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Raman microscopy has been used to identify the pigments decorating three valuable items owned by the
Worshipful Company of Barbers (established in 1308 in London), one being a large leather screen dating to
before 1712, the other two being illuminated title pages of books of ordinances of the Company dating to
1605 and 1658. Pigments which could not be fully characterised by this technique (particularly the green
paints) have also been subject to XRF or SEM–EDX analysis. The combined analytical approach has shown
that the pigments identified on all three items are typical of those in use as artists’ pigments in the 17th C
and include azurite, indigo, vermilion, red lead, pink and yellow lakes, verdigris, lead white, calcite (and
chalk), gypsum, carbon-based black, and gold and silver leaf. However in the case of the screen alone, res-
toration in the 1980s has been carried out with different pigments – haematite, phthalocyanine green,
rutile, and a mixture of azurite, malachite and barium sulfate. This work constitutes the first in-depth
study of painted leatherwork and demonstrates that the palette used for this purpose is similar to that
used on other works of art of the same date. It has also allowed the original colour schemes of the deco-
rations to be determined where pigment degradation has occurred. The combined analysis has also pro-
vided a more complete understanding of the materials used for, or on, objects to which access is limited.

� 2010 Published by Elsevier B.V.
1. Introduction

Raman microscopy (RM) is a light scattering technique used pri-
marily in the characterisation of vibrational modes of molecules
and thereby of molecular structure. It provides a very effective
means of identifying minute grains of any material such as a pig-
ment. The technique has high specificity, sensitivity, reproducibil-
ity, spatial (1 lm) and spectral (1 cm�1) resolution, and is both
non-destructive and applicable in situ. It is thus highly appropriate
to the study of materials such as artwork and archaeological arte-
facts for which sampling may be either undesirable or forbidden.
The information obtained bears upon restoration, conservation,
and dating of artefacts, and with the detection of forgeries [1–
17]. The present research is directed at three intriguing items held
at the Barber-Surgeons’ Hall in the City of London and owned by
the Worshipful Company of Barbers (established in 1308)2. These
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are: (1) two panels of a large painted leather screen gifted to the
Company in c. 1712 and to which the Company’s coat of arms has
subsequently been added, and (2) the title pages of two excellently
illuminated ordinance books of the Company dating to 1605 and
1658. The results which follow bear upon the identification of the
pigments used and the complications which arise in consequence
of varnishing and overpainting as part of restoration work.
1.1. Experimental

Research has primarily been carried out using a Renishaw 1000
Ramascope spectrometer with He–Ne excitation at 632.8 nm. The
laser was directed onto the surfaces of the illuminated manuscripts
using a 50� Leica microscope objective, with the laser power being
0.4 mW at the page surface. Spectra were collected using 10–30 10
s scans with 3–5 spectra collected per coloured area. Microscopic
samples of the leather screen were taken from areas of previous
losses to the surface or from the edges of craquelure in the paint
surface.

Areas of the manuscripts which could not be analysed due to
constraints of the Raman instrument or which could not be
identified directly by Raman spectroscopy have been analysed
:10.1016/j.molstruc.2010.03.042

http://dx.doi.org/10.1016/j.molstruc.2010.03.042
mailto:r.j.h.clark@ucl.ac.uk
http://www.sciencedirect.com/science/journal/00222860
http://www.elsevier.com/locate/molstruc
http://dx.doi.org/10.1016/j.molstruc.2010.03.042


2 T.D. Chaplin et al. / Journal of Molecular Structure xxx (2010) xxx–xxx

ARTICLE IN PRESS
further using XRF. These measurements were performed directly
on the manuscripts using an Innov-X Systems Model Alpha 8000
LZX handheld XRF spectrometer with a silver X-ray tube, operating
at 40 kV, and a Si PiN diode detector. The analytical spot was c.
6 mm in diameter and therefore in some cases it was not possible
to concentrate the analysis on an individual pigment area such as a
thin line. However, by repeatedly analysing adjacent areas, it was
possible to establish the presence/absence of different elements
with atomic numbers higher than Si in each area of interest. The
X-ray spectra were individually checked in all cases to verify the
presence/absence of relevant peaks.

