
 

 

 
 
 
 
 

JOURNEYS OF OUR ANCESTORS: 

CONSERVATION SCIENCE APPROACHES TO THE ANALYSIS OF CULTURAL 

MATERIAL   

by 

Caitlin Rose O'Grady 

_____________________ 

A Dissertation Submitted to the Faculty of the 

Department of Materials Science and Engineering 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

 

 

 

 

2009 

 
 
 
 

 
 
 

PREVIE
W



 
 
 
 

UMI Number: 3387451
 
 
 
 
 
 

All rights reserved 
 

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted. 

 
In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 

 
 
 
 
 

 
UMI 3387451

Copyright 2010 by ProQuest LLC. 
All rights reserved. This edition of the work is protected against 

unauthorized copying under Title 17, United States Code. 
 
 

 

 
 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, MI 48106-1346 

 
 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  2                         

   
 

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 
As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Caitlin Rose O’Grady entitled Journeys of Our Ancestors: Conservation 
Science Approaches to the Analysis of Cultural Material and recommend that it be 
accepted as fulfilling the dissertation requirement for the Degree of Doctor of Philosophy  
 
 
____________________________________________________________Date: 11/03/09  
Nancy Odegaard 
 
 
____________________________________________________________Date: 11/03/09 
Barrett G. Potter, Jr. 
 
 
____________________________________________________________Date: 11/03/09 
Supapan Seraphin  
 
 
____________________________________________________________Date: 11/03/09 
E. Charles Adams 
 
 
Final approval and acceptance of this dissertation is contingent upon the candidate's 
submission of the final copies of the dissertation to the Graduate College.  
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement.  
 
 
____________________________________________________________Date: 11/03/09 
Dissertation Director: Nancy Odegaard 
 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  3                         

   
 

 
 
 
 

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author. 
 
 
 
                         SIGNED: Caitlin Rose O'Grady 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  4                         

   
 

ACKNOWLEDGEMENTS 
 
The research presented in this dissertation would not have been possible without the 
guidance, mentorship and encouragement of Dr. Nancy Odegaard. She has provided 
unwavering support throughout my graduate studies. I thank her for her friendship.  
 
I would like to thank my dissertation committee for their guidance and support during 
this process including Dr. Barrett G. Potter, Jr., Dr. Supapan Seraphin and Dr. E. Charles 
Adams. They have encouraged my research efforts and their comments have vastly 
improved the quality of writing presented in this dissertation.  
 
Research and access to the artifacts described in this dissertation was supported by 
multiple institutions including the American Museum of Natural History, Arizona State 
Museum, The University of Arizona; Conservation Center, Institute of Fine Arts, New 
York University; The Metropolitan Museum of Art, as well as private collections in New 
York and Arizona.  
  
Access to instrumentation and research guidance was provided by Dr. Nancy Odegaard, 
and Dr. E. Charles Adams, Arizona State Museum; Dr. David Killick, Dr. Barbara Mills 
and Dr. Elizabeth J. Miksa, Anthropology Department, The University of Arizona; Dr. 
Pamela Vandiver and Dr. Supapan Seraphin, Materials Science and Engineering 
Department, The University of Arizona; and Gary Chandler (retired). Mark Wypyski, 
Department of Scientific Research, The Metropolitan Museum of Art Scientific, provided 
research advice and data. Dr. Robert Tracy and Clayton Loehn, Electron Beam 
Laboratory, Department of Geosciences, Virginia Polytechnic Institute and State 
University provided access to equipment and research guidance. 
 
Dr. Michael Barber and Dr. Dee DeRoche, Virginia Department of Historic Resources, 
provided support during the final stages of writing my dissertation. 
 
I could not have done this without my family including my parents Jeanne and Pat, and 
my siblings Cristin, Sean and Ryan. Thank you.  
 
This research was supported financially by the American Society of Non-destructive 
Testing; Andrew W. Mellon Foundation; Arizona Archaeological and Historical Society; 
Arizona State Museum Preservation and Research Divisions; Institute of Fine Arts, New 
York University; The Metropolitan Museum of Art Sherman Fairchild Center for Objects 
Conservation; National Center for Preservation Training and Technology; National 
Science Foundation Integrated Graduate Education and Research Traineeship Program; 
The Samuel H. Kress Foundation; Stella and Charles Guttman Foundation; The 
University of Arizona Anthropology and Materials Science and Engineering 
Departments; and The Wallace Foundation.  

