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Introduction  

 

 

The concept of a mineral species 

 

The current official definition of a mineral is from Nickel and Grice (1998): A 

mineral species is a naturally occurring solid that was formed by geological processes, 

either on earth or in extraterrestrial bodies, with well-defined chemical composition and 

crystallographic properties, and which merits a unique name. It is defined mainly on 

chemical composition and crystallographic properties, and these must therefore be the 

key factors in determining whether the creation of a new mineral species is justified. 

Nevertheless, especially over the last 20 years, the reported definitions of a mineral, as 

stated in introductory geoscience- and mineralogy-related textbooks and online, generally 

have become progressively broader and more detailed (Caraballo et al. 2015). To some 

extent, this is likely due to the advancement of the mineralogical sciences that is, in part, 

driven by new characterization tools and methods, and, also, by an increase in the number 

of scientists who are interested in minerals. Recently, French et al. (2012) compiled up-

to-date authoritative descriptions of the term mineral, producing the following definition: 

Currently, minerals are most commonly defined as naturally occurring substances, 

produced by (bio)geochemical processes, with a highly ordered, repeating atomic 

arrangement (a crystalline substance) whose composition can be described by a chemical 

formula that is either fixed or variable (or, also as often stated, a definite, but not 

necessarily fixed, composition). Samples of the same mineral vary in terms of minor 

and/or trace element composition, and in the case of solid solution, major element 

composition, as long as these substitutions do not change the average crystal structure. 

Finally, it follows that minerals of the same major and minor element composition will 

express a set of measurable and consistent physical and chemical properties. If a mineral 

is found whose composition or crystallographic properties (or both) are substantially 

different from those of any existing mineral species, there is a possibility that it may be a 

new species. 

The Commission on New Minerals, Nomenclature and Classification (CNMNC) 

of the International Mineralogical Association (IMA) was formed in July 2006 by a 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

18 

 

merger between the Commission on New Minerals and Mineral Names (CNMMN) and 

the Commission on Classification of Minerals (CCM).  

The CNMMN was established in 1959 to control the introduction of new minerals 

and mineral names, and of rationalizing mineral nomenclature. Since that time, the work 

of the CNMMN has gained overwhelming support from the international mineralogical 

community. The CCḾs objective was to review existing systems of mineral 

classification and provide advice on the classification of minerals to the mineralogical 

community. The CNMNC consists of representatives appointed by national 

mineralogical bodies and an executive committee composed of a chair, two vice-chairs 

and a secretary. An official IMA-CNMNC list of Mineral Names can be accessed on the 

IMA web-site.  

The founding of the CNMMN marked a turning point in the history of mineral 

nomenclature (de Fourestier 2002). Up until that time, the naming of minerals had been 

a haphazard and inexact aspect of our science at best. This new Commission had the 

mandate to put order into many centuries of conflicting and divergent methods of giving 

names to naturally occurring chemical substances. There clearly had been less-than-

adequate agreement on what constituted a mineral. In fact, many mixtures of minerals 

and most biogenic substances, such as amber or coal, were included in early treatises on 

minerals. 

The mineral species in the latest official IMA-CNMNC list (September 2020) are 

5,636, including 98 questionable minerals. The development of mineralogy in the latter 

half of the 20th. Century has been marked by an accelerating pace of new mineral 

discoveries. The number of minerals discovered worldwide since 1970 is roughly equal 

to that recorded throughout the preceding historical time (Khomyakov 2001). Skinner 

and Skinner (1980) concluded that there are no predictable limits to the number of 

minerals. According to the predictions of Khomyakov (1998a, b) based on correlation 

diagrams (the number of species versus time), the total number of known minerals will 

approach 11,000 by the year 2050. In contrast, the number of artificial compounds with 

a specific chemistry and specific properties amounts to many millions.  

The long-held thesis that there is a limit to the number of mineral species is valid 

only for ordinary types of rocks and mineral deposits. The principal sources of new 

mineral discoveries are deposits formed in anomalous geotectonic and geochemical 

environments under conditions that virtually encompass the entire range of 

physicochemical parameters accessible to modern experimental mineralogy and, 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

19 

 

moreover, include geological time and other factors unattainable experimentally in the 

laboratory. All this serves to remove any barriers that limit the number of mineral species 

(Khomyakov 2001). A remarkably interesting paper on the trends in the discovery of new 

minerals is that by Barton (2019). 

 

 

The description of a new mineral 

 

The description of a new mineral species requires data from a wide variety of 

experimental ð classical and modern ð methods. The following information is from the 

IMA -CNMNC site: Researchers finding a phase of which they think that it might be a 

new mineral are encouraged to use the following procedure in order to get it approved 

by the IMA-CNMNC. Please read carefully the procedures and guidelines of the IMA-

CNMNC on the criteria for a new mineral species and the treatment of a new-mineral 

proposal. Please also consult these procedures and guidelines if proposing changes to 

existing nomenclature. If the possibility of a new mineral still stands after reading the 

procedures and guidelines, please download the checklist for new-mineral proposals. 

Provide the data asked for, as far as possible. Send the completed checklist (preferably 

in electronic format) to the CNMNC chairman. Send proposals to change existing 

nomenclature to the CNMNC vice-chairman. 

It is necessary that a new-mineral proposal be submitted for approval by the 

CNMNC before publication. Such a submission should contain as much information as 

possible so that the Commission can adequately judge the validity of the proposal (Nickel 

and Grice 1998). Ideally, a new-mineral proposal should contain information quoted in 

Table I.1. 
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Table I.1. Data for a new mineral nomenclature proposal. 

Proposed name and reason for its selection.  

Description of the occurrence (geographic and geological occurrences, paragenesis, and a list of 

associated minerals, particularly those in apparent equilibrium with the new mineral).  

Chemical composition and method of analysis.  

Chemical formula, empirical and simplified.  

Crystallography: crystal system, crystal class, space group, point group, unit-cell parameters, unit-cell 

volume, number of formula units per unit cell, and X-ray powder-diffraction data.  

Crystal structure: general description, site populations, structural formula, reliability factor.  

General appearance and physical properties: grain or crystal size, morphology, type of aggregate, color, 

streak, luster, transparency, hardness, tenacity, cleavage, parting, fracture, density, both measured and 

calculated.  

Optical properties: 

a) Non-opaque minerals: optical character (isotropic or anisotropic; uniaxial or biaxial), optical sign, 

indices of refraction, 2V, dispersion, orientation, pleochroism and absorption. The compatibility index 

using the Gladstone ï Dale relationship should also be calculated.  

b) Opaque minerals: color in reflected plane-polarized light, internal reflections, reflectance, 

bireflectance, pleochroism and anisotropy. The reflectance must be measured relative to a reflectance 

standard approved by the IMA Commission on Ore Microscopy (IMAïCOM), ideally from 400 to 700 

nm at intervals of 20 nm. The minimum requirement is for reflectance data at the wavelengths 470, 546, 

589 and 650 nm. 

Other data: Thermal behavior, infrared spectrum, response to chemical tests, etc.  

Type material: The type material should be designated and deposited as permanent reference material in 

at least one major museum or a nationally recognized mineral collection.  

Relationship to other species.  

Relevant references. 

Any other data that will clarify difficult parts of the description.  

 

It is recognized that it may not always be possible to obtain all these data; in such 

cases, the author should give reasons for the omissions. Of particular importance is the 

calculation of H2O content in which it has not been determined analytically. If H2O is 

reported by difference, the method of calculation should be clearly stated and, if possible, 

evidence for the presence of H2O should be provided. Also, ample justification should be 

given for the allocation of hydrogen to H2O, OH or H3O. Because of great differences in 

the amount and type of information that can be obtained from the study of a particular 

mineral specimen, it is not practical to specify the irreducible minimum of information 

required for a mineral to be approved; each proposal must be considered on its own merits 

(Nickel and Grice 1998). 
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The importance of the minerals 

 

In general, we tend to think about minerals in mineralogical terms, instead of 

considering them in the broader context of inorganic materials. Some new minerals are 

also new compounds. Because of their chemical composition and crystal structure, some 

new minerals have interesting properties, whether physical, electronic, optical or 

magnetic, which have applications in technology. According to Khomyakov (2001), 

although the great majority of these will be mineralogical rarities, the identification and 

study of the yet undescribed natural phases are not only of interest from a purely scientific 

point of view but also have practical implications. Among the future minerals, there will 

undoubtedly be various types of commercial ores and compounds with unique structures 

and technologically useful properties. Having a broader view of our study material, we 

can explore our findings more fully and, at the same time, raise the scientific profile of 

descriptive mineralogy.  

In the past, minerals were seen, in general, merely as sources of chemicals: iron 

ore, copper ore, etc. However, minerals are not just chemicals associations, since they 

display crystal structures. These two features together provide properties that can be 

technologically useful. Even though a mineral may occur in an exceedingly small 

amount, which precludes its extraction, it can serve as a model for obtaining a synthetic 

analog on an industrial scale. Several type minerals from Brazil are particularly 

technologically important, and some of them such as menezesite, coutinhoite, lindbergite, 

pauloabibite, waimirite-(Y), quintinite, palladseite, jacutingaite, melcherite, gorceixite, 

and tavorite, have their importance discussed in this book:  

 

 

Mineral species first described from Brazil 

 

Of the nearly 5,600 known mineral species, only 74 were first described from Brazil. 

These are the type minerals from Brazil. Nineteen were published between 1789 and 1959 

(0.11 per year). From 1959, when the CNMMN (today CNMNC) ï IMA was established, 

to 2000, 18 approved Brazilian mineral species remain valid (0.44 per year). However, the 
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number of type minerals from Brazil approved in the last 20 years (2001 to 2020) 

substantially increased to 38 (1.90 per year). Nevertheless, this number is exceedingly small 

considering the wide range of Brazilian geological environments.  

Compared with other parts of the world, we can mention that in several specific 

individual locations in various countries, many more new species were described than in 

Brazil, for example:  

ƴ The alkaline Khibiny massif in the Kola Peninsula, Russia: 122 new species.  

ƴ Iron and manganese mine L¬ngban in Sweden: 73 new minerals.  

ƴ Franklin Mining District, Sussex Co., New Jersey, USA: 71 new species.  

ƴ Tsumeb, Otjikoto Region (Oshikoto), Namibia: 72 new species.  

ƴ Nepheline syenite of Mont Saint-Hilaire, Quebec, Canada: 69 new species.  

Finally, within the Italian territory, much smaller than Brazil, 379 new species were 

discovered. These figures suggest that there has been a neglect of the Brazilian Geological 

and Mining sectors at all levels (mining companies, DNPM, universities, geologists and 

mining engineers) with respect to the knowledge of mineralogy of the deposits. Mineral 

species of high scientific and commercial value and new mineral species are probably being 

destroyed without having the opportunity to be known.  

The IMA-CNMNC list includes two questionable minerals with Brazil as the type 

locality: Joséite-A and palladinite. In addition, arrojadite-(KFe), lipscombite, and 

tantalaeschynite-(Y) are erroneously described as Brazilian type minerals, and lanthanite-

(La) is, also incorrectly, not recognized as a type specimen of Brazil. 

Table I.2 gives the mineral names in chronological order; Table I.3 shows the 

chemical classification of valid Brazilian type specimens; and Table I.4 lists the species 

arranged by locality. 
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Table I.2: Valid type minerals from Brazil. 

 IMA 

number 

Mineral Reference 

1  Chrysoberyl Werner (in Hoffmann 1789, and Karsten 1789) 

2  Euclase Delamétherie (1792); Hauy in Delamétherie (1797) 

3  Palladium Wollaston (1809) 

4  Goyazite Damour (1884) 

5  Zirkelite Hussak and Prior (1895) 

6  Derbylite Hussak and Prior (1897a) 

7  Tripuhyite Hussak and Prior (1897b) 

8  Senaite Hussak and Prior (1898) 

9  Florencite-(Ce) Hussak and Prior (1900) 

10  Gorceixite Hussak (1906d) 

11  Brazilianite Pough and Henderson (1945a, b, c, 1946) 

12  Souzalite Pecora and Fahey (1949a) 

13  Scorzalite Pecora and Fahey (1949a) 

14  Frondelite Lindberg (1949) 

15  Faheyite Lindberg and Murata (1953) 

16  Moraesite Lindberg et al. (1953) 

17  Barbosalite Lindberg and Pecora (1954b and 1955) 

18  Tavorite Lindberg and Pecora (1955) 

19 1973-002a Arsenopalladinite Hey (1955) 

20 1973-050 Atheneite Clark et al. (1974) 

21 1973-057 Isomertieite Clark et al.(1974) 

22 1974-027 Bahianite Moore et al. (1976a) 

23 1975-001 Whiteite-(CaFeMg) Moore and Ito (1978) 

24 1975-001 Whiteite-(MnFeMg) Moore and Ito (1978) 

25 1975-026 Palladseite Davis et al. (1977) 

26 1979-074 Lanthanite-(Nd) Roberts et al. (1980) 

27 1983-090 Minasgeraisite-(Y) Foord et al. (1986) 

28  Lanthanite-(La) Nickel and Mandarino (1987) 

29 1986-054 Zanazziite Leavens et al. (1990) 

30 1988-008 Arupite Buchwald (1990) 

31 1990-052 Yanomamite Botelho et al. (1994) 

32 1992-028 Quintinite Chao and Gault (1997) 

33 1998-006 Serrabrancaite Witzke et al. (2000) 

34 1998-018 Fluornatromicrolite Witzke et al. (2011) 

35 1998-053a Bendadaite Kolitsch et al. (2010) 

36 1999-021 Dukeite Burns et al. (2000) 
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37 2003-025 Coutinhoite Atencio et al. (2004a) 

38 2003-029 Lindbergite Atencio et al. (2004c) 

39 2004-013 Oxykinoshitalite Kogarko et al. (2005) 

40 2004-041 Atencioite Chukanov et al. (2006b) 

41 2004-047 Kalungaite Botelho et al. (2006) 

42 2005-011 Matioliite Atencio et al. (2006a) 

43 2005-023 Menezesite Atencio et al. (2008a) 

44 2005-056 Arrojadite-(PbFe) Chopin et al. (2006) 

45 2005-061 Ruifrancoite Atencio et al. (2007) 

46 2006-028 Guimarãesite Chukanov et al. (2007) 

47 2008-028 Brumadoite Atencio et al. (2008b) 

48 2009-039 Manganoeudialyte Nomura et al. (2010) 

49 2009-076 Ferroqingheiite Hatert et al. (2010) 

50  Hydroxycalcioroméite Atencio et al. (2010a) 

51 2010-047 Carlosbarbosaite Atencio et al. (2012) 

52 2010-078 Jacutingaite Vymazalová et al. (2012) 

53 2011-071 Fluor-elbaite Bosi et al. (2013) 

54 2011-103 Hydrokenomicrolite Andrade et al. (2013a) 

55 2012-036 Fluorcalciomicrolite Andrade et al. (2013b) 

56 2012-090 Pauloabibite Menezes Filho et al. (2015a) 

57 2012-099 Césarferreiraite Scholz et al. (2014) 

58 2013-007 Correianevesite Chukanov et al. (2014a) 

59 2013-020 Almeidaite Menezes Filho et al. (2015b) 

60 2013-073 Hydroxycalciomicrolite Andrade et al. (2017) 

61 2013-102 Fluorlamprophyllite Andrade et al. (2018b) 

62 2013-108 Waimirite-(Y) Atencio et al. (2015) 

63 2014-075 Lefontite Yang et al. (2015) 

64 2014-097 Jeffbenite Nestola et al. (2016) 

65 2015-018 Melcherite Andrade et al. (2018a) 

66 2015-034 Wilancookite Hatert et al. (2017) 

67 2016-031 Parisite-(La) Menezes Filho et al. (2018) 

68 2016-071a Brandãoite Menezes Filho et al. (2019) 

69 2017-030 Hydroxykenopyrochlore Miyawaki et al. (2017) 

70 2017-118 Jahnsite-(MnMnMg) Vignola et al. (2018) 

71 2018-017 Jahnsite-(NaMnMg) Kampf et al. (2018b) 

72 2018-062 Breyite Brenker et al. (2020) 

73 2019-091 Ellinaite Sharygin et al. (2020) 

74 2019-110 Oxycalciomicrolite Menezes da Silva et al. (2020) 
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Table I.3. Chemical classification of the valid Brazilian type minerals. 

 

Native 

elements 

Formula, crystal system 

Palladium Pd, cubic 

  

Sulfides, 

selenides, 

arsenides, and 

antimonides 

 

Atheneite Pd2(As0.75Hg0.25), hexagonal 

Arsenopalladinite Pd8As2.5Sb0.5, triclinic 

Isomertieite Pd11Sb2As2, cubic 

Palladseite Pd17Se15, cubic 

Jacutingaite Pt2HgSe3, trigonal 

Kalungaite PdAsSe, cubic 

  

Halides  

Waimirite-(Y) YF3, orthorhombic 

  

Oxides and 

hydroxides 

 

Chrysoberyl BeAl2O4, orthorhombic 

Ellinaite CaCr3+
2O4, orthorhombic 

Pauloabibite NaNbO3, trigonal 

Almeidaite PbZn2(Mn2+,Y)(Ti,Fe3+)18O37(OH,O), trigonal 

Senaite (Pb,Sr)Mn2+(Fe2+,Zn)2(Ti,Fe3+)18(O,OH)38, trigonal 

Tripuhyite Fe3+Sb5+O4, tetragonal 

Derbylite Fe3+
4Ti4+

3Sb3+O13(OH), monoclinic 

Bahianite Al5Sb5+
3O14(OH)2, monoclinic 

Hydroxykenopyrochlore ( ,#)2Nb2O6(OH), cubic 

Fluornatromicrolite (Na,#)2Ta2O6F, cubic 

Fluorcalciomicrolite (Ca,#)2Ta2O6F, cubic 

Hydroxycalciomicrolite (Ca,#)2Ta2O6(OH), cubic 

Oxycalciomicrolite Ca2Ta2O6O, cubic 

Hydrokenomicrolite ( ,#)2Ta2O6(H2O), cubic and trigonal 

Hydroxycalcioromeite (Ca,#)2Sb5+
2O6(OH), cubic 

Zirkelite (Ti,Ca,Zr)O2-x, cubic 
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Melcherite (Ba,K)2(Na,Ca)2Mg(Nb6O19) 6H2O, trigonal 

Menezesite (Ǐ,Ba,K)12(Ǐ,Mg)3Zr4(BaNb12O42) 12H2O, cubic 

Carlosbarbosaite (UO2)2Nb2O6(OH)2Ț2H2O, orthorhombic 

Dukeite Bi3+
24Cr6+

8O57(OH)6·3H2O, trigonal 

Quintinite Mg4Al2(OH)12(CO3) 3H2O, hexagonal 

  

Carbonates  

Lanthanite-(Nd) (Nd,La)2(CO3)3·8H2O, orthorhombic 

Lanthanite-(La) (La,Nd)2(CO3)3·8H2O, orthorhombic 

Parisite-(La) CaLa2(CO3)2F2, monoclinic 

  

Tellurates  

Brumadoite Cu3(Te6+O4)(OH)4·5H2O, monoclinic 

  

Phosphates  

Ferroqingheiite NaNaFe2+(MgAl)(PO4)3, monoclinic 

Serrabrancaite Mn3+(PO4)·H2O, monoclinic 

Arupite Ni3(PO4) 2·8H2O, monoclinic 

Correianevesite Fe2+Mn2+
2(PO4)2·3H2O, orthorhombic 

Faheyite Be2Mn2+Fe3+
2(PO4)4·6H2O, hexagonal 

Wilancookite (Ba,K,Na)8(Ba,Li,Ǐ)6Be24(PO4)24·32H2O, cubic 

Tavorite LiFe3+(PO4)(OH), triclinic 

Lefontite Fe2+
2Al 2Be(PO4)2(OH)6, orthorhombic 

Goyazite SrAl3(PO4)(PO3OH)(OH)6, trigonal 

Florencite-(Ce) CeAl3(PO4)2(OH)6, trigonal 

Gorceixite BaAl3(PO4)(PO3OH)(OH)6, trigonal or monoclinic 

Brazilianite NaAl3(PO4)2(OH)4, monoclinic 

Scorzalite (Fe2+,Mg)Al2(PO4)2(OH)2, monoclinic 

Barbosalite Fe2+Fe3+
2(PO4)2(OH)2, monoclinic 

Frondelite (Mn2+
0.5Fe3+

0.5)2Fe3+
3(PO4)3(OH)5, orthorhombic 

Arrojadite-(PbFe) PbFe2+Na2CaFe2+
13Al(PO4)11(PO3OH)(OH)2, monoclinic 

Souzalite Mg3Al4(PO4)4(OH)6·2H2O, triclinic 

Moraesite Be2(PO4)(OH)·4H2O, monoclinic 

Brandãoite BeAl2(PO4)2(OH)2·4H2O, triclinic 

Jahnsite-(MnMnMg) Mn2+Mn2+Mg2Fe3+
2(PO4)4(OH)2·8H2O, monoclinic 

Jahnsite-(NaMnMg) (Na,Ca)Mn2+(Mg,Fe3+)2Fe3+
2(PO4)4(OH)2·8H2O, monoclinic 

Whiteite-(CaFeMg) CaFe2+Mg2Al2(PO4)4(OH)2·8H2O, monoclinic 

Whiteite-(MnFeMg) Mn2+Fe2+Mg2Al2(PO4)4(OH)2·8H2O, monoclinic 

Matioliite NaMgAl5(PO4)4(OH)6·2H2O, monoclinic 
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Zanazziite Ca2(ǏMg)Mg4Be4(PO4)6[(OH)4(H2O)2]·4H2O, monoclinic 

Guimarãesite Ca2(ǏZn)Zn4Be4(PO4)6[(OH)4(H2O)2]·4H2O, monoclinic 

Ruifrancoite Ca2Ǐ2Fe3+
4Be4(PO4)6(OH)6·4H2O, monoclinic 

Atencioite Ca2Fe2+Mg2Fe2+
2Be4(PO4)6(OH)4·6H2O, triclinic 

  

Arsenates  

Yanomamite In(AsO4)·2H2O, orthorhombic 

Bendadaite Fe2+Fe3+
2(AsO4)2(OH)2·4H2O, monoclinic 

Césarferreiraite Fe2+Fe3+
2(AsO4)2(OH)2·8H2O, triclinic 

  

Silicates  

Euclase BeAlSiO4OH, monoclinic 

Jeffbenite Mg3Al 2Si3O12, tetragonal 

Minasgeraisite-(Y) BiCa(Y,Ln)2(Ǐ,Mn2+)2(Be,B,Si)4Si4O16[(OH),O]4, triclinic 

Coutinhoite (Ǐ,#)2(UO2)2Si5O13Ā4H2O, monoclinic 

Fluorlamprophyllite Na3(SrNa)Ti3(Si2O7)2O2F2, monoclinic 

Breyite CaCa2Si3O9, triclinic 

Fluor-elbaite Na(Li1.5Al 1.5)Al 6(Si6O18)(BO3)3(OH)3F, trigonal 

Manganoeudialyte Na14Ca6Mn2+
3Zr3[Si26O72(OH)2]Cl2·4H2O, trigonal 

Oxykinoshitalite BaMg3(Si3Al)O10O2, monoclinic 

  

Oxalates  

Lindbergite Mn2+(C2O4)·2H2O, monoclinic 
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Table I.4. Geographical distribution of the valid Brazilian type minerals. 

