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1.. X-ray Fluorescence Spectrometry in the Museum Field 

Abstract t 

ThisThis chapter furnishes the museum scientist, conservator and curator with a better 
understandingunderstanding of the principles of X-ray fluorescence spectrometry (XRF), both 
theoreticaltheoretical and practical, to aid them when making decisions regarding the study, 
preservationpreservation and exhibition of the museum's collections. An oven-new of x-ray 
fluorescencefluorescence theory and instrumentation is presented. The scope of x-ray fluorescence 
spectrometryspectrometry in the museum laboratory is demonstrated by discussing specific 
examplesexamples from collections of the National Gallery of Art. Washington, D.C., among 
themthem easel paintings, works on paper, photographic prints, sculpture and the 
decorativedecorative arts. Several protocols for XRF analysis of works of art in different 
mediumsmediums are provided. 

1.1.. INTRODUCTION 

Thiss first chapter is intended as a practical tool to furnish the museum scientist, 
conservatorr and curator with a better understanding of the principles of x-ray 
fluorescencee spectrometry (XRF), both theoretical and practical, in order to aid them 
whenn making important decisions regarding the acquisition, care and preservation of 
thee museum's collections. XRF is a widely used analytical method in the museum 
laboratory.. No other technique gives the immediate ability to survey all the elements 
onn the periodic table, potassium and higher for air-path instruments, without having to 
removee a sample from the artwork. Its versatility alone makes it indispensable in a 
modernn museum laboratory. The data presented in this chapter demonstrates the 
variedd uses of XRF at the National Gallery of Art, in Washington, D.C., presents an 
overvieww of x-ray fluorescence instrumentation and theory, and supplies the museum 
professionall  with a proven methodology for the analysis of artwork. Subsequent 
chapterss will present in depth case studies, while developing various protocols for 
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analyzingg works of art with XRF. 

1.2.1.2. The Nature of X-ravs 

X-rayss were discovered in 1895 by Wilhelm Röntgen. They are part of the 
electromagneticc spectrum and have wavelengths falling between the far ultraviolet 
andd gamma ray region. Their wavelength range is between 0.1 A to 100 A (Figure 1). 
X-rayss may be transmitted, reflected, refracted, diffracted, polarized, scattered or 
photoelectricallyy absorbed. X-rays can be produced by two discretely different 
processes.. The first type of x-rays are known as continuous x-rays and are produced 
byy a deceleration of high-energy electrons. The second type occurs through electronic 
transitionss in the inner orbits of atoms; this is referred to as inner-shell ionization and 
thee x-rays produced are known as characteristic x-rays. 
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Figuree 1 Electromagnetic Spectrum 

X-rayy fluorescence spectrometry involves the detection and measurement of 
thee energy of characteristic x-rays produced by inner-shell ionization which can be 
usedd to determine elemental composition. Figure 2 illustrates how x-rays that are 
directedd at a sample interact with atoms in it. The x-rays may be absorbed, giving up 
theirr energy to a tightly bound inner-shell electron that escapes from its orbital, 
leavingg a vacancy in the shell and the atom in an unstable (excited) state. To regain 
stability,, an electron from an outer shell drops into the inner shell vacancy, emitting 

2 2 
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energy.. The atom is then said to be in a stable (ground) state. The energy is emitted in 
thee x-ray region and is described by the energy difference between the excited and 
groundd states of an atom. These are referred to as transitions. Hach element has a 
limitedd number of allowed transitions referred to as a series of transitions, spectral 
lines,, or family of x-rays. These result in the generation of transition lines that are 
observedd as peaks on the x-ray spectra. The energies of the electron transitions are 
characteristicc of the elements present and can be detected and recorded as a series of 
peakss in a spectrum (Figure 5a). 

X-Ray y 

Figuree 2 Bohr's model of an atom showing x-ray fluorescence excitation 

Thee symbol for an x-ray spectral line (peak) is based on a standard convention 
usingg Bohr's atom as a model. (See figures 2 and 3). The symbol of the chemical 
elementt is written first followed by the symbol for the electron shell where the 
vacancyy occurred (K.L.M etc.). Finally, lower-case Greek letters usually accompanied 
byy a numerical subscript are used to denote the electron shell from which an electron 
leavess to fil l up the originally created vacancy. As the atomic number (Z) of an atom 
increasess the number of electron shells available for transitions also increases. When 
KK transition lines of a heavy element, such as tin are generated. L and M transition 
liness are also present at the appropriate energies in the spectrum. However, depending 
onn the detector being used, the x-rays may be too low in energy to be measurable. 

Electron n 
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Figuree 3 XRF transition lines 

Thee approximate relationship between an element's atomic number and the 
energyy of individual emission lines for each specific transition series is given by 
Moseley'ss law. Moseley's law is named for the founder of x-ray spectrometry, Henry 
Moseley.. In 1913 Henry Moseley discovered that the wavelength (energy) of x-rays 
emittedd by an atom depends on its nuclear charge. He concluded that there was a 
fundamentall  quantity which increases by regular steps from one element to the next. 
Inn 1920, Rutherford identified this quantity as the atomic number. An equation was 
formulatedd and became known as Moseley's law describing the relationship between 
wavelengthh of a spectral line and atomic number for a given type of x-ray: 

XX = K/(Z - a)2 

wheree A. represents the wavelength. Z is the atomic number, and K and a are constants 
forr a given spectral line. The constant o is equal to 1 for the K-lines and 7.4 for the 
moree shielded L-lines. Expressing this relationship for energy: 

E(keV)) = K(Z-l) 2 

wheree E = x-ray energy, Z = atomic number, K = 1.042 x 10" for the K-shell, K = 
1.494xx 10"3 tor the L-shell and K = 1.494x 10̂  for the M-shell. Moseley's law states 
thatt the energy of an element's spectral lines is a function of its atomic number. The 
spectrall  lines for elements with low atomic number (light elements) occur at lower 
energiess than the corresponding lines for elements writh high atomic number (heavy 
elements).. The peak energies and transition series provide for qualitative 
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identificationn of elements. 

Thee relative heights of peaks for each type of transition series is related to the 
probabilityy of each transition. The term "'weights of lines" is used to describe the 
relativee transition probabilities for lines occurring from excitation of a specific shell. 
Thiss becomes significant when identifying peaks. The occurrence of a peak at the 
appropriatee energy cannot be solely used to determine the presence of an element. It is 
necessaryy to compare relative intensities of the peak series as well, since peaks from 
differentt elements can have the same energy. This is important because of peak 
artifactss or peak overlaps in a spectrum. Peak intensities can be used to calculate the 
amountt of an element present. This will be discussed in more detail in the sections on 
Qualitativee and Quantitative Analyses. 

Berlinn [1], William [2], and Jenkins [3], provide a detailed account of x-rays 
andd x-ray spectrometry. There are some recently published comprehensive reviews on 
XRFF instrumentation. The Journal of Analytical Atomic Spectrometry published an 
extensivee review of XRF encompassing developments in instrumentation, detectors, 
software,, optics, microfluorescence, synchrotron XRF, TXRF and portable XRF 
systemss [4]. Analytical Chemistry published a review of XRF techniques as well as 
P1XE,, EPMA and XAS [5], X-Ray Spectrometry published a review of x-ray 
techniquess being used at the National Institute of Standards and Technology [6]. 

1.3.1.3. XRF INSTRUMENTATION 

Thee XRF spectrometer is composed of several components networked together 
(Figuree 4). XRF uses x-rays for sample excitation. Several excitation sources are used 
inn x-ray spectrometry. The most common are x-ray tubes with the next common being 
radioisotopicc sources. A sample chamber is needed. A detector to measure the 
characteristicc x-rays generated must be present. Finally, the information needs to be 
analyzed,, processed, stored and displayed. This is generally achieved with an 
amplifier,, pulse processor, an analogue-to-digital converter, multichannel analyzer 
andd computer (typically a PC) equipped with suitable software. 

5 5 
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Figuree 4 XRF schematic of a secondary emission energy dispersive system 

1.3.1.1.3.1. Generation ofX-Rays 

X-RayX-Ray Tubes 

Theree are several different types of x-ray tubes that can provide primary and/or 
secondaryy excitation of x-rays. X-rays are generated by passing an electric current 
throughh a tungsten filament (cathode) in a vacuum tube and heating it to 
incandescence.. The hot filament emits electrons that are attracted and accelerated to 
thee anode target. The target in turn emits x-rays that travel out of the tube through a 
thinn window. These x-ray tubes are built as end-or-side-window tubes that are 
operatedd at high voltages up to lOOkV with currents up to 3.5mA producing a power 
loadd between 8-35W. The x-rays generated are produced through two different 
processes.. The first process occurs when the electrons transfer energy to the target 
withoutt a loss of energy. There is an increase in the kinetic energy which causes the 
targett to become hot and emit x-rays. The second process occurs when the electrons 
becomee deflected from their straight line path, losing energy. The x-rays are 
deceleratedd by a series of collisions with the target with less energy. This continuous 
radiationn known as Bremsstrahlung Radiation (German for "braking radiation") is the 
mainn source for background noise on the XRF spectrum. Both continuous 
(background)) x-rays and those produced by inner shell ionization (characteristic) are 
measuredd using XRF. However, it is the characteristic x-rays that produce a series of 
peakss on a spectrum that can provide qualitative, and in some instances quantitative, 
compositionall  information. 

Withh primary excitation the sample may be excited directly by the primary x-rays or 
byy tube target (i.e. anode) lines with or without filters to exclude continuous radiation 

Sample e 

Secondaryy Targei 
Spectrometer r 
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Figuree 5a XRF speeltuin obtained using a barium chloride secondary target of a 
darkdark area of a standard mercury-developed combination platinum and palladium 
photographicphotographic facsimile 
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w w 
X-Rayy Collimator Sample 

Figuree 6 Tradition collimators 

(decreasee background) and narrow the wavelength range examined, thus improving 
fluorescence.fluorescence. Attenuation filters utilize a thin metal foil or other layer placed in the x-
rayy beam to absorb a certain band of wavelengths. These filters are used to remove 
targett and other primary beam lines that interfere with the analysis. Enhancement 
Biterss utilize a thin foil or other layer placed in the primary beam to improve the 
signal-to-backgroundd ratio. 

