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First Emperor´s Tomb

Terracotta Army

Qin Shi Huang

259-210 BC
246 BC: king
221 BC: emperor
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1000+ warriors excavated (estimated total: 7000)
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our research questions• Raw materials
• Technological knowledge
• Labour division
• Organisation of production
• Cross-craft interaction

Materials
Knowledge / ideas
Labour / energy

Terracotta
Army

Mausoleum

The Qin State: an emerging empire

IMPERIAL LOGISTICS

THE MAKING OF THE TERRACOTTA ARMY

www.ucl.ac.uk/terracotta-army

methods

 Chemical analyses
 Microstructural analyses

(metallography, petrography)
 Geometric morphometrics

(typology, 3D modelling)
 Spatial statistics

(in addition to survey, remote sensing, excavation, conservation…)

Hundreds of bronze weapons
40,000 arrowheads



27/01/2017

4

Technological knowledge of weapon-makers
(and are the weapons real?)

high tin bronze
(hardness)

low tin bronze
(toughness)

Chemical analyses show 
alloy optimisation

Cr

Microanalysis of a metallographic section: X-ray map from EPMA 

Anti-rust treatment?

Experimental Cr-treatment and 
accelerated ageing of samples for 
comparison (with A. Benzonelli)

Vinyl Polysiloxane

Studying weapon 
surfaces

Images from the 
scanning electron microscope (SEM)

(Li, Martinon-Torres, Meeks et al. 2011, J. Arch. Science)



27/01/2017

5

Terracotta Army

Handheld polishing stone

Rotary polishing stone

Experimental

Images from the scanning electron microscope (SEM)
Sharpening and polishing 
marks

BSE image
Silicone  Mould
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Sharpening marks from rotary wheel

High tin bronze
(hardness)

Low tin bronze
(toughness)

40,000 arrowheads

(Li, Martinon-Torres, Meeks et al. 2011, J. Arch. Science)

(Martinón-Torres, Li, Bevan, Xia, Zhao & Rehren, 2014, J. Archaeological Method and Theory)

Series of 250 arrows
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Number of arrows per bundle

1 bundle = 100 arrows = 1 quiver

Unit  2:
HEAD

Unit 1:
TANG

organisation of production: flow line?

Unit 3: 
POLISH

Unit 5: BUNDLING

Terracotta 
army pit

Unit 4
FEATHER

Chemical analyses by 
portable XRF (pXRF)
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Identifying metal batches in 
arrow bundles
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1 bundle = 1 batch = 1 crucible

(Martinón-Torres, Li, Bevan, Xia, Zhao & Rehren, 2014, J. Archaeological Method and Theory)
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Fully quantitative analyses would show even tighter groupings

flow-line production?

ASSEMBLY UNIT

FILING AND
POLISHING UNIT

…

…

…

…

BUNDLING UNIT

FEATHER PREPARATION UNIT

TANG PRODUCTION UNIT

HEAD PRODUCTION UNIT
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cellular production

(Li, Bevan, Martinon-Torres, 
Rehren, Cao, Xia, Zhao, 2014, Antiquity)

Part B
B1

B2

B3

Part AA1

A2

A3

Part C

C1

C2
C3

Part D

Part E

D1

D2

E1

E2

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Cr2O3 MnO Fe2O3 Co3O4 NiO CuO ZnO Ga2O3 Rb2O SrO Y2O3 ZrO2 BaO CeO2 PbO Anal.