 

Amazonas 

 Presidente Figueiredo 

  Pitinga mine 

   Waimirite-(Y) 

 

Mato Grosso 

 Juína 

  São Luiz river alluvials 

   Jeffbenite 

   Breyite 

   Ellinaite 

 

Goiás 

 Monte Alegre de Goiás 

  Mangabeira tin deposit 

   Yanomamite 

 Cavalcante 

  Buraco do Ouro gold mine 

   Kalungaite 

 Veríssimo river 

   Gorceixite 

 

Rio Grande do Norte 

 Equador 

  Alto do Giz pegmatite 

   Hydrokenomicrolite 

 

Paraíba 

 Frei Martinho 

  Alto Quixabá pegmatite 

   Fluornatromicrolite 

 Pedra Lavrada 

  Alto Serra Branca pegmatite 

   Serrabrancaite 

 

Pernambuco 

 Fernando de Noronha Island 

   Oxykinoshitalite 

 

Bahia 

 Brumado 

  Pedra Preta mine 

   Brumadoite 

 Érico Cardoso 

  Paramirim das Crioulas 

   Bahianite 

Novo Horizonte 

  Mula mine 

  Almeidaite 

  Parisite-(La) 
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Minas Gerais 

Araçuaí (probably) 

   Chrysoberyl 

São José da Safira 

Cruzeiro mine 

 Fluor-elbaite 

Itinga 

 Lavra da Ilha 

  Whiteite-(CaFeMg) 

Whiteite-(MnFeMg) 

Zanazziite 

  Lavra Ponte do Piauí 

   Guimarãesite 

   Wilancookite 

  Urubu mine 

   Fluor-elbaite 

 Conselheiro Pena 

  Eduardo pegmatite 

   Césarferreiraite 

  Cigana (Jocão) mine 

   Correianevesite 

 Divino das Laranjeiras 

  Córrego Frio granitic pegmatite, Linópolis 

  Brazilianite 

Souzalite 

Scorzalite 

  Lavra do Almerindo, Linópolis 

   Bendadaite 

  João Firmino claim, Linópolis 

   Atencioite 

   Brandãoite 

Sebastião Cristino pegmatite, Linópolis 

 Ferroqingheiite 

  João Teodoro mine, Linópolis 

   Lefontite 

 Galileia 

  Sapucaia pegmatite (Proberil mine), Sapucaia do Norte 

   Frondelite 

Faheyite 

Moraesite 

Barbosalite 

Tavorite 

Ruifrancoite 

Arrojadite-(PbFe) 

Jahnsite-(MnMnMg) 

Jahnsite-(NaMnMg) 

  Lavra da Boca Rica, Sapucaia do Norte 

   Lindbergite 

  Lavra Urucum 

   Coutinhoite 

 Mendes Pimentel 

  Gentil mine 

   Matioliite 
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 Conceição do Mato Dentro 

  São José mine, Posse farm, Brejaúba 

   Dukeite 

 Morro do Pilar and Bom Sucesso, Serro 

  Palladium 

Itabira 

  Cauê mine 

   Arsenopalladinite 

Atheneite 

Isomertieite 

Palladseite 

Jacutingaite 

 Jaguaraçu 

  José Pinto quarry 

   Minasgeraisite-(Y) 

Carlosbarbosaite 

 Nazareno 

  Volta Grande pegmatite 

   Hydrokenomicrolite 

Fluorcalciomicrolite 

Hydroxycalciomicrolite 

  Fumal pegmatite 

Oxycalciomicrolite 

Diamantina 

 Ribeirão do Inferno, Congonhas range of mountains 

  Goyazite 

neighbourhood of Diamantina (Datas, Cipó river etc.) 

 Senaite 

Santo Antonio do Itambé 

Mata dos Crioulos 

 Florencite-(Ce) 

Ouro Preto 

   Euclase 

  Três Cruzes farm cinnabar mine, Tripuí 

  Derbylite 

Tripuhyite 

Hydroxycalcioromeite 

Florencite-(Ce) 

Morro do Caxambu, near Tripuí 

Florencite-(Ce) 

 Poços de Caldas 

  Pedra Balão 

   Manganoeudialyte 

  Morro do Serrote 

   Fluorlamprophyllite 

 Araxá 

  CBMM mine 

   Hydroxykenopyrochlore 

 

  



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

31 

 

São Paulo 

 Cajati 

  Jacupiranga mine 

   Zirkelite 

Quintinite 

Menezesite 

Pauloabibite 

Melcherite 

 

Paraná 

 Curitiba 

  Curitiba ï Paranaguá highway 

   Lanthanite-(Nd) 

Lanthanite-(La) 

 

Santa Catarina 

 São Francisco do Sul 

  Morro do Rocio 

   Arupite 

 

 

Previous work 

 

There are some publications that deal specifically with Brazilian type minerals: 

Atencio (1996a, 1996b, 1998a, 1998b, 1999a, 2000a, 2000b, 2006a, 2006b, 2007a, 2007b, 

2008a, 2008b, 2012a, 2012b, 2015, and 2016b), and Chaves et al. (2017). This book is an 

update of the one by Atencio (2000b). 
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Figure I.1. The preliminary version of this book (Atencio 2000b). 

 

There are also some compilations that deal with all the minerals that occur in Brazil: 

Ferreira (1885), Ferraz (1928), Oliveira (1930), Abreu (1937 and 1960), Leonardos (1955), 

and Franco et al. (1972). The book by Ferraz (1928) was updated by Borges (1992). The 

text by Leonardos (1955) was updated by Franco (1981). The publications by 

Schobbenhaus and Coelho (1985, 1986, 1988) and Schobbenhaus et al. (1991, 1997a, 

1997b) represent updates of the Abreu (1937 and 1960) books. There is also a compilation 

that deals with all the minerals that occur in the São Paulo State: Knecht (1950).  

The Enciclopédia dos Minerais do Brasil is currently being published. It should have 

10 volumes, 7 of which have already been released (Neves and Atencio 2013, 2014, 2015, 

2016, 2017, 2018, and 2019a). There is already a second edition of the first volume (Neves 

and Atencio 2019b). 
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Figure I.2. The released volumes of Enciclopédia dos Minerais do Brasil (Neves and 

Atencio 2013, 2019b, 2014, 2015, 2016, 2017, 2018, and 2019a). 

 

 

This book 

 

Next, the description of the valid type minerals from Brazil are presented, as well 

as the discredited, invalid, unnamed, unidentified, problematic minerals, and so on. There 

are also some names of varieties of minerals and two names given to meteorites (catarinite 

and bendegite) are confused with mineral names. 

Mineral science advances continuously with the publication of new data. 

Therefore, this book will be out of date quickly, requiring frequent updates. That is, it 

will always be an unfinished book. Hence the subtitle "a book in progress." It is my 

intention to publish new editions frequently. 

In the formulas, ñǏò is a vacancy and ñ#ò is understood to mean a subordinate 

amount of an unspecified charge-balancing component. Type-specimen data are in 

general from the original papers or from Lapaire (2020). The designations "UM..." come 
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from the publication by Smith and Nickel (2007) and updated IMA -CNMNC lists 

(http://cnmnc.main.jp/). The designations "Unnamed (...)ò are from the Mindat database. 

  

http://cnmnc.main.jp/
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Chapter 1 

Native elements and intermetallic alloys, silicides, carbides, nitrides. 

  

 

Porpezite 

Fröbel (1843) 

(=palladium-bearing gold) 

Other names: porpezita, Porpezit, porpecita, ouro palladiado, ouro paladiado, 

ouro-paládio, palladium gold, palladiumgold, palladian gold, palladiated gold, 

palladiferous gold, ouro com paládio, ouro branco, oro branco, ouro podre, 

rotten gold, ouro cinzento, silver, rotten gold 

 

 

Figure 1.1. Palladium-bearing gold (ñporpeziteò) from Itabira, Minas Gerais (sample 

1111/40-1, Museu de Geociências, Universidade de São Paulo). Photo: Thales Trigo. 

 

The name porpezite (Porpezit) was introduced by Fröbel (1843) to designate a 

variety of palladium-bearing gold analyzed by Berzelius (1835). ñLabelled ouro podre (= 
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rotten gold), E. Pohl sent me a type of native gold that is found in the Capitania de Porpez, 

in South America. This gold forms polyhedral grains of an impure gold color» this gold is 

composed, according to an analysis I did on a unique grain among the largest ones weighing 

0.623g: Au 85.98%, Pd 9.85%, Ag 4.17%.ò (Berzelius 1835). 

Controversy exists about the origin of this material. According to Hussak (1906a, 

b), porpezite came from the state of Goiás (formerly the states were designated capitanias). 

The geologist Pohl traveled through Goiás and Berzelius might have misread his 

handwriting as ñPorpezò instead of ñGoyazò (the old spelling of the state of Goi§s). 

According to Eschwege (1833), the rotten gold was found abundantly in 1740 in alluvial 

deposits of the area known as ñArrayas, Goyazò (today the municipal district of Arraias is 

in the state of Tocantins). On the other hand, O.A. Derby (personal communication, in Dana 

1892) believed that Porpez was an error in the spelling of Pompéu mine (Pompeo or 

Pompeio), near Sabará, Minas Gerais. Today there is a town in Sabará called Pompéu and a 

nearby municipal district with the same name [the Fazenda do Pompéu, described by 

Eschwege (1833, p. 173, v. 2 and N. of T. 434, p. 294 and 295, v. 2) became this city]. 

A letter from Pedro Taques de Almeida to D. João de Lencastro, in 1700, in São 

Paulo, and published by Derby (1900) gives news of the first discoveries of gold by Borba 

Gato in the district of Sabará, Minas Gerais, and makes references to a metal found together 

with gold in the alluvium called ñsilverò due to its appearance. These data, according to 

Hussak (1906a, b), refer, very probably, to the palladium-bearing gold, then unknown, that 

is found in the area rich in itabirites.  

Hussak (1906a, b) also believed that the alloy mentioned by Lampadius and Plattner 

(1833) with the composition Au 52.95, Pt 30.60, Ag 9.52 and Ir 1.42 wt.% was, in fact, 

porpezite, with some confusion arising between Pt and Pd. 

The name ñporpecitaò was used by Gagarin and Cuomo (1949).  

ñOuro brancoò (= white gold) was used in the literature for palladium-bearing gold 

and also for native platinum. The first citation seems to be by Antonil (1711) who described 

material from a mine in the Itatiaia mountain, near Ouro Preto. Palladium-bearing gold can 

also be yellow, copper-red, and brown (Hussak 1906a, b).  

Olivo et al. (1994 and 1995) identified palladium-bearing gold in ñjacutingaò (a 

hydrothermally-altered Lake Superior-type carbonate-bearing oxide facies iron-formation) 

from the Cauê mine, Itabira, Minas Gerais, and obtained several point analyses by electron 

microprobe. This mineral occurs as inclusions in tourmaline and quartz; its chemical 

composition is: Au 78.5 to 99, Pd 1 to 19, Cu up to 4.6, Ag up to 0.6, Fe up to 3.2, Zn up to 
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3 wt.% (Olivo and Gammons 1996). Additional data were obtained by Kwitko et al. (2002) 

and Cabral et al. (2002a). 

Palladium-bearing gold from Gongo Soco mine, Barão de Cocais, Minas Gerais, 

was studied by Cabral et al. (2002b) and Cabral and Lehmann (2003). 

As it is just a variety of gold, the use of the name porpezite (and its several variants) 

is unacceptable and one should refer to the mineral as ñpalladium-bearing goldò. 

See also. Unnamed oxygen-bearing compounds of Pt-Pd-Au-Cu-Fe-Mn, Au7Pd, 

Au2Pd and Au3Pd 
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Unnamed Au7Pd 

Cabral et al. (2002c, 2002d), Cabral (2006) 

Other names: palladian gold 

 

 

Figure 1.2. Reflected-light photomicrograph illustrating the relationships of native 

palladium (Pd) and a PdïO phase in unnamed Au7Pd from Serra Pelada, Carajás, Pará. 

Stripes of native palladium (white), associated with a PdïO phase (dark grey), line vugs 

filled by goethite (black). Note incipient stage of PdïO formation in a crystal of 

vincentite (the authors quoted ñguanglinite (Pd3As)ò, but this is the formula of 

vincentite). Cabral et al. (2002d). 
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Figure 1.3. Back-scattered electron (BSE) images of unnamed Au7Pd from Serra 

Pelada, Carajás, Pará, coated by goethite. Note inclusions of YPO4 and FeïPdïO phase 

in the goethite coating. Black: resin. (Cabral et al. 2002d) 

 

Cabral et al. (2002c, 2002d) and Cabral (2006) described dendritic and coarse-

grained palladium-bearing gold from Serra Pelada, Carajás, Pará. Electron microprobe 

analyses of about forty individual crystals indicate a constant stoichiometry of Au7Pd. The 

phase stability of the Au7Pd structure is discussed by Sluiter et al. (2006). It displays a 

Ca7Ge structure, with Au in a 4b site (1/2, 0, 0) and in a 24d site (0, ¼, ¼), and Pd in 4a site 

(0, 0, 0).  
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Figure 1.4. View of the hypothetical crystal structure of unnamed Au7Pd, drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Sluiter et al. (2006). 

 

See also. Porpezite, unnamed Au2Pd and Au3Pd. 
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Unnamed Au2Pd and Au3Pd 

Cabral et al. (2008) 

Other names: Unnamed (Au-Pd Alloy I), UM2008-11-E:AuPd 

 

 

Figure 1.5. Arborescent grains of palladiferous gold from Córrego Bom Sucesso, Serro, 

Minas Gerais (Cabral et al. 2008). 

 

Arborescent crystals of palladiferous gold were identified by Cabral et al. (2008) 

in platiniferous alluvium from Córrego Bom Sucesso, Serro region, Minas Gerais. The 

Córrego Bom Sucesso alluvium is regarded as the type locality of palladium, being also 

famous for dendritic PtïPdïHg nuggets. Two near-stoichiometric alloys, Au2Pd and 

Au3Pd, determined by electron-microprobe analysis, may correspond to unnamed mineral 

phases.  

In the AuïPd synthetic system, a Au3Pd phase with a cubic Cu3Au-type crystal 

structure is known to be stable below 850°C (Nagasawa et al. 1965, Okamoto and 

Massalski 1985). The synthetic Au3Pd compound, isostructural with bogdanovite, Au3Cu, 

seems to be an analog to the natural phase documented by Cabral et al. (2008), though 

crystallographic confirmation is required. Theoretical calculation predicts long-period 
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superstructures close to the natural alloy of Au2Pd stoichiometry (Sluiter et al. 2006). 

 

 

Figure 1.6. View of the hypothetical crystal structure of unnamed Au3Pd, drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Nagasawa et al. (1965) and Okamoto 

and Massalski (1985). 

 

See also. Palladium, porpezite, and unnamed Au7Pd. 

 

 

Unnamed Au3Hg  

Baptista and Baptista (1986)  

(probably weishanite) 

Other names: gold amalgam, amálgama de ouro 

 

Baptista and Baptista (1986) studied the sample labelled 6210M in the mineralogical 

collection of the National Museum of Rio de Janeiro, from Sumidouro (now Padre Viegas), 

district of Mariana, Minas Gerais. This sample consists of grains, among which are some 

microcrystalline aggregates and rosettes of pale yellow, metallic, hexagonal prismatic 
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crystals, identified by X-ray diffractometry as Au3Hg. Three X-ray powder diffraction 

patterns were compared to that of synthetic material. The study of a single-crystal by X-ray 

diffraction using a precession camera indicated hexagonal symmetry, with a 2.951 and c 

4.810 Å. 

Spectrochemical analyses showed Au, Hg, and Fe as principal elements, Mn, Pb, 

and Ag as secondary elements, and W, Zn, and Cu as trace elements. No quantitative 

chemical data were presented. Associated minerals are stolzite, raspite, galena, mimetite or 

vanadinite, a pyrochlore-group mineral, mercury and pyromorphite. Regarding the origin of 

the amalgam, some evidence points to its natural formation, whereas other data suggests that 

it could be the consequence of previous work of miners in the area (Baptista and Baptista 

1986). 

Jambor (1989) pointed out that the same mineral had already been described in 

China (Poshan Mining District, Tongban Co., Henan Province) and has been named 

weishanite. Weishanite is (Au,Ag)3Hg2, hexagonal, and its X-ray powder diffraction pattern 

is similar to that obtained for the Brazilian material. 

 

 

Unnamed AgPd 

Zang et al. (1992)  

Other names: silver-palladium alloy, UM1992-06-E:AgPd 

 

A silver-palladium alloy with a chemical formula close to AgPd was found in laterite 

from the Igarapé Bahia gold deposit, Serra de Carajás, Parauapebas, Pará, in a void in an 

iron oxide nodule, associated with goethite and hematite. The angular shape and 

protuberances of the alloy grains suggested to Zang et al. (1992) crystal growth in a lateritic 

environment, indicating that the alloy is a secondary mineral. Microprobe data (2): Pd 49.49, 

Ag 49.31, Cu 0.11, Pt, Au and Hg not detected, total 98.91 wt.%. Empirical formula: 

Ag0.990Pd1.007Cu0.004. An abstract about this mineral as published by Jambor (1994). For the 

synthetic compound with the formula AgPd, space group Fm3m, ordered structure was not 

observed (Ziya et al. 2011). Consequently, it would be not a new mineral, but an 

intermediate member of the series silver-palladium. 
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Catarinite  

Meunier (1884)  

(= taenite + tetrataenite + troilite + schreibersite)  

Other names: catarinita, Catarinit, catharinita 

 

 

Figure 1.7. Santa Catarina meteorite (catarinite) from the Morro do Rocio, São Francisco 

do Sul, Santa Catarina. Specimen from the Museu de Ciência e Técnica da Escola de 

Minas de Ouro Preto, Minas Gerais. Photo: Ricardo Scholz. 

 

 

The name was given to the Santa Catarina (Santa Catharina)'s ñfer meteoriqueò, 

found in 1875. Based on chemical analyses by Damour (1877) [Fe 63.69, Ni 33.97, Co 1.48, 

P 0.05, S 0.16, C 0.20, Si 0.01, total 99.56 wt.%], Meunier (1884) assumed the formula 

Fe2Ni and gave it the name ñcatariniteò. The density is between 7.75 and 7.84 g/cm3 

(Damour 1877). The name ñcatharinitaò was used by Ferraz (1928). The material analyzed 

probably corresponds to a mixture of the minerals taenite [(Ni,Fe) cubic], tetrataenite (FeNi 
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tetragonal), troilite FeS hexagonal), and schreibersite [(Fe,Ni)3P tetragonal], identified in the 

Santa Catarina meteorite.  

See also. Tetrataenite, arupite and bendegite. 

 

 

Bendegite  

Meunier (1898)  

Other names: bendigite, bendegita 

 

 

Figure 1.8. Bendegó meteorite (bendegite) from near the Bendegó stream, Uauá, Bahia. 

