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Dating and Authenticating Works of Art by Measurement of

Natural Alpha Emitters
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Reprinted from Science, March 10, 1967, Vol. 155, No. 3767, pages 1238-1242

Dating and Authenticating Works of Art by Measurement of

Natural Alpha Emitters

Abstract. A method for distinguishing between modern and old samples of
lead has been used to analyze certain works of art. The basis of the method is
the detection of radioactive lead-210, which decays with a 22-year half-life
when it is unsupported by its long-lived precursor, radium-226: The latter is
separated chemically from lead when lead and lead products are prepared from

the ore.

Scientific tools of increasing sensitiv-
ity and sophistication have been used
to examine the materials of art and
archeology. Such tools frequently sup-
port and render more reliable the
judgment of experts in questions of
authenticity. The quality of forgeries,
however, has the tendency to improve
as forgers become acquainted with
new methods of examination and in
turn learn to circumvent or confound
them. We here describe a new method
which should be of value in distin-
guishing paintings of the 18th century
and earlier from forgeries made in the
20th century. Under certain circum-
stances, the. results of an analysis may
provide an unambiguous distinction.

The method described here is based
upon the following principle. White
lead is a pigment of major importance
in painting and it has been used by
artists for many centuries. Lead metal
is also an important constituent of
other works of art, such as pewter and
lead-bearing bronzes. Lead is extracted
from ores which contain a quantity of
uranium and its several descendants
(1) which are in radioactive secular
equilibrium with it.
equilibrium is disturbed in the series of
chemical processes associated with the
extraction of lead metal from the ore
and with the production of lead com-
pounds. The radium, and most of its
descendants, is preferentially removed
during processing, while the radioactive
lead-210 accompanies the stable iso-
topes of lead. The lead-210 in the metal
extracted from the ore is thus no longer
supported by its relatively long-lived
ancestor, radium-226, and it begins to
decay with a half-life of 22 years. This
process continues until the lead-210
activity is once more in equilibrium
with the much smaller quantity of ra-
dium that survived the chemical frac-
tionation process.

One can exploit these relationships
to determine the age of a sample by
using the equation

[Pb]: — [Ra] = ([Pb]o — [R,a]) et 1)

The radioactive

where [Pb], is the lead-210 .concentra-
tion in the sample at present, [Ra] is
the radium-226 concentration in the
sample, A is the disintegration constant
for lead-210, ¢ is the time since sepa-
ration of the lead from its ore, and
[Pb], is the lead-210 concentration at
the time of separation (2). The original
lead-210 concentration cannot be deter-
mined experimentally but it can be pre-
sumed to be equal to the concentration
of uranium in lead ores, or it can be
calculated from the radium concentra-
tion of a sample and a known separa-
tion factor, defined as [Pb],/[Ral.
Therefore, the utility of the equation
in calculating age would be reduced
by the occurrence of a wide range of
values of either the original uranium
concentrations or the separation fac-
tors. Nevertheless, valuable deductions
may still be possible when large differ-
ences in time are being considered (for
example, 20th century versus 18th
century).

The method was evaluated by deter-
mining the concentrations of lead-210
and radium-226 in a variety of
lead metals and their compounds in
order to compute the range of original
concentrations and the range of separa-
tion factors. To estimate the age of an
unknown sample one must determine
the concentrations of these two nu-
clides in the sample. The method de-
scribed below is primarily limited to

paintings; its extension to other objects
follows readily.

The principle was tested in 1928 on
a pair of samples, one old and the
other recent (3). Approximately 25
years ago, a more extensive study was
made to demonstrate the low radio-
activity of old lead; the study was
based upon the measurement of alpha
emission (4). No suitable method was
then available, however, with adequate
sensitivity and selectivity to distinguish
between the concentrations of radium-
226 and those of its descendants. As
a result, only a rather ambiguous com-
parison of gross alpha emission rates
could be made, which proved useless.