X-rayy tubes can be designed with secondary1 targets to provide nearly 
monochromaticc x-rays to excite the sample. This is known as secondary emission 
XRF.. A secondary target is placed in the x-ray beam's path, causing the secondary 
targett to emit x-rays characteristic for it. These secondary x-rays are used to excite the 
sample.. The excitation conditions can be adjusted by using various secondary targets 
too optimize the conditions for exciting certain energy regions. When an element's 
spectrall  lines are just below the absorption edge of the secondary target, they are 
enhancedd significantly. The optimum secondary target is approximately 3 to 10 
atomicc numbers higher than the element being analyzed and the x-ray tube voltage 
shouldd be 1.5 to 2 times the secondary target absorption edge. The usefulness of 
changingg the secondary target to optimize the analytical procedure for certain 
elementalss is demonstrated by the XRF analysis of a mercury-developed combination 
platinumm and palladium photographic print. The XRF spectrum (Figure 5a) reveals 
thatt the platinum and palladium peaks are easily observed using a barium chloride 
secondaryy target. Mercury, however, is barely detectable. Using a molybdenum 
secondaryy target. (Figure 5b). the mercury peaks in the spectrum are enhanced and 
fullyy resolved from the platinum peaks. This topic wil l be discussed further in Chapter 
2. . 

Thee x-ray beam emitted from the target must be collimated onto the sample. 
Traditionall  collimators, as illustrated in Figure 6, are usually circular or in the form of 
aa slit and collimate by blocking part of the x-ray beam. This is a highly inefficient 
methodd of focusing x-rays. Microcapillary optics utilizes internal Bragg reflection to 
improvee efficiency for redirecting and focusing the x-ray beam on extremely small 
spott sizes (Figure 7). This type of collimation can achieve spot sizes of approximately 
75pm.. In the past decade there have been many new developments in microcapillary 
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Figuree 7 Polycapillaty optics diagram 

opticss and their use in XRF. Both monocapillary and polycapillary optics have been 
usedd for XRF analyses. There are many excellent publications on microcapillary 
optics.. Kumakhov published an outstanding paper reviewing the development of 
microcapillaryy optics and compare monocapillary optics with polycapillary optics [7]. 
Forr information on the development of x-ray tube microcapillary optics for portable 
XRFF on works of art and archaeological objects see Langhoff et al [8] and Bronk et al. 
[9]. . 

RadioisotopeRadioisotope Sources 

X-rayss can be generated using a radioisotope source to provide monochromatic 
radiation.. The principal advantage of a radioisotope source is its small size, as the 
bulkyy x-ray tube and power supply are not required. An instrument equipped with a 
radioisotopee source is small, lightweight, easily portable and relatively inexpensive. 
Radioisotopee sources have the disadvantage of relatively poor sensitivity due to the 
loww peak intensity. There are also safety issues to consider with handling the 
radioactivee material in these instruments and special training and licensing are 
required.. Radioisotope sources have a finite lifetime due to source decay. This 
dependss on the half-life of the radioisotope source in question, but generally they need 
too be replaced yearly. There is an additional issue of proper disposal of the 
radioisotopee source that must also be considered. A variety of radioisotopes are 
availablee to optimize production of transition lines in specific regions of the spectrum 
includingg iron-55. cobalt-57. cadmium-109. and americium-241. 

9 9 
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Figuree 8 XRF system at National Gallery of Art 

1.3.2.1.3.2. Sample Chambers 

Commerciall  XRF instruments are equipped with a sample chamber that can be placed 
underr vacuum or helium Hush allowing light elements to be detected. These chambers 
aree limited in size, and generally require a sample to be removed from the work of art. 
Inn the museum laboratory the instrument frequently has been modified to eliminate 
thee sample chamber, allowing large objects to be analyzed in situ without requiring 
sampling.. Figure X shows the XRF instrument at the National Gallery of Art. The x-
rayy tube and detector have been removed from the sample chamber and mounted on a 
free-standingg column that allows for vertical and horizontal movement of the 
spectrometer.. A laser and incandescent lamp are used to focus the x-ray beam and the 
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detectorr on the desired sample area. Other instruments might use a small camera to 
focus.. The spectrometer controls are located in an antechamber and safety interlocks 
aree employed for operator safety. The room essentially becomes the sample chamber 
andd virtually any size artwork, as long as it can be placed within the room, can be 
analyzed.. The disadvantage with this arrangement is that measurements generally 
mustt be done through air. Light elements (less than atomic number 19) cannot be 
detectedd unless some modification is made to remove air from the system which some 
manufacturerss have done. 

1.3.3.1.3.3. Detectors 

XRFF instruments can be outfitted with a variety of detectors. A detector is composed 
off  two charged electrodes with either a non-conducting or semi-conducting material 
placedd between them. X-rays ionize the detector material causing it to become 
momentarilyy conductive. The freed electrons are accelerated toward the detector 
anodee to generate an output pulse (signal) that can be measured. There are many 
differentt kinds of detectors including Silicon lithium-drifted (Si(Li)), PIN Diode, 
Siliconn Drift, Proportional Counters and Scintillation Detectors. The development of 
semi-conductorr materials has made XRF an affordable technique. 

XRFF spectrometers are placed into two distinctive categories based on 
detectionn technology. Energy-dispersive (EDXRF) detectors measure the emitted 
energyy given off by the sample being excited using a multichannel analyzer. All the 
energiess emitted are detected simultaneously. The energy emitted is converted to an 
electricall  pulse and displayed as peaks on a spectrum. The wavelength (WDXRF) 
detectorr uses a crystal to diffract the x-rays emitted from the sample. Depending on 
thee spacing between the atoms of the crystal lattice and its angle in relation to the 
samplee and detector, specific wavelengths directed at the detector are controlled. The 
anglee is adjusted to measure elements sequentially. 

EDXRFF traditionally uses a lithium-drifted silicon diode detector outfitted 
withh a beryllium window, These detectors allowr simultaneous detection of all 
elementss above sodium (potassium for air-path instruments). This is accomplished by 
x-rayy photons entering the Si(Li) crystal and interacting primarily by photoelectric 
absorptionn creating electron-hole pairs. The number of pairs formed is proportional to 
thee energy of the photon. The produced charge is carried from the semiconductor 
diodee by an applied voltage and produces an electric pulse. These weak signals 
producedd by the x-ray photons need to be amplified by a low noise transistor. This 
typee of detector must be cooled usually with liquid nitrogen to slow the lithium 
driftingg process and reduce thermal noise. 

Thee electric pulses are recorded as intensities measured by peak height or 
countt rate verses electron energy or wavelength. The relationship between electron-
holee pair production and x-ray photon energy is expressed in the following formula: 
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nn = E/e 

wheree n is the number of electron-hole pairs, E is the x-ray photon energy, and e is 
3.8eVV for silicon at liquid nitrogen temperatures. 

Standardd sealed detectors have traditionally been provided with a protective 
gas-tightt beryllium window of varying thickness from 2 microns to 10 microns, to 
detectt elements from sodium and above (potassium for air-path instruments). Light 
elementt detectors have either a thin window composed of a thin organic polymer film 
orr are windowless to measure x-rays from elements lighter than sodium. Light 
elementt detectors are used with systems equipped with a helium flush or where the 
samplee may be placed in a vacuum chamber. 

Detectorr resolution is a measure of how well the detector can differentiate 
peaks.. Detector resolution becomes a concern when resolving peaks that are close 
togetherr on the energy spectrum. These signals are processed with a fast multichannel 
analyzerr (MCA) EDXRF producing x-ray spectra with a resolution adequate for most 
applications.. The EDXRF detector resolution with liquid nitrogen cooled SiLi 
detectorr is approximately 150eV @ 5.9keV. Some detectors use crystals of 
germaniumm rather than silicon [10]. 

Recentt advancements in modern solid state detectors have resulted in the 
developmentt of thermoelectrically cooled detectors using the Peltier effect. The first 
Peltierr cooled PIN diode instrument was released a decade ago. Silicon drift detector 
(SDD)) instruments with high resolution and high count rate capabilities are available 
fromm a variety of manufactures. EDXRF analyzers are becoming smaller and less 
expensivee and their performance is rapidly improving. These compact detectors along 
withh miniaturized x-ray tubes have created XRF spectrometers that are low cost and 
trulyy portable instruments. Caneva and Ferretti presented an excellent paper at the 
Romaa 2000 conference investigating the great variety of portable x-ray spectrometers 
inn terms of their detector resolution and detection limits [11], These detectors 
investigatedd consisted of SiPIN detectors with a detector resolution of approximately 
250eVV @5.9keV, Hgh detectors with a detector resolution of approximately 200eV @ 
5.9keV,, and Si Drift (SD) detectors with the best detector resolution of approximately 
160eVV (fl.j5.9keV. The SiPin detector was originally developed for use in satellite 
instrumentationn where sturdiness, reliability, and a long life span are important. SiPin 
detectorss are extremely reliable and the only factor that adversely affects this detector 
iss moisture. Hgln detectors are extremely unreliable. The HgL crystal is sensitive to 
temperaturee fluctuations, humidity, RF fields and vibrations. Si drift detectors are 
reliable,, have a high throughput and excellent resolution. The detectors examined 
providedd information on the presence of major elements only. None of the detectors 
examinedd had suitable detection limits to identify trace elements present. The 
presencee or absence of certain trace elementss can be used in some instances for dating 
and/orr determining the origin of art objects. This issue is addressed more fully in 
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subsequentt chapters. Caneva and Ferretti concluded these portable x-ray 
spectrometerss are of limited usefulness in the museum laboratory until better detection 
limit ss can be achieved. 

