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Multi-methodological Characterisation of Medieval to 
Early Modern Coral Beads from a Cesspit of the  
“Fronerei auf dem Schrangen” in Lübeck (Germany) 

Abstract

Eight late medieval to early modern red beads represent-
ative of a total of 41 from a cesspit of the “Fronerei auf 
dem Schrangen” in Lübeck, Germany, were investigated 
using micro X-ray computed tomography (3D-µXCT), 
X-ray microdiffraction (µ-XRD2), transmission electron 
microscopy (HRTEM) and Raman spectroscopy (RS). 
The microscopic properties of the material were char-
acterised non-destructively or minimally invasively for 
colouration, mineralogical and chemical composition 
determination but also with regard to their macroscop-
ic external appearance. The polished beads are spheri-
cal with flattered tops and boreholes perpendicular to 
the flattening and show partially traces of working. As 
base material for all examined beads, high Mg-Calcite 
with polyenes could be identified. Combined with den-
sity and microstructure data, the beads are undoubtedly 
red precious corals, identical with modern corallium ru-
brum from the Mediterranean also confirmed by C- and 
O-isotopic analyses. The studies provide general criteria 
for the determination of corallium rubrum, confirming 
the macroscopically determined identification of other 
coral artefacts associated with the Hanseatic League, and 
thus prove their iconographic importance as well as the 
trade contacts with the Mediterranean region. However, 
the extent to which the characteristics of the coral beads 
indicate accidental or intentional individual or collective 
societal or social circumstances is left to further study. 

Introduction

Corals as ritual objects and jewellery can be regarded as 
quite typical in Hanseatic societies. The raw material de-
rives from the Mediterranean Sea sourced in particular 
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from Italy (Schrickel, et al., 2014; Schrickel and Bente, 
2013; Fürst, 2014). Reaching norther parts of Europe via 
trading posts and middlemen (Esser, 1898; Volckmann, 
1921; Ritz, 1975) the coral became increasingly precious. 
Until today, the raw coral materials (Filip, 1969; Schu-
mann, 1976) are processed using saws, files, drills and 
polishing agents. Spherical coral beads and rollers or cyl-
inders often show the former branch structure of the raw 
material, which, however, does not appear on the beads 
examined here. Since corals were very expensive and val-
uable, imitations are often found as so-called “fake cor-
als” made of very different and even artificially coloured 
materials (Grimm and Grimm, 1971). In popular belief 
(Grabner, 1969), the importance of corals was linked to 
its strong counterforces against mental and physical un-
happiness as well as against the evil eye, melancholy and 
various diseases, and also against storms and witchcraft 
(Daxelmüller, 1982). They should also promote “joie de 
vivre” (Wittstock, 1981; Brückner, 1970). Thus, in the 
late medieval Ages, necklaces of cut “corals” as jewellery 
and painted within pictures (Legner, 1978; Hasse, 1961, 
1981a, 1981b) are often found. Besides amber (Falk, 
1987; Hasse, 1961; 1981a; 1981b; Esser, 1898; Fritz, 
1982), coral was the predominant material for rosaries 
(Grimm and Grimm, 1971; Erdmann, 1985a; 1985b; 
Erdmann and Nitsch, 1986; Hasse, 1981a), which, com-
bined with the brotherhood system (Hauschild, 1981), 
reached its peak in the second half of the 15th century 
until the Reformation. 

