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AHHOTAIIUA

B nipeacraBiieHHON UCCIeA0BATEIBLCKON pab0Te U3I0KEH TUCIUIUTMHAPHBIN MOAXO] K
PEKOHCTPYKIIMM  JPEBHUX  METAJUIyPTMUYECKHX  MPOU3BOACTB W OYaroB
METauI000padOTKU  TMO3HEOpPOH30BOrO  BeKa  Ha  TeppuUTOopuu  Ypajo-
3anagHOCUOMPCKOTrO peruoHa. JIutele OpPOH30BBIE OPYIHs, YKpPAIIEHHUS, a TaKKe
MIPOU3BOJICTBEHHBIE OTXOJbI (IIJIAKW, CIUIECKH, IUIAKOBaHHBIE COIJIA) BBICTYHAIOT
KJIFOYEBBIMA MCTOYHMKAMHU MH(POpPMAIIMU O CTETNIEHU Pa3BUTHUSI JPEBHUX TEXHOJOTHM,
HMCTOYHUKAX PYAHOTO CBIPbs M TOPrOBBIX Maructpaisix. ABTopamu cpopMupoBaHa
rubpuaHas KilacCUUKAIMOHHAs MOJEIb Ha OCHOBE aJTrOPUTMOB  IMPSMOTO
pacrpoCcTpaHeHUs U TPAJAUEHTHOTO OycTHHTa, Mo3BoJisitomias auddepeHupoBaTh
PYJIHbIE UICTOYHUKHU U PEIENTYPHI CIIJIABOB IO MUKPOAJIEMEHTHOMY COCTaBY U (ha30BbIM
BKJIIOUCHMSIM. JIJIsl OLICHKM 3HAYMMOCTU IMApaMeTpPOB B MOJEIb BCTPOEH MOYJIb
pacuera Shapley-3HaueHuii, KOTOPBIH KOJIMYECTBEHHO OMpEEsSeT BKJAJ MpUMecei
MBIIIbSIKA, CYpPbMBI, HUKENs W cepedpa B BBIBOABI O MPOUCXOXKIACHUM MeETaslia.
UccnenoBanne MHUKPOCTPYKTYpPHI IIJAKOBBIX KOPOK METOJIOM CKaHHUPYIOIIEH
AIEKTPOHHONM MUKPOCKONUU MOATBEPAUIO KOPPEKTHOCTh BBIYUCIEHHBIX OLIEHOK
TeMIEPaTypPHBIX PEKUMOB APEBHEN IJIABKHU.

KioueBble cjoBa: JpeBHsS WUCTOPHUSA, apXeoyorusi, OpPOH30BBINM BEK, IPEBHSSA
METaJULyprusi, MHUKPOPEHTI€HOCTIEKTPAJIbHbIN aHanu3, Metamwiorpadus, Shapley-
3Ha4YeHUS, MaITUHHOE 00yUYeHUe, pelenTypa CIIaBoB.
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Abstract

The presented research paper outlines an interdisciplinary approach to reconstructing
ancient metallurgical production and metalworking centers of the Late Bronze Age
within the Ural-Western Siberian region. Cast bronze implements, ornaments, and
manufacturing waste (slags, prills, slagged tuyeres) serve as key sources of information
regarding the level of ancient technological development, ore raw material sources, and
trade routes. The authors have developed a hybrid classification model based on
feedforward algorithms and gradient boosting, enabling the differentiation of ore
sources and alloy formulations using trace element compositions and phase inclusions.
To evaluate parameter significance, a Shapley value calculation module was integrated
into the model, quantitatively determining the contribution of arsenic, antimony, nickel,
and silver impurities to conclusions about metal provenance. The microstructural
investigation of slag crusts via scanning electron microscopy confirmed the correctness
of the calculated estimates regarding ancient smelting temperature regimes.

Keywords: ancient history, archaeology, Bronze Age, ancient metallurgy, electron
probe microanalysis, metallography, Shapley values, machine learning, alloy
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BBenenue

Pa3BuTne Meraymuyprud MeOM W €€ CIUIaBOB B DIMOXY IMO3JHEH OpOH3BI CTalo
MOIIHEHIIUM  (aKTOpOoM couuanbHOl AuddepeHnmanuy W HUHTCHCUPUKALUN
MEXKYJIbTypHOTO 0OMeHa B EBpazuu. @opmupoBanrne AHJIpOHOBCKOU (DETOPOBCKOIA)
U ANaKyJIbCKOM KyJbTYpHBIX OOILIHOCTEH, a Takxke EBpazuiickoii MeTamurypruueckon
IIPOBUHIMHU COITPOBOKIAIOCH OCBOCHHEM MEIHOPYAHBIX MECTOPOXKIECHUM 3aypaibs U
KazaxcTaHCKOro MenKoCOnoYHUKA.

