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Abstract

Compositional characterization of limestone by neu-
tron activation analysis (NAA), carried out at Brookhaven
National Laboratory, is used in conjunction with stylistic
and iconographic criteria to infer geographic origin and
attribution of medieval limestone sculptures. NAA per-
mits the simultaneous determination of approximately
twenty elements present in minute concentrations in very
small samples of powdered limestone. The resulting
compositional data are stored in the Brookhaven Lime-
stone Database, which currently comprises approxi-
mately one thousand analyses, including stone from
sculptures in American and French museums and from
medieval monuments and thirty-eight quarries in the
lle-de-France, Burgundy and Perigord. The multivariate
statistical procedures used to group sculptures and
relate them to quarry stone are summarized, and the
results of several provenance studies are described.

Introduction

Because many medieval limestone sculptures in public
collections have lost their histories, scientists and art histo-
rians are collaborating to exploit a scientific methodology,
the compositional characterization of stone, to answer ques-
tions concerning geographic origin and attribution. Compo-
sitional data permit investigators to

e group sculptures thought to have a common origin,
based on the hypothesis that like composition implies
a common stone source;

e relate sculpture of unknown origin to a monument or
to the region or quarry that may have furnished the
raw material for its production;

e clucidate the compositional differences in stone from
quarries that may have furnished raw material to
medieval craftsmen;

e establish a database to which art historians may refer
when attempting to determine provenance for lime-
stone sculpture.

This paper will briefly describe neutron activation analysis
(NAA), the analytical technique used to determine the con-
centration of elements present in limestone, and some of the
results of the study to date. We hope that publication of

this and the following papers will prompt other art histori-
ans to use compositional analysis to help solve their prob-
lems as well.

Analytical Method

Neutron activation analysis is used to determine the con-
centrations of elements present in each sample of stone, thus
identifying its compositional profile or “fingerprint.” This
method is the best presently available for limestone analysis
for several reasons: its precision and accuracy allows the test-
ing of very small samples; it determines many elemental con-
centrations simultaneously; and its sensitivity permits the
determination of constituents present in very small concentra-
tions. Limestone samples are collected, weighed accurately
and sealed in high-purity quartz for irradiation in a nuclear
reactor such as the High-Flux Beam Reactor at Brookhaven
National Laboratory. The encapsulated limestone is bom-
barded with neutrons that convert the nuclei of the constituent
elements to radioactive isotopes. These radioactive isotopes
eventually achieve stability by emitting their extra energy in
the form of gamma-ray photons. The process is summarized
in Figure 1.

Each radioactive isotope of a given element has a char-
acteristic set of decay energies and characteristic decay
times. The energies and the intensities of the gamma rays
emitted by the elements that constitute each irradiated sample
are measured using a germanium detector. The resulting
spectrum shows not only which elements are present but their
relative amounts as well. From this spectrum the concentra-
tions of selected elements, which constitute the composi-
tional profile of a sample, are calculated. The profile includes
approximately twenty elements of which eleven or twelve are
especially useful in distinguishing among limestones from
different sources.! These diagnostic elements probably come
from inclusions and impurities in the calcite matrix, such as
clay, soil, and the fossilized remains of sea creatures.

Database

The compositional data become part of the Brookhaven
Limestone Database which currently comprises approxi-
mately one thousand analyses. Analyzed samples come from



Reactor:
Source Of Neutrons

Irradiation

4 \ . @ 1Ekev Saint-Denis
— A 1174 keV
— = — *  COBALT -
— —, o L] e o
—
—e T | —e . After Radioactivity
—e o« 1524 keV Decays Away Samples
—_— —° — . Are The Same As
— . . POTASSIUM Before Irradiation _
- . %._J A . Charenton
. N 118 keV Arcueil
" Je\. 889 keV
SCANDIUM -~ Marne R.
Powder-Filled Atoms Of Radioactive Radioactive
Capsules Are Elements In Isotopes Isotopes Emit Seine R,
Placed In Each Sample Are Formed Gamma Rays At
Nuclear Reactor Are Bombarded Ditferent Energles
By Neutrons

Oise R. St-Quen - ¢’ Aumone

« Conflans-Ste-Honorine

FIGURE 1. (above left) Irradiation of samples. Neutrons bombarding encapsulated limestone powder are captured by the nuclei of atoms present in stone
to form radioactive isotopes. These radioactive isotopes, which are unstable, achieve stability by emitting gamma rays at different energies.

FIGURE 2. (above right) Quarry locations in the Lutetian limestone formation of the Paris basin. One or more of these quarries may have been the source
of stone for construction and facade sculpture of medieval monuments in Paris.

thirty-eight quarries in the Ile-de-France, Burgundy and
Perigord (see Appendix), as well as from French monuments
such as the abbey of Saint-Denis and the cathedral of Notre-
Dame, Paris, the cathedrals of Noyon and Reims, and the
abbeys of Cluny and Moutiers-Saint-Jean. Compositional
information in the database is used to group sculptures and
relate them to quarry stone by multivariate statistical pro-
cedures.? Because its value to art historians grows as it
increases in size, we plan to augment the database, now avail-
able for reference at Brookhaven, with information about
limestone sources in other locations.

Statistics

To infer the geographic origin of a sculpture based on
the compositions of its stone one must define discrete com-
positional groups to which a sample of unknown provenance
may be compared. The definition of such groups based on
differences in composition is illustrated by samples from
four quarries in the environs of Paris: those at Charenton,
south of the city near the confluence of the Marne and Seine
Rivers; Carrieres-sur-Seine and Conflans-Sainte-Honorine
on the Seine to the northwest; and Saint-Ouen-I’Aumodne
near Pontoise on the Oise River near its confluence with the
Seine (Fig. 2). If these samples vary widely in the concen-
trations of several compositional variables, discrete groups
may readily be distinguished by plotting the concentrations
of selected pairs of these variables for each quarry sample.
Figure 3 illustrates such an attempt at group separation by

plotting the concentrations of chromic oxide and manganese
oxide on perpendicular axes.
This approach leads to some evident difficulties:

e Many diagrams are needed to give the complete
picture; when twelve elements are plotted two at a
time sixty-six diagrams result.

e Isolating discrete groups of samples may be im-
possible because groups often overlap, even when
the two most effective variables are plotted as in
Figure 3. Associating one sculpture sample with a
specific group is therefore also seldom possible.

Such diagrams yield useful information only if the compo-
sitional differences among groups of limestone samples are
large. For example, the origin of a sculpture in the Paris
Basin rather than at Cluny or Moutiers-Saint-Jean can eas-
ily be verified by plotting the concentrations of europium
oxide and cerium oxide for groups of samples from each of
these locations.®* To differentiate among stone sources
within a relatively uniform geological formation such as
the Paris Basin requires a mathematically more sophisti-
cated approach, however.

One such approach involves the mathematical combi-
nation of the concentrations of many elements to calculate
“principal components” in multidimensional Mahalanobis
space. For these calculations each analyzed sample is desig-
nated as one point in multidimensional compositional space,