In contrast, modern methods of radio-
chemistry make it possible to measure
both radium-226 and polonium-210
with a relatively high degree of accu-
racy in a small sample. Also, if one
uses the small size and high energy
resolution of solid-state detectors, very
low backgrounds are produced, of the
order of 0.001 count per minute, a
factor which contributes to the sensi-
tivity of the analysis. This is accom-
plished by measuring only alpha parti-
cles having the energy or energies char-
acteristic of the nuclide to be deter-
mined.

The best method to determine the
concentration of lead-210, therefore, in-
volves determining the concentration
of its alpha-emitting descendant, polo-
nium-210. There are numerous ways to
separate polonium-210 and to prepare
it for counting (5). In brief, the sam-
ple (paint, metal, chemical, or ore) is
dissolved in dilute nitric acid, and the
polonium is eventually plated on silver
counting-planchets. The overall effi-
ciency, the product of the chemical
yield and the counting yield, was 30
percent for the counting system used.
This corresponds to a chemical yield

Table 1. Ore and ore-concentrate samples.

Concentration (dpm per gram of Pb)

Saglg'le Description and source Po® Ra2
M-12 Chunk galena (Oklahoma-Kansas) 0.03 = 0.04 0.00 = 0.25
M-13 Ore concentrate (Oklahoma-Kansas) 58 = 1.3 45 + 12
M-6 Crushed raw ore (S.E. Missouri) 43 = 8 24 4+ 6
M-5 Ore concentrate (S.E. Missouri) 1.7 = 2 07 = 4
M-17 Ore concentrate (Idaho) 25 £ 4 22 + 8
M-18 Ore concentrate (Idaho) 027+ .17 0.18 + .18
M-19 Ore concentrate (Washington) 170 =20 140 =+ 20
M-20 Ore concentrate (British Columbia) 35 = 2 19 + 11
M-21 Ore concentrate (British Columbia) 09 = 2 04 + 2
M-22 Ore concentrate (Peru) 1.5 = 4 0+ 3
M-23 Ore concentrate (Bolivia) 1.5 = 4 16 = 5
M-24 Ore concentrate (Australia) 08 = 2 1.1 +~ 7

1



of nearly 100 percent.

The solution remaining after the polo-
nium has been removed is then analyzed
for radium. After macroscopic quanti-
ties of lead have been removed (used
later for a gravimetric lead analysis)
and the radium-bearing solution has
been purified, radium is eventually car-
ried on a minute precipitate of BaSO,
(~0.1 mg of barium) which is mounted
on a filter for counting (6). The over-
all efficiency for the radium measure-
ment was 85 percent after 2 weeks
were allowed for ingrowth of radon
and its short-lived descendants. This
corresponds to a chemical yield of
greater than 95 percent.

The accuracy and reproducibility of
the analytical procedures for polonium-
210 and radium-226 were established
by repeatedly applying the procedures
to samples of typical materials having
known concentrations of these nu-
clides. Such samples were prepared by
the addition of standardized solutions,
in known quantities, sufficient to over-
whelm the natural concentrations of the
radium nuclides in the starting mate-
rials. As a check for. reproducibility,
duplicate determinations were made on
several of the samples of known age.

The results of the analyses of white
lead and related lead-bearing materials
are given in Tables 1-5. Table 1 gives
the polonium-210 (equivalent to lead-
210) and the radium-226 concentra-
tions in a variety of lead ores from
various regions. The concentrations of
polonium and radium are nearly equal
in most cases, as they -should be,
though there seems to be a slight bias
in favor of lower radium values. There
may be a systematic experimental er-
ror due to difficulties in the dissolution
of the ore samples. The observed wide
range of radium-226 and lead-210 con-
centrations, from essentially zero to

. nearly 200 disintegrations per minute
per gram of lead, precludes one use
.of Eq. 1, wherein one must assume
that the original uranium concentra-
tions in lead ores are reasonably con-
sistent.

The remaining tables present the re-
sults obtained for samples of material
that had been subjected to chemical
separation processes. The tables include
lead metal or chemical compounds
(Table 2) and white lead. The latter
is further divided into groups corre-
sponding to the 20th century (Table
3), the 19th century (Table 4), and the
18th century or earlier (Table 5).

Table 2. Processed material: lead metal or lead compounds.