Inn contrast to LDXRF, WDXRF detection utilizes the wave properties of x-
rays.. This is accomplished by the use of a diffraction crystal that separates the various 
wavelengthss for every angle of incident radiation. The only wavelength reflected to 
thee detector is the one that conforms to Brauu's Law: 

n>.. =2d-sinö 

Wheree X represents the wavelength of a collimated x-ray directed at an angle of 
incidencee 0 onto a diffraction crystal with crystal planes of spacing d and n is 
numericallyy equal to the path difference in X for successive planes. This is known as 
thee Bragg reflection [12]. It is used in WDXRF to select the corresponding angle 0. 
Primaryy x-rays from an x-ray source are used to excite samples. This induces 
secondaryy radiation which consists of differing wavelengths corresponding to the 
characteristicc x-ray of the elements in the sample. This secondary radiation is 
collimated,, allowing only rays with parallel propagation to pass. The x-rays then reach 
thee crystal and are reflected according to Bragg's Law. 

Bragg'ss Reflector 
(Crystal) ) 

- ( 00 Detector A A 
X-Rayy Tube ' > ^ C 

Sample e Spectrometer r 
Electronics s 

Computer r 

Figuree 9 XRF schematic of a wavelength dispersive system 

Onlyy certain wavelengths (and hence certain groups of elements) can be detected at 
onee time and recorded as intensities verses wavelength. The WDXRF system is 
availablee in a simultaneous mode that has a fixed channel for each element to be 
detectedd and a sequential mode that has a scanning channel. A significant 
disadvantagee of the WDXRF system is its expense, as well as the long collection 
times,, which are generally 5-30 minutes but can be as long as an hour. The WDS 
detectorr has the advantage to the EDS detector of a far superior resolution of around 
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5-155 eV. Improvements in design and fabrication of multilayer dispersive devices 
havee allowed WDXRF designs to have better performance with less power, leading to 
aa newr generation of smaller, lower-priced WDXRF machines. The possibility of 
discolorationn of artifacts using WDXRF is of great concern for the conservator. A 
studyy comparing different XRF instrumentations showed significant fading in test 
sampless of photographic materials caused by long collection times and exposure to a 
highh power output (typically 2400 watts for wavelength dispersive versus 8-35 watts 
forr energy dispersive) f 13 ]. Extreme caution should be taken with materials sensitive 
too ionizing radiation such as glass, photographic materials and works on paper. Weak 
brownn discoloration of white enamels, porcelain and transparent glasses can occur 
withh irradiation times of as short as five minutes. This effect is the consequence of the 
formationn of color centers and can be partially reversible with time [14]. 

1.4.1.4. Qualitative and Semi-Quantitative Analysis 

1.4.1.1.4.1. Qualitative Analysis 

Qualitativee analysis is the identification of the elements present in a sample. 
Measurementt of the energy of the characteristic x-rays allows identification of the 
elementss present in the artwork. For performing qualitative analysis, onlyy peaks that 
aree statistically significant should be considered. A general rule for determining 
significantt peaks is that minimum peak size after the background has been subtracted 
shouldd be at least 3 times the standard deviation of the background at the peak 
positionn [15]. A good procedure to follow when assigning peak energies to elements is 
too start with peaks at the high energy end of the spectrum and work down to lower 
energy.. The energy of a peak should be determined first. If it matches with a K. alpha 
peakk of an element a corresponding K beta peak having a height about 10% of the K 
alphaa peak, should be sought. Several factors affect the ratio, and there may be a peak 
fromm a different element hidden under the peak. Table 1 lists common peak 
interferences.. If the published values for the energies of the K transition series do not 
fitfit  the observed ratio, the peaks may belong to the L transition series of another 
element.. Once a peak has been tentatively identified, other transition series from the 
samee element should be sought. All transition lines of a series should be identified as 
belongingg to that element. This will help to avoid mistaking low-intensity peaks in a 
transitionn series for some other element not actually present. 
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Tablee 1 
Commonn Peak Interferences 

Element t 

Cr r 

Mn n 

Fe e 

Cu u 

Pb b 

Ba a 

Pb b 

Line e 

KP P 

KP P 

KP P 

KP P 

La a 

La a 

Ma a 

Kev v 

5.947 7 

6.492 2 

7.059 9 

8.907 7 

10.549 9 

4.467 7 

2.346 6 

Element t 

Mn n 

Fe e 

Co o 

Zn n 

As s 

Ti i 

S S 

Line e 

Ka a 

Ka a 

Ka a 

K a a 

Ka a 

Ka a 

Ka a 

Kev v 

5.895 5 

6.400 0 

6.925 5 

8,631 1 

10.532 2 

4.508 8 

2.307 7 

Escapee peaks are a type of artifact that occurs when some of the energy 
carriedd into the detector by the x-ray photons is absorbed by it, causing the 
detectorr to emit characteristic x-rays. In the case of a silicon detector, Si Ka x-
rayss can escape from the front of the detector producing a small peak whose x-
rayy energy is equal to the excitation energy of the parent peak minus the 
characteristicc line energy of silicon (L74 eV). Sum peaks are an artifact that 
occurss when two x-ray photons arrive at the detector virtually simultaneously. 
Insteadd of resolving the two x-ray photons, the detector measures the energy as 
aa single photon equal to the sum of the two energies. Sum peaks can be reduced 
byy decreasing the x-ray flux. The escape peaks and sum peaks in the spectrum 
mustt be identified for all major peaks. Most XRF manufacturers provide 
softwaree programs that can correct for sum and escape peaks in the spectrum. 
Afterr this has been accomplished, low intensity peaks can be identified. For 
elementss present in low proportions only the strongest line in a transition series 
mayy be present and therefore, lower the certainty of a correct identification of 
minorr or trace elements within the sample. The phrase Mow degree of 
confidence'' is used to describe the identification of minor or trace elements that 
havee been identified using only one peak with a low signal-to-background ratio. 
Ann element is identified with a Miigh degree of confidence' when the 
identificationn is made using multiple transition lines with a high signal to 
backgroundd ratio with appropriate weights of lines and when possible, another 
seriess of transition lines for the element are also identified. The procedure is 
summarizedd below. 
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1.. Perform escape peak corrections. 
2.. Perform sum peak corrections 
3.. Perform background modeling and subtraction. 
4.. Perform automated identification of elements.. Note: This is an optional step. 

Automatedd identification may suggest elements that the analyst may not have 
considered.. Caution needs to be taken since this routine frequently suggests 
everyy element that has a transition line at that energy. Many programs weigh 
identificationn of K series lines highest. 

5.. Identify the elements using peak markers (which indicate MLK spectral 
locations).. However, neither automated identification nor a trained analyst 
mayy be able to identify elements whose major peaks occur as shoulders on the 
peakss of other elements present in the spectrum. 

6.. Deconvolute (profile-fit) the identified elements to obtain integrated (area) 
countss for the peaks. 

7.. Check for residual peaks. Uncorrected sum peaks and the peaks of 
unidentifiedd elements may remain. This is an opportunity to identify' elements 
thatt are subject to significant interferences, for example peaks that occur only 
ass shoulders on the peaks of other elements in a particular matrix. Repeat until 
alll  peaks are accounted for. 

8.. Normalize data (force the results to total 100%). This approach is useful when 
alll  major elements in the sample have been accounted for. 

9.. If possible re-analyze with a different technique such as ICP-AES or atomic-
absorptionn (AA) methods to confirm the XRF analysis. 

10.. Report Results 

1.4.2.1.4.2. Quantitative Analysis 

Quantitativee analysis is the measurement of the relative amount of each 
elementt present in a sample. Only a small group of art works can be quantitatively-
analyzedd using nondestructive air path XRF. The material on the artwork should be 
infinitelyy thick to an x-ray's penetration. This means that quantitative analysis cannot 
bee performed on works on paper supports whose low density allows x-rays to pass 
throughh the paper. Quantitative analysis using XRF cannot be performed on paintings 
sincee the x-rays pass through the numerous layers of paint and no dimensional 
informationn about the layers can be obtained. Quantitation also should not be done on 
ceramicss and glasses where the main components are light elements (silicon, 
aluminum,, magnesium etc.) that are not detectable using an air-path instrument,. 

Thee elemental compositional information is typically calculated for metal 
objectss (such as bronze statues) in museum laboratories. XRF results are generally 
expressedd as elemental or oxide concentrations in the form of weight percent. The 
userr of XRF data should be cautioned that nondestructive quantitative analyses are 
extremelyy difficult to perform on museum objects and in most instances this technique 
shouldd be considered only semi-quantitative. XRF analyzes only the uppermost 
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surfacee (up to 100 microns) of an object, and factors such as inhomogeneity of the 
surface,, surface enrichment or depletion, corrosion, and certain patinations can give 
misleadingg results, at variance with the bulk values. Sample preparation, e.g. polishing 
orr removal of surface patination by acid treatment is considered unethical on museum 
objectss because removal of material would change their appearance and diminish their 
artisticc value. Abrasion or acid treatment can destroy evidence of manufacturing 
techniquess that may be important to the future study of the artwork. Although 
difficultiess arise from the analysis of unprepared surfaces, the kind of quantitative 
informationn obtained from this analysis may be valid if used to place artwork into 
categories,, for example, bronzes versus brasses, leaded versus unleaded bronzes, high 
tinn versus low tin bronzes etc. 

Peakk intensities in an XRF spectrum may sometimes be used to calculate the 
amountt of an element present in a work of art. Peak intensities are proportional to the 
concentrationn of the element present. Unfortunately, they are affected by the presence 
off  other elements in the spectrum due to absorption-enhancement effects, by particle-
size,, sample heterogeneity and surface texture. This is known as the matrix effect. For 
aa comprehensive explanation of the matrix effect refer to Berlin chapter 12 [1], In 
orderr to take the matrix effect into account, the standards used to calibrate the system 
mustt be as close as possible to the composition of the unknown samples. Due to the 
variedd nature and condition of the objects in the museum environment it can be 
difficult,, if not impossible, to produce standards with the same composition and 
surfacee conditions (roughness, corrosion, homogeneity) as the object to be analyzed. 

