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T H E  O B J E C T I V E  O F  T H I S  A R T I C L E  is to encourage COnSerVatOrS 

of cave paintings and similar Buddhist works of art to take advan- 

tage of lead isotope analysis as an adjunct to other scientific inves- 

tigations of pigments. Based on the exploratory findings reported here, it 

is expected that such analyses will prove helpful for classifying pigments 

and for learning more about their geographical origins. In a broader sense, 

these analyses might also serve as a prelude to a more general study of 

leads in Central Asian artifacts. 

Lead isotope analyses can be carried out on very small samples of 

lead-containing materials because only microgram quantities of lead are 

needed. Even samples left over from other examinations, such as X-ray 

diffraction, are suitable for analysis. Thus, it is often possible to gain useful 

information without sacrificing additional samples of materials that have 

already been studied. 

For these studies, lead is extracted from minute samples of any lead- 
Lead Isotope Analysis containing material or artifact and is analyzed by mass spectrometry. The 

resulting isotope ratios are compared with ratios determined for other arti- 

facts and for galena (lead sulfide) ores from ancient mining regions. Lead 

ores from different deposits can vary isotopically, depending on the geologi- 

cal ages of the deposits and the ore genesis. The objects analyzed can be 

classified by grouping those containing leads that might have a common 

geographical origin and separating those that contain leads from different 

mining regions. Judiciously interpreted, these findings offer valuable clues 

as to where the objects or materials themselves might have been made. In 

the most favorable instances, the actual mining regions from which the 

leads came can be identified. 
Two complications of the method lie in overlapping and mixing. 

Overlapping refers to the fact that lead ores from different mining regions 

sometimes have very similar isotope ratios. Mixing means that when leads 

from different sources are recycled and melted together, the resulting 
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isotope ratios fall somewhere between those of the starting leads. Lead 

isotope ratios are not affected by the chemical history of the parent 

materials, providing that no contamination with lead from other sources is 

introduced. Unlike chemical compositions, which are greatly altered by 

the chemical reactions of processing, manufacturing, and weathering, lead 

isotope ratios determined today in ancient materials are exactly the same 

as they were in the original ores mined in antiquity. 

Figure 1 summarizes the results of some twelve hundred ancient 

lead-containing materials, artifacts, and ores from a wide variety of places 

and times. The ellipses labeled L, M, E, J, and S are reminders of which 

isotopic ranges correspond-generally-to which sources of lead. L repre- 

sents ores from the Laurion mines in Greece and artifacts of known Greek 

origins; M represents leads from Mesopotamia and some from Iran; E, 

English and certain European ores; J, some ores and artifacts from Japan; 

and S, leads from Spain, Wales, and Sardinia. Egyptian and Chinese leads 

are labeled accordingly Recent research has established that lead isotope 

analyses are especially useful for studying Chinese and other Asian arti- 

facts, including glasses, bronzes, Chinese blue and Chinese purple pig- 

ments, and glazes (Brill, Barnes, andJoel 1991; Brill and Shi et al. 1991; 

Yamasaki and Murozumi 1991; Brill 1993; Lee, Brill, and Fenn 1991; Brill 

and Vocke et al. 1991). As can be seen from the ellipses in Figure 1, numer- 

ous Chinese leads fall at the upper and lower extremes of the graph 

(although there are also many in the middle ranges). As more data are col- 

lected for ores in China and Central Asia, the locations of the mines that 

produced these leads should be identified (Brill and Chen 1991). 

Figure 1 
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Lead isotope analyses should shed light on questions related to chronolog- 
Lead Isotope Of ical or stylistic differences among Buddhist cave paintings and might dis- 
Some Buddhist Pigments tinguish between original and repainted parts of individual works. In this 

exploratory study, only seventeen pigments have been analyzed, but other 

analyses are already under way. The analyses were carried out in two 

laboratories. Some samples were analyzed by Hiroshi Shirahata and his 

coworkers at the Muroran Institute, while the others were analyzed at the 

National Institute of Standards and Technology by Emile C. Joel. The 

results are reported in Table 1 and plotted in Figures 1 and 2, along with 

the data for other relevant artifacts. 

Seven samples from relief wall paintings presently in the Fogg 

Art Museum were analyzed first. The reliefs date from the Western Wei 

dynasty (535-557 c.E.) and originally came from two small caves at Tien 

Lung Shan in Shanxi Province. The pigments were investigated by Csilla 

Felker-Dennis while she was carrying out conservation examinations in 

1982 (Felker and Dennis 1982). Several of the painted areas were found to 

contain lead in the form of plattnerite, PbO,.' All seven samples measured 

less than 1 mm in their greatest dimension. Because they came from 

recessed parts of the carving, the samples were believed to represent origi- 

nal sixth-century painting, not later overpainting. Although black today, 

the pigment might well have originally been red lead (Pb,O,). An alterna- 

tive hypothesis is that black plattnerite might have been a naturally occur- 

ring mineral. 