Museu Nacional, Rio de Janeiro. Photo: André L.R. Moutinho. 

 

This name was given to the Bendeg·'s ñfer meteoriqueò, found in 1784 (or 1774) 

near the Bendegó stream, Monte Santo (currently Uauá), Bahia. The minerals identified in 

this meteorite are iron, taenite, schreibersite, cohenite and chromite (Carvalho et al. 2011) 

See also. Catarinite. 
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Tetrataenite  

Clark and Scott (1980)  

(type specimen is not from Brazil)  

Other names: tetrataenita, clear taenite 

 

Tetrataenite, FeNi tetragonal, was described simultaneously in several meteorites, 

including the Brazilian Santa Catarina (São Francisco do Sul, Santa Catarina), Avanhandava 

( Avanhandava, São Paulo), São José do Rio Preto (São José do Rio Preto, São Paulo), and 

Ipiranga (Foz do Iguaçu, Paraná), but Clark and Scott (1980) defined tetrataenite from the 

Estherville meteorite, Emmet Co., Iowa, USA, as the type specimen. It corresponds to the 

ñclear taeniteò of Taylor and Heymann (1971).  

See also. Catarinite and arupite. 

 

 

Osmiridium  

Steffens (1824)  

(= osmium-bearing iridium)  

and 

Iridosmine  

Breithaupt (1827)  

(= iridium-bearing osmium)  

Other names: osmirídio, iridosmina, Osm-Iridium, Ore of Iridium, Irid-Osmin 

 

The use of the names osmiridium and iridosmine and its countless variants 

(mentioned in Hey 1963) is quite intricate. All these names were officially abandoned 

(Harris and Cabri 1991); osmiridium is now osmium-bearing iridium (a cubic alloy with Ir 

predominant) and iridosmine is iridium-bearing osmium (a hexagonal alloy with Os 

predominant). The name rutheniridosmine was retained for hexagonal alloys in which Ir is 

the dominant element. 

Natural alloys of Os and Ir have been known since the article by Wollaston (1805), 

who called the mineral ñOre of Iridiumò, although he knew osmium was an important 

constituent, and a number of later authors called it iridium (Hey 1963). The name Osm-



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

47 

 

Iridium was attributed originally by Steffens (1824) to a hexagonal alloy from Brazil, of 

then unknown quantitative composition, the same alloy that Haüy (1822) had termed 

ñIridium osmi®ò. This alloy, supplied by Wollaston [but the sample that Wollaston (1805) 

named ñOre of Iridiumò was from Colombia], was later analyzed by Thomson (1826), who 

found Ir 72.9, Os 24.5, Fe 2.6 wt.%, but his method greatly underestimated the osmium 

content (Hey 1963). The name Irid-Osmin was applied by Breithaupt (1827) for a material 

without chemical analyses from Nizhnii Tagil, Sverdlovsk Oblast, Russia.  

ñOsmiridiumò and ñiridosmineò occur associated with platinum and palladium, in 

Minas Gerais (Ferraz 1928). Hussak (1906a, b) quoted osmiridium from Bom Successo and 

Condado mines, North of Serro city, near the Itambé peak, Minas Gerais. Lévy and Picot 

(1961) published the occurrence of native osmium [90.8% Os, 3.7% Ir] in platinum 

concentrates from an unknown location in Brazil. Native osmium occurs at the ultramafic 

complex of Campo Formoso, Bahia (Garuti et al. 2008) and in Niquelândia, Goiás 

(Milliotti and Stumpfl 1993, Garuti et al. 2012). 

Additional studies on native osmium and iridium from Brazil are necessary. The 

original material being hexagonal, would be iridium-bearing osmium if Os is dominant, or 

rutheniridosmine if Ir is dominant. The type localities, after the redefinitions by Hey (1963), 

were: iridosmine, ñBrazilò; osmiridium, the Ural Mountains, Russia; osmium, Borneo; and 

rutheniridosmine, Hokkaido, Japan. No type locality was defined for iridium. Today, the 

official IMA mineral list gives as type localities: osmium, Indonesia; iridium, Russia?; and 

rutheniridosmine, Japan. 

See also. Unnamed Ru and Ir oxides and hydroxides 
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Palladium 

Wollaston (1809)  

Pd, cubic  

Other names: paládio, palladio 

 

 

Figure 1.9. Palladium from Córrego Bom Sucesso, Serro, Minas Gerais. About 1 mm. 

Specimen: Paulo C.P. Neves, collected by Alexandre R. Cabral. Photo: Luciano Valério. 

 

The citations regarding the discovery of the chemical element palladium and of the 

mineral native palladium are confusing. The original papers by Wollaston and some other 

review articles, however, suggest the following sequence of facts. The chemical element 

palladium was named by Wollaston in an anonymous footnote in an article by Chenevix 

(1803). According to Frondel (1972), Wollaston had already attributed this name to the 

element in 1802 in his laboratory notes. Also, according to Frondel (1972), a circular, 

privately printed in 1803 by Jacob Forster, announced the discovery of a new metal named 

palladium. The platinum samples used by Wollaston to isolate palladium and rhodium were 

acquired from J. Forster, collector and merchant of minerals in London, England. Later, 
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Wollaston (1804 and 1805) published new data on the elements palladium and rhodium and 

how they were extracted from platinum (i.e. chemically separated, not the minerals 

palladium and rhodium). The provenance of the platinum samples was not mentioned, but, 

according to Frondel (1972), they were from South America. 

Wollaston (1809) described new samples, from gold mines in Brazil, received 

from the ambassador of the court of Portugal, Souza Coutinho. In this article, he compares 

the new samples with the ones from the localities of Choc· and Santa F®, ñPeruò, 

suggesting that the previously studied samples came from ñPeruò. At that time, the ñVice-

kingdom of Peruò occupied almost the whole of Spanish America; today Choc· is in 

Colombia. Wollaston (1809) described the occurrence of the mineral native palladium for 

the first time, and identified some of the grains as palladium, found together with native 

platinum. Among the platinum grains, Wollaston found two grains with the same color, 

luster, and habit (divergent fibrous structure) as platinum, that were, however, more easily 

attacked by aqua regia; besides Pd, some Pt and Ir were also identified. Based on Wollaston's 

descriptions, Hussak (1906a, b), among others, thought that the samples most probably came 

from Lages creek, near Conceição do Serro (= Conceição do Mato Dentro), Minas Gerais, 

because it is the only place where native platinum occurs with this habit. According to 

Leonardos (1969 and 1970), the samples are from Fazenda Limeira (= Limeira farm), Lajes 

creek [Largos (Lajes) or Ouro Branco river], a tributary of the Santo Antônio river, 6.5 km 

from Conceição (= Conceição do Mato Dentro), in the district of Morro do Pilar, Minas 

Gerais, where platinum is found together with gold and black iron oxide, and also from 

Goiás. In Morro do Pilar, Barbosa (1962) also identified the mineral potarite. The habit, 

according to Cassedanne and Alves (1992) and Cassedanne et al. (1996) is typical of 

samples from Bom Sucesso creek and other creeks in the Serro area, Minas Gerais. 

According to Fleet et al. (2002), the two nuggets presumed to be of native palladium 

examined by Wollaston were likely to be composite. The study by Fleet et al. (2002) 

demonstrated unequivocally that the mineral palladium occurs as Pd-Pt solid solution with 

up to 65 at.% Pd, in the interior of the Bom Sucesso nuggets, and may have formed by 

alteration of earlier dendritic gold-rich potarite. These nuggets also contain several unnamed 

minerals: Au2Pd, Au3Pd, PdPt, and (Pd,Au)3Hg2. 

According to Hussak (1906a, b), the massive native palladium occurs in the residual 

concentrates from the gold washings of auriferous ñjacutingaò (a hydrothermally-altered 

Lake Superior-type carbonate-bearing iron-formation) from Itabira, Minas Gerais.  

Olivo and Gauthier (1995) and Olivo et al. (1995) identified native palladium in 
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ñjacutingaò from the Cauê mine, Itabira, Minas Gerais, and presented the results of electron 

microprobe point analyses of palladium. The grains occur in quartz- and kaolinite-rich bands 

and are coated with pure gold. They generally have corroded interiors, partially replaced by 

gold (Olivo and Gammons 1996).  

At Gongo Soco, Barão de Cocais, Minas Gerais, rosette-shaped, oxygen-deficient 

Pd-O associated with native Pd was quoted by Cabral and Kwitko-Ribeiro (2004), and 

native Pd formed by dehydroxylation of Pd-O-H was reported by Cabral et al. (2004). 

Native Pd from the Serra Pelada Au-Pd-Pt deposit, Carajás mineral province, 

Curionópolis, Pará, characteristically situated in the goethite coating, is intimately 

associated with a Pd-O phase (Cabral et al. 2002d). 

Palladium is considered a valid mineral species by CNMNC ï IMA , but it still lacks 

a complete description in the literature. As quoted by Fleet et al. (2002), information on the 

occurrence and paragenetic position of the mineral palladium is sparse. Native palladium is 

a rare and poorly documented mineral (Cabral and Lehmann 2003). Most of the data 

presented in the following description of palladium are for synthetic material.  

Occurrence. In alluvium, with platinum, potarite, anatase, cassiterite, crichtonite (or 

senaite?), hematite, ilmenite, kyanite, magnetite, muscovite, rutile, xenotime-(Y), zircon, 

gold, and diamond at Morro do Pilar County, and Bom Sucesso, Serro County, Minas Gerais 

(type locality). Palladium also occurs in several Brazilian and world localities. 

Appearance and physical properties. Habit: commonly in grains, sometimes with a 

radial fibrous texture. Forms: rarely as octahedra {111}. Twinning: none mentioned. Color: 

megascopic color unknown. Streak: unknown. Luster: metallic. Opaque. Hardness (Mohs): 

4½ to 5. Tenacity: malleable and ductile. Cleavage: none observed. Fracture: not given. 

Density :11.9 g/cm3 (meas.), 11.87 g/cm3 (calc.). Kwitko et al. (2002) described aggregates 

of native palladium over a mass of iron oxyhydroxide, associated with palladium-bearing 

gold from Cauê iron mine, Itabira, Minas Gerais. The aggregates consist of tiny rosette-like 

crystals whose pattern is formed roughly by the intersection of discs in three orthogonal 

directions. According to Cabral and Kwitko-Ribeiro (2004) it is a Pd-O compound, not 

native palladium. 

Optical properties. In reflected light: white to pale steel-gray, isotropic, no 

bireflectance. Pleochroism: absent. R: (67.8) 540 nm. 

Chemical data. Microprobe analysis (4): Pd 45.02, Pt 53.01, Hg 0.98, Au 0.09, total 

99.10 wt.%. Empirical formula: (Pd0.60Pt0.39Hg0.01)S1.00 (Pt-rich palladium from Bom 

Sucesso stream alluvium, Serro, Minas Gerais, Fleet et al. 2002). Microprobe analysis: Pd 
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91.99, Au 1.98, Cu 1.31, Fe 1.31, Hg and Se not detected, total 96.65 wt.%. Empirical 

formula: (Pd0.94Fe0.03Cu0.02Au0.01)S1.00 (Cauê iron mine, Itabira, Minas Gerais, Olivo and 

Gauthier 1995).  

Crystallography. Cubic, Fm3m, a 3.8898 Ȕ, V 58.85 Ȕ3, Z 4. X-ray powder 

diffraction data [d in Å (I) (hkl)]: 2.246 (100) (111), 1.945 (42) (200), 1.376 (25) (220), 

1.173 (24) (311), 1.1232 (8) (222), 0.9723 (3) (400), 0.8924 (13) (331), 0.8697 (11) (420). 

Name. For the asteroid Pallas, discovered in 1802 by Dr. Olbers (Wollaston 1805). 

Nevertheless, according to Ferraz (1928), this name derives from palladion, diminutive of 

Pallas, referring to an image of the goddess Pallas Athena, given to the city of Troy. 

According to Greek mythology, the city could not be captured while the image remained 

there. 

Type material. No data on the type specimen. 

Relationship to other species. A member of the platinum group. 

 

 

Figure 1.10. View of the crystal structure of palladium (synthetic), drawn using VESTA 

3 (Momma and Izumi 2011). Data from Ellner (1981). 
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Crystal structure. Cubic closest packed (CCP), face-centered cubic (FCC) crystal 

structure. 

Synthetic. Originally obtained by Wollaston (in Chenevix 1803). Metal 

nanoparticles, including Pd, can be obtained via two main approaches: subdivision of bulk 

metal (a physical method) or particle growth by reduction of the metal ionic precursor (a 

chemical method) (Saldan et al. 2015). 

See also. Unnamed Au2Pd, Au3Pd, PdPt, (Pd,Au)3Hg2, oxygen-deficient Pd-O, Pd-

O-H, Pd-O phase, senaite, palladseite, and Palladiumplatin. 

 

 

Unnamed PdPt and (Pt,Hg)2Pd 

Cabral et al. (2006) 

Other names: UM2006-02-E:HgPdPt 

 

 

Figure 1.11. Hexagon-shaped crystals of unnamed PdPt in palladiferous platinum from a 

marginal zone of an arborescent grain, from Córrego Bom Sucesso, Serro, Minas Gerais 

(Cabral et al. 2006). 

 

According to Fleet et al. (2002), the more common product of alteration of potarite 

from Córrego Bom Sucesso, Serro, Minas Gerais, is an alloy of composition near Pt50Pd50, 

whose status as a phase distinct from either platinum or palladium is dubious. Cabral et al. 
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(2006) also studied arborescent, botryoidal and reniform grains of platinum and palladium 

from Córrego Bom Sucesso. According to them, the nuggets reach a maximum length of 

2.5 mm and exhibit core-to-rim compositional zoning in platinum, palladium and mercury 

contents. One grain is note-worthy for a marginal halo of mercury-rich palladiferous 

platinum and internal vermiform lamellae enriched in mercury and gold. The mercury-rich 

palladiferous platinum has 10ï20 wt.% Hg and an empirical stoichiometry close to 

(Pt,Hg)2Pd. Hexagonal crystals occur in palladiferous platinum, forming a peripheral zone 

of an arborescent grain. These crystals are compositionally analogous to stoichiometric PdPt 

and seem to represent to Cabral et al. (2006) an ordered phase distinct from either platinum 

or palladium in opposition to Fleet et al. (2002). Synthetic PdPt is a disordered cubic, Fm3m 

phase, intermediate between palladium and platinum (Raub 1959). 

See also. Unnamed Au2Pd, Au3Pd, (Pd,Au)3Hg2, palladium, and Palladiumplatin 
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Palladiumplatin 

Hussak (1906a, b)  

(= palladium-rich platinum + platinum-rich palladium + pure platinum + gold-

rich potarite)  

Other names: palladian platinum, palladic platinum, platina palladiada 

 

 

Figure 1.12. Botryoidal PtïPd nuggets from Bom Sucesso creek, Serro, Minas Gerais The 

largest is 4.2 × 2.6 × 1.3 mm. Specimen and photo: Edson Ferreira dos Santos. 
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Figure 1.13. Botryoidal PtïPd nugget (white), partially coated with aggregates of titanium 

oxide, from Bom Sucesso creek, Serro, Minas Gerais (Cabral et al. 2006). 

 

A name given by Hussak (1906a, b) to a variety of palladium-bearing platinum from 

Fazenda do Condado (= Condado farm), Serro, Minas Gerais, regarded as the type locality 

of palladium. The João Caboclo creek [near Bom Sucesso creek] corresponds to the Ignez 

creek of the early authors, who mentioned the area as Fazenda do Condado (Moraes et al. 

1937). Cassedanne and Cassedanne (1974) and Cassedanne and Alves (1992) presented the 

results of wet chemical analyses for samples from Bom Sucesso creek. They are compared 

to the analyses of ñplatina palladiadaò or ñPalladiumplatinò, from Fazenda do Condado, 

Serro, Minas Gerais, by Hussak (1906a, b), in Table 1.1. Analyses 3, 4, and 5 were done on 

polymineralic samples. It is also quite probable that analyses 1 and 2 refer to a mixture of 

phases. Nuggets from the Bom Sucesso stream alluvium have been investigated by electron-

probe microanalysis by Fleet et al. (2002), who identified palladium-rich platinum, 

platinum-rich palladium, pure platinum and gold-rich potarite.  
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Table 1.1. Wet chemical analyses (wt.%) for ñpalladium-bearing platinumò from Serro, 

Minas Gerais 

 

 1 2 3 4 5 

Pt 73.99 72.96 85.2 78.1 68.0 

Pd 21.77 21.82 11.7 18.6 29.3 

Ir 0.08 0.88 1.2 2.1 1.4 

Os 3.14 3.92 tr. n.d. tr. 

Fe 0.10 tr. 1.9 tr. n.d. 

Cu n.d. n.d. n.d. n.d. n.d. 

Insol. 0.92 0.42 n.d. n.d. n.d. 

Total 100.00 100.00 99.1 98.8 98.7 

 

 1 and 2: Hussak (1906a, b) 

 3 to 5: Cassedanne and Cassedanne (1974) 

 

See also. Palladium. unnamed Au2Pd, Au3Pd, PdPt, and (Pd,Au)3Hg2. 
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Unnamed (Pd,Au)3Hg2 

Fleet et al. (2002), Cabral et al. (2009) 

Other names: Unnamed (Pd-Au-Hg Alloy) 

 

 

Figure 1.14. Arborescent nugget with a core of dendritic auriferous potarite, a broad interior 

zone of nearly pure platinum, and a narrow (20 µm) rim of palladian platinum, from 

Córrego Bom Sucesso, Serro, Minas Gerais (Fleet et al. 2002). 

 

Potarite, ideally PdHg, is reported in the literature to have compositions varying from 

PdHg or Pd(Hg,Au) to Pd3Hg2. Such a Pd3Hg2 phase is unknown in the synthetic PdïHg 

binary system. For the first time, PdïHg grains recovered from the historical Córrego do Bom 

Sucesso alluvium, Serro, Minas Gerais, regarded as the type locality of palladium, were 

shown by Cabral et al. (2009) to consist of arborescent and lamellar intergrowths of two 

intermetallic compounds, compositionally close to empirical Pd(Hg,Au), i.e., auriferous 

potarite, and (Pd,Au)3Hg2. The PdïHgïAu grains have a rim of palladiferous Pt. The 

otherwise sharp PdïHgïAu intergrowths become diffuse at the contact with the palladiferous 

Pt rim. Both the PdïHgïAu compounds and the palladiferous Pt rim did not diffract using 

the electron-backscattered diffraction (EBSD) or powder X-ray microdiffraction techniques, 

indicating that they are poorly crystalline. Their poor crystallinity and the diffuse zone 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

58 

 

between the PdïHgïAu core and the Pt-rich overgrowth are suggestive of electrochemical 

metal precipitation from dilute solutions within the alluvium (Cabral et al. 2009). Fleet et al. 

(2002) yet characterized auriferous potarite from Bom Sucesso as an alloy varying in 

composition from Pd3Hg2 to near Pd(Hg,Au).  

See also. Palladium, unnamed Au2Pd, Au3Pd, PdPt, and Palladiumplatin. 

 

 

Unnamed Pd-Hg-Au alloy 

Clark et al. (1974) 

 

Clark et al. (1974) quoted that the concentrates of Cauê mine, Itabira, Minas Gerais, 

also contain a few grains of native gold, often intergrown with a palladium-mercury-gold 

alloy. No additional data.  

See also. Unnamed (Pd,Au)3Hg2. 
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Carbonado  

Tennant (1852)  

(variety of diamond )  

Other names: diamante negro, diamante amorpho, carbão, carbonita, carbono, 

carbonato, lavrita, lavrite, carbito, carbon bort 

 

 

Figure 1.15. Carbonado (diamond) from Lençois, Bahia. 28.2 ×17.7 × 16.4 mm. Specimen 

and photo: Edson Ferreira dos Santos. 

 

Black or grayish diamond, massive, and fine grained, it was first found in the Lavras 

- Diamantina region, Chapada Diamantina, Bahia, in 1843, and later recorded in the 

diamond area of Minas Gerais, between Diamantina and Grão Mongol, Serra do Espinhaço; 

in Goiás, Mato Grosso and Paraná (Oliveira 1930). According to Ferraz (1928), it is called 

ñlavritaò, from Lavras locality, in Bahia. ñThe designation we proposed in 1904 [Souza 

Carneiro 1904], and at once admitted by us in the Escola Politécnica da Bahia, was lavritaò 

(Souza Carneiro 1908).  
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Unnamed Fe3N 

Kaminsky and Wirth (2017) 

Other names: Unnamed (Iron Nitride I) 

 

 

Figure 1.16. Unnamed Fe3N as an inclusion in a diamond crystal from alluvial deposits 

of Sorriso river, Chicória farm, Juína, Mato Grosso (Kaminsky and Wirth 2017). 

 

Unnamed Fe3N was reported by Kaminsky and Wirth (2017) as inclusions in 

diamond crystals from alluvial deposits of Sorriso river, Chicória farm, Juína, Mato 

Grosso. It occurs as tabular or equidimensional single-phase grains, 1ï2.5 µm in size. 

