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Preface

The origins of this dissertation lie in a casual observation and a leap of faith. In 
2002, as a young assistant conservator, I had been charged with conducting 
technical studies and preparing catalog essays of the Baroque and Régence 

French furniture collections of the J. Paul Getty Museum. One of the challenges of this 
undertaking was to determine the authenticity of the gilt bronze mounts that figure so 
heavily in the design and ornamentation of these works. Much of the Getty’s collection 
had been acquired through the antiques trade, and in this world, missing mounts are 
often replaced, new mounts are sometimes added to embellish a simple piece of furni-
ture, 19th century reproductions are occasionally rebranded as originals, and of course, 
outright fakes and frauds are known to occur. 

I knew that some ED-XRF analysis had been performed on gilt bronzes in the collection 
in the past, so I arranged an informal meeting to discuss this work with David Scott, 
then head of the Museum Services Laboratory of the Getty Conservation Institute 
(GCI). I asked David if it seemed to him that studying the alloy of our gilt bronzes was 
likely to be useful for determining authenticity and he said he wasn’t entirely sure, but 
that it seemed to him that more modern castings tended to have less silver in them than 
the 18th century castings. That simple observation was enough to stimulate my youthful 
enthusiasm and I told David that I’d be interested in taking a leap of faith and beginning 
a systematic study of our collections to see if any significant patterns might emerge that 
could be useful for authentication. Though there was no certainty that anything would 
come of this endeavor, David was, immediately and as ever, encouraging and supportive. 
He offered to instruct me in the use of the laboratory’s Kevex secondary target spectrom-
eter with its liquid nitrogen-cooled SiLi detector and sophisticated fundamental 
parameters software. I conducted my first-ever ED-XRF analysis of a French gilt bronze 
that very day, and started down the path that would lead to this publication.

From the outset, I have considered alloy analysis by ED-XRF to be a very useful, but 
not infallible, component of the overall technical study of gilt bronzes. Chapter 1, first 
published in 2014 in French Bronze Sculpture: Materials and Techniques 16th -18th 
Century (Bassett, Bewer, and Bourgarit 2014), placed ED-XRF in the context of other 
methods of technical examination that I helped to develop for the study of French gilt 
bronzes at the J. Paul Getty Museum. It emphasized that the technical study of gilt 
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bronzes is, and should be, a multidisciplinary affair. To make an informed assessment 
of the technical characteristics of an object, one should never rely on the results of one 
method of examination alone. Rather every effort should be made to use a variety of 
techniques and base conclusions upon the preponderance of the evidence provided by 
all the available methods. In the context of gilt bronzes, these methods include a careful 
evaluation of the style and quality of surface finishing (chasing), close visual examination 
of the unfinished surfaces for evidence of manufacturing technique, precise measure-
ment of features and fasteners, x-radiography, and ED-XRF analysis of the base alloy. 

Chapter 1 also pointed out that examination without alloy analysis could not, in many 
cases, provide convincing evidence regarding the authenticity of a work of art in gilt 
bronze. Using ED-XRF data from gilt bronzes that I had collected up to that time, this 
chapter gave examples of the kinds of historical and metallurgical interpretations that 
could be made based on diachronic trends observed in a large dataset of reliably dated 
samples. Some initial forays into discriminant analysis were used to demonstrate the 
predictive power of statistical models for dating un-provenanced gilt bronzes based on 
their composition. 

Chapter 1 ended with a meditation on the tremendous possibilities for data-driven 
research that had been opened up with the adoption of low-cost and portable ED-XRF 
instruments in the prior decade. In principle, more access to the instrumentation should 
allow huge databases of compositional data to be built through international collabora-
tion for all varieties of copper alloy artifacts. Such databases could be probed for 
unpredicted correlation structures that subsequently drive the development and testing 
of theories to explain the patterns observed. This could, in turn, lead to the ability to 
date objects, assign regions of origin, or even identify foundries and artists, to a much 
greater extent than is possible today. This paper pointed out, however, that in order 
for this promise to be fulfilled, the problems of poor interlaboratory reproducibility of 
ED-XRF analysis would have to be addressed. 

