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Abstract

Introduction

Several new applications of cathodoluminescence
(CL) have been developed during the last few years, including: combined CL imaging and/or spectroscopy and
CL observations of carbonates previously considered to
be non-luminescent or of minor interest. Basically, two
previously unstudied types of carbonates were investigated: marbles, and recent shells. From numerous classical white marble samples, cathodomicrofacies were defined and described. A single cathodomicrofacies is
generally characteristic of a given area. This finding
permits identification of the source of white marbles and
has been successfully applied to ancient marbles from
different collections. Despite the well established idea
that CL in biogenic carbonates is due solely to diagenetic
phenomena, most recent biogenic carbonates show
growth zonations which are enhanced under CL. This
phenomenon is independent of shell mineralogy (calcite
or aragonite), habitat (marine or fresh water), life mode
or environment. Thus, the idea that unaltered shells are
non-luminescent is contradicted. These observations
have important implications for future studies of geochemical paleo-oceanic reconstructions as well as ontogenetic researches. Low-luminescing calcites are good
examples of blue CL emission in natural calcite. Preliminary results are shown. One of the major advantages of using CL is that the original structure and texture of the sample is observable and there is no averaging of chemical information. CL gives in situ information on intrinsic (host lattice) luminescence emissions
and the pattern of trace elements in the crystals. To
quantitatively interpret the CL image, a non-destructive
in situ method of chemical analysis is needed. Further
progress in CL is likely to include quantitative spectroscopy and in situ chemical analyses.

Cathodoluminescence (CL) of geological material,
the emission of photons in the visible range of the electromagnetic spectra during excitation by high energy
electrons, has been known since Crookes' work in 1879
[20]. Cathodoluminescence has become of increasing
interest to geologists since 1965 [28, 29, 38] and is now
routinely used in sedimentary petrography. This paper
summarizes the works of the author on carbonate biogenic particles and marbles and presents new preliminary observations on ultra-violet (UV)-blue CL-emission
of calcite after electron bombardment.

Methods
A high sensitivity (hot cathode) CL-microscope [37]
was used. Experiments were carried out at 30 keV accelerating voltage and 0.4 µ.A/mm2 beam current density. Luminescence characteristics were recorded on
Ektachrome 400 color slide film (developed at 800 ASA)
with exposure time ranging from 4 to 180 seconds. Recording of the visible part of the luminescence spectra
from shell materials and marbles was done on nonetched, uncovered thin sections coated with an aluminum
film. Spectra measured in the UV to blue range were
done on thick sections of calcite polished on both sides,
coated on top with an aluminium film, and without any
sample mounting glass in the light path. To collect the
short-wavelength UV emission, the microscope was
taken out of the light path. This allows the best record
of luminescence intensity and eliminates filter effects
caused by intermediary glasses.
Two arrangements were used for the recording of
the CL-emission:
(1) Generally, the monochromator was set for 10
nm resolution and was linked to the CL microscope via
a flexible quartz optic fiber bundle through a fused silica
window. Multiple scan (mean of ten measurements at
each wave length position) were used in order to eliminate noise. The spectra obtained were corrected between 270 and 740 nm for the spectral response of the

Key Words: Cathodoluminescence, carbonate, shell,
Mollusk, marble, Spectroscopy, UV emission.
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F: Foraminifera; MB: Mollusc bivalvia; MC: Mollusc cephalopoda;
articulate; BI; Brachiopoda inarticulate; A: algae.
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Figure 2. Photomicrograph in natural light of a radial
section across Pecten maximus shell. Growth direction
is towards the right. Bar = 500 µm.

