Pyrochlore-supergroup minerals from a nonsulfide endogeneous association of Pb-Zn-Sb-As minerals in the Pelagonian massif, Macedonia
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Metamorphic rocks, which form exocontact aureoles around metha-rhyolitic bodies among early Paleozoic metamorphic complex near Nežilovo village in Pelagonian massif (Macedonia), are characterize by anomalous high concentrations of chalcophile elements, first of all As, Sb, Zn, Pb, Cu (Jančev, Chukanov, 2008; Chukanov et al., 2015; Jančev et al., 2016). Unlike the majority of endogenous associations of minerals of these elements, Nežilovo metasomatites practically don’t contain sulfides and sulfosalts. Arsenic concentrates here mainly in tilasite, which in some areas is the main mineral of the rock, as well as in accessory apatite-group minerals. Zinc enters into rock-forming silicates (pyroxenes, amphiboles, micas, talc), which contain several % of ZnO, and in spinel-group minerals (mainly gahnite and franklinite), with are important accessories and in some cases rock-forming minerals. Different secondary and accessories minerals of metasomatites (including rinmanite, various members of epidote, pyrochlore, högbomite and hollandite supergroups, plumboferrite and crichtonite groups) are the main concentrators of Pb and Sb. These parageneses show unusual conditions of mineral formation are characterized by a wide diversity. Postmagmatic fluids, connected with meta-rhyolites are considered as a possible source of some specific chalcophile and rare elements (Pb, Zn, Sb, As, Cu, Ba, REE etc.) in the contact-metasomatic rocks (Jančev, Bermanec, 1998).

In this work we study isomorphism and compositional variations of pyrochlore-supergroup minerals (PSM) from metasomatites of the ore body No. 9 located in dolomitic marbles with non-sulphide minerals of Zn, Pb и Sb, as well as their relationships with associated minerals as indicators of local geochemical situations. Metasomatic bodies and dolomitic marbles are crossed by tilasite-barite veinlets with variable quantities of silicates, quartz, calcite and dolomite, in which PSM play the main role among accessories. These minerals have a varying composition and complex zoning. Other secondary and accessory minerals of this association are K-feldspar, albite, Zn-containing minerals (clinopyroxene, magnesioriebekite, ferribarroysite, phlogopite, talk, members of the högbomite supergroup), braunite, hematite, zircon, Zn spinels, almeidaite, Pb-containing members of the epidote supergroup, minerals of the rutil-tripuhyite series, As-bearing fluorapatite, gasparite-(La).
Electron microprobe analyses were carried out using a Tescan VEGA-II XMU electronic microscope (EDS mode, 20 kV, 400 pA). Data reduction was carried out by means of a modified INCA Energy 450 software package.
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	Figure 1. Zoned crystal of PSM: hydroxycalcioroméite (1), fluorcalcioroméite (2), hydroxyplumboroméite (3). Associated minerals are: albite (4), tilasite (5), zircon (6). Sample 9999B. BSE image.
	Figure 2. Zoned crystal of PSM:  hydroxycalcioroméite (1), fluorcalcioroméite (2), hydroxyplumboroméite (3). Associated minerals are: tilasite (4), dolomite (5), zircon (6). Sample 9999B. BSE image.
	Figure 3. Hydroxyplumboroméite (1) associated with epidote (2), mineral of the rutil-tripuhyite series (3), calcite (4), quartz (5) and tilasite (6). Sample 9999B. BSE image.


Typical compositions of PSM and associated accessory minerals from the studied association, are given in Table 1.

Table 1. Chemical composition of PSM and associated minerals (ore occurrence No. 9).

