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Abstract Noninvasive techniques have become wide-

spread in the cultural heritage analytical domain. The

popular handheld X-ray fluorescence (XRF) devices give

the elemental composition of all the layers that X-rays can

penetrate, but no information on how atoms are bound

together or at which depth they are located. A noninvasive

portable X-ray powder diffraction/X-ray fluorescence

(XRD/XRF) device may offer a solution to these limita-

tions, since it can provide information on the composition

of crystalline materials. This paper introduces applications

of XRD beyond simple phase recognition. The two fun-

damental principles for XRD are: (1) the crystallites should

be randomly oriented, to ensure proper intensity to all the

diffraction peaks, and (2) the material should be positioned

exactly in the focal plane of the instrument, respecting its

geometry, as any displacement of the sample would results

in 2h shifts of the diffraction peaks. In conventional XRD,

the sample is ground and set on the properly positioned

sample holder. Using a noninvasive portable instrument,

these two requirements are seldom fulfilled. The position,

size and orientation of a given crystallite within a layered

structure depend on the object itself. Equation correlating

the displacement (distance from the focal plane) versus

peak shift (angular difference in 2h from the standard

value) is derived and used to determine the depth at which

a given substance is located. The quantitative composition

of two binary Cu/Zn alloys, simultaneously present, was

determined measuring the cell volume and using Vegard’s

law. The analysis of the whole object gives information on

the texture and possible preferred orientations of the

crystallites, which influences the peak intensity. This

allows for the distinction between clad and electroplated

daguerreotypes in the case of silver and between ancient

and modern gilding for gold. Analyses of cross sections can

be carried out successfully. Finally, beeswax, used in

Roman-Egyptian paintings as ‘‘encaustic’’ and in form of

emulsion (modified wax), can be detected and, based on the

shape of the peaks, these two ways of applying the wax can

be distinguished from one another.

1 Introduction

The use of noninvasive portable instrumentation for the

analysis of works of art has become increasingly common

and desirable [1–3]. In fact, by using these techniques there

is no need to take samples, thus guaranteeing the integrity

of the object. In addition, the possibility to carry the

instrument to the object, rather than the object to the lab-

oratory, eliminates the risk of accidental damage during

transport. The cost of insuring a work of art that is often

prohibitive to the point of preventing many analyses from

being carried out is therefore reduced.

For immovable objects, such as mural paintings, mosa-

ics and large outdoor statues, the use of portable instru-

ments may provide the only suitable alternative to

sampling.
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The miniaturization of components and enormous

advances in electronics and computers has played an

important role in making these devices possible. They have

truly changed the way conservation scientists work.

However, most such techniques taken individually,

although giving strong suggestions of the correct results,

may at times be inconclusive. Therefore, the simultaneous

use of more than one technique is highly recommendable.

A typical example of this synergy is portable handheld

versions of XRF, FTIR and Raman. The elemental infor-

mation obtained by XRF combines well with the molecular

information of the other two and, together with optical

microscopy, constitutes, for example, the ‘‘portable lab’’

used to identify photographic processes and process vari-

ants from the chemical era [4]. One should be careful with

contact techniques, such as infrared attenuated total

reflection (ATR-FTIR), which is very useful for plastic and

other materials that can withstand the pressure of the

crystal but could easily damage more delicate objects, such

as illuminated manuscripts, paintings or photographs.

Some XRF instruments are equipped with a very sturdy X,

Y, Z moving arm, complete with motor-assisted precision

positioning. They allow for elemental mapping by moving

the head of the instrument on the object and scanning the

surface. If one needs good resolution, of course, the time

required for the measurement is quite long. In the case of

illuminated manuscripts for which maps of the order of a

few mm2 are quite informative, this application is ideal

[5, 6]. The problem remains, however, that one obtains the

elemental distribution only and needs to infer the actual

composition by experience or determine it using other

techniques.

FTIR and RAMAN mostly give information about a thin

layer on the surface. XRF penetrates deeply but does not

show how atoms bond to each other. Furthermore, if sev-

eral layers are present, as often happens in paintings, one

cannot retrieve information on where—or at what depth—

the atoms are located. Confocal XRF can solve this prob-

lem, but it is not common in cultural heritage domain [7].

XRF results show a mix of all atoms reachable by X-rays,

and it is often difficult to reconstruct their combination into

molecules and crystals.

A portable X-ray diffraction/fluorescence device can

solve part of these problems.

There are now six instruments capable of doing this.

They have been recently reviewed by Nakay and Abe [8],

and advantages and disadvantages of each of them have

been discussed in depth by these authors. Three of them are

based on a reflecting goniometer (XRDF DF-01, by Uda

et al. [9]; PT-APXRD, Abe et al. [10]; and ASX-DUXT,

Pappalardo et al. [11]. Two of them are based on reflecting

2-D detector (DUETTO, [1–3]) and an unnamed instrument

[ [12], [13] ]. All these are portable, noninvasive

instruments that do not require taking a sample. A miniature

XRD/XRF (CheMin, Bish et al. [14]; Blake et al. [15]) was

developed by NASA and used as part of the Mars Science

Laboratory (MSL’11) instrumenting the NASA Mars

Curiosity rover. It operates in transmission mode and

requires taking a small sample. An adapted version of this

instrument, called TERRA [16], is commercially available

(TERRA, InXitu/Olympus). Collaboration between the

Getty Conservation Institute (GCI) and InXitu Inc. pro-

duced an instrument named DUETTO (now distributed by

eXaminArt LLC), using some technologies of Terra, with

preferred applications to the cultural heritage domain. All of

these instruments (with the exclusion of CheMin and Terra

that work in transmission mode and make use of a sample)

are capable of carrying out X-ray diffraction (XRD) and

X-ray fluorescence (XRF) on the same spot, in a noninva-

sive and more or less portable way. The characteristics of

DUETTO described elsewhere [2, 3] are summarized here:

XRD geometry = reflection mode; object shape = flat or

convex; X-ray target material = Cu; tube voltage 30 kV;

tube power = 10 W; detector type = 1024 9 256 pixels

2D Peltier-cooled CCD; XRD resolution = 0.25� 2h
FWHM; XRF energy resolution = 230 eV; XRF energy

range 3–25 keV; XRD range 20–50� 2h; data storage

40 Gb; wireless connectivity for remote control from web

browsers; operating temperature 5� to 30 �C; weight of the
head 7 kg; size of the head = 40 9 8920 cm; weight of

the base control (with batteries) 12 kg; size of the base

control 48 9 39 9 19 cm; and the spot size, as measured

with a phosphorous = 0.8 9 0.3 mm.