Red artefacts either as single precious objects or as 
decorative elements from different periods are mostly 
thought to derive from corallium rubrum because of their 
colour (Schrickel, 2014), context and shape. Their main 
material significance is defined by polyenes as the red 
pigment (Urmos, Sharma and Mackenzie, 1991), high 
Mg contents of the calcites (Han, et al., 2013) and the 
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microstructure of the biogene calcites showing typical 
meso-crystallinity (Floquet, et al., 2015; Vielzeuf, et al., 
2008; Fan, 2018). Surface phenomena of original coral-
lium rubrum like linear grooves often found on e.g. Iron 
Age coral artefacts (Bente, et al., 2021a) and described 
as identification criteria (Fürst, 2014), are not detected 
on beads described here because they are processed by 
forming and polishing. Because red coralline material 
is often substituted by other and cheaper red materials 
such as glass, enamel, amber, ceramics etc. (Grimm and 
Grimm, 1971; Bente, et al., 2015), the artefact mate-
rials have to be determined conclusively. This requires 
multi-methodological approaches for a comprehensive 
chemical and structural characterisation. As also report-
ed by Fürst (2014) for Iron Age coral jewellery, it is nec-
essary to carry out comparative studies on artefacts from 
different times, regions and cultures, which are classified 
by appearance as corals, as well as on recent precious 
coral, corallium rubrum. However, in contrast to orig-
inal coral morphologies showing e.g. typical grooves, 
polished bead do not show such significant macroscop-
ic characteristics and have therefore to be analysed due 
to their volume properties. The results then are used for 
archaeological interpretations e.g. origin, trade routes, 
quality of craftsmanship and traces of processing as 
well as secondary alteration of the materials. The results 
are compared to data of corallium rubrum. The results 
implying isotopic data (Bente, et al., 2021b) will be dis-
cussed related to coral beads from Greifswald (Bente, et 
al., 2017) and original corallium rubrum (Chaabane, et 
al., 2015). The results could also be used for a better un-
derstanding of white coral decorations of Iron Age jew-
ellery (Fürst, 2014; Keuper, et al., 2015).

Artefacts

Provenance of the coral artefacts 

The coral beads under investigation were provided by 
the agency of preservation of archaeological monu-
ments of the city of Lübeck. The artefacts were discov-
ered in 1976 during excavations “auf dem Schrangen” in 
Lübeck by the University of Kiel together with the Of-
fice for Pre- and Early History (preservation of archae-
ological monuments) of the Hanseatic City of Lübeck. 
The artefacts were excavated in the southern wing of the 
Fronerei, the residential and official building of the Fro-
nen (Herrmann, 1986; Erdmann, 1980; 1985a; 1985b). 
As in many other settlements e.g. the Hanseatic city of 
Greifswald (Bente, et al., 2017), cesspits are often used as 
garbage pits by temperously different social groups and 

within different parts of buildings. In the cesspit of the 
Fronerei 139 single beads of different material such as 
wood, amber, bone, agate were found, and especially 41 
single coral beads and a completely preserved coral bead 
necklace with a prominent phallic bead and two further 
bead necklaces. Comparatively valuable finds were only 
observed in lower, but not in the upper cesspit layers 
from the second half or the last third of the 15th century 
(Hammel, 1987). The coral materials from the different 
find heights were therefore divided into two temporal-
ly different groups, resulting from the partial emptying 
around 1450/60 and refilling of the cesspit presumably in 
the last third of the 15th and first half of the 16th century. 

Description of the artefacts

The artefacts analysed in this work are single beads found 
next to a necklace with a phallic bead in the cesspit of 
the “Fronerei auf dem Schrangen” at Lübeck (Erdmann, 
1985a; 1985b). Wehrmann (1984), Stephan (1978) and 
Mührenberg (1984) discuss the dating of these finds. 
However, these single beads and also necklace beads 
should reflect individual circumstances of the house-
holds or fronts (Erdmann, 1985a; 1985b), which can also 
be related to the decrease or absence of coral beads in 
the younger cesspit layers of the 15th century (Wittstock, 
1981). The eight read beads (Figure 1) analysed in this 
study were selected from a total of 41 late medieval to 
early modern beads. One bead (HL_2_301) shows su-
perficial small whitish areas (Figure 1). The beads mac-
roscopically identified to be coral makes up approx. 27 % 
of the single beads (excluding necklaces/rosaries – Pa-
ter Noster), and this is because of the 41 beads found 
at height of 6.00-6.50 m above sea level, lying close to-
gether, but not necessarily being a single string of beads. 
The beads are salmon-red, cylindrical oval and flattened 
to about l/3, while pure spherical beads are missing. The 
sizes of the beads vary slightly and are quite uniform in 
shape. The eight beads examined have outer diameters of 
4.5 mm to 6.2 mm and a drill hole of ca. 1.5 mm slightly 
changing. Their height is typically about three quarters 
of the outer diameter. The barrel-shaped beads imitate 
the original branch shape of coral skeletons, while the 
coral artefacts from Greifswald (Bente, et al., 2017) 
are somewhat flatter. The coral beads from Lübeck are 
shown in Figure 1. 

