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Calcium oxalates and prehistoric paintings.
The usefulness of these biomaterials
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Oxalate accretions of whewellite (CaC,04.H20) and weddellite (CaC;04.(2+x)H20, x < 0.5) have been found by Raman
microscopy on Post-Palaeolithic rock paintings from open-air rock shelters of Triassic sandstone in the Sierra de las
Cuerdas (Cuenca, Spain). Scanning electron microscopy (SEM) of these accretions suggests that they could have been
produced by colonies of lichens that lived on the rock surface. Raman and petrologic microscopy of samples from a painting
panel has revealed the nature and distribution of the components: a-quartz, haematite, whewellite, gypsum, muscovite,
microcline, anatase and rutile. Energy-dispersive X-ray (EDX) spectroscopy confirms these results. The observed
microstratigraphic oxalate layers are very helpful for archaeological studies. The pigment, haematite, is located between
two of them and some superimposition of pictographs or repainting processes have been detected. The observed oxalate
layers protect these works of art, prevent weathering and have been used for the first AMS “c dating of Post-Palaeolithic

rock art in Spain.
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1. Introduction

The minerals whewellite [CaC,04.H,0], weddellite
[CaC,04.(2+x)H,0, x < 0.5] and caoxite [CaC,04).3H,0]
are known as calcium oxalate hydrated minerals.
Whewellite and caoxite have crystal structures consisting
of sheets of Ca®" and oxalate ions although weddellite is
composed of chains leaving pores among them. Up to 0.5
moles of zeolitic water per mole of oxalate may be located
in these pores. Sheets of caoxite are corrugated by
hydrogen bonds but whewellite has flat sheets [1-3].
Whewellite is more stable than weddellite, the
monohydrated form being stable up to around 434K,
above which temperature anhydrous calcium oxalate is
formed. At 752K, the oxalate transforms into calcium
carbonate with loss of carbon dioxide [4]. The actual
dehydration process of caoxite was characterized by direct
transformation into whewellite at 389.5 K not via
weddellite [3].

Calcium oxalates are commonly associated with
diseases or deterioration. They are toxic end products of
metabolism in man and animals which cause urinary
deposits (urolithiasis) [5]. Many fungi and lichens produce
these compounds [6-11], consequently their presence in
works of art is considered a sign of biodeterioration
[12-14]. However, instead of a problem, calcium oxalates
may be considered for their usefulness and biological role.
The stability against environmental agents and the very
low solubility product of the monohydrate, Ky, = 2.0 x 107
mol’dm® at 25 °C [15], makes whewellite useful for

protecting limestone surfaces of buildings and monuments
against weathering [16-18]. Calcium oxalates are essential
for some organisms, and their crystals are very often found
in plant tissues [19-22]. They are generally formed inside
plant cells and may have various functions. They act as
water regulators in lichens [23]. They could contribute
towards keeping up an ionic equilibrium, and towards
regulating the osmotic pressure. The formation of crystals
could control toxic concentrations of oxalic acid and
calcium inside the cells. From another point of view,
calcium oxalates could be considered as storage products,
containing essential ions for plants [19,22].

Calcium oxalates may be detected by infrared and
Raman spectroscopy. Nevertheless, the most common
oxalates, whewellite and weddellite, are easier to
distinguish in the Raman spectra [5]. Raman microscopy is
particularly useful for in situ detection of oxalates in
organic tissues [24]. Frost et al. [25,26] have published a
collection of Raman spectra of natural oxalates.

An extensive study of prehistoric paintings in the
Sierra de las Cuerdas (Cuenca, Spain) has been
accomplished by our group. About one thousand figures of
Post-Palaeolithic rock art have been discovered up to the
present in more than forty rock shelters. Most of them
were included in the UNESCO World Heritage List in
1998. They are made on reddish Triassic sandstone
(Buntsandstein facies). The chemical and mineralogical
composition of the pigments used, substrata, accretions
and alterations have been investigated. The painting panel
2 in the Cueva del Tio Modesto is particularly interesting
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as motifs of different styles are represented and several
phases of accretion may be differentiated [27-29], Fig. 1.
Traces of whewellite and weddellite were detected in
previous analyses of a sample of pigment from a selected
pictograph of this panel [27], and whewellite is the main
component of the blue-greyish accretion that spreads
across the whole panel [28]. This type of accretion or
patina is very often found covering sandstone surfaces in
the region. Therefore, we wonder whether these oxalates
could give information on the paintings. Is there any
relationship or stratigraphic order between substratum,
pigment and accretions? And finally, could information on
the origin of these oxalates be obtained? In this work we
try to find answers to these questions.