Some of such inclusions are intergrown with smaller (300ï400 nm) grains of oxides. The 

synthetic equivalent (Ů-Fe3N) was obtained by a high pressure solid-state metathesis 
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reaction between alkaline or alkaline-earth metal ferrite (NaFeO2, MgFe2O4, and 

Ca2Fe2O5) and boron nitride by Yin et al. (2014). It is trigonal, P312, a 4.7410(2), c 

4.3862(2) Å, V 85.38 Å3.  

 

Figure 1.17. View of the crystal structure of unnamed Fe3N (synthetic), drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Yin et al. (2014). 

 

Several other minerals as inclusions in the diamonds of Juína, Mato Grosso, were 

described. 

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrocohenite, 

nitrochalypite, unnamed Fe2N, Fe5SiC, (Ba,Sr)AlF5, orthorhombic MgO, MgCr2O4, 

Na4Mg3(PO4)2(P2O7), Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 
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Unnamed Fe2N 

Kaminsky and Wirth (2017) 

Other names: Unnamed (Iron Nitride II) 

 

 

Figure 1.18. Unnamed Fe2N as an inclusion in a diamond crystal from alluvial deposits 

of Sorriso river, Chicória farm, Juína, Mato Grosso (Kaminsky and Wirth 2017). 

 

Unnamed Fe2N was reported by Kaminsky and Wirth (2017) as inclusions in 

diamond crystals from alluvial deposits of Sorriso river, Chicória farm, Juína, Mato 

Grosso. It occurs as elongated inclusions, consisting of an aggregate of nitride and/or 

replacing polycrystalline graphite. Unnamed Fe2N forms irregular, 0.5ï1.5 µm grains 

along the periphery of the aggregate and smaller (0.1ï0.3 µm), irregularly shaped, relics 

within the graphite matrix, demonstrating a typical structure of resorption of the initial 

nitride grain by graphite. In dark- and bright-field images the relic iron nitride grains show 

the same crystallographic orientation, confirming that they belong to a former, single 

large crystal. The synthetic equivalent was obtained in a short time by a simple direct 

nitriding reaction between metal and a supercritical nitrogen fluid at high pressures (about 

10 GPa) and high temperatures (about 1800 K), using diamond anvil cell and YAG laser 
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heating system, by Hasegawa and Yogi (2005). It is orthorhombic, Pbcn, a 4.423(4), b 

5.531(3), c 4.821(3) Å, V 117.9(1) Å3. The structure is PbO2-type, where iron occupies 

8d site and nitrogen does 4c site. 

 

Figure 1.19. View of the crystal structure of unnamed Fe2N (synthetic), drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Hasegawa and Yogi (2005). 

 

Several other minerals as inclusions in the diamonds of Juína, Mato Grosso, were 

described. 

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrocohenite, 

nitrochalypite, unnamed Fe3N, Fe5SiC, (Ba,Sr)AlF5, orthorhombic MgO, MgCr2O4, 

Na4Mg3(PO4)2(P2O7), Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 
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Unnamed Fe5SiC 

Kaminsky et al. (2015) 

 

Unnamed Fe5SiC was reported by Kaminsky et al. (2015) as inclusions in 

diamond crystals from alluvial deposits of Sorriso river, Chicória farm, Juína, Mato 

Grosso. This compound is well known among nanocomposite materials, but has never 

previously been identified in the natural environment. The structure and magnetic 

properties of the synthetic material, which was produced by the mechanical alloying of a 

mixture Fe:C:Si = 70:17:13 at.% and subsequent annealing of the resultant amorphous 

phase at 500°C for 1 h, have been studied by Lomaeva et al. (2005). Fe5SiC is 

orthorhombic, Cmc21, with unit cell parameters a 10.043, b 7.944, and c 7.469 Å, V 

595.89 ᴠ³, Z 16 (synthetic), and a 11.094, b 7.656, and c 7.423 Å (natural). 

 

Figure 1.20. View of the crystal structure of unnamed Fe5SiC (synthetic), drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Lomaeva et al. (2005). 

 

Several other minerals as inclusions in the diamonds of Juína, Mato Grosso, were 

described. 

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrocohenite, 

nitrochalypite, unnamed Fe3N, Fe2N, (Ba,Sr)AlF5, orthorhombic MgO, MgCr2O4, 

Na4Mg3(PO4)2(P2O7), Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 
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Nitroyarlongite 

Kaminsky et al. (2015) 

Fe9(N,C)4, trigonal 

Other names: Unnamed (Iron Carbonitride) 

 

 

Figure 1.21. Nitroyarlongite, Fe9(N0.8C0.2)4 and nitrochalypite, Fe7(C,N)3 or Fe2(C,N) 

from alluvial deposits of Sorriso river, Chicória farm, Juína, Mato Grosso (Kaminsky 

and Wirth 2017). 

 

A trigonal iron carbonitride mineral was inferred by X-ray diffraction data as an 

inclusion in a diamond crystal from alluvial deposits of Sorriso river, Chicória farm, 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

66 

 

Juína, Mato Grosso (Kaminsky and Wirth 2011). The diffraction pattern is [d in Å (hkl)]: 

4.47 (001), 4.02 (100), 2.99 (101). As such, the peaks could be indexed on the basis of a 

diffraction pattern of a synthetic alloy, Ů-Fe3(N0.80C0.20)1.38, which has Fe/(C+N) equal to 

2.17, similar to the Fe2C composition but with a C/(C+N) value of 0.20 (i.e., an extreme 

predominance of nitrogen over carbon) [d in Å (hkl)]: 4.406 (001), 4.135 (100), 3.015 

(101) (Leineweber et al. 2001). The C:N ratio in this synthetic alloy can vary because 

both carbon and nitrogen are located in the interstitial positions of the lattice. The 

synthetic material was prepared by treating iron powder with NH3, NH3 - H2 mixtures and 

a special carbonitriding atmosphere, in technical nitridation furnaces. The synthetic 

compound is a carbonitride of great importance in metallurgy. It is trigonal, Pσ1m, a 

4.7743, c 4.4063 Å, V 86.98 ᴠ³, Z 2 (Leineweber et al. 2001). 

Kaminsky et al. (2015) applied the name nitroyarlongite to this mineral, without 

submission to IMA. Anyway, this name does not make sense, because yarlongite is 

Cr4Fe4NiC4. The formula attributed by the authors was Fe9(C,N)4, but N>C in apfu. 

Consequently, the correct would be Fe9(N,C)4. 

 

Figure 1.22. View of the crystal structure of nitroyarlongite (synthetic), drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Leineweber et al. (2001). 

 

Several other minerals as inclusions in the diamonds of Juína, Mato Grosso, were 

described. 

See also. Jeffbenite, ellinaite, breyite, nitrocohenite, nitrochalypite, unnamed 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

67 

 

Fe3N, Fe2N, Fe5SiC, (Ba,Sr)AlF5, orthorhombic MgO, MgCr2O4, Na4Mg3(PO4)2(P2O7), 

Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 

 

 

Nitrocohenite 

Kaminsky et al. (2015) 

Fe3(C,N), orthorhombic 

(N-rich cohenite) 

 

The name nitrocohenite was introduced, without submission to IMA, by 

Kaminsky et al. (2015) for an N-rich variety of cohenite, Fe3C, which occurs as as 

inclusions in a diamond crystal from alluvial deposits of Sorriso river, Chicória farm, 

Juína, Mato Grosso. 

Several other minerals as inclusions in the diamonds of Juína, Mato Grosso, were 

described. 

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrochalypite, unnamed 

Fe3N, Fe2N, Fe5SiC, (Ba,Sr)AlF5, orthorhombic MgO, MgCr2O4, Na4Mg3(PO4)2(P2O7), 

Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 
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Nitrochalypite 

Kaminsky et al. (2015) 

Fe7(C,N)3 or Fe2(C,N) 

(N-rich chalypite) 

Other names: Unnamed (Iron Carbide), Unnamed (Iron Carbide II) 

 

See Figure 1.21. 

 

The name nitrochalypite was introduced, without submission to IMA, by 

Kaminsky et al. (2015) for an N-rich variety of chalypite, a not valid mineral, which 

occurs as as inclusions in a diamond crystal from alluvial deposits of Sorriso river, 

Chicória farm, Juína, Mato Grosso. 

Several other minerals as inclusions in the diamonds of Juína, Mato Grosso, were 

described. 

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrocohenite, unnamed 

Fe3N, Fe2N, Fe5SiC, (Ba,Sr)AlF5, orthorhombic MgO, MgCr2O4, Na4Mg3(PO4)2(P2O7), 

Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 

 

 

Unnamed (Ce,La)Si and (Al,Fe)Si 

Kachalovskaja et al. (1999) 

Other names: UM1999-31-Si:REE, UM1999-30-Si:AlFe 

 

The occurrence of these phases, associated with ñferdisiliciteò (now renamed 

linzhiite, FeSi2, tetragonal) and native silicon, was described in the Fazenda Brasileiro 

gold mine, Barrocas, Bahia. Quartz, feldspar, carbonates, chlorite, muscovite, fluorite, 

apatite, zircon, titanite, pyrite, arsenopyrite, pyrrhotite, ilmenite, anatase, rutile, gold, 

scheelite, wolframite, sphalerite, and galena were identified in the ore. Silicides and 

native silicon were observed in crushed samples and in heavy mineral concentrates. In 

the opinion of the authors, the natural origin of these phases remains questionable. 

The mean chemical composition of the unnamed (Ce,La)Si is: La 24.26, Ce 36.92, 
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Pr 4.73, Nd 8,92, Gd 3.25, Si 16.75, Ca 3.61, Al 1.12, Fe 0.44, total 100.00 wt.% 

corresponding to [(Ce0.40La0.28Nd0.09Pr0.05Gd0.03)S0.85Ca0.14]S0.99(Si0.92Al 0.06Fe0.02)S1.00. It 

occurs as drops, lenticular, dendritic and irregular grains up to 50mm, intimately 

associated with linzhiite, unnamed (Al,Fe)Si and native silicon. Opaque, without 

cleavage, brittle, no internal reflection, VHN50: 515 to 645 (mean 618) kg/mm2. It is light 

cream-white in reflected light, visible anisotropism in faded colors, weakly bireflectant. 

Reflectance percentages (Si standard, in air) are given in 20 nm steps from 400 to 700 

nm; representative R values are (Rgô and Rpô): 52.1, 46.7 (480 nm), 54.1, 49.4 (560 nm), 

54.5, 50.0 (580 nm), and 56.8, 52.3 (660 nm). It is orthorhombic, space group Imma, a 

4.272, b 4.118, c 14.02 Å, Z 4. Strongest lines of the powder pattern (57 mm camera, Fe 

radiation) are [d in Å (I) (hkl)]: 3.49 (30) (004), 3.13 (20) (103), 2.76 (100) (112), 2.32 

(50) (105,006), 2.13 (30) (200), 2.10 (50) (020), 1.908 (30) (211), 1.867 (30) (121), 1.841 

(50) (116), 1.813 (40) (204,107), and 1.296 (20) (132). 

The mean chemical composition of the unnamed (Al,Fe)Si is: Si 32.63, Fe 32.34, 

Al 17.29, La 3.68, Ce 7.90, Pr 1.03, Nd 2.65, Gd 0.50, Ca 1.85, total 100.00 wt.% 

corresponding to (Al0.55Fe0.50Ce0.05Ca0.04La0.03Nd0.02Pr0.01)S1.20Si1.00. It occurs as irregular 

grains, up to 0.02 mm, intimately associated with the other silicides and native silicon. 

Opaque, VHN50 753 to 893 (mean 824) kg/mm2. Its color is white in reflected light, 

isotropic and, like (Ce,La)Si, it does not show internal reflections. Reflectance 

percentages (Si standard, in air) are given in 20 nm steps from 400 to 700 nm; 

representative R values are 46.7 (480), 48.9 (560), 49.0 (580), and 49.3 (660). 
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Chapter 2 

Sulfides, selenides, arsenides, tellurides, and antimonides 

 

 

Atheneite 

Clark et al. (1974) 

Pd2(As0.75Hg0.25), hexagonal 

Approved CNMMN - IMA 1973-050 

Other names: atheneïte, atheneíta, ateneíta, atenasita 

 

 

Figure 2.1. Back-scattered electron SEM photograph of atheneite (Ath), associated with 

arsenopalladinite (Ars) and gold (G) from the Cauê iron mine, Itabira, Minas Gerais (Bindi 

2010). 

 

See also Figures 2.10, 2.13, and 2.14. 
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A sample of residual concentrates from the gold washings of the Cauê iron mine, 

Itabira, Minas Gerais, was collected by Sanders and incorporated to the Natural History 

Museum, London, England (number BM 1934,72). From this sample, Hey (1955) defined 

the new mineral arsenopalladinite. Later studies by Clark et al. (1974) redefined 

arsenopalladinite and described atheneite and isomertieite. In addition, they noted the 

presence of a palladium selenide, later described and named palladseite (Davis et al. 1977). 

They also identified native gold, a Pd and Hg oxide (palladinite), a Pd-Hg-Au alloy, 

hematite, quartz, and superficial oxidation products. Davis et al. (1977) identified two 

isotropic Cu-bearing Pd oxides as inclusions in palladseite. Cabri (1981) added ñporpeziteò, 

mertieite-II, temagamite, stibiopalladinite, and palladoarsenide to the list of minerals found 

on this sample. Based on studies of the same sample Cabri et al. (1977) and Clark and 

Criddle (1982) attributed new formulae to arsenopalladinite and isomertieite. Jedwab (1995) 

and Jedwab and Cassedanne (1998) identified a group of O-bearing Pt-Pd-Au-Cu-Fe-Mn 

compounds, coexisting with Fe and/or Mn oxides and hydroxides, corresponding to ñouro 

pretoò. Cauê mine is the type locality of arsenopalladinite, atheneite, isomertieite, 

palladseite and jacutingaite. 

The historical data of atheneite were revised by Bindi (2010). Clark et al. (1974) 

supplied a detailed chemical and physical characterization of the mineral and described 

it as the first naturally occurring PdïHg arsenide with the formula (Pd,Hg)3As (with Pd 

2.67 and Hg 0.33 apfu) and Z 2. They were able to index the diffraction pattern, obtained 

with a Gandolfi camera, using the parameters of a hexagonal unit-cell (i.e., a 6.80, c 3.48 

Å, space group P6/mmm) given by Claringbull and Hey (1957a) for the mineral 

arsenopalladinite. Clark et al. (1974) then stated: ñThe density of atheneite (given by 

Claringbull and Hey 1957a) is 10.2, comparing very favorably with the calculated value 

of 10.16 based on two formula units per unit cellò. It is important to note that Clark et al. 

(1974) erroneously interpreted the measured density for the mineral atheneite [given by 

Claringbull and Hey (1957a)], which they used to estimate the Z of the atheneite formula. 

Actually, Claringbull and Hey (1957a) measured a value of 10.2 g/cm3 for 

arsenopalladinite (with only Pd and As, without Hg), and not for atheneite. Therefore, the 

density of atheneite is definitely higher than that measured for arsenopalladinite, and the 

Z of the formula given by Clark et al. (1974) is likely wrong. The mistake of Clark et al. 

(1974) persisted in the mineralogical literature (e.g., Anthony et al. 1990), in several 

mineralogical databases (e.g., www.webmineral.com; www.mindat.org), as well as in 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

72 

 

successive studies on Pd-bearing arsenides (Cabral et al. 2008, and references therein). 

To help resolve the concerns relating to the mineral atheneite, crystal-structure data for 

the mineral from its type locality, the Itabira deposit, were investigated by Bindi (2010), 

together with physical and chemical data.  

Occurrence. In gold-rich jacutinga (a hydrothermally-altered Lake Superior-type 

carbonate-bearing oxide facies iron-formation), originally recovered from residual 

concentrates from the gold washings, from Cauê iron mine, Itabira, Minas Gerais, associated 

with arsenopalladinite, isomertieite, palladseite, and other minerals. Intergrowths with 

arsenopalladinite are present. Rounded grains of hematite occur as inclusions. Atheneite in 

the Cauê mine was also documented by Kwitko et al. (2002). Also, known from other 

Brazilian and several world occurrences. 

Appearance and physical properties. Anhedral to subhedral grains up to 200 µm 

across. It does not show any inclusions of other minerals or intergrowths. Morphology: 

could not be determined. Twinning: none mentioned. Color: gray-black (under a 

binocular microscope). Streak: unknown. Luster: metallic. Opaque. Hardness (Mohs): 5; 

VHN100 (2 grains): 419 to 442 (mean 431) kg/mm2 (Clark et al. 1974); VHN100: 415 to 

435 (mean 427) kg/mm2 (Bindi 2010). Tenacity: not given. Cleavage: none observed. 

Fracture: not given. Density: 11.36 g/cm3 (calc.). 

Optical properties. In reflected light: white with a yellowish-cream hue, faintly 

bluish, strong anisotropism, no bireflectance. Pleochroism: absent in air, very weak in oil, 

with tints from pale yellow-white to bluish-gray white. In plane-polarized light, the 

separate grains of atheneite appear to be the same color as arsenopalladinite. No evidence 

of growth zonation or twinning is observed. Under crossed polars, the mineral does not 

extinguish. It displays a range of bright anisotropic tints, from purple-brown through light 

grey to a metallic dark grey. R1, R2; 
imR1, 

imR2: (50.3, 53.0; 37.0, 39.9) 470 nm, (54.3, 

56.9; 41.2, 43.8) 546 nm, (56.0, 58.0; 43.1, 45.0) 589 nm, (57.5, 58.7; 44.7, 45.7) 650 

nm. According to Bindi (2010), reflectance percentages for Rmin and Rmax are 47.2, 

54.3 (471.1 nm), 50.1, 57.8 (548.3 nm), 53.0, 60.7 (586.6 nm), and 55.2, 62.9 (652.3 nm), 

respectively, in excellent agreement with those measured by Clark et al. (1974). 

Chemical data. Microprobe (WDS mode) analyses (6): Pd 65.33, Pt 0.83, Hg 15.69, 

Au 0.23, Fe 0.03, Cu 0.02, As 17.64, Sb 0.10, Sn 0.03, Se 0.04, Bi 0.03, total 99.97 wt.% 

(Bindi 2010). Empirical formula: Pd1.98Pt0.01As0.76Hg0.25. The ideal formula requires Pd 

66.68, As 17.61, Hg 15.71, total 100.00 wt.%. 

Crystallography. Hexagonal, Pφ2m, a 6.813(1), c 3.4892(5) Å, V 140.26(4) Å3, Z 
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3, c:a = 0.5121. X-ray powder diffraction data [d in Å (I) (hkl)]: 2.423 (100) (111), 2.246 

(90) (201), 2.221 (60) (210), 1.871 (70) (211), 1.371 (80) (212), 1.302 (80) (302), 1.286 (60) 

(410), 1.259 (80) (321), 1.205 (60) (411), 1.034 (70) (412). The grain used for the original 

determination of cell parameters of arsenopalladinite (Claringbull and Hey 1957a) was in 

fact of atheneite. 

Name. In reference to its palladium content, from the Greek goddess Pallas Athena. 

Branco (1979) translated this name as ñatenasitaò. 

Type material. The Natural History Museum, London, England, BM 1934,72, BM 

1977,259 (holotype); National Museum of Natural History, Washington, D.C., USA, 

142504A0 [donator Natural History Museum, London; on same specimen with and filed 

under arsenopalladinite, part of BM 1934,72] (type). 

Relationship to other species. As noted by Bindi (2010), the crystal structure of 

atheneite strongly resembles that of synthetic MMôAs compounds, with M = Ru, Rh, Pd, 

and M` = 3d transition element (Roy-Montreuil et al. 1968, Deyris et al. 1979). 

 

 

Figure 2.2. View of the crystal structure of atheneite (from the type occurrence), drawn 

using VESTA 3 (Momma and Izumi 2011). Data from Bindi (2010). 

 

Crystal structure. There are two fully occupied Pd sites: site Pd1 has ten-fold 

coordination, and Pd2, eleven-fold coordination. The two As atoms in the structure have 
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a tricapped trigonal prismatic coordination; As1 is filled by arsenic only, whereas As2 

has an occupancy of 0.60 As and 0.40 Hg. The presence of Hg at the As2 site accounts 

for the longer distances observed (Bindi 2010). 

See also. Arsenopalladinite, isomertieite, palladseite, palladinite, porpezite, 

jacutingaite, unnamed Pd-Hg-Au alloy, and unnamed oxygen-bearing compounds of Pt-

Pd-Au-Cu-Fe-Mn. 
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Arsenopalladinite 

Hey (1955) 

Pd8As2.5Sb0.5, triclinic 

Approved CNMMN - IMA 1973-002a 

Other names: arsenopaladinita 

 

 

Figure 2.3. Arsenopalladinite (white), replaced by a mercurian variety of palladinite 

(grey) from Cauê mine, Itabira, Minas Gerais. This replacement, from grain margins, is 

crystallographically controlled, forming linear features in section. Reflected plane-

polarized light digital image from transparency. Field of view: 1.2 mm. The type 

specimen, BM 1934,72, Natural History Museum, London, England. Photo: Chris J. 

Stanley. 