Methods

In order to determine the material as well as general 
properties of coral artefacts, the coral beads from Lübeck 
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were studied due to their chemical composition (organic 
matrix, red polyene dye), biomineral calcite properties 
(MgCO3 content in MgxCa1-xCO3) and microstructure 
(density, pores, defects). Non-destructive (µXCT, XRD 
and Raman spectroscopy) methods and minimally inva-
sive (TEM) methods were used and are described below. 
While Raman spectroscopic and XRD data were sys-
tematically collected for all beads CT studies were per-
formed for 3 representative beads. Based on these data 
additional TEM studies were performed on different 
parts of one exemplary bead using electron diffraction, 
HRTEM and AEM. 

1. Micro x-ray computer tomography (µXCT): 
µXCT was used for non-destructive 3D imaging of the 
inner structure of coral objects and e.g. inside relic struc-
tures and cavities. (Bente, et al., 2017). The investigations 
were carried out by means of W-radiation in reflection 
with 160 kV, 130 µA, 0.1 and 0.5 mm Cu-filter at 1600 
projections and a square flat panel detector (2028² pixels, 
pitch size 200² µm) and a resolution of 7- 10 µm voxel 
edge. The 2D and 3D images are displayed inversely with 
respect to the grey values, so that higher absorptions cor-
respond to lighter greys.

2. X-ray diffraction (XRD): 
Typically, metastable biogenic coral calcites, which 
are formed in seawater, are characterised as so-called 
“High Magnesium Calcite (HMC)” by MgCO3 con-
tents > 7 mol % (Railsback, 2006). The incorporation of 
Mg-cation in the calcite lattice results in a decrease of 
the lattice constants. Therefore correlated with chemi-
cal reference data, the Mg content of calcite can be de-
termined using X-ray diffraction by the position of the 
104-calcite main peak, which was shown for inorganic 
Mg-Calcites in the 60th by Goldsmith (1961) and later 

also for biogenic Mg-Calcites by e.g. Han, et al. (2013). 
The X-ray diffractometer measurements were performed 
non-destructively with a Bruker D8-discover microdif-
fractometer equipped with a Co X-ray tube running at 
30kV/30mA, a graphite primary monochromator, X-ray 
optics with 300µm beam diameter and a large two-di-
mensional VANTEC 500 detector (µ-XRD2). Beside the 
angular resolution of the instrument of 0.05°2Theta the 
uncertainty in peak position is app. 0.1°2Theta caused by 
the surface topology resulting in an absolute error of 2 
% in the Mg-content (mol % MgCO3 in MgxCa1-xCO3). 
In order to check Mg contents at different areas of one 
bead, Mg content data were calculated using d104 reflec-
tion. At the University of Leipzig, a Bruker D8 Discover 
microdiffractometer equipped with a Cukα (λ = 1.5418 
Å) source, tube running 40.0 kV/40.0 mA, variable slit, 
beam diameter 1 – 4  mm2 and a VANTEC-500 detec-
tor was used. For both data sets, a pure synthetic calcite 
from Merck was used as an external reference for instru-
mental calibration.

3. High-resolution transmission electron microscopy 
(HRTEM):
TEM studies with chemical analysis using analytical 
electron microscopy (AEM) were carried out using foils 
with dimensions of 1 µm produced by FIB (Focussed 
Ion Beam) milling. HRTEM allows the determination 
of microstructures with high resolution down to the nm 
range. High Angle Annular Dark Field (HAADF), Dark 
Field (DF) and Bright Field (BF) imaging were used to 
visualise the crystal and microstructures of the calcites 
and the organic matrix. Using AEM, the Mg contents of 
the calcites could be determined (mol % MgCO3 in Mgx-

Ca1-xCO3) with errors of 2 at %. The crystallinity of the 
calcites was determined by “selected area electron dif-
fraction” (SAED). The instruments used at GFZ Potsdam 

Figure 1. Photos of the eight examined coral 
beads. HL_2_301 upper and lower surface 
and parts that appear superficially white in 
some places, all other beads are shown with 
only one photo each. Photo: K. Bente.
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Figure 2a. µXCT data of bead HL_2_148. Cross section with 
drill hole and volume voids (left) and a 3D projection (right) 
from a µXCT measurement with different cavities opened dur-
ing grinding and polishing. The ribbing/rippling visible on the 
top surface of the 3D-projection are artefacts from the CT-im-
aging process and do not represent the surface features (linear 
grooves) of the original coral skeleton. 