Eight samples of red and white phases from extremely minute 

flakes of paint from Cave 6 at Yungang were also analyzed. These samples 

were left over from very comprehensive analyses of the original flakes of 

paint by Francesca Piqut, who provided the samples for the lead isotope 

analysis (Piqut herein). 
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Table 1 Results of lead isotope analyses 

Samples are listed in approximate ascending order of 207Pb:206Pb ratios. 

Description 20Spb:206pb 207pb:Z06pb 204pb:206pb Sample no. Lab 

Tien Lung, pigment 
,, ,, 
r, n 

n ,, 
,, ,, 
n ,r 

n n 

NIST 

Farinjal, ore 
I, ,, 

Muro. 

" slag 

ore 

Bactria, faience 

Sh.-i-Sok., ingot 

" Ag alloy 

Herat, sormah NIST 

Farinjal, glaze 
,, 8, 

Muro. 

Bamian, pigment NIST 

Ghazni, glaze 

Yungang, pigment Muro. 

Bactria, faience 

Farinjal, glaze 

Sh.-i-Sok., galena 

Yungang, pigment 

Herat, sormah NIST 

Yungang, pigment Muro. 

Two other samples, collected by Brill in 1968, came from niches 

on the inside east wall near the top of the large Buddha at Bamian. 

Because of the complex nature of the material, and because some of the 

material was lost in the 1972 Corning flood, the exact nature of the pig- 

ments containing the lead are uncertain. Emission spectrography, X-ray 

fluorescence (XRF), and X-ray diffraction analyses had been carried out 

before the flood, along with certain microchemical spot tests. One sample 

apparently consisted primarily of crushed lapis lazuli and the other of a 
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red pigment, most likely cinnabar (HgS), but red lead could also have been 

present. Both samples contained a substantial level of lead, but its chemi- 

cal form was uncertain, and the lead could have been in either a primary 

pigment or a white ground. 

In addition, samples of other materials that might have a bearing 

on the interpretation of the pigment samples have also been analyzed. 

These include surface finds from the ancient metallurgical workings at 

Farinjal, Afghanistan (ores, slags, and lead-glazed pottery shards); blue 

glazes from two Bactrian faience beads; a glazed terra-cotta animal 

acquired in Ghazni; metals from Shahr-i-Sokhta; and, from Herat, two 

modern samples of galena, probably intended for use as the eye cosmetic 

sormah. Several copper-based alloy artifacts from Bamian andlor 

Chakhcharan are also now being analyzed. 

There are two noteworthy observations about the Tien Lung Shan pig- 
Results of the Analyses ments. First, although the seven leads were spread out over a wide isotopic 

range, all of them fall in the lower range of isotopic values. Three some- 

what resemble the leads in the ellipse of Chinese glasses that anchors that 

corner of the graph in Figure 1. Among the other four samples, only two 

are isotopically quite similar, while the other two are nearby. Clearly, more 

than one source of lead is involved, and mixing has probably occurred. 

Beyond that, it is difficult to interpret the findings, because there does not 

appear to be any obvious correlation between the data and the locations 

from which the samples were taken within the cave. Perhaps some repaint- 

ing is, after all, involved. 

The Tien Lung Shan leads are a new type of lead to us. Except for 

the Chinese glasses, the authors know of no parallels. It is also worth not- 

ing that the pigments are displaced somewhat above the general trend of 

the Chinese data. 

One useful inference can be drawn from the wide dispersion of 

the seven samples. If these pigments had been made from naturally occur- 

ring mineral deposits of plattnerite, they most likely would have come 

from a single, possibly local, deposit-but this is clearly not the case. 

Instead, the authors feel that the observed variability is more consistent 

with the view that this plattnerite is not a naturally occurring mineral, but 

that it is a weathering product of red lead, and that the red lead pigments 

are synthetic compounds prepared from leads that came from different 

places. Thus, the data suggest to us that the painted regions now contain- 

ing black plattnerite were originally red. 

The two Bamian pigments, one red and one blue, are virtually 

identical to one another isotopically, and are markedly different from the 

Tien Lung Shan pigments (Fig. 2). This is not surprising because the sites 

are located almost three thousand miles away from each other, but the 

data also indicate that their leads came from different geological settings. 

The leads in the eight Yungang pigments are entirely different 

from the Tien Lung Shan pigments, and show some variability among 

themselves. Four of the samples lie in the upper right corner of the graph, 

Brill, R. H., et al.  "Lead Isotope Analyses of Some Chinese and Central Asian Pigments."  Conservation of Ancient Sites on the Silk Road. 
Los Angeles: The Getty Conservation Institute, 1997, pp. 369-378.  © The Getty Conservation Institute.  Used with permission.

