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Abstract: Metallurgical remains such as crucible, mould, slag and tuyere are generated in the production of
bronze. The analysis of slag in particular can be used to identify the raw materials, processes and environments
(temperature and condition) employed in the bronze fabrication . The Gwanbuk-ri site in Buyeo is known as
the location of a royal palace during the Baekje period, in the 6-7th centuries, and crucible fragments and slags

used to make bronze were excavated there. The purpose of this study is to understand the process of bronze
production and the origin of the raw ores used in the Baekje period, through micro-structure and micro-
chemical analyses. Using chemical analysis and observation of the microstructure of the crucible and slag
samples, we identified evidence of the bronze alloying and melting conditions. The melting process would have
taken place under a variable redox atmosphere at 1,100 °C. Cu-Sn-Pb ternary bronze might have been produced
by alloying Cu-Sn metal with lead ore (galena) in the Baekje period. The lead isotope composition ratios of 2

bronze slags were located in zone 2 and zone 3 of the lead isotope map in the southern Korean peninsula, which
indicates the use of galena from south Chungcheong and north Gyeongsan provinces. For efficiency and cost-
effectiveness, a concentrate of lead ore might have been transported from the mine to the consumer site.
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Table 1. Summary of samples

Sample Lab No. Context Type Characterization

GBO01 02D-1180 district ‘Na’ Crucible Sludge attached to the inside of the crucible piece
GB02 03D-279 district ‘Na’ Crucible Sludge attached to the inside of the crucible piece
GBO03 05D-307 district ‘Ra’ Slag Cu-Sn-Pb ternary alloy slag

GB04 03D-309 district ‘Na’ Crucible Metallic Cu droplet

GBO05 02D-1187 district ‘Na’ Slag

GBO06 02D-1183 district ‘Na’ Slag Cu prill

GBO07 03D-301 district ‘Na’ Slag

GBO08 03D-309 district ‘Na’ Crucible Cu prill

Table 2. Chemical composition by SEM-EDS of glassy matrices. Results in wt%, normalized to 100 and with oxygen added stoichiometry
Na,0 MgO ALO; SiO, P,0Os; KO CaO TiO, MnO FeO CuO SnO, ZnO PbO Total
GBO1 159 143 6.85 4331 141 501 2259 nd nd. 460 10.12 nd nd.  3.09 100.00
GB02 nd. 048 1663 4663 nd. 297 130 nd nd. 441 2701 058 nd nd.  100.00
GB04 1.05 621 6.03 6535 nd 1.09 1358 023 023 6.02 nd nd. 022 nd. 100.00
GB0O5 nd. 383 961 5925 039 085 1238 18 nd. 870 nd. nd. 3.13 nd. 100.00
GB06 nd. 501 1382 5124 1.69 285 1800 0.75 038 220 406 nd n.d. nd. 100.00
GB07 1.08 247 725 6594 0.17 1.04 108 0.66 022 881 nd. n.d. 1.51  nd. 100.00
GB08 n.d. 146 950 54.02 058 3.04 2069 057 nd 559 455 nd n.d. nd. 100.00
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Fig. 1. BSE and mapping images of GBO01 crucible slag showing the mixed matrix with delafossite(Df) needles, tabular and rhombohedral

cassiterite(Cs, Sn-O) crystals, tabular magnetite(Ma)
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Fig. 2. Microstructural characterization of crucible slag; (A) Raman spectra of delafossite(Df) in GBO1 and magnetite(Ma) in GB02 (B) X-

ray patterns of GBO1 and GB02
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Fig. 3. BSE and OM images of GB02 crucible slag showing delafossite(Df) needles, tabular magnetite(Ma) formations, cassiterite(Cs, Sn-

0) and copper oxides(CuO,) prill
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Fig. 4. OM and BSE images of GBO03 slag showing dendrite
structure(a, dphase), lead segregation inclusions and unmelted
galena
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Table 4. Lead isotope ratios of the slags investigated.

- A 583 A A 60 A 102 (202213 109)

Sample Type 206pp,204p 207pp/204Ph 208pp,204ph 207pp/20ph 208pp,205p,
GBO01 Crucible 18.090 15.623 38.531 0.8627 2.1270
GBO03 Slag 18.902 15.744 39.926 0.8333 2.1129
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Fig. 5. Lead isotope ratios in the analyzed bronze slags from Gwanbuk-ri in Buyeo, compared to the available data for lead ores in Korea;
(A) 2°Pb/?”*Pb vs. 27Pb/***Pb, 277Pb/*Pb vs. 2®Pb/2*Pb scatter diagram, (B) isotope map of Korean peninsula showing movement of raw

materials
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Fig. 6. Stage in the production of Bronze[2]
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