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npod. ArH Aumutbp CUHBOBCKM
npod. a-p Pagu Pagnues
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MENENOOBPA3YBALLW ENEMEHTU BbB BbIMMALLA OT FOLIEAENYEBCKUA
BACEVH, BBbIITAPUA

Wopdan KopmeHcku, AnekcaHObp 3dpaskos

MurHo-eeonoxku yHusepcumem “Cs. Me. Puncku”, Cocbusi 1700, buneapus; jordan_kortenski@abv.bg, alexzdravkov@abv.bg

PE3IOME. OnpofeaHu ca nurHuTHM nnactoBe oT [ouenenyeBckusi baceit, koiTo e yvact ot CTpymcko-MecTeHckaTa BbIMMLIHA MPOBUHUMS, CATYMpaHa B
torosanagHa bunrapus. C nsknioyenve Ha Ti v P, cbabpxaHWeTo Ha rmaBHTE eneMEeHT BbB BbIMMLLATa € MO-BICOKO OT CPeAHOTO 3a ceeta no Valkocic (1983).
BbB BBIMMLLHMTE FMIMHW HAAKNAPKOBYM Ca KOHLUEHTpauuuTe camo Ha S, Ca, Mg n Al. MocnearuTte Tpu enemeHTa ca C Hal-BUCOKM CbAbpXaHus B U3CneaBaHuTe
BbITLA B CPaBHEHWE C ocTaHanuTe Bbrnmwa oT Ctpymcko-MecTeHckaTa BbImuLHA NPOBUHLMS. TOBa € pe3ynTaT Ha rpyHTOBO NOAXpaHBaHe OT MpamopuTe U
[OnoMUTU3NpaHnTe Mpamopu Ha [obctaHckata cBMTa OT 3anaf M Ha MOBBPXHOCTHO MOAXpaHBaHe OT rHaiicute Ha boiikoBckata n BaukoBckaTta CBUTM, KOUTO
uarpaxgar yact ot bperosarta uBuLa Ha 6acentHa oT u3Tok. Mpeobnagasaly opraHnyeH acdmHuTeT nposiesieat Ca, S, Fe, Mg, Mn, Na n P, gokato Si, Al, TinK cac
npeobriapasall HeopraHuyeH admHnTeT. Upes anarpama Ha KUCENMMHHOCTTa Ha cpeaaTta e onpejeneHa CTOMHOCTTa Ha pH, KOATO Bapupa B LUMPOKW rpaHuuy — OT
3,5 0o 6,5, cpegHo okono 5. M3uncneHnsT uHOekc Ha noaxpaHBaHe Ha TopdpeHoTo 6rmato (SI) onpepenst cmeceHo noaxpaHBaHe, Kato B OTAEMHW eTanu oT
pasB1TUETO Ha BnaToTo Npeobnagasa rPyHTOBOTO MNK NOBBLPXHOCTHOTO NOAXPaHBAHE.

KnioyoBu pymu: nueHumu, nenenoobpasyBaliy €neMeHTW, OpraHWYeH U HeopraHuyeH adUHWTET, KUCENMHHOCT Ha cpefaTa, VHOEKC Ha MnogxpaHBaHe,
louepenyescku baceitH.

MAJOR ELEMENTS IN COALS FROM GOTSE DELCHEV BASIN, BULGARIA
Jordan Kortenski, Alexandar Zdravkov
University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, Bulgaria; jordan_kortenski@abv.bg, alexzdravkov@abv.bg

ABSTRACT. Lignite seams from Gotse Delchev Basin, which belongs to the Struma-Mesta Coal Province from south-western Bulgaria, were sampled. With the
exception of Tiand P, the concentration of the other major elements in the studied samples is higher than the World average values (Valkocic, 1983). Within the
carbonaceous shale samples S, Ca, Mg and Al contents are higher than the Clarke values. Moreover, Ca, Mg and Al show the highest concentrations among the
coals from the whole Struma-Mesta Province. This is interpreted as a result of the active groundwater supply of Ca and Mg from the marbles and dolomitic marbles of
the Dobrostan Formation, which occupy significant areas from the Basin’s western margin. In addition, intensive siliciclastic supply from the Boikovo and Bachkovo
Formations gneisses, which compose parts of the eastern margin of the coal basin, is the most probable reason for the significantly elevated Al concentrations.
Calcium, S, Fe,Mg, Mn,Na and P show predominantly organic affinity, whereas Si, Al, Ti and K are mostly inorganically bound. The environmental acidity (pH) during
peat formation is determined on a pH diagram. The results indicate that peat accumulation processed in acidic settings with pH in the range between 3.5 and 6.5
(average ~5). The calculated Supply Index (SI) indicates mixed groundwater/surface inorganic supply, with the former or latter predominating in particular stages of
basin development.

Keywords: lignites, major elements, organic and inorganic affinity, environmental acidity, supply index, Gotse Delchev basin.

KpaTtku 6enexku 3a reonorusta Ha
FouenenyeBckua BLIMULLEH 6aceilH

BuBepeHue

FouenenyeBckuAT BbruweH b6acenH ce Hamupa B Oro-

3anagHa bbnrapws. Toi e yact ot Ctpymcko-MecTeHckaTta
BbITMILHA MPOBMHUMS, B KOATO Bbrmeobpa3yBaHeTo e
cBbp3aHo C¢ HeoreHckus nepuog. Metporpadcku uacnen-
BaHus Ha Bbruwara ot 6acenHa ca nposeaeHu ot LWnwkos
(1988), KopteHcku, 3ppaskoB (2010), Kortenski, Zdravkov
(2011). Eskenazy, Stefanova (2007) onuceaT enemeHTUTe-
MPUMECH U HSKOM NenenoobpasyBally eneMeHTH 1 TAXHOTO
pasnpegeneHne. Llenta Ha Hactoswarta pabota e ga ce
ONpEefenn CbObPXaHWETO W PasnpedeNieHeTo Ha nenesno-
oOpasyBaluTe enemMeHT B NUrHUTATE OT oLeaenyeBckus
BaceilH, a Ype3 TAX M NapameTpuTe Ha cpefaTta B APEBHOTO
TopdheHo Bnato.

INutoctpaturpacms

B pailoHa Ha DaceiiHa OCHOBHO Ca MpeacTaBeHU ckanu C
pokambpuiicka  Bb3pacT, KOWTO Cca MogeneHn B 6
nutocTpaTurpadiCkn egnHuLmM, obeauHeHn Ha npefcTaBeHaTa
B pabotaTa reonoxka kapta (cur. 1): boeymescka nnaauo-
eHalicosa ceuma. W3rpageHa € OT [ONHOMPOTEPO3ONACKM
B1OTUTOBM, MO-PAZKO MYCKOBUT-BUOTMTOBM U amdubonosu
rHaicy ¢ newm ot mpamopu, ¢ gebenuHa ot 600 go 800m
(KoxyxapoB, MapwuHoBa, 1994); BbuaHckama csuma €
pasnpocTpaHeHa M3TOYHO OT GaceiiHa M e npeAcTaBeHa OT
LOMHONPOTOPO30iCkK GroTUTOBM, amdubon-6uoTUTOBM, ABY-
CrtogeHn 1 amdubonosm rHaicy, nNenTuHUTK, amgubonutu,
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MpaMOopu, rTHalcowncTy u wnctu ¢ aedenuHa okono 700-900m
(KoxyxapoB, MapwuHoBa, 1994); bolkogcka cguma —
npencTaBeHa e B CEBEPOM3TOMHATa M IOKHATa 4acT Ha
pasrnexgaHus paioH. B cbcraBa Ha cBuTaTa BnmM3aTr
AByCntoaeHu u 6uotuToBW rHaicw, ¢ gebennHata go 800m
(Koxyxapos, MapuHosa, 1994); bauykoscka ceuma — 3aefiHO C
BoiikoBckata CBWTa M3rpaxga 3HauMTenHu nnowu oT
Bperosata uBMUa Ha [oueaenyeBckust GaceiH OT M3TOK-
CEBEepoM3TOK. MarpageHa OT MyCKOBWTOBW, OMOTUTOBM K
asycniogeHu nentuHutu ¢ aebenuHa go 900m (Koxyxapos,
MapwuHosa, 1994); Jlykosuwka eHalicowucmosa U wucmoea
ceuma ¢ gebenvHa ot 500 m BkntouBa pasHoobpasHu rHamew,
THaNCOLLMCTY M LWINCTW, MpaMopu 1 amubonnTy, paskpusalLm
Ce Ha MecTa 3anafHo OT BbMMULWHMSA BaceiiH, cpea ckanute ot
[JobpocTaHckata cauta  (Koxyxapos, MapuHoBa, 1994);
[JlobpocmaHcka mMpamopHa ceuma, u3rpageHa oT Mpamopu u
JONOMWUTHM ~ Mpamopu,  MpOCNOEHM  OT  KarKoLMCTK,
rHaicowncTn 1 amdmbonutn ¢ gebennHa go 1000 m wu
KbcHonpoTeposoicka-Pudpeiicka  Bbapact  (Koxyxapos,
MapuHoea, 1994). Ceutata € LUMPOKO pasnpocTpaHeHa B
paloHa, kaTo u3rpaxpa 3anagHata OperoBa wBMUa Ha
HeoreHckus 6aceiiH.

Onucanute gokambpuMinCKM BUCOKOMETaMOpPdHM CKanmn ca
NpeceyeHn 0T ropHokpeaeH (?) MHTpyanBeH komnnekc (cur. 1;
Koxyxapos, MapuHosa, 1994), koiiTo B paitoHa e npeLcTaBeH
OT 6MOTMTOBM rpaHWTX C npexod KbM amdubon-buotutosm
rpaHuTM W rpaHognoputn (TewoBCK/ NAYTOH) 3anagHo oT
louenenyesckust baceiiH W GUMOTUTOBM O MYCKOBUTOBY
rpaHuTH ([JONHOLPSHOBCKM NITYTOH) Ha U3TOK.

lManeoreHckuTe ckanu B paioHa Ha ouenenyesckus baceiiH
(dour. 1) ca npenctaBeHn oT 0onHa bpekYOKOHemo-MepamHa
3a0pyea (ropHOEOLIEHCKN KOHrmomepartu, Bpekyo-
KOHrmomepaT, W3KMWHBAWM NractoBe OT MACBYHULM C
pebenvHa go 1000m) u 8ysKaHO2EHHO-CEOUMEHMEH KOM-
nnekc, w3rpageH OT ropHOEOLEHCKW A0 CPEAHOONMUMOLEHCKN
KOHrnoMepaT C MPOCIMOMKA OT  apKo3HW  NACBYHULN,
anesponuTh 1 BBIINLWA, TYPK, TYOUTI U TYPO3HN NACLYHULMN
W BYNKaHUTU (TPaxvMpuopauuTy, TpaxugauuTi, puogauuti u
pauutw) (Koxyxapos, Maputosa, 1994).

BbrneHocHUTE HEO30MCKM ckanu ca nogeneHn ot Baues
(1980) Ha Tpu cBuTu: Banesuwka ceuma, w3rpageHa OT
BanyHHW KOHrIoMepaTn ¢ GpekvOKOHTIOMepaTHU MPOCTONKM 1
e[po- [0 ApeBHO3bPHECTH MACLYHMLM C obwa aebenuHa po
100 m (dour. 1). Bb3pactTa i1 e onpegeneHa kaTo NoHT-4akcka
(Baues, 1980). bandescka cguma - cpegHo- 40 ApeOHOKLCOBM
KOHINIOMepaTH, NACbYHULM, aneBPOSIUTH, TAIMHU, ANATOMUTY 1
BbIMMWA. BbrmuwHMTE nnactoBe ca MpUBBP3aHW KbM
[OMNHaTa W ropHaTa 4acT Ha cBuTaTta u ca go 14 Ha 6poi.
Obwara pebenvHa Ha Hacnmarute e 100-250 m (cur. 1).
Bb3pactta Ha cBuTata e noHT-gakcka (Baues, 1980).
Heepokonckama ceuma € W3rpageHa OT  PasHOKbCOBM
KOHrnomepaTu, oT ApebHO- A0 rpybO3bPHECTU MACHYHMLM C
npo-CMonMkn 0T  OpebHOKbCOBM  KOHIMOMepatm U
Bpeky4oKOHrNoMepaTh, anesponuTA U NECHUNIUBU TAUHU (our.
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1) ¢ nnuoueHcka (pomaHcka) Bb3pacT (Baues, 1980).
[ebenunarta it Bapupa ot 50-100 go 300 m.

KBaTepHepHuTe 06pasyBaHns ca NpeacTaBeHn NMPeam BCUYKO
OT NpOIyBUamnH1 W anyBuanHu cegumenTu. MocnegHuTte uvar
3HAYNTENHO pasBUTME MO  JonuHMTE Ha p. MecTa.
lMpeacTaBeHu ca 0T YaKbiiW, BaSlyHW M Pa3HO3bPHECT NACHLM
c pebenvHa po 28m. Te ca pycnoBu, OT 3anMBHUTE Tepacu U
ot | n Il HapanueHm Tepack (KoxyxapoB, MapuHoBa, 1994).
MponysuanHute obpasyBaHns ca 3acebeHn kaTo HaHOCHM
KOHYCW B Nepudepusita Ha KOTNOBUHMTE.

TeKTOHCKM CTpoex Ha 6aceiiHa

BbrmeHoCHUAT HeoreH € OTNOXEH B lOKHaTa YacT Ha
MecteHckusi rpabeH, KOMTO € OhopMeH OT pasnoMuTe Ha
MecTteHckaTa pasnomHa 3oHa ¢ nocoka 280-290 go 300-330°
(dur. 1). TMo-ronemn pasnomu B paioHa ca: OrHsHOBCKU
(pasmens ckanute Ha banpeBckata cBuTa OT TE3W Ha
Borkosckata); [bpmeHcku (pasgenss banpeBckata ot
Hespokonckata ceuTa); Bwbnkocencku; bnatcku; BecneHcku
(Koxyxapos, MapuHoBa, 1994).

MaTepuan u MeToauka Ha UscnefBaHe

Burnmwara ot louepenveBckust GaceitH ca onpobBaHm
BpasnoBo B 27 3abos. Mpobute 3a XMMMYHMTE aHanu3n Ha
BbrIMLa ca CTpuTh Jo pasmepu <250 um B JlabopatopusTa
no opraHuyHa neTponorus KbM Katedpa “leonorus u
Npoy4yBaHe Ha NONe3Hu M3konaemu". 3a YCTaHOBsBaHE Ha
reoXMMMYHaTa UM XapakTepUCTWKa, BbIMMLiaTa ca onenenexu
npu Temnepatypa ot 800°C B LUHWUIT ,[eoxumus”. TnasHute
eNeMeHTH, W3rpaxgawy nenenta Ha  BbrMwara u
BBIWLHMTE FMIWHM Ca ONpegeneHn Ypes CurnmkaTeH aHamms,
cbrnacHo craHgapt ISO 11535-2002. 3a uenta nenenta e
NpvBedeHa B Pa3TBOPEHO CBLCTOSHUE Ype3 TpeTUpaHe C
a3oTHa KuUCenuHa, cred Koeto nomyyeHusaT pasteop (0,1-
250ml) e aHanu3npaH Ha cnektpaneH aHanuaatop ICP-VISTA-
MPX SIMULTANEOUS CCD. KonuuyectBeHoTO onpegens-He
Ha CbOTBETHUTE OKCMAW € HampaBeHO CbC CTaHOapTHU
BellecTBa. Pesyntatute ca o6paboTeHu Ha nepcoHaneH
KOMMIOTBP KaTo € W3BbpLUEH NEpapXMYeH KITbCTep aHanus no
cpegHo npeternedns metog ¢ mporpama  STATISTICA
ModuleSwitcher.

Pesyntatu n o06cbxpaHe

CbabpkaHme Ha nenenoobpasyBawuTe eneMeHTU B
rouefenyeBckuTe BLIMILA

BbB BbravwiHaTa nenen ¢ Han-BMCOKO CPeaHO ChAabpXKaHue
e SiO2, 3HaYMTENHO e 1 KONMYecTBoTO Ha okeuauTe Ha Al, Ca,
Fe u S (tabn. 1). Hait-Hucko e cbabpxanneto Ha MnO n P20s
B nenmenta W Ha BbIMWWATA, M HA BLIMMWHWTE MWHW. B
nenenTa Ha NOCNeaHMTE C Hal-BIUCOKa KOHLUEHTpaums ca SiO2
1 Al2O3 (Tabn.
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®ur. 1. CxemaTnyHa reonoxka kapta Ha louepenyeBckus 6acelH ¢ nutocTpaTurpadcka konoHka Ha Heo3os (Ha ocHoBaTa Ha reonoxkara kapra Ha

Bbnrapus, M 1:100 000 - Koxyxapos, MapuHoBa, 1994)

Tabnumua 1
CnObpxaHue Ha okcudume Ha nenenoobpasysawume
efieMeHmu 8 neneima Ha 2oyedesiYesckume 8baiuwa

Tabnuua 2

CuObpxaHue Ha nenenoobpasysawume enemMeHmu 8

2oyedenyesckume @wanuwa U msxHama nenen

Okcnpm | CpegHo  cbabpxanue | B/BI | KoeduumeHt
(wt,%) B nenenTa Ha Ha
BbIMUWA | BBITULHM kopenauws ¢
(B) rnuHn (Bl nenenta
Si:0 32,20 51,70 0,6 +0,85
Fe203 13,60 5,10 2,7 0,73
TiO2 0,38 0,55 0,7 +0,80
Al203 18,80 27,50 0,7 +0,80
MnO 0,26 0,06 43 -0,79
Ca0 18,10 4,80 38 -0,80
MgO 4,90 4,20 1,2 -0,34
Na20 0,46 0,06 7,7 -0,69
K20 0,84 1,16 0,7 +0,51
P20s 0,11 0,06 1,8 -0,34
SOs 10,20 4,50 2,3 -0,60
Ad 18,65 52,40

1). Tlo Bpeme Ha TOpdhoreHe3aTa NOAXPaHBAHETO SBHO €
61no, KaKTO MOBBLPXHOCTHO C TEpUTEHEH MaTepuarn, Taka W
TPYHTOBO, AOKaTO NpW OTNaraHeTo Ha MaTepuana 3a
oDOpasyBaHe Ha BbLITMWHATE [MIMHW €  [OMWHMPano
MOBbPXHOCTHOTO MOAXPaHBaHEe C TEPUreHeH MmaTtepwan.
CbAbpKaHNeTO Ha enemMeHTUTe BbB BbIMMLATa HagBuLaBa
CpEeSHOTO 3a CBETa 3a NOYTU BCUYKN €MIEMEHTU C U3KITHOYEHWE
Ha Ti u P, npn kouTo e okonoknapkoso (Tabn. 2). B tabnuua 3
€ HanpaBeHO CPaBHEHME Ha KOHLEHTpaLWaTa Ha eneMeHTuTe
BbB BbMMLLHaTa nenen Ha Mouegenyesckus 6aceiH ¢ Tasu ot
apym 6acentHn ot Ctpymcko-MecTeHckaTta BbIMWHA Npo-
BUHLYS.
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CpegHo coabpxanue | Knapk | CpegHo | CpegHo
=|(Wt%) BnenentaHa | 3a |cbabpxa- (3a cBeTa?
5 BbIMMLLA | BBIMNLLHK okt e (wt,%) | - (wt,%)
] (wt, %) BbB

TIUHK
BbIMMLLA
Si| 1504 24,14 26,9 5,36 2,8
Fe 9,52 3,57 4,72 1,78 1,0
Ti 0,23 0,33 0,46 0,04 0,05
Al 9,96 14,58 8,0 1,86 1,0
Mn| 0,20 0,05 0,085 0,04 0,013
Ca| 1292 3,43 0,94 2,41 1,01
Mg| 294 2,52 0,60 0,91 0,02
Na| 0,34 0,04 0,96 0,06 0,02
K 0,70 0,96 2,66 0,13 0,01
P 0,05 0,03 0,07 0,01 0,0133
S 4,08 1,80 0,24 0,76 H.O.

1 — no Turikian and Wederpohl (1961); 2 — no Valkovic (1983);
3 —no Ketris and Yudovich (2009).

Konuuecteoto Ha Al, Ca, Mn u Mg e Hait-ronsmo B
u3cnedBaHaTta BbMuwHa nenen. [paBu Bnevatnenve, ye
cbluTe enemeHTy 63 Mn ca ¢ HagKnapkoBy CbAbPXKaHUS U B
nenernTa Ha BbITMLLHUTE FKUHKM (Tabn. 2), koeTo nokassa eauH
M CblY M3TOYHMK Ha NoaxpaHBaHe Ha TopdeHoTo 6nato no
BpemMe Ha TopdoreHesaTa W MpK OTNaraHe Ha [IMHECTUTE
npocronkn. 3a Ca u Mg Hail-BEPOSITHO TO3M W3TOYHWK ca
MpamopuTe oT [lobpocTaHckaTa MpamopHa CBMTa OT 3anag, a
3a Al - rHancuTe Ha bBoitkoBckaTta 1 baykoBckata CBUTM OT
n3toK. Konnyectsoto Ha P 1 Na e Hail-manko kakTo B nenesnta
Ha BbrnuWata B CpaBHeHWe C octaHanute ot CTpymcko-




MecTeHckaTa NPOBUHLMS, Taka W B NenenTa Ha BbIMULHUTE
TTIMHW, B CPABHEHWE C KNPaKoBOTO (Tabn. 2 1 3).

CbabpxaHNeTo Ha ocTaHanuTe enemMeHTV BbB BbIMULWHATA
nenen e OKOMo CpegHOTO 3a npoBuHUmsTa (Tabn. 3). Bus
BBbIMWLHUTE FWHU HaAKNapkoBa € W KOHLeHTpauusTa Ha S,
AOKaTO OCTaHanuTe enemMeHTV ca C NOAKMApKOBX KONMMYECTBa,
kaTo ToBa e 0cobeHo 3HauuTenHo 3a P u Na, kakto 1 npu
BbrvWHaTa nenen (tabn. 2).

Tabnuua 3
CuObpxaHue Ha nenenoobpasysawjume efeMeHmu 8

nenenma Ha e6wenuwa om Cmpymcko-MecmeHckama
NPOBUHUUS
= CpenHo cbabpxaHue (wt,%) B nenenta Ha Bbriuwa ot
% loue flenyes | Kioctengun' | OpaHoso' | Katpuwe!
Ll
Si 15,04 12,20 7,50 19,00
Fe 9,52 13,80 6,52 29,60
Ti 0,23 0,21 0,26 0,29
Al 9,96 8,30 2,77 6,08
Mn 0,20 0,04 0,08 0,06
Ca 12,92 2,80 1,90 2,00
Mg 2,94 2,50 2,40 0,90
Na 0,34 2,15 1,98 0,45
K 0,70 0,92 0,61 0,07
P 0,05 0,24 0,32 0,08
S 4,08 3,90 10,0 0,74

1 — naHHu Ha KopTeHcku (2011).

MpuBBLP3aHOCT Ha NenenooGpasyBaluTe enemMeHTU KbM
OpraHWM4HOTO BELeCTBO Ha BbIMWaTa

Enemenmu c¢ npeobnadaeawja npuebp3aHOCMm KbM
opz2aHuU4yHOmMoO eewecmeo (npeobnadasaw, op2aHuyYeH
aghuHumem)

B u3cnenganuTe Bbrauwia Takuea ca Fe, Ca, S, Mg, Mn, Na
1 P. TexHUTe KOHLEHTpaLuu ca No-BMCOKW B MenenTa Ha Bbr-
nuwLaTa oT Te3u B nenenta Ha BbrUWHUTe rmunn (B/BIM>1,1)
W Koe(UUMEHTUTE WM Ha Kopenauus C  nenenHoTo
cbObpxaHue ca oTtpuuyatenHu (tabn. 1). KonuuectBoto um
HamansBa C yBenMYaBaHe Ha MEMerHoCcTTa Ha BbImMwiaTa

(qour. 2).

