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XAFS measurement scheme

We want to measure the energy dependence of the x-ray absorption coefficient µ(E). It can be measured: 	
•Directly by measuring I and I0:

•By measuring the signal from a recombination process of the core-hole, i.e. by measuring the 
fluorescence yield or the Auger yield. In this case:
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The k-edge absorption in 
isolated atoms and in a solid 



A typical (FeO) 
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The absorption coefficient in the dipole approximation 
and for wavelengths >>r0 is given by:

µ(�⌅) =
4⇤2e2

nm2c⌅
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For an isolated atom

Transitions to excited bound states

µ(�⇤) =
4⇥2e2
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Isolated atoms: the Ne K-edge excitation
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For a two atom system
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XANES



XANES Analysis: Oxidation State and Coordination Chemistry

The XANES of Cr
3+

and Cr
6+

shows a dramatic dependence on oxidation state

and coordination chemistry.

For ions with partially filled d shells, the p-d hybridization changes dramatically

as regular octahedra distort, and is very large for tetrahedral coordination.

This gives a dramatic pre-edge peak – absorption to a localized electronic state.



Edge Shifts and Pre-edge Peaks in Fe oxides

XANES for Fe oxides and metal. The shift of the edge position can be

used to determine the valence state.

The heights and positions of pre-edge peaks can also be reliably used to

determine Fe
3+/Fe2+ ratios (and similar ratios for many cations).



XANES Analysis: Oxidation State

The Normalized XANES from several Fe compounds:

XANES can be used simply as a fingerprint of phases and oxidation state.

XANES Analysis can be as simple as making linear combinations of “known”

spectra to get compositional fraction of these components.



XANES Analysis: Oxidation State

The Normalized XANES from several Fe compounds:

XANES can be used simply as a fingerprint of phases and oxidation state.

XANES Analysis can be as simple as making linear combinations of “known”

spectra to get compositional fraction of these components.



XANES: Conclusions

XANES is a much larger signal than EXAFS

XANES can be done at lower concentrations, and less-than-perfect

sample conditions.

XANES is easier to crudely interpret than EXAFS

For many systems, the XANES analysis based on linear combinations

of known spectra from “model compounds” is sufficient.

XANES is harder to fully interpret than EXAFS

The exact physical and chemical interpretation of all spectral features

is still difficult to do accurately, precisely, and reliably.

This situation is improving, so stay tuned to the progress in XANES

calculations . . . .



Visualization of a Lost Painting by Vincent van
Gogh Using Synchrotron Radiation Based X-ray
Fluorescence Elemental Mapping
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Marine Cotte!,X
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for Micro- and Trace Analysis, Department of Chemistry, Universiteit Antwerpen, Universiteitsplein 1, 2610 Antwerp,
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Vincent van Gogh (1853-1890), one of the founding
fathers of modern painting, is best known for his vivid
colors, his vibrant painting style, and his short but highly
productive career. His productivity is even higher than
generally realized, as many of his known paintings cover
a previous composition. This is thought to be the case in
one-third of his early period paintings. Van Gogh would
often reuse the canvas of an abandoned painting and paint
a new or modified composition on top. These hidden
paintings offer a unique and intimate insight into the
genesis of his works. Yet, current museum-based imaging
tools are unable to properly visualize many of these hidden
images. We present the first-time use of synchrotron
radiation based X-ray fluorescence mapping, applied to
visualize a woman’s head hidden under the work Patch
of Grass by Van Gogh. We recorded decimeter-scale, X-ray
fluorescence intensity maps, reflecting the distribution of
specific elements in the paint layers. In doing so we
succeeded in visualizing the hidden face with unprec-
edented detail. In particular, the distribution of Hg and
Sb in the red and light tones, respectively, enabled an
approximate color reconstruction of the flesh tones. This
reconstruction proved to be the missing link for the
comparison of the hidden face with Van Gogh’s known
paintings. Our approach literally opens up new vistas in
the nondestructive study of hidden paint layers, which
applies to the oeuvre of Van Gogh in particular and to old
master paintings in general.

