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Table 1 Slag samples description
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1 A st ik Lilzan P TMYS i 7
2 3 0 1 st bk i B Tl 7y A TWYS it 7
3 4 1L BE IR R st hk i gz Tl G A TJS it 7
4 HEM15 B T 76 TXJD1 g 1
5 HEE 25 A B Tl 7 JH TX]JD2 it 1
6 8RBT IR Mgt bk il g Tl B TLC it 1
7 B F AR SRk A B Tl R TLJC it 1
8 iR sk i g Tl LipE| TWMD it 1
9 e FBOR Fr st ik i B T A TYZM b ids 5
10 E S 8iiviin i g T [ TTJD it 2
11 L=V NIIE:SiN ol -2t TWMS PIaRILY 1
12 KT id Hast bk 250 FEJH—& NDGS PRI 3
13 75 Lt hk MR UK NYS s 2
14 /) JE0 ) 33 ik ke 74 A NXJY PRI 3
15 oL QUIB SIR 3] P NSMC it 2
16 YL wigt bk B 74 JE NJMC it 3
17 R st hk 25 T JE NTSW it 3
18 ARk kR 75 ) NXB b ids 2
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Fig. 1 Remains from the sites of mining and smelting

(a) ; Pottery sherds and stoneware; (b): Copper ore;

(¢): Hammerstone

B2 tppiEss
(a): BEEM; (b): Bk
Fig. 2 Slag types
(a): Mushroom slag; (b) . Plate slag
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Fig. 3 XRD patterns of the typical slags

from Tongling and Nanling
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Table 2 XRD results of the slags from Tongling and Nanling
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Table 3 XRF results of the slags from the mining and smelting sites in Tongling and Nanling

