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Rekapitulation
Schulwissen der Mittelstufe

Alle Isotope eines Elementes verhalten sich bei chemischen
Umsetzungen und bei fast allen physikalischen Prozessen genau
gleich.

Die Mengenverhältnisse der Isotope eines Elementes sind
unveränderlich und weltweit sowie für alle Zeiten genau gleich.
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Elemente und Isotope
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Sauerstoff im Gletschereis
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Strontiumisotope

Rubidium ist im Erdmantel rund dreimal so häufig wie Strontium.
NU98
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Zinnisotope

Indium ist rund hundertmal seltener als Zinn und tritt hauptsächlich vergesell-
schaftet mit Zink auf. Das Zinnisotop 115 wird üblicherweise nicht gemessen.

NU98
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Zinnisotope werden ausschließlich durch Fraktionierung getrennt
Wie bei einem Schwermetall zu erwarten, sind die Abweichungen sehr gering.

Isotopenzusammensetzung zweier Referenzmetalle (links) und zweier Arte-
faktinventare der Aunjetitzer Kultur (rechts) relativ zu einem Laborstandard
[Ne15, 9].

Ne15
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Variationsbreite der Zinnisotope in alten Bronzen

Für einen Vergleich mit den üblichen Deltawerten in Promille müssen die hier
aufgeführten Fraktionierungen f ungefähr halbiert werden. Positive Werte
zeigen eine Anreicherung der schweren Isotope [Be99, 279].

Be99
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Sauerstoff, Stickstoff und Kohlenstoff

Die Fraktionierung von Kohlenstoff
bedeutet:

• Pflanzenart, C3–C4

• Bewässerung

• terrestrisch–aquatisch

• Überdachung durch Baumbestand

Die Fraktionierung von Stickstoff
bedeutet:

• Position in der Nahrungskette

• Düngung im Pflanzenbau

• Wassermangel

?
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Experimentelle Verhüttung von Zinnerz

Be16
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Ergebnis des Verhüttungsexperimentes

Das Zinn wird
im Vergleich
zum Erz um ca.
0.2 ‰ schwerer
[Be16, 196].

Be16
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Zinnverlust bei längerer Erhitzung einer Bronzeschmelze unter
Schutzgas

Zum Vergleich sind die
Fraktionierungswerte
ungefähr zu halbieren.
[Be99, 281].

Be99
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Experimenteller Bronzeguß

Ya14
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Ergebnis des Gießversuches

standard solution was fixed at 60 ppb. Then Sb was mixed to be
30 ppb for use in external standardization. The within-run preci-
sion for 124Sn/120Sn was better than 0.04‰ (2SE). The overall
reproducibility of SRM 3161a measurements over two months
was �0.30 ± 0.06‰ (Yamazaki et al., 2013).

Major element compositions of archaeological bronze samples
were determined using an electron microscope (820; JEOL) with an
energy dispersive X-ray analyzer (PV9550; Philips) at the National
Museum of Japanese History. Quantitative analysis of the samples
was performed using a focused beam of 15 kV accelerating voltage
and 12 nA beam current. Standard materials of BNRM's (Brammer
Non Destructive Reference Materials) Copper Based Alloys from
Brammer Standard Company, INC. (Houston, USA) were used for
the analyses.

Major element compositions of cast bronze were determined
using an electron microprobe (JXA8800R; JEOL) at the Earth-
quake Research Institute, The University of Tokyo. Quantitative
analysis of the cast bronze was performed using 15 kV acceler-
ating voltage, 12 nA beam current, and a beam with 1 mm
diameter.

Tin abundances in a cast bronze were determined using isotope
dilution analysis after purification of Sn using IsoProbe, while
copper abundances were determined using sensitivity method
with an ICP mass spectrometer with a quadrupole mass analyzer
(X-series II; Thermo Fisher) at the Earthquake Research Institute,
The University of Tokyo. The uncertainties of Sn and Cu concen-
tration were 0.1 and 0.5%, respectively.

