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Mobile Micro-X-ray Fluorescence Analysis
(XRF) on Medieval Paintings
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Abstract: X-ray fluorescence has long been applied to objects of art and archaeology for non-destructive elemental
analysis. When the object under investigation is either too big or too fragile to be moved a mobile instrument is
needed which can be brought on site. A short overview of the development of techniques and applications shall
be given in the paper. Then three case studies are reported in which ArtTax/Artax spectrographs were applied for
the analysis of medieval paintings. Experimental issues are discussed with respect to the application to paintings

as well.
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1. Introduction

Non-destructive elemental analysis of ob-
jects of art and archaeology has long been
a major task for analytical chemistry. Gen-
erally, the data characterizes the composi-
tion of inorganic substrates (e.g. ceramics,
glass, metals) or gives hints on the inor-
ganic colouring matter on the surface (pig-
ments, metal leaves, mordants). X-ray fluo-
rescence has long been applied to this task,
both in energy-dispersive and wavelength-
dispersive configurations. It is possible to
generate characteristic X-ray emission by
different excitation sources: X-ray tube, ra-
dionuclides, synchrotron radiation (XRF),
and different kinds of accelerated ions
(PIXE). Today, synchrotron X-rays offer
high precision measurements and promise
confocal, three-dimensional evaluation.!!:2]

When the object under investigation ei-
ther is too big or too fragile to be moved, a
mobile instrument is needed which can be
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brought on site. Although it is impossible
to review the application of mobile XRF
analysis to objects of art and archaeology
in this context, a short overview of the de-
velopment of techniques and applications
shall be given here.

Mobile XRF spectrometers can be di-
vided into portable, hand-held instruments
and modular systems which consist of a
measuring head and a remote control unit.
Small portable instruments were initially
based on radionuclide sources and are main-
ly designed for geological field surveys.
More recently, the application of such an
instrument to photographs was reported.[3!
An experimental setup based on radionu-
clide excitation sources (199Cd, 24 Am) was
applied to objects of art and archaeology.[*!
A trial application by the author of such
an instrument to a panel painting indicated
general suitability.’] Nevertheless, there
were also drawbacks such as the restricted
excitation energy ranges and scattered ra-
diation depending on the source as well as
the relatively big irradiation area of several
millimetres in diameter. Since 2001 hand-
held XRF spectrometers based on X-ray
tubes have appeared on the market. One in-
strument (Innov-X Systems) was evaluated
for application to objects made of glass and
metals and was found suitable for the detec-
tion of bulk elements in a semi-quantitative
approach.[6]

Among the modular systems, the Spec-
trace 6000 from Tracor seems to have been
frequently used. The laboratory of the
Swiss Institute of Art Research (SIK/ISEA)
in Zurich has successfully used such an in-
strument for many years.[”l More recently,

a commercial mobile micro-XRF system
(Seiko SEA 200 Field-X) was applied to
paintings as well as to polychrome and
gilded sculptures in Japan.[$9 Its techni-
cal characteristics are a measuring head of
ca. 5 kg weight which contains a small Rh
X-ray tube, an electrically cooled semicon-
ductor detector and a colour CCD camera.
The irradiation area is 2 mm or 5 mm in
diameter.

In 2000 a mobile XRF system came on
the market which was specifically designed
for art objects.[10] Initially named ‘ArtTax’,
this systems is now offered as ‘Artax’. Its
technical characteristics are described in
the experimental section. The first pub-
lished application was the identification of
inks in manuscripts!!!l and investigation of
deterioration caused by those writing ma-
terials.[12] Later, the studies were extended
to coloured prints and drawings on pa-
perl13-141 and enamels.!!51 The application of
the Artax system to easel paintings devel-
oped a few years later.[16] The largest study
of paintings was a survey of the pigment
smalt covering a total of 70 paintings.[!7]
Historic wall papers, similar to paintings but
immobile, were also analyzed.!!8] Further-
more, Artax was employed to detect chlo-
rine-containing pesticides in objects, 1 fol-
lowing an earlier approach using a portable
XREFE.[201 Recently it appeared that an Artax
has successfully been applied to a three-di-
mensional painted object in Switzerland.[21]
A review of the capabilities and limits of
this technique has appeared recently.?2] Us-
ing this system, measurements on paintings
are reported not to cause any visible dam-
age, whereas light material such as glass or
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ceramics could show reversible discoloura-
tion due to lattice disorders caused by the
X-rays.[22]

Besides the commercially available
systems described above, experimental sys-
tems have been developed for the investiga-
tion of art objects: at the Academy of Fine
Arts in Vienna a mobile XRF system was
constructed which is dedicated to the analy-
sis of objects of art.[23:241 The published ap-
plications again are on works on paper.[25:26]
Experimental setups using different X-ray
tubes and detectors were applied to frescoes
and easel paintings in Italy?’! as well as to
prehistoric murals in France.[?81 Further-
more, a series of Perugino paintings were
investigated using mobile XRF.[291 Mural
paintings were investigated by another
XRF spectrometer, where a polycapillary
conic collimator (PCC) was used in front
of the detector, which enabled the nature of
the thickness of the layers to be studied as
well.[301 A Chinese group has developed a
similar system which includes a polycapil-
lary lens for the analysis of archaeological
objects.[31]

The above literature survey illustrates
that true mobile XRF is of growing impor-
tance for analysis in the field of archaeom-
etry and technical art history. In this paper
three case studies are reported in which
ArtTax/Artax spectrographs were applied
for the analysis of medieval paintings, both
on textile and wood panel. It is only pos-
sible to present results for the pigments in
this paper, whereas the painting techniques
(support, preparation layers, binder of the
paints, efc.) are described in the respective
publications. Additionally, experimental is-
sues are discussed with respect to the ap-
plication to paintings.