	
	Hydroxy-calcio-roméite
	Fluor-calcio-roméite
	Hydroxy-plumbo-roméite
	Hydroxy-plumbo-betafite
	Mineral of the rutil-tripuhyite series
	Almei-daite
	Gasparite-(La)
	As-contai-ning fluor-apatite
	Pie-mon-tite

	Wt.%

	Na2O
	2.72
	5.47
	bdl
	0.58
	bdl
	bdl
	bdl
	bdl
	bdl

	CaO
	16.50
	15.88
	5.85
	5.19
	bdl
	bdl
	bdl
	54.71
	18.67

	PbO
	6.19
	bdl
	48.35
	46.52
	bdl
	11.88
	bdl
	bdl
	5.94

	CuO
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	0.73

	Mn2O3
	0.60
	bdl
	0.80
	bdl
	1.49
	7.47
	bdl
	bdl
	10.54

	Fe2O3
	bdl
	0.57
	bdl
	0.86
	22.24
	18.24
	bdl
	bdl
	7.02

	ZnO
	0.15
	bdl
	bdl
	bdl
	bdl
	7.67
	bdl
	bdl
	1.30

	La2O3
	bdl
	bdl
	bdl
	0.75
	bdl
	bdl
	35.11
	bdl
	0.81

	Ce2O3
	bdl
	bdl
	1.45
	3.19
	bdl
	bdl
	3.89
	bdl
	1.45

	Pr2O3
	bdl
	bdl
	bdl
	0.18
	bdl
	bdl
	4.59
	bdl
	0.51

	Nd2O3
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	12.45
	bdl
	0.52

	Sm2O3
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	1.02
	bdl
	0.29

	Eu2O3
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	1.16

	Y2O3
	bdl
	bdl
	0.39
	0.33
	bdl
	bdl
	bdl
	bdl
	bdl

	Al2O3
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	16.57

	TiO2
	5.67
	bdl
	12.61
	14.71
	29.18
	52.63
	bdl
	bdl
	н.п.о.