 

See also Figure 2.1. 

 

The name arsenopalladinite appeared in Hey (1955) as a personal communication 

from Bannister and mentioned in an unpublished work by Bannister, Claringbull and Hey 
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(1955). According to Hey (1955), an unpublished analysis, obtained by him, suggested a 

mineral with the composition Pd3As. On June 7, 1956, a study of arsenopalladinite was 

presented by Claringbull and Hey (1957b) to a meeting of the Mineralogical Society, and a 

summary was published in Mineralogical Abstracts (Claringbull and Hey 1957a). 

According to them, small selected crystals of residual concentrates from the gold washings 

of the Cauê mine, Itabira, Minas Gerais, have Pd 79.8 and As 19.2 wt.%. A single-crystal 

X-ray diffraction study indicated a hexagonal unit cell with a 6.80, c 3.48 Å, Z 2, space 

group P6/mmm, assuming holohedral symmetry, overlain by an unusual type of 

superstructure. Clark et al. (1974) concluded that the specimen studied by Claringbull and 

Hey (1957a, b) consisted of several minerals. They redefined arsenopalladinite, the 

predominant mineral of the sample, as triclinic Pd5(As,Sb)2 with CNMMN - IMA approval 

(1973-002a) and gave name atheneite [(Pd,Hg)3As] to the hexagonal mineral. Cabri et al. 

(1977) revised the formula of arsenopalladinite as Pd8(As,Sb)3. The correct formula is 

Pd8As2.5Sb0.5 because As and Sb occupy separate sites in the structure (Karimova et al. 

2020). 

Occurrence. In gold-rich jacutinga (a hydrothermally-altered Lake Superior-type 

carbonate-bearing oxide facies iron-formation), originally recovered from residual 

concentrates from the gold washings, from Cauê iron mine, Itabira, Minas Gerais, associated 

with atheneite, isomertieite, palladseite, and other minerals. Cauê mine is the type locality 

of atheneite, arsenopalladinite, isomertieite, palladseite and jacutingaite. A superficial 

coating on the arsenopalladinite grains, which it replaced and penetrated in the form of 

oriented, parallel, wedge-like plates was described by Clark et al. (1974) as a palladium-

mercury oxide (approx. 90% PdO and 10% HgO). This mineral is probably a mercurian 

variety of palladinite. Arsenopalladinite was also recorded in several world occurrences. 

Appearance and physical properties. Grains from 0.3 to 1.8 mm, rarely intergrown 

with atheneite or isomertieite. Morphology: could not be determined. Twinning: complex 

polysynthetic. Color (megascopic): unknown. Streak: unknown. Luster: metallic. Opaque. 

Cleavage: none observed. Fracture: not given. Density: 10.4 g/cm3 (meas.), 11.02 g/cm3 

(calc.). Hardness (Mohs): 4; VHN100 (10 grains): 379 to 449 (mean 407) kg/mm2. Tenacity 

not given. 

Optical properties. In reflected light: white with a yellowish-cream hue, strong 

anisotropism, weak bireflectance. Pleochroism: absent. Under polarized light, the mineral 

does not extinguish-in any position, with colors from red and golden brown to blue-gray in 

air, khaki-brown to blue-gray and bright steel-gray in oil. R1, R2; 
imR1, 

imR2:  (47.4, 48.5; 
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34.4, 35.5) 470 nm; (52.5, 54.3; 39.7, 41.5) 546 nm; (54.9, 56.8; 42.4, 44.2) 589 nm; 

(57.4, 59.0; 44.9, 46.5) 650 nm. 

Chemical data. Microprobe (WDS mode) analyses (from 13 grains): Pd 77.56, As 

17.08, Sb 5.15, total 99.79 wt.%. Empirical formula: Pd8.02(As2.51Sb0.47)S2.98. The ideal 

formula requires Pd 77.43, As 17.03, Sb 5.54, total 100.00 wt.%. 

Crystallography. Triclinic, Pρ, a 7.3344(7), b 7.3870(8), c 7.5255(7) Å, a 

98.869(8), b 102.566(8), g 119.096(11)°, V 331.19(7) Å3, Z 2, a:b:c = 0.9929:1:1.0187 

(from the crystal structure study by Karimova et al. (2020). X-ray powder diffraction data 

[d in Å (I) (hkl)]: 2.34 (60) (ς31), 2.28 (20) (122), 2.19 (20) (ς15), 2.13 (100) (030), 1.41 

(40) (ς19), 1.39 (20) (ρ5ρ), 1.24 (30) (ρ.0.11), 1.21 (30) (φ32). ICDD: 29-959 (k and l 

interchanged). 

Name. For the chemical composition. 

Type material. The Natural History Museum, London, England, BM 1934,72 

(holotype); National Museum of Natural History; Smithsonian Institution, Washington, 

D.C., USA, 142504 [donator Natural History Museum, London; types of isomertieite, 

atheneite and palladseite on same specimen, part of BM 1934,72] (cotype); Royal Ontario 

Museum, Toronto, Ontario, Canada, M34726 (<1mg) (type). 

Relationship to other species. Arsenopalladinite is not isotypical with the close 

related mineral mertieite-II, Pd8Sb2.5As0.5. The structures of the both minerals are built 

up by nets of the same topology, but different stacking sequence is realized (Karimova et 

al. 2020). 
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Figure 2.4. View of the crystal structure of arsenopalladinite (from the Kaarreoja River, 

Inari commune, Finnish Lapland, Finland), drawn using VESTA 3 (Momma and Izumi 

2011). Data from Karimova et al. (2020). 

 

Crystal structure. The crystal structure of mineral arsenopalladinite from the 

Kaarreoja River, Inari commune, Finnish Lapland, Finland, is formed by pnictogen (As, 

Sb) and palladium atoms layers. The layers are parallel to xy plane and stack along z axis 

of the unit cell. As- and (As, Sb)-nets have triangular topology (A and D nets). Palladium 

layers are triangular or pentagon-triangular nets (B and C nets). The unit cell contains 6 

layers, stacking sequence is: ABCDCBA (Karimova et al. 2020). 

See also. Atheneite, isomertieite, palladseite, palladinite, porpezite, jacutingaite, 

and unnamed Pd-Hg-Au alloy. 
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Isomertieite 

Clark et al. (1974) 

Pd11Sb2As2, cubic 

Approved CNMMN - IMA 1973-057 

Other names: isomertieíta 

 

 

Figure 2.5. Isomertieite, Pd-rich gold, and Cr-rich magnetite, from the Cauê iron mine, 

Itabira, Minas Gerais (Cabral et al. 2002a). 

 

The historical data of isomertieite were revised by Karimova et al. (2016). It was 

discovered in the concentrates from gold washing at Itabira, Minas Gerais (Clark et al. 

1974). The concentrates were collected by B.H. Sanders, who left them for examination 

at British Museum (National History) in 1934. The first data for isomertieite, formula 

(Pd,Cu)5(Sb,As)2, space group Fdσm, cell parameter a 12.382 Å, were published by Clark 

et al. (1974). The crystal structure of isomertieite was solved by X-ray powder diffraction 

(photographic methods) using a synthetic analog, Pd5SbAs, by Shi et al. (1978). The 

reliability factor of the proposed model was relatively high (15%). Further studies of 
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isomertieite samples from different localities led to a revision of the chemical formula. 

Cabri and Laflamme (1979) reported data for isomertieite from Lac des Isles, Ontario, 

Canada. Crystal structure investigations showed that the unit cell contains a total amount 

of 120 atoms: 88 Pd, 16 As, 16 Sb. A compound with composition Pd11Sb2As2 was 

synthesized, and a re-analysis of isomertieite gave better agreement with the newly 

proposed stoichiometry (Cabri 1980). Therefore the chemical formula was revised to 

Pd11Sb2As2 (Cabri 1981). 

Occurrence. In gold-rich jacutinga (a hydrothermally-altered Lake Superior-type 

carbonate-bearing oxide facies iron-formation), originally recovered from residual 

concentrates from the gold washings, from the Cauê iron mine, Itabira, Minas Gerais, 

associated with arsenopalladinite, atheneite, palladseite, and other minerals. Cauê mine is 

the type locality of arsenopalladinite, atheneite, isomertieite, palladseite and jacutingaite. 

In one grain, intergrown with arsenopalladinite, isomertieite contains hematite Also, known 

from several Brazilian and world occurrences. 

Appearance and physical properties. Grains from 0.4 to 0.8 mm. Morphology: 

could not be determined. Twinning: none mentioned. Color: pale yellow-white. Streak: not 

determined. Luster: metallic. Opaque. Hardness (Mohs): 5½; VHN100: 585 to 598 (mean 

592) kg/mm2. Tenacity: not given. Cleavage: none observed; fracture not given. Density 

could not be measured, 11.09 g/cm3 (calc.). 

Optical properties. In reflected light: pale yellow-white, isotropic or slightly 

anisotropic, no bireflectance. Pleochroism: absent. R; imR:  (46.4; 33.3) 470 nm;  (54.0; 40.9) 

546 nm; (56.8; 43.95) 589 nm; (59.45; 46.65) 650 nm. 

Chemical data. Electron microprobe data (from 14 grains): Pd 72.53, Au 0.37, Cu 

1.08, As 10.42, Sb 14.61, total 99.01 wt.%. Empirical formula: 

(Pd10.65Cu0.27Au0.03)S10.95(As2.17Sb1.88)S4.05. These data are from Clark and Criddle (1982), 

where the formula Pd11Sb2As2 is given, slightly different from that of the original work, 

(Pd,Cu)5(Sb,As)2. The ideal formula Pd11Sb2As2 requires Pd 74.85, As 9.58, Sb 15.57, total 

100.00 wt.%. 

Crystallography. Cubic, Fdσm, a 12.297(5) Å, V 1859.3(2)Å3, Z 8 (single-crystal), 

a 12.283 Å, V 1853.16 Å3, Z 8 (powder data). X-ray powder diffraction data [d in Å (I) 

(hkl)]: 2.356 (90) (511), 2.167 (100) (440), 1.533 (70) (800), 1.446 (60) (660), 1.287 (60) 

(931), 1.253 (70) (844), 1.234 (60) (933), 1.188 (70) (951), 1.182 (60) (10.2.2), 1.086 (60) 

(880). ICDD: 26-833 (17-221 and 29-958 ICDD cards probably refer to different minerals). 

Name. For its crystallographic difference from mertieite-I, which has the same 
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composition. The minerals guanglinite and fengluanite have been considered identical to 

isomertieite, but additional studies are needed. 

Type material. The Natural History Museum, London, England, BM 1934,72, BM 

1977,260 (holotype); National Museum of Natural History; Smithsonian Institution, 

Washington, D.C., USA, 142504 B0 [donator Natural History Museum, London, on the 

same specimen with and filed under arsenopalladinite, part of BM 1934,72], (cotype).  

Relationship to other species. The cubic dimorph of mertieite-I. Isostructural with 

törnroosite.  

 

 

Figure 2.6. View of the crystal structure of isomertieite (specimen from the Monche-

Tundra intrusion, Monchegorsk Igneous Complex, Kola Peninsula, Russia), drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Karimova et al. (2016). 

 

Crystal structure. There are three symmetrically independent Pd positions: M1, M2, 

and M3. M1 forms M1As4 tetrahedra, M2 forms M2As2Sb2 tetrahedra, and M3 forms M3Sb3  

triangles connected via common edges and forming a framework in the structure (Karimova 

et al. 2016, specimen from the Monche-Tundra intrusion, Monchegorsk Igneous Complex, 

Kola Peninsula, Russia). 
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See also. Arsenopalladinite, atheneite, palladseite, palladinite, porpezite, 

jacutingaite, and unnamed Pd-Hg-Au alloy. 

 

 

Palladseite 

Davis et al. (1977) 

Pd17Se15, cubic 

Approved CNMMN - IMA 1975-026 

Other names: palladseïte, paladseíta 

 

 

Figure 2.7. Palladseite, Pd-rich gold, and Cr-rich magnetite, from the Cauê iron mine, 

Itabira, Minas Gerais (Cabral et al. 2002a). 

 

See also Figure 4.1. 

 

Originally described as an unnamed mineral by Clark et al. (1974), this mineral was 

later named as palladseite by Davis et al. (1977). Platinum group metal chalcogenides have 

applications in catalysis, as low resistance ohmic contacts in semiconducting electronic 
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devices, recording films in optical discs and lithographic films, and light image receiving 

materials with silver halides (Akhtar et al. 2011). Pd17Se15 can be characterized as an 

intermediate type-II superconductor as opposed to the strongly correlated 

superconductivity in Rh17S15, equivalent to miassite (Naren et al. 2011).  

Occurrence. In gold-rich jacutinga (a hydrothermally-altered Lake Superior-type 

carbonate-bearing oxide facies iron-formation), originally recovered from residual 

concentrates from the gold washings, from the Cauê iron mine, Itabira, Minas Gerais, 

associated with arsenopalladinite, atheneite, isomertieite, and other minerals. It contains 

inclusions of isotropic copper-bearing oxides of palladium, not identified (probably it is not 

palladinite, which is tetragonal). Cauê mine is the type locality of arsenopalladinite, 

atheneite, isomertieite, palladseite and jacutingaite. Also, known from some other 

Brazilian and world occurrences. 

Appearance and physical properties. Grains up to 0.5 mm. Morphology: could not 

be determined. Twinning: none mentioned. Color (megascopic): unknown. Streak: 

unknown. Luster: metallic. Opaque. Hardness (Mohs): 4½ to 5; VHN100: 390 to 437 (mean 

414) kg/mm2. Tenacity: not given. Cleavage: none observed. Fracture: not given. Density 

could not be measured, 8.14 g/cm3 (calc.). 

Optical properties. In reflected light: white, isotropic, no bireflectance. 

Pleochroism: absent. R; imR: (44.0; 30.0) 470 nm; (45.75; 31.4) 546 nm; (45.7; 31.3) 

589nm; (45.65; 31.3) 650 nm. 

Chemical data. Electron microprobe data (from 3 grains): Pd 55.46, Pt 0.14, Cu 

4.07, Hg 1.53, Se 38.98, total 100.18 wt.%. Empirical formula: 

(Pd15.34Cu1.89Hg0.22Pt0.02)S17.47Se14.53. The ideal formula requires Pd 60.43, Se 39.57, total 

100.00 wt.%. 

Crystallography. Cubic, Pmσm. a 10.635 Å, V 1202.85 Å3, Z 2. X-ray powder 

diffraction data [d in Å (I) (hkl)]: 2.827 (95) (321), 2.563 (85) (410), 2.426 (85) (331), 2.037 

(85) (333), 1.870 (100) (440), 1.715 (85) (611), 1.295 (75) (733), 1.284 (75) (820), 1.248 

(75) (660), 1.232 (75) (750). 

Name. For the chemical composition: PALLADium SElenide. 

Type material type. The Natural History Museum, London, England, BM 1934,72, 

BM 1977,500 (holotype); National Museum of Natural History; Smithsonian Institution, 

Washington, D.C., USA, 142504 [donator Natural History Museum, London, on the same 

specimen with and filed under arsenopalladinite, part of BM 1934,72], (cotype).  

Relationship to other species. Isostructural with miassite, Rh17S15. 
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Figure 2.8. View of the crystal structure of palladseite (synthetic), drawn using VESTA 

3 (Momma and Izumi 2011). Data from Geller (1962). 

 

Crystal structure. There are four kinds of palladium atoms: 1) PdSe6 regular 

octahedral; 2) Pd atom in a square of Se atoms and with 2 Pd atoms in a line perpendicular 

to the plane of the Se square; 3) Pd atom in a square of  Se atoms and with 1 Pd atom in a 

line perpendicular to the plane of the Se square; 4) Pd atom in a ñbuckledò square (or 

flattened tetrahedron) of Se atoms about it (Geller 1962, crystal structure of synthetic 

Pd17Se15).  

Synthetic. Several methods of palladseite synthesis exist. Pd17Se15 nanotubes have 

been synthesized in large quantities by Xiong et al. (2005) from the reaction between 

trigonal Se nanowires and Pd. Films of Pd17Se15 were obtained from the compound 

[bis(N,N-diethyl-Nǋ-naphthoylselenoureato)palladium(II )] at 400, 450 and 500 °C by 

Akhtar et al. (2011). Pd17Se15 nanoparticles, synthesized by Joshi et al. (2013) from a 

single source precursor [Pd(L)Cl2] {L = 1,3-bis(phenylselenyl)propan-2-ol} and grafted 

onto graphene oxide, show high catalytic activity in C-O coupling between 

aryl/heteroaryl chlorides/bromides and phenol at room temperature (Pd loading 1 mol%; 

yield up to 94%).  
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Vymazalová et al. (2014) studied the phase equilibria in the system AgïPdïSe by 

the evacuated-silica glass tube method at 350, 430, and 530°C. They obtained Pd17Se15 

equivalent to palladseite at these three temperatures. Several phases formed associated 

with Pd17Se15: Ag2Se (equivalent to murmannite), Ag2Pd3Se4 (equivalent to 

chrisstanleyite), PdSe2 (orthorhombic, not equivalent to verbeekite, monoclinic), 

(Ag,Pd)22Se6, AgPd3Se, Pd34Se11, Pd7Se4 and PdSe. The phases today only known as 

synthetic compounds can be expected to be discovered as new minerals associated with 

palladseite in the future (Vymazalová et al. 2014). 

See also. Arsenopalladinite, isomertieite, atheneite, palladinite, porpezite, 

jacutingaite, isotropic copper-bearing oxides of palladium, unnamed Pd-Hg-Au alloy, and 

unnamed Pd5Se4. 

 

 

Unnamed Pd5Se4 

Cabral and Lehmann (2007) 

(= palladseite?) 

 

Sub- to euhedral crystals, not exceeding 100 µm in length, as inclusions in a nugget 

of Ag-bearing, Pd-poor gold (Pd < 0.4wt.%) from Gongo Soco, Barão de Cocais, Minas 

Gerais, were described by Cabral and Lehmann (2007). Based on microprobe data, they 

quoted: 

a) two-point analyses resulting in the formula (Pd,Sb,Ag,Hg)5Se4. No mineral name 

was associated with this formula. 

b) one point analysis resulting in the formula (Pd,Ag,Cu,Hg)5Se4, attributed to an 

"argentiferous palladseite-like phase". 

In addition, Cabral and Lehmann (2007) obtained 5 point analyses of palladseite 

from Itabira, Minas Gerais, calculated for 9 apfu. Other analyses of palladseite from this 

occurrence, obtained by Davis et al. (1977) and Olivo and Gauthier (1995), have been 

recalculated in this way. All approach Pd5Se4. 

According to Cabral and Lehmann (2007), palladseite is ideally stoichiometric 

Pd17Se15, but its empirical stoichiometry points to a compound of type Pd5Se4. However, a 

synthetic compound with formula Pd5Se4 was not obtained, unlike Pd17Se15. Since the 

correspondence between palladseite and the synthetic compound Pd17Se15 seems proven and 
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when calculated for 32 apfu all formulae are not substantially different from Pd17Se15, it is 

more likely that all analyzed points refer to the well-established palladseite. 

Other inclusions identified in the Gongo Soco nugget are chrisstanleyite, a phase 

similar to tischendorfite, unnamed Pd5(Sb,Ag,Hg)2Se6 and Pd5(Hg,Sb,Ag,)2Se6. 

See also. Palladseite, unnamed Pd5(Sb,Ag,Hg)2Se6 and Pd5(Hg,Sb,Ag,)2Se6 

 

 

Unnamed (Pd,Pt)10(Se,As) 

Cabral and Lehmann (2003) 

Other names: UM2003-21-Se:AsPdPt 

 

Cabral and Lehmann (2003) reported thin threads of a bright white Se-As-Pd-Pt 

phase along microfractures at the contact between the greyish Pd-O phase and isomertieite 

and/or hematite from Gongo Soco, Barão de Cocais, Minas Gerais. Microprobe data (mean 

of 4 analyses): Pd 43.87, Sb 0.05, Se 4.67, As 0.85, Pt 46.80, Cu 0.65, Fe 1.63, Hg 1.22, 

total 99.74. Empirical formula: (Pd5.77Pt3.36Fe0.41Cu0.14Hg0.09)×9.77(Se0.83As0.16Sb0.01)×1.00. 

Simplified formula: (Pd,Pt)10(Se,As). 

 

 

Unnamed Pd5(Sb,Ag,Hg)2Se6 and Pd5(Hg,Sb,Ag)2Se6 

Cabral and Lehmann (2007) 

 

Based on microprobe data, Cabral and Lehmann (2007) quoted Pd5(Sb,Ag,Hg)2Se6 

and Pd5(Hg,Sb,Ag,)2Se6 sub- to euhedral crystals, not exceeding 100 µm in length, as 

inclusions in a nugget of Ag-bearing, Pd-poor gold (Pd < 0.4wt.%) from Gongo Soco, Barão 

de Cocais, Minas Gerais.  