Vincent van Gogh is generally recognized as one of the
founding fathers of modern painting.1 In recent decades his work
has undergone extensive art historical and technical study. One

striking feature that emerged is Van Gogh’s frequent reuse of
paintings in order to recycle the canvas.2,3 The artist would simply
paint a new composition on top of an existing work. This is usually
attributed to the artist’s lifelong economic hardship and the rapid,
energetic evolution of his artistic ideas. Visualizing such hidden
paintings is of interest to both specialists in the field of Van Gogh
and the public alike. Covered paintings in general provide an
insight into the making of artworks and the underlying conceptual
changes. In the case of Van Gogh, they also present a touchstone
for comparison with preparatory drawings and the abundant
literary record. The extensive correspondence with his brother
Theo van Gogh, an art dealer based in Paris, is full of remarks by
Vincent on his work.

Nondestructive imaging of such hidden paint layers is usually
realized by means of tube-based X-ray radiation transmission
radiography (XRR). The absorption contrast in these images is
mostly caused by the heavy metal components of pigments
employed, such as lead in lead white or mercury in vermillion.
Conventional XRR, however, has a number of important limita-
tions. First of all, the observed X-ray absorbance is a summation
of all element-specific absorbancies. This implies that the contri-
bution to the overall image contrast due to (low quantities of)
weakly absorbing elements will frequently be obscured by heavier
elements that are present in higher concentrations. Second, prior
to the application of the paint layer, a canvas is usually primed
with a homogeneous layer of lead white. This raises the overall
background of the absorption image derived from the paint layers.
Finally, the polychromatic character of an X-ray tube further
reduces the contrast in radiographic images. As a result, conven-
tional XRR imaging of paintings frequently provides only a
fragmentary view of their substructure, which can severely hamper
the readability of hidden compositions.4
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‡ Universiteit Antwerpen.
§ Kröller-Müller Museum.
| Deutsches Elektronen-Synchrotron (DESY).
! Palais du Louvre.
X European Synchrotron Radiation Facility.

(1) Hulsker, J. The New Complete Van Gogh: Paintings, Drawings, Sketches; John
Benjamins: Philadelphia, PA, 1996.

(2) Van Heugten, S. Van Gogh Museum J. 1995, 63–85.
(3) Hendriks, E. Van Gogh’s Working Practice: A Technical Study. In New

Views on Van Gogh’s Development in Antwerp en Paris: An Integrated Art
Historical and Technical Study of His Paintings in the Van Gogh Museum;
Hendriks, E., Van Tilborgh, L., Eds.; University of Amsterdam: Amsterdam,
The Netherlands, 2006; pp 231-245.

(4) Krug, K.; Dik, J.; Den Leeuw, M.; Whitson, A.; Tortora, J.; Coan, P.; Nemoz,
C.; Bravin, A. Appl. Phys. A: Mater. Sci. Process. 2006, 83, 247–51.

Anal. Chem. 2008, 80, 6436–6442

10.1021/ac800965g CCC: $40.75 " 2008 American Chemical Society6436 Analytical Chemistry, Vol. 80, No. 16, August 15, 2008
Published on Web 07/29/2008



382 L. Bertrand et al.

examined by environmental scanning electron microscopy
(ESEM) and by C-µXRF in order to obtain compositional
and spatial distribution information about the components
and their behaviour. The analysed samples showed small
blister-like alterations which are presumed to be the start
of protrusion formation. Raman spectroscopy confirmed the
presence of stearates in the blisters while signals attributed
to the pigment lithopone (ZnS·BaSO4) were recorded. 3D-
confocal µXRF measurements revealed highly heteroge-
neous distributions of metals in the ground layer of the paint-
ing. An enhanced concentration of Zn was recorded inside
the blisters, consistent with the presence of Zn-stearates,
while the additional Zn appeared to be present as ZnS-
containing lithopone. The authors speculate that during the
growth of the blisters, the ratio of ZnS to Zn stearate dimin-
ishes, leading to an increase in volume.