Problems of reproducibility and calibration had been of concern in my work on French 
gilt bronzes, nearly from the beginning. Over the first several years working with the 
Kevex instrument in the Museum Services Laboratory, we collected some 150 spectra 
from 17th and 18th century gilt bronzes as well as from more modern castings that the 
museum had commissioned for didactic purposes. Some significant patterns in the data 
emerged rather quickly, but so did problems with calibration and access to appropriate 
reference standards. These problems came to a head in 2006 when the Kevex instrument 
was decommissioned and replaced with a Keymaster Tracer hand held instrument. The 
new instrument had the great advantage of being portable, but also the disadvantage 
of using an empirical quantification software that was calibrated to modern industrial 
alloy references. This software performed less well than the Kevex software which could 
be easily calibrated to a reference material of choice. I found myself faced with having 
to determine if the Kevex data we had collected could be compared and compiled with 
data from the new Tracer instrument, and how I might go about improving quantitative 
results from the Tracer.
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Figure 1. Robert H. Smith Sculpture Seminar, “X-ray Fluorescence (XRF) Roundtable 
Discussion,” The National Gallery of Art, Washington, D.C., May 21-23, 2007 

It was while I was struggling with these issues that I was invited with my colleagues from 
the Getty to an experts’ meeting at the National Gallery of Art in Washington in 2007 
(figure 1). That meeting, sponsored by Robert H. Smith and the Center for Advanced 
Study in the Visual Arts, convened 17 scientists, conservators, and curators from the 
British Museum, the J. Paul Getty Museum, Harvard University Art Museums, the 
Metropolitan Museum of Art, the National Gallery of Art, the Walters Art Museum, 
and the Victoria and Albert Museum The purpose of the meeting was to address issues 
surrounding the sharing and comparability of quantitative ED-XRF data between 
institutions, with a focus on the study of Renaissance bronze sculpture. Moderated by 
then Senior Curator of Sculpture, Nicholas Penny and Head of the Object Conservation 
Department, Shelley Sturman, the participants agreed that the ability to compare 
quantitative results would be of great value, but, over the course of two days, enumer-
ated a host of problems and obstacles to be overcome before meaningful inter-laboratory 
comparisons could be made. In a sense, this dissertation represents the fruits of a decade 
long attempt to address the problems that were laid out at that 2007 experts meeting.

I returned to Los Angeles inspired and determined to apply myself to help solve the 
central issues of ED-XRF reproducibility. Happily, I found that I had the support of 
my supervisor in the Decorative Arts and Sculpture Conservation Department, Brian 
Considine, which allowed me to pursue this goal as part of my professional work as a 
conservator. My initial impulse was to begin with commissioning a new set of CRMs 
that would be specifically tailored to the elements and concentration ranges found in 
historic copper alloy artifacts. Good fortune intervened however, in the form of a
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conversation with a GCI colleague, David Carson. I had come to David to ask his 
advice about strategies for raising money to fund a new CRM set for copper alloys, but 
he steered the conversation in another direction, asking if I had good data on the current 
state of ED-XRF reproducibility among museum and cultural heritage laboratories. He 
pointed out that raising money for new standards would be easier to justify if one could 
demonstrate a clear need for improvement. It did not take long for me to come to the 
conclusion that David was absolutely right and that a good interlaboratory reproduc-
ibility study was clearly the appropriate place to start. Such a study would provide the 
baseline measurements against which all subsequent improvements could be measured.

This was the impetus behind the work that became Chapter 2. Beginning with the 
core group of participants from the Washington meeting in 2007, I began to solicit 
participants for a formal reproducibility study based on an ASTM standard protocol. I 
was pleasantly surprised by the enthusiasm shown by colleagues all over the world for 
the project and before long, 17 institutions, all with substantial experience analyzing 
copper alloys, had agreed to participate. I arranged the protocol so that one boxed set of 
12 historic copper alloy samples would make the rounds of all the laboratories by FedEx, 
with two weeks allotted to each laboratory. At the time, I expected that if all went well, I 
would receive a dozen or so completed data sets and questionnaires. I feared that delays 
in passing on the samples could delay the project substantially. In the end, I received 
19 complete datasets from 14 institutions (some with multiple instruments), and not a 
single laboratory went over schedule. 