Rakow Research Library, The Corning Museum of Glass - http://www.cmog.org



374 Bril l ,  Felker-Dennis,  Sh i raha ta ,  and Joel 

Some Final Thoughts 

having very high isotope ratios. Their leads are similar, but not identical, 

to those in Warring-States and Han-dynasty Chinese glass eye-beads. Two 

other Yungang pigments (both red) are not very different from the Bamian 

pigments, while another-known, from dissection under the microscope, 

to contain a mixture of both red and white phases-lies between them. 

The Yungang pigments contain leads that clearly came from at least two 

different ore deposits. 

This brings us, if only fortuitously, to a central point of this dis- 

cussion. Although only a few samples have been run, they strikingly illus- 

trate that a wide isotopic variability exists among these pigments. They 

spread over almost the entire range of isotope values encountered in more 

than twenty years of previous analyses. Seen from one point of view, this 

is encouraging: it establishes that marked differences exist among pig- 

ments from at least some sites, even though this is tempered by the fact 

that the Tien Lung Shan data alone show a great deal of variability. It 

remains to be seen whether the variability within other groups of related 

samples may be smaller (as it is with the two Bamian samples and some of 

the Yungang samples), so the method will produce the specificity needed 

to make it useful. 

The only way to test for this usefulness is to analyze sets of care- 

fully selected, well-studied, well-documented samples that may become 

available. That, as stated at the outset, was the principal aim of this writ- 

ing and the presentation on which it was based: namely, to urge all those 

connected with research on Buddhist paintings to set aside samples for 

lead isotope analysis whenever possible. 

Central Asia not only had, and has, its own indigenous cultures, but it also 

bears the imprints of contacts with innumerable other cultures, both 

neighboring and far distant. As people came, so also came goods, materi- 

als, and technologies. Lead isotope studies might someday be used as a 

complement to other kinds of evidence for tracing the origins of artifacts 

or materials that might otherwise remain in doubt. To attempt this, it is 

necessary first to see whether there is anything such as a Central Asian 

pattern of lead isotope ratios that might be distinguishable from, for 

example, the leads of Iran, China, India, and so on. 

Unfortunately, limitations of space do not permit a discussion of 

the results of the initial twenty or so Central Asian artifacts mentioned 

here, but the data are included in Table 1 and plotted in Figures 2 and 3 .  

Interested readers will be tempted to see a single Central Asian type of 

lead emerging near the center of Figure 2, but-plotted on an expanded 

scale, as in Figure 3-that "group" becomes resolved into perhaps as many 

as a half dozen different mining regions. Readers who are more interested 

still might like to discover for themselves some of the tantalizing similari- 

ties among groups and pairs of samples plotted in Figure 3 .  Only time, and 

a lot more data, will tell whether the picture can be clarified or whether- 

as has happened before-it will all become too entangled to unravel. In any 

event, that should not impede research on Buddhist pigments, because they 
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Figure 4 

Data for twelve additional pigments from cave 

paintings (not described in text), along with 

replotted data for the seventeen pigments in 

Fig. 2. 

Figure 3 

Expanded portion of Fig. 2. Data are plotted 2.15 

as large symbols for greater legibility. 
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can still be classified relative to one another in a self-contained way and 

may help art historians and archaeologists to establish connections 

between paintings found hundreds or even thousands of miles apart. 

One of the authors (Shirahata) has recently completed analyses 

of twelve additional pigments from cave paintings. These are plotted in 

Figure 4, along with seventeen of the pigments plotted in Figure 2. 

Further details are available from the authors. 
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Note John Dennis. It was based on X-ray diffraction and microscopic examinations. At that time the 

name apsara black was suggested for the pigment. A straightfonvard calculation (by RHB) 

shows that the free energy of the reaction, as given here, is about 40.50 kJmol-' (at 20 "C), 

indicating that the red-to-black transformation is thermodynamically favorable (-40.50 

kJmolkl = -9.68 k cal. mol-I): 

The free energy at 0 "C (-44.27 kJmolkl) is more negative than that at 35 OC (-37.70 kJmolkl), 

suggesting that the color change might tend to go faster in the winter than in summer, 

although that does not take into account catalysis or factors such as the presence of moisture 

that could also affect the mechanism and/or rate of reaction. 

Sample Descriptions 
Tien Lung Shan pigments 

This group of samples came from painted stone reliefs now in the Fogg Art Museum. They are 

traces of pigments from low-relief paintings on the sandstone ceilings of Caves 2 and 3 at Tien 

Lung Shan in Shanxi Province. Six of the paintings depict apsaras in various attitudes and with 

various attributes. The seventh (Pb-2036) is a stela depicting the Buddha. All date from the 

Western Wei dynasty (535-557 c.E.). 