F5 LS MgO Al; Os SiO: P, 0; K. O CaO TiO: MnO Fe, O Cu S HAth o £
1 TMYS-01 0. 32 5.31 31.51 0.78 0.21 20. 04 1. 05 0. 27 38.16 1.4 0.12 0. 84
2 TMYS-02 0.63 7.71 36. 39 0. 36 1. 46 16. 65 0. 39 0. 43 34.73 0. 48 0.07 0. 70
3 TMYS-03 0. 49 8.18 41.59 0. 26 2.07 14.02 0. 35 0.29 27.69 3.1 0.17 1.78
4 TMYS-04 0.63 8.2 38.58 0. 24 1.02 23.09 0. 34 0.32 26. 64 0.18 0.18 0.59
5 TMYS-05 0.51 8.53 37.02 0.4 1.39 18. 31 0. 44 0. 39 31. 24 0.72 0.03 1. 02
6 TMYS-06 0.8 7.56 38.76 0. 69 1. 67 17. 94 0. 37 0.43 30. 62 0.35 0.11 0. 69
7 TMYS-07 0.57 5.07 31.8 0. 83 0.6 13.75 0.23 0. 27 40. 24 4.3 0. 28 2.07
8 TWYS-01 0. 62 4.93 25. 04 0. 39 1. 05 9.82 0. 22 0. 32 55. 89 0.43 0. 39 0. 90
9 TWYS-02 1. 08 7.66 33.9 0. 25 1. 58 20. 35 0. 41 0. 54 32.4 1.08 0. 09 0. 66
10 TWYS-03 0.93 6.9 33.09 0. 31 0. 87 4.73 0.21 0.5 48. 8 0. 66 1.03 1. 97
11 TWYS-04 1.74 5.39 36.63 0. 35 0.67 5. 34 0.18 0.42 45.78 0.42 1. 09 1. 98
12 TWYS-05 2.27 8.59 37.07 0.19 0.83 29. 36 0. 48 0. 65 19. 39 0.21 0.08 0. 88
13 TWYS-06 1. 77 6.98 34.11 0.15 0. 44 27.26 0.52 0. 54 27.4 0.29 0.12 0.43
14 TWYS-07 1. 86 10.28  36.14 0.21 0. 47 27.67 0.51 0.78 21.15 0.42 0.08 0. 43
15 TIS-01 0. 67 13.86  62.37 0.22 0.53 2.72 0.18 0.2 16. 48 1. 57 0.18 1.03
16 TIS-02 0.52 5.21 27. 31 0. 34 0. 82 5.1 0. 24 4.16 53.09 0.43 0.61 2.17
17 TJS-03 0.4 3. 89 20. 25 0. 34 0.55 3.73 0.13 6.76 58.03 0.71 1. 31 3.91
18 TJS-04 0.29 4.11 21.48 0. 34 0. 36 4. 87 0. 17 0.01 63.59 1.35 1.18 2.26
19 TJS-05 0. 47 3. 66 22.08 0.4 0. 64 4. 86 0. 14 1.75 62.1 0.6 1. 07 2.23
20 TJS-06 0. 47 4. 37 23.26 0.4 0. 65 4.8 0. 17 0.51 62.06 0.53 0.93 1. 85
21 TJS-07 0.43 5.01 33.7 0. 56 0.19 15. 29 0. 24 0. 84 42.9 0.3 0.08 0. 47
22 TXJD1 0. 48 5.31 32.73 0.95 1. 07 3.9 0.2 0. 28 40. 95 9.39 0.13 4.61
23 TXJD2 0.58 10.87  67.95 1.22 2. 34 2.03 0. 86 0. 24 10. 8 1. 66 0.02 1. 41
24 TLC-01 1. 31 5.98 27. 46 0. 35 0.99 2.96 0.2 58.22 0. 54 0. 60 1. 40
25 TLJC-01 0. 45 6.2 29.58 0.19 0.53 6.3 0.18 0. 37 53.1 0. 36 0.95 1.79
26 TWMD-01 1.09 7.31 38.08 0.78 1. 24 17.76 0.33 0.35 31.99 0. 24 0. 14 0. 69
27 TYZM-01 0. 48 5.02 34.91 0.4 0.53 14. 99 0. 27 0.33 42.39 0.28 0.07 0. 34
28 TYZM-02 0. 54 4.74 32.97 0.33 0. 26 14. 45 0. 24 0. 35 45.55 0. 32 0.03 0.22
29 TYZM-03 0.45 4. 44 35.07 0.41 0.51 16. 28 0.22 0. 37 41. 44 0. 32 0.10 0. 39
30 TYZM-04 0.75 5. 48 33.01 0.23 0.55 16. 19 0. 28 0. 39 42. 25 0. 45 0.06 0. 35
31 TYZM-05 0.31 14. 8 60. 35 0.22 1. 48 2.98 0.42 0.11 13.52 4. 47 0.02 1. 32
32 TTID-01 0. 69 14.54  58.47 1.29 4.7 1.77 0.72 0.23 14. 48 1. 86 0.01 1. 24
33 TTJD-02 0. 66 6.75 28. 45 1.91 0.95 3.82 0. 34 0. 47 53.41 1.62 0.22 1. 41
34 NDGS-01 0. 54 4. 84 37. 44 0.13 0.98 22.66 0.25 0. 28 31.6 0.5 0.13 0. 64
35 NDGS-02 0.52 2.79 37.16 0. 09 0. 47 23.94 0.18 0. 28 33.63 0. 37 0.13 0. 45
36 NDGS-03 0. 57 3.34 35.11 0.1 0.51 22.28 0.22 0. 33 36.52 0. 62 0.12 0.28
37 NYS-01 0.63 3. 88 38.2 0. 41 0. 94 25.93 0. 17 0. 28 28.39 0.02 0.08 1. 09
38 NYS-02 0. 69 5.98 38.48 0.15 1.18 21.72 0. 34 0. 25 29.78 0. 88 0. 04 0.51
39 NXJY-01 0.41 5.93 32.94 0. 46 0.13 7.32 0. 32 0. 32 49. 18 1. 87 0.11 1.01
40 NXJY-02 0. 48 4.41 34.61 0. 37 0.58 11.92 0.25 0.3 45. 46 0. 38 0.15 1. 10
41 NXJY-03 0. 37 4.13 27.7 0.18 0.25 7.5 0.22 55.71 0. 35 1. 34 2.25
42 NSMC-01 0.5 4.72 31.1 0.15 0. 44 20.52 0.21 0.42 41. 28 0. 34 0.02 0. 29
43 NSMC-02 0.51 7.25 31.57 0.18 0.55 19. 54 0.33 0. 39 39.25 0.21 0.02 0.22
44 NJMC-01 0.65 5.02 34. 35 0. 42 0.51 15. 84 0.3 0.35 41. 81 0.33 0.07 0. 35
45 NJMC-02 0.58 5.43 33.3 0.59 0.79 13.03 0. 27 0. 35 44. 88 0. 25 0.10 0. 44
46 NJMC-03 0.61 4.4 33.92 0. 35 0.69 15. 36 0. 23 0. 38 43.1 .53 0. 05 0. 39
47 NTSW-01 0. 53 5.49 33.27 0.3 0. 65 17. 57 0. 29 0.3 39. 85 0.19 0.32 1. 26
48 NTSW-02 0.91 5.29 30.18 0.28 0.8 14. 14 0. 24 0.29 45. 35 0.2 0.71 1. 60
49 NTSW-03 0. 48 7.76 33.74 0. 36 0.68 15.77 0. 37 0.43 38.65 0.32 0.19 1. 24
50 NXB-01 0. 41 4. 84 33.33 0. 43 0.67 13.63 0.2 0.59 44.33 0. 81 0.09 0. 68
51 NXB-02 0. 46 3. 61 33. 37 0. 25 0. 39 17. 8 0.15 42. 86 0.7 0.03 0. 39