The SEM–EDX analysis was performed using a Philips XL30
scanning electron microscope coupled with an Oxford Instru-
ments energy-dispersive spectrometer. The accelerating voltage
was set at 20 kV and the working distance at 10 mm. Samples
were analysed as loose powders on carbon stubs. Secondary
and back-scattered electron modes were employed to examine
the nature, homogeneity and microstructure of the samples, as
well as to identify areas of interest to be analysed as spots or
small areas by EDX. Given that the samples were coated with
carbon in order to prevent charging, carbon contents could not
be quantified; any elements heavier than carbon could be
detected.

Selected samples for which there was sufficient material were
also analysed by polarized light microscopy (PLM) using a Brunel
Instruments SP300-XP polarizing microscope. Samples were set
as grain mounts in Meltmount™ with refractive index 1.662 and
examined under transmitted plane polarized light and cross-polar-
ized light at magnifications of up to 1000�.
Fig. 1. Digital image of the leather screen (measuring 270 cm � 108 cm) from the
Barber-Surgeons’ Hall, with numbers indicating locations from which microscopic
samples of pigment were taken.

3 Verdigris is an umbrella term used to refer to basic copper(II) acetate (ethanoate)
– [Cu(CH3COO)2]2�Cu(OH)2�5H2O – and a suite of closely related compounds which
differ in their [Cu(CH3COO)2] to Cu(OH)2 ratios and in their degrees of hydration.
2. Results

2.1. Leather panels

The pigments used on two panels of a large leather screen were
examined. The panels are decorated with symmetrical brown pat-
terns bearing red flowers and green leaves, applied onto a white
background; small Japanese and floral scenes are also present
and towards the centre of each screen – as they are now displayed
– the Company’s Arms has been added (Fig. 1). The screen is now
formed from two original panels joined together with the vertical
join evident. The surface of the panel is varnished, as made evident
visually by the presence of a thick, translucent coating over the
painted surface. This coating has discoloured over time, appearing
brown in many areas; this is a disadvantage for Raman studies,
which were the major focus of this study. Instead of an in situ
study, microscopic samples of the pigments present have been
examined in order to determine their identities.

The analysis shows that the white background of the leather-
work panel is painted with basic lead carbonate (samples 1 and
11; Fig. 2a). This is more commonly termed lead white, an um-
brella term that encompasses a wide range of white lead-based
paints, the most common being 2PbCO3�Pb(OH)2. This pigment
has been used widely from antiquity to the present day, although
its use declined with the introduction of less toxic white pig-
ments such as zinc white and titanium dioxide whites [18].
The central vertical line between the screen panels shows evi-
dence of repair and retouching, understood to have been com-
pleted during conservation treatment at the Leather
Conservation Centre, Northampton, during the late 1980s. The
analysis shows that this central area (sample 2) has been re-
painted with titanium dioxide (rutile), a modern white pigment
first produced after c.1947 (Fig. 2b) [19]. The white of the filled
area also contains particles of carbon-based black (Fig. 2c). These
may have been added to the white to tone down its brilliance to
Please cite this article in press as: T.D. Chaplin et al., J. Mol. Struct. (2010), doi
match that of the background white, or simply be present as dirt
particles.

The symmetrical brown patterns on the screen are decorated
with green leaves and red flowers, outlined with black paint;
these have been added over the white background. In exposed
areas where small losses to the brown surface are evident, the
original colours used for the foliage and flora are considerably
brighter. The brown colouration of the patterns is thought to
be caused by discolouration of the varnish coating, thus obscur-
ing the true colours of these features. The red material used for
the flowers (sample 3) is indicated by PLM to be a lake pigment
from its collective optical properties, which are red-pink colour-
ation, anhedral (subangular to subrounded) particles of 5–25 lm
across, low relief and isotropism [20]; no Raman spectrum could
be obtained from this material due to significant fluorescence.
The green pigment used for the foliage was determined from
its Raman spectrum (weak) to be a verdigris3 (sample 9;
Fig. 2d) [21]; the presence of copper in the green pigment was
:10.1016/j.molstruc.2010.03.042
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Fig. 2. Raman spectra obtained from the objects examined, showing the spectrum of: (a) basic lead carbonate (‘lead white’), (b) titanium dioxide, rutile-type (‘titanium
white’), (c) carbon-based black, with a known band for the room lights aiding calibration, (d) verdigris, (e) cinnabar (or the synthetic equivalent, vermilion), (f) lead sulfate, (g)
haematite, and (h) indigo. Spectra were obtained using 10–50 accumulations, each of 30 s duration, with no base-line corrections.
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confirmed by SEM–EDX analysis (Table 1). Verdigris pigments have
been used since ancient times and are still in use today as artists’
materials [22]. The lines forming the outlines of the flowers and
Please cite this article in press as: T.D. Chaplin et al., J. Mol. Struct. (2010), doi
leaves were found by RM to be composed of carbon-based black
(sample 4), similar to that identified for the toning or dirt particles
in the modern white infill area (cf. Fig. 2c).
:10.1016/j.molstruc.2010.03.042

http://dx.doi.org/10.1016/j.molstruc.2010.03.042


Table 1
Elements detected by SEM–EDX analysis of the selected samples taken from the
leather panel.