Concentration (dpm per gram of Pb)

Sample Description and nll)a"gﬁf:cf_ Po*® at rsz;:l;:r-x
No. source ture Po° Ra®* ?;t:m?-f factort
facture
M-7 Lead metal (U.S.) Recent 1.5 =+0.2* 0.060.30 1.5 =0.2 25
M-16 Lead metal (U.S.) Recent 6.8 +12% 12 = 6 6.8 =12 5.7
M-15 Basic lead sulfate (U.S.) Recent 0.06 % .08 00 = 3 0.06+ .08
M-92-H Lead metal (U.S.) 1965 4.40 = .39 .02+ 02 44 = 4 220
M-91-H Lead metal (U.S.) 1963 348 = .39 23+ .07 36 = 4 16
M-3 Lead chloride (U.S.) 1962 46 +4% S x4 50 =4 100
M-4 Lead nitrate (U.S.) 1962 20 2% 18 = .8 22 *2 12
M-1 Lead acetate (U.S.) 1961 30 +4* 02 = 4 33 =*5 165
M2 Lead subacetate (U.S.) 1958 12 +3* 0 =3 14 4 >47
M-8 Lead metal (U.S.) 1914-39 2.5 =+ 4% 0 =*x 2 8.7 =14 >43
M-9 Lead metal (U.S.) 1914-39 14 +1* 59 *+1.2 34 4 58
M-10 Lead metal (U.S)) 1914-39 0.7 =+ 1 02 = .3 20+ 4 10
M-29 Spanish lead 1700 .01 = .03 05+ .04
M-73-H Old pipe (England) 16th c. 039+ .041 08=*= .03
M-30 Roman lead 50 B.C. .002+ 008 .02+ .01

*Average of two measurements.

‘Table 3. Artists’ white lead (20th century). P, pigment; G, ground.

TExpressed as ratio between Po®1° at date of manufacture and Ra22,

Concentration (dpm per gram of Pb)

Date

Sample - of Pouoat  Sepa-
NoI.) Description and source . Poto Ra= date of  ration
ture aj manu-  factort
facture
M-76-H  White lead (England) P 1965 2.0x03 0.00=+.01 2.0+03 >200
M-71-H  Cremnitz white (Holland) P 1965 36 =2 05+£.04 36 x2 720
M-72-H  White lead (England) P 1965 1.7= 3 .04+.02 1.7+ 3 42
M-85-H  Quick process (Australia) P 1965 2.4+ 3% 06+£.06% 24+ 3 40
M-84-H  White lead (Holland) P 1965 16 =1 A1+x03 16 =1 150
M-90-H White lead (U.S.) P 1965 153 =6 A5+.04 153 *6 1000
M-82-H  Silver white (France) P 1965 34x 4 .06.02 34+ 4 57
M-39 Flake white (U.S.) P 1965 15.5+1.8 .00£.2 16 + 2 >80
M-2-H White lead (Germany) P 1959 22 *4 6 x5 26 =5 43
M-3-H White lead (Holland) P 1959 32+ 8 4 2 3.8+1.0 9.5
M-70-H  Preprimed canvas (U.S.) G 1955 51x .7 .02+.05 7.0£1.0 350
M-67-H  Preprimed canvas (U.S.) G-1952 72+1.2 0305 11 *2 370
M-68-H Preprimed canvas (Eng- 1948 3.1+ 5 .14+.03 5.1+ 8 36
land) G
M-5-H Cremnitz white (Eng- 1948 24x .5 4 +2 3.8+ .9 9.5
land) P
M-6-H Flake white (England) P 1948 2.8+ .8 0 +2 4.7+14 >24
M-87-H  Stack process (Australia) P 1948 52+ 5 d +.02 8.6+ 9 86
M-86-H  Stack process (Australia) P 1945 14+ 3 02,02 27 .5 130
M-1-H Cremnitz white (Ger- 1940 04+ .1 1 xa 0.8+ .3 8
many) P
M-61-H Landscape (U.S.) G 1940 7.0 7 09+, 15 =1 170
M-35-H Landscape by Lieb (U.S.) G 1940 28 +2% 02+.02 61 =4 3000
M-65-H  Still life (US.) G 1933 49+ 6 15 =3 11 *2 73
M-74-H  White lead (England) P 1930 32+ 4 0.08+.02 9.4=+1.0 120
M-52-H Landscape by Vernon
(England?) P 1920-30 1.7+ 4 .19+.06 56+1.3 30
M-8-H Cremnitz white (Germany) P 1923 12.3+2.3 .62+.50 44 *9 71
M-18-H  Portrait by Resco (U.S.) G 1923 92+1.2 3640 30 =5 83
M-17-H  Portrait (US.) G 1921 6.3+13 0 +x3° 25 =5 >83
M-29-H From stretcher of painting
by John Kane (U.S.) P 1921 6.7+1.0 03+.07 26 x4 90
M-69-H Landscape (US.) G 1912-28 7.0x1.1 42+08 27 >4 64
M-62-H Landscape (U.S.) G 1910-30 6.5+ 9 23x+.11 26 =4 110
M-30-H  Flowers by Speicher (US.)G 1920 33+ 6 A2+.05 13 +3 110
M-66-H  Street scene (U.S.) G 1920 6.8+1.2 J36x.11 27 =5 75
M-58-H  Flower study (U.S.) P 1920 29+ 4 03+.03 11 =2 370
M-28-H Landscape by C. Hassam 1919 34+ 9 2 x5 14 =4 70
(US.) P
M-40-H  Portrait by Logan (U.S.) 1908-13 22+ 2 0 =2 13 *2 >65
M-63-H Landscape by J. Sloane 1910 73+ 8 13+07 40 =4 310
(US) G
*Average of two measurements. tExpressed as ratio between initial Po?° and Ra?¥,



