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G-1 AR 1 9|FBH Id TP R ER
G-2 AR 1 9|S-54  |[A~HH TP R ER
G-3 AR 1 9|S-54 |[A~HA TP R ER
G-4 AR 1 9|S-54 |[A~HA TP R EA
G-5 AR 1 9|S-54 |[AHH TP R ER
G-6 AR 1 9|S-54  |[AHH TP R ER
G-7 AR 1 9|S-54 |[AHH TP R ER
G-8 AR 1 9|FBH Id TP R EA
G-9 HS5ZANo.A [AFLIX IJLvbk 1 9[A~EH g TP BRAER
G-10 AKX 1 9[s-54  [6b TP BRAER
G-11 ALK 1 9[A~EH Id TP BRAER
G-12 AKX 1 FJENEE Id TP BRAER
G-13 AKX 1 10| ABH T [ITEEH
G-14 AKX 1 10| ABH T [ITEEH
G-15 AFIK 1 10|S-54  |6a~d I Et#1HH
G-16 AKX 1 9[s-54  [6b TP BRAER
G-17 ALK 1|ABH  [ABH B IITEERAE
G-18 AKX 1 9[S-54 6|;T FEF{C#HA
G-19 AKX 1 9[s-54  [6b AWl AR
G-20 AKX 1 9[s-54 |FBH |ITFRE#E
G-21 AKX 1 9[s-54 B [FIF Eﬁ*ﬂﬁﬂ
G-22 . AR 1 9|S-54 [A~HER AW AL
G-23 A5 ANo.2 AR A 1 9[S-54 |FBR [[IFEL#EA
G-24 AFIK 1 9[s-54  [6d TP BRAER
G-25 AFIK 1 9[s-54  [6d TP BRAER
G-26 AFIK 1 9[s-54  [6d TP BRAER
G-27 AFIK 1 9[s-54  [6d TP BRAER
G-28 AFIK 1 10[S-54 [6a-d [:IF ﬁﬁ%@]iﬂ
G-29 . AH1RK 1 10|S-54  |6a-d IRt #1HH
a-30 | P7ANed KRk A i 9|S-54 6 CIF R A
G-31 AFIK 1 9[A~EH Id ANl A
G-32 AFIK 1 9[S-54 [6a-d [[TIFEFX#HA
G-33 AFIK 1 9[s-54  [6d TP BRAER
G-34 AFIK 1 9[s-54  [6d TP BRAER
G-35 AFIK 1 9[s-54  [6d TP BRAER
G-36 AA1R 1 9|s-54 |6d ANl AL
G-37 AA1R 1 9|s-54  |6d ANl AL
G-38 AA1R 1 9|s-54 |6d ANl AL
G-39 AA1R 1 9|s-54 |6d ANl AL
G-40 AA1R 1 9|s-54  |6d ANl AL
G-41 AA1R 1 9|s-54 |6d ANl AL
G-42 AA1R 1 9|s-54 |6d ANl AL
G-43 AA1R 1 9|s-54 |6d ANl AL
G-44 AA1R 1 9|s-54  |6d ANl AL
G-45 | HS5ANo4d [KA1R P N: | 1 9|s-54 |6d ANl AL
G-46 AA1R 1 9|s-54 |6d ANl AL
G-47 AA1R 1 9|s-54 |6d ANl AL
G-48 AA1R 1 9|s-54 |6d ANl AL
G-49 AA1R 1 9|s-54 |6d ANl AL
G-50 AFL1R 1 9|s-54  |6d ANl AL
G-51 AFL1R 1 9|s-54  |6d ANl AL
G-52 AFL1R 1 9|s-54  |6d ANl AL
G-53 AFL1R 1 9|s-54  |6d ANl AL
G-54 AFL1R 1 9|s-54  |6d ANl AL
G-55 AFL1R 1 9[s-54 |*~HA ANl AL
G-56 AFL1R 1 9[s-54 |*~HA ANl AL
G-57 AFL1R 1 9[s-54 |*~HA ANl AL
G-58 AFL1R 1 9[s-54 |A~HR ANl AL
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G-59 Afi1x 1 9|S-54 A~BH IR AER
G-60 Afi1xk 1 9|S-54 A~BH IR AER
G—61 AR 1 9|S-54 6T PR XD HA
G—62 AR 1 9|S-54 6T PR XD HA
G—63 AR 1 9|S-54 6T PR XD HA
G-64 AR 1 9|S-54 6T PR XD HA
G—65 AR 1 9|S-54 6T PR XD HA
G—66 AR 1 9|S-54 6T PR XD HA
G-67 AR 1 9]/S-54 6 TP B XA
G-68 AR 1 9]/S-54 6 TP B XA
G—69 AR 1 9]/S-54 ARVEEIREIES
G-70 | HSANo4 [RALI1X PNz 1 9[S-54 6|;T FEF{C#HA
G-71 AA1R 1 10| 7~ER N AW AL
G-72 AR 1 10/S-54  [6a—d AW AL
G-73 AR 1 10]{S-54  [6a—d AW AL
G-74 AR 1 9[s-54  [6b AW AL
G-75 AR 1 9[s-54  [6b AW AL
G-76 AR 1 9[s-54  [6b AW AL
G-77 AA1R 1 9[s-54  [6b AW AL
G-78 AR 1 9|S-54  |A~BH AW AL
G-79 AR 1 9]/S-54 6 TP B XA
G-80 AA1R B [ABH BH 1~BH AW AL
G-81 AR B [ABH ~BH ~BH AW AL
G-82 AR 1 9[s-54  [6d AW AL
G-83 AR 1 9[s-54  [6d AW AL
G-84 AR 1 9[s-54  [6d AW AL
G-85 AR 1 9[s-54  [6d AW AL
G-86 AR 1 9[s-54  [6d AW AL
G-87 AR 1 9[s-54  [6d AW AL
G-88 AR 1 9[s-54  [6d AW AL
G-89 AR 1 9[s-54  [6d AW AL
G-90 AR 1 9[s-54  [6d AW AL
G-91 | #AZRANo5 |AAIK £ 1 9[s-54  |6d IEEROEH
G-92 AR 1 9[s-54  [6d AW AL
G-93 AR 1 9[s-54  [6d AW AL
G-94 AA1R 1 9|s-54 |6d ANl AL
G-95 A1 B [~ [*H§ NG AW AL
G-96 A1 B (B [*H§ B AW AL
G-97 A1 B (B [*H§ B AW AL
G-98 AA1R 1 9|S-54 6 ;T PR HA
G-99 AA1R 1 9|S-54 6 ;T PR HA
G-100 AA1R 1 9|S-54 6;T PR HA
G-101 AA1R 1 9|S-54 Ib IR Eﬁ%}]iﬂ
G-102 . AR 1 9|S-54 6 ;T PR HA
G103 | 2 7ANeS eqTk 5 i 10[S-54 _ |6a-d ;I BStCH#IER
G-104 A1k B |ABH N3 ~BH AN AR IE ]
G-105 AA1R 1 9|S-54 6 ;T PR HA
G-106 A1k 1 9/S-54 ~BH TP B #ER
G-107 | #A5ANo.6 [RFAL1X IILyk? 1 9/S-54 6b TP B #ER
G-108 AFL1R 1 9|FBH Id ANl AL
G-109 AFL1R 1 9|FBH If ANl AL
G-110 ARAIR N BN T HA ~BH AN AR IE ]
G-111 AFL1R By |THH ~BH JFEIﬁ EIEE}E%JJig
G-112 . AAIK - B |ABH T HA N ANl AR L
o113 ] P 7ANeT IER® T Reg R R R IR BRE
G-114 AFL1R 1 9|FBH Id ANl AL
G-115 AFL1R 1 9[s-54 |*~HA ANl AL
G-116 | H#S5ANo.8 [KF1K B | T N THH ANl AL
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G-117 | HS5ANo.8 |AAL1X N 1 FENEE] Id AWl AL
G118 | 5 2nog |BRIR | B T4 1 10[S-54 ANELCIR LT
G-119 MES RPA i VS EN R ES S BH BH IR AER
G-120 i1k B |ABH S BH BH IR AER
G-121 | HS5ANo.10 [RF1K T~BH 1 9|7FEH ii IR
G-122 AR 1 9|S-54  [6b TP R ER
G-123 | S5 ANo.11 [KH# 1 B4 1B |1HR 1 BH 1 BH ;’Iﬁgﬁiwﬁg
G-124 | o AF1R 1 9|FBH Ib AWl AL
G125 | P 7ANeA2 oo ké i 9]s=54 _ |6b 51?&1%19]?1
G=126 | AR 1 9[s-54  [6d AW AL
G127 | P 7ANeAS I3 R ik 1 9|S—54 L B R B
G-128 | HS5ANo.14 [AKRH 1K B |ABH |ABH BH 1~BH AW AL
G-129 AA1R 1 9[s-54  [6d AW AL
G-130 AR 1 9[s-54  [6d IR Eﬁiwﬁﬂ
G—131 | . AR 1 9[s-54  [6d AW AL
G132 | P 7ANeNS o Rk 8 1 9|S—54 L B R B
G-133 AR 1 9[S-54 AW AL
G-134 AR B [ABH 1~BH I AW AL
G-135 AA1R 1 9[s-54  [6d AW AL
G-136 AR 1 9[s-54  [6d AW AL
G-137 AR 1 9[s-54  [6d AW AL
G-138 AA1R 1 9[s-54  [6d AW AL
G-139 | HS5ANo.16 [RFL1 X P N: [ 1 9[s-54 [6d AW AL
G-140 AR 1 9[s-54  [6d AW AL
G-141 AR 1 9[S-54 AW AL
G-142 AR 1 CIENEE Dc AW AL
G-143 AR 1 10[S-54  [6a—d AW AL
G-144 AR 1 9[s-54  [6d AW AL
G-145 AR 1 9|S-54 |7~BH AW AL
G146 | 75 ANo.17 [AFL1X N 1 9[s-54 | RER |SIEER%E]
G-147 AR 1 CIENEE Id AW AL
G-148 AR 1 10| 7F~ER THH ;‘Iﬁiﬁiwiﬁ
G—149 | oo AA1R 1 9[sS-54 AW AAIL;
G150 | 2 7ANo18 1539 ks 1 9[S—54 L B R B
G-151 AR 1 9|S-54 [A~HER AW AL
G-152 A1 1 9/S-54 Z<ER iIF E}twiﬁ
G-153 | 4= AR < 1 9|S-54 AWSES IaE L,
G154 | P 7ANe18 EeaTR L 1 9/S—54 IR B
G-155 AA1R 1 9/s-54  [6b ANl AL
G-156 A1k 1 9|7FEH Ig AN AR IL ]
G-157 A1k 1 9/S-54 ~BH AN AR IE ]
G-158 A1k 1 9/S-54 ~BH TP B #ER
G-159 A1k 1 9/S-54 ~BH AN AR IE ]
G-160 A1k 1 9/S-54 ~BH AN AR IL ]
G-161 | H#S5ANo.19 [KHA1K <8R 1 9/S-54 TP B #ER
G-162 AA1R 1 9|s-54 |6d ANl AL
G-163 AA1R 1 9|s-54 |6d ANl AL
G-164 AA1R 1 10]/S-54  [6a—d ANl AL
G-165 AA1R 1 9|s-54  [6b ANl AL
G-166 AFL1R 1 9|s-54  |6d ANl AL
G-167 AFL1R 1 9|s-54  |6d ANl AL
G-168 AFL1R 1 9|s-54  |6d ANl AL
G-169 AFL1R 1 9|s-54  |6d ANl AL
G-170 | 77 5ANo0.20 [A 1K "N 1 o[s-54 [6d TR P E
G-171 AFL1R 1 9|s-54  |6d ANl AL
G-172 AFL1R 1 9|s-54  |6d ANl AL
G-173 AFL1R 1 9|s-54  |6d ANl AL
G-174 AFL1R 1 9|s-54  |6d ANl AL
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G-175 AR 1 9|S-54  |6d AWl AL
G-176 AR 1 9|S-54  |6d TP R ER
G-177 AR 1 9|S-54  |6d TP R ER
G-178 AR 1 9|S-54  |6d TP R EA
G-179 AR 1 9|S-54  |6d TP R ER
