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Abstract We herein report on an examination of the compo-
sitions of copper relics unearthed from the Guangfentou site in
Jiangchuan, Yunnan, China. Scanning electron microscopy
combined with energy-dispersive X-ray spectroscopy (SED-
EDS), metallographic microscopy, and lead isotope ratio anal-
ysis were used to analyze 20 metallurgical relics. The results
indicated that the relics were either copper metal or copper
slag. The copper metal was composed of either metallic cop-
per or tin bronze, while the copper slags were either smelting
slag or melting slag, with the melting slags being composed of
refining or alloying slag. The Guangfentou site in the
Jiangchuan county contains an extraordinarily complete set
of bronze metallurgical relics from the Bronze Age of
Yunnan. The processes involved in this site include smelting
of sulfidic ores, refining of primary raw copper, bronze
alloying, and bronze casting. This was an important metallur-
gical site in the ancient Dian Kingdom and has provided clues
that will aid in efforts to reveal the origins of bronze smelting
technologies and the sources of the copper ores used by the
ancient Dian civilization.

Keywords Archaeometallurgy . Guangfentou site . Copper
slags . Bronze culture . Dian Kingdom

Introduction

Yunnan lies on the southwest border of China and is rich in
mineral resources. This region gave rise to and sustained a
flourishing Bronze Age civilization, and so, large numbers
of exquisite bronze artifacts have been unearthed there, pro-
viding a historical view of the products and quotidian routines
of the society during that period. These bronze artifacts are
artistic treasures and are richly infused with the ethnic and
local characteristics of China’s Bronze Age civilizations
(Zhang 1989).

The ancient Dian culture, which acts as an important part of
the ancient Yunnan bronze culture, is a bronze culture in
Central Yunnan, China, which dates from the Warring States
Period to the Eastern Han Dynasty. Its bronzes are unique and
different from the Central Plains culture in terms of vessel
shapes and ornamentation, for example. The Dian culture pro-
duced a number of sacrificial vessels, including bronze drums
and bronze shell storage containers, which differ from that of
the ritual system of the Central Plains. To date, over 500 pieces
of bronzeware have been analyzed for the Dian culture (Cui
and Wu 2008). According to the data available, the character-
istics of bronze craftsmanship of the Dian culture can be sum-
marized. For example, in terms of the alloy ratios employed,
the weapons, farm tools, and decorations are mainly com-
posed of tin bronze alloys and pure copper and are essentially
free from lead. During the early period, bronze drums, shell
storage containers, and other large-scale objects were pro-
ducedmainly from tin bronze alloys; however, large quantities
of lead were used from the beginning of the middle period. In
terms of the craftsmanship, weapons and farm tools were
molded by hot forging, while large objects, animal patterns,
and buckles were molded by casting, and both hot tinning and
gilding technologies were widely employed. Similar technol-
ogies were also utilized in the culture of the southwestern
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aborigines, creating a unique system that differed from that of
the Central Plains and the South and the Northern Grassland
(Di Qiang) during the same period. From the archeological
data of the Dian culture, we can see that large-scale cemeteries
were explored (i.e., Lijiashan of Jiangchuan, Shizhaishan of
Jinning, Yangfutou of Kunming, Taijishan of Anning, and
Shibeicun of Chenggong), and the larger sites, namely
Lijiashan of Jiangchuan and Shizhaishan of Jinning, were
considered cemeteries of the Dian Kingdom. However, to
date, studies into the origin of Yunnan archeology have fo-
cused on burials close to the Dianchi Lake, while the habita-
tions received little or no attention (Allard 1998.)

To date, large numbers of ancient Yunnan bronze artifacts
have been unearthed, and a number of smelting sites
have been discovered (see Fig. 1), including the Wasezhen
site (Li and Han 2011), Citongguan site (Yang 2010),
Chongzipi site (Wang et al. 1997), Longbohe site (Yang
2010), Shijiazhai site (Qi 2014), Yubeidi site (Jiang and Zhu
2014), Xingyi site (Qiu 2015),Wangjiadun site (Zhang 2000),
and Yinsuodao site (Min 2009). Of these sites, only the
Citongguan site in Yuxi, Chongzipi smelting site in Gejiu,
and Shijiazhai smelting site in Jinping had been investigated,
and no complete set of metallurgical relics from the Yunnan
Bronze Age has been discovered thus far. Our investigation
and analysis of Yunnan Bronze Age metallurgical relics are
therefore of great significance and have important

implications for research regarding the origin and develop-
ment of the Yunnan Bronze Age civilization.

Archeological background of the Guangfentou ruins

The Guangfentou site is located on Guangfentou mountain of
Luju town, which is within the Jiangchuan district in the
Yunnan province. It is one of the few archeometallurgical sites
from the Dian civilization period to be discovered thus far.
Indeed, it was discovered approximately 2 km north of the south
coast of the Fuxian Lake Highlands during a survey conducted
in March 1984. To learn more about the nature of smelting in
the Dian civilization, the Yunnan Provincial Institute of Cultural
Relics and Archaeology, the Peking University School of
Archeology and Museology, the Yuxi Antique Management
Office, and the Jiangchuan Cultural Relic Management Office
performed a two-stage archeological excavation from
November 2011 to June 2012. The area of the excavation site
was approximately 600m2, and it was confirmed that the area of
the Guangfentou site is around 170,000 m2. In addition, the
thickest cultural layer measured 5.2 m, and the number of
stacking layers reached a maximum of 17. Upon exploration
of 26 semi-cryptous housing ruins, 30 ash pits, and 11
building-related activity areas, various relics were unearthed,
which were mainly pottery-based items. For example, small
Zimukou bowls, plates patterned with concentric circles,
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Fig. 1 Map showing the
locations of the Yunnan smelting
sites



kettles, tanks, pots, and circular plates were discovered. Relics
composed of stone, bone, horn, mussels, and jade were also
unearthed, and more than 400 samples of copper slag, flotation
soil, and sediment were recovered. In the early layers, the num-
ber of pottery fragments discovered was higher, and the early
cultural period from the eastern Zhou dynasty to the western
Han dynasty was judged from the characteristics of the pottery
and the stacking relationships between the layers. The late pe-
riod was likely associated with the Ming and Qing dynasties.