W 2 A AR K B LAY s XRE ST 25 R TC R X4y MM =Mk, £ Fe O SRMAELBE &, W M =Mk,
Note: blank means no element detected; the data in the Fe; O3 column is contributed from both divalent iron and trivalent iron since they can not

be separated by XRF analysis
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Fig. 4 Si0O,-CaO-Fe, O; diagram of the

slags from Tongling and Nanling
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Table 4 XRF results of the furnace walls from
the Yanzimu site (%)

S G YZMLB1 YZMLB2
MgO 0.68 0.92
Al O3 16. 39 16. 94
SiO; 72.7 71.08
P, Os 0. 37 0. 26
K, O 1. 87 1.31
CaO 0.6 0. 36
TiO; 1.17 1.32
MnO 0.10 0.11
Fe; O3 5.28 7.06
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Fig. 5 SEM photos of matte prills
a): TJS-07; (b): NJMC-01; (¢): TWYS-06;
(d): NXJY-03; (e): TWYS-07

RS WPEPIKEATNOEBBRELTSNER
Table 5 SEM-EDS results of matte prills in the slags

VIR L5y
P1vAs 4p L
PR Cu Fe S
77.94 — 20. 70
TJS-07
70. 30 7.53 22.17
TWYS-06 69. 54 7.05 23.41
TWYS-07 78.99 — 20. 49
TMYS-03 79. 29 2.51 18. 20
TMYS-07 74.22 — 25.78
TWMD-01 60. 17 15. 05 24.78
TYZM-03 68. 28 8.72 23.00
TLJC-01 59. 18 18.73 22.09
TTJD-02 80.75 — 19. 25
TLC-01 57.24 18.73 24.05
TJS-06 12. 60 51. 04 36. 36
66.23 9.46 24. 31
NJMC-01
52.01 19. 41 28.58
59. 39 12. 66 27.95
NDGS-02
57.51 13.56 28.93
NYS-01 69. 55 8.21 22.23
NYS-02 58.18 15. 44 26. 38
NXJY-02 47.42 20. 26 32.32
NXJY-03 76.18 1. 89 21.94
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(a): NXJY-02; (b): NTSW-01
Fig. 6 SEM photos of slag NXJY-02 and NTSW-01
(a): NXJY-02; (b): NTSW-01
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Fig. 7 SEM photos of copper prills with low Fe contents
(a) : NSMC-01; (b): NSMC-02; (¢): TYZM-05

O 13105
£133.11.

“Cu 53.84% .
e ”3 D‘» 0;1.00
_,_.o > Cu 91497
Wlﬂﬂ*ﬁl As'7.03

o, -

o Cu93/76
» 0% AsS5.10
Acc. Vg $potMagn * Det WD <Exp ' 50'pm
100k 1.0, 1000x BSE57 1

B 8§ TXJD1 i SEM B &
Fig. 8 SEM photo of TXJDI1

i B 5K BOR BRI P AR A TXIDLCE 8) R B Bl 95
SR B9 A7 AE SR RORLAR AT I 50 e, Bl A B 7. 0304
F WL AR B i O TS A 4 4, AR M DX T RE A7 TE T R 1K) 16
HRiEsh. MR X R, BRI Z &R RN WA
. ZRATW . MR OT B B G S R R AT
fil B ik b 3k 2306 3y A A Y 0T A B A T T AE