sample site % % % % % % % % % % ppm pm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm total

ph1 KA 0.68 3.43 10.12 39.35 1.17 38.53 0.42 0.05 0.13 5.77 74 332 98 105 17 46 522 26 93 685 27 18 70.79

ph2 KA 0.57 6.35 10.81 44.05 1.17 27.90 0.45 0.06 0.14 8.17 134 515 92 121 19 48 586 27 81 447 40 12 72.90

ph3 KA 0.87 2.87 10.52 34.54 1.02 14.25 0.46 0.01 0.10 7.72 82 46 118 107 15 15 308 20 49 521 17 2 72.56

ph4 KA 0.63 3.97 10.82 41.35 1.19 33.86 0.45 0.05 0.12 7.22 93 423 93 110 17 47 537 27 76 733 20 14 71.36

ph5 KA 0.60 4.05 10.89 41.34 1.26 33.71 0.45 0.05 0.12 7.20 101 431 85 121 17 46 509 28 80 736 30 19 72.35

ph6 KA 0.49 2.39 8.29 30.08 0.88 24.54 0.34 0.03 0.08 4.65 52 185 98 80 11 38 383 21 69 413 19 13 71.98

ph10 AP 1.20 5.01 12.58 47.33 1.62 23.43 0.55 0.04 0.12 7.65 77 163 85 108 19 54 623 27 83 296 24 13 75.72

ph11 AP 1.36 6.10 17.49 57.13 0.63 4.80 0.35 0.08 0.18 11.28 179 236 182 104 22 11 244 19 37 422 17 4 87.12

ph12 AP 0.54 2.81 8.38 32.48 0.79 21.14 0.36 0.04 0.09 5.58 71 281 102 77 12 38 243 20 73 381 16 11 72.41

ph13 AP 0.53 2.68 8.70 33.71 0.85 21.15 0.38 0.04 0.09 5.59 80 263 106 84 13 40 250 21 83 372 22 10 73.91

ph16 AP 1.65 4.60 15.06 56.60 1.27 7.19 0.73 0.01 0.19 12.21 186 59 139 163 26 29 360 40 68 289 15 6 88.18

ph17 VK 1.13 3.81 12.22 43.69 1.46 28.04 0.50 0.05 0.14 7.84 87 401 96 110 20 73 374 27 99 497 31 16 72.37

ph18 VK 0.60 2.48 8.56 30.30 0.82 22.33 0.36 0.04 0.09 5.66 66 315 126 75 13 47 235 19 71 570 23 12 71.46

ph19 VK 0.78 2.64 10.15 44.67 1.11 32.76 0.45 0.04 0.11 6.41 88 329 92 109 17 54 435 26 84 952 21 43 71.53

ph20 VK 0.53 3.20 10.80 43.75 1.04 32.57 0.47 0.05 0.13 6.51 87 330 80 99 16 63 407 27 100 966 30 68 72.53

ph21 VK 0.70 2.05 7.41 25.87 0.74 26.20 0.32 0.03 0.08 4.70 59 211 59 59 13 40 236 17 65 486 20 12 68.27

ph22 PLK 1.07 3.89 10.01 40.72 1.18 34.88 0.42 0.05 0.16 6.48 75 319 134 126 15 51 579 26 74 365 24 18 70.72

ph23 PLK 0.83 2.70 7.12 28.31 0.85 23.90 0.30 0.04 0.11 4.76 73 232 67 91 13 37 380 19 57 255 19 9 69.15

ph24 PLK 0.93 4.28 11.67 45.85 1.27 27.32 0.48 0.06 0.13 7.16 96 383 80 106 17 63 428 29 89 337 29 18 74.99

ph25 PLK 0.83 3.21 8.67 34.18 0.91 20.12 0.35 0.05 0.09 5.19 71 266 53 78 12 44 358 21 68 245 15 13 73.75

ph26 PLK 0.81 3.22 8.62 34.14 0.90 20.17 0.35 0.04 0.09 5.18 61 261 57 79 14 46 325 22 67 239 21 12 73.69

ph27 PLK 0.85 3.45 9.21 35.13 0.98 19.18 0.37 0.04 0.09 5.36 66 267 67 85 14 49 296 20 71 228 27 13 74.82

ph28 PLK 1.00 2.61 7.96 32.81 0.81 22.23 0.33 0.04 0.13 5.34 73 315 59 71 14 36 350 19 60 268 17 10 73.45

ph31 PLK 1.17 3.19 9.78 40.45 0.96 36.65 0.40 0.05 0.12 6.45 90 329 80 89 15 46 480 24 77 420 32 17 69.49