D

Figure 4. Relation between growth lines on shell surface of Pecten maximus and luminescent stripes on radial
cross sections. (A) Outer surface of the right valve;
(B) umbo-pallial cross-section through the disk; (C)
detail in resilifer (R); (D) detail near pallial edge of the
disk (see Figures 2 and 3), caption of the indications
plotted on drawings. E: summer growth lines; H: winter growth lines (Hl: winter 1976-1977; to HS: winter
1980-1981); J: experimental growth stop in June 1978;
in resilifer space between H2 and Sa; Sa: accidental
growth line in September 1978; S: growth line in September 1979; dotted stripes: yellow or orange CL
stripes. From [16] with permission of Geobios.

Figure 3. Cathodoluminescence photomicrograph of the
same section as in Figure 2. Luminescent orange or
yellow bands (here light hands) corresponding to growth
decreases during late summer (S) and winter (H 4) with
winter stop (A). GL: growth lamellae. Bar = 500 µm.
From (16], with permission of Geobios.

41, 46]. More recently, however, we have progressed
in this topic and established that most recent carbonated
shells show, with CL, growth zonations due to variations
in the Mn2+ content of the biogenic carbonates (Fig. 1)
(9, 43]. Nevertheless, the idea that CL in shells is due
solely to diagenetic phenomena and that recent primary
carbonates are always non-luminescent is still widely
held.
The mode of carbonate precipitation, biomineralization vs. crystallization from a pore fluid, are two different processes with regard to incorporation of the activator of luminescence into carbonates. In shells, growth
of the calcite is mainly controlled at the mantle margin
of the different valves.
For example, we have studied a calcitic shell of
Peet en maxim us (L.) whose young larvae were collected
in Bay of Saint-Brieuc (France) in July 1976 and
transported to the Bay of Brest (France) in March 1977
where they remained until September 1981 (18, 42].
The growth history of the shell was precisely known.
We have observed that growth lines, classically hidden
on cross-sections by foliated microstructure of calcite
(Fig. 2), are revealed (Fig. 3). Winter growth rings are

instrument by means of a calibrated tungsten lamp. The
intensity is expressed in arbitrary units of photon counts.
(2) The UV-blue detection setup was identically
calibrated as the setup for the "visible range" CL with
the exception of not using the thin section glass and the
microscope.
The spectra were recorded using a PTI (South
Brunswick, NJ) model 01-001 monochromator with a
Hamamatsu R 928 (Hamamatsu, Shizuoka-ken, Japan).

Cathodolurninescence of Biogenic Particles

WithCL, limestones often show outlines and internal structure of fossils that are invisible or appear as
"ghosts" in transmitted or polarized light (3, 9, 10, 11,
25, 27, 29, 30, 33, 41, 44]. In the past, few studies
were dedicated to recent biogenic carbonates [23, 40,
115
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the CL pattern (Figs. 5, 6). Thus, manganese is thought
to be the activator responsible for the green to yellow
emission in aragonite (28, 46]. Crystal field theory and
the different symmetries of calcite (trigonal) and
aragonite (orthorhombic) show that the Mn 2 + emission
occurs at a longer wavelength (orange) in calcite than in
aragonite (green) [46, 47].
Observations on the luminescence of fossil shells of
cephalopods have shown that the zoned luminescence of
yellow to green and the weak blue to blue-green lurninescence have existed since Carboniferous times [6].
CL is becoming an important tool for the observation of growth lines in carbonate shells and will be
useful for the determination of environmental and ontogenie parameters in biogenic carbonates. The relationship between the incorporation of manganese in shell and
metabolic vs. environmental effects remains to be determined.

Figure 5. Cathodoluminescence photomicrograph of a
section across a shell of Nautilus pompilius. The pattern
of the yellow-green colored luminescence is similar to
that shown by the Mn pattern shown by the PIXE image
on Figure 6. Bar = 1 mm.

Cathodoluminescence of White Marbles
9

ECl.
Cl.