Fast synchrotron XRF macro-scanning (MA-XRF) has
recently been implemented to determine the distribution of
pigments on easel paintings. J. Dik et al. used a high-energy
38.5-keV X-ray beam of 0.5 mm in diameter to record
the fluorescence spectra from a 17.5×17.5 cm2 area of the
painting Patch of Grass by Vincent van Gogh to visualise
the hidden head of a woman (Fig. 5). The technique was re-
cently used on other paintings by Rembrandt van Rijn [26],
Philipp Otto Runge [27] and on two more paintings by Van
Gogh [25] using beamline L of HASYLAB. At the Aus-
tralian synchrotron, a self-portrait by the artist Arthur Stree-
ton was examined [28]. Working at such high photon en-
ergies decreases the dose delivered per unit volume in the
object. The technique seems to offer a very promising com-
plement to the classical radiograph taken in museum studios
and conservation laboratories, particularly if the exposure
time can be minimised. Also mobile (i.e., X-ray tube based)
MA-XRF scanners are being developed [29–31] that can be

Fig. 5 Reconstruction of the flesh tones of the hidden head of a woman
from the painting Patch of Grass by Vincent van Gogh, using the
amounts of Sb (off-white) and Hg (red) determined by macro-XRF
scanning at beamline L (DORIS III, Hamburg, Germany) [25]

used for preparatory studies inside the museum or picture
gallery, prior to studies at a synchrotron facility. In some
cases, as demonstrated with the examination of a portrait by
Francisco de Goya [30], the results from the mobile devices
already reveal significantly more than what can be obtained
by traditional radiography.

3.2 X-ray absorption, photoemission and related
techniques

XAS (or X-ray Absorption Spectroscopy) is based on the ab-
sorption of X-rays by materials in the vicinity of the absorp-
tion edge of one of its constituting elements (Figs. 6 and 7).
The technique provides chemical speciation, i.e. informa-
tion on the coordination sphere of the selected absorbing
element (the absorber). The tunability of the synchrotron

Fig. 6 Schematic representation of set-ups of X-ray absorption
(XANES, EXAFS) experiments in reflection geometry

Fig. 7 Example showing typical K-edge variations among the X-ray
absorption near-edge spectra of transition elements, here mangane-
se-based compounds. Manganese compounds are characterised by a
wide variety of oxidation states (II, III, IV, V, VI, VII) with manganese
ions in square planar, cubic, tetrahedral or octahedral environments.
Reproduced with permission from [32, 33]

Schematic representation of set-ups of X-ray absorption 
(XANES, EXAFS) experiments in reflection geometry 



(a) Vincent van Gogh, Patch 
of Grass, Paris, Apr-June 
1887, oil on canvas, 30 cm 
× 40 cm, Kröller-Müller 
Museum, Otterlo, The 
Netherlands (KM 105.264; 
F583/JH1263). The red 
frame indicates the field of 
view in images b and c 
(rotated 90° counter-
c lockwise) . (b) X-ray 
radiat ion transmission 
radiograph (XRR), paint 
sample location indicated 
in the blue frame (Figure 
4 ) . ( c ) I n f r a r e d 
reflectograph (IRR).



 (a) Distribution of Pb 
L measured with SR-
based XRF (black, low 
intensity; white, high 
intensity). (b) Hg L 
showing distribu- tion 
of vermillion. (c) Sb K 
showing distribution 
of Naples yellow, paint 
s a m p l e l o c a t i o n 
indicated in the blue 
frame (Figure 4). (d) 
Z n K s h o w i n g 
distribution of zinc 
w h i t e , m o s t l y 
corresponding with 
surface painting but 
some overlap with 
concentrations of SbK 
(nose, ear, neck).



(a) Example of a X-ray fluorescence spectrum, derived from one location on the 
painting, showing the presence of Sb; (b) Comparison of Sb K- edge XANES spectra 
from three positions on the painting to reference XANES spectra of Naples yellow 
[Pb(SbO3)2 · Pb3(Sb3O4)2] and antimony white (Sb2O3). All spectra were recorded in 
the fluorescent mode.



 View on sample location indicated in Figures 1b and 2c (rotated 90° counter clockwise). The red frame 
indicates the location of the sample before removal. The insets show photographs of both sides of the 
unembedded sample before cross-sectioning.



Cross section of paint sample measured with 
SR-based μ -XRF showing elemental 
distributions of Pb, Sb, Hg, and Zn (black, 
high intensity; white, low intensity). Insets 
show the correlation of Sb and Pb on the 
pigment grain level.