Based on the combination of objects and stratigraphic
stacking, the early cultural layer was divided into three stages.
In the first stage, relics were found mainly on the top of the
Guangfentou mountain, where red pottery blending sand and
semi-cryptic-type sites were characteristic. In the second
stage, a large quantity of red clay pottery was discovered, in
addition to weapons and tools composed of bronze, such as
arrowheads, chisels, claw sickles, buckles, belt hooks, and fish
hooks. In addition, house sites and huge ash pits were ob-
served, located at the top of the site and in the northwest of
the platform edge. The ash pits were mostly rounded, with
diameters of 1–1.5 m and depths of 1.2–1.4 m, and these pits
could be divided into three or four layers. Large quantities of
slags were also found in this stage. In the third stage, a new
shape of plates appeared, namely small and shallow plates
bearing an arced pattern. Small amounts of bronze were also
detected in this stage. Furthermore, only one house site and
one ash pit were found, located on the west top of the site. This
house was essentially the same as that in the first stage (Li
2016) (see Figs. 2, 3, and 4).

During the excavation, sporadic copper slags were
found in the early and late cultural layers, and stone
molds were also discovered. All the samples examined
herein belong to the ancient Dian culture, as this site
appears to be located in a central region within the Dian
civilization. Research on its metallurgical relics will
therefore be expected to identify the nature of the

smelting sites and provide important clues for research
into the Dian civilization.

Materials and Methods

Samples

Twenty metallurgical relics from the Guangfentou site were
selected for this study. Photographs of these relics are shown
in Fig. 5.

Analytical methods

A cutting machine was used to remove a small fragment from
each sample, which was then cold-mounted in epoxy resin.
After the epoxy resin had solidified, a precision cutting ma-
chine was used to expose a cross section of the sample, which
was subsequently sanded using coarse sandpaper followed by
fine sandpaper. Finally, the sample was polished using a
polishing machine.

In terms of metallographic observations, polished copper
blocks were etched using a 4 vol% nitric acid/ethanol solution,
and a Nikon ECLIPSE LV100N POL microscope was used
for observation alongside a Nikon NIS-Elements D optical
microstructure analysis system. The latter was employed to
obtain metallographic images.

Scanning electron microscopy coupled with energy-
dispersive spectroscopy (SEM-EDS) was used to probe the
compositions of the slag samples. A HITACHI TM3030
SEM and a BRUKER Quantax70 spectrometer with an accel-
erating voltage of 15 kV were used. Sample compositions
were determined using a standardless SEM-EDS, and cross-
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sectional analyses were performed based on sample condi-
tions; scans of 90 s were used for all measurements.

Lead isotope analysis (LIA) experiments were carried out
in the Orogenic Belts and Crustal Evolution Laboratory, in the
School of Earth and Space Science at Peking University. A
VG Elemental multicollector–inductively coupled plasma
mass spectrometer (MC-ICP-MS) was used to perform the
measurements. The relative errors of the 207Pb/206Pb,
208Pb/206Pb, and 206Pb/204Pb ratios were <0.01, 0.01, and
0.1%, respectively. A solution of the SRM981 international

lead isotope standard was used to calibrate the spectrometer,
and the standard was remeasured after every set of 6–8 sample
measurements.

Analytical results and discussion

As slags are remnants of smelting activities, they contain vast
amounts of information regarding smelting processes. The
examination of slags can therefore determine the nature of
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Fig. 5 Photographic images of the samples obtained from the Guangfentou site

Fig. 4 Pottery unearthed from
the Guangfentou site



the site from which they were obtained and the technological
level of the metallurgical processes employed in their prepa-
ration. Usually, smelting slags (regardless of whether they
stem from the smelting of iron or copper sulfide ores) contain
veinstones composed ofmetals or calcium compounds that are
mixed with the ores. The latter slags are primarily composed
of fayalite (iron silicates) and wollastonite (calcium silicates).
In contrast, melting slags consist primarily of complex sili-
cates composed of silicon and aluminum oxides but may also
contain compounds that are formed through interactions with
the walls of the furnace (Li 2007) (Table 1).

Smelting

In the backscattered electron (BSE) image of the GFT1 sam-
ple (see Fig. 6a), area Awas found to be composed mainly of
wüstite, while a significant number of white matte and cuprite
particles were present out of this area. In addition, in the ma-
trix, large quantities of magnetite were present, small fayalite
particles were observed, and a significant number of white
matte and cuprite particles were present. Thus, the presence
of both cuprite and magnetite indicates that the slag was
formed in a strong oxidizing atmosphere. In addition, the con-
version of Cu–S into cuprite (Fig. 6b) indicated desulfuriza-
tion processes, while the removal of iron from the matte (Fig.
6c) resulted in the generation of wüstite and fayalite.

