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Recent investigations of early Roman cameo glass
Part 2. X-ray fluorescence analyses induced by Synchrotron radiation^)
Hans Mommsen, Axel Brüning, Heiko Dittmann, Anna Hein, Achim Rosenberg and Guido Sarrazin
Institut für Strahlen- und Kernphysik, Universität Bonn (Gernnany)

The elemental composi t ion of 14 R o m a n cameo glass fragments was measured quant i ta t ively b y X-ray fluorescence analysis i nduced
by S y n c h r o t r o n radiat ion. The study was in tended to learn more about the possible manufac tu r ing techniques of these glasses. In
the white cameo decor of nine fragments all belonging to vessels a higher lead oxide concen t ra t ion was detected c o m p a r e d t o the
colored body. In contrast , lead oxide is no t enhanced in the remaining five fragments from cameo disks or plates. T h e h igher
concent ra t ions may be interpreted as flux added to lower the melting t empera tu re of the white cameo layers of the vessels, t hus
suppor t ing the recent hypothesis that these cameo vessels were manufac tured wi th the help of a m o l d on a tu rn ing wheel , which
had no t to be used for the product ion of cameo plates.

Neuere Untersuchungen über frührömisches Kameoglas
Teil 2. Röntgenfluoreszenzanalysen induziert mit Synchrotronstrahlung

Die Elementzusammense tzung von 14 römischen Kameo-Glas f ragmenten wurde mit der Röntgenf luoreszenzanalyse induzier t d u r c h
Synchrot rons t rah lung quant i ta t iv bes t immt. Diese Un te r suchung hat te z u m Ziel, In fo rma t ionen übe r mögl iche Hers te l lungs -
techniken dieser Gläser zu gewinnen. In den weißen Schichten von neun F ragmen ten , die alle von Kameogefäßen s t a m m e n , ist ein
erhöhter Bleioxidgehalt verglichen mit dem gefärbten Gefäßkörper zu finden, der in den restl ichen fünf F ragmen ten von K a m e o -
plat ten oder -tellern fehlt. Dieses Bleioxid k a n n als Flußmit te lzusatz ve r s tanden werden , u m die Schmelz tempera tu r de r weißen
Schichten zu erniedrigen. Dies unters tütz t eine neue Herste l lungshypothese für diese Gefäße mit Hilfe eines M o d e l s auf einer
Drehscheibe, die für die P roduk t ion fiacher Kameogläser nicht eingesetzt zu werden brauchte .

1. Introduction
Part 1 of this work [1] (with further references) proposed
a new manufactur ing technique for R o m a n cameo
glasses. The application of this technique favors a lower
melting temperature of the white cameo decor compared
to the glasses of the colored body. Since the melting
temperature will depend on the glass composi t ion, a 
chemical analysis of the different glass layers of such
R o m a n cameo products may suppor t this hypothesis.

Earlier quanti tat ive analyses of R o m a n cameo glass
by electron microprobe analysis [2 and 3] already re
vealed a difference in composi t ion. Α surprisingly high
P b O content of 12.0 and 22.3 wt%, respectively, was
detected in the white glass of the Por t land Vase and the
Auldjo Jug, while the blue glass of bo th vessels con
tained almost no PbO. Α following (only qualitative)
X R F survey of Roman cameo glasses in the British
M u s e u m [2] distinguished two groups of the white
cameo layers, those with high and those with low lead
oxide concentrat ions. Lead oxide is well known to act as
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a flux [4] lowering the melting temperature . T h e present
study aims to increase the number of cameo glass
analyses and to screen quanti tat ively especially the P b O
concentrat ions of R o m a n cameo glasses.

A n analysis m e t h o d used for this purpose mus t fulfill
several requirements : since R o m a n cameo glasses are
very rare and valuable, no t even the minute sample can
be taken, the m e t h o d applied must be nondest ruct ive .
Because of the u n k n o w n preservation condi t ions of
some of the pieces, they should no t be b rough t in to a 
vacuum to avoid corros ion layers to splinter off. T h e
thickness of the white glass layers on the colored body
is u n k n o w n . To analyze possibly thin surface layers, a 
surface-sensitive m e t h o d is advantageous. A t b reaks the
thickness of the layers is visible and in some cases n o t
larger t h a n a few tenths of a millimeter. So, to analyze
a Posit ion at a break, a point analysis m e t h o d is
needed here.

Α special m o d e of X-ray fluorescence ( X R F ) analysis
serves all these purposes very well. For several years
it has been studied in the a rchaeomet ry labora tory of
the Universi ty of Bonn . A t the ELec t ron Stretcher Ac
celerator (ELSA) of the Physical Institute, a b e a m of
Synchrotron radia t ion (SR) having sufficiently h igh
intensity even at b e a m diameters in the tens of micro-
meter ränge is available on air to excite X ray fluores-
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Figure 1. Schemat ic of the exper imenta l setup of S Y X R F ,
employed in Bonn ; 1: incident beam, 2:  sample, 3: detector,
4: laser a n d video camera .