G-180 AR 1 9|S-54  |6d TP R ER
G-181 AR 1 9|S-54 6T PR XD HA
G-182 AR 1 9|S-54 6T PR XD HA
G-183 | A5 AN0.20 [RFL1 Xk P N: [ 1 9]/S-54 6 TP B XA
G-184 AR 1 9|S-54  |A~BH AW AL
G-185 AR 1 9|S-54  |A~BH AW AL
G-186 AR 1 9]/S-54 6 TP B XA
G-187 AA1R 1 9[s-54  [6b AW AL
G-188 AR 1 10| 7~ER T~HH AW AL
G-189 AR 1 9[s-54  [6b AW AL
G-190 A1 B [ABH 1~BH 1~BH AW AL
G-191 AH1K B [ABH 1~BH 1~BH AW AL
G-192 AR 1 9[s-54  [6d AW AL
G-193 AA1R 1 9[s-54  [6d AW AL
G-194 AR 1 9[s-54  [6d AW AL
G-195 AR 1 9[s-54  [6d AW AL
G-196 AA1R 1 9[s-54  [6d AW AL
G-197 AR 1 9[s-54 [6d AW AL
G-198 AR 1 9[s-54  [6d AW AL
G-199 AR 1 9[s-54  [6d AW AL
G-200 AR 1 9[s-54  [6d AW AL
G-201 AR 1 9/S-54 6 I B XA
G-202 AR 1 9/S-54 6 I B XA
G-203 AR 1 9/S-54 6 I B XA
G-204 AR 1 9/S-54 6 I B XA
G-205 AR 1 9/S-54 6 I B XA
G-206 AR 1 9/S-54 6 I B XA
G-207 AR 1 9/S-54 6 I B XA
G-208 AR 1 9/S-54 6 I B XA
G-209 | A5 ANo.21 [RAL1 Xk P N: | 1 9|S-54 [A~HER AW AL
G-210 A1 1 9/S-54 ~BH AN AR IL ]
G-211 A1k 1 9/S-54 ~BH AN AR IL ]
G-212 AA1R 1 9/s-54  [6b ANl AL
G-213 AA1R 1 9/s-54  [6b ANl AL
G-214 AA1R 1 9|S-54 6 ;T PR HA
G-215 AA1R 1 9|S-54 6 ;T PR HA
G-216 AA1R 1 9|S-54 6;T PR HA
G-217 AA1R 1 9|S-54 6 ;T PR HA
G-218 AI1K 1 N ESEE N3 AN AR IL ]
G-219 AI1K 1 N ESEE N3 TP B #ER
G-220 A1k 1 9/S-54 ~BH AN AR IE ]
G-221 A1k B |ABH B ~BH AN AR IL ]
G-222 A1k B |ABH N3 ~BH TP B #ER
G-223 A1k B |ABH ;| ~BH TP B #ER
G-224 AFL1R 1 9|FBH Id ANl AL
G-225 AFL1R 1 9|S-54 IR
G-226 AFL1R 1 9[s-54  [6b ANl AL
G-227 AFL1R 1 9|s-54  |6d ANl AL
G-228 AFL1R 1 9|s-54  |6d IR Eﬁ%wiﬂ
G-229 | L.— AI1RK - 1 9|S-54  |6d ANl AL
G-230 75 ANo.22 AFL1R A 1 9|S-54  |6d ANl AL
G-231 AFL1R 1 9|s-54  |6d ANl AL
G-232 AFL1R 1 9|s-54  |6d ANl AL
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G-233 AR 1 9|S-54  |6d AWl AL
G-234 AR 1 9|S-54  |6d TP R ER
G-235 AR 1 9|S-54  |6d TP R ER
G-236 AR 1 9|S-54  |6d TP R EA
G-237 AR 1 9|S-54  |6d TP R ER
G-238 AR 1 9|S-54  |6d TP R ER
G-239 AR 1 9|S-54  |6d TP R ER
G—240 AR 1 9|S-54  |6d TP R EA
G-241 ALK 1 9[s-54 [6d TP BRAER
G-242 AKX 1 9[s-54  [6d TP BRAER
G-243 ALK 1 9[s-54  [6d TP BRAER
G-244 AKX 1 9[s-54  [6d TP BRAER
G-245 AKX 1 9[s-54  [6d AWl AR
G-246 AKX 1 9[s-54  [6d AWl AR
G-247 AFIK 1 9[s-54  [6d TP BRAER
G-248 AKX 1 9[s-54  [6b TP BRAER
G-249 ALK 1 9[s-54  [6b TP BRAER
G-250 AKX 1 9[s-54  [6b TP BRAER
G-251 AKX 1 9[s-54  [6b AWl AR
G-252 AKX 1 9[s-54  [6b AWl AR
G-253 AKX 1 9[s-54 [FHA IR ngiﬁ
G-254 | .._ AR 1 9|S-54 [A~HER AWl AA L
G-255 75 ANo.22 AIAR A 1 9[S-54 [FHA TP BRAER
G-256 AFIK 1 9[s-54 [F~HA TP BRAER
G-257 AFIK 1 9[S-54 [FHA TP BRAER
G-258 AFIK 1 9[S-54 [FHA TP BRAER
G-259 AFIK 1 9/S-54 6;T FEF{C#HA
G-260 AFIK 1 9/S-54 6;T FEF{C#HA
G-261 AFIK 1 9/S-54 6|;T FEF{C#HA
G-262 AFIK 1 9/S-54 6;T FEF{C#HA
G-263 AFIK 1 9/S-54 6;T FEF{C#HA
G-264 AFIK 1 9/S-54 6|;T FEF{C#HA
G-265 AFIK 1 9/S-54 6;T FEF{C#HA
G-266 AFIK 1 9/S-54 6|;T FEF{C#HA
G-267 AFIK 1 9/S-54 6|;T F R #HA
G-268 AA1R 1 9|S-54 6 ;T PR HA
G-269 AA1R 1 9|S-54 6 ;T PR HA
G-270 AA1R 1 9|S-54 6 ;T PR HA
G-271 AA1R 1 9|S-54 6;T PR HA
G-272 AA1R 1 9|S-54 6 ;T PR HA
G-273 AA1R 1 9|S-54 6 ;T PR HA
G-274 AA1R 1 9|S-54 6;T PR HA
G-275 AA1R 1 9|S-54 6 ;T PR HA
G-276 AA1R 1 9|S-54 6 ;T PR HA
G-277 AA1R 1 9|s-54 |6d ANl AL
G-278 AA1R 1 9|s-54 |6d ANl AL
G-279 AA1R 1 9|s-54 |6d ANl AL
G-280 AA1R 1 9|s-54 |6d ANl AL
G-281 AA1R 1 9|s-54 |6d ANl AL
G-282 AFL1R 1 9|s-54  |6d IR Eﬁ%wiﬂ
G-283 | L.— AFL1R 1 9|s-54  |6d ANl AL
G-284 75 ANo.23 AFL1R A 1 9|S-54  |6d ANl AL
G-285 AFL1R 1 9|s-54  |6d ANl AL
G-286 AFL1R 1 9|s-54  |6d ANl AL
G-287 AFL1R 1 9|s-54  |6d ANl AL
G-288 AFL1R 1 10]/S-54  [6a—d ANl AL
G-289 AFL1R 1 10]/S-54  [6a—d ANl AL
G-290 AFL1R 1 9[s-54 |A~HR ANl AL
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G-291 Afi1x 1 9|S-54 A~BH IR AER
G-292 Afi1xk 1 9|S-54 A~BH IR AER
G-293 Afi1xk 1 9|S-54 A~BH IR AER
G—294 AR 1 9|S-54 6T PR XD HA
G-295 AR 1 9|S-54 6T PR XD HA
G-296 | HS5ANo0.23 [ARA 1K P N: 1 9|S-54 6T PR XD HA
G-297 AR 1 9|S-54 6T PR XD HA
G-298 AR 1 9|S-54 6T PR XD HA
G-299 AR 1 9]/S-54 6 TP B XA
G-300 AR 1 9]/S-54 6 TP B XA
G-301 AR 1 9]/S-54 ARVEEIREIES
G-302 AR 1 9[s-54  [6b AW AL
G-303 AA1R 1 9[s-54  [6b AW AL
G-304 AR 1 9[s-54  [6b AW AL
G-305 AR 1 9[s-54  [6b AW AL
G-306 AR 1 9[s-54  [6b AW AL
G-307 AR 1 9[s-54  [6b AW AL
G-308 AR 1 9[s-54  [6b AW AL
G-309 AA1R 1 9[s-54  [6b AW AL
G-310 AR 1 10| 7~ER T~HH AW AL
G-311 AR 1 9[s-54  [6d AW AL
G-312 AA1R 1 9[s-54  [6d AW AL
G-313 AR 1 9[s-54 [6d AW AL
G-314 AR 1 9[s-54  [6d AW AL
G-315 AR 1 9[s-54  [6d AW AL
G-316 AR 1 9[s-54  [6d AW AL
G-317 AR 1 9[s-54  [6d AW AL
G-318 AR 1 9[s-54  [6d AW AL
G-319 AR 1 9[s-54  [6d AW AL
G-320 AR 1 9[s-54  [6d AW AL
G-321 | S5 ANo.24 [RKAL1 XK PNz 1 9[s-54  [6d TP BRAER
G-322 AR 1 9[s-54  [6d AW AL
G-323 AR 1 9[s-54  [6d AW AL
G-324 AR 1 9[s-54  [6d AW AL
G-325 AR 1 9[s-54  [6d AW AL
G-326 AA1R 1 9|s-54 |6d ANl AL
G-327 AA1R 1 9|s-54  |6d ANl AL
G-328 AA1R 1 9|s-54 |6d ANl AL
G-329 AA1R 1 9|s-54 |6d ANl AL
G-330 AA1R 1 9|s-54  |6d ANl AL
G-331 AA1R 1 9|s-54 |6d ANl AL
G-332 AA1R 1 9|S-54 6;T PR HA
G-333 AA1R 1 9|S-54 6 ;T PR HA
G-334 AA1R 1 9|S-54 6 ;T PR HA
G-335 AA1R 1 9|S-54 6;T PR HA
G-336 A1k 1 9/S-54 ~BH AN AR IE ]
G-337 A1k 1 9/S-54 ~BH AN AR IL ]
G-338 A1k 1 9/S-54 ~BH TP B #ER
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The recent discovery of a substantial collection of 17th century glass artifacts at Honmaru site (main
enclosure) of Sendai Castle offered valuable insights to the socio-cultural dynamic, trade connectivity
and artistic appreciation of the Japanese elite’'s class for foreign luxury goods during the Sakoku period
(1639-1853), a time of state enforced isolation under the Edo shogunate (1603-1868). By employing non-
destructive scientific analytical techniques, including portable X-ray fluorescence spectrometry and
Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy to study the elemental
composition of the glasses, the research endeavored to identify the glass types, study the manufacturing
technique and proposed information on the materials origin. Notably, the artifacts suggest not only
European influence but also the possible presence of Islamic glass from the Mediterranean region,