As shown in the BSE images of GFT2 sample (Fig. 7),
significant quantities of magnetite and fayalite were present
in the matrix, although the fayalite particles were extremely
small. The prills were mainly composed of chalcocite (Cu2S),
and small quantities of copper oxide and copper particles were
also observed.

As shown in Fig. 8, analysis by polarized optical
microscopy (POM) reveals that many cuprous oxides
and copper sulfide prills were distributed within

GFT10, while a relatively large portion of bornite was
also present in the middle section. In addition, the area
close to point A contained fayalite formations and wide-
ly dispersed metallic copper prills, where many fine
lead prills were present among the metallic copper.
Significant quantities of wüstite and magnetite were also
present in the matrix. Furthermore, as shown in Fig. 8c,
copper drops were surrounded by chalcocite, while the
rim of the prill was composed of chalcocite, and the
inside was cuprite. Moreover, the dislodging of iron
from the iron-rich copper is shown (Fig. 8c), where
the lightly colored sections represent cuprite, the light
gray color represents iron-rich copper, and the gray col-
or represents magnetite.

Finally, the BES image of GFT14 shown in Fig. 9
indicates that the sample matrix contained a relatively
high iron content but a low copper content. In addition,
large quantities of wüstite were distributed in the matrix,
and tin bronze prills were also observed, containing 1.5–
4.4% bronze. As tin was not detected in the matrix by
SEM-EDS, this indicates the presence of a reducing at-
mosphere. In the presence of smelting copper ores with
noticeable tin contents, the reduction of tin is favored in
the presence of copper. It was therefore apparent that
this sample was derived from smelting mixed tin–copper
ore.

The presence of magnetite in a number of the sam-
ples suggests the presence of an oxidizing atmosphere
in the reduction furnace (Hohlmann 1997). For example,
large quantities of magnetite were detected in the matri-
ces of GFT1, GFT2, and GFT10. In addition, the pres-
ence of both magnetite and cuprite in the GFT1 sample
indicates that the slag was formed under strongly oxi-
dizing conditions. However, the presence of copper prill
also indicates the presence of reducing conditions.

Table 1 Compositional analyses of the smelting slag matrices as determined by the SEM-EDS area analysis

Number Scanned area wt%

MgO Al2O3 SiO2 SO3 K2O CaO TiO P2O5 FeO CuO SnO2

GFT1 Section 1 0.7 7.5 35.5 0.6 1.1 11.0 0.4 3.0 34.5 5.8 n.d.

Section 2 n.d. 7.7 38.3 n.d. 1.0 11.7 n.d. 3.3 33.0 5.1 n.d.

GFT2 Section 1 n.d. 4.8 26.5 0.5 0.8 5.3 n.d. 1.4 59.1 1.7 n.d.

Section 2 n.d. 4.5 27.2 0.3 0.7 4.5 0.2 1.3 59.9 1.4 n.d.

GFT10 Section 1 1.2 5.3 26.3 n.d. 0.8 11.4 0.5 3.4 35.0 16.0 n.d.

Section 2 0.6 5.3 23.2 n.d. 1.6 5.6 0.4 1.3 46.8 15.2 n.d.

Section 3 n.d. 7.5 23.0 1.2 0.7 5.7 n.d. 1.8 38.1 22.1 n.d.

GFT14 Section 1 1.3 2.5 20.6 n.d. 1.6 12.3 n.d. 3.4 58.3 n.d. n.d.

Section 2 1.1 2.5 20.2 n.d. 1.5 10.9 n.d. 3.0 57.4 3.5 n.d.

Data is presented in weight percent, normalized to 100

n.d. not detected
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Ryndina previously analyzed the slag of northeastern
Balkan Eneolithic culture from a site that employs sul-
fide ore mixed with oxide ores (Ryndina et al. 1999).
Prior to smelting, the sulfide ores would have been
roasted under oxidizing conditions to remove any sulfur
(Bachmann 1982; Tylecote 1982), and a subsequent in-
crease in temperature to 300–400 °C resulted in burning
of the sulfur to either remove sulfur or to convert the
sulfides into oxides according to the following reaction
(Avetisyan 1954):

2MeSþ 3O2→2MeOþ 2SO2;where Me ¼ metal:

In addition, ore oxides, such as malachite, dissociate to
produce CuO, H2O, and CO2:

CuCO3 OHð Þ2→2CuOþ CO2 þ H2O < 500oCð Þ Bachmann 1982ð Þ

If the reaction does not reach completion, the ore will con-
tain CuO, Cu2O, FeO, FeS, and Cu2S. Furthermore, at tem-
peratures up to 1150–1200 °C, the reducing conditions of the

atmosphere will result in the production of metallic copper
(Ryndina et al. 1999):

2CuOþ Cu2S→4Cuþ SO2

2Cu2Oþ Cu2S→6Cuþ SO2

2CuOþ C→2Cuþ CO2

2Cu2Oþ C→4Cuþ CO2

Moreover, at 1150–1250 °C, liquid fayalitic slags
form (Tylecote 1980). Indeed, in the GFT1 sample,
small quantities of elongated lath-shaped fayalite crys-
tals are present, indicating a fast cooling process. The
presence of copper prills, other sulfides (i.e., chalcocite,
covellite, and matte), and oxides (i.e., FeO, cuprise, and
magnetite) in the matrix suggests that the reducing re-
action took place for only a short time. As such, it
appears that the mines from which GFT1 is obtained
contain mostly sulfide ore coexisting with oxide ores,
where the ores were roasted in the oxidizing atmosphere
prior to smelting under reducing conditions. Smelting of
oxide copper ores containing sulfide impurities resulted
in slags with matte (Hanning et al. 2010).
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Fig. 6 BES images of GFT1
sample. showing that:a, the whole
view BES image of the sample,
the circle section content much
wüstite;b, Cp=cuprite,
Mt=magenite;c, Wu= wüstite



In 1995, Li and Hong (1995) studied the ancient Chinese
copper slags and reported that no FeS was present in the re-
duction slags, and Cu and Cu2O were not present in the matte
slags. In addition, the GFT2 sample contains significant quan-
tities of both chalcocite and copper prills, and so, it is difficult
to determine which type of ore or process was used; however,
the presence of covellite in the slag may suggest that it orig-
inated from a secondary sulfide ore.

