprise that should be granted institutional support and a 

secure place in the educational system” (Laudan 1993:2). Histories, published in the 18th-

19th centuries by major scientists, “proliferated as part of the process of staking out 

boundaries and establishing legitimacy” (Laudan 1993: 7). Histories published following 

World War I “were increasingly written by historians and philosophers rather than by 

scientists” Laudan (1993: 20). In spite of this, Jardine (2000: 125) reports that many 

scientists view histories of their field as unworthy, despite their demonstrated role as a 

successful tool in the establishment of discipline legitimacy and authority.  

This disdain for discipline histories is confusing, as scientific disciplines adopt 

accepted citation methods recording historically significant scientific accomplishments 

and the role of “founding fathers” in publication and conference presentations. While 

citations may not always reconstruct the discipline’s history, historicism plays a role in 

making certain that the right work and people continue to be cited in publications and 

grant applications.  
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Boundary-work plays an important role in establishing the purview of specific 

disciplines. These actions enforce their authority and legitimacy through explicit and 

implicit activities. These constantly changing discipline boundaries underscore social 

mechanisms that drive science and its activities. They also demystify the ideological 

construction and portrayal of science and scientific disciplines as purely objective, 

skeptical and immune to emotional interactions. Recognition and understanding of these 

social components places disciplines within a broader context of knowledge production 

and evolution. 

CONSERVATION SCIENCE: DEFINITION OF THE DISCIPLINE  

 The preceding discussion provides a means of understanding conservation science 

as a legitimate discipline contributing to multiple fields of inquiry in meaningful ways. 

Definitions of conservation science are numerous and reflect the influence of social 

currents in the discipline. They are also useful in framing the development of the field. 

The majority of conservation science definitions are rooted in the direct application of 

science and scientific methodologies to preservation.  

 These definitions are typified by statements published by scientists and 

conservators, which portray conservation science practice as the “scientific methodology 

applied to conservation of cultural objects” (de la Rie 1999: 16); “research [carried out] 

to further the conservation, preservation and understanding of the world’s cultural 

heritage” (Townsend 2006: 1); and “the work of any scientist who conducts research to 

assist with the study, examination, and preservation of museum objects” (Burnstock et al. 

2005: 10). Other definitions describe the specific function of conservation scientists as 
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collectors, managers and interpreters of collated scientific data. Tennent (1997: 15) states 

that “the prime function of a conservation scientist, [is] namely to provide knowledge of 

technical information which enables more effective preservation and conservation of 

cultural heritage, be it fixed or moveable cultural property.” Other disciplines define 

conservation science as the intersection of archaeometry, technical art history, technology 

transfer and deterioration studies. At this intersection, “the conservation scientist 

becomes the link between scientific theory and cultural heritage application, or between 

cultural theory and scientific application” (Chiari and Leona 2005: 5).  

Conservation science, as defined by policy at the Netherlands Institute for 

Cultural Heritage, is founded on acquisition of knowledge pertinent to preservation 

through research. As well, the discipline acts as the conduit through which scientifically 

sound advice is transferred to collection managers, conservators and other parties 

responsible for cultural heritage (Ballestrem and Hofenk de Graaff 2002: viii). Still, other 

definitions describe conservation scientists as professionals, who must temper science 

with conservation, ethics and culture. Price (2000: 76) writes that a conservation scientist 

is one “who is conversant with all those aspects of science that impinge upon his/her field 

of enquiry, who is fully acquainted with the ethics and principles of conservation and 

who has an innate sensitivity and appreciation of the cultural heritage.” These various 

definitions increasingly place conservation science within the context of cultural 

achievements and their preservation. They reflect perceived problems encountered by 

both conservation scientists and conservators in daily practice. Based on these 
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definitions, conservation science must be both scientific in structure and fully grounded 

in conservation, culture and ethics.   

Undercurrents of debate regarding the conservation science discipline are also 

evident in the literature. Torraca (1999: 8), an Italian scientist working in conservation, 

states there are reasons to believe conservation science is not a science because “it is 

difficult to falsify or support a hypothesis (or model) in conservation.” This is true “even 

if it employs scientific equipment and scientific language” (Torraca 1999: 8). The 

question of whether or not conservation science is a science is based on the discipline’s 

foundation of promoting preservation and arresting deterioration associated with 

complex, composite materials. In this case, “a multidisciplinary approach is required, and 

blinkered adherence to a single scientific discipline is seldom successful” (Price 2000: 

76). Price stipulates that conservation science is akin to Pollard’s definition of 

archaeological science, where “a thorough understanding of the background of both 

halves of the story, and often mastery of information from related disciplines such as 

biochemistry and geochemistry” is required (Price 2000: 77). In this sense, conservation 

science is a hybrid, which, by necessity, situates science and scientific methodologies 

within the framework of history, technology, culture and cultural ethics. 

These previously described definitions are somewhat codified in the 1999 

Bologna Document. Drawn up by the International Centre for the Study of the 

Preservation and Restoration of Cultural Property (ICCROM), the Bologna Document 

represents some European consensus regarding the profession. The document states that a 

conservation scientist is a  
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scientist with a degree in one of the natural, physical and/or applied 
scientific disciplines and with further knowledge in conservation (ethics, 
history, cultural values, historical technologies, past and present 
conservation technologies and practice, scientific aspects, etc.), which 
enables him/her to contribute to the study and conservation of cultural 
heritage within an interdisciplinary team” (ICCROM 2000: 137).  
 

The ICCROM definition places the development of conservation science as a discipline 

within the context of Steckel’s new anthropometric history. Seen in this light, the 

interdisciplinary nature of conservation science actively attempts to formulate and report 

meaningful research that transcend discipline boundaries and offer results useful for other 

disciplines including archaeology, archaeological science, materials science and 

engineering, among others. The transfer of technology and techniques through discipline 

activities is critical and can ascribe disciplines legitimacy, as is evident in the work of 

Steckel (1998). However, this transfer of knowledge and methodology may have an 

opposite effect on discipline authority and legitimacy, as well as communication within 

the discipline. As McCrady (1999) points out, communication is hampered by work 

conducted by a variety of professionals working in the same field of conservation 

science. Pollard and Bray (2007:252) observe similar issues in the transfer of technology 

into the archaeological science discipline. 

CONSERVATION SCIENCE: FORMATION AND DEVELOPMENT OF THE DISCIPLINE  

The development of conservation science centers on pivotal scientists and 

institutions that provide stability and nurturing for the nascent discipline. Historically and 

traditionally, conservation scientists were trained in the hard sciences (biology, 

chemistry, physics, materials science and engineering, etc.) and rarely received a formal 
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education in conservation, archaeology, architecture, art history or traditional 

technologies. These individuals were typically men trained in science who had an interest 

in antiquities. Initial research, conducted in the 1930s, 1940s and 1950s, focused on 

determining the composition, manufacturing and technological processes, as well as 

active mechanisms of decay. Scientists diagnosed the adverse effects of temperature, 

relative humidity and pollutant gases in the environment on cultural materials (Bradley 

1997: 1). Seminal works regarding conservation and the science of preservation were 

published at this time including Plenderleith’s seminal work, The Conservation of 

Antiquities and Works of Art (1956). This initial research provided a foundation for 

development of authority and legitimacy within the field.  

The early years of disciplinary knowledge construction are marked an increasing 

appreciation for the complexities surrounding preservation of cultural material. Through 

first hand knowledge and experience, many recognized that “conservation problems 

generally require[d] a practical solution” - a skill not often included in basic scientific 

training (de la Rie 1999: 18). Furthermore, these early practitioners acknowledged that 

efforts to answer complex research questions associated with cultural artifacts must be 

predicated on an iterative approach “that recognizes that complex problems are best 

tackled in stages” (Cather 2006: 90). Recognition that preservation science required 

different solutions is evidence of a revolutionary Gestalt or paradigm shift. However, this 

idea remained truly amorphous until the adoption of the term conservation science in the 

1980s (Townsend 2006: 1) and the later proliferation of national and international 

conferences focused purely on conservation science (Baer et al. 1991; Bromelle and 



 
                               

                                                                                                
                                                                                                                                  58                         

   
 

Thomson 1982; and Krumbein et al. 1994). Given the overlap of conservation science 

with other scientific disciplines, the use of specific language and rhetoric easily 

complicate these theoretical foundations. 

Legal statutes established research laboratories in museums including the British 

Museum and others (Watkins 1997: 223), as institutions realized scientific research was 

necessary to analyze and care for their collections. These laboratories supported the 

development, testing and codification of conservation science practice allowing early 

scientists to indoctrinate successors in the science of preservation. However, the lack of 

funding for conservation and conservation science limited the early impact of such 

pedagogical centers (Tennent 1997). Museums rarely could afford to staff scientists and 

many worked in isolation. Early professional had limited communication and 

consultation with their peers, and were unable to identify and coordinate research 

programs (de Guichen 1991: 24). As a result, conservation and conservation science 

practice was developed in isolation within the larger context of cultural material studies.  

Codification of the discipline’s paradigm shift, which initially stimulated the 

discipline’s development, was slow in coming. Lack of communication within the 

scientific sections of the conservation field soon became an enormous impasse in the 

1950s through to the 1970s. Efforts to solve conservation problems were tempered by 

individuals conducting research on self-determined topics. Scientists focused on projects 

with little or no discussion regarding the research’s application and contribution to the 

field of conservation. Frequently, their research offered more meaningful information to 

related disciplines, including archaeology, art history, materials science and engineering 
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and technology studies. As de Guichen (1991: 24), a transplanted chemical engineer 

working in preservation and citing Torraca, points out, scientists were frequently 

“tempted to transfer directly to conservation ready-made ideas and the procedures and 

equipment which they used earlier [and] it is only after a number of unhappy experiences 

that they are forced to admit that the problem was not simple.”  

Establishment of specific methods and philosophy helped to establish 

conservation science as a legitimate discipline. Initially stimulated by the introduction 

and universal usage of the term conservation science in the 1980s (Townsend 2006: 1), 

the development of national and international professional conferences brought scientists 

together to develop methodologies for conservation science practice. The creation of 

stand-alone conservation science departments within conservation laboratories (British 

Museum, Getty Conservation Institute, The Metropolitan Museum of Art, and Tate 

Gallery, among others), as well as the establishment of academic conservation science 

training programs in Europe and the United States facilitated this process.  

Institutional support and the existence of scientists willing to contribute 

knowledge in multiple fields became the pivot point around which conservation science 

developed. Role hybridization did not really play a role in discipline development , as 

there was limited movement of scientists between museum conservation centers and no 

movement of scientists from museum laboratories to academia or other occupational 

roles. In contrast, the mechanisms of discipline development, described by Mullins and 

Steckel, provide a framework for understanding conservation science.  The 

institutionalization of conservation research laboratories in museums supported 
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intellectual and social practices that further developed the discipline and formalized 

methods and practice.  

Conservation science research contributes to multiple disciplines, due to its focus 

on the conservation of cultural objects. Preservation practice is predicated on knowledge 

of object materials and methods of manufacture, an understanding of object life cycles, as 

well as deterioration mechanisms associated with artifact materials. This multi-

disciplinary focus makes publication in specific scientific journals impossible without 

defining explicitly the framework within which conservation science operates. 

Unfortunately, communication at this level is dependent on conservation scientists 

publishing in journals other than those of the discipline. As well, scientists must look 

beyond their own subset of literature and conference proceedings in order to recognize 

and reaffirm the value of conservation science data. 

Efforts to reframe perceived limitations associated with research conducted on 

cultural materials are largely unsuccessful. Scientists continue to criticize conservation 

science as being non-scientific because of the unknown variables associated with cultural 

artifacts. Multiple authors in the literature highlight this problem as an issue of cross-

discipline legibility. Kirby Talley Jr. (1997: 282) states that, “we must be able to 

articulate both the principles and technical details of our profession in such a way that 

any and all ambiguity is impossible.” This problem can be resolved by changing the ways 

in which conservation science research results are disseminated to the profession and the 

academic world. The authority of the conservation science discipline is constantly being 
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contested and redrawn by boundary-work activities. In this vein, the framework of 

disciplines as cultures is extremely informative. 

RHETORIC STUDIES  

 Rhetoric vocabulary used to describe and publish technologies or methods 

implicitly conveys particular viewpoints to selected audiences. Multiple authors (Gross 

1991, 2006; Harley 1999; Katz 1992, Livingstone 2007) utilize rhetoric studies to 

understand the proliferation of technology through its presentation in technical and 

professional writing. Katz (1992) demonstrates the importance of rhetoric in the 

adaptation, manipulation and sanitation of technologies towards new applications. The 

success or failure of a rhetoric, justifying technological transfer, is dependent on adoption 

of the ethos of the organization/discipline proposing the transfer. Katz (1992: 271) states 

that the rhetoric of science and technology is increasingly being called upon and used to 

make or justify decisions made on technological expediency. Livingstone (2007) uses 

rhetoric to map a powerful geographical lexicon of knowledge, as well as its socially 

constructed discovery, presentation, contestation and codification. Rhetoric charts “the 

movements of scientific knowledge across space and time”, and its analysis helps to 

define how scientific claims are discussed and responses constructed in local cultures 

(2007: 92). Both Katz (1992) and Livingstone (2007) use rhetoric to frame new 

technologies and map their acceptance by new professional or public audiences.  

Alternatively, Harley (1999) suggests that the importance of rhetoric is rooted in 

its ability to structure and constitute experience – particularly for disciplines using 

incomplete and complicated foundations to develop knowledge. He (1999: 421) argues 
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that rhetoric is “more central to medicine than it is to the natural sciences” because the 

objects of enquiry – patients – are alert to the rhetoric. In contrast, Gross (1991) states 

that rhetoric, used to organize experimental data, misrepresents the scientific process. He 

(1991: 939) suggests that the organization of any contemporary scientific report “imitates 

a process that did not, that cannot, lead to the facts and theories of science.” Both Harley 

and Gross refer to rhetoric’s role in the construction and sanitation of experience and 

experimental observations, as a method of justifying knowledge. Rhetoric is an important 

tool used to discuss, understand and frame knowledge. Furthermore, rhetoric, used in the 

construction and presentation of technology and science through research, is complex and 

critical towards developing and mapping knowledge. Gross (2006: 191) intimates that 

“any study of science that ignores rhetorical analysis is seriously incomplete.” 

THEORETICAL FRAMEWORK  

Efforts to understand the development and technological transfer of portable XRF 

instrumentation as an accepted research tool are critical for characterizing scientific 

acceptance of the technique. For research activities conducted at the intersection of 

multiple disciplines, this is particularly true. Technological frames “apply to all relevant 

social groups” – not a single discipline or profession (Bijker 1995: 126), while tacit 

knowledge is available only to members of specific technological frames. This 

relationship provides a fundamental basis for cross-communication and cannot be 

resolved until actors maintain roles in multiple technological frames, or, align themselves 

with a discipline that incorporates all technological frames involved. The identification of 

social boundaries and rhetoric of borrowed technologies requires a survey of the 
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scientific, conservation and archaeological literatures presenting portable XRF research 

in order to understand the technological frames involved. For research of this type, 

Schiffer’s cascade model of complex technological systems is useful for analyzing 

complex technological systems (2005). Modifying components of Hughes’ (1983) 

concept of reverse salients, the cascade model enables researchers to characterize the 

behavioral context of inventions. This is useful analytical framework for analysis of  

inventions/instrumentation, which specific social groups modify and recast for their own 

purposes.  Manipulation and adaptation of technologies to new applications are used to 

solve problems associated with the technological transfer of the technique/invention. The 

staccato development of solutions drives their development.  

Prediction, as it relates to precision, accuracy and error, becomes a critical 

component in the classification of portable XRF analysis of cultural material as 

quantitative, semi-quantitative or qualitative. The value of prediction plays an 

authoritative role when technologies are transferred to new disciplines and as 

practitioners begin the process of negotiating and developing acceptance of the new 

technology. The analysis of heterogeneous cultural heritage materials by portable XRF 

and other non-destructive technologies is provided “value” by unintended audiences, who 

play a role in the development and adoption. Analysis of rhetorical language used to 

present research of this type provides clues towards understanding the development of 

innovations used to solve perceived problems with the technique. Furthermore, efforts to 

understand the social and behavioral framework and rhetoric of such solutions and 
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inventions are critical towards understanding the trajectory of portable XRF technology 

in cultural heritage research. 

Reliance on the use of academic research databases and search engines in order to 

survey of professional literatures for portable XRF publication has many attendant 

problems. Conservation scientists must use a variety of search engines and databases to 

search a variety of disciplines in order to completely and accurately identify publications 

associated with a particular subject. Multiple biases, introduced through citation practice, 

create a never-ending cycle of reference that may not reflect the development of 

intellectual research. Despite these inherent biases, Collins (1989) is able to successfully 

reconstruct the development, formation, syncretization, and evolution of philosophies and 

disciplines through historical research and identification of master-pupil chains. These 

introduced biases contribute to the identification of rhetoric associated with the use of 

portable XRF technologies in the analysis and interpretation of cultural heritage 

materials.  

The use of particular keywords and selection of pertinent publication types 

(journals, conference proceedings, books, industry literature, etc.) for publication is 

important to assessment of rhetorical language. As well, there is value in recognizing the 

absence and presence of particular sources in academic search engines. The selection and 

use of particular keywords or subject terms becomes critical for framing the personal 

biases of the researchers writing abstracts and summarizing information through the use 

of keywords, as demanded by publications. Biases associated with allegiance to particular 

technological frames influence the choice of keywords – regardless of who selects them – 
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the author(s) or the outside reviewer. The importance of interpretation lies in knowing the 

socially constructed technological frames that govern the individual involved in selecting 

the keywords. This, however, cannot completely resolve all biases. Despite this, 

recognition and definition of the rhetoric accompanying the use of portable XRF 

technology in cultural heritage research is critical towards understanding the association 

of perceived values and acceptance of produced data.  

PARAMETERS FOR RESEARCH  

As they relate to the adoption and use of portable XRF instrumentation in cultural 

heritage applications, portable XRF rhetorical vocabularies are assessed through analysis 

of the published literature. Sources are identified by using particular search terms 

describing portable XRF in four search engines typically used in academic research. 

Search engines include (a) ISI Web of Knowledge, (b) SciFinder Scholar, (c) AATA – 

the database of Art and Archaeological Technical Abstracts supported by the Getty and 

the National Park Service, and, (d) BCIN, the Conservation Information Network 

supported by the Canadian Conservation Institute. Typically, ISI Web of Knowledge and 

SciFinder Scholar search scientific journals, while AATA and BCIN focus on 

publications relevant to cultural heritage research and glean publications from science 

and cultural heritage sources.  

 The ISI Web of Knowledge is copyrighted by The Thomsen Corporation and 

includes searches from the Science Citation Index Expanded (1900 – present), the Social 

Sciences Citation Index (1956 – present) and the Arts and Humanities Citation Index 

(1975 – present) (Web of Science® 2009). SciFinder Scholar incorporates summarized 
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research using a variety of other search engines including CAPLUS, MEDLINE, 

REGISTRY, CASREACT, CHEMLIST and CHEMCATS. MEDLINE is produced by 

the U.S. Library of Medicine, while the remaining search engines are copyrighted by the 

American Chemical Society (American Chemical Society 2009). AATA incorporates 

over 100,000 abstracts, with quarterly additions of both current and historical 

conservation literature; as well as abstracts of articles from more than 470 journals, 

books, reports, conference proceedings, dissertations, and other print resources (AATA 

Online: Abstracts of International Conservation Literature 2009). BCIN includes “access 

to over 190,000 bibliographic citations for conservation literature, … [as well as] 

citations from the Art and Archaeology Technical Abstracts (prior to 1998), technical 

reports, conference proceedings, journal articles, books and audiovisual and unpublished 

materials (Conservation Information Network (BCIN) 2009).  

Search terms are limited to include (a) portable XRF, (b) portable instrumentation 

and (c) cultural heritage. Identified articles identified are collated for each database, while 

articles identified by multiple search engines noted and surveyed to determine the 

dynamics of identified solutions and the rhetoric accompanying such solutions. For each 

literature search, cited articles are classified using five basic types including: (a) cultural 

heritage journal, (b) scientific/technical journal, (c) conference abstracts or proceedings, 

(d) books and (e) trade journals. Cultural heritage journals are associated with 

conservation, conservation science, archaeology, and archaeological science publications, 

while scientific and technical journals reflect traditional scientific discipline publications. 

Conference abstracts and proceedings are grouped together – regardless of conference 
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topic. This is due to the fact that conferences focusing on topics of scientific research 

associated with cultural material are usually organized as special sessions of scientific 

conferences and are rarely incorporated into the general sessions due to subject 

specificity. Books include all those published that are not associated with a conference. 

Finally, trade journals include information published by trade and manufacturers 

associated with the field of XRF instrumentation.   

CASE STUDY 

Preliminary examination of the literature indicates that research applications have 

utilized portable XRF spectrometers since 1973. However, the conservation and 

archaeological literatures do not publish portable XRF research until 1997 – 1999. In 

general, publications from the 1970s and 1980s focus on reporting data collected from 

unique, laboratory-made instruments. These publications consider potential applications 

for the technique, as well as focus on solving technological problems. The creation of 

unique, laboratory made instruments in the analysis of art or archaeological objects is 

associated with scholars interested in developing instrumentation for unique applications 

that push the envelope of technology. Hard science professionals lead these research 

projects and publish in scientific journals and specialty conferences on archaeometry or 

conservation. Later publications report data collected using commercially available 

portable units and are typically the work of interdisciplinary collaborative research teams. 

These research groups publish in a variety of disciplinary journals and specialty 

conferences. 
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Published research collected using laboratory made instruments focuses on three 

general subjects: (a) initial instrumentation development (Cesareo and von Hase 1976; 

Cesareo et al. 1973; Gigante et al. 1988, 1990; Mackerrell 1977; Sciuti and Salmi 1981; 

Sciuti et al. 1986; Stós-Fertner et al. 1979); (b) instrumentation processing improvements 

(Angelini et al. 2006; Buzanich et al. 2007; Desnica and Schreiner 2006; Hatakeyama et 

al. 2008; Leutenegger et al. 2000; Papadopoulou et al. 2006; Paternoster et al. 2005; 

Romano et al. 2005, 2006; Sciuti and Sciuti 1999; Uhlir et al. 2008; Williams-Thorpe, 

Potts and Webb 1999; Yamashita et al. 2009; Zarkadas and Karydas 2004); and (c) 

development of portable instruments that incorporate portable XRF and some other 

analytical technique (Andrikopoulos et al. 2006; Gianoncelli et al. 2008; Jembrih-

Simbürger et al. 2004; Stós-Fertner et al. 1979; Tantrakarn et al. 2009, Uda et al. 2005; 

Yamashita et al. 2009). Publications using commercially produced portable XRF 

instruments (Angelucci et al. 2004; Bond 2007; Cecil et al. 2007; Craig et al. 2007; 

Dussubieux et al. 2005; Fonicello 2007; Gianoncelli and Kourousias 2007; Gianoncelli et 

al. 2006; Markey et al. 2008; Misner et al. 2007; Mouyianis et al. 2007; Sawada et al. 

2004; Sirois and Sansoucy 2001; Speakman et al. 2006; Zwicky and Lienemann 2004), 

generally report data results for unique artworks, or, data collected from groups of less 

than 5-10 objects. In general, these publications are viewed as highly simplified case 

studies that rarely reflect the real world.   

Few authors publish quantitative results produced using portable XRF 

instrumentation (Dussubieux et al. 2005; Gianoncelli et al. 2006; Karydas et al. 2004; 

Pappalardo et al. 2007; Bond 2007; Romano et al. 2005, 2006). Efforts to quantify 
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commercially available portable XRF instruments are limited and success is rare. 

However, success is achieved when researchers are able to compare to portable XRF data 

to databases of quantified results collected using other types of analysis (Dussibieux et al. 

2005; de Francesco et al. 2008). The lack of museum reference materials is mentioned 

(Janssens 2005; Dussubieux et al. 2005) as a limitation towards achieving quantitative 

results. Few research projects have considered producing museum reference materials in 

order to calibrate instrumentation and produce quantitative data.  

Based on searches utilizing specific keywords including portable XRF, portable 

instrumentation and cultural heritage, groups of published manuscripts were collated by 

the four academic search engines: AATA, BCIN, ISI Web of Knowledge and SciFinder 

Scholar. Varying numbers of articles (see table 2.1) were identified and little overlap 

occurred. This is not to be completely unexpected, as the search engines themselves are 

biased in their inherent structure and methodologies used to search for articles. These 

searches resulted in the identification of a variety of articles published in cultural heritage 

journals, scientific/technical journals, conference abstracts or proceedings, books and 

trade literature (see figures 2.1 – 2.4). AATA (figure 2.1) and BCIN (figure 2.2) searches 

resulted in the identification of cultural heritage journals and published conference 

proceedings, as well as including materials collected from books and scientific journals. 

The inclusion of more scientific journal articles in AATA is unsurprising given the fact 

that this search engine collates art and archaeological technical abstracts from a variety of 

disciplines. For the most part, literature published by a variety of professionals is 

included in the search results, as well as work produced by many interdisciplinary teams  
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Table 2.1: Search queries based on specific keywords summarized for four different 
search engine databases. 
 

 
Figure 2.1: Sources recorded in AATA search engine sorted by literature type. 

Search Engine Identified Articles 
AATA 54 
BCIN 34 
ISI Web of Knowledge 75 
SciFinder Scholar 33 
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Figure 2.2: Sources recorded in BCIN search engine sorted by literature type.
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of researchers, which involve conservators, scientists and archaeologists. While both 

search engines are intended to provide references for research related to cultural materials 

and heritage, it is interesting that AATA produces 54 references to the 34 recorded in 

BCIN searches. 

Results, obtained from searches related to ISI Web of Knowledge (figure 2.3) and 

SciFinder Scholar (figure 2.4), select articles from a different segment of the literature 

and are dominated by publications in scientific or technical journals. Very few articles are 

actually geared towards audiences looking only at cultural heritage journals. This 

preoccupation with only publishing in scientific and technical journals reflects the 

valuation placed on publication within the hard science disciplines. There is no impetus 

to publish elsewhere, as publication in other disciplinary venues is not valued or 

acknowledged during tenure reviews or job applications in academic or industry. 

Additionally, researchers, involved in these articles, were trained in the hard sciences 

and, mid-career, transferred research focus to the analysis of cultural material. For the 

most part, researchers publishing in these disciplines have allegiance to multiple 

technological frames with strong associations founded in the scientific discipline in  

which they were trained. Weaker associations with technological frames are created 

through their participation in conservation/conservation science or 

archaeology/archaeological science research. ISI Web of Knowledge search results 

including only 2 conference abstracts, while SciFinder Scholar search results identified 

both conference proceedings and abstracts published in special journal editions and 

books, as well as some examples of trade literature. Conference proceedings, identified  
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Figure 2.3: Sources recorded in ISI Web of Knowledge search engine sorted by literature 
type. 
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Figure 2.4: Sources recorded in SciFinder Scholar search engine sorted by literature type.
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by ISI Web of Knowledge and SciFinder Scholar, are published, for the most part, as 

special issues of science or technical journals – in an effort to maintain standards of peer 

review and develop seniority in the academic profession. 

A clear demarcation of technological frames is evident when comparing results 

from the four search engines used in this study.  ISI Web of Knowledge and SciFinder 

Scholar overwhelming identify articles from scientific journals at 80% and 73% 

respectively, while articles fitting the search criteria in AATA and BCIN searches came 

from a variety of publication sources including cultural heritage journals (31% and 38% 

respectively), science and technical journals (31% and 3%), published conference 

proceedings (34% and 47%), and books (4% and 14%). However, the majority of 

publications have their origin in cultural heritage journals and conference proceedings 

(figure 2.5). The majority of identified publications date to the current decade and reflect 

research interests in improving portable XRF technology, as well as a growing movement 

towards non-destructive technologies. AATA and BCIN provide a longer and denser 

history of publication than the other two search engines and is probably related to the 

broader range of publication types sampled by AATA and BCIN (table 2.2). AATA and 

BCIN publications cover a range from the 1970s to current publications, while 

publications identified by ISI Web of Knowledge only cover period from 1997 – current 

and SciFinder Scholar covers the period from 1981 onward. This disparity is due to the 

fact that early publications reporting research (1970s and 1980s) conducted with portable 

XRF instruments were associated with early conference proceedings that focused on 

applications of nuclear methods to the field of art and cultural heritage journals. This 
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reflects differences accorded to the validity of such research, as they are socially 

constructed in the cultural heritage and scientific technological frames. Finally, as was  

 

Figure 2.5: Portable XRF publications sorted by decade. 

 
 
 
 
 
 
 
 
 
 

 
Table 2.2: Search queries sorted by decade of publication. 

 

Number of Articles Published by Decade  Search Engine 
1970s 1980s 1990s 2000 
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discussed earlier, AATA and BCIN searches produced citations dominated by cultural 

heritage journals and conference proceedings, while the other search engines 

predominately report publications in scientific/technical journals.  

Analysis of the subject terms or keywords used to describe the research is used to 

understand the rhetoric associated with the implementation and use of portable XRF 

technologies. Important subject terms or keywords include: non-destructive, x-ray 

fluorescence/x-ray spectroscopy, elemental analysis, portable/movable/mobile, 

equipment, instrumentation, qualitative, quantitative, archaeometry, cultural, artist and 

material. Material is a catch-all term that includes any mention of the material under 

study. Subject terms/keywords describing other types of analysis were used, but are not 

reported here. Following a survey of the literatures cited by the database search engines, 

it is clear that the most prevalent subject term or keyword used by articles identified by 

the search engines is related to the material under study. This is to be expected given the 

fact that material type is critical towards understanding the parameters for research. For 

instance, high-Z (Z = atomic number) materials, such as metals, are better matrices for 

analysis with portable XRF due to the physics involved in the production and collection 

of fluorescence, while low-Z materials are much more problematic for obtaining accurate 

results free from error. This type of material consideration is critical towards placing the 

research on a continuum understood and recognized by the varying technological frames 

associated with researchers cited in these article searches. Furthermore, it signals to the 

knowledgeable audience/expert a measure with which to evaluate the validity of the 

reported results.  
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Following material, the most prevalent subject terms/keywords used in 

publications reported by AATA and BCIN are x-ray fluorescence/x-ray fluorescence 

spectroscopy (36 and 19 respectively) and non-destructive (20 and 11 respectively). The 

use of these particular terms reflects the technological frames associated with the 

individuals summarizing the articles for AATA and BCIN. The choice to use these 

subject terms/keywords demonstrate recognition that the use of a specific non-

destructive, in this case, x-ray fluorescence/x-ray spectroscopy, is critical to the 

evaluation of the contribution these articles make to the discipline. Reported research 

using these subject terms/keywords are important because they self identify with critical 

issues in cultural heritage research through the adoption of an emerging technology in an 

effort to solve the problem of destructive sampling.  

For ISI Web of Knowledge articles, the second most important keyword concept 

was that of portable/movable/mobile with 16 articles including it in the list of keywords 

selected by authors. The use of this word reflects the importance associated with 

expansion of the analytical technique into a variety of geographic locations including the 

laboratory, the museum and field settings.  X-ray fluorescence/x-ray spectroscopy and 

non-destructive were each mentioned eight times by author keywords. The less frequent 

association of portable instrumentation with the type of analysis and non-destructive 

testing points to the fact that while these are important concepts, they don’t rival the 

ability for technology to develop portable instrumentation. Articles selected by SciFinder 

Scholar report the use of x-ray fluorescence and portable as the most used keywords 
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following material type (eight and eight respectively). Interestingly, non-destructive is 

never used as a keyword for articles identified by SciFinder Scholar.   

Finally, the subject terms/keywords quantitative and qualitative are rarely used for 

any of the articles surveyed. Qualitative is used as a subject term/keyword for the same 

article, one written by a group of scientists, identified by AATA and SciFinder Scholar. 

On the other hand, quantitative is reported three times in AATA, four times in ISI Web of 

Knowledge and in two articles identified by SciFinder Scholar. Quantitative is only used 

to report analysis collected with singular laboratory-made instruments (ISI Web of 

Knowledge and SciFinder Scholar) by teams of scientists. This reflects a choice by 

scientists to solve the problem of quantification by producing unique instruments. Other 

solutions to this problem of quantification, such as the creation of reference 

materials/standards reflecting cultural heritage materials, are never considered as an 

option. Other reported subject terms/keywords are infrequently mentioned and do not 

show definite patterns that would inform development of rhetoric associated with 

portable XRF technologies. However, it is interesting that keywords such as precision, 

accuracy, and error are rarely- if ever- used.  In part, this is due to the fact that the term 

portable XRF has additional meanings and associations that are socially constructed and 

which reflect the relative valuation of the technique in the hard sciences and cultural 

heritage disciplines. 

CONCLUSION 

Rhetoric surrounding the framing of new technologies, in particular the use of 

portable XRF instrumentation in the analysis of cultural material, is complex and 
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dependent on the technological frames of the individuals involved in research. The 

identification of several elements forming this rhetoric has been accomplished using 

search terms describing portable XRF in four academic search engines typically used by 

the hard science and social science disciplines. In particular, the use of particular subject 

terms/keywords such as material type, non-destructive, and portability reflect critical 

issues in cultural heritage research and the technological development of instrumentation 

as seen through the lens of the particular technological frame associated with individual 

authors. Furthermore, the choice to use particular subject terms/keywords reflects the 

adoption of an emerging technology to a new field. The term non-destructive reflects a 

desire to obtain compositional data from cultural heritage materials without sampling, 

while the development of unique laboratory-made instruments in order to solve problems 

of quantification. As a result, the transferal of portable XRF technology to a new 

application has resulted in a rhetoric that frames the development of solutions in terms of 

the specific question being asked by the author’s technological framework. 

Understanding this rhetoric and analyzing it will help to understand the development of 

innovations required to solve problems associated with technological transfer into new 

areas of study.   
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CHAPTER 3. SURVEY OF PORTABLE XRF LITERATURE WITH A FOCUS ON 

METALS, CERAMICS AND POST-DEPOSITIONAL PRODUCTS 

 XRF analytical techniques provide elemental compositional information that is 

extremely useful for analysis of cultural heritage materials. Portable XRF enables the 

efficient collection of data in real time that is completely non-destructive and can be 

conducted in situ on the artifact. Conservation science methodological approaches to the 

analysis of cultural heritage materials integrate scientific investigation within the sphere 

of cultural and ethical bodies of knowledge. This strengthens the reliability of artifact 

interpretation and contributes to a variety of fields of inquiry. Sampling objects for 

analysis is always considered destructive – whether or not the sample is modified or 

destroyed. Conservation science definitions of sampling are conservative relative to 

sampling approaches typically used in materials science and engineering or 

archaeological science research.  

 Portable XRF analyses are only valuable when produced data and analyzed 

artifact materials are meaningfully related. Commercially produced instruments produce 

spectral and numerical data that is internally calibrated using formulas developed for 

specific applications designated by the vendor. Applying the technique to cultural 

artifacts requires understanding of data collection processes, the physics associated with 

fluorescence production, and methods for data correction and interpretation. 

Conservation scientists provide the technical knowledge necessary to accurately use and 
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produce data and they act as a conduit towards facilitating interpretation with inter-

disciplinary teams working in cultural heritage research. 

INTRODUCTION: CULTURAL HERITAGE ANALYSIS 

Scientific analysis of archaeological materials predominantly relies on destructive 

compositional studies in their investigations. Typical research questions focus on material 

identification and reconstruction of technologies used in object production, as well as 

characterization of raw material resource provenance. In archaeological science and 

materials science and engineering, compositional data is used to address broader 

questions about the past associated with migration, learning frameworks and 

technological transfer. Conservation scientists utilize compositional studies to understand 

artifact materials, construction, use and deterioration, which inform preservation practice 

and object interpretation. Furthermore, conservation science professionals integrate non-

destructive and non-invasive instrumentation such as portable XRF into conservation 

science methodological approaches to research and practice.  Integration of scientific 

investigation within the sphere of cultural and ethical concerns ensures object 

preservation and becomes a methodological support for conservation science research.   

The majority of analytical techniques require artifact sample removal in order to 

collect compositional data. As stated previously, destructive sampling includes all 

decisions to remove a sample even if the sample is not modified or destroyed during 

analysis. Past sampling strategies associated with cultural artifacts were predominantly  
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Figure 3.1: San Bernardo Polychrome jar; detail of instrumental neutron activation 
analysis scar on jar base, sampled during 1980s [Arizona State Museum (ASM GP4743)]. 
Photographs by author. 

   

a             b 
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unmonitored. This resulted in large sampling scars on artifacts, which can influence the 

visual legibility of an object (figure 3.1). Destructive sampling permissions of artifacts 

are dependent on conservation, curatorial, cultural and aesthetic concerns. Where and 

when destructive sampling is approved, sampling sites are selected from areas of 

deterioration, or, are removed from locations not visible to the casual eye. Frequently, 

sampling strategies will utilize loose fragments in lieu of removing a sample from areas 

of artifact damage or deterioration. Often, these areas do not coincide with specific 

locations best suited to answer particular research questions.  

 Recent advances in technology and associated decreases in instrumentation cost, 

as well as current ethical considerations associated with sampling have made the use of 

non-destructive, non-invasive analytical techniques a critical component in cultural 

heritage research. Portable XRF produces elemental compositional data and is used to 

analyze a variety of artifacts and material classes (Z > 14) – depending on instrument 

characteristics/attachments (Potts 2008: 3).  Researchers efficiently collect large amounts 

of data quickly and results are available in real time. Portable XRF can be collected in 

situ on the artifact at the specific site of research interest and analysis does not require 

sample preparation. The instrument’s portability allows it to be utilized as a mobile 

laboratory and operated in a virtually any location including museum galleries; field sites 

such as archaeological excavations, cemeteries, and historic structures; or conservation 

laboratory (Potts 2008). 
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Portable XRF data production is maximized through careful selection of 

analytical sampling sites and mild surface cleaning. Selection of in situ sampling sites, 

where the object surfaces are smooth, flat and relatively homogeneous (e.g. not at 

intersection of multiple components/layers), will eliminate some degree of error (Potts et 

al. 1997; Liangquan et al. 1998). Unfortunately, this is not always possible when 

analyzing cultural materials, as surfaces are predominantly characterized by complex, 

layered geometries. Surface cleaning and removal of deterioration products, where 

possible, will improve data results and eliminate error. In spite of the previously 

mentioned caveats, portable XRF is a good tool for exploratory research and survey of 

large numbers of artifacts that often eliminates/minimizes the need for sampling and 

destructive analyses. Efforts to expand the use of portable XRF through meaningful 

interpretation of produced data and quantification of produced data have become 

important research topics in recent years. 

  Cultural concerns regarding sampling have increased in both the United States 

and around the world. Issues of ethics, access and scientific research on archaeological 

and ethnographic materials associated with descendent communities have also influenced 

conservation, research and museum practices (Berman 1997; Colwell-Chanthaphonh and 

Ferguson 2006; Deloria, Jr. 1992; Ferguson 1996; Mihesuah 1996; Odegaard 2005; 

Watkins 2005, 2006; Welsh 1997). In particular, concerns regarding the analysis of 

culturally sensitive materials resulted in passage of the Native American Graves 

Protection and Repatriation Act (US Public Law 101-601) in 1990. Sampling for 
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scientific research was the basis (one of many) for the legal suit associated with 

continued efforts to analyze Kennewick Man – one of the earliest set of human remains 

found in the United States dating to 8400 radiocarbon years before present (Watkins 

2000, 2005). For Native Americans and descendent communities, the use of non-

destructive analytical techniques are often an acceptable alternative to the destructive 

techniques used historically (Dongoske 1996: 292).  

XRF is a useful compositional analytical technique in archaeology and museum 

settings (Janssens 2005; Potts and West 2008) expand to include other authors. The 

properties and scientific basis of XRF are well known (Markowicz 2002; Markowicz and 

Van Grieken 2002; Piorek 2002) and methods of quantification have been developed 

(Bonizzoni et al. 2000; de Vries and Vrebos 2002; Delgado Martinez et al. 2000; He et al. 

1993; Jenkins et al. 1995; Kitov 2000; Lachance and Claisse 1995; Markowicz 2002, 

2008; Nielson 1977; Thomsen 2007; Willis and Lachance 2000; Van Espen and Adams 

1976). Portable XRF methods have been used to analyze art and archaeological artifacts 

for over 30 years for a vast array of materials including ceramics, glass, inks, lithics, 

metals, paintings, pesticides, pigments, stone and wall paintings. Early research tested the 

feasibility of instrument portability and reported data collected on independent laboratory 

made instruments. In the 1970s and 1980s, research typically focused on the analysis of 

homogeneous, crystalline materials including metal artifacts (Cesareo and von Hase 

1976; Cesareo et al. 1972; Cesareo et al. 1973; Mackerrell 1977, 1976; Nissenbaum et al. 

1981) and pigments on ceramics and paintings (Gigante et al. 1988; Stós-Fertner et al. 
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1979). Early laboratory-constructed instruments utilized radioactive sources (Cesareo and 

von Hase 1976; Cesareo et al. 1972; Cesareo et al. 1973; Mackerrell 1977; Nissenbaum et 

al. 1981). However, as x-ray tube, detector and data processing technologies improved, 

commercial x-ray tube and radioactive source instruments entered the market. With the 

proliferation of instrumentation options, properties and decrease in instrument cost, more 

and more researchers adapted these instruments for cultural heritage applications. Current 

research has focused on developing quantification methods for portable XRF analysis of 

a variety of materials.  

X-RAY PHYSICS, INTERACTION OF X-RAYS WITH MATTER AND FLUORESCENCE 

PRODUCTION  

 The physics of XRF production are important for the analysis of archaeological 

objects. In particular, sample homogeneity and the presence of layered structures on 

cultural materials are important. The interaction of electromagnetic radiation with matter 

is a complex subject predicated on understanding many concepts in modern physics. The 

production of x-rays and their interaction with matter is the theoretical foundation for the 

use of XRF analysis (Röntgen 1896a, 1896b). X-ray interaction with samples can result 

in several outcomes including photoelectric and absorption effects - all of which may 

result in attenuation of x-ray beam intensity (Janssens 2004: 131). Attenuation through x-

ray absorption is calculated using the Lambert-Beer law: I = I0e
−μρd  where I0 is the 

intensity of the incident x-ray beam, d is the sample thickness, ρ is sample density and μ 

describes the mass attenuation coefficient in cm2/g (Janssens 2004: 131). The mass 
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attenuation coefficient for a matrix μ(M) is a function of the summation of contributions 

from n elements: μ(M) = wii=1

n∑ μi  where μI is the mass attenuation coefficient of the ith 

pure element and wi is its mass fraction (Janssens 2004: 132). The degree of measured 

attenuation is dependent on several things including: (a) the energy and degree of 

monochromatization of incident x-ray beam, and, (b) the average atomic number and 

crystalline structure of the scattering substance (Cesareo et al. 2008: 209). The electron 

and x-ray photon interaction produces characteristic x-rays, x-ray scattering and other 

photoelectric effects (figure 3.2) (Jenkins et al. 1995: 7). Characteristic x-rays and 

associated scattering are critical components of XRF analysis and provide information 

regarding sample elemental composition, degree of sample homogeneity and sample 

thickness.  

 XRF analytical theory is based on the ionization of atoms through exposure to 

high-energy x-rays or γ rays. This interaction will produce characteristic x-rays and 

continuum x-rays referred to as bremsstrahlung. Characteristic x-rays, used for 

compositional analysis, are emitted by the material and reflect the energy difference 

between initial (upper) states and final (lower) involved in the transition. Characteristic x-

rays are produced when tightly bound, inner shell electrons are ejected through electron 

bombardment or photon absorption (figure 3.3) (Markowicz 2002: 7). In order to stabilize 

the ionized atom, an outer shell electron will fill the electron vacancy and simultaneously 

emit an x-ray photon. The emitted photon or fluorescence has a characteristic energy, 

Echar, which is the difference between binding energies of the inner and outer shell 
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electrons. This fluorescence radiation is characteristic of the element and describes the 

phenomena when higher-energy radiation results in the re-emission of lower-energy 

radiation. If an L shell electron fills a K shell vacancy, the transition is accompanied by 

emission of a Kα x-ray line. If an M shell electron fills the vacancy in the K shell, a Kβ 

x-ray line is produced. 

 
Figure 3.2: Interaction of x-rays with matter drawn after figure 2.1 from Jenkins, R., 
Gould, R. W., and Gedcke, D. Quantitative x-ray spectrometry. Practical spectroscopy, 
volume 20. Second Edition. New York, M. Dekker (1995). 
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Figure 3.3: Characteristic x-ray production reproduced from 
http://commons.wikimedia.org/file:Characteristic_radiation_-_scheme.svg with copyright 
permission from author under the Creative Commons Attribution ShareAlike 2.5 License.  
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 Bremsstrahlung or continuum x-rays result from acceleration or deceleration of 

the electron beam following interaction with surrounding charged electrons and nuclei 

(Markowicz 2002). Beam electrons interact with the coulomb (electrical) field of atom 

nuclei causing sudden acceleration/deceleration of the primary electrons. For each 

collision type, electrons decelerate and a portion of the associated kinetic energy is 

emitted as an x-ray photon. At any collision, an electron of energy E can lose a range of 

energies between zero and E resulting in a bremsstrahlung continuum with energies along 

the same range (Markowicz 2002: 5). An increase in accelerating potential, Einst, marks 

the edge of the x-ray continuum, which can be associated with ionization energy, causes a 

shift in the continuum towards shorter wavelengths.  

 Sample interaction depends on characteristic fluorescent x-ray energy and its 

associated ability to escape the sample. The maximum escape depth, or critical 

penetration depth, of high-energy photons into a material is dependent on sample 

thickness, density and the angle of initial x-ray incidence. Critical penetration depth, dcrit 

is defined as the sample thickness from which 99% of characteristic x-rays originate, 

tot

thick
crit

61.4
μρ

==
md , where ρ is sample density and 210tot csc)(csc)( Ψ+Ψ= iEE μμμ  

(Markowicz 2008: 18) where μtot is the total mass attenuation function, µ(E0) is the mass 

attenuation coefficient of primary radiation in the whole sample the initial, µ(Ei) is the 

mass attenuation coefficient of the secondary radiation, and Ψ1 and Ψ2 are the effective 

incident and take-off angles, respectively.  Based on this relationship, 90% of the 
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measured sample fluorescence is derived from 50% of the critical penetration depth 

(Markowicz 2008: 18). For low-Z elements, critical penetration depth is on the order of 

several microns, while for high-Z elements critical penetration depth is in the 1-10 mm 

range (Potts 2008: 5). Critical penetration depth of characteristic x-rays for typical metal 

alloys vary, but Kα characteristic x-ray energies are associated with larger critical 

penetration depths than those recorded for Lβ series (figure 3.4) (Piorek 2008: figure 

6.19). This is an important consideration for portable XRF instrumentation, which have 

limited ranges of accelerating voltages available for analysis as will be discussed later.  

 The interaction of x-ray photon and atomic electrons will also produce elastic and 

inelastic x-ray scattering. Scattering occurs when incident photons are deflected 

following interaction with the sample atom. X-ray scattering is monochromatic, 

electromagnetic radiation of very high energy and measured in angstroms (Å). If the 

scattering leaves the atom in the ground state with no transfer of energy, then scattering is 

elastic or coherent. The coherent portion of scattering is determined by summing the 

coherent scattering amplitude for each electron in the atom. Rayleigh scattering 

(coherent) is the process by which photons are scattered by bound atomic electrons and 

the atom is neither excited nor ionized. Coherent interference can be constructive or 

destructive and Rayleigh scattering occurs mostly at lower incident energies. At high 

energies, Rayleigh scattering are confined to small incidence scattering angles 

(Markowicz 2002: 25). At low energies for high-Z materials, the angular distribution is 

broader (Markowicz 2002: 25). Rayleigh scattering will also occur in high-Z materials in  
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 Figure 3.4: High-Z elements and penetration depth of metals from figure 6.19 in 
Coatings, paint and thin film deposits. In Portable X-ray Fluorescence Spectrometry: 
Capabilities for In Situ Analysis. Eds. Potts, P.J., and West, M. The Royal Society of 
Chemistry, Cambridge, England (2008), 56-82. Reproduced by permission of The Royal 
Society for Chemistry.  
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the cross section where electron-binding effects influence the inelastic (Compton) 

scattering cross section.  

 Inelastic or incoherent scattering (Compton) occurs when interaction of the 

incident photon and the scattered x-ray results in a transfer of energy or wavelength and 

an electron is ejected simultaneously. During this interaction, energy is absorbed by the 

sample atom producing a charged particle (usually an electron), which is ejected from its 

orbital position. Incoherent scattering is determined by summing the scattering intensities 

of each electron. The energy shift associated with incoherent scattering depends on the 

angle of scattering and not on the nature of the scattering medium.  Scattered x-ray 

photon energy will cause a decrease in penetration power due to its attenuated 

wavelength with respect to the initial photon.  

 The degree of scattering varies as a function of the ratio of the particle diameter to 

the wavelength of the radiation, along with many other factors including polarization, 

angle, and coherence. The Klein-Nishina formula describes x-ray scattering events, 

which accounts for Compton (x-ray/gamma) and Thomsen scattering (visible) occurring 

the electromagnetic spectrum. X-ray scattering can also be described using the Klein-

Nishina formula. At low energies and small scattering angles, binding effects are 

important and the Compton cross-section is significantly reduced and coherent scattering 

dominates. Absorption of incident and scattered beams must be considered when samples 

are not of infinite thickness.  
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 Sample matrix and instrumental characteristics influence the amount and type of 

scattering events produced in XRF spectra. Compton and Rayleigh scattering are heavily 

dependent on matrix composition. For low-Z or dark matrices including ceramics and 

silicates, Compton scattering is the dominant contributor to scattering events, as the total 

incoherent Compton collision cross-section is a function of atomic number (Bonizzoni et 

al. 2000). Rayleigh scattering dominates in high-Z matrices.  In general, scattering events 

can be strongly reduced by using polarized radiation or monochromatic radiation. 