Sample
#

Sample location description Major elements
detected

6 Green paint from figure’s jacket in oriental
scene near base of panel

Pb, Cu, O

7 White paint from figure’s robe in oriental scene Pb, O, Cu
8 Golden background to the oriental scene Ag, S, Ca, O
9 Green paint of leaf in the background

decoration
Cu, S, O

16 Yellow paint from lion atop the coat of arms Hg, S, Pb, Al, Ca,
O

18 Blue paint from restoration of the coat of arms’
background

Pb, Ba, S, O, Ti,
Cu, Fe, Ca
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The small Japanese scene located at the lower right section of
the panel shows male and female figures in a domestic setting
(Fig. 3a). The main pigments in this area (red, green, white, yellow
Fig. 3. Digital images of selected features of the leather panel with sample sites indicated
arms added to the centre of the panel.

Please cite this article in press as: T.D. Chaplin et al., J. Mol. Struct. (2010), doi
and golden for the background) were identified by RM as follows.
The red paint (sample 5) is cinnabar (or its synthetic equivalent,
vermilion; Fig. 2e). Cinnabar is a natural mercury sulfide mineral
(HgS) used as an artists’ material since ancient times; vermilion
has been synthesised since Roman times [23,24]. The green used
for the robes worn by the figure at the right of the scene (sample
6) differs from that (verdigris) used for the patterns on the panel
background. This green is a mixture of blue and yellow pigments
(neither of which could be identified by RM), to which ‘lead white’
(cf. Fig. 2a) has been added. Analysis of the last by SEM–EDX shows
that it primarily contains lead and copper (Table 1). This informa-
tion together with the appearance of the particles under the micro-
scope, and the notable absence of elements such as tin, antimony
and chromium in the EDX spectra, suggests that the blue is azurite
(basic copper(II) carbonate) and the yellow an organic lake. RM of
the white paint used for the central female figure’s robes in the Jap-
anese scene (sample 7) shows it to contain lead sulfate (PbSO4;
Fig. 2f). Although this material has been used as a pigment in its
, (a) Japanese scene at the lower right section of the panel, and (b) part of the coat of

:10.1016/j.molstruc.2010.03.042
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own right [25,26], it may also be present as a by-product in the
manufacture of other lead-based white pigments [27]; lead white
is also known to decay to lead sulfate [28]. The identification of
lead sulfate here may therefore indicate that the paint used was
‘lead white’. SEM–EDX analysis of this material detected the pres-
ence of lead only (along with ubiquitous carbon and oxygen; Table
1) which also suggests that the white paint is a lead white. It was
also detected as the pigment used for the white flower on the top
right floral scene of the screen (sample 23; cf. Fig. 2a), and as a
component in the yellow paint used for the vertical stripes on
the building roof (sample 10). The yellow paint contains a mixture
of yellow and pink particles which appear to be lake pigments,
with similar optical properties (PLM) to those described previously.
Finally, the golden background of the Japanese scene consists of a
highly reflective metallic material (sample 8) from which no Ra-
man signal could be obtained. SEM–EDX showed that it is com-
posed of silver, with sulfur also being present (Table 1). The
background would originally have been bright metallic silver,
now degraded due to the formation of silver sulfide and to the sur-
face coating of thick, yellowed varnish.