 XANES spectra at the Sb-
LIII edge (upper spectrum) 
and at the Sb-LI edge 
( l o w e r s p e c t r u m ) . 
R e f e r e n c e a n t i m o n y 
compounds: Sb2O3 as (a) 
valentinite and as (b) 
senarmontite; (c) Sb2S2O, 
kermesite; (d) Sb2O4; (e) 
Sb3O6OH, stibiconite; (f) 
K S b O 3 · 3 H 2 O ; ( g ) 
NaSbO3OH · 3H2O; (h) 
Naples yellow; and (i) Sb 
pigment in the cross 
section of the Van Gogh 
painting (Figure 5).



 (a) Tritonal color reconstruction of Sb (yellowish white) and Hg (red) representing the flesh 
color of the hidden face. (b) Detail from Vincent van Gogh, Head of a Woman, Nuenen, winter 
1884-85, oil on canvas, 42 cm × 33 cm, Kro l̈ler-Mu l̈ler Museum, Otterlo (KM 105.591; F154/
JH608). (c) Detail from Vincent van Gogh, Head of a Woman, Nuenen, winter 1884-85, oil on 
canvas, 42 cm × 34 cm, Van Gogh Museum, Amsterdam (F156/JH569).
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Revealing letters in rolled Herculaneum
papyri by X-ray phase-contrast imaging
Vito Mocella1,*, Emmanuel Brun2,3,*, Claudio Ferrero2 & Daniel Delattre4

Hundreds of papyrus rolls, buried by the eruption of Mount Vesuvius in 79 AD and belonging

to the only library passed on from Antiquity, were discovered 260 years ago at Herculaneum.

These carbonized papyri are extremely fragile and are inevitably damaged or destroyed in the

process of trying to open them to read their contents. In recent years, new imaging tech-

niques have been developed to read the texts without unwrapping the rolls. Until now,

specialists have been unable to view the carbon-based ink of these papyri, even when they

could penetrate the different layers of their spiral structure. Here for the first time, we show

that X-ray phase-contrast tomography can reveal various letters hidden inside the precious

papyri without unrolling them. This attempt opens up new opportunities to read many

Herculaneum papyri, which are still rolled up, thus enhancing our knowledge of ancient Greek

literature and philosophy.

DOI: 10.1038/ncomms6895
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In general, the letters stand out in slight relief from the papyrus
surface, a phenomenon that is familiar to papyrologists reading
unrolled Herculaneum texts with the aid of a microscope. It is
precisely this morphological feature that allows the highlighting
of letters by XPCT, although the difference between ink
composition and carbonized papyrus is not sufficient to enhance
any differential absorption using conventional XCT. The relief of
the letters, which rise at least one hundred microns above the
surface of the papyrus fibres, is by itself sufficient to produce
appreciable phase contrast.

Writing detection in a fragment of papyrus scroll PHerc.Paris. 1.
To prove the effectiveness of the proposed technique, a first
experiment was performed on a very small part of fragment 101
from PHerc.Paris. 1, removed from the roll thanks to an ‘unrolling’
operation conducted by the Oslo method in Naples in 1986/7, and
showing several superposed layers of papyrus. On one of the hidden
layers, we have succeeded in reading two words in successive lines.
In Fig. 1a the sequence of Greek capital letters PIPTOIE (pi-iota-
pi-tau-omicron-iota-epsilon), could be read either as p ptoie[n or as
p ptoi followed by a word beginning with an epsilon, for example,

[n (or e[ B), and meaning ‘would fall’. In the following line
(Fig. 1b), it is possible to read another letter sequence, almost cer-
tainly EIPOI (epsilon-iota-pi -omicron-iota), meaning ‘would say’.
The spatial resolution of the detector (see Methods) is 100 microns
so that the letters observed in this papyrus, which are about
2–3 mm, are fully disclosed by the imaging process.

Writing detection in papyrus scroll PHerc.Paris. 4. The main
object of our investigation has been a nearly complete scroll that
is typical of rolled-up Herculaneum papyri. This specimen is
relatively well preserved and is inventoried as PHerc.Paris. 4
(Fig. 2a). In Fig. 2b three orthogonal slices of the reconstructed
volume (Fig. 2c) give a picture of the morphology of this scroll.
The tremendous pressure of the pyroclastic material compressed
the scroll and deformed its internal spiral structure, the layers of
which are folded in a nearly chaotic and badly entangled fashion.
Moreover, in many places the whorls have adhered to one
another. Therefore, it should be emphasized that the letters
(which were capital letters in all the literary papyri) may be more
or less distorted, since they lie on highly non-planar surfaces that
are cut by selected planar sections for rendering purposes. All this
makes data analysis a challenge, since it is necessary to ascertain
the phase contrast associated with the text on a surface, the shape
and topology of which exhibit an extremely high degree of
complexity. Nevertheless, we were able to discern evidence of this
contrast in the reconstruction.