highlighting a more complex picture of early modern Japanese trade exchange.

1.0bjective of the research:

The research endeavored to apply non-destructive and non-invasive scientific analytical techniques to
study the elemental composition of the glasses, it can contribute to the identification the glass types,
manufacturing techniques and provenance of the glass, complementing the previous structural and stylistic
studies, and providing a more detailed fundamental knowledge to the original of the glass artifacts. Thus,

offer new insights into trade connectivity during periods of limited foreign contact of Sakoku. It also lays the
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foundation for developing a scientific database to support future research on the Sendai glass collection.

2.Background:

During March 1998 excavation at Zone 1, 9T & 10T (1 [X9T & 10T) as shown in Figure 1, on the Northern
side of Honmaru stone wall in Sendai castle, a significant assemblage of 474 pieces of glass fragments
(including 4 pieces of enamel glass) was unearthed alongside a substantial number of imported ceramic
shards (Figure 1). This bulk disposal of ceramics and glass shards was interpreted as refuse discarded
following earthquake damage and subsequently buried during the repairs of the stone wall in the seventh
year of Kanbun (& X J/\4,1668) (Sekine, 2023), which explained the location of the burial site outside the
stone wall. It is presumed that these items had been acquired prior to the date, potentially as early as the
sixteenth year of Kan'ei (7K T754F, 1639)(Sekine, 2023).

Japan had entered a period of national seclusion, known as sakoku (#8 [#), from 1639 to 1853, during which
foreign influence and interaction were severely restricted (Toby, 1977). Nevertheless, controlled trade
continued with selected nations, namely China, Korea, and the Netherlands, through the port of Nagasaki. The
Dutch East India Company (VOC, Vereenigde Oost-Indische Compagnie), the sole authorized European trading
entity. (Pierre Gidney, 2021). This selective exchange enabled the dissemination of foreign goods, technologies,

and cultural practices, some of which are reflected in the glass artifacts uncovered at Sendai Castle.

The 474 glass fragments were first classified by the archaeologists into 30 monochrome glass groups
and one enamel group based on color, shape, clarity, and manufacturing techniques, which included free-
blowing, mold-blowing, and enameling. Notably, the Sendai glass assemblage represents the largest
collection of early modern glass ever recovered in Japan (Sekine, 2023). Despite its significance, no prior
scientific analysis had been conducted on the artefacts, apart from basic density measurements, therefore,

highlighting the immense potential for further research on this collection.

Figure 1: The glass shards were excavated from Zone 1, 9T & 10T (circled) as shown in Sendai castle Honmaru site,
Northern stone wall. Extracted from Sendai City Cultural Property Investigation Report No. 282.



. Xty OHE

3.Methodology:

(Handheld) Portable X-ray fluorescence spectrometry

Non-destructive analysis was conducted using a Thermo Scientific Niton XL3t-970 Alloy Analyzer, as the
glass artifacts could not be removed or sampled invasively. This handheld device features a silver anode
X-ray tube (50 kV, 100 u A), silicon drift detector, and two spot sizes (3 mm and 8 mm), with an integrated
CCD camera for imaging. The “Mining” mode was selected for its wide analytical range (elements from
sulfur to bismuth), using four sequential energy settings (Main, High, Low, Light), each operating for 30
seconds—totaling 120 seconds per sample. While effective for heavier elements, the device has limited
sensitivity to light elements (Z < 11, e.g.,, sodium), requiring complementary analytical techniques for

comprehensive results.

Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy

SEM-EDS was performed using a JEOL JSM-IT100LA InTouchScope™, located at the National Museum
of Western Art's conservation lab. The system operates at an accelerating voltage range of 5-20 kV and
under a chamber pressure of 10-100 Pa. For this analysis, it was used under low-vacuum conditions (40-50
Pa), utilizing backscattered electron (BSE) imaging at 10-20 kV with an approximate working distance of
12 mm. EDS measurements were optimized at 20 kV and “18 mm distance. Glass samples were mounted
on carbon tape and analyzed without conductive coating. SEM-EDS offers higher sensitivity and precision
than pXRF, with detection limits around 0.1 wt% (1000 ppm) and can detect elements from Beryllium
(Be) upward. Its capacity for high-resolution imaging and elemental mapping is particularly valuable for

examining enamel patterns and color variations on glass surfaces.

4.Glass samples tested:

In a previous study, out of 474 glass fragments, 435 were classified as blue, 18 as opal, 11 as transparent
(including 4 enamel pieces), 7 as green, and 3 as yellow. Notably, blue glass shards dominated the
collection, comprising over 90% of the total. From this assemblage, 162 shards were randomly selected
for pXRF analysis, including 141 blue fragments and 21 of other colors. Based on the preliminary pXRF
results, an additional 9 samples, including the 4 pieces of enamel glass, were chosen for further analysis
using SEM-EDS.

5.Result and discussion:

5.1 Physical analysis of the glass collection

It was observed that all the monochrome-colored glass were translucent without any opacifier and in
stable condition with little weathering. Most of the monochrome glass shards exhibited numerous tiny
bubbles embedded within the glass, which may suggest the use of recycled materials. Another indicator
of glass recycling was the presence of faint color tinges, likely resulting from contamination during
the recycling process (Figure 2b). These impurities may have originated from glass cullets, which are
crushed or broken pieces of old glass that are processed and sorted for reuse in the production of new
glass products. Additionally, the No. 1 glass group, consisting of samples G1 to G17 and categorized as

the blue with green gradation group, appeared to achieve its green hue through a combination of red and
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a small amount of yellow coloring (Figure 3a,b). These colors may have been introduced in the form of
colored glass powder (frits), as suggested by the undissolved yellow spots visible in sample G11 (Figure
2a). In contrast, the four enamel glass shards, contained significantly fewer bubbles compared to the

monochrome-colored glass, implying a higher quality or more refined glass composition.

Figure 2a,b: G11 (left) exhibits numerous tiny bubbles embedded within the glass, along with possible undissolved
spots of yellow glass frits. G117 (right) shows a faint red tinge in the glass, indicating potential contamination
from recycled materials. Both images were captured using backlighting.