Figure 2. Video pic ture of m e a s u r e m e n t 12b (table 1) of frag-
men t no . 12 ( inventory n u m b e r N6408a) taken dur ing the da ta
accumula t ion and s tored on disk. T h e laser light spot visible on
the r h o m b o i d pa t t e rn m a r k s the pos i t ion analyzed.

cence radia t ion in any objects to be analyzed. After a 
Short descript ion of this m e t h o d te rmed S Y X R F and its
special propert ies and limits, its use for and the results
of the analysis of 14 cameo glass fragments from the
Römisch-Germanisches M u s e u m , Köln (Germany), will
be presented and discussed. Α more extended presen-
tat ion of the m e t h o d is given in [5].

2. Description of the SYXRF method
The propert ies of S Y X R F are comparable to the ones
of convent ional X R F , except that no t an X-ray tube, but
the X-ray pa r t of SR is used for excitation [6]. The white
SR spect rum emit ted by the electrons in ELSA circulat-
ing with an energy of usually 2.3 G e V leaves the vacuum
through an a luminum window and is passed additionally
th rough an a luminum absorber with a thickness of
1.2 m m to cut off the low-energy pho tons and through
a remote-control led d i aphragm of variable size to col-
limate the b e a m to the wanted b e a m size down to the

microbeam level. It is directed on the sample adjusted at
a holder in such a way that its surface is inclined 45  to
the beam direction as shown in figure 1. Α light spot
from a laser simulating the beam indicates the exact
beam posit ion chosen at the sample. It can be recorded
by a Video camera and stored on disk. A n example of
such a picture is shown in figure 2. The fluorescence
radiat ion of the elements in the sample is measured by
an energy-dispersive X-ray semiconductor detector posi-
t ioned in the plane of the accelerator perpendicularly to
the direction of the beam at variable distances. Because
of the efficiency of the X-ray detector and the absorbing
air path , X-ray lines of the elements with atomic number
> 1 9 (energy > about 3keV) are measurable only. The
high beam intensity even at small beam sizes allows a 
Short measuring time of a few minutes only.

To obtain quantitative results wi thout the use of
Standards, the Fundamenta l Parameter M e t h o d ( F P M )
[7] is used calculating the expected fluorescence inten-
sities from the given experimental da ta of the setup
(experimental geometry) and known atomic physics
parameters like X-ray at tenuation and product ion cross-
sections. In an Iteration procedure the sample com-
posit ion is varied until the calculated line intensities
agree with the measured ones. As with all X-ray
methods , a homogeneous sample composi t ion has to be
assumed. Since glass contains substantial amoun t s of
elements with Ζ < 19 not detected in the fluorescence
spectra, the detected elements can not be measured ab
solutely. In such cases elemental ratios and accordingly
relative concentrat ion values can only be determined by
F P M X R F methods. Additionally, an assumption of the
composi t ion invisible to the me thod is needed to cal-
culate approximatively the matrix (absorption) effects
due to these light elements.

Employing an SR beam diagnostic system [8] which
allows to determine the absolute number of exciting
pho tons of SR and their energy distribution, with
S Y X R F not only relative, but absolute X-ray line inten-
sities can be calculated and, therewith, absolute areal
densities and concentrat ions of elements [5]. They sum
u p to the total detected par t . The weight percentage of
the remaining part , composed of the invisible light ele-
ments is obta ined by the difference: 100 wt%  detected
par t . The accuracy of the quanti tat ive results of S Y X R F
will depend on the reliability of the beam diagnostic
System. This will be explained further discussing the data
evaluation method .

Another impor tan t proper ty of an analytical method
is its sensitivity [5]. It depends on the ratio of fluores
cence to background radiation. Because of the polariza-
tion of SR and the chosen measurement geometry, the
background is strongly reduced. The detection limits of
S Y X R F at present experimental condit ions are found to
be in the 100 to lOpg/g (ppm) ränge, but will reach
values below 1 ppm, when higher electron energies of
E L S A soon available can be used.
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Table 1. List of Roman cameo glass fragments from the Römisch-Germanisches M u s e u m , Köln , a n d pos i t ions analyzed (a  co lo red
body, b  white layer, c  o ther)

fragment no. fragment and m u s e u m descript ion of letter  analyzed pos i t ion (decr ip t ion related t o
in this work figure no. in [9] invt. no. cameo fragment figures in [9])

no .  measu remen t

1 1, figure 1 Ν1009 rim fragment of
blue vessel

a l :
b l :

b reak
surface, head of r ight w o m a n

2 2, figure 2 N25438 body fragment of
blue vessel

a l , 2 :
b l , 3:
b2 :

surface, left side, be tween spokes of wheel
b reak
surface

3 3, figure 3 N6221 fragment of
blue plate

a l , 2:
b l , 2:

surface, u n d e r n e a t h f loor
surface, floor

4 4, figure 4 N6222 rim fragment of
purple round disk
with brown top layer

a l :
b l :
c l :

surface, r ight side nea r r im
surface, left side
surface b rown t o p layer

5 5, figure 5 N6223 body fragment of
blue vessel

a l :
a2 , 3:
b l :

b reak
surface, b o t t o m center
surface, center bird

6 6, figure 6 N6224 body fragment of
blue plate

a l , 2,
b l , 2 .