Once all the datasets and questionnaires had been turned in, I processed and evaluated 
the results. These demonstrated very clearly and in great detail, the poor reproducibility 
of quantitative ED-XRF among laboratories in arts and cultural heritage institutions. 
More important however, was the ability to compare the performance of each instru-
mental configuration with the detailed questionnaires filled out by each institution 
describing their standard operating procedures, parameters, and quantification methods 
for that instrument. This revealed the clear correlation between high performance 
(defined as consistently reporting results close to the group mean) and the use of 
fundamental parameters (FP) software calibrated to reference standards. The striking 
and unexpected results were that the six highest performing instruments were all made 
by different manufacturers, no two used the same quantification software, and all used 
relatively few reference standards. The one and only thing that all of the top performers 
had in common was the use of FP software calibrated to standards. 

Thanks to the support of Shelly Sturman, Dylan Smith and Dr. Lisha Glinsman, the 
National Gallery of Art in Washington agreed to host a meeting of the study participants 
in 2010 to discuss the significance of the findings of the reproducibility study and lay 
out detailed strategies to improve the situation. About a dozen participants spent three 
days reviewing the results in detail and discussing ways forward. The consensus of the 
group was that there were four major fronts on which progress should be made.  First, 
we should seek to identify open source (preferably free) FP software that could be used 
to analyze spectra from any instrument and that could incorporate a calibration to refer-
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ence standards. Second, the community of ED-XRF users interested in cultural heritage 
copper alloys should decide which elements were of interest and try to report results for 
all of these elements. Third, the group should strive to agree upon a consistent method 
of reporting the error associated with any individual quantitative ED-XRF analysis. And 
finally, although there was no direct evidence from the reproducibility study to support 
this opinion, all the participants agreed that interlaboratory reproducibility would 
certainly be improved if a set of CRMs were commissioned that would contain all of 
the above elements and cover the range of concentrations likely to be found in heritage 
alloys. It was this last recommendation that I decided to pursue first, and which led to 
the publication of the paper which is Chapter 3.

I began the process of building a new set of CRMs by polling all of the colleagues who 
had participated in the reproducibility study (many of whom had years, or even decades, 
of experience analyzing copper alloy artifacts) and asking what elements they thought 
should be included in a new set, and what was the maximum concentration that they 
would expect to see in a historic alloy. I was immediately rebuked (in good humor) for 
my implicit prejudice against pre-historic copper alloy artifacts, and so from then on, I 
have tended to use the term ‘heritage copper alloys’ in publication even though my work 
has always focused on historic material (as evidenced by the title of this thesis). From the 
results of the polling, I created a wish list of 12 CRMs as described in Chapter 3. I then 
spoke with Dr. John R. Sieber at NIST who was responsible for the development and 
maintenance of Standard Reference Materials for XRF spectrometry. Dr. Sieber explained 
that NIST’s mandate only extended as far as modern industrial materials and so they were 
unlikely to be able to help develop a new set for heritage alloys. He did however, give me 
contacts at several manufacturers of reference materials around the world. In particular, 
he mentioned Dr. Chris Eveleigh at MBH Analytical in the UK, citing his experience 
with copper alloys and his enthusiasm for challenging projects. I called Dr. Eveleigh first 
and explained the project to him and he expressed interest and said he would draw up 
an estimate to cover the initial costs of production, for which MBH would provide five 
copies of each of the 12 CRM disks. While I waited for the estimate, I talked to the other 
manufacturers that Dr. Sieber had recommended. The story was essentially the same with 
each. They were not interested in making the new set themselves, but they each knew 
someone who would be perfect for the job, Dr. Chris Eveleigh at MBH. 