In GFT10, point A (see Fig. 8) contains different phases
from other areas, as the copper prills contain significantly finer
lead prills but very little sulfur. This composition may there-
fore arise from other smelting processes. In addition, the slag
contains large quantities of cuprite, which arises from both
Cu2S and Cu–Fe (FeO is also formed), indicating the presence
of a particularly strong oxidizing atmosphere. In addition, the
presence of bornite may suggest roasting of the ore.

The smelting process that produced the GFT1 and GFT10
samples therefore appears to have been significantly less effi-
cient. Consequently, large metal-containing phases and
unreacted ore remnants remained entrapped in the liquefied

slag matrix (Hauptmann 2003). In contrast, the processes that
produced the GFT2 and GFT14 samples were more efficient,
as indicated by the lower copper contents in the matrices and
the lower numbers of copper prills.

From the above analysis, it is apparent that both the site
smelting technologies and the ore sources are diverse. This
may reflect the technical differences in the different stages
employed by the ancient Dian culture, as all samples originate
from this period. From the stratigraphic analysis, we conclud-
ed that GFT2 was produced earlier than GFT14, but later than
GFT10, while GFT1was excavated from an ash pit. It was not
possible to determine exactly which stratum this sample orig-
inated from, but the phases and copper contents observed
indicate the use of early-stage copper metallurgy technology.

Although smelting sites tend to produce large amounts of
slags, we examined only four smelting slags, as the other
samples are melting slags. This may be due to random varia-
tion through sample selection, although it is also possible that
the zones in which smelting and melting were performed were
separated from one another, and so, the excavation may not
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Fig. 7 BES images of GFT2
sample. showing that:a, the whole
view BES image of the sample,
there is a covellite in the slag;b,
Fa=fayalite, Ma=magenite;c, a
copper prill



have reached the core zones where smelting was performed.
Therefore, further analytical studies of smelting slags are re-
quired. A copper mine approximately 3 km from the site may
have been used to provide mineral ores for smelting, and so,
this mine will be subject to further investigation.

Refining

The compositional analyses of GFT13 slag from the
Guangfentou site is shown in Table 2.

The term Brefining^ refers to the remelting of primary raw
metals under an oxidizing atmosphere to induce the oxidation

of iron into fayalite and wüstite and thus lower the iron content
(Tylecote and Boydell 1978). In the case of the GFT13 sam-
ple, POM observations did not detect any sulfides, although
large quantities of needle-shaped delafossite and magnetite
were observed throughout the sample. As indicated in Fig.
10, the left-hand side of the sample contains copper–iron com-
pounds and cuprous oxide, while the right-hand side consists
primarily of metallic copper prills and copper–iron com-
pounds, and the middle section contains regularly shaped
needle-like delafossite remnants (Fig. 10d). Preliminary anal-
ysis suggests that this composition corresponds to the post-
corrosion morphology of the slag. In addition, the middle, left-
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Fig. 8 BES images of GFT10
sample. showing that:a, the whole
view BES image of the sample,
there is a bornite in the slag;b,
Cp=cuprite, Mt=magenite;c,
Cp=cuprite, Mt=magenite;d,
Fa= fayalite

Fig. 9 BES images of GFT14 sample.showing that:a, Wu= wüstite, Fa=fayalite;b, Wu= wüstite;c, Wu=wüstite, Fa=fayalite



hand, and right-hand portions of the slag appear to be parts of
a single body, and the outer layer of the middle section is also
surrounded by a layer of slag. When such slags are buried,
environmental effects cause their chemical components and

compositions to change, thereby accounting for the different
composition of the middle section of the sample.

Sample GFT13 (Fig. 10) is an example of a refining slag.
Although magnetite is a particularly common phase in copper

Table 2 Compositional analyses of GFT13 refining slag matrices as determined by the SEM-EDS area analysis

Number Scanned area wt%

MgO Al2O3 SiO2 SO3 K2O CaO TiO P2O5 FeO CuO SnO2

GFT13 Left-hand area 1.1 9.2 31.0 n.d. 1.8 10.7 0.9 0.5 15.5 29.4 n.d.

Middle area n.d. n.d. 39.8 n.d. n.d. 2.0 n.d. 2.6 n.d. 55.7 n.d.

Right-hand area 1.8 8.2 31.3 0.4 1.4 18.1 n.d. 1.2 21.9 15.6 n.d.