The central coat of arms on the screen (Figs. 1 and 3b) has been
painted both with pigments similar to those identified on the
screen’s background as well as others. For example, the white paint
used for the background of the lettered scroll at the base of the coat
of arms (sample 12) is the same type of lead white as that found on
the main panel background (basic lead carbonate, cf. Fig. 2a). Sim-
ilarly, the black pigment used for the lettering on the scroll (sample
13) and for the lower right quadrant of the shield (sample 24) is
carbon-based black, as found on the panel itself (cf. Fig. 2c). Ver-
milion has also been identified as the red pigment used for central
red cross of the shield (sample 15) and for the flower in the lower
left quadrant of the shield (sample 20; cf. Fig. 2e); in the latter, the
red pigment was mixed with lead white (cf. Fig. 2a) to create a
slightly paler shade of red. The yellow used for the lion at the
top left of the coat of arms (sample 16) was identified by RM to
contain vermilion (cf. Fig. 2e); this was confirmed by SEM–EDX,
which identified the presence of mercury and sulfur (Table 1).
EDX showed that the yellow is not metallic gold or silver as only
lead, aluminium and minor amounts of calcium were detected.
This may indicate the use of lead white and a yellow lake pigment
with an aluminium-based substrate.

The red-brown pigment used for the lynx (sample 21) and for
restoring the centre of the coat of arms (sample 14) are different
from those on the other areas of the leather panel examined. These
pigments consist predominantly of the iron oxide haematite
(Fig. 2g), which may have been used in the form of a synthetic iron
oxide or an ochre; no other materials which may be found in
ochres (such as clays, quartz, feldspars, gypsum and calcite) were
identified here, suggesting that the material is synthetic; the nar-
row grain size distribution of the iron oxide particles may further
indicate that it is a synthetic pigment. The blue paint used for
the background of the coat of arms was determined to be indigo
(sample 17; Fig. 2h), which is typically a natural dyestuff extracted
from the leaves of various Indigofera species since ancient times;
indigo has also been made synthetically since the late 19th century
[29] although the distinction between the two could not be made.
This dark blue material has been mixed here with basic lead car-
bonate (cf. Fig. 2a) to form the pale shade of blue observable on
the shield. The central area of the blue background has been re-
stored using a different combination of pigments (sample 18). This
restoration has been completed using a mixture of barium sulfate
(‘barium white’) and azurite, which also contains a minor amount
of malachite (Fig. 4a); the latter may be present deliberately in or-
der to alter the colour of the paint, unintentionally due to contam-
ination, or by conversion of azurite to malachite through natural
processes. Azurite and malachite are basic copper(II) carbonate
Please cite this article in press as: T.D. Chaplin et al., J. Mol. Struct. (2010), doi
minerals, 2CuCO3�Cu(OH)2 and CuCO3�Cu(OH)2, respectively, which
occur naturally (often together) and which have also been manu-
factured as paints since mediaeval times [30]. Barium sulfate,
BaSO4, also occurs in natural form (as the mineral barytes)
although this form is not known to have been used as a pigment.
However the mineral form is used in the manufacturing of the syn-
thetic form for use as a pigment, extender and filler (and termed
barium white) since the early part of the 19th century [31]. SEM–
EDX also detected the presence of barium and sulfur as well as lead
and titanium which relate to the original and modern paints,
respectively, applied to the panel surface (Table 1).

The yellow used for the highlights of the red flowers at the top
left of the coat of arms (sample 22) is considered on PLM investiga-
tion to be a yellow lake mixed with chalk (from the presence of
microfossils – coccolith plates). Chalk is a soft white sedimentary
rock formed entirely from microscopic fossilised phytoplankton
in the form of calcium carbonate (calcite) since ancient times
[26]. The presence of calcite was confirmed by RM (carbonate band
at 1088 cm�1) which also indicated the presence of basic lead car-
bonate (cf. Fig. 4b, carbonate band at 1051 cm�1). The sample was
found by PLM to contain an organic pink-red lake which may be a
component of the pigment mixture or derived from the underlying
red flower from this area of the panel. Calcite was also identified as
a component in the green pigment used in the lower left quadrant
of the shield (sample 19). The green material itself was determined
to be phthalocyanine green (Fig. 4c), a copper-based pigment first
synthesized in 1928 [32]. It is doubtless present from the retouch-
ing in the 1980s.
2.2. Yeoman’s Ordinances

The illuminated title page of the Yeoman’s Ordinances is cur-
rently framed and displayed in the Charter Room of the Barber-
Surgeons’ Hall (Fig. 5a). The centre of the page has the following
text, giving an indication of its date: ‘Illuminated page of a lost tran-
script of the Ordinances made for the yeomanry, confirmed by the
Court of Assistants 1605 May 24’. The compositions of the pigments
used to decorate the page have been investigated using in situ RM
and XRF. Access to all areas of the page was partially restricted dur-
ing the RM investigation due to the dimensional constraints of the
spectrometer system (no probe being available). However, this
analysis was supplemented by XRF which allowed the entire page
to be examined.