2. Results and Discussion

2.1. Case Study 1

In addition to painting on wood pan-
els, painting directly on canvas (without
a ground layer) also seems to have been a
common technique in the late middle ages.
When aqueous binders are used for the
paint, it is called ‘distemper’ (‘Tempera’
in German). This appears to be the case
for most of the paintings, which are called
‘Tiichlein’ following an expression of the
painter Albrecht Diirer.[321 Because of their
fragile composition only a few of these
paintings have survived. For this kind of
paintings interpretation of the elemental
analytical data with respect to pigments
was expected to be relatively straight-
forward because a Tiichlein is typically
composed of only one pigmented layer.
Furthermore, a relatively limited range of
pigments, originating primarily from natu-
ral sources, was available for a painter in
the period around 1500.
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Fig. 1. Left: ‘Saint Sixtus’ from the ‘Halberstédter Heiltumsschrank’, ca. 1520, 131 cm x 54 cm,
Halberstadt Domschatzsammlung. Photograph: Maria Petrasch: Right: micro-XRF measuring

positions. Drawing: Maria Petrasch.

The ‘Halberstidter Heiltumsschrank’
is a large wooden trunk from around 1520,
used as a reliquary. It contained four “Tiich-
lein’ from the same time, which were inves-
tigated and restored within the framework
of a diploma thesis.[33 Both reliquary and
paintings are on exhibition in the Dom-
schatzsammlung in Halberstadt, Germany.
Following visual examination, spots of
interest were analysed by micro-XRF. It
was possible to record a total of 56 meas-
urements on the four paintings during one
day while the paintings remained in the
restoration workshop. Because the paint-
ing technique of each of the four paintings
is very similar,1?# analytical results of the
painting ‘Saint Sixtus’ (131 cm X 54 cm)
only are presented here (Fig. 1). Table 1
shows the comprehensive semi-quantitative
evaluation of the XRF spectra. Some of the
findings are discussed in detail in the fol-
lowing.

White paint on this painting (C08, C09)
is characterized by strong Ca signals, while
signals from S are absent. This indicates
chalk (CaCOs;) rather than gypsum (CaSO,
-2H,0). The yellow-ochre tone of the coat
(C4, C11) is pigmented with iron oxide yel-

low, as indicated by the intense Fe peak. Pb-
L peaks of varying intensity indicate lead
pigment; in this case most probably lead
white (Pb;(CO;),(OH),) according to the
observed shades. Ca and K/Si signals indi-
cate chalk and clay minerals and therefore
suggest a natural source for the pigment.
There are significant small signals for ele-
ments that might initially appear unusual: Ti
is another indicator for a natural earth pig-
ment, because titanium minerals like ilmen-
ite (FeTiO5) are minor but frequent constit-
uents of sediments derived from rocks.[3!
Similarly, Mn indicates manganese min-
erals (e.g. manganite MnOOH, pyrolusite
MnOz), which occur as the colouring com-
ponent of brown earth pigments (‘natural
umber’). Zn was described in the literature
as a typical impurity in brown earth pig-
ments.[2) XRF analysis of the flesh tones on
the face of Saint Sixtus (C06, CO7 (Fig. 2b,
Fig 2c, Fig. 3)) shows two elements which
can be attributed to red pigments: Pb hints
at minium (Pb;0,) as well as to lead white
and Hg hints to cinnabar, of course. These
pigments are mixed with chalk as indicated
by the Ca signals and probably with lead
white as indicated by the strong Pb signal.
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The Cu signals can be attributed to a green
layer of copper green, which is more visible
on CO7. Dark red-brown tones on the coat
seam (C10, Fig. 2d) as well as on the painted
frame (C12) show very similar spectra (Fig.
4) which are dominated by the strong Fe sig-
nal. This indicates iron oxide red (Fe,05) as
the main pigment, while the other elements
of medium concentration indicate chalk and
a lead pigment (lead white or minium). Sev-
eral trace elements hint at silicate (K, Si) and
accessory minerals (Zn, Mn, Ti) as discussed
above. This suggests that a natural earth pig-
ment (ochre) was used as raw material to
produce a red pigment by heating (‘burnt

ochre’). In contrary to the dark red, a clear
red paint was used for the sceptre (CO1, Fig.
5). The spectrum from this spot shows strong
signals of Hg indicating cinnabar (HgS) as
the red pigment. The term ‘cinnabar’ is used
rather than ‘vermillion’ because it is likely
that the natural mercury sulphide was used.
This expensive pigment probably was mixed
with an excess of the cheaper minium, as
indicated by the high Pb signal. Bright yel-
low colour on the gloves (C02) and lights
on the coat (C05, C16) are characterized by
a low concentration of Sn, which together
with lead may indicate lead-tin yellow (Pb,
SnO4). Nevertheless, the light on the coat

Table 1. Micro-XRF results for the painting ‘Saint Sixtus’ and interpretation. Designation of semi-
quantitative evaluation: X! = main component, X = high concentration, X = medium concentration,

(X) = traces

Spot no  colour / detail

CO1 red / sceptre
Fig. 2a

co2 bright yellow /
gloves

Co3 blue / coat

Cco4 ochre / coat

C05 yellow-white / light
on brocade

Co6 flesh tone / cheek
Fig. 2b

co7 flesh tone, green
underpaint / face
Fig. 2¢c

c8 grey / ornament on
tiara

C09 white / tiara

C10 red-brown / coat
seam
Fig. 2d

C11 yellow-ochre / coat
seam

Cci12 red-brown / painted
frame

C13 black / underdra-
wing

C14 black / contour line

C15 black over green /
possibly alteration

C16 white / light on coat
seam
Fig. 2d

XRF result
Pb!, Hg, Ca, Fe, (Cu)

Pb!, Ca, Sn, Cu, Fe, (Sr,
Mn)

Cu!, Fe, Ca, Ba, Mn,
(K, Pb, Si)

Pb. Fe, Cu, Ca, Ti, Mn, Zn,
(Si, K)