Figure 2b. µXCT data Bead HL_2_301. Images 
of a measurement in two cross sections (left and 
centre) with drilling holes and differently sized 
cavities and on the right in a 3D projection with 
surface-exposed cavities. The ribbing feature of 
the 3D projection of the bead is an imaging effect 
as in Figure 2a. 

Figure 2c. µXCT data of bead HL_2_330_1. Left: 
Two cracks starting from the drilling hole and 
continuing on both sides as well as an exposed 
cavity (top). Centre: 2D projection with drilling 
hole perpendicular to the left image. Right: 3D 
projection with crack appearing continuously on 
the surface, matching the crack on in left image.

Figure 2d. µXCT comparison measurements. Left: 
Bead 1 from Greifswald with concentric crack par-
allel to the cavity arrangement. Centre: Photo of 
an original corallium rubrum CR 4 with longitudi-
nal grooves. Right: 2D µXCT image (cross section) 
of CR 4 with tooth-like edges perpendicular to the 
longitudinal grooves as well as dense matrix and 
cavities similar to the cavities of a necklace bead 
from Greifswald (Bente, et al., 2017).

are FIB HELIOS G4 from Thermo Fisher (Ga ion source) 
and HRTEM TECHNAI G2 (200 kV) with field emission 
cathode from Thermo Fisher.

4. Raman spectroscopy (RS): 
The organic red pigments i.e. polyenes (Urmos, Sharma 
and Mackenzie, 1991; Adar, 2017), which are typi-
cal for red corals, can be identified non-destructively 
by µ-Raman spectroscopy (Fürst, 2014; Keuper, et al., 
2015; Bente, et al., 2015; 2017). The calculation of Neff 
(Barnard and de Waal, 2006), representing the average 
number of C=C-bonding in the polyenes, cannot be 
deduced separately using the Raman bands but give at 
least information useful to compare the pigments. The 
Raman spectroscopic data were obtained with a µ-Ra-
man spectrometer from Renishaw (InVia Reflex Raman 
Microscope) with a laser wavelength of 532 nm (green) 
with Rayleigh edge filter and measurements from 100 
cm-1 to 1800 cm-1 or 2500 cm-1.. Selected comparative 
measurements e.g. at different sites of one bead were 
carried out at the University of Leipzig with XY-La-

ser-Raman-Spectrometer from Dilor with a laser wave-
length of 514.5 nm.

Results

Micro X-ray computer tomography (µXCT) studies

The µXCT data of three exemplary beads are identical 
with data of authentic precious corals at resolutions of 
~ 10 mm, i.e. a dense material with few cavities showing 
diameters of ~ 0.1 mm (Figures 2a-d). External mor-
phologies and cavities can directly be related to µXCT 
images. Later on, for characteristics within submicron 
dimensions, TEM studies were carried out.  

XRD studies

The calcite composition (HMC) of the beads from the 
cesspit “auf dem Schrangen” was examined by XRD 
measurements in order to check the Mg contents which 

Photos: 2a-d: C. Berthold, R. Wirth, A. Schreiber and A. König;  
2d centre: K. Bente.
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are calculated from d104 (measured against a standard 
of Mg-free calcite from Merck) according to Goldsmith 
(1961). Typical X-ray diffractograms of selected beads 
with maximum and minimum Mg contents are shown 
together with the reference of a pure calcite (Merck) in 
Figure 3. The Mg contents estimated by the 104-peak 
position in mol % MgCO3 with respect to MgxCa1-xCO3 

are between app. 7 mol % and 11 mol % (+/- 2 %). For 
comparison, our measurements of modern corallium ru-
brum from the Mediterranean Sea show typical contents 
of MgCO3 between 8.4 mol % and 8.7 mol % (+/- 2 %). 
These values of the Lübeck coral beads correspond to the 
Mg contents of the coral beads from Greifswald (Bente, 
et al., 2017). All Mg-contents were calculated from the 
104-peak position referenced to the Mg-free Merck Cal-
cite using the corresponding empirical correlations of 
Goldsmith (1961) and Han, et al. (2013), see Table 1.