ph33 PLK 0.85 3.31 7.86 33.03 0.83 20.24 0.32 0.05 0.10 5.59 63 322 57 72 13 38 295 20 68 282 26 9 72.32

ph34 PLK 0.90 4.33 11.27 44.99 1.18 28.94 0.46 0.06 0.13 6.82 100 355 76 101 16 60 469 27 85 328 35 17 73.71

ph35 PLK 1.09 3.52 9.98 39.86 0.82 37.53 0.41 0.04 0.11 6.01 68 271 91 94 15 43 407 27 80 449 33 20 69.57

ph37 PLK 0.87 2.73 8.69 32.50 0.96 22.53 0.35 0.03 0.09 5.11 56 243 93 115 15 46 254 21 66 262 25 11 74.02

ph38 PLK 0.74 2.70 7.08 27.26 0.74 26.68 0.28 0.03 0.08 4.26 40 224 98 70 11 31 337 18 54 247 24 10 70.05

52

3 x 4 x 4 = 48 possible combinations of assembled triggers

But only 8 combinations consistently repeated

Morphometric analyses – multivariate statistics (principal component analysis)
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One question unanswered:

Where were the metals sourced?

A question for isotope studies

XRD: cinnabar

FTIR: bone ash
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© National  Geographic

Chemical analyses of ceramic warriors and clays by NAA 
and multivariate statistics (cluster analysis)

(Gao et al. 2003, Science in China G)

Na2O MgO Al2O3 SiO2 K2O CaO TiO2 Cr2O3 MnO Fe2O3 Co3O4 NiO CuO ZnO Ga2O3 Rb2O SrO Y2O3 ZrO2 BaO CeO2 PbO Anal.

sample site % % % % % % % % % % ppm pm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm total

ph1 KA 0.68 3.43 10.12 39.35 1.17 38.53 0.42 0.05 0.13 5.77 74 332 98 105 17 46 522 26 93 685 27 18 70.79

ph2 KA 0.57 6.35 10.81 44.05 1.17 27.90 0.45 0.06 0.14 8.17 134 515 92 121 19 48 586 27 81 447 40 12 72.90

ph3 KA 0.87 2.87 10.52 34.54 1.02 14.25 0.46 0.01 0.10 7.72 82 46 118 107 15 15 308 20 49 521 17 2 72.56

ph4 KA 0.63 3.97 10.82 41.35 1.19 33.86 0.45 0.05 0.12 7.22 93 423 93 110 17 47 537 27 76 733 20 14 71.36

ph5 KA 0.60 4.05 10.89 41.34 1.26 33.71 0.45 0.05 0.12 7.20 101 431 85 121 17 46 509 28 80 736 30 19 72.35

ph6 KA 0.49 2.39 8.29 30.08 0.88 24.54 0.34 0.03 0.08 4.65 52 185 98 80 11 38 383 21 69 413 19 13 71.98

ph10 AP 1.20 5.01 12.58 47.33 1.62 23.43 0.55 0.04 0.12 7.65 77 163 85 108 19 54 623 27 83 296 24 13 75.72

ph11 AP 1.36 6.10 17.49 57.13 0.63 4.80 0.35 0.08 0.18 11.28 179 236 182 104 22 11 244 19 37 422 17 4 87.12

ph12 AP 0.54 2.81 8.38 32.48 0.79 21.14 0.36 0.04 0.09 5.58 71 281 102 77 12 38 243 20 73 381 16 11 72.41

ph13 AP 0.53 2.68 8.70 33.71 0.85 21.15 0.38 0.04 0.09 5.59 80 263 106 84 13 40 250 21 83 372 22 10 73.91

ph16 AP 1.65 4.60 15.06 56.60 1.27 7.19 0.73 0.01 0.19 12.21 186 59 139 163 26 29 360 40 68 289 15 6 88.18