Figure 3a,b: G1 (left), blue glass shard with green color gradation, (right)the green hue appeared to be a mixture
of red and small amount of yellow coloration under backlighting.

5.2 Analysis result of the monochrome glass groups

The results of the pXRF and SEM-EDS analyses indicate that the monochrome glass groups are
predominantly soda-lime glass. Soda (Na:0) content ranges from 9.6% to 15.6%, with relatively consistent
levels of potash (K:0) between 3.9% and 5.5%, and magnesia (MgO) above 2%. The high magnesia and
potash levels (>1.5 wt%), suggest the use of soda-rich halophytic plant ashes for the glass making (Brill,
1987; Rehren & Freestone, 2015). The glass samples exhibit moderate levels of alumina (2.8-5.1%) and iron
oxide (0.9-1.2%), indicating the use of impure sand rather than purified quartz as the silica source (Brill,
1995). Manganese (0.3-0.7%) was consistently present, likely added as a decolorizer to counter the greenish

tint caused by iron impurities (Sayre, 1963).

The blue coloration in the glass is attributed to cobalt oxide, visually detected via pXRF. Despite being
present at low concentrations (as little as 300 ppm), cobalt oxide produces a deep blue hue (Smirniou &
Rehren, 2013). Accompanying trace elements of arsenic, bismuth, and nickel, suggest the cobalt source
was the Schneeberg mine in the Erzgebirge region of Germany, a major supplier from the 15th to
18th centuries (Gratuze, 2013; Colomban et al, 2021). However, cobalt remained undetectable via SEM-
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EDS due to its 1000 ppm detection threshold. The amber and yellow hues likely result from a ferri-
sulphide chromophore, formed by the interaction of iron and sulfur under reducing conditions, a coloring
technique known from Roman amber glass. Remarkably, sulfur concentrations as low as 0.005 wt% are
sufficient to produce the desired yellow tint (Paynter & Jackson, 2017). The green coloration observed in
the glass samples is most likely due to the presence of copper oxide, which appears in relatively higher

concentrations compared to other identified colorants.

Based on the pXRF results, two subgroups were identified in the general glass composition: relatively
low-calcium glass and relatively high-calcium glass. The low-calcium group includes all amber and yellow
glass samples, 6 out of 7 green glass pieces, 3 out of 7 transparent colorless glass, and 21 out of 141 blue
glass samples. These compositional differences may reflect variations in glass recipes, differences in the
source of lime used, or the existence of distinct glass production centers. Within the transparent glass
group, three shards containing both lead and arsenic indicate further subdivision, likely reflecting different

manufacturing techniques or sources.

Venice was the dominant glass producer from the 15th to 17th century and maintained consistent glass
recipes through strict government control, the Venetian soda-lime glass, which includes three main types:
vetro commune/Common (slightly colored common glass), vitrum blanchum (uncolored glass), and cristallo
(crystal glass), typically contains lower levels of these oxides, with average aluminum oxide concentrations
ranging from 0.68% to 1.65% and exceptionally low iron oxide levels between 0.24% and 0.75% (Verita,
2009a) as displayed in Table 2.

A major turning point in glassmaking occurred around the end of the first millennium, marked by the
shift from using Soda-rich natron as a flux to Potash-rich wood or fern ash. This transition led to the
replacement of traditional soda-lime glass with potash based (or wood ash) glass. Between the 12th and
15th centuries, this Potash glass dominated Central and Northwestern Europe (Adlington et al., 2019;
Zlamalova Cilova et al, 2021). From the early 15th to the 17th century, Potash glass was gradually
replaced by high-lime, low-alkali (HLLA) glass. This type of glass is characterized by a combined Potash
and Soda content (K:0+Naz0) of less than or around 10%, and a CaO/(CaO + K:0) ratio greater than
approximately 0.75 (Adlington et al., 2019; Wedepohl and Simon, 2010).

Based on the SEM-EDS data in Table 1, the biplot of Al,O5/Si0, vs Fe,05/S10, (Fig. 4a) suggests that the
sand sources used for the monochrome glass are more consistent with Middle Eastern origins, differing
from those of the Venetian glass. Outliers G124 and G146 may indicate alternative sand sources other than
Venetian and Middle east. In contrast, the biplot of MgO/CaO vs K,0/SiO; (Fig. 4b) shows that Venetian
glass, produced using plant ash fluxes imported from the Mediterranean (Verita, 2009b; Occari et al., 2021),
exhibit slight compositional variation among the blue and transparent samples. The yellow glass emerges
as a notable outlier, possibly representing a different glass type altogether. These results suggest that the
monochrome glass collection even though exhibiting the same blue colors, may originate from multiple

regions, not solely Venice; however, this conclusion remains tentative due to the limited dataset. Further
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analysis with a larger sample size and more precise analytical techniques is necessary to confirm these

findings.

The analytical result of SEM-EDS for the 5 pieces of monochrome colored glass with comparison result

are shown in Table 1 & 2 below:

Table 1: SEM-EDS result of mean & standard deviation (SD) of elemental composition of monochrome glass

tested
Col Accession  Oxide .
olors o, (Wt%) Si0, Na,0 CaO MgO ALO; K,0 MnO FeO P,0;
G83 Mean 656 135 74 2.2 28 54 04 14 07

G146 Mean 64 142 75 21 36 47 0.7 19 0.6

Blue glass (B) G197 Mean 651 153 7 21 2.8 44 0.6 12 0.6

Overall 649 144 73 21 3 48 06 15 06

mean
SD 0.8 09 0.3 0.1 04 05 0.1 04 0
G124 Mean 68.3 96 76 2.2 5.1 46 0.3 09 0
Transparent (T)
SD 29 08 0.6 0.1 29 0 0.3 0.7 0
G126 Mean 70.3 13 36 3 3 39 05 1.2 0.7

Yellow (Y)
SD 04 04 0.2 0 0.1 0.2 0 0 0.1

Table 2: Comparison of Electron probe microanalyzer (EPMA) result of Venetian glass (16-18" century) identified
by Verit'a and Zecchin, 2009b, glass samples from Maruno (12-15™ century) by Occari et al., 2021 and ancient
glass samples from Persia (10-11st century) from Salehvand et al., 2020.

Oxide

Reference Sources (Wt%) Si0, Na,0O CaO MgO ALO; K,O0 MnO Fe,0O; P,O; PbO SnO,

Venetian Mean 654 128 105 36 17 29 1 08 03 01 0l
Common(Co) SD 14 12 1 05 03 08 05 02 01 01 02

Venetian Verita & Mean 66.9 136 9.8 34 1 3 05 04 0.3 N.A N.A

Vitrum Zecchin, 2009b
Blanchum (16-18th SD 17 14 12 07 04 12 02 01 01 NA NA
(VB) century)
Venetian Mean 705 172 49 18 07 29 03 02 02 NA NA

Cristallo(Cr) SD 13 15 07 04 01 04 01 01 0 NA NA

Veneti Occarietal,  Mean 688 123 96 35 13 24 06 05 03 NA NA
enetian 2021 (12-15th
Maruno (M) -

century) SD 27 09 1 04 02 02 03 01 0 NA NA

Salehvand et Mean 66.1 146 6.5 3.7 2.7 2.7 0.8 1 05 NA NA
Persia (Persia) al,, 2020 (10-
11st century) SD 26 18 14 12 08 06 08 05 0.2 NA NA
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Figure 4a,b: Biplot of Al:03/8Si0: vs Fe:0:/Si0: (left) illustrates the differences in sand sources used for
monochrome and Venetian glass. Whereas, the biplot of MgO/CaO vs K:0/SiO: highlights the variations in the
type of plant ash flux used (right).

5.3 Analysis result of the enamel glass

The main color composition of the 4 pieces of enamel glass consisted of green, white and beige on a
colorless glass substrate (Figure 5-8). Results from pXRFE and SEM-EDS are depicted in Table 3, shown that
the glass substrate of the enamel shards is wood ash glass with high Potash (K,0) concentration of average
11.2%, high calcium oxide of around 12.2%, low Soda (Na:=0) content of 1.8%, which are the representative

characteristic of wood ash or Potash glass (Wedepohl and Simon, 2010; Zlamalova Cilova et al., 2021).

The CaO/K:0 ratio is a key indicator for identifying the type of ash used in potash glass production,
providing insights into the vegetation type, tree parts utilized, production era, and manufacturing region
(Cilova & Woitsch, 2012; Wedepohl & Simon, 2010; Zlamalova Cilova et al, 2021). Beech ash, commonly
used in medieval glassmaking, shows an increasing CaO/K:0 ratio from early to late medieval periods.
This trend is linked to widespread deforestation in Europe from the 14th century onward, which led to
forest regulations and restricted wood supply. As a result, more twigs, richer in calcium due to their bark
content, were added to the wood ash, raising the CaO/K:0 ratio from below 1 to as high as 16 (Wedepohl
& Simon, 2010). In Bohemian glass, this shift is evident, the ratios were below 1 in the 15th century and
rose above 1 in the 16th-17th centuries (Cilova & Woitsch, 2012). Additionally, regional distinctions in
potash glass can be made through phosphate analysis, with P2:Os concentrations exceeding 2% in glass
from Northwest France and the Rhineland, compared to levels below 2% in Central European glass
(Adlington et al., 2019). From the data obtained in Table 3 & 4, the potash glass substrate for the enamel

is probably Central European glass, likely from Bohemian, produced from 16th century onwards.

Figure 5: G471, location of the testing sites (left) and SEM-EDS image and elemental analysis sites (right).
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Figure 6: G472, location of the testing sites (left) and SEM-EDS image and elemental analysis sites (right).

Figure 7: G473, location of the testing sites (left) and SEM-EDS image and elemental analysis sites (right).

