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Thickness determination of gold layer on pre-
Columbian objects and a gilding frame,
combining pXRF and PLS regression

Fabio Lopes,®* Fabio Luiz Melquiades,® Carlos Roberto Appoloni,®
Roberto Cesareo,” Marcia Rizzutto® and Tiago F. Silva®

In conservation, restoration and characterization studies of art and archaeological objects, the improvement of analytical tech-
niques is a tendency. X-ray fluorescence (XRF) is a versatile technique, and it has been widely used in the last decades for charac-
terization of a great variety of materials (metals, glass, paints, inks, ceramics, etc.) applied to cultural heritage studies. Besides the
chemical composition, it is possible to infer the layer thickness through XRF, enabling a general knowledge of the manufacturing
techniques implemented by the culture of origin, as well as the association with the technological level reached for the production
of each kind of artefact. The aim of this study is to introduce an alternative way for gold thickness determination of coatings in
cultural heritage objects, combining portable XRF data and partial least square regression. As a case of study, we present the
use of this methodology in portable XRF measurements performed in situ on a gilding frame in Brazil and in two pre-
Columbian artefacts from Chavin culture in Peru. Gold layers with thicknesses determined by Rutherford backscattering spectrom-
etry (RBS) were used as standards to perform a calibration model and to check the methodology before its application to unknown
artefacts. Copyright © 2016 John Wiley & Sons, Ltd.

Introduction

Many analytical techniques have been widely used in the last de-
cade for the studies and characterizations of archaeological and
historical objects of art, especially the X-ray fluorescence (XRF), its
variant portable XRF (pXRF), particle-induced X-ray emission and
instrumental neutron activation analysis), which are all adequate
techniques for these kinds of studies due to the quantity and
quality of information that can be obtained on the elemental
composition of objects.l'™>

In this list, XRF is a versatile technique that combines a non-
destructive, well-established technique, with high analytical
sensitivity that allows simultaneous multi-elemental analysis with
low cost and simple instrumentation. Thus, the technique is partic-
ularly suitable for archaeological studies where the characterization
of materials or process is specially important.*® In recent years, the
use of pXRF has increased in museums, churches and excavations
due to its portability.”=!

In fact, the characterizations of metallic pieces are among the
most prominent applications of PXRF in archaeometry and cultural
heritage, in particular characterization of pre-Columbian alloys,
golden or silvered objects and pigment analysis."*'”!

However, it is also possible to analyse the layer thicknesses,
allowing the study of manufacturing techniques or even the tech-
nological level reached to produce each kind of artefact. A method
commonly used for thickness determination is differential attenua-
tion, in which the net intensity of Ka and K3 peaks of the elements
of interest in the layer and in the base of the work of art is
determined."®23 Another possibility is the use of multivariate
statistics to obtain the same information.

It is known that the concentration and other sample information
are proportional to the peak intensity and sometimes to the

scattering peak intensity. The use of multivariate statistics improves
data interpretation, enabling the determination of implicit
information.

This study aim is to introduce an alternative way for gold thick-
ness determination of coatings in cultural heritage objects, combin-
ing pXRF data and partial least square (PLS) regression. As a case
study, we present the use of this methodology in pXRF measure-
ments performed in situ on different objects, including a gilded
frame in Brazil that was in restoration process and knows that the
thickness is important for proper restoration, and in two pre-
Columbian artefacts from Chavin culture in Peru, where there was
a doubt about the method of manufacturing. Gold layers with thick-
nesses determined by Rutherford backscattering spectrometry
(RBS) were used as standards to perform a calibration model and
to check the methodology before its application to unknown
artefacts.
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Material and methods
Art artefacts

In this study, we evaluated three different artefacts: (1) the Au over
Pb case in the frame of a painting, (2) the Au over Cu case in an ar-
tefact formed by six small heads from Chavin culture and (3) the Au
over Ag case in a golden vessel also from Chavin culture. The
painting of the first case is entitled ‘Mulher enxugando o braco
esquerdo’ (‘Woman wiping her left arm’), dating from 1884 and at-
tributed to Hilaire-Germain Edgar de Gas, which belongs to the
Museum of Art of Sdo Paulo Assis Chateaubriand (MASP) in Brazil.
Both metallic alloy samples belong to the Enrico Poli Museum, in
Lima Peru. The pXRF data for these three samples were compared
by using the conventional approach by differential attenuation
methodology™*?*! and PLS regression.

Instrumentation

For in-field measurements, two different in-house designed sys-
tems were used accordingly to their availability in the measure-
ment occasion - one for the paint and another for the metallic
alloys.