The study of calcium oxalate crusts on exposed rock
surfaces gives significant information on palaeoclimate
reconstructions [30]. Previous work on oxalates and

prehistoric paintings has been carried out [31,32]. Oxalates
have been used for dating [33] and some "*C AMS dating
of prehistoric paintings has been performed from oxalate
crusts [34,35]. Raman microscopy, scanning electron
microscopy, SEM, and energy dispersed X-ray
spectroscopy, EDX, are techniques specially helpful in
determining the composition and microscopic structures of
prehistoric paintings [27,36-40].

Samples of accretions from panel 2 of the Cueva del
Tio Modesto have been studied by Raman microscopy,
SEM and EDX techniques. The microstratigraphy of a thin
section of a flake of pigment from a significant pictograph
has been observed with a petrologic microscope using
polarized light, Fig. 2. The nature of the observed
microcrystals has been determined by Raman microscopy.

Fig. 1. Central part of the painting panel 2 at Cueva del Tio Modesto (Henarejos, Cuenca). The black arrow, on the left of the
photograph, shows the place where a pigment sample of the deer 47 (15-CTM:047) has been collected. The reddish sandstone
substratum, the blue-greyish crust and the deterioration of the panel due to a flaking effect [28] are evident.

Fig. 2. Microphotograph with polarized light of a polished thin section (20 xm) of a small flake from the sample 15-CTM:047

(deer 47). Microcrystals of the substratum of the pictograph (Buntsandstein Triassic sandstone) were identified by Raman

microscopy (Fig. 4): () e-quartz, (m) microcline, (h) haematite, (mv) muscovite, (a) anatase and (r) rutile. -Quartz

microcrystals exhibit different colours due to different orientations of their crystallographic axes with respect to the polarized

light. The sample is surrounded by polyester resin (res). The section of the external face of the flake, at the bottom of the figure,
shows a layer of red pigment.
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2. Experimental

An established protocol for sampling prehistoric
paintings was followed [27,28,41]. The samples were
numbered according to a code developed for the Micr-Art
database [28,41]. Microphotography of significant parts of
the painting panel by in situ optical microscopy helped to
decide the sampling points. Samples of accretions (14-
CTM:sus, 23-CTM:alt and 80-CTM:alt) and a small flake
of pigment (15-CTM:047) from a zoomorphic motif (deer
47), Fig. 1, were extracted. Extreme care was taken to
avoid sample contamination: samples were collected and
handled wearing latex disposable gloves, hygienic masks
and using sterile surgical blades. A new surgical blade was
used for each sample. They were removed minimizing the
effect on the pictographs. Macro- and microphotographs of
the sampled areas were taken before and after sampling.
The samples were stored in ependorf tubes.

A polished thin section (thickness 20 um) of a flake of
pigment from the sample 15-CTM:047 (deer 47) was
prepared using a matrix of polyester resin. This thin
section was examined with a petrologic microscope using
polarized light and relevant microphotographs have been
taken.

Raman spectra of the micro-crystals observed in the
samples were obtained using a Jobin Yvon LabRam-IR
HR-800 spectrograph according to the procedure described
elsewhere [27,28,41]. The line at 632.8 nm of a He/Ne
laser was used for Raman excitation. An effective power
of 274 uW was measured at the sample position using a
100x objective. That is, it was kept rather below 700 uW,
to avoid sample degradation [42,43]. The average spectral
resolution in the Raman shift range of 100-1700 cm™ was
1 cm™ (focal length 800 mm, grating 1800 grooves/mm,
and confocal pinhole 100 um). The sample spot size was
~1 pm, in accordance with the 100x objective employed.
An integration time between 5 and 20 s and up to
25 accumulations were used to get acceptable S/N ratios.
A wavenumber shift calibration with 4-acetamidophenol
and sulphur [44] in the range 150-3100 cm™ using the
same recording conditions gave a mean deviation of
AVe-Avgps = 0.50 + 0.16 cm™  (tspaen 95%). No
manipulation (baseline adjustment, smoothing... etc.) has
been applied to the spectra. The software package
GRAMS/AI v.7.00 (Thermo Electron Corporation, Salem,
NH, USA) was used to help with the readings of the
wavenumber corresponding to the peaks.