ph17 VK 1.13 3.81 12.22 43.69 1.46 28.04 0.50 0.05 0.14 7.84 87 401 96 110 20 73 374 27 99 497 31 16 72.37

ph18 VK 0.60 2.48 8.56 30.30 0.82 22.33 0.36 0.04 0.09 5.66 66 315 126 75 13 47 235 19 71 570 23 12 71.46

ph19 VK 0.78 2.64 10.15 44.67 1.11 32.76 0.45 0.04 0.11 6.41 88 329 92 109 17 54 435 26 84 952 21 43 71.53

ph20 VK 0.53 3.20 10.80 43.75 1.04 32.57 0.47 0.05 0.13 6.51 87 330 80 99 16 63 407 27 100 966 30 68 72.53

ph21 VK 0.70 2.05 7.41 25.87 0.74 26.20 0.32 0.03 0.08 4.70 59 211 59 59 13 40 236 17 65 486 20 12 68.27

ph22 PLK 1.07 3.89 10.01 40.72 1.18 34.88 0.42 0.05 0.16 6.48 75 319 134 126 15 51 579 26 74 365 24 18 70.72

ph23 PLK 0.83 2.70 7.12 28.31 0.85 23.90 0.30 0.04 0.11 4.76 73 232 67 91 13 37 380 19 57 255 19 9 69.15

ph24 PLK 0.93 4.28 11.67 45.85 1.27 27.32 0.48 0.06 0.13 7.16 96 383 80 106 17 63 428 29 89 337 29 18 74.99

ph25 PLK 0.83 3.21 8.67 34.18 0.91 20.12 0.35 0.05 0.09 5.19 71 266 53 78 12 44 358 21 68 245 15 13 73.75

ph26 PLK 0.81 3.22 8.62 34.14 0.90 20.17 0.35 0.04 0.09 5.18 61 261 57 79 14 46 325 22 67 239 21 12 73.69

ph27 PLK 0.85 3.45 9.21 35.13 0.98 19.18 0.37 0.04 0.09 5.36 66 267 67 85 14 49 296 20 71 228 27 13 74.82

ph28 PLK 1.00 2.61 7.96 32.81 0.81 22.23 0.33 0.04 0.13 5.34 73 315 59 71 14 36 350 19 60 268 17 10 73.45

ph31 PLK 1.17 3.19 9.78 40.45 0.96 36.65 0.40 0.05 0.12 6.45 90 329 80 89 15 46 480 24 77 420 32 17 69.49

ph33 PLK 0.85 3.31 7.86 33.03 0.83 20.24 0.32 0.05 0.10 5.59 63 322 57 72 13 38 295 20 68 282 26 9 72.32

ph34 PLK 0.90 4.33 11.27 44.99 1.18 28.94 0.46 0.06 0.13 6.82 100 355 76 101 16 60 469 27 85 328 35 17 73.71

ph35 PLK 1.09 3.52 9.98 39.86 0.82 37.53 0.41 0.04 0.11 6.01 68 271 91 94 15 43 407 27 80 449 33 20 69.57

ph37 PLK 0.87 2.73 8.69 32.50 0.96 22.53 0.35 0.03 0.09 5.11 56 243 93 115 15 46 254 21 66 262 25 11 74.02

ph38 PLK 0.74 2.70 7.08 27.26 0.74 26.68 0.28 0.03 0.08 4.26 40 224 98 70 11 31 337 18 54 247 24 10 70.05

63

Chemical analyses of ceramic warriors and clays by NAA, 
and multivariate statistics (cluster analysis)

(Gao et al. 2003, Science in China G)

Thin-section 
petrography 

(technology and 
geological origins 

of clays 
and tempers)

1 mm

A7

A13

A12

A10

A11

A2

A14
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(Bevan, Li, Martinon-Torres, Green, et al. 2014, J. Archaeological Science)

Structure from motion – stereoscopic view

Giovanni Morelli (1816-1891)

? ? ? ?
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IMPERIAL LOGISTICS

Decentralised production,
centralised supervision

A real army for the afterlife?