See also. Unnamed Pd5Se4. 
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Unnamed Pd9PtSe2, Pd9Se2, Pd3(Se,Bi), and (Pd,Hg,Pb)3Se 

Cabral et al. (2002d), Cabral and Lehmann (2007) 

Other names: UM2002-30-Se:BiPd, UM2002-37-Se:HgPd, UM2002-38-

Se:Pd, UM2002-51-Se:PdPt 

 

 

Figure 2.9. Ideal Pd9Se2 enclosed in AuïPd alloy (empirically equivalent to ñAu7Pdò). The 

gold is enveloped by a dark-colored, PdïO-bearing coating of goethite (g), characteristic 

of ouro preto, from Serra Pelada, Curionópolis, Pará (Cabral and Lehmann 2007). 
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Figure 2.10. Ideal (Pd,Hg,Pb)3Se adjacent to atheneite, Pd2(As0.75Hg0.25), on the margins of 

AuïPdïHg alloy in a groundmass of MnïBa oxide (possibly romanèchite, ro), from Serra 

Pelada, Curionópolis, Pará (Cabral and Lehmann 2007). 

 

A number of PdïPtïSe phases occur as inclusions in, or attached to the margins of, 

the dendritic palladiferous gold of the Au-(Pd-Pt) deposit of Serra Pelada, Curionópolis, 

Pará. The minerals, up to 30 µm across, can be divided into two groups: (i) empirical 

Pd9PtSe2 and Pd9Se2, which are hosted in compositionally homogeneous Au7Pd; and (ii) 

empirical Pd3(Se,Bi) and (Pd,Hg,Pb)3Se, which are associated with PdïHg-bearing gold 

(Cabral and Lehmann 2007). Synthetic compounds with formulae Pd9Se2 and Pd3Se are 

known (Olsen et al. 1979; Akhtar et al. 2011). 

The trigonal Pd9Se2 phase is stable in the temperature range of 390 to 635°C (Olsen 

et al. 1979). The thermal stability of this phase is not in agreement with the temperature of 

formation of the Serra Pelada mineralization (below 150°C) (Cabral and Lehmann 2007). 

According to Vymazalová et al. (2014), the phase Pd9Se2 is probably stabilized by another 

element (Pt or Au) at a lower temperature in nature, or it corresponds to other palladium 

selenides (likely the phase Pd4Se), but an X-ray diffraction study of the natural phase is 

desirable. 

See also. Unnamed Au7Pd. 
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Chalmersite 

Hussak (1902) 

(= cubanite) 

Other names: chalmersita 

 

 

Figure 2.11. A prismatic crystal of cubanite (ñchalmersiteò), between two flattened, clear 

brown siderite crystals and, in epitaxy, a smallest, almost black pyrrhotite crystal, from 

Morro Velho Mine, Nova Lima, Minas Gerais. Largest crystal size: 1.2 mm. Specimen 

and photo: Gianfranco Ciccolini. 

 

Chalmersite, initially confused with millerite, NiS trigonal (Saxe-Cobourg-Gotha 

1890), was named by Hussak (1902, 1903, 1906c), in honor of the engineer George 

Chalmers (1857-1928), superintendent of the Morro Velho mine. It occurs as needles, 

generally coated by chalcopyrite crystals, also associated with quartz, dolomite, pyrrhotite, 

and siderite, at the Morro Velho mine, Nova Lima, Minas Gerais. Palache (1907) studied 

the crystallography of chalmersite. The identity between chalmersite and cubanite, CuFe2S3 

orthorhombic, was proved by Kalb and Bendig (1923), Merwin et al. (1923) and Zenzén 

(1925). 
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Joséite-A 

Kenngott (1853) 

Bi4TeS2, trigonal 

An incompletely studied mineral 

Other names: Josëit, joséite, joseíta, joseite, josëite, tellure de bismuth, 

bornine, Bornit, tellure bismuthifère du Brésil, tellurure de bismuth du Brésil, 

Schwefelselen-tellurwismuth, Bismuthotellurites Brasiliensis, Tellurbismuth, 

Tellurwismuth, josëite-A, joseite-A, joseíta-A, joseite-Ŭ, telureto de bismuto 

do Brasil 

 

Joséite-A and joséite-B were described from many occurrences by different 

authors in dozens of papers. Nevertheless, these minerals have been incompletely studied 

and their crystal structures have not been determined. From X-ray diffraction patterns 

Bayliss (1991) observed the absence of ordering of Te and S in joséite-A and joséite-B, and 

also in the series Bi4S3 - Bi4Te3 (ikunolite - pilsenite). Following this interpretation the 

formulae would be Bi4(S,Te)3 for joséite-A and Bi4(Te,S)3 for joséite-B. According to him, 

this disorder is difficult to explain. Most of the relatively few studied specimens have 

approximately integer ratios of S:Te, which would favor an ordered structure. Joséite-A 

would have a formula similar to that of tellurian ikunolite, and joséite-B, similar to sulfurian 

pilsenite. A compilation by Cook et al. (2007), however, suggests that minerals in the Bi4S3ï

Bi4Se3ïBi4Te3 isoseries tend to have ordered structures. 

The first mention of joséite, according to Leonardos (1973), seems to be that of 

Eschwege (1832), who noted the occurrence of six-faced tabular plates, in the auriferous 

veins of Furquim hill, between Mariana and São José, Minas Gerais. However, although 

Eschwege knew that the mineral was a telluride he did not say so, or state who analyzed it. 

The material would seem to be the bismuth telluride of Brazil found in a granular limestone 

in São José, near Mariana and first taken to France by the naturalist Claussen, who traveled 

through Minas Gerais in the first half of the 19th century. According to Leonardos (1973), 

Damour (1844) described the mineral and redescribed it in the following year using the 

name joséite (Damour 1845a, b). However, this is not correct, because the name joséite 

(Josëit) was introduced by Kenggott in 1853. Initially, this mineral was mistaken for 

ñbornineò (= tetradymite) and tellurobismuthite. Later on, several researchers studied or 
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simply mentioned the mineral: Glocker (1847) [Bismuthotellurites Brasiliensis], Hausmann 

(1852) [Bornit], Kenggott (1853) [Josëit], Dufrénoy (1856) [tellure bismuthifère du Brésil], 

Rammelsberg (1875) [Schwefelselen-tellurwismuth] and Genth (1886), among others. 

According to Ferraz (1928), it occurs in the sands of the mines of São José and São João do 

Morro, at the edge of the small village of Furquim, with mica, garnet, rutile and gold (8g/t). 

Its name derives from the São José mine, near Mariana, Minas Gerais. 

Peacock (1941) restudied the type specimen, collected by Damour, stored in the U.S. 

National Museum of Natural History (Smithsonian Institution), Washington DC, USA, 

number R 400, and the sample analyzed by Genth (1886) stored in the Harvard 

Mineralogical Museum, Harvard University, Cambridge, Massachusetts, USA, number 

94935. He concluded that they were two different species, with unit cell parameters slightly 

different, Damour's specimen with formula Bi4+xTe1-xS2 and Genth's specimen with formula 

Bi4+x(Te,Se)2-xS. In the first case, Bi + Te =5, and in the second case Bi +Te + Se = 6 apfu. 

Cell parameters for Damourôs specimen are a 4.24, c 39.69 ¡ and for Genthôs specimen: a 

4.24, c 39.69 Å. The specimen studied by Genth (1886), however, is composed of two 

similar but distinct phases (Peacock 1941). Chemical data for Damourôs specimen are Bi 

79.15, Te 15.93, Se 1.48, S 3.15, total 99.71 wt.% and for Genthôs specimen: Bi 81.23, Te 

14.67, Se 1.46, S 2.84, total 100.20 wt.%. Empirical formulae are 

Bi4.00(Te1.41Bi0.27Se0.21S0.11)ễ2.00S1.00 for Damourôs specimen, and 

Bi4.00(Te1.32Bi0.45Se0.21S0.02)ễ2.00S1.00 for Genthôs specimen. In the first case, Bi +Te + Se 

=5.89, and in the second case Bi +Te + Se = 5.98 apfu. Consequently, the formula 

Bi4+x(Te,Se)2-xS satisfies both Damourôs and Genthôs data. Nevertheless, the two types of 

formulae noted by Peacock (1941) have been recognized in further (not Brazilian) 

specimens. Thompson (1949) named Bi4+xTe1-xS2 as joséite-A and Bi4+xTe2-xS as joséite-

B. Both Damourôs and Genthôs specimens are jos®ite-B. 

A third type of Brazilian joséite, stored in the Muséum national dôHistoire naturelle 

de Paris, with a distinctly different X-ray powder diffraction pattern, was described by 

Garrido and Feo (1938), and Peacock (1941) obtained a similar pattern from a sample from 

Vernon, British Columbia, Canada. Cell parameters for the specimen from Vernon are a 

4.41, c 42.09 Å. The chemical data presented by Garrido and Feo (1938) for the Brazilian 

specimen are the same as for the Damourôs specimen. 

Based on a systematic study of 24 joséite samples from 13 world deposits, 

Zav'lyalov and Begizov (1983) concluded that the formula of joséite-A is Bi4+xTe1-x-yS2+y, 

with x = 0.08 to 0.33, and y = -0.11 to 0.09. Substitutions of Pb for Bi and Se for S, are 
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small. According to them, the formula of joséite-B is Bi4+xTe2-xS, with x = -0.04 to 0.11. 

Other names (joséite-C, joséite-D and protojoséite) were introduced for samples 

from other countries but are not recognized by the IMA. Because a complete description 

does not exist for the Brazilian samples, the following descriptions of joséite-A and joséite-

B rely on data obtained from several localities. 

Occurrence. (1) Said to occur in veins in limestone, associated with gold and 

ñjos®ite-Bò, at S«o Jos® mine (Tesoureiro mine), Fazenda Sagarana, Camargos district, 

Mariana, Minas Gerais, but the two analyses of joséite from São José mine refer to the 

composition of joséite-B (see above). (2) Bonfim, Sulista, Queiroz, Catolé II, Gupiara, 

Pedra Preta, Mulungu, and Matinha mines, Lajes Co., Rio Grande do Norte (Souza Neto 

et al. 2008) [The authors quoted this mineral as joséite; the chemical data correspond to 

joséite-A but a wrong calculated formula corresponding to joséite-B was presented]. Also 

from several world occurrences.  

Appearance and physical properties. Habit: sheets and plates with occasional 

straight edges. Forms: none observed. Twinning: none observed. Color: galena-white, 

inclining to silver-white; old surfaces are lead-gray or tarnished iridescent, steel-blue to iron-

black. Streak: not determined. Luster: metallic. Opaque. Hardness (Mohs): 2; VHN25 (5 

indentations): 29 to 43 kg/mm2. Tenacity: flexible, inelastic, sectile. Cleavage: {001} 

perfect. Fracture: not given. Density: 8.26 g/cm3 (meas.), 8.218 g/cm3 (calc.). 

Optical properties. In reflected light, slightly whiter than galena, moderate 

anisotropism from light to dark greenish-gray. (airR1-
airR2; 

imR1-
imR2) = (54.5-51.6; 41.2-

37.2) 470nm. (55.4-51.4; 41.45-36.5) 546nm. (55.5-51.0; 41.3-35.9) 589nm. (54.9-50.1; 

40.6-34.8) 650nm [sample from Serranía de Ronda, Malaga, Spain]: 

Chemical data. Microprobe data: Bi 81.79, Te 10.86, S 6.27, total 98.92 wt.%. 

Empirical formula: Bi4.08Te0.89S2.04 [sample from Lajes, Rio Grande do Norte; Souza Neto 

et al. (2008) presented an incorrect empirical formula, Bi4.000Te1.902S1.098, which corresponds 

to joséite-B]. Additional chemical data for joséite-A (quoted as joséite) from Bonfim II 

mine, Lajes, Rio Grande do Norte, by Pereira et al. (2019): Bi 83.04, Fe 0.09, Cu 0.07, Pb 

0.33, Co 0.05, Ag 0.01, Se 0.32, Te 10.26, S 6.44, corresponding to 

(Bi3.99Pb0.01)Ɇ4.00(Te0.80Se0.16)Ɇ0.96S2.01. The ideal formula requires Bi 81.34, Te 12.42, S 6.24, 

total 100.00 wt.%. 

Crystallography. Trigonal, Rσm, a 4.25 c 39.81 Å, V 622.94 Å3, Z 3, c:a = 9.3655. 

X-ray powder diffraction data [d in Å (I) (hkl)]: 4.41 (30) (009), 3.10 (100) (107), 2.25 (80) 

(0.0.14), 2.13 (30) (110), 2.06 (30) (1.0.16), 1.973 (30) (0.1.17), 1.894 (30) (0.0.21), 1.752 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

93 

 

(30) (027), 1.658 (30) (1.1.15), 1.415 (40) (1.1.21). [sample from Glacier Gulch, Hudson 

Bay Mountain, near Smithers, British Columbia, Canada].  

Name. For the São José mine, related to joséite-B. 

Type material. Quoted as U.S. National Museum of Natural History (Smithsonian 

Institution), Washington DC, USA, number R 400 (Damour's sample), but the available 

chemical data are for joséite-B. 

Relationship to other species. See the previous text and joséite-B. 

Crystal structure. Not solved. 

See also. Joséite-B and unnamed Bi6Te2S, Bi3Te, Bi5Te2, Bi8Te3, and Bi2Te. 
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Joséite-B 

Thompson (1949) 

Bi4Te2S, trigonal 

An incompletely studied mineral 

Other names: joseite-B, josëite-B, joseíta-B, joseite-ß 

 

 

Figure 2.12. Joséite-B from São José mine (Tesoureiro mine), Fazenda Sagarana, 

Camargos district, Mariana, Minas Gerais. Harvard Mineralogical Museum, Harvard 

University, Cambridge, Massachusetts, USA, number 94935 (Genth's specimen). 

 

According to Thompson (1949), joséite-B is identical with joséite-A in most 

physical properties and distinguished only by accurate specific gravity measurements. The 

type locality for joséite-B is also quoted as Glacier Gulch, Hudson Bay Mountain, near 

Smithers, British Columbia, Canada. See the text under joséite-A. 

Occurrence. (1) In veins in limestone, associated with gold and joséite-A (?), at São 

José mine (Tesoureiro mine), Fazenda Sagarana, Camargos district, Mariana, Minas Gerais 
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[The only two analyses of joséite from São José mine refer to the composition of joséite-B 

(see the text under joséite-A)] (type locality). (2) Maria Lázara gold deposit, Guarinos Co., 

Goiás (Pulz et al. 1992) [The authors quoted the presence of joséite-B, but no 

mineralogical data were presented]. (3) São Sebastião gold deposit, Passagem de Mariana, 

Mariana, Minas Gerais (Cabral and Corrêa Neto 2015). Also, known from several world 

occurrences.  

Appearance and physical properties. Habit: sheets and plates with occasional 

straight edges. Forms: none observed. Twinning: none observed. Color: galena-white, 

inclining to silver-white; old surfaces are lead-gray or tarnished iridescent, steel-blue to iron-

black. Streak: not determined. Luster: metallic. Opaque. Hardness (Mohs): 2; VHN25 (5 

indentations): 46.1 (35.8 to 55.8) kg/mm2. Tenacity: flexible, inelastic, sectile. Cleavage: 

{001} perfect. Fracture: not given. Density: 8.30 g/cm3 (meas.). 8.439 g/cm3 (calc.). 

Optical properties. In reflected light, grayish, distinctly darker than the more 

yellowish native bismuth, with distinct to strong bireflectance and anisotropism. (airR1-
airR2; 

imR1-
imR2) = (56.8-54.9; 43.8-40.8) 470nm. (59.4-56.25; 46.3-41.95) 546nm. (60.4-56.7; 

47.2-42.4) 589nm. (60.5-56.4; 47.2-42.1) 650nm [sample from Nagybörzsöny, Deutsch-

Pilsen, Hungary]. 

Chemical data. (1) Bi 79.15, Te 15.93, Se 1.48, S 3.15, total 99.71 wt.%. Empirical 

formulae: Bi4.00(Te1.41Bi0.27Se0.21S0.11)ễ2.00S1.00 (Damourôs specimen); (2) Bi 81.23, Te 

14.67, Se 1.46, S 2.84, total 100.20 wt.%. Empirical formula: 

Bi4.00(Te1.32Bi0.45Se0.21S0.02)ễ2.00S1.00 (Genthôs specimen). (3) Bi 74.91, Pb0.87, Te 20.66, S 

2.38, Se 0.88, total 99.70 wt.%. Empirical formula: 

(Bi3.95Pb0.05)ễ4.00(Te1.84Bi0.16)ễ2.00(S0.85Se0.13Te0.02)ễ1.00 (São Sebastião gold deposit, mean of 

4 analyses). The ideal formula requires Bi 74.43, Te 22.72, S 2.85, total 100.00 wt.%. 

Crystallography. Trigonal, space group Rσm. Unit cell data: a 4.34 c 40.83 Å, V 

666.02 Å3, Z 3, c:a = 9.4078. X-ray powder diffraction data [d in Å (I) (hkl)]: 4.53 (20) 

(009), 3.16 (100) (107), 2.30 (40) (0.1.14), 2.17 (50) (110), 1.949 (20) (0.0.21), 1.784 (30) 

(027), 1.570 (20) (1.1.18), 1.379 (20) (217). [sample from São José mine, Mariana, Minas 

Gerais]. 

Name. Related to joséite-A. 

Type material. Harvard Mineralogical Museum, Harvard University, Cambridge, 

Massachusetts, USA, number 94935 (Genth's specimen). The type material quoted for 

joséite-A is at the U.S. National Museum of Natural History (Smithsonian Institution), 

Washington DC, USA, number R 400 (Damour's sample), but the available chemical data 
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are for joséite-B. 

Relationship to other species. See joséite-A. 

Crystal structure. Not solved. 

See also. Joséite-A and unnamed Bi8Te3 and Bi2Te. 

 

 

Unnamed Bi6Te2S, Bi3Te, and Bi5Te2 

Oberthür and Weiser (2008) 

Other names: UM2008-43-S:BiTe 

 

Unnamed Bi6Te2S, Bi3Te, and Bi5Te2 were described in the auriferous quartzï

tourmaline lodes of a lode-gold deposit, the historically and economically important 

Passagem de Mariana mine, Passagem de Mariana district, Mariana, Minas Gerais, 

associated with arsenopyrite, löllingite, pyrite, marcasite, pyrrhotite, chalcopyrite, galena, 

native gold, native bismuth, maldonite, stibnite, berthierite, benjaminite, tetradymite, 

tellurobismuthite, cosalite, molybdenite, ñwolframiteò, bismuthinite, aurostibite, and 

hedleyite.  

The unnamed mineral Bi6Te2S occurs in aggregates together with native Bi and 

hedleyite, and also in association with maldonite and gold in one case. It is grey in color, 

has a reflectivity of ~60% in air, is distinctly anisotropic, and slightly softer than hedleyite. 

The samples carry up to Fe 1.49, Sb 0.88, As 0.21, Pb 0.11 wt.%, but no Se. The composition 

varies between (Bi5.60Sb0.07As0.04Fe0.40)Ɇ6.11Te1.87S1.02 and 

(Bi5.81Sb0.11As0.04Pb0.01Fe0.12)Ɇ6.09Te1.91S1.00. This mineral was also described at the Viceroy 

mine, in Zimbabwe (Oberthür and Weiser 2008). 

Analysis of ñhedleyiteò from Passagem de Mariana mine corresponds to the formula 

Bi7Te3 and also to Bi3Te, Bi5Te2 and Bi8Te3 (Oberthür and Weiser 2008).  

See also. Joséite-A, joséite-B, and unnamed Bi8Te3 and Bi2Te. 
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Unnamed Bi8Te3 and Bi2Te 

Cabral and Corrêa Neto (2015) 

 

Unnamed Bi8Te3 and Bi2Te were described in the São Sebastião gold deposit, 

Passagem de Mariana district, Mariana, Minas Gerais, associated with dravite, chalcopyrite, 

pyrrhotite, gold, bismuth, hedleyite, and joséite-B. Heterogeneous material, consisting of 

intergrowths of Bi8Te3 and Bi2Te and hedleyite (Bi7Te3), would give a óóbulkôô composition 

close to that of hedleyite. This line of reasoning finds support in the broad range of 

compositions reported for hedleyite (Cabral and Corrêa Neto 2015). 

Bi8Te3 chemical data (mean of 9 analyses): Bi 81.34, Pb < 0.40, Te 18.13. S 0.05, 

Se 0.17, total 99.69 wt.%. Empirical formula: Bi8.00(Te2.92Se0.04S0.03)Ɇ3.00. Bi8Te3, from a 

sample regarded as hedleyite, was also found in the Passagem de Mariana mine (Oberthür 

and Weiser 2008). 

Bi2Te chemical data (mean of 4 analyses): Bi 77.68, Pb < 0.40, Te 20.99. S 0.04, Se 

0.75, total 99.46 wt.%. Empirical formula: Bi2.04(Te0.90Se0.05S0.01)Ɇ0.96.  

See also. Joséite-A, joséite-B, unnamed Bi6Te2S, Bi3Te, and Bi5Te2. 