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  5                         

   
 

TABLE OF CONTENTS 
 
LIST OF FIGURES .............................................................................................................9 
 
LIST OF TABLES.............................................................................................................17 
 
ABSTRACT.......................................................................................................................19 
 
CHAPTER 1. INTRODUCTION ......................................................................................21 
    INTRODUCTION AND ANALYSIS SUMMARY......................................................................23 
    CASE STUDY 1 .................................................................................................................32 
    CASE STUDY 2 .................................................................................................................33 
    CASE STUDY 3 .................................................................................................................34 
    SUMMARY........................................................................................................................35 
 
CHAPTER 2. TECHNOLOGY TRANSFER AND NEW RHETORICS.........................36 
    INTRODUCTION................................................................................................................37 

DEVELOPMENT OF A DISCIPLINE AND ITS INFLUENCE ON KNOWLEDGE   
    CONSTRUCTION… ........................................................................................................44 

    DISCIPLINES: THEIR THEORETICAL DEVELOPMENT AND DEFINITION ..............................46 
    DISCIPLINES: FORMATION AND DEVELOPMENT ...............................................................48 
    DISCIPLINES: ESTABLISHMENT AND MAINTENANCE THROUGH BOUNDARY-WORK.........51 
    CONSERVATION SCIENCE: DEFINITION OF THE DISCIPLINE..............................................53 
    CONSERVATION SCIENCE: FORMATION AND DEVELOPMENT OF THE DISCIPLINE.............56 
    RHETORIC STUDIES..........................................................................................................61 
    THEORETICAL FRAMEWORK ............................................................................................62 
    PARAMETERS FOR RESEARCH ..........................................................................................65 
    CASE STUDY....................................................................................................................67 
    CONCLUSION ...................................................................................................................79 

 
CHAPTER 3. SURVEY OF PORTABLE XRF LITERATURE WITH A FOCUS ON 
METALS AND CERAMICS ............................................................................................81 
    INTRODUCTION: CULTURAL HERITAGE ANALYSIS ..........................................................82 
     X-RAY PHYSICS, INTERACTION OF X-RAYS WITH MATTER AND FLUORESCENCE          
         PRODUCTION................................................................................................................87 
    INSTRUMENT CHARACTERISTICS: ANALYSIS OF ARTIFACTS ............................................95 
    INSTRUMENTAL LIMITS OF DETECTION, PEAK RESOLUTION, PRECISION AND ERROR AS 

RELATED TO   THE ANALYSIS OF ARTIFACTS ...............................................................99 
    ENERGY DISPERSIVE AND WAVELENGTH DISPERSIVE TECHNIQUES FOR ANALYSIS OF 
        ARTIFACTS .................................................................................................................101 
    DETECTORS ...................................................................................................................102 
    ARTIFACT SAMPLE: PHYSICAL AND CHEMICAL CHARACTERISTICS AND THEIR AFFECT ON 

FLUORESCENCE PRODUCTION ...................................................................................104 
    EFFECT OF CORROSION LAYERS ON XRF ANALYSIS OF CULTURAL ARTIFACTS............108 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  6                         

   
 

    TABLE OF CONTENTS – Continued 
 

    INSTRUMENT AND ARTIFACT SAMPLE INTERACTIONS ...................................................113 
    SPECTRAL CORRECTION TECHNIQUES ...........................................................................116 
   COMPARISON OF PORTABLE XRF TO STATIONARY XRF INSTRUMENTATION................119     
    PORTABLE XRF FOR THE ANALYSIS OF METAL ARTIFACTS ..........................................122 
    PORTABLE XRF FOR THE ANALYSIS OF CERAMICS........................................................125 
    PORTABLE XRF FOR THE ANALYSIS OF POST-DEPOSITIONAL PRODUCTS ON  
        ARTIFACTS .................................................................................................................129 
    CONCLUSION .................................................................................................................131 
 