This paper considers in detail only DUETTO’s

applications.

XRD relies upon the random distribution of a large

number of small crystallites. If they lie on the focal plane

of the instrument, according to the geometry design, the

position of the diffraction peaks of each substance matches

the values of the standards contained in several well-ex-

perimented databases, such as PDF-2 [17] or AMCSD [18].

In classic diffractometry, both these criteria are satisfied by

grinding the sample and precisely locating the powder on

the focal plane of the diffractometer, often using a zero

background plate to minimize the background. When

analyzing whole objects without sampling or touching

them, there is no control of the particle size distribution and

orientation nor the position of the crystals with respect to

the instrument, especially in the case of a layered structure.

The geometry of DUETTO requires the object surface

being placed on the calibrated sample plane at 2 mm from

the instrument, with 10–20 lm tolerance. The small tol-

erance is welcome in order to avoid shifts in the peaks

position due an improper positioning of the object in the

focal plane (see below). In order to fulfill this strict

requirement, the instrument is equipped with a high-
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resolution camera that captures a detailed image of the

sample. A focused laser at 20� inclination from the sample

plane provides a sharp line that moves laterally as the

distance instrument/object varies. Adjustment of the Z

stage until the laser line is centered on a crosshair in the

camera image guarantees that the correct distance is

obtained. In all cases for which only one layer is present,

the geometric requirement of the instrument is fulfilled and

the diffraction peaks perfectly match the position of the

literature standards. If the object is a layered structure,

though, one cannot bring all the layers in focus at once.

Therefore, compounds located in layers underneath the

surface, at a distance larger than the 2 mm prescribed by

the geometry of the instrument, will show diffraction peaks

shifted toward lower values with respect to the standards.

This can of course be a nuisance since the interpretation of

the diffraction pattern is more difficult. Often the automatic

search for candidate phases does not include the proper

result because of the peak shift. One can tentatively shift

the whole pattern by incremental amounts and perform the

search, although the shift is larger for increasing 2h angles.

It is important to remember that the peaks due to sub-

stances present in the first layer are in the correct position,

and if so, they prove that the instrument is correctly posi-

tioned on the surface.

The knowledge of the chemical composition of the

material on the spot analysis is provided by the concomi-

tant XRF analysis (different processing of the same CCD

data used for XRD) and may greatly help in the

identification of the substances, since one can insert into

the search the chemical criteria for the missing phases

(XRF is not influenced by the distance to the object). One

can also increase the tolerance window for the matching of

the standards, and, obviously, as usual, take advantage of

overall knowledge of the object and therefore try possible

candidate substances, with the expectation that all peaks

are shifted of various amounts toward lower angles.

However, the presence of a shift in the measured peaks,

if one knows or identifies the substance producing them,

can effectively be exploited to determine the stratigraphic

sequence of layered structures. In fact, given the specific

DUETTO geometry, for a given diffraction angle, the peak

shift is linearly correlated with the displacement of the

diffracting substance with respect to the focal plane.

Therefore, by measuring the difference in 2h of the peak in

examination with respect to the value of the standard, one

can calculate the displacement, that is, the thickness of the

layer superimposed to the substance in examination. This

method is fully described below and confirmed by exper-

imental examples.

2 Experimental

2.1 Field versus laboratory configurations

DUETTO is typically mounted on a sturdy tripod (Figs. 1,

2) or on a table by using a microscope stand (Fig. 3). In all

Fig. 1 DUETTO mounted on

tripod pointing toward a vertical

painting (Isidora, 81.AP.42 of

the J. Paul Getty Museum

collection). A 5-axes stage

controls the position and

orientation of the head of the

instrument. The size of the head

is 40 9 8920 cm (photograph

G. Chiari)
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Fig. 2 DUETTO configuration

with the head pointing down, on

a flat object securely positioned

on a table. A counterweight is

located at the opposite side of

the horizontal boom, and two

extra legs are positioned in front

for improved stability

(photograph G. Chiari)

Fig. 3 The microscope stand

mount routinely used in the

laboratory. The object (a door

from a French eighteenth-

century corner cabinet by

Jacques Dubois (1694–1763);

the J. Paul Getty Museum,

78.DA.119.1) is very convex, so

the use of the 5-axes stage is

essential for positioning

(photograph G. Chiari)
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cases, the head is supported by a stage providing five very

accurate adjustment movements (Fig. 3). In a typical X, Y,

Z setup, the Z-axis controls the distance from the object to

the focal plane of the instrument, having the precision of

10 lm. The X and Y knobs generate micro-shifts parallel

to the object surface, controlled by high-resolution images

of the spot analysis. The two other movements tilt the head

up to 5� up and down and sideways around the X- and

Y-axes, respectively. The combined use of all these micro-

adjustments is essential for the correct positioning of

DUETTO on irregular surfaces, after having manually

obtained an approximate positioning at a safe distance from

the object. If the object presents a vertical surface, the

preferred configuration is the tripod. Typical examples are

large statues, mural paintings or large easel paintings that

need to be kept in vertical position. The tripod can also be

effectively used when the object is not close to horizontal

since the boom articulation can be locked at different

angles in 10� increments. Since the platform allows for a

rotation of 5� up and down, around the Y-axis, all possible

inclinations of the object can be reached. Two extra legs

attached to the boom just under the platform (Fig. 2) pro-

vide additional stability to the tripod and safety to the

object. For relatively small objects, one can use a micro-

scope stand. To exclude the risk of damaging art objects by

inadvertently bringing them in contact with the instrument,

one should always perform the final positioning using the

well-controlled micro-movements just described.