Table 4. Artists’ white lead (19th century). P, pigment; G, ground,

Concentration (dpm per gram of Pb)

Date of -
Saﬁ:,ple Description and source manufac- . (ll’:t“’:oaft S?i)::,a
) ture Pote Ras manu- factort
facture
M-4-H Stack process (England) P 1884-94 2.8 *+0.2* 0.0 £0.1% 30 = 2 >300
M-51-H Cavalry scene by 1880 1.8 = 2 A2+ 03 24 x 3 200
deLaunay (France) P
M-41-H Larlnjlsscz)xp; by Innes 1850-70 5.5 *=2.0 29 =21 70 = 80 24
(U.S.
M-59-H Landscape (U.S.) G 1850-60 8.7 =16 22 = .5 210 = 50 95
M-53-H Landscape (England) G 1850-60 2.1 = .3 0.62% .15 48 + 11 11
M-56-H Itinerant portrait (U.S.) G 1830-50 0.28%= .08 .10x= .03 9.5+ 4.4 95
M-60-H Portrait (France) P 183040 5.3 *23 39 *14 90 =180 23
M-42-H  Portrait (U.S.) P 1830-40 1.3 = .10 0.8 = .1 29 = 16 36
M-31-H  Primitive (France) P 1830 0.51= .10 .03x .02 32 = 8 1000
M-12-H  Female saint (Italy?) P 1800-50 .87+ 21 .50% .11 29 = 19 58
M-39-H Eicholz (US.) G 1817 354+ .08 .13x 03 22 + 8 170

*Average of two measurements.

The 20th-century samples listed in
Table 3 consisted of two types: paint-
ing grounds (G) and relatively pure
white-lead pigments (P). The latter were
pigments taken either from tubes of
paint or from manufacturers’ dry col-
ors of artists’ grade.

The samples from painting grounds
were obtained by scraping the paint
from the tacking edge of canvases.
Artists’ canvases in the 19th and 20th
centuries were often preprimed with a
coat of glue size and a coat of white-
lead paint before the artists purchased
them. Canvases were . tacked to the
'sides of a stretcher, with the result that
-an excess of primed but unpainted can-
vas is usually found on all edges. The
white-lead paint “ground” thus exposed
provided us with many of the samples
in Tables 3-5. In a few cases, primari-
ly in Tables 4 and 5, actual samples
of the artist’s white paint were used
where the painting itself was of such
minor value or in such - deteriorated
condition that a small sample could be
taken. The approximate date of manu-

TExpressed as ratio between initial Po?® and Ra28,

facture of the pigment in the paint
and ground was considered to be the
date of the painting, although it is
realized that the pigment could be
several years older.