HRTEM Studies

As the most significant example of the artefacts, the bead 
HL_2_301 was examined in comparison with differ-
ent modern corallium rubrum branches of (CR 1, CR4, 
CR  5) from the Mediterranean Sea (provided by Rup-
penthal company). In particular, HAADF, bright field 
and dark field images are used to determine the micro-
structure of the calcites and the organic matrix as well as 
the pore spaces and sizes, SAED to determine mesocrys-
tallinity and AEM to determine growth-dependent Mg/
Ca variations in calcite. Data from Perrin, et al. (2015) 
and Vielzeuf, et al. (2008), recorded on natural and syn-
thetic corallium rubrum, are included. TEM data of bead 
301 are recorded at an original red (HL_301_1 #6330) 
and at an area of white (HL_301-2 #6331) appearance. 
For comparison reasons TEM data of corallium rubrum 
(CR 4) are listed. 

In Figure 4a and Figure 4b, the TEM data are pre-
sented for bead HL_2_301 with mesocrystals of high-

Figure 3. Representative X-ray diffrac-
tograms (Co Ka) showing the Position 
of the 104 intensity of three beads to 
illustrate the variation of the measured 
peak shift caused by the Mg cation in 
the Calcite lattice and reference pattern 
of the calcite standard (Merck). 

Table 1. Mg contents of all beads and two different corallium 
rubrum fragments calculated from the 2Theta values of the 
104 intensity (Co Ka radiation) using the correlation of natu-
ral corals from Goldsmith (1961) in accordance with synthetic 
HMC after Han, et al. (2013) in mol MgCO3 with respect to 
MgxCa1-xCO3. *HL_2_301 with identical XRD data comparing 
the main red areas and a small whitish area, are both gained by 
using CuKa.

Bead No. /  
Recent corallium rubrum 

MgCO3 mol %
calculated from  
104-peak

HL_2_148  9.5
HL_2_314-1  9.5
HL_2_314 2  7.4
HL_2_330-1  7.4
HL_2_330-2  7.4
HL_2_330-3 10.6
HL_2_333  8.5
HL_2_301 red area  6.8
HL_2_301 white area  6.8
CR 4 corallium rubrum  8.4
KO-1 corallium rubrum  8.8
*HL_2_301 red & white  6.8

Mg calcite (HMC), and the corresponding diffraction 
images and AEM data indicate growth-related variations 
in the Mg contents of the calcites (HMC). These data are 
compared with the data (Figure 5) of an original coral-
lium rubrum branch (CR 4). The Mg contents are given 
in mol  % MgCO3 in MgxCa1-xCO3. These electron mi-
croscopic images of the white areas of bead HL_2_301 
(Figure 1) show a lamellar arrangement of HMC 
mesocrystals typical for corallium rubrum in bright field 
imaging (Figure 4a, Figure 4b). The red areas differ from 
the superficial white areas only in that the white areas 
have relatively more and larger cavities (Figure 4c).  

Comparative TEM measurements of corallium ru-
brum and red beads from Lübeck also show identi-
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cal high-resolution images and diffraction patterns of 
mesocrystalline HMC and, based on AEM data, compa-
rable Mg contents of ~ 7-10 mol % MgCO3.

The selected MgCO3 contents recorded by AEM are 
listed in Table 2 using the red and white areas of the bead 
HL_2_301 together with AEM comparison data of two 
modern corallium rubrum (CR 5, CR 1).  

The electron diffraction images of individual 
mesocrystals (Figure 4d) of both areas show slightly 
broadened and multiple reflections (Figure 4e), where-
as single crystals show ideally point like reflections: This 
corresponds to the arrangement of nanocrystals that 
are also only slightly tilled against each other, which 
is also reported in the literature (Floquet and Vielzeuf, 

Table 2. Selected locally high-resolved MgCO3 contents by AEM in mol % with corresponding measurement (errors of 2 %) of white 
and red regions of the representative bead HL_2_301 compared with two modern corallium rubrum CR 1 and CR 5.

Bead HL_2_301;
Corallium rubrum

MgCO3 mol %
Position 1

MgCO3 mol %
Position 2

MgCO3 mol %
Position 3

MgCO3 mol %
Position 4

HL_2_301 red 7.4 8.8 9.1 10.1

HL_2_301 white 5.1 6.2 6.7 10.0

CR 5 corallium rubrum 7.1 8.8 9.1 9.9

CR 1 corallium rubrum 5.4 6.5 6.5 7.0

Figure 4d. Left: Bright filed (BF) image of a mesocrystal selected from BF image in Figure 4a of HL_2_301 with typical diffraction 
contrast for a mesocrystal identical with the bright field image of corallium rubrum in Figure 5. Photo: C. Bente.
Figure 4e. Middle: Electron diffraction of one mesocrystal from Figure 4d with elongated peaks. Photo: C. Bente.
Figure 4f. Right: Electron diffraction of several mesocrystals of the selected bead HL_2_301 (complete mesocrystal arrangement in 
Figure 4b). Photo: C. Bente. 