Ann initial qualitative analysis must be done to identify the elements present in 
thee spectrum before performing quantitative analysis on a piece of art. Standards 
ideallyy should be homogenous, of known composition, and should reflect the 
constituentss in the unknown sample. The artwork can be analyzed once standards have 
beenn analyzed and the calibration coefficients have been entered into the computer. 
Severall  sites on the work should be examined in order to determine surface 
homogeneityy and reproducibility of the results, and an average value should be 
calculatedd when reporting chemical composition. Heterogeneous surfaces common in 
manyy works of art, should be reported as well. The elemental concentrations of the 
samplee are often normalized to 100%. The non-normalized analytical total is a 
valuablee indicator of how reliable the values are and should be in the range 95-105%. 
Unusuallyy low totals may indicate the presence of an unanalyzed element, possibly an 
oxidee or undetected light element. The geometry or surface roughness of the object 
mayy also cause a large amount of scatter, diverting many of the x-rays away from the 
detectorr thereby decreasing the reliability of the results. 

Thee analysis report should include information regarding the elements that 
weree detected, the degree of confidence, elemental concentrations and whether the 
analysiss was performed with standards (and if so, the standards used) or whether the 
analysiss was standardless. An estimate of the error on the numbers and the operating 
conditionss for the XRF system should be included. 

Alll  the possible sources of error must be taken into account when assessing the 
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results.. Errors may be expressed in terms of how accurate or precise the measurement 
is.. Accuracy is a measure of how correct or valid the measurement is, while precision 
iss a measure of reproducibility. The reliability of the measurement is expressed in 
termss of both its accuracy and precision. The accuracy of the measurement for XRF 
dependss on a number of factors including: how well the surface composition reflects 
thee bulk values, homogeneity of the sample, the degree of similarity between the 
standardd and the unknown, the accuracy of the standard's composition, the precision 
andd accuracy of the intensity measurements and the correctness of the calibration. 

Errorss may be classified as systematic or nonsystematic. Systematic error is a 
measurementt of accuracy based upon known performance of the quantitation 
procedures.. Sample errors are systematic. Counting errors, instrumental errors, 
operationall  errors, and errors in estimating the concentration from calibration 
coefficientss are all nonsystematic errors. Nonsystematic error is a measurement of 
precisionn based upon counting statistics 1 /square root of n expressed as a percent. 
Relativee error is equal to the measured value minus the true value divided by the true 
value.. This chapter is not meant to be a statistical study of error analyses. However, it 
iss important to be aware that the values generated from XRF compositional analyses 
aree not exact but have an error associated with them which is a combination of the 
systematicc and nonsystematic error in the analyses. 

1.5.1.5. XRF Analyses at the National Gallery of Art 

AA review ofthe literature published in the last 10 years on the various applications of 
XRFF in the museum field reveals it is widely used to identify and characterize a 
varietyy of art and archeological objects. To emphasize the importance of this topic the 
millenniumm issue of X-Ray Spectrometry was entirely devoted to XRF in art and 
archeologyy [16 ]. Jenkins, Gould and Gedcke published in Applied Spectroscopy 
ReviewsReviews a review of XRF techniques, both general and specific, including the analysis 
off  metals, ores, ceramics, archaeological objects, forensics and environmental samples 
[17].. Moens, Bohlen and Vandenabeele wrote a chapter in Modern Analytical 
MethodsMethods in Art and Archaeology on XRF. They provide a comprehensive review of 
thee literature on the relative importance of XRF in the field of art and archeology for 
thee period between 1995-1998. They determined the majority ofthe analyses were 
performedd on metal objects followed by, in decreasing importance, ceramics, stone, 
ivory/bone,, paintings, varnish, paper and ink [18 ]. 
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Glass/enamelss 1 % 

Figur ee 10 Pie Churl showing percentages of art objects analyzed using XRF at the 
NationalNational Gallery of Art from 1993-2003 

Thee author has performed thousands of XRF analyses on a wide variety of art 
objectss over the past fifteen years at the National Gallery of Art, Washington, D.C. 
Figuree 10 illustrates the different applications and the relative importance of XRF 
analysess on the various groupings of approximately 2000 art objects examined during 
thee period 1993 to 2003. The bulk of the XRF analyses are on metal objects: bronzes, 
portraitt medals and plaquettes, since XRF is particularly well suited for their analysis. 
Thee remaining 1/3 of the XRF analyses are, in descending order, photographs, 
paintings,, ceramics, paper, glass, enamels and textiles. The XRF techniques used for 
eachh of the various art applications is discussed in the following sections of this 
chapter.. The scope of this technique is demonstrated by discussing specific examples 
fromm each of the above mentioned groupings of art objects in the National Gallery of 
Art'ss collections. 

1.5.1.1.5.1. Analyses of Paintings 

Analyzingg paintings with XRF. although challenging, is an invaluable way to 
investigatee an artist's palette. XRF analyses can. without the removal of a sample, 
quicklyy provide a survey of elements present in the painting, and thus the analyst may 
inferr which pigments are present. Most paintings have a complex layer structure and 
onee of the difficulties in applying XRF to understanding the artist's palette is that the 
x-rayss pass through the numerous layers of paint and no information is obtained about 
distributionss of elements across the layers. In other words, characteristic x-rays from 
elementss in pigments occurring in under layers, down to. and the majority of times 
evenn including the ground layer, wil l be present in the spectrum. XRF is not a 
pinpointt method of analysis and one needs to be aware of areas of adjacent paint that 
mayy inadvertently contribute to the spectrum. Deciphering the resultant spectrum can 
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bee difficult , but not impossible. If one uses this information in combination with a 
thoroughh visual examination of the painting (including the use of a stereomicroscope). 
onee can acquire a sense for what pigments may or may not be present in the work of 
art.. Al l of the following XRF spectra were obtained using a Kevex model Ü750A 
spectrometerr equipped with 6mm collimators and either a molybdenum or barium 
chloridee secondary target. 
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Figuree 11 XRF spectrum of the discolored mozzetta of Bernardo Strozzi "Bishop 
A/viseA/vise Grimani" 1961.9.41. A molybenum secondary target was used. 

Thee mozzetta and gown in Bernardo Strozzi"s portrait of Bishop Alvise 
Grimani.. as seen in Plate I, is a muddy greenish color. The painting was 
microscopicallyy examined and found to contain blue particles suggesting the pigment 
mightt be smalt, a coarsely ground potassium glass pigment containing cobalt as the 
colorant.. It has been documented that small in an oil-medium can discolor [19].The 
XRFF spectrum (Figure 11) shows that the discolored areas contain significant amounts 
off  cobalt, lead and iron, with small amounts of mercury, nickel, arsenic, potassium 
andd calcium also detected [20]. The presence of cobalt, along with iron, nickel, and 
arsenic,, known impurities in smalt, (while potassium and calcium are components of 
glass)) supports the premise that smalt was indeed used in both the muddy green 
mozzettaa and gown. The presence of mercury almost certainly indicates that the red 
pigmentt vermilion (mercuric sulfide) was used as well. Therefore, the assumption that 
thee muddy green mozzetta and gown contained discolored smalt was confirmed with 
XRF. . 

Anotherr complication to consider when analyzing paintings is that multiple 
pigmentss may have the same elemental composition. For example, distinguishing 
amongg various iron earth pigments, is virtually impossible with XRF since this 
techniquee provides elemental information only and does not show what compounds 
aree present. XRF analyses [21] of Gentileschi's The Lute Plaver, illustrated in Plate II, 
providee an example of how this can lead to a misinterpretation of the spectra. The 
conservatorr was interested in knowing the composition of the pigment in the yellow 
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dress.. Lead, tin and antimony were detected along with mercury, calcium and iron 
(Figuree 12). The XRF data suggested that the yellow pigment may be a combination 
off  lead-tin yellow and naples yellow (lead antimoniate). 

Spedfum:: r.FNUL RsngcMO keV 

Figuree 12 XRF spectrum of the PR hand of Orazio Gentile.schi "The Lute 
PlayerPlayer " 1962.8.1. A barium chloride secondary target was used. 

Theree are two types of lead-tin yellow, the more familiar Pb;Sn04. known as 
typee I, and the less common type II that can approximately be represented by the 
formulaa PbSnO;, or. if silica is present in the matrix, by Pb(Sn,Si)03 [22]. The formula 
generallyy accepted for naples yellow is Pb;,(Sb0.i)2 [23]. Although this is a 
reasonablee suggestion, the existence of the pigment lead-tin-antimony yellow 
(PbiSnSbOe.s)) was not known to the analyst at the time. This previously 
undocumentedd pigment has now been identified using XRD and SEM-EDS [24]. XRF 
dataa cannot be used to distinguish between these possibilities and it was only by using 
otherr techniques, that this pigment was rediscovered. 