Xensso. Eskenazy, Stefanova (2007) ycraHoBsBar 2 mbTw
MO-HUCKO CbAbpxaHne Ha Fe B rouegenyeBckUTe BbIMLLA.
OpraHuyHata ¢hopmMa Ha enemMeHTa e npeobnagaeala,
npeguMHO copbunoHHa, KosTo cnopen BoiitkeBud 1 gp.
(1983), e kaTO KOMMNEKCHW METano-opraHuyHN CheanHeHUs.
Makap 1 ¢ He 0COBEHO BUCOKO ChabpxaHue, Fe npuckcTea B
pacTuTenHuTe octaHku (cpegHo okomno 0,014% no gaHHM Ha
Bowen, 1966), Taka 4ye e Bb3MOXHa W BMOTEHHA OpraHWYHa
opma. MuHepanHata ¢opma Ha Fe e cBbp3aHa npeanmMHO
CbC cyndmam v Hai-Beye nupuT. Habniogaea ce nonoxurenHa
kopenauusi Ha efieMeHTa CbC cspata (ur. 2,3), kosTo Cce
0bycnass Hal-BEPOSITHO MMEHHO Ha NMUPKTA, HO € Bb3MOXHO W
Ha npucbeTBMETO Ha cyndatn. OcBeH ToBa Fe moxe fa ce
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cpewla nog dopmata U Ha KapOoHatW, TbiA KaTo
MOMNOXWTENHNAT KOEULMEHT Ha KOpenauus CbC capaTa He e
C MHOTO BMCOKa CTOMHOCT.

Kanyud. KoHueHTpauwsta Ha Ca HamansBa C HapacTBaHe
Ha NenenHoTO CbbpXKaHWe Ha Bbramwata (dur. 2,a), nopagm
KOETO KOeWLUMEHTBT My Ha Kopenauws C nenenta e
oTpuuaTeneH, ¢ Bucoka CToMHocT (Tabn.1). OpraHuyHaTa
dopma Ha Ca e OuoreHHa u copbumonHa. [locnegHata e
cBbp3aHa ¢ xymatn u dynsatu (BomTkeBny n gp., 1983).
BuoreHHaTa My chopma Ha NPUCHCTBUE € MHOMO BEPOSITHA, Thi
KaTo CbObpXaHWeTo Ha enemeHTa B pacTenusata e 1,8%
(Bowen, 1966). BbamoxHa € W MuHepanHa copMa Ha
npucbctBe Ha Ca, HO KOMMYECTBOTO B W3CnefBaHuTe
BbIMMLA He e ronamo. TS e CBbp3aHa NpeauMHO CbC
cobeTBeHu kapboHaTHM U Cynd)aTHU MUHEpanw.

MaeHesutl. KoHueHTpauusiTa Ha Mg HamansiBa ¢ HapacTBaHe
Ha NEnerHoTo ChbabpkKaHMe Ha Bbrmwara (gur. 2,B8).
Coabpxanneto my B pactenusTa e 0,32% (Bowen, 1966),
nopagu KoeTo € Bb3MOxHa buoreHHa dopma. CopbunoHHaTa
copma, nogobHo Ha Ca, e cBbp3aHa C Xymatu u dynsatu
(BoiiTkeBny n gp., 1983). MuHepanHata copma Ha Mg e
CBbp3aHa NPeaMMHO C kapboHaTy.

Capa. Kucenata cpepa B TopgpeHOTO 6nato € npuymHa
cApata ga ce ukeupa NPeaMMHO B OPraHMYHOTO BELLECTBO.
Cnopen Given and Wysse (1961) tuonute, TvodeHuTe K
TUOMMPOHUTE Ca OCHOBHW OPraHvyHM OpMM Ha cspaTta BbB
BbrMvWara. Tebpae e Bb3MOXHa M BuoreHHa dopma, Tbi
KaTo CbObPXaHWeTo Ha enemeHTa B pactutenHa nenen e 5%
(BowtkeBuy n Aap., 1983). MuHepanHaTta dopma Ha S e
CBbp3aHa MPeaUMHO C NUpUTA, Ha KOETO Ce [AbIIXM
nonoxurenHata kopenauus ¢ Fe (dur. 2,3). Yact or
KONMYECTBOTO 1 MOXE Aia Ce IbITKU 1 Ha cyndatuTe.

Manean. Eskenazy, Stefanova (2007) yctaHoBsiBaT 651m3ko
[0 M3NOXEHOTO B Tabnuua 2 CbAbpkaHWe Ha enemeHTa B
rouegenyesckute  Bbrmuwa.  KoHuewTpauusta Ha  Mn
Hamansea C yBenuyaBaHe Ha MenenHoTo CbAbpkaHue (dur.
2e). OpraHnyHata My opma e KaTo KOMMIEKCHM MeTano-
OpraHUYHM CbeduHEHUs, JOKaTO MWHepanHaTta € CBbp3aHa
Hal-4eCTO C kapboHaTUTe 1 KONMYECTBOTO i HE € roNsMO.

Hamput. Eskenazy, Stefanova (2007) ycraHossiBaT 65130 2
MbTW MO-BUCOKO CbAbpxaHne Ha Na B rouegenyesckuTe
Bbrvwa. Ha durypa 2,x ce BUXda, Ye C yBenuyaBaHe Ha
nenenHocTTa, HamansBa KoHUeHTpauusTa Ha Na, KosTo e
NOAKIapKkoBa BbB BLITMLLHATE FIMHW W HAJKNapKoBa, Makap v
He BucCOka BbB BbrMwarta (tabn. 1). HomuHupawata
opraHuyHa opma € CBbp3aHa MPeguMHO C Xymatn W
cyneatn, kouto cropen Bowtkesny u gp. (1983), ca
TUnu4HaTa copbunoHHa dopma Ha npuckCTBre 3a Na.

YacT ot opraHuyHaTa opma Ha NpuUchCTBME MoXe Aa Gbae
BroreHHa, Thbil kKaTo ChAbpkaH1eTo Ha Na B pacTeHus Ha cyxa
maca e 0,12% (Bowen, 1966). MunepanHata copma Ha Na
Moxe Ja 6bae CBbp3aHa C IMUHECTUTE MUHEPANK UK ApYTA
cunuKaTu.
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®ur. 2. Pasnpepenenue Ha nenenooGpa3yBaluy enemeHTH ¢ Nnpeobnaaasall opraHUyeH apmHUTET B 3aBUCMMOCT OT NENENHOTO ChAbPXaHMe (a-X),
3aBMCUMOCT MeXAy CbAbpkaHusTa Ha Fe u S (3)

®ocop. Eskenazy, Stefanova (2007) cbobuiasar 3a nogob- OprannyHata opma Ha P moxe na Obae OworeHHa u
HO Ha YCTaHOBEHOTO B HacTosiLjaTa paboTa Cbabpxanue Ha P copbumonHa. Cnopeg tOgosuy u ap. (1985) copbumoHHaTa
B rouegenyeBckute Bbrmuwa. KoHUeHTpaumsaTa Ha enemeHTa chopma Ha P e cBbp3aHa cbe copbumoHHaTa opma Ha Fe, Ca
HamansBa C YyBenuyaBaHe Ha nenenHoctTa (dur. 2.e). unu Mg. BuoreHHata chopma Ha enemeHTa e Bb3MOXHA, Thit
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kaTo TOW Ce Cbabpka B OENnTbyHMTE CbEAVHEHUS Ha
pacteHusTa. MuHepanHaTta ¢opma Han-4ecto e CBbp3aHa C
[TMHECTUTE MUHEpPanu. BbaMOXHM ca n CobCTBEHM MUHEpany
kaTo anatuT, hocopuT 1 ap.

Enemenmu c¢ npeobnadasauja npuebp3aHOCMm KbM
HeopzaHUYHOMO eewjecmeo (npeobnadasauj Heop2aHu-
YeH agpuHumMem)

B n3cnegganuTe Bbrivwa B Tasu rpyna nonagat Si, Al, Tiu
K. TexHWTe KOHUEHTpauuM ca Mo-BUCOKM B Nenenta Ha
BbIIWLWHMTE [MMHM OT Te3u B Menenta Ha Bbrvwara
(B/BI'<0,9) u koetuumeHTUTE UM Ha KOpenaums C NenenHoTo
CbObpXaHue ca NonoxuTenHu (tabn. 1).

Cunuyut. CbabpxaHueTo Ha Si BbB  BbrnMwaTa
HagBuwasa 6nM30 2 MbTW CPedHOTO 3a CBeTa, [OKAaTO BbB
BBMULHUTE MMWHA € He3HAYUTEmHO Noaknapkoso (tabn. 2).
KakTo B noYTU BCUYKM BBIMMLLA, TaKa M B roLeaenyesckute, Si

€ ¢ npeobragaeaLy HeopraHuyeH aUHUTET U CbAbPKAHMETO
My HapacTBa C yBennyaBaHe Ha nenenHoctTa (¢ur. 3,a). ToBa
obycnass 1 NONOKUTENHUAT My KOeUUMEHT Ha Kopenauus ¢
Hes. [peobnagasawiata My MuHeparnHa opma e CBbp3aHa
NPeaMMHO C [MWHECTUTE MWHepanu, HO € Bb3MOXHO C
TEPUreHHNs MaTepuan fa nocTbrnBsa KeapL W ApYrv CUaMKaTy.
Cnopeg HOposuy 1 Ketpuc (2002) opraHndHUTE KWUCENMWHM B
TopdeHoTo Ornato moraT ga M3BAMYAT OT  [MIMHECTUTE
MuUHepanu Si u no To3u HauuH Aa ce obpasysat KOMNMEKCH Ha
Si C XyMyCHUTE KUCENUHU, HAN-BEPOSITHO XenaT.

AnymuHutl. CbabpXaHNeTO My BbB BbIMMLLATa € Masnko
MO-BUCOKO OT CPEAHOTO 3a CBETA, @ BbB BbIIULLHUTE [MUHA €
nogknapkoso (1abn. 2). KoeduumeHTbT Ha Kopenauws ¢
nenerHoTo CbabpxaHue e nonoxureneH (tabn.1, gur. 2, 6).
MwHepanHaTa opma Ha NpUCHCTBIME € CBbP3aHa NpeauMHo ¢
rmuHecTn MuHepanu. Cnopep HOpmosuu, Ketpuc (2002) e
Bb3MOXHO CBbp3BaHETO Ha Al C XyMyCHUTE KUCENWHU KaTo
MHOTO YCTOMYMBI XyMaTu Unu xenatu.
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®ur. 3. Pasnpepenexue Ha nenenoobpasysaiuy enemeHTH ¢ npeobnaaasaly HeopraHu4eH aMHNUTET B 3aBUCMMOCT OT NENENTHOTO ChAbpXaHue

Kanuti. CobobpkaHueto Ha enemeHta e 0Ommsko [o
ycTaHoBeHoTO OT Eskenazy, Stefanova (2007), kato aBTopute
CbLUO OnpefensT HeopraHnyeH agmHuTeT. Ha durypa 3,8 ce
HabnogaBa noBuLLaBaHE Ha KOHLEHTpaLWsTa Ha enemeHTa ¢
yBenuyaBaHe  Ha  nenenHoctta.  [Mpeobrnagasawata
MWHepanHata ¢opMa Ha K e cBbpsaHa C TnUHeCTUTE
MWHEpanu W NpeauMHo ¢ unmuta. C OpraHMYHOTO BELLECTBO
€NeMEHTLT MOXe Aia Ce CBbp3Ba Mnog opmarta xymatu unm
tyneatu (BoiTkeBud 1 ap., 1983). Bb3MOXHO € NPUCHCTBUETO
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Ha GuoreHeH K, Tbil KaTo CbabpXaHUETO My B pacTeHusiTa e
1,4% K (Bowen, 1966).

Tuman. Eskenazy, Stefanova (2007) ycTtaHoesiBaT 2 mbTu
Mo-BUCOKO CbbpPXaHue Ha Ti B rouenenyeBckuTe BbIMLA.
Tean aBTOpM CbLLO CbOOLIABAT 3a HEOPraHM4eH aduHUTET Ha
enemeHTa. KoHueHTpauusTa UM Ha TO3M ENEMEHT €
noaknapkosa (tabn. 2), kato ce yennyaea ¢ HapacTBaHe Ha
nenenHoctTa (¢ur. 3,r). Uscnegsanusita Ha Eckenasu (1972)




[OKaseaT, 4Ye YaCT OT CbAbPXaHWeTO Ha ereMeHTa e
CBBpP3aHO C XymaTy, a ocTaHanara YacT OT copbumoHHaTa my
opMa — C KOMMNEKCHU ENTEMEHTO-OpraHN4YHN CheaNHEHNS.
MunepanHata ¢opma Ha Ti B u3CnedBaHWTe Bbrnuwa €
CBbp3aHa MPeauMHO C  pyTWN, TUTaHUT U [AIMHECTUTE
MUHepanu.

KucenuHHocT Ha cpepiata B TopdheHOTO 6n1aTo

A A .

20 40 S0 60 70 80 20 100

10 20
Ash, ut's
: 94 o2

®ur. 4. [inarpama Ha KUCENUHHOCTTa Ha cpeparta.
1 - cTOWMHOCTM 3a oTAeNHa nNpoba; 2 — cpeAaHa CTOWHOCT 3a TOpeHOTO
6narto

KucenuHHocTTa Ha cpepaTta B ApeBHOTO TopdeHo 6nato e
onpefeneHa Ypes XMMUYHUS CbCTaB Ha BbITULHATA Nenen Ha
Juarpamata Ha kucenuHHoctTa no KopteHcku (1986). Ot
Pa3noNoXEHNETO Ha TOYKUTE BbPXY Anarpamarta Ha K1CenuH-
HOCTTa Ha cpegarta (cur. 4) ce Buxaa, Ye CTOMHOCTUTE Ha Ph
BapupaT B LUMPOKM [PaHWLWM B pasnuyHuTe etamu OT
pa3BuTETO Ha TopceHoTo bnato. Korato e npeobnagasano
TPYHTOBO MoaxpaHBaHe OT Mpamopute Ha [obpocTaHckarta
CBUTa € HamansiBana kucenuHHoctta. CToiHocTUTe Ha pH ot
nopsigbka Ha 3,5-4,0 ca cBbp3aHM C €Tanu, B KOUTO €
npeobnagaBano  MOBBPXHOCTHO ~ MOAXpaHBaHe  Mpu
He3HauYMTenHO NOCTLMNEHNE Ha NOA3EMHW BOAX.

MoaxpaHBaHe Ha ApeBHOTO TOpcheHo GnaTo

ObwukHoBeHo Si, Al u Ti noctbnBat B TOopdeHoTO 6nato ¢
TepureHeH matepuan, a Ca, Mg, Fe, S, Mn, Na, K u P ce
NpeHacaT NPeauMHO B pa3TBOPEHO CbCTOsHME. MMOBMLIEHOTO
CbbpXaHie BbB BbIMMWATA HA MbpBUTE 3 enemeHTa
03HavaBa, Ye MOCTBMIIEHNETO HA TEPUTEHEH MaTepuan e npe-
obnapasawo. O6paTHOTO, BUCOKATa KOHLeHTpauust Ha Ca,
Mg, Fe, S, Mn, K, Na n P moxe fa ce usnonasa kato 6ener 3a
npeobnafasallo rpyHTOBO nogxpaHeaHe Cnopen KopTeHcku
(2011) ypes CLOTHOWEHMETO Ha OKCWAMTE Ha ABETe rpynu
€NeMEHTI MOXeE [1a CE ONpesenu UHAEKC Ha NoaxpaHBaHe Ha
TopcheHoTo 6nato. Ha durypa 5 ce Bukaa, Ye Masnka yact oT
npobuTe nomagar Ha guarpamata B 30HaTa CbC CbWU3MEPUMO
TPYHTOBO M MOBBLPXHOCTHO nopxpaHeaHe (SI = 0,8 go 1,2).
lonama 4acT oOT npobuTe xapakTepuanpaTr CMECEHO
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noaxpaHeaHe ¢ npeobnagaBaHe Ha NOBbPXHOCTHO (SI = 1,2
10 4) unu Ha rpyHToBO nogxpaHeane (Sl = 0,25 po 0,8). Manko
OT nNpobuTe monagat B 30HaTa CbC CTOMHOCT Ha Sl > 4, koeTo
O3HavyaBa, Ye TOp(OHATPYNBaAHETO € CTaBano Npu MouTH
M3USNO  MOBBPXHOCTHO —MOAXpaHBaHe, KOeTo, KakTo e
oTbensiaaHo Mo-rope, Ce € OCbLLECTBABANO OT rHaWcuTe Ha
baukoBckaTa u boitkoBckaTa CBUTU OT U3TOK.

A
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20 1-0.25
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®ur. 5. lnarpama 3a onpepensiHe Ha MHAeKca Ha moaxpaHBaHe (Sl) Ha
TopdheHoTo 6nato (KopreHcku, 2011).

A=Si0z+Al.0:+ TiO2, %;

B=Ca0+MgO+Fe,03+ SO3+K,0+Na,0+MnO+P0s, %

3aknioyeHue

C u3BbpLIEHNTE aHamu3W ca ycTaHOBeHW 11 enemeHTa.
CbobpkaHWeTo UM BbB BbIMLaTa HafBuLLaBa CPEAHOTO 3a
CBETa 3a NOYTM BCWUYKM C U3KIOYeHue Ha Ti u P, npu kouto e
OKOMOKNapkoBo. B nenenta Ha BbrMwarta KOnM4eCTBOTO Ha
Al, Ca, Mn 1 Mg e Hait-ronsimo B CpaBHeHWe C Te3n oT Apyru
Baceitnn o1 Ctpymcko-MecTeHckaTa BbIMLWLHA NPOBUHLMS.
Colmte enemeHTn 6e3 Mn ca ¢ HagknapkoBy CbAbpXaHWS U
B MenmenTa Ha BbIMWHWATE [MWHW, KOETO CBMAETENCTBA 3a
€[/H 1 Cbll M3TOYHWK HA NOAXpaHBaHe Ha TopdeHoTo b6nato
no BpemMe Ha TopdhoreHesaTa M Npu OTnaraHe Ha FMUMHECTUTE
npocnonku. 3a Ca u Mg Hail-BEPOSITHO TO3M W3TOYHWK Cca
MpamopuTe oT [JobpocTaHckaTta MpamMopHa CBUTa OT 3anag, a
3a Al — rHaitcute Ha Boikosckata u baukoBckata CBUTU OT
W3TOK.

B uscnensanute Bbrivwa Fe, Ca, S, Mg, Mn, Nau P ca ¢
npeobnapgasalla NpuMBbLP3AHOCT KbM OPraHUYHOTO BELLECTBO
(npeobnapasaly, opraHnyeH adunuteT), a Si, Al, Tin K ca ¢
npeobnapfasall, HeopraHu4eH achuHNTET.

Cpepata B TopcheHoTO Bnato e Guna ot kucena Ao cnabo
kmcena (pH ot 3,5 pgo 6,5) B pasnuuHute eTann OT
TopdoHaTpynBaHeTo. KUCenMHHOCTTa Ha cpegjaTa 3aBuCK OT
TMNa Ha NOAXPaHBaHETO Ha TopdeHOTO BnaTo. YCTaHOBEHUAT
TUN Ha MOAXpaHBaHe Ype3 CTOMHOCTTa Ha MHOeKca Ha
nogxpaHeaHe (Sl) Bapupa 3a pasnuuyHUTE €TanK, KOEeTo
onpedens W BapuauumMte B CTOMHOCTMTE Ha  pH.
TopdoHaTpynBaHeTo Ce € OCBLLECTBABANO Mpe3 no-ronsma



YacT OT BpEeMeTo TMpW  CMECeHO MOfXpaHBaHe ¢
npeobnafaBaHe Ha MOBBPXHOCTHOTO WM Ha FPYHTOBOTO
TakoBa. CamMo OTZEMHN eTanu OT PasBUTUETO Ha TOPEEHOTO
GnaTo ca npoTiYanu npu CbM3MEPUMO KONMMYECTBO Ha ABaTa
TMNa nofAxpaHBaHe WNW MpW MOYTU M3UAMO MOBLPXHOCTHO
TaKoBa.
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LASER "RAMAN" SPECTROSCOPY AND LA-ICP-MS ANALYSIS OF COPPER-BEARING
PYRITE AND SPHALERITE FROM GOLD-COPPER DEPOSIT CHELOPECH

Dimitar Petrov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; dimitar@sitost.com

ABSTRACT. The presences of copper-bearing pyrite and sphalerite from the gold-copper deposit Chelopech are determined, by LA-ICP-MS analysis and p-laser
,Raman” spectroscopy. In polished sections of Western sector of the deposit, the quantitative LA-ICP-MS analysis are performed on zonal pyrite, which shows a
varying contents of Cu, with values up to 37,000 ppm. Two types of zonal pyrite with idiomorphic octahedral and colloform texture are observed, in which the copper is
a structurally bound and in the form of sub-microscopic inclusions of chalcopyrite. The studied sphalerite grain with a darker section also contains copper in the form
of mineral inclusions of chalcopyrite.

Key words: ,Raman” p-spectroscopy, LA-ICP-MS analysis, element-impurities, ore minerals, Chelopech deposit

NA3EPHA ,,PAMAH” CMEKTPOCKOINWA U LA-ICP-MS AHATNU3W HA MEQ-CbObPXALLW MUPUT U COANEPUT OT
3NATHO-MEHO HAXOWLLIE YENONEY

HAumumsp lMempoe

MunHo-eeonoxku yHusepcumem "Cs. MeaH Puncku", 1700 Cogpus, dimitar@sitost.com

PE3IOME. Ypes n3nonssaHeto Ha LA-ICP-MS aHanu3 u U-nasepHa ,Paman” CnekTpockonusi € yCTaHOBEHO NPUCHCTBMETO Ha MeA-ChAbPXaLLY MUPUT U chaneput oT
3naTHO-MeAHO Haxoguile ,Yenoney”. B nonupanm npenapaTty OT y4acTbk ,3anaf’ Ha HaXO4WLLEeTo, ca npoBeseHu konniecTern LA-ICP-MS aHanuan Ha 30HaneH
NUPMT, KOUTO NOKA3BaT PasnuyHM CbabpkaHus Ha Cu cbe cToiHocTw go 37 000 ppm. HabniogasaHu ca ABa Tvna 30HaNeH NUPUT C WAMOMOpPHA OKTaedpuyHa 1
KoromopHa CTpyKTypa, B KOUTO MeATa e CTPYKTYpPHO CBbp3aHa W nog copmaTa Ha CyOMMKPOCKOMMYHK BKIKOYEHWUS OT XankonupuT. M3yyaBaHOTO chaneputoso
3bPHO C NO-TbMEH Y4aCTBK, ChLUO ChAbpXa Me nof popMaTa Ha MUHEPAITHU BKIHOYEHUS OT XanKonupuT.

KntoyoBu gymu: ,Paman” mukpo-cnekrtpockonusi, LA-ICP-MS aHanus, enemeHTH-BKIOYEHUS, pyaHU MUHEpanu, Haxoauile Yenoney

Introduction The aim of the present study is to determine the form of
presence of the Cu in pyrite and sphalerite in polished sections
Pyrite is one of the main ore minerals in the main pyrite- from the gold-copper deposit Chelopech - which originates
chalcopyrite, enargite, and tennantite mineral associations in from submicroscopic inclusions of Cu-minerals, and which is
the gold-copper deposit Chelopech, which suppose relatively structurally bound copper. In addition to the microscopic and
h|gh correlation of Fe with the elements Cu’ As, Sb’ Au, Ag LA-ICP-MS analyses, for the implementation of the intended
and Sn. Two types of zonal pyrite with idiomorphic octahedral aim was conducted laser micro-Raman spectroscopy of the
and colloform texture in polished sections from the gold-copper observed in polished sections two types of zonal pyrite and a
deposit Chelopech are observed (Fig. 1). copper-bearing sphalerite grains.