4. Results and discussion

4.1. Casting experiment

The d124Sn/120Sn values of five Sn beads used for the casting
experiment were analyzed to examine the isotope compositions of
raw materials. Results are shown in Table 3. No purification was
conducted for the five bead samples. Results of bead analyses
indicate that Sn beads have rather uniform isotope composition.

Five beads show d124Sn/120Sn of �0.11 ± 0.04‰ (Table 3). Fig. 3a
shows dxSn/120Sn vs. mass difference for the average of Sn beads.
The plot shows that isotopes with odd mass numbers behaved
differently from those with an even mass number. The mass-
independent fractionation in odd isotopes of Sn was reported in
some experiments such as liquideliquid extraction, synthesis and
UV irradiation (Malinovskiy et al., 2009; Moynier et al., 2009).
Although the method for producing the Sn beads is unclear, it is
likely that some processes to produce highly purified Sn beads
caused the mass-independent fractionation. We use the average
value of the five analyses as a starting isotope composition of raw

Fig. 3. a: d-values of each mass pairs of the average of Sn beads (raw material of cast
bronze) and cast bronze. Each sample solution was analyzed three times. Results are
presented as averages. Error bars shown are 2SD. The influence of isotope fractionation
during purification was corrected for bronze samples. Fig. 3b: Isotope fractionation
between Sn beads and bronze samples. The d-values of respective mass pairs are
shown.

Table 3
Tin isotope ratios of Sn beads (raw material of cast bronze).

Run d
124
/120SnSPEx1 [‰] 2SE 2SD

Bead1 1 �0.15 0.04
2 �0.12 0.04
3 �0.11 0.03
average �0.13 0.04

Bead2 1 �0.10 0.03
2 �0.02 0.03
3 �0.13 0.03
average �0.08 0.12

Bead3 1 �0.10 0.03
2 �0.17 0.04
3 �0.12 0.03
average �0.13 0.07

Bead4 1 �0.10 0.03
2 �0.10 0.04
3 �0.09 0.03
average �0.10 0.01

Bead5 1 �0.16 0.03
2 �0.09 0.03
3 �0.06 0.03
average �0.10 0.10

Average �0.11 0.04

E. Yamazaki et al. / Journal of Archaeological Science 52 (2014) 458e467462

material of Sn in the following discussions related to the casting
experiment.

Table 4 presents results of Sn isotope analyses and chemical
composition analyses on a bronze block produced in the casting
experiment. The Sn isotope composition of two samples from the
top and bottom parts and one sample from the medium part were
analyzed (Fig. 2c), whereas chemical compositions of the top 2,
middle 2, and bottom 2 were analyzed. Tin was purified from
bronze solutions and the isotope ratios reported for the samples of
a bronze block were corrected for isotope fractionation during
purification as shown in Table 4. Table 4 shows that Sn concen-
trations of the top 2, middle 2, and bottom2were, respectively,15.1,
15.0 and 13.1 weight%, while Cu concentrations were 85, 85, and 87
weight%. Fig. 4 presents the distribution of Sn isotope composition
in the bronze block. The d124Sn/120Sn values of two samples from
the block surface part were 0.09 ± 0.12 and 0.13 ± 0.12‰, whereas
those of two bottom parts were �0.03 ± 0.09 and �0.05 ± 0.09‰.
One analysis of the middle part showed d124Sn/120Sn of
0.09 ± 0.09‰. The results suggest that the surface part of the block
was slightly enriched in heavy Sn isotopes compared with the
bottom part, although isotope ratios of the two parts overlapped
when the uncertainty introduced into the purification process is
considered. Fig. 3b shows mass fractionations between parts of the
cast bronze and Sn beads. All parts show linear correlation, sug-
gesting that mass-dependent fractionation occurred in the casting
process.