The micromorphology and distribution of the
components in the samples were determined using a
Hitachi S-3000N scanning electron microscope equipped
with a Everhart-Hornley detector of secondary electrons
with a resolution of 3 nm. X-ray microanalysis (EDX) of
the samples was carried out with an energy dispersed
X-ray spectrometer Rontec Xflash Detector 3001, coupled
to the scanning electron microscope, without Be window
and Peltier refrigerated. The samples were previously
Au/Pd coated in a Polaron Range SC7620 sputter-coater.

3. Results and discussion

Raman spectra of samples 14-CTM:sus, 23-CTM:alt
and 80-CTM:alt, Fig. 3, show an intense pair of
whewellite bands at 1464/1492 cm’. This doublet is
assigned to the C=0 symmetric stretching (v{C=0) mode
of whewellite [5,25,26,45]. The band at 1629 cm’!
corresponds to the antisymmetric C=0 stretching mode
(viC=0) and the band at 896 cm™” to the vC-C mode
[5,25,26]. The v{C=0 and vC-C modes of weddellite
[5,25,26,45] give rise to the bands observed at 1477 and
904 cm respectively. The 30-C=0O bending, CaO ring
deformation and CaO stretching modes of these oxalates
produce a band [25,46] at about 500 cm™'. The bands at
194, 209 and 225 cm™ are assigned to lattice modes of
these oxalates [25,26]. The spectra obtained confirm
previous results [28] indicating that the main component
of the accretions in the painting panel 2 of the Cueva del
Tio Modesto is whewellite. The very broad bands at 1332
and 1595 cm” are due to amorphous carbon. Previous
studies on this panel [27,28], suggest that these bands may
be due to smoke particles from fires lit in the rock shelter.

The morphology and distribution of the components

of the substratum of pictograph 47 may be observed in the
microphotograph of the thin section of a flake of the
15-CTM:047, Fig. 2. Their
composition has been determined by Raman microscopy.

sample mineralogical
Representative spectra of the components of the thin
section are shown in Fig. 4. The letters included on several
positions of the microphotograph, Fig. 2, indicate points
from which spectroscopic information has been obtained
to identify the nature of the corresponding microcrystal.
The dominant component of the sandstone substratum is
a-quartz. Bands at 130, 208, 356 and 466 and 1160 cm’
(Fig. 4C-d) appear in the spectra of the crystals of this
mineral [45], that it is found all over the sample. Traces of
the polyester resin used to prepare the thin section are also
found in different parts of the sample. A microcline
crystal, K[AlSi;Oq], has been detected, which exhibits the
characteristic minute multiple twinning when illuminated
with polarized light (Fig. 2, right). The typical Raman
bands of this feldspar [47] are clearly identified in the
spectrum (Fig. 4B), for instance, the bands observed at
272, 291, 460, 481 and 519 cm’. Some haematite,
a-Fe,0s, particles are located in the thin section; they
could be responsible for the reddish colour of this type of
sandstone. An example of the spectra of these particles is
given in Fig. 4A-c. It shows the haematite bands
[28,36,40,42,45,48] at 231 (Ay), 250 (Ey), 297 (Ey),
414(Ey), 499 (A1g), 614 (Ey) and 660 cm’'. The broad band
at ~1320 cm’ has been assigned to a two-magnon
scattering of haematite [42]. The very weak bands at 1468
and 1495 cm™ indicate that traces of whewellite [45] have
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penetrated about 120 pm inside the substratum.
K{AL[AISi;00](OH),}, a di-octahedral