Figure 8: G474, location of the testing sites (left) and SEM-EDS image and elemental analysis sites (right).
The analytical result of SEM-EDS for the glass substrate for the enamel is shown in Table 3 & 4 below:

Table 3: SEM-EDS result of the glass substrate

Samples/Wt%  Na,O MgO AlLO, SiO, P,0, Cl K,O CaO MnO

G471-1 19 27 18 684 0.8 0.3 109 12 10
G471-2 17 26 19 67.9 0.7 0.2 115 123 10
472 17 26 22 67.7 05 0.2 119 121 10
474 19 28 25 66.4 0.7 04 105 125 10
Average 1.8 2.7 2.1 67.6 0.7 0.2 11.2 122 1.0
SD 0.1 0.1 0.3 0.8 0.1 0.1 0.6 0.3 0.0

Table 4: Ratio of CaO vs K,O

Weight % G472 G4714 472 474
Ca0 1197 1227 1205 1254
K,0 1086 1145 1193 1052

Ratio of
Ca0/K,0 1L L1 1 12
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5.4 Colored enamel on the glass substrate

Enamel is created by mixing pigments with a binder, applying the mixture to a glass vessel, and then
fusing it to the surface through low-temperature re-firing. Two main enameling techniques were widely
used in historical glass making. The first is the pre-melted technique, which involves using powdered
colored glass (already melted and ground), compatible with the base glass, mixed with a liquid binder such
as water and gum arabic. The second is the cold-mixed technique, where finely ground, colorless glass—
similar or identical in composition to the base vessel, is combined with a binder and metallic or mineral
oxides (e.g., hematite for red) to produce color. These mixtures are then applied and fused to the glass

surface during firing (Campbell, 2023).

Based on pXRF and SEM-EDS analyses, lead was detected in all three enamel colors, allowing the enamels
to be categorized into low-lead and lead-rich types. Lead may have been intentionally added for several
purposes, including lowering the melting point of the enamel and enhancing thermal expansion and
adhesion between the enamel and the glass vessel. It may also be present in the form of lead-tin oxide,
a common yellowish opacifier used in historical enameling (Bayley, 2015). Historical glassmaking recipes
frequently mention the use of lead oxide to reduce the firing temperature of enamels (to around 650-700 °

C), thereby preventing deformation of the underlying glass substrate (Machado et al,, 2019).

Low lead enamel- White enamel: SEM-EDS analysis revealed a high concentration of tin (Sn) with low
levels of lead, aluminum, calcium, magnesium, sodium, iron, and sulfate, a pattern also supported by
pXRF results. The primary white opacifier is likely cassiterite (SnO:z). The low lead oxide content, around
3.6 wt% suggests that the powdered glass used was not lead-based. However, a small amount of lead
may have been intentionally added to lower the melting point or enhance adhesion to the base glass. In

summary, the white coloration is attributed to tin oxide.

Lead rich enamel - Green Enamel: SEM-EDS analysis revealed that the green enamel primarily consists of
high levels of lead and tin, with relatively elevated amounts of potassium and iron compared to the other
two enamel colors. It also contains lower levels of aluminium, calcium, magnesium, sodium, and sulfate.

Complementary pXRF results confirmed trace amounts of cobalt, antimony, bismuth and arsenic.

The presence of lead and antimony suggests the possible use of lead antimonate (Pb2Sb207), a traditional
yvellow opacifier. Similarly, the combination of high lead and tin content indicates the likely use of lead-
tin oxide, another common yellow opacifier. The detection of cobalt (Co), along with high lead (Pb) and
relatively high potassium (K), suggests the addition of blue smalt, a potassium-rich cobalt glass with high
lead content, frequently used in blue enamels (Beltran, 2020). In medieval Europe, smalt was typically
produced by melting cobalt ore with quartz and potassium compounds, or by directly adding cobalt ore
into molten glass, followed by quenching the mixture in cold water. The primary cobalt ore used was
smaltite [(Co,N1)Ass—2] (Xia et al, 2019). Furthermore, the simultaneous presence of arsenic (As), bismuth (Bi),
and nickel (N1) alongside cobalt in the pXRF spectra points to a cobalt source from the 15th-18th century

Erzgebirge (Schneeberg) mine in Germany, also associated with cobalt used in blue monochrome glass in
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the collection (Gratuze, 2013; Colomban et al., 2021).

Finally, the relatively high concentrations of iron and sulfate may indicate the use of ferrous sulfate (FeSO4)
as a green colorant. The green hue could result from mixing blue smalt with yellow opacifiers like lead
antimonate or lead-tin oxide, with ferrous sulfate possibly added to further modify or enhance the green

coloration.

Lead rich enamel -Beige (skin color) Enamel: SEM-EDS analysis revealed high concentrations of lead and
tin, along with elevated sulfate levels compared to the other enamel colors. Trace amounts of bismuth
were confirmed via pXRF, while sodium, magnesium, calcium, aluminum, manganese, and iron were
present In relatively low amounts. The high lead and tin content suggests the use of lead-tin oxide as
a yellow opacifier, while the elevated sulfate may indicate lead sulfate (lead white), contributing to the
enamel’s whitish hue. Slightly higher iron levels compared to the background glass point to the addition of
iron oxide (hematite) to achieve the reddish tone typical of beige or skin-colored enamel—a technique also

observed in Roman glass enamels (Campbell, 2023).

Interestingly, medieval stained glass from 12th-15th century Western France shows that skin tones could
also be achieved through precise control of iron and manganese oxidation states during firing. Excess Fe?*
yields bluish green hues, Mn®** produces pink to purple, while a balanced Fe* /Mn*" state creates subtle
flesh tones. Given the complexity of pigment interactions, further study using advanced techniques such

as X-ray Diffraction (XRD) or Raman Spectroscopy is needed to fully characterize the compounds present.

Table 5: Summary table of the potential elemental composition of enamel glass

No. Glass Type Glass Substrate | Colors Possible Glass Colorants: Opacifiers
1 White Cassiterite: Tin oxide (SnO,) Tin oxide is also an opacifier (white)
9 Green Ferrous sulfate, (FeSO,) & Lead tin oxide (yellow) & lead
Enamel glass Potash glass Smalt antimonate (Pb,Sb,0y)

(ZFAN) | (BUHFTR)

Lead sulfate (PbSO,), Iron
3 Beige oxide (Fe,0O;) or Iron and Lead tin oxide (yellow)
manganese oxides (Fe**/Mn*")

6.Conclusion:

This study presents the first comprehensive scientific analysis of early modern glass artifacts from the
Honmaru site of Sendai Castle, employing non-destructive techniques to investigate composition, coloring
agents, opacifiers, and manufacturing methods. The findings offer new Insights into the provenance and
technological diversity of the assemblage. Most monochrome glass shards were identified as plant ash-
based soda-lime glass. The blue glass contains cobalt associated with arsenic, bismuth, and nickel—
chemical markers suggesting a source from the Schneeberg mine in the Erzgebirge region of Germany
(Gratuze, 2013; Colomban et al, 2021). Elemental profiling further suggests that the monochrome glass

likely originated from multiple regions, pointing to complex raw material trade and diverse production



. Xty OHE

centers. In contrast, the enamelled fragments, composed of potash-rich wood ash glass, align with
Central European glassmaking traditions from the 15th to 17th centuries. In the early 17th century,
the Dutch East India Company (VOC) dominated trade in the Persian Gulf, establishing trading posts
and administrative centers in Kharg Island, Bandar Abbas, and Isfahan (Floor, 2009). Consequently, in
addition to European glass imports, it is plausible that glassware from other regions, such as Islamic
glass from the Mediterranean, was also introduced into Japan via VOC trade networks. These findings
underscore the multicultural origins of imported glass during Japan's Sakoku (national seclusion) period
and highlight the significance of integrating archaeometric analyses with archaeological context. Future
research incorporating larger sample sizes, advanced analytical techniques, and comparative datasets
will be essential to more precisely identify glass types and production centers, thereby deepening our
understanding of the technological and cultural networks reflected in these artifacts and the upper ruling

class during that period.
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SEEH(1)-1

il B SEA AU £ 77 7 2 St D H 3l 1

OFMALEEREOJLRE DA X 2> i+ (1 X 9T - 10T),

- AT ABLRITEME (S-54 BHh) 205 80% MU LA L T3,

-+ S-54 BME, 1[X 9+ 10T DJLER-C, HPUHI 15m, FELHT 8m D HIPH CHERE S L7z,
-S54 MDD S B, 68 (6a~6d) 205 7T ABFORN L,

c TFANVEH T AL S-54 B 5 JE D bt

1X9-10T ofiiE (S=1/1000) (ILETHHBERES 2006)

1X9-10T ofiE (LBTHHEHBERES 2006)



S-54 i

<68 (6a~6d) 70577 AL DK
o3,

c TFANEHNT AL S-54 EHuo 5
J& 75 & i

S-54 By Pl - Wi (Il HEZRE S 200612 F — v Z800)



SEEH (1) -2
INBWHD 777 AFAE BT 5 HTHIEN : 2R 25 ORE (HAFER

ST VT4 vy 4 — RO BT EE ERE
BEIR = AN H hE —#

B

IBIWARI 2 >+ L2 KED 17 Hido 77 28L0%, LAEMROBEER (1639~1853 4E) 1o ¥k
2 HROR LR AL ENRE, & I E & oot L < RS T 2RI b 2 2b 6
T, AERCHFELZEGOH Y 7, HEROFEER IS 2 ENEIFICOWTEERMALEZ S 253
HERMRIL 725 72, RIFFE T, R— % THSE XK BROHTEEE (pXRF) RO AL ¥ — 40808 X i
Gy e AT & EEAE T HEMEBE (SEM-EDS) 7 &, JEBEORMAR TN 2 v, Htm 7 2k
DILEMEATE L 72, ZHIC XY, 77 2A0fHE SLEHGE, ROEMEORIF O RIAZ R 7z, &K
FEICEY, ThooBEYIZI—m vy NOEET i, HiPiESRED A X7 - LBEDH T X
DIFEZRRKRLTH Y, A ARDOEBRI 255 D EIED, HRkEZONTHZX Y b33 »icEMT
B o 7=0]BEEDH S 2 & 7r o 72,