Dr. Eveleigh’s estimate amounted to about £20,000 which would cover only foundry 
and materials costs. He said he hoped that if copies of the set were sold in the future, 
that might cover the cost of his time. £20,000 was beyond what I thought I could raise 
within the Getty, but since five sets would be delivered, I hoped to raise £4,000 each 
from five institutions, including the Getty. I got a tentative ‘yes’ for our own share, 
but mostly hesitant uncertainty from other institutional colleagues. The turning point 
arrived when I called Dr. Robert van Langh at the Rijksmuseum. After being a guest 
scholar at the Getty, Dr. van Langh had asked me to contribute to a grant proposal 
entitled Re-imagining Alloy Analysis of Western Bronze Sculpture to the Netherlands 
Organization for Scientific Research’s Science4Art program in 2011. It was while 
attending a meeting of the project team in Amsterdam that I first met Professor Gareth 
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Davies of the Vrije Universiteit who was to become my PhD promotor at Dr. van 
Langh‘s suggestion. When I asked Dr. van Langh if the Rijksmuseum would be inter-
ested in contributing $4000 toward the new CRM set, there was not a moment’s hesita-
tion or uncertainty. “Absolutely, yes. Let’s do it.” With Dr. van Langh’s commitment as 
the anchor, the Getty’s tentative approval quickly became formalized, and in short order, 
the Metropolitan, the British Museum, the National Gallery of Art, the Smithsonian’s 
Museum Conservation Institute, and Buffalo State College each committed to fund full 
or partial shares in the venture. The process of casting and certifying all of the standards 
took nearly two years, but by 2014 the copper CHARM (Cultural Heritage Alloy 
Reference Material) set was complete and published. It appears that this set of refer-
ence materials has been found to be useful to a wide range of museum and university 
laboratories; Dr. Eveleigh reports that as of January 2018, over 60 complete sets of the 
copper CHARM set have been sold.

By 2014, I had acquired a substantial number of spectra from well-provenanced Parisian 
works in gilt bronze dating from the late 17th through the early 21st century. In this 
work, I had been aided by numerous generous colleagues in the United States and 
Europe who had granted me access to both public and private collections containing 
well-documented objects. These colleagues are listed in the acknowledgements at the 
end of Chapters 1 and 6. Without their invaluable assistance, this publication would not 
have been possible. To evaluate and quantify the spectra I had collected, I had already 
identified PyMca as an open-source FP software solution for use with the Getty’s Tracer 
instrument. I was able to generate standardless estimates of composition from Tracer 
spectra and calibrate these results to the CHARM set. I had also become acquainted 
with the author of PyMca, Dr. V. Armando Solé of the European Synchrotron Radiation 
Facility (ESRF) in Grenoble. 

Dr. Solé was interested in my application of PyMca to cultural heritage materials using 
tube-based portable instruments and I learned that he was continuously updating and 
improving PyMca for use at the synchrotron. We had discussed possible additions that 
could be made to the code to improve its performance with dense materials like copper 
alloys. In particular, we agreed that implementing secondary and tertiary excitation 
calculations would be beneficial, as well as introducing the option to utilize an iterative 
procedure to define the matrix composition description that is used for attenuation 
calculations.  He explained to me, however, that his work at ESRF prioritized synchro-
tron applications and that it was difficult to allocate time to implement these new 
modules. The problem was solved by arranging a three-month guest scholarship at the 
Getty for Dr. Solé during the summer of 2014 during which he was able to write the 
new code and I tested it on spectra from our Tracer ED-XRF instrument. 

It was also during this time that I began to try to methodically address the first three 
recommendations from the first interlaboratory reproducibility study working group; 
1) settle on a free and open-source FP software, 2) settle the list of elements to routinely 
analyze, and establish a method for estimating measurement error. Working closely with 
Dr. Solé reinforced my opinion that PyMca was a good tool for the community at large 
and that it would improve and be supported for many years to come. The element list 
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had been essentially composed during the design phase of the CHARM set develop-
ment, but I continued the process of formalizing my calibration procedure for all 15 
elements. I also introduced a validation procedure, and defined a method for making 
validated estimates of the error of prediction for my calibrated quantitative results. This 
group of procedures, in conjunction with the newly augmented PyMca code and the 
copper CHARM set of CRMs, became the basis of the paper that is now Chapter 4, 
which presents the CHARMed PyMca protocol as a tool that any laboratory can use for 
optimizing both accuracy and interlaboratory reproducibility in ED-XRF analysis of 
heritage copper alloys. The protocol is instrument independent and fully transparent.