phyllosilicate of the micas group, is another component of

Muscovite,

the sandstone. It may be observed as groups of bluish
sheets in Fig. 2. Their Raman spectra, Fig. 4C-¢ and Fig.
4D-i, show bands at 708 and 3627 cm™' that are assigned to
the SiO4 symmetric stretching mode [49-51] and the OH
stretching mode [50,51] respectively. Other bands of
muscovite appear at 204, 266, 415, and 759 cm™ [49-51].
Weak bands of polyester resin and whewellite are also
observed in the spectrum of muscovite in a location at
about 160 um inside the substratum. The bands of gypsum
[28,45,52,53] at 1008, 1141 and 3405 cm’ are also
detected in these spectra. These bands often appear in the
spectra of sandstone flakes, and channels of gypsum filling
the sandstone pores in flaking areas were observed in a
previous work [28]. Finally, some small microcrystals of
two forms of titanium oxide, TiO,, have been discovered:
anatase and rutile, Fig. 2. The very strong band of anatase
at 144 cm™, Fig. 4A-a, and the three weak bands at 397,
516 and 638 cm™ clearly identify this mineral [45,48,54-
56]. However, rutile shows two weak bands at 147 and
242 cm’, Fig. 4A-b, and two strong bands at 450 and
615 cm’! [45,48,55,56]. Some of these minerals detected in
the substratum of the paintings were previously considered
characteristic of Triassic sandstone (Upper Buntsandstein
facies) from the Southern Iberian Range [57,58].

The microstratigraphy of the external face of the flake
of pigment from pictograph 47 (sample 15-CTM:047),
may be observed in the microphotographs of Fig. 5. The
pigment used by the prehistoric artists was haematite, Fig.
6. It forms a red layer recognizable in the microphotograph
Fig. 5A. No other mineral, iron oxide, oxyhydroxide
(magnetite, maghemite, goethite, lepidocrite...) [42] has
been detected in this layer. Aside from haematite bands,
only weak spectral features from traces of whewellite and
weddellite are observed. No organic compound acting as
binder has been detected. Therefore, the artists used a very
pure pigment with no binders, or they disappear after
thousands of years [28,40]. The pigment layer is bracketed
or encapsulated between adjacent natural oxalate layers of
whewellite, Fig. SA and Fig. 6. This was observed in other
prehistoric paintings [32]. Whewellite and weddellite are
present in sample 15-CTM:047 (deer 47) [28]. However,
in some parts of the external face of the flake, two pigment
layers separated by an oxalate layer may be observed, Fig.
5B. Superimpositions of different pictographs, something
common in this panel, or repainting processes would have
resulted in this microstratigraphy [59]. Three samples of
oxalate accretions from this panel have been used for the

first AMS '“C dating of oxalate crusts related to Spanish
prehistoric rock art [29]. The pigment cannot be dated
directly by this technique. Even so, as it is bracketed
between oxalate layers of similar thickness, the results
obtained could be an approximation to the age of the
paintings.

Some gypsum crystals are observed on the surface of
the panel, Figs. 5 and 6. This is a frequent finding in
sandstone surfaces suffering the flaking effect [60].
Gypsum is the dominant salt in the weathering process of
Triassic sandstone (Buntsandstein facies) [28,58], and
gypsum channels have been discovered in sandstone pores,
rising the surface in flaking areas of panel 2 [28].

According to the results indicated before and those
obtained in a previous study [28], the blue-greyish crust
that extends over panel 2 is composed mainly of
whewellite, some parts resulting from gypsum
efflorescence and traces of weddellite. ~SEM
microphotographs of the external surface of this crust
(samples 14-CTM:sus and 23-CTM:alt), Fig. 7, reveal
protuberances and microstructures similar to those
observed in whewellite-rich crusts produced by lichens
[30]. Whewellite crystals are usually very small. It is
difficult to observe large crystals of this monohydrate due
to its very low solubility product [61]. An accumulation of
whewellite microcrystals may be compared with gypsum
crystals in Fig. 7D. On the other hand, whewellite
crystallises in a monoclinic leaf shape, Fig. 7F.
Occasionally, the monohydrate precipitates as an oval
shape or elongated oval shape. A crystal of these
characteristics may be observed in Fig. 7F.

EDX spectra, Fig. 8, of different microscopic areas of
the external face of the blue-greyish crust confirm the
composition previously determined by vibrational
spectroscopy. The EDX spectrum, Fig. 8A, of the entire
area corresponding to the microphotograph of Fig. 7A
shows significant O, Ca and C peaks from whewellite and
Si, Al, Mg and K peaks from the sandstone substratum (o.-
quartz, microcline, muscovite, traces of haematite and of
other possible clay minerals). The Pd/Au coating of the
samples was essential to reach an appropriate contrast in
the SEM microphotographs. Consequently, it produces Pd
and Au peaks in the EDX spectra that are not considered
here. The spectrum, Fig. 8B, of the accumulation of
microcrystals in Fig. 7D(w) is similar to the spectrum
described above, Fig. 8A, ie. these are whewellite
microcrystals on a sandstone substratum. A representative
spectrum of the large crystals, Fig. 7D(g), surrounding this
accumulation is shown in Fig. 8C. Strong S, Ca and O
peaks confirm the presence of gypsum in different
locations on the painting panel.