The camera embedded in the DUETTO head visualizes

the spot analyzed, and a lower magnification helps in

finding the desired location. Once the laser vertical red line

coincides with the vertical crosshair in the camera field, the

distance is correct for measurement (see, for example,

Fig. 13). One should check that this position remains the

same during measurement, since a drift from the focal

plane would decrease the XRD resolution. If all knobs are

properly locked and the stand is sufficiently sturdy, one

should not notice any movement of the laser line, even

after an overnight measurement. Soft tools (e.g., sandbags)

to hold in place the object are not advisable, since they

change their shape in time, shifting the object during

measurement. The camera is remotely controlled with a

third-party program (PSRemote [19]) and, besides allowing

for the positioning of the head, provides high-resolution

close-up pictures, adding to the documentation of the

analysis. The LEDs providing the illumination can be

switched on separately, thus obtaining raking light images.

Sometimes, however, especially when dealing with a uni-

form field, it is not so easy to position the instrument on the

desired spot using the magnified image only. To help

accomplish this, one can position a small paper arrow

pointing to the spot of interest and look for it manually by

moving the object under DUETTO, still at a safe distance

from the instrument. Once the arrow is found, the exact

spot is selected under high magnification by turning the

X,Y knobs. The incoming beam of DUETTO has an angle

of 10� h to the sample plane, limited by geometric con-

straints of the X-ray tube. Therefore, given the geometry

and the position of the CCD, the minimum 2h angle that

can be measured is 20�. This is perhaps the larger limita-

tion of the instrument, since those substances with large

unit cells that present the stronger diffraction peaks at low

angles may not easily be identified, especially when in low

concentration. Typical examples are clay minerals. The

size of the CCD detector limits the higher value of 2h to

50�. This is a minor problem for identification since there

are no substances that have their lowest 2h angle above

50�.
The small working distance combined to the size of the

head imposes the restriction that no protruding parts higher

than 2 mm may be present in an area of 25 9 8 cm2 in the

surroundings of the spot analysis. This causes a limitation

especially for sculptures: one cannot analyze concave

surfaces. Sometimes, even mural paintings that seem flat

present a surface more uneven than the tolerance. One can

overcome this drawback by selecting a different control file

when starting the measurement. In fact, in the acquisition

file, one of the parameters that can be changed is the dis-

tance from the object that can be set, for example, at 3 mm.

After positioning the quartz standard precisely at that dis-

tance, a pattern must be collected and used for the new

calibration. The new acquisition file can be saved and used

when a 3-mm distance is required. By so doing, the optimal

object-to-instrument distance is increased with a corre-

sponding loss of 3� 2h at the lower limit of the spectrum.

2.2 Importance of simultaneous use of XRD

and XRF

DUETTO simultaneously measures XRD and XRF data,

suggesting the presence of the most abundant elements.

This information allows for a more detailed search of the

XRD database, by including chemical information. Since

the excitation tube is copper (choice made to favor the

XRD part of the device), Cu is always present in the XRF

pattern. Furthermore, Cu Ka strongly excites iron. There-

fore, DUETTO’s XRF is greatly sensitive to the presence

of iron. Elements heavier than Cu are excited by brems-

strahlung radiation only, and their intensities are strongly

reduced. Consequently, XRF data are mainly qualitative,

semiquantitative at the most, but nonetheless useful in the

overall analysis. One typical example is the analysis of

Golden acrylic Jenkins Green for which CrO3 (chromite) is

apparently a perfect XRD standard match. However, XRF

shows no presence of Cr, while cobalt and titanium are

present instead. The compound responsible for the green
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color of the pigment is a cobalt–titanium oxide, isostruc-

tural with chromite, which fit equally well the XRD pat-

tern, since the combined ionic radii of Co ? Ti are close to

the ionic radius of Cr, producing a very similar unit cell.

This is an example in which XRD alone gives a perfectly

justifiable wrong answer (Fig. 4).

An advantage of this instrument is the possibility to

inspect the direct image of the CCD detector (Fig. 5). This

is beneficial in many cases, especially when one or more of

the substances in examination consist of large grains. Since

the object cannot obviously be ground, the presence of

large crystallites appears in the CCD image as bright sin-

gle-crystal spots, unevenly distributed along the diffraction

rings. This easily allows one to identify which diffraction

rings belong to a fine-grained substance and which to a

large-grained one. Apart from helping the identification of

the compounds (it is obviously an advantage to know

which peaks belong to a given substance), the information

that a given substance is present in large grain may be

useful to understand the manufacturing technique used by

the artist/artisan. Furthermore, if an occasional large crystal

is located in the point analysis, giving rise to a large peak

that could hardly be identified, the location of the anoma-

lous spot in the detector image saves one a large amount of

useless work.

The data reduction from the CCD to the XRD pattern is

performed by integrating the intersections of the diffraction

cones with the CCD plane. For spotty patterns, this is a

great advantage compared to Bragg–Brentano diffrac-

tometers that scan only the equatorial line. Using a con-

ventional diffractometer, the problem of not having a

random distribution of the crystallites is avoided by prop-

erly grinding the sample, thus removing large single

crystals and obtaining a random orientation. In noninvasive

mode, this cannot be done. The data collection of an

untreated object small enough to be fitted in the sample

holder, using a Bragg–Brentano instrument, may some-

times be very dissimilar from the one obtained using

Golden - Acrylic Jenkins Green

21-1276 (*) - Rutile, syn - TiO2
33-0311 (*) - Gypsum, syn - CaSO4·2H2O
72-0916 (C) - Anhydrite - Ca(SO4)
39-1410 (*) - Cobalt Titanium Oxide - Co2TiO4
72-2493 (C) - Chromite - (Mg0.43Fe0.58)8(Cr1.19Al0.77Ti0.03)8O32
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Fig. 4 Pattern of Golden Jenkins Green. The obvious choice of chromite as green pigment is not correct, since XRF does not show chromium.

Cobalt–titanium oxide is the correct answer

990 Page 6 of 17 G. Chiari et al.

123



DUETTO. When a substance is made of a relatively small

number of large grains, it may not appear at all in the

pattern of a conventional diffractometer, since none of the

single spots happens to fall on the equatorial plane [20].

This is obviously a severe problem when using a

goniometer technique noninvasively on an unprepared

object, when the chances of non-random distribution of the

crystallites are higher.