However, instruments using these radiation types are not portable in most cases 

(Pessanha et al. 2009: 497).  

INSTRUMENT CHARACTERISTICS: ANALYSIS OF ARTIFACTS  

 Typical excitation sources include radioactive materials, x-ray tubes, rotating 

anode tubes, microprobe electron beams and synchrotron radiation facilities. Radioactive 

α-, β- and γ-sources are used in XRF instrumentation to produce exciting energy. The 

majority of portable XRF instruments utilize either radioisotope sources or x-ray tubes. 

Frequently used radioisotopes include 55Fe, 244Cm, 109Cd, 125I, 241Am, 153Gd, and 57Co 

(Janssens 2004: 153; Potts 2008: 6). Each radioisotope produces a limited range of 

excitation x-ray energies dependent on the exciting isotope. Selection of radioisotope 

source is critical and should be tailored to application. Many instruments include several 

radioactive sources in order to support a broader range of applications. For example, 

109Cd sources are able to detect k shell x-rays emitted by titanium (Z = 22) to rubidium (Z 

= 44) and L shell x-rays emitted by holmium (Z = 67) to uranium (Z = 92), while 241Am 
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sources detect K shell x-rays emitted by rhodium (Z = 45) to dysprosium (Z = 66) (Niton 

Corporation 1999). Researchers are able to maximize instrumental operating settings 

through inclusion of multiple isotopic sources in order to analyze a broader range of 

material classes. 

Radioisotope excitation is typically monochromatic and produces a constant and 

predictable x-ray output. These instruments are not compatible with monochromatic 

crystal spectrometers. In general, radioisotopes produce fewer x-rays than x-ray tube 

sources and the emission source is less bright due to the need for x-ray shielding (Potts 

2008: 6). Radioisotopes are typically more compact than tube sources, but have a finite 

half-life and require safety precautions during use due to the presence of radioactive 

materials (Piorek 2002). Early portable instrumentation utilized radioisotopes 

predominantly until advances in technology made use of x-ray tube sources feasible (Ellis 

2002; Piorek 2002; Potts 2008). Portable XRF analysis of cultural artifacts is affected by 

instrumental parameters. Objects are heterogeneous and emit characteristic fluorescence, 

which is substantially lower than the analytical applications most commercial instruments 

are designed to detect. Furthermore, objects, characterized by complex geometric 

surfaces, preserve post-depositional alteration products that complicate composition. 

Therefore, the application of portable XRF to cultural heritage research must utilize 

experimental protocols, data correction and calibration methods, and data interpretation 

techniques, which are modified to address these concerns. 
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 X-ray tube sources typically consist of a cathode, anode and utilize a stable high-

voltage power supply to provide current to the tube filament. The cathode is heated to 

induce emission of thermionic electrons in a vacuum chamber (Ellis 2002). Electrons are 

accelerated using high voltage and are directed towards a high-purity metal serving as an 

anode. Electrons from the cathode collide with the anode material (tungsten, 

molybdenum, rhodium, copper, gold, etc.) and accelerate other electrons ions and nuclei 

within the anode material (Potts 2008). In order to isolate characteristic tube lines, 

monochromators are used. Produced spectra include bremsstrahlung continuum x-rays, 

which are superimposed on the characteristic lines produced by anode materials (Potts 

2008: 8). Analytical applications are dependent on tube source, but the range of exciting 

energies is not as narrow as that associated with radioactive sources. X-ray tube sources 

are versatile, as tube accelerating voltage and amperage can be selected to effectively 

modify the shape of the emission spectrum and be tailored towards specific analytical 

applications (Ellis 2002; Janssens 2004; Potts 2008). The presence of bremsstrahlung 

often reduces measurement sensitivity, which are improved by the use of primary beam 

filters. Primary beam filters (typically thin metals) or secondary targets are used to 

modify the emission spectrum by selectively enhancing or reducing x-ray energies (Ellis 

2002: 201; Potts 2008: 7).  

 Primary beam filters reduce scattered background in the region of interest. 

Primary beam filters are metal (aluminum, titanium, copper or metal mixtures) and vary 

in thickness (order of 25 – 500 μm). These parameters (composition and thickness) 
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determine the filter’s x-ray absorption curve and are application specific (Ellis 2002: 204; 

Rao et al. 1996: 326-237). For example, aluminum filters are installed in x-ray beam 

paths to remove "soft" (non-penetrating) radiation (Ellis 2002: 207-8). Balanced filters 

are used for highly specific applications including the identification and differentiation of 

heavy metal pesticides (arsenic, lead and mercury) on museum objects. The number of 

emitted x-ray photons, or dose, is adjusted by controlling current flow and exposure time. 

Secondary targets are also used, but are not well suited for low-Z elements, as 

fluorescence yields decrease as target Z increases. This results in a dramatic decrease in 

x-ray efficiency for Z < titanium (Z = 22) (Ellis 2002: 208). 

 The choice to use a radioactive source versus x-ray tube source portable XRF 

instrument is influenced by many things. Depending on application, there are advantages 

and disadvantages associated with each instrument type. Similar ranges of exciting 

energies can be achieved using either excitation source in portable instruments. For 

example, the radioactive source 55Fe produces an energy spectrum similar to those 

produced by x-ray tubes with sodium to titanium anodes; while 109Cd energy ranges are 

similar to those acquired using calcium – molybdenum anodes (Potts 2008: 6).  The 

241Am source has no direct x-ray tube equivalent because tube generators are often 

restricted to a maximum operating potential of 60 – 75 keV (Potts 2008: 6). Radioactive 

sources produce a consistent, monochromatic spectrum without characteristic anode tube 

lines, which eliminates any overlap with other x-ray energies (Piorek 2002).  
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 X-ray tube sources generate a flux of photons that is two to three orders of 

magnitude more intense than comparable isotope sources, which results in better 

precision and shorter measurement times during analysis (Piorek 2008: 132-3). As 

mentioned previously, radioactive sources age and the volume of x-ray production will 

decrease over the source half-life necessitating longer and longer data collection times. 

Tube sources can optimize excitation situations to selectively highlight elements of 

interest with operating keV and amperage, as well as the use of filters. Furthermore, x-ray 

tube sources, while heavier and require more energy to run, are safer and easier to 

transport, as they are not constantly emitting radiation and do not produce radioactive 

waste. Depending on research application, the choice to use an x-ray tube or isotope 

source may be more important. Modification and application of instrumental calibration 

parameters are important as they relate to bulk or thin film analysis. 

INSTRUMENTAL LIMITS OF DETECTION, PEAK RESOLUTION, PRECISION AND ERROR AS 

RELATED TO THE ANALYSIS OF ARTIFACTS  

The analytical performance of an XRF instrument depends on instrument and 

sample specific factors. These factors include (a) instrumental measurement geometry 

including relative distances and angles between source, sample and detector; (b) detector 

characteristics including energy resolution, thickness, effective surface area, count rate 

throughput capability; (c) type of excitation (isotope/tube, filters); (d) measurement time; 

and (e) matrix of material analyzed (Piorek 2008: 122). These factors influence 

instrumental limits of detection, energy or peak resolution, precision and accuracy. 



 

 

100 

     

 

Instrumental limits of detection are defined as the lowest concentration level that 

is measured as statistically significant. Detection limits are determined by peak to 

background ratios using the following relationship: P
B

=
1
Z

E0 − EC( )
EC

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ 

n−1

where P is peak, 

B indicates background, EC is the critical ionization energy, E0 is the accelerating voltage, 

Z is atomic number and n is a constant for a particular element and shell (Markowicz 

2002). Typically, laboratory XRF applications define the interference free limits of 

detection as the concentration of analyte equal to three times the standard deviation of 

background in the energy region of the characteristic x-ray (Helsen and Kuczumow 2002: 

164; Markowicz 2008: 19). Energy or peak resolution is defined as the ability of an 

instrumental system to resolve characteristic x-rays from multi-element samples and is 

equal to the full width half maximum (FWHM) of pulse-height distribution measured for 

a monoenergetic x-ray at a specific energy (Ellis 2002: 219). Precision refers to the 

degree of agreement between results of replicate measurement and provide estimates of 

random error. Accuracy correlates the repeatability of sample analyses by calibrating 

experimental values with references of known composition (Markowicz 2008: 18). 

Characterization of these values is critical towards understanding error associated with 

collected data and influence instrumental classification as qualitative or quantitative. 

Introduced error is a problem particularly associated with multi-component artifacts, 

multi-material artifacts, and, where samples and areas of detection are difficult to safely 

position. As these parameters cannot be mitigated, interpretation of produced data must 

take these components into consideration. 
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ENERGY DISPERSIVE AND WAVELENGTH DISPERSIVE TECHNIQUES FOR ANALYSIS OF 

ARTIFACTS  

 Fluorescent radiation can be analyzed by separating photons according to their 

energies, in energy dispersive spectrometry (EDS), or, wavelength, in wavelength 

dispersive spectrometry (WDS). Determination of fluorescence energy or wavelength is 

based on using Planck’s Law, described previously. Energy dispersive methods utilize a 

solid-state detector to continuously collect characteristic fluorescence in a range of 

energies at the same time. The solid-state detector produces a continuous distribution of 

pulses, whose voltages are proportional to the incoming photon energies (Ellis 2002). The 

signal, processed by a multichannel analyzer (MCA),  produces a cumulative digital 

spectrum. Poor resolution causes relatively lower peak-to-background ratios in collected 

data (Markowicz 2002).  

 In wavelength dispersive analysis, emitted sample fluorescent x-rays are directed 

into a crystal monochromator. The monochromator selects a portion of the tube x-ray 

spectrum in order to produce a uniform and narrow band of energies. By varying the 

angle of incidence and take-off on the crystal, a single x-ray wavelength can be selected 

according to the Bragg equation: n ·λ = 2d · sin (θ), where n denotes the number of 

wavelength differences between rays scattered by adjacent planes, d is the spacing 

between atomic layers and θ is the angle of scattered rays. Combined with Moseley’s 

law, ν =
c
λ

= k(z −σ)  [which relates frequency (ν) to measured wavelength (λ), the 
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speed of light (c), screening constant (σ)] and is the basis of qualitative XRF data, a new 

mathematical relationship between Z and θ: Z =
m

k2d sinθ
+ σ , where m is a constant, is 

created (Helsen and Kuczumow 2002: 96). This new relationship enables data 

quantification in WDS applications (Helsen and Kuczumow 2002: 97-98).  

 Differences between EDS and WDS methods are based on mechanisms used for 

excitation and detection. EDS methods use selective excitation and broadband detection, 

while WDS methods use broadband excitation and selective detection (Jenkins et al. 

1995). Advantages and disadvantages are associated with each method of fluorescence 

collection and the produced spectra. In energy dispersive methods, photons of all energies 

interact with the detector, while wavelength dispersive methods physically discriminate 

fluorescence by wavelength through the geometric relationship between detector and 

sample. As a result, energy dispersive methods require shorter analytical collection times 

to produce spectra over a broad range of energies than wavelength methods. Wavelength 

dispersive methods are able to identify all elements with Z > 3, due to high spectral 

resolution compared to EDS methods. Energy dispersive methods are typically able to 

resolve elements with Z > 10 due to poor spectral resolution and peak overlaps. Portable 

XRF instrumentation predominantly utilize energy dispersive methods (Janssens 2004, 

2005; Potts 2008). 

DETECTORS  

 A variety of detectors are used in portable XRF (Potts 2008: 9). Early instruments 

used gas flow proportional counters, which are robust and efficient. These detectors have 



 

 

103 

     

 

their best resolution at 900 eV at 5.9 keV. While they are not suitable for most multi-

element applications, they have been used successfully in WDS instrumentation 

(Janssens 2004: 156). Semiconductor detector systems are also used. Silicon drift 

detector (SDDs) or Si(Li) utilize silicon wafer technology where capacitance of detector 

is reduced (Janssens 2004: 158). They achieve substantially higher count rates than is 

possible for thermoelectrically cooled devices including Si(PIN) and HgI2 detectors. 

Si(PIN) devices and requires only Peltier cooling and typically consist of 300 μm thick 

layer of Si with an active area of 7 – 25 mm2  (Potts 2008: 8). They are compact and offer 

good performance characteristics without need of cryogenic cooling aside from a small 

degree of Peltier cooling (Janssens 2004: 158). Si(PIN) detector resolution is on the order 

of 180 eV FWHM at 5.9 keV and detector effective energy range of 1 – 20 keV. HgI2 or 

Mercury(II) iodide detectors are used in EDS methods and utilize a high purity HgI2 

semiconductor crystal. These detectors have reasonably good resolution (250 eV at 5.9 

keV) with small degree of Peltier cooling. However, escape peaks from mercury (L lines) 

and iodide (K lines) can cause spectral interferences in some applications. Other detector 

technologies are being investigated including cadmium-zinc-telluride (CZT) materials. 

However, their degree of resolution, longevity and robustness still must be explored 

(Potts et al. 2008; Janssens 2004: 163). 
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ARTIFACT SAMPLE: PHYSICAL AND CHEMICAL CHARACTERISTICS AND THEIR AFFECT ON 

FLUORESCENCE PRODUCTION 

 Physical and chemical interactions between the sample and portable XRF 

instrumentation is the area of most concern for users applying the technique to cultural 

heritage materials. Sample compositional characteristics including sample homogeneity 

and matrix effects, sample thickness, as well as the presence of layered structures and 

thin films affect production of characteristic x-rays, as well as x-ray scattering and 

associated absorption and secondary fluorescence. XRF analysis of sample thickness is 

dependent on the primary x-ray beam energy, analyzed elements and sample mean 

composition or matrix (Jenkins et al. 1995). Sample homogeneity is critical and 

characteristics such as composition, mineralogical microstructure and grain size will 

affect x-ray production either through absorption or enhancement of the intensity of 

analyte XRF lines (Markowicz 2008: 24). Chemical matrix effects (sample composition) 

occur when elements present in the sample affect the intensity of the collected spectrum. 

For example, characteristic zinc x-rays excite iron, due to similarity in the energy of Zn 

Kα (8.6 keV) and Kβ (9.6 keV) lines and the absorption edge of iron (7.1 keV) 

(Markowicz 2008: 24). In this case, zinc counts are effectively reduced, while iron 

concentrations are artificially increased. This is an important concern when analyzing Cu-

alloy and brass artifacts, where accurate interpretation of both iron and zinc is critical. 

 Physical matrix effects, such as the size and shape of sample particles, as well as 

the presence of mineralogical microstructure and grain size, affect the production and 
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intensity of characteristic x-rays and x-ray scattering (Markowicz 2008: 21). Sampling 

volume distribution and particle size affect produced x-ray spectrum and are largest for 

low-Z elements. The presence and composition of mineralogical microstructures and 

grain sizes cause discrepancies. Larger grain sizes result in smaller excitation volumes, 

while smaller grains result in larger excitation volumes (Potts et al. 1999). Degree of 

sample moisture content has also been shown to affect fluorescence production in 

geological samples (Liangquan 2008: 162).  

 Spectral interferences and spectrum artifacts also interfere with detected 

intensities of characteristic x-rays and scattered x-rays. Spectral interferences occur 

because there is insufficient detector energy resolution or there is an overlap of two 

characteristic x-rays because the x-ray energies are almost identical (Markowicz 2008: 

24). If the energy difference between two peaks is smaller than the energy resolution of 

the instrument at FWHM, then the peaks overlap and cannot fully be resolved by the 

detector. An important spectral overlap, due to insufficient detector energy resolution, is 

that of Cu Kβ (8.904 keV) and Zn Kα (8.638 keV). Spectral overlap of characteristic x-

rays, due to similar x-ray energies, are mostly found for Kβ for Z element and lines for Z 

+1 elements (Markowicz 2008: 25). This affects correction procedures used in the 

analysis of Cu-alloy artifacts. However, other spectral overlaps are associated with K and 

L lines, or K and M lines. A critical spectral overlap of this type is that of As Kα (10.543 

keV) and Pb Lα (10.549 keV). This will influence interpretation of artifact colorants that 

incorporate arsenic or lead and the specific identification of heavy metal pesticides on 
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ethnographic materials. Generally, spectral interferences are dealt with by spectrum 

evaluation procedures that adjust correction procedures to utilize x-ray energy lines that 

do not overlap with other x-ray energy lines.  

 Spectrum artifacts are spectral peaks introduced from sources other than the 

elements present in the sample. These include escape peaks, sum peaks and diffraction 

peaks. Compton and Rayleigh scatter-peaks, as well as bremsstrahlung continuum peaks 

are due to interaction of the sample with exciting radiation and are not considered 

spectrum artifacts. Escape peaks result when produced Si Kα x-rays escape from the 

detector volume and do not contribute to the charge collected from the original detected 

photon. Detection of incident x-rays with energies greater than the Si K absorption edge 

(1.837 keV) involves the generation of Si K x-rays by the detection process itself (Ellis 

2002: 220). The vast majority of Si K x-rays, produced during excitation, are 

immediately absorbed by the detector volume and contribute to the original incident x-ray 

photon. However, there is a finite and low probability that Si Kα x-rays will escape and 

not contribute to the collected charge for the original detected photon. This will produce 

escape peaks that are 1.74 keV lower in energy than the parent peak. Escape peaks are 

most important for energies below 10 keV, as the effect is negligible at energies greater 

than 10 keV (Ellis 2002: 221). Escapes peaks, produced by Si K, are small and easily 

corrected.  

 Other spectral interferences include sum peaks and diffraction peaks. Sum peaks 

are associated with peak pileups due to the finite pulse processing time required by the 
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electronic shaping network (Markowicz 2002). They result when high-intensity peak 

events arrive at instrumental pulse processing electronics at similar times and cannot be 

recognized as two separate events (Ellis 2002: 224). This event will cause the Kα signals 

to be registered as one event and will produce sum peaks, which have the combined 

energy value of both contributing peaks. Frequently a series of sum peaks will occur; 

however, low-energy sum peaks, due to Kβ peaks, are only present when the parent peak 

is very intense. Typically, sum peaks are not misidentified as paired Kα and Kβ mother-

daughter peaks because the peak separation is too small for K lines in the region of the 

spectrum where they occur (Jenkins et al. 1995: 140-1). Diffraction peaks occur when 

conditions for Bragg diffraction are met in an EDS spectrometer. There is a higher 

likelihood that diffraction peaks are produced when unfiltered primary radiation is used, 

as the probability is high that the various energies and angles of the primary radiation will 

fulfill the Bragg condition (Ellis 2002: 225). Diffraction peaks can be eliminated through 

the use of primary beam filters or changes in excitation conditions.  

 Differentiation of surfaces from underlying layers is difficult when the sample is 

heterogeneous. Sample complexity including layered structures requires specialized 

methods to interpret and quantify collected XRF data. Sample thickness is a critical 

determining factor in the decision to apply correction methods. Samples may be infinitely 

thick, intermediate-thick or a thin-film. Infinitely thick samples are characterized by 

constant radiation intensity that is not affected by increasing sample thickness, but matrix 

effects will have an effect (de Vries and Vrebos 2002: 343). Thin-films are thin enough 
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that the total mass per unit area of a given sample m = ρT where m is sample mass, ρ is 

sample density and T is the sample volume and the intensity of characteristic x-rays 

depends linearly on its mass per unit area, so that  one can safely neglect matrix effects 

(Markowicz 2002: 32). Intermediate thickness samples are those that have a mass per unit 

area m that fulfills the relation mthin < m < mthick and mass-attenuation coefficients have a 

smaller effect on analytical results (Cesareo et al. 2008: 207). Smaller sample sizes are 

needed, sensitivity favors low-Z elements and secondary enhancements effects are less 

critical (Markowicz and Van Grieken 2002: 407).  

 Inter-element effects within layers and between layers account for at most a few 

percent of the total number of observed photons. The error introduced by inhomogeneous 

layered structures with non-parallel boundaries in art and archaeological objects are 

usually high. Contributions from secondary excitation can be neglected (Mantler and 

Schreiner 2001: 637). Conventional fundamental parameter approaches describe the 

number of fluorescent photons emitted from a specimen by the sum of photons from 

primary and secondary excitation (i.e. those derived directly from tube photons and by 

the subsequent process of directly excited photon) (Mantler and Schreiner 2001: 636). 

EFFECT OF CORROSION LAYERS ON XRF ANALYSIS OF CULTURAL ARTIFACTS  

The presence of surface sample deterioration products will affect spectra 

produced by portable XRF data. Corrosion layers often act a thin-film or intermediate-

thickness depending on their composition and relative thickness. Corrosion surfaces are 

not consistent in terms of thickness, composition and presence of voids/inclusions (Scott 
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2002: 11). These layers reflect the composition of the artifact, as well as the environment 

in which they form. The consistency of corrosion layers is dependent on the burial 

environment and have been predicted by using Pourbaix diagrams (Scott 2002: 12). 

Pourbaix diagrams are the graphical presentation of the thermodynamic equilibrium 

states of a metal-electrolyte system and plot metal electrode potential [Eh(V)] against pH 

of the electrolyte or environment (figure 3.5). Differences in corrosion structure may 

occur where metal structures produced by manufacturing processes (as cast, hammered, 

etc.) vary.  

Corrosion composition and thickness are known to introduce error into surface 

compositional techniques analyzing metal, glass and other materials (Denker et al. 2005; 

Giumlia-Mair 2005; Kanngießer et al. 2008; Lutz and Pernicka 1996; Mathis et al. 2007). 

Typically, corrosion layers are varied in composition with little or no compositional 

homogeneity. Denker et al. (2005) report PIXE elemental compositional data collected 

from areas of thick and thin corrosion, as well as polished surfaces on Roman and 

Chinese copper alloy coins. Corrosion layers, varying in thickness from 50 – 100 μm, 

resulted in compositional differences including decreases and increases in measured 

copper, tine, zinc and lead  content, as well as the false identification of iron and calcium 

from corrosion products (Giumlia-Mair 2006: 68). Corroded brass artifacts are often 

depleted in zinc due to the dezincification process, while corrosion products on bronze 

objects are enriched in tin and lead. While there is a demonstrable relationship between 

corrosion thickness and introduced compositional error (Denker et al. 2005), 
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Figure 3.5: Pourbaix diagram for copper based on Eh(V) and pH. Reproduced from 
http://commons.wikimedia.org/file:Cu_pourbaix_diagram.svg copyright permission from 
Metallos who created the image using data taken from software FactSage version 5.3 of 
the GNU Free Documentation License, Version 1.2 or any later version published by the 
Free Software Foundation. 
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mathematical models characterizing the degree of error are not well developed. As well, 

the degree of polishing necessary to achieve more precise compositional data causes 

extreme visual surface changes that can easily destroy original surface features (Denker 

et al. 2005: see figures 2 and 3).  The presence of corrosion layers can make identification 

of intentional decorative layers difficult, as the corrosion is frequently thicker than 

decorative layers (Giumlia-Mair 2005: 40-41). 

The presence and differentiation of intentional surface patination and corrosion 

layers is difficult to achieve on deteriorated artifacts due to similarities in relative 

compositions. Analysis often requires a variety of instrumental analyses including PIXE, 

Rutherford backscattering spectrometry (RBS), x-ray diffraction and Raman 

spectroscopy in order to collect data from each layer. Through comparison of bulk 

analyses collected using PIXE to surface analyses collected using RBS, XRD and Raman, 

Mathis et al. (2007: 227) are able to differentiate intentional patination from corrosion 

layers through characterization of the homogeneous chemical composition of surface 

layers. Corrosion of surface patinas results in single element depletion including gold and 

chlorine (Mathis et al. 2007: 227, 231), while copper-alloy objects exhibit surface 

corrosion layers that reflect bulk composition. Kanngießer et al. (2008) investigate the 

influence of glass corrosion layers on XRF readings. Using a 3D micro-XRF installed at 

the μSpot-beamline at BESSY II, the authors report 3D data from several reverse-glass 

paintings. Data was collected from the surface to a 100 μm depth in an effort to sample 

bulk glass, as well as diffusion and corrosion layers. Results suggest that lead and 
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mercury colorants migrate into the bulk glass, while manganese, rubidium and zircon 

show depletion into the diffusion layer, and iron shows enrichment in the corrosion layer 

(Mathis et al 2007: 817-8). The authors conclude that depth profiling of trace elements 

with Z > 24 within a glass matrix are encouraging.  

Lutz and Pernicka (1996) compare atomic absorption spectroscopy 

(AAA)/neutron activation analysis (NAA) and XRF analytical results for 5 standard 

references alloys and several archaeological examples. The authors report highly accurate 

results for the reference samples collected using AAA, NAA and XRF. Relative 

compositional differences were on the order of ± 1% for copper, zinc and tin, while 

spurious readings were obtained for lower concentrations  (0.01 – 0.5%) of iron and 

cobalt (Lutz and Pernicka 1996: 315) due to escape peaks from other elements. Zinc is 

difficult to determine, due to the overlap of Zn Kα and the Cu Kβ lines, and can result in 

erroneously low readings following data deconvolution. Similar issues are related for Pb 

Lα and As Kα concentrations below 0.5% (Lutz and Pernicka 1996: 316). Drilled 

samples incorporating corrosion layers (n = 1000) were analyzed with each technique. In 

general, there was good correlation between iron and cobalt at concentrations between 

0.1 – 10%, while smearing of lead systematically resulted in significantly increased 

concentrations (Lutz and Pernicka 1996: 318-319). Issues of sample weight and sample-

detector geometries resulted in extreme increases in silver, tin, and antimony for 

concentrations above 0.1% (Lutz and Pernicka 1996: 318-319).   
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INSTRUMENT AND ARTIFACT SAMPLE INTERACTIONS  

 Instrument-sample interactions are complex and can introduce error into collected 

data. Physical characteristics including surface geometry, sample-anode and sample-

detector geometry, and air attenuation will introduce error into collected XRF data. 

Instrumentation qualities including x-ray source, detector, pulse processing and data 

analysis are also sources of error. For non-destructive portable XRF analysis performed 

in situ on archaeological artifacts, the majority of error is associated with sample physical 

characteristics and sample-instrument geometry (Dussubieux et al. 2002; Janssens 2005; 

Liangquan et al. 1998; Lutz and Pernicka 1996; Potts et al. 1997a; Potts 2008; 

Stankiewicz et al. 1983). These are not easily resolved, as in situ analysis collection 

frequently involves minimal (when surface cleaning is permitted) or no preparation. 

Furthermore, in situ sample sites are rarely flat, smooth or homogeneous, and these 

properties introduce varying amounts of error into produced data.  

 Unfavorable sample surface contours, homogeneity and detector-sample 

geometric conditions will limit the penetration depth of characteristic x-rays and their 

ability to reach the instrument detector. This will affect error calculations in quantitative 

data results. The degree of sample surface unevenness is difficult to correct and almost 

impossible to eliminate with polished samples. Surface characteristics including degree 

of convexity, concavity, planar, and undulating surfaces all influence collected data. 

Experiments conducted by Lutz and Pernicka (1996) and Stankiewicz et al. (1983) 

suggest that sample surface geometry and surface roughness do not have a significant 
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effect on data results. Experiments show that samples rotated up to 20° in any direction 

away from the portable XRF detector will do not differ by more than 10% from data 

collected on planar samples (Lutz and Pernicka 1996: 317). Low-Z elements, including 

iron and cobalt, are more affected and this is due to the strength of their relative 

characteristic x-rays. While an increase in roughness will result in an increase in the 

scattering step of primary radiation, the overall influence of surface roughness on error is 

not significant (Stankiewicz et al. 1983: 96). Error associated with copper, nickel and 

silicon readings ranged from 0.63%, 1.44% and 12.5% respectively (Stankiewicz et al. 

1983: 96). In opposition, research conducted by Liangquan et al. (1998) and Potts et al. 

(1997) report efforts designed to quantify and describe the effects of surface contours 

found on in situ analysis of rock samples on data results.  

Liangquan et al. (1998: 1713) propose methods to correct these errors by taking 

into account the changes of effective ranges of primary and secondary radiation in air; the 

effective detection area of the probe; and the attenuation of primary and secondary 

radiation beams. By knowing the distance between detector/source and the median plan 

of the rough surface (H0), n (frequency number), and ΔH (amplitude of geometrical 

surface at angle Ψ), one can correct for surface geometrical roughness. Potts et al. (1997: 

769) also report that irregular surfaces cause fluorescence x-ray intensities to be 

consistently low (as compared to readings obtained from flat surface). This is a 

consequence of the increased path-length between source, sample, and detector. The 

authors conducted a series of experiments using prepared samples of known composition 
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and degree of irregular surface. Data was collected using 55Fe, 241Am and 109Cd sources 

in order to characterize scatter peak intensity, influence of aid gap and testing the 

correction procedure on irregular surfaces. Compton and Rayleigh scatter peaks were 

used to correct the collected XRF spectra (Potts et al. 1997:771). The authors conclude 

that large errors will arise even for small air gaps (1 – 2 mm) between analyzer and 

sample, unless an appropriate correction is applied to measured intensities (Potts et al. 

1997: 775). For K lines of higher-z, simple scatter peak normalization procedures can be 

used to correct for surface irregularity effects and air gaps up to 3 mm (Potts et al. 1997: 

775).  

Corrected intensities are calculated using the following formula: 

Icorrected = Imeasured ×
Imeasured × Breference

Bmeasured

  where Imeasured is the measured intensity of 

fluorescence line from an irregular sample surface, which gives a scatter peak intensity of 

Bmeasured and Breference is the equivalent scatter peak intensity from a representative flat 

sample surface. For Fe K lines, lower in energy, correction is reliable for smaller air gaps 

up to 1 mm. For lower-Z elements, the correction procedure is affected by air attenuation 

and cannot account for it. Overall, 55Fe scatter peak is the preferred normalizing factor for 

general applications (Potts et al. 1997: 776). Limitations of the procedure include 

enhanced air attenuation of K lines of low-Z elements < iron (Z = 26) cannot be 

corrected. Relative increases in total scatter intensity increase as the distance between 

analyzer and sample increases. Furthermore, as the air gap increases, the contribution 
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from air scatter will increase and is particularly evident in the 55Fe scatter peak (Potts et 

al. 1997: 776). 

SPECTRAL CORRECTION TECHNIQUES  

 Quantitative analysis corrects observed intensities for various factors including 

spectral intensity of incident x-rays, fluorescent yields, matrix enhancements and 

absorptions, as well as other factors. Several methods are used to quantify results and 

include empirical corrections (Lucas-Tooth and Price 1960; Markowicz 2008; Piorek 

2008), fundamental parameters (Sherman 1955; Thomsen 2007; Van Dyck and Van 

Grieken 1980), Monte Carlo simulations (Hawthorne and Gardner 1975; He et al. 1993; 

Vincze et al. 1993), as well as Compton and Rayleigh corrections (Markowicz 2002; 

Nielson 1977; Pessanha et al. 2009). Empirical methods use simple mathematical 

approximation equations, whose coefficients are predetermined from the experimental 

intensities and known compositions and thicknesses of thin-film standards. This method 

requires a large number of standards to calibrate before actual analysis of an unknown 

can begin. Furthermore, for analysis of cultural heritage artifacts, there is substantial 

difficulty associated with obtaining properly calibrated thin-film standards of 

homogeneous composition and thickness similar to that of the sample. However, the 

Lucas-Tooth and Price empirical correction model (1961) has been used successfully to 

correct matrix-effects. 

The Lucas-Tooth and Price empirical coefficients model (Lucas-Tooth and Price 

1961). The technique expresses analyte concentrations in net intensities, which is a 
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unique feature allowing equations to be developed using known analyte concentrations in 

a suite of calibration samples (Piorek 2008: 111). Coefficients ri and rin are determined 

for each analyte by a least-squares, multiple linear regression method and are assumed to 

be constant for a given set of calibration samples (Piorek 2008: 112). In order to 

determine the coefficients ri and rin for a given analyte, the model requires n + 1 

independent samples with varying concentrations Ci. An equation can be written for each 

sample analyte of interest and set of linear equations generated only once by a simple 

matrix inversion during calibration of the analyzer (Lucas-Tooth and Price 1961: 150).  

Fundamental parameters methods use non-linear XRF equations derived directly 

from x-ray properties associated with elements and was first developed in the 1950s 

(Sherman 1955). These equations describe the dependence of x-ray intensity on the 

concentration and layer thickness of each element present in the sample of known 

composition correcting for a variety of matrix effects. Frequently, this method considers 

excitation due to primary photons, as well as secondary fluorescence and absorption 

(Thomsen 2007: 46). The method has also been adapted to correct samples of variable 

composition and thickness (Van Dyck and Van Grieken 1980). Application of the method 

requires calibration and analysis steps. Fundamental parameters methods have been used 

successfully for layered samples and bulk materials. However, the method must utilize 

normalization of all concentrations to 100%, which can introduce bias into results, and it 

requires that all elements present be measured. This is particularly difficult for samples 

with dark matrices, or, low-Z elements, which cannot be measured using XRF. Many 
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portable XRF instruments incorporate fundamental parameters calibration programs to 

correct data that is sample matrix and thickness specific. 

Monte Carlo correction procedures, typically used to calculate electron 

deceleration trajectories in homogenous bulk samples, have been adapted to correct data 

for complex, layered structures and for use in thin film analysis. Monte Carlo simulations 

model photon-sample interactions, instead of describing macroscopic phenomena such as 

absorption, fluorescence, enhancement or scattering, and were first used to correct XRF 

data in 1975 (Hawthorne and Gardner 1975). Monte Carlo code directs simulations of 

photon-sample interactions and has been used to optimize instrumental parameters 

(Vincze et al. 1993), as well as create a searchable library of known spectra using curve 

fitting through the lease squares model (He et al. 1993). 

 Compton and Rayleigh methods are used to correct spectra through measurement 

and comparison of background scattered radiation to sample peaks produced in the same 

spectra (Nielson 1977). Background scattering radiation is proportional to the number of 

photons of a specified energy reaching the detector. Frequently, Compton methods are 

used to correct data collected from samples with dark matrices, as Compton scattering 

can be determined for the whole sample (Pessanha et al. 2009). The intensity of Compton 

radiation can be simplified and determined in cases where the ratio of atomic number to 

mass number is the same or similar for the sample. In applications where Rayleigh 

scattering methods are utilized, the Rayleigh scattering intensity can be calculated.  
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 Correction procedures utilized in XRF analysis depend on a variety of parameters 

including sample characteristics, instrumental characteristics, the availability of reference 

materials or certified reference standards, and correction software programs installed on 

instrumentation. The decision to utilize one procedure over another is dependent on 

application, instrumental characteristics and the researcher. However, standardization of 

sample collection and data correction parameters are particularly important for the 

analysis of inhomogeneous cultural heritage materials given current portable XRF 

instrumental technologies.  

COMPARISON OF PORTABLE XRF TO STATIONARY XRF INSTRUMENTATION  

  As previously mentioned, instrument analytical performance depends on 

instrument and sample specific factors. Limits of detection, peak resolution, precision and 

degree of error are also instrument and sample specific parameters. Some authors have 

published research comparing the instrumental capabilities of portable XRF with 

stationary instruments (Guilherme et al. 2008; Pessanha et al. 2009; Zwicky and 

Lienemann 2004). In general, while stationary instrumentation have better limits of 

detection, spectral resolution, lower degree of error and can measure elements with Z > 

50 due to instrumental characteristics currently not available in portable technologies, 

both types produce similar types of data in most cases. However, it is clear that use of 

these instruments is application dependent and methods of data collection and 

interpretation are critical.   
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Pessanha et al. (2009) present research characterizing the sensitivity of portable 

and stationary instrumentation to scattering effects in low-Z and high-Z samples. Using 

standard reference materials with certified compositions, the authors determined 

instrumental detection limits and compare results. Unsurprisingly, while the stationary 

instrument was able to detect trace elements [Z > sulfur (16)] in low-Z matrices (C-, H-, 

O-), the portable instrument was unable to resolve the same data due to high background 

produced by incoherent scattering (2009: 500). Both instruments were able to detect all 

elements present in medium-Z materials (bone ash) in concentrations above 50 μg g-1, as 

well as all elements present in high-Z metal matrices (2009: 501-2). The authors conclude 

that similar interpretive conclusions can be reached using data collected from either type 

of XRF instrumentation.   

 Guilherme et al. (2008) and Zwicky and Lienemann (2004) compare the 

performance of portable XRF and stationary instrumentation, as it relates to the analysis 

of ancient (former) and modern (both) metal materials. Guilherme et al. (2008) analyze 

archaeological Cu-alloy artifacts and certified reference Cu-alloy materials in order to 

compare the effect of instrumental parameters on peak shaping and accuracy. They also 

report that the use of primary beam filters on portable instrumentation is critical towards 

optimizing data collection conditions and minimizing peak-to-background ratios for 

specific applications (Guilherme et al. 2008: 446). While fewer sum peaks are detected in 

stationary instrumentation, similar error ranges were reported for both stationary and 

portable instruments. However, the effect of spectral interferences on data collected using 
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portable instrumentation is important where elements of interest are affected. On average, 

the stationary instrumental limits of detection were an order of magnitude better. 

However, while instrumental efficiency for the analysis of medium-Z elements analyses 

collected from the portable instrument was significantly better, detection limits for zinc 

were critical in making some alloy identifications (Guilherme et al. 2008: 448). While the 

authors conclude that data collected from the portable instrument used in this study 

would misidentify some metal alloys, their evidence is spectra for a single artifact where 

the Zn Kα peak is almost non-existent and the Zn Kβ peak is poorly resolved in the 

stationary instrument and not visible in the portable spectra (Guilherme et al. 2008: figure 

6).  

 Research presented by Zwicky and Lienemann (2009) compares analytical results 

obtained from WDS-stationary and EDS-portable instruments for the identification of Ni-

base alloys. Data results collected from certified metal reference standards confirm that 

the degree of spectral resolution achieved by WDS instrumentation far surpasses that 

achieved with EDS detectors. WDS spectral resolution was 10 times higher with x-ray 

line resolution at 30 eV resulting in significantly reduced spectral line overlaps (Zwicky 

and Lienemann 2004: 296). As well, the stationary instrument was less affected by matrix 

effects and achieved higher counting rates with decreased relative deviations compared to 

the portable instrumental results (Zwicky and Lienemann 2004: 298). It is important to 

note that the authors present data collected over 30 seconds (a relatively short period of 

time) and that longer collection times can significantly decrease these affects.  
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 Data collection and interpretation are instrument dependent, as is shown by the 

work of Guilherme et al. (2008), Pessanha et al. (2009) and Zwicky and Lienemann 

(2009). There are distinct advantages and disadvantages associated with the use of 

portable and stationary XRF instrumentation. Technological limitations affect 

instrumental elemental sensitivity, detection limits and spectral peak shaping. This is 

undeniable and accepted. However, these results were based on data collected from a 

single source and constitute a single line of evidence. Conservation science approaches to 

the study of artifacts and object materials rarely rely on a single data source. Interpretive 

errors reported by the previously discussed authors could be eliminated and/or minimized 

through incorporation of other forms of experimental data including micro-chemical spot 

testing and evaluation of physical properties, as well as curatorial, conservation and 

archaeological information associated with the artifact under study. 

PORTABLE XRF FOR THE ANALYSIS OF METAL ARTIFACTS 

 Portable XRF analysis of metals has been reported in the literature for over 30 

years. Early analysis relied on radioactive sources and reported basic compositional 

trends for limited numbers of ancient metal artifacts (Gigante et al. 1988, 1990; 

Mackerrell 1977; Sciuti and Salmi 1981; Sciuti et al. 1986). In contrast, the seminal 

article by Cesareo et al. (1973) describes analyses collected from a large range of artifacts 

(n = 33) and identifies direction for research. The authors specifically indicate that 

developing methods for corrosion analysis, paired with portable XRF analysis, will 

improve detection of possible forgeries. More recent publications focus on the XRF 
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analysis of individual metal objects (Gianoncelli and Kourousias 2007; Longoni et al. 

1998; Milazzo and Cicardi 1998), smaller groups of metal artifacts (Ferretti et al. 2007; 

Karydas 2007; Karydas et al. 2004; Milazzo and Cicardi 1997), or present methods for 

the correction and interpretation of data collected using portable XRF instrumentation 

(Cesareo et al. 2007).  

 The analysis of metal artifacts is dependent on sampling volume, degree of 

sample homogeneity and its relationship to microstructural or segregation effects, and the 

presence of corrosion layers. The penetration range of x-rays in metal is relatively short 

for steel-, Cu- and Ni-based alloys. (Piorek 2008: 136). This further emphasizes the 

influence of sample homogeneity and microstructure on characteristic x-ray production. 

Published papers, presenting results obtained from a single metal artifact, generally focus 

on instrumental features and their affects on analysis (Gianoncelli and Kourousias 2007; 

Longoni et al. 1998; Milazzo and Cicardi 1998). Others sources present data focused on 

artifact analysis and interpretation (Ferretti et al. 2007; Karydas 2007; Karydas et al. 

2004; Milazzo and Cicardi 1997). These papers report analyses collected from complex 

objects with corroded surfaces and unique curation and conservation histories. Most 

researchers comment that data interpretation is greatly enhanced through comparison 

with archaeological, cultural and scientific information.  

 Longoni et al. (1998) report two spectra obtained from two artifacts and spend 

very little time in their interpretation. Work published by Milazzo and Cicardi (1998) and 

Gianoncelli and Kourousias (2008) present research conducted on complex Cu-alloy 
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objects with inlaid materials. The authors emphasize the need to interpret results obtained 

from multiple lines of evidence, as this method demonstrably enhances data analysis. 

Ferretti et al. (2007) describe data collected from the deeply corroded Porticello bronzes 

(found off the coast of Italy) using both portable XRF and laser-induced breakdown 

spectroscopy (LIBS). Similar bimodal results were detected for bismuth in both sets of 

data and both techniques were able to successfully differentiate fragments into the same 

discrete groups (2007: 1514-5). Work by Milazzo and Cicardi (1997), Karydas (2007) 

and Karydas et al. (2004) report analyses collected from Au- and Ag-alloy artifacts. In 

these cases, research questions focused on identification of native metals and 

manufactured high purity alloys. Following development of data collection and 

correction procedures, the authors discriminate compositional groups and identify 

specific alloying technologies. Databases, collating published analytical data from similar 

artifact classes, were critical components of the final interpretation – attesting to the value 

of situating data interpretation within multiple lines of evidence. 

 Cesareo et al. (2007) focus on portable XRF analysis of metal artifacts in order to 

present specific methods of data correction and interpretation. The authors discuss the use 

of modern European coinage as reference materials for the efficient and simple 

determination of portable XRF instrumentation limits of detection. Based on data 

collected from participants using various instruments, the authors compare limits of 

detection measurements in order to determine the relative importance of portable 

instrument characteristics for the analysis of metal artifacts (Cesareo et al. 2007: 171-2). 
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Overall, tube high voltage appears to have the largest effect on detection limits for 

elements including tin (Cesareo et al. 2007: 172). 

  Portable XRF analysis of metal artifacts has been reported in the literature for 

over 30 years. Research reports data collected from individual artifacts, groups of 

artifacts, well as provide practical and efficient methods for instrument calibration. 

Published research was successfully used to interpret archaeological artifacts despite 

reduced detection limits and peak resolution when compared stationary instrumentation.  

Data interpretation, conducted within the context of multiple lines of published 

archaeological, cultural and scientific evidence, eliminates or minimizes sources of error 

associated with portable instrumentation. 

PORTABLE XRF FOR THE ANALYSIS OF CERAMICS  

  Portable XRF analysis of ceramics has been reported consistently in the literature. 

Early publications focused on the identification of color producing pigments in ceramic 

decoration (Cesareo and von Hase 1976; Gigante et al. 1988; Stós-Fertner et al. 1979). 

More recent research projects report efforts to describe comparisons between portable 

XRF data and databases of possible pigments used on ceramics, develop quantitative data 

using portable XRF, or, discuss the use of multiple analytical techniques to characterize 

surface decoration and pastes. For the most part, authors describe work conducted on a 

limited number of artifacts (where n < 10). There are very few research projects, which 

evaluate portable XRF data collected from large numbers of artifacts (where n > 10). 

Where layered structures are present and infinitely thick layers are not present, most 
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authors utilize subtractive procedures to separate data collected from various layers on 

ceramics. In general, paste XRF data is subtracted from surface decoration layers in order 

to eliminate the portion of the XRF spectrum due to the substrate (Pérez-Arantegui et al. 

2008). Finally, portable XRF is successful at differentiating between original material 

and later restorations (Križnar et al. 2009).   

  Data collected from two terracotta artifacts are reported by Križnar et al. (2009). 

The authors assume that calculation of counts per second (CPS) obtained from regions of 

interest (ROI) for specific elemental x-ray lines reflect a semi-quantitative estimation of 

element concentrations (Križnar 2009: 170). ROI is proportional to weight concentrations 

and their square root serves as a measure of experimental error. This allows for 

comparisons of indirect elemental ratios between artifacts. If direct comparisons were 

made between different elements, complete calculation and correction for matrix effects, 

absorption, etc, must be made. Pigment identifications were made based on comparison 

of portable XRF data to pigment databases and knowledge of typical pigments used in the 

past. In general, the authors confirm the use of traditional pigments on the analyzed 

sculptures and identify areas of restoration where modern materials were used.  

  Work by Papadopoulou et al. (2004, 2006) and Romano et al. (2006) describe 

strategies and portable XRF instrumentation used to produce quantitative data. 

Papadopoulou et al. (2006) report data collected from 12 sherds with no surface 

decoration using a portable micro-XRF instrument that were calibrated using reference 

materials representing similar compositions. The sherds date to the 5th – 7th centuries B.C. 
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and were excavated from the cemetery of Abdera in Northern Greece (2006: 1693). 

Analysis was collected from samples washed with distilled water and oven dried at 105º 

C until constant weigh measurements were achieved. Earlier work by the group had 

quantified portable XRF data collected from a variety of ceramic reference materials with 

known SiO2, K2O, CaO, TiO2, MnO and Fe2O3 concentrations (Papadopoulou et al. 

2004) using fundamental parameters methods. While aluminum and sulfur could not be 

detected due to low detector efficiency of Z < 14, silicon concentrations were only 

reported and quantified because it was a main constituent of the reference material 

standards used. The authors differentiate between various paste compositions by 

grouping major and minor elements to construct triangular diagrams. In particular, 

comparison of CaO, SiO2 and K2O concentrations were able to differentiate between 

imported and locally-produced ceramics.  

  Romano et al. (2006) also discuss procedures used to quantify the composition of 

ceramic pastes and determine provenance using paste compositions. Using a portable 

XRF instrument with beam energy and intensity stability modifications, the authors 

describe selected element concentrations (rubidium, strontium, yttrium, zircon and 

niobium) results collected from 50 sherds excavated from the San Francesco sanctuary in 

Catania, Italy. Rubidium, strontium, yttrium, zircon and niobium concentrations were 

determined using a multi-linear regression approach, based on the relationship between 

net fluorescence counts and concentration where Ci = KiNi, and Ci and Ni are 

concentration and net counts of a specific trace element respectively.  The regression 
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function is used to determine quantified data results for elements of interest (Romano et 

al. 2006). The authors were able to quantify concentrations with a precision of 1 – 1.5% 

allowing samples to be sorted according to provenance.   

  The use and comparison of various analytical methods is frequently used in the 

literature is used to determine the effectiveness of portable XRF towards analysis of 

ceramics. Gianoncelli et al. (2006) describe portable XRF and PIXE analyses of glaze 

decoration on high-fire Della Robbia ceramics. The authors assumed that glaze sampling 

volumes were homogeneous over its entire depth, which is generally true for Della 

Robbia glazes where pigment-producing elements/minerals are uniformly distributed 

within the glaze (Gianoncelli et al. 2006: 367). When compared to PIXE data, the authors 

report that Si was consistently underestimated and is probably due to the poorly 

controlled instrument-sample geometry, as well as matrix effects within the sample 

(Gianoncelli et al. 2006: 367). The authors report that glaze compositions can be 

determined using portable XRF; however, sensitivity and accuracy of portable XRF is 

unable to achieve that reached with PIXE instrumentation (Gianoncelli et al. 2006: 369). 

Pérez-Arantegui et al. (2008) compare data collected from cobalt pigments in Valencian 

ceramics using portable XRF and laser ablation-inductively coupled plasma mass 

spectrometry (LA-ICPMS) instrumentation.  In general, analytical trends were in good 

agreement – in spite of the superior detection power and spatial resolution of LA-ICPMS 

over portable XRF. Peak area ratios of manganese, copper, zinc and arsenic, determined 

for both portable XRF and LA-ICPMS, were used successfully to differentiate various 
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pigments found on analyzed ceramics (Pérez-Arantegui et al. 2008: 1276, 1278). The 

variations in elemental ratios reflect the changing pigment sources used by Valencian 

potters and reflect various ceramic manufacturing dates (Pérez-Arantegui et al. 2008: 

1279).  

   Portable XRF data results collected from ceramic artifacts have been reported in 

the scientific literatures. In general, portable XRF results can be used to group artifacts 

according to compositional trends that reflect resource and temporal effects on raw 

materials used in ceramic production, in spite of the technique’s reduced detection power 

and spatial resolution. A variety of calibration techniques are utilized and most rely on a 

combination of standard reference materials and correct procedures such as fundamental 

parameters methods. While Bonizzoni et al. (2000) describe a Compton scattering 

method used to correct self-absorption effects in dark matrices of medieval glasses, the 

technique does not appear to be widely used by other researchers for ceramics analysis. 

Their published results indicate that use of this technique produces only negligible errors 

in quantitative analyses.    

PORTABLE XRF FOR THE ANALYSIS OF POST-DEPOSITIONAL PRODUCTS ON ARTIFACTS  

  XRF analysis to determine or characterize the presence of post-depositional 

changes is not reported in the literature. Published articles generally focus on technical 

studies of artifacts to reconstruct compositions or technology or new developments in 

instrumentation and the field. There are isolated instances where portable XRF is used to 

map corrosion surface effects (gypsum crust) on Italian marble sculpture to inform 
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condition and the effectively of treatment methods (Castellano et al. 2006; Diana et al. 

2007). The technique is used with other portable technologies (Raman) providing 

structural information that isolates corrosion products associated with pigment 

degradation on Italian manuscripts (Aceto et al. 2006). Finally, micro-XRF analysis can 

be combined with synchrotron radiation to describe glass corrosion (Kanngeißer et al. 