Data is presented in weight percent, normalized to 100

n.d. not detected
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Fig. 10 BES images of GFT13
sample. showing that:a, the whole
view BES image of the sample;b,
Cp=cuprite;c, Mt=magenite;d,
Cp=cuprite, Df= delafossite



smelting slag, cuprite and delafossite are usually treated as
indicators of melting or refining slag formed under oxidizing
conditions (Craddock 1995; Bachmann 1982). In some early
smelting sites, the slags can also contain delafossite
(Radivojevic et al. 2010; Müller et al. 2004). With reference
to Fig. 10, point D indicates magnetite surrounding copper
prill, while point A represents iron-rich copper, and point B
indicates copper oxide. At all points, significant quantities of
cuprite are also present, potentially indicating that iron was
burned out from an initially iron-rich copper, such as in the
case of iron-rich arsenical copper, as reported by Rehren and
Liu (Rehren et al. 2012; Liu et al. 2015). More specifically,
when iron-rich copper was burned, the iron formed iron oxide
in addition to small quantities of magnetite. Similarly,
Chakraborti and Lynch (1983) reported that the remelting of
iron-rich arsenical copper under ambient conditions would
immediately oxidize the iron, while the arsenic content would
remain relatively constant until the majority of iron was re-
moved from the alloy. Thus, upon refining, iron would be
removed from the iron-rich copper species, as indicated upon
moving from point A to point B in Fig. 10. However, due to
the presence of a strong oxidizing atmosphere, the copper
itself was also oxidized.

Refining is a relatively mature stage of copper metallurgy.
From our results, it was clear that the GFT13 sample originat-
ed from the same stratum as GFT14, which we previously
determined to have been excavated from the latest stratum
among the various smelting slags, thereby indicating that both
samples reflect a well-developed technological context.

Alloying slags

The results of previous studies showed that bronze alloying
was achieved using one of four distinct techniques, namely, by
remelting bronze scrap, through the addition of tin to copper
or scrap bronze, by melting cassiterite with metallic copper,
and by the co-smelting of a mixture of copper and tin (Cooke
and Nielsen 1978; Dungworth 2000; Crew and Rehren 2002;
Pigott et al. 2003; Renzi et al. 2007; Rovira 2007; Rovira et al.
2009; Figueiredo et al. 2010; Murillo-Barroso et al. 2010;
Eliyahu-Behar et al. 2012; Valério et al. 2013a, b;
Rademakers et al. 2013). Many more features, such as the
copper content, the oxidizing conditions (as indicated by the
phases present), and the physical appearance of the slag,
should be considered to determine the method that was
employed. The bulk chemical compositions of the melting
slag matrices of the samples are outlined in Table 3, in which
samples GFT5, GFT11, and CFT15 are all examples of a
furnace wall-adhering slag.

As shown in Fig. 11a, GFT5 contains a large quantity of tin
bronze prills. For example, two particles measuring approxi-
mately 1 and 2 mm in diameter have tin contents of 15.4 and
2.2%, respectively. In addition, the particle indicated at point

C contains tin and copper contents of 40.8 and 57.7%,
respectively.

In the matrix of the slag, significant quantities of cuprite
and bronze particles were also present, although no iron oxide
was detected, as the matrix is mainly composed of copper and
tin. As the tin levels range between 2.1 and 40.8%, the sample
appears to be alloyed using fresh tin and copper metal, as the
tin content of the Dian period is generally <30%, as observed
for the GFT11 sample. In addition, large quantities of copper
prills were distributed within the furnace walls and the adher-
ing slag of the GFT11 sample. Furthermore, a relatively large
copper particle was observed (diameter = 500 μm) within the
boundary region, in addition to various rectangular-, square-,
and irregular-shaped SnO2 prills along the edges of the parti-
cle. Tin bronze prills were also found in the slag, as was the
case for the GFT15 sample.

In an oxidizing atmosphere, the metals in an alloy oxidize
in sequence, according to their reactivities. In tin–copper al-
loys, tin is oxidized first. If a high level of oxidation is
achieved, all of the tin in the alloy will be converted into
oxide. Copper may also oxidize, although un-oxidized por-
tions will remain. Hence, the tin bronze alloy prills found in
the slag are unlikely to represent components of alloyed prod-
ucts, as the tin content has been decreased (Li and Hong
1995).

In Fig. 12a, the iron content of the sample GFT12 is ap-
proximately 0.5%. The dark gray section in the middle is
copper oxide, with high levels of SnO2. The matrix is mainly
copper oxide. From Fig. 12b, c, we can see the presence of a
large quantity of cuprite and SnO2. This most likely formed by
reoxidizing the metallic copper during the operation
(Hauptmann 2007). The brightest area is very rich in rhom-
boidal cassiterite crystals, the diagnostic morphology of which
is known to be derived from the oxidation of metallic tin
(Dungworth 2000; Rovira 2007).

The composition of GFT20 is significantly different from
those of the other examples of alloying slag, as its matrix
contains around 35% iron, 14% copper, and 15% tin. The left
side of the sample has comparatively few SnO2 prills but more
metallic copper prills. The right side has needle-shaped
delafossites distributed throughout, as well as large numbers
of tin bronze prills. In Fig. 13a, the largest particle is metallic
copper, measuring around 300 μm. In Fig. 13b, the bronze
particles measure around 200 μm, with cuprite close to them
and large amounts of magnetite around them. In Fig. 13c,
there are many cuprite prills, with magnetite and cassiterite
distributed throughout the matrix. The phases indicate that
the slag formed under a strong oxidizing atmosphere.
Above, we have discussed the refining slag in GFT20. It has
the characteristics of a refining slag, and the mount of cuprite
prills indicates the melting of the slag.

Meanwhile, unlike GFT13, the iron content is much higher,
with the FeO in the slag being >40%, indicating the addition

24 Archaeol Anthropol Sci (2019) 11:15–31



of another gangue. Thus, we can conclude that the tin is pres-
ent as minteral tin.