CHAPTER 4. BULK COMPOSITION: PORTABLE XRF ANALYSIS OF COIN 
COMPOSITION ..............................................................................................................132 
    INTRODUCTION ..............................................................................................................133 
    CHINESE COIN PRODUCTION..........................................................................................137 
    CHINESE COIN ALLOYS .................................................................................................139 
    ORE REFINING AND SMELTING TECHNOLOGIES .............................................................143 
    COPPER DEPOSITS AND BRONZE PRODUCTION ..............................................................144 
    ZINC DEPOSITS AND BRASS PRODUCTION......................................................................145 
    BRONZE AND BRASS ADDITIVES....................................................................................147 
    IRON DEPOSITS AND ALLOY PRODUCTION.....................................................................147 
    COIN MANUFACTURING PROCESS..................................................................................148 
    INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: SN….......152 
    INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: PB ...........155 
    INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: ZN...........155 
    INFLUENCE OF COMPOSITION ON MANUFACTURING AND COIN PROPERTIES: FE ...........160 
    SCIENTIFIC INVESTIGATIONS OF CHINESE COIN COMPOSITIONS ....................................163  
        SONG DYNASTY COIN PRODUCTION...........................................................................164 
        MING DYNASTY COIN PRODUCTION...........................................................................165 
        QING DYNASTY COIN PRODUCTION ...........................................................................167 
   ANALYTICAL PROCEDURE ..............................................................................................171 
   EXPERIMENTAL RESULTS: METALLOGRAPHIC MICROSTRUCTURAL ANALYSIS..............174 
   EXPERIMENTAL RESULTS: MICROPROBE DATA AND MONTE CARLO SIMULATIONS.......181         
   EXPERIMENTAL RESULTS: PORTABLE XRF....................................................................186 
   COMPOSITIONAL TRENDS THAT RELATE TO IDENTIFIED MINT LOCATION......................195 
   INTERPRETATION OF METALLOGRAPHIC, ELECTRON MICROPROBE, MONTE CARLO 
       SIMULATIONS AND PORTABLE XRF DATA ..................................................................198 
   CONCLUSION ..................................................................................................................200 
 
CHAPTER 5. CERAMIC COLORANTS: PORTABLE XRF ANALYSIS OF 
SOUTHWESTERN CERAMICS....................................................................................202 
   INTRODUCTION ..............................................................................................................203 
    TECHNOLOGICAL RECONSTRUCTION OF MATERIAL CULTURE.......................................205 

 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  7                         

   
 

TABLE OF CONTENTS – Continued 
     
    CERAMIC PRODUCTION IN THE SOUTHWEST: ANALYSIS OF PASTE AND COLORANTS ....207 
    SIKYATKI POLYCHROME AND JEDDITO YELLOW WARE CERAMIC ANALYSIS................210 
    JEDDITO YELLOW WARE DESCRIPTIONS AND IDENTIFICATION......................................213 
   SIKYATKI POLYCHROME TECHNOLOGY AND PRODUCTION............................................217 
    PROPOSED ARCHAEOLOGICAL MODELS FOR JEDDITO YELLOW WARE AND SIKYATKI 
        POLYCHROME PRODUCTION .......................................................................................223 
    EXPERIMENTAL PROCEDURE .........................................................................................228 
    EXPERIMENTAL RESULTS: MACRO- AND MICROSTRUCTURAL ANALYSES.....................232 
    EXPERIMENTAL RESULTS: X-RADIOGRAPHY AND XERORADIOGRAPHY ........................233 
    EXPERIMENTAL RESULTS: PETROGRAPHY .....................................................................233 
    EXPERIMENTAL RESULTS: FIRING TEMPERATURE DETERMINATIONS............................237 
    EXPERIMENTAL RESULTS: X-RAY DIFFRACTION...........................................................243 
    INTERPRETATION: SEM-EDS AND FESEM-EDS ANALYSIS OF CERAMIC  
        COLORANTS................................................................................................................244 
    INTERPRETATION: SIKYATKI POLYCHROME...................................................................250 
    CERAMIC COLORANT AND PASTE ANALYSIS IN SOUTHWEST US...................................252 
    PORTABLE XRF ANALYSIS OF CERAMIC PAINTS ...........................................................257 
    EXPERIMENTAL PROCEDURE .........................................................................................259 
    EXPERIMENTAL RESULTS AND INTERPRETATION: PORTABLE XRF................................262 
    CONCLUSION .................................................................................................................271 
 