The palette for this page was determined to consist of azurite,
basic lead carbonate, calcite, pink lake, vermilion, carbon-based
black, red lead, indigo, and gypsum, together with gold and silver
metallic leaf. These pigments and materials are commonly associ-
ated with 17th century manuscript illumination. Azurite was iden-
tified as the blue pigment used for the dark blue horizontal stripe
on the left side of the page (analysis site 1; Fig. 4d); it is also the
major component in the pale blue paint used for the scrollwork
(site 10) in which it is mixed with basic lead carbonate, cf.
Fig. 2a). Azurite was also identified as the dark blue pigment on
the shield at the top of the page, the lighter shades of blue consist-
ing of azurite mixed with calcite (Fig. 4e). A similar pigment mix-
ture (azurite and calcite, together with a pink lake, which was
identified by its optical properties through PLM), was found in
the blue/purple paint used for the berries at the bottom right side
of the page (site 15); the same mixture was identified in the pur-
ple/pink paint used for the leaves of the scrollwork (site 12). XRF
of the blue/purple paint of the berries (at site 15) showed the pres-
ence of copper, lead and sulfur (Table 2), probably indicative of
azurite and degraded lead white; no elements to suggest that the
pink pigment is anything other than an organic material were
detected.
:10.1016/j.molstruc.2010.03.042
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Fig. 4. Raman spectra obtained from the objects examined showing the individual spectra of (a) a mixture of azurite (band at 433 cm�1), barium sulfate (bands at 453 and
616 cm�1) and malachite (bands at 403 and 509 cm�1), (b) a mixture of calcium carbonate (in the form of chalk; band at 1088 cm�1) and basic lead carbonate (band at
1051 cm�1), (c) phthalocyanine green, (d) azurite, (e) calcium carbonate, (f) gypsum, and (g) lead(II, IV) oxide (‘red lead’). Spectra were obtained using 10–50 accumulations,
each of 30 s duration, with no base-line corrections.
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Calcite has been used on the page as a white pigment in its own
right (again probably in the form of chalk) for selected areas of the
unicorn at the top of the page (lower left leg, site 19; cf. Fig. 4e).
The analysis shows that the unicorn is also decorated with other
Please cite this article in press as: T.D. Chaplin et al., J. Mol. Struct. (2010), doi
white pigments. For example gypsum, a common soft white sulfate
mineral (calcium sulfate dihydrate, CaSO4�2H2O) was identified as
a component of the white material used for the unicorn’s tail (site
20; Fig. 4f). Natural and synthetic forms of gypsum have been iden-
:10.1016/j.molstruc.2010.03.042
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Fig. 5. Digital images of the manuscript pages examined with in situ Raman and XRF analysis sites indicated, showing (a) the Yeoman’s Ordinances (33 cm � 22 cm,
understood to be on vellum; sites 1–21 examined by Raman spectroscopy; sites 5, 7, 8, 11, 14–16 and 22–30 examined by XRF), and (b) the title page of the Ordinance Book
(29 cm � 37 cm, on vellum; sites 1–9 analysed by Raman spectroscopy; sites 5, 6 and 10–22 examined by XRF).

Table 2
Elements detected by in situ XRF analysis of the illuminated manuscript pages (elements in brackets indicate a weak peak in the spectrum).

Analysis site # Site description Major elements detected

Yeoman’s Ordinances
5 Grey paint used for the wide horizontal line bearing losses above the male bust Pb, S
7,8 Grey-white pigmentation of the male bust’s forehead Pb (S)
11 Golden swirls of decoration Au (Fe)
14 Golden paint from lion’s abdomen Au (Fe, S)
15 Blue/purple paint of the raspberries at the bottom right of the page Cu, Pb, S
16 Golden paint from upper right quadrant of top coat of arms Au, Hg, Fe (S)
22 Dark grey paint of the unicorn’s abdomen Ag, S
23 Dark grey paint of the unicorn’s proper left hind quarters Ag, Hg, Au (S)
24 Grey chevron in the upper left quadrant of the central coat of arms Ag, S
25 Grey paint used for the internal fortification’s walls Pb, S, Cu
26 Red paint used for the central cross of the central coat of arms Hg, S
27 Red paint used for the strawberry at the base of the page (including grey discoloured area) Pb, Hg, S
28 Thick, dark green horizontal line Cu
29 Green leaf at top right side of page Cu, Cl
30 Green area below male bust Cu, Cl