The above characteristics exclude the possibility of bronze
recycling, such that we can conclude that the Guangfentou site
mainly used metal copper melting with cassiterite or mineral
tin. It is very difficult to differentiate the type of tin that was
used. Carlotta et al. (2017) studied slag samples from the
Iberian Peninsula where the direct production of copper alloys
was achieved by cementation and the co-smelting of mineral
ores with feature elements from the mineral tin. Our

experiments did not detect these feature elements. Even
though the rhomboidal cassiterite crystals may be from the
metallic tin, the tantalite in the slag indicates that the cassiterite
entered the crucible in mineral form (Carlotta et al. 2017). In
both of the samples, we can find the rhomboidal cassiterite
crystals, but it is difficult to determine if the tin entered in
mineral or metallic form. The presence of pseudomorphs of
nodular cassiterite provides incontestable evidence that tin-
bearing minerals were added to the charge, but they may not
preclude the former’s presence due to their having been

Table 3 Bulk chemical compositions of the melting slag matrices as determined by the SEM-EDS area analysis

Number Scanned area wt%

MgO Al2O3 SiO2 SO3 K2O CaO TiO P2O5 FeO CuO SnO2

GFT5 Left-hand area 1.8 3.0 19.9 n.d. n.d. 5.5 n.d. 1.5 2.6 41.3 24.4

Right-hand area 1.3 2.2 14.3 n.d. n.d. n.d. n.d. 1.5 4.5 28.2 48.1

Furnace wall n.d. 7.9 72.7 n.d. 2.7 3.5 n.d. n.d. 2.6 10.7 n.d.

GFT11 Furnace wall 1 2.3 3.8 27.6 n.d. 4.2 30.2 n.d. 19.9 6.9 5.2 n.d.

Furnace wall 2 3.1 3.2 30.5 n.d. 2.9 24.3 n.d. 14.6 7.2 8.5 5.8

GFT12 Bright area on the left n.d. 0.2 1.9 n.d. n.d. n.d. n.d. n.d. n.d. 80.2 17.7

Dark area in the middle n.d. 1.3 40.2 n.d. n.d. 2.1 n.d. 3.3 0.5 52.7 n.d.

GFT15 Furnace wall 1.0 2.0 40.0 n.d. 5.8 25.0 n.d. 16.0 5.0 5.3 n.d.

Slag 3.3 3.2 25.7 n.d. n.d. 12.3 n.d. 6.8 9.5 15.2 24.0

GFT20 Section 1 1.3 6.9 23.5 n.d. n.d. 10.0 0.9 3.2 37.9 6.6 9.8

Section 2 1.6 4.5 22.2 n.d. n.d. 9.3 0.7 2.8 24.1 16.9 18.0

Data is presented in weight percent, normalized to 100

n.d. not detected
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Fig. 11 BES images of GFT5
sample. showing that:a, the whole
view BES image of the sample;b,
Cs=cassiterite, Cp=cuprite;c,
Cs=cassiterite
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Fig. 13 BES images of GFT20. a
Overall view of the sample; b cp
cuprite, Br bronze, mt magnetite,
cs cassiterite. c cp cuprite, mt
magnetite, df delafossite, cs
cassiterite

Fig. 12 BES images of GFT12. a
The dark gray sections are copper
oxide; b cp is cuprite and cs is
cassiterite; c cp is cuprite and cs is
cassiterite



reduced to metal and hence disappeared. (Rademakers et al.
2013; Carlotta et al. 2017). Both the alloying samples have an
amount of tin oxide inclusions such as globular or euhedral
needles, resulting from tin oxidation in the molten phase. The
copper nucleus inside some of them suggests that both metals
were under an oxidizing atmosphere, with the tin oxidizing to
leave a metallic copper core (Dungworth 2000). Rovira
(2004) believes that this is evidence of use of cassiterite.

From the SEM-BES of the alloying samples, all have
rhomboidal cassiterite crystals, pseudomorphs of nodular cas-
siterite, and a copper nucleus inside tin oxide. But in GFT20, it
may be concluded that it was the tin mineral added to the
metal copper to the alloying bronze. We should, therefore,
pay greater attention to the phases to determine the source of
the tin.

Metallic copper

Ten different copper metal samples were employed for the
purpose of this study, but GFT7 and GFT8 are very badly
corroded, so we do not include them in the table; from the
SEM-EDS detected, they both had low tin(<2%) and any ma-
terials containing 2 wt% (weight percent) of an element other
than copper were treated as alloys (see Table 4). Thus, the
GFT3, GFT9, and GFT19 samples were considered metallic
copper, while the GFT6, GFT16, and GFT18 samples were
classified as tin bronze alloys.

As indicated by the SEM-EDS analyses, GFT3 and GFT9
are copper metal, as no impurities were detected. More spe-
cifically, GFT3 contains large casted metallic copper α-phase
solid-solution grains, while GFT9 is mainly composed of an
α-phase solid solution, with (α + Cu2O) eutectic structures in
its matrix distribution (Fig. 14). The presence of these eutectic
structures indicates that solidification took place in a strongly
oxidizing atmosphere during the copper melting process.
According to the analyses of the slag samples, the refining

of raw copper also takes place in a strong oxidizing atmo-
sphere, and so, it may be the product of refining. In contrast,
during the alloying process, GFT4 may be formed, as indicat-
ed by its increased degree of corrosion, and a small quantity of
residual metal matrix. In addition, analysis of its composition
indicated a low tin content in addition to a significant quantity
of sulfide inclusions. Furthermore, in the GFT14 slag sample,
small quantities of tin and sulfide were detected in the metal
prills, suggesting that GFT4 is likely to be the product of the
smelting GFT14 slag. Moreover, GFT19, GFT6, GFT16, and
GFT18 contain small quantities of sulfide inclusions (Fig. 15),
indicating that they are the products of smelting using sulfidic
ores, while the GFT1 and GFT2 slags are produced from
smelting sulfide ore, the copper which is particularly likely
for late bronze alloying.