Pb!, Fe, Ti, Cu, Ca, Sn,
(Si, Mn)

Pb!, Cal, Hg, Cu, Fe, Sr,
(Mn)

Pbl, Cu, Ca. Hg. Fe, K,
(Sr, Si, Mn)

Cal, Pb, Fe, Cu, K, (Hg, Sr,
Mn, Zn)

Cal, Pb, Fe, Cu, K, (Sr, Mn,
Hg, Zn, (Ti))

Fel, Ca, Pb, Cu, Mn, Ti, K,
(n, Si, Sr, (C)

Fe!, Pb, Ca, Cu, Mn, Ti,
Zn, (K, Si, Sr, (Al, P))

Fe!, Ca, Pb, Cu, Mn, Ti,
Zn, K, (Sr, Cr, Si)

Cul, Ca, Fe, K, As, Pb,
(Mn, Cl, Si)

Ca, Cu, Fe, K, Pb, Hg,
(Mn, Zn, As, Sr, Ti, (Si))

Cu!, Ca, Fe, Pb, (K, Mn,
Hg, Sr, (Ba))

Fel. Pb, Ca, Cu, Sn, Ti,
Mn, (Si)

interpretation

minium (Pb30,), lead white
Pb4(CO,),(OH), possible, cinna-
bar (HgS), chalk (CaCO,)

lead white / massicot PbO), less
chalk, traces of lead-tin yellow
(Pb,SnO,)

copper blue, chalk

iron oxide yellow (FeOOH), lead
white / massicot, copper blue,
Ti containing accessory mineral
(probably ilmenite FeTiO)

lead white / massicot, iron oxide
yellow,
less lead-tin yellow

minium / lead white, chalk, cin-
nabar

minium / lead white, iron ox-
ides, chalk, cinnabar, copper
green

chalk, traces of other pigments
chalk, traces of other pigments

iron oxide red (Fe,0,), chalk,
lead white / minium

iron oxide yellow, lead white /
massicot / minium, less chalk,
copper blue/-green

iron oxide red (Fe,O,), chalk,
lead white / minium, copper pig-
ment (adjacent green paint)

copper green, less chalk, lead
pigments, iron oxides (no indi-
cation of black pigment)

chalk, traces of other pigments
(no indication of black pigment)

copper green, less chalk, iron
oxide, traces of lead white (no
indication of black pigment)

iron oxides, lead white / minium,
less chalk and lead-tin yellow
(more Pb than in C10)
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Fig. 2. a) Detail of ‘Saint Sixtus’ (Halberstadt),
micro-XRF measuring position on the sceptre,
clear red (C01); b) micro-XRF measuring position:
flesh tone (C06); c) micro-XRF measuring
position flesh tone with green glaze (C07); d)
micro-XRF measuring positions: red-brown coat
seam (C10) and bright light on coat seam (C16).
For all images: video image from the measuring
head, image width = 15 mm.

seam (C16) is more clearly characterized by
an elevated Pb signal as compared to the red
paint below (C10) (Fig. 4). Hence, the main
component of the highlight is lead white.
Blue and green paints (C3, C15) showed
high concentrations of Cu, indicating the
respective blue or green copper compounds
(e.g. azurite Cu;(CO;),(OH), or malachite
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Fig. 3. Micro-XRF spectra from ‘Saint Sixtus’ (Halberstadt), black = flesh
tone (CO06), grey = flesh tone with green glaze (C07).
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Fig. 4. Micro-XRF spectra from ‘Saint Sixtus’ (Halberstadt), grey = red-
brown coat seam (C10), black = bright light on coat seam (C16), (note the

logarithmic ordinate).
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Fig. 5. Micro-XRF spectrum from ‘Saint Sixtus’ (Halberstadt), red paint in

the sceptre (CO1).

Cu,(CO5)(OH),). For spot C15 malachite
could be verified by polarized light micro-
scopy (PLM) and FT-IR spectroscopy in a
sample taken from the same spot. However,
other green pigments (verdigris, i.e. basic
copper(acetate, and antlerite Cu,(SO,)
(OH),) were analyzed by PLM and FT-IR
in samples taken from the painting ‘Saint
Stephanus’ from the ‘Halberstidter Heil-
tumsschrank’.133] Hence, a specific copper
compound must not be assumed only from
the presence of copper and has to be veri-
fied by other analytical methods which then
usually require a sample. Some black lines
(C13, C14, C15) were analyzed, but no hints
to a particular black pigment were detected.

These measurements may serve as examples
for the fact that it is generally difficult to iden-
tify historic black pigments. They are mainly
forms of carbon (e.g. charcoal, soot) which
cannot be detected by XRF. Only bone black
(apatite Cas(PO,);(OH) with included C) is
characterized by P. Consequently, only car-
bon black can be stated for the investigated
black paint.

2.2. Case Study 2

Within the framework of a research
project another late medieval Tiichlein
was investigated.[3¢] The painting ‘Mary,
adoring the Child’ (152 cm x 107 cm) was
painted by Giovanni Ambrogio Bevilacqua

CHIMIA 2008, 62, No. 11

Fig. 6. Giovanni Ambrogio Bevilacqua, ‘Maria, das Kind anbetend’, 1500-
1510, 152 cm x 107 cm, Gemaldegalerie Alte Meister Dresden. Numbers
correspond to the micro-XRF measuring spots. Photograph: Staatliche
Ma Kunstsammlungen Dresden, Kluth / Estel.

around 1500-1510 and is on exhibition at
the Gemildegalerie Alte Meister at Dresden
(Fig. 6). Analysis of the painting materials
was requested to complement the optical
examination and to provide information to
those who made copies of the painting. It
was decided to use micro-XRF as a strictly
non-destructive method for the comprehen-
sive survey of the pigments. Additional in-
vestigations were carried out on seven sam-
ples taken from the painting (microscopy,
binding media analyses) after that, which
are discussed elsewhere.[37 Representative
coloured areas were selected and docu-
mented prior to the setup of the Artax and
subsequent measurements. Due to the light
weight and modest size of the painting, the
measurements were easily carried out us-
ing the standard tripod of the spectrometer
(Fig. 7). It was possible to measure a total
of 36 spots in a few hours, while the paint-
ing was in the restoration workshop. Table 2
shows the comprehensive semi-quantitative
evaluation of XRF spectra of representative
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Fig. 7. Micro X-ray fluorescence setup. The Artax measuring head is in
the middle with the X-ray tube above the SDD detector. Photograph: Ivo
Mohrmann.

tones. Some of them are discussed in detail
in the following.