In Tables 2—4, the observed poloni-
um and radium concentrations are giv-
en with standard deviations. Also, the
computed concentration of polonium

. for the date of manufacture and a

computed separation factor (7) are
given. The two computed quantities
are omitted in Table 5 because they
would be meaningless for old samples.
It is apparent that the separation fac-
tors cover a wide range, from about
6 to more than 1000. Since ngither
the separation factor nor the original
uranium content of the ore is restricted
to a narrow range of values, the con-
cept of precisely calculating ages from
Eq. 1 must be discarded (8). .

For the oldest samples (Table 5), in
contrast to the more modern samples
of the other tables, there are essential-
ly no deviations from equilibrium be-
tween the polonium and radium con-

Table 5. Artists’ white lead (18th century or earlier). P, pigment; G, ground.

Date of Concentration
Sa;}n‘:)le Description and source manufac- (dpm per gram Pb)

) ture Poz? Ra¥s
M-15-H Portrait by Ralph Earl (US.) P 1780-1801 1.75+0.62 1.57+0.50
M-43-H Portrait (France) P 1780-88 24 + 6 13 + 4
M-11-H Female saint (Italy?) P 1750-1800 38 + .7 30 = 4
M-9-H Saint (Spanish style) P 1750~1800 30 = 6 28 + 4
M-13-H Portrait by Claypoole (U.S.) P 1746 1.96+ .46 1.82+ 43
M-16-H Portrait by Badger (US.) P 1730-50 2.58+ 81 270+ 29
M-57-H Still life (Holland) P 1700 234+ 72 1.60+ .39
M-20-H Dogs (Holland) P 1600-60 023+ .27 0.404 47
M-10-H Painting (Italy?) P Early 1600’s 2.81+ 57 2,56+ 47
M-22-H Portrait (italy) P 1600 021+ .10 021x 29

centrations within the indicated uncer-
tainties. Therefore, the method should
be useful in determining if a given
sample is “old” or “modern.”

To show how this information may
be used, we here evaluate results ob-
tained for two fictitious samples of un-
known age. These results represent
those obtained from samples of two
hypothetical paintings purported to
have been produced in the 17th cen-
tury but which might have been forged
in 1922, approximately two lead-210
half-lives (44 years) ago.

Let us assume that white lead from
painting.- A is analyzed for polonium-
210 and for radium-226. The concen-
tration of polonium-210 is 2.0. = 0.2
disintegrations per minute (dpm) per
gram of Pb, and that of radium-226
is 0.1 = 0.1. This white lead could
not have been produced in the -17th
century, since the concentration of
polonium-210 in the paint at that time
would have been on the order of 10°
to 108 dpm per gram of Pb, an absurd
concentration.

Our second sample, hypothetical
painting B, is assumed to have been
likewise sampled and analyzed. The
concentration of polonium-210 is
1.5 = 0.2 dpm per gram of Pb and
that of radium-226 is 1.4 = 0.2. Since
the polonium and radium values are the
same within the uncertainties, the sam-
ple would appear to be significantly
older than 44 years; no such equilib-
rium has been observed in any sam-
ples from the 19th and 20th centuries.

Therefore, given the premise that the
paintings . were painted either in the
17th century or in the 20th, one could
say with great certainty that hypothet-
ical painting A was produced in the
20th century, and hypothetical painting
B was produced in the 17th.

It is also possible to draw further
conclusions concerning the ages of
these two samples. The logarithms of
the initial polonium concentration for
all materials ‘(some 68 values from
Tables 1-4) show a distribution skewed
toward the low values, with 'a mode
at-about 16 dpm per gram of Pb, and
the highest values 100 to 200 dpm per
gram of Pb (Fig. 1). The latter would
correspond to a uranium content, in an
ore containing 50 percent lead, of ap-
proximately 0.01 to 0.02 percent. This
is a fairly high value fbr uranium con-
tent, since the expected average value
for uranium in rocks of the earth’s
crust is ~2.7 parts per million -(9), al-
though there are some lead ores in the
Western Hemisphere (/0) which contain
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Fig. 1. The distribution of observed initial
polonium-210 concentrations, corrected
for decay where appropriate.

as much as a few percent uranium (/7).
Therefore, it is highly unlikely that
painting A was produced before the
middle of the 19th century, since a de-
cay correction to that time, or earlier,
yields an improbably high value for the
initial lead-210 concentration in the
sample.