3, 4: surface, be tween left leg a n d t r u n c
3: b reak

7 7, figure 7 N6225 body fragment of
blue vessel

a l :
a2, 3:
b l :
b2 , 3:

b reak
surface, above left below leaf
b reak
surface

8 8, figure 8 N6226 body fragment of
violet (amethyst)
vessel

a l , 2:
b l :
b2 :

surface, b o t t o m left side
surface, b o t t o m center
b reak

9 12, figures 12
and 13

N6382a body fragment of
blue vessel (right
piece in figure 12 [9])

a l , 2,
b l , 2:
c l :

3: b reak
inner surface, b o t t o m p a r t
ou te r surface, b o t t o m spur

10 13, figure 15 N6382b body fragment of
blue vessel with
green layer

a l , 2:
a 3 , 4:
b l , 2:
c l :

b reak
surface, back side
surface, near t o p
green layer (changed color?)

11 14, figure 16 N6383b fragment of blue
plate or p laque

a l :
b l :

b reak
break

12 N6408a body fragment of
blue vessel (5 X 7) cm^,
with rhombo id pa t t e rn

a l , 2:
b l :

b reak
surface, on pa t t e rn

13 15, figure 17 N6408b body fragment of
blue glass,
probably  a p laque

a l , 2:
b l :
b2 :

break
break
surface, below eye

14 16, figure 18 N 6 4 0 8 C body fragment of
blue vessel

a l :
a2 , 3:

break
surface, d a r k spot , t o p center

b l : surface, bar, left side above head of w o m a n

3. Sample description and measurements
Fourteen cameo glass fragments from the Römisch-

Germanisches Museum in Köln (Germany) have been

submit ted for analysis. Except for piece no. 12, all of

them have been described at length and depicted by

Naumann-S teckner [9]. The exact product ion dates of

the corresponding artefacts are no t known, but can be

placed in the t ime period 100 BC to 100 A D . Here

only a short summary is repeated in table 1 together

with a description of the posi t ions analyzed.

Each piece was measured at least at two locations,

a colored a n d a white one, with unchanged exper imen-

tal condi t ions (electron energy 2.3 GeV, electron cur

rent 80 to 15 m A decreasing dur ing electron b e a m

storage t ime of 1 to 2 h, effective vertical elec-

tron b e a m size 6 m m füll width at half m a x i m u m

( F W H M ) , a luminum absorber 1.2 m m , size of d ia-

phragm (300  X 300) pm^, air pa th length to X-ray

detector 3.0 cm, sensitive area 10 mm^, energy resolu-

tion 135 eV at 5.4 keV, measur ing t ime 300 s). If pos -
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Figure 3. Spectra of a fragment no. 12 (invt, no. N6408a) pu t
on t o p of each other ; ha tched spec t rum: place on the colored
glass body, n o n h a t c h e d spect rum: p lace on the white decora-
t ion.
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Figure 4. Dependence of calculated analysis result for P b O in
the white layer of fragment no . 12 o n the angle of beam in-
cidence. Α deviat ion of only ±5° from the assumed angle of 45°
results in calculated values of 2.9 a n d 1.8 w t % PbO, respectively,
for this fragment. This demons t ra t e s the impor tance of precise
angle ad jus tment in X R F .

sible, spots with n o or the least corrosion and a flat
surface have been chosen, so tha t the adjustment in
the 45  direction to the b e a m was achievable with
small error. As example the spectra taken from frag-
men t no. 12 (invt. no. N6408a) at a blue and a white
locat ion are shown in figure 3 in superposi t ion, so that
the different elemental abundance especially for lead
in these spectra can be seen clearly. This figure also
demonst ra tes the low backg round of SYXRF.

4. Data evaluation and analytical results
T h e S Y X R F m e t h o d only allows to detect the elements
visible in the spectra. As already ment ioned, to evaluate

reliable quanti tat ive results for these elements with
S Y X R F , assumptions are necessary concerning the
other nonvisible elements present in the glass. Earlier
analyses of R o m a n cameo glass [2 and 3] determined it
to be of typical s o d a - l i m e - s i l i c a type with a well-
defined small ränge of concentrat ions of the main Com-
p o u n d s (not detectable by the authors) : 65 to 70 Si02,
16 to 17 N a 2 0 , 2 to 3 AI2O3 (data given in wt%) . As
suming a similar composit ion of the Köln glass frag-
ments for these Compounds, approximate relative ele
mental composi t ions N a 2 0 / S i 0 2  0.25 (Na/S i  0.39)
and A l 2 0 3 / S i 0 2  0.036 (Al/Si  0.041) were taken for
the F P M calculations to consider the X-ray absorpt ion
effects of the invisible elements in the glass.

The analytical results will be presented bo th in a 
relative and in the absolute way because of the different
error contr ibut ions in these data. The precision of the
relative S Y X R F depends, besides on the count ing errors,
on the errors given for the data entering the F P M cal-
culations which were estimated to be about 7 % for
strong X-ray lines. Due to the strong absorpt ion of the
low-energy X-ray lines in air and in the glass matrix it
self, the K2O and C a O values will have larger errors.
Additionally, an unknown error due to a possible wrong
adjustment of the sample surface being placed at smaller
or larger angles as the assumed 45  to the beam direc-
t ion has to be taken into account. D u e to the roughness
of the fragment surfaces, deviations as large as 5  may
have occurred in some cases resulting in uncertainties of
u p to 20 to 3 0 % , as demonstrated by calculations
depicted in figure 4 for the white layer of fragment no. 12
containing 2.2 wt% PbO. Because of this large angle-
dependent error, special care was taken posit ioning the
samples correctly.