In Fig. 3a, it is possible to make out three letters in linear
sequence. The first is undoubtedly an A (alpha) and the third an
N (nu). The middle letter, however, requires a more careful
interpretation: the loop, which we believe is its topmost part,

evokes a P (rho), that is, a letter equivalent to English R. We
would then have the sequence ‘APN’, which can either come from
a single word like rn-eı̃syai ‘to deny’ or be divided into the
two-letter sequence ‘AP’ and the single letter ‘N’, giving, for
example, the particle [g] r, ‘for’ (which is always in second
position in a clause or sentence) and preceding a word starting
with N. In Fig. 3b, the sequence of letters HEY (êta-epsilon-
upsilon), equivalent in English to a long E followed by the syllable
EU, is clearly identified. This sequence falls naturally into the
single letter H and the two-letter sequence EU, the former being
presumably the feminine definite article ‘the’ and the latter the

1 mm

Π I Π TO I E E I Π Ο Ι

a b

Figure 1 | Two words read on a hidden layer of the fragment PHerc.Paris.
1 fr. 101. (a) The sequence of Greek capital letters PIPTOIE (pi-iota-pi-tau-
omicron-iota-epsilon); (b) The letter sequence of the next line, EIPOI

(epsilon-iota-pi-omicron-iota).

1 cm

Figure 2 | The Herculaneum papyrus scroll PHerc.Paris. 4. (a) A picture of
the PHerc.Paris. 4 lying in its transport holder, fabricated by means of a
three-dimensional scan of the external papyrus shape profile (B16 cm
length). The carbonized papyrus is extremely fragile. Its deformation was
caused mechanically by the eruptive material; (b) three orthogonal slices,
and (c) a volume rendition of the reconstructed papyrus, which highlights
the huge complexity inside the scroll, where the papyrus convolutions were
exposed to tremendous stresses.

A P N

1 mm

H E Y K I

Figure 3 | The letters discovered inside PHerc.Paris. 4. (a) The sequence
of Greek capital letters APN (alpha-rho-nu); (b) the letters sequence HEY
(eta-epsilon-upsilon) and (c) the sequence KI (kappa-iota).
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The Herculaneum papyrus scroll 
PHerc.Paris. 4. (a) A picture of the 
PHerc.Paris. 4 lying in its transport 
holder, fabricated by means of a 
three-dimensional scan of the 
external papyrus shape profile (B16 
cm length). The carbonized papyrus 
is extremely fragile. Its deformation 
was caused mechanically by the 
eruptive material; !
(b) three orthogonal slices, and !
(c) a volume rendition of the 
reconstructed papyrus, which 
highlights the huge complexity inside 
the scroll, where the papyrus 
convolutions were exposed to 
tremendous stresses.!



first syllable of a nominal (cf. for example, in English euphonia,
euphonic). In Fig. 3c, we can identify the sequence KI, ki (kappa-
iota), found, for example, in the words of the verb family kine n
‘to move’. Unfortunately, the risk of confusion is always possible
when dealing with horizontal or vertical traces, since they can
correspond either to actual letters or to fibres in the papyrus
material. The only clearly distinct marks in such a document are
rounded or oblique traces, shapes that are not easily confused
with papyrus fibres, which run vertically and horizontally, and are
therefore letters or parts of letters. Hence, the following letters are
relatively easy to distinguish: A, B, D, E, Z, Y, K, L, M, N, O, P, C,
U, F, X, C and O; while G, H, I, X, P and T are more easily
confused. The script here is noticeably different from that of
PHerc.Paris. 1, shown in Fig. 1.