The Ordinance Book
5 Pink/purple paint at the base of the first shield on the right side of the page Pb, Cu, Ag, Fe (Au, Hg)
6 Green pigment in curved detail below the lowermost shield on the right side of the page Cu, Pb (Au, Hg, Ag)
10 Blue paint in the shield’s lower left quadrant of the royal coat of arms Cu (Pb, Hg, Fe)
11 Red paint of the flower petals in the lower left corner of the page Hg, Pb, S
12 Red paint at the top of the central red cross in the coat of arms at the centre of the page Hg, Pb, S (Au)
13 Golden paint used for the lion’s body Au (Cu, Pb)
14 Gold paint used for the background of the upper right quadrant of the shield at the top of the page Au, Hg, S (Cu, Pb)
15 Green paint of outer decoration of central coat of arms Cu (Pb, Fe)
16 Grey paint of the upper part of the proper left front leg of the unicorn Ag, Au, Pb, Cu, Fe (S)
17 Grey paint of the unicorn’s abdomen Ag, Au, Pb, Fe (S, Cu)
18 Grey paint of the upper shield at the left side of the page Ag, Au, S
19 Grey area at base of lower shield on right side of the page Ag, Au, Pb (S, Fe)
20 Grey paint of the swirled decoration at the base of the page Ag, S (Au, Pb)
21 Grey area of chevron in upper left quadrant of the central coat of arms Ag (Pb, S, Fe)
22 Dark red line to the right of the central red cross of the central coat of arms Hg, Pb, S (Ag)
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tified on works of art ranging from ancient to modern [26]. The
light grey areas of the unicorn were determined instead to contain
significant amounts of basic lead carbonate (e.g. site 21, unicorn’s
Please cite this article in press as: T.D. Chaplin et al., J. Mol. Struct. (2010), doi
tail; cf. Fig. 2a); the discolouration of these areas is thought to be
due to the degradation of the lead white from its original white
to grey lead sulfide, a common deterioration product [33–35].
:10.1016/j.molstruc.2010.03.042
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Due to the fineness of the painted features of the unicorn, reliable
XRF data could not be obtained from all areas due to the relatively
large (c. 6 mm) X-ray beam size. However, the largest darkest areas
of the unicorn, e.g. the unicorn’s abdomen and proper left hip, were
determined by XRF to consist of silver and sulfur (sites 22 and 23;
Table 2); gold and mercury were identified in the latter site, pre-
sumably due to the adjacent gold and red (vermilion) chain deco-
ration. Thus the abdomen and hindquarters of the unicorn, at least,
would originally have been metallic silver. The use of the different
white pigments together with metallic silver to create the unicorn
would have provided detailed definition for the unicorn’s features.
Silver and sulfur were also detected together by XRF of the chevron
on the central coat of arms (site 24; Table 2); again this indicates
that these features would have originally been metallic silver but
which have now degraded to silver sulfide, forming the grey col-
ouration at the page surface.

Lead white was also identified by Raman analysis in other areas
of discolouration on the illuminated page. For example, it was
identified in the grey horizontal line with losses located above
the bust on the left side of the page (site 5), the grey-white fore-
head of the bust (site 7) and the grey-white areas of the scrollwork
(site 10; cf. Fig. 2a); the presence of lead and sulfur were also con-
firmed at sites 5 and 7, as well as at site 25 (the grey fortifications)
by XRF (Table 2). This suggests that these areas would have origi-
nally been white. Gypsum was identified within the red used for
the shield at the top of the page (site 18). The red itself has been
identified here as vermilion for the horizontal lines delineating
the page (site 2; cf. Fig. 2e) and as a thin wash on the cheeks of
the bust figure (site 6). Mercury and sulfur were detected together
in the red used for the cross in the central coat of arms (site 26) and
for the strawberry at the base of the page (site 27); lead was also
detected at the latter site. The degradation of lead white to lead
sulfide in this area is likely to be responsible for the darkening of
the pigment in this area as silver was not detected here; see Table
2).

A further red pigment was identified on the page: lead(II, IV)
oxide (‘red lead’) was used on the forehead of the bust where it
was mixed with lead white (site 8; Fig. 4g). Red lead is one of
the earliest artificially produced pigments (reportedly known as a
synthetic compound as early as the 5th century BC in China) and
is still in use today [26,36].