To show the variability and to facilitate a compar i -
son between different glass composit ions, all the meas-
urement results of the visible elements were normalized
to the sum of 100wt% and are listed in table 2 . These
relative single-element concentrat ions have errors as
quoted above.

In the last column of table 2 the absolutely measured
total weight percentages of these measured elements are
given. They are expected to vary from fragment to frag-
ment , but should be the same for repeated measurements
on the same glass of a fragment. Sometimes a large un
explained variability in these values is observed which,
at least partly, is due to the much larger error of the
absolute measurements , since a second error source ad
ditionally affects the values of the total amoun t of visible
elements and with it all measured values likewise. It
depends on the precision of the determinat ion of the in
coming p h o t o n flux hitting the sample, its spectral
distr ibution and the geometrical factors and may reach
in some cases values as large as 30 %. If par t of the beam
misses the sample due to a misadjustment or is absorbed
by a corrosion layer, too small values may be obta ined.
O n the o ther hand , if the SR flux measurement done by
a moni to r foil misses par t of the incoming intensity,
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Table 2. Relative oxide concen t radons of detectable elements in w t % (normal ized to 100%) of the to ta l a m o u n t visible by S Y X R F
given in the last column in absolute wt%. The error is est imated to be a b o u t 7 %, bu t migh t be larger d u e a n u n k n o w n e r ror in
inclination angle or due to undetected corrosion layers.

fragment no. analyzed posi t ion K 2 O
in this work (letters) and no. of

measurement

C a O M n O Fe203 C o O C u O Z n O P b O S r O SbsOs visible

1 a l 15 59 6.1 13.7 0.72 1.5 0.56 0.39 0.52 2.1 8.24
b l 15 30 2.8 1.8 0.11 0.18 0.07 37.2 0.27 13 17.6

2 a l 6.2 60 8.4 13.6 1.2 1.6 0.21 0.35 0.89 7.3 4.68
a2 16 59 2.8 5.4 1.0 12.5 0.16 4.62 0.56 6.2 8.25
b l 8.9 21 3.2 3.1 0.089 0.23 0.086 46.5 0.32 16 36.1
b2 9.1 24 3.9 3.9 0.17 0.29 0.079 42.0 0.35 16 16.3
b3 5.4 66 8.95 14.4 1.2 1.6 0.16 0.22 0.61 1.8 13.3

3 a l 9.4 65 6.6 7.0 1.5 3.1 0.18 1.0 0.63 5.5 8.59
a2 12 64 8.5 6.6 1.2 2.9 0.13 0.94 0.57 6.5 10.5
b l 13 59 0.96 1.2 0.11 0.043 0.048 0.16 0.23 25 17.9
b2 13 56 0.78 1.4 0.051 0.051 0.026 0.13 0.35 27 13.3

4 a l 9.2 72 12.9 4.0 0.083 0.070 0.029 0.048 0.58 1.4 11.6
b l 11 46 1.0 1.0 0.024 0.020 0.020 0.098 0.34 40 12.7
c l 14 73 0.21 2.9 0.047 0.025 0.025 0.058 0.67 9.4 17.0

5 a l 16 56 6.3 17.1 0.81 1.40 0.16 0.19 0.58 1.4 14.9
a2 16 54 8.0 17.2 0.78 1.45 0.15 0.10 0.62 1.7 14.1
a3 22 51 6.4 15.4 1.2 1.28 0.19 0.11 0.70 1.3 13.1
b l 17 57 24 10.8 0.53 0.63 0.12 9.43 0.36 1.4 5.10

6 a l 7.6 65 5.6 17 0.96 1.8 0.55 0.19 0.65 0.75 7.71
a2 18 58 5.9 14.3 0.99 1.7 0.46 0.052 0.49 0.79 8.75
a3 16 59 6.5 13.4 1.0 1.4 0.39 0.20 0.51 1.6 9.24
a4 20 56 6.0 14.1 0.96 1.7 0.39 0.058 0.46 0.37 8.36
b l 19 69 0.90 3.0 0.22 0.48 0.14 0.46 0.54 6.1 10.4
b2 20 44 1.3 2.6 0.095 0.31 0.059 0.67 0.37 31 11.1
b3 17 67 3.0 4.2 0.19 0.48 0.12 0.62 0.39 7.0 19.3

7 a l 20 50 3.9 19.5 0.71 1.47 0.22 0.50 0.58 2.1 14.7
a2 25 49 2.9 19.5 0.53 1.18 0.24 0.80 0.53 0.86 13.5
a3 21 52 3.1 19.6 0.77 1.17 0.19 0.60 0.47 1.2 12.7
b l 14 38 2.5 2.7 0.00 0.25 0.089 28.6 0.29 14 43.5
b2 10 46 1.4 4.91 0.031 0.29 0.098 30.1 0.42 6.9 46.1
b3 14 43 1.3 5.15 0.14 0.33 0.099 29.4 0.35 6.9 46.8

