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ABSTRACT 

Blackening of cinnabar or vermilion has always been a dilemma. The hexagonal mercury 

sulfide pigment, often of mineral origin, has an intense red color. For long, cinnabar has 

generated large interest among mural painters, artists, and alchemists in antiquity as well as 

nowadays conservation scientists and restorers, who are anxious to restore the color of 

paintings seriously affected by blackening of the pigment, often qualified as dramatic and 

irreversible. However, if particular attention has been given to the study of such phenomenon 

since the beginning of the 20
th

 Century, conservation of this color still presents numerous 

difficulties. Light has for long time been considered the cause of the color change. The 

Romans recognized this color change and utilized the pigment for inside painting away from 

direct sun light. The principal factors to cause or accelerate this specific alteration are solar 

radiation, atmospheric agents and associated pollutants, relative humidity as well as soluble 

salts and organic compounds. Yet, no viable solution of preventive conservation at 

excavations or restoration of altered vermilion has been proposed. Lately, research has 

shown that blackening is associated with an amorphous phase, forming as a coating on the 

exposed grains, and not due to transformation of cinnabar into the black cubic sulfide phase. 

This study aims at isolating the factors responsible of blackening in order to evaluate the most 

significant effects on the preventive conservation of the pigment. In this perspective, artificial 

weathering (aging) experiments were carried out by exposing modern and archaeological 

samples to direct sun light, or in the shade, with distinct conditioning. All were covered with 

optical filters transmitting only certain frequencies of light spectrum to determine the 

wavelengths the most detrimental on the stability of pigment and which conditions mostly 

favor the alteration. Progress of alteration was monitored and analyzed prior and after 

irradiation, using scanning electron microscopy, energy dispersive spectroscopy, particle-

induced X-ray emission spectroscopy, and colorimetric methods. Data obtained show that the 

different wavelengths transmitted have different effects on cinnabar. The chromatic change 

can be accelerated also by higher relative humidity and by certain atmospheric pollutants, 

which may induce formation of gypsum by sulfate attack of calcium-rich phases present. This 

study, while providing a better understanding of the mechanism of alteration process of 

pigment under external conditions, allows for a cost-effective method of preventive 

conservation during excavation wherever cinnabar is being used as pigment in wall paintings. 

 

Keyworeds: Cinnabar blackening, amorphization, sunlight effect on cinnabar, wall painting, preventive 

conservation

                                                 

*Corresponding author 

mailto:vanessa.terrapon@gmail.com
mailto:hamdallah.bearat@asu.edu


 

INTRODUCTION 

From immemorial time, people have had a taste for color. They have tried to find necessary 

pigments and techniques for parietal decoration, thus transmitting the testimony of their 

secular traditions. Amongst these pigments, cinnabar was used as prestigious pigment in 

different cultures. For instance, it was employed by Roman elite 
[1,2,3,4]

, especially in the 

Second Pompeian Style (1
st
 Century BC) wall painting. Its associated alteration was already 

known in Antiquity 
[1,2,3]

.  Some of these frescoes, famous by the intensity and depth of their 

red color, were protected from alteration due to their burial conditions. As soon as they are 

uncovered, the paintings suffer from a fast darkening reaction, an effect which seems to be 

induced by solar irradiation and considered as irreversible 
[5-10]

. For long, it has been claimed 

that the color change is due to transformation of red hexagonal cinnabar (-HgS) into the 

black cubic metacinnabar (ß-HgS). However, the required temperature for cinnabar- 

metacinnabar phase change is above 300°C 
[11-15]

. Moreover, since metacinnabar has never 

been detected in analyses 
[8,15,16]

, the crystallographic change ( to ß ) cannot explain cinnabar 

color change observed at low temperatures. Since 1950, restoration treatments involved 

chemical dissolution of altered pigment 
[5,17]

 or mechanically scratching of blackened surface. 

Recently, laser cleaning of cinnabar-containing paintings has induced a surface blackening of 

the paint which can proceed to its decomposition, causing volatilization of both mercury and 

sulfur 
[ 15,18-20 ]

 . 