The occasional presence of copper up to 10 wt. % in pyrite is )
reported by Frencel and Ottemann (1967); Einaudi (1968); Materials and methods
Pacevski et al. (2008) and Petrov et al. (2013). The authors are

noted zoning, weak anisotropy, and variations in color and Reflected light microscopy for establishing the optical and
reflectivity in pyrite grains from epithermal Cu-Zn-Pb-Ag, Cu- textural characteristics of ore minerals in 10 polished sections
Zn-Pb, Cu-Au-Ag-Zn—Pb and Au-Cu type of deposits. of ore bodies of block Ne 149 from sector "West" in the gold-

copper deposit Chelopech is used.
Optically darker areas of sphalerite grains showed higher

contents of Cu and Fe, analyzed by LA-ICP-MS. The presence In order to define the chemical composition and structural
of copper in sphalerite has been studied by several authors features of the most common minerals like pyrite and enargite,
(Barton and Bethke, 1987; Kant et al., 2012), who reported for secondary chalcopyrite and sphalerite in the ore bodies of the
micron inclusions of chalcopyrite in the form of zones in Fe- recent study, LA-ICP-MS analysis and laser micro-Raman
bearing sphalerite. spectroscopy were applied.
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Fig. 1. Microphotos of ore minerals in polished sections from the Western sector of the gold-copper deposit Chelopech (reflected light):

a. - A zonal pyrite (Pyr) with narrow dark stripes and gangue minerals (black); b. - Massive pyrite, with alternating large dark and light areas, among gangue minerals
(black); c. — A main mass of pyrite with octahedral dark and bright areas. Among the pyrite, brighter areas due to the admixing with chalcopyrite are observed; d. —
Hypidiomorphic pyrite aggregate with alteration of dark and light areas of growth. The pyrite is cut by enargite (En). Nearby, a xenomorphic aggregates of chalcopyrite
(Cpy), bornite (Bn), luzonite (Luz) and cubanite (Cub), among the main mass of enargite and single aggregates of pyrite are observed; e. — A sphalerite (Sp) mineral
grain with a dark area, among gangue mineral mass; f. — A sphalerite among gangue matrix and a strip of colloform pyrite with darker bands of chalcopyrite.

Note: The positions of the LA-ICP-MS analyses are marked with a big point (for example — an. a.A. and a.B.), these of a micro-Raman analysis with a small point (for

example —an. a.1. and a.2.).

Rare minerals bornite, luzonite and cubanite are also identified
by reflected light microscopy and laser micro-Raman
spectroscopy. Ore minerals in the observed polished sections
are accompanied mainly by quartz, barite and kaolinite, rarely
by dickite and apatite as gangue minerals.

Twelve LA-ICP-MS analyses in geochemical laboratory
"Geochemistry and Petrology" at the Geological Institute of the
Bulgarian Academy of Sciences are performed. The laboratory
facilities include ELAN®DRC-e of Perkin Elmer with dynamic
reaction cell-(DRC) and 193 nm excimer laser of New Wave
Research UP193FX, at a frequency of pulsing of the laser
beam of 10 Hz. External standards on glass SRM-610 from
NIST is used. To transform data in absolute terms is used
internal standard.

The content of the 29 elements (Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Ga, Ge, As, Se, Mo, Pd, Ag, Cd, In, Sn, Sb, Te, Ta,
W, Re, Pt, Au, Hg, Pb and Bi) is analyzed in minerals pyrite (9
analyzes) and sphalerite (3 analyzes). Copper-bearing pyrite
and sphalerite grains are selected, on which is carried out a p-
laser "Raman" spectroscopy at room temperature in the
Laboratory of fluid inclusions of the University of Leoben
(Austria). Raman spectra were obtained with a laser "Raman”
micro-spectrometer Horiba Jobin-Yvon, laser with a nominal
power of 100 mW and a wavelength of 532 nm. The “Raman”
device includes a microscope Olympus BX60, camera CCD
CV-252, connected to a monitor for direct observation,
computer system and specialized software LabSpec. The data
acquisition was performed by 5x5 seconds exposure and
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added various filters (from D0.6 to D2), as spectra were
recorded with a spectral resolution within 2 cm-1.

Results and discussion

The presence of copper-bearing pyrite (up to 37 000 ppm)
and sphalerite (up to 20 317 ppm) from the gold-copper
deposit Chelopech, using LA-ICP-MS analysis are established
(Table 1.).

Two types of pyrite can be distinguished - type I, with the
idiomorphic octahedral texture, in which is clearly observed
symmetrically alternating darker and brighter zones, measuring
up to several tens of ym each, and type /I, with a colloform
shape, in which thin (about 1-2 pm) gray stripes, alternate with
brighter zones of mineral grains (Fig. 1). The very small size of
the stripes in pyrite of type Il do not allow precise determination
of trace elements by chemical analyses like microprobe and
LA-ICP-MS  analysis, but using a p-laser “Raman’
spectrometry would prove, that the differences in optical
properties in stripes are due to different chemical composition.
These differences are marked with the characteristic peaks of
the Raman spectral waves, presented in Table 2 and Figure 2
It is assumed that the peaks at 341, 377 and 428 cm-! mark the
group of Fe-S, and that at 470 c¢cm' of the Cu-S in the
wavelength range of darker zones of pyrite type I (Fig. 1 a, an.
Nea.2). The brighter zones of the same mineral grain show
typical “Raman” spectra of ,clear” pyrite from the Chelopech
deposit (Fig. 2, Table 2, an. Nea.1).
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Fig. 2. "Raman" spectra of pyrite and chalcopyrite from the Chelopech deposit at 532 nm wave length (A. - pyrite, analysis Nea.1; B. - pyrite, analysis
Nea.2; C. - pyrite + chalcopyrite, analysis Nec.1; D. - chalcopyrite, analysis Ned.1.). The locations of the analyzes are shown in Fig. 1.

Table 2.
"Raman" spectral wave’s peaks of pyrite and chalcopyrite (cm')
Pyrite Pyrite Pyrite+Chalcopyrite Chalcopyrite
(an.a.1) (an.a.2.) (an.c.1.) (an.d.1)
172
294 293
322
340 341 343 353
377 377 379 370
428 428 428
470 468 468
615
705
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Fig. 3. "Raman" spectra of sphalerite and chalcopyrite from Chelopech deposit at 532 nm wave length (A. - sphalerite, the, analysis Nee.1 .; B. - sphalerite,
database RRUFF Ne050005, Taolin deposit, China; C. - sphalerite + chalcopyrite, analysis Nee.2; D. - chalcopyrite, analysis Ne f.1).

Table 3.
"Raman" spectral waves peaks of sphalerite and chalcopyrite (cm-')
Sphalerite Sphalerite, Sphalerite+Chalcopyrite Chalcopyrite
(an.e.1) RRUFF Ne R050005 (an.e.2) (an.f.1))
177 178 176 171
216 217 216 266
289 290
299 319
347 350 347 353
369 370
397 397 409
420 420 420
468 468
615 616 615
637 639 639
668 669 670
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The successful chemical and structural characteristics of
samples in sizes less than 1 um in diameter is possible by
using p-laser “Raman” spectrometry, which is the big
advantage of spectroscopic methods, as well as the fast, easily
and proper identification of minerals and ores. The comparison
of Raman spectra of the colloform pyrite of type Il and optically
proved chalcopyrite (Fig. 1) indicate an accretion of
chalcopyrite in the form of very thin grey stripes with the pyrite.
The accretion of these two minerals is well marked by the
peaks at 343 and 379 cm-! - typical for pyrite and 294 and 468
cm, for chalcopyrite (as submicroscopic inclusions) in the
plotted “Raman” spectra, presented on Figure 2 and Table 2
(an. Nec.1).

The conducted analyzes from the present studies and
previous work (Petrov et al., 2013) indicate, that the zonal
structure of the pyrite of type | has chemical nature and it is
related to variations in the content of elements-impurities,
presented mainly by Cu and in some cases of As, Te and Au.
The presence of “invisible” gold in pyrite has been the subject
of research of a number of authors (Cook and Chryssoulis,
1990; Fleet et al., 1993, Michel et al., 1994; Simon et al.,
1999), according to which the gold spatially associate with
enrichment of arsenic in pyrite and deficit of Fe. A straight
correlation between As and Au is reported by Zacharias et al.
(2004) in the study of As-bearing pyrite from the deposit
"Rudni", Bohemian Massif.

LA-ICP-MS analysis of sphalerite shows presence of Cu in
the range from 245 ppm to 20 317 ppm, as the higher content
of Cu is related with higher quantity of Fe (up to 17 106 ppm)
(Table 1, an. Nee. B). The microscopic studies and the p-laser
,Raman” analysis shows intergrowth texture of sphalerite with
an unoriented inclusions of chalcopyrite (the so-called
“chalcopyrite disease”). Mineral inclusions of chalcopyrite have
been widely recognized in sphalerite from most sulfide
deposits, using ore microscopy (Barton and Bethke, 1987).
The origin of these micro inclusions of chalcopyrite in
sphalerite is not very clear. They have been attributed to
exsolution or result of replacement of Fe-bearing sphalerite by
an aggregate of chalcopyrite. Craig and Vaughan (1994)
suggest that the temperature-dependent exsolution is not the
means by which these intergrowths are formed.

Concluding remarks

The comparison of the results, obtained from the y-Raman
spectra and LA-ICP-MS analyses is indicated that the copper
is a structurally bound in darker zones of the zonal pyrite with
an octahedral habit, while a submicroscopic inclusions of
chalcopyrite form the gray stripes in the colloform pyrite. The
existence of mineral inclusions of chalcopyrite in the sphalerite,
but not the presence of Cu as an element-impurity, is proved
by the characteristic peaks at 289, 369 and 468 cm-' of the
wavelength spectrum of analysis Nee.2. (Figure 3, Table 3).

The increased content of Cu in the sphalerite from the central
parts of the ore bodies, the most probably is due to the
"chalcopyrite disease", typical for the ore sectors with a high
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degree of hydrothermal alteration in such type of epithermal
deposits.
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NATIVE GOLD AND TELLURIDE MINERALS FROM A DEEP SUPERGENE ZONE IN THE
AU-CU DEPOSIT CHELOPECH

Dimitar Petrov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; dimitar@sitost.com

ABSTRACT. In the present study, a new data for mineral composition of Western sector in ore bodies in block 149, found about 700 m below the surface, are shortly
discussed. In polished sections of the ore bodies are observed and analyzed with p-laser "Raman" spectroscopy a native gold and tellurium minerals (hessite and
altaite), established in association with pyrite, chalcopyrite, bornite and anglesite. Their typical features and relationships are described. This complex mineralization is
likely due to the later deep supergene processes, associated with open fault structures that have changed the character of mineralization in the deeper parts of the
deposit. The analyses of the results obtained by present work will complement previous studies of the typical mineralogical and chemical zoning of this type of
epithermal deposits.

Key words: ,Raman” p-spectroscopy, ore minerals, deep supergene processes, Chelopech deposit

CAMOPOMHO 3NNATO U TENYPOBU MUHEPANU OT AbJIBOYUHHA CYNEPITEHHA 30HA B AU-CU HAXOOULLE
YENONEY

Aumumbp lMempoe

Munro-zeonoxku yHusepcumem "Cs. MeaH Puncku”, 1700 Cogpus, dimitar@sitost.com

PE3IOME. B HacTosiLaTa paboTa ce cbobLLuaBaT HOBY JaHH 3@ MUHepanHus CbCTaB Ha y4acTbk “3anageH”, B pyoHu Tena Ha 6nok 149, yctaHoBeHun Ha okono 700
m nof, CbBpeMeHHaTa NOBbPXHOCT. B nonupaHn npenapatv 0T pyaHuTe Tena ca HabmiofasaHn U aHanuanpanu ¢ J-nasepHa ,Paman” cnekTpockonus camopogHoO
31aTo M TeNypoBW MUHEPanM (XECUT 1 anTauT), YCTaHOBEHM B acoLpaLys C MUPKT, XankonupuT, BOPHUT 1 aHrnenT. OnucaHn ca TeXHN XapakTepHu 0COBEHOCTU 1
B3aMMOOTHOLLIEHWS. TOBA KOMMIEKCHO OpyAsiBaHe BEPOSITHO Ce AbIKM Ha NO-KbCHU AbNBGOYNHHI CynepreHHn NpoLiec, CBbP3aHm C 0TBOPEHI Pa3noMHM CTPYKTYpH,
KOWTO Ca MPOMEHUNM XapakTepa Ha MuUHepanu3auusTa B No-AbnboKATE y4acTbLy HA HaXOAWLLETO. AHANW3bT Ha pe3ynTaTuTe OT HACTOALLMA TPYA Lie AOMbIHM
NpeauLIHA N3cneaBaHNs Ha TUNMYHATa MUHEparHa U XMMWUYHa 30HaMHOCT 3a TO3M BIAA eNUTEPMAnHN HAXoAuLLA.

KntouoBu aymm: ,PamaH’ MUKpO-CMIEKTPOCKONHS, PyAHM MUHEPanK, JbnBGoUMHHN CynepreHHI NpoLeck, HaxoauLue Yenoney

Introduction
The laser Raman p-spectroscopy is a non-destructive and

The native gold, hessite and altaite are rare ore minerals in structurally sensitive technique that can be easily used to
the Au-Cu deposit Che|opech' The main reason for the |dent|fy very small mineral phases less than 10 um in size with
significant lack of sufficient identification of telluride minerals is different orientations, such as the telluride minerals. The aim of
their mode of occurrence, i.e. as minute phases, often less this study is to provide the Raman spectra obtained on telluride
than 10 um in size and frequently characterized by complex minerals (hessite and altaite), described in the.ternary sy.stems
intergrowths. Optical and electron microscopy, and electron- Pb-Ag-Te, from a deep supergene weathering zone in the
microprobe analyses are the most used techniques for Chelopech deposit (Fig. 1).

chemical and physical identification of telluride minerals. It is
difficult to identify the telluride minerals during petrographic
investigation owing to their small sizes and the similarity of the Materials and methods
optical properties of many minerals. Furthermore, where the

telluride minerals are only a few micrometers in size, the Studies are performed on 10 polished sections, prepared
electron microprobe generally provides only semi-quantitative from 20 representative samples for conducting the
analyses due interferences from surrounding minerals. The mineralogical studies of ore bodies of block Ne 149 from sector
small size of telluride mineral grains does also not allow "West" in the gold-copper deposit Chelopech. Polished
identification with standard X-ray diffraction (XRD) methods. sections are observed through microscope for polarizing light
Meiji 9430 supplied by photo camera Meidji DK 1000.

The author of present study proposes Raman p-spectro- Reflected light microscopy is used for establishing the optical
scopy as a convenient alternative/complimentary method. and textural characteristics of ore minerals. Raman spectra
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were collected using a LABRAM (ISA Jobin-Yvon) instrument
at room temperature in the Laboratory of fluid inclusions of the
University of Leoben, Austria. A frequency-doubled 100 mW
Nd-YAG laser with an excitation wavelength of 532.068 nm
was used. The laser power at the sample surface is about 1 to
2 mW. Measurements were carried out with an LMPlanFI
100x/0.8 (Olympus) objective lens. Additional neutral filters
with variable optical densities were used to decrease the laser
power to prevent damage or transformation of the samples.
The subsequent interpretation and analysis of spectral data is
accomplished with the software product Crystal Sleuth, which
provides an opportunity to compare the obtained spectra with
the database RRUFF. The database RRUFF is internet based,
freely accessible and maintain a full range of high quality
spectral data from well characterized minerals (Downs, 2006).

Ag

0,100

\ Nid vy “r N/ R X 2 S Nt 0
10 20 30 40 50 60\ 70 80 90 100 Te

Alt, PbTe

Fig. 1. Compositional diagram (atomic proportions) of the ternary system
Ag-Pb-Te for mineral compositions analyzed in the present study (Hs -
hessite; Alt — altaite) and other silver tellurides (Stz -stiitzite; Emp -
empressite) from the Elatsite-Chelopech ore field.

Geology

The genesis of the Au-Cu Chelopech deposit (Bulgaria), the
major ore producing epithermal deposit in this area, is related
to intermediate Late Cretaceous volcanism, which extruded in
the northern part of the Central Srednogorie metallogenic
zone.

The high permeability of volcanic breccias and volcanites of
the Vozdol member of the Chelopech Formation in the area of
the deposit is predestined the penetration of the hydrothermal
fluids in them and the formation of massive, layered, lenticular
and disseminated type of ores with textures of replacement.
The ore mineralization in the Chelopech deposit replaces the
effusive rock minerals, forming massive bodies, veins and
disseminated ores, embedded in the central part of the
Chelopech volcano, built of volcanic breccias and volcanites
(Kovachev et al., 1992). In areas with the highest degree of
cracking and faulting in the deposit, a stockwork and lenticular
ore bodies are formed mainly, which together with the vein-
disseminated type of ore mineralization are the most common
among volcanic breccias and volcanites. In the development of
so-called secondary mineralized breccias (Chambefort, 2005)
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are formed massive type of ore bodies, whose matrix consists
of ore minerals and phenocrysts of the host rocks.

A massive ore (enargite-tennantite-chalcopyrite) minerali-
zation, developed on an earlier massive pyrite was found in
block Ne149, level 225 at the ore sector "West" of the
Chelopech deposit (Fig. 2, A, B). This development of Cu-As-S
mineralization over an earlier massive-sulphide ore is typical
for the main economic ore, found in the central parts of the ore
bodies in the form of massive aggregates in the deposit. Rarely
with that mineralization is established a native gold as well
(Fig. 2, D).

The formation of high-sulphidation epithermal deposits is a
result of fluids (containing gases such as SOz, HF, HCI),
penetrating directly from the hot magma. These fluids are
highly acidic (pH 2-3) and after their interaction with the host
rocks, dissolve most of the rock forming minerals, leaving
mainly quartz. As a result of this process the host rocks
become cavernous - so called “vuggy quartz” texture (Fig. 2,
D). Rich in gold and copper fluids, which rise from the magma,
penetrate the created permeable medium and unload the
metals within porous and cavernous (“vuggy quartz’) areas.
The factors such as the host rocks and tectonics have
influenced the ore-forming processes and character of the
mineralization in the Chelopech deposit. A later depth
supergene processes, associated with an open fault structures,
change the character of the mineralization as extracting and
redeposition a large amount of chemical elements, as a result
of which are formed a complex ores rich in copper, gold, silver,
tellurium, bismuth, lead and zinc. The typical ore minerals for
these deep supergene areas of the deposit are bornite, often
replacing pyrite and chalcopyrite (Fig. 2, D), native gold,
hessite, altaite, nagyagite, tetradymite and others telluride
minerals like stitzite and empressite. The telluride
assemblages are commonly deposited in a later mineralization
stage, at specific physicochemical conditions: relatively high
oxidation potential and rather low temperature of formation
(250-200-170°C) (Bonev et al., 2005). According to
Tokmakchieva (2008) these minerals are formed of systems
concentrated with tellurium, gold and silver under subsolid
bringing processes under temperatures lower than 210°C.
Gold and other noble metals precipitate at sharp pressure
decrease, solution salt decrease and their temperature.

The impact of the deep supergenesis on the ore-forming
processes in the Chelopech deposit is mentioned by the author
in earlier publications, related to the study of anglesite from the
deposit (Petrov, 2014). Under certain conditions due to the
deep supergene weathering, minerals such anglesite and
cerussite could be discovered within the deeper parts of the
deposits, containing Pb-Zn mineralization. These minerals
belong to the fourth stage of mineralization in the Chelopech
deposit: quartz - carbonate - barite stage and probably are
formed as a result of the interaction of cool and with nearly
neutral pH magmatic fluids with the host rocks. The native
gold, hessite and altaite, presented in this work, are
established in the same polished sections, where the
secondary minerals anglesite and cerussite are observed,
analyzed and reported by the author in Petrov (2014).
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Fig. 2. Massive, vain and cavernous (“vuggy quartz”) textures.

A.  Adrill core sample Ne DH15CS2 (veins filled with pyrite (Pyr), chalcopyrite (Cpy), enargite (En) and tennantite (Tn), cut by massive enargite);

B.  Mineral association in polished section of the marked area, observed in reflected light, parallel nicols (chalcopyrite (Cpy) aggregates among enargite (En)
and tennantite (Tn) matrix; a well-formed pyrite (Pyr) crystals and gangue minerals);

C.  Adrill core sample Ne DH15CS4 (pyrite (Pyr) — chalcopyrite (Cpy) — enargite (En) — tennantite (Tn) — bomite (Bn) vain mineralization, also dickite (Dic)
and barite (Bar) as gangue minerals among typical cavernous quartzite);

D. A micro-photo of a polished section, observed in reflected light, parallel nicols (bornite (Bn), chalcopyrite (Cpy) and native gold (Au) in pyrite (Pyr) matrix).

Results and discussions

The ore mineralization in the Chelopech deposit is
characterized by a rich geochemical variety, typical for the
high-sulphidation epithermal Au-Cu deposits. The main
economic elements Cu, Au and Ag have a strong correlation
relationship with higher contents of As due to the large
presence of sulphosalts such as tennantite, enargite, luzonite
and famatinite, as well as high content of S, which main carrier
is pyrite. The correlations between elements in ores from the
Chelopech deposit are reported in Petrov and Popov (2015).
Despite relatively inert behavior of Ti during the hydrothermal
processes, the chemical element shows a tendency to slight
enrichment in the areas with advance argillic alteration, in
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which are located the ore bodies as well. This often presence
of Ti is due to the extraction of some petrogenic components
from the host rocks, during the hydrothermal alteration (Hikov,
2001). Using an ore microscope and the Raman p-spectral
analysis, reported in Petrov (2016), is confirmed the
replacement of the apatite by a mixture of quartz and TiO:
(anatase), during the advance argillic alteration of ore hosting
rocks.In a deep supergene conditions, the bornite replaces
chalcopyrite and pyrite in association with native gold (Fig. 2,
D) and hessite (Fig 3, a). These later deep supergene
processes have led to the formation of inclusions of altaite (Fig.
3, b), among quartz-anatase-pyrite mineral association, typical
for the studied ore sector.



The native gold is established as very fine (3 - 5um) irregular
grains together with bornite and chalcopyrite among pyrite
matrix (Fig. 2, D). In previous mineralogical studies (Petrov et
al., 2013) of the same ore sector of the deposit a native gold is
found as fine (10-50 um) inclusions among enargite or in
association with pyrite and baryte. The shape of gold

inclusions is irregular or elongated along the micro fractures in
matrix from enargite or barite. Chemical composition of the
native gold shows low content of Ag (up to 7.45 wt. %) and
sustainable content of copper within 2.89 to 7.93 wt.% (Petrov
etal., 2013).

Fig. 3. Micro-photos of ore minerals in polished sections from the Western sector of the gold-copper deposit Chelopech (reflected light):
a. A massive pyrite (Pyr), corroded by chalcopyrite (Cpy) and gangue minerals (black) is observed. Among the pyritic matrix a mineral inclusion of

hessite (Hs) in quartz grain (dark grey) is established.

b.  Inclusions of altaite (Alt) in idiomorphic gangue mineral (apatite?), fully corroded by quartz (Qz) and anatase (Ant), together with fine single grains of

pyrite (Pyr), among gangue mineral mass are established.