Somee pigments have a very high tinting strength and are present in small 
proportionss making identification difficult . Prussian blue is a case in point. Prussian 
bluee is a hydrated iron hexacyanoferrate complex. The two traditional formulas for 
Prussiann blue are KFe[Fe(CN)()] and FcjfFefCN)*].}. Prussian blue owes its intense 
bluee color to an electronic transition from a low-spin Fe ion located in a carbon-
coordinationn center to a high-spin Fe" ion in a nitrogen-coordination center. This 
electronicc transition, known as an intervalence transfer band, occurs when visible light 
iss absorbed at 680 nm. This absorption causes Prussian blue to have an intense blue 
colorr and an extremely high tinting strength particularly when compared to other low 
refractivee index pigments. Berrie quotes 1 hirst in her article on Prussian blue, who in 
19022 stated that "one half an ounce wil l tint 20 pounds of lead white a perceptible 
blue""  [25]. This means that Prussian blue may be present in very small quantities 
makingg it difficult to detect iron, the only element in Prussian blue that is detectable 
usingg air-path XRF. In instances where it is difficult to make a judgment as to whether 
aa small iron peak present in the spectrum is due to an iron-containing compound such 
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ass Prussian blue, it is useful to increase the acquisition time to as long as 750 seconds 
livee accumulation time. It is always useful to corroborate the presence of a high 
tintingg strength pigment such as Prussian blue with another method e.g. infrared 
refleelographyy [26]. 
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Figuree 13 XRFspectrum of the blue underdrawing ofPissaro "Boulevard des 
ItaliansItalians " 1963.10.198. A molybdenum secondary target was used showing the 
absenceabsence of an iron peak. 

Thiss difficulty is exemplified by the XRF analyses of the dark blue 
underdrawingg extensively used in Camille Pissarro's Boulevard des Italiens ,1897 
[27]]  (see Plate III) . The underdrawing was thought to be Prussian blue from visual 
examination.. Prussian blue is known to be visible (strongly absorbing) using infrared 
reflectographyy (IRR). Prussian blue has an extremely high spectral absorbance in the 
infraredd region between 700-900 run and wil l appear dark in IRR. However, this 
underdrawingg was transparent using IRR causing the conservator to question the 
presencee of Prussian blue. The underdrawing was investigated using XRF. The XRF 
spectrumm (Figure 13) shows major amounts of lead and minor amounts of mercury. 
Thee absence of iron in the spectrum, even after increasing the acquisition time, 
combinedd with the evidence that the underdrawing was transparent using IRR, made it 
highlyy unlikely that Prussian blue was used in the underdrawing. The underdrawing 
mayy have been done in ultramarine blue which is transparent in IRR and whose 
elementss have characteristic x-rays too low in energy to be detected using air-path 
XRF.. Even though XRF could not be used to determine the composition of the blue 
underdrawing,, it assisted in eliminating the possibility of the presence of Prussian 
blue. . 

Onee should always keep in mind the time and place in which the artist worked 
whenn doing an analysis. Research into and knowledge about the history of use of 
materialss is invaluable. This can allow one to ascertain whether pigments found in a 
workk of art are anachronous or atypical on the artist's palette. There is a %" addition 
att the top of the canvas Salisbury Cathedral by John Constable painted in 1820 
(Figuree 14). The conservator suggested that the addition may not be Constable's work 
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becausee ofthe difference in painting technique and solubility of the paint.. There was 
aa possibility that the addition may have been applied by his assistant, John Dunthorne. 
whoo died in 1832. XRF analyses [28] were performed in several areas ofthe sky. both 
inn the main area of canvas and the addition, to look for the use of pigments that were 
dissimilarr but not necessarilv anachronous. 

Figuree 14 John Constable "Salisbury Cathedral from Lower Marsh Close" 
1937.1.108 1937.1.108 

Thee white sky in the original or main area of canvas contained major amounts 
off  lead and traces of iron. The white sky in the addition also contained major amounts 
off  lead and traces of iron, but minor amounts of zinc were also detected as seen in the 
XRFF spectra in Figure 15a & b. Visual examination ofthe painting revealed the main 
partt ofthe canvas was primed with a red ground, which is most likely red iron oxide 
(corroboratedd by the presence of iron in all ofthe spectra). Zinc, present in the paint 
onn the addition, was not detected in the original areas examined. The white sky in the 
originall  areas examined appears to be composed of lead white, while the white sky in 
thee addition appears to be a mixture of lead white and zinc white. The analysis for 
pigmentss and their correlation with the proposed date of execution becomes a search 
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Figuree 15b XRF spectrum of addition of John Constable "Salisbury Cathedral 
fromfrom Lower Marsh Close " 1937.1.108 

forr pigments that should not or could not have been used during the time period in 
question.. Since zinc white was not used extensively for oil painting prior to the 
middlee of the nineteenth century (circa 1845) [29], it seems unlikely that Dunthome 
paintedd the addition. 

Anotherr case where knowledge of the history and chemistry of a pigment is 
importantt in interpreting the results of XRF is that of the analysis of an area of dark 
brownn paint suspected of containing a discolored yellow pigment in Claude Monet's 
Rouenn Cathedral, West Facade. Sunlight [30] (illustrated in Plate IV). The XRF 
spectrumm of the area suspected of discoloration show the presence of significant 
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Speeltuin:: 6310173 Range.411 kcV 

.. , f9ui tminii, -mm a umi r*  ïm 

Figuree 16 XRF spectrum, of discolored yellow paint in Claude Monet's "Rouen 
Cathedral,Cathedral, West Faseade. Sunlight" 1963.10.179. A barium chloride secondary 
targettarget was used. 

amountss of lead and cadmium (Figure 16). This suggests the use of cadmium yellow 
[CdS]]  possibly mixed with lead white [2PbC03 Pb(OH)2]

2. Instability of nineteenth 
centuryy formulations of cadmium yellow can cause darkening. This darkening was 
causedd by uncombined sulfur in early formulations of cadmium yellow, which reacts 
withh admixed pigments containing iron, copper, lead, chrome or arsenic to form black 
sulfidess [31]. The absence of chromium, barium, zinc, selenium, mercury and iron in 
thee spectra make it highly unlikely that chrome yellow [PbCrOj], zinc containing light 
cadmiumm yellows [CdS(Cd,Zn)S], cadmium sulfoselenide deep oranges and reds 
[Cd(S,Se)],, the lithopone varieties, or the cadmium/mercury oranges and reds 
[(Cd,Hg)S]]  were used in this paint. The discoloration is most likely due to the 
formationn of lead sulfide. Darkening of lead white is a slow process that occurs over 
limee in the presence of sulfide ions. XRF analysis indicates that the dark brown area 
inn Claude Monet's Rouen Cathedral. West Facade, Sunlight is not due to the use of a 
brownn paint but is most likely due to lead sulfide, formed in the cadmium yellow / 
leadd white mixture. 

Itt has been suggested that the two paintings by Thomas Eakins' Study for: 
Negroo Boy Dancing - The Banjo Player and Study for: Negro Boy Dancing - The 
Boyy (Plates V and VI) were at one time part of one, larger painting. XRF was used to 
helpp determine the history of the paintings. XRF analyses [32] were performed to 
determinee if the paint on the right hand edge of the Banjo Player is similar in 
compositionn to that on the left hand edge of the Boy Dancing. The spectra from each 
paintingg were qualitatively identical, each containing major amounts of lead and 
minor r 
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Spectrum:: 85641S Roiujt:40 keV 

Figuree 17a XRF .spectrum of upper left edge of Thomas Eakins "Study for 
NegroNegro Boy Dancing: the Boy" 1985.64.15. A Bad: secondary target was used. 

Spectrum:: 85(41 G Ranijr:4H IcV 

Figuree 17b XRF spectrum, of upper right edge of Thomas Eakins "Study for Negro 
BoyBoy Dancing: the Banjo Player" 1985.64.16. A BaCh secondary target was used. 

amountss of calcium, iron and zinc suggesting an analogous palette of lead white, zinc 
white,, whiting or gypsum, and iron earth pigments (Figure 17a & b). The XRF results 
lendd additional support, but do not confirm, the theory that these two paintings were at 
onee time part of the same painting. There was no attempt to reunite the two paintings 
sincee there was no concrete evidence that the paintings were once unified and the 
artist'ss original intent is unknown. One cannot rule out the likelihood that Eakins 
himselff  split the painting into two separate figures possibly because he was 
dissatisfiedd with the relative scale of the two images. The best determination one can 
makee at this time is that due to the similarities in the paint between the two paintings 
theree is a strong probability they were once part of the same image. 
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1,5,2,1,5,2, A nalyses of Works on Paper 

Att the NGA XRF has been applied to the identification of pigments in watercolors, 
metall  in metal points, and attempts have been made to use the technique to identify 
inkss in drawings. XRF was never intended to be used on substrates so thin that the x-
rayss pass through the support, as is the case for works of art on paper. Yet, when faced 
withh the unique set of challenges works of art on paper presented, it was soon 
discoveredd that, with a few adaptations, at least some questions could be answered 
withh XRF. One might expect the relatively uncomplicated, often single pigment layer 
onn paper to offer an easy case for characterization by XRF. However, it is the very 
thinn nature of the medium, which has been applied to a low density substrate, that 
makess analyses difficult. The low density of the paper causes a large amount of 
inelasticc scatter, and the relatively small amounts of material available for analysis 
requiree longer acquisition times to achieve significant counts. A typical run time for a 
watercolorr might be 750 seconds live accumulation time. Collecting for a longer time 
causess the background noise to become a smooth continuum as the elemental signals 
accumulate.. Evaluating the signal to noise ratio becomes crucial when trying to 
determinee if a peak is significant. As previously stated, a minimum signal to noise 
ratioo of 3:1 should be used. 

Sincee the x-rays pass through the paper and reach the underlying support, 
elementss present in the paper as well as those in the mounting board need to be 
eliminatedd to be able to determine the contribution from pigments. A protocol should 
bee used in which a spectrum from the pigmented region of the print is obtained and 
fromm which a spectrum obtained from the background region (paper plus additional 
support)) is subtracted. This composite spectrum will ideally contain information 
pertainingg only to those elements making up the pigment. Care needs to be taken to 
preventt unintentional excitation of material found behind the work of art. One analyst 
consistentlyy found copper and zinc in the spectra of works on paper and with further 
investigationn determined that the x-rays were passing through the paper and reached 
thee brass track on the easel. Some paper may be tinted and this must be taken into 
accountt as well. 