8 a l 15 64 14.8 4.2 0.61 0.092 0.044 0.15 0.78 0.84 10.9
a2 18 61 14.3 4.6 0.17 0.096 0.067 0.18 0.82 0.93 11.0
b l 9 34 2.0 2.1 0.0012 0.20 0.048 38.5 0.25 14 20.6
b 2 10 27 2.3 2.3 0.11 0.17 0.059 39.4 0.29 19 23.5

9 a l 12 73 3.5 8.7 0.54 0.95 0.090 0.12 0.58 0.86 9.56
a2 4.5 79 4.3 8.8 0.18 0.95 0.10 0.11 0.77 1.6 4.43
a3 32 56 2.6 6.8 0.12 0.77 0.092 0.0079 0.40 0.98 7.38
b l 30 29 1.9 2.8 0.12 0.28 0.042 22.7 0.32 13 10.8
b2 23 33 2.3 1.9 0.051 0.30 0.068 25.6 0.25 14 12.3
c l 15 55 2.6 5.8 0.062 0.36 0.083 14.5 0.37 5.2 18.4

10 a l 13 62 3.1 4.6 1.0 3.69 0.14 4.69 0.57 6.4 13.7
a2 16 56 3.0 4.8 1.0 4.50 0.21 5.96 0.75 7.8 11.2
a3 16 59 2.8 5.5 1.0 4.37 0.16 4.66 0.56 6.3 8.16
a4 21 52 3.1 6.8 1.1 4.61 0.22 4.93 0.65 5.4 7.40
b l 14 17 0.89 5.2 0.16 9.28 0.16 37.8 0.24 15 7.97
b2 12 21 1.5 2.5 0.0 10.1 0.16 34.4 0.34 18 11.7
c l 4.7 19 0.26 0.85 0.082 19.4 0.18 50.9 0.46 4.7 38.5

11 a l 17 63 7.8 8.1 0.62 0.78 0.061 0.073 0.61 1.8 10.9
b l 15 45 6.5 1.9 0.054 0.092 0.035 0.15 0.46 32 12.8

12 a l 12 52 7.07 6.65 1.3 5.47 0.20 3.67 0.485 12 10.3
a2 13 49 7.4 6.77 1.3 5.09 0.22 3.26 0.51 14 13.9
b l 9.3 57 2.1 3.1 0.21 0.99 0.084 12.3 0.47 14 18.1

13 a l 8.0 22 2.9 7.31 0.38 1.1 0.13 40.1 0.36 18 69.5
a2 10 18 1.9 3.80 0.49 1.0 0.098 50.4 0.23 14 36.1
b l 8.0 19 2.4 1.5 0.12 0.19 0.070 42.9 0.24 26 98.9
b2 12 25 1.5 1.5 0.0025 0.16 0.090 35.6 0.22 24 70.0

14 a l 28 45 5.0 15.3 0.40 1.1 0.11 1.5 0.56 3.6 10.6
a2 25 48 5.8 16.1 0.63 1.2 0.23 0.77 0.75 1.3 11.1
a3 21 54 5.2 14.1 0.60 1.2 0.20 0.70 0.59 1.7 11.4
b l 19 60 0.47 3.4 0.11 0.17 0.048 8.99 0.25 7.4 13.9



l a r g e r a b s o l u t e a m o u n t s a r e c a l c u l a t e d . D e s p i t e t h e l a r g e
v a r i a b i l i t y s h o w n i n t a b l e 2, t h e a u t h o r s p r e s e n t , a s f a r
a s p o s s i b l e , a v e r a g e d a b s o l u t e c o m p o s i t i o n v a l u e s for t h e
c o l o r e d a n d w h i t e g l a s s e s of t h e f r a g m e n t s i n t a b l e 3.
T h e uncertainties quoted are t h e spreads ( r o o t mean
Square d e v i a t i o n s ) o r , fo r s i n g l e m e a s u r e m e n t s , t h e
Statistical e r r o r s . T h e m e a s u r e m e n t of t h e w h i t e l a y e r of
f r a g m e n t n o . 2 ( a n a l y z e d p o s i t i o n b , m e a s u r e m e n t n o . 3 
i n t a b l e 2) w a s e x c l u d e d f r o m t h e a v e r a g i n g . I t s h o w s
u n e x p l a i n e d v a l u e s w h i c h a r e c h a r a c t e r i s t i c of a b l u e
g l a s s : l o w P b O a n d S b 2 0 3 , h i g h F e 2 0 3 a n d C o O c o n -
t e n t s . S i n c e t h e v i d e o p i c t u r e t a k e n d u r i n g t h i s m e a s u r e -
m e n t s h o w s t h e l a s e r b e a m t o b e a t a w h i t e p o s i t i o n , t h i s
r e s u l t m a y h a v e b e e n c a u s e d b y a m i s a d j u s t m e n t of t h e
SR b e a m o r a v e r y t h i n s u r f a c e l a y e r of w h i t e g l a s s . T h e
a b s o l u t e v a l u e s of f r a g m e n t n o . 13, left o u t in t a b l e 3, a r e
q u e s t i o n a b l e a n d a r e o n l y g i v e n a s r e l a t i v e a b u n d a n c e i n
t a b l e 2. T h e y a r e u n u s u a l l y h i g h p r o b a b l y d u e t o a n
e r r o r i n t h e a b s o l u t e m e a s u r e m e n t , w h i c h r e s u l t s in a 
w r o n g n o r m a l i z a t i o n t o v e r y u n h k e l y t o t a l a b s o l u t e c o n
c e n t r a t i o n s of 7 0 w t % a n d a b o v e in t h r e e of t h e f o u r
c a s e s . F o r t h e w h i t e l a y e r of f r a g m e n t n o . 7 a l s o  a r a t h e r
h i g h s u m of v i s i b l e e l e m e n t s of 45 w t % is r e p e a t e d l y
o b t a i n e d .