The newly identified in the Au-Cu deposit Chelopech hessite
(Agz2Te) is a rare ore mineral. In plane-polarized incident light
the hessite is grey with slightly brownish tint, scratches, while
in crossed nicols it shows a dark orange and bluish distinct
anisotropy. It is found as very fine (up to 10 um) inclusions in
quartz, in association with pyrite, chalcopyrite, bornite, and
gangue minerals quartz, barite, dickite, anhydrite and kaolinite
(Fig. 3, a). The mineral probably is deposited in a later
mineralization stage, and its spatial and structural relationships
give grounds to be assigned to the galena-sphalerite mineral
association in the ore deposit. The hessite in the Elatsite
deposit, part of the same Elatsite-Chelopech ore field, where
the studied deposit is located, occur as fine (1-30 um)
inclusions, or as exolutions in bornite and chalcopyrite, or at
their grain boundaries, associated with native gold, native Te,
stitzite, sylvanite, empressite, merenskyite, or clausthalite
(Petrunov et al., 1992; Tarkian et al., 2003; Bogdanov et al.,
2005).

It is presented on Figure 4. A., B. and Table 1 the obtained
spectrum of hessite from the Chelopech deposit, compared
with those of database RRUFF (Ne R070445, the Klondike
mine, USA). The positions of the typical peaks in the “Raman”
waves in the spectrum of the mineral are marked by numbers.
According to the RRUFF database, hessite from the Klondike
mine, the positions of the "Raman" spectra’s peaks are
indicated at 345 and 381 cm-' (Fig. 4, B, Table 1). Apopei et al.
(2014) reported the Raman spectrum of hessite with two strong
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peaks at 119 cm* and 138 cm-1, which are not recognizable on
the Raman spectra in the present work. The data received in
the present study differ from the compared spectrum in the
range of 1-2 cm' (Fig. 4, A, B). The very small size of the
mineral aggregates do not allows a correct electron microprobe
analysis. According to the published data (Apopei et al., 2014)
the content of Ag and Te in hessite is from 57.35 wt.% to 60.61
wt.%, and from 35.77 wt.% to 38.35 wt.%, respectively.

Altaite (PbTe) is also very rare established mineral in the
western sector of the deposit and it belongs to the pyrite-
chalcopyrite mineral association. It is found as fine grains up to
20-30 ym among idiomorphic gangue mineral (apatite), fully
corroded by quartz (Qz) and anatase (Ant) (Fig. 3, b). In some
cases the altaite displays triangular cleavage breakouts and it
is difficult to separate from galena only by its optical properties.
The mineral has tin white color with a grayish-green hue and
high metallic luster. It is reported as irregular inclusions in
coarse nagyagite, associated with hessite, native gold, and
hedleyite in similar to the present study vuggy quartz host
rocks at the Hedley Monarch Mine, Canada (Thompson, 1949).

According to Vymazalova et al. (2014) the synthetic phase
PbTe (altaite) is “Raman” inactive, and does not reveal a
spectrum in the range of 80 to 1600 cm-'. This is confirmed by
the received “Raman” spectra of natural altaite in the present
study (Fig. 4, C) and those of RRUFF database NeR060939,
Mattagami mine, Quebec, Canada (Fig. 4, D).
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Fig. 4. "Raman" spectra of hessite and altaite from the Chelopech deposit and RRUFF database at 532 nm wave length (A. - hessite; B. - hessite, database

RRUFF NeR070445; C. - altaite; D. altaite, database RRUFF N2060939).

Table 1.
"Raman" u-spectral wave’s peaks of hessite (cm-)
Hessite Hessite,
(the Chelopech deposit) RRUFF database NeR070445
pech dep (the Klondike mine)
347 345
382 381
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Concluding remarks

The established mineral phases of native gold, hessite and
altaite in this work, corresponds to deep supergene zone,
associated with open fault structures in the Chelopech deposit.
These phases are observed as small grains in association with
pyrite, chalcopyrite, bornite, anatase, and secondary minerals
like anglesite and cerussite.

The results presented in this study confirm that Raman p-
spectroscopy as quick and generally non-destructive method
can be considered as an innovative technique with a potential
to better characterize and identify rare and tiny phases such as
telluride minerals. Together with the optical microscopy the
laser Raman p-spectroscopy it is a modern powerful diagnostic
tool for mineral identification.
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TRACE-ELEMENTS IN COLLOMORPH MARCASITE AND CHALCOPYRITE FROM
SILVER-GOLD DEPOSIT SEDEFCHE, EASTERN RHODOPES

Georgi Lyutov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; georgi_lutov@yahoo.com

ABSTRACT. Sedefche is an epithermal type Ag-Au deposit, part of the Zvezdel-Pcheloyad ore field in the Eastern Rhodopes. The ore mineralization is hosted in
volcanic tuffs, affected by intensive hydrothermal alteration. The deposit is located near the ground surface hence its upper parts are subject to supergene changes.
The primary ore minerals are sulfides and sulfosalts. The supergene minerals are typically hydroxides, sulfates, carbonates and arsenates.

Samples from drill cores and trenches have been studied through optical microscopy, X-ray spectral micro-analyses and LA-ICP-MS (Laser Ablation-Inductively
Coupled Plasma-Mass Spectroscopy) in order to determine trace elements (particularly rare and precious), their content and distribution in collomorph marcasite and
chalcopyrite from deposit Sedefche.

The studies that were carried out, established that the presence of Au in marcasite is relatively low and unevenly distributed. Silver is more abundant, but its content
and distribution are even more variable then these of Au. The studies established that Au and Ag contents increase somewhat towards the cores of collomorph
marcasite aggregates. Brighter concentric circles in the collomorph marcasite are due to admixtures of Sb and As. Marcasite also hosts significant amounts of TI.
Chalcopyrite exhibits very low Au content and some Ag with very erratic distribution. The only other trace element with somewnhat higher content in chalcopyrite is Ni.

Key words: trace elements, silver-gold deposit, sulfide minerals, Sedefche deposit

ENEMEHTW-NPUMECU B KOJTOMOP®EH MAPKA3UT U XANTKOMUPUT OT CPEBBPHO-3NTATHOTO HAXOOMULLE
CEOE®YE, U3TOYHU POOOMNU

leopau Jllomos

Munro-zeonoxku yHusepcumem ,Cs. UsaH Puncku”, 1700 Cocpusi; georgi_lutov@yahoo.com

PE3IOME. Cepnede e enntepmanto Ag-Au HaxoauLe, yacto oT 3sesgen-lNyenosackoTto pyagHo none B VaTouHnte Pogonu. PyaHaTta MuHepanuaauust € BMecTeHa
BbB BYIKaHCKM TydW, 3acerHaTt OT CUNHW XwApoTepmanHn npomeHn. HaxopuweTto ce Hamupa 6n130 [0 3eMHaTa MOBBLPXHOCT M Taka FOpHUTE My 4yacTu ca
MOATIOKEHN HA XMMEPreHHU MpoMeHU. MbpBUYHITE PYAHM MUHEpanu ca cynduan 1 cyndoconi. XvnepreHHuTe MHepanu ca NpeanMHO XUApOKCUAM, cyndaty,
kapboHaTi v apceHaTy.

MMpobu OT CoHAAXHW AAKM 1 KaHaBYW Ca M3CMeABaHN C OMTUYEH MUKPOCKON, PEHTTEHO-CNeKTpanHu MukpoaHanuan u LA-ICP-MS 3a aa ce onpepenst enemeHtute-
npuMecH (B YaCTHOCT Peaky v 6raropofiHm), TAXHOTO ChAbPXaHWE U pa3npeaenieHne B KONOMOPMEH MapKasuT 1 xankonuput oT Haxoauiue Ceaedye.

lMpn npoBeAeHUTE M3cneaBaHNsATa ce YCTaHOBSBA, Ye MPUCLCTBMETO Ha Au B MapkasnTa e OTHOCUTENHO HUCKO 1 HepaBHOMEPHO pasnpeaeneHo. CpebpoTo e B no-
ronsAMO KONMMYECTBO, HO HErOBOTO pa3npeaeneHue e oLle No-HepaBHOMEPHO OT ToBa Ha Au. [Npy u3cnesBaHusTa ce YCTaHoBsBa, Ye ChabpXaHusTa Ha Au n Ag ce
noBULLABAT B M3BECTHA CTEMEH KbM LiEHTbPa Ha KoMoMOpchHIUTE MapkaauToBy arperatu. [0-ApkiuTe KOHLEHTPUYHN KpBroBe B KONOMOPMHUSA MapKaauT ce AbikaT Ha
npumecy oT Sb 1 As. MapkasuTbT CbAbpPXa 1 3HAYUTENHM KonuyecTsa oT Tl.

XankonupuTbT JEMOHCTPMPa MHOTO HUCKO CbAbpkaHne Ha Au 1 manko Ag C MHOTO HEpaBHOMEPHO pasnpefeneHne. EQUHCTBEHNSAT eneMeHT-NpUMeC C No-BUCOKO
CbabpxaHue B xankonupura e Ni.

KniouoBu gymu: enemesmu-npumecu, cpebbpHo-31amHo Haxoouuwe, cyngudHu muHepanu, Haxoduwe Cedeghye

Introduction Geological setting

Deposit Sedefche is located in the Eastern Rhodopes, 25 km The deposit is considered to be part of the Zvezdel-
southeast of the town Momchilgrad, near the village Sedefche. Pcheloyad ore field in the area of Zvezdel paleo-volcano
Silver was mined from deposit Sedefche in The Early Middle (Georgiev, 2012). The ore field belongs to Momchilgrad ore
Ages and possibly earlier. Ancient mining works, discovered sub-region, which coincides spatially with Momchilgrad
during the modern geologic surveys confirm this presumption depression. The depression covers an area of 1500 km2, south
(Tzekova, 1965; Cijiflijanov, 1995; Dragiev and Dragieva, of the river Arda, around towns Dzebel, Momchilgrad and
2006). Since 1963 the deposit has been subject of prospecting Krumovgrad. Two structural complexes outcrop in the area of
and surveying and it was initially classified as “ore occurrence” deposit Sedefche (Dragiev and Dragieva, 2006; Georgiev,
(Atanasov, 1965; Atanasov and Breskovska, 1964). 2012) (Fig. 1):
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consists  of
rocks, represented by biotite and dual-mica

Pre-tertiary metamorphic complex - it
metamorphic

gneiss, amphibolite-biotite gneiss (aPt1), marble (cPt1) and
kyanite-garnet-biotite schists.

BULGARIA

Deposit
Sedefche
+

Tertiary - Oligocene
/ 11/1trdPg3/2 - subvolcanic rhyolite/dacite;
bodies (a); dykes (b)

' |} 614aPg3/1 - porphyric andesitobasalt (a);
lava-breccia (b) and

= intermediate porphyric lava (c)
. 3/5rtPg3/1 - breccia-conglomerate (a)
; § and riff limestones (b)

1/4rdtPg3/1 - massive vitroclastic tuffs

- 1/2rdtPg3/1 - acid tuffs, sandstones
and marls

° Pre-Cambrian

: - cPt1 - marble

d . aPt1 - amphibolites

Fig. 1. Geologic map of deposit Sedefche and surounding area (frgament, taken from Map Sheet K-35-88-B-a “Zvezdel”; Ministry of Environment and
Waters; Scientific Investigations’ Institute “Geology and Geophysics”; 1998).

Tertiary volcanogenic-sedimentary cover — it is represented
by sedimentary, volcanogenic-sedimentary and volcanic rocks.
Limestones (3/5rtPg3/1 - b) and sandy-loam rocks (3/5rtPg3/1
- a) cover unconformly the metamorhic rocks. In some areas,
limestones have undergone silification, as a result of
hydrothermal alterations. Volcanic manifestations in Oligocene
(Pgs), formed acid to intermediate lava plains and dykes of
rhyolite, dacite and andesite (11/1trdPg3/2 a/b). Geologic
surveys outlined 3 ore bodies in the deposit. Their morphology
is defined by precious metal content and they do not have
sharp boundaries: Northern ore body — it is located about 200
m to the north of the village Sedefche. It is placed between
silificated tuffs, tuff-breccia and andesite (6/4aPg3/1 — a/b).
The rocks are kaolinized, sericitized and pyritized. The
contents of Au and Ag vary significantly. Evidence of ancient
mining has been discovered in this area, which coincides with
higher contents of Au and Ag. Southern ore body — it is located
about 500 m westwards from the village Sedefche. The South
ore body consists of unevenly silificated limestones (3/5rtPg3/1
- b), which lie above sandy-loam sediments (1/2rdtPg3/1).
Silification has affected the upper parts of the limestones and
is up to 6-7 m thick. Ralitza Dere is the third ore body, located
in the ravine with the same name, about 300 m to the NNW
from the North ore body. The largest outcrop of metamorphic
rocks in the area is in that ravine. The ore body is emplaced
within marble (cPt1), which is heavily silificated. The North ore
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body is the most promising one for finding Au and Ag
according to the results of geologic surveys. Ore bodies in
other deposits in the Zvezdel-Pcheloyad ore field, are vein-like,
while these in the Sedefche deposit have layer-like, pseudo-
conform shape (Georgiev, 2012). The volcanic rocks in the
area, have been subjected to heavy hydrothermal alterations,
such as, silification, sericitization, propylytization (Atanasov,
1965; Radonova, 1973). Silification is the most widespread — it
affects limestones (3/5rtPg3/1 - b) in the Southern ore body,
pyroclastic rocks, andesite (6/4aPg3/1 — a/b) in North ore body
and marble (cPt1) in Ralitza Dere.

Ore minerals

More than 20 ore minerals have been reported in deposit
Sedefche. The primary ore minerals are sulfides and sulfosalts.
Supergene minerals are represented by oxides, hydroxydes,
sulfates, carbonates and arsenates (Mladenova, 1998; 1999;
Strashimirov et al., 2005; Milev et al., 2007). The most
widespread primary ore minerals in the deposit are:

Pyrite — abundant ore mineral in the deposit, forming
euhedral to semi-euhedral crystals. Later it has been partially
turned into marcasite, which in turn exibits anhedral and/or
collomorph structure.




Arsenopyrite — it is also very widespread ore mineral in the
deposit, forming euhedral crystals with rhomboid or needle-like
section.

Sphalerite — it is commonly encountered ore mineral in the
deposit. It associates with other sulfides and exhibits semi-
euhedral crystals.

Chalcopyrite — it has limited distribution and is encountered
in isolated aggregates with other ore minerals. Sometimes it is
seen as emulsion in sphalerite.

Galena - it is relatively rare mineral in the deposit - it
appears as small isolated semi-euhedral crystals.

Tennantite-tetrahedrite — it has significant distribution in the
deposit. Its composition is usually closer to the Sb-rich variety
— tetrahedrite. It is silver-bearing and also contains admixtures
of Fe and Zn.

Acanthite — it is one of the most important silver-bearing
minerals in the deposit. It forms mostly isolated anhedral
aggregates.

Ag-sulfosalts — (proustite, pyrargyrite, miargyrite and others)
— many minerals of this group contribute to the overall silver
content in the deposit.

The typical supergene ore minerals are the following:

Fe-hydroxides - goethite and lepidocrocite — they are
widespread and common product of supergene alteration of
Fe-rich sulfide minerals.

Scorodite — it is product of oxidation of arsenopyrite and As-
rich sulfosalts.

Jarosite — it is common weathering product of iron sulfides
and potassium-rich minerals in volcanic tuff host rocks.

Methods of study

Polished sections have been prepared from drill core
samples, taken from depth of 42 m (Sample 28) and trenches
(Sample 60). They have been studied with optical reflected-
light microscopes Meiji 9430 and Olympus BX60. As a result,
several areas and minerals have been designated for further
studies by X-Ray microanalyses and LA-ICP-MS, in order to
clarify the distribution and content of rare and trace elements
and particularly gold. X-Ray micro-analyses (microprobe),
described in the current paper, have been carried out in
Montanuniversitaet Leoben with the support by Prof. PhD
Federica Zaccarini. LA-ICP-MS (Laser Ablation — Inductively
Coupled Plasma — Mass Spectroscopy) studies have been
carried out at the Geological Institute of the Bulgarian
Academy of Sciences through device Perkin-Elmer SCIEX
ELAN DRC-e and LA New Wave Research UP-193; A=193 nm;
laser Ar-F with the support by PhD Dimitrina Dimitrova.
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Results of the study

Results from 18 microprobe analyses (Tables 1, 3, 5, 7) and
16 LA-ICP-MS analyses (Tables 2, 4, 6, 8) of marcasite and
chalcopyrite are presented in this study. Electron microscope
photographs show the location of microprobe point analyses.
LA-ICP-MS analyses correspond to the same points as these
from microprobe. However, not all points of microprobe
analyses have been subject to LA-ICP-MS analyses.

Marcasite (FeSy): The collomorph marcasite aggregates
have distinctive concentric-zonal structure, which is clearly
visible on Fig 2 and Fig. 3.

o
\ 108pm
Fig. 2. Sample 28d, area 1. Electron microscope photograph and
locations of microprobe point analyses in collomorph marcasite
aggregate.

2 v m
Fig. 3. Sarh'ple 28d, area 2. Electron microscope photograph and
locations of microprobe point analyses in collomorph marcasite
aggregate.

Microprobe analyses of marcasite show that the composition
varies little from the mineral’s stoichiometry. Nevertheless,
admixtures of some other elements have been discovered in
small quantities, around the detection limit of the microprobe
(Tables 1 and 3), hence they are not very accurate. LA-ICP-
MS analyses in the same areas have given more accurate
results about these trace elements and their content (Tables 2
and 4). Rare and precious metals are of particular interest,
such as Au and Ag. According the LA-ICP-MS analyses, Au
content in marcasite varies from less than 0.092031 ppm
(Sample 28d-2; p.1; Table 4) to 0.19 ppm (Sample 28d-2; p.2;
Table 4).



Table 1.

Results of microprobe point analyses in sample 28d, area 1

Composition in mass %

Sp- 281 ¢ S Fe | Zn | Ag | Co | Cu | Au | Cd | Sb mineral
P.1 0325 | 53.486 | 47.325 | 0.025| 0.031 | 0.062 - - - - | marcasite
P.2 0813 | 52.086 | 46.997 -| 0052 | 0.042| 0.022 | 0.068 -| 0.162 | marcasite
P.3 0.373 | 53.482 | 47.568 - -| 0.068 - - -| 0.044 | marcasite
P.4 0.383 | 53.295 | 47.440 - -| 0072 - -| 0.032| 0.018 | marcasite
P.5 0.860 | 52.529 | 47.248 | 0.001 -| 0072 0.022| 0.014| 0.011 | 0.117 | marcasite
P.6 0.078 | 52.241 | 47.844 | 0.002 -| 0.081| 0.002| 0.014 - - | marcasite
P.7 0.639 | 53.112 | 47.025| 0.025| 0.020 | 0.067 | 0.005 | 0.062 | 0.048 | 0.703 | marcasite
P.8 0.383 | 53.368 | 47.500 | 0.024 -| 0.083 - -| 0024 | 0.045| marcasite
P.9 0.240 | 53.390 | 47.697 | 0.036 | 0.0171 | 0.071 | 0.019 | 0.007 -| 0.046 | marcasite

Table 2.

Results of LA-ICP-MS point analyses in sample 28d, area 1

Element 28d-1; p.1; 28d-1; p.2; 28d-1; p.6; 28d-1; p.7; 28d-1; p.8; 28d-1; p.9;
[ppm] (marcasite) (marcasite) (marcasite) (marcasite) (marcasite) (marcasite)
Cr 41.92 46.45 52.33 46.60 48.44 51.59
Mn 174.11 193.40 411.02 75.72 86.58 289.34
Fe! 473250.00 469970.00 478440.00 470250.00 475000.00 476970.00
Co 0.75 0.65 <0.29079 20.33 0.27 <0.2925
Cu 33.11 62.36 5.88 15.65 26.29 41.99
Zn 47.03 98.33 18.47 70.70 91.83 80.18
As 4487.03 5038.97 983.36 6746.74 4067.45 1713.93
Mo 58.84 66.16 4.63 65.29 55.85 30.56
Ag 29.40 43.29 16.34 12.92 33.16 64.17
Sb 602.46 791.02 67.79 4799.97 698.24 164.21
Au <0.13055 <0.15955 0.14 <0.12389 <0.13584 <0.15838
Tl 146.82 158.09 8.14 49.94 13.38 11.66
' - Internal standard of Fe content, according to data from X-ray spectral microanalysis.
Table 3.
Results of microprobe point analyses in sample 28d, area 2
Composition in mass % .

Sp. 28d-2 50 S e T Ag | Co | Cu | Au | Cd | b mineral
P.1 0.547 | 52.961 | 47.662 | 0.035| 0.036 | 0.073 | 0.016 | 0.068 -| 0.017 | marcasite
P.2 0.237 | 53.033 | 47.915| 0.012 -| 0072 -| 0.007 | 0.019 - | marcasite
P.3 0.991 | 52.738 | 46.700 -| 0029 | 0.124 - - -| 0742 | marcasite
P.4 0239 | 53.116 | 47.705 | 0.013 | 0.016 | 0.042 | 0.002 -| 0.014 - | marcasite

Table 4.

Results of LA-ICP-MS point analyses in sample 28d, area 2

Element [ppm] 28d-2; p.1; (marcasite) | 28d-2; p.2; (marcasite) | 28d-2; p.3; (marcasite) | 28d-2; p.4; (marcasite)

Ti 15.44 16.01 15.08 16.56
Cr 53.58 46.32 48.55 44.78
Mn 236.73 184.51 204.85 127.00
Fe? 476620.00 479150.00 467000.00 477050.00
Cu 15.40 53.98 26.58 71.66
Zn 106.96 85.87 90.53 96.84
As 6642.91 6034.56 1658.92 2618.32
Mo 76.45 47.16 22.61 61.59
Ag 11.59 72.63 48.56 118.87
Sb 827.70 2466.19 133.35 202.77
Au <0.092031 0.19 <0.14191 <0.12209
Tl 138.45 17.60 7.22 16.35

2- Internal standard of Fe content, according to data from X-ray spectral microanalysis.
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Silver content in marcasite varies from 11.59 ppm (Sample
28d-2; p.1; Table 4) to 118.87 ppm (Sample 28d-2; p.4; Table
4). The presence of Tl in marcasite is also noteworthy. Its
content varies from 7.22 ppm (Sample 28d-2; p.3; Table 4) to
158.09 ppm (Sample 28d-1; p.2; Table 2). It appears that Au
and Ag contents in marcasite increase somewhat towards the
cores of collomorph aggregates, but this may be just a
coincidence. The microprobe and LA-ICP-MS analyses have
discovered that the brighter rings in marcasite have increased
content of Sb and As.

COMP  20.0kY %55  100pm

Fig. 4. Sample 60a, area 1. Electron microscope photograph and
locations of microprobe point analyses. p.1-3 chalcopyrite; p.4 -
supergene halo of Fe-hydroxides and malachite.

100pm

COMP

20. kY x43

Fig. 5. Sample 60a, area 2. Electron microscope photograph and
locations of microprobe point analyses. p.1 chalcopyrite; p.2 -
supergene halo of Fe-hydroxides and malachite.

The analyses show that Au content in chalcopyrite is very
low — from <0.129 to <0.165 ppm (Tables 6 and 8), which is
near the lower detection limit of LA-ICP-MS device. Ivestigated
chalcopyrite has some Ag content, with erratic distribution —
from 0.54 to 107.09 ppm (Tables 6 and 8). The only other trace
element with somewhat higher content in chalcopyrite is Ni -
from 186.62 to 209.8 ppm.

Chalcopyrite  (CuFeSp): Six LA-ICP-MS analyses of
chalcopyrite have been performed as part of the current study.
Chalcopyrite is among the less abundant minerals in deposit
Sedefche. The samples used in the current study are taken
from trenches in Ralitza Dere, near the ground surface. They
are affected by partial supergene alteration and chalcopyrite
aggregates have notticeable rim of secondary minerals (Fig. 4
and Fig. 5).