3 Case studies of nonconventional applications

3.1 Analysis of cross sections

Many works of art have layered structures. These can be

the consequence of the manufacturing process or the result

of natural aging or subsequent restorations. Just to name a

few, they can be preparation layers, painted layers, over

paintings and retouches, varnishes for easel paintings or

polychrome statues, restoration layers of various kind in

paintings and different types of patinas, natural and artifi-

cial, for marble and bronze statues. In all these cases, the

knowledge of the composition of the bulk material is not

sufficient. One needs to know how many layers are present

and the three-dimensional distribution of the various sub-

stances so that one can try to reconstruct the manufacturing

technique and possibly determine the subsequent history in

the case of natural patinas and restoration layers.

This is usually done by taking a small sample and

making a cross/thin section. Observing these sections with

a polarizing microscope [21–25], one can distinguish very

well the layer sequence. Based on color and optical prop-

erties, many pigments can be unambiguously identified and

the presence of others can be suggested. The same cross/

thin sections can be analyzed using electron microscopy

(SEM–EDS) that can give an accurate map of the elements

present [26]. By superimposing the maps of the various

elements, one can know how they spatially relate to each

other and therefore make an expert guess of the miner-

alogical composition of the substances present. This may

still not correspond to the determination of the mineral

phases present (for example, gypsum and anhydrite cannot

be distinguished on the basis of the presence of calcium

oxygen and sulfur), but many inorganic problems can be

solved in this way. Micro-Raman analysis on the same

sections can add further information. When layers of

organic binders are present, they may be identified by the

use of infrared micro-spectroscopy [26]. All this is com-

mon practice in the laboratory provided that a small sample

can be taken from the object.

If the problem still persists or one need confirmation of a

doubtful result, DUETTO’s fine spatial resolution allows it

to be used effectively in the analysis of individual layers in

cross-section samples. For example, during a comprehen-

sive technical study conducted at the J. Paul Getty

Museum, DUETTO was used on a multilayered sample

taken from a Chinese lacquer panel that had been used to

ornament an eighteenth-century commode by Bernard II

van Risenburgh. In the polished cross section prepared

from the sample (Fig. 6), the first layer from the top is

varnish and did not give rise to diffraction. The second red

layer showed cinnabar only, while the third layer, irregular

in thickness containing a slightly darker red pigment,

showed hematite alone. It seems odd that given the thick-

ness of layer 2 of less than 100 lm, one can obtain a

pattern of cinnabar alone. In fact, the dimension of the

beam is estimated to be about 300 lm, given the size of the

slit, the divergence of the X-rays and the geometric effect

of the raking angle at 10� for the incoming beam. One

possibility is that, for the cinnabar layer, DUETTO was

positioned slightly more in the direction of the top non-

diffracting layer (resin). Or there could be other effects at

play: (1) the mercury layer acts as a screen reducing the

intensity of the radiation reaching the layer next to it. (2)

Cinnabar diffracts much more efficiently than hematite. (3)

The density of cinnabar in the paint is higher than hematite.

(4) There is geometric effect of the impact of the beam, so

that the central part of it is more intense than the borders.

Whatever the reason, the layers were analyzed individu-

ally, with good spatial resolution.

In this particular case, the composition of the layers had

been inferred with reasonable certainty before DUETTO’s

analysis, based on prior SEM–EDS analysis. However, in

instances where SEM–EDS is not available or where

Fig. 5 Cadmium sulfide from a commercial artist’s paint. The CdS lines are continuous, indicating a finely ground material, while the barite

used as filler shows spots due to the presence of larger crystals
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elemental composition alone may not be sufficient for

identification, the ability of X-ray diffraction to charac-

terize the specific mineral composition of a pigment layer

can be of great benefit.

3.2 Analysis of thin sections

A second example is a thin section of a Roman mortar from

the Helen Mausoleum on the Via Appia Antica (fourth-

century CE, Fig. 7) [27]. In this case, no layers are present,

but grains of different size and color corresponding to

different minerals. Locating the thin section on a trans-

parent retro-illuminated glass, one can visually distinguish

the various mineral present and position DUETTO on each

of them and on the matrix and thus precisely identify each

phase present. Quartz, calcite, feldspars, pozzolan, gypsum

and anhydrite were detected in turn. This is common

practice among geologists, using a polarized light micro-

scope, with the exception of the very fine matrix. However,

using reflected light illumination of the section, DUETTO

can give the same results on cross sections, which some-

times are the only ones available. It may be interesting not

Fig. 6 Commode by Bernard II

van Risenburgh, ca. 1740, J.

Paul Getty Museum, 72.DA.46.

A cross-section sample

(reflected light) from the central

Chinese lacquered panel is

shown. Layer 1 = varnishes.

Layer 2 = cinnabar. Layer

3 = hematite. Layer 4 = clay

ground

Fig. 7 A Roman mortar thin

section showing different

mineral aggregates. The red

spot is due to the laser beam

used for alignment. The size of

the X-ray beam is

0.8 9 0.3 mm
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only to identify each single grain, but also to have a

semiquantitative determination of the ratio among them. In

particular, knowing the ratio between the calcite deriving

from the lime used as a binder and the total aggregate

material (including calcite added as such) can help to

distinguish between different historic periods of the

construction.

Once the single components are identified, a semi-

quantitative analysis can be performed using one of the

digital imaging analysis (DIA) programs (e.g., COLOR-

MOD, [28, 29]). This operates by selecting a small portion

of the image, measuring the maximum and minimum of the

RGB values characterizing the color of the pixels present in

that region, and counting how many pixels with RGB

values comprised in that range are present in the whole

image. Since the calcite grains present as filler tend to have

a much whiter and brighter color than the calcite present as

a binder, the binder-to-filler ratio can be approximatively

obtained even when the mortar consists of calcite dispersed

in calcite. Even though approximate, this is useful infor-

mation since the workers did not rigorously fix that ratio

during construction, and therefore, a precise estimate is not

necessary. The minerals identification adds more infor-

mation to the method proposed by Casadio et al. [30] based

upon staining the section in order to increase the color

difference between the calcite present as aggregate and the

one present as a binder. Of course, there are other tech-

niques that can produce similar results, but these are rela-

tively simple.