Generally, all white areas (e.g. Mary’s
robe, spot 27), as well as lighter colours
(e.g. sky above the mountains, spot 29)
showed pronounced peaks for Pb which, of
course, is consistent with lead white. The
spot on the sky shows a slight pink shad-
ing with cinnabar as indicated by the small
Hg signals. Lead white was confirmed both
by PLM and FT-IR in two light blue areas
from the sky. Lead white was also applied

in highlights, such as on the faces of the
cherubim, and on an angel’s robe. The
black letters on the lower and upper scrip-
ture band (spot 17) did not show any dif-
ference in the XRF spectrum compared to
the white ground. Therefore, carbon black
can be assumed as the pigment following
the discussion above. The red tone of the
cherubim in the sky (spot 03) as well as
the middle of the rose blossoms (spot 24)
was achieved by cinnabar, as indicated by
Hg peaks. The yellow areas in two of the

Table 2. Representative micro-XRF results for the painting ‘Mary adoring the child’ and interpretation. Des-
ignation of semi-quantitative evaluation: X = high concentration, X = medium concentration, (X) = traces

Spotno  colour / detail XRF result interpretation
27 white / Mary’s robe  Pb, Cu, (Ca, Fe, K, Ba) lead white, copper blue (adja-
cent)
29 white / sky above Pb, Cu, Hg (Ca, Fe, Ba, K) lead white, little copper blue
mounts and cinnabar
17 black / top writing Pb, Fe, Ca (Al, Si, P, K, Ti, lead white, earth pigment (from
Cu, Hg) underlaying paint), (no indica-
tion of black pigment)
03 red / Cherubim Pb, Hg, Ca, Fe, Cu (Sn) cinnabar, minium / lead white,
iron oxide, lead-tin yellow
24 pink / rose blos- Pb, Cu, Hg, (K, Ca, Fe) lead white / minium cinnabar
som
33 flesh tone / Jesus’  Pb, Hg, Fe (K, Ca, Mn, Cu, lead white / minium, cinnabar,
leg Cd, Sn) earth pigment
02 ochre / angel’s Fe, Cu, Ca, Pb, (Si, K, Ti, iron oxide hydroxide etc.
robe Mn, Hg)
05 green / God the Cu, Ca, Fe, Pb (K, Ba, Mn, copper green, earth pigment,
father’s robe Zn, As, Ho) less lead white, trace of orpi-
ment (As,Ss)
07 blue / God the fa- Cu, Pb, Ca, Fe (Si, K, Ba, copper blue, less lead white,
ther’s robe Mn) earth pigment
14 blue / sky, dark Cu, Pb, Ca, Fe (Si, K, Ba, copper blue, lead white
overpaint Mn)
15 blue / sky, first Cu; Pb, Fe, Ca, (Si, K, Ba, copper blue, lead white
greenish blue Mn)
26 gilding on blue / Cu, Au, Pb, Ca, Fe (K, Ba, copper blue, lead white (from
Mary’s robe Hg) robe), gold, little cinnabar
32 gilding on red Pb, Fe, Au, (Ca, Cu, Ti, minium / lead white, iron oxide,

ground / halo
around Jesus

Sn, Hg)

gold, cinnabar, lead-tin yellow
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angels’ robes (spot 02 (Fig. 8)) as well as
the ochre colour of the painted frame are
pigmented with iron oxide hydroxide, as in-
dicated by the intense Fe peak. The second
major component is lead white, as indicated
by Pb in varying concentrations according
to the tone. A distinct peak for Hg indicates
cinnabar. Ca and K suggest a natural source
for the pigment, as well as small Ti and Mn
signals which probably come from minor
constituents of sediments as discussed
above. Flesh tones, e.g. on the infant Jesus’
leg (spot 33), mainly contain lead white.
They are shaded with cinnabar, as indicated
by the Hg peaks, although minium cannot
be excluded. The presence of Fe as well as
traces of Ca, Si, Ti, and Mn again suggests
that a natural earth pigment was added to
the flesh tones. Measurements from five ar-
eas of green paint, e.g. a very coarse green
pigment from the collar of God the Father’s
robe (05) revealed Cu as the main colour-
ing element. As discussed above, historical
copper green pigments cannot be unam-
biguously identified solely from elemental
analysis. At least copper chlorides (e.g. ata-
camite, Cu,(OH);Cl)) can be excluded in
this painting due to the XRF data. In order
to verify the green pigment a sample from
an angel’s robe was taken and investigated
by PLM and FT-IR. Natural malachite to-
gether with some azurite was detected.37)
Smaller XRF-peaks for Ca, Fe, and Pb in-
dicate varying proportions of chalk, earth
pigment, and lead white in the green paint,
respectively. Additional traces of As in the
majority of the spots of green paint may
originate either from orpiment (As,S;) or
impurities in natural malachite. Blue tones
are mainly found in the robes of God the Fa-
ther (spot 07) and Mary (spot 26), as well as
in the sky, the mountains, and the flowers.
Generally, they are characterized by their
high Cu signal. Azurite (Cu;(CO;),(OH),)
may be suggested as the pigment because the
number of traditional blue copper pigments
is much smaller than that of greens. This
pigment of natural source was confirmed by
PLM and FT-IR in two samples taken from
the sky (see below). In each case, Pb signals
of varying intensity from the blue paint in-
dicate that lead white was mixed with the
azurite in differing proportions according
to the tone. Elemental gold was identified
for the golden border of Mary’s robe (spot
26) as well as for the golden halo around
the infant Jesus (spot 32). Because of the
thinness of the gold layer compared to the
interaction depth of X-ray fluorescence the
spectra from gilded areas are dominated by
the elements from the ground layer rather
than from the gold leaf. The red preparation
layer contains minium, (lead white cannot
be excluded), iron oxide, and cinnabar. The
significant trace element Ti suggests that an
earth pigment was used as raw material for
the red pigment as discussed above.
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Fig. 8. a) ‘Mary
adoring the child’,