Conclusions

The results for the Au content in marcasite, show that its
distribution is relatively uneven (values vary by factor of about
2). This is probably caused by its presence as miniature
nanoparticles (inclusions), within the crystal lattice of
marcasite. The distribution of Ag is even more variable (values
vary by factor of about 10). Fleet et al. (1997), conclude that
invisible gold in marcasite represents Au removed from ore
fluids by chemical absorption at As-rich, Fe-deficient surfaces
and incorporated in the solids in metastable solid solution.

It is possible that Au and Ag contents increase towards the
cores of collomorph marcasite aggregates, but the low number
of measurements are not enough to be conclusive. The Au
content in marcasite is low — near the lower detection limit of
the LA-ICP-MS device. Still the Ag content in marcasite is
notably higher in the very cores of the investigated marcasite
aggregates. The distribution of Tl follows pattern opposite of
that of Ag — Tl content is higher near the rim and lower in the
cores of collomorph marcasite (Tables 2 and 4). Chalcopiryte
exhibits very low Au content and somewhat increased content
of Ag and Ni.
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Table 5.
Results of microprobe point analyses in sample 60a, area 1
Composition in mass % .
Sp. 60a-1 mineral
As S Ag Fe Zn Co Cu Au Sb
P.1 0.018 | 34.394 | 0.035 | 30.933 | 0.009 0.023 | 34.507 | 0.085 0.015 chalcopyrite
P.2 0.043 | 34.263 -| 31143 | 0.029 0.049 | 34.535| 0.023 - chalcopyrite
P.3 0.057 | 34.186 | 0.100 | 31.137 | 0.014 0.046 | 34.648 | 0.062 - chalcopyrite
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Table 6.

Results of LA-ICP-MS point analyses in sample 60a-1, area

1
Element| 60a-1;p.1; 60a-1; p.2; 60a-1; p.3;
[ppm] | (chalcopyrite) | (chalcopyrite) | (chalcopyrite)

Ti 20.31 18.72 24.10
Cr 37.87 29.54 34.71
Mn 36.59 34.90 37.42
Fe 301577.92 302022.27 305272.40
Ni 186.62 203.65 192.40

Table 7.

Results of microprobe point analyses in sample 60a, area 2

Element| 60a-1; p.1; 60a-1; p.2; 60a-1; p.3;
[ppm] | (chalcopyrite) | (chalcopyrite) | (chalcopyrite)
Cu? 345070 345350 346480
Zn 835.36 887.99 62.97
Ga 3.92 4.58 3.23
Ag 0.54 1.93 0.89
Cd 4.59 4,32 <2.0833
Au <0.12981 <0.16554 <0.15209

3 - Internal standard of Cu content, according to data from X-ray
spectral microanalysis.

Sp. Composition in mass % mineral
60a-2 As S Ag Fe Zn Co Cu Au Cd
P.1 - | 34.568 -| 31130 | 0.057 | 0.047 | 34.587 | 0.054 | 0.032 chalcopyrite
P.2 | 0069| 07100| 0.029| 37.321| 3131 | 0.044| 10.750 0.038 |  Fe-fvdroxides and
malachite
Table 8. Publishing house “Zemya 93", Sofia, 2007. — 208 p. (in
Results of LA-ICP-MS point analyses in sample 60a-1, area 2 Bulgarian)
Element| 60a-2; p.1; 60a-2; p.1a; | 60a-2; p.1b; Miadenova, V. Mineralogy and the problem of gold in deposit
[ppm] | (chalcopyrite) | (chalcopyrite) | (chalcopyrite) Sedefche, Eastern Rhodopes; - Ann. Sofia Univer. 90, 1,
Ti 21.53 20.23 24.07 1998. - 101-130. (in Bulgarian)
Cr 26.71 24.43 30.61 Mladenova, V. Precious metals in deposit Sedefche, Eastern
Mn 35.18 35.09 34.69 Rhodopes. - Mining works and geology, 1-2, 1999. - 36-40.
Fe 292499.17 | 291886.34 |  291152.16 (in Bulgarian)
Ni 209.80 200.17 188.18 Radonova, R. G., Metasomatic alterations of the rocks in
Cut 345870 345870 345870 Zvezdel ore region. - Comptes Rendus BAS, scroll
7n 1132.41 672.40 1157.58 Geochemistry, Mineralogy and Petrography, 22, 1973. -
Ga 284 160 153 123-140. (in Bulgarian)
Ag 107.09 69.73 111.64 Strashimirov St S. Dobrev, St. Stamenov, H. qugiev. Silver-
Sn 143 111 <1.0843 bearing minerals from the ore body “North” in Sedefche
- - - epithermal Au-Ag deposit (Eastern Rhodopes). - Annual
Sb 043 | <0.53605 |  <0.52461 MGU “St. Ivan Riski, Vol 48 Part | Geology and
Au <0.14869 <0.15882 <0.15004 X ‘e ’

4- Internal standard of Cu content, according to data from X-ray
spectral microanalysis.
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TRACE-ELEMENTS IN SPHALERITE, PYRARGYRITE, PYRITE AND ARSENOPYRITE
FROM SILVER-GOLD DEPOSIT SEDEFCHE, EASTERN RHODOPES

Georgi Lyutov

University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia; georgi_lutov@yahoo.com

ABSTRACT. Sedefche is an epithermal type Ag-Au deposit, part of the Zvezdel-Pcheloyad ore field in the Eastern Rhodopes. The ore mineralization is hosted in
volcanic tuffs, affected by intensive hydrothermal alteration. The deposit is located near the ground surface, hence its upper parts are subject to supergene changes.
The primary ore minerals are sulfides and sulfosalts. The supergene minerals are typically hydroxides, sulfates, carbonates and arsenates.

Samples from drill cores have been studied through optical microscopy, X-ray spectral micro-analyses and LA-ICP-MS in order to determine trace elements
(particularly rare and precious), their content and distribution in various sulfide and sulfosalt minerals from deposit Sedefche.

The analyses established that Au and Ag content in pyrite is somewhat higher than in marcasite. Analysis of arsenopyrite showed that its gold content is the highest
among all studied minerals — about 100 times higher than Au content in pyrite. Sphalerite contains significant amounts of Cd and some admixtures of Ga, In and Ag.
The distribution of Ag and In in sphalerite is very irregular, while the Ga content is much more consistent. The quantity of Au in sphalerite is low. Pyrargyrite contains
some admixtures of Au and more significant amounts of Tl and Se.

Key words: trace elements, silver-gold deposit, sulfide minerals, sulfosalts, deposit Sedefche

ENEMEHTW-NPUMECU B COANEPUT, MUPAPTUPUT, MUPUT U APCEHONMUPUT OT CPEBBPHO-3NTATHOTO HAXOOULLE
CEQE®YE, U3TOYHU POOOMNU

leopau Jllomos

Munro-zeonoxku yHusepcumem ,Cs. UsaH Puncku”, 1700 Cocpusi; georgi_lutov@yahoo.com

PE3IOME. Cenechye e enutepmanto Ag-Au HaxoauLue, yacT oT 3ee3pen-Myenosigckoto pyaHo none B Matounute Poponu. PyaHaTa MuHepanuaauus e BMecTeHa
BbB BYNKaHCKM Tychu, 3acerHatit OT CUIHWU XWEpOTEepManHu nMpoMeHu. Haxopuiieto ce Hamupa 6nu30 A0 3eMHaTa MOBBLPXHOCT M Taka FOpHUTE MY YacTu ca
MOANIOKEHN HA XMMEPreHHU MpoMeHu. bpBUYHITE PYAHM MUHEpanu ca cynduay 1 cyndoconn. XvnepreHHuTe MUHepani ca NpeauMHO XUAPOKCUAM, cyndartu,
kapboHaTu 1 apceHaTu.

MMpobu OT COHAaXHN SAKKM Ca M3CNeaBaHN C ONTUYEH MUKPOCKOM, PEHTIEHO-CNeKTpanH1 MukpoaHanuan n LA-ICP-MS, 3a fa ce onpeaensT enemeHTuTe-npuMech (8
4aCTHOCT peaku 11 BnaropoaHH), TAXHOTO ChAbPXaHWE 1 pasnpeaeneHe B pasHoobpasHu cynduaHn  cyndoconHu MuHepanm ot Haxoauiie Cepedue.

AHanuuTe yCTaHOBSBAT, Ye CbabpkaHusaTa Ha Au u Ag B mMpuTa ca Marnko Mo-BUCOKW OT Te3W B MapkaauTa. AHanm3bT Ha apCeHONMPUT MOKa3Ba, Ye CbAbPXKaHNETO
Ha Au B HEro e Hail-BUCOKO B CPaBHEHME C BCWYKM OCTaHanu nscnefsaHin MuHepanm — okono 100 mbTi no-BMCOKO OTKOMKOTO B mupuTa. ChaneputsbT Chabpka
3HauuTenHu konuyectea Cd n manko npumeck ot Ga, In u Ag. PasnpeaeneHneto Ha Ag 1 In B chaneputa e MHOrO HepaBHOMEPHO, AOKATO ChAbpXaHueTo Ha Ga e
no-nocTostHHO. KonnyecTBoTo Ha Au B chaneputa e Manko. MupapruputsT Chabpka Manko npumeck oT Au 1 no-3HauntenHn konuyectsa Tl n Se.

KniouoBu gymu: enemesmu-npumecu, cpebbpHo-31amHo Haxoduuwe, cynudHu muHepanu, cyngoconu, Haxoduwe Cedegpye

Introduction Krumovgrad, within Kardzhali district. The deposit is part of the
Zvezdel-Pcheloyad ore field in vicinity of Zvezdel paleo-

Deposit Sedefche is located in the Eastern Rhodopes, 25 volcano (Georgiev, 2012). The ore field is part of Momchilgrad

kilometers southeast of the town Momchilgrad, near the village ore sub-region, which coincides spatially with Momchilgrad
Sedefche. Since 1963 it has been subject of prospecting and depression. The following two structural complexes outcrop in
surveying and it was initially classified as “ore occurrence” the area of Sedefche deposit.

(Atanasov et al., 1964; Atanasov, 1965). Ancient mining works,

discovered during the modern geologic surveys confirm the . Pre-Tertiary metamorphic complex — represented by
presumption that silver was mined from the deposit since Early biotite and two-mica gneiss, amphibolite-biotite gneiss, marble
Middle Ages and possibly earlier (Tzekova, 1965; Ciiflidjanov, and kyanite-garnet-biotite schists.

1995). . Tertiary volcanogenic-sedimentary cover consists of

sedimentary, volcanogenic-sedimentary and volcanic rocks.
They are spred uncomformly over the metamorphic rocks.
Geological setting Limestones and sandy-loam rocks are located above
metamorhic rocks. Volcanic manifestations in Oligocene (Pgs),

Sedefche deposit is located in the southeastern foothills of formed acid to intermediate lava plains and dykes (rhyolite,
Strumni Rid Peak, between the towns of Momchilgrad and
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dacite, andesite). Geologic surveys outlined the following 3 ore
bodies with not yet fully understood morphology.

. Northern ore body is located about 200 m north of
Sedefche village. It is placed between silificated tuffs, tuff-
breccia and andesite. The rocks are kaolinized, sericitized and
pyritized. The North ore body is the most promising one for
finding Au and Ag according to the results of geologic surveys.

. Southern ore body is located about 500 m west from
Sedefche village. The South ore body consists of unevenly
silificated limestones, which lie above sandy-loam sediments.
Silification has affected the upper parts of the limestones with a
thickness up to 6-7 m.

. Ralitza Dere is located in the ravine with the same
name, about 300 m NNW from the North ore body. The largest
outcrop of metamorphic rocks in the area is in that ravine. The
ore body is emplaced within marble, which is heavily silificated.
All volcanic rocks in the area, have undergone heavy
hydrothermal alterations, such as, silification, sericitization,
propylitization (Atanasov, 1965; Radonova, 1973).

Ore minerals

More than 20 ore minerals have been reported in Sedefche
deposit (Mladenova, 1998; 1999; Strashimirov et al., 2005;
Milev et al., 2007). The most widespread primary ore minerals
in the deposit are:

. Sulphides - pyrite, arsenopyrite, sphalerite,
acanthite, chalcopyrite and galena.
. Sulfosalts - tennantite-tetrahedrite,  proustite,

pyrargyrite, miargyrite and others.

The typical supergene ore minerals are: Fe-hydroxides,
scorodite and jarosite.

Methods of study

Several polished sections have been prepared from drill core
samples, taken from depth of 42 m (Sample 28). In the current
study, analyses have been made in sections 28d, 28j and 28e
(Fig. 1-6). These sections have been studied with optical
reflected-light microscopes Meiji 9430 and Olympus BX60.
Several areas and minerals have been designated for further
studies by X-Ray microanalyses and LA-ICP-MS, in order to
clarify the distribution and content of rare and trace elements
and particularly gold.

X-Ray micro-analyses (microprobe), described in the current
paper, have been carried out in Montanuniversitaet Leoben
with the support by Prof. PhD Federica Zaccarini.LA-ICP-MS
(Laser Ablation - Inductively Coupled Plasma - Mass
Spectroscopy) studies have been carried out at the Geological
Institute of the Bulgarian Academy of Sciences through device
Perkin-Elmer SCIEX ELAN DRC-e and LA New Wave
Research UP-193; A=193 nm; laser Ar-F with the support by
PhD Dimitrina Dimitrova.
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Results of the study

Results from 33 microprobe analyses and 16 LA-ICP-MS
analyses of primary sulfide and sulfosalt minerals are
presented in this study. Microprobe studies include analyses of
pyrite, arsenopyrite, sphalerite, pyrargyrite, miargyrite and
stephanite. LA-ICP-MS include analyses of pyrite, sphalerite,
arsenopyrite and pyrargyrite. Electron microscope photo-
graphs show the location of microprobe point analyses (Fig. 1-
6). LA-ICP-MS analyses correspond to the same points as
these from microprobe. However, not all points of microprobe
analyses have been subject to LA-ICP-MS analyses.

Sphalerite (ZnS): Microprobe analyses established that
except the principal elements Zn and S in sphalerite, the
mineral contains Fe too, which is not uncommon. Copper
content is probably due to finely-dispersed chalcopyrite
emulsion within sphalerite crystals, which was observed in
some samples under reflected-light microscope. Cd is also
present in the investigated sphalerite — its content according to
microprobe analyses vary between 0.368 mass% (Table 2)
and 0.462 mass % (Table 1). According to LA-ICP-MS
analyses, the Cd content in sphalerite is about 2273.89 to
2779.28 ppm in samples 28d-5; p.6 (Table 8) and 28d-4; p.2
(Table 7).

LA-ICP-MS analyses in sphalerite have shown the following
contents of precious and rare metals:

The Au content is low — from below 0.29091 ppm (sample
28d-5; p.6; Table 8) to below 0.36363 ppm (sample 28d-4; p.2;
Table 7).

The investigated sphalerite also contains Ag. Its content
varies from 135.20 ppm (sample 28d-4; p.2; Table 7) to as high
as 1583.53 ppm (sample 28d-5; p.6; Table 8). Indium has also
been discovered as a trace element in sphalerite, which is not
uncommon for this mineral. Indium content varies between
4.54 ppm (sample 28d-4; p.2; Table 7) and 49.92 ppm (sample
28d-5; p.6; Table 8). Its distribution seems to be very uneven.
These analyses also show the presence of Ga. Its content in
sphalerite varies between 132.8 ppm (sample 28d-4; p.2;
Table 7) and 135.51 ppm (sample 28d-5; p.6; Table 8). These
values are quite persistent, even though only 2 analyses have
been made.

Pyrargyrite (AgsSbSs): The greater part of Ag-bearing
sulfosalt minerals from deposit Sedefche, belong to the Sb-rich
varieties. Still, microprobe and LA-ICP-MS analyses show that
they contain small amounts of As as well, which is not
uncommon.

There are As-rich sulfosalt minerals in the deposit, forming
standalone phases, but they are much less common. LA- ICP-
MS analyses of pyrargyrite (6 analyses) show that the mineral
contains significant admixtures of Se, from 218,73 ppm
(sample 28j-3; p.2; Table 9) to 908,78 ppm (sample 28d-5; p.1;
Table 8).
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Fig. 1. Sample 28d, area 4. Electron microscope photograph and locations ~ Fig. 2. Sample 28d, area 5. Electron microscope photograph and locations
of microprobe point analyses. p.1 - pyrargyrite; p.2 - sphalerite; p.3 -  of microprobe point analyses. p.1 and p.4 - pyrargyrite; p.2 and p.6 -
pyrite; p.4-5 - myargyrite; p.6 — sphalerite sphalerite; p.3 - myargyrite; p.5 - pyrite
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. . . . Fig. 4. Sample 28], area 4. Electron microscope photograph and locations
Fig. 3 Sample 28.1, area 3. Electron microscope photograph.and locations ¢ microprobe point analyses. p.1, 2 and 4 — pyrargyrite; p.3 - stephanite;
of microprobe point analyses. p.1-3 - pyrargyrite; p.3-6 - pyrite p.5 and 7 - pyrite; p.6 — marcasite; p.8 and 9 - sphalerite

108pm

Fig. 5. Sample 28], area 5. Electron microscope photograph and locations  Fig. 6. Sample 28e, area 2. Electron microscope photograph and locations
of microprobe point analyses. p. 1 and 2 - pyrite of microprobe point analyses. p. 1-2 - pyrargyrite; p. 3-4 — pyrite with
intergrowths of arsenopyrite (brighter gray)

Table 1.
Results of microprobe point analyses in sample 28d, area 4
Composition in mass % .
Sp. 2804 ¢ S Fe Zn Ag Cu | Au | Cd Sb mineral

P.1 0.348 | 17.756 0.015 0.025 | 64.391 | 0.013 | 0.048 -| 21.154 | pyrargyrite
P.2 - | 33.142 3.657 | 61.906 - -| 0128 | 0.462 - sphalerite
P.3 0.632 | 53.281 | 46.384 0.624 0.105 | 0.028 | 0.042 | 0.007 0.037 pyrite
P.4 0.825 | 21.866 0.024 0.010 | 36.920 | 0.116 - - | 40494 miargyrite
P.5 0.549 | 21.764 0.029 -| 38832 | 0.032 - - | 38523 miargyrite
P.6 - | 33.156 3575 | 62.191 - - - | 0459 - sphalerite
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Table 2.

Results of microprobe point analyses in sample 28d, area 5

Composition in mass % .
Sp. 28d-5 ¢ S Fo 7n Ad | Cu | Au | Cd | b mineral
P.1 0.332 | 17.906 0.022 0.126 | 61.326 | 0.114 0.013 | 21.719 pyrargyrite
P.2 0.064 | 32.757 3.933 | 60.963 0.064 | 0.283 0.408 0.475 sphalerite
P.3 0615 | 21.927 0.004 0.026 | 42141 | 0.006 - | 39.202 miargyrite
P.4 2870 | 17.380 0.001 -| 65.558 | 0.264 16.730 pyrargyrite
P.5 1.231 52.009 | 46.690 - 0.083 | 0.009 - - 0.009 pyrite
P.6 0.021 | 32.534 3.370 | 61.926 -| 0.024 | 0.059 | 0.368 0.040 sphalerite
Table 3.
Results of microprobe point analyses in sample 28j, area 3
Sp. 28)-3 Composition in mass % mineral
' As S Ag Fe Zn Pb Cu Au Sh
P.1 0.167 17.695 | 61.210 0.100 | 0.055 - | 0.084 | 0.041 21.199 pyrargyrite
P.2 0.502 17.993 | 60.700 0.157 -| 0.004 | 0011 | 0116 | 21.227 pyrargyrite
P.3 0.267 17.488 | 62.198 0.211 | 0.068 | 0.099 | 0.026 - | 21.704 | pyrargyrite
P.4 0.611 52.201 -| 46977 | 0.013 - - - - pyrite
P.5 0.802 52.238 0.018 | 46.812 -| 0.074 | 0.023 - 0.018 pyrite
P.6 1.775 51.412 0112 | 45.019 | 0.044 | 0.153 | 0.057 - 0.687 pyrite
Table 4.
Results of microprobe point analyses in sample 28], area 4
Sp. 264 Composition in mass % mineral
' As S Ag Fe Zn Co Cu Au Sb
P.1 0.509 | 17.759 | 60.768 0.180 0.131 | 0.004 | 0.039 | 0.075 | 21.587 pyrargyrite
P.2 1.163 | 17.924 | 60.636 0.799 -| 0.015 -| 0.048 | 16.612 pyrargyrite
P.3 0215 | 13417 | 70.701 0.138 0.116 -| 2974 - 7.949 stephanite?
P.4 0.320 | 17.235 | 63.605 0.130 0.073 | 0.010 | 0.671 18.153 pyrargyrite
P.5 4641 | 46.565 0.065 | 46.045 0.021 | 0.091 | 0.035 0.295 pyrite
P.6 0.350 | 51.264 0.011 | 46475 -1 0.092 | 0.009 - marcasite
P.7 1150 | 51.438 0.209 | 45.544 0.039 | 0.073 | 0.009 0.176 pyrite
P.8 0.013 | 33.438 0.110 5207 | 59.937 | 0.005 | 0485 0.144 sphalerite
P.9 - | 33.864 - 3530 | 63.120 | 0.009 | 0.159 0.034 sphalerite
Table 5.
Results of microprobe point analyses in sample 28j, area 5
Sp. 28)5 Composition in mass % mineral
' As S Ag Fe Pb Co Cu Au Cd Sb
P.1 1,460 | 51,585 | 0,069 | 45942 | 0,018 | 0,052 | 0,017 | 0,083 - 0,199 pyrite
P.2 0,681 | 51,782 | 0,024 | 46,578 -| 0,070 | 0,011 -| 0,016 - pyrite
Table 6.
Results of microprobe point analyses in sample 28e, area 2
Sp. 286-2 Composition in mass % mineral
' As S Ag Fe Zn Co Au Cd Sb
P.1 0.238 | 18.174 | 58.504 - 0.026 - | 0.041 22.321 | pyrargyrite
P.2 0230 | 18202 | 59.699 0.103 0.027 - - - | 23.606 | pyrargyrite
P.3 0.730 | 51.162 0.009 | 46.651 0.031 | 0.063 | 0.041 0.002 0.286 pyrite
P.4 0.295 | 52.843 - | 47.556 - | 0.070 | 0.062 0.040 - pyrite

Pyrargyrite contains Au from <0.9 ppm (sample 28j-4; p.1;
Table 10) to 4.37 ppm (sample 28d-4; p.1; Table 7). Some
analyses of pyrargyrite show increased Tl content — from 3.52
ppm (sample 28j-4; p.1; Table 10) to 64.52 (sample 28}-3; p.3;

Table 9).

Pyrite (FeSz): Seven LA-ICP-MS analyses have been
performed for pyrite. The Au content in pyrite, measured with
LA-ICP-MS is highly variable - from 0.19 ppm (Sample 28e-
2; p.4a; Table 12) to 4.54 ppm (28j-3; p.5; Table 9). Ag content
in pyrite is between 38.87 ppm (Sample 28e-2; p.3; Table 12)
and 902.83 ppm (Sample 28;-5; p.1; Table 11). The measured
Tl content in pyrite is bewtween 6.9 (Sample 28e-2; p.4; Table

12) and 366.99 ppm (28}-5; p.1; Table 11).
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Arsenopyrite (FeAsS): Only one LA-ICP-MS analysis of

arsenopyrite was made, even though it is widespread mineral

Table 9.