	SiO2
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	33.85

	UO2
	1.21
	bdl
	0.48
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl

	As2O5
	0.71
	bdl
	bdl
	1.21
	bdl
	bdl
	38.89
	7.82
	bdl

	Sb2O5
	63.42
	76.37
	30.01
	27.72
	48.01
	2.78
	bdl
	bdl
	bdl

	P2O5
	bdl
	bdl
	bdl
	bdl
	bdl
	bdl
	3.19
	37.32
	bdl

	F
	1.13
	4.21
	bdl
	bdl
	bdl
	bdl
	bdl
	3.42
	bdl

	–О=F2
	–0.48
	–1.77
	–
	–
	–
	–
	–
	–1.44
	–

	Сумма
	97.82
	100.73
	99.94
	101.24
	100.92
	100.67
	99.14
	101.23
	99.36


	Formula coefficients

	Na
	0.37
	0.73
	–
	0.10
	–
	–
	–
	–
	–

	Ca
	1.23
	1.18
	0.63
	0.51
	–
	–
	–
	4.99
	1.86

	Pb
	0.12
	–
	1.23
	1.08
	–
	1.02
	–
	–
	0.14

	Cu
	–
	–
	–
	–
	–
	–
	–
	–
	0.05

	Mn
	0.03
	–
	0.06
	–
	0.04
	1.81
	–
	–
	0.70

	Fe
	–
	0.03
	–
	0.06
	0.58
	4.37
	–
	–
	0.46

	Zn
	0.01
	–
	–
	–
	–
	1.81
	–
	–
	0.08

	La
	–
	–
	–
	0.02
	–
	–
	0.56
	–
	0.03

	Ce
	–
	–
	0.05
	0.10
	–
	–
	0.06
	–
	0.05

	Pr
	–
	–
	–
	0.01
	–
	–
	0.07
	–
	0.02

	Nd
	–
	–
	–
	–
	–
	–
	0.19
	–
	0.02

	Sm
	–
	–
	–
	–
	–
	–
	0.02
	–
	0.01

	Eu
	–
	–
	–
	–
	–
	–
	–
	–
	0.04

	Y
	–
	–
	0.02
	0.01
	–
	–
	–
	–
	–

	Al
	–
	–
	–
	–
	–
	–
	–
	–
	1.72

	Ti
	0.30
	–
	0.89
	0.95
	0.76
	12.62
	–
	–
	–

	Si
	–
	–
	–
	–
	–
	–
	–
	–
	2.98

	U
	0.02
	–
	0.01
	–
	–
	–
	–
	–
	–

	As
	0.03
	–
	–
	0.06
	–
	0.04
	0.88
	0.34
	–

	Sb
	1.64
	1.96
	0.01
	0.89
	0.62
	0.33
	–
	–
	–

	P
	–
	–
	–
	–
	–
	–
	0.12
	2.66
	–

	F
	0.25
	0.92
	–
	–
	–
	–
	–
	0.91
	–


In most cases individuals of PSM are idiomorphic in contacts with calcite and dolomite, but xenomorphic in contacts with tilasite. Typically, crystals of PSM are characterized by concentric-zone structure and wide variations of the chemical composition. As a rule, the boundaries between neighboring zones are sharp. In some cases simple zoning is observed: the grain consists of two concentric zones, with zone enriched in Sb and Ca, and external zone enriched in Pb and Ti; see Fig. 1). In some cases PSM individuals show thin concentric zoning (Figs. 2, 4, 5). Formula coefficients for the main components in different zones vary from 0.34 to 1.44 for Ca, from 0 to 1.39 for Pb, from 0.29 to 1.05 for Ti, and from 0.77 to 1.68 for Sb.
In some cases individuals of PSM completely consist of hydroxyplumboroméite (Fig. 3). They occur in late carbonate veinlets and, probably, are the latest generation of PSM. Earlier generations of PSM typically show different kinds of thin zoning (inner zone of the grain in Fig. 2, grains on Figs. 4, 5).

	[image: image4.png]



	[image: image5.png]




	Figure 4. Hydroxyplumbobetafite (1), hydroxyplumboroméite (2) in barite (3), in association with gahnite (4) and magnesio-riebeckite (5). Sample Alm-31. BSE image.
	Figure 5. Hydroxycalcioroméite (1), hydroxyplumbobetafite (2), hydroxyplumboroméite (3) in barite (4). Sample Alm-31. BSE image.
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	Figure 6. Сorrelation between contents of Ca and Sb in PSM (apfu).


In most cases inner parts of grains are enriched in Ca and Sb (Fig. 6 shows positive correlation between Ca and Sb, r = 0.943), and outer parts – in Pb and Ti. The correlations Ca-Pb (r = –0.920) and Ti-Sb (r = –0.967) show that PSM from sample Alm-31 fall into two compositional areas: plumbobetafite and Pb-bearing calcioroméite (Figs. 6-8). Hydroxy- and fluorcalcioroméite (inner parts of grains) are overgrown with Pb-dominant PSM (outer parts of grains). Some intermediate zones are enriched in Ti up to prevalence of Ti over Sb. Balance of charges in this case is realized according to the scheme Ca + Sb5+ + О ( Pb + Ti + (ОН,F). Thus, the earliest generation of PSM is hydroxycalcioroméite, which is overgrown with fluorcalcioroméite. In the late stages crystallize hydroxyplumbobetafite and hydroxyplumboroméite. The crystal in Fig. 2 shows compositional evolution of PSM during the geochemical history of the ore body No. 9 most completely.
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	Figure 7. Сorrelation between contents of Ca and Pb in PSM (apfu).
	Figure 8. Сorrelation between contents of Ti and Sb in PSM (apfu).


From morphology of minerals in the ore body No. 9 and their spacial relationships one can see that the earliest association includes silicates (clinopyroxene, Zn-bearing amphiboles and phlogopite, albite, K-feldspar), and hematite. Then crystallized Zn spinels (franklinite, gahnite), minerals of the epidote and pyrochlore supergroups, and, finally, carbonates, As-bearing fluorapatite, late generation of barite, and tilasite. Crystallization of PSM took place throughout all time of the metasomatites formation. Thus, complex zoning of PSM can be considered as an indicator of geochemical evolution of the mineral-forming fluid, during which activities of Pb, Sb, Ti, F and H2O changed in a complex way, with numerous stages of supply of chalcophile elements.
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