3.3 Noninvasive stratigraphy

There are many situations, though, in which it is not possible

to take even the smallest sample. The reasons may be

technical, ethical or sometimes political. The advent of

many noninvasive techniques has fostered the idea that

analyses can be carried out without touching the objects and

therefore the personnel responsible for giving permission to

take samples are now more prone to deny it. Another

problem can be the very strict laws that regulate the export

of archeological or art objects to another country without

distinction between a whole work of art and few milligrams

of carefully selected material sampled for scientific analyses

with the goal of conserving the object. Often there are

technical reasons that forbid sampling. The material of

interest can be minimal, as the very thin layer of paint in

illuminated manuscripts, with the result that retrieving

enough substance for analysis would mean destroying large

part of the object. Other times, the value of the objects is so

high that any sampling would be unacceptable. In this case

(e.g., a very famous painting), it is perhaps acceptable to

remove very small specks from the borders to estimate the

stratigraphy, but certainly not from the central images.

Stratigraphy of an object in a noninvasive portable way is

therefore of paramount importance. This can be done using

DUETTO. As seen, DUETTO requires to be positioned on

the object’s surface at a very strict distance, and deviation

from this causes a shift in the position of the diffraction

peaks. The ‘‘shift’’ (2h - 2hm) on the 2h angle is defined as
the difference between the standard value for that peak as

obtained from the PDF-2 database [17] and the value actu-

ally measured. The depth or displacement [d] is defined as

the distance between the focal plane of the instrument and

the plane in which the substance in examination is located,

i.e., the depth of the diffracting substance in the sample.

Figure 8a describes in detail the geometry of this feature.

A formula can be derived allowing for the calculation of

the depth or displacement as a function of the peak shift

(2h - 2hm) from the standard peak value (2h) reported in

the literature databases.

r ¼ c � sinð2hÞ ¼ b � sinð2hmÞ ) c ¼ b � sinð2hmÞ
sinð2hÞ ð1Þ

t ¼ c � sinð2h� 2hmÞ ¼ l � sinð2hmÞ ) c ¼ l � sinð2hmÞ
sinð2h� 2hmÞ

ð2Þ

Combining (1) and (2), we obtain:

l � sinð2hmÞ
sinð2h� 2hmÞ

¼ b � sinð2hmÞ
sinð2hÞ ) l ¼ b � sinð2h� 2hmÞ

sinð2hÞ
ð3Þ

s� z � sinðaÞ ¼ b � sinðaþ 2hmÞ ) b ¼ z � sinðaÞ
sinðaþ 2hmÞ

ð4Þ

d ¼ l � sinðiÞ ð5Þ

And from (3), (4) and (5), the final Eq. (6) is obtained:

d ¼ z � sinðiÞ � sinðaÞ � sinð2h� 2hmÞ
sinðaþ 2hmÞ � sinð2hÞ

ð6Þ

It can be seen that for the same displacement, the shift in

2h is larger for larger values of (2h) angles.
In Eq. (6), the only two variables are (2h) and (2hm),

easily derived from the experiment, since (2h) is known

once the substance in examination is identified, and (2hm)
is the measured value of the peak. Therefore, knowing the

instrumental parameter Z that is obtained during the cali-

bration of the device one can deduce the value of the depth

of a diffracting substance by simply measuring the 2hm of

several peaks, apply equation [6] and average the obtained

values. The incident angle i and the angle a between the

incident beam and the detector are fixed by the manufac-

turer. However, special attention should be devoted to the

parallelism of the head of DUETTO to the sample surface,

since a deviation from it can modify the nominal value of

10� for the incident beam angle.
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In order to compare empirical values to the theoretical

ones, a series of measurements were taken by moving the

head of the instrument progressively away from the

required 2-mm distance. A step of 25 lm was utilized

(Fig. 8b). In this case, the shift is obtained by subtracting

the 2h value measured at each step from the value obtained

with the instrument positioned exactly at the calibration

distance from the object. ‘‘Displacement’’ in this case is the

deviation in micrometers from the calibration plane, man-

ually obtained using the Z knob. Figure 8c shows the linear

regression line between Displacements physically obtained

using the Z knob and the ones calculated from the shift in

2h, using equation [6]. The fit is excellent (R2 = 0.9978)

indicating that equation [6] can validly be used to calculate

the depth of a diffracting substance based on the measured

2h of its various peaks. In fact, obviously more than one

peak for a given substance can be used to evaluate its

depth. To check how internally consistent is the procedure,

we collected pattern for Quartz a 0-, 50- and 100-lm dis-

placement, obtained manually using the Z knob. For the six

peaks in the Duetto region of detection, we obtained a

depth of 54 and 115, respectively, with a standard deviation

of 24 lm. This result can be acceptable considering the

initial error in manually positioning the instrument as well.

In order to check experimentally the above results on

real layers and not just by increasing the distance of the

instrument from the object, a copper plate was covered

with three layers of paper, stacked so that one can measure

the diffraction of the plate alone and of it covered by one,

two and three sheets, simulating a complex stratigraphy.

The thickness of the paper layers was measured both using

DUETTO’s Z knob controlling the distance from the object

and by a precision caliper and proved to be 137 lm for one

sheet. Duetto was then positioned on the copper alone and

on one, two and the three sheets of papers in turn. Figure 9

shows the superposition of the four runs.