Chapter 5 presents the results of a second interlaboratory reproducibility study from 
2016, conducted according to the same methodology as the first (from 2010, presented 
in Chapter 2), but using exclusively results obtained by following the CHARMed 
PyMca protocol. Five institutions participated in this study, using nine tube-based 
instruments of seven types, made by four manufacturers. Because the methodology 
was identical, direct comparison of the results from the two studies was possible. The 
comparison revealed that following the CHARMed PyMca protocol offers substantial 
benefits in comparison to prior common practice. On average, use of the protocol 
reduces the confidence interval of reproducibility by 76% and reduces the lower limit 
of reproducible measurement by 56%. Furthermore, this chapter demonstrates that 
the concentration of 15 elements can be consistently quantified and that realistic and 
validated estimates of the measurement errors can be calculated. 

The final chapter of this thesis owes a very great deal to the generosity of Dr. Robert 
van Langh who invited me to Amsterdam for a three-month scholarship in residence at 
the museum during the summer of 2016, funded by the Willem F.C. Stevens Fonds/
Rijksmuseum Fonds. It was during this time that I met my co-author, Dr. Robert 
Erdmann, who generously and gently introduced me to the world of machine learning 
and python programming. Prior to my scholarship, I had already built the majority 
of the substantial database of compositional data from well-dated French gilt bronze 
artifacts that lies at the heart of the chapter. I had already spent countless hours 
subjecting the database to numerous classical statistical methods, looking for the best 
possible way to predict the date of manufacture of samples with uncertain provenance. 
When I arrived in Amsterdam, I had no inkling that in my final chapter I would lay 
all that work aside and focus instead on the clearly superior results obtainable with 
machine learning methods. It is hoped that Chapter 6 will provide inspiration for other 
researchers in cultural heritage to explore this dynamic and fast-developing field of 
data-driven analysis and exploration.

It is also hoped that this final chapter will provide the reader with a clear example of how 
the CHARMed PyMca protocol can be used to produce accurate ED-XRF results with 
well-characterized precision for a broad range of elements over a large concentration 
range, and that these results, even if collected using several different instrument types, 
can be aggregated into large datasets and probed to reveal complex patterns that may, in 
turn, provide important insights into the origin, attribution, and authenticity of cultural 
heritage objects. 
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Introduction

Energy dispersive X-ray fluorescence spectroscopy (ED-XRF) has numerous 
advantages for the study of cultural heritage materials. It is rapid, nondestructive, 
and capable of simultaneous multi-element analysis. In the last 15 to 20 years, 

miniaturization and mass production have made the technique widely available to the 
scientific and conservation laboratories of arts and heritage institutions. Quantitative 
ED-XRF analysis is being conducted on cultural heritage artifacts at a rate that would 
have been unimaginable 20 years ago, and the pace is accelerating.

The ease with which quantitative results may be obtained using manufacturers’ software 
may seem to suggest that quantitative ED-XRF is a simple and straightforward 
technique. In fact, quite the opposite is true. A remarkably complex and tortuous series 
of physical interactions can occur between the emission of an x-ray from its source and 
the detection of fluorescent radiation by the instrument’s detector.  Particularly for dense 
samples such as metals, these interactions are highly dependent on the composition 
and structure of the sample material, or matrix, and as a result, the detector response 
is inherently non-linear. For this and many other reasons, discussed in the following 
chapters, the conversion of an XRF spectrum to an accurate quantitative result is, by 
nature, a complicated and challenging undertaking.