Figure 4a. Left: Bright-field image of a red coloured area with annular microstructure of the arrangement of mesocrystals within 
organic matrix of the bead HL_2_301- white areas represent porosity. Photo: C. Bente.
Figure 4b. Middle: HAADF image of a red coloured area of lamellar mesocrystal arrangements (bright) and organic matrix but also 
cavities (black), which could not be differentiated of the bead HL_2_301. Photo: C. Bente.
Figure 4c. Right: HAADF image of the whitish area of the bead HL_2_301 (#6331) with significantly larger number and dimensions 
of cavities relative to red coloured areas. In the HAADF images, pores are shown with dark contrast. Photo: C. Bente.
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2011; Fan, 2018). Electron diffraction images of sever-
al mesocrystals, which are more strongly tilled against 
each other, accordingly show superimposed reflex pat-
terns (Figure 4f) of the involved mesocrystals, which 
are in agreement with the mesocrystals of corallium 
rubrum (Figure 5). The lengths of the mesocrystals are 
between 3.0 and 4.0 mm. The Mg contents of the HMC 
for the white and the red region of bead HL_2_301 
were determined by AEM between ~ 5 and 10 mol % 
MgCO3 with errors of ~ 2.5 %. The red parts of the bead 
HL_2_301 (#6330) show typical mesocrystalline are-
as within embedded organic matrix and relatively few 
cavities. In contrast, the few patchy white areas of bead 
HL_2_301 (#6331) show some more and relatively larg-
er cavities.

These electron microscopic results of the red re-
gions of bead HL_2_301 are identical with the TEM 
data of original corallium rubrum as shown for sample 
CR 4 in Figure 4b. Due to the agreement of the local-
ly highly resolved Mg contents of the bead HL_2_301 
with corallium rubrum (CR 1, CR 5) between 5 and 10 
mol % MgCO3 using AEM, the diagnostic criteria of 
the coral characteristics of the artefacts are confirmed. 
The variable Mg contents in an object correspond to the 
growth conditions, which are consistent with the aver-
age XRD data. 

Raman spectroscopic studies

The selected beads, if they contain polyenes, should 
show the typical red-coloured Raman bands of corallium 
rubrum in the range of at n2 = ~ 1128 cm-1 and n 1 = 
~ 1518 cm-1 (Karampelas, et al., 2009). In such polyene 
mixtures C=C stretching modes at ~ 1530 cm-1 are pres-
ent, from which the effective number of C=C bonds can 

be calculated using the approach of Barnard and de Waal 
(2006). While the polyenes (parrodiene) typical for the 
coral skeleton are non-methylated polyacetylenes, which 
show C-C stretching modes 2 at ~ 1130 cm-1, methylated 
polyacetylenes (carotenoids) are characterised by 2 val-
ues around 1160 cm-1 (Fritsch, et al., 2009). The band 
positions of the polyenes of the beads from Lübeck with 
measurements at l = 514 nm (Dilor) and l= 532 nm 
(Renishaw) are listed together with reference materials 
in Table 3 as well as graphically represented with exam-
ples from bead HL_2_330 (white and red spot) in Figure 
6a and 6b. The data are identical within the margins of 
error. The individual polyenes with different numbers 
of C=C bonds present in the polyene mixtures in differ-
ent proportions cause a shift of the bands (Kupka, et al., 
2010). The referenced band positions of the measure-
ments are used for the calculation of Neff (Barnard and de 
Waal, 2006) in order to characterise the polyene mixture 
characteristics.