The differences in chemical and isotope compositions in the
bronze block can be interpreted as follows.Whenmoltenmetal was
poured into the clay mold, which was left overnight at room tem-
perature, molten metal started solidification from the edges
touching the clay mold. The phase diagram of bronze indicates that
the first solid of mixture of Cu and Sn is enriched in Cu, whereas the
residual liquid becomes enriched in Sn. Consequently, the bottom
samples, enriched in Cu, solidified at an early stage, while the top

and middle samples solidified later. The heterogeneity observed
inside of the bronze block, 0.15‰, in the averages of top and bottom
samples, was greater than the isotope heterogeneity of Sn beads.

The observed isotope heterogeneity might be the result of two
processes: (1) isotope fractionation between solidified and molten
metal and (2) isotope fractionation caused by evaporation. It is
difficult to decide which process caused the heterogeneity, but it is
likely that evaporation is more important for the following reasons.
Bigeleisen and Mayer (1947) showed that heavy isotopes tend to
concentrate in stronger bonding. It is anticipated that fractionation
between the solid and liquid phases concentrates heavier isotopes

Fig. 4. Spatial variation in Sn isotope composition in the bronze block. Isotope varia-
tion between Sn bead (material) and casted bronze is shown. The circle symbol rep-
resents a Sn bead. Squares are the parts of casted bronze. Bronze data were corrected
for isotope fractionation during purification.

Table 4
Chemical compositions and Tin isotope ratios of cast bronze and fractionation during purification of mix standard solution.

Run d
124
/120SnSPEx1 [‰] 2SE 2SD Corrected value [‰] 2SD Cu (wt. %) Sn (wt. %)

Top1 1 �0.05 0.04
2 0.02 0.03
3 0.02 0.03
Average 0.00 0.08 0.09 0.12

Top2 1 0.08 0.03
2 0.00 0.03
3 0.01 0.03
Average 0.03 0.09 0.13 0.12 85 15.1

Average 0.02 0.06 0.11 0.10
Middle 1 �0.02 0.04

2 0.02 0.03
3 �0.03 0.03
Average �0.01 0.04 0.09 0.09 85 15.0

Bottom1 1 �0.12 0.04
2 �0.13 0.03
3 �0.11 0.03
Average �0.12 0.02 �0.03 0.09

Bottom2 1 �0.15 0.04
2 �0.15 0.03
3 �0.13 0.04
Average �0.14 0.03 �0.05 0.09 87 13.1

Average �0.13 0.02 �0.04 0.08

Mix standard (CueSnePb) Run d
124
/120SnSPEx1 [‰] 2SE 2SD

1 �0.08 0.04
2 �0.07 0.04
3 �0.14 0.04
Average �0.10 0.08

Sampling positions are shown in Fig. 2c. The value of the mix standard solution was used for the correction of isotope fractionation during purification for
the cast bronze.

E. Yamazaki et al. / Journal of Archaeological Science 52 (2014) 458e467 463

Das Zinn wird gemessen als 124Sn/120Sn rund 0.2 ‰ schwerer [Ya14, 463].

Ya14



Grundlagen Fraktionierung Zinnverarbeitung Bleiisotope Résumé

Variationsbreite der Lagerstätten von Cornwall und dem Erzgebirge

Ne15
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Die Bronzen aus Mitteldeutschland

Br15
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Stammt das Zinn wirklich nicht aus Cornwall?
Die Himmelsscheibe von Nebra angeblich schon

Br15
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Und wie sieht es für das Erzgebirge aus?

Br15
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Altes metallisches Zinn ist außergewöhnlich rein

Alle Spurenelementanteile in ppm [Be99, 282].

Be99
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Blei in Erzregionen

Blei fraktioniert fast gar
nicht und die Variations-
breite der Erzregionen
umfaßt 300 resp. fast
400 ‰ [Da03].

Da03
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Bleianteile

Bleiisotope sind nur
für reines Zinn und auf
keinen Fall für Gemi-
sche oder Legierungen
anwendbar. Gerade
für die Anfangszeit
ist metallisches Zinn
extrem selten [Be99].