CHAPTER 6. POST-DEPOSITIONAL PRODUCTS: PORTABLE XRF ANALYSIS OF 
ALTERATIONS ON EXCAVATED ARCHAEOLOGICAL CERAMICS ..................274 
    INTRODUCTION..............................................................................................................274 
    BACKGROUND ...............................................................................................................277 
    HISTORY AND LITERATURE REVIEW..............................................................................281 
    SCIENTIFIC RECOGNITION OF ROCK VARNISH ...............................................................281 
    CHEMICAL AND MORPHOLOGICAL CHARACTERIZATION OF ROCK VARNISH.................282 
    ORIGIN AND MECHANISM OF FORMATION .....................................................................286 
    RATE OF FORMATION.....................................................................................................290 
    ACCRETION FORMATION ON CULTURAL ARTIFACTS .....................................................291 
    EXPERIMENTAL PROCEDURE .........................................................................................295 
    MORPHOLOGY AND CHEMISTRY IDENTIFIED .................................................................298 
    DENDRITIC FORM ..........................................................................................................302 
    CIRCULAR MASS FORM .................................................................................................304 
    LAYERED FORM.............................................................................................................305 
    CHUNKY/POLYCRYSTALLINE FORM ..............................................................................305 
    COMPOSITE FORM..........................................................................................................307 
    CROSS-SECTION ANALYSIS ...........................................................................................307 
    MANGANESE DIOXIDE ACCRETION SURVEY RESULTS...................................................310 
    INTERPRETATION ...........................................................................................................313 
    CONCLUSION .................................................................................................................314 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  8                         

   
 

TABLE OF CONTENTS – Continued 
 
CHAPTER 7. SUMMARY AND CONCLUSION .........................................................317 
 
APPENDIX A. MICROSTRUCTURAL ANALYSES...................................................325 
 
APPENDIX B. X-RAY ENERGY DISPERSIVE SPECTROMETRY RESULTS FOR 
MANGANESE DIOXIDE ACCRETIONS (ATOMIC WEIGHT PERCENT)..............343 
 
APPENDIX C. PEER REVIEW PUBLICATION REPRINTED WITH PERMISSION 
FROM THE INTERNATIONAL INSTITUTE FOR CONSERVATION OF HISTORIC 
AND ARTISTIC WORKS ..............................................................................................346 
 
APPENDIX D-1. COPYRIGHT PERMISSION FROM THE ROYAL SOCIETY OF 
CHEMISTRY ..................................................................................................................364 
 
APPENDIX D-2. COPYRIGHT PERMISSION FROM CAMBRIDGE UNIVERSITY 
PRESS..............................................................................................................................365 
 
APPENDIX D-3. COPYRIGHT PERMISSION FROM PAMELA B. VANDIVER.....366 
 
APPENDIX D-4. COPYRIGHT PERMISSION FROM STUDIES IN 
CONSERVATION. THE INTERNATIONAL INSTITUTE FOR CONSERVATION OF 
HISTORIC AND ARTISTIC WORKS...........................................................................368 
 
APPENDIX D-5. COPYRIGHT PERMISSION FROM MARK T. WYPYSKI............369 
 
APPENDIX D-6. COPYRIGHT PERMISSION FROM REVIEWS IN 
CONSERVATION. THE INTERNATIONAL INSTITUTE FOR CONSERVATION OF 
HISTORIC AND ARTISTIC WORKS...........................................................................370 
 
REFERENCES ................................................................................................................371 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  9                         

   
 

LIST OF FIGURES  
 
Figure 2.1: Sources recorded in AATA search engine sorted by literature type ...............70 
 
Figure 2.2: Sources recorded in BCIN search engine sorted by literature type.................71 
 
Figure 2.3: Sources recorded in ISI Web of Knowledge search engine sorted by literature 
    type.................................................................................................................................73 
 
Figure 2.4: Sources recorded in SciFinder Scholar search engine sorted by literature type. 
............................................................................................................................................74 
 
Figure 2.5: Portable XRF publications sorted by decade ..................................................76 
 
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. ................................................................................83 

 
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)... ........................................89 

 
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. ...............................................................................90 

 
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. ........................................................................................93 

 
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. ................................................................110 

 
Figure 4.1: Qing coin with typical banliang format from collections of the Arizona State 

Museum (ASM A-49215). Photograph by author.......................................................138 
 

 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  10                         

   
 

LIST OF FIGURES – Continued  
 

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 from Golas with permission of Cambridge University 
Press. ..........................................................................................................................145 

 
Figure 4.3: Repaired coin mold from Qin period (221 – 206 BC). Line drawing after . 