T h e r e m a i n i n g p a r t m a d e u p of t h e inv i s ib l e e l e -
m e n t s , a s m e n t i o n e d a b o v e , is a s s u m e d t o h a v e t h e g i v e n
f ixed r e l a t i v e c o m p o s i t i o n of s i l i c o n , s o d i u m , a l u m i n u m
a n d o x y g e n t o c o n s i d e r t h e m a t r i x ef fec ts in a n a p p r o x i -
m a t i v e way . T h e e r r o r d u e t o t h i s a p p r o x i m a t i o n is less
i m p o r t a n t . T h i s is d e m o n s t r a t e d b y c a l c u l a t i o n s w i t h
v a r y i n g Na20/Si02 c o n t e n t d e p i c t e d in f igu re 5. M a t r i x
effec ts d u e t o o t h e r e l e m e n t s w i t h l o w c o n c e n t r a t i o n s
p r e s e n t i n R o m a n g l a s s w h i c h a r e n o t v is ib le , l ike m a g
n e s i u m , su l fu r , c h l o r i n e a n d p h o s p h o r u s [2], a r e a l s o
f o u n d t o b e s m a l l a n d c a n b e n e g l e c t e d .

A s fo r c o n v e n t i o n a l X R F , t h e a n a l y z e d d e p t h of t h e
s a m p l e d e p e n d s m a i n l y o n t h e a b s o r p t i o n of f l u o r e s c e n t
X - r a y s i n t h e g l a s s m a t r i x , w h i c h is s t r o n g l y e n e r g y a n d
t h u s Z - d e p e n d e n t . T h e a u t h o r s ' f u n d a m e n t a l p a r a m e t e r
c a l c u l a t i o n s a l l o w t o d e t e r m i n e t h e c o n t r i b u t i o n s f r o m
d i f f e r e n t d e p t h l a y e r s . T h i s is d e m o n s t r a t e d b y d a t a
s h o w n in f i g u r e  6 w h e r e c a l c u l a t e d CaK^ , P b L ^ a n d
SbK^ X - r a y i n t e n s i t i e s r e a c h i n g t h e d e t e c t o r a r e p l o t t e d
(füll l i n e s ) i n d e p e n d e n c e o n d e p t h b e l o w s u r f a c e i n
b e a m d i r e c t i o n . T h e a r e a s b e l o w t h e füll l ines r e p r e s e n t
t h e i n t e n s i t i e s a c c u m u l a t e d in t h e c o r r e s p o n d i n g l i ne s i n
t h e X - r a y s p e c t r u m . I t is s e e n t h a t fo r t h e C a K ^ l ine
{E  3.4 keV) a l a y e r a t a d e p t h of 100 p m in b e a m
d i r e c t i o n ( c o r r e s p o n d i n g t o a d e p t h of 100  X ^ 2 b e l o w
s u r f a c e a t 45° s a m p l e i n c l i n a t i o n ) c o n t r i b u t e s o n l y a b o u t
1/5000 t o t h e c a l c i u m l i n e i n t e n s i t y e m i t t e d f r o m  a l a y e r
a t t h e s u r f a c e , w h e r e a s fo r a n t i m o n y , d u e t o t h e m u c h
h i g h e r X - r a y e n e r g y oi Ε  26.4 keV, a l a y e r a t a 
d e p t h of 2000 p m in b e a m d i r e c t i o n still c o n t r i b u t e s
a b o u t 1/10 of t h e a n t i m o n y l i ne i n t e n s i t y f r o m t h e
s u r f a c e . T h e b r o k e n h n e s r e p r e s e n t t h e c o r r e s p o n d i n g
X - r a y i n t e n s i t i e s / l a y e r p r o d u c e d i n s i d e t h e s a m p l e . T h e y
d e c r e a s e d u e t o t h e a t t e n u a t i o n of t h e e x c i t i n g SR b e a m

intensity. The difference between produced and detected
X-ray intensities is zero for the surface layer and is ex
plained by matrix effects inside the sample.

5. Discussion
The composi t ions of the cameo glass fragments from
Köln measured by S Y X R F agree well with the data
published already [2 and 3]. The K2O and C a O values,
having large errors here, are in the expected ränge for
R o m a n glass. Stront ium is found to be correlated with
calcium and can be assumed to have its origin in the
limestone utilized by the glassmakers.

The white glass decors of the cameo fragments are
generally found to have  a different composi t ion com-
pared to the colored glasses. Ant imony is known to have
been added as opacifier. Its content given as weight per-
cent of oxide (al though known to be present as calcium
ant imonate [2]) is consistently higher in the white layers
and may reach values of a few weight percent (except for
fragment no. 5).