The illuminated page is separated into sections using red, green
and black lines. The red lines consist of vermilion (site 2; cf. Fig. 2e)
and the black lines (by RM) of carbon-based black (site 3; cf.
Fig. 2c). The latter has a glossy surface appearance on the page, vi-
sual examination showing that the lines were drawn prior to hav-
ing had the green paint added as an infill. The green consists of a
mixture of blue, black and yellow pigment particles from which
Raman spectra of azurite and carbon-black were obtained (site 4;
cf. Figs. 4d and 2c, respectively). No Raman signal could be ob-
tained from the yellow particles. XRF analysis of this green paint
at a related site (site 28) showed the presence of copper (Table
2), attributable to the azurite component; the absence of other ele-
ments in the XRF spectrum may indicate that the yellow is of or-
ganic origin.

The paler green paint used for the leaves at the top of the page
(site 13) appears to have a different composition, being composed
of yellow-green particles. No Raman signal could be obtained from
this, but XRF analysis of the leaves (site 29) as well as the green
used to surround the male bust (site 30) show the presence of cop-
per and chlorine (Table 2). This suggests that this green could have
a different composition from that used in the dark green lines and
instead consist of a copper(II) chloride hydroxide such as atacamite
or paratacamite. Both of these materials have been used histori-
cally as green pigments [37–39] but have also been identified as
alteration products of azurite [40,41].
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The dark blue material used to decorate the dark blue swirls of
the leaf (site 9) was established to be indigo (cf. Fig. 2h). This is in
contrast to the azurite/lead white mixture used for the adjacent
pale blue areas (site 10). Finally, the golden areas present at sites
11 (swirls of the scrollwork), 14 (lion at the top of the page), and
16 (shield at the top of the page), were determined by XRF to be
metallic gold (Table 2); no Raman spectrum was obtained from
these materials, as expected. At sites 14 and 16 mercury and sulfur
were also detected, most likely to be from the red details (vermil-
ion) of these decorative features.

2.3. Ordinance Book

The title page of the Charter, Act and Ordinance Book dated as
1658 bears the arms of John Frederick and those of his wardens.
The pigments used to illuminate selected areas of this page have
been identified. Examination of the entire page by RM could not
be achieved due to instrumental constraints and was restricted
to the right side of the page, although this area is decorated with
most of the main pigments evident on the remainder of the page.
The page was examined further using XRF (Fig. 5b).

The combined analysis shows that the palette for the decoration
on the page consists of: azurite, pink lake, vermilion, basic lead car-
bonate, indigo, calcite (most likely in the form of chalk) and metal-
lic gold and silver, pigments and materials commonly associated
with 17th century manuscript illumination. Azurite has been used
for the dark blue horizontal stripe on the second shield of the right
side (site 1) and for the end detail of the scrollwork above this
shield (site 9; cf. Fig. 4d). Azurite was also identified as a compo-
nent in the purple paint used for the scrollwork beneath the first
shield of the right hand side of the page (site 5); an organic pink
lake, which could not be identified, appears by PLM to be mixed
with the azurite to produce the purple paint; XRF at this site iden-
tified the presence of copper together with gold, silver, lead and
mercury, possibly from the surrounding pigmented areas. XRF also
indicates the presence of azurite in the blue paint used for the royal
coat of arms at the top of the page (site 10; Table 2); lead and mer-
cury were also identified at this site and may indicate the use of
lead white and vermilion, either mixed with the azurite or associ-
ated with adjacent decorative features such as the red lines demar-
cating the shield’s quadrants.

Vermilion was identified in the dark red and red-orange pig-
ments used for the edge of the second shield at the right hand side
of the page (sites 2 and 7), and as a component in the pale pink and
orange paints used for the hand holding the sword as well as for its
sleeve (sites 3 and 8; cf. Fig. 2e). Mercury and sulfur were also
identified in the red paints used for the red petals of the flower
in the lower left corner and for the cross of the central coat of arms
(sites 11 and 12; Table 2). Lead was also detected at these sites but
it is not known whether the lead is present as lead white or red
lead mixed with the vermilion (a pigment combination which
has been found elsewhere e.g. [42]); there is no evidence for
PbO2 [43]. At the last site (12), gold was also detected (Table 2).
This appears to have been used as an underlayer to the red paint
as it is visible through thinly painted areas. Gold was also identi-
fied by XRF as the main component of the golden paint used for
the lion’s body and the upper right quadrant of the royal coat of
arms at the top of the page (sites 13 and 14; Table 2). Copper, lead,
mercury and sulfur were also identified in these areas probably
from adjacent pigments such as vermilion used for the red decora-
tion (due to the relatively large X-ray beam size); however the cop-
per detected could be present as an impurity in the gold.