N3ydyeHne npeBHEr0 METAUIONPOU3BOJCTBA OCHOBBIBAETCS HA AHAJIN3€ XUMHUYECKOTO
coctaBa apTe(dakToB U NUIAKOB. JI00ABKM MBIIIbsKa, OJ0BA, CBUHIIA WJIU OJIOBSIHHO-
MBIIIBSKOBBIE JIMTAaTypPhbl KapJANHAJIBHO MEHSIIM JIMTCHHBIE U MEXAHUYECKUE CBOMCTBA
MEIU: OHWKAIIA TEMIEPATYPy IJIABJICHUS, YIYUIIAIN KUJAKOTEKYUYEeCTh U MOBBIIIAIN
TBEPJIOCTh U3EIIUH ITOCIIE XOJIOJIHON IMTPOKOBKH.
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OmHaKo cOCTaB TOTOBOTO OPOH30BOTO MPEMETA OTPAKAET HE TOJIBKO UCXOTHYIO PYAY,
HO ¥ MHOTOKPATHYIO MEPeIiaBKy JOMa, CMEIIMBAHUE METaJlJIa U3 PAa3HBIX HCTOYHUKOB
Y TEXHOJIOTHYECKUE TIOTEPH JICTYINX IEMEHTOB.

TpaauioHHbIE THCTOTPAMMBI B ABYXMEPHBIE TCOXUMHUYECKHE TpadUKA HE CIIOCOOHEI
Y4€CTh CJIOKHBIE MHOTOMEPHBIE 3aBHCHUMOCTH MEXIy MHKpornpuMecsmu (Arsenic,
Antimony, Nickel, Silver, Bismuth) B ycnoBusix BapnabenbHOCTH APEBHUX MPOILIECCOB.
Hcnonp30BaHne adanTHBHBIX aJITOPUTMOB TMO3BOJSIET HAJIEKHO TPYMIHUPOBATH
MeTaJTMYecKre apTedakThl 10 METaJUTypPrHYeCKUM TPYIIaM, BBISBISATh YHUKAIBHBIC
TCOXMMHYCCKHE  TOMMUCH  KOHKPETHBIX  PYOHHUKOB H  PEKOHCTPYHPOBAThH
TEXHOJIOTHYECKHE PEICTIThI IPEBHUX JTUTCHIIIMKOB.

MeTono0J10rusl HCCJIeJOBAHUI H CTPYKTYPA NPU3HAKOBOI0 NPOCTPAHCTBA

Jlisi mpoBeneHusi ucciaeoBaHu ObUIM OTOOpaHbl OOpa3lbl MEIHBIX M OPOH30BBIX
MPEMETOB, a TAKXKE METAJUTYPru4eCKUX IUIAKOB U3 MOCEIEHYECKUX U MOTrpedaabHbIX
KOMIUIEKCOB CTEIHOTO M JIECOCTEMHOrO 3aypajbsi. AHAIW3 3JIEMEHTHOIO COCTaBa
BBIIOJIHSJIC METOJIOM  ONTHUKO-3MUCCUOHHOM CHEKTPOMETPUU C€ HHIYKTHUBHO-
CBSI3AHHOM IUUTa3MOM M METOJOM MHUKPOPEHTIE€HOCIEKTPAIBbHOTO aHalh3a Ha
CKaHUPYIOILIEM 3JIEKTPOHHOM MHUKPOCKOIIE.

ChopmupoBaHHBIN BEKTOp AMArHOCTUYECKUX IPU3HAKOB COJEPKHUT CJICIYIOIIHE
napameTphbl.

[TapameTp KOHIIEHTpaluii OCHOBHBIX JIETUPYIOIIUX SJIEMEHTOB (OJOBO, MBIIIBSK,
CBHUHEII, IMHK) XapaKTepu3yeT MpeHAMEPEHHYIO PEIENTYPY COCTaBIICHHUS CIJIaBa MO/
KOHKPETHBIN TUIT U3ICIHUSL.

[Tapamerp MuKporpuMeced NPUMECHBIX JJIEMEHTOB (HUKENb, CypbMa, cepeodpo,
BUCMYT, KOOQJIBT) OTpaXk)aeT PYIHYI0 T€OXUMUUYECKYIO MTPUBSI3KY UCXOIHOTO CHIPhSI.

[Tapametrp (a3oBoro cocraBa LUIAKOB M KOHLEHTPALMU OCTaTOYHOIO JKEJe3a
XapaKTepU3yeT BOCCTAHOBUTEIBHBIN IMOTEHLIHMAI TAa30BOM Cpedbl U TEMIEpaTypy B
JIPEBHEM IUIABUIIBHOM TOpHE.

[TapameTp pa3zMepa 3epHa M XapakTepa MHTEPMETAJUIMYECKUX BKIIOUEHUN OTpaskaeT
YCIIOBUS OXJIQXK/ICHUSI OTJIMBKYU U MOCJIEAYIOIYI0 MEXaHUKO-TEPMUUECKYI0 00pabOTKy
(OTXKUT, MPOKOBKA).