%11 4

S 5 6 2 M 3635

. AP TXIDT A 3Coh % B0 0 G AL 7T
B L 00 2 B0 A 4 S R 65 5 5
T S B K S8 B 29 26 F 5 B
25 0B 59 A — RO R 70

3 45 i

A b X i B T A AR REAS R (1 2O L mER (13O
sk R (2 =28, 2mHE. 1 28pE CaO F R
1B W SRR A LUK AR RO A7 R s T 28 Fe, O
B, B A LV o 325 2R SIO, &R A
WA E, SRR R AR, BAR. FARET Y
FRER, T2, [ 2K Ca, Fe & & 2 IUAR I8 19 17 4H 26 1E
HukshE FAR K, SR &M R A T, 90l fg 2

References

47 P R AR RIS 3 DX B0 0 ) A8 e ok DOIR B
50 5 Bk B R R R B SRR [ R A 9 S A 4
Ao

S P T I Ak ) <5 TR UL 2 1T 214 3t [ I A7 7 £ 5 A e 4R
B R R Bl o ARE A AR BT 2 IR DR UL . 3 L A VK AR
ISR AL, AREIE A X 2B ERA T “sAL i o-
UIER -5 B R MR B o BT BAY pk o UL . AR T RE SR A B
PSR 8™ BT e 2 B AR AL SR - AL R B R A T ORI MR
R SRR PR 8 FeS, Cu-Fe-S YA, X4 it
F % Ak A B ) BE LA %4 B (CuFeS, ) Bk & 2 8k 0 (FeS,) 1Y
WO . B EOR AL HRE bR wh R 0B, AR AT AR LU
P B F i i g A8 o JEORE SR LI B R i R T R,
F 5 Bt e o DX T 40 1 IR B RS R B R SRR 4R I 1SS BERL

[ 1] Thilo Rehren, Loic Boscher, Ernst Pernicka. Journal of Archaeological Science, 2012, 39 1717.
[ 2] David Killick, Duncan Miller, Thomas Panganayi Thondhlana, et al. Journal of Archaeological Science, 2016, 75 10.

[ 3] WEI Guofeng, GAO Shun-li, QIN Ying, et al(BLE% ., mF], &

2017, 37(3): 929.

B, Z). Spectroscopy and Spectral AnalysisOGi% 2% 556550 ) .

[ 4] WANG Jing-hui (JE5#). Heritage Research (the Eighth Collection) (C¥I#F5¢ (45 /\4%)). Hefei: Huangshan Press(& HE: #1145

). 1993.
[ 5] WANG Kai, CHEN Jian-li, SHUO Zhi(F£

JE. Bigsr. ¥ AD. Archaeology(F74k), 2013, (7): 91

LI Yan-xiang, CUI Chun-peng, LI Jian-xi, et al(ZEZEFE, #EFM, ZEH#VG, 55). Jianghan Archaeology(JTLIX# ), 2015, (2): 93.

LI Yan-xiang, LIU Hai-yu, DU Ning, et al(ZEZEXE, XI5, £L

), 2012, (11). 126.

T, %). Journal of National Museum of China ("1 [H [& 5 18 ¥ 15 iF

[ 8] DU Ning, WANG Xiao-lian, LI Jian-xi, et al(#: 5%, F B, 2@ P4, Z8). Journal of Jiangxi University of Science and Technology (7.

PEHE T R2244R) . 2012, 33(2) . 14,

[ 9] Radivojevic M, Rehren T, Pernicka E, et al. Journal of Archaeological Science, 2010, 37(11); 2775.
[10] Louise Iles, Marcos Martinon-Torres. Journal of Archaeological Science, 2009, 36(10); 2314.
[11] YANG Li-xin (#57.3%1). Heritage Research (the Eighth Collection) (X ¥ W 5% (%% /\%E)). Hefei: Huangshan Press(& B #1054k,

1993.

[12] HUANG Xing-wu(# 2% JG). Principle of Non-Ferrous Metallurg(CF 474 4 J5 ). Beijing: Metallurgical Industry Press(dt 50 154 Tl

H AR - 1993,

[13] Institute of Historical metallurgy and Materials, University of Science and Technology Beijing, Cultural Relics Bureau of Linzi District,
Zibo City (At mt BHE K28R 4 5 AR S 0F 95 BF » T8 1717 10 38 IX SO 45 1R . Huaxia Archaeology(FEE % 7). 2014, (1) 3.
[14] Liu S, Rehren T, Pernicka E, et al. Journal of Archaeological Science, 2015, 53. 492.