Reproduced from 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..............................................................................................................149 

 
Figure 4.4: Coin casting process. Original woodcut reproduced from T’ien-Kung K’ai-

Wu, published by Sung Ying-Hsing in 1637. .............................................................151 
 

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.. ...........................................................................................................................151 

 
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...................................................154 

 
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. .157 

 
Figure 4.8: α brass structures: (a) α brass with α phase (light grey) in β solution (yellow), 

Kang Xi coin (ASM A-49205)with α phase in β solution;, (b) α brass with cored α 
dendrites (tan), Jia Qing coin (ASM A-49208). Metallographic images by author. ...158 

 
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 image by author.........................................................................159 

 
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. 161 

 
 
 

 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  11                         

   
 

LIST OF FIGURES – Continued  
 
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. ................................................................................162 

 
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. .....................................................................................................182 

 
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. ......................183 

 
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). ......................................................................................................................184 

 
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. .........................190  

 
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 Thermo-Fisher 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. 
. ....................................................................................................................................191  

  
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. ....... 
 .....................................................................................................................................193 
 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  12                         

   
 

LIST OF FIGURES – Continued  
 
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.. .................194  

 
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. ....... 
 .....................................................................................................................................196 
 
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.....................................197 
 
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. ......211 

 
Figure 5.2: 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. ........................................................................211 

  
Figure 5.3: Tusayan Black-on-white bowl with handle, (ASM 2486). Photograph by 

author...........................................................................................................................215 
 
Figure 5.4: Jeddito Black-on-yellow bowl, (ASM GP2778). Photograph by author. ....215 
 
Figure 5.5: (a) Jeddito Black-on-orange bowl (ASM GP5624); (b) Jeddito Black-on-

orange sherd (AQ 221 H105). Photographs by author. ...............................................218 
 
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...........................................................................................................................234 

 
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. .................................................................................................234 

 
 
 

 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  13                         

   
 

LIST OF FIGURES – Continued  
 
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. .............................236 

 
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. ...................................................................................236 

 
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..................................................................238 

 
Figure 5.11: Jeddito Black-on-orange sherd in highest fired group with extremely glassy  

microstructure, 5000x (AQ H092). SEM image by author. ........................................238  
 
Figure 5.12: Sikyatki Polychrome sherd in second highest fired group with glassy 

microstructure, 6000x (AQ 310-6 HPQ 414). SEM image by author.........................241 
 
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. .........................................241 

 
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.. ...............242 
 
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. ................................................................................................245 

 
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. ................................................................................................245 

 
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...........................................................................................................................247 

 
 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  14                         

   
 

LIST OF FIGURES – Continued   
 

Figure 5.18: (a) red paint with visible surface alignment, Sikyatki Polychrome, 1000x 
(AQ 311-5 HPQ 419); (b) spectrum for SEM image. SEM image and analysis by 
author. .........................................................................................................................247  

 
Figure 5.19:(a) (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. .......................................................................................................248 

 
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. .......................................................................................................248 

 
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. ..............................................249 

 
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. ......................................................................................................249 

 
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...........................................................................................................................250 

 
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. .....................................................................................................264 

 
Figure 5.25: 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 ...............................................................................................265 

 
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. .....................................................................................................267 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  15                         

   
 

LIST OF FIGURES – Continued  
 
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. ..............................................................................270 

 
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. .......................................279 

 
Figure 6.2: Colima conch shell [Metropolitan Museum of Art (MMA) 1979.205.5]. 