2008).  

 There is a richer literature associated with the identification of heavy metal residues 

associated with preservation treatments of organic materials. These methods depend on 

relating a measured value of heavy metals to human health (Odegaard et al. 2006; Seifert 

et al. 2000; Sirois and Sanscoucy 2001). They also investigate problems associated with 

meaningful data interpretation that can be used by interdisciplinary partners involved in 

research including conservation scientists, medical doctors, Native American populations 

and scientists. 

  The use of portable instruments generally focuses on identification of materials 

and methods of manufacture, as well as the development of instrumentation for cultural 

heritage materials. Research rarely uses the technique to characterize post-depositional 

changes or curatorial/preservation actions. The use of portable XRF to interpret post-

depositional products on ceramics represents an innovative project that relates 

composition to visual morphologies to interpret degradation. 
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CONCLUSION 

 XRF analytical techniques provide elemental compositional information that is 

extremely useful for analysis of cultural heritage materials. In particular, portable XRF 

technologies enable the efficient collection of data in real time that is completely non-

destructive and can be conducted in situ on the artifact. Compositional studies using 

portable XRF instrumentation have successfully addressed broader questions about the 

past and minimized the degree/effect of known sources of error- particularly when data 

interpretation is conducted within the context of multiple lines of evidence. Conservation 

science methodological approaches to the analysis of cultural heritage materials that 

integrate scientific investigation within the sphere of cultural and ethical bodies of 

knowledge strengthens the reliability of artifact interpretation and contributes to a variety 

of fields of inquiry.  
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CHAPTER 4. BULK COMPOSITION: PORTABLE XRF ANALYSIS OF CHINESE 

COINS 

Portable XRF instrumentation is a non-destructive analytical method used in 

conservation science research to collect elemental compositional data from 

archaeological and historic metals. The technique is used to measure bulk alloy 

compositions and layered structures, identify corrosion products, as well as collect semi-

quantitative/quantitative data. Bulk analytical methods relate the size and relative 

amounts of particles in a volume in order to characterize representative material 

composition. Routine bulk compositional examination facilitates the identification of 

non-original components and specific deterioration mechanisms. While XRF does not 

identify microstructure and elemental sampling volumes may not reflect homogenous 

composition, the technique is still used successfully to provide insight into artifact 

composition and preservation.  

Portable XRF analysis of a collection of Chinese coins from the Arizona State 

Museum provides non-destructive data that is used to reconstruct material manufacturing 

technologies and provide insight into artifact interpretation. Non-destructive conservation 

science research, characterizing artifact composition and manufacturing parameters, 

contributes to object interpretation and provides critical information that enable more 

nuanced understanding of object condition and preserved corrosion layers, as well 

identifies non-original repairs/elements, detects forgeries and predicts burial environment 

conditions. 
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INTRODUCTION 

Coins are valuable, portable artifacts that are often recovered from contexts other 

than their original burial environment. Coins are found all over the world, whose small 

size and visual features make them popular artifacts to collect. As a result, coins are 

easily recovered and removed from archaeological burial environments in order to meet 

current collecting practices. Interpretation of alloy composition, corrosion products and 

deterioration mechanisms provide important details regarding specific burial 

environments that reflect current preservation and condition. This case study focuses on 

the relationship between coin bulk analyses, technology, cultural innovations and artifact. 

Furthermore, elemental data is compared to microstructural information to reconstruct 

elements of manufacture and provide insight into artifact preservation through 

reconstruction of the artifact life following discard and deposition. This research is 

unique because it integrates technical information with materials and culture, while 

facilitating preservation through the use of non-destructive methods.  

Deterioration mechanisms and rates directly relate to object composition, 

microstructure and environment. For metals, structural phases corrode at different rates 

due to specific moisture, temperature and pH thresholds and can be predicted using 

Pourbaix diagrams. Pourbaix diagrams relate electrochemical potential, ε, (V) to pH in 

order to characterize possible stable equilibrium phases of an aqueous electrochemical 

system (Scott 2002). Pourbaix diagrams are extremely useful tools that can be used to 

interpret elemental compositional data and predict object condition and corrosion. 

Instrumental characterization of archaeological artifact composition and microstructure is 



 
 

 
                                                                                                                                       134 

dependent on sample crystallinity and homogeneity. The ability to sample for destructive 

techniques and/or availability of appropriate sites for in situ analysis play a role in 

determining feasible analytical options. Several methods are used in tandem to obtain a 

broader range of data for interpretation. This is most important for objects where 

destructive sampling is not possible. In these cases, portable XRF, or other non-

destructive technologies, is used to reconstruct composition, microstructure and material 

properties. For the analysis of archaeological metals, portable XRF elemental data must 

be related to alloy microstructure in order to actually reconstruct bulk alloy composition 

and the presence of corrotion. Comparison of compositional portable XRF information 

with tangible and intangible data, including conservation, cultural, historic and political, 

and scientific knowledge, provides a analytical approach used to study cultural materials. 

Conservation science analytical approaches will utilize one or more non-

destructive, minimally invasive or destructive techniques to obtain a suite of 

compositional and microstructural data. The utility of non-destructive methods is directly 

related to the ability to derive meaningful conclusions from data. This information must 

reflect chemical, physical and cultural properties of objects including composition, 

microstructure, density, color, luster, technology, use-wear, meaning and symbolism. 

Portable XRF technologies produce elemental compositional data. The correspondence 

between alloy composition and structure is usually accomplished through direct 

comparison of microstructural analyses and elemental composition. Sampling is not 

always feasible due to object condition and curatorial concerns, which can make 

micrstructural analyses difficult or impossible. However, significant and valuable 
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conclusions and inferrences about composition and structure can be made through 

interpretation of published scientific, cultural, archaeological and conservation reports. 

Archaeological objects are produced in environments where raw material and 

techological resources are influenced by culturally accepted technological methods that 

may not reflect desired engineering material properties. Lechtman (1984) and Hosler 

(1988) produced early metallurgical studies that relate color and culture directly to copper 

technological development in Peru and Mexico. Interpretation of artifact composition and 

structure must be conducted within the context of associated archaeological, 

conservation, curatorical, historic and scientific information.   

 The analysis of metal coins has a long history in the scientific, archaeological and 

conservation literatures. Coins, as discrete artifacts, are often associated with precisely 

dated circulation periods indicated by numismatic features including effigies and text. 

Identification of composition imparts information regarding metal technological 

developments including ore processing, as well as smelting and alloy manufacture- all of 

which reflect coin physical and chemical properties. In cultures where coinage is utilized, 

large numbers may be recovered from a variety of archaeological contexts.  

Chinese coins were produced in large numbers for over 2000 years and many 

archaeological samples are preserved in object collections all over the world. As a result, 

an extensive body of numismatic and scientific knowledge is associated with Chinese 

coinage. This body of data reflects the vast numbers of coins produced, as well as the 

influence selection/control of coin composition has on preservation and condition. The 

earliest textual references to numismatics investigations date to AD 5th – 6th centuries 
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(Zhao 2005: 95). Critical evaluation of portable XRF technologies and associated 

methods of data interpretation is possible given the volume of published information 

associated with Chinese coins. This case study reports on compositional analysis of a 

group of Chinese coins in the collections of the Arizona State Museum (ASM), The 

University of Arizona (UA). Comparisons between destructive and non-destructive 

analyses are made within the context of object interpretation, using materials science and 

technological information, as well as condition and conservation data.  

 Chinese coins have been produced for over 2000 years and large numbers survive 

in a number of geographic locations all over the world (Akin 1992; Cribb and Potts 1996; 

Farris 1979; Lister and Lister 1989; Olson 1983). Analysis described in this study focuses 

on a group of coins in the Arizona State Museum and private collections. During the 

1960’s and 1970’s, a large group of Chinese coins (n = 126) were excavated from the 

Chinese barrio in Tucson, Arizona. Recovered by the Tucson Urban Renewal 

Archaeological project (TUR), the majority of coins are Chinese in origin- though 

Japanese and Vietnamese issues are identified. The coins predominantly date to the 18th –  

20th centuries and remain a cohesive artifact assemblage associated with an emigrant 

population. These coins form the data set for which this case study reports analysis. 

Historically, Chinese immigrants are first documented in southwestern Arizona 

after the mid-1870s just prior to the arrival of the railroad (Lister and Lister 1989). 

However, they have remained a minority in Tucson’s ethnic community since the 19th 

century. In spite of this, Chinese coins are recovered from a variety of sites in Arizona 

and California (Akin 1992; Farris 1979) confirming their cultural significance. The 
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persistence of large quantities of East Asian currencies in the American Southwest attests 

to their continued importance as tokens of exchange - serving to strengthen traditional 

cultural bonds amongst migrants (Akin 1992; Farris 1979; Lister and Lister 1989; Olson 

1983).  

CHINESE COIN PRODUCTION  

 Chinese coins or cash have circulated as Cu-alloy currency with standard 

numismatic configuration for over 2000 years. The earliest examples date to the Yin-

Shang period prior to the 11th century BC (Dai and Zhou 1993: 211) (see table 4.1 for 

Chinese dynastic chronology). Traditionally, Chinese coins use the banliang format, 

which is characterized by a circular coin with square central hole (figure 4.1). The Qin 

emperor was the first to approve the format during his reign in the early 3rd – 2nd century 

BC (Wang 2007: 82). Banliang coins record production information including the date 

and location of coin issue. There are generally four characters on the coin obverse 

describing reign date and identifying the coin as tongbao, yuanbao or xinbao (Wayman 

and Wang 2003). These characters translate as circulated treasure, first treasure or new 

treasure (Wang 2007). The reverse of banliang coins register information about the reign 

year and/or mint location of production (Wayman and Wang 2003: 69-70).  

The influence of Chinese coinage and composition on other East Asian countries 

is evident in the widespread adoption of the banliang form during their period of 

production. Cast Cu-alloys typify preserved cash coins and production is remarkably 

consistent over two millennia. Changes in composition, including the presence of 

additives and impurities, successfully characterize temporal developments in refining and
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Dynasty / Republic Reign Period 
Qin Dynasty 221 BC – 206 BC 
Han Dynasty 206 BC – AD 220 
Western Han 206 BC – AD 9 
Xin Dynasty AD 9 – 23  
Eastern Han Dynasty AD 25 – 220  
Three Kingdoms  AD 220 – 265 
Western Jin Dynasty AD 265 – 317 
Eastern Jin Dynasty AD 317 – 420  
Southern and Northern Dynasties AD 420 – 589  
Sui Dynasty AD 581 – 618  
Tang Dynasty AD 618 – 907  
Five Dynasties and Ten Kingdoms AD 907 – 960  
Northern Song Dynasty AD 960 – 1127  
Southern Song Dynasty AD 1127 – 1279  
Liao Dynasty AD 916 – 1125  
Jin Dynasty AD 1115 – 1234  
Yuan Dynasty AD 1271 – 1368  
Ming Dynasty AD 1368 – 1644  
Shun Dynasty AD 1644 
Qing Dynasty AD 1644 – 1911 
Empire of China AD 1912 – 1916  
Chinese Republic AD 1911 – 1949  
 
Table 4.1: Chronology of Chinese dynasties and Chinese Republic 
 

 

 
Figure 4.1: Qing coin with typical banliang format from collections of the Arizona State 
Museum (ASM A-49215). Photograph by author. 
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smelting technologies, fluctuations in ore availability, as well as the influence of political 

and economic events (Bowman et al. 1989; Cowell et al. 1993; Dai and Zhou 1992; 

Hartill 1988 and 1991; Wayman and Wang 2003; Zhou and Fan 1993). These trends 

reflect similar compositions identified in contemporary East Asian coinage (Gaines et al. 

2007; Misner et al. 2002). 

CHINESE COIN ALLOYS  

 Cu-alloy coin compositions are typically Sn-bronzes and Pb-Sn bronzes, which 

dominate until the 16th century. Politcal events and technological advancements 

precipitated large scale zinc refining and smelting technologies to produce high zinc brass 

alloys (Bowman et al. 1989; Cowell et al. 1993; Dai and Zhou 1992; Zhou and Fan 

1993). These metallurgical developments enabled the production of brass coins with zinc 

content exceeding 28% and resulted in improvements in coin strength and alloy 

resistance to corrosion (Bowman et al. 1989; Cowell et al. 1993; Dai and Zhou 1992; 

Zhou and Fan 1993, 1994). While Cu-alloys dominate Chinese coinage, examples of cast 

Fe- and Zn-alloy coins are recorded in historic documents and examples have been 

excavated and analyzed. In general, cheaper alloys were substituted for Cu-cash during 

periods of rapid commercial expansion that required large influx of currency into China’s 

economic system (Wayman and Wang 2003: 69). Coins were the predominant form of 

currency until the Yuan Period (1271 – 1368 AD) when paper money was introduced 

(Zhou and Fan 1993: 318). This innovation led to an overall decrease in coin production 

and circulation, the banliang format continued in use until the beginning of the 20th 

century.  
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 Large-scale government controls supported manufacture of coins for domestic 

and international markets (Cribb and Potts 1996: 109). Cultural and visual meanings 

associated with banliang coins translated across cultural and geographic regions. The 

format and cast technological methods were utilized by most East Asian civilizations. 

Han court records indicate that official cash production exceeded 28 billion between 206 

BC – AD 220 (Zhou 2005: 95), while coin production is projected at over 154 billion 

during the Song period (960 – 1125 AD). Golas and Needham (1999) estimate that a 

minimum of 380,000 tons of copper was needed to support coin production on this scale 

during the 11th – 12th centuries. Banliang coin production steadily decreased following 

the Yuan period.  

Government controls were strict and established laws proscribed coin 

composition and defined accepted material resources and additives (Hartill 1988, 1991: 

Sung 1966). The demands for copper ore were critical for coin production. Brass coins 

replace bronze cash during the mid-16th – early 17th centuries. Fluctuating Cu-availability 

was a factor in the political decision to restrict legally coin production to brass 

compositions during the 16th century. This development is associated with discovery and 

adoption of metallic zinc speltering technologies (Bowman et al 1989; Dai and Zhou 

1993; Zhou and Fan 1993). Machine struck technologies and circular coin formats are not 

used for production until the early 20th century (Zhou 2005).  

The government monitored access to raw materials through specification of 

accepted alloy compositions and production techniques (Bowman et al. 1989; Hartill 

1995; Sung 1966). There was extensive bureaucratic controls over the number and 
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location of mints within the empire (Sung 1966). In spite of the heavy regulation, there is 

ample historic and analytical evidence for metal recycling, deliberate coin debasement 

and forged cash production (Bowman et al. 1989; Cowell et al. 2005; Sung 1966; 

Wayman and Wang 2003). In 1637, Sung Ying-Hsing observed that color and weight 

properties differentiate debased and forged coins from official cash. Analytical data 

confirms evidence of these practices through identification of random concentrations of 

lead, tin and other elements that reflect recycled metal in production (Bowman et al. 

1989: 29). Evidence for coin debasement includes the deliberate additions of cheaper 

metals such as lead in concentrations exceeding 30 – 40 % (Misner et al. 2007). Debased 

coins exhibit dramatically decreased performance characteristics due to the excessive 

addition of metals resulting in unfavorable alloy compositions. The identification of 

particular physical and chemical features suggest the existence of forged coins (Dai and 

Zhao 1993; Misner et al. 2007). These coins typically have irregular compositions with 

high concentrations of cheap metals including zinc and iron, as is indicated by Sung 

Ying-Hsing’s comments. Obscured cast features also play a role in identifying forged 

coins. The presence of specific corrosion mixtures can identify modern forged coins 

(Tang et al. 2003). 

 There is textural and chemical evidence for government sanctioned coin 

production using non-Cu alloys. The use of Fe- and Zn-alloys for coin production reflects 

market demands for increased coinage circulation. Fe- and Zn- ores are substantially 

cheaper to refine/produce and helped to reduce coin production costs. In 1637, Sung 

Ying-Hsing (1966: 169) suggests that Tang dynasty (AD 618 – 917) emperors first 
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minted iron coins. However, there are numerous examples of Fe-coins that date to the 

Han period (206 BC–AD 220). Fe-alloy coin production is most commonly associated 

with the Song dynasty, but their production continues into the Qing period (1644 – 1911). 

Scholars report high-Zn alloy coins during the Ming (1368 – 1644) and Qing dynasties 

(Leeds 1955). The introduction of these coin compositional alloys is directly related to 

technological and political events associated with the discovery of zinc speltering 

methods (Cowell et al. 1989; Zhou and Fan 1993).  

Cast cash using non-Cu alloys are generally inferior in appearance and 

performance characteristics. Fe-alloys are characterized by high gas porosity and exhibit 

extreme shrinkage during solidification. These properties result in poor retention of cast 

features on coins (Bronson 1991). High-purity Zn-alloys do not exhibit a similar 

reduction in casting properties, but their production requires stricter furnace temperature 

and environmental controls during manufacture (Craddock 1995). Both Fe- and Zn-alloy 

coins exhibit extreme brittleness and poor durability. Iron coins are more susceptible to 

environmental conditions and corrosion (Bronson 1991; Wayman and Wang 2003; Scott 

and Eggert 2009). The relative decrease in physical properties substantially limits 

circulation time of these alloys. Increased technical knowledge and control is required for 

Zn-alloy coin production. The use of either Fe- or Zn-alloys for coin manufacture results 

in an overall reduction of desired performance characteristics and visual qualities. 

However, the need to support economic trade in domestic and international markets 

offset any disadvantages associated with the use Fe- and Zn-alloys for coin production 

(Wayman and Wang 2003).  
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 Intense numismatic and scientific research is associated with Chinese coin 

production and circulation. Examples are found all over the world and provide dated 

evidence of trade and migration (Akin 1992; Cribb and Potts 1996; Farris 1979; Lister 

and Lister 1989; Olson 1983). Technical examination of preserved coins helps to 

characterize the development and chronology of ore refining, smelting and manufacturing 

technologies in the region. Study of Chinese coin compositions and technologies 

contribute to understanding the development of regional metallurgical practice. Chinese 

coins served as currency in East Asia and heavily influenced coin style, composition and 

manufacturing methods used during the period. Furthermore, study of coin currencies 

contributes meaningfully to reconstructions of past political and economic events. Coin 

compositions reflect variations in resource procurement, technological controls 

maintained during manufacture, as well as provide evidence of metal recycling, coin 

debasement and forgeries. Identification of manufacturing processes through 

characterization of alloy composition provides insight into Cu-, Fe- and Zn- corrosion 

mechanisms produced in a variety of burial environments. 

ORE REFINING AND SMELTING TECHNOLOGIES  

 The manipulation and use of Cu-, Zn- and Fe-alloys has a long history in China. 

Bronze metallurgy dates to the second millennium BC in northern China, while brass 

production is introduced 1000 years later (Su 2003). Sophisticated high-temperature iron 

metallurgy technologies developed by 500 BC (Scott and Eggert 2009). Early bronze 

production smelted ores containing advantageous mixtures of copper, tin and lead (Golas 

and Needham 1999). Following this accidental discovery, metalworkers realized the 
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importance of bronze alloys properties. Early cast iron artifacts utilized nearly pure 

meteoric iron (iron with nickel, or, Fe-mineral composites), while later production used 

sophisticated firing conditions to produce cast iron with increased strength (Scott and 

Eggert 2009). The complexity and technical knowledge required to successfully 

manipulate cast iron and zinc metallurgical techniques reflects intense experimentation 

and observation of material properties (Craddock 1995; Golas and Needham 1999; Scott 

and Eggert 2009).  

Chinese mineral resources played a role in the development of its metallurgical 

traditions. The vast majority of China’s rich mineral deposits are located in Yunnan, 

western Hubeh/Hunan and northern Kiangsi (Golas and Needham 1999: 54-6) (figure 

4.2: see zones 10, 11 and 15). Due to associated Paleozoic limestone geology, metallic 

ores are particularly rich in Yunnan. Extensive Fe-, Cu-, As-, Sn-, Sb-, Pb-, Bi-, gypsum 

and coal deposits are found throughout the province (Golas and Needham 1999: 56). The 

presence and type of rich mineral resources facilitated and influenced the development of 

ore refining, smelting and casting technologies.  

COPPER DEPOSITS AND BRONZE PRODUCTION  

Most Chinese copper resources are secondary deposits that incorporate soil and 

bound water. Produced by ground water, air and ferric salt oxidation, these shallow 

deposits are unstable and extremely soluble (Golas and Needham 1999: 370). The 

Chinese referred to these deposits as vitriol waters and vitriol earth (Needham 1980: 

202). Wet cementation techniques were used to reduce vitriol waters in the presence of 

iron ores to a produce a copper sulfate (blue vitriol) powder used to make Cu-metal
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Figure 4.2: Map of China’s mineral resources. Reproduced from Map 2, Golas, P.J., and 
Needham, J. Chemistry and chemical technology. Part 13. Mining. Science and 
Civilization in China, Volume 5, Part 13. Cambridge University Press, Cambridge, 
England (1999). Reprinted with permission of Cambridge University Press. 
 

(Golas and Needham 1999). Ore refining and wet cementation techniques were in use 

since the Han dynasty to purify copper ores for metallurgical applications (Needham 

1980). The use of secondary copper resources introduced iron impurities and made direct 

smelting unfavorable for most casting technologies. Cu-cementation processes were 

refined and formalized during the Song dynasty and continued in use until currency 

changes reduced the demand for copper metal (Golas and Needham 1999: 384).  

ZINC DEPOSITS AND BRASS PRODUCTION  

The Chinese utilized brass metallurgy in metal production since 1000 BC (Su 

2003). Early brass production relied on Cu-cementation, until the 16th – 17th centuries 

when Zn speltering techniques were discovered (Cowell et al. 1989; Zhou and Fan 1993). 
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Brass production via cementation processes required strict technological controls due to 

similarities in zinc (907° C) and copper (1083°C) boiling points. The technique depended 

on sustained production and dissolution of zinc vapor into copper melts to create brass in 

the solid state. This is achieved at closed furnace temperatures between 900 – 1000° C 

(Craddock 1995). If temperatures exceed 1000°C, zinc vapors react with atmospheric 

CO2 to form zinc oxides, or, escape into the environment (Golas and Needham 1999). 

Cementation reactions used calamine (smithsonite, ZnCO3) or sphalerite (zinc sulfides, 

ZnS2) ores to produce brass alloys. Concentrations of up to 28% zinc in brass alloys are 

feasible using this technology (Craddock 1995: 294; Golas and Needham 1999: 137). 

Early brass compositions incorporated iron impurities, introduced through the 

cementation process and increased alloy brittleness and decreased the metal’s cold 

working utility (Craddock 1995). 

Zinc’s oxidation properties and low boiling point make isolation of pure metal 

difficult.  The production of high-purity zinc is dependent on a complex process of 

reduction, distillation and condensation that required strict control of furnace 

temperatures and environments (Cowell et al. 1989; Craddock 1995; Dai and Zhou 1993; 

Golas and Needham 1999). The process was not used in China until the mid 16th – early 

17th century, which is confirmed in analyzed coin compositions (Cowell et al. 1989; Zhou 

and Fan 1993). The majority of analyzed objects do not have zinc content greater than 

28% and there is extreme variation due to zinc vapor loss during production. While there 

is some disagreement regarding the exact discovery and introduction of speltering 

technologies into Chinese culture, scholars believe brass coin production relied on pure 
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zinc spelters by the mid-17th century (Bowman et al 1989; Dai and Zhou 1993; Zhou and 

Fan 1993). 

BRONZE AND BRASS ADDITIVES  

Chinese Cu-alloy metallurgical traditions relied on additives to improve casting 

properties and alloy performance characteristics. Due to their availability in large 

quantities and ease of refining, arsenic, tin, antimony and lead were commonly used to 

manipulate bronze casting properties. Sources of arsenic include bisulfide realgar (As4S2) 

and trisulfide orpiment (As4S3). Abundant tin resources are concentrated in relatively 

pure secondary cassiterite (SnO2) deposits with minor sulfur contaminates in various 

locations around the country. Lead is typically recovered from litharge (PbO) ores, while 

antimony is generally mined from deposits in Yunnan province (Golas and Needham 

1999). Based on intensive observation and experimentation, the discovery of the additive 

effects on alloy properties was critical to developing Cu-alloy technologies. These 

properties are discussed in further detail in later sections. 

IRON DEPOSITS AND ALLOY PRODUCTION  

Iron production relied on refining of available Fe-ore mineral resources. Early 

cast iron artifacts utilized meteoric iron, while later iron production utilized a variety of 

available iron ores including magnetite (Fe2O4), hematite (Fe2O3), limonite 

[FeO(OH)·nH2O] and carbonate-siderite [(Fe,Ca)CO3] (Golas and Needham 1999). These 

mineral resources influenced the trajectory of metallurgical developments, as metallic Fe 

is only produced in reduction environments. Refining and smelting technologies are 

dependent on ore reduction in the presence of CO, where: 232 3CO2Fe3COOFe +→+ . 
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This reaction will not occur unless furnace temperatures reach 800°C (Scott and Eggert 

2009). Successful cast iron production requires alloy decarburization through reduction 

of carbon content to improve casting and alloy properties (Wayman and Wong 2003). 

Scholars indicate that Chinese metalworkers achieved these compositions through use of 

available S-containing coal and coke fuels, which produced high-temperatures during 

production (Scott and Eggert 2009).  

Chinese copper, zinc and iron metallurgical traditions were complex, rich and 

dependent on strict technological control. Techniques used to refine, smelt and cast ores 

relate to the type and abundance of mineral deposits available to metalworkers. 

Developments in technologies were quickly adapted for large-scale production of cash 

coins. Temporal changes are discerned from compositional and microstructural analyses 

of coin alloys and identification of corrosion products. Research relates cultural 

achievement to technology and offers insight into object interpretation and preservation. 

COIN MANUFACTURING PROCESS  

 Coin manufacturing technologies remained consistent and relatively conservative 

for over 2000 years. Cash coins were cast in large numbers using two-piece mold 

systems. The earliest excavated coin molds recovered from archaeological contexts date 

to 600 BC (figure 4.2). Master and “mother” coins, supplied by the approved mints, 

supported large-scale casts of 50 – 100 coins at a single time on “coin trees” (Bowman et 

al. 1989; Cowell et al. 1993). Numerous Chinese authors describe the coin casting 

process. Sung Ying-Hsing, who published the T’ien-Kung K’ai-Wu, or The Creations of 

Nature and Man in 1637, explains and illustrates mining and metal refining techniques of 
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Figure 4.3: Repaired coin mold from Qin period (221 – 206 BC). Line drawing after  
figure 75 from Wang, H. Qin coins. In The First Emperor: China’s Terracotta Army. Ed. 
Portal, J., and Kinoshita, H. The British Museum Press, London (2007), 80-82. 
 

coins among other metal artifacts. Casting methods were relatively simple and required 

little technical knowledge. Furthermore, the empire retained control over banliang 

format, coin chemical composition, and the location of provincial mints. Often, the Board 

of Revenue Mint or Board of Works Mint in Beijing administered coin design, 

composition and production, and was responsible for disseminating master and mother 

coins to mints (Hartill 1991: 86; Sung 1966: 165). This enabled bureaucratic control of 

large-scale cash production for the entire empire.  

 Coin  casting techniques were suited for mass production of low value base-metal 

coins (Cowell et al. 1989). Two-part coin molds (figure 4.3) were made from a wooden 

frame packed with investment. The investment consisted of a mixture of fine sand, 

charcoal and organic binder (Sung 1996: 165; Bowman et al. 1989: 25).  Mother coins, 
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manufactured from a pure copper master administered by the empire, were pressed into 

the packed investment to create a pattern of 50-100 coins on the mold surface (Hartill 

1991). The opposite coin surface was recorded by placing a second mold frame packed 

with investment over the arranged mother coins (Bowman et al. 1989). Large-scale 

production depended on a series of interrelated mold layers (Sung 1966). Once the mold 

boxes were completed, surfaces cleaned and gating systems (channels, sprues, central 

runnel and ingates) added to facilitate melt flow during casting (Wayman and Wang 

2003). Molds were fired and fixed together vertically to facilitate the casting process 

(figure 4.4).  

Using recipes dictated by the government, alloy materials were prepared, melted 

in crucibles and poured into coin molds. Following casting and cooling, the cash tree was 

separated from the mold and coins removed. Coin edges were cleaned by stringing 

several hundred coins on a bamboo stick and edges were filed (figure 4.5). Coin finishing 

was not always consistent and there is evidence of gating systems preserved on some coin 

edges (Wayman and Wang 2003). Removal of these production features is not possible 

for cast Zn- and Fe-coins characterized by extreme hardness and brittleness. Hartill 

(1988) reports many iron coins with vestiges of the casting process preserved on edges. 

 There are several problems associated with Chinese coin production. Casting 

methods facilitated the utilization of a single authentic coin master or “mother” coin for 

manufacture, and simplified strategies for forging cash. Repeated use of the cast copper 

master or mother coin resulted in deterioration of design features details over time 

(Cowell et al. 1993; Hartill 1991). This introduced surface wear into as-cast coins. As
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Figure 4.4: Coin casting process. Woodcut reproduced from T’ien-Kung K’ai-Wu, 
published by Sung Ying-Hsing in 1637. 
 

 
Figure 4.5: Coin finishing and removal of gating system following casting. Original 
woodcut reproduced from T’ien-Kung K’ai-Wu, published by Sung Ying-Hsing in 1637. 
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mold construction was not regulated, the government had limited control over coin 

weights and enabled large-scale decreases in production costs through active coin 

debasement (Cowell et al. 1993; Gaines et al. 2007). There are numerous historic 

references to coin debasement practices. Generally, evidence for these practices can be 

reconstructed from artifact bulk composition and microstructure. Abnormally high lead, 

iron and zinc compositions generally reflect mint measures designed to decrease 

production costs. However, the most critical problem associated with Chinese coin 

production was the ease of forgery and difficulties in detecting forged cash (Cowell et al. 

1993; Gernet 1982). Sung Ying-Hsing (1966: 165) reports that “coins [are] easily minted 

illegally.” Political forces reacted by enforcing cessation of coin production and 

circulation in regions around the empire.  

INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: SN 

 Coin production methods required technological knowledge about the suitability 

of specific Cu-alloy compositions. Coin casting utilized two-part molds characterized by 

thermal distributions and quick solidification (Bowman et al. 1983). Successful casting 

required increased melt fluidity to minimize production flaws and prevent quick 

solidification clogging gating systems. Chinese coin production typically utilized bronze 

and brass alloys. Study of phase diagrams help to characterize microstructural properties 

responsible for alloys with good performance characteristics. Phase diagrams relate 

composition to microstructure through characterization of manufacturing properties 

(temperature) and predict the influence of composition or additives on chemical and 

physical properties. The direct alloying of copper and tin will produce bronze metals that 
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have improved strength, corrosion resistance and are better suited for coin manufacture. 

The addition of tin improves alloy strength and minimizes casting flaws by slowing melt 

solidification, decreasing shrinkage and minimizing hydrogen gas absorption (Golas and 

Needham 1999). Metallurgists typically classify bronze alloy compositions based on tin 

content (figure 4.6). Low-Sn bronzes include compositions with tin content below 17%, 

while high-Sn bronzes include alloys with tin compositions greater than 19% (Scott 

2002).  The presence and type of preserved microstructural features, easily distinguished 

through acidic etching, directly relate coin composition to specific manufacturing 

properties.  

 Considerable improvements in casting properties, as well as alloy hardness, 

strength, resistance to corrosion, color and luster, were achieved in alloys with tin content 

higher than 6-7%. For these compositions, cast structures include a copper-rich alpha (α) 

+ intermetallic (Cu31Sn8) delta (δ) eutectoid. Eutectoid structures form when two distinct 

solid phases form in a solid solution (Scott 2002). Bronze eutectoid microstructures result 

in increased resistance to corrosion (see figure 4.6) (Scott 2002). If tin content exceeds 

20%, the δ phase forms around grain boundaries and effectively introduces flaws, 

facilitates crack production and leads to overall decreases in strength and elasticity (Fan 

and Zhou 1993). High-Sn bronze alloys were used in bells and mirror production, as 

these compositions could still be hot-worked/annealed, while still improving performance 

characteristics (Scott 2002: 402). Chinese cash were usually produced using typical low-

Sn bronze compositions in order to maximize coin physical and chemical properties. 
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Figure 4.6: Cu-Sn phase diagram. http://commons.wikimedia.org/file:Diagramme binaire 
Cu Sn.svg Reproduced from Cdang with copyright permission through copyright holder 
image release into worldwide public domain. 
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INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: PB 

 Coin production required substantial fluidity to minimize casting flaws. Due to its 

low melting temperature (327.4°) and high density (11.68 g/cm3), lead additions 

improved melt fluidity, lowered melting temperatures and decreased production costs 

(Bowman et al. 1983; Cowell et al. 1983). Abrasion coefficients decrease in Pb-bronzes 

resulting in improved coin cutting during casting (Dai and Zhao 1993).  Increase in 

fluidity is most marked by alloy compositions with lead up to 3%. Lead concentrations 

higher than 3% will marginally improve casting, as lead has low miscibility in copper 

solutions. Most authors suggest that lead concentrations over 7% were incorporated to cut 

production costs through alloy debasement (Bowman et al. 1983; Cowell et al. 1983). In 

the 12th and 13th centuries, coin manufacturing costs were officially lowered in 

government-approved coin compositions (Cowell et al. 1993). Leaded bronze alloys with 

compositions of lead below 36 % and tin under 20% generally have the best properties.  

INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: ZN 

The production of coin brass alloys was achieved through Cu-cementation and, 

later, zinc speltering technologies. Brass compositions are generally divided into three 

categories, based on the presence of specific phases, and include (a) alpha (α) brasses 

with up to 35% Zn, (b), α + beta (β) brasses with 35% < Zn < 46.6%, and (c) β brasses 

with zinc compositions between 46.6 – 50.6% (Scott 2002) (figure 4.7). If zinc content 

exceeds 50.6%, brass microstructures form the brittle gamma (γ) phase and alloy 

properties are substantially decreased. Brasses, produced prior to the mid-16th – 17th 

centuries, are characterized by fluctuating zinc compositions below 28%. These α brasses 
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have microstructures that incorporate the Cu-rich α phase (typically light grey) in a solid 

Zn-rich β (typically yellow) solution. Alternatively, the α phase is cored causing unequal 

distribution of copper and zinc in a β phase and has no evidence of a eutectoid (figure 

4.8a and 4.8b). Cored α dendrites are produced in low zinc brasses that solidify over a 

range of temperatures where composition gradients exist across the dendrite (Scott 2002). 

When an α composition solidifies over a wide range of temperatures, initial dendrites are 

formed from mostly pure copper α compositions. As the edges of the dendrite solidify, 

the overall composition changes to form a mixture of copper and zinc, which produces β 

infill within the center of the α dendrites. The final cored dendritic structure consists of 

zoned β dendrites with external α infill. This cooling process produces a compositional 

gradient along the dendrite with zero zinc content at the center and highest zinc content at 

the outer edge. α brass working properties improve when cold worked and annealed, but 

coin production typically did not incorporate any post-casting processing beyond removal 

of gating systems.  

Following the introduction of zinc speltering technologies, Chinese metallurgists 

were able to produce α + β brass objects with zinc exceeding 28% (Bowman et al 1989; 

Dai and Zhou 1993; Zhou and Fan 1993) with medium hard strength. These alloys are 

characterized by peritectic structures. Peritectic alloys result when the liquid reacts with 
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Figure 4.7: Cu-Zn phase diagram.  Reproduced from Cdang, 
http://commons.wikimedia.org/wiki/File:Diagramme binaire Cu Zn.svg with copyright 
permission through copyright holder image release into worldwide public domain. 
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Figure 4.8: α brass structures: (a) α brass with α phase (light grey) in β solution (yellow), 
Kang Xi coin (ASM A-49205); (b) α brass with cored α dendrites (tan), Jia Qing coin 
(ASM A-49208). Metallographic images by author. 
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Figure 4.9: α + β brass with red arrows pointing to Widmanstätten structure of fine α 
droplets (light blue) in β grains (yellow), grain twinning suggesting some cold working, 
etched FeCl (A-49166). There is no preserved date or mint information on coin. 
Metallographic by author. 
 

an existing solid phase to form a new solid phase. Essentially, the α solid solution 

separates from the β melt, which becomes substantially more Zn-rich. As it cools, the Zn-

rich liquid reacts with the α solid solution phase to form new β grains. Widmanstätten 

structures will form, where α solids precipitate from β solid grains (figure 4.9) (Scott 

2002).  Widmanstätten structures are characterized by the formation of lamellar, cross-

hatched patterns visible in microstructure. This pattern forms along specific 

crystallographic planes at slow cooling rates. Widmanstätten structures form at slow 

cooling rates where α precipitates out of solution along crystal boundaries forming a 

structure of latticed β dendrites surrounded by α infill (Scott 1991, 2002). However, if α 

+ β brasses are cooled quickly or quenched in water, the alloy microstructure is 
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characterized solely by β grains. Zinc was a cheaper metal than lead making it a good 

substitute for lead, while retaining similar alloy properties (Dai and Zhou 1993: 187).   

INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: FE 

Iron alloys were used, as low-cost alternative in times of economic stress. Typical 

irons alloys have carbon compositions between 2 – 5 %. They are easily cast because low 

furnace temperatures between 1100 – 1200°C are needed (Scott and Eggert 2009: 25) 

(figure 4.10). Most Chinese iron objects are white cast iron and are characterized by very 

low carbon content with 1% silicon and some manganese impurities (Bronson 1991; 

Scott and Eggert 2009; Wayman and Wong 2003). White cast iron compositions were 

generally used for coins, as these Fe-C alloys are hard, have good wear resistance and 

acceptable casting properties- if phosphorus content is high (Wayman and Wang 2003: 

73). White cast iron microstructures are essentially hypoeutectic where pearlite (αFe and 

Fe3C) forms within a cementite (Fe3C) solution. Wayman and Wang (2003: 7518) refer to 

this phenomenon as a “forced eutectic type where austenite dendrites transform to 

pearlite on cooling, and the matrix precipitates more pearlite on these dendrites, so that 

infill is mostly cementite ‘divorced’ from the second phase” (figure 4.11). White cast iron 

microstructures are brittle and exhibit high shrinkage during solidification making 

retainment of mold features very difficult (Scott and Eggert 2009). Gases have poor 

solubility in iron resulting in microstructural porosity. Preferential corrosion will form in 

cast voids (Wayman and Wang 2003). 

As previous discussion indicates, coin production required technological 

knowledge about the suitability of specific alloy compositions for mold casting 
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Figure 4.10: Fe-C phase diagram.  Reproduced from Cdang, 
http://commons.wikimedia.org/wiki/File:Diagramme fer carbone.svg with copyright 
permission through copyright holder image release into worldwide public domain.
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Figure 4.11: Typical white cast iron microstructure with pearlite (black) precipitated from 
cementite (tan-yellow) matrix, Japanese coin dating to 1714 (ASM 24724-x-6). 
Metallographic image by author.  
 
 
associated with quick solidification (Bowman et al. 1983). Selection of Cu-alloys and 

additives with desired casting properties minimize production flaws, maintain high 

strength and increase corrosion resistance. Manufacture of cast iron coins is associated 

with periods of economic expansion (Hartill 1995). Characterization of specific 

microstructural phases, composition and impurities predicts alloy properties, reconstructs 

specific metallurgical practice including ore refining, casting and metalworking. This 

information contributes to scientific understanding of cultural and technological 

influences on alloy degradation and artifact conservation. Conservation science efforts to 

relate non-destructively obtained elemental data to microstructure also contribute to 

overall object preservation. 
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SCIENTIFIC INVESTIGATIONS OF CHINESE COIN COMPOSITIONS  

 The scientific investigation of coin composition and microstructure imparts 

valuable information regarding metal technological developments associated with ore 

processing, smelting and alloy manufacture. Coins have precisely dated periods of 

manufacture and circulation. Their recovery from archaeological contexts and geographic 

locations provides insight into cultural relationships, as well as political and economic 

events in the past. During the past twenty years, large scale scientific surveys of Chinese 

coins have been published by scholars in China and Great Britain. These studies use a 

variety of destructive methods to relate composition and microstructure to specific 

dynastic periods of production. There is widespead agreement that developing 

metallurgical technologies, availability of resources, and political events influenced coin 

compositions (Bowman et al. 1989; Cowell  et al. 1990; Dai and Zhou 1992, 1993; Hartill 

1991, 1995; Wayman and Wang 2003).   

Currencies, used prior to the Qin dynasty, differ significantly in shape and 

chemical content (Dai and Zhou 1992) from the typical banliang coin format. Following 

adoption of the banliang format in the 3rd century BC, leaded bronze coins were 

circulated up until the Song period. Early Qin and Han coin compositions were made 

with wide variations in copper, lead and tin composition. They reflect the lack of early 

government standardization of coin composition and weight (Cowell et al. 1990). The 

adoption of bureaucratic controls standardized manufacture and led to the practice of 

publishing imperial coin compositions in contemporary publications of Chinese history 
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(Dai and Zhou 1992). Scholars use these documents to reconstruct  economic and 

political influences on coin composition.  

Leaded brass alloys continued to be used for coin manufacture until technological 

advances and changes in natural resource availabily initiated alloy changes. Low-Zn 

brass compositions are used predominantly for Chinese cash following the Song dynasty 

(Bowman et al. 1989; Cowell  et al. 1990; Dai and Zhou 1992, 1993; Golas and Needham 

1999). The mid-16th – early 17th centuries mark the use of high-Zn brass compositions. 

(Cowell  et al. 1990; Dai and Zhou 1992, 1993). Coin production and manufacture was 

monitored by the government and compositions reflect both metallurgical tradition and 

political events for over 2000 years.  

SONG DYNASTY COIN PRODUCTION 

Scholars agree that coins produced during the Song period reflect a high degree of 

technical proficiency. Dai and Zhou (1993: 317) publish Song coin compositions that 

reflect alloy proportions specifically chosen to achieve the lowest melting point for the 

Cu-Pb-Sn system. This composition (64.4% copper; 25.6% lead; 8.9 % tin) was efficient, 

easy and inexpensive means to produce coins with a high degree of hardness and 

resistance, and which reflect government coin compositional edicts (Dai and Zhou 1993). 

However, research by Misner et al. (2007) suggests that greater variation exists in Song 

coin compositions than previously reported. Their analyses, collected from over 200 

Song coins, document significant variation in alloy composition that appears to reflect 

reign changes from emperor to emperor. Misner et al. (2007) suggest these compositional 

trends indicate far less control in coin technology and production than previously 
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reported in the literature. Unfortunately, the authors fail to mention that adoption of metal 

recycling or the specific mineral resources available to mints could contribute to reported 

compositional variations. 

Leaded bronze coins were produced into the Song period. During this period, 

Wayman and Wang (2003) report cast iron coins usage in localities where copper 

resources were restricted. Iron coins generally are compositions that can form two 

different white cast iron microstructures. There is no visible graphite, which generally 

indicates grey cast iron compositions. The authors describe two basic iron coin 

microstructures including ledeburitic and divorced eutectic structures. Ledeburitic 

compositions (α Fe + FeC3), characterized by low phosphorus, silicon, sulfur, high 

carbon, form structures with mixed cementite-austenite eutectic phases (Wayman and 

Wang 2003: 11). Divorced eutectic microstructures are produced using cast iron 

compositions with high phosphorus, silicon, sulfur and low carbon. Wayman and Wang 

(2003) hypothesize that microstructural differences relate to the availability of fuel 

sources near mint production sites. Coin manufacture, produced at Southern mints, used 

charcoal and produced coins are typified by divorced eutectic structures. Sulfur 

containing coke and coal fuels were available in northern Chinese mints, where 

ledeburitic structures are associated with analyzed coins. 

MING DYNASTY COIN PRODUCTION 

Coin production during the Ming dynasty reflected a variety of important 

technological changes to the Chinese currency system. Cash production and circulation 

slightly decreased during this period, as Ming emperors continued to issue paper money- 
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a Yuan innovation (Dai and Zhou 1992; Zhou and Fan 1993). More importantly, through 

general reforms in minting, the Chinese government stipulated the exclusive use of brass 

compositions for coins produced during the reign of Jia Qing (1522 – 1566 AD) 

(Bowman et al. 1989; Cowell  et al. 1990; Dai and Zhou 1992, 1993; Zhou and Fan 

1993). This practice was maintained up until the early 20th century. Generally, coin 

compositions from this period reflect the adoption of brass alloys and are characterized 

by Cu/Zn compositions around 60/30 with fluctuating lead content and minor tin present 

in minor amounts. Significant variations in brass composition are reported by all scholars. 

The progressive use of lead during this period may reflect cost savings through recycling 

of leaded bronze coins during this transition (Bowman et al. 1993). Coins, produced 

during the Ming dynasty, have relatively high iron, which suggests the continued use of 

Cu-cementation production methods or the introduction of iron through recycling of 

leaded bronze coins produced using Cu-cementation during manufacture. 

Fluctuations in Zn-brass content are tied directly to historic and numismatic 

events including the adoption of high Zn-brass compositions. There is some disagreement 

over the exact moment when zinc spelters are introduced into Chinese coin production. 

Dai and Zhou (1993: 319) suggest that compositional fluctuations in coin compositions 

reflect the use of copper smelted twice using calamine ore during cementation. Brass 

coins, dating to the Ming dynasty, have high fluctuating iron contents, which is believed 

to be introduced through use of Cu-cementation technologies. Alternatively, Bowman et 

al. (1993: 29) hypothesize that metallic zinc spelters were used in production by 1520. 

They suggest that compositional fluctuations reflect inconsistent use of technology and/or 
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recycling of bronze coins. In spite of this, Bowman et al. (1993), Dai and Zhou (1992, 

1993) and Zhou and Fan (1993) agree that brass compositions stabilize by 1621 AD 

indicating routine use of metallic Zn in coin production. 

 
Qing Emperor  Reign Period 
Shun Zi 1644 – 1662 
Kang Xi 1662 – 1722 
Yong Zheng 1722 – 1735 
Qian Long 1735 – 1796 
Jia Qing 1796 – 1821 
Dao Guang 1821 – 1851 
Xian Feng 1851 – 1862 
Tong Zhi 1862 – 1875 
Guang Xu 1875 – 1908/11  
 
Table 4.2: Qing Dynasty timeline 
 
QING DYNASTY COIN PRODUCTION 

Banliang coins produced during the Qing dynasty (table 4.2) are exclusively brass 

compositions. Color and weigh qualities were important and there is textual evidence that 

the public could discern these differences. High-Zn brass coins are produced exclusively 

during the Qing dynasty. Color and weight qualities were of considerable importance and 

coins with relatively high Cu/Zn ratios were less highly valued and considered to be 

inferior (Cowell et al. 1993: 189). During this period, forgeries generally are produced 

using equal amounts of copper and zinc (Cowell et al. 1993: 189). Fluctuations in 

analyzed coin composition are related to political and historical events. Early Kang Xi 

(1662 – 1722) coins compositions are characterized by relatively low zinc and high lead 

and tin content, while most trace elements are high reflecting compositional continuity 

from the preceding Shun Zi period (1644 – 1662) (Cowell and Wang 2005). Higher zinc 

content (40%) corresponds to coin production during the middle Kang Xi, when the 
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government legally stipulated that official coin compositions would switch from 70/30 

Cu/Zn to 60/40 Cu/Zn in 1683-4 (Cowell and Wang 2005: 86). During this period, the 

government levied stiff penalties for the use of local copper mineral resources, as Chinese 

demand for copper was high. Efforts to shift production to use Japanese copper raw 

materials cause a corresponding increase in nickel, antimony, arsenic and cobalt trace 

elements (Cowell and Wang 2005: 87). These trace elements are similar to coins minted 

in Japan during the same period (Cowell and Wang 2005: 86) and reflect changes in both 

historical events and available metal raw materials.  

Qian Long (1736 – 1796) period coins are characterized by leaded brass 

compositions. Lin et al. (1994), using Proton Induced X-Ray Emission (PIXE) analysis, 

report Qian Long coins with leaded brass coins with minor additions of antimony, iron, 

nickel and arsenic. Average Cu/Zn ratios measure between 3.6 – 1.0 throughout the reign 

period, but held a steady ratio (1.6 – 1.9) for over 100 years is reported (Lin et al. 1994). 

Changes in coin composition and numismatic features also reflect mint reforms in 1728. 

Changes in as-cast coin features suggest a chronology for coin types described based on 

sub-division of mint branches. Gaines et al. (2002: 232) observe similar trends in coin 

composition as they relate to mint location. Generally, coins with high zinc were 

produced at mints in southern China (Guilin, Fuijian and Yunnan) (see figure 4.2) and 

lead trace elements were lowest for coins produced at the Beijing mints (Gaines et al. 

2002: 232). 