Blackening process of cinnabar pigment is controlled by different factors. Exposure to direct 

sunlight coupled with the others factors, such as water, alkali salts, halogens, organic 

compounds (DOM: Dissolved organic matter), or atmospheric gases (oxygen in particular) 

can accelerate the blackening effect 
[8,15,16,21-28]

. The mechanism given here to explain the 

cinnabar blackening is a change in mercury sulfide stœchiometry induced by the solar 

radiation 
[9,29]

, leading to an excess in mercury or sulfur on pigment grain surfaces and thus 

producing an amorphous layer on the surface ('-HgS) 
[8,15,27,30]

. Given that amorphous 

mercury sulfide is metastable 
[8,12,15,16,31-34]

, new perspectives are opened for restoration 

treatments of altered cinnabar. 

 

OBSERVATIONS AND REPORTS ON FIELD AT OSTIA 

Excavations of the Schola del Trajano at Ostia (ancient port of Rome) revealed vestiges of a 

late republican building: the domus dei Bucranes. It shows spectacular wall paintings, in 

particular the oecus 101
[35]

, presenting large orthostats painted with cinnabar (Fig. 1) as well 

as numerous fresco fragments. The ornamental wall, preserved in situ, was discovered in an 

exceptional state of preservation. During the period preceding its removal, the painting was 

kept in the shade for as much as possible. A rapid and progressive blackening developed in 

the zones bearing salt efflorescence (Fig. 1). In summer time, seven days, at approximately 3 

hours of daily exposure to direct solar radiation, were sufficient to modify the color of the 

painted surface (Figure 2). Diminishing of the color alteration following reburial in winter 

time could be connected with a chemical process involving dissolution of altered cinnabar 

product in soil solution 
[28]

. A painting fragment from the same context, kept dry and exposed 

to direct solar radiation, has blackened from its peripheral zones and alteration has extended 

inward over its whole surface within three months. Zones with no salt efflorescence have 

shown less marked but progressive blackening phenomenon (Fig. 3). No color change has 

developed on fragments preserved in the restoration laboratory, where light intensity had not 

exceeded 620 lux (Fig. 4). 
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Figure 1: Schola del Trajano excavations, Oecus 101  a wall painting from  the Domus dei 

Bucranes in September 2005 (up) and October 2006 (down):  darkening of a red orthostate. 

Alteration started in interface or mortar break line (up) and increased in wet areas showing 

salt crystallization (down). 



 

 

 

 

 

Figure 2: X-ray diffraction patterns for: (a) modern sample kept in the shade without 

packaging; (b) modern sample exposed to sun light without packaging; (c) non-altered 

reference archaeological sample; (d) altered archaeological sample exposed outdoor for 10 

months. Note the absence of the characteristic X-ray reflection peak of metacinnabar in the 

blackened samples, the position of which is indicated by the red dashed line. 

 



 

 

Figure 3: Secondary electron image (a) and energy dispersive spectrum (b) of an altered 

(blackened) archaeological sample of wall painting cinnabar sample. One notes in (a) the 

thin amorphous layer (indicated by the arrows) which formed on the surface after exposure to 

sun light. In (b) one notes the major presence of mercury in the amorphized areas of the 

painting. The characteristic X-ray line of sulfur (~2.3keV) is not seen here, indicating 

depletion of sulfur in the altered areas. Gold was used as a coating to render the sample 

conductive and avoid charging effects under the electron beam.  



 

 

Figure 4: Secondary electron image (a) and energy dispersive spectrum (b) for a non-altered 

archaeological wall painting sample of cinnabar. One notes in (a) the crystalline nature of the 

paint layer. In (b) one notes the major presence of mercury in the pigment as well as the 

sulfur characteristic X-ray line (~2.3keV). Gold was used as a coating to render the sample 

conductive and avoid charging effects under the electron beam.  



 

OBSERVATION IN ARIZONA DESERT CLIMATE 

Modern and archaeological fresco samples were tested in Arizona. The samples were exposed 

to direct sun light or in the shade under blue, green, yellow and red emission filters. A set of 

samples were also packaged at 90 % of relative humidity (RH). The color change in samples 

was measured with a Pantone® colorimeter as a function of light wavelength, luminous 

intensity, relative humidity, and ambient temperature. 