Be99
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Das Zinn aus dem Meer

Die Erzregion südwestlich
des Viktoriasees ist welt-
weit die einzige bekannte
mit Bleiisotopverhältnissen
wie sie die Zinnfunde
der spätbronzezeitlichen
Schiffswracks aufweisen
[Da03].

Da03
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Der Altfund aus Alacahöyük

Ya16
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Das Analyseergebnis

Ya16
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Der Fundort und mögliche Bergwerke

Ya09
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Résumé

Die Isotopenverhältnisse des Zinns sind innerhalb einer
Lagerstätte hochvariabel und unterliegen in der weiteren
Verarbeitung starken Veränderungen.

Der Versuch aus Zinnisotopenverhältnissen in Artefakten auf die
Quelle des Zinns zu schließen ist sinnlos.
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Handout und Literatur

Vielen Dank

Handout und Literatur liegen auf:
www.axel.berger-odenthal.de/work/Referat/

http://axel.berger-odenthal.de/work/Referat/


Grundlagen Fraktionierung Zinnverarbeitung Bleiisotope Résumé

Literatur

Be16 Daniel Berger, Gerhard Brügmann, Elin Figueiredo & Ernst Pernicka,
Zinnisotopenverhältnisse von Verhüttungsprodukten von Kassiterit und ihre Bedeutung für die Herkunftsbestimmung
von Zinn.
Metalla (2016), Sonderheft 8, 194–197.

Be99 Friedrich Begemann, Konrad Kallas, Sigrid Schmitt-Strecker & Ernst Pernicka,
Tracing ancient tin via isotope analyses.
In: Andreas Hauptmann, Ernst Pernicka, Thilo Rehren & Unsal Yalgin (Hrsg.),
The Beginnings of Metallurgy, Proceedings of the International Conference „The Beginnings of Metallurgy“, Bochum
1995.
Der Anschnitt, Beiheft 9 (Bochum 1999), 277–284.

Br15 Gerhard Brügmann, Daniel Berger, Ernst Pernicka & Bianka Nessel,
Zinn-Isotope und die Frage nach der Herkunft prähistorischen Zinns.
Metalla (2015), Sonderheft 7, 189–191.

Da03 John E. Dayton,
The problem of tin in the ancient world, (Part 2).
In: Alessandra Giumlia-Mair & Fulvia Lo Schiavo (Hrsg.),
Le probleme de l’etain a l’origine de la metallurgie – The Problem of Early Tin, Acts of the XlVth UISPP Congress,
University of Liege, Belgium, 2–8 September 2001.
BAR International Series 1199 (Oxford 2003), 165–170.

He09 Barbara Helwing,
Rethinking the Tin Mountains, Patterns of usage and circulation of tin in Greater Iran from the 4th to the 1st
millennium bc.
Türkiye Bilimler Akademisi Arkeoloji Dergisi 12 (2009), 209–221.

Ma16 J. Marahrens, D. Berger, G. Brügmann & E. Pernicka,
Vergleich der stabilen Zinn-Isotopenzusammensetzung von Kassiteriten aus europäischen Zinn-Lagerstätten.
Metalla (2016), Sonderheft 8, 190–193.

http://axel.berger-odenthal.de/PDF/journals/Metalla.S8-194-Berger.pdf
http://axel.berger-odenthal.de/Scans/UFG/Tagung/Bochum/277-Begemann.pdf
http://axel.berger-odenthal.de/PDF/journals/Metalla.S7-189-Brugmann.pdf
http://axel.berger-odenthal.de/Scans/Fernleihe/Giumlia-Mair~Early-Tin/165-Dayton.pdf
http://axel.berger-odenthal.de/PDF/journals/TuBAAr12-209-Helwing.pdf
http://axel.berger-odenthal.de/PDF/journals/Metalla.S8-190-Marahrens.pdf


Grundlagen Fraktionierung Zinnverarbeitung Bleiisotope Résumé

Literatur (cont.)

Ne15 B. Nessel, G. Brügmann & E. Pernicka,
Tin Isotopes and the Sources of Tin in the Early Bronze Age Únětice Culture.
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