The logarithms of the calculated
separation factors for more than 50
samples (Tables 2—4) exhibit a normal
(12) distribution (Fig. 2) with log,, of
the geometric mean, 1.92, and log,, of
the geometric standard deviation, 0.59
(13). Values of the separation factor
for sample B for certain dates in the
past were obtained by applying correc-
tions for radioactive decay. These
values exhibit increasing uncertainties
(14) as the magnitude of the decay
correction ~increases. The computed
separation factors and uncertainties for
sample B at various dates may be sta-
tistically compared with the mean and
standard deviation of the population of
known separation factors by means of
a t-test (13). This test suggests that the
odds against hypothetical painting B
having been painted later than 1900

are better than 100 to 1. The odds
20 )
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Fig. 2. The distribution of experimentally
determined separation factors with a fitted
normal curve.

(—~3 to 1) are also against production
of the painting later than the early part
of the 19th century, but they are not
sufficiently high as to rule out this
period for the date of production.

In practice, it is possible to obtain
results leading to less positive conclu-
sions, for example, if low levels of
radioactivity are encountered. There
are also possible sources of interfer-
ence which may affect the analysis in
such a way so as to make old paint
appear modern and vice versa. For

example, the presence of an acid-
soluble sulfate such as gypsum
(CaSO,*2H,0), a colorless pigment

commonly used in painting grounds
and sometimes as an extender in paints,
may lead to a low value for the radi-
um analysis and to the conclusion that
the sample is modern. Powdered gyp-
sum (10 percent) mixed with white lead
was found to lower the apparent con-
centration of radium in a sample to
approximately one fourth of its actual

value.
A second potential source of. inter-

ference is the presence in a paint sam-
ple of a relatively large proportion of
natural mineral pigments that have high
natural radioactivity. Analyses of a se-
lection of five such pigments showed
that concentrations of radium and
radiolead in these materials may range
up to approximately 6 dpm per gram
of pigment. The presence of this ma-
terial could mask a disequilibrium be-
tween low concentrations of lead-210
and radium-226 in a modern white-
lead component in a mixture. Thus,
the sample could erroneously appear
old even though the white-lead com-
ponent exhibited modern disequilib-
rium values.

Maximum concentrations of radio-
activity in the nonwhite-lead portions
of over 30 samples of impure white
lead (those in Tables 3—5 with less
than 50 percent lead) were calculated
and found to be generally less than
0.6 dpm per gram of material (15).
Experimentally, therefore, the.effect of
contamination of white lead samples
appears to be unimportant with lead
concentrations greater than approxi-
mately 30 percent; but the interpreta-
tion of results obtained for paint sam-
ples of lower lead content may be-
come questionable.

To avoid these particular analytical
difficulties, the painting must be sam-
pled selectively so as to obtain white
lead of high purity. The development
and use of adequate sampling tech-
niques or, alternatively, the perfection

4

of separation methods to assure a true
white-lead analysis are important for
full use of the method.

BERNARD KEIscH*
Nuclear Science and Engineering
Corporation, Pittsburgh,
Pennsylvania 15236

R. L. FELLER
Mellon Institute, Pittsburgh 15213
A. S. LEVINE
R. R. EDwWARDs}
Nuclear Science and Engineering
Corporation, Pittshurgh 15236
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COVER

Typical lead smelting operation of the
16th century. A radiochémical separa-
tion occurred during this operation
wherein the radioactive equilibrium
between radium-226 and lead-210 was
disturbed. This separation is the basis
for a method of discerning between
old and modern white lead in paint-
ings. See page 1238. [De Re Metal-
lica, Dover Publications, New York]
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