One can see that the two peaks at low angle that are due

to the paper (cellulose and calcite, respectively) remain

exactly positioned at their theoretical values. The copper

peak instead moves regularly toward smaller values of 2h.
Measuring the displacement for the first two layers (the

peak for the third layer is not significantly different from

the background due to absorption) and applying equation

[6], we obtain 135 and 276 lm of displacement, in good

agreement with the values measured manually. It should be

emphasized that in this experiment the paper layers

y = 1038.7x + 8.7407
R² = 0.9978

0
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500

0.000 0.050 0.100 0.150 0.200 0.250 0.300 0.350 0.400 0.450

Observed versus calculated Displacements

a

b

c

Fig. 8 a Schematic representation of the depth d as a function of the

peak shift (2h - 2hm), given the geometry of the instrument.

b Measurement of the same peak with increasing distance from the

object (25 lm at the time). The intensity decreases for larger

distances, as expected, while the peak moves to lower angles. c Linear
regression plot showing the correlation between the manually induced

displacements (Y-axis—lm) and the ones calculated using the

observed shifts and equation [6] (X-axis—mm)

Fig. 9 Superposition of the patterns obtained positioning DUETTO

on a copper plate alone and on one, two, three staggered sheet of

papers covering it. Red bars = calcite. Blue bar = cellulose
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superposed to the copper sheet absorb relatively small

amount of the X-ray beam, so that a well-pronounced Cu

peak is still present at a depth of 275 lm. In real cases, if

the first layer contains heavy atoms (typically lead white or

other Pb compounds, or mercury), this method cannot be

applied.

In many Romano-Egyptian funerary portraits from the

Fayum region, a lead white priming is covered by sev-

eral different pigment: black carbon, red hematite or

madder just to mention some. While the madder did not

produce a shift in the hydrocerussite peaks, its layer

being too thin, for the other pigments a variable thick-

ness between 40 and 50 lm was calculated. Figure 10

shows one of such runs, in which calcite is on the sur-

face as white pigment. The ‘‘shift versus displacement’’

method can obviously be applied to more than one peak.

This allows having an internal check of the quality of

the procedure, since all peaks, in spite of having dif-

ferent shifts, should give the same displacement.

Therefore, for the example of Fig. 10, one can say that

the thickness of the calcite layer is of the order of 46(3)

lm, averaging the values of the six peaks that are better

defined. A caveat: some mineral may be part of an

isomorphs series, and their unit cell (and therefore 2h
values for the peaks) may be different from the ones

reported in the literature databases. The most common in

the cultural heritage domain is calcite that may contain

different amounts of magnesium, iron or strontium. In

this case, if the impurities are large enough to make a

difference in the cell dimensions, the XRF pattern

measured simultaneously by DUETTO may be of some

help.

3.4 Quantitative determination of zinc in two

or more copper/zinc alloys simultaneously

present

In dealing with cultural heritage objects, one can find

specific situations that are very challenging for analysis.

One example is the simultaneous use of several metal

alloys to decorate lacquered furniture. The analysis of an

eighteenth-century cabinet (cartonnier) by Bernard II van

Risenburgh (83.DA.20) serves as an excellent example.

The European imitation-lacquer panel on the door is dec-

orated in a wide variety of gold and other metal powders,

applied onto a ground of Asian lacquer. Examination under

the stereomicroscope suggests that different colors of metal

powder were mixed together in some areas, and the very

fine scale of the decoration makes detailed nondestructive

analysis very challenging. Figure 11 shows a detailed view

of the decoration. It appears that fine lines of gold-colored

powder were applied over a somewhat duller, possibly

partly corroded layer of metal powder below. Close

examination suggested that the underlying metal powder

layer might be composed of two or more metal powders of

different color.

Analysis by DUETTO showed both gold and two very

finely ground Cu–Zn brass phases. Portable XRF showed

the presence of gold, copper and zinc but did not indicate in

which proportions Cu and Zn were mixed together to form

the two distinct alloys present. Using XRF, one can only

estimate the overall ratio Cu/Zn as averaged in the two

alloys. Exploiting DUETTO’s diffraction, one could see

that the position of the gold peaks is perfectly aligned with

the theoretical values, thus excluding an error of instrument

positioning. No standard from the literature, though, cor-

responded to the two peaks present in the brass region. The

best fit for one of them suggested bronze (copper–tin

alloy), but the XRF by DUETTO showed that no tin was

present, thus confirming that the alloys in examination

were both made of Cu and Zn only. X-ray diffraction,

recalling Vegard’s law that applies to binary isomorphs

solid solutions [31, 32], can solve this problem. Vegard’s

law is only an approximate empirical rule, which holds that

a linear relation exists, at constant temperature, between

the cell volume of a binary alloy and the concentrations of

the constituent elements. When an atom of different atomic

radius enters the crystal structure, the percent amount of it

is linearly correlated with the volume of the unit cell. In the

XRD patterns of the metal powders, the two peaks present,

besides the gold, correspond to the (111) reflection of the

two phases. The value of the cell parameter ao, and con-

sequently of the cell volume in the cubic system, can easily

be obtained from the measured d(111). In order to obtain the

correlation line between the cell volume and the Zn % in

mass for these alloys, a series of Cu/Zn standards kindly

Fig. 10 XRD pattern of a Romano-Egyptian (Fayum) funerary

portrait (J. P. Getty Museum, 73.AP.94) showing the shift in the

peak position of the lead white priming (hydrocerussite, blue bars)

compared to the surface calcite (red bars), which is correctly

positioned in the focal plane of the instrument. For 6 well-defined

peaks, equation [6] gave a d = 46(3) lm
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provided by Jean-Marie Welter (personal communication)

were measured using DUETTO and the plot of Fig. 12 was

obtained. The linear regression relates the known per-

centage of Zn in the alloy to the cell volume calculated on

the basis of the measured d(111) reflection (R2 = 0.9934).

The corresponding equation is the following: Zn % (in

mass) = 11.71 9 cell volume - 550.92 which can be

used to determine the composition of any Cu/Zn alloy for

which one can measure the d(111) value. The 2h peaks for

(111) reflection of the two alloys in the lacquered furniture

were 42.5� and 43.3� corresponding to a volume of 50.0

and 47.2 Å3, respectively. Using the above equation, the

percentage of Zn in the two alloys is 34.6 and 1.5% (see

plot in Fig. 12). This result perhaps is not very accurate

since it is based on the measure of one reflection only and

Vegard’s rule is only approximate. Nevertheless, it can

only be obtained using X-ray diffraction, which is able to

separate the effects of the individual crystals and, in the

case of cubic system, allows for the quantitative analysis of

binary systems. In this case, we were able to take a minute

sample of the lacquer for analysis by SEM–EDS to confirm

the DUETTO results. The analysis of this sample con-

firmed that indeed, the decoration is made of gold particles

as well as particles of two different brass alloys: one very

high in zinc (ZnKa: Cu Ka peak area ratio of 0.67) and one

very low in zinc (ZnKa: Cu Ka peak area ratio of 0.09).