System 1—frame

The pXRF system used for the measurements performed in Brazil, at
MASP, is mounted in a specially designed mechanical system with
45° for incidence and 45° for detection, both referred from the nor-
mal to the surface of the sample. It enables angular and transla-
tional movements of the excitation-detection system in respect to
the measurement spot, making the system optimized for
archaeometry measurements. A Magnun MUHV50 mini X-ray tube,
with Ag target, controlled by an external high voltage source (con-
figured to work with 35kV and 5 pA) with a 100-um Ag filter com-
poses the system. The detector was the XR-100CR, with 6-mm?
active area, 12.5-um Be window with 140-eV resolution at 5.9 keV
Mn-Ka.?® The distance between the frame and detector was
2.4cm and measurement time was 300 s.272®

System 2—metallic alloys

For the measurements performed at Enrico Poli Museum, Lima,
Peru, a portable X-ray tube was used: model Mini X with Ag target
(configured to work with 35kV and 5 pA). The detector was a Si-
Drift, model X-1235DD with 7-mm? active area, 12.5-um Be window
and 125-eV resolution at 5.9keV for Mn-Ka. The X-ray tube was
placed at 55° and the detector at 90°, both angles referred to the
normal to the sample surface. The artefacts were placed approxi-
mately 1.5 to 2.5 cm away from the measurement system. The var-
iation in the distance is due to the shape and morphology of the
studied artefacts. The measurement time was also variable, which
ranged from 50 to 200 5.2+

Differential attenuation: (Ka/Kp) and (La/Lp)

Thin coating layers of metallic elements, e.g. superimposed foils,
like gold thin foils, decorative pigments in ceramics and Tumbaga
technique, can be determined calculating the differences in the at-
tenuation of emitted K and L characteristic X-ray lines from deeper
interfaces. Figure 1 presents the scheme of the measurement con-
cept, considering an artefact made of a base composed by the ele-
ment ‘a’ (copper for example), covered by a thin layer of a single
element ‘b’ (gold for example). The ratio of intensities of the K

d Detector

>

X-ray Tube
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Figure 1. lllustrative scheme representing copper over gold attenuation.

characteristic lines (ﬁ—;) emitted by element ‘a’ from the base layer

depends on the thickness of element ‘b’. The same is valid for the
ratio of intensities for the L characteristic lines (f—;).ml These ratios

are of fundamental importance in the pictoric layer analysis in
paintings, golden and silvered artefacts and other samples, which
contain more than two elements.

When characteristic X-ray from K or L lines of an element crosses
another element layer, the ratio between changes due to different
attenuations for the different energies of K,, Kge La, Lg lines. This at-
tenuation is denoted as differential attenuation and is given by
Eqgns (1) and (2), called as R in this study:

K
RK:(K—a) e— (u1 —p2)pd (1)
R= (X 1— u2)pd 2)
L= E wE—(H —Hu2)p

where (ﬁ—;) and (f—;) are the ratio for the base material of infinite

thickness; p, is the linear attenuation coefficient for the coating ma-
terial at the Ko energy (cm ™ ); 5 is the linear attenuation coefficient
for the coating material at the Ko energy (cm™"); p is the material
density (gcm™); d is the thickness of the coating layer (cm).

The ratios (;%) and (f—;‘;) represent the material ratio modified

by the self-absorptions that are available in form of tables or need
to be determined experimentally.”*% For instance, for Cu and Ag,

these ratios (ﬁ—g) are 5.1 and 6.9 respectively.>*?! For Pb, the ratio
La

(m)mis approximately 1.83.1%%1 All the spectral analyses to obtain

the net area of the peaks were performed with winaxas software.

RBS measurements

The RBS is a nuclear technique used to determine and quantify the
chemical elements present in a sample with sensitivity of approxi-
mately 0.1%. Based on the analysis of energy spectra of energetic
ions scattered by the sample atoms, it can provide information on
depth profile and thicknesses of layers up to thousands of
micrometres, depending on the combination of incident ion, ion
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energy and material composition. The RBS measurements in this
study were performed by analysing the energy spectra of
backscattered protons to 170° scattering angle, with 2.2-MeV
incidence energy. Typically, an RBS measurement provides the
thickness of layers in areal density units, which in our case were
converted to micrometre units by using the gold density of
19.30g/cm?, and these data were used in the calibration step of
the analysis.