Nevertheless, single instrument studies abound, reporting quantitative ED-XRF 
results generated by proprietary software, and drawing conclusions based on observed 
differences between groups of samples. While the results of the individual studies may 
be valid, the published quantitative data is unfortunately often not useful to other 
researchers because there is no way to determine whether the quantification method 
used is reproducible by another laboratory or instrument. Complicating matters further, 
different studies will often report results for different suites of elements even when 
studying the same material type, and there is rarely any attempt to provide an objective 
measure of the precision of the results reported (errors reported by proprietary software 
typically reflect expected instrumental repeatability rather than precision with respect to 
true composition). 
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This thesis is built on the premise that the greater promise of quantitative XRF analysis to 
inform us about our cultural heritage lies in the gradual accumulation of large data sets 
through international collaborative effort. In the context of ongoing rapid advances in 
machine learning and data-driven approaches to scientific research, it seems evident that 
many significant discoveries and insights lie within reach as the pace of data generation 
accelerates. For this promise to be fulfilled, however it is imperative that the inherent 
problems of reproducibility in quantitative ED-XRF analysis be addressed head on. 

The chapters that follow use the example of copper alloys to illustrate how quantitative 
ED-XRF can be applied and optimized to ensure demonstrable and quantifiable 
reproducibility. They present a protocol that has been designed to be instrument-
independent, fully transparent, and reliant on free open-source software with a widely 
available set of high quality certified reference materials (CRMs), and illustrate the kind of 
insights that may be had when reproducible data collected over many years by different 
instruments is aggregated and subjected to analysis by machine learning algorithms.

Chapter 1 lays out the role of ED-XRF analysis in the context of the authors personal 
area of specialization, the technical study of French gilt bronzes. While noting that 
compositional study should always be seen as one of several methods of examination 
necessary to evaluate an artifact, it stresses the potential for ED-XRF analysis to provide 
important insights into the attribution and authenticity of these artifacts.

Chapter 2 presents the results of an interlaboratory reproducibility study that constitutes 
a base line measure of the degree of reproducibility that may be expected for quantitative 
ED-XRF analysis of heritage copper alloys by experienced arts and cultural heritage 
institutions in the absence of a concerted effort to maximize reproducibility. This degree 
of reproducibility is extremely low, making collaborative research and data aggrega-
tion essentially untenable.  Evaluation of the results allowed a working group of the 
participating scientists and conservators to make clear recommendations to improve the 
methods used.

Chapter 3 describes the design and production of a new set of Cultural Heritage Alloy 
Reference Materials (CHARM) designed specifically for the calibration of ED-XRF 
instruments. These CRMs are manufactured, in quantity, to the highest standard and are 
available to any interested party for purchase as a set. It is hoped that they will provide 
the international community with a common basis for calibration for many years to come.

Chapter 4 introduces a complete protocol for ED-XRF quantification (CHARMed 
PyMCA), taking advantage of free, open-source fundamental parameters spectral 
interpretation software (PyMca) and the copper CHARM set. The protocol provides a 
detailed and transparent methodology for implementing an instrumental calibration, 
including a procedure for method validation and the computation of realistic error 
estimates. Furthermore, the protocol ensures that a suite of at least 15 elements can be 
quantified by any instrument on a routine basis.
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Chapter 5 presents the results of a study evaluating the accuracy and interlaboratory 
reproducibility that can be expected when using the CHARMed PyMca protocol for the 
ED-XRF analysis of copper alloys. The results of the study highlight the improvements 
observed over the baseline study reported in Chapter 2, and show that the use of the 
protocol not only improves reproducibility, but also accuracy and precision.

Chapter 6 returns to the subject of the study of French gilt bronzes, introduced in 
Chapter 1. It presents an example of how data, collected by seven different instruments 
using CHARMed PyMca over the course of 12 years, can be aggregated and used to 
make robust estimates of the date of manufacture for these artifacts based on their 
elemental composition. The procedure for date estimation introduces for the first time, 
the application of the machine learning techniques random forest regression and support 
vector regression to the compositional study of cultural heritage artifacts.