[15] Nerantzis N, Bassiakos Y. Papadopoulos S. Journal of Archaeological Science; Reports, 2016, 7. 574.



3636 S 5 6 M %39 %

Study on the Slags from the Sites of Mining and Smelting in Tongling and
Nanling Region

WEI Guo-feng', ZHENG Xiao-ping®, QIN Ying®* , ZHANG Ai-bing' , FANG Qing', WANG Dong-ming’ , CUI Biao®

1. Department of History, Anhui University, Hefei 230039, China

2. Wenzhou Municipal Institute of Cultural Relics and Archaeology., Wenzhou 325000, China

3. Department for the History of Science and Scientific Archaeology, University of Science and Technology of China, Hefei
230026, China

4. Tongling Museum, Tongling 244000, China

5. Cultural Relic Management Institute of Nanling County, Nanling 242400, China

6. Zhejiang Provincial Institute of Cultural Relics and Archaeology, Hangzhou 310014, China

Abstract Tongling and Nanling region is abundant in copper ore resources. From the 1980s, a large number of the sites of min-
ing and smelting have been found in this region, the earliest of which could date back to the Erlitou period. Slags, furnace walls
and other smelting remains from the sites of mining and smelting provided a good deal of archaeological materials for the study of
the smelting technology of copper ore in ancient China. Slag samples collected from the smelting sites in Tongling and Nanling
region, Anhui Province were analyzed by means of X-ray diffractometer (XRD), X-ray fluorescence spectrometer ( XRF) and
scanning electron microscope with energy-dispersive X-ray spectrometer (SEM-EDS) to understand the smelting process of cop-
per ore. The results of XRD showed that the main phase compositions in the slag samples included fayalite, augite and heden-
bergite, accompanied with quartz, cristobalite and magnetite, et al. , which corresponded with the phase characteristics of copper
smelting slag. From the contents of SiO,, CaO and Fe, s, all slag samples were divided into three groups: Type 1 , Type Il
and Type [ll. The Type | was Iron-Silicon-Calcium slag, which was high in the contents of calcium, iron and silicon. The calci-
um contents of the Type [ slag were much higher than those of the Typell and the Type [l slag. The Type || was iron-rich
slag, and its Fe, O; contents were higher than those of the Type [ and the Type [ll slags. The Type [l was silicon-rich slag
which was higher in SiO, contents and lower in the calcium and iron contents. The Fe, O; contentsin all slags were higher than
the common melting slags. Combined with the results of XRD, it was concluded that all slag samples are from the smelting
process of copper ores. Calcium and iron levels in the Type | and Type [ slags vary obviously and show the significant negative
correlation, which indicated that calcium and iron in the slags was not controlled artificially and it is very possible that the calci-
um and iron in the slags were from the copper ores. Based on the contents of calcium and iron, it could be inferred that the early
craftsmen in the Tongling and Nanling region didn’t seem to understand the effects of calcium-bearing flux and iron-bearing flux
and master the technology of matching ore of different kinds of copper ore. According to the results of SEM-EDS, the metal
prills in the slags mainly included matte, copper and arsenic bronze, which showed that the smelting activities of copper and ar-
senic bronze coexisted in Tongling and Nanling area. The matte prills in the slags were mainly from different sites of mining and
smelting, and the matte prills with the increasing copper content in turn were not extensively found in the same sites of mining
and smelting. Therefore it was difficult to certify the existence of the matte smelting process, and it was not verified whether the
smelting process of “copper sulfide ore-matte-copper” has been widely used in this area in the Pre-Qin Period. The matte prills in
this work were possibly produced by the dead roasting process of copper sulfide ores or cosmelting process of the copper sulfide-
oxide ore. On the basis of the arsenic bronze prills in the slag of Xiajiadun site, we could draw a conclusion perhaps that the
ancient craftsman in this area mastered the cosmelting technology of arsenic copper in the Western Zhou period. The research re-
sults have an important significance for the study on the origin, the development and production mode of early smelting process

in ancient China.
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