Results of LA-ICP-MS point analyses in sample 28j, area 3

in deposit Sedefche. Element | 281-3: p.2 28j-3; p'.3 28-3: p.5
) (pyrargyrite + .
Table 7. [ppm] | (pyrargyrite) pyrite) (pyrite)
Results of LA-ICP-MS point analyses in sample 28d, area 4 Cr 232.91 305.37 78.14
Egeme]nt (28d-4: P-_t1 :) (280;741 P_-t2i) 2f3(d-4{tp)-3: Fe <802.4041 31751.71 | 468120
ppm pyrargyrite) | {Sphaierite pyrite c 244.34 299.19 464.67
Cr 209.22 <24.8633 82.80 u
Mn <5.5652 2916.89 1710.18 Zn 8161 <99.9308 31.00
Fe <429 5351 4105238 463840 As 68649.11 93629.88 | 26697.93
Co 349 0.69 16.57 Se 218.73 710.09 21.19
Cu 154.28 816.84 213.02 Ag 607000.00? 621980.00? 612.44
Zn 261.59 6190602 8475.86 Sn 7.84 <15.1236 <1.4529
Ga <4.5144 132.80 <1.9762 Sb 237486.68 245740.24 2001.50
As 9915.60 64.73 13362.54 Au <1.3605 <2.1636 4.54
Se 745.172 <27.8726 <35.9161 Tl 7.85 64.52 202.55
Ag 643910.00 135.20 576.90 Pb 42.61 14959 048.86
Cd 109.70 2779.28 22.18 ' - Internal standard of Fe content, according to data from X-ray spectral
In <0.41117 4.54 0.33 microanalysis.
Sn <55317 231.95 9.04 2- Internal standard of Ag content, according to data from X-ray
Sb 337564.14 15209 | 1096.86 spectral microanalysis
e I T
: : : Results of LA-ICP-MS point analyses in sample 28), area 4
Pb 78.37 11.39 355.28 Element 28j-4; p.1: 28-4; p.2;
Bi 41.90 <0.24285 <0.44584 S Urite o
, [ppm] (pyrargyrite) (pyrargyrite + pyrite)
:n-iclrézrjlgit:ndard of Fe content, according to data from X-ray spectral Fe <536 1793 235604 39
2 - Internal s_tandard of Zn content, according to data from X-ray spectral Cu 323.91 656.93
microanalysis. As 1394.44 5387.49
Table 8. Se 748.25 551.13
Results of LA-ICP-MS point analyses in sample 28d, area 5 Ag' 607680 606360
Element [opm] 28d-5; p.1; 28d-5; p.6; Sb 329915.93 307424 .45
PP (pyrargyrite) (sphalerite) Au <0.90426 3.30
Mn <3.7807 2242.92 Tl 3.52 33.42
& T N — Z o 10750
u . } -
Bi 6.72 4.98
Zn <90.8891 619260° ' - Internal standard of Ag content, according to data from X-ray specral
Ga <3.6998 135.51 microanalysis.
As 3412.76 507.59
Se 908.78 <28.1115 Table 11.
Ag 6132602 1583.53 Results of LA-ICP-MS point analyses in sample 28), area 5
Cd <5.4247 2273.89 Element [ppm] | 28j-5; p.1; (pyrite) | 28j-5; p.2; (pyrite)
In <0.32139 49.92 Cr 55.34 51.27
Sn <3.9536 677.52 Mn 214.09 1237.84
Sb 299083.58 2293.40 Fe' 459420 465780
Au 2.89 <0.29091 Co 35.44 7.47
o I -
' - Internal standard of Zn content, accorcliing to data from X-ray spectra;l Cu 548.10 198.96
microanalysys. Zn 45.30 30.65
2 - Internal standard of Ag content, according to data from X-ray spectral As 21118.03 11050.92
microanalysys.
Mo 32.94 34.29
The analysis show Au content of 308.43ppm and Ag content Ag 902.83 327.58
of 218.95 ppm (Sample 28e-2; p.3a; Table 12). No other trace Sh 1649.10 720.67
elements of potential economic interest have been found in Au 4.47 2.10
arsenopyrite. T 366.99 334.44
Pb 728.01 246.98
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Table 12.
Results of LA-ICP-MS point analyses in sample 28e, area 2

Ele- | 28e-2; 282;2_' 2802 | 2862,

ment p.3; (aF;..sen,o- p.4; p.4a;

opm] | (pyrite) |~ i) (pyrite) | (pyrite)
Cr 46.80 42.60 46.61 46.25
Mn 79.47 4576 103.98 102.44
Fes 466510 | 343000 | 475560 | 466510
Cu 24.51 593.85 29.63 67.17
Zn 30.71 | <32.0019 30.74 65.30
As | 8682.11 | 42310560 | 7754.23 | 8761.97
Se | <17.1133 68.93 | <12.6481 | <15.5031
Mo 6446 | <7.1774 40.24 44.71
Ag 38.87 218.95 41.01 94.42
Sb | 3073.80 | 2899.36 | 1447.94 | 5893.80
Au 0.24 308.43 0.37 0.19
Tl 16.38 10.84 6.90 82.52
Pb 39.47 261.26 55.51 30.32

8 - Internal standard of Fe content, according to data from X-ray spectral
microanalysis.

Conclusions

The measured contents of precious metals (Au and Ag) in
pyrite are somewhat higher than these in marcasite (Lyutov,
2016).

The single LA-ICP-MS analysis of arsenopyrite showed that
it contains Ag and Au. The measured Au content in
arsenopyrite (308.43 ppm) is about 100 times higher than
these values in pyrite. Single analysis of arsenopyrite is not
enough to establish a trustworthy model of Au distribution, but
opens a new field for further studies. According to Fleet et al.
(1997), high Au content (up to 3 wt%) in arsenopyrite,
corresponds to excess of As and deficiency of Fe in the
mineral's formula. Arsenopyrite analyzed in the current study
does not exhibit such traits.

Except Cd, sphalerite contains admixtures of Ag, In and Ga.
The distributions of Ag and In in sphalerite are very irregular,
while the distribution of Ga is much more consistent. The
measured Au content in sphalerite is low.

The gold content in pyrargyrite, measured in the current
study (0.09-4.37 ppm) is about the same as Au content in
pyrite. Pyrargyrite also hosts significant amounts of Se and TI.
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®ur. 9. XXbnT acnuc (Ch14) ¢ xanueaoH n duH BnakHecT rbotut; FOV 1 ®ur. 10. Xwunt sicnuc (Pc3) ¢ puHOIbPHECT U paAnanHoOMBLYECT XanueaoH n
mm; || N MUTBTHY arperaTu ot rboTuT (YepHo); FOV 1 mm; x N

Tabnuua 2.
[JuaeHocmuka Ha mukpokeapy (Q) unu xanyedoH (Ch) 8 acnuc, onpedeneH no uHmMeH3umema Ha peHmeeHosume ompaxerus 110,
102 u 111, kakmo u daHHU 3a onan cbCc cbomeemHu pasHogudHocmu (O; C — kpucmobanum; T — mpudumum) 8 npobume

MMpoba/ugsT 110 102 111 l110/l102 2l111/l102 l102/1111 SiO2
Bu1-ceeTrnokadsis 100 88.0 28.9 1.14 0.66 3.04 Q
Ta1-4epBeH 95.1 100 39.1 0.95 0.78 2.56 Ch
Li1-cBeTnokacse - - - - - - Ch+0
Sk1-4epBeH/3eneH - - - - - - Ch+0-CT
Md1-xbnT 78.6 100 37.9 0.79 0.76 2.64 Ch+Q
Pc1-TbMHOuepBEH 100 94.3 42.3 1.06 0.90 2.23 Q
Pc2-TbMHO4epBEH 100 76.9 27.6 1.30 0.72 2.79 Q/Ch
Pc3-xbnT 63.0 100 25.9 0.63 0.52 3.68 Ch
Ar1-yepBeH 96.0 100 39.3 0.96 0.79 2.54 Q>Ch
Dc1-kadse - - - - - - O-T+Ch/Q
Ch1-xbnT 100 924 68.8 1.08 1.49 1.34 Q+Ch
Ch2-3eneH 90.1 100 714 0.90 143 1.40 Ch
Ch3a-yepBeH 92.7 100 60.8 0.93 1.22 1.64 Ch
Ch36-3eneH 86.8 100 447 0.87 0.89 2.24 Ch
Ch4-nunas 80.9 100 54.0 0.81 1.08 1.85 Ch
Ch5-yepeeH 91.2 100 69.9 0.91 1.40 143 Ch
Ch6-kachsiB - - - - - - O-T+Ch
Pr1-cBeTnocus 100 83.2 434 1.20 1.04 1.92 Q
Pr2-xwnt 80.0 100 29.6 0.80 0.59 3.38 Ch
Pr3-yepBeH 100 82.8 37.1 1.21 0.90 2.23 Q
Pr4-ceeTnokacsis 100 514 16.2 1.95 0.63 3.7 Ch+O-T
Pi1-yepBeH 90.0 100 42.0 0.90 0.84 2.38 Ch
Yu1-3eneH 96.3 100 39.0 0.96 0.78 2.56 Ch; CT
Ka6-3eneH 100 79.7 70.8 1.25 1.78 1.13 Q>Ch
Ka7-xbnt 100 54.7 35.0 1.28 1.28 1.56 Q>Ch
Ka12-yepBeH 100 100 59.3 1.00 1.19 1.68 Q+Ch
Bo1-xwbnt 81.8 100 21.8 0.82 0.44 4.59 Q+0-T
De1-3eneH 46.2 100 22.3 0.85 0.68 2.96 Ch
De2-xbnT 93.1 100 36.2 0.93 0.72 2.76 Ch
De3-yepBeH 100 67.4 24.2 1.48 0.72 2.79 QcCh
Ne1-3eneH 67.8 100 34.2 0.68 0.68 2.92 Ch
Ne2-xbnt 55.1 100 31.1 0.92 0.77 2.61 Ch
Ne3-uepBeH 62.7 100 41.0 0.63 0.82 244 Ch
Ko1-yepBeH 82.7 100 40.3 0.83 0.81 248 Ch
Mo1-4epBeH - - - - - - 0-C+Q
Dj1-TbMHOYEpBEH 100 94.0 38.9 1.06 0.83 242 Q
Dj2-4yepBeHokasB 97.6 100 60.3 0.98 1.20 1.66 Q
Gk1-yepBeH 100 93.1 38.5 1.07 0.83 242 Q
Pa1-3eneH 97.1 100 415 0.97 0.83 2.41 Q/Ch+0
Pa2-yepBeH 100 84.0 76.0 1.19 1.81 1.10 Q
Zv1-4yepBeH 100 82.6 38.1 1.21 0.92 217 Q
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CvobpasHo MmeTogukaTa 3a OnpedensHe Ha npeobna-
AaBallaTta ¢asa OT MWUKPO3bPHECT KBapL WM XanuedoH B
JafeH fACMNC N0 MHTEH3UTeTa W CbOTHOWEHMETO Ha
peHTreHoBckute otpaxenus 110, 102 n 111, cboTBETHO Mpw
d=2,45,227 1223 A (Axosnesa u ap., 1976; bapcaxos u ap.,
1979), B npobute e onpeaeneHo npeobragaBaHeTo Ha efHa
unu apyra pasHosugHocT Ha SiO2 (Tabnuua 2).

HanpaBeHuaT aHanus, 3aegHO C NpoBepkaTta ypes onTuyHa
MUKpPOCKONUS (AHOHWNUGM) HA pasnuyHM npobu OT gcnuc,
noka3ga, 4ye [OCTOBEPHM 3a OnpefensHe Ha OTHOCWTEMHOTO
npeobnagaBaHe Ha MMKPO3bPHECT KBapL WK XanuedoH ca
pesynTatute oT OTHOLIEHMETO l110/l102, HO HE W LMTUPAHOTO B
nocoyeHata nutepatypa CboTHoweHWe 2l111/l102 unn l1o2/l111.
Mpu npobute CbC 3HAYMM NPUMEC OT Onan UM Npu Hanuume
Ha BYMNKAHCKO CTBKMO, Te3W CLOTHOLLEHUS HE ca MPUNOXUMU
(Hanpumep, npobu Pr4 n Bo1).

B u3yyeHute mpobu oT sicnuc, 3a MPeaUMMHO MUKPO3bp-
HEeCTUTe KBapL-CbAbpXall/ PasHOBWAHOCTMW, CE YCTaHOBABAT
[BE TMOArpYNM MO CbOTHOLWEHWETO Ha WHTEH3UTETa Ha
PEHTTEHOBCKWTE  OTpaxeHus l1o2/l111: CbC CTOWHOCTM B
uatepsana 1,10-2,00, kouTo ca XapakTepHu 3a npobu OT
NPeaUMHO 3eneH W XbnT (CBETNOKadsB) ACAMC W CbC
cTomHocTn B wHTepBana 2,10-3,10, kouTO ca XxapaKTepHu
NPeaMMHO 3a Npobu OT YEPBEH ACTIUC.

Mo oOTHOWEHME Ha MPEeAMMHO XanuedoH-ChabpXaluTe
PasHOBMOHOCTW, CE YCTAHOBSIBAT CbLO [BE MNOATPYNW Mo
CbOTHOLLEHMETO l102/l111: CbC CTOMHOCTM B wHTepBana 1,40-
2,60, KOUTO Cca XxapakTepHu MpeguMHO 3a npobu OT yepBeH
ACMUC M CbC CTOMHOCTM B WHTepBana 2,60-3,70, kouto ca
XapakTepHW MpeguMHO 3a npobu OT 3eneH W KbAT
(cBeTnokadpsis) sicnuc.

Mpu xanuepoHuTe ce oTbenssea 06paTHO NPONOpLMOHANHa
Bpb3ka MeXOy YBENMYEHWETO Ha TOBa CbOTHOLUEHWE W
HamarnsBaHe Ha MHAeKkca Ha KpuctanuHHocT (W), KOWTO €
(DYHKUMA Ha pasMEepHOCTTA Ha KBapLOBMTE KpUCTanWTH, a
€[JHOBPEMEHHO CE U3MEHST U APYrA (DU3NYHM XapaKTEPUCTM U
CTPYKTYPHW napameTpu, kato Hanpumep ysenuuyeHne Ha OH
rpynuTe, HenogpedeHocTTa Ha Keapua Mo  [faHHu  OT
WH(payepBeHa CnekTpockonus U ce otbenssea HamansBaHe
Ha OTHOCUTENHOTO TErO W NMOKA3aTeNAT Ha JTbyenpeyynsaHe
(BapcaHoB u gp., 1979; B UMTUpPaHUS W3TOYHWMK NpU
XanuegoHuTe CbOTHoLWeHNeTo lio2/l111 Bapupa B MHTepBana
1,40-3,68). B KOHKpeTHUS criyyal, C M3y4eHuTe SCMcu OT
ronsam Gpon nposBneHus B MatouHnte Pogonu, moxe pa ce
npueMe, Ye MHOEKCHT Ha KPUCTANMHHOCT Hamansea npw
YepBEHUTe MWKPO3bPHECTU KBAapL-CbAbpXally scnucy, a ce
yBENWYaBa MpU YepBEHUTE XanueLoH-ChAbpXKaly SCMUCH.
OtbenssaHn ca 3aBMCMMOCTM OWE M Mexay CTEneHTa Ha
KPUCTaNMHHOCT U OnpedeneHn napamarHuTHu gedektu npu
xanuepnoHa (MntocHuHa n Koctos, 1988).

B WstouHnte Pogonu ce otbensssar npeaumHo siciuck ¢
YepBeH, TbMHOYEPBEH, XbNT [0 CBETNOKAsAB W 3eneH 10
TbMHO3eneH uBAT. [lo-pagko  ce  cpewat  kadsew,
NUNaBopo30BN M CUBW pasHOBUAHOCTU. OCBEH efHOPOLHO
OLBETEH, LUIMPOKO pPasnpoCTpaHeHn ca [BYLUBETHU U
MHOTOLBETHW (BKMIOYMTENHO W T.Hap. NeisaxHn) scnucu
pasnuyHa TekcTypa. TsaxHaTta CTpyKTypa € HeegHOPOAHO
3bpHecTa, MUKpoceponuTHa, a HabmniogaBaHuTe TEKCTypu
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OvBaT eaHopoaHa, HEeaHOPOAHO-MBMYECTA, CTPYeBWAHA,
OpekyoBMOHa, MPOXWIKOBa UM MeTHUCTa.  Brectawmte
(6pokaTeH TM) SICTIMCK Ce CBbP3BAT C Hanuune Ha onarl.

Mo reHeTuyeH 6ener scnucosuTe 0bpasyBaHMs Hal-0bLLo ce
npuemart 3a pesynTar OT NPOMSHA Ha U3XOZHMTE MaTepuani
OT BYJKaHCKM CKamnu, TexHuTe Tydm 1 Tydpobpekumn — NpogyKTy
Ha HUCKOTEMNEPATYPHO METacOMAaTUYHO W3MEHEHWE, WK
CbOTBETCTBALM HA BTOPWUS TUM MO KnacudukaumsTa Ha
bapcaos u  fkoBnesa  (1978). Cpewatr ce #
HUCKOTEMMNEPATYPHU  XMAPOTEPMANHW  Pa3HOBMAHOCTM  Mpy
HAKOW axaTW (sicnuc-axaT), omanu (sicnuc-onan) u KopanuTu
(acnmnc-kopanu).

3aknioyeHue

3a NpbB MbT Ca YCTaHOBEHM 11 ONUCAHM, CbC CHOTBETHUS UM
MWHEpaneH CbCTas, 8 KOPEHHW NPOSBAEHNS Ha SCMIUC, KaKTO 1
Hag 20-Ha anyBuanHW W JenyBWanHW NpOsIBiEHWS Ha Tasu
remMonoruyHa CypoBuHa. PernctpupaHn ca U HSKOMKO
NpOSIBNEHNs Ha ACMUCONOA0BbHM maTtepuani. Mo oTHOLEeHWe
Ha reonoxkata nosuuust 1 Bb3PacT, HaxogKuTe Ce OTHacsT
KbM MbpBWS, BTOPUS W TpeTus CTaguii (3agpyru) Ha
cpegHokucenus  BynkaHusbM B Matounute Pogomm ¢
FOPHOEOLIEHCKA W ONMTOLIEHCKA Bb3pacTy.

Onuncanm ca pasnuyHK MO reHesnc NPOSIBMEHUS C PA3NUYHK
LiBETOBM Pa3HOBWAHOCTM Ha SicNCa 1 CPOAHUTe 0bpasyBaHms.
Mo cbCTaB U MO UBST Ce OTAENAT TPU OCHOBHM TPYMM SICTIUCH:
YEPBEHY - C MPUMEC OT XEMATUT, XbATH - C MPUMEC OT MbOTUT
W 3eNeHN - C MPUMEC OT CenafoHuT. Bb3 OcHOBa Ha Hsikou
CbOTHOLUEHMS] Ha  WHTEH3UTETUTE Ha  PEHTIEHOBCKUTE
OTpPaxXeHWs ce OTHensT [naBHO [Be rpynu  obpasuu:
CbLLIECTBEHO MUKPO3bPHECTO-KBAPL-ChAbPXKALLM 1 ChLLECTBE-
HO XanuefOoH-CbAbpXallM sicnucu. HanpaBeHuTe u3cnega-
HMSI MOKA3BaT NEpCMEKTMBHOCTTA Ha MO-LUMPOKA MAOWM OT
W3touynuTe Poponu no OTHOLLEHWE Ha Pa3npoCTPaHEHUETO Ha
TO3V KOBENWPEH MaTepuan.

BnazodapHocmu.  AsTopute  u3kasaH  OmarogapHocT  3a
npesocTaBeHa MHGOPMALWS 3a Hamuuue Ha SCMUCW B ONpedeneH
yacth ot Matounnte Poponm Ha konerute npod. ArH Anren KyHos,
npod. g-p PoceH Hepankos, pou. A-p Credbanka VBawosa, gou.
Wouo SAnes, a-p CrosH Meopries, kakTo v Ha r-H MeTbp 3anpsiHos.
bnarogapHoCT ce u3kassa 1 Ha fou. A-p b. baHywwes 3a cbaencTame
Mpy MUKPOCKONCKMTE HabmoaeHus u MukpodoTorpacnm.
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XUMUKO-MUHEPANOXKA XAPAKTEPUCTKA HA IPEBHU LLUNAKW OT POCEHCKOTO
PYOQHO NONE
YACT 1 - HAXOOULLE “NPONAOHAIA BOOA”

JobpuHka Cmaepakesa’, Hukonema LjaHkoea?

T XumukomexHonozuyeH u memanypauyeH yHusepcumem, 1756 Cogpust
2 MurHo-2e0m0XKU yHUBEpcumem "Cs. Mean Puncku", 1700 Cogpus, niktzankova@abv.bg

PE3IOME. OfeKT Ha HacTosILLOTO U3creaBaHe ca APEBHY LUMakv OT OKOMHOCTUTE Ha Hax. ‘[ponaaHana Boga”, PoceHcko pyaHo none. C meToauTe Ha onTudeckara
MUKPOCKOMNS B MPOXOAsilia M OTpaseHa CBeT/MHa, MpaxoBa PeHTreHoBa AudpaktomeTpusi, xumuyeH aHamms ¢ ICP-OES, CEM wu peHTreHocnekTpanHu
MWUKPOaHanuam € yCTaHOBEHO, Ye LUMaK1Te ca M3rPageHn OCHOBHO OT XENA30-CUMMKATHU W Xensi30-0KkeuaHu asu. M3yyaBaHuTe 0Bpasuy ca C BUCOKO CbabpxaHue
Ha Xens3o, Hannune Ha Mef, cpa, CAPOCHAbPXaLLM CynduaHM arperaTin (LUenHoBK), npumeck oT cocdop, Liepuit M naHTaH. BB BCUYKM MPOBM MakpoCKoncky v
MUKPOCKONCKW Ce HabniogasaT cdepyyHmM Kanki oT camocTosTenHa Mef. M3cneasaHnTe Lnaki ca A0KasaTencTBo 3a ApeBeH MeTanogobue B paiioHa OKOMO Hax.
“MponagHana Boga” v NpeAcTaBnsiBaT OTNaAeH NPOLAYKT OT MeaofobvBHA AEMHOCT, NpU KoSTO € NpepaboTBaHa MeaHo-cynduaHa pyaa.

KniouoBu gymu: apxeomeTanypris, APEBHN LMK, Mefl, MeLHO-CYNUaHM (LLEHOBM) arperatin, MeLHO-OKCUAHN, KeNA30-CUIMKaTHU U KeNsA30-0KCMaHN (asu

CHEMICO-MINERALOGICAL CHARACTERISATION OF ANCIENT SLAGS FROM ROSEN ORE FIELD
PART 1 - PROPADNALA VODA DEPOSIT

Dobrinka Stavrakeva', Nikoleta Tzankova?

T University of chemical technology and metallurgy, 1756 Sofia

2 University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, niktzankova@abv.bg

ABSTRACT. The objects of this study are ancient slags from the vicinity of Propadnala voda deposit, Rosen ore field. With the methods of optical microscopy in
transmitted and reflected light, X-ray powder diffraction, chemical analyses by ICP-OES, CEM and X-ray microanalyses, is was found that the slags consist mainly of
iron-siliceous and iron-oxide phases. The analyzed samples are with high iron content, the presence of copper, sulphur, sulfide aggregates, impurities of
phosphorous, cerium and lanthanum. Macroscopically and microscopically spherical drops of copper are observed in all studied samples. The analyzed slags are
evidence of ancient metal production in the area around Propadnala voda deposit and represent a by-product product of copper mining activity in which the copper
sulfide ore was processed.