Photograph by author. .................................................................................................280 
 
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. 

 author...........................................................................................................................293 
 
Figure 6.4: Accretion with central nucleus, slipped- burnished substrate, 20x (private 

collection Lands Beyond). Photograph by author. ......................................................299 
 
Figure 6.5: Accretion with no central nucleus, unslipped substrate, 25x (MMA 

1979.206.985). Photograph by author. ........................................................................299 
 
Figure 6.6: Circular mass with nucleus after manual excavation, slipped-burnished 

substrate, 25x (MMA 1979.206.404). Photograph by author. ....................................300 
 
Figure 6.7: Dendritic accretion with central nucleus and red arms, slipped substrate, 30x   

(MMA 1996.430). Photograph by author....................................................................302 
 
Figure 6.8: Dendritic mass, slipped-burnished substrate, 16x (MMA 1979.206.404).   

Photograph by author. .................................................................................................303 
 
Figure 6.9: Circular mass, slipped-burnished substrate, 25x (MMA 1979.205.5). 

Photograph by author. .................................................................................................304 
 
Figure 6.10: Layered accretion, slipped substrate, 25x (MMA 1996.430). Photograph by    

author...........................................................................................................................305 
 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  16                         

   
 

LIST OF FIGURES – Continued  
 
Figure 6.11: Chunky/polycrystalline form, slipped-burnished substrate, 32x (MMA 

1979.206.355). Photograph by author. ........................................................................306 
 
Figure 6.12: Composite accretion, circular mass/chunky/polycrystalline, 3x (private 

collection, Lands Beyond). Photograph by author. .....................................................306 
 
Figure 6.13: Cross section of manganese dioxide circular mass accretion, 100x (Nayarit 

sherd, AMNH 30-2 5449). Photograph by author. .....................................................308 
 
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.......................................................................................................................308 

 
Figure 6.15: SEM image indicating EDS spot analyses of sherd cross section, 300x, 

(Nayarit sherd, AMNH 30-2 5449). Numbers are colored solely for image legibility. 
X-ray EDS spot analysis by Mark Wypyski. ..............................................................309 

 
Figure 6.16: Figure 6.164: 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. ...................................311 

 
Figure 6.17: Preferential accretion development over areas of manganese paint decoration 

on Babicora jar (ASM GP38565). Photograph by author. ..........................................312 
 

Figure 6.18: Accretion development along tideline on Villa Ahumada jar interior (ASM 
GP4155). Photograph by author. .................................................................................312 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  17                         

   
 

LIST OF TABLES  
 
Table 2.1: Search queries based on specific keywords summarized for four different 
search engine databases. ....................................................................................................70 
 
Table 2.2: Search queries sorted by decade of publication................................................76 
 
Table 4.1: Chronology of Chinese dynasties and Chinese Republic. .............................138 
 
Table 4.2: Qing Dynasty timeline....................................................................................167 
 
Table 4.3: Summary of coins analyzed in case study including artifacts from Arizona 
State Museum and private collections. ............................................................................169 
 
Table 4.4: Summary of metallographic microstructural analyses. ..................................175 
 
Table 4.5: Microprobe data for Qing coin. ......................................................................181 
 
Table 4.6: Coin alloy by country. ....................................................................................187 
 
Table 4.7: Coins sorted by period and reign. ...................................................................188 
 
Table 4.8: Standard deviation in portable XRF compositional data associated with coin   

obverse and reverse. ....................................................................................................189 
 
Table 5.1: Chronology and characteristics of selected Hopi ceramic traditions. ............216 
 
Table 5.2: Summary of Sikyatki Polychrome samples, surface finishing characteristics 

and firing groups. ........................................................................................................239 
 
Table 5.3: Arizona State Museum ceramics analyzed with portable XRF sorted by 

ceramic ware................................................................................................................260 
 
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..........................296 

 
Table 6.2: Type and number of accretion samples analyzed with SEM-EDS analysis...297 
 
Table 6.3: Typology of accretions characterized by structure and composition. Under 

composition, double >> indicates significantly larger composition............................298 
 

 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  18                         

   
 

LIST OF TABLES – Continued 
 
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. .....................................................................................................................309 

 
Table 6.5: Types and prevalence of accretions observed on surveyed Arizona State 
    Museum Ceramics .......................................................................................................310 
 
 

 
 
 
 

 
 
 

PREVIE
W



 
                               

                                                                                                
                                                                                                                                  19                         

   
 

 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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