The color change began within 7 days in all moderns samples exposed to solar radiation (290-

700 and 400-700nm with UV filter), under yellow filter (which transmits light between 500-

700 nm). Then, blackening began later under green filters (475-575nm) and blue (400-575nm) 

and lastly under red filter (575-700nm). Color change of samples packaged in humid 

environment (90 % RH) was more noticeable. Archaeological fragments with polished and 

smooth surface have shown better resistance to alteration than the modern fresco samples 

which had slightly rough surfaces. No alteration has been observed in the samples that were 

tested in the shade (less than 2450 lux). 

During the study, the pigment darkened slowly and suddenly became redder before a new 

process of darkening. Suspecting a loss of substance, 6 samples of pure cinnabar pigment 

were prepared on microscope slides and covered with thin glass sheet. The preparations were 

weighed and were exposed to direct sunlight and in the shade. After 7 days, a small and 

identical weight loss of (0.0003g) where measured on all preparations exposed to the sun. 

This phenomenon is provoked by photo radiation and can be explained by a disproportion of 

the ratio Hg/S. The change mechanism suggested here is that first, as the pigment darkens, 

sulfur contained in the crystal lattice is lost through oxidation and volatilization, leaving 

behind excess elementary mercury (Hg
0
) 

[15]
. Then for the tint to become red again the excess 

elementary mercury must volatilize, allowing thus rebalance of the crystal composition.  

 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH 

Different frequencies of visible light have different effects on cinnabar (Fig. 5). In a desert 

environment, the color change first begins in samples exposed to visible light (290-780 nm), 

visible light without UV (400-700 nm), and then under yellow filter (500-700 nm). The time 

needed to observe color change under the green filters (475-575nm), blue (400-575nm), and 

red (575-700nm) is double. The blackening process must be facilitated by exposure light 

between 500 and 575 nm, region where cinnabar absorbs the light. The yellow radiation could 

present more risks in the deterioration process. To confirm such conclusion, it would be 

convenient to expose cinnabar samples to various monochromatic light emissions. 

Frescoes painted with cinnabar and preserved in situ in damp and polluted environment 

undergo fast chemical reactions. The latter increase the speed of cinnabar blackening. In areas 

with salt crystallization, black gypsum forms a layer as a result of the sulfate attack of 

adjacent calcareous materials (calcium carbonate within the mortar). Water plays an important 

role in the reaction processes, whether chemical or biological. Black gypsum formation on the 

amorphous altered cinnabar surface results in a distinct form of dark spots or islands. The 

noticeable weight loss when sun light strikes cinnabar could be a phenomenon of photo-

induced oxidation-reduction caused by solar radiation. It is suggested that a change in 

cinnabar stœchiometry resulting in formation of an amorphous layer of mercury sulfide on the 

outer surface of the mineral grains, which advances from the fragment periphery inward in a 

progressive manner and without formation of gypsum the change is less marked but 



 

 

Figure 5: cinnabar paints exposed to different types of light. Triplet samples to the right were 

packaged and exposed to the respective type of light radiation. Samples in the left column 

were contained in the same package conditions, but kept in the shade. Note that blackening is 

mostly induced by the yellow radiation. The last two rows show the summed effect of all light 

frequencies with and without UV.   



 

evolutionary. By keeping the in situ frescoes strictly in absolute shade during excavation, one 

would protect this photosensitive pigment from amorphization and fast sulfate reactions. 

The blackening problem of cinnabar in wall paintings remains an opened question. The 

research still needs refinement on several axes. Some aspects were left aside in this study such 

as the crystallization of soluble salts, which catalyzes and amplifies the cinnabar alteration 

process. It would be suitable to identify them and to estimate the critical threshold 

concentration in mortars. Also, the role of soil solution pH in the alteration processes was not 

tackled here. It would be important to identify with accuracy the mechanisms of sulfate 

reactions induced by atmospheric agents and the exact role that bacterial activities can have 

on cinnabar stability. Irradiations with monochromatic lasers would allow identifying the kind 

of photon the most detrimental to the pigment. The contribution of such new research relative 

to the mechanisms of phase change of this pigment would allow developing and applying 

physical methods of restoration such as thermal activation/deactivation of pigment in altered 

paintings. 
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