Compositional analysis of coins reveals trends in composition that reflect 

available mineral resources, and the influence of political and economic events. When 
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Catalog Number Country Coin Date Coin Mint Coin Alloy 
6564-x-1 China 1902-1905 Hu Peh Province low zinc brass 
6564-x-2 China 1902-1905 Hu Peh Province low zinc brass 
6564-x-3 China 1902-1905 Hu Peh Province low zinc brass 
6564-x-4 China 1902-1905 Hu Peh Province low zinc brass 
6564-x-5 China 1902 Kiang-Soo low zinc brass 
6564-x-6 China 1902-1906 Kwang-Tang low zinc brass 
6564-x-7 China 1902-1906 Kwang-Tang low zinc brass 
6564-x-8 China 1906 Yunnan low zinc brass 
6564-x-9 China 1906 Yunnan low zinc brass 
6564-x-10 China 1906 Yunnan low zinc brass 
6564-x-11 China 1906 Yunnan low zinc brass 
6564-x-12 China 1906 Yunnan low zinc brass 
6564-x-13 China 1906 Yunnan low zinc brass 
6564-x-14 Asian unknown unknown silver-copper alloy 
6564-x-15 China 1919 Kwang-Tung silver-copper alloy 
6564-x-16 Asian no date no mint high zinc brass with lead 
6564-x-17 Asian no date no mint high zinc brass with lead 
6564-x-18 Asian no date no mint high zinc brass 
6564-x-19 Asian no date no mint leaded brass 
6564-x-20 Asian no date no mint low zinc brass with lead 
6564-x-21 Asian no date no mint medium zinc brass with lead 
6564-x-22 Asian no date no mint high zinc brass with lead 
6564-x-23 Asian no date no mint high zinc brass with lead 
6564-x-24 China 1903-1906 Chekiang Province low zinc brass 
6564-x-25 China 1900 Hong Kong silver-copper alloy 
6564-x-26 China 1901 Hong Kong silver-copper alloy 
6564-x-27 China 1902 Hong Kong low zinc brass 
6564-x-28 Asian unknown unknown silver-copper alloy 
6564-x-32 China 1902-1905 Hu Peh Province low zinc brass 
24724-x-3 Asian no date no mint high zinc brass 
24724-x-5 Asian no date no mint leaded brass 
24724-x-6 Japan 1714 Mint Jiuman Tsuko iron alloy 
24724-x-24 China no date Mint Boo Ciowan leaded brass 
24724-x-25 Asian no date no mint highly leaded brass 
24724-x-26 Asian no date no mint leaded brass with tin 
24724-x-31 Asian unknown no mint leaded brass 
24724-x-32 China 1880 Tung-Chin Tung Pao leaded brass 
24724-x-33 Japan 1626 no mint info leaded brass 
24724-x-34 Japan 1714 Mint Edo leaded brass 
24724-x-35 Japan 1769 No mint info brass with minor lead 
24724-x-36 China 1900 Hung-Loien Tung Pao (?) leaded brass 
24724-x-37 Japan 1714 Mint Jiuman Tsuhu brass with minor lead 
24724-x-38 Japan 1714 Mint ?Koume Mura brass with minor lead 
24724-x-39 Japan 1714 Mint Edo leaded brass 
24724-x-40 Japan 1714 Mint Osuka leaded brass 
24724-x-41 Japan 1714 Mint Osuka leaded brass 
24724-x-42 Asian unknown unknown low zinc leaded brass 
24724-x-44 China 1890 Mint Boo Guwantung high zinc brass 
24724-x-46 Asian no date no mint highly leaded brass 
24724-x-47 Asian no date no mint leaded brass 
26560 Asian no date no mint high zinc brass 
26757 Asian no date no mint high zinc brass 
A-49163 Japan Japan no mint info leaded brass 
A-49164 China Dao Guang Dongchuan Mint, Yunnan high zinc brass 
A-49165 China Jia Qing illegible high zinc brass 
A-49166 Asian no info no info high zinc brass 
A-49167 China Jia Qing Xi'an Mint Shaanxi high zinc brass 
A-49168 Asian unknown unknown high zinc brass 
A-49169 China Kang Xi Bu high zinc brass 
A-49170 China unknown  illegible high zinc brass 
A-49171 China Kang Xi Board of Revenue Mint, Beijing high zinc brass 
A-49172 China Kang Xi illegible medium zinc brass 
A-49173 China Republic not found on coin brass   

 
Table 4.3: Summary of coins analyzed in case study including artifacts from Arizona 
State Museum and private collections



 
 

 
                                                                                                                                       170 

A-49174 China Kang Xi illegible medium zinc brass 
A-49175 China Kang Xi Board of Revenue Mint, Beijing high zinc brass 
A-49176 China Kang Xi illegible high zinc brass 
A-49177 China Kang Xi illegible high zinc brass 
A-49178 China Dao Guang Guangzhou Mint, Guangdong medium zinc brass 
A-49179 China Dao Guang illegible high zinc brass 
A-49180 Asian unknown unknown high zinc brass 
A-49181 China Guang Xu no mint mark  high zinc brass 
A-49182 China Xian Feng illegible high zinc brass 
A-49183 Asian unknown unknown leaded brass 
A-49184 China Qian Long no mint mark  high zinc brass 
A-49185 China Jia Qing Board of Revenue Mint, Beijing high zinc brass 
A-49186 China Jia Qing Hangzhou Mint, Zhejiang iron alloy 
A-49187 China Guang Xu Guangzhou Mint, Guangdong high zinc brass 
A-49188 China Dao Guang Yunnanfu [Kunming] Mint, Yunnan high zinc brass 
A-49189 China Qian Long Board of Revenue Mint, Beijing high zinc brass 
A-49190 China Xian Feng Yunnanfu [Kunming] Mint, Yunnan high zinc brass 
A-49191 China Qian Long Board of Revenue Mint, Beijing high zinc brass 
A-49192 China Kang Xi Board of Public Works Mint, Beijing medium zinc brass 
A-49193 China Guang Xu Guangzhou Mint, Guangdong medium zinc brass 
A-49194 Japan Japan not found on coin brass 
A-49195 China Jia Qing Board of Public Works Mint, Beijing high zinc brass 
A-49196 China Qian Long mink mark illegible high zinc brass 
A-49197 China Guang Xu Guangzhou Mint, Guangdong high zinc brass 
A-49198 Asia unknown unknown medium zinc brass 
A-49199 China Jia Qing Hangzhou Mint, Zhejiang high zinc brass 
A-49200 China Qian Long Board of Revenue Mint, Beijing high zinc brass with lead 
A-49201 China Kang Xi Ningbo, Zhejiang leaded brass 
A-49202 China Qian Long Guangzhou Mint, Guangdong leaded brass 
A-49203 China Kang Xi illegible mint mark leaded brass 
A-49204 China Qian Long illegible mint mark high zinc brass with lead 
A-49205 China Kang Xi Chengdu Mint, Sichuan ? medium zinc brass with lead 
A-49206 China Qian Long Board of Revenue Mint, Beijing iron alloy 
A-49207 China Jia Qing Baoding Mint, Zhili [Hebei] high zinc brass with lead 
A-49208 China Jia Qing Board of Public Works Mint, Beijing high zinc brass with lead 
A-49209 China Qian Long illegible mint mark high zinc brass with lead 
A-49210 China Kang Xi illegible mint mark high zinc brass with lead 
A-49211 China Jia Qing Hangzhou Mint, Zhejiang high zinc brass with lead 
A-49212 China Kang Xi Board of Revenue Mint, Beijing medium zinc brass with lead 
A-49213 Asia unknown unknown high zinc brass 
A-49214 China Dao Guang Board of Revenue Mint, Beijing high zinc brass with lead 
A-49215 China Kang Xi ?Hangzhou Mint, Zhejiang high zinc brass with lead 
A-49216 China unknown  illegible mint mark medium zinc brass with lead 
A-49217 China Kang Xi Board of Public Works Mint, Beijing? high zinc brass with lead 
A-49218 China Qian Long Board of Revenue Mint, Beijing high zinc brass with lead 
A-49219 China Qian Long Yunnanfu [Kunming] Mint, Yunnan high zinc brass with lead 
A-49220 China Kang Xi Board of Public Works Mint, Beijing? high zinc brass with lead 
A-49221 China Kang Xi Board of Revenue Mint, Beijing medium zinc brass with lead 
A-49222 Vietnam Vietnam no mint mark zinc alloy 
A-49223 China Hong Kong no mint mark brass coin 
A-49224 China Hong Kong no mint mark brass coin 
A-49225 China Guang Xu no mint mark brass coin 
NO 1 China Qing unknown high zinc brass 
NO 2 China Qing unknown high zinc brass 
NO 3 China Qing unknown high zinc brass 
NO 4 China Qing unknown high zinc brass 
NO 5 China Jia Qing unknown high zinc brass 
NO 6 China Qing unknown high zinc brass 
NO 7 China Qing unknown high zinc brass 
NO 8 China Qing unknown high zinc brass 
NO 9 China Qing unknown high zinc brass 
NO 10 China Qing unknown high zinc brass 

 
Table 4.3 continued: Summary of coins analyzed in case study including artifacts from 
Arizona State Museum and private collections
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elemental data is combined wth microstructural analysis, specific features of coin 

production and manufacture are reproduced. Furthermore, reconstruction of these 

elements is critical towards the identification of alloy properties and features that 

influence coin preservation.  

ANALYTIC PROCEDURE  

 Coins from the Arizona State Museum, University of Arizona collections (see 

tables 4.3, 4.6, 4.7) were analysed in order to determine the efficacy of non-destructive 

portable XRF instrumentation, as a tool in answering archaeometric and archaeological 

questions. In order to relate XRF sampling volumes to microstructure, portable XRF data 

is compared to metallographic microstructural analyses. Electron microprobe analysis is 

used to characterize the relative size of analytical sampling volumes used during XRF 

analysis. Initial experiments were conducted to compare the working properties of 

various commercial portable XRF instrumentation including a Bruker TRACER III-V 

Handheld XRF with Rh-tube source and a Niton XLi 723 instrument with 109Cd and 

241Am radioactive sources (now Thermo-Fisher Niton). Both instruments provide similar 

types of data, while various working characteristics were identified including those 

described in chapter 3. Due to instrumentation and reference standard availability, data 

reported in this case study was collected using the Bruker TRACER III-V instrument.   

Portable XRF spectra/elemental composition were produced using standard 

experimental protocols. Data was collected for 180 seconds using a Bruker TRACER III-

V Handheld XRF with Rh-tube source operated vacuum XRF operated at an accelerating 

voltage of 40 keV and 1.5 µA without vacuum with not primary or secondary filters. Data 
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was collected from coin obverse and reverse surfaces in order to characterize the 

influence of sampling volume on date reproducibility. Collected spectra and intensity 

data were visually interpreted to identify spectral artifacts and interferences. Data was 

corrected using Compton scattering correction methods described previously, while 

spectra were calibrated using empirical calibration methods. These methods relate raw 

counts collected in known energy channels, which are related to Cu-alloy standard 

reference materials of known composition (BCR 691 Cu-alloy series and other industrial 

brasses). Compton corrected and calibrated data was compared to microstructural and 

compositional data collected through metallographic microstructural analyses and 

quantitative electron microprobe data.  

Based on preliminary compositional trends in coins analyzed with portable XRF, 

observable coin condition, as well as preserved mint and date information, 18 coins were 

selected for destructive metallographic analysis. These samples were used to confirm and 

compare microstructural composition with portable XRF elemental data. In order to 

characterize the influence of analytical sampling volume on elemental data, stepped 

compositional analysis of a typical (non-museum) brass-alloy coin was determined along 

the coin cross-section. Compositional points were collected every nine microns along the 

coin profile, using an electron microprobe in order to sample the entire range of 

microstructural features. Using this data correlation, the penetration depth of the x-ray 

beam can be derived and relates directly to the degree of error and precision associated 

with portable XRF data. 
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Standard museum protocols were followed in order to obtain curatorial and 

conservation permission to destructively sample selected coins. Samples were removed 

using a carbide jewelry saw under magnification. Samples, mounted in epoxy, were 

polished to a submicron finish using a Buehler Vibramet, a series of colloidal silica 

formulations, water lubrication and cooling. Coin samples were imaged using reflective 

light microscopy in (a) their as-cast condition and (b) following treatment with acidic 

etchants. Cu-alloy samples were etched using standard ferric chloride and hydrogen 

peroxide to reveal microstructure, while Fe-alloy coins were etched using nital solutions. 

Typical etchant solution recipes for Cu- and Fe-alloys are described in Scott (2002).  

Coin microstructures were documented and described using an Olympus BH-2 Research 

Microscope equipped with a MicroFire CCD camera. Where necessary, sample 

microstructures were compared to a library of prepared samples in order to confirm 

identification of microstructural features. Metallographic sample preparation, 

documentation and analysis were conducted using the resources in Dr. David Killick’s 

laboratory in the Anthropology Department, The University of Arizona.   

Microprobe data, collected along the cross-section of a single non-museum coin, 

is used to relate sampling volume to coin microstructure. The non-museum coin (Jia Qing 

reign, 1796-1820 A.D.), reflecting a typical Qing dynasty coin composition and 

manufacturing method, was cross-sectioned and its composition characterized. The 

compositional depth profile was determined through stepped analysis collected every 9 

microns along the coin cross-sectional profile. Quantitative, elemental compositional data 

is compared to visible microstructure identified by electron backscatter imaging. The 
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penetration depth of the x-ray beam is derived using this correlation and through 

comparison to Monte Carlo electron penetration experiments. Electron microprobe data 

was collected using a Cameca SX-50 Electron Microprobe (EMP) equipped with a 

wavelength-dispersive, integral Bruker SDD Energy Dispersive Spectrometer system in 

the Electron Beam Laboratory, Department of Geosciences, Virginia Polytechnic 

Institute and State University. Sample data was collected for selected elements of interest 

for 40 seconds every nine microns (10 seconds on background, 20 seconds on peak, 10 

seconds on background) at an accelerating voltage of 15 keV, 100 nanoamps and a 

takeoff angle of 40°. Monte Carlo simulation experiments were conducted using the 

freeware program Casino v2.42 © 2001 (Dominque Drouin, Alexandra Réal, Raynold 

Gaurin, Paula Horny and Hendrix Demers). Electron trajectory and penetration maps are 

reported and compared to microprobe data, coin microstructural analyses and portable 

XRF data.    

EXPERIMENTAL RESULTS: METALLOGRAPHIC MICROSTRUCTURAL ANALYSIS 

 Metallographic analyses were completed on coins selected from the larger sample 

set. Previously, the copper alloy coins had only been analyzed to identify mint date, 

located on the coin obverse, and mint location, visible on the coin reverse, based on 

translation of preserved characters (Olson 1983). Using the previously described 

Compton correction and empirical calibration methods, the coins were analyzed and 

compositions determined.  Coin microstructures are discussed, as they relate to 

composition, cooling and solification rates, as well as overall degree of preservation. 

Statistical interpretation of analytical results, combined with pertinent archaeological,  
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Coin  Coin Date Mint Location Composition 
24724-x-6 Edo period, 1714 Mint Jiuman Tsuko white cast iron with pearlite 

precipitated from cementite matrix 
24724-x-25 unknown unknown highly leaded α brass with tin 

impurities 
24724-x-46 unknown unknown highly leaded α brass with tin 

impurities 
26560 unknown unknown α + β brass 
26757 unknown unknown α brass with lead impurities 
A-49166 Unknown illegible due to 

preservation 
α + β brass with lead impurities and 
intergranular corrosion 

A-49169 Qing / Kang Xi illegible due to 
preservation 

α brass with cored α dendrites 

A-49170 illegible illegible due to 
preservation 

α + β brass with lead impurities 

A-49179 Qing / Dao Guang illegible due to 
preservation 

α brass with lead impurities 

A-49180 illegible due to 
preservation 

illegible due to 
preservation 

α + β to β brass with lead impurities 
and grain twinning 

A-49182 illegible due to 
preservation 

illegible due to 
preservation 

α + β brass with lead impurities 

A-49186 Qing / Jia Qing Hangzhou Mint, 
Guangdong 

α brass with iron impurities 

A-49199 Qing / Jia Qing Hangzhou Mint, 
Zhejiang 

α + β brass with lead impurities 

A-49202 Qing / Qian Long Guangzhou Mint, 
Guangdong 

α + β brass with lead impurities and 
extreme dezincification in corrosion 
layer 

A-49205 Qing / Kang Xi Chengdu Mint, 
Sichuan (?) 

α brass with lead and tin impurities 

A-49206 Qing / Qian Long Board of Revenue 
Mint, Beijing 

iron alloy with visible dendritic 
structure and visible corrosion  

A-49208 Qing / Jia Qing Board of Public 
Works Mint, 
Beijing 

α brass with cored α dendrites and 
lead impurities 

A-49219 Qing / Qian Long Yunnanfu 
[Kunming] Mint, 
Yunnan 

α + β brass with lead impurities 

Total Coins  18 

 
Table 4.4: Summary of metallographic microstructural analyses. 
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conservation and curation data, provides valuable information regarding the transmission 

of Chinese material in the American Southwest. Qing dynasty (AD 1644-1911) and 

Chinese Republic (AD 1911 – 1949) (see tables 4.1, 4.2).   

Microstructural information was collected from 18 coins in total and data is 

summarized in following text (table 4.4). The majority of coins (12) include epigraphic 

information including reign date and mint location, while the remaining examples are 

preserved without reign or mint information (table 4.4). Photomicrographs, descriptions 

of individual coin microstructures/corrosion and the associated portable XRF spectra are 

included in appendix 1. The majority of analyzed coins are Chinese, are predominantly 

manufactured using brass compositions and date to the Qing dynasty (11 total) (see table 

4.4). Two Fe-alloy coins were included for analysis. Coin structures show varying 

degrees of intergranular corrosion and/or corrosion layers, which provide  information 

regarding alloy resistance to corrosion and burial environment.  

           Coin microstructures are consistently leaded brass and include both α brasses (n = 

8) and α + β brasses (n = 8). Alpha brass compositional microstructures form when zinc 

concentrations are below 35%. Etched examples either exhibit: (a) α (blue-grey) phase 

preserved in β (yellow) matrix with lead (irregular black globules) impurities [24724-x-

25 (unknown date and mint), 24724-x-46 (unknown date and mint), 26567 (unknown 

date and mint), A-49179 (Dao Guang and unknown mint), A-49186 (Jia Qing and 

Hangzhou Mint, Guangdong), A-49205 (Kang Xi and Chengdu Mint)]; or (b) cored 

dendritic structures characterized by β rich dendrites with compositional gradients 

surrounded by α infill [A-49169 (Kang Xi and no mint information), A-49208 (Jia Qing 



 
 

 
                                                                                                                                       177 

and Beijing Board of Public Works)]. The formation of blue-grey, Cu-rich α phase in a 

yellow β Sn-rich matrix, without observable dendrites, indicates cooling was sufficiently 

quick to prevent their formation. Most samples exhibit no observable regular grain 

formation, except for a single sample (A-49205), dating to Kang Xi and produced at the 

Chengdu Mint, which is characterized by partial formation of dendritic arms (see 

appendix 1). Cored dendritic structures are observed in two Qing coins with high Zn-

content close to 35% (A-49169 and A-49208), which date to the Kang Xi and Jia Qing 

respectively. The presence of cored dendrites indicates slow cooling. Compositional 

zones are preserved, as changes in composition occur during dendritic arm formation 

(Scott 2002: 137) and is particularly common in ancient copper alloys. 

Lead was added to coin melts to improve fluidity and casting properties. Two 

low-Zn α brass coins (24724-x-25 and 24724-x-46) exhibit abnormally high lead content 

in both microstructure and XRF spectra (see appendix 1). These coin compositions are 

associated with low-Sn content, which may have been introduced through recycling. 

Preserved blue-grey α precipitates are small and are only visible at high magnification. 

The lead is completely immiscible in the β (yellow Zn-rich) solution and globules range 

in size from 50 – 100 μm (24724-x-46) and 10 – 30 μm (24724-x-25). The combination 

of high lead content and small α precipitates suggests that sufficient lead was added to 

substantially decrease alloy melting temperature. Cooling occurred at a very rapid rate 

and prevented segregation of lead globules, which might reflect the orientation of the 

coin during cooling. These coins are probably examples of coin debasement, as lead 
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miscibility in copper in low and serves no physical or chemical functions in high 

concentrations.  

The second group of coins (n = 8) exhibit α + β brass microstructures and have Zn 

compositions between 32 – 46.6%. Generally, coin microstuctures for this group are 

consistent with XRF spectra and compositional data. They exhibit varying degrees of 

lead impurities. Yellow, tan, brown β grains are visible in six examples, which have blue-

grey α infill [26560 (no reign or mint information), A-49166 (no reign or mint 

information), A-49182 (no reign or mint information), A-49199 (Jia Qing and Hangzhou 

Mint), A-49202 (Qian Long and Guangzhou Mint, Guangdong), A-49219 (Qian Long 

and Yunnanfu Mint, Yunnan)]. One α + β brass sample is characterized by α (dark grey) 

infill within a β (yellow) solution [A-49170 (no date or mint information)]. The final 

sample [A-49170 (no reign or mint information)] is an α + β brass with preserved α 

dendrites indicating cooling and solidification did not occur as rapidly as in the other 

samples. Widmanstätten (geometric lattice) structures are visible in three samples (26560, 

A-49166, A-49182) with no preserved date or mint information. The formation of 

Widmanstätten structures occurs when alloys are cooled rapidly in air. Cu-rich α phases 

precipitate quickly out of the Zn-rich β matrix to form plates and minimize strain energy 

(Scott 2002). One example (A-49180 [(no date or mint information)], has high α + β to β 

brass compositions, which requires microprobe analysis to confirm the exact zinc content 

present in α and β phases.  

Varying concentrations of lead globules are found in the α + β brass samples. 

Two coin samples (A-49166, A-49180) preserve some evidence of grain twinning 
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indictating that the coins were treated with a low degree of coldworking and possible 

annealing.  This coin is also associated with significant lead and iron impurities 

indicating that either recycled metal (Fe/Pb) or debasement (Fe/Pb) was associated with 

its production. The presence of iron impurities possibly reflect recyling of alloys 

produced using Cu-cementation techniques. One high Zn-rich brass coin (A-49180) 

exhibits a unique microstructure distinct from the previously described samples, which is 

better understood with reference to its XRF data. The spectra indicates that the coin is a 

high-Zn brass (zinc content greater than 50%) with lead, tin and iron impurities. In the 

unetched condition, the coin exhibits Cu-rich, blue-grey α infill in a yellow, Zn-rich β 

phase, as well as numerous immicible black, lead globules. In its etched condition, the 

microstructure appears to have brown β grain formation with some twinning and the 

presence of Cu-rich blue dendritic infill. The presence of grain twinning suggests cold 

working, which is difficult for high Zn-rich brasses with brittle physical properties. The 

incorporation of red inclusions at grain boundaries reflects segregation of Sn-rich 

material. Further research is needed to characterize the metal concentrations of dendrites 

and areas of isolated infill to identify the presence of δ phases. 

Two coins [24724-x-6 (Edo Period, 1714 and Mint Jiuman Tsuko) and A-49206 

(Qian Long and Board of Revenue Mint, Beijing)] are identified as cast-Fe, based on 

examination of the microstructure and portable XRF data. The first sample is 

characterized by the presence of cementite lathes with fine pearlite infill, which is a 

typical divorced eutectic microstructure associated with white cast iron (24724-x-6). 

White cast irons are generally brittle and exhibit extreme shrinkage on drying, which is 



 
 

 
                                                                                                                                       180 

visible in the coin’s current state of preservation. Visually, coin features are worn and 

cast details are poorly preserved. There is some evidence of copper and zinc constituents 

in XRF spectra. This could reflect poor control of raw material composition or recycling 

of other metals during manufacture.  

The second iron coin (A-49206) has a similar structure, but the presence of 

impurities (Cu, Zn, Pb, Sn) makes it very difficult to understand its overall 

microstructure. The coin has dendritic or Widmanstätten structure, minimal visible grains 

and dark infill. It is possible that the dendrites are Cu-rich, with Fe-rich infill. The areas 

of red coloration may reflect areas of Sn-rich material. Generally, copper and iron are 

immiscible above 1% Cu and form a two-phase solid solution (Scott 1999, 2002, Scott 

and Eggert 2009). However, in this sample, this does not seem to be the case. Further 

research is needed to characterize the metal concentrations of dendrites and infill. 

Microstructural analysis of the selected coins reveals information regarding casting, 

cooling and solidification rates, and corrosion mechanisms.   

Microstructural analyses of selected coins indicate the presence of two basic coin 

compositional groups: brass alloy and iron alloy coins. The majority of coins exhibit 

varying degrees of preservation including some examples with extensive intergranular 

corrosion and dezincification. Metallographic analyses of coin microstructures provide 

integral information regarding coin production methods including casting and post-

casting modifications (cold working) that are not immediately discerned from visual 

analysis of the analyzed coins. Generally, microstructure confirms basic portable XRF 

data. The presence and depth of surface and intergranular corrosion (visible in 
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microstructure, but difficult to characterize by visual inspection) does not appear to 

dramatically affect portable XRF data results.   

EXPERIMENTAL RESULTS: MICROPROBE DATA AND MONTE CARLO SIMULATIONS  

 In order to correlate microstructural changes in composition, microprobe analysis 

was used determine compositional changes along coin cross section. The non-museum 

Qing coin dates to the Jia Qing period (see table 4.2), and is characterized by a α + β 

brass microstructure with little or no impurities. Elemental composition of visible 

microstructure along the coin profile remains constant and indicates composition was 

consistent and the coin is charactered by α + β grains and composition. Microprobe data 

indicates that the overall the coin has minor iron (0.07 – 0.2%) present. However, Fe is 

segregated as particles at grain interfaces, where iron content is between 1-2%. There is 

no evidence of lead and tin additives in quantities above 0.2%. Coin composition was 

 
Element Mean Composition Standard Deviation 
Cu 60.39 4.8 
Zn 40.0 2.99  
 
Table 4.5: Microprobe data for Qing coin 
 
 
measured every nine microns and the average and percent changes in both copper and 

zinc composition measured (table 4.5). Copper content ranged from 54.43 – 63.21% and 

averaged at 60.39%. The standard deviation in copper content from microprobe to 

microprobe point is 4.8%, while average percent change was 3.62%. Zinc content ranged 

from 36.7% to 46.8% with an average of 40% and standard deviation from the average at 
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Figure 4.12: (a) bimodal distribution of composition measured along coin cross-section 
(b) bimodal composition across depth. Graph constructed using electron microprobe 
where elemental weight % composition data is graphed against depth in microns. Data 
collected by author. 
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Figure 4.13: (a) elemental x-ray map of copper rich phase indicated in red across Jia Qing 
coin microstructure, width = 80 μm, based on electron microprobe data (NO 5); (b) 
electron microprobe backscatter image of Jia Qing coin cross section, width = 80 μm 
(NO 5); (c) elemental x-ray map of zinc rich phase indicated in green across Jia Qing 
coin microstructure, width = 80 μm (NO 5), based on electron microprobe data. X-ray 
map and electron microprobe backscatter images collected by author. 

                                     
 a       b           c 
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Figure 4.14: (a) Monte Carlo simulation depicting predicted x-ray penetration (15 keV, 
10 nanoamp beam) for α phase of Jia Qing coin with α + β composition; (b) Monte Carlo 
simulation depicting predicted x-ray penetration (15 keV, 10 nanoamp beam) for β phase 
of Jia Qing coin with α + β composition. Monte Carlo trajectory images created from 
simulations run using freeware program Casino v2.42 © 2001 (Dominque Drouin, 
Alexandra Réal, Raynold Gaurin, Paula Horny and Hendrix Demers).
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2.99%. Grain size and composition is bimodal, as is evident from comparing copper and 

zinc composition against depth (figure 4.12a and 4.12b) and from elemental 

compositional maps (figure 4.13a, 4.13b and 4.13c). Mean compositions were determined 

for each grain phase present (α + β) and used to run Monte Carlo simulation experiments.  

Comparison of microprobe data to Monte Carlo simulation experiments provides insight 

regarding the volume sampled during analysis. Using the same accelerator voltage, 

amperage and beam size settings used to collect microprobe data, Monte Carlo 

simulations collected electron trajectory data for the average α and β grain compositions 

determined by the microprobe analysis (figure 4.14a and 4.14b). For the α phase 

composition, simulations indicate that sampling volume has a total sampling volume 

characterized by a depth of penetration measuring 2840 nm or 2.84 μm from the analyzed 

surface (figure 4.14a). For the β phase composition, simulations suggests that the 

sampling volume is larger and data is collected from the top 3680 nm or 3.68 μm of the 

modeled coin composition (figure 4.14b). For the α phase composition, simulations 

indicate that sampling volume is smaller with a total depth of 2840 nm or 2.84 μm.   

Predicted sampling volumes for α and β grains, associated with this sample, are 

smaller than the minimum dimensions of either grain, as characterized by microprobe 

elemental maps (figure 4.13a, 4.13b, 4.13c). This suggests that microprobe sampling 

volumes generally sample homogeneous composition; however, the composition reflects 

the composition of α or β grains and not the overall alloy composition. Data produced 

using elemental analytical techniques including portable XRF are affected by both grain 

size and the presence of alloy impurities. However, as is suggested by the microprobe 
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data for this particular sample, there is little compositional variation between α and β 

grains. Data results do not exhibit large error, as the copper standard deviation was 4.8%, 

while for zinc it was 3%. For samples with more complex microstructures with heavily 

leaded compositions, this correlation will not be appropriate.  

The variability in coin microstructure and grain size may lead to preferential 

sampling using portable XRF particularly if large grains or lead globules form. Generally, 

Chinse coins are cooled quickly during casting. Large grain sizes do not have time to 

form, nor does lead have time to segregate in the matrix to specific locations due to its 

weight relative to the alloy solution. These manufacturing properties limit some of the 

affects of XRF sampling volume on representative alloy composition. However, 

corrosion surfaces that preferentially attract particular phases, as is associated with A-

49202 (see appendix 1) will have a greater affect on introducing error into portable XRF 

data. This can be minimized by carefully selecting appropriate artifacts and in situ sample 

sites for analysis.  

EXPERIMENTAL RESULTS: PORTABLE XRF 

 Portable XRF data was collected from 126 coins dating to the 17th – 20th centuries 

(see tables 4.3, 4.6, 4.7). All collected data was Compton corrected and empirically 

calibrated using standard procedures (figures 4.15a, 4.15b, 4.16a, 4.16b). Coins are 

generally standard banliang format (n = 104), while the remaining examples are struck 

coins dating to the 20th century (n = 22). Coins are predominantly Chinese issues, but 

Japanese (n = 14) and Vietnamese (n = 1) coins are also described. While most coins 

incorporate mint and reign information, there are some Japanese banliang and Chinese 
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Republic struck examples that do not record mint information. In several examples, 

differential preservation affects identification of coin reign dates and mint locations. Coin 

compositions vary (see table 4.3), but are generally brass compositions and incorporate 

two basic types: α brasses (zinc < 35%) and α + β (35% < zinc < 46%) brasses. Several 

Fe-cast coins were identified including three Japanese issues, as well as a single high-Zn 

coin produced in Vietnam. Finally, a series of Ag-Cu alloy coins (n = 5) were included 

for analysis and are associated with the adoption of struck coin technologies in the early 

20th century. These coins date to Late Guang Xu or the Chinese Republic period. 

In most cases, the existence of irregular corrosion on the coin obverse or reverse do not 

adversely affect the corrected and calibrated portable XRF data. Comparison of spectral 

readings collected from both sides of the coin do not vary significantly (table 4.8). In 

general, standard deviation of copper composition ranges from 0.19 – 10.96%, while the 

average standard deviation is 2.70%. Several outliers are associated with extremely high 

standard deviations between 17 – 18% (24724-x-41, A-49194), but there appear to be no 

connection between coin composition or properties. The standard deviation of zinc 

composition ranges from 0.01 –  7.31%, while the average standard deviation is 1.51%. A 

 

 

 

 

 

 
Table 4.6: Coin alloy by country. 

Coin Alloy Country  Coin Date Number of Samples 
Brass 
composition 

China 1644 – 1911 90 

 China 1911 – 1949  4 
 Japan 1603 – 1868  14 
 Asia unknown 9 
Fe-alloy coins Japan 1603 – 1868  3  
Zn-alloy coin Vietnam  unknown 1  

Ag-Cu alloy China  1875 – 1949 5  
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Table 4.7: Coins sorted by period and reign. 

Dynasty Reign Period Mint Location Number 
Qing – Kang Xi 1662 – 1722 Board of Public Works – Beijing 1 
    Board of Public Works – Beijing (?) 2 
   Board of Revenue Mint – Beijing 5 
  Bu (?) 1 
   Chengdu Mint, Sichuan (?) 1 
   Hangzhou Mint, Zhejiang (?) 1 
   Linqing, Shandong 1 
   Ningbo, Zheijiang 1 
   Illegible due to preservation  6 
Qing – Qian Long 1736 – 1796  Board of Revenue Mint – Beijing 5 
  Guangzhou Mint – Guangdong 1 
  Yunnanfu [Kunming] Mint, Yunnan 1 
  unknown 4 
Qing – Jia Qing 1796 – 1820  Baoding Mint, Zhili (Hebei)  1 
  Board of Public Works – Beijing   2 
  Board of Revenue Mint – Beijing   1 
  Hangzhou Mint, Zhejiang   3 
  Xi’an Mint Shaanxi   1 
  Illegible due to preservation 1 
Qing – Dao Guang 1821 – 1850  Board of Revenue Mint, Beijing 1 
  Dongchuan Mint, Yunnan 1 
  Guangzhou Mint, Guangdong 1 
  Yunnanfu [Kunming] Mint, Yunnan 1 
  Illegible due to preservation 1 
Qing – Xian Feng 1851 – 1861  Yunnanfu [Kunming] Mint, Yunnan 1 
  Illegible due to preservation 1 
Qing – Guang Xu 1875 – 1908  Chekiang Province  1 
  Guangzhou Mint, Guangdong 4 
  Hong Kong  3 
  Hu-Bei Province   5 
  Hung-Loien Tung Pao (?) 1 
  Kiang-Su 1 
  Kwang-Tung 2 
  Mint Boo Guwantung 3 
  Tung-Chin Tung Pao   1 
  Yunnan 6 
Qing 1644 – 1911 Unknown 10 
Chinese Republic 1911 – 1949 No mint mark 4 
Chinese Unknown Mint Boo Ciowan 1 
Chinese Unknown Unknown 16 
Japan 1626 No mint mark 1 
 1714 Mint Edo   2 
  Mint Jiuman Tsuhu  1 
  Ming Jiuman Tsuko  1 
  Mint Koume Mura (?)  1 
  Mint Osuka  2 
 1769 No mint mark 1 
Japan  unknown No mint mark 5 
Vietnam Unknown No mint mark 1 
Asian Unknown Unknown 9 
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single outlier is associated with relatively high standard deviations around 11.51% (A- 

49174). Standard deviation in lead composition is remarkably consistent with ranges 

between 0.01 –  4.37% and averages at 0.77%. A single outlier measures a lead standard 

deviation of 7.99% (24724-x-25). Metallographic analysis of this coin reveals a highly 

leaded (irregular black) α brass microstructure with α (fine, light grey) phase in β (yellow) 

solution. There are observable compositional relationships between coin production and 

the country that issued the coin (table 4.6, see figure 4.20). Chinese coins have 

remarkable consistent composition during the Qing period. However, coins produced at 

the same time using struck technologies are significantly different. These compositional 

differences likely reflect the relationship between coin alloy properties and elastic 

strength required to withstand striking during manufacture. Silver coins unique and 

associated with late Guang Xu and Chinese Republic periods. Japanese coins generally 

have irregular Cu/Zn ratios and are similar in composition to those determined for Qing 

banliang coins.  

  

Element Range of Compositional Standard 
Deviation on Coin Obverse and 
Coin Reverse 

Outliers Average Standard Deviation 

Cu 0.19 – 10.96% 2 2.70% 
Zn 0.01 – 7.31% 1 1.51% 
Pb 0.01 – 4.37% 1 0.77% 
 
Table 4.8: Standard deviation in portable XRF compositional data associated with coin 
obverse and reverse 
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Figure 4.15: (a) Cu calibration curve constructed for XRF data collected using Bruker 
TRACER III-V x-ray tube instrument; (b) Cu calibration curve constructed for XRF data 
collected using Niton XLi 723 (now Thermo-Fisher Niton) radioactive instrument. In 
each, raw counts are graphed against known Cu% composition using reference standards 
and industrial materials of known composition.  
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Figure 4.16: (a) Zn calibration curve constructed for XRF data collected using the Bruker 
TRACER III-V x-ray tube instrument; (b) Zn calibration curve constructed for XRF data 
collected using the Niton XLi 723 (now Thermo-Fisher Niton) radioactive instrument. In 
each, raw counts are graphed against known Zn % composition using reference standards 
and industrial materials of known composition.
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 Alloy ratios are successfully used to identify specific compositional groups 

(figure 4.17), a technique utilized successfully in the previously described work of Lin et 

al. (1991). Generally, there Cu/Zn ratios are consistant throughout the Qing dynasty (17th 

– 20th centuries) (table 4.7, see figure 4.17). However, when sorted by reign period, they 

can be used to identify specific compositional groups that can be descriminated by 

country of origin and manufacturing technique. Japanese coins, including three Fe-alloy 

coins, exhibit a range of Cu/Zn ratios and reflect broad compositional variability in 

samples analyzed. Comparison of Cu/Zn ratios to coin reign date provides information 

regarding changes in coin composition over the length of an individual reign period. 

Furthermore, comparison of Cu/Zn ratio compositional groups identify two distinct 

compositional groups associated with late Guang Xu and Chinese Republic struck coin 

samples. Corrected and calibrated compositions collected from Qian Long coins in ASM 

collections exhibit fluctuating Cu/Zn ratios and suggest changes in production practice 

during the reign period. 

The addition of lead in microstructures is variable and in some cases Pb 

composition exceeds 50-60%. This is particulary evident in the microstructures 

associated with samples 24724-x-46 and 24724-x-25 (figure 4.18a and 4.18b). Lead was 

a common additive for objects not requiring high tensile strength, but necessitating rapid  

solidification. Changes in lead content can be successfully used to discriminate coins 

within reign periods and there is generally tight clustering of data- suggesting good 

control of coin manufacture and composition. Similar information is gleaned from  

 



 
 

 
                                                                                                                                       193 

 
 
 
 

 
Figure 4.17: Chinese coin Cu/Zn composition ratio sorted by country and reign period, 
sample set = 126. Portable XRF data collected, corrected and calibrated by author. 
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 a 
 

     
b 

 
 

 
Figure 4.18: coins with abnormal Pb content (a) highly leaded (irregular grey-brown) α 
brass with tin (fine blue-grey) impurities, etched FeCl, Asian coin (ASM 24724-x-46); 
(b) highly leaded (irregular grey-brown) α brass with tin (fine grey) impurities, etched 
FeCl, Asian coin (ASM 24724-x-25). Metallographic images by author. 
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comparison of Cu/Pb ratios (figure 4.19). Generally, Cu/Pb ratios form a series of three 

compositional groups- which may reflect either changes in composition over time or 

varying degrees of coin debasement. However, these ratios are insufficient to 

differentiate most Qing dynasty coins by individual reign date – except in isolated cases. 

Unfortunately, Cu/Pb ratios cannot be used to separate identify the country where a coin 

was produced. There is too much overlap between Cu/Pb ratios for Chinese, Japanese, 

Vietnamese and Asian coins.  

COMPOSITIONAL TRENDS THAT RELATE TO IDENTIFIED MINT LOCATION 

Portable XRF data suggest some compositional trends associated with the location 

of mint production (figure 4.20). Using Cu/Pb ratios, compositional data provides 

sufficient detail to discriminate coin production between some mint locations. High 

Cu/Pb ratios are associated with coins produced at mints located in southern China during 

the late Chinese Republic, while coins produced at Bejing mints generally have low 

Cu/Pb ratios. Kang Xi period coins, produced in Yunnan, exhibit a range of high Cu/Pb, 

which probably reflect fluctuations in raw material procurement associated with Kang Xi 

usage of Japanese copper resources in coin production (Cowell and Wang 2005: 86). 

Guang Xu period coins have brass compositions with little or no compositional 

variability. While Cu/Pb ratios are able to discriminate coin production at specific mints 

over time, the data is not resolved sufficiently to assign particular compositions with  

specific mint locations or reign dates, due to overlap. Despite this, there are Cu/Pb 

compositional trends associated with coin production at specific mint locations.
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Figure 4.19: Chinese coin Cu/Pb composition ratio sorted by country and reign period, 
sample set = 126. Portable XRF data collected, corrected and calibrated by author. 
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Figure 4.20: Chinese coin Cu/Pb ratio sorted by mint location and reign period, sample 
set = 126. Data collected, corrected and calibrated by author
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INTERPRETATION OF METALLOGRAPHIC, ELECTRON MICROPROBE, MONTE CARLO 

SIMULATIONS AND PORTABLE XRF DATA  

Integrated analysis of Chinese coin using multiple analytical techniques, including 

both non-destructive and destructive methods, provides nuanced information regarding 

object interpretation. However, metallographic, microprobe and Monte Carlo simulation 

results confirm that coin composition is dependent on relating elemental composition to 

grain microstructure and analytical sampling volume. The coins discussed in this case 

study include brass compositions with varying ratios of Cu/Zn, as well as some Fe-alloy 

coins. The range and type of impurtities fluctuate though lead is detected in most 

samples.These relationships are particularly important when portable XRF data is 

interpreted within the context of specific material types. As has been discussed, for brass 

Chinese/Asian coins, composition and technologies used in production are generally 

consistent. However, these trends will not be the same for large, cast-metal artifacts 

where solidification is dependent on cast orientation, or, for metal artifacts with layered 

structures.   

 Metallographic analyses of coin microstructures provide integral information 

regarding coin production methods that may not be immediately discerned from visual 

analysis. Generally, metallographic microstructure confirms basic portable XRF data and 

corrosion does not appear to drastically affect portable XRF data results. Furthermore, 

comparison of electron microprobe and Monte Carlo simulation data with microstructural 

analyses suggest that analytical sampling volumes are small relative to grain size. This 

indicates that produced elemental data will introduce error. Therefore, careful selection of 
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multiple analysis sites should be used in order to sample existing, compositional variation 

over the artifact. For small objects, including coins, or, artifacts with varying surface 

preservation/corrosion, this may not always possible. However, through careful 

correction and calibration of portable XRF data, reasonably good precision and accuracy 

in data is acheivable, as is evident through calculation of compositional standard 

deviations existing on coin obverse and reverse. For metal samples with more complex 

microstructures with phase separation, this correlation will not be appropriate. 

Portable XRF data can be successfully used (on its own) to identify coin 

compositions. Furthermore, produced data also provides nuanced information regarding 

compositional trends, as elemental ratios relate to mint location and reign date of 

production- particularly when assessed in light of published scientific data. However, 

portable XRF data is not sufficiently resolved to assign anonymous coins attributes, as 

they relate to country of origin, reign date or mint location. Coin composition in Asia 

during the 17th –  20th centuries is generally consistent and technological processes are 

consistent. Furthermore, portable XRF data is unable to discriminate the presence of 

impurities in small quantities. Therefore, data is unable to contribute to discussions 

regarding the exact temporal introduction of particular technologies, such as zinc 

speltering. However, corrected and calibrated portable XRF data provides critical 

information regarding artifact composition and manufacture that informs preservation 

practice. 
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CONCLUSION 

Compositional analyses of archaeological materials provide critical information 

regarding artifact structure, interpretation and preservation. For the analysis of metals, 

portable XRF elemental data must be related meaningfully to alloy microstructure in 

order to reconstruct materials and technology used in production, as well as condition and 

corrosion mechanisms. The ability to sample for destructive techniques, and/or, 

availability of appropriate sites for in situ analysis play a role in determining feasible 

analytical options. Where this is not appropriate, portable XRF data provides meaningful 

elemental data that informs object interpretation and assists conservators and 

conservation scientists in object preservation. Portable XRF data is used successfully to 

sort alloys and reconstruct general manufacturing technologies. Produced data is used to 

identify compositional trends, as they relate to epigraphic data on coins. 

The results of this case study, including metallographic, microprobe and Monte 

Carlo simulations, indicate that sampling volumes do not represent metal microstructure 

and corrosion. This is generally a problem for all elemental analyses, and is minimized 

through collection of data from multiple locations on an artifact. In general, x-ray beams 

used to collect data are large compared to those associated with other techniques. Most 

portable XRF beams range in size from 0.1 – 1 cm, while electron microprobe beams can 

be collimated on the nanometer scale. As a result, portable XRF does not have the same 

degree of resolution as other analytical techniques.  In spite of these caveats, portable 

XRF instrumentation remains a popular and useful tool in conservation science research. 

The ability to produce meaningful and accurate data non-destructively and efficiently 
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through established correction and calibration procedures makes this an excellent tool in 

metal artifact analysis.  
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CHAPTER 5. CERAMIC COLORANTS: PORTABLE XRF ANALYSIS OF 

SOUTHWESTERN CERAMICS 

Scientific analysis of ceramics investigates materials, structure and technology. 

Characterization of surface colorants and production technologies used in manufacture 

are used to define culture groups in the prehistoric American Southwest. Layered 

colorants affect efforts to differentiate and quantify composition, as analytical sampling 

volumes may reflect more than one layered colorant and beam probe size may be larger 

than decorative feature surface area. This case study focuses on the use of technical 

analyses to investigate chemical and physical ceramic properties and relates them to 

technology, culture and preservation. Two experimental approaches to research are 

described. The first uses destructive and non-destructive analyses to relate chemical and 

material properties with structure to reconstruct manufacturing technologies of Sikyatki 

Polychrome and other Jeddito Yellow Wares. These ceramics were produced in the 

Colorado Plateau region of northeastern Arizona by ancestral Hopi and traded 

extensively across the landscape. The second analytical methodology relies on non-

destructive portable XRF compositional data to relate colorant chemistry to culture, 

technology and condition of ceramics produced in the American Southwest. Results, 

collected during a large-scale survey of ceramics, are described. Analytical observations 

and conclusions from each methodological approach are compared in order to validate 

the utility of portable XRF analyses in ceramic colorant research. 
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INTRODUCTION 

The conservation of cultural heritage materials utilizes tangible and intangible data 

to characterize and interpret artifacts (Odegaard 1995). Scientific and technical 

measurements describe object composition, structure and methods of manufacture, while 

intangible forms of data include cultural motivations for artifact production, use, discard 

and curation. Identification and description of scientific and cultural information, as they 

relate to objects, defines the scope and type of acceptable conservation actions including 

documentation, analysis and treatment. The use of non-destructive analytical techniques 

facilitates characterization of technical information, while preserving intangible cultural 

components. Portable XRF and other non-destructive analytical methods are critical tools 

used to approach artifact interpretation and preservation. This is particularly critical, as 

current methods in conservation incorporate interdisciplinary participants including 

archaeologists, conservators, scientists, and native peoples (Clavir 1998; Odegaard 2005). 

However, the value of destructive methods should not be discounted. For ceramics 

analysis, this methodological foundation frames the interpretation of colorants and their 

relationship to cultural-technological traditions in the American Southwest.  

Archaeological ceramics are manufactured using layers of similarly composed 

materials including paints, slips and glazes over clay-based substrates. These objects are 

typically heterogeneous and have complex chemistries resulting from events during an 

object’s life cycle including manufacture, use, burial, curation and/or conservation. The 

analytical differentiation of the contributions these events have on artifact composition 

and condition is critical towards developing preservation strategies and reconstructing 
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intangible cultural motivations associated with artifacts. Conservation science research 

utilizes methodological frameworks that produce interpretable data, which is related to 

intangible cultural information in order to inform preservation practice.  

Ceramic traditions have a long production history in the prehistoric Southwest and 

scientific analysis reconstructs cultural influences that interact with technology and the 

environment. Colorants play an important role in cultural values ascribed to ceramics. 

The utility of non-destructive analytical methods is the relationship between collected 

data and to accurately characterize chemistry, structure, technology, cultural traditions 

and deterioration mechanisms. Ceramics from private collections and the Arizona State 

Museum are analyzed using destructive and non-destructive methods in order to develop 

models for data interpretation within the context of cultural heritage studies. The case 

study reports two different analytical approaches to the characterization of ceramic 

colorants and materials. Hopi Sikyatki Polychrome paste and paint colorants are 

characterized using xeroradiography, petrography, SEM/FESEM imaging, and SEM-

EDS/FESEM-EDS x-ray elemental data. Produced data is used to reconstruct 

manufacturing technologies of Sikyatki Polychrome and other Jeddito Yellow Wares. 

The second analytical approach uses non-destructive portable XRF instrumentation to 

analyze southwestern ceramic colorants, preserved on ceramics in Arizona State Museum 

collections. Colorant chemistry is related to culture, technology and object condition. 

Following description and interpretation of data, conclusions regarding the utility of 

portable XRF instrumentation are discussed with reference to ceramic colorants, as well 

as research protocols that use both destructive and non-destructive analytical techniques. 
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TECHNOLOGICAL RECONSTRUCTION OF MATERIAL CULTURE  

 Ceramics represent one of the most important artifact traditions in the prehistoric 

southwestern United States. Physical, chemical and artistic characteristics are used to 

classify southwestern cultures through development of ceramic technological traditions. 

There are a variety of methodological approaches used by researchers to link culture and 

technology through investigation of archaeological ceramics and their cultural meanings. 

Chaîne opératoire (Leroi-Gourhan 1936, 1964), behavioral chain (Schiffer 1977) and 

habitus (Bourdieu 1977, 1990; Dietler and Herbich 1998) analytical models frame the 

discussion of artifacts within their cultural context of manufacture, use, discard and post-

discard. Technical choices made during manufacture are culturally determined. Analysis 

of these motivations provide structure for understanding learning frameworks, artifact 

function, social relations, and exchange on a range of scales from the interpersonal to 

supra-regional. Technical study of materials properties and artifact life histories are used 

to reconstruct technological chain of events, artifact cultural meanings and condition 

within the framework of accepted preservation practice.  

The chaîne opératoire, or operational sequence, provides valuable insights into the 

relationships between static archaeological remains and dynamic human actions (Leroi-

Gourhan 1936, 1964). Originally designed for the analysis of lithic manufacture and 

production, chaîne opératoire models describe a series of interrelated technical choices 

used in the production of artifacts. These choices are subconscious, culturally conditioned 

and may not be immediately evident to the practitioner (Leroi-Gourhan 1936, 1964). 

They are frequently used in migration studies to relate culture influences to ceramic 
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production. Technological choices are informed, just as “the technical act is also formed 

by intention, purpose and project” (Schlanger 1994: 148).  

The behavioral chain model focuses on the life history of an artifact. Defined as 

“the sequence of all activities in which an element participates during ‘its’ life within a 

cultural system” (Schiffer 1977: 106), behavioral chain frameworks reconstruct 

relationships between behavioral and spatial-material activities such as ceramic 

production in the archaeological record. Behavioral chain analysis allows researchers to 

incorporate non-cultural formation processes that modify and change (decay, 

degradation, diagenesis, natural deposition, etc.) an object over time with components of 

its life history (Schiffer 1977: 112). This is a critical theoretical framework for 

conservation and conservation science research of cultural heritage materials.  