 

 

Unnamed Pd3(Te,Bi), Pd(O,Te,Bi)2, (Pd,Fe,Cu)(O,Te)2, and Fe,Pd,Pt-O 

(Mota-e-Silva et al. 2016) 

 

Unnamed Pd-Te±Bi phases, including Pd3(Te,Bi), Pd(O,Te,Bi)2, 

(Pd,Fe,Cu)(O,Te)2, and Fe,Pd,Pt-O (Mota-e-Silva et al. 2016) occur in gossans developed 

on a Ni-Cu(-PGE) deposit in Limoeiro, Pernambuco, associated with goethite, sperrylite, 

irarsite, hollingworthite, unnamed Pd-Cu-O compounds, unnamed Pd-I-O compounds, 

and an unnamed Fe-Pt-Rh-O phase. They were only identified at shallow depths (<19m) 

coincident with the absence of merenskyite. They are interpreted to occur as 

pseudomorphs after merenskyite, assuming the same euhedral prismatic shape and size 

as merenskyite in the unaltered sulfide mineralization. The Pd-Te±Bi forms a patchy 

phase as it is partly oxidized and partly replaced by goethite. The extent of oxidation of 

the original merenskyite is variable. The whole area of individual merenskyite 

pseudomorphs (non-oxidized relict cores + oxidized parts + goethite) varies from 4µm2 
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to 4400µm2, with an average of 475µm2. This size range and average are very similar to 

the dimensions of the merenskyite grains described in the fresh massive sulfide ore. The 

Pd-Te±Bi grains are usually hosted by Cu- and S-bearing goethite. The non-oxidized 

portion of this mineral phase is generally too small (< 5µm) to be analyzed quantitatively. 

However, one of the identified grains provided a good quantitative analysis, which 

indicates that Pd-Te±Bi is relatively enriched in Pd up to 69 wt.% and has much less Te 

(22 wt.%) and Bi (8.4 wt.%) compared to the precursor merenskyite. Precursor 

merenskyite typically has 20 wt.% Pd, 48 wt.% Te and 23 wt.% Bi. The oxidized part of 

the Pd-TeÑBi contains elevated Pd (50 67 wt.%) and O (15 33 wt.%) in its composition 

with variable amounts of Fe, Pt, Cu and Ni. Finally, highly oxidized Pd-Te±Bi grains 

with rare relict PGM cores develop Pd-Cu-bearing Fe-oxides containing lower Pd (<44 

wt.%), but higher Pt and base metals, especially Cu (Ò 4 wt.%) (Mota-e-Silva 2014). 

See also. Unnamed Pd-Cu-O and Pd-I-O compounds, and unnamed Fe-Pt-Rh-O 

phase. 
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Jacutingaite  

Vymazalová et al. (2012) 

Pt2HgSe3, trigonal 

Approved CNMNC - IMA 2010-078 

Other names: jacutingaíta 

 

 

Figure 2.13. Jacutingaite (bluish-gray, in reflected light), with unnamed PtïO on the 

surface of an aggregate of hematite, potarite and atheneite. From Cauê mine, Itabira, 

Minas Gerais. Holotype specimen (polished section), GeoMuseum ñGeosammlungò at 

the Technical University of Clausthal, Germany, catalog number 26580. Photo: 

Alexandre Raphael Cabral. 
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Figure 2.14. Back-scattered electron image of jacutingaite (white) with unnamed PtïO 

on the surface of an aggregate of hematite, potarite and atheneite. Holotype specimen 

(polished section), GeoMuseum ñGeosammlungò at the Technical University of 

Clausthal, Germany, catalog number 26580. Vymazalová et al. (2012). 

 

Cabral et al. (2008) preliminarily quoted this mineral as an unnamed phase. With 

the support of documentation on the synthetic analog, Vymazalová et al. (2012) described 

jacutingaite as a new mineral species. The single grain of natural material and its small 

size prevented its extraction and investigation by X-ray diffraction. Therefore, the 

relevant crystallographic and structural investigations were performed on synthetic 

Pt2HgSe3 and natural and synthetic materials were shown to have the same structure by 

EBSD methods. This description and the recognition of a seleniferous signature in the 

PdïPt-bearing auriferous mineralization in Brazil (Cabral and Lehmann 2007) made the 

phase relations within the system HgïPtïSe relevant from a mineralogical point of view. 

Hence Drábek et al. (2012) undertook to experimentally study the phase relations within 

this system. Recent experimental studies have shown that jacutingaite displays the 

properties of a quantum spin Hall insulator, and theoretical studies indicate that its two-
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dimensional monolayer is a insulator with a robust topological gap of Ḑ0.5 eV. 

Jacutingaite is thus promising for potential applications to nanoelectronics and 

spintronics (Longuinhos et al. 2020). 

Occurrence. The mineral was discovered in an aggregate about 2 mm in size, in 

a polished section, obtained from a heavy-mineral concentrate from friable Jacutinga 

vein-type mineralization from the Cauê iron-ore deposit, Itabira, Minas Gerais. 

Associated minerals are atheneite, potarite, an unknown PtïO-like phase, and hematite. 

It was found in a hematite-rich vein. The mineral formed in an oxidizing hydrothermal 

system at relatively low temperature, probably below 300°C (Cabral et al. 2008). Cauê 

mine is also the type locality of arsenopalladinite, atheneite, isomertieite and palladseite. 

A second occurrence was described by Ma et al. (2020) at Tilkerode, Harz Mountains, 

Germany. 

Appearance and physical properties. Jacutingaite occurs as a rounded fibrous 

grain about 50 ɛm in diameter, intergrown with atheneite, potarite, and hematite. It is 

partially altered to a PtïO phase. Habit: laminated particles. Forms: none determined. 

Twinning: not known. Color: grey. Streak: grey. Luster: metallic. Opaque. Non-

fluorescent. Hardness: VHN10 (15 indentations on five grains of synthetic Pt2HgSe3): 119 

to 245 (mean 169) kg/mm2, corresponding to a Mohs hardness of approximately 3½. 

Tenacity: brittle. Cleavage: {001} very good. Fracture: not observed. Density (meas.) 

10.9 g/cm-3 for synthetic material by weighing in toluene. Density (calc.) 10.35 g/cm-3 

(empirical formula)  

Optical properties. Under plane-polarized light, jacutingaite is light grey, has a 

moderate to distinct bireflectance. Pleochroism: bluish-grey to rusty brown. Anisotropy: 

weak to distinct. Internal reflections: absent. Reflectance values of synthetic jacutingaite 

in air (Rmax, Rmin, in %): 51.1, 47.4 at 470 nm, 50.5, 48.2 at 546 nm, 49.6, 48.0 at 589 

nm, and 47.8, 47.1 at 650 nm. 

Chemical data. Microprobe (WDS mode) analyses (3): Pt 37.30, Pd 5.91, Hg 

25.72, Ag 0.16, Cu 0.82, Se 31.48, total 101.39 wt.%. Empirical formula: 

(Pt1.46Pd0.42Cu0.10Ag0.01)Ɇ1.99Hg0.98Se3.04. The ideal formula requires Pt 47.14, Hg 24.24, 

Se 28.62, total 100.00 wt.%.  

Crystallography. Trigonal, P3m1, a 7.3477(2), c 5.2955(1) Å, V 247.59(1) Å3, Z 

2, c:a 0.721. X-ray powder diffraction data of synthetic analog [d in Å (I) (hkl)]: 5.2917 

(100) (001), 2.7273 (16) (201), 2.4443 (10) (012), 2.0349 (18) (022), 1.7653 (37) (003), 

1.3240 (11) (004), 1.0449 (11) (025). 
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Name. The mineral is named after the specular-hematite-rich vein-type gold 

mineralization locally known as ñjacutingaò. Jacutinga is characterized by palladiferous 

gold, together with Pd and Pt minerals in hematiteïquartzï(talcïkaolinite) veins, which 

typically occur in some iron-ore deposits in the Quadrilátero Ferrífero of Minas Gerais 

(e.g., Henwood 1871, Hussak 1904, Cabral et al. 2009).  

Type material. The holotype specimen (polished section) is deposited in the 

collections of GeoMuseum ñGeosammlungò at the Technical University of Clausthal, 

Clausthal-Zellerfeld, Germany, catalog number 26580.  

Relationship to other species. Isostructural with tilkerodeite, Pd2HgSe3 (Ma et al. 

(2020), and with the synthetic phases Pt4Tl2S6, Pt4Tl2Se6, and Pt4Tl2Te6, all described by 

Bronger and Bonsmann (1995). The layered structure of jacutingaite shows structural 

features similar to minerals of the melonite group.  

 

 

Figure 2.15. View of the crystal structure of jacutingaite (from the type occurrence), 

drawn using VESTA 3 (Momma and Izumi 2011). Data from Vymazalová et al. (2012). 

 

Crystal structure. The crystal structure of jacutingaite can be viewed as a layered 

structure composed of PtSe6 octahedra and PtSe4 squares. The layers are oriented parallel 

to (001); Hg atoms are between these layers. The layered character of the jacutingaite 

crystal structure is in accordance with its cleavage along {001} (Laufek et al. 2011, 

2012). 

Synthetic. Prepared using Kullerudôs evacuated silica-glass-tube method 

(Kullerud 1971). Platinum, mercury, and selenium were used as starting materials. A 

carefully weighed sample was loaded into a high-purity silica tube, and a tightly fitting 
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silica glass rod was placed on the top of the reagents to keep the charge in place and 

reduce the vapor volume on heating. The evacuated tube was sealed and annealed at 

1200°C for 3 days. After cooling, the charge was ground in acetone and thoroughly 

mixed. The resulting material was sealed in an evacuated silica-glass tube and reheated 

at 800°C for 840 hours and 400°C for 1704 hours. The product was rapidly quenched in 

a cold-water bath (Vymazalová et al. 2012). 

See also. Atheneite, unnamed Pt-O, arsenopalladinite, isomertieite and 

palladseite. 

 

 

Brazil 

Egleston (1892) 

(= pyrite) 

Other names: brassel, brasses, brassy, brazzil, brazzle, brassil 

 

"Brazil" is listed as a synonym for pyrite (Egleston 1892), but with no references. 

Egleston (1892) gives a list of 15 books and journals consulted, as well as "all the collections 

of the School of Mines" [of Columbia College], but since the entry for "Brazil" has no 

reference, it is possible it was found in the collections. The name of the country Brazil 

(Brasil, in Portuguese) is derived from the Portuguese and Spanish word brasil (from brasa, 

ember), the name of an East Indian tree (also called pau-brasil) with reddish-brown wood 

from which a red dye was extracted. The name pyrite is from the Greek pyr, fire, in allusion 

to the sparking produced when iron is struck by a lump of pyrite. The names brazil (ember) 

and pyrite (fire) have a similar meaning, but it is also possible that Egleston misread a 

locality as the mineral name back when he was compiling his list.  

According to Bates and Jackson (1987), brazil is an English dialectal term for pyrite, 

especially associated with coal. Also, by extension, a term applied to a coal containing much 

pyrite. Also spelled brassel, brasses, brassy, brazzil, brazzle, and brassil (Thrush 1968, Bates 

and Jackson 1987). 
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Unnamed Pd-Bi selenide 

Marchetto and Figueiredo (1991) 

(= padmaite?) 

 

An unnamed palladium-bismuth selenide, containing minor Pt and Sb, was 

identified by electron microprobe in samples from the Buraco do Ouro gold mine, 

Cavalcante, Goiás. This mineral is probably padmaite, PdBiSe, which occurs associated 

with kalungaite.  

See also. Kalungaite, unnamed Pb-Bi-Se-S mineral, and unnamed Ag-Pb-Bi-Se 

minerals. 
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Kalungaite 

Botelho et al. (2006) 

PdAsSe, cubic 

Approved CNMMN - IMA 2004-047 

Other names: kalungaíta 

 

 

Figure 2.16. Kalungaite from Buraco do Ouro gold mine, Cavalcante, Goiás. Reflected 

light digital image of kalungaite (main phase) with inclusions of bright yellow gold and 

slightly greenish- white guanajuatite. Kalungaite grain is about 300 × 150 µm. Photo: 

Chris J. Stanley. Type specimen, BM 2004, 35, Natural History Museum, London, 

England. 

 

Occurrence. The mineral occurs in the Buraco do Ouro gold mine, Cavalcante, 

Goiás. Associated minerals are quartz, muscovite, gold, bohdanowiczite, an unnamed Pb-

Bi-Se-S mineral, clausthalite, stibiopalladinite, sperrylite, padmaite, and chalcopyrite. 

Kalungaite is hosted in a quartz-muscovite mylonite, related to an E-W shear zone in a 
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Palaeoproterozoic peraluminous granite, forming a small Au + PGE (platimum-group 

element) deposit, in which the ore minerals are concentrated in sigmoid structures. 

Although the association of gold and PGE minerals is unusual in this kind of rock, recent 

studies have demonstrated that other nearby gold occurrences, in the same peraluminous 

granitic suite, also contain PGE anomalies. This relationship suggests that kalungaite 

formed during deformation and hydrothermal alteration of the peraluminous granite. 

However, the source of these metals remains unknown. 

Appearance and physical properties. Habit: irregular grains, reaching a maximum 

size of 0.2 mm, forming aggregates with gold, and the associated minerals listed above. 

Isolated pure grains are rare. Color: lead-grey. Streak: black. Luster: metallic. Opaque. 

Non-fluorescent. Hardness (Mohs): 4-5; VHN25: 429 to 455 (mean 438) kg/mm2. 

Tenacity: brittle. Cleavage: none observed. Fracture: uneven. Density could not be 

measured because of the small grain size. Density (calc.) 7.59 g/cm3 (based on the 

empirical formula and a 6.089 Å). 

Optical properties. In reflected light: creamy color (adjacent to gold grains), no 

internal reflections, isotropic. Reflectance values in air (and in oil): 47.5 (33.3) at 470 

nm, 46.9 (32.6) at 546 nm, 46.8 (32.6) at 589 nm and 48.0 (34.0) at 650 nm.  

Chemical data. Microprobe (WDS mode) analyses (8): Pd 41.32, As 27.49, Bi 

0.35, Sb 1.59, Se 27.67, S 1.22, total 99.64 wt.%. Empirical formula: 

Pd1.006(As0.950Sb0.034Bi0.004)Ɇ0.988(Se0.908S0.099)Ɇ1.007. The ideal formula requires Pd 40.88, 

As 28.78, Se 30.33, total 100.00 wt.%. 

Crystallography. Cubic, Pa3, a 6.089(4) Å, V 225.8(1) Å3, Z 4. X-ray powder-

diffraction data [d in Å (I) (hkl)]: 3.027 (75) (002), 2.725 65 (021), 2.478 (65) (112), 1.838 

(100) (113), 1.625 (55) (123), 1.131 (60) (025), 1.077 (80) (044), 0.988 (70) (116), 0.929 

(90) (335), 0.918 (70) (226). 

Name. The name is for the Kalunga people, living outside Cavalcante and other 

nearby towns. This community is composed of descendants of African slaves, brought to 

Brazil by the Portuguese from the 16th to the 19th century; they were able to escape and 

to form their own society. 

Type material. Type material is deposited in the Natural History Museum, 

London, England, BM 2004, 35. Cotype is a polished section CAV1B. 

Relationship to other species. The mineral is a member of the cobaltite group, the 

Pd-dominant analog of jolliffeite (NiAsSe). 
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Figure 2.17. View of the crystal structure of kalungaite (synthetic), drawn using VESTA 

3 (Momma and Izumi 2011). Data from Foecker and Jeitschko (2001). 

 

Crystal structure. Kalungaite has a pyrite-type structure in which Pd atoms are 

located at the corners and face centers of the cube, and (As,Se) atoms are arranged in 

ñdumb-bellò pairs centered at the midpoints of cube edges and the cubeôs body center. 

Each Pd atom is surrounded by six (As,Se) atoms at the corners of an octahedron, while 

the (As,Se) ions are tetrahedrally coordinated by three Pd ions and one (As,Se) ion. As 

the grain studied by Botelho et al. (2006) is not a single-crystal of kalungaite and also 

contains small inclusions of gold, the collection of diffraction data suitable for crystal 

structure refinement was not possible. A calculated X-ray diffraction pattern assumed (a) 

As and Se disordered at site 8c, (b) space group Paσ, (c) a 6.087(2), and (d) the x 

coordinate of As and Se (x = 0.38322) based on the structure of PdAs2 described by Brese 

and von Schnering (1994), showed a good match between the intensities calculated by 

the Rietveld method and the observed intensities from the Gandolfi film. 

Synthetic. The synthetic equivalent to kalungaite was prepared by reaction of powder 

of PdSe with As in evacuated sealed silica tube. A silica tube with Pd and Se (Pd:Se = 1:1) 

was heated to ca. 1000°C under vacuum to evaporate any water. It was then flushed with 
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argon, evacuated, sealed, placed in a cold furnace, heated to 450°C at a rate of 50°C/h, 

annealed at that temperature for 1 day, followed by heating to 800°C at 10°C/h, and kept at 

that temperature for 3 days. Finally, the sample was quenched in cold water. The product 

was crushed to a powder, thoroughly mixed with As (Pd:Se:As = 1:1:1), and sealed again 

in an evacuated silica tube. The sample was placed in a cold furnace and heated to 220°C at 

a rate of 50°C/h, kept at that temperature for 2 h, followed by heating to 400°C at 50°C/h, 

annealed at that temperature for 24 h, heated further to 690°C at 10°C/h, and annealed at 

that temperature for 20 days. It was then slowly cooled to room temperature at a rate of 

2°C/h (Foecker and Jeitschko 2001). 

See also. Unnamed Pb-Bi-Se-S mineral, unnamed Ag-Pb-Bi-Se minerals, and 

unnamed Pd-Bi selenide. 

 

 

Unnamed Pb-Bi-Se-S mineral  

Botelho et al. (2006) 

 

This mineral occurs associated with kalungaite in the Buraco do Ouro gold mine, 

Cavalcante, Goiás. No additional data were furnished.  

See also. Kalungaite, unnamed Ag-Pb-Bi-Se minerals and unnamed Pd-Bi selenide. 

 

 

Unnamed Ag-Pb-Bi-Se minerals 

Menez (2013) 

 

According to Menez (2013), unidentified Ag-Pb-Bi-Se phases appear mainly as 

irregular overgrowths on guanajuatite from the Buraco do Ouro gold mine, Cavalcante, 

Goiás. The observed textures between guanajuatite and both the Ag-rich and Se-rich 

phase suggest a replacement of the guanajuatite grains by these minerals. 

The phase richest in silver has 42.2 wt.% Ag, twice as much as the bohdanowiczite 

silver content, and the calculated ideal formula is Ag3BiSe2.  

The phase richest in selenium is characterized by the same textural relationship 

observed in the Ag-rich selenide-guanajuatite association. This selenide has more than 

50 wt.% Se (average value: 72.5 wt.%); no similar phase is described in the literature. By 
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analogy with other alloys, this phase could be considered native selenium with bismuth, 

silver, lead, and copper impurities.  

See also. Unnamed Pb-Bi-Se-S mineral (probably the same phase), unnamed Pb-

Bi-Se mineral, kalungaite and unnamed Pd-Bi-selenide. 

 

 

Unnamed Pb-Bi-Se mineral 

Menez (2013) 

Other names: Unnamed (Pb-Bi Selenide) 

 

An unidentified selenide is the Pb-Bi-Se phase which has lead content ranging 

between 10.1 and 58.1 wt.% with an average value of 19.2 wt.% from the Buraco do Ouro 

gold mine, Cavalcante, Goiás. Although BSE images show a complex intergrowth 

between guanajuatite and clausthalite, which is dependent on the lead content, chemical 

data from homogeneous areas suggest a solid solution between these minerals, where the 

Pb-Bi-Se phase would represent an intermediate composition. Where the Pb-Bi-Se phase 

shows a lead content less than ~ 20 wt.%, the BSE image is similar to that of guanajuatite 

and where the lead content is greater than ~ 20 wt.% the image is similar to that of 

clausthalite. Otherwise, this Pb-Bi-Se phase could represent a specific non-described 

mineral. A similar species described in the literature is platynite [PbBi2(Se,S)2], which 

was however, discredited as a valid mineral, being a mixture of laitakarite [Bi4(Se,S)3] 

and selenian galena [Pb(S,Se)] (Holtstam and Söderhielm 1999). Such a mixture does not 

appear to be the case here because a unique phase has been identified in the BSE analysis.  

See also. Unnamed Ag-Pb-Bi-Se minerals, Pb-Bi-Se-S mineral, kalungaite and 

Pd-Bi-selenide. 
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Unnamed PbSb2, Pb6Sb, and PbSb4 

Zaccarini et al. (2006) 

Other names: Unnamed (Pb-Sb Alloy) 

 

Investigation of minute grains of accessory minerals developed in layers of 

chromitite from Campo Formoso, Bahia, revealed the presence of rather exotic minerals, 

such as monazite-(La), monazite-(Ce), apatite, galena, bismuthinite, antimony, and 

unknown Pb-Sb minerals, corresponding to the formulae PbSb2, Pb6Sb, and PbSb4. All these 

minerals are restricted to the secondary silicates of the matrix and to fractures crossing 

altered chromite grains. They are typically associated with chromian clinochlore. The 

minerals in the system Pb-Sb have been found as single-phase grains, attaining only a few 

µm across. The compositional data do not match any known species. They, thus, potentially 

represent new mineral species, but it was not possible to extend the investigation because of 

the small size of the grains. From the point of view of phase equilibria, lead is known to 

melt at 327ºC, and the addition of Sb lowers the freezing point to 247ºC. Thus, it is 

theoretically possible that the lead-antimony alloys and the antimony in this assemblage 

crystallized from globules of melt during the hydrothermal stage concomitantly with the 

growth of the chromian clinochlore. However, the phase diagram illustrated in the 

metallurgical literature is that of a simple binary system without solid solution and without 

binary compounds (Zaccarini et al. 2006). 