Key words: archaeometallurgy, ancient slags, copper, copper-sulfide aggregates, copper-oxide phases, iron-siliceous and iron-oxide phases

BuBepeHue (1968a, 19680), AntoHoBa (1989) u pgp. InaBHW pyaHu
MUHEpann B TAX Ca XankomuPWT, MUPUT, MarHeTUT, XemaTut
MopseMHMTe NMpUPOAHM BoratcTBa OT POCEHCKOTO pyAHO (cnexynapuT) 1 MOMMGAEHWT, @ OT XUNHUTE — KBapL,, aHKEpHT,
none ca 6UMM M3BECTHM Ha XopaTa OT AbNnGOoKa APEBHOCT (hepoAoNOMMT, KanLuT, XnopuT v xanueaoH (boraaros, 1987).
(YepHbix, 1978; 'eoprues, 1987; Oumutpos, 2007; Jlewwakos,
2010 un ﬂp) ObBekT Ha HaCTOsILLETO U3cnefBaHe e MeTanyp- LleﬂTa Ha pa60TaTa € XMMNKO-MUHEepParoxXKo n3cneaBaHe Ha
fMYHa Unaka, OTKpUTA MO MPOTEKEHMe Ha MOBBPXHOCTHA [iPeBHM LUNaki OT paiioHa Ha Hax. ‘TlponagHana Boja” 3a
JpeBHa MuHHa m3paboTka (pyna) ¢ gbmkuHa Hag 200 m u ¢ ycTaHoBsiBaHe Ha Bupja Ha npepaboTBaHata pysa M Ha
U3TOK-CeBEpON3TOYHA nocoka (709) B pailoHa Ha Hax. nobvsaHus meTan.

“lponagHana Boga”. KepamuyHu dparMeHTH, HamepeHu no
OTBanuTe Ha pydHWKa, ca OTHeceHW kbM VI-V B. np. H. e.

(Leshtakov, 2013). MaTepMan n mMeToaun Ha uscnegBaHe

Haxopuwe ‘lMponapgHana Boga” C ronsamo NPOMMULLIEHO W3acnensanwn ca npobu oT yeTupy Toukm (npoba 2, 4, 5 u 6),
3HaveHwWe e ekcnnoaTtupaHo 4o cpeaata Ha 90 roguhn Ha 20 Nno NpOTEXeHWe Ha ApeBHUS PyOHUK (pyna) B paioHa Ha Hax.
Bek. MuHepanHuTe napareHesn 1 CTaguu Ha MUHepanu3saums “IMponaaHana Boga”. Mpoba 2 e 0T ceBepon3TOYHaTa YacT Ha
B Haxoguwara OT POCEHCKOTO pyAHO nore ca MpoyyeHn u pynara. LLiInakata e TbMHOCKBA, MpurenBa KbM MarHnT, cnabo
oTpa3seHu B paboTute Ha ToHes (1952, 1959), BoraaHos u ap. nopecra. o NOBbPXHOCTTa i ce Habntoaasat cybkBagpaTHu
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KpucTanu OT MarxeMuT CbC CTbKIEH ONsiCbK M kadsB LBAT
(dour. 1). B Hsikom oT obpasyute BU3yanHO Ce YCTaHOBSBAT
MeTarHu Kanki ¢ opaHxeBoyepBeH LBAT. Lnakata ot npoba
4, HamepeHa okono 60 M torosamagHo OT npoba 2 no
NPOTEXEHWe Ha pynaTa, € MarHuTHa. Ta OuBa ABa Bufa:
cBeTnocvBa A0 6eX0Ba Ha LBAT, NOPbO3Ha B Lienusi cu 06em 1
TbMHOCKBA, MITbTHA, CbAbpXalla Kanku C UBAT Ha Meq.
Unakata ot npoba 5, OT torozanagHata yacT Ha pynata, €
TbMHOCKBA, npunensa KbM MarHur. MaKDOCKOI'ICKI/I B Heqa ce
Ha6ﬂ}0ﬂaBaT MHOXECTBO MeTalnHW Kanku C opaHXeBOoYepBeEH
ugsr. Mpoba 6 e 0T ceBep-ceBepoOM3TOYHATA YacT Ha pynata,
B OM30CT [0 OCTaHKM OT MeTanypruyHa new. Tean obpasum
Ca Hal-TbMHU (MOYTM YEpHM) B CpaBHEHME C OCTaHamuTe
wrakM ot paoHa Ha Hax. ‘lpomagHana Bopa’. [lo
NOBBbPXHOCTTA Ha M3CneaBaHUTe Matepuann OT BCUYKK np06|/|
ce Ha6mo,anaT BTOPUYHU MUHEpann — XenesHn okcuan wn
XMOPOOKCMAN, XpU30Kona 1 ap.

®ur. 1. LWnaka ¢ kpuctanm marxemut (Mgh) ot npoba 2, pa3mep Ha
BUAHOTO fofe 2 mm

LLinak1Te ca M3yyeHW (ha3oBO-CTPYKTYPHO C MeToauTe Ha
onTMYeckaTa MMKPOCKOMWS B MpOXOAflia U OTpaseHa
ceeTnuHa ¢ mukpockonu Meiji MT9200 n MT9430 ¢ kamepa
DK1000. ®a3oBuAT MuHepaneH CbCTaB € OnpedeneH ¢
npaxoBa peHTreHoBa OUGPaKTOMETPUS Ha AUGPaKTOMETLP
Bruker Phaser ¢ peHtreHoBo mbyeHue Cu/Ni B uHTepBan
2Theta 49-700 n 30 kV/10 mA, 0,2/0,5 s, kaTo 3a CpaBHeHue e
nsnonssaHa PDF-kapToTekata Ha ICDD. 3a onpegensHe Ha
XMMUYHUS CbCTaB Ha KpucTanHute chasu U BMecTBallaTa
wrakosa (asa Cca NpOBEOEHW  PEHTreHOCNeKTpanHu
mukpoaHanuan (PCMA) Ha anapat JEOL LSM-6010PLUS/LA,
obopyaBaH C eHepruiHO-ONCNEPCMOHEH MUKpOaHanu3aTop ¢
pesonioumus 0T 128 eV. XUMUYHMAT CbCTaB Ha LUNakuTe €
onpegeneH ¢ ICP-OES cnepn BucokoTemnepaTypHO ankanHo
cTansHe.

Bb3 0CHOBa Ha XMMWYHMSA CbCTaB Ha KpucTanHuTe ¢ha3un B
TOYKa Ca M34YUCMEHW KPUCTANOXUMUYHWUTE UM DOPMYNIU Mo
kucnopogHus Metod. MsnonseaHuTe daHHM ca B MacoBu
aTOMHW  MPOLEHTW Ha  YCTAHOBEHUTE  eneMeHTH, a
KONMWYECTBOTO Ha KuUcriopoZa e onpefeneHo KaTo pasnuka ao
100 %. Toan nogxopn e Bb3NpUeT Nopaayn TOBa, Ye Kensa3oTo U
MefTa e Bb3MOXHO [a NpUCHCTBAT C pasnuyHa CTeneH Ha
OKWCreHWe (BaneHTHOCT), YANTO KONMKUYECTBA MO Knacuyeckus
CWUNUKATEH aHanu3 ce onpefensat no-HetouHo. OcBeH ToBa
OnpefensiHeTo Ha MacoBUTE MPOLEHTU HA CbOTBETHUTE
okeuan o Toukoeust aHanud ¢ PCMA cbllo gaBa HeBspHa
MH(OpMaLMs, aKo Xens3oTo ce 3agage B Fez* unu Fe3*, Toin
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KaTo Ce MpOMEHAT CbAbpKaHWATa Ha [pyruTe OKCUaw.
[PUNOXKEHNAT ~ BapuaHT Ha  KACMOpOOHWS  MeTod  3a
N34NCrSBaHe Ha KPUCTANOXMMUYHUTE DOPMYNM NO AaHHW OT
PCMA no3sonsiea upe3 npoBepka Ha enekTpocTaTUYHMS
BanaHc Ha kaTUOHHaTa 1 aHWOHHAaTa YacT BbB hopMynuTe 3a
CbOTBETHUTE KpUCTanHW a3n (MuHepanu) ga ce onpegenu
OTHOCUTENHUST Asn Ha Fe2* n Fe3* unu Ha Cu* n Cu2+,

XuMMHYyeH CbCTaB Ha LWNakuTe

Or AaHHUTe 3a XMUMWYHWA CbCTaB Ha U3CneABaHUTE LNaKu,
npueedeHn B Tabmuua 1, ce KOHCTaTWpa, Ye Te Ce Xapak-
Tepusnpat C NoBuLLEHN CbAbPXaHUA Ha Xene3Hu oKcuaun n
SiO2 v B No-Manku KONMYECTBA Ha OCTaHANNTE OKCUAMN.

Tabnuua 1.
XumuyeH cbcmae Ha wiiaku om palioHa Ha Hax.” [ponadHana
80da” no daxHu om ICP-OES aHanusu

Oxkeunagu, wt % Mpoba 2 MMpoba 4 lMpoba 6
SiO2 36,58 31,49 34,25
TiO2 0,27 0,30 0,27
Al203 6,39 8,51 5,50
Fe20; 46,41 49,28 53,00
Ca0 1,42 2,38 1,31
MgO 0,45 0,35 0,28
MnO 0,05 0,03 0,04
K20 1,31 1,17 0,88
Na;0 0,20 0,22 0,14
P20s 1,08 2,46 1,24
SO; 0,60 0,53 0,78

Cu 4,37 2,49 0,88
3.H. 1,06 0,82 0,47
Cyma 100,19 100,03 99,04
Koed. 3a 1,05 1,30 1,37
OCHOBHOCT

Kato ce n3xoan OT XMMWYHUTE CbCTaBWM Ha K3cneaBaHUTE
iNakM MOXe fa Ce KOHCTaTupa, Ye Te ce OTnnyaeat ¢
OCHOBHOCT. KoetuLMeHTUTe 3a OCHOBHOCT Ha aHanuavpaHuTe
npobu ca nokasaxu B Tabnuua 1.

B wnakute oT Hax. ‘lponagHana Boga” e onpeaeneHo
yyacTe Ha CaMOCTOSTENHA Mefd, YNETO KOMMYecTBO €
3abenexumo B npobu 2 un 4. BaxHo e ga ce oTbenexu, ye B
aHanuaupaHuTe npobu e onpegeneHo npucketeue Ha SOz
P20s. Cbabpxanueto Ha P20s Bapupa B rpanuuute 1,08 -
2,46 % (Tabn. 1).

3@ XMMMYHMSI CbCTAB Ha LUMAKWTE MOXE [a Ce Momyyu
MH(OPMaLMS M OT pesynTaTuTe OT TOUKOBWTE MUKPOCOHZOBU
aHanuW3n Ha BMeCTBaljaTa CTbKMOBWAHATA LUakoBa Maca,
KoMTO ca mpueedeHn B Tabmuuya 2. XMMUYHMAT CbCTaB B
aHanmau 4.2.005 v 6.1.003 ot npobu 4 n 6 e 6rmabk (Tabnnua
2). Tean npobu ce xapakTepuaupaTr CbC CbAbpkaHue Ha Si
okono 10-11% u Ha xensso okono 45-48%. AHanuanpaHuTe
WHOMBAOM CW MPUAMYAT, HO HE OTrOBapAT Ha OnpeaeneHa
CTEXMOMETPUS, MOpagu KOeTO Ce MnpuemaT 3a LUMaKoBO
CTbKMO, 0boraTeHo ¢ ¢hasnuToB cbeTas. LLUnNakoBoTo CTBKMO €
xenssocunukatHo. CbeTaBbT B Touka 6.2.001 moxe Cbluo ga
ce npueme 3a CTbknodasa, oborateHa Ha chasnuToBa
Monekyna.



Tabnuua 2.

XumuyeH cbcmas Ha Wi1akogomo CMbKIo 8 OPE8HU Witaku om palioHa Ha Hax. “TiponadHana eoda” no daHHu om PCMA

Mpoba, Enement, %

aHanua Si Ti Al Fe Mg Ca K Na Cu S P La Ce 0
25_'2?1’_002 17,818 | — [2,054 | 41,189 | 0,423 | 0,595 | 0,876 | 0,169 | 0,263 | 0,004 | 0,414 | 0,184 | 0,097 | 35,915
25_‘2?1’_003 21,917 |0,022| 6,191 | 21,477 | 0,073 | 0,595 | 4,477 | 0,193 | 0,178 | 0,062 | 0,701 | 0,358 | 0,385 | 44,717
25'222’ 001 22,375 10,032 6,962 | 16,707 | 0,072 | 2,932 | 1,516 | 0,354 | 0,356 | 0,083 | 0,774 | 0,344 | 0,783 | 46,709
25_'2?2’_002 20,175 |0,057| 3,938 | 32,334 | 0,028 | 0,447 | 1,955 | 0,292 | 0,147 | 0,047 | 0,057 | 0,076 | — | 40,445
Mp. 4, 10,486 |0,004| 0,173 | 45,015 | 0,310 | 0,052 | — — |0M7 | — 0497|0054 | — | 43,292
aH.4.2.005
25;1421006 16,513 | — |6,259 | 17,090 | 0,030 | 2,951 | 1,403 | 0,160 | 0,239 | 0,006 | 1,372 | 0,101 | 0,355 | 53,510
25_;1’_002 14,718 (0,005| 3,789 | 33,835 | 0,219 | 1,051 | 0,171 | 0,061 | 0,265 | 0,004 | 1,986 | 0,075 | 0,033 | 43,787
25_;1’_003 17,074 10,045/ 3,488 | 17,074 | 0,029 | 0,149 | 1,387 | 0,020 | 0,118 | 0,007 | 0,083 | 0,038 | 0,235 | 47,372
Ip. 6, 11,636 | — | 0,083 | 47,865 | 0,246 | 0,042 | 0010 | — 0,088 | — [0,019|0,160| — | 39,850
aH.6.1.003
25'661’ 004 21,233 10,034| 7,272 | 15,776 | — | 2,499 | 1,845 | 0,277 | 0,178 | 0,030 | 1,005 | 0,325 | 0,643 | 67,873
25662’001 11,442 | — (0,319 | 33,831 | 0,164 | 0,097 | 0,164 | 0,033 | — | 0,001 {0,117 | 0,056 | — | 53,777

¢a3OBO-MMHepaHO)KKVI CbCTaB Ha WnakKuTe

Mukpockoncko nscneaBaHe

LUnakata ot npoba 2 e 6orata Ha MEOHN M Ha NUKBALMOHHM
Kanku C HexomoreHeH cbcTaB (cur. 2a). Cped LUNAKOBOTO
CTBbKNO Ca pa3npbCHATW CYOMMKPOCKOMWYHM KpuUCTanu OT
hasnut n Mmarxemut (cur. 4).

Wacnegsannte obpasum ot npoba 4 ca c no-eapa MUKpo-
3bpHECTa CTPYKTYpa B CPaBHeHWe C makata oT npoba 2,
KOeTo CcBWOeTencTBa 3a no-0aBHOTO ¥ oOxnaxgaHe U
kpuctanusauus. Habriopasar ce: CKeneTHW KpucTanu Ha
hasnuT B TbMHOCKB LBAT (chur. 26, 3a); BrocTUT nog dopmata
Ha CBET/NOCMBM KpucCTamW, nogpedeHun kato Bpoennua (dour.
20, 3a); W30METPUYHM CEYEeHWst Ha CKeneTeH Mogen Ha
MarxeMuT CbC CBETNOCMB LUBAT (cur. 20), pokasaH u
peHTreHorpadicku (cur. 5). CynduaHute arperatit (LemHoBK)
Cca ABa LBATa — CBETNOXBAT N opaHxeB. OKOMo HAKOW OT TsX
ce HabniopaBa opeon oT xankonuput (cur. 26). Mo cBos
MWHEepaneH CbCTaB LunakaTta NpeAcTaBnsBa TUIMYEH NpUMep
3a KpaeH npogaykT oT 4obus Ha mep.

MwKpOCTPYKTYpHO Lnakata oT npoba 5 e aHamnornyHa Ha
npoba 2. HabniopaBaT ce (UHO3LPHECTU KpucTanu OT
(hasnuT, KOUTO Ce OTNMYaBa ChC CPEfHMW, MbCTPU LIBETOBE Ha
uHTepdepeHyns. LUnakata cbabpka ronsMo KONMMYeCTBO
arperatu C XbNTO-YepBEHWKaB LBAT, NpeacTaBnsaBaly cmec
OT Cyndmam, 03HaYaBaHM KaTo LeNHOBH.

B obpasuute ot npoba 6 ce HabmoaaBa TMNMYHA CTPYKTYpa
Ha 6aBHO OxnageHa wrnaka (cur. 36, 3B) ¢ pa3nuyHM npepesn
Ha efpw Kpuctanu oT (asiMT U MarXeMuT — W3OMETPUYHM
CKeneTHU kpuctanu (cur. 36, 3B). N3bpoeHuTe MuHepanu ca
[0oKa3aHu 1 peHTreHorpadockm (dour. 6). CynduaHuTe arperaty
Ca HEeXOMOTEeHHW, C HenpaBumHa opmMa M MO-BMCOKA
oTpaxarenHa cnocobHocT. Mo-ceeTnara dasa e xankonupur.

®ur. 2. Mukpockoncko uscneaBaHe B OTpaseHa CBET/IMHA Ha WNaK1 OT
paiioHa Ha Hax. “llponagHana Boaa”: a) NMKBaLMOHHA Kanka B npoba 2,
pa3mep Ha BugHoTo none 2125 pm; 6) cyndomaeH arperar (weiiH) c opeon
OT Ape6HM KpUcTanu oT Xxankonuput, MegHu kanku (Cu), Broctut (Wus),
ckeneTHu chopmu Ha chasnut (Fa) n marxemut (Mgh) B wnaka ot npoba 4,
pa3mep Ha BuaHata none 850 um
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MegHuTe  Kamkm ca  CyOMUKDOCKOMMYHM,  CPABHUTENHO
paBHOMEPHO pa3npeaesneHu B LWNakoBOTO CTbKMO. TyK Te ca B
MHOTrO TMO-Mamnko KOMMYECTBO B CPaBHEHWe C JpyruTe
W3cresiBaHu LWraku oT Haxoaule “TponagHana Boaa’.

J!a

Wus =

®ur. 3. Mukpockoncko uscnegsaHe B OTpa3eHa CBET/IMHA Ha Waku oT
paitoHa Ha Hax. “llponagHana Boaa”: a) cyndmpaHm arperaty (lieiiHoBe) ¢
XBNT U opaHxkeB LBAT, BlocTUT (Wus) 1 hasinur (Fa) B wnaka ot npoba 4,
pa3mep Ha BuaHoTo none 850 um; 6) cTpykTypa Ha GaBHOOXNafAeHa
wnaka ot npo6a 6 ¢ eapm kpuctanu ot dasnut (Fa), pasmep Ha BUAHOTO
none 850 um; B) hasinut (Fa), UI3OMETPUYHN CKENETHW KpUCTanm ot
marxemut (Mgh) 1 WweitHOBM Kanku B Wwnaka oT npoba 6, pasmep Ha
BUAHOTO none 850 pm.

PeHTreHoha3oBO M3cneaBaHe Ha WaKuTe

MwHepanHuaT CbCTaB Ha W3CneaBaHMTE LUNakoBu 0bpasup
Mo aHHW OT PeHTreHo(ha30BUs aHann3 e nokasaH Ha urypu
4,516.
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®ur. 4. Mpaxosa audpakTorpama Ha Lnaka oT paiioHa Ha Hax.
“MponagHana Boga” — npoba 2: dasnur Fe;SiO4 (Fa) PCPDFWIN 34-0178;
marxemut y-Fe,03 (Mgh) PCPDFWIN 39-1346; mes, Cu PCPDFWIN 04-0836
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®ur. 5. Mpaxosa audpakTorpama Ha Lnaka oT paiioHa Ha Hax.
“lMponapHana Boga” — npoba 4: dhasnut Fe2Si04 (Fa) PCPDFWIN 34-0178;
marxemut y-Fe;03 (Mgh) PCPDFWIN 39-1346
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®ur. 6. MpaxoBa AuchpakTorpama Ha Lwiaka oT paoHa Ha Hax.
“MponapHana Boga” — npo6a 6: hasnut Fe2SiO. (Fa) PCPDFWIN 34-0178;
marxemuTt y-Fe,03 (Mgh) PCPDFWIN 39-1346; * - BeposiTHa
xenssocunukatHa dasa cbe cbetas Fer6Si0s (naixyHut-1M) PCPDFWIN
30-0664

MuHepaneH cbcTaB Ha wnakute no PCMA paHHu

CHumkw 0T nscnegsaHeTo cb¢ CEM Ha hasuTe B wnakute u
nokanusauuWsi Ha NpPOBEAEHUTE TOYKOBM MMKPOCOHIOBM
aHanuau ca npescraBeHun Ha durypa 7.



®ur. 7. Mukpockoncku chumku (CEM) Ha uscnepsaHuTe MHepanHm
¢ha3u ot paiioHa Ha Hax. “[ponagHana Boaa”: a) npoba 2, aHann3u
2.1.001 - mepgHa Kanka, 2.1.002 — wnakoBo cTbKNO, 6orato Ha FeSiOs,
2.1.003 - wnakoBo cTbkNo, x900; 6) npoba 2, aHanuau 2.2.001 - wnakoBo
CTHKIO 1 2.2.002 - WNakoBO CTHKIO ¢ MUkponutH, x1900; B) npoba 4,
aHanmau 4.1.001 - megHa kanka, 4.1.002 - xens3o-okcuaHa chasa, 4.1.003
- chasnut u 4.1.004 - marxemur, x160; r) npo6a 4, ananuan 4.2.001 -
Kynpo-kynpuokcug, 4.2.002 — weitHoBa kanka, 4.2.003 — marxemur, 4.2.004
- marxemut, 4.2.005 — xenssocunukaTHo cTbkno (?) n 4.2.006 - wnakoso
CTBKNO, x230; A) npoba 6, aHanuam 6.1.001 — weiiHoBa kanka, 6.1.002 -
opeon Ha LeifHoBa kanka, 6.1.003 — dhasnuT B WNakoBo cTbLKNO, 6.1.004 —
WNakoBo CTbkNo, x350; ) npoba 6, aHanuau 6.2.001 — WNakoBo CTHKMO,
6.2.002 - chasinur, x65.

BbB BCUYKM M3CreaBaHN LnakoBu 0Bpa3uy ca yCTaHoBeHU
KENA30-CUINNKATHU, XENA30-OKCUOHN U MEAHO-OKCMAHW hasw,
kakTo ¥ cyndugHn (WerHoBM) arperat W Kanmku  OT
CaMoCTOSTENHA Me[] BbB BMECTBALLOTO LUAKOBO CTHKIO.

1. Xensizo-cunukamuu ¢hasu

XKensaso-cunukatHata (pasa e npefcTaBeHa OCHOBHO OT
asnut, a B HAKou OT obpasuute oT nanxyHut-1M (cpur. 6).
Te3u haau ca ycTaHOBEHU PEHTTEHOAU(PAKLMOHHO 1 ONTUYHO
MWKPOCKOMNCKM B NPEMWHaBALLA CBETNMHA. Te ca npeAcTaBeHu
OT CKEMNETHW YOBIMKEHN NPU3MATU4HN NPEPE3N C XapaKTepPHU
MbCTPU UHTEP(EPEHLMOHHN LiBETOBE OT BTOPU MOPSABK.