The au thors ' special question and the reason for the
analysis concerned the P b O concentrations. Nine cameo
glass fragments are found to contain appreciably higher
lead concentrat ions in the white parts compared to the
colored glass bodies. This is depicted in figure 7, where
the absolute P b O concentrat ions for the white and the
colored glasses (except for the questionable piece no. 13)
are shown as bar diagram. In most cases (no. 1, 2, 7, 8,
10 (and 13?)), lead oxide comprises more than 3 0 % of
the total amount of Compounds measurable by the
authors (see table 2). Absolute amounts of 10 wt% PbO,
about as high as reported for the Port land Vase, are de-
tected for fragments no. 2 and 7 (table 3). It is remark-
able that all the nine pieces having  a high P b O content
in the white layers compared to the colored glass stem
from vessels, whereas the remaining five cameo frag-
ments (no. 3, 4, 6, 11 (13?)) having low or about similar
P b O content belong to plates or disks. This ascertains
the fmdings of the British Museum. As reported by [2,
p. 58], especially in cameo vessels  a high percentage of
high-lead white layers was found (24 out of 27 pieces),
whereas in cameo plates and plaques this percentage was
lower (11 out of 28 pieces). As discussed below, the dif
ference in P b O content between the white layers of ves-
sels and of plates or disks is now understandable as-
suming the new manufactur ing hypothesis.

Ano the r difference between the colored glass and the
white layers is the concentrat ion of the elements which
act as coloring agents. As well known, oxides of the ele-
ments manganese, iron, cobal t and copper characterize
the color, where cobalt and copper are obviously respon
sible for the blue coloring of the t ransparent glass bod
ies. The most intensive colorant is C o O ; the other oxides
like C u O and F e 2 0 3 modify the color, but these modifi-
cations are minor relative to C o O coloring [2]. In the
blue glass, C o O concentrat ions of about 0.05 to 0.1 w t%
are measured.
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Table 3. Averaged absolute oxide concentra t ions of detectable elements in w t % (uncer ta int ies in % in italics) add ing u p to the to t a l
a m o u n t listed in the last co lumn. The remaining nondetectable elements are a s sumed to be Na20, A I 2 O 3 a n d Si02 having fixed
relative a m o u n t s of 19, 3 and 78 wt%, respectively.

fragment no. analyzed
in this work posit ion

K2O C a O M n O Fe203 C o O C u O Z n O P b O SrO Sb203 visible

1 a 1.2 4.9 0.50 1.1 0.059 0.12 0.046 0.032 0.043 0.17 8.2
18 4 5 10 5 7 7 4 22

b 2.6 5.3 0.49 0.32 0.019 0.032 0.012 6.5 0.048 2.3 17.6
12 7 6 6 72 10 14 Ö.5 5 22

2 a 0.80 3.9 0.31 0.55 0.070 0.54 0.011 0.20 0.044 0.43 6.5
91 59 56 25 29 722 24 75Ö 7 50 59

b 2.4 5.8 0.92 0.87 0.03 0.065 0.022 11.8 0.089 0.42 26.2
54 47 45 57 24 40 6Ö 6Ö 5Ö 54 55

3 a 1.1 6.2 0.73 0.65 0.13 0.29 0.015 0.093 0.057 0.058 9.55
45 16 52 72 7 5 27 72 5 52 14

b 2.0 9.0 0.14 0.20 0.013 0.0073 0.0061 0.023 0.044 4.05 15.6
30 27 41 74 76 27 67 40 72 19 27

4 a 1.1 8.4 1.5 0.46 0.0096 0.0081 0.0034 0.0056 0.067 0.16 11.6
30 7 4 6 30 22 30 24 4 24

b 1.4 5.8 0.13 0.13 0.0030 0.0025 0.0025 0.012 0.043 5.1 12.7
24 10 14 72 5<̂ 45 55 16 5 5

c 2.4 U A 0.036 0.49 0.0080 0.0043 0.0043 0.0099 0.11 1.6 17.0
22 7 5Ö 7 41 55 30 20 4 10

5 a 2.5 7.5 0.96 2.3 0.13 0.19 0.023 0.019 0.088 0.21 14.0
19 13 75 72 22 72 75 45 5 25 6

b 0.72 2.4 1.0 0.46 0.022 0.027 0.0051 0.40 0.015 0.059 5.1
18 7 7 5 7 7 14 2 4 22

6 a 1.3 5.1 0.51 1.3 0.083 0.14 0.038 0.011 0.045 0.077 8.5
45 14 76 6 76 9 76 67 74 75 5

b 2.5 8.3 0.27 0.47 0.024 0.059 0.015 0.081 0.057 1.81 13.6
31 49 99 65 55 55 59 46 5Ö 50 56

7 a 3.0 6.8 0.45 2.7 0.090 0.18 0.029 0.086 0.062 0.19 13.6
17 7 24 9 20 27 27 14 55 57 7

b 5.8 19.3 0.79 2.0 0.027 0.13 0.043 13.4 0.16 4.22 45.5
22 14 56 54 130 77 75 6 79 41 4

8 a 1.8 6.9 1.6 0.49 0.043 0.011 0.0061 0.018 0.088 0.096 11.0
23 <^ 4 9 57 76 54 27 5 57 7

b 2.1 6.7 0.48 0.49 0.013 0.041 0.012 8.6 0.060 3.7 22.1
21 10 27 75 759 77 30 72 79 52 9