1. AROBEK :

ZofffgETiE. FEE - IHREBORVEN TN AT 7 2o HREAET 2 L2 HI L
T2, ZICKY, HI7RoME, BhEHM., 2 LTz oREORSEICHEL., ZNE TORER -
KR ZMTET 2 L L bic, 77 REYORIFICEAS 2 X U FEMll TR 2Rz 2t 3 2 2 & 25
FFazd, Lo, #HEL WIIEL OBfAHIRE N-RRICE T 285D 0% H Y ICHi7- 75
HAeb7oT e bic, FERNARMIEHN I 2L 27y a vy DR 2K 2 2 RHEERF — & <X — 2 RS
BERELDIDOTH D,

2 WR:

1998 £ 3 A, K1 TR L iAo EELIHICAIET 2 1 X 9T 5 LU 10T TOFMMEICH
WT, 474 DR IR (5B FANEH T R4 HEED) LABOWMAMRESE-LE (1
Do ZORKBOWMGIE H T A DFEFIZ, HEICX 2BERICEEIN-DDLBRINLTEY, *
D, B8 4E (1668 ) D LHBEKFICHD bz i (B, 2023), 2o ik b it
DAHEOIMITH 2HEBFHH T LT3, oD% IZ, ZHBET, R UZExK 16 4 (1639
) HICAFINAREERH 2 L E 2T w3 (BIR, 2023),

HAIZ 1639 £ 5 1853 £ £ TOM], EFRM AL TH 2 HEEHL Tk v, JHEE OLRFITE L
CHIRE T (Toby, 1977), ZaTdh, HE, #HEE, 47 v XL DRENHEZ RGO #EZE L
THfEE N CTH O, A7 v ELHA v F&t (VOC, Vereenigde Oost-Indische Compagnie) (3 ME—32n
Inza—uy OEGEETH o7 (Pierre Gidney, 2021), Z OFERWZLAINIC L b SHEELG, £
fit. SXALAHARICED Y, ZO—HMIBIRTHR I AT 7 ABBICH KT hTw 5,



FHIN AT SOH T AR, BRFFICL ot Bk, B, SLEHM (B, TR,
IFAANITL) IKHSCT30 DEAHT T AL 1 DDTFANVEN T AFHCHEINTS, FHETEX
X, COMIERD A 7 20EYFED., HARTINE TR S Na o 77 2 & LT ARE
TH2EVIFTHE (BB, 2023), 2OEEHICHEDL LT T F CHARN & LEHE S O R
Tt TE LI, IO RO MRS S T3,

X 1: 4572/, iERALFOJLEERIE I ET 258 1 X 9T X 10T GLcHEnzEs) »
LA L7z, M T UL AEREE 56 282 ] X b ik,

3. TR
ROt X foririiE (pXRF)

77 AEPNIEY AL REN Yy 7Y v IR TE ez, Thermo Scientific Niton XL3t-970
Alloy Analyzer % > CIFRE ST 2 FEME L 72, C OFHAEEE X, T 7 — F X#E (50kV,
100uA), ¥ Vav F) 7 MEHE 22002 Fy b4 X (Bmm & 8mm), H{RIED 720D CCD
ARX TN LTW5,

SIHTICIE [Mining mode ] 25&R &, REP O A AL TOLFIRITHEEZNRET D720, 4D
DT AN X —i%E (Main, High, Low. Light) %% 303 2. A& 120 BEMIE L7z, & 0%EiE T
BICHEDOMTICITEZNTH 25, BeHE JRTHES LILLT, fl: F Y vL) C3EEMENZ0,
HTER R I AN D LETDH B

EBME M - =2 ¥ =080 X #5kiE (SEM-EDS)

SEM-EDS 73# 1%, [EZPUFHEEMEE D RIFIEIE 7 K ICEXiE & #1172 JEOL JSM-IT100LA
InTouchScope™ ZfHH L Tt E L7z, EEIIMEELE 5~20kV, F v v —F 10~100Pa THE)fF
T2, SEOSHTIHEEZESM (40~50Pa) CEAI L. &Y (BSE) HifRHUS1: 10~20kV, fE
SEPREEIZA) 12mm TfT o 72, EDS #ll%E 1% 20kV « ~18mm THol{b X N7z, #7 2ikkHih —F v 5 —
ZTWEEL, BEMa—T 4 v 7R LTHoiZEM L 7z, SEM-EDS i% pXRF X b & SR - Sk



T, BHRARIIH 0.1wt% (1000ppm), _ VU Vv 24 (Be) U EotHEEZHREAEETH 2, EHRE R
ETLHE~ v BV IHRARET, TFANDERLH 7 AKRBMOEDOE N DBEICFFHCHETH 5,

4. I NRD I 7 ZF K

WEDHFIETIE, 474 DO AT AR DI B @ T — 1435 55, 7 v oA— 118 s, B (ZF A EHN
SRABEY) 1L H, ZY—v iTH, Axu— 3 He AN, BRI —DH I A BeED
90%LA L% EDT w3, ZDhh s, pXRF HHIC 162 85 (ZA—141 ., 2Dt 21 f1) AEE
FIER I Nz, P 7 pXRF OfERICHSEZ, 5198 (ZFANVELT T R4 EED) B
SEM-EDS 43 #1 HICIEE & 7z,

5. fERLEE
51 #o72av 27y ay BN

TRCOHMT 7 2 FEEHT, MEHEAIRE T L B DR RE L ZIRETH 2,
% L DHEH T A Il A RER LA TN TE Y. THITFEAMRI O 2 R% L < 5 ATRgk:
BHb, T7AOHMHDD 5 —2DEEL LT, BOBORBALBAELNL, Y 4 7 viBfEco
BACkZbDEEZLNS (M2b), THOLDAMPL, LA T ABGEOEIFICE T, v
Z AR AL - @&l EnshLy MichkT 208801 H 5, £/, 7 X No.l (G1~G17) @
fifkiZ 7=, 7V —vDrIF—vavipfshn, ReEDVBOHOBOFOICL > TR Z XL T
witEzZLNS (M3ab), cnboid, HOHIZAME (7)) v ) & LTHEME NzAlFeEl»
HY. Gl1EE (M 2a) ICFZRABOHEOOBEMSHER TN, —H. TFALEHN T Z 4 HicizAi
BIEEAERONT, BEFT I XXV ERE L2 3EUEOE K TH 2 EIRBING,

X 2a,b : G113 (F) 2. 7 AN R5iGr Ao, Horh 7270 v b KRy
T R) ODRIAMHEELEbNEbobERINS, GLI7THRE () 3. 77 RCHEVRABHE SN,
BHAEMEBHC X 2750 [REHEZ RB LT\ 5b, MlBiRE b Ny 774 FZHWTRE L 72,



[ 3a,b: GLEE () 13, BEDOIFSTF—v avBRoNd TA—HIFXFTH 5, GOHIRTIT,
Ny 774 PINCHETL L, MOEOEHFAPREDEOEODOERICI o THKEINT WS T & HHER
N7,

5.2 B RO IR

pXRF ¥ X OF SEM-EDS #f DfE R 6, BT T A I FICY —XHKH T ATH LT LRI
7eo V=% (Na,O) OEHEIL 9.6%~15.6%DHFATH Y, 7Y (K0) % 3.9%~5.5% & ik —
ETHY, =742 T MgO) F2%LUETH o7z, v 22T LAV OEHRDEY G1.5wt%) <
b, V=X EBEICETEAMEY OIS H 7 ABEICHEH S N REEE R L CTw 5 (Brill,
1987 ; Rehren & Freestone, 2015), 4 2FEHCIZHRED 7 L I F (2.8~5.1%) L#fb#k (0.9~
1.2%) BEENTHEY, ChIFRUINZLETERAL, FHYZ2ETHAL ) AHE LRI Nz
T ERLTWS (Brill, 1995), ~v# v (0.3~0.7%) 2—EHLTHHEIRTEY., TNIFFEORH
VT XD o -0 EIT B M IROE & LTHEmE 1z miEE2RE 2 5 b (Sayre, 1963),

HEORKEITa A FBYICL 2 b 0T, pXRFICX Y HRMICHRIE iz, BEMELTDH

(300ppm F2EE) . a3 FEEEYNEEFEVFH (% FE 3 5 (Smirniou & Rehren, 2013), fEoO K, ©
AR AL =y 7 AOFER, 5~ 18 MICIC ER LRI CH 72 F A Y « AV DY 2 F =~
ZHRIUEHKED 2 L P TH B a[EEEER B L CTWw 3 (Gratuze, 2013 5 Colomban et al., 2021), 7277 L.
SEM-EDS Ti3BHRAR (1000ppm) D7z, a3t nihr o/, Ty -t 4 Tu—0D%
Blx, BRETEIRITHSF T CRIGL OB E NS 7 = Vit REHICL 20T, Tl —=
DT Y N=H T ATHLN T EIET, WEREA DI 2 0.005 wt% T EHEBOFEICHITH D

(Paynter & Jackson, 2017), 7'V — v OFEIIFICHELIIC X 2 b0 eE 2 LN, fhoEFOHNICHE~XT
RERE caEEh v,

pXRF OfERICHE D E, 77 ZMBITIZUTD 2 20 770 — 7@ I iz, HEE A v o
LDOHTZARLEAN T T LDH T AR TH 5, HIIEAN S T LDH T AREICIET voN— - f 21
—HITAFTRC, ZV =V HITRAT P68, EHA T AT S35, 7—H7 % 141 5 21 523
GENE, TNOLDOHKDE N, FTIRADL L EDEN, GIKOERBIEDE N, Bx 34 5 2 H5E
MOFEEZRML TV A[REMEDRH 5, EHA 7 AREOFICIE, $he v FBOM A2 ED 3 MO 7 AR
BB Y, Hip ELERMT IR Z KL C W B A[EEES H V. T LR A NMHEAREBEI NS,