The results of Raman spectroscopy (l= 532 nm) 
of the beads HL_2_301, HL_2_314, HL_2_148, 
HL_2_330, HL_2_333) with typical polyene bands at 
n2 = 1128 cm-1 and l 1 = 1516 cm-1, while spectra of 
natural corallium rubrum (CR 4, KO-1) were recorded 
at l = 514 nm (Table 3). Additionally, for reasons of 
comparison, data of red African Ethnographica (Bente, 
et al., 2015) and white corallium rubrum artefacts from 
Bad Dürrnberg (Keuper, et al., 2015) are also listed. 
The measured values of the bands for the beads from 
Lübeck are identical at the respective wavelengths with-
in the margins of error. The bands at the white and red 
points of bead HL_2_301 and HL_2_330 do not differ 
either. Additionaly the corresponding XRD data of the 
Mg-content are also identical. The effective number of 
C=C double bonds (Neff) according to Barnard and de 

Figure 5. Original corallium rubrum CR 4 (#6243). Left: Bright field image of a mesocrystal of about 3 mm length in the middle of 
the image with diffraction contrast identical with BF of HL_2_301 in Figure 4d. Middle: SAED of a single mesocrystal (central area 
from Figure 5 with typical elongated peaks). Right: SAD of multi-mesocrystal arrangement in CR 4 identical with the arrangement 
in HL_2_301 Figure 4b and its SAD in Figure 4f with overlapping pattern. The corresponding local Mg contents (AEM) due to the 
growth conditions are between 7 and 9 mol % MgCO3 with a measuring error of 2 %. Photo: C. Bente.
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Waal (2006) results in 10.4 < Neff < 10.6 for the beads 
from Lübeck as well as Neff = 10.0 for a red compari-
son bead from Greifswald, Neff = 10.3 for another red 
beads from the Kingdom of Benin (~1800) and Neff = 9.6 
for an Iron Age white bead from Dürrnberg (Austria) 
(Keuper, et al., 2015). With decreasing Neff, the number 
of polyenes with lower chain lengths in the respective 
polyene mixture increases, which corresponds to fewer 
C=C double bonds. The small bands at ca. 1090 cm-1 
refer to calcite-magnesite mixed crystals (Clark, et al., 
2010; Gunasekaran, Anblalagan and Pandi, 2006).

Conclusions and Outlook

Characterization of the beads

The beads were characterized using µXCT, XRD, HR-
TEM, and Raman spectroscopy.

µXCT with its resolution of 7 – 10 µm showed that 
original corals and coral beads are relatively dense with 
cavities in the µm range. If those are opened during 
grinding and polishing they are visible as surface holes 
in µXCT images (Figure 2a-d). Two different crack 

Table 3. Table of the corrected band positions for n1 and n 2 (+/- 0.5 cm-1) of the beads from Lübeck including white and red spots, 
for 2 corallium rubrum (CR 4, KO-1) from the Mediterranean Sea, for a red bead from Greifswald (Mecklenburg-Vorpommern, 
Germany) and from African ethnographic red coral (Kingdom of Benin) as well as white beads from Bad Dürrnberg (Austria). The 
data of whitish and red parts, exemplary shown for HL_2_330_1 and HL_2_330_2, are also identical. The effective number (Neff) 
of C=C double bonds are also listed for all objects according to Barnard and de Waal (2006) and are approximately identical for the 
beads from Lübeck within the range of the errors (+/- 0.1).

Artefacts and corallium rubrum n2 cm-1

(+/- 0.5)
n1 cm-1

(+/- 0.5)
Neff (+/- 0.1) =
e (1745 – ν1)/97.07

HL_2_148, HL_2_301, HL_2_314_1, 
HL_2_314_2, HL_2_301_1 red, HL_2_301_2 white 1128 1518 10.4

HL_2_330_1, HL_2_330_2, HL_2_330_3 1129 1516 10.6

HL_2_333 1128 1518 10.4

Corallium rubrum: CR 4 light red, CR 4 dark red, KO-1 1126.5 1517 10.5

Red beads Greifswald 1132 1521 10.0

African Ethnographica Red coral inlay 1130 1519 10.3

White Fibula inlay (Bad Dürrnberg, Austria) 1133 1525   9.6

Figure 6a. Raman spectra by laser of l= 532 nm of the bead 
HL_2_330_3. Red and white areas (Figure 1) without differ-
ence of the typical polyene bands for C-C stretching mode at 
n2 = 1129 cm-1 and for C=C stretching mode at n1 = 1516 cm-1 
(Table 3).

Figure 6b. Related Raman spectra by laser l= 514 nm of an 
original corallium rubrum CR 4 from the Mediterranean Sea 
at a dark red and a light red spot: n2 = 1126.5 cm-1 and n1 = 
1517 cm-1 (Table 3).  
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systems can be distinguished: concentric cracks can 
be assumed as primary phenomena of the raw corals, 
whereas the crack perpendicular to the borehole of bead 
HL_2_330_1 was probably caused by mechanical stress 
during drilling. 