80

Determining the source locality of white marbles
used in ancient buildings and sculptures is an old problem and has very important applications in archaeology
and art history. Provenance identification provides information required to reassemble separated parts of artifacts to detect forgeries, to date sculptures, or assess
exchanges between populations (8, 12, 13, 19, 24].
Since the pioneering work of Lepsius (26], numerous
techniques have been applied to provenance studies.
Over the last decade, stable isotopes of carbon and oxygen have been one of the most successful and widely applied approaches. Unfortunately, the signatures of quarries frequently overlap with one another. A first attempt
to differentiate between white marbles with CL on an
electron probe' was made in 1968, but the results were
not conclusive (39]. Recently, CL microscopy has been
successfully applied to archaeological research on marbles because of the use of the high sensitivity CL
microscope in Berne (Switzerland), allowing the detec- ·
tion of faint luminescence that made it possible to distinguish marbles previously thought to be non-luminescent (13]. We have assembled a data bank with more
than 1000 samples from known Classical quarrying areas
in Greece, Italy, Turkey, France, and Spain. Using CL
microscopy, we have described cathodomicrofacies that
are the microscopic CL finger print of marbles.
Twenty-one cathodomicrofacies were recognized, each
of which generally characterizes a given area. In cases
where the origin of marbles from particular artifacts
13c and
180 signatures provide
remain ambiguous,
an effective complementary data set that allows
additional distinctions. Up until now, we have proposed
determination keys effective for 21 locations based upon
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Figure 6.

PIXE Mn distribution across the section
shown in Figure 5. The beam current is several nA.
(Figure courtesy of C. Yang; for explanation of PIXE
analyses, see [471).

----------------------marked by orange luminescent stripes, whereas the other
parts of the shell have a weak blue luminescence. Luminescence intensity increases with ontogeny (Fig. 4).
Bioeroded zones have an orange luminescence with a
palisade aspect.
Using particle induced X-ray emission (PIXE) analyses evaluated by GEOPIXE (47], we observed a good
correlation between the measured Mn content and the
intensity of the orange luminescence. This observation
confirms the idea that the manganese is the activator of
the luminescence in calcitic shells and even that a concentration below 15 ppm is enough for activation.
CL studies of two species of recent Nautilus (aragonite) show two different types of luminescence [5]: a
zoned luminescence of yellow to green and a weak blue
to blue-green luminescence [5]. Again, PIXE analyses
show that the pattern of the manganese is the same as

o
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dolomitic marble indicates that no Mn 2 + is present in
the Ca site.
The 21 determination keys have been successfully
applied to artifacts from museums all over the world, including the Getty Museum (Los Angeles, CA, USA), the
Walters Art Gallery (Baltimore, MD, USA), the Art and
History Museum of Geneva (Switzerland), The
Rheinisches Landesmuseum (Bonn, Germany) or the Ny
Carlsberg (Denmark) Glyptotek (8, 15, 19, 21, 36].
The combination of CL microscopy and spectroscopy is now considered one of the most important methods for determining the provenance of ancient Greek and
Roman marbles.

their principal cathodomicrofacies color, pattern and
their stable isotope signature (12]. We have grouped
these 21 cathodomicrofacies and isotopic signatures to 3
families based on major luminescence color. They are:
the orange luminescence family (Fig. 7), which contains
most of the calcitic marbles with generally more than 10
ppm of the activator (Mn2 +); the blue luminescence
family (Fig. 8), where the blue luminescence is visible
because of the lack of the orange emission of the Mn2+
(typically less than 10 ppm); and the red luminescence
family, exclusively found in dolomitic marbles (Fig. 9)
caused also by Mn2 + but in a more complex manner, as
discussed in the next paragraph.
For calcitic marbles, the manganese content is often
< 200 ppm manganese (34] below the beginning of concentration quenching (Fig. 10) (22]. The third family is
devoted to dolomitic marbles (12]. Spectra are more
complex because of the existence of two different cation
sites, Ca and Mg. K 0 (Mn 2 + at Mg site/Mn2+ at Ca
site) is the distribution ratio of Mn2 + between the two
crystallographic sites. Dolomite may have two types of
CL spectra (Fig. 11). We have demonstrated that there
exists a strong positive correlation for dolomite between
the total Mn 2 + content and the sum of the electron paramagnetic resonance (EPR) areas of both sites (Fig. 12)
and that quantitatively the K 0 -values in dolomite found
by EPR show a positive correlation with the ratio of the
intensity of the two CL emission bands at 655 nm and
578 nm, which correspond to Mn 2 + in the Ca site and
in the Mg site respectively (Fig. 13) (22]. Red CL of