u-XRF measuring
positions on a yellow
angel’s robe (spot
02). Video image
from the measuring
head, image width
=15 mm; b) u-XRF
spectrum from a
yellow angels’ robe
(spot 02).

- kel -

It was attempted to support by micro-
XRF an observation on the painting which
is related to the preservation history of the
painting: Microscopic examination of the
surface revealed that most parts of the sky
were overpainted, presumably in a later
period. Comparison of XRF measure-
ments of closely neighbouring spots on
the dark blue sky, the one with overpaint
(spot 14) and the other without (spot 15)
(Fig. 9) should indicate the pigment of
the overpaint. Surprisingly, no significant
differences were detected between both
XRF spectra (Fig. 10). He-purge was ap-
plied in this case to enable detection of
lighter elements (e.g. Na, Al, Si). Typical
blue pigments like Na- and Si-contain-
ing lapis lazuli ((Na,Ca)g[(AlSi);,0,,]
(5,S0,)) or Co-containing smalt were
to be excluded in the overpaint. Only
slightly larger Fe peaks could indicate
an iron-containing pigment. At this point
strictly non-destructive analysis had to be
abandoned. From two blue areas of the

Fig. 9. ‘Mary adoring the child’, u-XRF measuring
positions on the sky: 14) darker blue overpaint,
15) original greenish blue. Video image from the
measuring head, image width = 11 mm
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Fig. 10. ‘Mary adoring the child’, u-XRF spectra from the sky, grey = original
greenish blue (15), black line = dark blue overpaint (14) (see Fig. 9). No
significant differences (note the logarithmic ordinate).

sky (one from the lower part close to spot
29 and one from a darker blue area close
to spot 15) samples were taken from the
painting and cross sections were prepared
for further research into the paint layer
structure.[381 Both samples exhibited a
composed stratigraphy, which was inves-
tigated by incident light microscopy.l37]
The first layer consists of fine lead white
and coarse particles of natural azurite as
described above (Fig. 11). It is covered by
a thin glue-starch isolating layer. In the
case of the darker surface an intense blue
layer lies on top of the isolation. The very
fine dark blue pigment was identified as
Prussian blue (Fe,[Fe(CN)¢];-xH,0) by
FT-IR. The invention date of this pigment
(1704) proves the terminus post quem of
the overpaint. Several further pigments
were also identified in this paint layer by
PLM and FTIR (lead white, iron oxide
red, iron oxide hydroxide yellow, red lake,
smalt, charcoal, gypsum, and silicate).

2.3. Case Study 3

The so-called ‘Gottinger Barfiileral-
tar’, dated 1424, is a double-winged trip-
tych; the wings painted on both sides. It
is the largest fully painted altarpiece in a
museum world-wide (ca. 800 cm X 300
cm) and is on exhibition in the Niedersidch-
sisches Landesmuseum Hannover (Fig.
12). Within the framework of a research
project the triptych has been subject to

Fig. 11. ‘Mary adoring the child’, paint cross
section of a sample from the sky under visible
light. Image width = 150 um.

technical research, conservation, and resto-
ration.[39401 In particular the sides of the al-
tarpiece shown on Sundays and feast-days
are extensively covered by applied metal
leaf and an elaborate decorating technique.
The background obviously consists of
pure gold. Other areas show perfectly pre-
served silver areas. The imitations of gold
brocade textiles on the panels appear in a
whole variety of golden tones. A first iden-
tification of the metal leaves was possible
by optical means, which however required
confirmation by non-destructive elemental
analysis. Considering the date of origin the
leaves could consist of pure metals, of al-
loys, or of “Zwischgold’, a leaf from silver
and gold hammered together. Large areas
of metal leaf are covered with transparent
or coloured lacquers.



CONSERVATION OF CULTURAL HERITAGE

893

Fig. 12. ‘Géttinger BarfuBeraltar’ (Sunday side), 1424, ca. 800 cm x ca. 300 cm, Niedersachsisches

Landesmuseum Hannover. Photograph: Stamme.

Fig.
BarfuBeraltar’ (feast-day side). The ArtTax spectrometer is mounted on a
heavy duty camera stand.

It was decided to apply micro-XRF in
order to identify the metal leaves and to de-
tect them in areas where they are covered
with paint. The capacities and limitations
of the ArtTAX applied to metal leaves were
of special interest. Two measuring sessions
were carried out in 2003 and 2004. For the
specific measuring parameters see Section

13. Micro X-ray fluorescence measurement at the ‘Géttinger

3. Onthe basis of thorough optical investiga-
tions the measuring spots were selected and
documented by the conservator before the
setup of the instrument. In contrary to medi-
um-size paintings on canvas the mounting
of the spectrometer was a challenge. The
enormous height of the altarpiece of about
5 m and the immobility of the panels made

CHIMIA 2008, 62, No. 11

Table 3. General layered structure of a historic
painting

layer composition

coating / varnish pure binder (resin,
protein)

paint layer(s) paint = pigment / filler
+ binder

underpaint paint

or: metal leaf metal

on preparation layer filler (‘bole’)

underdrawing ink / pen

ground filler (chalk / gypsum)