The red-orange used for the vertical stripe at the edge of the
shield on the right side of the page was found to contain basic lead
carbonate (site 7, cf. Fig. 2a) to lighten the shade of the vermilion-
based paint used. The same form of lead white was also found as a
:10.1016/j.molstruc.2010.03.042
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minor component in the green used for the detail of the scrollwork
below the shields (site 6). The green colouration is derived from a
mixture of blue and yellow pigment grains, the blue being deter-
mined to be indigo (cf. Fig. 2h) and the yellow considered to be
an organic lake, the composition of which could not be identified.
XRF of this material indicated the presence of copper, lead, gold,
silver and mercury (site 6, Table 2); all of these elements may be
associated with adjacent blue, gold and red features of the decora-
tion or the copper and lead may be related to the green itself. The
green used for the outer decoration of the central coat of arms was
also determined to contain copper and lead (site 15; Table 2). This
analysis site is located away from other pigmented areas and hence
the results suggest that the green pigments may contain copper
(possibly in the form of azurite or verdigris) and lead (perhaps in
the form of lead white).

The white highlight areas of the illuminations were determined
to have been painted with calcite (site 4, cf. Fig. 4e); this is most
likely to be present in the form of chalk given the date (1658)
and provenance (again, English) of the object.

The grey areas of the page have also been examined (by XRF) to
determine whether they are discoloured pigments or the original
colours of the decorations. Analysis of the body of the unicorn
(sites 16 and 17), the shields at the left and right sides of the page
(sites 18 and 19), the grey areas of the swirled decoration at the
base of the page (site 20) and the chevron in the upper right quad-
rant of the central coat of arms (site 21) shows that they contain
primarily silver and sulfur, together with minor amounts of lead
and gold (Table 2). This suggests that these areas may originally
have been metallic silver which has now degraded to silver sulfide.
The presence of gold may be as an underlayer (this certainly ap-
pears to be the case for the shield at the left side of the page)
although this would seem prohibitively expensive; the gold may
be present as an impurity in the silver or be detected from adjacent
painted areas.
3. Conclusions

The pigments used to decorate the leather screen were estab-
lished to be basic lead carbonate, verdigris, pink/red and yellow
lakes, carbon-based black, vermilion, iron oxide (haematite), cal-
cite (chalk), indigo and metallic gold. These materials have a long
history of use as artists’ materials and hence provide no evidence
as to the date at which the screen was painted or the Company’s
Arms added. Restoration work on the leather screen, known to
have been carried out in the 1980s involved the use of rutile, toned
with carbon-black particles, red iron oxide (haematite), phthalocy-
anine green, calcite, and a mixture of azurite, malachite and bar-
ium sulfate.

The palettes identified on title pages of the Yeoman’s Ordi-
nances (1605) and the Ordinance Book (1658) are similar, consist-
ing of: azurite, basic lead carbonate, calcite, cinnabar/vermilion,
pink-red lake, indigo and metallic gold and silver. Additionally, car-
bon-based black, red lead and gypsum were identified on the title
page of the Yeoman’s Ordinances. These pigments have been used
extensively since ancient times and form a typical palette for 17th
century manuscript illumination. The nature of the binding media
used with the pigments for each object has not been identified here
as the focus has been on the pigments and the dating evidence
which may be derived therefrom; further, the analytical tech-
niques used provide a better identification of the inorganic compo-
nents of these composite materials. RM has made an enormous
impact on the art world [44] and in archaeology [9] in that it fre-
quently allows solutions to long-standing problems to be found
both rapidly and definitively. However, it cannot be used fully to
characterise all pigments or materials encountered, especially
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when these are covered in degrading varnish. As found here, char-
acterisation of the green and yellow pigments has required addi-
tional analyses and complementary elemental techniques (SEM–
EDX and XRF) have been used. This type of combined approach
provides a more complete understanding of the materials used
for, or on, an object when access is limited.
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