Artifacts are dynamic objects preserved for various reasons including scientific 

research, cultural symbolism, aesthetics, religious meaning and preservation. Habitus 

analyses take into account the durable dispositions that generate patterned actions. While 

they appear regulated, habitus operates independent of “rules” influencing technique and 

style (Bourdieu 1977, 1990; Dietler and Herbich 1998). Habitus is a dynamic concept 

that forms “techniques, as well as other patterns of social activity” (Dietler and Herbich 

1998: 246) and can be both “historical product and agent” (Dietler and Herbich 1998: 

247). Incorporation of chaîne opératoire concepts with behavioral chain models and 

habitus in the analysis of material culture provides greater understanding of the social 

motivations for ceramic production, use, discard and curation.  
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Investigation and characterization of ceramic colorant chemical composition and 

physical properties serves to link culture, technology and condition. Reported research 

focuses on reconstruction of an artifact’s life history and its chaîne opératoire through 

materials based instrumental analyses. Research results are linked to production steps in 

order to inform cultural discussions of technology as they relate to Hopi Sikyatki 

Polychrome. Further research focuses on the contributions of non-destructive analyses to 

interpretation of elements of ceramic production, object interpretation and conservation. 

This integrated approach relies on visual observations, color effects, empirical 

investigation of materials properties and elemental analyses to link composition, 

technology, and culture to the interpretation and conservation of cultural heritage. 

CERAMIC PRODUCTION IN THE SOUTHWEST: ANALYSIS OF PASTE AND COLORANTS 

The scientific investigation of ceramic paste/paint composition and manufacture 

is a useful tool in identifying the movement of people and objects on the archaeological 

landscape. There is considerable published data focused on characterization of methods 

and materials of ceramic manufacture in the American Southwest. Early research focused 

on relating visual, chemical and cultural characteristics to the identification and 

differentiation of mineral/inorganic, organic and carbon pigments found on ceramics 

(Colton 1955; Colton and Hargrave 1937; Germann 1926; Hawley 1929, 1930a, 1930b, 

1951; Hawley and Hawley 1938; Shepard 1968 1971). Recent work continues to define 

parameters for visual and chemical identification of organic and inorganic paints (Adams 

et al. 2002; Simon 1996; Speakman and Neff 2002; Stewart and Adams 1999; Stewart et 

al. 2002; van der Weerd et al. 2004).  Review of the literature suggests there is 
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inconsistency associated with vocabulary used to differentiate and describe organic and 

inorganic based colorants, as well as indicate the presence of carbon in colorant 

composition (Simon 1996; Speakman and Neff 2002; Stewart and Adams 1999; Stewart 

et al. 2002; van der Weerd et al. 2004).  

Terms used to categorize colorant mixtures are inconsistent in the archaeological 

and scientific literatures. This is, in part, due to scientific or artistic frameworks used to 

conceive of colors and ceramic colorants. Scientifically, organic materials are those 

defined as elementally containing carbon and hydrogen, while carbon-based and organic 

colorants are derived from organic matter. In artistic parlance, organic materials 

encompass a broader definition including anything classified as non-mineral and complex 

organic-inorganic interactions, while carbon paints refer to colors derived from charred 

plant and organic matter. For example, Maya blue is artistically defined as organic, even 

though it is formed from the interaction between an organic dye and inorganic clay body 

(Eastaugh et al. 2004: 257). Carbon paint refers to any pigment based on carbon- 

regardless of its origin (plant, wood, bone, etc.) (Eastaugh et al. 2004: 82). In order to 

remove these distinctions, discussions of ceramic pigments must be explicitly define 

terms to eliminate any confusion.  

There is a long history of published research associated with southwestern 

ceramics and colorants. Microstructural and trace element analyses of Hohokam, Hopi, 

Salado and White Mountain Red Ware ceramics source raw materials and fired paste 

compositions (Abbott 1996, 2000; Bernardini 2005a, 2005b, 2007; Bishop et al. 1988; 

Canouts and Bishop 2003; Crown 1994; Crown and Bishop 1991; Lyons 2003; Miksa 



 
 
 

209 
 

 

2001; Shepard 1968, 1971; Triadan 1997, 1998; Zedeño 1994, 1995, 2002; Zedeño and 

Triadan 2000). Instrumental neutron activation analysis (INAA), petrography and 

instrumental XRF are typical destructive techniques used. They require sampling and 

varying degrees of sample preparation. Generally, ceramic colorants are compositionally 

similar and difficult to separate chemically. However, the presence of unique additives 

needed to produce glaze-paints, including lead and copper, which is compositionally 

distinct from ceramic substrates, limits the degree of analytical complexity. This makes 

glaze-paint research attractive to many researchers. Glaze-paint composition is analyzed 

to characterize raw material provenance, trade networks, production techniques and 

technological transfer (Duwe and Neff 2007; Habicht-Mauche et al. 2000, 2002; Huntley 

2008; Huntley et al. 2007).  

More recently, LA-ICP-MS and its variants produce similar types of data (Duwe 

and Neff 2007; Huntley et al. 2007, 2008; Speakman and Neff 2002). Data is collected 

from ablated paste and paint surfaces resulting in substantially smaller sampling volumes 

than INAA, petrography and instrumental XRF. Analysis is conducted in situ and is 

limited to samples that can fit into the analytical chamber. LA-ICP-MS instrumentation at 

The Field Museum incorporates analysis chambers sufficiently large to allow whole 

vessels, which is an extremely useful analytical feature not always available to 

researchers. Non-destructive portable XRF is methods are being developed to source 

obsidian in the Southwest and other regions (Potts et al. 1997; Williams-Thorpe et al. 

1999). However, the technique is under-utilized for the characterization of southwestern 

ceramic colorants and pastes. 
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 The investigation of ceramic properties and decoration directly relate 

archaeological ceramics to the technological and cultural traditions that produced them. 

Scientific investigation of colorant surfaces relate chemistry to culturally defined 

perceptions of valued surface effects. As will be discussed in relation to Sikyatki 

Polychrome, color properties and decorative effects were highly valued by southwestern 

cultures. Scholars have used color and ceramic technology to define cultural groups. The 

proper identification and correlation of paint, paste, texture, design and shape to 

technology or culture are critical. Many scholars rely on visual or destructive analyses to 

characterize these properties. This specific methodology is used to reconstruct 

components of Sikyatki Polychrome production technologies. Non-destructive portable 

XRF technique provides similar chemical data that is used successfully to interpret 

ceramic colorants within the context of cultural production. Analysis described in this 

chapter will compare the utility of each approach.  

SIKYATKI POLYCHROME AND JEDDITO YELLOW WARE CERAMIC ANALYSIS 

 Hopi Yellow Ware ceramics, in particular Sikyatki Polychrome, represent an 

important ceramic tradition traded widely throughout the American Southwest. Sikyatki 

Polychrome ceramics are characterized by smooth, buff surfaces that were consistently 

produced for over 300 years on the Hopi Mesas in northeastern Arizona (see figure 5.1). 

Sikyatki Polychrome ceramic surfaces (figure 5.2a and 5.2b) represent production 

traditions characterized by a great degree of technological control during production. 

Sikyatki surface color effects were so desired that geographically adjacent groups strove 

to reconstruct it through production of a fragile, unfired ceramic bowl made from yellow- 
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Figure 5.1: Map of Arizona with Hopi Mesas indicated by red circle. Modified image 
based on locator map of Arizona, United States taken from US census website [1] 
(http://factfinder.census.gov/) and modified by User:Ruhrfisch with copyright permission 
through copyright holder under GNU Free Documentation License. 
 

 
Figure 5.2: (a) Sikyatki Polychrome bowl (ASM 4136); (b) Sikyatki Polychrome sherd 
[308-4 HPQ 420 – surface collected by Alfred Qöyawayma on Hopi Mesas (AQ)]. 
Photographs by author. 
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goethite containing clays (Adams and Odegaard, personal communication 2009). 

Destructive petrographic, chemical (SEM-EDS and FESEM-EDS) and non-destructive 

imaging (x-radiography and xeroradiography) techniques are used to characterize a group 

of Sikyatki Polychrome and Jeddito Yellow Ware sherds in order to reconstruct 

fabrication technology. Paste, surface and paint composition and microstructure (glassy 

and crystalline) are identified to relate the cultural influence of surface color on 

developing ceramic technologies. This suite of analyses forms the interpretive 

background for portable XRF analysis of similar southwestern ceramics in the collections 

of the Arizona State Museum.  

 Hopi Yellow Ware ceramics, in particular Sikyatki Polychrome, represent the 

only coal-fired prehistoric ceramic tradition in prehistoric North and South America. 

Ceramic production occurred on a large scale and examples are preserved in large 

numbers throughout the Southwest. Reconstruction of the Sikyatki Polychrome chaîne 

opératoire (Leroi-Gourhan 1936, 1964) provides insight into cultural motivations for 

ceramic fabrication and use. This also characterizes the relationship between culture and 

manufacture/exchange mechanisms in place during Sikytaki Polychrome production. 

Archaeological and archaeological science research has focused on characterization of 

production and exchange through provenance compositional analyses of pastes 

(Bernardini 2005a, 2005b, 2007). Despite the intense analytical focus, questions still 

remain regarding the exact technology utilized to produce consistently even buff – yellow 

surface colors that typify these ceramics. 
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 Recent analytical efforts to characterize and reverse engineer Sikyatki 

Polychrome surfaces have been inconsistent and unsuccessful. Research into the 

technological forming and firing techniques needed to manufacture Sikyatki Polychrome 

began at the Smithsonian Conservation Analytical Laboratory [now the Museum 

Conservation Institute (MCI)] in the 1980s. Work by Bishop et al. (1988) and Canouts 

and Bishop (1993, 2003) focused on sourcing clays, identifying production locales and 

systems of exchange, as well as production systems, standardization and specialization- 

rather than technological reconstruction. Preliminary studies indicate firing production 

occurred at temperatures around 1000° C (Noble 1979). Several authors have suggested 

that Sikyatki Polychrome surface color results from a reaction between the oxidizing 

firing environment, kaolinitic clays and coal fuel (Canouts and Bishop 1994, 2003; Hack 

1942b; Powers 1976; Shepard 1968, 1971). However, there is little published research 

confirming this hypothesis.  

JEDDITO YELLOW WARE DESCRIPTIONS AND IDENTIFICATION  

Sikyatki Polychrome ceramic production in the Southwest is associated with a 

great deal of experimentation in design styles and decorative techniques. Produced during 

the 14th – 17th centuries, Sikyatki Polychrome, a Jeddito Yellow Ware ceramic, is 

recovered from  a variety of archaeological and cultural contexts in the Southwest. The 

ware’s widespread distribution indicates that production scale was sufficient to meet 

cultural and inter-cultural demands for the ceramic. The appearance of Jeddito Yellow 

Ware and, its companion, Awat’ovi Yellow Ware represent changes in ceramic 

fabrication technologies, as prior traditions (Jeddito Black-on-orange is an exception) 
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produced white ceramics fired in reducing atmospheres including Tusayan Black-on-

white ceramics (figure 5.3) (Colton and Hargrave 1937: 146). Hopi Yellow Ware 

ceramics developed late in Hopi prehistory, but continued to be used and produced until 

Spanish contact (AD 1300 –1630) (Adams, Stark and Dosh 1993: 7) (see table 5.1).    

Sikyatki Polychrome is a specific example of high-fired ceramic type within the 

Jeddito Yellow Ware tradition. Produced prior to Sikyatki polychrome, Jeddito Black-on-

yellow ceramics (figure 5.4) are characterized by smooth, highly polished cream to bright 

yellow surfaces with geometric surface decoration (Colton and Hargrave 1937: 151). Coil 

constructed Jeddito Black-on-yellow ceramics are generally self-tempered with fine 

quartz sand and are fired in oxidizing atmospheres (Colton and Hargrave 1937: 151). 

Paste tempering with aplastic inclusions improves clay forming and firing properties 

during production (Shepard 1968: 50-51). Tempered pastes also increase ceramic 

resistance to crack propagation and damage incurred through exposure to thermal 

fluctuations during manufacture and those associated with food production and feasting 

(Shepard 1968: 54). Jeddito Black-on-yellow dates to the late Pueblo IV period and 

continued in use until Spanish contact (AD 1350 – 1630) (Adams, Stark and Dosh 1993: 

7).  

 Sikyatki Polychrome ceramics (AD 1375/85 – 1630) were introduced slightly 

later than Jeddito Black-on-yellow (Adams, Stark and Dosh 1993: 7). Jesse Walter 

Fewkes first excavated the type at Sikyatki Pueblo, Arizona in 1895. The type, first 

defined by Kidder in 1924, is characterized by highly polished, compacted surfaces that 

are creamy yellow to bright yellow (figures 5.2a and 5.2b) (Colton and Hargrave 1937: 
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Figure 5.3: Tusayan Black-on-white bowl with handle, (ASM 2486). Photograph by 
author. 
 

  

 
Figure 5.4: Jeddito Black-on-yellow bowl, (ASM GP2778). Photograph by author. 
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Table 5.1: Chronology and characteristics of selected Hopi ceramic traditions. 

Ceramic Type Ware  Description Date Source 
Tusayan Black-
on-white (see 
figure 5.1) 

Tusayan 
White 
Ware: 
Kayenta 
Series 

-coil constructed 
-clay tempered 
with volcanic 
ash and fine 
sand 
-fired in 
reducing 
environment 

AD 1150 – AD 
1300 
 

-Gladwin and Gladwin 
(1930b) 
-Hargrave (1932), p. 23, 
Pls. II J, VI D, VII 4 
-Colton and Hargrave 
(1937) 
-Colton (1955b) 
-Dittert and Plog (1980), 
Fig. 98 
 

Jeddito Black-
on-orange 

Tsegi 
Orange 
Ware 

-coil constructed 
-sherd tempered, 
orange-paste 
ceramic 
-highly 
polished, 
compacted 
surfaces 
-coal-fired in 
oxidizing 
environment 
using yellow 
clays 

AD 1250 – AD 
1325 

-Spier 1917: 256 
-Gladwin and Gladwin 
1931: 118 
-Hargrave 1931: 118 
-Colton and Hargrave 
1937: 141 
-Colton 1956 
-Breternitz 1966: 78 
 

Jeddito Black-
on-yellow 

Jeddito 
Yellow 
Ware 

-coil constructed 
-clay tempered 
with fine quartz 
sand 
- highly 
polished, 
compacted 
surfaces 
-coal-fired in an 
oxidizing 
atmosphere 

AD 1350 - AD 
1625 

-Fewkes 1898: 652 
-Hargrave 1931: 118 
-Colton and Hargrave 
1937: 150-151 
-Breternitz 1966: 78 
-Hays 1991: 37 
-Lyons 2001  
-Adams 2002 
 

Sikyatki 
Polychrome 

Jeddito 
Yellow 
Ware 

-coil constructed 
-naturally 
tempered clay 
with quartz sand 
-highly 
polished, 
compacted 
surfaces 
-coal-fired in 
oxidizing 
environment 

AD 1375/85-
AD 1625 

-Fewkes 1898: 652 
-Spier 1918: 339 
-Kidder 1924: 93 
-Hargrave 1931: 118 
-Colton and Hargrave 
1937: 152 – 153 
-Colton 1956 
-Breternitz 1966: 95 
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153). Earlier decorative styles include geometric decoration, while later examples depict 

life forms (Colton and Hargrave 1937: 153). The ware is typified by coil-constructed 

vessels made from grey clay decorated with black, brown or red paints and is fired in an 

oxidizing environment (Hays 1991: 26). The majority of published descriptions of 

Sikyatki Polychrome indicate that the type is naturally sand tempered (Adams et al. 1993: 

6; Bishop et al. 1988: 320; Colton and Hargrave 1937: 152; Shepard 1971: 183; Upham 

1982: 126). However, temper modifications, improving manufacturing properties, are 

reported in some Sikyatki Polychrome descriptions (Canouts and Bishop 2003; Hays 

1991). Sikyatki Polychrome (Adams et al. 1993: 6) and Jeddito Black-on-yellow 

(Schaefer 1969: 57) ceramics were widely traded and examples are excavated from a 

wide variety of sites in the southwestern United States. 

 SIKYATKI POLYCHROME TECHNOLOGY AND PRODUCTION 

 Sikyatki Polychrome and Jeddito Black-on-yellow represent technological 

innovations in prehistoric southwestern ceramic production. Both ceramic types used 

coal-firing technologies to produce tan-buff-yellow surfaces. These surface affects were 

achieved without regard to clay composition- suggesting a skillfully controlled firing 

process. Shepard summarizes the importance of this technological achievement by stating 

that “at Awat’ovi color seemed important because of the sequence of color changes from 

gray to orange to yellow” over time (1971: 180).  Jeddito Black-on-orange (figures 5.5a 

and 5.5b) is a predecessor to Jeddito Yellow Ware ceramics (Hays 1991: 28). Smith 

(1971: 590) suggests that Jeddito Black-on-orange represents the first substitution of coal 

for wood fuel in pottery firing. However, the existence of abundant added temper in most  
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Figure 5.5: (a) Jeddito Black-on-orange bowl (ASM GP5624); (b) Jeddito Black-on-
orange sherd (AQ 221 H105). Photographs by author. 
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examples suggests Jeddito Black-on-orange ceramics were not produced using coal 

firing. Potters specifically add aplastic inclusions in order to improve forming and firing 

properties. Clays used to produce Jeddito Black-on-orange is generally of kaolin 

composition with naturally occurring silt-sized sand grains (Canouts and Bishop 2003: 

139). The relationship between raw materials, technology and color is critical for 

reconstruction of cultural meanings associated with ceramic objects. 

 Many authors theorized that Sikyatki Polychrome yellow surfaces, produced 

during high temperatures firing, are the result of chemical interactions between clay and 

coal fuel (Canouts and Bishop 1993, 2003; Hack 1942b; Powers 1976; Shepard 1968, 

1971). However, examples of Sikyatki Polychrome and other Jeddito Yellow Wares are 

produced using sheep dung (Bishop et al. 1988). The exact mechanism producing the 

yellow surface color is unknown. Technological control, exercised by Hopi potters, is 

evident when analyzing the consistency of surface color effects on the existing 

archaeological corpus of Sikyatki Polychrome ceramics. Researchers have successfully 

used color spectrophotometer measurements to characterize temporal changes in the 

ceramic ware. Bishop et al. (1988) made L*a*b* color system measurements to confirm 

visual observations regarding differences between earlier and later examples over a 

relatively short 100-year period. Their results indicate that “later Sikyatki polychromes 

tend to be lighter [in color] than the earlier Jeddito Black-on-yellows” (Canouts and 

Bishop 2003: 139). 

 Firing technology is a critical component of Sikyatki Polychrome production. 

However, there is no archaeological evidence for the presence of kilns in the American 
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Southwest. There is evidence of ceramic firing locations on Antelope Mesa (Brew 1979; 

Hack 1942a, 1942b; Smith 1971; Sullivan 1988) and other unspecified mesa tops in the 

Hopi Mesa region (Canouts and Bishop 1994). Prehistoric ancestral Hopi potters used 

both dung and coal resources. The addition of coal to firing protocols influenced the 

development of ceramic technologies based on achievable firing temperatures. Hack 

(1942b: 7) identifies coal ash heaps associated with “improperly fired” sherds as 

remnants of ceramic firing along benches of Black Mesa near Awat’ovi (see figure 5.1). 

Typical ash heaps measure 10 feet in diameter and 3 feet high, which suggests large-scale 

production. In addition, Smith identifies “hundreds of mounds composed of clinkers, ash, 

slag, rocks, and fired and sometimes vitrified sherds” (1971: 590) during his excavations 

at Awat’ovi. Brew (1979: 516-7) proposes that ceramics were manufactured on or near 

Antelope Mesa and then transported to nearby coal outcrops for firing. Sullivan (1980) 

agrees and suggests that vessels were fabricated at Awat’ovi and other pueblos. Firing is 

thought to have occurred along the mesa walls of the Jeddito Valley (1988: 30). Finally, 

Canouts and Bishop (1994: 59) refer to ceramic firing areas with sandstone slabs and coal 

fragments found on the edges of mesa tops and village areas on the Hopi Mesas.  

 Coal is an abundant resource on the Hopi Mesas and is primarily Upper 

Cretaceous in age (Hack 1942b: 3). Coal resources, mined by the prehistoric Hopi near 

Awat’ovi, were predominantly sub-bituminous seams (Hack 1942b: 5), which generally 

has lower sulfur compositions than anthracite and bituminous coal (American Coal 

Foundation 2005). Although it is unclear when prehistoric Ancestral Hopi began to 

utilize coal, limited wood resources on the Hopi Mesas made it an attractive alternative 
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for fuel and pottery firing (Hack 1942b: 16). Coal burns longer, at higher temperatures 

and will completely oxidize gray clay resources utilized by ancestral Hopi (Shepard 

1971: 180). Ethnographic research by Colton (1951: 74) suggests that twentieth century 

Hopi potters were able to achieve temperatures in excess of 810° C utilizing a mixture of 

dried sheep dung with 4% by weight coal fuel. Researchers have estimated that 

prehistoric Hopi potters fired Sikyatki Polychrome ceramics at temperatures between 800 

– 1100° C (Canouts and Bishop 2003: 139; Noble 1978; Shepard 1971: 181). Based on 

estimates of coal removed from mines near Awat’ovi and other sites in the Jeddito 

Valley, Hack (1942b: 17) approximates that over 100,000 tons of coal were removed by 

prehistoric Hopi for heat and pottery production. There is extensive evidence of 

mineshafts cut into mesa walls in order to collect coal. Exposure to air decreases coal 

quality and it is thought that the Hopi rarely utilized exposed and deteriorating coal seams 

(Hack 1942b: 4).  

 Shepard conducted a series of experimental firing test research during the 1938 

Awat’ovi field season. Her observations indicate that gray clay sources (located near the 

site) were able to produce fired ceramic pastes similar to those produced by the Hopi 

during the period in which Sikyatki Polychrome was in use (Shepard 1971: 179-180). She 

theorizes that clay oxidation state, used during pottery production, was critical. Reducing 

gases, produced predominantly in the early stages of firing, would drive off the 

hydrocarbons found in the coal fuel (Shepard 1971: 180). In successive stages, oxygen in 

the atmosphere would oxidize the naturally reduced gray clays- but only if there was 

sufficient draft (Shepard 1971: 180). Atmospheric conditions during the final stage of 
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firing are responsible for final pottery colors. Shepard’s firing test results suggest that 

gray clays were partially oxidized during short coal firing. They would be completely 

oxidized, if fired for a longer period using coal fuel, where conditions were sufficient to 

produce temperatures in excess of 900° C (Shepard 1971: 180-1). 

 Chemical characterization studies have identified and isolated the production zone 

of Sikyatki Polychrome to the Hopi Mesas (Bishop et al. 1988; Canouts and Bishop 

2003). Bishop et al. (1988) utilized instrumental neutron activation analysis (INAA) to 

identify compositional trends in 650 ceramic (Jeddito Black-on-yellow and Sikyatki 

Polychrome) and 130 yellow-firing clay samples. Combined compositional, technological 

and stylistic analyses imply Jeddito Yellow Ware production was village specific and that 

potters had equal access to resources (Bishop et al. 1988: 332). Three separate 

compositional groups were identified including Kwayka’a and Awat’ovi on Antelope 

Mesa, as well as Sikyatki on First Mesa (figure 5.1) (Bishop et al. 1988: 322-3). Later 

work by Canouts and Bishop (2003: 139) identified other compositional groups 

associated with the sites of Chakpahu, Kokopnyama and Walpi, as well as the early 

Walpi sites of Koecheptavela and Kisakovi and was published by Bernardini (2005a, 

2005b, 2007).  

Samples from the Sikyatki assemblage appear to be distinct from other identified 

groups (Bishop et al. 1988: 330). Bishop et al. (1988: 330) and research published by 

Canouts and Bishop (2003: 139) suggest that there is minimal variability among Sikyatki 

compositional groups showing little evidence for extensive movement from one site to 

another. The technological skill and control of ancestral Hopi potters is evident, as the 
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same or similar yellow surface affects are consistently found on Sikyatki Polychrome 

ceramics (Bishop et al. 1988: 329) despite differences in iron concentrations in identified 

compositional groups. Minimal paste compositional variability suggests that variation in 

firing conditions controls surface color qualities (Bishop et al. 1988: 329).  

 Further evidence for firing technological control during manufacturing is evident 

in pigment choices made by Hopi potters. Sikyatki Polychrome is a yellow/pale cream 

ceramic decorated by a wide range of bright paints applied to achieve contrast with the 

clay background. Minor compositional differences in analyzed paints suggests the degree 

of control Hopi potters exercised during firing (Bishop et al. 1988: 329). Colton and 

Hargrave (1937: 153) and Shepard (1971: 182) indicate that Fe-oxide and 

iron/manganese minerals, easily found on the Hopi Mesas, typify paint compositions. 

Ancient potters used a variety of other colorants to achieve specific color, density, and 

luster including carbon, organic and organic-mineral paint mixtures (Stewart and Adams 

1999). These paint traditions will be discussed in greater detail as they relate to portable 

XRF compositional data.  

PROPOSED ARCHAEOLOGICAL MODELS FOR JEDDITO YELLOW WARE AND SIKYATKI 

POLYCHROME PRODUCTION 

 Many researchers have proposed models for Jeddito Yellow Ware and Sikyatki 

Polychrome production and exchange based on archaeological evidence (Adams et al. 

1993; Bishop et al. 1988; Canouts and Bishop 2003; Hays 1991; Lyons 2003; Upham 

1982). Upham (1982: 157) suggests that elites (possibly established by affinal kin 

networks) in large pueblos controlled Jeddito Yellow Ware production. Ceramics were 
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traded as part of a Jeddito Alliance among settlements in Hopi, Middle Little Colorado, 

Anderson Mesa, Puerco and Verde. Characterized by increasingly elaborate alliances, 

Upham states that large and small sites were “articulated into a single political and 

economic system” controlled and linked by elite populations (1982: 59). Upham indicates 

that Jeddito Yellow Ware exchange “may have symboled the connectivity of these 

polities and probably codified the more practical aspects of the relationship” (1982: 157). 

While Upham’s argument for the creation of complex political units controlling esoteric 

knowledge and elite commodities appears to be strong, there is substantial evidence to the 

contrary. 

 Bishop et al. (1988) identify a limited area of production for Jeddito Yellow Ware 

based on INAA compositional analyses conducted on archaeological samples and modern 

clay sources. They suggest that production is village specific and ceramic manufacture, 

use and discard had limited spatial exchange on the landscape (Bishop et al. 1988: 333). 

According to their research, there is little evidence for centrally controlled resources 

within Awat’ovi, Kawaika-a and Sikyatki pueblos. Stylistic and compositional analyses, 

from burial ceramics, suggest that individual potters exploited the same set of clay 

resources simultaneously (Bishop et al. 1988: 332). In response to Upham’s argument for 

a Jeddito Alliance, Bishop et al. (1988: 334) conclude that association with elite groups 

or alliances is conjectural. However, this can only be confirmed by demonstrating that 

Confirmation of this conclusion require that production and distribution is “contextually 

circumscribed and/or until conventionally circumscribed design-motifs can be shown to 

be associated with particular groups” (Bishop et al. 1988: 334).  
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 Hays (1991) also disputes Upham’s conclusions that Jeddito Yellow Ware was an 

elite commodity based on her research of ceramics at Homol’ovi II, a Pueblo IV site near 

Winslow. She reports the imported Jeddito Yellow Ware sherd assemblage vastly 

outnumbers locally made decorated ceramics including Winslow Orange Ware (Hayes 

1991: 23). Overall, Jeddito Yellow Ware accounts for 65% of surface collected sherds 

and 90% of the entire decorated sherd assemblage at Homol’ovi II (Hayes 1991: 23). The 

spatial distribution of sherds within the pueblo suggests that access and trade in Jeddito 

Yellow Ware was an important commodity to the Homol’ovi II population (Hayes 1991: 

44). Hays’s ceramic analysis of the Homol’ovi II assemblage clearly challenges the 

Bishop et al. (1988) model of Jeddito Yellow Ware where ceramic use is limited to its 

production zone.  

 Adams et al. (1993) report Jeddito Yellow Ware distribution patterns in order to 

explore the sociopolitical complexity of pueblos on the Colorado Plateau. They analyze 

Upham’s alliance model and the possible existence of relatively egalitarian political 

structures throughout the prehistoric period. The research identifies Jeddito Yellow Ware 

frequency at small (3 – 20 rooms), medium (21 – 75 rooms) and large (> 76 rooms) 

habitation sites, as well as non-habitation sites including field houses, artifact scatters or 

sites with no architectural features (Adams et al. 1993: 7). Using their expanded range of 

sites with Jeddito Yellow Ware, the researchers (Adams et al. 1993: 11) show that 

medium and large sites comprise only 5.1% of the inventoried sites. The remaining 

94.9% are small habitation and non-habitation sites. These results dispute both Upham’s 

claims regarding elite control, as well as Bishop et al.’s (1988) conclusion that there was 
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limited Jeddito Yellow Ware exchange off the Hopi Mesas. Finally, Adams et al. (1993: 

11-2) propose that reciprocal or subsistence exchange models utilizing kin groups can be 

used to explain the proliferation of Jeddito Yellow Ware off the Hopi Mesas. In 

particular, they theorize that the abundant cotton produced at Homol’ovi II may have 

been traded for Jeddito Yellow Ware pottery produced at Hopi (Adams et al. 1993: 15). 

 Lyons (2003) concurs with Adams et al. (1993) suggesting that Hopi migrations 

into the Homol’ovi area and other sites resulted in the proliferation of Jeddito Yellow 

Ware ceramics off the mesas. Marginal resources or possible flooding in the region may 

have precipitated ancestral Hopi migrations off the Mesas (Lyons 2003: 97). 

Archaeological evidence indicates that population and cotton production expanded during 

the same period (Lyons 2003: 97). Cotton was a lucrative commodity and was probably 

used to trade for ceramics including Sikyatki Polychrome and other Jeddito Yellow 

Wares. Lyons (2003: 97) affirms Upham’s conclusion that Homol’ovi populations were 

“located in a position from which they could have controlled or at least participated in the 

movement of people and materials along the major eat-west travel corridor in the area”. 

Lyons’s argument, based on multiple lines of archaeological evidence including 

identification of Hopi migration markers such as perforated plates, colanders, kivas, and 

entry boxes, is persuasive.  

 Research by Bernardini (2005a, 2005b, 2007) continues Jeddito Yellow Wares 

and Sikyatki Polychrome compositional work initiated by Bishop and Qöyawayma at the 

Smithsonian Institution using INAA. Based on compositional data collected from 250 

samples, production technology steps, as well as chemical similarities between raw clays 
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and finished vessels, Bernardini (2005a: 131) concludes that Jeddito Yellow Ware was 

solely produced on the Hopi Mesas. Principle components analysis of INAA data shows 

very little overlap between clays used for Jeddito Yellow Ware and samples from sites 

located off the mesas including Winslow (Bernardini 2005a: 133). Furthermore, the 

existence of fuel source and evidence of widespread pottery production on the mesas 

suggests Jeddito Yellow Ware production was limited spatially and geographically. 

INAA compositional data groups indicate that various groups on the Hopi Mesas, related 

by kinship ties, were producing Jeddito Yellow Ware ceramics (Bernardini 2005b: figure 

5.9). By tracking the compositional signature against artifact find location, one can map 

the migration of people, objects and technology over the landscape. Bernardini (2007) 

posits that serial migration and frequent, uncoordinated movements of various migrant 

populations resulted in heterogeneous populations with links to a variety of different 

sources.  

 Canouts and Bishop (2003) are the only researchers to propose a model of 

production and exchange specifically for Sikyatki Polychrome. They argue that social 

relationships were responsible for Sikyatki production and distribution in the region. In 

an unpublished conference paper, they refer specifically to Jeddito Yellow Ware 

production centers located off the Hopi Mesas (Canouts and Bishop 2003: 141). The 

existence of production centers off the mesas, while not well understood, contradicts 

prevailing models of exchange. This suggests that multiple models must be used to 

explain the spatial distribution of Sikyatki Polychrome and Jeddito Yellow Ware 

ceramics (Canouts and Bishop 2003: 141). They (2003: 141) hypothesize that Sikyatki 
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Polychrome vessels have ritual meanings related through kinship ties and were probably 

used in kiva settings – based on similarities to images painted on kiva walls in Awat’ovi. 

However, this proposal does not account for ceramic distribution in other settings 

including burials and habitation sites, as well as other contexts.   

 This review of archaeological models suggests that there are multiple causal 

agents responsible for the production and distribution of Jeddito Yellow Ware and 

Sikyatki Polychrome. Based on the archaeological record and compositional/stylistic 

evidence, production and distribution are associated with kinship ties and migration. 

Management of limited resources on and off the Hopi Mesas also plays a role in 

technological development. Questions remain about the technological elements of 

Sikyatki Polychrome production and characterization of cultural motivations that 

influence chaîne opératoire or behavioral chain of manufacture. 

EXPERIMENTAL PROCEDURE 

 Sikyatki Polychrome and Jeddito Yellow Ware sherds are analyzed using 

destructive and non-destructive methods in order to characterize yellow surface color 

affects, as well as paste and painted decoration found on Sikyatki Polychrome vessels. 

The research described was completed at The University of Arizona under the 

advisement of Dr. Pamela Vandiver, Dr. David Killick and Dr. Elizabeth Miksa. Using a 

sample set of 27 sherds surface collected from the Hopi Mesas by Alfred Qöyawayma in 

the 1980’s, extensive visual, petrographic and chemical analyses were conducted. 

Following digital documentation, each sherd was visually characterized using a binocular 

microscope.  
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The sample set includes 24 Sikyatki Polychrome, 1 Jeddito Black-on-yellow and 

2 Jeddito Black-on-orange sherds. Unfortunately, the samples have no provenience 

information making it difficult to make exact correlations between archaeological find 

spot and production zones defined by published INAA data. Two sherds (H092 and 

H106) were sampled and sourced using INAA, as part of the Hopi Ceramics Project, an 

interdisciplinary effort administrated by the Smithsonian Institution. Original members 

included Ronald L. Bishop, Veletta Canouts, Suzanne De Atley, Alfred Qöyawayma, C. 

W. Aikens and Carroll Riley.  

 Ceramic forming techniques were characterized using x-radiographic and 

xeroradiographic methods. Both x-radiography and xeroradiography are non-destructive 

techniques that use x-ray absorption to image differences in chemical composition and 

material thickness. X-radiographic methods utilize film that must be wet processed, while 

xeroradiography produces positive images on paper using a dry methods patented by 

Xerox (Kingery and Vandiver 1986: 44). X-radiographs detail internal structure, while 

xeroradiographs emphasize edge effects, porosity and cracks with greater clarity 

(Kingery and Vandiver 1986: 44). Xeroradiography was conducted on selected samples 

during the 1980’s at the Smithsonian Institution by Vandiver and were made available for 

this study. New x-radiographic images, utilizing digital processing, are used to 

characterize the samples further.  

 Stained thin sections were prepared in order to characterize ceramic mineralogy 

and microstructure. Following standard procedures, samples were embedded in epoxy 

and ground to a standard 30 μm thickness allowing optical features to be observed under 
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polarized light (Reedy 2008: 1). Thin sections were stained to differentiate Ca-

plagioclase (Dickson 1965) and K-feldspars (Houghton 1980) in the ceramic paste using 

standard petrographic procedures. The prepared thin sections were imaged using an 

Olympus BH-2 Research Polarized Light Microscope equipped with a MicroFire CCD 

camera. Thin section mineral characterization was conducted using petrographic modal 

analysis or point counting methods (Chayes 1956). Point counting is an established 

method of quantifying mineralogical composition by applying a grid to the sample and 

counting sand sized material composition underneath each grid point (Miksa 2001: 84). 

Petrographic analyses and imaging were completed in the Department of Anthropology, 

The University of Arizona, in the laboratory of Dr. David Killick. 

 SEM-EDS and FESEM-EDS analyses were used to determine sample elemental 

composition, as well as characterize microstructure. SEM analysis utilizes an electron 

beam to probe and raster scan samples producing highly magnified images with a 

resolution 50 – 75 nm (Brundle, Evans, Jr. and Wilson 1992: 8). When combined with 

EDS, the electron beam excites the sample and characteristic x-rays are emitted giving 

semi-quantitative and quantitative elemental composition with minimum detection limits 

around 1 – 2% (Brundle, Evans, Jr. and Wilson 1992: 8). Non-conductive (organic) 

samples must be carbon coated and capable of withstanding vacuum pressure. Samples 

selected for analysis were prepared using an Edwards Turbo Molecular Pumped Vacuum 

Evaporator E306A, which allows thermal evaporation of carbon and metals onto 

substrates to produce fine coatings.  
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 FESEM-EDS imaging and compositional analysis is comparable to SEM-EDS, 

but utilizes a field emission gun source increasing resolution to 1 – 2 nm (Brundle, 

Evans, Jr. and Wilson 1992: 164). Samples were analyzed using a Hitachi S-2460 / 

ThermoNORAN NSS EDS: Variable Pressure SEM and a Hitachi S-4500 Field Emission 

Scanning Electron Microscope with two secondary electron detectors and one backscatter 

electron detector. The Hitachi S-2460 SEM is equipped with a Tungsten thermionic 

emitter, EDS detector and variable pressure mode. Instrument detection ranges include 

identification of elements with Z >  5 (boron). The Hitachi S-4500 FESEM has 1.5 nm 

resolution and x-ray spectra acquisition system. SEM-EDS and FESEM-EDS analyses 

were conducted on instrumentation in the Department of Materials Science and 

Engineering at The University of Arizona. 

 Sherd microstructure was characterized to determine the degree of vitrification, as 

it relates to production firing temperature. Samples, prepared with fresh fractures, were 

imaged using SEM-EDS and FESEM-EDS. Analyzed samples were then classified into 

firing groups based on similar microstructural features. Samples from each category were 

subjected to refiring tests to determine specific temperature ranges where observed 

microstructure is altered. Fresh fracture samples were refired for 15 minutes at 50° 

temperature intervals starting with 700°C and ending with 1300° C. Refired samples and 

unmodified ceramic colorants were imaged and analyzed using SEM-EDS and FESEM-

EDS to gain information about particle size, microstructure and chemical composition. 

X-ray diffraction, measures crystallographic spacing using the Bragg equation, was 
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attempted to confirm the presence of mullite in selected samples using instrumentation in 

the Department of Materials Science and Engineering at The University of Arizona. 

EXPERIMENTAL RESULTS: MACRO- AND MICROSTRUCTURAL ANALYSES 

Published research on Sikyatki Polychrome has predominantly focused on 

sourcing ceramic pastes in order to reconstruct raw material procurement and 

provenance. The research presented in this case study utilizes a materials-processing 

approach to reconstruct surface color effects, generally inferred from visual observations 

in the literature and minimally tested. Reported results reveal new information regarding 

ancestral Hopi Sikyatki Polychrome production including firing temperatures and the 

existence of preserved organic components in mineral-organic paints. 

 Based on visual macro- and microscopic analysis of samples, a variety of surface 

treatments are indentified including wiped, polished and painted-polished surfaces (see 

table 2). Thirteen sherds have wiped interior surfaces and painted-polished exteriors 

suggesting they belong to jars. Eight sherds have polished exteriors and painted-polished 

interiors suggesting they are bowl fragments. Four sherds have painted-polished interiors 

and exteriors and two sherds have polished interior and exterior surfaces. Painted 

decoration ranges in color from brown to black and orange to red. Paints are cohesive, 

well-adhered and well-preserved. Visually, the paste appears homogeneous with 

occasional ferruginous and quartz particles. Sherds vary in hardness, but generally appear 

to be well-fired (see figure 5.6a, 5.6b, 5.6c). Five samples appear over-fired, based on 

sharp fracture and visual characteristics such as orange paste and surface color (figure 

5.6a). Optimum surface color, visual qualities, yellow paste, clean fracture, and firing 
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temperature are associated with the second group of fired ceramics (figure 5.6b). These 

samples exhibit a group of five lower-fired sherds has also been visually identified based 

on whiter surfaces and pastes, as well as faded brown paints (figure 5.6c).  

EXPERIMENTAL RESULTS: X-RADIOGRAPHY AND XERORADIOGRAPHY 

 X-radiographs of the sherd sample set provide limited information regarding clay-

forming processes. Some thick/high z inclusions are visible, as well as voids forming 

along coil joins. Xeroradiographs have greater analytical utility, as they record 

information regarding coil size, joins and other clay forming techniques (figure 5.7). In 

addition, aligned particles due to surface finishing are visible. Coils appear to have an 

aspect ratio of 1:2 and are beveled towards the exterior and then overlapped and joined 

during vessel forming. Joins are well adhered and voids between coils are not always 

visible in x-radiographs or xeroradiographs.   

EXPERIMENTAL RESULTS: PETROGRAPHY 

 Petrographic analysis indicates that overall sherd mineralogical content is 

consistent with the geology of the region. The Hopi Mesas (Antelope, First, Second and 

Third Mesas), and the surrounding Colorado Plateau, are dominated by weathered 

sandstones and limestone, as well as arenaceous, argillaceous and calcareous shales 

(Hack 1942a: 3). Numerous ephemeral streams and enormous quantities of windblown 

sand are associated with the mesas and document geological weathering patterns in the 

region (Hack 1942a: 5). Petrographic differences in the sherds exist only in relative 

concentrations of minerals. Samples are characterized by fine clay matrices, fluctuating 

paste porosity and varying amounts of quartz, Ca-plagioclase, K-feldspar, Fe-oxides, 
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Figure 5.6: (a) Over-fired Sikyatki Polychrome sherd- based on visual characteristics, 
(AQ 310-3 HPQ 409); (b) well-fired Sikyatki Polychrome sherd (AQ 308-3 HPQ 404); 
(c) underfired Sikyatki Polychrome sherd (AQ 311-6 HPQ 408). Photographs by author. 
 
 

 
Figure 5.7: Xeroradiograph of Sikyatki Polychrome sherd with arrow pointing to coil join 
(AQ 308-4 HPQ 420). Xeroradiograph by Pamela Vandiver and published with copyright 
permission.  
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mica, carbonate minerals. Paste particle size ranges in size from 5 – 10 μm. Hornblende, 

microcline and chlorite minerals are less frequent, but found occasionally. Matrix sorting 

varies from well- and moderately-sorted to very poorly sorted (figure 5.8a, 5.8b, 5.8c).  

 Quartz grains are sub-angular, sub-rounded or rounded sand- and silt-sized grains 

with Fe-oxide intergrowth along quartz grain perimeter and fracture lines- typical of 

weathered sandstone parent sources. The quartz is original to the clay source and acts as a 

natural temper. Ca-plagioclases grains are sub-angular and sub-rounded silt-sized (coarse 

and fine) grains. They are often found as a halo beneath quartz particles, which is 

indicative of sedimentary origin. K-feldspar particles are sub-angular fine sand-sized 

grains with blebby texture and Ca-plagioclase intergrowth. Hematite inclusions are fine 

and very fine silt-sized, equant grains. They show evidence of sedimentary mixing in the 

formation of grain halos. There is a broad range of mica content in the sample set, but 

mica particles are foliated, silt-sized grains that are often too small to differentiate 

between biotite/muscovite. There was no evidence of igneous mineral inclusions. Finally, 

carbonate inclusions of unknown origin have been identified in a few thin sections. The 

carbonate grains are medium to highly spherical inclusions with sub-rounded and 

rounded edges.  

 Clay processing techniques are also visible in thin section. Sherds with polished 

or painted-polished surfaces exhibit visible compaction and orientation of particles due to 

surface polishing. These qualities are confirmed by SEM imaging and will be discussed 

in later sections. For the most part, painted surfaces are compact and opaque layers of 

visually identified Fe-oxides (figure 5.9a and 5.9b). At least eight samples including five 
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Figure 5.8: (a) Well sorted Sikyatki Polychrome matrix, 25x, (AQ 311-3 HPQ 424); (b) 
moderately sorted Sikyatki Polychrome matrix, 25x, (AQ 319-1); c. poorly sorted 
Sikyatki Polychrome matrix, 25x (AQ 319-4). Circular black dots in images are the result 
of thin section preparation. Petrographic images by author. 
 
 

 
Figure 5.9: (a) Sikyatki Polychrome sherd microstructure visible in petrographic thin 
section, arrow points to compaction of painted surface, 25x (AQ 311-7 HPQ 414, 25x); 
(b) Sikyatki Polychrome sherd microstructure visible in petrographic thin section, arrow 
points to compaction of painted surface, 25x (AQ 308-1 HPQ 416). Petrographic images 
by author. 
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Sikyatki Polychrome, two Jeddito Black-on-orange and one Jeddito Black-on-yellow 

exhibit deliberately added ceramic grog temper. Grog size varies, but is typically finely 

ground and occasionally includes visible finished surfaces (figure 5.10a and 5.10b). The 

existence of grog temper in Jeddito Black-on-orange and Jeddito Black-on-yellow paste 

is not surprising, as this characteristic is included in type definitions and every published 

description. However, the presence of ceramic grog in Sikyatki Polychrome samples is 

contrary to most published definitions. The grog tempering is a deliberate addition to the 

natural sand tempered clays used for paste. Finally, there appears to be a correlation 

between the degree of glassy microstructure and quartz composition and will be 

discussed in the following paragraphs.  

EXPERIMENTAL RESULTS: FIRING TEMPERATURE DETERMINATIONS 

Sherd microstructure and chemical composition was characterized using SEM-

EDS and FESEM-EDS analysis. Firing temperature was estimated by characterizing the 

degree of glassy microstructure (table 5.2). Sherd fresh fractures were used as a proxy for 

initial firing determinations. Ceramics fired at higher temperatures for longer periods will 

have glassier microstructures composed of collapsed, elliptical pores with out any 

discernable stacked clay structure (Kingery and Vandiver 1986). Comparisons of SEM 

and FESEM images, captured at high magnification (between 5000 – 6000x), suggests 

that there are four groups of sherds with similar microstructural characteristics. The first 

group includes sherds with very glassy microstructure and collapsed pores indicating 

very high firing (figure 5.11). Quartz particles cannot be identified due to the degree of 

glassy microstructure. Compositions consistently have silicon greater than aluminum, 
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Figure 5.10: (a) Grog temper, indicated by arrows, Jeddito Black-on-orange, 100x (AQ 
H026); (b) grog temper indicated by arrow, Sikyatki Polychrome, 200x (AQ 311-2 HPQ 
412). Petrographic images by author. 
 

 

 
Figure 5.11: Jeddito Black-on-orange sherd in highest fired group with extremely glassy  
microstructure, 5000x (AQ H092). SEM image by author. 
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Table 5.2: Summary of Sikyatki Polychrome samples, surface finishing characteristics 
and firing. 

Sample  Ware Surface Finish  Firing Group 
308-1 HPQ 416 Sikyatki Polychrome -polished, painted interior and 

exterior 
lowest group 

308-2 HPW 407 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

lowest group 

308-3 HPQ 404 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

not assigned 

308-4 HPQ 420 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

lowest group 

309-2 HPQ 403 Sikyatki Polychrome -polished, painted interior  
-polished exterior 

medium group 

309-3 HPQ 401 Sikyatki Polychrome -polished, painted interior  
-polished exterior 

not assigned 

310-1 HPQ 402 Sikyatki Polychrome -polished, painted interior and 
exterior 

medium group 

310-3 HPQ 409 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

high group 

310-4 HPQ 400 Sikyatki Polychrome -polished, painted exterior 
-polished interior 

high/medium group 

310-5 HPQ 410 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

medium group 

310-6 HPQ 414 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

high/medium group 

310-7 HPQ 418 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

medium group 

311-1 HPQ 406 Sikyatki Polychrome -polished, painted interior and 
exterior 

lowest group 

311-2 HPQ 412 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

high/medium group 

311-3 HPQ 424 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

medium group 

311-4 HPQ 421 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

lowest group 

311-5 HPQ 419 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

medium group 

311-6 HPQ 408 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

lowest group 

311-7 HPQ 417 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

lowest group 

311-8 HPQ 405 Sikyatki Polychrome -polished, painted interior and 
exterior 

high/medium group 

311-10 HPQ 422 Sikyatki Polychrome -polished, painted interior and 
exterior 

high group 

319-1 Sikyatki Polychrome -polished, painted interior and 
exterior 

high/medium group 

319-4  Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

high group 

H026 217 EXT SPOIL Jeddito Black-on-yellow -polished exterior 
-painted, polished interior 

high/medium group 

H092 Jeddito Black-on-orange -polished, painted exterior 
-wiped interior 

high group 

H105 Sikyatki Polychrome -polished, painted exterior 
-wiped interior 

high/medium group 

H106 Jeddito Black-on-orange -polished, painted exterior 
-wiped interior 

high group 
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iron greater than titanium, potassium greater than calcium and sulfur is present in at least 

three examples. The second group consists of sherds with glassy microstructure and 

semi-collapsed pores suggesting their production occurred at slightly lower firing 

temperatures (figure 5.12). Quartz particles cannot be identified from these 

microstructures. Paste compositions are consistent with iron impurities present, while 

silicon is greater than aluminum and potassium greater than calcium.  In two examples, 

sulfur is detected, while chlorine is identified in a third sample. As will be discussed later, 

SEM-EDS and FESEM-EDS data is not sufficient to confirm the source of Sikyatki 

Polychrome surface colors due to instrumental limits of detection associated with sulfur 

detection.  

 The third firing group is characterized by pastes with glassy and clay 

microstructures, as well as open pores indicating lower firing temperature (figure 5.13a 

and 5.13b). Their compositions include high silicon and aluminum contents with silicon 

slightly higher, high potassium composition relative to calcium, as well as iron content 

greater than titanium (figure 5.13b). The lowest firing group is characterized by paste 

microstructure with visible stacked, clay structures and open pores (figure 5.14) and 

compositions where silicon is greater than aluminum, potassium is greater than calcium 

and iron is greater than silicon, except in one sample. 311-6 HPQ 408 (6000x) has much 

higher calcium composition relative to potassium. Sherds fired at the highest 

temperatures include three Sikyatki Polychrome and two Jeddito Black-on-orange 

examples (see Table 5.2). Sherds fired to the second highest temperatures include six 

Sikyatki Polychrome samples and one Jeddito Black-on-yellow sherd, while six Sikyatki 
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Figure 5.12: Sikyatki Polychrome sherd in second highest fired group with glassy 
microstructure, 6000x (AQ 310-6 HPQ 414). SEM image by author. 
 