+ protein

isolation pure binder

(protein, starch)

support — textile (‘canvas’)

— wood(panel,
sculpture)

— plaster

— other (e.g. metal)

the standard tripod useless. Scaffolds could
not be used either because the support for
the instrument must not vibrate at any time.
The solution for this problem was found
in a heavy duty camera stand, which made
it possible to reach spots up to about 4 m
height. For some positions the spectrom-
eter even had to be turned into an upside-
down position (Fig. 13). It was possible to
measure a total of 32 spots in the first turn,
and 33 spots in the second turn, within two
days each. Additionally, reference meas-
urements were carried out on metal sheets
using both instrumental setups. Besides the
non-destructive XRF analysis, analyses on
samples taken from the object were carried
out (discussed elsewherel*!l). Due to lim-
ited space only a summary of the results
from the micro-XRF measurements on the
‘Gottinger Barfiifleraltar’ can be given here.
The order follows the structure of a historic
painting as given in Table 3.

The ground layer of all panels is com-
posed of chalk as indicated by the strong Ca
signals in most of the spectra. Weak signals
from Ti, Zn, and Sr may be caused by natu-
ral impurities. Furthermore, a small amount
of alead pigment can be assumed (Fig. 14).
It was possible to analyze the pigment of a
red first drawing over the ground layer at a
paint layer defect, to which measurements
could be compared. The spectrum of the
red line on the ground layer shows an el-
evated Fe signal in comparison to the white
ground. Hence, iron oxide pigment is a con-
stituent of the drawing (Fig. 14). All sides
of the altarpiece carry underpaint layers
over the ground layer. These layers contain
lead pigments (lead white and minium)4!]
as detected in paint cross sections by micro-
scopy and elemental analysis by scanning
electron microscope (SEM-EDX). This
result could be confirmed by a micro-XRF
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Fig. 14. u-XRF spectra from ‘BarfiBeraltar’ (Mo target), white = blank
ground (28RF2), black = ground with red line (28RF1), (note the logarithmic

ordinate).
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Fig. 15. a) Detail from ‘BarfuBeraltar’, position of the micro-XRF scan (7.5RF3) from the red paint (top,
1) down to the ground layer (middle, 4). Video image from the measuring head, length of the scan:
0.59 mm image width = ¢ 4.7 mm; b) result of micro-XRF-scan (7.5RF3) from the paint layer down to
the ground layer, peak intensities of Ca and Pb. Length of the scan: 0.59 mm

scan at a fracture in the paint, where the lay-
ers from the surface down to the support
were accessible: The high Pb signals at the
surface (spot 1) drops towards the ground
(spots 2—4), whereas the Ca signals from
the ground increase with depth (Fig. 15).
Compared to the X-ray fluorescence
depth of several micrometers up to milli-
metres, the thickness of the medieval metal
sheets of around 1 um*?! is only a frac-
tion of this. Hence, the spectra from metal
sheets were dominated by signals from the
ground layer (Ca and Sr from chalk) and
from the bole (Fe from iron oxide and Ti
from accessory minerals). Nevertheless, the
nature of the metal sheets on the altarpiece
could be elucidated by micro-XRF. The
golden background on the Sunday- and
feast-day-sides was proved to be pure gold
leaf (Fig. 16). Here, a quantitative evalua-
tion of the Au/Ag/Cu ratio based on peak
intensities could be attempted, because no
coating layers with additional pigments
were observed. The data gained with the

collimator was suitable, because no poly-
capillary lens had suppressed the Ag-K-
lines. The result from the blank gold leaf
on the ‘Barfiileraltar’ was compared to
gilt surfaces of other works from the same
time (‘Liineburger Goldene Tafel’, around
1418/20 and ‘Reliquary bust’ from Uslar,
around 1420 (Fig. 17), both Niederséch-
sisches Landesmuseum Hannover), as well
as to modern gold leaf references. The gold
alloys from the ‘Barfiileraltar’ as well as
from both other medieval works are very
pure with respect to the Ag concentration
(Fig. 18). The Au concentration lies in the
range of ‘Rotgold’ (95.8% mass Au = 23
karat) to ‘Rosenobelgold’ (97.9% mass Au
= 23.5 karat). A further quantitative analy-
sis of the metal sheets with respect to trace
elements appeared not to be reasonable be-
cause of the ground layers and glazes that
had been applied throughout the surface.
Some golden areas on the Sunday- and
feast-day sides such as garments, parts of
the brocade, and details revealed significant

Fig. 16. u-XRF spectrum (W-target) from ‘BarfiiBeraltar’, golden background
on the feast-day side (10RF5)

Micro-XRF measurement on a

Fig. 17.
sculpture: ‘Reliquary bust’ from Uslar, ca. 1420,
Niedersachsisches Landesmuseum Hannover.

Ag peaks in the spectra (Fig. 19) and thus
can be interpreted as Zwischgold. A quanti-
tative evaluation of the Au- and Ag-signals
similar to that for the gold leaves showed
that the medieval Zwischgold leaves (‘Bar-
fiiBeraltar’ and ‘Goldene Tafel’) contain a
relatively higher concentration of Au than
the modern reference samples (Fig. 20).
The soldiers’ armour in the middle panel
and some other details are made from sil-
ver leaf (Fig. 21a and b). It is divided in
areas of different shade. However, they do
not show any difference in the micro-XRF
analysis (Fig. 21c) and thus the discoloura-
tion can be caused only by a different oxi-
dation state of Ag or some organic colorant.
Another more reddish area on that armour
is obviously coloured by an iron oxide pig-
ment, as indicated by the elevated Fe signal
at that spot (18.6RF3) (Fig. 21c¢).