The PLS regression

Among the quantitative multivariate analysis methods, the PLS re-
gression has been widely used for spectra data evaluation and is
a well-known factorial analysis applied to parameter modelling, in-
cluding several applications in archacometry®' %! and also in XRF
to predict physic-chemical parameters.26=8

Partial least square regression establishes a quantitative relation-
ship between the set of instrumental responses (matrix X), for ex-
ample, the spectra data, with one or more physical or chemical
properties of the samples (matrix Y), as for example, the concentra-
tion, viscosity, acidity, etc,, resulting in a mathematical model that
correlates such information. The procedure of using PLS regression
comprises two steps: calibration and validation. Calibration step
concerns in establishing a relation between the data matrix X (in-
strumental signals and independent variables) and the known sam-
ple properties using reference samples (dependent variables)
organized in the matrix Y. The validation step allows for verification
if the model is capable of predicting the properties of new samples.
The metric applied to measure the model performance is the eval-
uation of the root mean square error of calibration (RMSEC) and the
root mean square error of validation (RMSEP) in each data set.'*
maTLAB software with PLS toolbox pack was used for the data
treatment.

Figure 2. pXRF system measuring the frame at Museu de Arte de Séo Paulo,
Brazil.

Multilayered artefacts
Frame of painting (the Au over Pb case)

The 58 x 64-cm frame of the painting by Hilaire-Germain Edgar de
Gas was analysed (Fig. 2). It is known that the frame is made of
wood with a base of white lead, covered with golden details.l®
Six points were chosen for the pXRF measurements. The criteria
used for point selection took into consideration the search of an ir-
radiated surface as plane as possible and with no apparent failure in
the golden layer, i.e. with no visible white background. Each point
was measured during 300s.

To obtain a standard for this analysis, Pb metallic plates covered
with Au foils were produced. The total thickness of Gold covering
was sequentially incremented by using 1, 2, 6, 12 and 22 foils. Each
foil has 0.094 um, measured by RBS, corresponding to 0.094, 0.188,
0.564, 1.128 and 2.068 um respectively. The same standards were
measured by using the pXRF; each standard foil was measured five
times, during 500 s each, and the average spectra used in the cali-
bration. The measurement conditions were the same used at MASP,
using system 1.

For the PLS regression, the calibration spectra data were ar-
ranged in a 5 x 1024 matrix (X) and a 5 x T matrix (Y) with the thick-
ness values. The validation data were arranged in a 6 X 1024 matrix
(X) with the spectra from the frame of the paint. The mean centre
was used as a pre-processing step, and all spectra were normalized
to the same measurement time.

Six small heads (the Au over Cu case)

Figure 3 presents a pre-Colombian artefact formed by six small
heads, from Enrico Poli Museum of Lima, Peru, which is a piece in

Figure 3. Six small golden heads. Chavin culture. Image from Enrico Poli
Museum, Peru.

Figure 4. Tumbaga vessel in silver. Chavin culture. Image from Enrico Poli
Museum, Peru.
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Figure 5. Spectra data from (a) the sample for thickness prediction (frame) and (b) Au foils over Pb metallic plate as standards for calibration.

excellent condition of preservation. Previous studies using pXRF
analysis showed that it is an alloy rich in Cu. In fact, it has just a small
covering of Au, produced with Tumbaga technique.2*>* Each head
of the artefact was measured by pXRF during approximately 200s.
The data set was normalized to the same measuring time before
the PLS regression analysis.

The Au-Cu standards for calibration were made by using the
same methodology, as for the frame case, by covering copper
plates with Au foils. The thickness of the gold cover was also se-
quentially incremented by using 1, 2, 4, 6, 8, 16 and 32 foils. This
time, each foil has 0.125 um thickness, measured by RBS. The stan-
dards have 0.125, 0.250, 0.500, 0.750, 1.000, 2.000 and 4.000 pm
thicknesses respectively. The same standards were measured by
using the pXRF; each sample was measured thrice, in different days,
during 100 s. The experimental setup was the same as described in
the section on Art Artefacts.

For the PLS regression analysis, the spectra of the standards were
arranged in a 7 X 1024 matrix (X) and the thicknesses ina 7 x 1 ma-
trix (Y) corresponding to the calibrated values. The validation data
were arranged in a 6 x 1024 matrix (X), referring to the spectra of
each head and the Y matrix that shall be the predicted by the PLS
regression model. In all data, the mean centre was applied as a
pre-processing step.

Golden vessel (the Au over Ag case)

The vessel presented in Fig. 4 has a golden aspect and belongs also
to the Enrico Poli Museum of Lima, Peru. The archaeological data in-
dicate that it was produced by the Chavin culture. This sample was
previously evaluated, showing the presence of Ag—-Au-Cu alloy at-
tributed to the Tumbaga method of manufacturing.’***!