DUETTO’s ability to characterize artists’ materials so

precisely without sampling is a significant advance for

those pursuing technical studies; findings such as this

provide useful documentation of specific workshop prac-

tices. As more examples are studied, results like these may

help to distinguish the production of different Parisian

lacquer workshops.

3.5 Non-random distribution of crystallites: the case

of silver in daguerreotypes

Another fundamental rule for a proper diffraction is that the

crystallites should be randomly distributed in all directions.

In a real object, this is seldom true. When the distribution is

not random, one can retrieve information on the texture of

a given substance (and therefore have some hints on the

Fig. 11 Bernard II van

Risenburgh (J.P. Getty Museum

83.DA.20) European imitation-

lacquer panel decorated in a

wide variety of gold and other

metal powders. The laser track

shows the spot analysis.

DUETTO was able to correctly

deduce that the decoration is

composed of particles of two

distinct brass alloys, with quite

different % of Zn, as well as

particles of gold

Fig. 12 Vegard’s law applications for Cu–Zn alloy standards. The

correlation line relates the cell volume to the Zn %. Blue and red lines

refer to two different Cu/Zn alloys simultaneously present
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manufacture of the art object) by comparing the relative

intensities of the measured peaks with those expected for a

perfectly randomly distributed sample. A typical example

is the silver support in daguerreotypes, Fig. 13. The silver

peaks (111) and (200) both fall into the acquisition range of

DUETTO; therefore, daguerreotypes can be easily ana-

lyzed noninvasively. The manufacturing technique for the

support plates originally (1839-60) consisted in cladding,

i.e., superposing a silver sheet to a copper plate and

pressing them together through a heated double roller

(Dusan Stulik, personal communication).

In 1860, the electroplating technique was introduced,

which, being much simpler and effective, became the

major way of producing daguerreotypes plates. It turned

out that the two techniques of laying silver on a copper

plate generate different preferred orientations of the

crystallites. For clad silver, the octahedron face with

Miller indices (111), orthogonal to the diagonal of the

cubic cell, is preferentially oriented parallel to the copper

plate. For electroplated silver, the face of the cube with

indices (200) has this orientation. The degree of preferred

orientation can be evaluated by measuring the intensities

of these two reflections and comparing their ratio to the

one obtained from the standards of the PDF database or

from a silver object not subject to preferred orientation,

for example a bouillon. Since the shapes of the two peaks

are different, one should calculate the total number of

counts in the net area underlying the peaks, after sub-

tracting the background. The value for the ratio (200)/

(111) intensities obtained for randomly oriented silver is

0.55. A value higher than this for a given daguerreotype

indicates a preferred orientation along the cube face and

therefore, in our case, an electroplated production. On the

contrary, a lower value indicates a preferred orientation

toward the octahedron face, and a cladding procedure. For

a large number of clad plates, this ratio is equal to 0.4(1),

while for 6 electroplated plates this ratio is 1.5(2). This

method can therefore allow for the identification of the

manufacturing technique of the silver supports not only

for daguerreotypes but also for silver objects in general.

This is in turn an important information since it permits to

establish, with good probability, if the daguerreotype in

examination was produced in the early period (before

1860) or not. Being able to establish the approximate date

of the daguerreotype in examination obviously can affect

the commercial value of the object. It should be empha-

sized that in this case the valuable information is not

contained in the chemical composition of the material,

which in both cases is pure silver, but in the texture of the

silver itself. Therefore, only analyzing the object with a

portable noninvasive diffractometer one can obtain the

expected results. Taking samples from a daguerreotype,

especially a valuable one is practically impossible, but

would not solve the problem anyway since the texture

would be destroyed. Using the proposed XRD-based

method would require the object be taken out of its case,

which is a risky operation, but perhaps acceptable in front

of the value of the information obtained. Figure 14 shows

the distribution of the (200)/(111) intensities for clad and

electroplated daguerreotypes that were kindly provided by

Dusan Stulik and Art Kaplan, Reference Collection of the

Getty Conservation Institute.

Fig. 13 Image of a

daguerreotype (Courtesy of D.

Stulik, personal collection)

taken by DUETTO’s camera. It

may be emphasized how good

the images taken by DUETTO

are, especially in the case of

Daguerreotypes, notoriously

difficult to photograph
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3.6 Modern versus historic gilding

Since it was proved that silver could assume different

preferred orientation of the crystallites depending upon the

manufacturing technique, we tried to establish whether

gold could have the same property. The obvious choice was

a modern gilding foil. The modern procedure of hammer-

ing the gold using special machineries does indeed gener-

ate an almost complete (200) orientation, with the face of

the cube parallel to the foil. The burnishing normally

applied during the gilding procedure can generate some

misalignment, but this was proved minimal. In order for

this find to be of use in conservation science, ancient

gilding should have no preferred orientation or one sub-

stantially different from the modern one. If this is true, a

short noninvasive test could establish if a dubious gilded

area in an illuminated manuscript or ancient painting or

statue is original or if it is the result of a modern restora-

tion. The technique to produce ancient gilding leaves was

similar to the modern one, involving extensive hammering

of gold sheets between leather and parchment layers.

However, one should expect this technique to be less

effective in creating the preferred orientation in the leaves.

Figure 15 compares measurement carried out on gildings

of various epochs. The ratio between the intensities of the

(111) and (200) reflections varies greatly among modern

gilding foils, gilded frames of different age (from modern

to sixteenth century), two bullions and two gilded spots on

a Romano-Egyptian portrait dating from the second cen-

tury C.E. Isidora (J.P. Getty Museum 81.AP.42) that shows

a much higher intensity for the (111) reflection. From the

insert of Fig. 15, one can see that for a modern foil the

(111) reflection at 38.2� 2h is almost null compared to the

(200) at 44.5� 2h. This can be very useful to detect modern

restorations (Fig. 16).