VAV 4 Tk 15~17 A0 CEE A A 7 A EERTH . BUTIC X 3 EE R EHOo b & T
HLEHIALVEZRMFF LT, VoAV A TDY —XHKHA 7 AT 3RS 5, ¢ vetro
commune (—fRWNERECH T R). vitrum blanchum ($&{ 75 X)), cristallo (7 ) A ZVH T X)),
K2DXoI, INHRERBET LI =Y LD VEEED 0.68%~1.65%. HE(L#E23*%0.24%~0.75%** &
JEFE IR DT H 5 (Verita, 2009a),

717 ZABLED R Z R HRif IV 1000 R b, @Al LTy — X288 IcabSF v
b, W) EEBEICEUOKRIKCY XK EHHAT 2 X5 R2and 72, ToOBICLY, BN Y
—ZRKT T AEA) R=R (RIK) A7 RACEEHRZ ONE Lz, 12~15 o, A7) 77 228
s X e E — e v oS CTERIICAR S (Adlington et al., 2019 ; Zldmalovd Cilov4 et al., 2021), 15 i
FEHIBA~17 HACIC A ) 77 R 3R A ICEAIK - A&7 v h Y (HLLA) 777 AICE&#12 bz, HLLA
IR, Y EV—FDREY (K:O+NaO) D&FHHH 10%LL T, CaO/(CaO + K.O) D E A5
0.75 L ETH B L FHITH B,

# 1D SEM-EDS 07 —#icko< &, AlLO3/SiO; & Fe,03/Si0,D 54 7m v b (X 4a) 13H M
AT AR S N OMAGTRITRERE L —BF 2 EHARH Y, YAV A THEL IIRR DL L ERE
LTw3, G124 & G146 X, V=AY 4 T HHUN DO DORHGIT %27 3 RIREMED & 2 A filiz R L
TWw3, —J, MgO/CaO & K,O/SiO.D x4 7u v + (X 4b) 1%, HidiEs Sl A X 7z iK D
A ZEH L CREINTZT oAV AT HIRE, VY TADTN—H T REFEHN 7 A/ THh T H 7k
R DOBNERL TS, A T —F T RAFHELRIIUETH Y, ToR{ BRIATTAXATERL
TWLRAREERH 5, O DFER2 S, Fah 7 AFRFELHFOZEL T Th, YAV 4 TZT
T EBOMIBICIRIEZ BB H 2 S ERRBE NG, 72770, T—2ky FBRLATN3
e, ZORGRITEENTH Y., L0 E L ORREBERSITHEMICL 2 X5 R ML LETH D,

SEM-EDS I X 2 Hith 57 X 5 D oHrib S & eGSR, U PR 1, R2I1ITRL7zdE) TH D,

K 1: Htayn 7 ZFEHTN S 2 SEM-EDS i CTRMM O Pl s X CHRHERE)

) HE | fEEE SiO; | Na:O | CaO | MgO | Al,O; | KzO | MnO | FeO | P»Os
T
HHno 2 | G83 | ¥ 65.6 | 135 |74 |22 |28 54 104 |14 0.7
(B)
G146 | *F¥ 640 | 142 |75 |21 |3.6 47 107 |19 0.6
G197 | *F¥ 65.1 | 153 |[7.0 |21 |28 44 106 |12 0.6
SR | 649 | 144 |73 |21 | 3.0 48 06 |15 0.6
fEdEfRE (0.8 (0.9 |03 |01 |04 05 |01 |04 0.0
(SD)




BIAAZ 2| G124 | ¥ 683 9.6 |76 |22 |5.1 46 103 109 0.0
(T)
MEdEfR (29 0.8 0.6 |0.1 |29 00 |03 |07 0.0
(SD)
AT 2 | G126 | 703 [ 13.0 [3.6 [3.0 |3.0 39 |05 |12 0.7
(Y)
R |04 |04 |02 |00 |0.1 02 |0.0 |[0.0 0.1
(SD)

K2\ /-7~ 47nT7F74%— (EPMA) € X 250HhGH o i
RETIH, UTFDH 7 23 klo EPMA SHfERZIEELCn 3 : Y22 Y 4 7472 (16~18 {iHHd) :
Verita 3 X OF Zecchin (2009b) i X > THEINAD D, B H 7 2FE (12~15 tH#2) : Occari b

(2021) 1wk 2 b2y v A7 25k (10~11 f#42) : Salehvand & (2020) ICX % H D

S ik H T A FREAY - {8 | SiO; | Na,O CaO | MgO Al,O4 KO | MnO Fe, O3 P,0s PbO | SnO,
247 Hit
Verita & TzAY | 16~ ¥ | 65.4 12.8 10.5 3.6 1.7 2.9 1.0 0.8 0.3 0.1 0.1
Zecchin, 47 — 18 fH:
2009b 77 o
3
(Co)
SD 1.4 1.2 1.0 0.5 0.3 0.8 0.5 0.2 0.1 0.1 0.2
Y4 b | B T | 66.9 13.6 9.8 3.4 1.0 3.0 0.5 0.4 0.3 N.A | NA
LT
AN
(VB)
SD 1.7 1.4 1.2 0.7 0.4 1.2 0.2 0.1 0.1 N.A | NA
7 YR T ¥ | 705 17.2 4.9 1.8 0.7 2.9 0.3 0.2 0.2 N.A | NA
Zvu
(Cr)
SD 1.3 1.5 0.7 0.4 0.1 0.4 0.1 0.1 0.0 N.A | NA
Occari et ~)—/ | 12~ ¥ | 688 | 12.3 9.6 3.5 1.3 2.4 0.6 0.5 0.3 N.A | NA
al., 2021 (M) 15 i
o
SD 2.7 0.9 1.0 0.4 0.2 0.2 0.3 0.1 0.0 N.A | NA
Salehvand ~)Lv 10~ | 66.1 14.6 6.5 3.7 2.7 2.7 0.8 1.0 0.5 N.A N.A
etal, 2020 | * 11
(Persia | #¢
)
SD 2.6 1.8 1.4 1.2 0.8 0.6 0.8 0.5 0.2 N.A N.A




[4 4a,b : Al,O3/Si0, %t Fe;03/Si0; ®N4 Fu v b (M) Tli, BaHF IR T3V 4 THT R
W S N2 fHGHEOEVWAREIN TS, —F., MgO/CaO 3t K,O/Si0, (/K) D~4 7m
v b Cld. X YRR OFERE O E G Z S 22 LT B,

5.3 TFANEN T ZADHRER

4 EDIFANEH T ADEREERE L., BoH I 2EMD Ficlix ik, H, R—Y2Th
% (X 5-8), pXRF 5 X ' SEM-EDS IC X 2 9#H#EH (K 3) ICX V., TNHDIZFANEN T ADH
M, SEYEE 11.2%DEEED A1) (K.0). #912.2% D8k 74 (CaO), 1.8% & KEE D Y
— % (Na,O) &, KK 7 A (Potashglass) THBZ LRI NE LIz, TNHEIANKEZIIA
VA7 ZADREN R TH 2 (Wedepohl & Simon, 2010 ; Zlamalovd Cilov4 et al., 2021),

CaO/K:0 iz, AV 47 AELGEICER I NZIKOEHZFFET 2 BEEABECH Y, MHEL A T
X N RKoEA, BLhGEEA, SEHIB IO W TOR#BEZ L7253 DTH 3 (Cilovda & Woitsch,
2012 ; Wedepohl & Simon, 2010 ; Zldmalova Cilovd et al., 2021), Hitod 777 28L& )AL AW Sz
7FIKE. WA I A1 € CaO/Ko0 Hes ERF 3 Mm%/ R LT %, Zoffmix, 14 H#id
UBgD 3 —w v oM 5 IR#HI MR & . 2 S BB B X ORPH LS o Fil R ICER L T w
b, e LT, 2L EA IS LCED/MMDARIKICE CMAZLbH S X912k, CaO/K0
Feix 1 R 5 AT 16 1ICE TEF L7 (Wedepohl & Simon, 2010), ZDZEAGIZR~I T DH 7 AT
BEEICH S, 15 Iz R 1 R Tch o7zt L, 16~17Hiiciz 1 222 X5 ickro7

(Cilovd & Woitsch, 2012), X 5ic, VU VRGOS 2@ CA ) A 7 A OHIEIY 7058 & HHIATRE©
Y. Vg (P.Os) IREA 2% LA T TV R - T4V TV VT DHA T AT, 2%AKiD
Bahka—v vy toH 7 2%k T (Adlington etal, 2019), £3., 4DTFT—Z»6, TFALEHNT
AZDHM T 16 HiCUFRIcHiE I N/oha —a v ¥ (BZ L KR~IT) EDOH T A TH 5 HelED
HbHL 2D,



X 5 : G471 Bl orfiziE (/) &. SEM-EDS Hiff¥E X CTCEMT O EMERE AT () Z2RLTWw3,

8 : G474 WKt rfiziE (£) &. SEM-EDS iiffds X TRt o LT (£) 2/RLTw5,



IFANEHN T ZADEMICHF %2 SEM-EDS S hiftisid. LU TDE 3, 4 0@ TH 5,

% 3 47 2HEM D SEM-EDS #5i %

BT Na,O | MgO | Al:Os | SiO; | P,O5 | Cl | K:O | CaO | MnO
G471-1 1.9 2.7 1.8 68.4 | 0.8 0.3]109|12.0 | 1.0
G471-2 1.7 2.6 1.9 679 | 0.7 02115123 | 1.0
472 1.7 2.6 2.2 67.7 | 0.5 021119121 | 1.0
474 1.9 2.8 2.5 66.4 | 0.7 0.41]105 125 | 1.0
I 1.8 2.7 2.1 67.6 | 0.7 0.2]11.2 122 | 1.0
FEHEfR# (SD) | 0.1 0.1 0.3 0.8 |0.1 0.1{06 |03 |0.0