The imitations of luxurious gold bro-
cade textiles are created in an elaborate
manner: First a metal leaf was applied,
which in most areas is silver in addition to
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Fig. 18. Micro-XRF data (W-target) of gold leaves (ref. = modern reference
samples). Calculated ratio of line intensities, normalized.
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Fig. 19. Micro-XRF spectra (W-target), grey = golden leaf on feast-day side
of ‘BarfuBeraltar’ (door, 10RF4), black: modern Zwischgold reference (gold
upside).
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Fig. 20. Micro-XRF data (W-target) of Zwischgold leaves (ref. = modern
reference sample). Calculated ratio of line intensities, normalized.
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Fig. 21. a) Detail of ‘BarfiBeraltar’, silver armour on the middle panel,
areas of different shade; b) Detail of ‘BarfuiBeraltar’, micro-XRF measuring
position: dark silver on armour (18.6RF1). Video image from the measuring
head, image width = ca. 3 cm; c) u-XRF spectra from ‘BarfiBeraltar’, silver
armour on the middle panel, black = reddish area (18.6RF3), grey = dark
silver (18.6RF1), white line = light silver (18.6RF2), (note the logarithmic
ordinate).

probably appeared in a much clearer green
tone. Other silver areas in the brocade are
coated with ared pigment that probably is of
organic nature because it does not show any
distinctive X-ray signals. For the painted
decoration on the brocade micro-XRF re-
vealed clear results: According to the spec-
tra the blue lines contain copper-pigment
(presumably azurite) and red lines contain
minium und a little cinnabar, as indicated
by Pb and Hg, respectively. A blue-black
ornament (Fig. 23a) was analyzed as cinna-
bar (HgS) pigment which turned black (Fig.
23b). The painted pleats in red (Fig. 23a)
contain minium as the Pb signal in the XRF
spectra indicates. In contrast, blue painted
pleats did not show any distinctive X-ray
signals and hence only contain organic pig-
ments.

On the ‘Barfiieraltar’, a few fragments
of narrow metal ribbons remained, which
divided the small scenes on the feast-day
side. As expected, the relatively bulky and

the above-mentioned Zwischgold. On top
of the metal foil follows a transparent and
mostly coloured coating. Then an ornament
was painted with different opaque colours.
Finally, the shadows of the pleats are in-
dicated with a different, more transparent
colour. The coating on the metal ground of

the brocade today appear mostly dark and
grey to brown (Fig. 22a). The XRF-spectra
on those spots show clear Cu signals which
indicate a copper pigment (green or blue) in
the original glaze on top of the silver sheet
(Fig. 22b). This pigment probably has al-
tered over time, hence these areas originally

homogeneous metal parts could be easily
analyzed by micro-XRF (Fig. 24).39411 The
metal ribbon consists of almost pure Cu
with traces of Fe, Ni, Pb, As, Ag, Sb. Three
nails which fixed the metal ribbon could be
characterized as a Cu-rich, malleable brass
with minor components of Zn and traces



CONSERVATION OF CULTURAL HERITAGE

896

CHIMIA 2008, 62, No. 11

Fig. 22. a) Detail
from ‘BarftBeraltar’,
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Fig. 23. a) Detail
of ‘BarfiiBeraltar’,
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micro-XRF measuring
position: black
ornament (7.5RF3).
Video image from
the measuring head,
image width = ca.
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| spectrum (W-target)
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blue-black ornament
on silver leaf
(7.5RF3).
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Fig. 24. Micro-XRF spectra (W-target) from ‘BarfuiBeraltar’, black = brass

nail (18.1RF2), grey = copper ribbon (18.1RF1).

of Fe, Ni, As, and Pb. Calibration of the
peak intensities with quantitative chemical
analysis made by AAS earlier*3] allowed
the concentrations to be quantified as Cu
=83-90% mass and Zn = 10-17% mass. A
fragment of gilding was identified as pure
gold leaf.

3. Experimental and Technical
Aspects

3.1. Measuring Conditions

The measurements presented in this pa-
per were carried out with an ArtTax/Artax
system. Generation of excitation radiation
as well as detection of X-ray fluorescence
are combined in a compact measuring head:
a small air-cooled ‘mini-focus’ X-ray tube
and a high resolution energy-dispersive,
Peltier-cooled silicon-drift detector (SDD).

The excitation area may either be restricted
by a 650 um collimator or by a polycapil-
lary X-ray lens producing a spot of ca. 80
wm diameter with high intensity.[*41 Because
total reflection in the polycapillary lens

Table 4. Parameters for micro-XRF measurements

disappears at energies >20 keV the fluores-
cence intensity drops dramatically at higher
energies. The detailed experimental setups
and parameters used for the measurements
are compiled in Table 4. The fluorescence
depth generally depends on the excitation
energy, the line energy of the fluorescence
radiation, and the matrix, i.e. the composi-
tion of the material under analysis. For the
Artax the range of measuring depth was de-
termined from a few micrometers (for Na)
up to some millimetres (for Sb).[22!

In the measuring head a CCD camera
together with a white LED illumination are
integrated. This provides a magnified live
image of the region under investigation,
which can be saved digitally. A red laser di-
ode is used to position the beam on the area
of interest as well as to adjust the operating
distance (Fig. 21b). The distance of the tube
window and the detector to the surface is

case study 1 case study 3 (2003) case study 3 (2004)
and case study 2
tube Mo (30 W) Mo (30 W) W (30 W)
voltage 45 kV 50 kV 50 kV
tube current 600 pA 600 pA 800 pA
filter Mo (25 pm) Mo (10 pm) Ni (10/30 pym)
focus polycapillary polycapillary collimator
ca. 80 pm ca. 80 pm 650 pm
measuring time 100 s 100 s 100 s
He-purge partly partly None
1.0 ml/min 1.0 mlI/min
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about 3 mm. If care is taken, measurements
can also be performed on convex parts of
three-dimensional objects (Fig. 17). The
measuring head is fixed to a motor-driven
x/y/z positioning stage which can be con-
trolled from the computer. The latest gener-
ation of Artax is equipped with a sensor that
prevents contact of the measuring head with
the surface. It is possible to perform a ‘line
scan’ of subsequent XRF measurements,
reasonably in the dimensions of a few mil-
limetres. Normally, the whole instrument
(apart from the laptop control) is mounted
on a vibration-damped tripod which allows
free positioning of the complete measuring
system relative to the object under investi-
gation (Fig. 6). In certain cases, where the
dimensions of the tripod are not sufficient,
the instrument may be fixed to a suitable
support, such as a heavy-duty photographic
stand (Fig. 13).1391 Concerning safety regu-
lations a distance to the source of one me-
ter is sufficient, which must be indicated by
temporary barriers.[22]