In the gilded necklace of Isidora, a funeral Romano-

Egyptian portrait from the region of Fayum the intensity of

the (111) reflection is larger than the (200) proving that the

ancient way of manufacturing gold leaves did not produce

a preferred orientation of the crystallites similar to the one

of industrial modern gilding foils.

Fig. 14 Plot of the ratio between the total intensities of the reflection

(200)/(111). Clad (blue) and electroplated (red) plates are clearly

distinguishable (the X-axis shows the sequential number for the

measurements)

Fig. 15 Three-dimensional

representation of the patterns

collected for gildings of various

epochs, arranged from modern

gilding foil in front, to an almost

2000-year-old mummy portrait.

The XRD patterns are rescaled

on the (200) reflection at 44.5�
2h. In the insert, the red bars

show the expected value of the

intensity of the two reflection

for a non-oriented sample. For

this, the (200) reflection is

totally prevailing since the (111)

peak is barely discernible
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3.7 Beeswax analysis

The analysis of Romano-Egyptian portraits of red shroud

mummies (APPEAR Project, [33]) is mainly carried out by

noninvasive techniques only. XRD/XRF contribution to

this project is, at times, fundamental in identifying min-

eralogical phases not found by other techniques. The pri-

mary painting technique for these beautiful portraits is

‘‘encaustic,’’ in which beeswax is heated at the low tem-

peratures of the wax melting point and mixed with

pigments or colorants. Using a spatula, hot semiliquid wax

is transferred to the wooden support. In other cases, espe-

cially for the background, the wax is previously trans-

formed into a water emulsion by use of alkali and painted

on the board by brush (modified wax technique). The result

of this operation is very similar to a tempera painting

(based on glue or resin binder) and cannot always visually

be distinguished from it (Fig. 17).

In order to distinguish betweenmodifiedwax and tempera,

DUETTO was used, expecting a large amorphous peak from

the wax. Instead, two sharp peaks corresponding to stearic

acid (or one of the similar fatty acid) characterized the XRD

pattern, allowing for the identification of the wax presence.

Furthermore, these peaks were much broader for encaustic

than formodifiedwax, thus enabling the distinction of the two

techniques even for small areas of the paintings. Figure 18

shows the relevant portion of the XRD patterns for encaustic

and modified beeswax samples, documenting this result.

To check the reproducibility of these results, we ana-

lyzed many different samples of beeswax, both modern and

ancient, obtaining for all of them results consistent with the

examples shown in Fig. 18. A possible interpretation of

this phenomenon is that the partial crystallinity of the wax

is enhanced for the water emulsion, by the longer crystal-

lization time requested by the water to evaporate. Con-

versely, in the encaustic method, the wax is rapidly

quenched from the melted to the semi-solid state, thus

minimizing the degree of crystallinity.

Fig. 16 Value of the intensity ratio of the (200)/(111) reflections for

gilded surfaces of various epochs. The two red squares refer to a

modern gilding foil, the top one as it is and the lower one after

burnishing (the X-axis shows the sequential order of the

measurements)

Fig. 17 Raking light image of

Isidora, (81.AP.42 J. Paul Getty

Museum) showing two different

techniques of application of

beeswax: Encaustic for the face,

neck and neckless and modified

wax for the rest. (Courtesy of

Marie Svoboda, Antiquity dept.,

J. Paul Getty Museum)
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4 Conclusions

The advantages of using noninvasive portable instrumenta-

tion to analyze art objects are obvious, since they guarantee

the integrity of the art. In many instances, when the objects

cannot be moved for a variety of reasons, analysis can only

be carried out by taking the instrument to the object. The

counterpart for portable XRD is that the fundamental rules

for X-ray diffraction (to have a large number of randomly

oriented crystals and these to be exactly located in the focal

plane) are often not fulfilled. These problems can be over-

come by integrating a large section of the diffraction cones

on a 2D detector (to reduce the single-crystal spot effect)

and to be aware of the possible shift in the peak positions

due to the location of the diffraction material in layers below

the surface. The correlation between in-depth displacement

of the substances and shift in the diffraction angle can

actually be used to evaluate the thickness of superficial

layers. One can not only identify the underlying substances

but also approximately specify their depth, thus obtaining a

noninvasive stratigraphy of multilayered objects. The

equation for performing this task is derived and experi-

mentally confirmed.

The ability of XRD to separate the diffraction peaks of

several substances present in a mix can be exploited in the

case of binary alloys containing the same elements in dif-

ferent proportions. Vegard’s law can be applied by pro-

ducing a calibration curve relating the cell volume

(measurable by XRD) to the known composition of a series

of standards. This was done for brass. The unknown com-

position of a Cu–Zn alloy can then be obtained for the object

in examination, even if more than one alloy is present. This

cannot be obtained by using XRF since it only gives the

average value of all the elements present in the alloys.

Analyzing the object as it is, instead of grinding a

sample, produces single-crystals spots when large crystals

are present. This can be used, within limits, to assess the

approximate grain size of a particular phase. If a preferred

orientation is common to the majority or the crystallites, a

severe change on the intensity of the reflections can occur.

This is proved true for daguerreotypes for which different

techniques of laying the silver layer on top of the copper

substrate were used. Clad and electroplated daguerreo-

types, made in different historic times and therefore having

different economic value, can be easily distinguished in a

very short time using DUETTO. Similar preferred orien-

tation occurs in modern gilding foils and much less in

ancient ones, so that one can pinpoint modern restorations

in ancient illuminated manuscripts and paintings. Finally,

given the small spot of the beam, one can analyze separate

layers or even grains of different nature in cross and thin

sections. Since the analysis is noninvasive, one may try

unusual experiments, like analyzing beeswax, in spite of it

being considered mainly amorphous. It turns out that not

only two peaks due to fatty acids are detectable, but that

from their shape one can distinguish quenched wax, as used

in encaustic technique, from modified wax, prepared as an

emulsion in alkaline water that allows for a more pro-

nounced crystallinity.

The results obtained using a portable instrument are

often inferior to those given by traditional instruments of

the same type, both in range and in resolution and it may be

advisable to double-check the results if possible, using a

complementary technique. Still, the ability to perform

combined XRD/XRF using a portable, noninvasive

instrument can be extremely useful in providing specific

and spatially resolved compositional information in situ.
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