 

 
Figure 5.13: (a) unmodified Sikyatki Polychrome sherd in third highest fired group with 
mixed glass and stacked clay microstructure, 5000x (AQ 310-1 HPQ 402); (b) EDS 
spectrum for sample. SEM image and analysis by author. 
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Figure 5.14: unmodified Sikyatki Polychrome sherd in lowest fired group with stacked 
clay microstructure, 5000x (AQ 311-1 HPQ 406). SEM image by author. 
 

Polychrome sherds were fired to the third highest temperature. Seven Sikyatki 

Polychrome sherds were fired to the lowest temperature- based on microstructure 

characteristics- and two Sikyatki Polychrome sherds are unclassified. 

Firing temperature reconstruction compared fresh fractures to samples 

experimentally exposed to a range of furnace temperatures. Selected samples were 

subjected to refiring tests (as described previously) to approximate the temperature range 

at which phase changes are visible in ceramic pastes. Using this rough technique, the 

microstructure of the highest and second highest firing groups did not change until 

exposed to temperatures of 1100°C (figures 5.11 – 5.12). The sample from the third 

highest firing group did not change structure until it was exposed to temperatures greater 

than 1050°C (figure 5.13a), while sample microstructure in the lowest firing group did 

not exhibit differences in structure until temperatures exceeding 1000°C were achieved 

(figure 5.14).  
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 Reconstruction of firing temperatures and paste compositions, used during 

ceramic production, inform scientific discussions of ceramic production. High-fired 

porcelain or porcelainous ceramics are made with kaolinites, two-layered clays with a 

high degree of alumina (often 12 – 24%). Aplastic inclusions in the paste including 

quartz, feldspars and grog are also typical (Kingery and Vandiver 1986: 25-6). Glassy 

particles present in ceramic microstructures reflect both composition and firing 

technology when compared to ternery phase diagrams (Kingery and Vandiver 1986: 

figure 1.7). Mullite, an alumina-silicate mineral (3Al2O3●2SiO2) which crystallizes at 

temperatures above 1250°C, will begin forming at lower temperatures i.e. 1000°C 

(Grofcsik 1961: 117-8). The alumina-silica-mullite phase diagram can be used to 

determine the firing temperature through identification and measurement of glassy 

particles (composition) (Kingery and Vandiver 1986: figure 1.7). Mullite concentrations 

are best measured using x-ray diffraction (XRD) (Grofcsik 1961: 13). Samples, etched by 

exposure to HF, leave acid-resistant mullite in high relief, allowing them to be imaged 

using SEM/FESEM microscopy (Kingery and Vandiver 1986: 7). Kingery and Vandiver 

(1986) have successfully used this technique to determine firing temperatures for a 

Böttger porcelain object in The Metropolitan Museum of Art’s collection and a soft-

paste, unglazed Boucher bisque sculpture in the collection of the National Museé de 

Céramique.  

EXPERIMENTAL RESULTS: X-RAY DIFFRACTION 

Petrographic analysis of Sikyatki Polychrome pastes identified quartz and 

feldspars in all samples, as well as grog in five sherds. Point counting indicates that 
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sherds with microstructures in the two highest firing groups have significant quartz 

compositions ranging between 10 – 20%. Prepared samples of the first two firing groups 

were submitted for x-ray diffraction analysis to confirm the presence of mullite. 

However, analysis did not detect the presence of the mineral. XRD detection limits for 

mullite detection is below 5% and future research will focus on using techniques with 

greater detection limit resolution to confirm mullite.  

INTERPRETATION: SEM-EDS AND FESEM-EDS ANALYSIS OF CERAMIC COLORANTS 

  SEM-EDS/FESEM-EDS surface analyses indicate that 16 samples have 

significant sulfur concentrations (> 1 % weight composition) on painted or finished 

surfaces- suggesting that sulfur is deposited on the surface during firing (figure 5.15a and 

5.15b). Black, brown, orange and red paints were analyzed using SEM-EDS/FESEM-

EDS and varying mineral paint and organic-mineral paints mixtures identified (see 

figures 5.16 – 5.23). Typically, brown and orange color effects are associated with the 

use of organic-mineral paint compositions, while red and black pigments are mineral 

paints. A wide range of colors and paint thicknesses are preserved on samples indicating 

potters understood paint properties and experimented to explore a variety of surface 

effects. Samples are dense, well compacted and characterized by particle rounding 

suggesting paint sintering (figures 5.17 – 5.22) that developed due to high temperatures 

achieved during firing. Paint thicknesses vary depending on application and paint 

composition. Black paint compositions are consistently Fe-rich with minor manganese 

concentrations representing Fe-oxides mixed with some Mn-oxides (figure 5.16a and 
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Figure 5.15: (a) unmodified, typical paste microstructure for Jeddito Black-on-orange, 
1000x (AQ H026 217 EXT SPOIL); (b) and composition EDS analysis. SEM image and 
analysis by author. 
 

 
Figure 5.16: (a) SEM image of black paint showing limited surface compaction, Sikyatki 
Polychrome, 1000x, (AQ 310-6 HPQ 414); (b) spectrum for black paint. SEM image and 
analysis by author. 
 

  
   a              b 

     
   a            b      
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5.16b). Red paint compositions are solely mineral and include (a) iron based (figure 5.17a 

and 5.17b) and (b) iron and manganese paints (figure 5.18a and 5.18b).  

Hopi potters were able to produce a broad range of brown and orange paints 

suggesting that appearance and composition are related. Instrumental analysis detected 

organic-mineral paint mixtures associated with brown and orange colorants. Brown paint 

compositional groups include: (a) large iron concentrations (figure 5.19a and 5.19b); (b) 

high iron and minor manganese content (figure 5.20a and 5.20b); (c) small iron 

concentration; (d) organic paints with iron; and (e) organic paints with preserved plant 

structures and the absence of iron and manganese (see figure 5.23). Orange paint 

compositions are characterized by two separate features that include (a) small iron 

concentrations (figure 5.21a and 5.21b), or (b) presence of organic structures in the paint 

and absence of iron (see figure 5.23). The use of carbon-based paints is possible; 

however, the high firing temperatures used in production (900° - 1200° C) make it 

difficult to easily identify carbon. Furthermore, SEM-EDS/FESEM-EDS analytical 

methods are unable to characterize carbon, as EDS analysis does not permit identification 

of carbon paints (Adams et al. 2002; Simon 1996; Stewart and Adams 1999; Stewart et 

al. 2002; Speakman and Neff 2002; van der Weerd et al. 2004). Modern Hopi ceramic 

production makes use of carbon-based paints (Adams, personal communication 2009) 

and these ceramics can be used to develop methods for detection of similar materials in 

archaeological samples.  

 These results do not discount the possible use of mineral-organic paint mixtures 

or mineral paints with organic binders. Suspected organic paints have high silicon,
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Figure 5.17: (a) red paint with visible surface compaction, Sikyatki Polychrome, 10000x 
(AQ 311-7 HPQ 417); (b) EDS spectrum for SEM image. SEM image and analysis by 
author. 
 
 
 

 
Figure 5.18: (a) red paint with visible surface alignment, Sikyatki Polychrome, 1000x 
(AQ 311-5 HPQ  

 
 a                     b 

 
 a          b 
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Figure 5.19: (a) SEM image of brown paint with limited surface compaction, Sikyatki 
Polychrome, 500x (AQ 311-1 HPQ 406); (b) spectrum for paint. SEM image and analysis 
by author. 
 
 

 
Figure 5.20: (a) brown paint with visible surface compaction, Sikyatki Polychrome, 
4510x, (AQ H105); (b) EDS spectrum for brown paint, H105. SEM image and analysis 
by author.

   
   a            b      
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Figure 5.21: (a) orange paint with visible surface compaction, Sikyatki Polychrome, 
15000x, (AQ 311-3 HPQ 424); (b) EDS spectrum for orange paint, orange arrow points 
to Fe peak. SEM image and analysis by author. 

 

Figure 5.22: (a) SEM image of suspected organic paint with Fe component, Sikyatki 
Polychrome, 1500x (AQ 308-3 HPQ 404); (b) spectrum for paint. SEM image and 
analysis by author. 
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Figure 5.23: (a) brown paint with preserved organic structure, Sikyatki Polychrome, 
2000x, (AQ 308-3 HPQ 404); (b) orange spatter paint with preserved organic structure, 
Sikyatki Polychrome, 2500x, (AQ 311-8 HPQ 405); (c) brown paint with preserved 
organic structure, Sikyatki Polychrome, 5000x (AQ 319-1). SEM images by author. 
 

aluminum and magnesium contents, as well as little or no iron present (figure 5.22a and 

5.22b). There is some evidence of organic structures found in imaged paint samples 

(figure 5.23). These results confirm previous research on southwestern ceramic colorants. 

These results confirm published descriptions of paint compositions. However, the 

identification of organic remnants in organic-mineral paint mixtures has not been 

previously reported in the literature.  

INTERPRETATION: SIKYATKI POLYCHROME  

 Analysis of Sikyatki Polychrome is predicated on hypotheses regarding the 

relationships between chemical composition, production technology and archaeological 

provenience. Based on the research results reported, reconstruction of Sikyatki 

Polychrome manufacturing technologies is incomplete. However, reported data provides 

firing temperatures estimates achieved during production and suggests that ancestral Hopi 

   
 
 a             b                   c 
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potters exercised considerable control during firing. Colorant chemical composition 

including paste and paints are also described for clay and pigment materials used in 

Sikyatki Polychrome production. While firing temperature ranges have been 

reconstructed, more data is needed to accurately characterize archaeological samples, 

confirm or negate the presence of sulfur in paste bodies and surfaces, as well as 

determine the chemical reactions producing the desire cream to buff Sikyatki surface 

qualities. Cultural components to ceramic production have an important effect on 

developing technologies. The production and valuation of specific surface effects is 

culturally dependent. This is particularly true for Sikyatki Polychrome. Production 

technology was consistent and able to produce reliably specific surface colors for over 

300 years. Furthermore, production was on a scale that facilitated extensive trade with 

other groups who similarly valued similar colorant and ceramic properties.  

 Understanding the Sikyatki Polychrome manufacturing technology greatly affects 

archaeological models of its production, exchange and distribution. Ancestral Hopi 

prehistoric potters closely regulated ceramic fabrication attesting to their technical skills. 

Control and manipulation of this knowledge would have affected the prestige and status 

of the potter or guardian of knowledge and could have represented ritual or political 

power. Based on kiva murals at Awat’ovi, Sikyatki Polychrome vessels probably had 

ritual meaning or played a role in ritual practice (Canouts and Bishop 2003; Smith 1971). 

Their inclusion in a large number of burials also suggests these ceramics were culturally 

and ritually significant. The very limited production locales identified by INAA infers 

that there was extensive control regarding access to coal resources and manufacturing 
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knowledge off the Hopi Mesas. Knowledge production is culturally defined and transfer 

is mitigated by negotiated access. If production centers do exist off the mesas (data 

remains unpublished), then ethnic, political and economic relationships with recognized 

groups/production locales on the Hopi Mesas must be better understood.  

 The overwhelming numbers of Jeddito Yellow Ware ceramics at Homol’ovi II 

seems to preclude its association as an elite ware (Adams et al. 1993; Hays 1991). 

However, it is clear that Jeddito Yellow Ware and Sikyatki Polychrome played a role in 

the migration of ancestral Hopi in Arizona (Bernardini 2005a, 2005b, 2007; Lyons 2003). 

Greater understanding of ancestral Hopi migration patterns and relations between sites is 

necessary in order to understand technology transfer or trade mechanisms initiated 

ceramic trade and or exchange economic reasons, tribute, allegiance, or rewards. The 

reconstruction of Sikyatki Polychrome manufacturing technology should begin to narrow 

some of these research questions and eliminate others- greatly advancing our knowledge 

of ancestral Hopi ceramic production, learning frameworks and transfer of knowledge, as 

well as ritual, economic and political relationships. 

CERAMIC COLORANT AND PASTE ANALYSIS IN SOUTHWEST US  

The study of ceramic colorants is particularly important for interpretation of 

archaeological pottery in the Southwest. Characterization of colorant compositions 

imparts information regarding physical, chemical and visual properties, as well as their 

relationship to deterioration mechanisms, burial environment and appropriate 

preservation practice. Pigment, paint, slip and glaze materials reflect cultural and artistic 

practice, as they relate to the development of learning frameworks and technology; raw 
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material resources and procurement; and trade/distribution networks. Since the early 20th 

century, scholars have successfully defined southwestern culture areas through the visual 

identification and analysis of paint mixtures (Hawley 1929, 1930a, 1930b, 1951; Hawley 

and Hawley 1938; Kidder 1924; Roberts 1935).  

Important visual qualities that influence color include pigment/binder ratios, luster 

and paint viscosity, as well as paint absorption to substrate, line quality, paint thickness, 

density and surface polish. These qualities continued to be used to successfully relate 

paint chemical and physical (assessed visually or chemically) properties to describe artist 

practice, technology and learning frameworks within the context of design style analysis 

(Crown 2001; Friedrich 1970; Hardin 1977; Shepard 1968, 1971; Triadan 1997, 1998, 

Van Keuren 2001; Zedeño 1994, 1995, 2002; Zedeño and Triadan 2000). Changes in 

color and design elements produce ceramic chronological production sequences, as was 

discussed in relation to Sikyatki Polychrome production in previous sections. 

Colorants in the Southwest are characterized by extreme variability, which make 

purely visual assessments of paint composition imprecise (Stewart and Adams 1999, 

Stewart et al. 2002). Ceramic colorants include mineral colorants, carbon or organic 

colorants, mineral-organic and mineral-carbon mixtures, as well as dispersions of 

pigment in clay suspensions. Paint color and viscosity depends on the type of pigment 

present, pigment-binder ratios, as well as the use of organically derived carriers such as 

Rocky Mountain beeweed and tansy mustard (Kay 1994; Speakman and Neff 2002; 

Stewart et al. 2002; van der Weerd et al. 2004), as well as inorganic clay carriers. 

Mixtures make accurate identification of composition based on visual qualities difficult, 
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while many analytical techniques are not able to identify accurately carbon or organic 

content in preserved examples. The range of variation is extensive and mixtures are 

difficult to assess accurately from the literature due to difficulties using traditional 

analytical techniques such as SEM-EDS and XRF analyses. Furthermore, there is 

insufficient resolution of vocabulary used to describe and classify colorants as 

organic/inorganic or carbon/mineral. 

Despite difficulties associated with identification, analysis of Southwest ceramic 

colorants provides insight into production technologies, as well as political and economic 

influences on trade relations, inter-cultural interactions and transfer of technological 

tradition and knowledge. Southwestern ceramics remain cohesive traditions. Non-

destructive analyses offer many advantages over techniques previously used. Sampling 

occurs in situ and data can be collected through survey relatively quickly. Portable XRF 

is an appropriate analytical technique for preservation of museum objects. Paint 

composition data and interpretations will be summarized, as they relate to color, culture 

and ceramic traditions, as well as published data about southwestern ceramics. 

 Ceramic colorants and paints are characterized by composition, material 

properties and are related to their effects on artist practice and technology. Ancient 

potters were true technologists with experimental knowledge of a broad range of 

materials and properties. Paints utilized widely available iron and manganese minerals, as 

well as organic extracts and carbon materials to achieve a wide range of color effects. In 

general, most southwestern ceramics utilize a range of materials to achieve a tight range 

of colors including black, red, white, brown, orange and yellow. Composition, desired 
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surface/color effects, and firing technologies play a role in the potter’s choice of specific 

paint mixtures. Mineral paints generally are based on widely available iron and 

manganese minerals (Colton 1955; Colton and Hargrave 1937; Germann 1926; Hawley 

1929, 1930a, 1930b; Shepard 1968, 1971; Simon 1996; Stewart et al. 2002), while 

organic paints utilize carbon and plant extracts (Adams and Stewart 1999; Shepard 1968, 

1971; Stewart et al. 2002;, van der Weerd et al. 2003). The ceramics in this study are 

typified by a variety of colorants including black, red, white, brown, orange and yellow. 

A variety of mineral paints are identified in the literature. Black paints are 

typically iron or manganese containing (Shepard 1968, 1971; Stewart et al. 2002; Simon 

1996). Replication firing suggests mineral pigments are made from hematite (Fe2O3) 

(naturally occurring) that reduces to magnetite (Fe3O4) under specific firing conditions 

(Steward et al. 2002). Colton and Hargrave (1937) and Simon (1996) report the presence 

of iron and manganese containing paints in Southwest ceramics made from hematite and 

pyrolucite minerals. Paints are generally applied to surfaces and polished prior to firing. 

Surface color production during firing is also affected by interaction between paint 

constituents. The choice to use iron or manganese minerals is dependent on the desired 

surface effects. As was observed by Shepard (1976), iron oxides sinter and react with 

impurities in mixture during firing, while manganese paints do not contain sufficient 

fluxing material to vitrify or sinter. Black paints applied over red surfaces are not feasible 

under general oxidizing environments using iron oxides (Shepard 1976; Simon 1996). 

Potters used manganese minerals including pyrolucite to achieve these effects (Colton 

1953). In some cases, the addition of carbon paint during post-firing treatment followed 
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by mini fire of short duration was necessary to achieve these desired surface effects 

(Colton 1953; Shepard 1976). Red paints have mineral compositions and color intensity 

is related to iron content (Simon 1996). White paint is generally produced using pure 

kaolin (Al2Si2O5(OH)4 that is free of iron (Simon 1996). The clay mineral, layer silicate 

consisting of tetrahedral and octahedral sheets, retains white color in oxidizing firing 

atmosphere. Certain iron minerals and oxidation states can produce yellow surfaces, but 

more information is needed to completely characterize their production technology.  

Carbon paints are difficult to characterize, as are other organic contributions to 

paints. Generally carbon content is obtained from organic extract or organic material that 

will char during firing. Tansy mustard, Rocky Mountain beeweed and guaco (Stewart et 

al. 2002) were commonly used by prehistoric potters across the Southwest and continue 

to be used by modern potters. Carbon paint survives in oxidizing firing atmospheres 

because it is adsorbed into clay, which means the clay must have high water content and 

shrinkage during drying/firing (Simon 1996: 40). Colton (1953: 20) suggests that carbon 

in plant paints is admixed to mineral based paints and will act as a reducing agent during 

firing and increase black color. Finally, paint mixtures can be difficult to identify using 

visual observation and chemical analyses. Minerals or carbon may be mixed with 

thermally modified organic binders that improve paint flow and degree of 

adhesion/binding between surfaces (Simon 1996; Stewart et al. 2002). 

 Choice of paint recipe it related to cultural and ceramic traditions in the 

Southwest (Colton and Hargrave 1937; Hawley 1929, 1930a, 1930b, 1951; Kidder 1924; 

Roberts 1935; Shepard 1968, 1971). Tusayan White Ware ceramics are painted with 
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carbon, and some carbon/mineral mixtures in lesser volume, while Little Colorado White 

Ware uses carbon paints, as well as lesser amounts of carbon mineral and small mineral 

paints (Simon 1996). Cibola White Ware is generally painted with mineral paints, but 

some mineral glazes are found (Colton and Hargrave 1937). White Mountain Red Ware 

ceramic uses the same technology as in Cibola Black-on-white and paints are consistent 

with Cibola White Ware technology though mineral glaze-paints dominate (Simon 1996). 

Carbon paints with little variation in composition are typical decoration on Salado 

polychrome ceramics and reflect standardized production (Crown 1993).  

PORTABLE XRF ANALYSIS OF CERAMIC PAINTS  

Portable XRF instrumentation is a highly efficient and effective way of collecting 

meaningful data on ceramic colorants, while maintaining and preserving the ceramic 

artifact through in situ sampling. Scientific investigations of ceramic colorants are used to 

identify the movement of people, objects and technology on the archaeological 

landscape. Relating these traditions to chemical, physical and visual properties is the 

basis for most ceramic typing systems that distinguish culture through artifacts. There is 

considerable published data focused on characterization of methods and materials of 

ceramic manufacture in the American Southwest. Non-destructive portable XRF results 

are best interpreted within the context of published scientific and cultural data and 

provides meaningful conclusions regarding cultural technological traditions and their 

relationship to the movement of raw materials, objects and people across the American 

Southwest. 
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 Research utility is dependent on the relationship between collected data must have 

sufficient resolution to identify possible relationships between chemical data and cultural 

groups, as well as culturally defined methods for paste and paint recipes and processing 

technologies. Traditional technical analyses utilize destructive methods to determine 

chemical composition and microstructure to reconstruct manufacturing methods. These 

properties help define related deterioration mechanisms. Research on Hopi Yellow Ware 

ceramics, presented in the first section of this case study, is an example of this type of 

approach. These connections contribute successfully to the understanding of cultural 

distinctions. Through comparison with published data obtained destructively, portable 

XRF non-destructive analytical methods provide an attractive alternative to destructive 

sampling. Furthermore, large collections of ceramics are easily surveyed to collect data 

and ceramic collections where sampling access is not possible or refused due to condition 

and cultural concerns.  

 The effects of layered structures, degree of homogeneity and microstructural 

characteristics on collected data must be considered when interpreting portable XRF data. 

Peak/height intensity is dependent on the relationship between analytical sampling 

volume and structure (Potts et al. 1999). The presence of layered structures of similar 

composition and corrosion surfaces make interpretation difficult. The effects of paint/slip 

particle size and homogeneity on collected data are also recognized (Markowicz 2008). 

As discussed previously, the influence of corrosion fronts and post-depositional materials 

must also be considered. Other important considerations for portable XRF analysis 

include the influence of collection time on accuracy and data quantification. However, 
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when spectral data is interpreted with these caveats in mind, conservation scientists 

directly relate artifact composition, technology and cultural influences to sample 

condition and corrosion. This process ensures the preservation of objects, their future 

analytical potential and intangible cultural data. 

Ceramics (n = 114) from Arizona State Museum collections were selected to 

correlate portable XRF ceramic colorant and paste compositional data to published 

scientific data and reconstructions of culturally specific technological production. Results 

are summarized to characterize chemical and cultural relationships to paste and paint 

composition. Confirmation of previously unrecognized glaze-paint technologies used in 

the Southwest are also reported. Selected ceramics are documented with detailed 

archaeological, conservation, curatorial and technical information, which informs 

interpretation of XRF data collected during survey. 

EXPERIMENTAL PROCEDURE 

In preparation for a planned exhibit at the Arizona State Museum, over 200 

ceramics were selected to document migration in the American Southwest through 

culturally defined technological traditions. For this case study, 114 ceramics (see table 

5.3) were analyzed with portable XRF to characterize elemental composition of colorants 

including preserved pastes, paints, slips and glaze-paints. Pottery collections in the 

Arizona State Museum are documented to an unprecedented degree providing important 

information regarding archaeological provenience, decorative elements and cultural 

meaning, as well as detailed conservation assessments of composition, manufacturing 

technology and object condition. The museum’s active participation in archaeological 
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Table 5.3. Arizona State Museum ceramics analyzed with portable XRF sorted by 
ceramic ware. 
 

Sample  Ware  Number of Samples 

Alma Patterned  1 
Awat’ovi Black-on-yellow Jeddito Yellow Ware  3 
Awat’ovi Black-on-yellow / Jeddito Black-on-
yellow 

Jeddito Yellow Ware 4 

Belford Corrugated Belford Brown Ware 1 
Bidahochi Polychrome Jeddito Yellow Ware 1 
Chaco Black-on-white Cibola White Ware 1 
Chavez Pass Polychrome Winslow Orange Ware 1 
Chuska/Cibola Gray Cibola Gray Ware 1 
Escavada Black-on-white Cibola White Ware 2 
Escondida Polychrome Chihuahua Red Ware 3 
Fourmile Polychrome White Mountain Red Ware 1 
Gallup Black-on-white Cibola White Ware   3 
Gila Carretas Polychrome: Standard Variant Roosevelt Red Ware 1 
Gila Polychrome Roosevelt Red Ware  13 
Homol’ovi Polychrome Winslow Yellow Ware 6 
Jeddito Black-on-orange Tsegi Yellow Ware 1 
Jeddito Black-on-yellow Jeddito Yellow Ware 4 
Jeddito Plain Awat’ovi Yellow Ware 1 
Kawaika'a Polychrome Jeddito Yellow Ware 1 
Kayenta Black-on-white Cibola White Ware 2 
Kayenta Polychrome Tsegi Orange Ware 2 
Kiet Siel Polychrome Mogollon Brown Ware 1 
Kinishba Red Mogollon Red Ware  2 
Kokop Black-on-orange Jeddito Yellow Ware 1 
Matsaki Polychrome Zuni Glaze 4 
Maverick Mountain Corrugated  1 
Maverick Mountain Polychrome Mogollon Brown Ware 2 
McDonald Grooved Corrugated Mogollon Brown Ware 2 
McDonald Patterned Corrugated Mogollon Brown Ware 1 
Moenkopi Corrugated Tusayan Grey Ware 1 
Nantack Polychrome White Mountain Red Ware 2 
Paayu Polychrome Jeddito Yellow Ware 1 
Pinedale Polychrome Jeddito Yellow Ware 1 
Pinedale/Tularosa White Mountain Red Ware 1 
Pinto Black-on-red Roosevelt Red Ware 1 
Pinto Polychrome Roosevelt Red Ware 3 
Point of Pines Obliterated Corrugated Mogollon 2 
Point of Pines Polychrome White Mountain Red Ware 2 
Prieto Indented Corrugated Mogollon 1 
Puerco Black-on-red White Mountain Red Ware 2 
Roosevelt Black-on-white Cibola White Ware 1 
San Bernardo Polychrome Jeddito Yellow Ware 1 
San Carlos Red-on-brown Hohokam 1 
Sikyatki Polychrome Jeddito Yellow Ware 6 
Tonto Polychrome Roosevelt Red Ware 6 
Tucson Polychrome Maverick Mountain Series 2 
Tularosa Black-on-white Little Colorado White Ware 1 
Tularosa White-on-red Mogollon Brown Ware 1 
Tusayan Black-on-red Tsegi Orange Ware 2 
Tusayan Black-on-white Tusayan White Ware 2 
Tusayan Polychrome Tsegi Orange Ware 6 
Tuwiuca Black-on-orange Winslow Orange Ware 6 
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fieldwork in the Southwest, since its inception in 1893, has resulted in an archive of 

associated archaeological, conservation, curatorial, ethnographic and technological 

information. The museum holds the type collections for at least three major Southwest 

cultures including the Hohokam, Mogollon and Salado. These bodies of data enable 

nuanced interpretation of collected data. In some cases, the reported portable XRF data 

represents the first time selected archaeological ceramics have been critically assessed 

since their excavation, collection and initial interpretation.  

 Selected ceramics were analyzed using standard experimental protocol designed 

to optimize data collection. Analyses were collected in situ from all preserved paste, 

paint, slip, and glaze-paint surface finishes. Ceramic forms varied in size and complexity 

with jars, bowls, plates and other types present. Data collection could not be optimized in 

all cases. The size and thickness of preserved paint, slip and glaze-paint fields is variable, 

as decorative lines/blocks are not always sufficiently large to completely cover the 

instrument’s x-ray beam. Artifact-instrument geometry affected data collection through 

the introduction of air gaps resulting in the attenuation of characteristic x-rays emitted by 

the sample and decreases volume to noise ratios.  

Portable XRF analysis was collected using a Bruker TRACER III-V Handheld 

XRF with vacuum attachment. The instrument has an Rh-detector, which operates over a 

range of accelerating voltages up to 40 keV and tube current up to 15 μA. Secondary 

filters may also be introduced if spectral overlaps are detected for specific elements of 

interest. For example, in the Southwest arsenic and lead are used in some colorants, but 

can not be difficult to resolve due to overlap between lead Lα/Lβ series peaks and arsenic 
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Kα peaks. The addition of carefully selected secondary targets to instrumental setup 

minimizes these problems and enables meaningful data collection.  

Analysis experimental procedures were standardized for all surveyed ceramics. 

Data was collected using 15 keV accelerating voltage and 10-µA tube current under 

vacuum. These settings were optimized to characterize the range of known composition 

for ceramic colorants in the Southwest.  In some spectra, high-Z elements are detected. 

Additional analysis was collected using an accelerating voltage of 40 keV and 1.5 µA 

current without vacuum. Given the operating limits of the portable XRF instrument, 

settings were optimized to analyze low- to medium-Z elements below arsenic. The 

combination of instrumental detection limits, insufficient accelerating voltage and small 

sample concentrations made identification of certain clay additives difficult including 

rubidium, strontium, yttrium and zircon. The analytical decision was made not to focus 

on these components. Therefore, analysis did not focus on their identification. Analytical 

trends in composition, as they relate to produced color effect, production technology and 

culture, are reported for major ceramic traditions and ceramic types collected during the 

survey. This discussion is followed by reports of unique ceramic glaze-paint analysis 

found on two objects providing information regarding technological tradition, the transfer 

of knowledge and objects across the landscape and informing migration studies in the 

American Southwest.  

EXPERIMENTAL RESULTS AND INTERPRETATION: PORTABLE XRF 

 Portable XRF analysis of ceramic colorants from Arizona State Museum 

collections provides data regarding colorant identification. The presence/absence of iron 
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and manganese, as well as titanium, calcium and potassium measurements provide 

insight into colorant production. Inorganic/mineral and organic colorants are 

characterized by compositional trends, which distinguish them. Black and red 

inorganic/mineral paints are characterized by iron and manganese content that is 

substantially larger than that detected in brown and orange organic paints (figure 5.24). In 

general, most black and red colorants have low potassium content relative to light brown 

and orange colorants, which are produced using inorganic/organic mixtures or organic 

materials. Iron and manganese generally reflect the presence of oxides used to produce 

black, red and brown pigments (figure 5.25), while titanium, calcium and potassium 

support discrimination of ceramics (figure 5.25).  

 Portable XRF data, collected from Jeddito Yellow Ware and Awat’ovi Orange 

Ware ceramics, provides information regarding the composition of pastes, paints, and 

slips (figure 5.24). In particular, trends in manganese and iron concentrations exist for 

various colorants, while similar compositional groups exist for potassium, calcium and 

titanium measurements (figure 5.24). Manganese composition provides particularly good 

discrimination for black and red colorants produced throughout the Southwest (figure 

5.25), while there is some overlap in iron measurements. Portable XRF does not measure 

mineral composition and other analytical methods are necessary to identify specific 

oxides and clay minerals. However, manganese and iron elemental data interpreted 

within the context of cultural information provides discrete compositional groups that 

may reflect possible mineral sources. While resolution is insufficient to use portable XRF 

to answer research questions associated with specific raw material resourcing, data
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Figure 5.24: Portable XRF (Bruker TRACER III-V x-ray tube instrument) measurements 
of colorant and paste surfaces on Jeddito Yellow Ware and Awat’ovi Yellow Ware 
ceramics (sample set = 24), ASM collections. Portable XRF data collected and corrected 
by author. 
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Figure 5.25: Corrected portable XRF (Bruker TRACER III-V x-ray tube instrument) iron 
and manganese measurements collected from black and red colorants on ASM ceramics 
collected during (sample set = 114). Portable XRF data collected and corrected by author. 
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interpretation within the context of published scientific data allow researchers to draw 

meaningful interpretations. 

During survey, some practical problems were encountered during data collection. 

The geometric configuration of colorants relative to the portable XRF instrument is not 

always maximized, which results in the attenuation of characteristic x-ray production due 

to air between colorant surface and the instrument. This can and does introduce error into 

raw counts, which correction procedures are not able to resolve. Therefore, long data 

collection times are important to increase signal-to-noise ratios in these situations. This is 

particularly the case for all concave surfaces and for many small artifacts. Areas of fine 

decoration and fine lines are difficult to analyze due to the large portable XRF beam size 

relative to the geometric area associated with fine, detailed decoration- a frequent 

occurrence on southwestern ceramics.  

 Portable XRF analysis of ceramics provides insight into the transmission of 

people, material culture and technology throughout the American Southwest during the 

13th, 14th and 15th centuries AD. Data, collected from ceramics excavated in eastern 

Arizona and Chihuahua, Mexico, are reported. These examples provide evidence of 

unique technological traditions reflecting culturally desired ceramic colorant decoration. 

The first case study focuses on a Point of Pines Polychrome jar (ASM A-15491, figure 

5.26a and 5.26b) and Point of Pines Polychrome sherd in the collections of the ASM. The 

jar and sherd, date to ca. AD 1300 – 1400 (Carlson 1970: 79) and represent the 

introduction of ceramic traditions associated with a Kayenta Anasazi migrant group. 

Excavated from a Point of Pines site (Carlson 1970: 81) in eastern Arizona, the jar/sherd 



 
 
 

267 
 

 

 
Figure 5.26: (a) jar, Point of Pines Polychrome from Point of Pines, AZ, and dating to 
AD 1260 - 1400, (ASM A-15491), photograph by author; (b) portable XRF spectrum for 
black glaze-paint with major elements identified (15 keV/10 µA/under vacuum using 
Bruker TRACER III-V x-ray tube instrument). Portable XRF data collected and corrected 
by author. 
 

were manufactured using local materials, but replicate styles foreign to the local 

population (Breternitz 1966; Stewart et al. 2002). References in the literature have 

visually identified the black glaze-paint, typical of the ceramic type, as a copper 

derivative based on areas of preserved green oxidation. Visually observation infers that 

variable firing environments and temperature played a role in the discoloration, or, 

corrosion mechanisms may play a role. However, there are no published analytical results 

discussing this technological phenomenon. 

 Portable XRF analysis of Point of Pines Polychrome black colorants identifies 

substantial copper and iron peaks in preserved glazes, as well as calcium and potassium 

peaks that are possible fluxes (figure 5.26b). This composition is relatively unique, as 

copper glaze-paints without lead present have not been reported in the literature. This 

glaze-paint recipe is a probable example of the influences culturally defined ceramic 
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practice has on glaze-paint recipes. Black glaze-paint compositions in the archaeological 

and archaeometric literatures generally reflect the presence of lead, or lead with copper 

(De Atley 1986; Habicht-Mauche et al. 2000, 2002; Huntley 2008; Huntley et al. 2007). 

Southwestern Zuni glaze-paint traditions (Habicht-Mauche et al. 2000, 2002; Huntley 

2008; Huntley et al. 2007) utilize copper oxide fluxes (copper melting temperature is 

1084°C) mixed with lead oxides (lead melting temperature 327°C) in order to sufficiently 

decrease temperatures needed to sinter the glaze-paint and produce the glossy, dense 

color effects. The majority of lead oxide fluxes used in the Southwest ceramic traditions 

have been identified as galena (PbS) or cerrusite (PbCO3), which are easily available 

(Habicht-Mauche et al. 2000, 2002; Huntley 2008; Huntley et al. 2007).   

Huntley (2008: 47) summarizes data from a variety of Zuni ceramics where both 

lead and copper oxides are used to produce black glaze-paints. Mean copper to lead ratios 

for St. Johns Polychrome, Heshotauthia Polychrome and Kwakina Polychrome range 

from 0.48 – 2.4. (Huntley 2008: table 4.1). There is a documented trend towards low 

Cu/Pb ratios inferring temperature control during production. Her research indicates that 

both copper and lead oxides occur together in many samples, but generally in low Cu/Pb 

ratios. De Atley’s (1986) research on White Mountain Red Ware ceramics from east-

central Arizona also publishes the presence of mixtures of copper and lead oxides to 

produce glaze-paints. She argues (1986) that compositional ratios reflect technological 

and cultural components of ceramic production. This possibility should be further 

investigated to compare Point of Pines Polychrome glaze-paint compositions to White 

Mountain Red Ware ceramics, as distinct culture groups produced both ceramic wares. 
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 There is no evidence of lead in the Point of Pines Polychrome spectra. This 

indicates high firing temperatures were needed for ceramic production or other salt-

organic, alumina and silica fluxes facilitated glaze-paint production at lower 

temperatures. The technology used to produce lead-based glaze-paints has been identified 

as early as the late thirteenth century in the American Southwest (Carlson 1970; De Atley 

1986; Huntley 2008: 44; Shepard 1968). However, little or no research has focused on the 

technology used to produce copper-based glaze-paints that do not incorporate a lead flux. 

More data is needed to characterize Point of Pines Polychrome ceramics on a large scale 

to determine the range in variation of glaze-paint composition and any temporal 

influences that change raw materials and composition during production. This 

information will help to determine the source and method for transmission of the 

technology, as well as characterize the mechanisms that induce oxidation state change 

from CuO to Cu2O3.  

 Portable XRF results associated with a Gila Carretas Polychrome: Standard 

Variant jar with appliqué frogs (ASM GP3859) provide insight into the contributions 

portable XRF can make towards discussions of ceramic colorant technology (figure 5.27a 

and 5.27b). The jar, dating between AD 1200 – 1450 (Di Peso et al. 1974), is from a 

Casas Grandes site in Chihuahua, Mexico – believed to be Rancho Corralitos based on 

ASM curatorial records. The ceramic object is a Casas Grandes produced derivative of 

Salado ceramic ware traditions. The Salado is a Southwest migrant group of Tusayan and 

Kayanta populations, who produced highly valued Roosevelt Redwares (Clark 2001; 

Lyons 2003; Neuzil 2008). The jar is low-fired and there is little visual or physical 
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Figure 5.27: (a) jar, Gila Carretas Polychrome: Standard Variant from Chihuahua, 
Mexico and dating to AD 1200 – 1450 (ASM GP3859), photograph by author; (b) 
portable XRF spectrum for black glaze-paint with major elements identified (40 keV/1.5 
µA using Bruker TRACER III-V x-ray tube instrument). Portable XRF data collected and 
corrected by author. 
 

evidence for quartz sintering in the paste. Black colorants, decorating appliqué frogs, are 

poorly sintered to the rough ceramic substrate.  

XRF spectra include relatively large lead, iron and manganese peaks (figure 

5.27b). Black glaze-paints appear glassy and preserve voids from gas release during 

firing. These visual characteristics reflect manufacturing technology and indicate that 

lead acted as a flux during production. Lead readily absorbs atmospheric gas at 

temperatures that exceed its melting point (Scott 2002). Lead’s low melting point 

facilitated glass sintering at low firing temperatures. Glaze-paint color is derived from 

iron and manganese content, which exceeds comparative measurements of surrounding 

paste.  

          

 a             b 
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The ASM Gila Carretas jar is a unique example of technological transfer 

associated with migrant groups. The Casas Grandes culture is associated with the trade of 

raw materials such as shell, turquoise, and macaw feathers, partially worked objects, 

completed ceramics and other types of material culture (Di Peso et al. 1974). There is no 

published evidence for a Casas Grandes lead glaze tradition (Colton and Hargrave 1937: 

88-90). The presence of appliqué frogs, as well as the use of lead glaze-paint (Huntley 

2008) suggests two hypotheses. Using their own ceramic culture traditions, the jar was 

produced by migrants living in Mexico. Alternatively, the glaze-paint was introduced 

through technological knowledge transfer from the Zuni region. The geographic origin of 

the lead is important to determine and will inform interpretation regarding migrant and 

trade networks in the American Southwest. Further analysis is needed to characterize lead 

ore sourcing using lead isotope ratios and confirm its geological provenance. Work by 

Habicht-Mauche et al. (2000, 2002) and Huntley et al. (2007) has successfully used lead 

isotope analyses to source glaze-paint raw materials to New Mexico. Comparison of lead 

provenance will inform characterization of glaze-paint technological transfer in the 

Southwest US within the context of migration and trade in raw materials and completed 

artifacts.  

CONCLUSION 

 Chemical analysis of archaeological ceramics provides insight into technological 

cultures and their relationship to visual and physical properties. The case study reports 

two different analytical approaches to the characterization of ceramic colorants and 

materials. In part one, destructive and non-destructive analyses were used to characterize 
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material properties, chemistry and structure to reconstruct ancestral Hopi production 

technologies for Sikyatki Polychrome and other Jeddito Yellow Wares. Analysis of 

samples identifies surface paste and paint compositions. This data is correlated to non-

destructive and destructive methods used to reproduce ceramic forming processes during 

production. In part two, non-destructive portable XRF data is used to understand ceramic 

colorant chemistry and technology. The analytical approaches used provide nuanced 

information about cultural influences on ceramic technology using two different 

instrumental based frameworks.  

 Comparison of destructive EDS and non-destructive portable XRF data reveals 

trends in composition- particularly as they relate to black, red, brown and orange 

colorants. This is promising given the relative size of sampling beam for EDS and 

portable XRF. Data collected for Jeddito Yellow Wares, as well as ceramics produced all 

over the American Southwest reflect these findings. As a result, large-scale, portable 

XRF survey of southwestern ceramics provides relevant data, which eliminates or 

minimizes the need for destructive sampling. However, more work is needed to 

effectively analyze layered colorants – a frequent occurrence in Southwest ceramic 

traditions – using portable XRF instruments. The technique is not sufficiently resolved to 

differentiate layered structures of similar composition. Portable XRF is not the best tool 

for analysis of sampling sites with discrete surface areas that are smaller than the 

instrument beam and for surfaces with poor instrument-sample contact. Users must be 

aware that error will be introduced into results and this must be accounted for during data 

interpretation. However, portable XRF is an excellent tool capable of producing 
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meaningful data during large-scale analytical survey of archaeological ceramics. Colorant 

compositions are easily characterized, production technologies can be inferred from data 

and culturally specific ceramic traditions identified. The use of non-destructive portable 

XRF facilitates characterization of technical information, while preserving intangible 

cultural components and is critical tool in conservation science research.   
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CHAPTER 6. POST-DEPOSITIONAL PRODUCTS: PORTABLE XRF ANALYSIS OF 

ALTERATIONS ON EXCAVATED ARCHAEOLOGICAL CERAMICS 

This case study presents research on ceramic post-depositional products referred 

to as manganese dioxide accretions. The existence of multiple terms in the scientific 

literature for post-depositional products, similar in composition, morphology and 

chemistry, introduces substantial confusion and makes discussion problematic. 

Manganese dioxide morphological types are identified and chemically characterized to 

relate accretion development to specific ceramic substrate characteristics. 

Macrostructural typologies used with portable XRF analysis facilitate non-destructive 

survey and characterization of manganese dioxide accretions present on large ceramic 

collections.  

INTRODUCTION 

 The analysis and interpretation of post-depositional products on archaeological 

materials is critical towards understanding an object’s current state of preservation, 

composition and manufacturing technology. Archaeological artifacts are complex and 

have heterogeneous compositions that often exhibit deterioration layers and post-

depositional alterations. Curation or preservation interventions can also affect material 

composition. Conservation science approaches to the analysis of post-deposition products 

separate these components in order to properly analyze and interpret artifact composition 

and production technology, current condition and identify possible deterioration 

mechanisms. Typical research will utilize non-destructive and minimally-invasive 

characterization techniques to confirm visual and empirical observations.  
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Non-destructive analyses require no sample and data is collected in situ on the 

artifact. Typical techniques used include observation under magnification or ultraviolet 

illumination to character auto-fluorescence, portable XRF analysis, contact Fourier 

Transform InfraRed Spectroscopy (FTIR), as well as many other methods (O’Grady 

2009; White et al. 2009). Minimally-invasive techniques such as micro-chemical spot 

testing (Odegaard et al. 2005) provide information about object or post-depositional 

composition. These tests collect compositional data in situ and analytical methods are 

designed to cause minimal surface damage. Non-destructive and minimally-invasive 

methods are efficient, preserve artifact integrity and are easily conducted in a 

conservation laboratory, museum gallery or field. Collected data, regarding the life of an 

artifact following discard, collection and curation, is interpreted within the framework of 

possible deterioration mechanisms. The identification of particular deterioration products 

reflects object exposure to specific environments making their interpretation critical for 

preservation. 

 Manganese dioxide accretions occur on a variety of substrates including stone, 

ceramics, glass and bone in diverse environments (Aronson and Kingery 1991; Garza-

Valdes and Stross 1992; Hochfield 1978; Müller et al. 1986; Pinto 1991; Watkinson et al. 

2005).  A variety of terms have been used to describe their presence on artifact materials 

including rock varnish, desert varnish (stone); manganese dioxide accretions (ceramic); 

as well as manganese staining (glass and bone), while rock varnish, desert varnish, 

Wüstanlack, Schutzrinden and patina have been used to describe manganese weathering 

processes in the scientific literatures. The profusion of terms introduces substantial 
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confusion and can make synthesis of the literature difficult. For the purposes of this 

discussion, the term manganese dioxide accretion will be used to describe manganese and 

iron post-depositional products found on ceramic materials.  

In spite of these challenges, the distinctive physical appearance of the accretion 

has been used by researchers to authenticate archaeological objects - in particular West 

Mexican ceramic/stone artifacts (Aronson and Kingery 1991; Garza-Valdes and Stross 

1992) and Egyptian stone sculpture (Hochfield 1978). Many aspects of the accretion’s 

genesis, rate of formation, physical and chemical characteristics remain unclear due to 

difficulties in its characterization (O’Grady 2005a, 2005b, 2007; Potter and Rossman 

1979b; Raymond et al. 1992). Finally, published research does not describe accretion 

morphological characteristics on a macroscopic scale or relate them to specific 

deterioration processes. The following discussion of associated research utilizes existing 

terminology for post-depositional description and characterization. 

 This case study focuses on the identification of macrostructural morphological 

forms associated with manganese dioxide accretions on archaeological ceramics. 

Accretion types are identified based on a survey of over 1000 ceramics from collections 

at the Metropolitan Museum of Art (MMA), the Arizona State Museum (ASM), and 

private collections. Defined morphological classes are easily identifiable without 

magnification. In some cases, minimal magnification (greater than 20x), using an optical 

microscope, is needed to completely describe accretion and substrate characteristics and 

interactions. Identified morphological types include the following: dendritic, circular 

mass, layered and chunky/polycrystalline forms.  The described accretion morphology 
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and substrate characteristics suggest similar growth mechanisms, as those identified and 

associated with Mn- and Fe-consuming bacteria (Gopal et al. 2007). Radial arm growth 

from a central mass is typical and is indicative of a mechanism of formation. Chemical 

characterization of various accretion forms are reported using SEM-EDS and portable 

XRF.  

BACKGROUND 

 Archaeologists, art historians and dealers have used the presence of rock varnish 

and other manganese-containing surface deposits as an indicator of authenticity of 

ancient objects (Aronson and Kingery 1991; Garza-Valdes and Stross 1992; von Winning 

1974). Authentication is based on assumptions regarding accretion rate of formation. 

Scientists have used the presence of rock varnish to authenticate and date petroglyphs in 

the American Southwest and Australia (Dragovich 1984a, 1984b and 2000). The most 

controversial use of rock varnish as a means of authentication is related to the Mansoor 

collection of Amarna limestone sculptures (Hochfield 1978). The collection, acquired 

over 20 years from the same unnamed source, consists of Amarna royal family portrait 

busts in excellent condition. Art historians including Bernard Bothmer, John Cooney and 

H. W. Miller have repeatedly refuted the authenticity of the sculptures, based on 

inconsistencies with the known Amarna style and the collection’s quality of manufacture 

(Hochfield 1978). However, scientific analysis of the sculptures (Blackwelder 1959 and 

Silver 1959) and the presence of rock varnish and manganese dendrites suggest the 

sculptures are authentic. Despite scientific authentication, the Mansoor collection is still 

considered suspect by the majority of art historians, conservators and archaeologists.  
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Various analytical methods authenticated the objects including the presence of 

manganese dioxide accretions in direct opposition to observable stylistic inconsistencies.  

 The presence of rock varnish and manganese dendrites on cultural artifacts 

usually indicates that object was manufactured several thousand years ago (von Winning 

1974; Garza-Valdez and Stross 1992) is based on assumptions about their rate of 

formation. However, the use of rock varnish and manganese dendrites, as indicators of 

age and authenticity, is complex and can be ambiguous. There is little consensus 

regarding accretion mechanisms and rate of formation and there are reports by Eastes et 

al. (1988) that suggest accretion formation can be accelerated. The simple identification 

and authentication of accretions is difficult without familiarity with rock varnish and 

manganese dendrite samples. The controversy surrounding the Mansoor collection 

highlights the need for more research to characterize this post-depositional phenomenon. 

Furthermore, the presence of the accretion on an archaeological object is not irrefutable 

evidence of artifact authenticity.   

 Manganese dioxide accretions, observed on ceramics and other artifacts, are 

similar in composition to rock varnish found on rocks. Structural and chemical 

comparisons of rock varnish, manganese dendrites and manganese dioxide accretions 

indicate that these terms refer to the same surface deterioration phenomena (figure 6.1). 

Due to the prevalence of manganese dioxide accretions on distinct groups of 

archaeological materials including West Mexican (figure 6.2) and Egyptian objects and 



 
 
 

279 

 
Figure 6.1: (a) rock varnish preserved in rock art; Valley of Fire, reproduced with 
copyright permission from Stan Shebs under GNU Free Documentation license; (b) 
manganese dendrites, Petra, Jordan, photograph by author; (c) manganese dioxide 
accretion on ceramic substrate, 20x, photograph by author. 
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Figure 6.2: Colima conch shell [Metropolitan Museum of Art (MMA) 1979.205.5]. 
Photograph by author. 
 

its description in the literature, the accretion has become an important characteristic of 

authentication for archaeologists and art historians, as well as a tool of the forger. 

Published micro-chemical tests used to identify the presence of manganese (Alford et al. 

1971; von Winning 1974) are difficult to interpret and false positive results are repeatedly 

attained (O’Grady 2005a, 2007). Furthermore, differences in positive reactions are 

subjective and difficult to quantify (O’Grady 2007: see table 6.1). Many authors have 

commented on the difficulty of using x-ray diffraction and Raman spectroscopy as a 

method of identification (Potter and Rossman 1977; Raymond et al. 1992). 