Whenn analyzing works on paper the choice of a suitable secondary target to 
preferentiallyy excite the elements of interest is cruciall  due to the low signal to noise 
ratio.. Molybdenum or germanium secondary targets are good selections to excite 
electronn transitions at low energies. These targets enable the detection of lighter 
elementss with decent signal to noise ratio, which if other secondary targets are chosen 
mayy not produce a large enough signal. The molybdenum secondary target provides 
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Figuree 18a XRF spectrum of a blue area of Tavarone "A Ceiling Decoration" 
2000.24.1.2000.24.1. A BaCh secondary target was used. 
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Figur ee 18b XRF spectrum of a white area of Tavarone "A Ceiling Decoration" 
2000.24.1.2000.24.1. A BaCl: secondary target was used. 

ann observable energy window in an air-path instrument of 3-18 keV. This means that 
anyy electron transition occurring with an energy above 18keV wil l not be excited. 
However,, this restriction does not severely limit the number of detectable elements, 
sincee many of the heavier elements have L transition lines that occur below 18keV 
whichh can be used to identify them. Some examples are gold, mercury and lead, which 
emitt L alpha radiation at 9.7keV, 9.9keV and 10.5keV respectively. The germanium 
secondaryy target emits radiation of approximately lOkeV and is useful for detecting 
lighterr elements, in particular Mn. Fe, Co. Ni. Cu, and Zn. 

XRFF can be used to help identify pigments in watercolors or prints. A c. 1600 
Tavaronee print. "A Ceiling Decoration," was analyzed with XRF [33] to determine if 
aa blue wash and white highlight over certain areas were a more recent addition. Again, 
noo samples were to be taken. Figure 18a shows the composite spectrum of a blue area 
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suspectedd of being blue overpaint. which contained a significant amount of iron 
suggestingg the use of Prussian blue. The white highlight, suspected of being while 
overpaint,, contained a significant amount of zinc suggesting the use of zinc white (see 
figuree 18b). Prussian blue was first used in the 18th century, while zinc white was first 
usedd in the 19th century. The presence of these pigments suggests that the washes and 
highlightss are later additions to the print, which had been produced much earlier. 

XRFF can also be used to characterize inks in drawings or prints and determine 
whetherr a mctalpoint was used. Analysis is particularly important in the case of iron 
galll  ink, which is known to cause deterioration of a paper support [34]. Determining 
thee presence of this ink may alert the conservator to take measures to slow down the 
degradationn process. 

Figuree 19 Hans Holbein, the Elder. "Portrait of a Woman "1991.1H2.18 

AA drawing by Hans Holbein, the Elder, "Portrait of a Woman," illustrated in 
figuree 19, was thought to be a silverpoint with black chalk heightened with white on 
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preparedd paper. The XRF spectrum [35] of an area of drawing shows (see Figure 20) 
thee presence of calcium, lead and silver. The lead and calcium are most likely from 
leadd white highlights and chalk prepared paper, respectively. The silver is almost 
certainlyy due to the presence of a silver metalpoint underdrawing. 

Spectrum:: HOLBEIN Raiii|c:4l) keV 

Figur ee 20 XRF spectrum of metalpoint underdrawing of Hans Holbein, the Elder. 
"Portrait"Portrait  of a Woman " 1991.182.18a. A BaCh secondary target was used. 

Thee investigation of areas of discoloration in a work of art is one of the 
primaryy uses for XRF in the museum field. A conservator may note regions of 
discolorationn in a print or drawing. XRF can be the first step toward determining the 
causee of the deterioration and help in the development of a treatment plan. 
Identificationn of metal elements, such as iron or copper, inside these spots, might 
assistt the conservator in designing an appropriate method for their removal. XRF 
analysess were performed on a Naeke drawing Head of a Young Man to identify the 
causee of disfiguring foxing stains, which did not respond to washing or light 
bleaching.. As is often the case with works on paper, sampling was not permitted. 
Severall  areas in the drawing were examined from using XRF [36]. The paper plus 
supportt contained iron, copper and arsenic. Iron and copper are common impurities in 
paper,, which are incorporated during manufacture. The occurrence of arsenic in paper 
iss less common and may be present here either as an impurity or due to a previous 
fungicidall  treatment. The composite spectra of several areas of discoloration 
containedd significantly greater amounts of copper than the undeteriorated paper 
suggestingg that the foxing is associated with the presence of copper and not of iron. 
Figuree 21 is the composite spectrum of an area of foxing, showing a higher amount of 
copperr than in the paper. An appropriate treatment could now be determined for the 
discoloredd areas. 

Theree are certain limitations to XRF as an analytical technique, and this is 
particularlyy true when it is used for analysis of works on paper, where light elements 
suchh as carbon, are prevalent. Nonetheless, the benefits of using XRF to investigate 
workss on paper are considerable. What cannot be derived from XRF. can sometimes 
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Figuree 21 XR F spectrum of spot on neck of Naeke "Head of a Young Man." 
1999.21.2.1999.21.2. A molybdenum secondary target was used. 

bee provided by visual examination. This is particularly true when sampling would be 
requiredd to determine the presence of lake pigments or paint mixtures; frequently 
microscopicc observation can answer these questions for materials used on paper. 

1.5.3.1.5.3. A nalyses of Photographic Prints 

XRFF analyses of photographs on paper present many of the same difficulties that are 
encounteredd in analyses of works on paper. However, the complex nature of 
photographss present unique analytical challenges of its own. When attempting to 
identifyy the specific photographic process used to create a print it is frequently 
possiblee to do so by visual examination. An experienced observer can distinguish 
betweenn an albumen print and a gelatin print and can further differentiate between a 
printed-outt versus a developed-out gelatin print, both of which have images 
comprisedd of metallic silver within a gelatin binder. The printed-out process does not 
usee a developing agent to reduce the activated silver chloride particles to metallic-
silver.. The metallic silver image is formed directly by exposing silver chloride to 
light.. The silver chloride is reduced to silver metal and chlorine molecules. The 
chlorinee needs to be removed from the print by a chemical absorber, as otherwise the 
printing-outt process wil l stop due to a reverse reaction of chlorine with silver, 
reformingg silver chloride. In salted paper prints, the chlorine absorber is aqueous 
silverr nitrate. In albumen prints, the albumen itself acts as the chlorine absorber. 
Printing-outt a photographic image on silver chloride paper is a slow process with long 
exposuree times and the images formed are due to the formation of very small silver 
particles.. The size and shape of the silver particles formed influence the hue of the 
image.. In general, the small spherical particles (-0.02 microns) of printed-out prints 
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resultt in a warm hue, while the larger filamentary silver particles (-0.5 microns) of 
developed-outt prints result in a more neutral hue [37]. An experienced eye will often 
providee the means to identify the basic process used to make these types of prints 
basedd on color. The process for some photographs, however, is difficult or impossible 
too identify visually. Single-layer photographs in which the final image exists in the 
upperr surface of the paper support, such as platinum and palladium prints and sailed 
paperr prints, can be particularly difficult to identify by eye. These and other 
photographss that have an ambiguous appearance require more than visual examination 
too determine the components that make up the final image. For more than 150 years 
photographerss have experimented with various processes, resulting in a numerous 
assortmentt of photographic image appearances [38]. Table 2 illustrates some of these 
processess as well as the associated elements that may be detected with XRF. It is this 
enormouss variety of processes and final appearances that have led even experienced 
curatorss and conservators of photographs to look to XRF for objective information on 
thee printing processes chosen by a photographer. 

Tablee 2 
Selectedd Photographic Print Processes 

Photographic c 
Process s 

Saltedd Paper 
Print t 

Calotype e 
Cyanotype e 

Albumen n 

Collodion n 
Plalinotype e 
(ielatt in 
Printed-Out t 
Print t 

Satista a 

Palladiotype e 
Resinn Coated 
Silverr Print 

Date e 
Invented d 

1834 4 

1840 0 
1842 2 

1850 0 

1865 5 
1873 3 
1874 4 

1913 3 

1916 6 
Mid d 
1900s s 

Final l 
Image e 
Materia l l 
Silver r 

Silver r 
Prussian n 
Blue e 
Silver r 

Silver r 
Platinum m 
Silver r 

Silverr + 
Platinum m 
Pd d 

Ag g 

Binder r 

None e 

None e 
None e 

Albumen n 

Collodion n 
None e 
Gelatin n 

None e 

None e 

Gelatin n 

Support/ / 
Subbing g 

Paper. . 
Cotton n 
Fiber r 
Paper r 
Paper r 

Paper, , 
Cotton n 
Fiber r 
Paper r 
Paper r 
Baryta a 
Coated, , 
Paper r 

Paper r 

Paper r 
Paper, , 
Polycthyi i 
ene e 

Elementss Detected w/XRF 
Image e 

Ag g 

Ay y 
Fe e 

Ag g 

Ag g 
Pt t 
Ag g 

Pl+Ag g 

Pd d 
Ag g 

Toner r 

Au u 
Pt t 
(rare) ) 

None e 

Au u 

Pt,, Au 
Hg g 
S*,Se, , 
U,Au. . 
Ni.Pb. . 
Co.V, , 
Fe e 
None e 

Hg g 
Se.. S* 

Support/ / 
Subbing g 
Ca,, Fe 

Ca.. Fe 
Ca.Fe e 

Ca,, Fe 

Ba,, S* 
Ca,Fe e 
Ba.S'.Ca, , 
Ke e 

Ca,, Fe 

Ca.. Fe 
Ti i 

 Low atomic number may not be detected w/air path XRF 
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Itt is important to note that while XRF can reveal what elements are present in a 
photograph,, XRF does not necessarily explain how a print was made. This is 
particularlyy true when analyzing prints that were made using multiple photographic 
processes.. There are many ways to make a photograph with these final image 
materials.. To understand the photograph in question it is useful to be familiar with the 
processess by which photographs are made, the approximate dates of popular use, the 
workingg methods of the photographer, and availability of photographic materials. 