The standards for calibration in this case were also made by su-
perposition of Au foils on an Ag metallic plate. The thickness was se-
quentially incremented by using 1, 3, 5,7, 11, 13 and 15 foils. Each
foil has 0.125 um thicknesses, measured by RBS, corresponding to
0.125,0.375, 0.625, 0.875, 1.375, 1.625 and 1.875 pm standard thick-
nesses respectively. The same standards were measured by using
the pXRF; each sample was measured thrice, in different days, dur-
ing 100s. The experimental setup was the same describe on the
section on Art Artefacts for system 2. Three regions of the vessel
were measured, and the spectra data were used in the PLS
regression.

The calibration data were arranged in a 7 x 1024 matrix (X) with
the spectra data and a 7x 1 matrix (Y) with the thickness values.

The validation matrix with the spectral data was arranged in a
3 X 1024 matrix (X) relative to the three measurements of the vessel.

Results
Frame of XIX century paint (the Au over Pb case)

Despite all the efforts to avoid geometry problems, there is no com-
plete flat surface in the frame (Fig. 2). Because the X-ray spot was a
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Figure 6. PLS regression curves for calibration and validation samples for
the frame of paint. Values in pm. The error bars indicate the estimated
error with 95% confidence level.

Table 1. Thickness for the frame points determined by the two
methodologies
Sample Measured by differential Predicted by PLS
attenuation (um) (um)

P2 1.45+0.08 1.36+0.15
P3 1.37+£0.09 1.25+0.15
P4 1.46 +£0.07 1.70+0.15
P5 1.52+0.07 1.61£0.15
Average 1.45 1.48
Standard 0.06 0.21

deviation
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Figure 7. Measured spectra from (a) each small golden head and (b) Au foils over Cu metallic plate used for calibration.

circle of approximately 5 mm diameter, some differences in the ob-
served background could not be completely avoided. Figure 5(a)
presents the spectra of all measured points.

Based on differences visually perceived and confirmed by PCA
analysis (not shown), points P1 and P6 were excluded because
the data were very different from the others, probably due to the
geometry problems mentioned in the preceding texts. Another rea-
son for that could be an eventual variation of the thickness in the
Pb preparation layer under the gold covering, generating spectrum
variations. It can be noticed in Fig. 5(a) how the Pb peak intensities
are low for the P1 and P6 measurements when compared with the
other points. Figure 5(b) demonstrates the spectra of Au foils over
Pb metallic plate standards.

Several different models of PLS regression were tested to check
for consistency — some considering the full range of the spectra
and others considering just the range with the Au and Pb peaks -
as detailed in Fig. 5(b). In this consistency check, the hole of some
pre-processing steps was also evaluated. Finally, the best model
considered the region of the spectra that begins at 9 keV and goes
up to 14keV, using mean centre as a pre-processing step. This
model, with three latent variables, was able to explain 99.85% of
the data variance.

Figure 6 presents the regression curve with the calibration and
prediction points. The values for RMSEC and RMSEP are 0.01 and
0.15 respectively. The same data were assessed by the conventional
approach of differential attenuation.’”® These values are compared
with the values determined by PLS regression in Table 1. The
relative difference of both methods stays between 6 up to 16%,
and the thickness values could be considered equivalent, within
the error bars.

The six small heads (the Au over Cu case)

This artefact is considered a complex example to be measured by
pXRF. Its reduced size and the refinement in detail make the repro-
ducibility very difficult. There is no flat region to perform the mea-
surements; thus, the distance between sample and PXRF system
could not be kept the same for all measures. Figure 7(a) presents
the spectra obtained for the six points. The best PLS regression
models for this artefact were obtained by assuming the region from
9.3 to 14 keV that contains the Au peaks [Fig. 7(b)]. Lo and L peaks
are the most relevant for PLS regression, while the Ly line has minor
importance. Additionally, the calibration was performed by using
up to 32 overlapped Au foils.

The PLS regression model with three latent variables was
explained over 99% of the variance. The determination coefficient

for the calibration data was 0.998 and for the prediction data was
0.54, which means that standard and sample spectra are quite dif-
ferent (Fig. 8). We attribute this issue to geometry reproducibility,
as mentioned in the preceding texts. The RMSEC and RMSEP values
were 0.04 and 0.42 respectively. Nevertheless, the relative devia-
tion, compared with the results determined by using the conven-
tional approach by differential attenuation methodology,*2*
was approximately 25%, except for head 4 case (Table 2) that
showed the results in the same order of magnitude. Spectra from
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Figure 8. PLS regression curves for calibration and validation samples for
the six heads. Values in um. The error bars indicate the estimated error
with 95% confidence level.