The alphabet of this papyrus that we present in Fig. 4 comes
from different images of the scroll acquired during the
experimental scans. It is to be read as follows: the 24 letters of
the Greek alphabets are arranged in three superimposed lines.
Lines 1 and 2 consist of letters taken from several internal regions
of the sample (for several letters, line 2 shows a second, slightly
different, example we were able to obtain). One should not forget
that the letters may be heavily distorted, due to the highly non-
planar surfaces on which they lie. Line 3 reproduces the
corresponding letters extracted from infrared images of a
Herculaneum papyrus (PHerc. 1471) opened previously and
preserved in the National Library in Naples, Italy; it contains a
work by the Epicurean philosopher Philodemus, ‘On Frank
Criticism’, which has been studied in depth by one of the authors
of the present article. The letters from PHerc. 1471 are meant to
help the reader in recognizing the layout of the letters appearing
in PHerc.Paris. 4.

Discussion
In Fig. 4, PHerc. 1471 was chosen as a reference for comparison
with our new alphabet, because some of the letters from the
reconstructed specimen PHerc.Paris. 4 show on the left side of

their base a small decorative hook that is always present in PHerc.
1471 but is not widespread in the writing style of other papyri in
the collection. This does not mean that PHerc.Paris. 4 and PHerc.
1471 were copied by the same hand: we are simply looking at two
hands with significant similarities. The alphabet we have
reconstructed from PHerc.Paris. 4 lacks only the letters X
(English X) and C (English PS); this is not surprising, as these
letters are far less frequent as other letters in ancient Greek texts.
The overall close similarity of the two hands could lead us to date
PHerc.Paris. 4 to the same period as PHerc. 1471, that is, the
second quarter of the first century BC, according to the dating
proposed by G. Cavallo28. (He characterizes his ‘group M’ as
follows: ‘the ductus appears smooth, the lines are subtle, with
elegant apexes that give the writing a very refined look. In the
treatment of letters, the differences from other Greek writings
from Herculaneum (especially group I) are not substantial, but
the airy lightness of touch and the light tracing of the apexes, even
when they are well marked, generally supply a different stylistic
effect. The middle bar of alpha (English ‘A’) is either horizontal
or oblique, connected through a loop to the oblique line that
descends from right to left (...). Epsilon and theta (the letters ‘E’
and ‘TH’, respectively) usually have a rather short median bar
(...). The right stem of êta (a letter form similar to that of English
‘H’) is elegantly arched; the internal oblique strokes of mu (the
letter ‘M’) meet in an ample angle, while in some scrolls the
outside strokes of mu may be curved or straight and stiff. The
letter rho (English ‘R’) extends quite a long way above and below
the lines of the writing, while the upsilon (English ‘U’) is almost
always bilinear’.) Comparing the alphabet in Fig. 4 with Cavallo’s
description of the hands of his ‘group M’, we note an apparent
consistency with the writing of PHerc.Paris. 4. If it is correct to
place this hand in Cavallo’s group M, then the papyrus is quite
likely to contain a text by Philodemus. Thus, this study, without
compromising the physical integrity of the roll, has not merely
discovered traces of ink inside it, but has also helped identify with
a certain likelihood the style of handwriting used in the text, along
with its author.

A B E Z H I M NKΓ ∆ Θ Λ

PO Σ T Y XΠΞ ΩΨΦ

1 mm

Figure 4 | The papyrus alphabet from PHerc.Paris. 4. (a) The alphabet letters from A to N (alpha to nu) as revealed by the XPCT experiment, primarily
from the innermost region of the papyrus, where the individual coils are more distinguishable, are reported on lines 1 and 2; on line 3 the infrared images
of the same letters from the unrolled papyrus PHerc. 1471, which was used as a reference for the writing style of the scroll PHerc.Paris. 4. Printed
capital letters of the ancient Greek alphabet are given below line 3. (b) The alphabet letters revealed by the XPCT experiment from X to O (xi to omega).
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(a) The alphabet letters from A to Ν (alpha to nu) as revealed by the XPCT experiment, primarily from the 
innermost region of the papyrus, where the individual coils are more distinguishable, are reported on lines 1 and 2; 
on line 3 the infrared images of the same letters from the unrolled papyrus PHerc. 1471, which was used as a 
reference for the writing style of the scroll PHerc.Paris. 4. Printed capital letters of the ancient Greek alphabet are 
given below line 3. (b) The alphabet letters revealed by the XPCT experiment from Ξ to Ω (xi to omega).!