Pb-2030 Flake of black pigment with white gypsum (!) ground. The pigment is now plat- 

tnerite, a black lead oxide (PbO,). Cave 2, south. FAM no. 1943.53.9. 

Pb-2031 As above. Cave 3, south. FAM no. 1943.53.10. 

Pb-2032 As above. Cave 2, east. FAM no. 1943.53.12. 

Pb-2033 As above. Cave 3, west. FAM no. 1943.53.14 (1411). 

Pb-2034 As above. Another sample (141 11). 

Pb-2035 As above. Another sample (14114). 

Pb-2036 As above. Cave 3, Buddha figure in stone. FAM no. 1943.53.17. 

Yungang, China, pigments 

These samples were provided by Francesca Pique. They are remains from analyses described in 

her article herein. 

Red pigment separated from Pique no. 11. 

Red pigment separated from Piqut no. 21. 

White pigment separated from Pique no. 35. 

White pigment separated from Piqut no. 37. 

Red pigment separated from Pique no. 42. 

White pigment separated from PiquC no. 42. 

Black layer (with some white phases) separated from PiquC no. 44. 

Red pigment (with slight contamination of white phases) separated 

from Pique no. 46. 

Bamian pigments 

Pb-2042 Blue pigment (powdered lapis lazuli) applied to grass-reinforced mud plaster. From 

wall painting in niche near top of large Buddha. Probably from seventh to ninth 

century BAM-1. Collected by RHB on 6 August 1968. Sample contaminated with 

whitish ground (gypsum) and mud plaster. 

Pb-2043 As above, red pigment. BAM-3. 
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Farinjal, Afghanistan, pigments 

These pigments are from specimens collected by RHB on 6 August 1968 at site no. 4 of the 

National Geographic Society Metallurgical Expedition, headed by Theodore Wertime. This metal- 

lurgical site is thought to have been worked from 300 to 1200 C.E. Ore-bearing rock is present. 

Mineral phase is black with fine-grained, lustrous crystals. 

As above; a similar specimen. 

As above; a similar specimen. 

As above. Large nugget of vitreous slag. Black (v. dark olive). 

As above. Pottery shard. Green glaze over white slip on salmon-colored body. 

30-50% PbO. 

As above. Bluish green glaze on salmon-colored body. 30-50% PbO. 

As above. Green glaze on salmon-colored body 1-3% PbO. 

As above. White glaze on thick buff-colored body. 30-50% PbO. 

As above. Rim fragment. White glaze with dark blue, linear, cloudlike decoration 

on soft, light-gray body. Probably made in Iran in imitation of Chinese porcelain. 

Said by D. B. Whitehouse to be of a type commonly found near Kandahar. 

0.03-0.1% PbO. 

As above. Body fragment. White glaze on one surface, mainly dark blue (with 

some white) on other. Probably made in Iran in imitation of Chinese porcelain. 

0.01-0.03% PbO. 

Shahr-i-Sokhta, Iran, pigments 

The following samples were submitted by Maurizio Tosi of the Istituto Universitario Orientale, 

Naples, on 29 June 1977. 

Pb-1430 Pan-shaped ingot, from bottom of a melting crucible, ca. 2500 B.C.E. XRF gives 75% 

Pb, no Cu or Sn. 

Pb-1431 As above; a similar ingot. XRF gives 75% Pb, no Cu or Sn. 

Pb-1433 As above. A stamp seal; 2500-2000 B.C.E. 

Pb-1435 As above. A piece of galena; 2200-1800 B.C.E. Square RWJ(L). 

Other pigment samples 

Pb-1599 Glazed terra-cotta figure of an animal; date uncertain. Purchased in Ghazni by 

Robert H. Brill on 10 August 1968. Sample is of green lead glaze. 

Pb-2054 Faience bead in the shape of a duck. Bactria. Ancient but of uncertain date. 

Whitish, porous, fine-grained body with remains of greenish-blue glaze. From 

same group as CMG 93.7.1. Sample consists of glaze with much body material. 

PbO - 0.08% in glaze. 

Pb-2055 An incurved biconical bead, with perforated bore (not of the hollow nutshell type). 

Bactria. Whitish, porous, fine-grained body with remains of blue glaze. From 

same group as CMG 93.7.1. Sample consists of glaze with much body material. 

PbO - 0.03% in glaze (related to sample Pb-2054). 

Pb-867 Herat, Afghanistan. Nugget of galena purchased in the potters' bazaar. Possibly for 

use as sormah, an eye cosmetic. See Brill's field notes for 2 July 1972. 

Pb-1343 Herat, Afghanistan. Said to be from Chakhcharan. Galena, possibly for use as 

sormah, an eye cosmetic (related to sample Pb-867). See Brill's field notes for 

15 September 1977. 
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