Itt is essential to maximize the sensitivity of the instrument to any relevant 
elementt that might be present in the work when using XRF to analyze photographs. 
Too determine the optimum acquisition conditions, facsimile photographs were 
producedd at the National Gallery of Art by the photograph conservator, Constance 
McCabee (Plate VII) . These facsimiles of known composition were analyzed with XRF 
andd used as controls. It was determined that the elements that made up the image in 
thee known samples could indeed be detected by XRF. A protocol for acquisition of 
XRFF data to determine the elements used for producing a particular photograph was 
developed,, using the facsimiles produced by known chemical processes as analytical 
standards,, to minimize the background noise and enhance the spectral lines of specific 
elementss relevant to the photographic materials in question. This protocol required 
obtainingg spectra using two secondary targets to optimally excite the possible 
elementss that may have been deposited by the sensitizers, developers, and toners used 
inn the photographic process. A Bad: secondary target was used to differentiate the 
primaryy metallic elements of the final imaging material that is silver, platinum, or 
palladium.. A molybdenum secondary target, which improves the detection of 
platinumm and other relevant metallic elements, was used to detect the presence of any 
elementss that might be attributed to the use of special developers or toners (mercury, 
gold,, lead, or uranium). This protocol is addressed in greater detail in chapter 2. 

Too interpret the XRF spectrum of a photograph and determine the image 
material,, the elements present in the paper support, as well as those in the mounting 
boardd must be subtracted from the spectrum so that analysis can be based on the 
contributionn from the image components alone. A spectrum from a dark region 
(maximumm image density) of the photograph and one from a light region (minimum 
imagee density) are acquired. A spectrum from the mounting board for the photograph 
shouldd also be obtained. Once the elemental contributions of the photograph's light 
regionn and its mount are subtracted from the spectrum of its dark region, the resulting 
spectrumm should characterize those elements used for the image material of the 
printingg process. Most 20th"century gelatin silver prints were made using baryta 
paper,, a woven paper coated with barium sulfate in gelatin. Barium would be detected 
inn both the light and dark regions of the print. However, while silver would be 
detectedd in the dark areas, none should be present in a non-image area of a 
photograph.. To complicate the analysis, if a silver photograph was fixed in exhausted d 
fixer,fixer, some silver may be present in the low-density areas. The process of examination 
off  photographs is similar to the procedure stated previously for XRF analyses of 
workss on paper, yet for photographs the spectra are obtained twice: once with the 
BaCl:: target and once with the Mo target, in every instance. 
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Figuree 22a XRF spectrum of dark area of Maxime du Camp 's "Thebes: Karnak, 
PortiquePortique de Temple de Khons, 1850 " 1995.36.79. A BaCh secondary large! was used. 

Spectrum.. NI4IIU Hangc:2ll kcV 
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Figuree 22b XRF spectrum of dark area of Maxime du Camp 's "Thebes: Karnak, 
PortiquePortique de Temple de Khons. 1850" 1995.36.79. A molybdenum secondary target 
waswas used revealing the gold transition lines. 

Spectrum:: KUHNSTItGLirz Rangc:40 tcV 

Figuree 23 XRF spectrum of dark area ofHeinrich Kuhn 's "Alfred Stieglitz. 1907' 
1999.76.1.1999.76.1. A molybdenum secondary target was used. 
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Numerouss photographs in the National Gallery of Art's collections were 
selectedd for examination by XRF. Some were chosen because of their unusual 
appearancee and others because of skepticism expressed regarding earlier records of 
processs identification, often from unknown sources. Maxime du Camp's 'Thebes: 
Karnak.. Portique de Temple de Khons, 1850" is a salted paper print with an unusually 
neutrall  hue. The du Camp print is inscribed, "printed by Blanquart-Evrard". The 
neutrall  hue is likely due to its unconventional processing by Blanquart-Evrard. Salted 
paperr prints were typically made by printing out the image, which resulted in a tiny 
sphericall  silver image particle and a characteristic warm image hue. 

Spectrum:: D2850 
'juni;,, /U'.'L.y, Lineai Yii 

fikh^s. fikh^s. _^£_ _ 
AA Rhrube J 

r ^ S S 

Figuree 24a XRF spectrum of a dark area of Alfred Stieglitz, "Kitty", c. 1906. A 
platinumplatinum print, processed with a mercury developer. A barium chloride secondary 
targettarget was used. 

Spectrum:: D285D Range:2Q knV 
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Figuree 24b XRF spectrum of same processed with a mercury developer. A 
molybdenummolybdenum secondary target was used revealing the mercury transition lines. 
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Byy partially developing it, a larger filamentary silver particle was formed that appears 
neutrall  in hue. Blanquart-Evrard was known to process his prints in this unusual 
manner.. In addition, the early date of this print would make the use of platinum 
processingg impossible. Figures 22 a & b show the XRF spectra of the dark area which 
revealss the du Camp photograph to be a silver print with gold toning. This example 

Spcciium:: DUIIID Range:40 keV 
luiaKvunia-ftHfllli,, Linen YS7IH») 
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// \ A Aw.w, . 

T i i ' ' 

Figur ee 25a XRF spectrum of a chirk area of Alfred Stieglitz, "Georgia O 'Keeffe: A 
PortraitPortrait - Feet". 19IS. A palladium print, processed with a mercury developer. A 
bariumbarium chloride secondary target was used. 
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Figur ee 25b XRF spectrum of same .using a molybdenum secondary target revealing 
thethe mercury transition lines. 
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illustratess that it is important to augment the knowledge gained by analysis with an 
understandingg of how photographs are made. Figure 23 shows the XRF spectrum of 
thee dark areaofHeinrich Kuhn portrait of "Alfred Stieglitz, 1M07", which reveals the 
photographh to be a platinum print with mercury, which was probably incorporated in 
thee developer. The yellow-orange highlights in the print (Plate VIII ) have been 
attributedd to a shellac coating that cannot be identified using XRF. A c. 1906 portrait 
off  Alfred Stieglitz' daughter, Kitty, had been identified by an unknown source as a 
palladiumm print (Plate IX). This attribution of the photographic process was 
questionedd for various reasons, including the date of the print and its unusually neutral 
huee image. Figures 24a & b show the XRF spectra, which reveal that the image 
consistedd of platinum and mercury; no palladium was detected. These results strongly 
suggestss that this platinum print was processed with a mercury-incorporated 
developer,, which Stieglitz is known to have commonly used. 

Thee XRF spectra obtained on Georpia O'Keeffe: A Portrait - Feet (see Figures 
25aa & b and Plate X) show the presence of palladium and mercury. The presence of 
mercuryy indicates that this palladium print was probably processed with a mercury 
developer.. It is often possible through visual examination to distinguish Stieglitz' 
platinumm prints from his palladium prints, however, it is impossible to ascertain 
whetherr mercury was used without the aid of XRF analysis. A more detailed study of 
Alfredd Stieglitz' platinum and palladium prints is discussed in Chapter 2. 
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Figuree 26 Milanese 16'' century "Bacchus an J Faun " 1937.1.133 

1.5.4.1.5.4. A nalyses of Sculpture and Decorative A rts 

XRFF is particularly suitable for the analysis of metal objects. In the case of bronzes 
thee high density o\' the substrate obviates the problems involved in analysis of 
paintingss or works on paper or parchment. For copper alloys, x-rays penetrate to a 
depthh of 20-30 microns. This shallow penetration can cause its own set of problems 
since,, as previously stated under the quantitative analysis section, factors including 
inhomogeneityy of the surface, surface enrichment or depletion, corrosion and 
patinations.. give results that are not representative of the alloy of the bulk metal. 
Keepingg this in mind, a wealth of information can be deduced from XRF analyses of 
metall  objects. Chapters 3. 4 and 5 describe research on Renaissance bronzes using 
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XRFF analyses in detail. Therefore, only a few examples are given here. 

XRFF is used to expose compositional anomalies within the same work of art, 
ass seen in the case of "Bacchus and a Faun" by an unknown Italian sculptor of the 16l 

centuryy (Figure 26). At one time the genitals of Bacchus were modestly hidden behind 
figfig  leaves. National Gallery of Art curators believed the fig leaves to be more in 
keepingg with Victorian sensibilities than Renaissance decorum. XRF analyses of the 
statuee and the fig leaves were performed using the Kevex 0750A spectrometer, which 
wass equipped with 6mm collimators and a BaCh secondary target; 60 kV anode 
voltagee and 0.4 mA anode current were used. Live accumulation time was 200 
seconds.. XRF of both Bacchus and the faun revealed that they are cast from a 
traditionall  bronze composed primarily of copper and tin. Table 3 shows the results of 
thee XRF analyses. The fig leaves were found to be brass - an alloy of copper and zinc. 
Althoughh the evidence of vastly differing alloys and impurities was not conclusive 
enoughh to condemn the authenticity of the fig leaves entirely, the findings lent 
credencee to the curator's hypothesis, based on knowledge of the artist's style, that 
theyy were later additions. Subsequently, the fig leaves were removed [39]. 