Differentiation of accretion components is generally successful using a variety of 

techniques (Krumbein and Jens 1981; McKeown and Post 2001; Nagy et al. 1991; Potter 
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and Rossman 1977, 1979a, 1979b; Schulz et al. 1995). However, sampling requirements 

and preparation, as well as analytical complexity required by most of these techniques 

make them difficult to justify in conservation science research. The creation of 

morphological classes for identification is a useful analytical tool provided it accurately 

relates visible characteristics to substrate characteristics and deterioration mechanisms. 

HISTORY AND LITERATURE REVIEW  

 During the past thirty years, a small number of publications have investigated the 

occurrence of manganese dioxide accretions on ceramic and stone artifacts. In general, 

scientific investigations of natural terrestrial weathering processes including rock varnish 

and manganese dendrites have served to provide current knowledge about the post-

depositional accretion. Rock varnish is known by a variety of terms including desert 

varnish, Wüstanlack, Schutzrinden and patina in the literature The accepted term for the 

accretion, observed on exposed rock surfaces and objects, is rock varnish, based on the 

suggestion of Dorn and Oberlander (1981b). Potter and Rossman (1979b) were the first to 

include manganese dendrites as a type of rock varnish accretion, describing this sub-class 

as manganese oxide concentrations exhibiting a dendritic pattern along stone exteriors. 

Analysis and characterization of the accretion is problematic, as aspects of its genesis, 

rate of formation, and its physical and chemical characteristics, are still unclear.    

SCIENTIFIC RECOGNITION OF ROCK VARNISH  

 Rock varnish has been recognized scientifically since the early 1800s (von 

Humboldt 1812; Geographical Surveys West of the 100th Meridian 1876; Walther 1891; 

Darwin 1897; Lucas 1905; Flamand 1911; Francis 1921; White 1924; Linck 1928, 1930). 
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Scientists typically describe the post-depositional product as a surface phenomena 

composed of Mn- and Fe-oxide mineral grains held in a clay silicate matrix. Average 

varnish thickness is 100 microns (Potter and Rossman 1977); however, some examples 

reach several hundred microns in thickness (Potter and Rossman 1979b). Accretions do 

not cover substrates completely or develop a uniform thickness. Depending on chemical 

makeup, thickness and micro relief, the accretion can vary in color and degree of luster 

(Potter and Rossman 1977; Dragovich 1984a). Rock varnish can nucleate from several 

different locations and will grow, spread and darken over time. These observations 

suggest that complex, irregular and/or punctuated mechanisms of formation drive 

accretion development.   

 Studies have shown little or no chemical interaction between accretion and 

substrate (Potter and Rossman 1977; Aronson and Kingery 1991). This suggests that 

accretion components originate from a source separate from the substrate on which it 

forms (Potter and Rossman 1977; Nagy et al. 1991; Krinsley 1998; McKeown and Post 

2001). Potter and Rossman (1977) observed an abrupt demarcation between stone 

substrate and accretion in SEM images and hypothesize that dust, dirt, and other forms of 

detritus are incorporated into varnish material. Research by Aronson and Kingery (1991) 

confirm similar findings on ceramic artifacts. However, substrate characteristics 

including density and porosity may influence these conclusions. 

CHEMICAL AND MORPHOLOGICAL CHARACTERIZATION OF ROCK VARNISH 

Characterization of rock varnish accretion components is difficult given its 

heterogeneous composition. Rock varnish is generally composed of a mixture of Mn- and 
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Fe-oxide minerals including birnessite [(Na,Ca)0.5(Mn4+,Mn3+)2O4·1.5H2O], hematite 

(Fe2O3), hollandite [Ba(Mn4+,Mn2+)8O16], romanechite [(Ba,H2O)2Mn5O10] and 

todorokite [(Ca,K,Na,Mg,Ba,Mn)(Mn,Mg,Al)6O12·3H2O] (Potter and Rossman 1977, 

Post 1999, Raymond et al. 1991). The presence of fine-grained disordered and poorly 

crystallized Mn- and Fe-oxide phases makes accretion chemical characterization difficult.  

Manganese oxide crystal chemistry is heavily influenced by valence state and crystal 

structure, which can change several times within a single mineral (Post 1999: 3449). 

Potter and Rossman (1977) report that analyzed samples, from the Mojave Desert, were 

comprised of 70% clay minerals and 30% Mn-oxides. Later studies (Potter and Rossman 

1979a) indicate that similar clay, hematite and mixed illite-montmorillonite layer 

compositions are generally present in both brown-black and orange-red rock varnish 

coatings. Birnessite is found only in the predominantly Mn-oxide rich (brown-black) 

coatings, while hematite was the most important constituent of the Fe-oxide phase 

(orange-red) (Potter and Rossman 1979a). Finally, Potter and Rossman (1979b) 

characterized manganese dendrite mineralogy, identifying its major components as ring 

structure minerals- specifically members of the romanechite and hollandite groups. 

Sample compositions ranged from nearly pure Mn-oxides to mixtures of Mn-oxide, 

carbonate and silicate minerals and they conclude that this subclass has no characteristic 

accessory mineralogy. 

 Successful techniques in accretion compositional identification include infrared 

spectroscopy (Potter and Rossman 1977, 1979a, 1979b), x-ray absorption spectroscopy 

(XAS) (McKeown and Post 2001), x-ray absorption near edge structure spectroscopy 
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(XANES) (Schulz et al. 1995) and transmission electron microscopy (TEM) (Nagy et al. 

1991). Infrared spectroscopic techniques are able to differentiate mineral components 

(Potter and Rossman 1977, 1979a, 1979b) because the technique is sensitive to short-

range order associated with accretion mineralogical components. McKeown and Post 

(2001) confirmed Potter and Rossman’s (1979a) conclusions using XAS. They also noted 

the presence of todorokite [(Mn, Ca, Mg)Mn3O7H2O], a large ring structure mineral, in 

significant amounts. Todorokite and birnessite appear to form as “mixtures, or a 

disordered intermediate of the two minerals” (McKeown and Post 2001:712). The authors 

identify a distinct set of characteristic mineral constituents that differentiate varnish 

layers rich in manganese oxide and dendritic samples. Nagy et al. (1991) report the 

presence of filaments and oval-diatom like particles in TEM analyses- suggesting an 

organic component to the accretion. Further research and the construction of a database 

of identified constituents from rock varnish and manganese dendrite samples may help to 

provide a better understanding of characteristic accretion mineralogy and the presence of 

organic components.  

 In general, accretion morphology is only discussed as it relates to proposed rates 

and mechanisms of formation. Scientists agree that accretion age affects deposit size, 

color and thickness making questions of morphology highly dependent on relative age. 

Two basic classifications exist and include: (a) layered systems (Aronson and Kingery 

1991; Nagy et al. 1991; Perry et al. 2006), or, (b) botryoidal or globular aggregate 

morphologies (Perry and Adams 1978) or as mixtures of the two. Nagy et al. (1991) 

describe layered structures in backscatter electron images of rock varnish samples, while 
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Aronson and Kingery (1991) observe layered structures in SEM images of accretions 

found on archaeological ceramics. Perry and Adams (1978) identify the presence of 

layered-botryoidal structures in prepared thin-sections of rock varnish samples. Detritus, 

composed of dirt, dust, and other deterioration products, are observed between botryoidal 

mounds and generally form < 30% of accretion composition. These observations confirm 

Bauman’s 1976 hypothesis that rock varnish formation is similar to the development of 

deep-sea manganese nodules [first described by Boussingault (1882)]. Manganese 

nodules exhibit several distinct morphologies including botryoidal, spherical, oval, and 

sheet-like structures that show ferromanganese bands and microlaminae with Fe-rich 

layers deposited prior to Mn-rich layers (Bauman 1976). Finally, Potter and Rossman 

(1979b) are the first to specifically identify and associate the dendritic form of Mn-oxides 

with rock varnish. They suggest that accretion structure is heavily dependent on the 

environment and substrate in which it forms.  

 Rock varnish has a complex composition that makes its chemical characterization 

difficult. Authors have successfully used a variety of destructive analytical techniques 

requiring significant sample preparation to identify chemical constituents. There is 

consensus that rock varnish samples are typically composed of various Mn- and Fe-

oxides in a silicate matrix. Furthermore, accretion morphologies are generally a mixture 

of botryoidal and/or layered structures and indicate that deterioration processes drive 

accretion formation. Few authors describe macrostructural features of rock varnish 

(Krumbein and Jens 1981; Laudermilk 1931; Potter and Rossman 1979b). However, 



 
 
 

286 

where published, they are used to propose various mechanisms of formation. There is 

general agreement structure reflects the processes that drive accretion formation.  

ORIGIN AND MECHANISM OF FORMATION 

 Despite the long history of scientific research on rock varnish, manganese dioxide 

accretions and manganese dendrites, investigators are still unable to agree on a specific 

mechanism of genesis. Early researchers suggested non-biological origins for rock 

varnish, proposing that the accretion was the result of substrate decomposition. Walther 

(1891) hypothesized that the accretion was the direct result of substrate deterioration, 

while Linck (1928) proposed that accretion formation was the result of high desert 

temperatures causing rock “sweating” (Linck 1900:67). Current research indicates that 

rock varnish development is precipitated by a combination of biological mechanisms 

interacting with deterioration products to form accretion surface deposits. 

Based on similarities to lichen colonies, Laudermilk (1931) was the first to 

propose an organic mechanism of rock varnish formation. He observed discrete single 

units of the accretion can form “chain-like or linked masses” (1931:59) and were very 

similar to lichen colonies growing on rocks characterized by high manganese and iron 

rich secretions. Furthermore, “linked colonies nearly always branch, giving rise to 

arborescent forms” (Laudermilk 1931:59). However, he was unable to elaborate on the 

mechanism’s specifics. Perry and Adams (1978) confirmed Laudermilk’s suspicions and, 

based on morphology, suggested a biological method of varnish growth. Layered 

botryoidal structures indicated that the “varnish gr[ew] vertically and laterally from 

nuclei in a manner similar to algal stromatolites” (Perry and Adams 1978:490). As rock 
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varnish  formed patches that expanded and coalesced over time, they suggested a 

seasonal or annual rate of formation based on environmental change. Krumbein and Jens 

(1981) describe irregular varnish formation and suggest that morphology is the result of 

“microbial solution and disintegration fronts” at the substrate-accretion interface 

(Krumbein and Jens 1981:28). Furthermore, they propose that layered structures are 

indicative of rhythmic formation and cyclic banding may be produced from either 

biological or chemical cycles.  

 Dorn and Oberlander (1981a) first report a specific biological genesis to rock 

varnish formation. They identified two species of metal consuming bacteria 

(Metallogenium and Pedomicrobium) cultured from rock varnish samples collected in 

California. The authors suggest that varnish surfaces develop following bacterial-driven 

oxidation of Mn- and Fe-oxide materials on substrate surfaces. Combined with 

mechanical processes that drive dust, dirt and other detritus across the rock surface, a 

dark and immobile accretion is cemented to the substrate. Dorn and Oberlander indicate 

that formation begins at nucleation centers concentrating consumed metal at levels 

greater than ambient ones found on and within the rock surface. Furthermore, rock 

varnish color is determined by substrate pH, as highly alkaline conditions inhibit Mn-

concentrating bacteria. Unfortunately, identification of Metallogenium or Pedomicrobium 

bacteria on other rock varnish samples is not reported in the literature.  

 Research by Taylor-George et al. (1983) identified other examples of metal 

consuming bacteria suggest an alternate mechanism of varnish genesis and formation. 

The research team found fungi, enriched in manganese, on rock varnish samples that 
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precipitated manganese dioxide in laboratory cultures. Mechanical forces of wind, water 

or gravity trap silicate minerals on substrates. Air currents and surface dust deposits 

provide a source of Mn-ions for fungal growth. As fungal organisms die and decompose 

on rock surfaces, varnish forms from layers of decomposed organic material, precipitated 

manganese solutes and accumulated clay minerals (Taylor-George et al. 1983). SEM, 

EDS and TEM analyses of samples from the Sonoran Desert, conducted by Nagy et al. 

(1991), indicate that Mn-oxide granules are often associated or attached to filaments or 

filament fragments. The authors hypothesize that these filaments are remnants of 

culturable microorganisms. While there is agreement that a combination of biological 

process and chemical weathering processes are responsible for rock varnish formation, 

the exact mechanism remains unclear. Due to similarities between rock varnish and 

manganese dendrite and manganese dioxide accretions found on stone and ceramic 

artifacts, the mechanism proposed by Taylor-George et al. (1983) appears more tenable 

for buried stone and ceramic objects.    

 Recent research by Gopal et al. (2007) and Perry et al. (2006) suggest that 

accretion macro- and micro-morphologies are indicative of other accretion formation 

processes. Gopal et al. (2007) report manganese consuming bacterial growth in marine 

environments affected the development of branched accretion structures – similar to 

dendritic forms. The researchers analyzed biofilms produced by Mn-oxidizing bacteria 

found and collected on titanium surfaces. They report “bacilli [colonies] produced 

branches whose walls were thrown into folds similar to mycorrhizal branching” (Gopal et 

al. 2007: 372). This activity resulted in macrostructural features similar to dendritic 
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forms, which only occur when agar medium is mixed with Mn(II) ions. The authors 

suggest that the increase in surface area introduced by the morphological formation of 

branching causes increased absorption of Mn(II) from the surrounding medium (Gopal et 

al. 2007: 375). Efficient consumption of manganese is identified as the driving force in 

formation of these dendritic biofilm components.  

 Perry et al. (2006) advance an alternative mechanism of formation based on the 

presence of silica and specific micro-structural features in rock varnish samples. The 

authors identify both amorphous hydrated silica (opal) and crystalline morganite, a 

silicate mineral, in rock varnish coatings. They suggest that the presence of these 

materials, at the interface of substrate, biological organisms and wind-blown mineral 

matter, act to cement “the micron-scale laminations and stromatolitic growth forms” 

(Perry et al. 2006: 537). Salts, in the amorphous silica and morganite, act to complex 

metals and amino acid compounds. This results in enclosure of inorganic and biological 

features to form a botryoidal morphology (2006: 539). The authors conclude by 

suggesting that slow dissolution of silica from anhydrous and hydrous minerals, 

subsequent gelling, condensation and hardening provides a likely mechanism for rock 

varnish formation (2006: 540).  

 Scientific research on rock varnish, manganese dioxide accretions and manganese 

dendrites generally suggest that these products are the combined result of deterioration 

and biological mechanisms. While there is far less agreement on the identification of a 

specific mechanism of genesis, all proposed mechanisms of formation are dependent on 

the presence of Mn- and Fe-oxides in the environment. In general, deterioration of 
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silicates and other parent materials will result in the presence of Mn- and Fe-oxides, as 

well as silicate minerals in soils and dust. However, future research is needed to confirm 

accretion formation hypotheses reported in the literature.  

RATE OF FORMATION 

 Geologists, archaeologists, conservators and collectors have assumed that rock 

varnish accretions develop and form over several thousand years. Delineation of a more 

specific rate of formation is critical for relative dating of climactic change, associated 

geological substrates and artifact materials. Dating remains tenuous despite the frequent 

observation that visual changes in rock varnish occur over time. Accretions probably 

consist of mixtures of older and younger components leading to sample dependent age 

measurements (Watchman 2000). Assumptions about millennial formation rates are 

complicated by evidence for punctuated and relative fast accretion growth. Krumbein and 

Jens (1981) report rock varnish accretions may reform relatively quickly, if pre-existing 

accretions are deliberately removed, while Eastes et al. (1988) report rock varnish 

formation on a metal artifact from the Saharan Desert over a fifty-year time scale. 

Despites these inconsistencies in observed accretion formation rates, the potential for 

rock varnish dating climate change over geological time drives research. 

 Early research focused on the use of cation-ratio dating, uranium isotope and 

accelerator mass spectrometry radiocarbon dating (ASM 14C) methods as a means of 

characterizing rock varnish formation rates. Dorn (1983) suggested that leachable cations, 

including Na+1, Mg+2, K+1 and Ca+2,  gradually were replaced or depleted, over time, 

relative to less mobile cations such as Ti+1. Therefore, a rate of varnish formation could 
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be estimated/determined though measurement of specific cation/ratios (K + Ca)/Ti). 

However, research by Bierman and Harry (1992) later proved quantitatively that cation-

ratio dating is inconsistent. Measured ratios change inconsistently and unpredictably over 

time. Problems also exist with uranium isotope dating, a technique first suggested for use 

with rock varnish by Knauss and Ku (1980). There is evidence that uranium isotopes, 

present in varnish systems, can be contaminated by migration of older or younger 

uranium isotopes from other sources (Watchman 2000). AMS 
14

C methods infer that all 

organic matter present in samples comes from a single source and that inorganic 

components were deposited at the same time as the organic material. This assumption is 

problematic for rock varnish dating, as most research indicates that the accretion consists 

of older and newer components. Organic material in varnish samples is difficult to 

characterize. Furthermore, Beck et al. (1998) have shown that the reliability of the 

measured radiocarbon age is significantly diminished- if the source of the organic 

material is unknown. Problems associated with these dating methods make it difficult to 

characterize specific mechanisms of formation and make determinations about rock 

varnish ages. 

ACCRETION FORMATION ON CULTURAL ARTIFACTS 

 Despite the extensive literature on rock varnish, very few authors mention the 

presence of manganese dioxide accretions or similar deterioration products on cultural 

artifacts. The phenomenon is not well described and only a small number of published 

articles address the formation of this post-depositional accretion (Aronson and Kingery 

1991; Daniels 1981; Elvidge and Moore 1980; Gibson 1971; Garza-Valdes and Stross 
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1992; Müller et al. 1986; Pinto 1991; Watkinson et al. 2005). In general, these articles 

focus on three concepts associated with conservation of cultural artifacts including (a) 

visual identification of the accretion as a deterioration product, (b) development of 

conservation interventions for artifacts with the accretion preserved on substrate surfaces, 

or, (c) propose mechanisms of formation for the deterioration product. Lack of attention 

ascribed to this phenomenon is probably due to confusion in the literature regarding 

specific identification of the accretion as rock varnish, desert varnish, manganese 

dendrites or manganese dioxide accretions. 

Work by Garza-Valdes and Stross (1992) identifies manganese dioxide accretion 

on stone substrates as evidence of surface deterioration. Gibson (1971) and Daniels 

(1981) propose techniques to remove accretions from ceramic substrates, while Müller et 

al (1986) and Pinto (1991) discuss options for treating glass artifacts. For these objects, 

the presence of the accretion is evidence of deterioration and can result in impaired visual 

reading of the artifact. On ceramic substrates, the accretion is described as “blotchy, 

black spots” (Daniels 1981: 230), and is “disfiguring” (Gibson 1971: 18) and authors 

propose methods for its removal. Due to the transparency or translucency of glass 

artifacts, the presence of manganese dioxide accretions is considered problematic. Pinto 

(1991) proposes the use of slightly acidic solutions to diminish manganese staining 

observed on ancient glass artifacts, while Müller et al. (1986) discuss other treatments 

that improve transparency of the accretion on medieval stained glass windows. While the 

previous examples categorize the accretion as a disfiguring and destabilizing 

deterioration mechanism that should be removed, this is not the case for other artifact 
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Figure 6.3: Pourbaix diagram for Fe+2 and Mn+2 concentrations of 10-5 molar at 
atmospheric pressure and 25°C. Reproduced with copyright permission from Elvidge, 
C.D. and Moore, C.B. Restoration of petroglyphs with artificial desert varnish. Studies in 
Conservation (1980) 25(3): 108-117. Image is figure 1 found on page 109. 
                                                                                                                                                                       

types including rock art. Rock varnish plays an important role in the manufacture of 

petroglyphs and other forms of rock art. Early cultures removed the rock varnish from the 

underlying stone substrate in order to produce these artifacts in situ (Dragovich 1984a, 

1984b and 2000). Conservation of rock art is predicated on preservation of this post-

depositional surface product. In this vein, Elvidge and Moore (1980) suggest treatment of 

defaced petroglyphs through application of artificial solutions designed to mimic the 

visual properties of rock varnish. Based on solubility of Mn- and Fe-oxides in high-pH 

solutions (figure 6.3), the authors suggest that a series of alkaline and Mn- and Fe-salt 

solutions will precipitate similar surface coatings on areas of petroglyph damage. 

Conservators can control artificial coating color by variations in the type, number and 

order of applied solutions.   
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Work published by Aronson and Kingery (1991) and Watkinson et al. (2005) 

focus on suggesting mechanisms of formation for manganese-containing post-

depositional products. Aronson and Kingery (1991) are the first to describe micro-

structural morphological characteristics of manganese dioxide accretions and suggest a 

method of formation. While their description of macrostructural characteristics is cursory, 

they do mention the dendritic form and suggest that all accretions have a distinct central 

nucleus. On the micro-structural scale, Aronson and Kingery distinguish two different 

morphological classes including: (a) accretions with smooth surfaces and rounded, 

layered structures, and, (b) accretions with “chunky-looking” surfaces and open 

structures (1991: 582-3).  High porosity, cracks and fissures differentiates the post-

depositional product from the dense, compacted ceramic substrate. The authors propose 

that accretion development is due to a combination of fungal/bacterial activity and 

mechanical forces.  

Watkinson et al. (2005: 79) suggest an alternative mechanism of formation for 

manganese staining found on archaeological glass objects. As predicted by Pourbaix 

diagrams (see figure 6.3), high pH burial environments facilitate the dissolution of 

manganese and can be considered a possible mechanism driving the deterioration 

process. The authors submerged glass samples (with similar compositions to 

archaeological glass examples) in Mn-containing solutions in order to test this assertion 

(2005: 77). Based on collected data, the authors suggest that the mechanism is initiated 

by leached alkali ions (originating from the glass) concentrated in glass cracks and 

capillaries (2005: 78). The interaction of alkali ions and trapped water produce a high pH 
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solution in cracks and capillaries. This results in the movement of divalent manganese 

ions into the cracks/capillaries. This “corrosion mechanism could explain the occurrence 

of localized blackening in buried archaeological glass and the dark-colored cracks and 

dendrite-like features that have been observed” (2005: 79). The source of Mn-ions 

(artifact and/or burial environment) present in glass cracks capillaries is unknown. 

Furthermore, more research is needed to characterize the interactions between burial 

environment, manganese source, water content and the archaeological material that drive 

the proposed deterioration mechanism.  

EXPERIMENTAL PROCEDURE 

 Archaeological ceramics were surveyed in order to describe the variability of 

manganese dioxide accretion morphological types on substrate surfaces. Mexican 

artifacts from the Metropolitan Museum of Art, New York University Institute of Fine 

Arts-Conservation Center and several private collections were identified for further 

characterization of morphological forms. Analyzed ceramics were chosen to reflect a 

variety of substrate finishes in order to test empirical conclusions regarding accretion 

morphology-substrate density relationships (table 6.1). Selected objects were examined 

for current condition and photographed. Following documentation, artifact accretions 

were examined in situ using a binocular microscope and photomicrographs made. 

Analysis of the resulting library of images suggested the presence of at least four 

different morphological forms. As the initial study focused on complete artifacts, sherd 

samples from the American Museum of Natural History were prepared for cross-sectional 

analysis. 
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Surface Finish # Artifacts  Object Identification Number 
Unslipped 2 MMA 1979.206.966 

MMA 1979.206.985 
Unslipped with loosely 
bound pigments 

4 MMA 1979.206.966 
MMA 1979.206.985 
PC 3867  
PC 3869 

Slipped 1 MMA 1996.430 
Slipped and burnished  7 CCC 92.86 

CCC 93.87 
MMA 1979.205.5 
MMA 1979.206.355 
MMA 1979.206.404 
MMA 1979.206.478  
PCLB figure 

 
Table 6.1: Object surface finishes explored in research. MMA refers to The Metropolitan 
Museum of Art, CCC refers to Conservation Center Collection NYU-IFA. PC refers to 
private collection, PCLB refers to private collection Lands Beyond. 
 

Proposed morphological forms and prepared sherd cross sections were analyzed 

by Mark Wypyski, research scientist, Department of Scientific Research, Metropolitan 

Museum of Art. Chemical data was collected using an Oxford Instruments INCA 

analyzer energy dispersive X-ray spectrometer (EDS) equipped with a Link Pentafet 

SATW detector, attached to a LEO Electron Microscopy model 1455 variable pressure 

scanning electron microscope (VP-SEM). EDS results were collected at accelerating 

voltages of 15 and 30 keV. Cross-section samples were imaged with reflected light 

microscopy and analyzed with SEM-EDS to confirm accretion and paste compositions. 

 The results of these morphological and chemical studies were used as the basis for 

a large scale survey of archaeological ceramics to test the validity of proposed 

morphological types. Over 1000 Chihuahuan ceramics from the Arizona State museum  
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Morphological Form # Accretions sampled for 
SEM-EDS analysis  

Object Identification Number 

Dendritic 12 CCC 93.87 (1 sample) 
MMA 1979.205.5 (2 samples) 
MMA 1979.206.404 (4 samples) 
MMA 1979.206.985 (1 sample) 
PC 3869 (4 samples) 

Circular 5 MMA 1979.206.985 (1 sample) 
MMA 1996.430 (2 samples)  
CCC 92.86  (2 samples) 

Chunky/polycrystalline 11 CCC 93.87 (1 sample) 
MMA 1979.206.404 (2 samples) 
MMA 1979.206.966 (2 samples) 
MMA 1979.206.985 (1 sample) 
MMA 1996.430 (3 samples) 
PC 3867 (2 samples) 

Layered  2 MMA 1979.205.5 (1 sample) 
MMA 1979.206.404 (1 sample) 

Composite 2 MMA 1979.205.5 (1 sample) 
MMA 1996.430 (1 sample) 

Glassy  4 MMA 1979.206.404 (1 sample) 
MMA 1979.206.966 (1 sample) 
MMA 1996.430 (1 sample) 
PC 3867 (1 sample) 

 
Table 6.2: Type and number of accretion samples analyzed with SEM-EDS analysis.  
 

collections were examined and surveyed to determine the type and range of manganese 

dioxide accretions present. Non-destructive portable XRF analysis was conducted to 

confirm artifact and accretion composition, where necessary. Data was collected using 

two instruments including (a) Niton 723 XLi XRF with 241Am and 109Cd radiation 

sources (now Thermo-Fisher Niton) and (b) Bruker Tracer III-V equipped with Rh- X-ray 

tube source. Data collection procedures remain consistent and analyses were run for 180 

seconds. Due to differences in instrumentation, Niton data was collected using the thin-

film analytical mode. Bruker data was collected using standard a 15 keV accelerated 

voltage and 10 µA current under vacuum with no filter. Observations regarding  
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Morphological Type Substrate Edge or 
Boundary 

Chemical 
Composition 

Dendritic: granular or 
smooth 
and flat; found with 
and without central 
point of nucleus 

-With nucleus: slipped 
and burnished surfaces 
-Without nucleus: 
unslipped and porous 
surfaces 

Sharp edge Si > Al 
Mn >> Fe 

Circular: thin 
and smooth to thick 
and granular 

Slipped and burnished 
surfaces 

Sharp edge or 
halo 

Si > Al 
Fe > Mn 

Layered: like rock 
Varnish 

Slipped and burnished 
surfaces 

Diffuse edge  Si > Mn 
Al > Mn 
Fe > Mn 

Chunky/polycrystalline:  
blocky, polycrystalline 
and porous, raised, 
granular 

Rough, unslipped 
Surfaces 

Distinct 
interface and 
diffuse 
accretion 
perimeter 

Si > Al 
Fe > Mn 

 
Table 6.3: Typology of accretions characterized by structure and composition. Under 
composition, double >> indicates significantly larger composition. 
 

manganese dioxide formation on archaeological ceramics are reported and discussed, and 

possible accretion formation processes and formation environments are theorized. 

MORPHOLOGY AND CHEMISTRY IDENTIFIED  

 Examination and analysis of manganese dioxide accretions on archaeological 

ceramics suggest that a variety of morphological forms occur naturally. Clear trends are 

observed that characterize the accretions as a group. Distinct classes of morphological 

forms and topographical surface structures exist (tables 6.2 and 6.3). There are clear 

relationships between chemical composition and substrate surface characteristics. 

Manganese dioxide accretions tend to belong to two separate classes, which are assumed 

to be based on the mechanism of formation. These classes include accretions with a 

distinct nucleus of formation (figure 6.4) and accretions with no visible nucleus of 
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Figure 6.4: Accretion with central nucleus, slipped- burnished substrate, 20x (private 
collection Lands Beyond). Photograph by author. 
 
 

 
Figure 6.5: Accretion with no central nucleus, unslipped substrate, 25x (MMA 
1979.206.985). Photograph by author.  
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Figure 6.6: Circular mass with nucleus after manual excavation, slipped-burnished 
substrate, 25x (MMA 1979.206.404). Photograph by author.  
 

formation (figure 6.5). Examination and manual excavation of accretions with a distinct 

nucleus indicate that the nucleus has penetrated beyond the substrate surface, while the 

perimeter has not (figure 6.6). This directly contradicts previous reports that a distinct 

interface exists between accretion and substrate. Review of accretions with nuclei 

suggests they form only on denser slipped-burnished substrates. Finally, the presence of 

these two classes may explain why there is scientific disagreement over the exact 

mechanisms of formation for rock varnish and manganese dioxide accretions.   

 Four different forms are identified including dendritic, circular mass, layered and 

chunky/polycrystalline classes (see tables 6.2 and 6.3). Composite accretions 

incorporating more than one type are also frequent. Initial assessments suggested the 

presence of a fifth morphological class; however, subsequent large-scale survey 

suggested that it was not a valid form for accretion characterization (O’Grady 2005a, 

2005b, 2007). EDS analyses of accretion components suggest sample elemental 
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composition is extremely consistent regardless of morphology and the presence of oxide 

materials in inferred from collected data and published literature on rock varnish (see 

appendix 2). Mn- and Fe-oxides, as well as silicates were the primary components 

present, confirming published data. Manganese, iron and silicon composition have 

observable correlations to morphology and will be discussed in relation to the various 

forms. EDS results indicate that accretion color is dependent on the relative content of 

manganese and iron (appendix 2). Accessory elements were detected in three examples in 

percentages lower than the upper limits of detection for SEM-EDS techniques.  

 As reported in the literature, barium is a chemical tag for characteristic 

manganese oxides detected in manganese dendrites including hollandite and romanechite 

(Potter and Rossman 1979b). Barium was detected in possibly significant quantities in six 

dendritic samples. Barium content appears to be related to the surface substrate. Aronson 

and Kingery (1991) conclude that the presence of barium in manganese dioxide 

accretions strengthens the authenticity of the accretion. However, absence of Barium 

does not indicate lack of authenticity.  

 Overall, silicon content of sampled accretions ranged from 11.44 to 50.89 atomic 

weight percent (atomic %) with observable correlations to morphology. Manganese and 

iron atomic % were not as consistent and more directly are related to the sampled 

morphology. For example, manganese content ranged from 0 to 48 %, while iron content 

ranged from 2.1 to 28.8 %. SEM results indicate that accretion color is dependent on 

manganese (black) or iron (red) compositional content. Compositional trends are also 

observed in trace elements including phosphorus, sodium and titanium. However, these 
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elements were measured in quantities near the edge of instrumental detection limits. 

Their presence only suggests possible relationships and further research is needed to 

confirm the proposed observations. Phosphorus was consistently identified in quantities 

less than 1.5 %, while sodium was identified in quantities between 0.52 and 5.35 %. 

Titanium, detected in all but one sample, was observed in quantities below instrumental 

detection limits except in two samples where titanium content was exceeded 1 %. 

Aronson and Kingery (1991) suggest that the presence of 1-2 wt% titanium along with 

iron indicates that iron tintinate is present in the accretion composition. This may be a 

possible identification of the mineral in this specific accretion sample. 

DENDRITIC FORM 

 The dendritic form has a circular center from which multiple arms radiate and is 

characterized by distinct boundaries (figure 6.7). Examples of dendritic accretions  

 

 
Figure 6.7: Dendritic accretion with central nucleus and red arms, slipped substrate, 
30x(MMA 1996.430). Photograph by author.  
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Figure 6.8: Dendritic mass, slipped-burnished substrate, 16x (MMA 1979.206.404). 
Photograph by author. 
 

without a visible central nucleus are also observed. This form reflects observed dendritic 

structures identified previously in the literature and discussed in relation to rock varnish 

(Laudermilk 1931; Potter and Rossman 1977), manganese dendrites (Potter and Rossman 

1979b; McKeown and Post 2001) and manganese dioxide accretions on ceramics 

(Aronson and Kingery 1991). While Aronson and Kingery (1991: 576) report dark black 

and brown Mn-rich accretion center and arms, examples of accretions with red Fe-rich 

arms are also observed (see figure 6.7). Dendritic topography is highly variable and may 

include granular, smooth or flat surfaces. Dendritic accretions develop individually, but 

will expand over time forming larger dendritic masses (figure 6.8). These masses exhibit 

may distinct radiating arms around the perimeter, or, joined accretions with no 

discernable arms.  The literature has assumed that the larger the coalesced mass, the older 

the accretion (Dorn 1991); however, this observation has not been definitively proven.  
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Figure 6.9: Circular mass, slipped-burnished substrate, 25x (MMA 1979.205.5). 
Photograph by author. 
 

CIRCULAR MASS FORM  

 The second identified form, identified as circular mass, is characterized by a 

circular shape and discrete boundary (figure 6.9). Degree of gloss varies, and accretions 

may occur by themselves or in association with other circular mass accretions. A separate 

outer ring of more Fe-rich material is found surrounding some accretions, while others 

exhibit a halo. Both variations have not been previously reported and mechanisms for 

their formation remain unknown. The surface texture of the accretion can be thin and 

smooth; or thick and highly granular. Over time, circular mass accretions merge to form a 

series of joined circles. EDS analyses indicate these accretions have equal amounts of 

Mn- and Fe-oxides and slightly lower silicon concentrations (appendix 2). Excavation of 

the accretion center indicates it penetrates through the substrate into the ceramic matrix, 

while the perimeter does not. These characteristics confirm assumptions that the accretion  
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Figure 6.10: Layered accretion, slipped substrate, 25x (MMA 1996.430). Photograph by 
author. 
 

forms around a central nucleus. Circular mass accretions are found on unslipped, 

unslipped-pigmented, slipped and slipped-burnished surfaces.    

LAYERED FORM 

 Layered forms are characterized by visible strata (figure 6.10). EDS analyses 

indicate these accretions are composed of a mixture of Mn- and Fe-oxides. They also 

have a high silicon and aluminum content and probably incorporate large amounts of 

alumina-silicate minerals. These forms are most like layered structures reported in the 

literature. The accretion is found on slipped and slipped-burnished surfaces.

CHUNKY/POLYCRYSTALLINE FORM  

 The chunky/polycrystalline form is characterized by blocky, polycrystalline 3-

dimensional surface structure standing proud of the substrate surface (figure 6.11). This 

form was first described by Aronson and Kingery (1991) and is easily removed 

mechanically, suggesting it does not interact with the ceramic substrate. The accretion 
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Figure 6.11: Chunky/polycrystalline form, slipped-burnished substrate, 32x (MMA 
1979.206.355). Photograph by author. 
 
 

 
Figure 6.12: Composite accretion, circular mass/chunky/polycrystalline, 3x (private 
collection, Lands Beyond). Photograph by author. 
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forms primarily on rough, unslipped surfaces and is chemically composed by mostly 

silicon and aluminum.  

COMPOSITE FORM  

 There is evidence that one or more macrostructural forms may develop in close 

association. These composite forms have been identified on many ceramic substrates 

(figure 6.12). A single ceramic may exhibit all four different forms if a variety of surface 

characteristics are found. 

CROSS-SECTION ANALYSIS  

 Cross-section analysis of slipped and burnished sherds in the collection of the 

American Museum of Natural History, excavated from several sites in Nayarit, Mexico, 

indicates that manganese dioxide accretions are not always chemically and physically 

separate from the ceramic substrate. This discovery is in direct opposition to published 

research. Dendritic manganese growth visibly penetrated through the slip into the ceramic 

matrix (figure 6.13) in a circular mass accretion. Scanning electron microscopy imaging 

clearly shows the accretion penetrating into the substrate forming dendritic arms in 

profile (figure 6.14). EDS analysis of various points within the accretion and the 

surrounding ceramic body indicate that the two are chemically distinct (figure 6.15). 

Manganese content increases moving from the ceramic matrix to the accretion, while 

conversely, iron content decreases moving away from the accretion and towards the 

ceramic matrix (table 6.4). In light of this chemical and physical relationship, it is prudent 

to suggest that this surface phenomenon is a growth and not an accreted coating. 
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Figure 6.13: Cross section of manganese dioxide circular mass accretion, 100x (Nayarit 
sherd, AMNH 30-2 5449). Photograph by author.  
 

 
Figure 6.14: X-ray EDS elemental map of accretion, 300x, (Nayarit sherd, AMNH 30-2 
5449), red indicates area of Mn-rich material. X-ray EDS elemental analysis by Mark 
Wypyski.  
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Figure 6.15: SEM image indicating EDS spot analyses of sherd cross section, 300x, 
(Nayarit sherd, American Museum of Natural History 30-2 5449). Numbers are colored 
solely for image legibility. X-ray EDS spot analysis by Mark Wypyski. 
 

 

 

 

 

 

Table 6.4: X-ray EDS spot analysis of sherd cross-section, [Nayarit sherd, American 
Museum of Natural History (AMNH) 30-2 5449]. X-ray EDS analysis by Mark Wypyski. 

Point  Location  % Manganese  % Iron  
1  ceramic  0.43  12.18  
5  edge of accretion  1.67  27.33  
10  accretion  8.63  9.75  
11  accretion  10.47  7.24  
13  ceramic  0.45  11.64  
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Accretion Form Number of Ceramics with Accretions  

(Total = 759) 
Percentage of Total 
Ceramics 

Dendritic 464 (found on untreated, slipped, 
burnished, smoothed, painted, slipped-
burnished and painted-burnished surfaces 
surfaces) 

61.1 % 

Circular Mass 485 (found on untreated, slipped, 
burnished, smoothed, painted, slipped-
burnished and painted-burnished surfaces 
surfaces) 

63.9 % 

Layered  256 (found on untreated, slipped, 
burnished, smoothed, painted, slipped-
burnished and painted-burnished surfaces 
surfaces) 

33.7 % 

Chunky/ 
polycrystalline 

61 (found on untreated, slipped, burnished 
and smoothed surfaces) 

8.0 % 

3-D Glassy None  0 % 
 
Table 6.5: Types and prevalence of accretions observed on surveyed Arizona State 
Museum ceramics. 
 

MANGANESE DIOXIDE ACCRETION SURVEY RESULTS  

 The results of the previous study were used as the framework for survey and 

analysis of a collection of ceramics from Chihuahua, Mexico. The whole vessel 

collection, consisting of 1063 ceramics in Arizona State Museum, University of Arizona 

collections, were excavated and collected during the first half of the twentieth century 

according to Arizona State Museum curatorial records. The ceramics were produced by 

the Casas Grandes culture, date to the AD 8th – 15th centuries (Viejo and Medio periods) 

and represent a variety of ceramic types. Based on the collection survey, manganese 

dioxide accretions are documented on 759 of the ceramics surveyed or 71.4% of the 

entire collection. Manual excavation of accretions on polished-burnished surfaces 

consistently indicates accretion penetration into the substrate. Observed accretion 
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morphologic forms included the dendritic, circular mass, chunky/polycrystalline and 

layered classes (table 6.5). The glassy form was not identified on any surveyed ceramics 

suggesting it is not a valid morphological class. The most prevalent accretion types 

include dendritic and circular forms. Large dendritic and circular mass forms are also 

documented. In at least two instances, accretions have developed over areas of black Mn-

pigment. Paint compositions were confirmed by portable XRF analysis (figure 6.16). 

Furthermore, in these cases of preferential accretion development on manganese paints,  

Figure 6.16: Typical portable XRF spectra of MnO2 accretions on Casas Grandes 
ceramics (ASM A-32151) (Niton XLi 723 radioactive source instrument– now Thermo-
Fisher Niton). Arrow points to Mn Kα peak (5.73 keV). The Kβ peak (6.06 keV) is 
partially obscured by the nearby Fe Kα peak (6.23 keV). There is a slight observable shift 
in spectra. Portable XRF analysis by author. 
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Figure 6.17: Preferential accretion development over areas of manganese paint decoration 
on Babicora jar (ASM GP38565). Photograph by author. 
 
 

 
Figure 6.18: Accretion development along tideline on Villa Ahumada jar interior (ASM 
GP4155). Photograph by author. 
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accretion development does not exist beyond the paint-polished clay interface (figure 

6.17). Finally, 37 ceramics show evidence of accretion development along tidelines on 

vessel interiors or exteriors (figure 6.18). 

INTERPRETATION 

These observations regarding accretion development suggest a variety of possible 

accretion formation processes. The presence and formation of accretions over Mn-based 

paints suggests that the presence of manganese in the paint plays an important role in 

accretion development and provides empirical confirmation that manganese dioxide 

accretions may utilize substrate particles as the initiation for accretion growth. Secondly, 

the formation of accretions along liquid tidelines suggests the presence of specific 

environmental characteristics that drive formation processes. Presuming that manganese 

dioxide formation occurred during burial, the arrangement of accretions along tidelines 

suggests that their development may be punctuated and/or occur over a short period of 

time. Standing liquid may facilitate preferential accretion development on the ceramic 

surface at the liquid-solid interface. Alternatively, increased porosity and liquid 

absorption (at worn and pitted areas of the pottery surface) facilitates accretion 

development during/after equilibrium is attained with the surrounding burial soil.  

The presence of accretions along tidelines suggests that the deterioration 

mechanism suggested by Watkinson et al. (2005) is valid for other materials including 

ceramics. Alkali and Mn-ions, needed to drive the reaction, are easily found on the 

ceramics analyzed in this study and in typical burial environments found in Chihuahua, 

Mexico. Possible manganese sources include the Mn-based paints commonly found on 
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Casas Grandes ceramics, as well as natural Mn-oxide sources in the burial soil. 

Extensive Mn-oxide mineral resources are vast and found all over Chihuahua (Finkelman 

et al.1974). Phosphates and other alkalis are associated with intensively cultivated soil 

and cattle ranching lands found all over the region. More importantly, documentation of 

manganese dioxide accretions along and on top of Mn-based paints indicates that 

accretion deterioration mechanisms may utilize substrate ions as initiation for accretion 

growth. This suggests that the interaction can be facilitated by original artifact 

components.  

CONCLUSION 

The data presented in this case study confirms the important physical and 

chemical relationships that exist between artifact materials, environmental conditions and 

deterioration mechanisms. Non-destructive portable XRF is an excellent survey tool for 

the analysis of large numbers of artifacts, when data interpretation is conducted using an 

established morphological typology. Due to difficulties in analytically separating layered 

structures, the instrument alone is not capable of relating accretion presence to specific 

mechanism and rate of formation. Research results confirm the presence of distinct 

macrostructural accretion forms that are visually and chemically identified for the first 

time. These morphological classes directly relate visual characteristics to specific 

physical and chemical parameters and suggest possible deterioration mechanisms of 

formation. Defined morphological forms include dendritic, circular mass, 

chunky/polycrystalline, layered and composite types. Physical and chemical 

characteristics, as well as the influence of substrate density on accretion formation are 
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directly related to the proposed morphological classes. Cross-sectional analysis of 

manganese dioxide accretions indicates that accretions penetrate underlying substrates, 

and, are also physically and chemically distinct from the ceramic surface on which they 

form. Analysis of over 1000 ceramics indicates that substrate porosity and density affect 

mechanisms of accretion formation. Other variables that affect accretion formation 

include the presence of manganese-based paints and existence of solid-liquid interfaces 

(Watkinson et al. 2005) in burial environments. 

 Research also suggests that accretion mechanisms occur over short periods of 

time. Accretion development along tide lines on vessel interiors/exteriors implies a 

truncated rate of formation during which standing liquid is found in or around the vessel 

and confirms observations about rock varnish formation rates in the literature (Eastes et 

al. 1988). This suggests that the rate of formation may be as short as forty years raising 

serious issues with using manganese dioxide accretions as a valid indicator of 

archaeological authenticity. Finally, further research is needed to delineate the specific 

mechanism of accretion formation and its exact relationship to substrate density, porosity 

and chemistry.   

Analysis of post-depositional products is critical for the interpretation and 

conservation of archaeological materials. Excavated archaeological objects are complex 

materials with heterogeneous compositions that exhibit use-wear, deterioration layers, 

post-depositional products, and/or evidence of curation interventions. Separation of these 

components is essential for the analysis of artifact composition, method of manufacturing 

and identification of burial environments and deterioration mechanisms responsible for 
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current object condition. However, non-destructive portable XRF analysis is used 

successfully to identify post-depositional changes including manganese dioxide 

accretions, as well as ensure object preservation through the direct relationship of visual 

and chemical characteristics to specific deterioration mechanisms and burial 

environments.  
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CHAPTER 7. SUMMARY AND CONCLUSION 

 Conservation science research of cultural heritage materials has its foundation in 

preservation of the object, its research its cultural values. Artifact compositional analysis 

contributes and informs conservation practice through directly relating data to materials 

and methods used during manufacturing; use-wear or repair modifications; the effects of 

discard, burial and excavation on the object including post-depositional alterations; as 

well as curatorial and preservation interventions. Relating tangible and intangible forms 

of data is critical for this process. Destructive and non-destructive methods are utilized to 

collect measurements of interest that inform artifact interpretation within the framework 

of scientific analysis and culture studies.   

 The choice to use a specific technique is dependent on the research question, as 

well as the ability to analyze the artifact through destructive or in situ sampling. 

Conservation scientists must evaluate the compatibility of a particular analytical 

technique with cultural and ethical concerns regarding object analysis and sampling. 

There are many artifacts that cannot be analyzed using destructive methods. In these 

situations, non-destructive technologies, including portable XRF, are the only analytical 

alternative for reconstructing artifact chemical composition, technology, degradation and 

post-depositional products. However, the use of portable XRF and other non-destructive 

technologies must be evaluated to determine their ability to acquire measured data that is 

accurate, precise and with known error parameters. 

 The use of commercial instrumentation requires that data collection, correction, 

calibration and interpretation parameters be formulated to the specific artifact under 
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analysis. Archaeological and cultural heritage materials are heterogeneous with complex 

compositions that include layered structures, as well as corrosion surfaces. Commercial 

portable XRF instruments were not originally designed to conduct cultural heritage 

research. Internal settings and calibrations must be evaluated to discern their ability to 

produce data that reflects the compositional complexity of heterogeneous cultural 

materials with inconsistent density and microstructure. Furthermore, data must be 

interpreted to account for the influence specific events in an artifact’s life cycle have on 

composition. These include those related to object use, repair, discard, burial, excavation, 

curation and preservation. 

 The introduction of non-destructive, portable analytical techniques, including 

portable XRF, has revolutionized the manner in which conservation science research is 

formulated and directed. Portable XRF techniques are attractive for their compliance with 

ethics and their ability to facilitate preservation activities and ethics. Portable XRF 

“support[s] the activities of conservation in accordance with an ethical code including the 

AIC Code of Ethics and Guidelines for Practice” (American Institute for Conservation of 

Historic and Artistic Works 2009) used by the American professional conservation 

organization. However, the technique must be critically evaluated in order to obtain 

meaningful, accurate and precise data results. Portable XRF research must focus on 

standardizing data collection parameters, developing methods for data calibration and 

correction, as well as data interpretation within the framework of cultural achievement. 

Conservation scientists have only recently initiated this assessment process. 
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 Evaluation of portable XRF utility has become increasingly more important to the 

conservation science and conservation fields. In recent years, portable XRF 

instrumentation has become standard equipment in conservation and conservation science 

laboratories. Review of the literature reveals that the majority of studies focus on 

scientific developments associated with instrument components that improve data 

collection; evaluation of portable XRF data precision, error and accuracy through 

comparisons with other types of instrumental data; and calibration methods that 

incorporate mechanisms accounting for artifact complexity. In general, the majority of 

published articles report data collected from discrete groups of artifacts, while fewer 

sources present data sets accumulated during large-scale survey of artifacts. Publications 

are generally produced by scientist led teams, or more rarely, groups incorporating 

conservation scientists and conservators.  

 A significant amount of portable XRF research has been published in the 

literature. However, there are few sources that assess portable XRF instruments as they 

are used in daily conservation science and applied conservation practices. The majority of 

research groups consist solely of scientists and publications focus on scientific minutiae 

that are not particularly critical for typical conservation and conservation science 

questions, as well as typical daily practice. This observation does not discount the 

scientific value of research. However, it does suggest that portable XRF research 

programs should be incorporate interdisciplinary teams of scientists, conservation 

scientists, conservators, archaeologists, curators, native peoples, and other stakeholders. 

Scientific activities only intersect with conservation science and cultural ethical codes 
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when research teams include these participants. This is particularly critical, as research 

must be situated within ethical codes and standards in order to contribute meaningfully to 

the discipline.  

 The research described in this dissertation serves to characterize and evaluate 

non-destructive portable XRF instrumentation for the analysis of cultural heritage 

materials. Initially conceived in relationship to an interdisciplinary exhibit focused on 

migration in the American Southwest, the research was situated with reference to an 

interdisciplinary exhibition team consisting of conservation scientists, conservators, 

archaeologists, curators, Native Americans and other museum professionals. In each case 

study, portable XRF data, collected during survey, are compared with destructive 

analyses conducted on similar or same materials, as well as published scientific and 

cultural data. Portable XRF results are reported for three groups of archaeological 

artifacts that analyze (a) bulk composition of Chinese coins, (b) ceramic colorants 

preserved on prehistoric ceramics in the American Southwest, and, (c) manganese 

dioxide post-depositional products associated with prehistoric ceramics from Mexico. 