Through the analysis of different copper samples, it was
apparent that the basic and slag samples examined herein are
suitable for determining the products formed and the process-
es employed at the smelting sites. Smelting is performed

Table 4 Results of the SEM-EDS analyses on the metallic matrices as
determined by the SEM-EDS area analysis

Sample number Major elemental components (wt%)

Cu Sn S Fe Si

GFT3 100.0

GFT4 98.8 1.1 0.1

GFT9 100.0

GFT19 99.7 0.2 0.1

GFT17 97.1 2.9

GFT6 88.6 11.2 0.1 0.1

GFT16 75.6 23.0 0.1 1.0 0.3

GFT18 79.4 20.1 0.1

Data is presented in weight percent, normalized to 100
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Fig. 14 Metallographic image of GFT9

Fig. 15 BES image of GFT18



primarily on sulfide and oxide ores (mainly sulfide ores) to
produce raw copper. Some of this raw copper is then melted
with tin to obtain a tin bronze alloy, while the other portion is
refined to obtain metallic copper, which is then melted with
other metals in a specific ratio to produce bronze. In addition,
some of the produced copper may be cast into ingots for ex-
port, while other portions may be alloyed with lead to form
lead bronze alloys according to the needs at that time, al-
though we have yet to discover bronze artifacts contain lead.
Stone molds were unearthed at the Guangfentou site, thereby
indicating the capability to produce cast artifacts. As previous-
ly mentioned, the slags were found in the second stage of the
early civilization layer, alongside many earthen artifacts. In
addition, housing facilities and large ash pits were discovered,
indicating that this was a well-equipped copper smelting and
casting site, with its main products being metallic copper and
tin bronze.

Connections with the Dian civilization

Bronze casting ruins in the Central Plains are primarily dis-
tributed in political centers and their surrounding regions
(Wang 2013) at a considerable distance from copper mineral
resources. This includes examples such as Erlitou in the
Yanshi county (Joint Archaeological Team of IA and CASS
1999), the Zhengzhou Shang City (Henan Provincial Institute
of Cultural Relics and Archaeology 1987), Yinxu in the
Anyang prefecture (Joint Archaeological Team of IA and
CASS 1987), Beiyao in Luoyang City (Luoyang Cultural
Relics Task Force 1983), Zhouyuan in the Shaanxi province
(Zhouyuan archaeological team 2004), the ancient city of
Zhenghan in the Xinzheng county (The Xinzheng
workstation of Henan Provincial Museum 1980), and
Xintian, the ancient capital of the Jin state (Shanxi
Provincial Institute Of Archaeology 1993). The main reason
for this configuration is to satisfy the demands of the royal
aristocracy for bronze and to give them control of this impor-
tant resource.

As such, bronze casting ruins are generally found close to
important regions, and so, correspondingly, important housing
relics are frequently encountered nearby. For example, the
Guangfentou site is only about 10 km from the well-known
Lijiashan ancient cemetery, which dates back to the Dian
Kingdom on the northwest coast of the Fuxian Lake. The
tombs were discovered in 1966, with excavation commencing
in 1972. A total of 27 tombs have been excavated, and over
1000 bronze artifacts have been unearthed, which account for
>80% of the funerary objects discovered (Zhang and Wang
1975). In addition, Li et al. (2008) analyzed the compositions
of 45 artifacts from the Lijiashan cemetery and found that tin
bronze alloys account for 57.8% of the artifacts, which were
primarily used in weapons and production tools. Among the
eight artifacts that were listed in the corresponding

publication, six were tin bronze alloys with tin contents rang-
ing from 10 to 20%. Indeed, tin bronze alloys compose a large
proportion of the Jiangchuan Lijiashan cemetery. Cui and Wu
(2008) also analyzed the compositions of seven artifacts by X-
ray fluorescence and found that four artifacts were bronze
products, one artifact had a low lead content, one was a bronze
drum, and the final artifact was a copper stove with a relatively
high lead content. Combined with Li and Cui’s experimental
data, in terms of the alloy ratios, the weapons, farm tools,
decorations, and other tin bronze- and copper-based artifacts
essentially contained no lead. In contrast, early large bronze
drums and tin bronze-based copper shell storage containers
had medium to high quantities of lead. It is generally believed
that lead–tin bronze is a higher stage of bronze culture, i.e., the
tin bronze technology is a more mature technology. Indeed, all
melting slags analyzed herein were melted tin bronze samples.
Based on our previous analyses of the metallic copper blocks,
it seems likely that they were among the raw materials used to
adjust the tin-to-copper ratio in tin bronze artifacts. The tin
contents of the tin bronze alloys are also mostly in the range
of 10–20%, which is consistent with the artifacts found at the
Lijiashan cemetery. However, in the GFT10 sample, large
numbers of lead prills exist in the copper prills, indicating that
the low-lead-content tin bronze artifacts are smelted from the
lead-containing copper ores. Furthermore, no lead-containing
slags or metals were found, indicating that the Guangfentou
ruins can be considered early ancient Dian culture relics.