Table 2. Thickness for the golden six heads determined by the two

methodologies

Samples Measured by differential Predicted by PLS

attenuation (um) (pm)

Head 3 0.87+0.19 1.08 +£0.42

Head 4 0.52+0.10 1.27 £0.42

Head 5 0.83+0.10 0.99 +0.42

Head 6 0.97+£0.10 1.25+£0.42

Average 0.80 1.15

Standard 0.19 0.14
deviation
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Figure 9. Measured spectra from (a) each point in the vessel and (b) Au foils over Ag metallic plate used for calibration.

samples 1 and 2 were excluded from the analysis due to very low
intensities of Cu and Au peaks when compared with the other spec-
tra, and the reasons for that is again the geometry reproducibility.

Golden vessel (the Au over Ag case)

This artefact can be considered a homogeneous base of metallic Ag
covered by a thick Au layer, probably manufactured by Tumbaga
techniques. However, its surface presents some roughness and
non-uniformities, which increases X-ray scattering. Figure 9(a) pre-
sents the spectra from the three measured points - two in the outer
side and one on the inner side of the vessel. The best PLS regression
model was obtained by assuming the region of the spectra from
18 keV up to 30 keV, which contains the Ag peaks [Fig. 9(b)].

The calibration was performed by using the data for samples
with up to 15 overlapped Au foils. The model with three latent var-
iables explained 99.7% of the variance. The determination coeffi-
cient for the calibration curve was 0.970 and for the prediction
data was 0.983 (Fig. 10). Although the prediction curve is well ex-
plained by the model, the relative deviation compared with the
conventional approach using differential attenuation varied from
10 to 40% (Table 3). The RMSEC and RMSEP values were 0.08 and
0.32 respectively.

It is worth mentioning that, in the vessel, the Au layer over the Ag
base is apparently not so homogeneous and it presents some flaws
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Figure 10. PLS regression curves for calibration and validation samples for

the vessel. Values in um. The error bars indicate the estimated error with
95% confidence level.

Table 3. Thickness for the vessel determined by the two
methodologies
Samples Measured by differential Predicted by PLS
attenuation (um) (um)

Vessel 1 1.67 £0.12 1.08 £0.49
Vessel 2 1.38+0.17 0.82+0.49
Vessel 3 2.25+0.20 2.02+0.49
Average 1.77 1.31
Standard 0.44 0.63

deviation

in the surface that makes some silvered dots visible. The X-ray spot
used in these analyses had an area wide enough to cover a region
that contains some of these flaws; this contributes to the large
uncertainties in the thickness prediction.

Discussion and conclusions

These deviation ranges are in the same order of magnitude com-
pared with typical values of uncertainties. The relative deviation
of the results obtained by the PLS regression approach when com-
pared with the conventional approach using the differential atten-
uation methodology ranged from 6 to 16% for the frame of the
painting, from 20 to 29% for the six small heads and from 10 to
40% for the vessel obtained by using the differential attenuation
methodology,?***! which leads us to conclude that both method-
ologies can be used. Indeed, the R? for the thickness prediction
curves obtained by PLS regression ranged from 0.86 to 0.98 and
can be improved by setup optimizations, choice of flat spots and
higher counting statistics, reflected by higher measurement times.

The robustness of the models could be evaluated by the RMSEC
and RMSEP values. The optimum number of latent variables in each
model was chosen based on a plot of these values (RMSEC and/or
RMSEP vs number of latent variable, not presented).*” All the
models presented the best results for three latent variables. It is
possible to assure that exceeding this number, the gain is inexpres-
sive because the standard deviation is stabilized. Also, it is possible
to verify that the RMSEC value is an order of magnitude smaller
than the RMSEP, indicating that the calibration correlation is very
satisfactory while the external validation has higher standard
deviation values as could be attested in Figs 6, 8 and 10.

The direct use of the spectra is one of the advantages of the PLS
regression methodology for the determination of gold thickness of
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the covering layers because it is not necessary to process the spec-
tra in order to obtain the peak net area and Ka/Kp ratios. Eventually,
some pre-processing step may be necessary in the PLS regression,
but depending on the software used for the data processing, this
task can be no time consuming at all. Additionally, the use of stan-
dards to produce a calibration curve for the PLS regression model
makes this approach insensitive to eventual errors in the attenua-
tion database, and for well-stable devices, this calibration can be
carried out just once.

One disadvantage presented during this study is the sensitivity
to experimental reproducibility, which can be circumvented by im-
provements in the alignment procedure. In general, it is possible to
conclude that PLS regression combined with pXRF is a viable alter-
native for thickness determination in golden surfaces for a wide va-
riety of materials and geometries.
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