Kpuctanoxummunute copmynu Ha (hasnutHata casa B
npobu 4 1 6 ca M3YMCNEHN MO AAHHU OT TOYKOBUSI MUKPOCOH-
[0B aHanua (tabn. 3) u ca npuBeaeHu no Jony:

Mpoba 4, aHann3 4.1.003 -
(Fe2 1,73 Mgo,03 Cao,02 Nao,o1 Ko,o1 Alo,0s Lao,04)1,92 (Sio,95 Po,04)0,99 O4,00

Mpoba 6, aHanu3 6.2.002 —
[(Fe? Fe2*)1,65 Mgo,02 Nao,o1 Alo,o1 Ca, La, Ce]1,69 (Sio,95 Po,01)0,96
O4.00
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Tabnmua 3.
XumuyeH cbcmas Ha Xena3o-cunukamHu (ghasnum) U
Kena30-0kCUOHU ¢basu (maexemum) no 0aHHu om PCMA

g |Mensso-cunuatra YKensso-okcuaHa dasa (Marxemur)
& | asa (hasnmt)

§°I'Ip.4, aH. |Mp.6, aH. [Mp.4, aH. |Mp.4, aH. |Mp.4, aH. [Mp.4, aH.
M |4.1.003 [6.2.002 |4.1.002 [4.1.004 ]4.2.003 |4.2.004
Si| 13,842 | 14,031 | 5515 | 0,959 | 0,442 | 1,073
Ti| 0,001 — 0,170 | 0,192 | 0,165 | 0,183
Al| 1,100 | 0,110 | 6,015 | 5180 | 4,326 | 4,826
Fe| 49,746 | 50,409 | 53,061 | 61,304 | 58,897 | 55,550
Ca| 0434 | 0,047 | 0445 — 0,023 | 0,005
Mg| 0,322 | 0,273 | 0,072 | 0,062 | 0,072 | 0,141
Na| 0,125 | 0,092 | 0,166 | 0,165 | 0,051 | 0,050
K| 0,288 — 0,396 — — 0,005
S — — 0,005 | 0,008 | 0,013 | 0,008
P| 0616 | 0,106 | 0,167 — — —
La| 0,302 | 0,088 | 0262 | 0,134 | 0,034 | 0,136
Ce| -— 0,031 | 0,273 — 0,146 —
Cu| 0,174 — — — — —
O | 33,049 | 34,812 | 33,452 | 31,997 | 35,832 | 38,023

Kpuctanute hasinuT Hait-4ecTo He ca HambITHO M3rPadeHn
NPeACTaBNABAT CKENETHO-AEHAPUTHU DOPMH, KOETO CE AbITKM
Ha CpaBHUTENHO GbP30TO OXNaxdaHe W KpucTanusauus Ha
wnakute. Mopaay TOBa MpW TOUYKOBMSA MUKPOCOHAOB aHanu3
YeCcTO Ce 3axBalya W OT BMeCTBallaTa CTbkNoBMAHA (a3a, B
PEe3yNTaT Ha KOeTO MONyYeHUTE XMMMYHW aHanuau He BUHAMM
CbOTBETCTBYBAT Ha TOYHW CTEXMOMETPUYHN CbeTau. OcBeH
TOBA B CbCTaBa Ha KpuUCTanHuTe (hasW, KaTo M3OMOPGHM
MPUMECH Ce BKMIOYBAT MHOMO OT EeNeMeHTUTE-NPUMECH,
yyacTBallW B CbCTaBa Ha Wnakata. ETo 3awo kpucrtanHute
(hasu MoraT aa ce npuemart CTpYKTYpHO KaTo fedeKTHu.

2. Xensn30-okcudHu ¢haszu

ensso-okcngHute a3 ce MpeacTtaBeHa OT  BIOCTWT,
YCTAHOBEH OMTUYHO MUKPOCKOMCKM M OT MarxemuT, [Joka3aH
peHTreHoda3oBo (1abn. 3, dur. 4, 5 1 6). XUMUYHUAT CbCTaB B
Touka 4.1.004 e Hail-6nnsbk go crexmomeTpusTa Ha Fe20s,
KOUTO peHTreHorpadickm ce Onpeaenst Kato MarxemuT CbeC
cnefHaTa KpucTanoxummyHa gopmyna:
(Fe1,65 Alo,29 Sio,05Tio,01 La, S)2,00 03,00

C aHanornyHa KpucTanoxummyHa opmyna kato Marxemur
y-Fe203 ce npepacTass cbeTaBbT B Touka 4.2.003;
(Fe1,65 Alo.29Sio.0sTio.o1Ca, Mg, Na, S, La, Ce)2,00 03,00

3. MedHo-okcudHu ¢hasu

B pesyntat Ha HEMbIHOTO MPOTWYAHE Ha OKUCIUTENHO-
PEAYKUMOHHUTE MpoLecu npu TepMuyHata obpaboTka Ha
obpaboTBaHa MefHa cypoBuHa ca ce oOpasyBann MenHo-
OKCMAHW (hasu C yyacTe Ha Mef B pa3nnyHa CTEMeH Ha
okucrnenve (tabn. 4). Ananus 4.2.001 e Ha HexOmOreHHa
MedHa Karka OT Kynmpo- UM KynpuoKCWAM CbC 3axBaHaTo
LUIAaKoBO CTbKMO. CbCTABbLT Ha TO3W OKCUE MOXE [fa Ce
npeacTaBy KaTo CMeC OT KYNPUT U TEHOPUT:
Cuto84Cu?0580 unm Cuo,8400,42Cu?*0,5800,58

AHarm3 5.1.001 e Ha pasa, nmpeacTaBnsBalia CMec OT
MeZJEeH OKCUA OT Kynpo- W Kynpuokcuaun. CbCTaBbT MOXeE fia ce
NPELCTaBM CbC CriegHaTa CTEXMOMETPUS:

Cut1,62Cu?*0,190 umm Curt1,6200,81Cu2*0,1900,19



Tabnuua 4.
XumuyeH cbcmas Ha MeAHO-OKCUOHU ¢hasu 8 Wilaku om Hax.
“TponadHana eoda” no OaHHU om PCMA

Mpoba, EnemenT, %

aHarm3| Si | Ti | Al |Fe| K| Cu | S |La|Ce| O
Eg"(‘)’g;"o,ws — 10,0930,174] — [34.4520,0380,01700,120/14,931
gﬂ'g’gr'0,2550,0060,0760,9090,01086,6790,004 — | = h2,061

4. lljeiHosu azpezamu

B wnaknte B 0TpaseHa CBETNMHA Ce pa3kpUBaT HEXOMOTEHHU
MUKPOCKONUYHM arperatu (cur.2, 3 u 7), Cbabpxaliy MegHu,
Xeneso-okcuaHn M cyndugHu asn. Tesau arperatm ca
pesynTat OT HEMbIHOTO MpeBpbliaHe Ha CynduaHuTe
MWHepanu npu TepMuyHata obpaboTka Ha pypata u ce
03HayaBaT C MeTanypriyHaTa TEePMUHONOMUS KaTo LUEMHOBM
arperat. XUMUYHUAT CbCTaB Ha HAKOMKO Takwuea arperati ca
npeacTtaseHu B Tabnuua 5.

Tabnuua 5.
XUMMYEH CbCTaB Ha LUEHOBW arperat no gaHHu ot PCMA

Mpoba, EnemeHrt, %
aHanusa Si Al Cu S

Fe Ce 0]

Mp.4,a4.4.2.002 {0,119 |10,038 |0,771 69,728 |3,090 |0,031 | 26,224

Mp.6,aH.6.1.001 10,138 |0,093 |0,511 74,438 |3,570 21,250

Mp.6,aH.6.1.002 |0,207 |0,069 |1,295 |68,369 |3,603 |0,220 | 26,160

5. Ceo600Ha med

B wnaknte ce peructpupa BU3yanHO 1 XMMUYECKN Hanmune
Ha cBoboaHa men B konmyectBo oT 0,88 no 4,37 mass %
(tabn. 1). XMMMYHWAT CbCTaB Ha Kanmku cBobGOAHA Mend no
[aHHM OT MUKPOCOHOOBMS aHanu3 € npueegeH B Tabnuua 6.

Tabnuua 6.
XumuyeH cbcmas Ha MeOHU Kanku no 0aHHu om PCMA.

Mpoba, EnemeHT %
aHanms Si|A |Fe|{Ca| Cu|S|P]|O
Mp.2,aH.2.1.001{0,420/0,145|4,067|0,050(92,887| — | — |2,331
Mp.4,aH.4.1.001[0,274|0,687]0,088] — [97,007]0,015]0,004 1,595
3aknyeHue

AHanusupaHuTe Waku ca [oKasaTencTeo 3a CbLUECTBYBas
ApeBeH MeTanogobue B M3CNEABAHWS PalOH OKOMO Hax.
“lMponagHana Boga”. 3a Buga Ha pobuBaHusa MeTan Moxe Aa
Ce Cbay Mo HaNIMYMETO Ha MAKPO- 1 MUKPOCKOMUYHN CEPUYIHM
Kanku Ha ceoboaHa mep.

3a Bupa Ha 1obuBaHaTa 1 npepaboTeaHaTa MeAChAbPKALLA
CypOBWHA (pyma) CBWAETENCTBYBAT HAKOMKO (hakTa, KOWUTO
KaTeropuyHo fokasBar, ye e fobreaHa MegHo-cynduaHa pyaa
C OCHOBHM Med- W Xenasocbabpkawy MWHepanu Kato
xankonuput n 6opHuT. BbB BCMukM obpasun ce OTKpuBa
CbbpXaHue Ha cspa U cpochabpxally cynduaHm arperatu,
03Ha4aBaHM KaTo LLeHoBK. Te Ce nonyvasaT npy HEMbHOTO
[OBEXOaHe Ha OKWUCTUTENHO-PELyKLUMOHHUTE MpoLecu Ha
cyndugHUTe  MWUHEpamM Mpu  TEPMUYHOTO  METanypruyHoO
npepaboTBaHe Ha pygata. B wu3cnegpaHuTe Wwnakm ce
ONPELENs BUCOKO CbAbpXaHWe Ha Xens3o, KOETO € Momny4eHo
npu TepmmuyHaTa o0bpaboTka Ha MegHo-xenesHu cyndguam. C
pesyntaTute OT HACTOSILMTE M3CNEefBaHWs Ce OMpoBEpraBa
TBbPAEHWNETO, Y€ APEBHUSAT MEAOA0OMB B paioHa e rMaBHO OT

60

ManaxuT u asypuT (Feoprues, 1987). MuHepanHuaT cbCTas Ha
N3CnefBaHUTE LUNaKM € MpeAcTaBeH OT KENsA30ChAbpKaLLy
asu kato pasnMT M MarxemuT, KOMTO Ca TUMNYHO
XapakTepHn (a3 3a CbBPEMEHHUTE LUMaKM Ha Mejo-
pobueHata Metanyprus  (Ctaspakesa, Crouuesa, 1966;
MBaHoB 1 ap., 1967; Muxainnosa, 2009).

bnazodapHocmu. M3cneaBaHusTa ca npoeefeHu no npoekt AOHU
K02/6 ot 12 pekemBpu 2014. ABTOPUTE HA HACTOALLOTO M3creaBaHe
n3kaseaT OnarofapHOCT Ha BCMYKM UNEHOBE Ha KOMEKTMBa Ha
npoeKTa, CbAENCTBaNM 3a HaMmupaHe W NoKanu3upaHe Ha ApEBHM
MeTanypruyHu LUaKu.
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XUMUKO-MUHEPANOXKA XAPAKTEPUCTUKA HA OPEBHU LUNAKU OT POCEHCKOTO
PYOQHO NONE
YACT 2 - HAXOAULLA “KOPYYELLME” U “POCEH”, METANYPITMYEH LIEHTBP “ATUA”

Hukonema LjaHkoea, JobpuHka Cmaepakeea?, llembp Jlewjakoe3, Kanuxn Jumumpos?

" MuHHo-2eonoxku yHugepcumem "Ce. Mear Puncku", 1700 Cogpus, niktzankova@abv.bg
2 XumukomexHonoauyeH u memarsypauyeH yHueepcumem, 1756 Cogpus
3 HayuoHaneH apxeonoauyecku uHcmumym ¢ myseli — BAH, 1000 Cogpus, junior_1_bg@yahoo.com, kalin.d@abv.bg

PE3IOME. M3cneaBanu ca [peBHy Lunaki, OTKpUTU B POCEHCKOTO pyaHO none. Te ca CbbpaHu OT NOBLPXHOCTTA HA HAKOMKO APEBHN METanofobuBHN LIEHTPOBE,
pasnonoxeHu B 6nu3ocT Jo apeBHUTe pyaHuun B MegHu pua. [JobuebT Ha Mef Tam e ocblyecTBsiBaH npe3 nepuoga VI B. np. Xp. - V-V B. cn. Xp. XumuuHust
CbCTaB Ha 0bpasuyTe e onpedeneH no AaHHu ot ICP-OES. Te ca ¢ B1COKO CbabpkaHue Ha Fe203 u SiO2. MuHepanHuaT CbCTaB Ha LWnakuTe € 13yyeH OnTUYHO-
MWKPOCKONCKM B OTPa3eHa M MpeMUHaBalLla CBETNMHA, PEHTTEHOMA30BO 1 C PEHTTEHO-CNEKTPanHN MAKpOaHanuan. B nscneasanuTe WwWnakn ce yCTaHOBABAT OCHOBHO
KENA3oChAbPXaLy asv kato asnuT, MarHeTUT, MarxeMmT, BIOCTUT, XENe3eH MOHTUYENNT (KUPLUAHKT), Hanmnune Ha Me[HO-CyNduaHu arperatit (LieitHos) u
kanku OT camocTosTenHa Med. VscnensaHuTe matepuani ca onpefenenu kato oTnafeH NpofyKkT oT TepMuyHa obpaboTka Ha MefHO-xens3o-cynduaHa pyaa 3a
po6vB Ha Mef B ApeBHOCTTA.

KniouoBu AYMU: apxeomeTanyprus, APEBHN LWNaku, Mesd, Me,U,HO-CyJ'Id)I/I,ElHVI arperaTu, MeQHO-OKCUAHU cbaam, XKenA30-CUNUKATHN U XXena30-0KCUAHN q)aam

CHEMICO-MINERALOGICAL CHARACTERISATION OF ANCIENT SLAGS FROM ROSEN ORE FIELD
PART 2 - KORUCHESHME AND ROSEN DEPOSITS, METALLURGICAL CENTER “ATIYA”

Nikoleta Tzankova®, Dobrinka Stavrakeva? Petar Leshtakov?, Kalin Dimitrov3

" University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, niktzankova@abv.bg

2 University of chemical technology and metallurgy, 1756 Sofia

3 National Archaeological Institute and Museum — BAS, 1000 Sofia, junior_1_bg@yahoo.com, kalin.d@abv.bg

ABSTRACT. The ancient slags, found in the Rosen ore field were researched. They were collected from the surface of several ancient metal production centers
located near the ancient mines in Medni rid. The mining of copper there is referred to the period 6t century B.C. — 4-5* century A.D. The chemical composition of the
samples was determined based on data from ICP-OES. The slags have high Fe203 and SiO2 content. Their mineral composition was studied with the help of optical
microscope in transmitted and reflected light, with the methods of X-ray powder diffraction and with electron probe microanalyses. It was found that the slags consist
mainly of iron-containing phases such as fayalite, magnetite, maghemite, wustite, kirschsteinite, presence of copper drops and copper-sulfide aggregates. The studied
materials are defined as by-products, produced from the heat treatment of copper-iron sulphide ore for copper mining in ancient times.

Key words: archaeometallurgy, ancient slags, copper, copper-sulfide aggregates, copper-oxide phases, iron-siliceous and iron-oxide phases

BuBepeHue reorpacpcku  koopanHatu: 42°24'30,8"N; 27°3529,9"E. Ha
naow, oTr okono 15 pgka ca 3acBMAeTencTBaHW rosiemu

ToBa ucnegBaHe € MNPOABLIIKEHME HA  XUMUKO-MUHEPaA- KonuyectBa MeTanyprudHa LWnaka, KaMeHHWM XaBaHW 3a
noXkaTa xapaKTepucTka Ha APEBHW Lunakin oT PoceHckoTo CTpuBaHE Ha pyAa, nap4eta OT TyXnu C npoBnavBaHWs oOT
Py4HO none (BX. HAaCTOALLETO n3faHue). Macnegsaqute B T031 NPBLCTU M KaMBHU C YEpBEH LIBAT, B CNEACTBUE Ha HarpaBaHe
Tpys o0pasun MpoM3XoXZaT OT HSKOSIKO  METanypruyHm MpK MHOTO BMCOKa Temnepartypa, ¢ nornenHana Linaka Bbpxy
LeHTpOBE, npepa60TBa|_u'|/| ,D,06|/ITaTa npes AHTWYHOCTTA pyaa HAKOA OT MNOBBPXHOCTUTE. npeOTﬂO)KeHVITe OCTaHKMn OT
B paiioHa Ha MegHu pug (cur. 1). YecTo nuncata Ha BrayanHu MeTanypruyHu newy U KkyniuHuTe OT OTpaboTeHa cKarnHa
creau OT nonyyaBaHWs MeTan B OTnagbyHUTE MPOAYKTW BOAM Maca CBMAETENCTBAT 3a M3BbPLIBAHA Ha MACTO MbpBU4YHA
[0 HECUTYPHO UMM MOTPELLHO apXeoriornyecko onpegensiHe Ha obpabotka u npetonssaHe Ha pyda. Otkputute napyeta
no6vBaHaTa CypoBMHa. LuflaKa ca ¢ TbMHOCWB LIBAT M BUCOKA NTbTHOCT. Mpy 0TAENH¢
06pasuy ce KOHCTaTMpaT NOBbPXHOCTHW YYaCTbLW CbC 3eneH

D‘peBeH MeTanypruyeH LEHTbP B Hax. “KopyqemMe”_ LBAT. C'b6paH|/|Te OT NOBBPXHOCTTA apxeonornyeckn matepmna-
ApxeonormqungT 00ekT e OTKPWUT NPU TEPEHHO M3aMpBaHe I no3BongaBaTt (*)yHKU'VlOHleaHeTO Ha MeTaﬂOﬂ,O6MBHMﬂ 00ekT
npe3 2010 r. (Nlewakos, KnacHakos, 2011; Jlewakos, 2014). Aa Ce OTHECE KbM DPUMCKMA MM KbCHOAHTUYHUS NEPUOL.
PasnonoxeH e B 3anagHuTe ckroHoBe Ha MegHu pug c MpousxoAbT Ha M3non3saHata CypoBuHA C ronsma fosa
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CARTOGRAPHIC SUPPORT OF ASPIRING GEOPARK BELOGRADCHIK ROCKS
N. Kalutskova', D. Sinnyovsky?, N.Telnova', N. Dronin?, D. Useinova’

T Moscow State University “M. V. Lomonosov”, Moscow, nat_nnk@mail.ru
2 University of Mining and Geology “St. Ivan Rilski”, 1700 Sofia, sinsky@mgu.bg

ABSTRACT. The new territory of the first Aspiring UNESCO Geopark in Bulgaria, Belogradchik rocks, comprises three municipalities in Northwest Bulgaria in Vidin
region between Bulgarian-Serbian border and the Danube. The new concept of geopark emphasizes the importance of geotourism and other alternative forms of
sustainable tourism. Tourism activities can actively promote to get acquainted with geologic and landscape features of the region. In relation to the main objectives of
the proposed geopark we have elaborated a new informational support based on geospatial data and thematic maps. These data can be organized in three blocks:
base geospatial data, thematic data and tourism data. Base data include digital elevation model, hydrography, populated places, road network and so on. Thematic
maps relate to geologic and landscape diversity and reflect geologic structure, locations of geosites, landscape types, land cover classes according to CORINE
landcover 2012 and areas of high nature value. Tourism data comprise georeferenced bicycle routes, pedestrian tracks and ecological tracks. All these geospatial
data have been compiled in the single geodatabase and visualized at a scale 1:300 000.

Key words: aspiring geopark Belogradchik rocks, geospatial data, thematic maps, natural landscape, land use, tourist routes, tourist attraction

KAPTOIPA®CKA NOOOPBXKA HA KAHOWOATCTBALLWA FEONAPK BENOrPAQUULLKK CKANKU
H. Kanuyykoea', []. Cunboecku?, H. Tennoea!, H. ipoHun!, . Oceurosa’

T Mockoscku ObpxaseH yHusepcumem ,M. B. [TomoHocos”, Mockea, nat_nnk@mail.ru
2 MunHo-2e0m0%KU yHUBEpcumem "Ce. Mean Puncku", 1700 Cogpus, sinsky@mgu.bg

PE3IOME. Teputopusita Ha mbpeus kananpatcreawy B FOHECKO 6bnrapcku reonapk bermorpapumiiki ckanu Bkniouea Tpu obwwmHM oT BuauHcka obnact -
Cesepo3anagHa bvnrapus mexay Cpbbeko-bbarapekata rpanuua v ,p. [lyHas. HosaTa koHLUenums 3a reonapka Habnsra Ha BaXHOCTTa Ha reotypuama u apyrute
hopMM Ha YCTOMYMB Typu3bM. TYPUCTUYECKUTE AGHOCTM MOTaT aKTWBHO [ja Hacbp4aBaT 3ano3HABaHETO C reonoXKUTe U NaHAWadTHM 0COBEHOCTU Ha paiioHa.
BbB Bpb3ka C OCHOBHUTE LIENMW HA MpefnaraHns reonapk € paspaboteHa HOBa MH(POPMALMOHHA OCHOBA, Da3npaHa Ha reonpoCcTPaHCTBEHW JaHHU U TeMaTU4HN
kapTu. Tean [aHHM MoraT fja ObaaT opraHn3npanm B Tpu 6roka: OCHOBHM reOnpoCTPAHCTBEHM AaHHW, TEMaTUYHI AaHHWU U TYpUCTUYECKN faHHW. OCHOBHUTE AaHH
BKIOYBAT AMrUTaNeH BUCOMMHEH MOAEN, Xvaporpadvs, HaceneHn MecTa, MbTHA Mpexa 1 T. H. TeMaTUYHUTE KapTu Ce OTHacAT A0 reonoXKOTO W NaHAwadTHO
pa3Hoobpa3ie W1 0TpassBaT recnoXkuTe CTPYKTYpWU, MECTOMONOXEHNETO Ha reoTonuTe, naHAwWwadTHUTE TUNOBe, KNacoBeTe Ha NoYBeHaTa NMOKPUBKA CINACHO
CORINE landcover 2012 n nnowuTe ¢ BUACOKa MPUPOAHA CTOMHOCT. TYpUCTUYECKUTE AaHHW BKIOYBAT reopedepupaHy BENOMapLUpyTh, NEWeXOAHN MbTeku 1
ekonbTekn. Benykv Te3n reonpocTpaHCTBEHN JaHHM Ca KOMMUIMpaHy B evHHa reobasa faHHM 1 Bu3yanuavpani B maiuab 1:300 000.

KnioyoBn Aymu: kaHoMpaTcTBaly reonapk Bernorpaguuiuku ckamw, reonpoCTPaHCTBEHM AaHHW, TeMaTU4HW KapTW, MPUPOAEH NaHpwadT, 3emernonasaHe,
TYPUCTUYECKI MApLLPYTH, TYPUCTUYECKM aTpaKLmi

Introduction Materials and methods

Nowadays there is a quite new nomination standard for The new three thematic maps for the territory of the aspiring
inscribing Belogradchik rocks into list of European geoparks. geopark were elaborated by means of different geospatial data
The new nomination standard demands for a necessary set of in ArcGIS for Desktop software. Initial geospatial data were
thematic maps for the territory proposed as a geopark. obtained originally as a scientific results of our perennial and
However there aren’t any conventional rules of cartographic detailed field surveys or imported from open and well-known
support for European geoparks. Besides essential geologic European and global datasets. All thematic data were
maps some more thematic maps can be proposed for the organized in three blocks (Table 1). Initial scales of all data are

support of ecotourism and functional zoning at the territory of from 1:100 000 to 1:300 000.
aspiring geopark. These proposed maps are:

1) The map of natural landscapes and objects of high All the data were georeferenced, reprojected and compiled in
nature conservation value a single geodatabase in the form of thematic layers. It allows to
2) Land use/land cover map of aspiring geopark conduct further geospatial analysis and create visualization of
3) Map of tourist routes and different attracted sites for data in the form of thematic maps.

sustainable tourism and geotourism.
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