Cathodoluminescence Spectra of
UV-Blue Emission of Calcite
Blue CL emission in natural calcite has frequently
been observed (2, 12, 14, 15, 28, 29, 31, 32, 41, 45]
but only a very limited number of spectral analyses of
the emission in the high energy part of the spectrum,
i.e., blue to UV zone ( < 400 nm), have been performed. The origin of the blue emission is not precisely
understood. Two major hypotheses have been proposed:
(1) a defect center [35, 45], and (2) activation
cation
such as Eu2 + (32], Zn2 + [2], Mn2+ [1] or Ce + [17].
Nevertheless, two important observations have been
made: no zonations have been observed; and very low
impurities level were reported (4, 28, 41]. Peak
position was rarely located precisely.

bl
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Figure 10. Plot of CL intensity vs. Mn2 + content in
calcite. A linear Mn 2 + trend can be observed at concentrations < 400 ppm. At higher concentrations, the
CL intensity is less than predicted by the linear trend.
This may be due to the beginning of a con~entration
quenching effect.
From [22] with permission of
Chemical Geology.
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Figure 13. Plot of the CL intensity ratio lb/Ia vs. Ko
determined by EPR. Correlation coefficient R = 0.99.
From [22] with permission of Chemical Geology.
Paros (Greece) (2 samples) and Naxos (Greece), speleothermes from Paros and W6 (Switzerland), hydrothermal
calcite from Durango (USA), and one calcite CANLl
which is Mg doped.

Cathodoluminescence observations
In the UV and blue part of the spectrum, five major
emission lines were detected around 257 nm, 301 run,
345 nm, 390 nm and 480 nm. The intensity of the
emission lines vary among the samples (Figs. 14, 15,
16). Only peaks at 301 nm and 345 nm are clearly always observed. CL-peaks have different behavior during electron bombardment (Fig. 17). The two first lines

------------------------Samples
Eight calcite samples, chosen because of their luminescence homogeneity and their emission in blue part of
the electromagnetic spectra: marble from Carrara (Italy),
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show a decay during the electron beam bombardment,
while the 345 nm peak increases at the same time. The
behavior of the two last peaks is not clear. Figure 17
gives relative peak intensity variation during electron
bombardment for each sample.
There is no linear relation between the different
peaks. The blue and UV emissions may have different
ongms.
The reasons why intensity varies during electronic
bombardment are difficult to understand. Irradiation
damages and element diffusion are two mechanisms that
may be involved in this phenomenon. Two of the observed peaks ("" 380 nm and "" 345 run) may be related
to the presence of Ce 3 + substituting at Ca site. The
lines, which show a decay during the electron beam
bombardment, may be related to lattice defects.

.\_
o+-~¥'--~---~--+-------===·=--toml
200
270
340
410
5)':)
◄ BO

6i!O

690

760

830

900

Figure 14. CL spectra of a marble sample from Paros
(PA90). Dashed lines show the initial spectrum and the
continuous line the spectrnm after 5 minutes of beam exposure.

Conclusions
One of the major advantages of using CL to study
biogenic particles and marbles is that the original structure and texture of the sample is observable in situ without averaging of the chemical information as in classical
chemical analyses. Since CL is very sensitive to minor
variations in the activator content, PIXE is the most effective method (down to ppm level or less) to combine
with luminescence observations. Further progress in CL
is likely to include quantitative spectroscopy, in situ
chemical analyses at ppm level, and development of
CL/SEM systems.
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