XRD data of the different beads show in all cases 
HMC with typical Mg contents of app. 7 – 11 mol % 
MgCO3 in MgxCa1-xCO. Similar values were also report-
ed for red coral beads of the Greifswald necklace (Bente, 
et al., 2017) and correspond to Mg contents of original 
red corals from the Mediterranean Sea, which suggests 
that corallium rubrum was the raw material in all cases. 
No difference could be found between the red and part-
ly whitish surface parts of HL_2_301. White coral beads 
of Iron Age fibulae from Dürrnberg (Austria) and Lan-
genau (Germany) show Mg contents in the same range 
(Schrickel, et al., 2014).

TEM analyses were carried out of red and whitish ar-
eas of bead HL_2_301 and different branches of modern 
corallium rubrum. Both materials show the typical 3.0 – 
4.0 µm large mesocrystals with pores < 5 nm between 
and within the mesocrystals. Worth to be remarked that 
pore sizes around 40 nm (Bente, et al., 2021a; Peelen and 
Metselaar, 1974) only occur in the small white surface 
area of bead HL_2_301. The Mg contents are determined 
with AEM corresponding to the data obtained by X-ray 
diffraction.

Raman spectra of all investigated beads and original 
corals show bands at n2 = 1128 - 1130 cm-1 and n1 = 
1516 - 1521 cm-1, which are typical for pink and red cor-
als (Hedegaard, Bardeau and Chateigner, 2006; Urmos, 
Sharma and Mackenzie, 1991; Karampelas, et al., 2009; 
Kupka, et al., 2010; 2016a; 2016b; Fan, 2018). The Neff 
of the pigment polyenes ranging from 10.4 to 10.6 of 
the beads are in agreement with the data of corallium 
rubrum.  

Archaeometric implications

The non-destructive and minimally invasive studies 
of the beads from the cesspit “auf dem Schrangen” in 
Lübeck verify corallium rubrum from the Mediterrane-
an Sea as raw material, comparable to other coral objects 
e.g. from Greifswald etc. These results are confirmed by 
actual isotopic data (Bente, et al., 2021b; Fohlmeister, et 
al., 2018) showing d13C = - 0.29 %o and d18O = - 0.13 
%o, which is in agreement with data of Adkins, et al. 
(2003) and Chaabane, et al. (2015). Identical with data 
of recent corallium rubrum, these data are typical for 
modern day sea water showing 15 < B ppm < 50 and 10 
%o < d11B < 30 %o (Bente, et al., 2017). The presented 
multimethodical approach could be used in order to 

establish identification criteria for red and white coral 
artefacts related to corallium rubrum as raw material. 
In addition, a detailed characterisation of the quality 
of grinding and polishing of such beads could also be 
taken in account in future in order to differentiate ar-
tisan skills. 

Archaeological implications

Like the beads from Greifswald (Bente, et al., 2017), the 
beads of the Hanseatic League from Lübeck are undoubt-
edly made of red precious coral, corallium rubrum. They 
were turned, grinded and polished into balls, barrels and 
rollers as well as other shapes. The Lübeck beads and the 
approximately contemporaneous Greifswald beads have 
inner cavities exposed on the surface through grinding 
and polishing of the raw material. Furthermore, cracks 
found on one bead can be attributed to the mechanical 
stress during the production of the boreholes. In contrast 
to this, only concentric crack running parallel to natural 
cavity arrangements occur in the Greifswald beads. The 
raw materials or corresponding semi-finished products 
of the coral artefacts from Lübeck and the beads from 
Greifswald certainly derive from the Mediterranean 
area. In the era of the Hanseatic League, the correspond-
ing trade is usually carried out through intermediaries. 
However, there are still open questions about the loca-
tion of the processing of corals and by which may be 
other craft industries. To what extent the kind or qual-
ity of the processing of the coral beads points to coin-
cidental individual or deliberately collective, i.e. social 
circumstances or fashions, cannot be determined based 
on a few studied artefacts. Further systematic studies are 
needed to establish generally valid criteria for red cor-
allium rubrum artefacts and its whitened derivatives, as 
found in the Iron Age (Bente, et al., 2015; Schrickel and 
Bente, 2013). 
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