The use of lead isotopes was proposed by Brill and
Wampler (1965) and Grögler et al. (1966) for application as
part of an investigation using mounts, a well-established
method for determining the provenance of a raw material
(Pollard and Heron 2008; Villa 2009). Lead has four stable
isotopes, namely, 204Pb, 206Pb, 207Pb, and 208Pb, and the mea-
surement of their isotopic ratios can allow the calculation of
the geological age of the lead minerals. In the 1980s, Jin
(2008) began to study lead isotopes and suggested that the
presence of high radiogenic lead in the bronze medals of the
Shang dynasty may be related to resources in the northeastern
part of Yunnan. Li (2000) also used lead isotope analysis to
examine bronze samples from Yunnan, while Cui and Wu
(2008) detected and discussed the lead isotopic ratios present
in 83 ancient bronze samples unearthed in Yunnan and
Vietnam in the context of the ancient Dian culture.

The Guangfentou site lead isotopic ratios measured are
shown in Table 5. From the lead isotope scatter diagram
shown in Fig. 16, it is apparent that the Guangfentou samples
are distributed over a relatively large area, indicating that the
ores were sourced from diverse areas, as discussed above. In
addition, the smelting technology employed on this site
remained relatively constant over a long period of time, and
it appears that the metallurgical craftsmen of this site had
access to a wide range of ores. The lead isotope ratios of the
Guangfentou slags were then compared with those of the
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Shizhaishan-type bronze drums. As indicated in the figure, the
isotope ratio distributions of the two overlap slightly, indicat-
ing that the bronze drum ore originated from the Guangfentou
site. Furthermore, three of the four copper artifacts unearthed
at the Lijiashan tombs contained lead isotope ratios that fell
within the distribution range of the Guangfentou slags, indi-
cating a close relationship between the sources of ore used in
the two sets of relics. It therefore appears that the Guangfentou
site is likely to be the site where the copper artifacts of the
Lijiashan- and Shizhaishan-style bronze drums were cast or
the origin from which the raw materials used to create these
relics were sourced.

Furthermore, flotation analyses of plant remains from the
Guangfentou site show that the main agricultural crops at this
site were wheat, rice, and foxtail millet, with hull-less barley
and proso millet being used as supplementary crops.
Agricultural products from the northwest were also found in

balanced proportions. It is therefore likely that the mixed
farming of rice and millet provided a safeguard for the devel-
opment of handiworks at this site (Li and Liu 2016), while
also providing a material basis for the smelting and casting of
bronze in this region.

Conclusions

The study of metallurgical relics is important in understanding
the origins of Bronze Age civilizations in Yunnan, China. The
nature of the Guangfentou site in Jiangchuan, Yunnan, can be
determined via the unearthing and analysis of metallurgical
relics. These metallurgical relics can be categorized into slags
and copper/bronze metallic, with the former being composed
of smelting and melting slags. Smelting slags are obtained
from the smelting of sulfidic ores and tin-containing oxide
ores, but we have yet to precisely determine the complete set
of smelting processes that were used at the site. In contrast,
melting slags include refining slags and alloying slags, where
examples of alloying slags mainly used metallic copper with
tin; it can be concluded that the tin mineral was used. But it is
very difficult to differentiate what other kind of tin was used.
Stone molds were also unearthed at this site, and there are
some artifacts which were unearthed, which implied that the
site can also cast and construct copper and bronze artifacts.

Lead isotope analysis is also an important method to deter-
mine the origins of ore samples. In this work, the lead isotope
ratios of slags from the Guangfentou site and of the
Shizhaishan-type bronze drums and copper artifacts unearthed
at the Lijiashan site were compared. The lead isotope ratios of
the slags and copper artifacts obtained from the Guangfentou
site partly overlapped with the known lead isotope ratio dis-
tributions of the Shizhaishan-type bronze drums and the cop-
per artifacts unearthed from the Lijiashan tombs. This indi-
cates that the three sites likely employed the same sources of
ore at a certain time, which is important information in the
determination of ore sources for the Shizhaishan-type bronze
drums and the Dian civilization bronze artifacts. Our analysis
therefore indicates that Guangfentou site is likely be the pro-
duction site or source of unearthed copper artifacts from the
Lijiashan tombs.

To date, few studies have been performed on early Yunnan
smelting sites, and the Guangfentou site is currently the only
known and studied Dian civilization site where smelting,
melting, and casting were performed simultaneously. In addi-
tion to providing information on the Guangfentou site itself,
this work has significant implications for studies into early
metallurgical relics from Yunnan, investigations into early
Bronze Age civilizations in Yunnan and Southeast Asia, and
the propagation of culture, knowledge, and interaction be-
tween these civilizations.

Table 5 Lead isotopic ratios measured on the metallurgical relics from
the Guangfentou ruins

Sample number 207/206 208/206 206/204 207/204 208/204

GFT1 0.860548 2.112454 18.15708 15.62374 38.35598

GFT2 0.839246 2.083635 18.59161 15.60461 38.74129

GFT3 0.848171 2.098734 18.39141 15.60327 38.59869

GFT4 0.829093 2.090995 18.834 15.61574 39.38244

GFT6 0.844785 2.097146 18.49516 15.62549 38.78738

GFT8 0.828674 2.069912 18.86917 15.63649 39.05738

GFT9 0.860683 2.100448 18.17649 15.64419 38.17877

GFT10 0.846246 2.088488 18.42957 15.59605 38.49021

GFT13 0.837795 2.060898 18.71828 15.68442 38.58255

GFT14 0.850588 2.119771 18.33426 15.5949 38.86443
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Fig. 16 Lead isotope ratios of the slags obtained from the Guangfentou
site (A), Shizhaishan-type bronze drums (B) (Wei et al. 2002; Cui andWu
2008), and copper artifacts unearthed from the Lijiashan tombs (C) (Cui
and Wu 2008)
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