Tablee 3 
XRFF Analyses by Weight % of Surface Alloy Composition 

off  Bacchus and Faun 

Bacchus s 
Smal! ! 
Leaf f 
Large e 
Leaf f 

Cu u 
«6 6 
88 8 

86 6 

Sn n 
11 1 
tr r 

tr r 

Zn n 
tr r 
11 1 

13 3 

Pb b 
1 1 

0.5 5 

0.5 5 

Fe e 
tr r 

0.1 1 

0.2 2 

Ni i 
tr r 
tr r 

tr r 

Ag g 
tr r 
tr r 

tr r 

Sb b 
tr r 
ir r 

tr r 

As s 
bdl l 
bdl l 

bdl l 

Onee might assume that air-path XRF analyses of glass, enamels, and ceramics 
aree out of the question since the greater part of their composition comes from low 
atomicc number elements that are not detectable by air-path instruments. However, this 
techniquee can be used to investigate many of the colorants and sometimes, in the case 
off  glasses, network modifiers used. For example, four French Medieval stained glass 
panels,, on long-term loan from the National Museum of American Art, ("Vita 
Contemplativa""  12th century French, "Angel Holding the Cross with a Crown of 
Thorns",, early 14th century French, "Heraldic", 13Lh century French and "A Bishop 
Blessing""  13 century French) were examined with XRF to characterize the glass and 
colorantss [40]. These panels were being considered for installation in the National 
Galleryy of Art's Medieval Gallery and this information was to be used to aid in the 
determinationn of appropriate display cases. 
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Thee elemental composition of medieval stained glass is extremely complex 
duee to the variety of batch materials used and the presence of impurities. Ingredients 
off  the glass consisted of network formers (sand or crushed quartz rock used as a 
sourcee of silica), mono-valent network modifiers (generally potash, present in 
beechwoodd ash. and used as an alkali flux to lower the melting point) and bi-valent 
networkk modifiers (calcium added unintentionally is also present in beechwood ash). 
Thee presence of manganese and iron oxides, introduced into the glass from the 
beechwoodd ash. produced a variety of colors obtained by changing the furnace 
atmospheree (from bright blue when the atmosphere was fully reducing through green 
andd amber to brownish purple when the atmosphere was fully oxidizing). Cobalt and 
copperr could also be added to create blues and greens. The opacifier in Medieval glass 
tendedd to be tin oxide, however, antimonial oxide (generally used in Roman glass) is 
sometimess used possibly from the introduction of Roman glass into the melt. The 
presencee of antimony, as well as manganese, in the glass had the additional benefit of 
aa decolorizer reducing the undesirable color created by the occurance of iron 
impuritiess in the glass. Lead was introduced to the glass to aid with the melting by 
decreasingg the melting point, increasing the fluidity and controlling the expansion 
coefficient.. Lead could also be used as a colorant and add opacity to the glass [41]. 

Thee "Vita Contemplativa" stained glass panel depicts a robed female figure 
holdingg a banner inscribed with the words "CONTEMPLATIVA VITA" . Blue is the 
predominantt color of the glass panes, however, small areas of green, yellow, and red 
glasss are used around the border. Details of the design such as the robe and face are 
paintedd on the glass with an opaque red-brownish paint applied to the obverse. The 
"Angeii  Holding the Cross with a Crown of Thorns" roundel depicts an angel holding 
thee crown of thorns in her proper right hand and a cross in her proper left hand. The 
glasss panes have a variety of colors including green, yellow, blue and red. Details 
usedd for the drapery folds and facial features are again achieved by the application of 
aa red-brownish paint to the obverse of the glass. The "Heraldic" Panel is a quatrefoil 
shapedd stained glass panel and depicts a heraldic shield of an eagle, A variety of 
colorss are used in the glass panes ranging from green, yellow, blue and red. Most of 
thee red glass is "flashed" where a thin layer of colored glass is adhered to a backing of 
clearr glass. Details of the design (i.e. bird torso and wings) are painted on the glass 
withh an opaque red-brownish paint applied to the obverse. "A Bishop Blessing" 
depictss a seated bishop holding a crozier in his proper left hand while his proper right 
handd is raised in blessing. The bishop's robe is blue, with a yellow collar and plaquet, 
hiss underdress is green. The bishop is seated on a brown chair and the background is 
red.. while the outer border is of a greenish clear glass. 

Tablee 4 gives the results of the XRF analyses for these four stained glass 
panels.. Potassium, calcium, manganese, iron, copper, strontium and lead occurred in 
alll  the glass panes examined. These elements are constituents of the glass including 
commonn impurities. Other common impurities such as zirconium and rubidium varied 
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Tablee 4 
XRFF Analyses Four  Medieval Stained Glass Panels 

Vit aa Contemplative 

Color r 
Blue e 
Blue e 

Green n 
Red d 

Yellow w 
Paim m 

K K 
m m 
m m 
M M 
M M 
M M 
M M 

Ca a 
M M 
M M 
M M 
M M 
M M 
M M 

Mn n 
m m 
m m 
m m 
m m 
m m 
m m 

Fe e 
m m 
m m 
M M 
m m 
M M 
M M 

Co o 
m m 
m m 
m m 

bdl l 
m m 
m m 

Cu u 
m m 
m m 
tr r 
m m 
lr r 
m m 

Zn n 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Rb b 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Sr r 
tr r 
\T \T 

lr r 
tr r 
tr r 
tr r 

Zr r 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Sn n 
tr r 
tr r 

bdl l 
bdl l 
lr r 

bdl l 

Sb b 
m m 
m m 

bdl l 
bdl l 
tr r 

bdl l 

Pb b 
m m 
m m 
m m 
m m 
m m 
m m 

Angell  Holding the Cross with Crown of Thorns 

Color r 
Blue e 
Blue e 
Blue e 

Green n 
Red d 

Yellow w 
Paint t 

K K 
M M 
M M 
M M 
M M 
M M 
M M 
m m 

Ca a 
M M 

M M 
M M 
M M 
M M 
M M 
M M 

Mn n 
m m 
m m 
m m 
m m 
m m 
m m 
m m 

Fe e 
m m 
m m 
m m 
m m 
m m 
m m 
M M 

Co o 
tr r 
lr r 
lr r 

bdl l 
bdl l 
tr r 
tr r 

Cu u 
m m 
m m 
m m 
tr r 
m m 
tr r 
tr r 

Zn n 
tr r 
tr r 
m m 
tr r 
ir r 
tr r 
lr r 

Rb b 
lr r 
tr r 
tr r 
tr r 
tr r 
tr r 
lr r 

Sr r 
lr r 
tr r 
tr r 
lr r 
tr r 
lr r 
tr r 

Zr r 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Sn n 
bdl l 

Sh h 
bdl l 
tr r 
tr r 

bdl l 
bdl l 
bdl l 
bdl l 

Pb b 
Ell l 

m m 
m m 
m m 
m m 
m m 
M M 

In n 
bdl l 
lr r 
tr r 

bdl l 
bdl l 
bdl l 
bdl l 

Heraldic c 

Color r 
Blue e 
Blue e 

Green n 
Green n 
Red d 

Yellow w 
Paim m 

K K 
M M 
M M 
M M 
M M 
M M 
M M 
m m 

Ca a 
M M 
M M 
M M 
M M 
M M 
M M 
m m 

Mn n 
m m 
m m 
m m 
m m 
m m 
m m 
m m 

Fe e 
m m 
m m 
m m 
m m 
m m 
m m 
M M 

Co o 
m m 
m m 
tr r 
tr r 
tr r 
tr r 
ir r 

Cu u 
m m 
m m 
tr r 
tr r 

m m 
tr r 
tr r 

Zn n Rb b Sr r 
tr r 
tr r 
tr r 
tr r 
tr r 
tr r 
tr r 

Zr r 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Sn n Sb b 
tr r 
tr r 

bdl l 
bdl l 
bdl l 
bdl l 
bdl l 

Pb b 
m m 
m m 
m m 
m m 
m m 
m m 
M M 

,„ „ 
lr r 
IT T 

bdl l 
bdl l 
bd! ! 
bdl l 
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m m 
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ir r 
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bd! ! 
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Key:: M = Major element tr = trace 
MM = minor element bdl = below detectable limits 
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dependingg on the glass pane. The colorants used in these four panels (the metal oxides 
off  iron, manganese, copper and cobalt) were typical for medieval stained glass as 
recordedd by Theophilus's medieval treatise on painting, glass making and metalwork 
[42],, This treatise is one of the most important contemporary sources on the 
technologyy of glassworking in medieval Europe. The blue glass panes were almost 
certainlyy achieved using a combination of copper and cobalt since both elements were 
presentt in all of the blue spectra. Cobalt is a strong blue colorant and when combined 
inn a high potassium glass matrix produces a rich blue color. When copper is present in 
thiss mixture a more turquoise color is generally produced. The green glass is most 
likelyy due to the traces of copper and iron present in the form of cupric and ferrous 
oxide.. The red glass panes were most likely produced by the presence of copper in 
thee form of cuprous oxide. The yellow glass panes were most likely due to ferric, 
manganesee or lead oxide being present either alone or in combination. The paint used 
forr the details of the design on the glass panes was almost certainly an iron oxide 
pigmentt due to the presence of large amounts of iron in these areas. This paint would 
havee been brushed on and then fired to create an opaque fused-on pigment. The lead 
camess were examined with XRF and found to be 98%-99% lead with approximately 
1%% tin and traces of antimony also present. 

Thee only anomaly was the trace amounts of indium found along with the 
copperr and cobalt in some of the blue glass. Further research led to the conclusion that 
thee indium is most likely present in the blue glass as an impurity in the copper 
colorant.. Copper indium sulfide (CuInS?) is known to occur in chalcopyrite ore found 
inn Charrier Allier France [43,44], The majority of the glass panes were determined to 
bee a high potassium, high calcium, low lead potash glass. This type of glass, typical of 
medievall  stained glass, is known to be unstable and is highly susceptible to 
degradationn under fluctuating conditions of humidity and temperature [45], 
Therefore,, special care would need to be taken to ensure the stability of these glass 
panels. . 

1.6.1.6. Conclusions 

X-rayy fluorescence spectrometry is an analytical technique ideally suited for 
thee museum environment. The fact that it is non-invasive, rapid, accurate and that it 
cann be used on a wide variety of objects in the museum's collections, makes it 
indispensablee in a modern museum laboratory. It has been established that XRF 
analysess can be beneficial by aiding the conservator in diagnosing and treating the 
museum'ss collections, to study the history of a piece by looking for recent additions, 
too investigate artist's materials and to determine forgeries. Information gained by XRF 
iss most beneficial when used in conjunction with other techniques, particularly visual 
examination,, and other non-invasive techniques, such as infrared and 
ultraviolet/visiblee spectroscopy. At the National Gallery of Art, thousands of analyses 
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