9 a 1.2 4.9 0.24 0.57 0.023 0.063 0.0066 0.0055 0.040 0.075 7.1
92 56 55 40 109 47 5 7 97 54 57 5 7

b 3.0 3.6 0.25 0.27 0.0097 0.034 0.0065 2.8 0.033 1.6 11.6
24 22 22 19 54 75 47 75 7 55 9

c 2.8 10.1 0.48 1.1 0.011 0.066 0.015 2.7 0.068 0.96 18.4
18 7 7 4 5Ö 10 16 7 4 72

10 a 1.6 5.9 0.31 0.53 0.10 0.43 0.018 0.51 0.064 0.67 10.1
25 56 57 75 25 27 29 52 57 59 29

b 1.3 2.0 0.13 0.35 0.0066 0.97 0.016 3.5 0.030 1.7 9.9
28 41 62 25 759 54 30 2Ö 50 41 26

c 1.8 7.3 0.10 0.33 0.032 7.5 0.069 19.6 0.18 1.8 38.5
17 6 75 7 77 7 7 0.5 4 14

11 a 1.9 6.9 0.85 0.88 0.068 0.085 0.0066 0.0080 0.066 0.20 10.9
22 7 5 4 72 7Ö 22 75 5 22

b 1.9 5.8 0.83 0.24 0.0069 0.012 0.0045 0.019 0.059 4.1 12.8
24 10 6 9 41 22 29 14 5 6

12 a 1.5 6.1 0.87 0.81 0.16 0.64 0.026 0.42 0.061 1.6 12.1
50 16 22 25 25 77 25 72 25 52 27

b 1.7 10.3 0.38 0.56 0.038 0.18 0.015 2.2 0.085 2.5 18.1
27 7 9 6 19 6 75 7 5 10

14 a 2.7 5.4 0.59 1.7 0.060 0.13 0.020 0.11 0.070 0.24 11.0
19 75 75 25 76 41 75 75 57 4

b 2.6 8.3 0.065 0.47 0.015 0.024 0.0067 1.2 0.035 1.0 13.9
13 6 77 5 22 13 2Ö 7 6 10
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Figure 5. Var ia t ion of calculated C a O concentra t ion in frag-
m e n t no. 12 by chang ing the a s sumed Na20/Si02 concentra t ion
rat io of 0.25 in the glass mat r ix .
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Figure 7. Con ten t of P b O in the colored (hatched) and in the
white glass (nonhatched) layers in w t % (without fragment
no. 13). The nine fragments belonging to glass vessels have a 
higher P b O concentra t ion in the white decors.
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Figure 6. Calcula ted dep th dependence of relative X-ray inten-
sities of e lements calcium, lead a n d an t imony produced inside
the white layer of fragment no . 12 (dashed curves) and of emit-
ted pa r t (füll curves) in direct ion of a n d summed up by the
X-ray detec tor per sample layer of 1.4 p m for excitation with
the white SR b e a m at 2.3 G e V electron energy in E L S A
(assumed densi ty of glass 2.5 g/cm^).

The O B S E R V A T I O N [2] that a high C O N T E N T of M A N G A N E S E

oxide relative to that of iron G I V E S the glass a dark red
or violet color is ascertained, too . The purple fragment
no. 4 and the violet one no. 8 are found to have the
highest M n O values encountered of about 1.5 and only
abou t 0.5 w t % iron oxide. T h e third t o p layer of frag-

ment no. 4 above the white glass layer, a t ransparent
brown glass, does not show any unusual values. The
second white layer on the back of fragment no. 9 (meas-
urement 9c, table 3) has a different composi t ion than the
white layer of the front. A n unexplained green layer
above the corroded white layer of fragment no. 10 shows
besides 2 0 w t % P b O a high C u O concentrat ion of
7.5 wt% (measurement 10c). This makes a change of
color by a copper corrosion product as ment ioned by [9]
very probable.

To summarize, the results of the present analysis not
only ascertain the former fmdings, but also strongly sup
por t the new assumption that early R o m a n cameo glass
has no t been cut but molded [1]. This may be concluded
from the measured higher lead content of the white
cameo glass layers compared to the dark colored body
glasses especially in cameo glass vessels, since an ad
dition of P b O acts as a flux by lowering the melting
temperature. According to the new manufactur ing hypo-
thesis, the white glass is deposited as a powder slurry or
cameo enamel in the cavities of a mold (master negative)
and fused by the heat of the glowing hot body glass
which is pressed into the mold. For a fast and even
distr ibution of the hot glass and of the addit ional pres-
sure the mold is assumed to have been posit ioned on a 
turning or potter 's wheel during this procedure. A n ad
dit ion of P b O to lower the melting temperature of the
white glass slurry in the mold seems indeed to have been
advantageous especially for vessels produced on a turn-
ing wheel by this technique. For plates, the lowering of
the melt ing temperature of the white cameo glass was
not needed or not so impor tan t since a turning mold
was no t required here and the glass powder could easily
be pre-fused before the hot body glass was pressed on
top. Α higher P b O content should have been found
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in plates too if the reason for this addi t ion had been
a better cutt ing property of such glasses as ment ioned
in [2].
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