The underlying research questions associated with each case study are answered by 

identifying relationships between artifact production and its life following discard 

through the context of technical study and conservation science ethics. Produced portable 

XRF data is shown to provide meaningful information regarding object composition, 

prehistoric manufacturing technologies and the composition/morphological identification 

of alteration products associated with object degradation.  
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 The methodology used to develop these case studies provides a template for 

evaluating portable XRF instrumentation (and other non-destructive technologies) in 

daily conservation science and conservation practice. In each case study, portable XRF 

elemental analysis is linked to the artifact’s life history and cultural origin through 

comparison with microstructure, morphology, technology and mechanisms of 

corrosion/degradation. Conclusions drawn from each case study provide meaningful 

information regarding coin composition, ceramic colorant manufacturing technology and 

manganese dioxide post-depositional products found on Mexican ceramics. The 

technique’s limitations are highlighted by observations made throughout data collection, 

as well as by case study results and through comparison with destructive analyses 

conducted on the same or similar artifact samples.  

 Portable XRF analysis of Chinese coins enables rapid compositional survey and 

assignment of present alloy. The effects of microstructure, corrosion and analytical 

sampling volumes are assessed through comparison with metallographic microstructural 

analyses, electron microprobe data and Monte Carlo electron trajectory simulations. In 

general, analytical sampling volumes are small relative to observed microstructural grain 

size and suggests that there is associated error. Careful selection of multiple analysis sites 

should be used in order to sample existing, compositional variation over the artifact. For 

small objects, including coins, or, artifacts with varying surface preservation/corrosion, 

this may not always possible. However, reasonably good precise and accurate data resuls 

are achievable, as evidenced by compositional standard deviations associated with 

elemental data collected from coin obverse and reverse.  
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 Produced data provides nuanced information regarding compositional trends, as 

elemental ratios relate to mint location and reign date of production. The produced data is 

not sufficiently resolved to assign anonymous coins attributes including country of origin, 

reign date or mint location. Portable XRF is unable to discriminate the presence of 

impurities and trace elements in small quantities due to beam size and analytical 

resolution. As a result, portable XRF is unable to resolve questions associated with 

introduction of particular technologies including metallic zinc speltering. However, 

corrected and calibrated portable XRF data provides critical information regarding 

artifact composition and manufacture that informs preservation practice. 

 Portable XRF analysis of ceramic colorants is capable of rapidly determining 

composition, pigment identification and glaze-paint production technology. Data results 

for Sikyatki Polychrome and Jeddito Yellow Wares are compared to destructive analyses 

of colorant chemistry, microstructure and clay forming processes. Compositional trends 

observed in SEM-EDS/FESEM-EDS analyses reflect those observed in portable XRF 

data in spite of beam size differences. Furthermore, trends in composition are associated 

with particular ceramic wares, colorants and cultural traditions. Practical portable XRF 

use reveals that instrumental sampling is dependent on sample surface area and 

instrument-sample interactions. In situ sampling is not always maximized for the analysis 

of small objects, fine line decoration and concave/convex surfaces.  

 Portable XRF analysis of ceramic colorants identifies trends in composition as 

they relate to ceramic ware, color and technology. This is particularly evident in iron and 

manganese measurements of ceramic ware and colorants including mineral/inorganic, 
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organic and carbon containing pigments. Portable XRF data also contributes to 

production technology used for glaze-paints and suggests hypotheses regarding the 

transmission of technological knowledge, raw materials, completed artifacts and migrant 

populations across the landscape. The technique is not sufficiently resolved to analyze 

layered structures of similar composition. Instrumental parameters limit clay and colorant 

provenance determinations due to limits of detection and overall data resolution. 

However, portable XRF survey of provides critical information regarding colorant 

composition, identification and technology through compositional correlations with 

cultural information and published scientific data. 

 Portable XRF analysis of manganese dioxide post-depositional products on 

archaeological ceramics provides compositional data that can be related to 

macrostructural morphological types and suggest possible accretion mechanisms of 

formation. Research results confirm the identification of distinct morphological forms 

that are visually and chemically related for the first time. Analytical differentiation of 

layered accretions is difficult making assignment of specific accretion formation 

mechanisms problematic without incorporating visual observations regarding accretion 

morphology. However, comparison of portable XRF data with accretion-substrate 

interactions and macrostructural formation provides empirical confirmation that substrate 

particles or liquid-solid interfaces in order to initiate accretion growth. Portable XRF 

survey of large collections produces valuable data regarding accretion composition that 

can be related to morphology and mechanism of formation and informs preservation 

practice.  
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 This dissertation reports typical conservation science research associated with the 

analysis of cultural heritage materials. Research results validate the utility of portable 

XRF methods for the analysis of archaeological objects. Through the course of the 

dissertation, a number of hardware and software technological improvements 

dramatically changed and improved instrumental working parameters. Furthermore, the 

value of portable XRF research is not related to commercial instrument manufacturers. 

Rather, the adoption and use of standard data collection, correction, calibration and 

interpretation parameters is paramount for producing measurements of interest that 

inform cultural heritage research. Operator familiarity with XRF theoretical foundations 

and artifact life cycles are equally critical for research. Finally, portable XRF research 

must be framed within the context of conservation science and cultural ethics in order to 

contribute to improve artifact interpretation and conservation practice.  
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APPENDIX A. MICROSTRUCTURAL ANALYSES 
 
24724-x-6 
Japanese coin 
Date: Edo period, 1714 
Mint Location: Mint Jiuman Tsuko 
 

 

                          
(a): Typical white cast iron microstructure with pearlite (black) precipitated from 
cementite (tan-brown), unetched, ASM 24724-x-6 
 

                 
(b): XRF spectra with Fe, Cu, Zn and Pb identified, ASM 24724-x-6 
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APPENDIX A – Continued 
 

24724-x-25 
Asian Coin 
Date: unknown 
Mint Location: unknown 
 

 

       
(a): highly leaded (irregular black) α brass with α (fine, light grey) phase in β 
(yellow) solution with tin impurities, etched FeCl, ASM 24724-x-25 
 

        
     (b): XRF spectra with Cu, Zn, Pb and Sn identified, ASM 24724-x-25 
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APPENDIX A – Continued 
 

24724-x-46 
Asian Coin 
Date: unknown 
Mint Location: unknown 
 

 

      
(a): highly leaded α brass with α (light grey) phase in β (yellow) solution with tin 
impurities, etched FeCl, ASM 24724-x-46 
 

          
(b): XRF spectra with Cu, Zn, Pb and Sn identified, ASM 24724-x-46 
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APPENDIX A – Continued  
 
26560 
Date: unknown 
Mint Location: unknown 
 

 
 

                
(a) α + β brass with α (blue-grey) infill/partial Widmanstätten structure within β 
grain boundaries, ASM 26560, photograph by author. 
 

                     
(b) XRF spectra with Cu, Zn and Pb identified, ASM 26560 



 
 
 

329 
 

APPENDIX A – Continued 
 
26567 
Chinese coin 
Date: unknown 
Mint Location: unknown 
 

 

            
(a): α brass with α (light grey) phase in β (yellow) solution, lead (dark grey) 
impurities are present, etched FeCl, ASM 26567, photograph by author. 
 

                     
(b): XRF spectra with Cu, Zn and Pb identified, ASM 26567 
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APPENDIX A – Continued 
 

A-49166 
Asian Coin 
Date: unknown 
Mint Location: illegible due to preservation 
 

 

           
(a): α + β brass with β grains visible, lead (dark brown) impurities and 
intergranular corrosion, unetched, ASM A-49166. See Figure 4.11 for etched 
image of coin microstructure. 
 

          
(b): XRF spectra with Cu, Zn, Pb and Fe identified, ASM A-49166 
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APPENDIX A – Continued  
 
A-49169 
Date: Qing / Kang Xi 
Mint location: illegible due to preservation 
 

 

                   
(a): α brass with cored α dendrites (grey), etched H2O2, ASM A-49169 
 

           
(b): XRF spectra with Zn, Cu, Pb, Sn and Fe identified, ASM A-49169 
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APPENDIX A – Continued 
 

A-49170 
Date: illegible 
Mint location: illegible due to preservation 
 

 
 

                    
(a): α + β brass with α (dark grey) infill within β (yellow) solution, lead (brown-
black) impurities, etched FeCl, ASM A-49170 
 

                     
(b): XRF spectra with Zn, Cu, Pb, Fe and Ni identified, ASM A-49170 
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APPENDIX A – Continued 
 

A-49179 
Date: Qing / Dao Guang 
Mint location: illegible due to preservation 
 

 

       
(a): α brass with α (blue-grey) phase in β (yellow) solution and lead (dark brown) 
impurities, etched FeCl, ASM A-49179 
 

                      
(b): XRF spectra with Cu, Zn, Pb, Sn and Fe identified, ASM A-49179 
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APPENDIX A – Continued 
 
A-49180 
Asian coin 
Date: illegible due to preservation 
Mint location: illegible due to preservation 
 

 

                      
(a): α + β to β brass with α (blue-grey) phase in β (yellow) solution and lead 
(irregular black) impurities; possible evidence of post casting working visible in 
grain twinning, identified by arrow; etched FeCl, ASM A-49180 
 

                          
(b): XRF spectra with Zn, Cu, Pb, Sn and Fe identified, ASM A-49180 



 
 
 

335 
 

APPENDIX A – Continued  
 
A-49182 
Asian coin 
Date: illegible due to preservation 
Mint location: illegible due to preservation 
 

 

                    
(a): α + β brass with α (brown-grey) phase in visible β (yellow) grains and lead 
(light-grey) impurities, etched FeCl, ASM A-49182 
 

        
(b): XRF spectra with Zn, Cu, Pb, Sn and Fe identified, ASM A-49182 
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APPENDIX A – Continued 
 
A-49186 
Date: Qing/ Jia Qing 
Mint Location: Hangzhou Mint, Guangdong 
 

 
 

                   
(a): α brass alloy with α (blue) infill around β solution lead (dark black) 
impurities, ASM A-49186 
 

                      
(b): XRF spectra with Zn, Fe, Cu, Pb and Sn identified, ASM A-49186 
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APPENDIX A – Continued 
 
A-49199  
Date: Qing/ Jia Qing 
Mint location: Hangzhou Mint, Zhejiang 
 

 

                        
(a): α + β brass with visible β grains and precipitation of α (blue-grey) phase in β 
grains (tan, brown, yellow) with lead impurities, etched with FeCl, ASM A-
49199 
 

                    
(b): XRF spectra with Zn, Cu, Pb and Fe identified, ASM A-49199 
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APPENDIX A – Continued 
 
A-49202 
Date: Qing / Qian Long 
Mint Location: Guangzhou Mint, Guangdong 
 

 

                    
(a): α + β brass with visible β grains and precipitation of α (grey-blue) in β grains 
(varied brown-tan-yellow) with lead impurities (black), extreme dezincification  
visible in corrosion layer (pink-purple), etched FeCl, ASM A-49202 
 

                          
(b): XRF spectra with Cu, Zn, Pb and Fe identified, ASM A-49202 
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APPENDIX A – Continued 
 
A-49205  
Date: Qing / Kang Xi 
Mint location: Chengdu Mint, Sichuan (?) 
 

 

                 
(a): α brass with visible α (grey-blue) precipitation in β (yellow) solution with 
lead (dark-grey) and tin impurities, partial dendritic structures are indicated by 
the pink arrows, etched FeCl, ASM A-49205 
 

           
(b): XRF spectra with Cu, Zn, Pb, Sn and Fe identified, ASM A-49205 
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APPENDIX A – Continued 
 
A-49206 
Date: Qing / Qian Long 
Mint Location: Board of Revenue Mint, Beijing 
 

 
 

               
(a): Fe alloy with visible dendrites, Pb (dark black) impurities, and some 
preserved corrosion, ASM A-49206 
 

                    
(b): XRF spectra with Fe, Cu, Zn, Pb and Sn identified, ASM A-49206 



 
 
 

341 
 

APPENDIX A – Continued 
 
A-49208  
Date: Qing / Jia Qing 
Mint Location: Board of Public Works Mint, Beijing 
 

                               
(a): α brass with cored α dendrites and Pb impurities (dark black), etched FeCl, 
ASM A-49208 
 

                    
(b): XRF spectra with Fe, Cu, Zn, Pb and Sn identified, ASM A-49208 
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APPENDIX A – Continued 
 
A-49219  
Date: Qing / Qian Long 
Mint Location: Yunnanfu [Kunming] Mint, Yunnan 
 

 
 

                          
(a): α + β brass with α (grey-blue) phase in β (grey) solution with lead (black) 
impurities, unetched, ASM A-49219 
 

                   
(b): XRF spectra with Cu, Zn, Pb, Fe and Sb identified, ASM A-49208 
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APPENDIX B. X-RAY ENERGY DISPERSIVE SPECTROMETRY RESULTS FOR MANAGANESE DIOXIDE 
ACCRETIONS (ATOMIC WEIGHT PERCENT) 

 
Accretion 
type  Substrate  ID #  % Mn  % Fe  % Na  % Mg  % Al  % Si  % P  % S  % K  % Ca  % Ti  % Ba  Accessory 

Elements  

dendritic  unslipped  MMA 
1979.206.985  21.10  4.02  1.53  2.10  14.17  28.05  1.06  12.80  6.20  8.51  0.31  0.15  none  

dendritic  
slipped and 
burnished  MMA 

1979.205.5  22.14  5.86  1.98  2.43  19.19  25.14  0.16  10.53  2.49  9.00  0.49  0.59  none  

dendritic  
slipped and 
burnished  MMA 

1979.205.5  21.81  11.97  2.12  1.68  14.30  19.98  0.51  13.23  8.49  4.77  0.65  0.48  none  

dendritic  
slipped and 
burnished  MMA 

1979.206.404  48.32  3.42  2.90  3.22  12.14  18.99  0.12  4.23  1.49  3.38  0.33  1.47  none  

dendritic  
slipped and 
burnished  MMA 

1979.206.404  44.72  2.17  3.68  1.60  9.61  25.96  0.05  3.93  2.36  3.32  0.50  1.44  Zn = 0.64  

dendritic  
slipped and 
burnished  MMA 

1979.206.404  32.48  4.53  3.04  2.70  15.33  30.21  0.31  4.48  1.55  3.74  0.58  1.04  none  

dendritic  
slipped and 
burnished  MMA 

1979.206.404  28.12  4.84  5.35  2.36  12.48  35.10  0.03  3.24  2.38  4.29  0.33  1.03  Cl = 0.45  

dendritic  

unslipped w/ 
applied loosely 
bound pigment  PC 3869  0.24  28.86  1.77  0.47  13.79  27.07  0.08  18.98  8.04  0.43  0.25  0.02  none  

dendritic  

unslipped w/ 
applied loosely 
bound pigment  PC 3869  45.94  11.60  2.37  2.89  6.04  12.65  0.53  7.08  8.14  1.96  0.46  0.33  none  

 
dendritic 

unslipped w/ 
applied loosely 
bound pigment  PC 3869  19.06  13.72  1.37  4.52  10.33  23.84  0.54  12.92  7.49  5.35  0.56  0.32  none  

dendritic  unslipped w/ 
loosely  

PC 3869  13.56  19.11  1.85  1.92  12.22  24.08  0.67  12.02  6.95  7.14  0.30  0.17  
none  

dendritic  
slipped and 
burnished  CCC 93.87  11.31  23.87  0.97  0.53  19.49  26.00  0.87  6.10  0.31  9.87  0.45  0.23  none  
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APPENDIX B – Continued 

Accretion 
type  Substrate  ID #  % Mn  % Fe  % Na  % Mg  % Al  % Si  % P  % S  % K  % Ca  % Ti  % Ba  Accessory Elements  

circular 
mass  unslipped  MMA 

1979.206.985  NONE  4.29  4.72  3.03  11.77  23.87  7.59  12.56  11.03  19.94  0.52  0.69  none  

circular 
mass  slipped  MMA 1996.430  15.94  17.10  2.36  2.74  11.97  20.86  0.50  16.06  8.28  3.60  0.39  0.20  none  

circular 
mass  slipped  MMA 1996.430  3.92  2.21  0.52  0.28  14.96  48.49  0.17  14.57  2.59  11.49  0.40  0.39  none  

circular 
mass  

slipped and 
burnished  CCC 92.86  0.93  27.30  0.97  0.84  13.37  46.96  1.98  1.73  1.35  4.13  0.28  0.15  none  

circular 
mass  

slipped and 
burnished  CCC 92.86  0.94  9.90  1.35  0.56  11.31  27.12  0.69  27.12  0.69  23.47  0.41  0.25  none  

chunky/poly
crystalline unslipped  MMA 

1979.206.985  3.70  7.47  0.56  4.75  23.65  40.76  0.32  7.83  2.25  8.45  0.21  0.04  none  

chunky/poly
crystalline slipped  MMA 1996.430  11.83  10.56  0.69  0.82  21.82  28.68  0.52  12.04  1.72  10.94  0.30  0.09  none  

chunky/poly
crystalline 

unslipped w/ 
applied loosely 
bound pigment  

MMA 1996.430  7.13  9.66  1.33  0.68  21.50  42.75  0.68  7.71  2.81  4.47  1.04  0.23  none  

chunky/poly
crystalline slipped  MMA 1996.430  6.32  13.28  0.91  0.95  14.68  21.08  0.50  21.75  1.50  18.64  0.26  0.11  none  

chunky/poly
crystalline 

slipped and 
burnished  MMA 

1979.206.404  7.43  8.08  1.81  1.08  23.86  46.62  0.32  3.15  1.98  4.61  0.87  0.19  none  

chunky/poly
crystalline unslipped  MMA 

1979.206.404  13.56  84.97  2.74  1.25  16.49  50.89  0.23  2.64  2.66  3.51  0.62  0.43  none  

chunky/poly
crystalline unslipped  MMA 

1979.206.966  20.36  2.60  3.18  1.31  12.82  21.05  0.81  18.21  15.85  3.22  0.25  0.36  none  

chunky/poly
crystalline unslipped  MMA 

1979.206.966  13.53  6.37  1.59  1.05  15.03  41.14  0.86  7.71  8.10  3.63  0.71  0.29  none  

chunky/poly
crystalline 

unslipped w/ 
applied loosely 
bound pigment  

PC 3867  14.68  20.99  4.59  1.46  12.36  22.41  0.64  15.34  5.79  1.28  0.23  0.24  none  

chunky/poly
crystalline 

unslipped w/ 
applied loosely 
bound pigment  

PC 3867  10.66  19.68  4.32  1.61  15.77  24.57  1.36  13.50  5.72  2.30  0.33  0.18  none  
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APPENDIX B – Continued 

Accretion 
type  Substrate  ID #  % Mn  % Fe  % Na  % Mg  % Al  % Si  % P  % S  % K  % Ca  % Ti  % Ba  Accessory Elements  

chunky/poly
crystalline 

slipped and 
burnished  CCC 93.87  3.25  20.52  2.34  0.32  18.80  43.76  0.68  1.23  1.57  6.85  0.64  0.04  none  

layered  slipped and 
burnished  

MMA 
1979.205.5  5.99  7.78  1.73  1.01  19.91  26.55  0.34  17.31  1.75  16.94  0.39  0.30  none  

layered  slipped  MMA 
1979.206.404  9.96  14.17  2.42  1.38  13.99  42.33  0.34  6.30  2.79  4.54  1.13  0. 65  none  

composite 
(dendritic/ 
circular 
mass)  

slipped  MMA 1996.430  22.63  7.55  01.26  0.31  22.49  24.41  0.69  9.93  1.94  5.91  0.32  0.95  Cl = 0.38; Co = 1.22  

composite 
(layered/ 
chunky/poly
crystalline)  

Slipped and 
burnished  MMA 

1979.205.5  3.47  9.35  1.37  2.73  22.08  38.47  0.19  9.83  1.79  10.24  0.31  0.18  none  

3D glassy  slipped  MMA 1996.430  3.90  5.18  0.75  0.33  19.81  46.81  0.04  10.23  3.69  8.36  0.65  0.20  none  

3D glassy  slipped and 
burnished  

MMA 
1979.206.404  5.16  7.49  2.17  1.20  25.93  49.10  0.23  2.68  2.40  2.31  0.59  0.43  none  

3D glassy  unslipped  MMA 
1979.206.966  39.20  2.31  1.48  2.45  8.40  11.44  1.34  18.89  11.65  2.60  0.15  0.11  none  

3D glassy  
unslipped w/ 
applied loosely 
bound pigment  

PC 3867  6.95  9.89  3.11  1.51  16.05  46.03  1.22  7.60  4.90  2.34  0.30  0.10  none  
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The Occurrence of Rock Varnish on Stone and Ceramic Artifacts 
 
Caitlin O’Grady 
 
 
ABSTRACT 
Rock varnish occurs on a variety of substrates including stone and ceramics in diverse 
environments. Due to the patina’s distinctive physical appearance, its presence has been 
used as a tool of authentication for a variety of archaeological objects. Confusion 
regarding terminology is addressed in an effort to clarify the current literature. A review 
of the literature indicates some ambiguity exists regarding terminology. This is 
addressed in an effort to clarify confusion. Many aspects of rock varnish’s genesis, rate 
of formation, physical and chemical characteristics remain unclear due to difficulties in 
its chemical and analytical characterization. Little research has been published on the 
specific morphological characteristics of rock varnish. However, morphological and 
substrate characteristics, together, may suggest scenarios for the mechanism of 
formation and offer a qualitative tool for authentication.   
 
INTRODUCTION  
During the past thirty years, several articles [1, 2, 3, 4, 5] have commented on the 
occurrence of manganese (Mn) and iron (Fe) rich surface patina on ceramic and stone 
artifacts. This patina is generally described as a thin brownish-black to black coating 
composed primarily of Mn and, occasionally, Fe. If the patina has high iron content, it 
can be orange-red in color. Due to its distinctive physical appearance, the presence of 
rock varnish has been used to authenticate art objects including West Mexican ceramic 
[4] and stone artifacts [5], as well as Egyptian stone objects [6, 7]. The most 
controversial use of rock varnish as a means of authentication is related to the Mansoor 
collection of Amarna limestone sculptures [6, 7]. The collection, acquired by M. A. 
Mansoor over a period of 20 years from the same unnamed source, consists of Amarna 
royal family portrait busts in excellent condition [6, p. 53].  
 
Art historians including Bernard Bothmer, John Cooney and H. W. Miller have 
repeatedly refuted the authenticity of the sculptures, based on inconsistencies with the 
known Amarna style and the collection’s quality of manufacture [6, p. 54] However, 
various scientific analyses (petrographic, ultraviolet and x-radiographic, etc.) of the 
sculptures conducted by a variety of experts including Blackwelder [8], de Ment [9],  
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Silver [10] and Stross [11], as well as the presence of rock varnish and manganese 
dendrites suggest that the sculptures are authentic. Despite their scientific 
authentication, the Mansoor collection is still considered suspect (based on style) by the 
majority of art historians, conservators and archaeologists.  
 
The presence of the accretions is not irrefutable evidence of authenticity due to 
differential weathering processes and imprecise knowledge regarding rate of formation, 
as is evidenced by the Mansoor collection. Unfortunately, many aspects of rock 
varnish’s genesis, rate of formation, as well as its physical and chemical characteristics 
are still unclear- due to differential processes of weathering, the interaction between 
varnish and substrate, as well as difficulties in its chemical and analytical 
characterization. The use of rock varnish and manganese dendrites as indicators of 
authenticity can be aided by study of a wide variety of samples.  
 
Information about manganese rich surface accretions has been gleaned from scientific 
research of natural terrestrial weathering processes including rock or desert varnish and 
manganese dendrites- a sub-class of the naturally occurring layered Mn and Fe rich 
patina. Both surface patina are found on exposed rock surfaces and objects in a variety 
of environmental settings- but particularly in arid and semiarid regions. In particular, 
rock varnish studies have focused on geological contexts, as it has attracted interest due 
to its possibilities as a geochronometer of geomorphic processes including desert 
pavements, alluvial or fluvial polished surfaces and lava flows. It has also been used as 
an indicator of paleoclimactic change. Extensive research and analysis has been 
conducted to characterize rock varnish and manganese dendrites that can shed light on 
remaining questions about Mn- and Fe-rich accretions found on ceramic and stone 
artifacts. Conservation science and archaeometric applications include the use of rock 
varnish in authenticity and dating studies of archaeological ceramics, lithics, stone and 
petroglyphs. However, for the purposes of this article, studies relating to ceramics and 
lithics will be the focus because rock varnish is not an integral part of these objects’ 
manufacture and is, typically, added after artifact discard. Petroglyphs, which are often 
made by carving or pecking designs in stone through the removal of rock varnish 
surfaces, are, often, entirely dependent on rock varnish for their creation. Due to the 
predominance of published geological material on rock varnish, this material will be 
reviewed to set the stage for analysis of rock varnish or Mn- and Fe- rich patinas on 
archaeological artifacts.  
 
I. Definition of Rock Varnish and its Various Sub-Classes 
Rock varnish is generally defined as a thin accretion of Mn and Fe oxide grains held in a 
clay matrix on the surface of a large variety of lithologies including basalt, granite, 
quartzite, limestone and sandstone. Average varnish thickness is 100 micrometers; 
however, varnishes can reach several hundred μm in thickness. Rock varnish accretions 
generally nucleate from several different locations and tend to grow, spread and darken 
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over time. They almost never form uniform surface coatings. As it became apparent that 
the accretion is found in a variety of environments, not just under arid and semi-arid 
conditions, Dorn and Oberlander [12] were the first to suggest replacing the term desert 
varnish with rock varnish. Studies have shown a distinct morphological barrier between 
varnish and substrate [4], as well as suggest that the accretion’s mineralogical 
components appear to be completely separate from its varied substrates [13, 14, 15, 16]. 
Depending on its chemical makeup, the accretion can range in color from brownish-
black to black to orange-red. Color and degree of matte/gloss are also influenced by 
variations in varnish thickness, composition and microrelief. [17, p. 26] Typically, 
varnish layers are fine-grained and poorly crystalline making X-ray diffraction difficult 
[personal experience, 18]. This varnish type has long been recognized in the literature 
[19, 20, 21, 22, 23, 24, 25, 26, 27, 28] and has acquired a variety of descriptive terms 
including desert varnish, Wüstanlack, Schutzrinden and patina. Laudermilk [29] was the 
first to define the accretion as Mn- and Fe- rich with a large clay/silica component. 
 
In spite of early interest in rock varnish, it wasn’t until the seventies that scientists 
began to fully define the accretion and identify its subclasses. Potter and Rossman [30] 
were the first to include manganese dendrites as a subclass of rock varnish accretions. 
They described this subclass as Mn oxide concentrations exhibiting a dendritic pattern 
along the stone exterior, internally within the substrate matrix or on fractured surfaces. 
Again, the dendrites appear to be chemically and morphologically separate from their 
substrate. These definitions will be used throughout this paper. 
 
The term manganese dioxide accretion has also been used in conservation science and 
archaeometric literature to refer to similar surface phenomena including work by this 
author. However, the presence of silicate minerals in both rock varnish and, what has 
been termed, manganese dioxide accretions suggests that this is an imprecise and 
misleading label. As a result, this type of phenomena will be referred to as Mn- and Fe- 
rich patina or manganese dendrites in an effort to avoid confusion.  
 
II. Mineralogy of Rock Varnish and its Subclasses 
While having long been recognized as a naturally occurring terrestrial accretion, the 
basic chemical makeup of rock varnish wasn’t discussed until 1931. Based on a 
microscopic study of several samples, Laudermilk [29] concluded that the accretion was 
rich in Mn and Fe and included a large clay/silica component.  Later research confirmed 
Laudermilk’s conclusions and identified the accretion’s various clay components. Potter 
and Rossman’s seminal article, published in 1977, identified rock varnish’s various clay 
constituents using XRD, Infra-Red (IR) spectroscopy and scanning electron microscopy 
(SEM). Potter and Rossman [13] analyzed samples from the Mojave Desert and found 
that illites, montmorillonites and mixed layer illite-montmorillonites comprised up to 
70% of the coating, while manganese oxides made up the bulk of the remaining 30%.  
Based on their SEM analysis, Potter and Rossman suggested that varnish material was  
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derived from an external source (dust, dirt, other forms of detritus), as they observed an 
abrupt demarcation between the stone surface and the accretion. 
 
In later studies, Potter and Rossman [31] more specifically determined that the 
mineralogy of the brown-black and orange-red rock varnish coatings contained almost 
identical clays including hematite and mixed illite-montmorillonite layers. They found 
that birnessite, (Na, C, K)Mn7O14 .H2O, was only found in the predominantly Mn oxide 
rich (brown-black) coatings, while hematite was the most important constituent in the 
Fe oxide phases. In another article, Potter and Rossman [30] characterized the 
mineralogy of manganese dendrites- a subclass of rock varnish. They identified the 
major components of dendrites as ring structure minerals- specifically members of the 
romanechite and hollandite group minerals. Unfortunately, they concluded that this 
subclass does not appear to have a characteristic accessory mineralogy and sample 
compositions ranged from nearly pure Mn oxides to Mn oxides mixed with various 
carbonate and silicate minerals.  
 
Often, efforts to fully characterize rock varnish and manganese dendrites are impeded 
by the accretion’s typically fine-grained, poorly crystalline, and disordered nature of the 
Mn and Fe oxide phases. Mn oxide crystal chemistry is heavily influenced by valence 
state - which can change several times within a single mineral. As a result, current 
research has made use of newly developed analytical techniques to more accurately 
define the Mn oxide mineralogical component of rock varnish and dendrites. Using X-
ray absorption spectroscopy, McKeown and Post [16] were able to confirm Potter and 
Rossman’s [31] conclusion that [calcium (Ca-) and barium (Ba-) rich) birnessite-like 
minerals are responsible for a large component of the Mn rich layers in rock varnish and 
manganese dendrites. [16, p. 712]. However, McKeown and Post noted that todorokite 
(a type of large tunnel structure mineral), not romanechite or hollandite, was found in 
significant amounts. These minerals appear to form “mixtures, or a disordered 
intermediate of the two minerals.” [16, p. 712] Finally, while the research team was able 
to identify a distinct set of characteristic mineralogical components for the sampled Mn 
oxide rich varnish layers, the dendrite samples showed a greater variety of mineral 
components. Techniques such as transmission electron spectroscopy (TEM) and X-ray 
absorption near edge structure (XANES) spectroscopy [32] have also helped to clarify 
Mn oxide chemistry. Further research and the construction of a database of analytical 
results on rock varnish and manganese dendrite samples may help to provide a better 
view of the accretions’ characteristic mineralogies.  
 
III. Morphology of Rock Varnish and Manganese Dendrites  
The specific morphology of rock varnish, as described in scientific journals, is limited. 
While it is clear that rock varnish is a thin dark-colored Mn and Fe rich coating, 
morphology is discussed only as it directly relates to proposed rates and mechanisms of 
formation.  Researchers agree that the age of rock varnish and manganese dendrite  
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accretions will affect the deposit’s size, color and thickness making questions of 
morphology highly dependent on relative age and the extent to which the deposit has 
formed on the substrate. For the most part, morphological characterizations have been 
primarily relegated to the micro-scale and imaged via SEM microscopy while 
macroscopic visual characteristics of rock varnish and manganese dendrites are more 
rarely as thoroughly discussed. An examination of the literature discussing rock varnish 
morphology indicates two basic microstructural classifications, which include layered 
and botryoidal (globular aggregate) systems or mixtures of the two [4, 14, 30, 31, 33, 
35]. 
 
Details of microstructural morphology have been thoroughly investigated as a means of 
identifying specific mechanisms of formation. As mentioned before, two specific 
morphological building blocks are identified. Perry and Adams [33] published some of 
the first descriptions of rock varnish microstructural morphology. Their analysis of 
prepared thin-sections revealed that the accretion can take the form of layered 
botryoidal structures in which both detritus (which generally makes up <30% of the 
varnish and occurs between botryoidal mounds) and varnish can be individually 
distinguished. They suggest that the cyclical banding, visible in varnish, implies a 
biologic origin to the accretion. However, Krumbein and Jens [17] point out that 
layered structures only indicate rhythmic formation that can be produced from either 
chemical or biological cycles. The morphological observations of Perry and Adams 
were confirmed by Bauman [36], following the lead of Boussingault [37], who 
suggested that rock varnish formation was similar to the development of deep-sea Mn 
nodules. In both processes, Fe deposition precedes that of Mn with increasing Mn 
concentration moving outwards from the rock substrate. 
 
Rock varnish macrostructural morphology was first discussed by Laudermilk [29] who 
described the accretion’s physical form as dark brown to black, ovoid particles with a 
dull luster, granulose texture and Moh’s hardness between 4.5 - 5.0. He noted that the 
accretions occurred as single units, but also “form[ed] chain-like or linked masses” [29, 
p. 59] and, more rarely, dendrites. In addition, “linked colonies nearly always branch, 
giving rise to arborescent forms.” [29, p. 59] Beyond this first description, only brief 
references to rock varnish macrostructural morphological characteristics are given by 
other authors except Krumbein and Jens [17] who suggest that macrostructure is, in 
part, determined by the substrate and that morphology indicates the mechanism of 
varnish formation. Their field research found thin varnish layers forming on hard 
substrates (cherts, granites and limestones), while patchy dendritic forms developed on 
irregular surfaces (chert pebbles and granite with large quartz and feldspar blasts). In 
both cases, the morphological forms were due to the interaction of substrate and 
proposed “microbial solution and disintegration fronts.” [17, p. 28] Krumbein and Jens 
also report that thicker brown crusts evolved on partially silicified limestones due to a 
combination of microbial fronts and Mn and Fe depositing microorganisms. In addition,  
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few attempts have been made to discuss the rock varnish’s macrostructural 
characteristics. However, more effort has been made in the case of manganese 
dendrites.  
 
Research [30, 35] has proven that the manganese dendrite form is more common than at 
first thought and should be included in discussions of rock varnish morphology. Potter 
and Rossman [30] identified the dendritic form and associated it specifically with rock 
varnish- suggesting that the structure was heavily dependent on the environment and 
substrate in which the accretion formed. They observed manganese dendrites on three 
different substrates including the rock surface, internally within the rock matrix and 
along rock fractured surfaces in a variety of contexts including stream, cave, subglacial 
and crack deposits. The team also briefly discusses deposits, found on cracks in rock 
samples, that resemble manganese dendrites morphologically, but which do not have 
the same mineralogical composition- instead sharing compositional characteristics with 
layered rock varnish. Chopard et al. [35] propose that mineral dendrites (including 
manganese and iron oxides) are similar in appearance to “clusters of diffusion-limited 
aggregation rather than the branched form of ‘dendritic growth.” [35, p. 409] Mineral 
dendrites are often more extensive in their overall scope (longer and more branched) 
than Mn- rich accretions associated with rock varnish and may not have any bearing on 
the mechanism discussion. 
 
IV. Mechanism of Formation: Rock Varnish 
While rock varnish has been identified in the literature since the late nineteenth century, 
scientists are still unable to agree on a specific mechanism of genesis. Early 
investigators suggested non-biological origins for rock varnish proposing that the 
accretion was the result of substrate decomposition. Walther [21] believed that rock 
varnish was derived from deterioration of the substrate, while Linck [26] suggested the 
accretion was the result of high desert temperatures causing rock “sweating.” [26, p. 67] 
In either case, Walther and Linck suggested that solutions derived from, and containing 
substrate materials, dried on the exposed rock surface leaving a coating.  
 
Laudermilk [29] was the first to propose an organic mechanism of rock varnish 
formation, due to the accretion’s resemblance to lichen colonies growing on rocks with 
high Mn and Fe rich secretions. However, he was unable to elaborate on the 
mechanism’s specifics. In a later article from the seventies, Perry and Adams [33] 
confirmed Laudermilk’s suspicions and suggested a biological method of varnish 
growth based on the coating’s morphology. The authors concluded that the layered 
botryoidal structures indicated that the “varnish gr[ew] vertically and laterally from 
nuclei in a manner similar to algal stromatolites.” [33, p. 490] to form patches that 
expand and coalesce over time. The cyclic banding of layers indicated that there may be 
a biological process at the root of rock varnish production. Because the time scale for 
varnish production was unknown, the authors suggested that seasonal or annual rate of  
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formation was based on environmental change. Of the literature surveyed, Liesgang 
rings, or iron oxides transported through stone by periodic precipitation and deposited 
on surfaces, are not used as an explanation for cyclic banding viewed many rock 
varnish samples. However, it is suggested that “the morphology of varnish on desert 
pavements suggests the association with water movement.” [31, p. 92] 
 
Dorn and Oberlander [12, 34] were the first to report a specific biological genesis to 
desert varnish formation. They identified a species of metallic consuming bacteria of 
the genus Metallogenium and Pedomicrobiom living on rock varnish samples from 
California. The bacteria consumes Mn and Fe secreting an enzyme that oxidizes the 
consumed metal forming a dark and immobile product on the substrate surface. They 
proposed that dust blowing across the stone substrate would cement itself to the 
manganese oxide producing varnish. Formation begins at nucleation centers 
concentrating the consumed metal at levels greater than ambient ones found within the 
rock and on its surface. Color of rock varnish was determined by the substrate’s local 
pH, as highly alkaline conditions inhibited manganese concentrating bacteria. However, 
the presence of Metallogenium or Pedomicrobium bacteria has not been consistently 
found on rock varnish samples.  
 
Further research by Taylor-George et al. [38] identified other examples of metal 
consuming bacteria, as well as suggesting an alternate mechanism of genesis and 
formation.  The research team found fungi, enriched in Mn, on rock varnish samples 
that were able to precipitate manganese dioxide in laboratory cultures. They proposed 
that micro-colonial bacteria and fungi, accumulated in clusters on the stone substrate, 
would act as sites to collect wind deposited clays and minerals. Varnish would form 
from layers of decomposed organic matter. As the organisms died and decomposed, 
varnish lamina would develop from the organic material, their precipitated manganese 
solutes and accumulated clay minerals. Unfortunately, Taylor-George et al. does not 
address formation mechanisms of more Fe rich types of rock varnish.  
 
Research by Nagy et al. [14] suggests that the nature of the biological entity responsible 
for rock varnish is similar to that which is responsible for manganese nodules and 
stromatolites- both of bacterial origin. SEM, EDS and TEM analyses of samples from 
the Sonoran Desert showed that Mn oxide granules were often attached to filaments or 
filament fragments that are the remnants of culturable microorganisms. Manganese 
nodules have several distinct morphologies including botryoidal, spherical, oval, sheet-
like that often show ferromanganese bands and microlaminae.  
 
A review of the literature indicates that there is scientific agreement that rock varnish 
has its origin in a biological process with help from various chemical processes. 
However, the exact mechanism of formation remains unclear. Due to similarities 
between rock varnish, manganese dendrite and Mn- and Fe- rich accretions found on  



 
 
 

353 
 

APPENDIX C – Continued 
 
stone and ceramic artifacts, it is very likely that these surface patina form in a similar 
way.   
 
V. Rate of Formation and Proposed Dating Techniques 
The rate of rock varnish formation has long been discussed and researched because of 
the potential for comparative dating of geologic formations using rock varnish 
accretions. Successful dating methods will reveal the age of varnish formation- not the 
specific age of the artifact’s manufacture. As Bierman and Harry [39] point out, 
culturally worked surfaces with rock varnish would be younger that non-culturally 
worked regions. Despite poor understanding of the varnish mechanism of genesis, 
researchers have observed visual changes in rock varnish occurring over time and have 
suggested that adjustments in thickness, color and surface mass may provide relative 
ages of the substrate allowing one to date culturally worked artifacts [40]. 
Unfortunately, there is ample evidence disproving these assumptions.  
 
Varnish rates of formation are inconsistent and Krumbein and Jens [17] have indicated 
that accretions may form within relatively short periods of time- if pre-existing varnish 
is deliberately removed. Eastes et al. [41] report rock varnish formation on a metal fuel 
can deposited in the Egyptian desert between 1940-2 suggesting that accretions can 
form over a relatively short period of time. Based on samples from the well-dated Soda 
Mountains in the Mojave Desert, Reneau [42] argues that using color and overall 
substrate surface coverage as relative indicators of age is problematic. Evidence from 
the Soda Mountains piedmont indicates that varnished Holocene pavements appear to 
have the same degree of varnish development as Pleistocene pavements. Research by 
Liu and Broeker [43] demonstrates that varnish accumulation rates may fluctuate 
greatly on the local and regional scales. Their study provides quantitative evidence that 
large variations in varnish accumulation can occur in a single sample suggesting that 
relative or absolute varnish thickness cannot be used as a reliable estimate of varnish 
age.  
 

Several dating techniques are not suitable for dating varnish samples, including K/Ar or 
40Ar/39Ar, due to compositional and age constraints. K/Ar dating represents the time 
elapsed since the rock substrate cooled to temperatures where diffusion loss of Ar is 
negligible [44]. 40Ar /39Ar methods resolve problems of sample inhomogeneity by 
comparing Ar isotope ratios [44] However, Vasconcelos [45] reports that many 
geologic deposits cannot be dated using K/Ar or 40Ar /39Ar dating schemes due to 
weathering processes which can affect radiogenic 40Ar populations over time. As 
mentioned before, rock varnish formation includes both biological and weathering 
processed where contamination is a highly probable occurrence during varnish 
formation [17, 39, 46]. While porous and friable varnish and Mn-oxides often 
disaggregate during sample penetration, manganese dendrites have been successfully 
dated using 40Ar /39Ar only if substrates do not contain K [42]. However,  
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geochronological age determinations of accretions on ceramic and lithic artifacts are 
limited due to age of varnish substrates. Nevertheless, due to the potential for dating 
varnish substrates on landforms and petroglyphs, scientists have proposed several 
chronometric methods for rock varnish age determinations including cation-ratio dating, 
accelerator mass spectrometry radiocarbon dating (AMS 14C) and uranium series 
isotope dating. 
 
Cation-ratio dating, first suggested by Dorn [47], is based on the premise that cations 
(Na, Mg, K and Ca) leach differentially over time relative to less mobile cations such as 
Ti. This method hypothesizes that a. cation leaching is consistent over time, b. varnish 
cation-ratios [(K + Ca)/Ti ] decrease over time, and c. varnished surfaces are stable and 
do not erode over time. [48, p. 34] Many problems with this dating method have been 
identified including the premise that all varnish components come from the same 
source. Substrate weathering is not a static process and surface erosion may occur after 
initial varnish development. Cation-ratio ages appear to be influenced by many age-
dependent factors including rock type, substrate contamination and the presence of Ti-
rich volcanic dust [49]. Bierman and Harry [39] were the first to prove quantitatively 
that comparative dating methods using the cation/ratio method were not consistent or 
accurate. Sampled varnish and in situ varnish changed inconsistently and unpredictably 
over time; while comparisons of sampled varnish ratios and in situ varnish ratios 
differed significantly indicating that proposed analytic and dating techniques were not 
sampling the same populations [39]. Despite modifications to the cation-ratio dating 
method [50, 51, 52], significant theoretical errors make the technique unusable for 
varnish age determinations.  
 
Accelerator mass spectrometry radiocarbon (AMS 14C) dating methods utilize 
measurements of 14C relative to 13C/12C to estimate age [53]. Comparisons to modern 
reference standards are necessary to establish 14C concentrations. AMS 14C of rock 
varnish is based on the premise that all organic matter components in varnish samples 
were deposited at the same time from a single source. This method also infers that 
varnish components were deposited at the same time as the organic material. Watchman 
[46] has pointed out that “the fundamental problem of AMS 14C dating is definitive 
identification of the ‘organic matter’ in varnish.” [46, p. 270] While some researchers 
have found carbon bearing matter in the interface between varnish and the substrate, 
they have been unable to precisely identify the source [17, 52]. Beck et al. [54] has 
shown that the reliability of the measured radiocarbon age is significantly diminished if 
the source of the organic material is unknown. Due to the heterogeneous nature of many 
rock varnishes, it is highly probable that accretions consist of mixtures of older and 
younger components leading to potentially vast differences in measured sample age 
across the varnish [46]. Problems associated with varnish formation from weathering 
process and the inability to identify specific organic components make it difficult to use 
this technique as a means of age determination.  
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Other dating methods have been proposed for rock varnish age determinations. U-series 
isotope dating of varnishes was suggested by Knauss and Ku [55] who recognized 
distinct U-series ratio differences in varnish systems from the Colorado Plateau. 
However, contamination can be a problem and further research is needed to confirm the 
existence of U in closed varnish systems. While other cosmogenic isotope methods 
have been suggested by Watchman [46], including 3He, 10Be, 26Al and 36Cl, 
instrumentation analytical limitations currently limit their usefulness. Overall, 
substantial research is needed to determine rock varnish mechanisms of genesis and 
rates of formation before dating methods can be accurately and successfully used. 
 
Despite problems associated with rock varnish dating, the presence of rock varnish on 
an artifact may be used for relative dating of materials, or, as a qualitative measure of 
authenticity, provided one realizes that the presence of varnish may not reflect the true 
age of the artifact. Caution should be taken because, as Harry suggests, “we have no 
way of knowing how long varnishing may have been delayed or arrested on any 
particular substrate, [and] it is entirely possible some older substrates will contain 
younger varnish than some younger varnishes.” [56, p. 126] The irregular process of 
varnishing is dependent on a variety of factors including substrate texture, the presence 
of micropitting or micro-cracks, as well as the type of surface on which the artifact is 
found making comparisons between different materials difficult.   
 
VI. Rock Varnish and Related Manganese and Iron Rich Accretions on Stone and 
Ceramic Artifacts 
For conservators, archaeologists, art historians and dealers, the presence of rock varnish 
on an ancient object has been an indicator of authenticity due to the accretion’s assumed 
millennial-long rate of formation. However, the use of rock varnish and manganese 
dendrites as indicators of authenticity is extremely complex and can be ambiguous due 
to incomplete information regarding genesis and rates of formation. As mentioned 
previously, reports by Eastes et al. [41] suggest that the surface patina may form over a 
relatively short period of time. The controversy surrounding the Mansoor collection is 
important in that it highlights the need for more research about the rate of formation of 
rock varnish and manganese dendrites.  
 
While the morphology of rock varnish and manganese rich accretions are extensively 
discussed, very few authors have addressed the morphological forms of similar 
manganese rich accretions on ceramic and stone artifacts. Gibson [1] circumspectly 
describes the manganese rich patina on South Italic and Etruscan wares and a Nayarit, 
Mexico head from the National Museum of the Natural History collections as 
“disfiguring” [1, p. 18]. Daniels describes accretions on ceramics as “blocky, black 
spots” [3, p. 230], while Garza-Valdes and Stross [5] do not even address accretion 
morphology on the Ahaw pectoral, an unprovenienced piece acquired in 1955 as part of 
the Ahaw Collection in Texas.  
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More extensive discussion of manganese dioxide accretion morphology is found in 
Aronson and Kingery [4], while O’Grady [57] proposes five morphological types. 
Aronson and Kingery [4] identify two different manganese dioxide accretion 
morphological classes, found on a collection of provenanced West Mexican from a 
single tomb in Jalisco, as well as a group of unprovenanced West Mexican ceramics 
from the Hirschorn collection at the Smithsonian Institution. Visible on the micro-scale, 
these classes include accretions with smooth or open, rounded, layered structures and 
those with open, “chunky-looking” surfaces. [4, p. 582-583] In addition, they report that 
a sharp interface between substrate and accretion is visible on both the macro- and 
micro-scales. Overall, Aronson and Kingery indicate that the observed manganese rich 
patina are characterized by high porosity, cracks and fissures relative to the dense slip 
surface. However, as is true with most descriptions of rock varnish and manganese 
dendrites, the macro-morphology of the manganese rich accretions is not discussed.  
 
In an attempt to address the lack of recognizable macro-morphological types, O’Grady 
[57] describes five forms found on West Mexican ceramics from the Metropolitan 
Museum of Art; the Conservation Center, Institute of Fine Arts, New York University; 
two privately owned collections, as well as unprovenanced ceramics from the Casas 
Grandes whole vessel collection at the Arizona State Museum, University of Arizona. 
These forms include radial dendritic, circular mass, 3-D glassy, layered and “chunky” 
[57, p. 008.7.3]. Cross-sectional analysis of a circular mass accretion with dendritic 
manganese growth penetrating through the slip and into the porous ceramic matrix is 
also included suggesting that this phenomena is not simply a surface coating, as has 
been previously described [57, p. 008.7.6]. 
 
In spite of the extensive research on rock varnish in geologic contexts, very few 
published articles are found on ceramic and stone artifacts. The only article to address 
conservation concerns is related to petroglyph restoration using artificial desert varnish 
from metallic salts [2]. This literature review is meant to inform conservators, 
conservation scientists, archaeologists and curators through the clarification of 
terminology and a review of the pertinent literature in geology, geomorphology, 
chemistry, archaeology, conservation and art history fields.  
 
CONCLUSION 
A review of the scientific literature addressing rock varnish indicates that manganese 
rich accretions are considered to be rock varnish occurring on a variety of substrates 
including stone and ceramic artifacts. Due to the widespread prevalence of manganese 
rich patina on distinct groups of archaeological materials including West Mexican and 
Egyptian objects, the presence of the accretion has become an important characteristic 
of authentication for archaeologists and art historians, as well as a tool of the forger. For 
this reason, the study of rock varnish and manganese rich patina is important in efforts 
to help establish parameters for determining an object’s authenticity.  
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This review suggests that substrate porosity and density affect varnish mechanisms of 
formation, as first suggested by Krumbein and Jens. Questions regarding the specific 
chemical and physical relationship between the two, as well as the precise role of 
substrate porosity and density in accretion development must be further investigated. As 
well, the potential for some varnishes to penetrate below artifact surfaces should be 
taken into account when sampling for trace elements for the purposes of compositional 
and provenance determinations, as well as other types of analyses. Comprehensive 
analysis of artifacts with varnished surfaces will provide information regarding other 
weathering phenomena and their affects on artifact preservation. 
 
Finally, despite serious questions regarding its genesis, formation mechanism and rate 
of formation, as well as difficulties in identification, the presence of the accretion is still 
used as an indicator of authenticity. At this point, it is unclear if any differences exist 
between manganese rich accretions formed over the short term and those that developed 
over a thousand years. Until these differences, if any, can be identified, conservators, art 
historians and archaeologists should be aware of the extent of scientific knowledge of 
this surface phenomenon and the analytical methods that are successful in its 
identification. 
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