Finally, an additional sample extracted from the left of
this panel (80-CTM:alt) has been observed by SEM, Fig.
9. The Raman spectra of the external surface of this
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sample, Fig. 3B-a, and the SEM microphotograph shown
in Fig. 9, reveal the presence of fungal hyphae encrusted
with small crystals of whewellite.
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Fig. 5. Microphotographs with polarized light of the section of the pigment layer of pictograph 47 (15-CTM:047). Magnified

views of Fig. 2. (A) The layer of red pigment appears between layers of white oxalate micro-crystals at the bottom of the image.

Microphotograph (B) reveals two pigment layers. The composition of the observed layers (Fig. 6) and substratum was identified
by Raman microscopy: (w) whewellite, (h) haematite, (g) gypsum, (q) a-quartz and (m) microcline.

4. Conclusions

Considering the results obtained by Raman
microscopy and SEM/EDX techniques in this work, as
well as previous results from the paintings of Cueva del
Tio Modesto shelter [27,28], from other archaeological
sites [30-35], and the production of oxalates by lichens [6-
11], it is suggested that the blue-greyish crust of the
painting panel 2 is the result of the activity of lichens that
live or have lived on the surface of the rock used by the
prehistoric painters. The presence of whewellite up to

160 pum inside the substratum is a sign of the fungal
hyphae activity inside the sandstone.

Whewellite is dominant in very old calcium oxalate
accretions. Traces of weddellite are also observed. They
are found more often in the spectra of lichens [6]. The
monohydrate appears as the more stable form. The
discovered oxalate accretions have made possible the first
AMS 'C dating of Post-Palaeolithic rock art in Spain.
These accretions have resisted weathering during
thousands of years, as well as the action of oxalate
degrading bacteria that oxidize calcium oxalate into
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calcium carbonate [62,63]. Hence, layers of calcium sandstone pores approaching the surface left gypsum
oxalates operate as protecting agents on the prehistoric crystals on some locations and provoked the flaking
paintings. This is important information for conservators. process that the painting panel is suffering from.

They should avoid the removal of these layers that have
protected the paintings in open air rock shelters during
thousands of years.
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The composition of the substratum of the paintings,
Triassic sandstone (Upper Buntsandstein facies), has been
determined: o-quartz, microcline, muscovite, haematite,
and traces of anatase and rutile. The microstratigraphy of a
significant pictograph have revealed that very pure
haematite was used as pigment. No binders have been
detected. The pigment layer appears bracketed between
adjacent whewellite layers. Some superimpositions of
pictographs or repainting processes have been observed.
Gypsum crystals have been detected in some parts of the
surface of the painting panel, especially those suffering
from sandstone flaking, a weathering process due to
gypsum efflorescence [28,58,60].

According to the microstratigraphic study, a time
sequence of events on the rock surface of the panel could
be suggested. An initial lichen colonisation of the
sandstone surface left the innermost oxalate layer. Then
the prehistoric artists found an area of the widespread
reddish sandstone coated with a blue-greyish patina, and
thus especially appropriate to use a red pigment. The
pictographs were covered by a second oxalate layer
produced by a new lichen colonisation. Possible repaints
or superposition of pictographs on this new oxalate layer
were also covered by oxalates due to continued lichen
activity. Finally, crystallization of gypsum on the
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Fig. 7. SEM microphotographs of the blue-greyish crust
observed on panel 2. Sample 14-CTM:sus: (A)
whewellite-rich protuberances (dotted segment 500 zm);
(B) and (C) views showing typical microstructures
(dotted segment 100 and 30 um respectively); (D)
magnified view showing an accumulation of whewellite
microcrystals (w) surrounded by gypsum (g) crystals
(dotted segment 10 wum). Sample 23-CTM:alt: (E)
whewellite-rich protuberances (dotted segment 100 zm);
(F) magnified view showing an elongated oval shape
microcrystal of whewellite (dotted segment 10 zm).
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Fig. 9. SEM microphotograph showing the surface of a

white alteration (sample 80-CTM:alt) observed on the

left of panel 2. Fungal hyphae encrusted with small

calcium oxalate crystals are observed (dotted segment
10 pm).
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