Ha ocHoBe nuarHocTuueckoro MaccuBa oOydeHa TUOpUIHAS MOJCNIb, a MOJIYJIb
Shapley-3nHauenuii BU3yaau3upyeT CTEleHb BIUSHUSA KaKI0Tr0 JIEMEHTA Ha MPUHATHE
OKOHYATEIbHOTO PELICHUS.

CdopmMupoBaHHbIC aHATTUTUYECKUE OJIOKH pa3/IeNICHbI 1O CISAYIOIINM HaIPABICHUSIM.



HampaBnenue pynHON WHIWKAITMU CBSI3bIBAET MPUMECHBIN MPOQPMIH C KOHKPETHBIMU
TUTIAMU  PYAHBIX MECTOPOXKACHUN (OKUCIICHHBbIC, CYIbQUIHBIE WJIHM MEIUCThIE
MEeCYaHUKH ).

Hamnpagpnenue penentypHOro KOHCTPYUPOBAHHUS BBIJICISAET UCKYCCTBEHHBIC JINTCHHBIC
CILJIaBbl OT YUCTOU '"HEJIErUPOBaAHHOMN" ME/IH.

HanpaBneHHe PCKOHCTPYKIUN TCPMOAWMHAMUKHU IUVIABKM OHLOCHUBACT TCMIICPATYPY H
HHTCHCUBHOCTb AYTbs 110 XUMHU3MY HIJIAKOBBIX (1)213.

AHanns MOJIYY€HHBIX PE3YyJbTAaTOB

O0paboTka T€OXUMHUYECKUX JaHHBIX TPEXCOT BOCBMMJIECATH apTe(PakTOB MO3BOJINAIIA
KJaccu(uIupoBaTh METaI000pabaThIBAIOIINE LIEHTPHl PErHOHAa C TOYHOCTBIO J10
JEBSIHOCTA TPEX C IOJIOBUHOM MPOLIEHTOB.

Ananmu3 Shapley-3HaueHuil Mmokasan, 4TO IJIaBHBIM pa3esiomuM (aKTOPOM MEXITY
MECTHBIM TPOU3BOJICTBOM M HMMIIOPTHBIMHM IOCTYIUICHUSMM SIBJISIETCSI YCTOMYHMBOE
COOTHOIIIEHHE HHUKENIs M cepedpa, KOTOpOE MPAKTUUYECKM HE H3MEHSETCA IMpHU
OKHUCJIMTEJIBHON NIEPETIaBKE METalIa.

B xoze npoBeaeHUs UCCIEI0BAHUN MOTYUYEHBI CIEAYIOIINE PE3YIbTATHI.

Bo-niepBbIX, n0Ka3aH MIUPOKUNA UMIOPT OJOBSHHBIX OpoH3 W3 AnTaicko-CasHCKOro
TOPHO-METAILTYPTAYECKOTO IIEHTpa HapsAy C UCIOJIb30BAHUEM MECTHBIX MBIIIbSIKOBBIX

pya 3aypaiibsi.

Bo-BTOpBIX, HA OCHOBE aHAJIN3a MUKPOCTPYKTYPHI IIIJIAKOB YCTAHOBJIEHO, YTO IPEBHUE
MacTepa yCTOMYMBO NOAAECPKUBAIM TEMIIEPATYPY B INIABUIIBHBIX TOPHAX HA YPOBHE OT
ONHOW THICAYM CTA MATHUAECCATA OO OJHOM THICAYU ABYXCOT ISITUAECCATH TIPALyCOB
Ilenbcus ¢ UCIIONB30BAHUEM UCKYCCTBEHHOI'O 1YThS.

B-tpetbux, cdopmupoBana 0Oa3zoBas 0aza TEOXMMUYECKHX MOJANUCEH s
apXeoJIOTUYECKUX JIabopaTOpHil, MO3BOJIAIONIAsl ONEPATUBHO aTpUOYTUPOBATH HOBBIE
KJIaJ(pl U IOrpe0aibHbIi MHBEHTAPh SMTOXU OPOH3BI.

3akJIloueHue

['ubpugHas MaTemaTudeckas MoJielb ¢ MoaysieM Shapley-oleHKH moka3ajia BBICOKYIO
3¢ (PEKTUBHOCT, TPH PEIICHHH 3a/ad  apXeOoJIOTHUYECKOTO MaTepUuajOBEICHHUS.
[TomydyeHHBIE  pe3yNbTaThl  JAalOT  BO3MOXKHOCTh  JIETaIbHO  BOCCO3/1aBaTh
MIPOU3BOICTBEHHBIC IIETIOYKU JPEBHOCTH — OT JOOBIYH PYJIbI 10 KOHEYHOU 00paboTKU
TOTOBOTO OPY>KHS WJIH YKPAIICHUS.

B nmanpHeidmieM aBTOPCKMM KOJUIEKTHB IUJIAHUPYET PACHPOCTPAHHUTH JTAHHYIO
METO/IOJIOTHIO Ha aHAJIU3 Keae3000padbaThIBAIOIIMX MPOU3BOJICTB PAHHETO JKEJIE3HOTO
BEKA.
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