3.2. Data Interpretation

Evaluation of the data was performed
using the programme ‘ArtTAXControl’
(V4.5.4.0). Depending on the excitation
energy the XRF spectra show additional
signals not originating from the measured
object due to systematic interactions, e.g.
Raleigh scattering and Compton scattering
of the excitation lines as well as ‘pile-up’
and ‘escape’ effects in the detector. The in-
terpretation of the spectra was also affected
by line coincidences as given in Table 5.
Fig. 25 shows how the spectrum is influ-
enced by the set-up: Using the polycapil-
lary lens together with the Mo-target results
in a strong suppression of the Ag-lines and a
more distinct scattered excitation radiation.
Here, Ag can be detected only at energy <20
keV by its weaker Ag-L-lines (AgLotl 2.98
keV). Therefore it proved advantageous to
use a collimator instead of the lens to gain
the stronger Ag-K-lines (Ag-Koal 22.16
keV). In both setups Au is easily detected in
an intermediate energy range (Au-L-series:
8.49-13.38 keV).

Generally, the experimental XRF data is
evaluated only in a ‘semi-quantitative’ way,
because the intensity of the individual sig-
nals is influenced by many factors. Know-
ing the theoretical composition of the pig-
ments, one tries to correlate the elements
to certain compounds known as pigments.
Sometimes, the colour of the paint may sup-
port interpretation. For example, presence
of Hg in a reddish paint normally proves the
presence of cinnabar (HgS) (Fig. 5).

However, interpretation of the elemen-
tal data from paintings is often ambiguous
because all elements contribute that are
present in the entity of the inorganic pig-
ments, fillers and accessory substances in
a paint layer, which itself may consist of

CHIMIA 2008, 62, No. 11

Table 5. Characteristic signals in the spectra depending on the X-ray target, in keV

Mo-target

characteristic excitation
energy
(Raleigh scattering)

Compton scattering

coincidences

(10.551)

Mo-K (17.4 / 19.6 keV)

Nb-K (16.62 / 18.63)

Mo-L-series (2.014-2.831) /
Au-M-series (1.981-2.883)

As Kol (10.543) / Pb-La1

W-target
W-L (8.39/9.67)

not visible

W-La1 (8.398) / Cu-Ko1 (8.046);
W-LB1 (9.672) / Au-Lod (9.713)

Pulses

5 10

15 20 25
= koM -

Fig. 25. Micro-XRF spectra on reference samples of metal leaves (Zwischgold): black = Mo-target,

polycapillary lens, grey = W-target, collimator.

several layers. This problem appears es-
pecially in the case of Pb, because this
element is a constituent of numerous pig-
ments. For example, if a red paint shows
lead signals, the pigments minium (Pb;0,,
red), massicot (PbO, yellow) and lead white
(Pb;(CO;),(OH),, white) may be present
(Fig. 3). A similar case involves the green
Cu-containing pigments, because a great
number of different copper compounds are
known as pigments or their degradation
compounds, respectively.[4!

Data from metal leaves were also
evaluated quantitatively: The intensity
ratios  I(Au-Lal):I(Ag-Kal):I(Cu-Kal)
and [I(Au-Lol)+I(Au-Moal/2)]:[I(Ag-
Kal)+Ag-Lol)] were calculated without
calibration (Fig. 18, 20).

4. Conclusions

From the micro-XRF measurements on
medieval paintings using the ArtTax/Artax
spectrometer the following conclusions can
be drawn:

— The CCD-camera together with the
laser-pointer and the remote motorized
positioning of the measuring head en-
ables the measuring spot to be localized
in an exact and simple fashion.

— The diameter of the measuring area (80
wm or 650 um) matches the require-
ments of a detailed surface analysis of
paintings.

The shape of the measuring head and
the measuring distance of 3 mm to the
surface makes it difficult to analyse
materials on curved surfaces of carved
polychrome sculptures or on paintings
close to frames.

The option of line scan measurements
performed over a damage in the paint
layer made it possible to distinguish be-
tween different paint or metal layers.
Elemental analysis on paintings on can-
vas with a single paint layer (‘Tiichlein’)
revealed reliable information about pig-
ments. Taking the range of possible
mediaeval pigments into account, pig-
ments often can be identified. However,
if there are several compounds of simi-
lar elemental composition, neglecting
C, N, and O, single phases cannot be
defined (e.g. copper blue and green pig-
ments, lead pigments).

It was possible to distinguish metal leaves
(Au, Ag, and ‘Zwischgold’). However, it
was not possible to determine their qual-
ity. Bulk metal fragments could be ana-
lyzed straightforwardly. The Mo-target
combined with the polycapillary lens
turned out to be unreliable for analysing
Ag leaf. A collimator is favourable for
the investigation of heavier elements.
On the other hand, the W-target makes it
difficult to detect low contents of Cu and
Au due to line coincidences.

The interpretation of XRF spectra re-
sulting from multi-layered medieval
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paintings is generally ambiguous, par-
ticularly in the case of metal leaves on
bole ground and pigmented coatings as
in case study 3. On the other hand, over-
paintings do not necessarily become ob-
vious if the pigments do not contain a
characteristic element pattern as in the
case study 2. Here, additional investiga-
tion of cross-sections, although destruc-
tive, are of considerable help.
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