# 4 CaO & KO o Ht

Fv I | CaO (EfbAars ) | KO (Bg{bA Y vL4) | CaO/K,O M
G471-2 | 11.97% 10.86% 1.1
G471-4 | 12.27% 11.45% 1.1
472 12.05% 11.93% 1.0
474 12.54% 10.52% 1.2

54 7 RAER EOFBEZF AL

IFANE, BRI AN v =R BAE L, AT AT L2, KR CHBER T 5 2 & TREICH
HrxETEoNE, FEERAN I AEECIE, FIC2 00 F ANEERALERINTCHWELE, —
D H I PERIEGE T, S CIERL - it S T ET 7 AR (BT 7 R EHEESH D) KL T
TET TN EDHWEANL v AL RECHEHT S, 2 OB WRAEIET, BRI R EFERE 21
HLLOF K & Fo My 7 ZBRIC, 4 v X =L & E - 38Ry (B FReiciRekss) i
ACEEHT, 2o OREYIIESA R, BEHIC X o TH I ARMEICHEX 1T 5125 (Campbell,
2023),

pXRF 3 X ' SEM-EDS i ic o %, 3T F AN TRCh LB I NEZ, chicky, =
FANMIMEI A4 T EEM A A TICHHET L L BAEETH S, hid, TFALOREISE TS L,
BERAZMRET A2 2L, LI FALEN TRBLOEEEZED 2 LR, HEOHNTEN
NI I Nz AlREMED D 5. £ 72, $0I3-A XM DI CHEEL TV 2 a[REMED H 0, ZHITEL
7 = F A NFFEICB TR S N2 EE D 2 > - AEHLAITH 5 (Bayley, 2015), JEHY
AT ABED L I, TFANDBEGRE %K 650~700°CIC N5 20 it xR T % <
EXBHEICE AN TEYD, TNICKX VBRI REMOERE R 3 TE %5 (Machado et
al., 2019),



EEhoF AN — Bz F AL : SEM-EDSHrick v, 2X (Sn) oL & bic, $h, 73
ZUL, ANV TL, IRV UL, F Y TL, $k TEEOMRE SR S 1z, C O X
pXRF OfERIC L > THHFFE w3, FEAABANERLANIL, AXH (SnO2) TH 2 A[HEED S
v, BRI D EHBIZK 3.6wt% LKL, I NZRT 7 A EEHS L T2b DT ARD -
T ERRBLTWS, 2770, Mz T2 LB 7 2L oEEEE2E® 3 HIYT, 2R0H
DREKICHRME NGNS H 2, BT 21, HOOROQEIAXBIMLEbDTH %,

BT F AN — T A SEM-EDS Mric X b, fRazF A3 TICihB X R XD EEE
ZRL, MO 20DZF AN EHELTA) VABXU0HOEHEEDHMNNICE N EBHL 2L 2o
Too Ty TAIZT L, ANV TL, 73T L, 7P VL, TEBEOERE I EHAICH
%, e pXRE S OFERICX D, a v, TvFEy, VAR, L ZOWBHEAEDHERZIN
770

B LUTvFEVOEFEIR. BRNZEENEILEICH 287 v 7 VIR{IEY) (PbSb.O;) Offi
FZzrsglLTwd, FAfRC, s X OCRAXOEBEOMAGDREIZ. b 5 —D2D— &Iy 7Z i - REIHL
HITH D IMARXBIOER%ERLCTwb, a5t (Co) oEHICmA, # (Pb) omEiEEs XL
AV L (K) olHECWEEE IR, HFOFANVIHHBEICHONS, $hae %l &) VL%
NUFYHTATHEZF VR FOTRMERELTWS (Beltrdn, 2020), Higa—o v icknwT, &
<V MTEE, 2oV MR AR XU ) v LAY & & D IR 5 A, a5 P ERA B IEEA
AT ZICHIN L, 2 DRAYMEGKTART 2 tickoTllfEa N, BRI S ML
iz A~nrFH [(CoNiAss—] TH2% (Xiaetal,2019), & 5Hic, pXRF Z_ 7 b ricEBnCa i
Peedbicedk (As), vA=x (Bi), =v 74 (Ni) pREKECHEEEAEC Lid, 156~18 Higic |
AVOIAYUMHO (a2t —<_2) FHLCTEIR S Nz a0 P RS W2 AfREEZ R L TE D .,
INEARIL 7 avitEEITNEZTITLV—DHEEN T RICHEEL Tw3 (Gratuze, 2013 ; Colomban et
al., 2021),

RIZIC, Bk X OTRME O WIRI R CIREIE, iR@E A & L Chiikik (FeSO.) A & N7z mlHE
HERBLTWS, FEOEFIT. BEDORALF LT vIFE VBRI AR L wo -
PEWCAZIRAE T2 LIC Lo TELUERIERS V. O ICHESSRIMI NS C L TREDOFE
DSTREEF 72 (L0 S A RETEDS B B

BT F AL — =2 (Jlts) =F AN SEM-EDSZMric X v, #ids X R X D i
Z. o F At b ol L CHBE DIRE S E N LS & o 72, pXRE W ClE, MEDO Y
ARAPHERINTEY, FPITVL, T AT TL, AVVTL, TAIZVL, ~VHY, #8Ritk
IKIRE CHEAEL TV 2, $his XA XOEEE X, HERNELH & L Cohx Xty o %
MWL TH Y., MREEOSIREIINMEE hH) OFELZ R LTHE Y, TFALDH T EFICEH
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HBLTw3aReEn 52, BRATALHKL TO I ICEVERDIREIL, ~—YaFiFleaox )
ANV D RBEH N7 2155 720 ICRILEk OREEE) 2SI N2 b 2RLTEY, 2O
Eixe —~<RRoAN 7Rz FAvich oz (Campbell, 2023),

BIRZE L Z 2T, 12~15 ALY 7 v Rics T 27 v F 77 2Cld, BERIFICE T 585 X
O~ v v ORRCIREEZAER ICHlfEll 3 2 2 &L T ORI AIRETH 272 Z L BRI N TV 5, #
(Fe?*) »@ETHh 2 HEAICIIFMEr 2L, v Ay Mn®™) dvvorb¥Eartr ez, —5
T, #k (Fe**) &~vhy (Mn*) o7 v 2RI RETIE, a0 arSons, Bk
MOWAFRA»EMECTH 2 L2, FET 2LEMERRICRET 2 201k, X#EH (XRD) <
T~ vk EOEE R ONEM AW S bR AR BBETH S,

K5 TFANKT T RAOBER I LR D EGHIER

No. | io 2% | EBRTF | & HEE T h 2 5 A FERLH (v 77
47 A A7)
1 IFAN | AVHAT | H AXE AR (SnO.) BBt X (Ao AEH
TR 2 LAl & LT b HkrE
2 o Wilggk (FeSO4)., A<t (F | LA X (), #7
ta Lt H T R) v Vg
(Pb.Sb,0O7)
3 ~X—v | Wil (PbSO.). MLk fEfbin 2 X ()
= (Fe203), F7238k - ~v v
&1ty (Fe**/Mn?*)

6. HEam

AREFFEIE. B IRAA 2 & i+ U 72 n g o 2 7 28NS 3 2 9] 0 @R 2 B2 T 2 f2n 5
2bDTHY ., IEBIENFiEZ - GHEL EEAl. ANEPHLAL, SEEmNZHREL 2, e kb,
7T AREOERPL BTSRRI ICBE T 2 8- AR H" O iz, Hitah 7 A 0% {1X, MYIIK %R
ELTY = FRKRATTATHLZEPHHLTZ, TV —AT7RIZlE, eFR, AR, = v 7L
TE2aNEEREINTEY, oD FN~—A =g V4 Y - AV DY 23—~ 7 §iilH
kThBAEEEZ TRE LT3 (Gratuze, 2013 5 Colomban et al., 2021), JtE7w 774 U v 7Dk
R BN T 2 IEE ORI 2 R o alRetE 23w < JRM RO M 728 5 2 S R T AR EEMLR D AFTE
DRBE N2, — . TFAVEL T ARV DS KK 7 ATHEI L TEY, 15~17 o
s —a vy oS 7 AEGERTE B LT, 17 VI, 7 v A v F &tk (VOO)
BRAVY ¥ BORGHIEL, H—T B, NVEL - T o= [ RT7 71— VIR TEBHLE
ZiXiE L7z (Floor, 2009), ZD7-%, I —u v 38l 5 2oig Az, HirhiEtiigo 4 2 7 — L8
FEN T ATe &, IS O H T A& VOC DG4 v b7 — 27 %@ U CTHARICD b 72 b I/ mlREM: A
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FEzoNhd, oML, HERROHAKRICE T 2WAN 7 ADL ALWRIEZFERL Y ICL, &
WAL 7 =7 A A Y — (AARREINT) OMEOEEEZHRHL T 5, S&iE. L %L
DFBEL, @EROTEAN, T — X2y F AW, AT AL TREENRORELZ LY
F#ICAT 9 ECARRTH Y. ZNIC X o T b DEY) YR D STRLRS R0 S 3 2 Bl - XLy
Iy b7 =2 OHEE I LICEDOND LFEZOND,

AHEE

FELIZ, ATu Y27 boirb BT E EEZRBERMEEIC B W TN R BEE 2 B 72 X /MR ]
Ricbd WVE#HoEZRLET, £ IIGTHREREREEAEH UMD ERRICIZ, RT3
ErBOE L LICECRSHL TS,

SIRZE 3R
(FXXZ)
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