Chemical data from microprobe (wt.%), normalized results: 

Unnamed PbSb2: Pb 33.65, Sb 65.51, Bi 0.84. Empirical formula: Pb1.01Sb1.97Bi0.03. 

Unnamed Pb6Sb: Pb 84.78, Sb 14.31, Bi 0.91. Empirical formula: Pb5.93Sb1.00Bi0.06. 

Unnamed PbSb4: (1) Pb 21.88, Sb 77.82, Bi 0.30. Empirical formula: 

Pb1.09Sb3.89Bi0.02. (2) Pb 21.45, Sb 77.88, Bi 0.67 Empirical formula: Pb1.07Sb3.89Bi0.03. 
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Unnamed OsRhAsS, RuTeAs, OsAs5, OsRuAs and a complex Os-Re-As-Te-

Fe-Y-Rh mineral 

Marchetto (1986, 1990) 

 

The occurrence of these phases was described at the O'Toole deposit, Fortaleza de 

Minas Co., Minas Gerais. The deposit is a Cu-Ni-Co sulfide lens, hosted by ultrabasic rocks. 

The main sulfides are pyrrhotite, pentlandite, and chalcopyrite. Cobaltite-gersdorffite series 

minerals and sphalerite are the most common accessory minerals. Kotulskite-melonite, 

irarsite, sperrylite, omeiite, osarsite, OsRhAsS, RuTeAs, OsAs5, OsRuAs, and a complex 

Os-Re-As-Te-Fe-Y-Rh occur as inclusions in cobaltite-gersdorffite. The second world 

occurrence of unnamed ReS2 (after named rheniite) was found in this deposit. No additional 

data were given for the unnamed minerals from Fortaleza de Minas. 

  

 

Unnamed Ir-Ni sulfide and undetermined Os-Ir sulfide 

Garuti et al. (2012) 

 

An unnamed Ir-Ni sulfide and an undetermined Os-Ir sulfide were identified by 

Garuti et al. (2012) in the chromitites of Niquelândia, Goiás. Associated minerals are an 

unnamed Ru-Fe oxide, laurite, erlichmanite, kashinite, ñiridosmineò, irarsite, malanite, 

isoferroplatinum, tetraferroplatinum, geversite, sudburyite, sobolevskite, kotulskite, 

moncheite and stumpflite. 

See also. Iridosmine, unnamed Pd2FeI, RuO4, and Ru and Ir oxides and hydroxides 
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Chapter 3 

Halides 

 

 

Unnamed polymorph of fluocerite 

Pires et al. (2006) 

[= fluocerite-(Ce)] 

Other names: polimorfo de fluocerita 

 

An exsolved phase in gagarinite-(Y) from Pitinga mine, Presidente Figueiredo, 

Amazonas, was initially interpreted by Pires et al. (2006) as a polymorph of fluocerite, but 

further work (Bastos Neto et al. 2009, Pires 2010) proved it to be fluocerite-(Ce), hexagonal 

CeF3. Microprobe data (mean of 10 analyses): F 35.01, Si 0.02, Ca 0.07, La 10.95, Ce 42.91, 

Nd 10.29, Sm 1.16, Eu 0.56, Gd 0.37, Dy 0.22, Er 0.01, Yb 0.02, Y 0.27, total 101.86 wt.%. 

Empirical formula: (Ce0.50La0.13Nd0.12Sm0.01Eu0.01)Ɇ0.77F3.00. An excess of 0.69 negative 

charges is noted in this formula, implying an analytical error.  

See also. Waimirite-(Y) and atroarite. 
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Waimirite -(Y) 

Atencio et al. (2015) 

YF3, orthorhombic 

Approved CNMNC ï IMA 2013-108 

Other names: waimirita, waimirite, waimirita-(Y) 

 

 

Figure 3.1. Waimirite-(Y) bearing sample from Pitinga mine, Presidente Figueiredo, 

Amazonas. Cotype material (number DR919) deposited in the collections of the Museu 

de Geociências, Universidade de São Paulo (Atencio et al. 2015). 
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Figure 3.2. Backscattered electron image of waimirite-(Y) from Pitinga mine, 

Presidente Figueiredo, Amazonas (spherical aggregates of plates) and halloysite (tubes) 

(Atencio et al. 2015) 

 

Fluoride crystalline materials are commonly studied owing to their applications in 

solid state lasers and scintillators. Indeed, their good optical properties beside their low 

non-radioactive emissions (mainly because of the low cut-off phonon frequencies) make 

these materials good host matrices for visible or infrared light emission and other optical 

applications. It is well known that fluoride materials can be used as active media for 

tunable solid-state lasers (Lage et al. 2004). The orthorhombic YF3 crystals are non-

hygroscopic and colourless under normal conditions essential for use as active laser 

materials. Kollia et al. (1995) showed that YF3 could be a laser material. 

A preliminary note on this mineral was published by Atencio et al. (2014). The 

luminescence properties of waimirite-(Y) were studied by Atencio et al. (2017b). 

Occurrence. Waimirite-(Y) occurs in thin hydrothermal veins crosscutting the 

albite-enriched granite facies of an A-type Madeira granite (~1,820 Ma), Pitinga mine, 

Presidente Figueiredo, Amazonas. The albite-enriched granite facies corresponds to the 

Madeira world-class Sn-Nb-Ta (Y, REE, F, Zr, Li, and Th) deposit, with 130 million tons 
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of disseminated ore. In the central portion of the albite-enriched zone, there is a massive 

cryolite deposit of 10 million tons with a grade of 31.9% Na3AlF6. Directly associated 

minerals are dickite and quartz. Other minerals in the albite-enriched granite are ñalkali 

feldsparò, albite, riebeckite, biotite, muscovite, cryolite, zircon, polylithionite, cassiterite, 

pyrochlore-group minerals, hydrokenoralstonite (ñatroariteò), ñcolumbiteò, thorite, lead, 

galena, fluorite, xenotime-(Y), gagarinite-(Y), fluocerite-(Ce), genthelvite-helvite, topaz, 

ñilliteò, kaolinite and ñchloriteò (Bastos Neto et al. 2009). The occurrence of chiolite and 

thomsenolite were reported by Atencio et al. (2018). Waimirite-(Y) also occurs at Jabal 

Tawlah, Saudi Arabia (Atencio et al. 2015) and in the Tanintharyi Region of southern 

Myanmar (Sanematsu et al. 2016). 

Appearance and physical properties. The mineral occurs as thin veins (up to 3 cm 

thick) of platy crystals up to about 1 ɛm in size. Forms: not determined, but synthetic YF
3 

displays pinacoids, prisms and bipyramids (Qian et al. 2010). Twinning: none observed. 

Color: pale pink. Streak: white. Luster: nonmetallic. Transparent or translucent. Non-

fluorescent. Hardness: not measured due to the crystal dimensions. Tenacity: not 

determined. Cleavage: none observed. Fracture: not determined. Density could not be 

measured because of small grain size. Density (calc.) 5.911 g/cm3
 
using the empirical 

formula. 

Optical properties. Biaxial. Due to the crystal dimensions, only a mean n 1.54 ï 

1.56 was measured. 

Chemical data. Microprobe (EDS) analyses (9): F 33.28, Ca 0.90, Y 39.11, Nd 

0.69, Sm 0.44, Eu 0.05, Gd 1.97, Tb 0.99, Dy 9.10, Ho 2.00, Er 7.01, Tm 1.13, Yb 6.27, 

total 102.94 wt.%. The empirical formula (based on 4 apfu) is 

(Y0.74Dy0.09Er0.07Yb0.06Ca0.04Gd0.02Ho0.02Nd0.01Sm0.01Tb0.01Tm0.01)ễ1.08F2.93. The 

simplified formula requires: Y 60.93, F 39.07, total 100.00 wt.%. 

Crystallography. Orthorhombic, Pnma, a 6.386(1), b 6.877(1), c 4.401(1) Å, V 

193.28(7) Å3, Z 4 (powder data), a:b:c = 0.929:1:0.640. X-ray powder diffraction data [d 

in Å (I) (hkl)]: 3.707 (26) (011), 3.623 (78) (101), 3.438 (99) (020), 3.205 (100) (111), 2.894 

(59) (210), 1.937 (33) (131), 1.916 (24) (301), 1.862 (27) (230). 

Name. The name is for the Waimiri-Atroari Indian people of Roraima and 

Amazonas. The name ñwaimiriteò was informally used for this mineral by Minuzzi et al. 

(2003). The suffix "(Y)" was introduced because it is a rare-earth mineral.  

Type material. Type material is deposited in the collections of the Museu de 
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Geociências, Universidade de São Paulo, specimen number DR919, and the Museu de 

Mineralogia Luiz Englert, Instituto de Geociências, Universidade Federal do Rio Grande 

do Sul, Porto Alegre, specimen number 3620. 

Relationship to other species. It is a perovskite supergroup, non-stoichiometric 

perovskite group, oskarssonite subgroup mineral (Mitchell et al. 2017). Fluocerite-(Ce) 

and fluocerite-(La) are hexagonal CeF3 and LaF3, respectively. 

 

Figure 3.3. View of the crystal structure of waimirite-(Y) (from Jabal Tawlah, Saudi 

Arabia), drawn using VESTA 3 (Momma and Izumi 2011). Data from Atencio et al. 

(2015). 

 

Crystal structure. It is a B-site vacant perovskite (Mitchell et al. 2017). The crystal 

structure of synthetic orthorhombic YF3 was studied by Zalkin and Templeton (1953) and 

Cheetham and Norman (1974). The Y ion is coordinated by 9 F ions to give a slightly 

deformed trigonal prism with atoms opposite each of the lateral faces. Eight of the nearest 

neighbors lie at distances between 2.281 and 2.310 Å. The ninth distance is 2.538 Å. 

Synthetic. The material has previously been synthesized and is well-studied 

(Zalkin and Templeton 1953, and Cheetham and Norman 1974). Several orthorhombic 

and hexagonal synthetic REEF3 compounds were also obtained (Zalkin and Templeton, 
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1953). 

See also. Atroarite and unnamed polymorph of fluocerite. 

 

 

Atroarite 

Minuzzi et al. (2003) 

(= hydrokenoralstonite) 

Other names: atroarita 

 

 

Figure 3.4. Hydrokenoralstonite (ñatroariteò) from Pitinga mine, Presidente Figueiredo, 

Amazonas (Atencio et al. 2017a). 
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Figure 3.5. SEM image of hydrokenoralstonite (ñatroariteò) from Pitinga mine, Presidente 

Figueiredo, Amazonas (Atencio et al. 2017a). 

 

ñAtroariteò occurs in thin veins in the core of the albite granite forming the 

nucleus of the Madeira granite in the Pitinga mine (Sn, Nb, Ta, Zr, Li, Y, REE and 

cryolite), Presidente Figueiredo, Amazonas. It forms dark grey octahedral crystals and is 

shown by EDS (Al-F-Mg-Na-Si-O) to be an alumino-fluoride (Minuzzi et al. 2003). The 

original publication does not provide a formula for the phase. Strongest XRD lines are 

5.67(100), 2.97(28), 2.84(45), 1.89(66), 1.74(11). The name informally proposed is an 

etymological reference to the Waimiri Atroari tribe and can be confused with the 

approved artroeite, another alumino-fluoride. 

A new study of "atroarite" (Atencio et al. 2017a) from the Pitinga mine led to the 

conclusion that it is identical to ralstonite [originally described by Brush (1871) in the 

Ivigtut cryolite deposit, Ivittuut (Ivigtut), Arsuk Fjord, Sermersooq, Greenland]. 

Following the established naming rules for pyrochlore supergroup minerals (Atencio et 

al. 2010a), ralstonite was renamed hydrokenoralstonite (Atencio et al. 2017a). The name 

ralstonite was transferred to the group (ralstonite group), where M3+ cations are dominant 
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in the B-site, and Al is dominant among them, and F1- is the dominant anion in the X-site.  

Hydrokenoralstonite is intimately associated with galena and sphalerite. It forms 

chemically homogeneous octahedra crystals, from 0.1 to 1 mm in size. No twinning is 

observed. The mineral is colorless with white streak, vitreous luster, transparent, density 

(calc.): 2.554 g/cm3. 

Microprobe analyses (11): Na2O 2.14, K2O 0.02, Rb2O 0.55, MgO 3.20, CaO 0.01, 

Al 2O3 52.63, F 36.46, H2O 22.70, O=F -15.35, total 102.36 wt.%. H2O was calculated 

from crystal structure. Empirical formula [based on 6 (F+OH) anions apfu)] is 

(Ǐ1.87Na0.12Rb0.01)Ɇ2.00(Al1.86Mg0.14)Ɇ2.00[F3.46(OH)2.54]Ɇ6.00(H2O). Simplified formula is 

Ǐ2Al 2F6(H2O). 

The mineral is cubic, Fdσm, a 9.8455(7) Å, V 954.36 (12) Å3, Z 8 (single-crystal 

X-ray studies). X-ray powder diffraction data [d in Å (I) (hkl)]: 5.687 (100) (111), 2.973 

(18) (311), 2.841 (28) (222), 1.893 (36) (511). Unit-cell parameters refined from powder 

data are a 9.849(9) Å, V 955(3) Å3. Hydrokenoralstonite exhibits (Al,Mg) cations with 

octahedral coordination and Na cations are located within distorted cubes. 

See also. Waimirite-(Y) and unnamed polymorph of fluocerite. 
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Figure 3.6. View of the crystal structure of hydrokenoralstonite (ñatroariteò) from 

Pitinga mine, Presidente Figueiredo, Amazonas), drawn using VESTA 3 (Momma and 

Izumi 2011). Data from Atencio et al. (2017a). 

 

 

Oxyfluoride-(La) and oxyfluoride-(Ce) 

Teixeira and Botelho (2004, 2006) 

Other names: oxifluoreto-(La), oxifluoreto-(Ce), oxifluoreto de ETR, REE-

oxyfluoride 

 

These minerals occur as dark brown, nearly opaque anhedral grains of variable size, 

associated with fluocerite in Sn-rich granites from Tocantins and Paranã subprovinces, north 

of Goiás. The grains core is zoned between oxyfluoride-(La) and oxyfluoride-(Ce). The 

borders are homogeneous, REE-poorer than the core (Teixeira and Botelho 2004). No 

chemical data are presented. 

Few natural occurrences of REE oxyfluorides were known previous to this 

discovery. Subhedral opaque crystals consisting of submicroscopic intergrowths of REE-

oxyfluorides occur in the zinnwaldite granite of the Cinovec (Zinnwald) granite cupola, 
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Czech Republic. Fluocerite-(La) and two unnamed (Ce, La) oxyfluorides were observed: 

1. Ce4O5F2 with fluorite-type structure, a =5.470(8) Å and a possible hexagonal or 

tetragonal superstructure; 2. (Ce,La,Nd)OF, with a hexagonal, bastnäsite-type, unit-cell, 

a 7.007(10), c 9.840(15) Å (Johan and Johan 1994). 

Håleniusite-(La), (La,Ce)OF cubic, with fluorite-type structure, is the first 

naturally occurring rare-earth oxyfluoride approved by the IMA CNMMN (Holtstam et 

al. 2004). It was discovered as a secondary phase at the Bastnäs deposit, Skinnskatteberg 

District, Västmanland Co., Sweden. 

Teixeira and Botelho (2006) published two analyses for REE-oxyfluorides: 

Serra Dourada Massif (Tocantins tin sub-province): F 9.89, P2O5 0.01, CaO 0.80, 

SiO2 0.06, UO2 0.03, ThO2 1.74, La2O3 28.54, Ce2O3 38.52, Pr2O3 2.33, Nd2O3 6.60, 

Sm2O3 0.45, Eu2O3 0.34, Gd2O3 0.21, Dy2O3 0.09, Yb2O3 0.03, Fe2O3 0.01, Y2O3 0.22, 

O=F -4.16, total 85.71 wt.%. Empirical formula: 

(Ce0.47La0.35Nd0.08Pr0.03Ca0.03Sm0.01Th0.01)Ɇ0.98O0.96F1.04. 

Pedra Branca Massif (Paranã tin sub-province): F 10.27, P2O5 0.03, CaO 0.71, 

SiO2 0.48, UO2 0.03, ThO2 0.51, La2O3 32.54, Ce2O3 38.87, Pr2O3 3.82, Nd2O3 8.07, 

Sm2O3 0.76, Eu2O3 0.51, Gd2O3 0.42, Dy2O3 0.14, Yb2O3 0.02, Fe2O3 0.00, Y2O3 0.22, 

O=F -4.32, total 93.08 wt.%. Empirical formula: 

(Ce0.44La0.37Nd0.09Pr0.04Ca0.02Sm0.01Eu0.01)Ɇ0.98Si0.01O1.00F1.00. 

The simplified formula for both analyses is CeOF, but the totals are very low. This 

mineral could be ñh¬leniusite-(Ce)ò if cubic or the same unnamed hexagonal mineral 

from Cinomev. In both cases it would be a new mineral species. 
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Unnamed Pd2FeI 

Milliotti and Stumpfl (1996)  

 

This phase occurs as an inclusion in chromite at the rim of a subhedral Pt-Fe alloy 

grain in goethite from Niquelândia, Goiás. It displays an irregular shape and is 

approximately 10 mm long and 2 to 3 mm across. The mineral appears anisotropic, with 

lower reflectance than goethite. Semi-quantitative microprobe analyses showed a large 

variation in Pd (50 to 67 wt.%) and Fe (7 to 13 wt.%), (iodine not quoted), and the best 

composition obtained was (Pd1.96Pt0.04)S2.00(Fe0.88Cu0.12Ni0.04)S1.04I0.92, which approximates 

to Pd2FeI. The wide range in composition observed in a single grain may be attributed to the 

mineralizing processes linked to laterization. The coexistence of the Pt-Fe alloy and this 

phase suggests, according to Milliotti and Stumpfl (1996), not only the mobility of platinum 

group elements as an iodine complex in the alteration fluids, but also supports the supergene 

origin of the Pt-Fe alloys. 

See also. Unnamed RuO4,  unnamed Ru and Ir oxides and hydroxides, unnamed Ir-

Ni sulfide and undetermined Os-Ir sulfide, and unnamed Pd-I-O compounds. 

 

 

Unnamed (Ba,Sr)AlF5 

Kaminsky et al. (2013) 

Other names: Unnamed (Barium-Strontium Aluminium Fluoride) 

 

See Figure 7.6. 

 

The compound (Ba,Sr)AlF5 was identified in deep mantle primary carbonatitic 

association, included in diamond from alluvial deposits of São Luiz river, Juína, Mato 

Grosso, where it forms 30 ï 100 nm grains. Other inclusion minerals are dolomite, halite, 

sylvite, phlogopite, spinel, magnesite, eitelite, unnamed Na4Mg3(PO4)2(P2O7), 

oskarssonite, unnamed Fe2
3+Fe5

2+(P2O7)4, pentlandite, violarite, millerite, hematite, and 

native iron.  

The phase is extremely sensitive to electron irradiation damage; therefore, it was 

possible to obtain only one d-spacing of approximately 13.1 Ȕ before it decomposed. The 
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chemical composition plus the one d-spacing only matches the unit cell parameter a for 

Ŭ-BaAlF5. This compound is orthorhombic, P212121, a 13.7168(3), b 5.6054(2), c 

4.9329(1) Å, V 379.28 Å3, Z 4 (Le Bail et al. 1990). This phase was obtained from the 

stoichiometric BaF2:AlF3 mixture (15 hours, 600°C) by solid state reaction in sealed tube, 

under inert atmosphere (argon). 

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrocohenite, 

nitrochalypite, unnamed Fe2N, Fe3N, Fe5SiC, orthorhombic MgO, MgCr2O4, 

Na4Mg3(PO4)2(P2O7), Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 

 

 

Figure 3.7. View of the crystal structure of Ŭ-BaAlF5 (synthetic), drawn using VESTA 3 

(Momma and Izumi 2011). Data from Le Bail et al. (1990). 

 

 

  

http://www.canmin.org/content/51/5/669.full#ref-27
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Sergipite 

Sonnenfeld and Kühn (1993) 

(= ghiaraite) 

Other names: sergipita 

 

Sonnenfeld and Kühn (1993) quoted the possible occurrence of CaCl2·4H2O in a 

tachyhydrite deposit (evaporite) in Sergipe (potassium deposit of Muribeca Formation, 

Sergipe-Alagoas Basin), and named it sergipite, without submission to the CNMMN - 

IMA. No mineralogical data were published. Rossi et al. (2014) described ghiaraite, a 

triclinic mineral with this formula, as a sublimates in volcanic fumaroles on Mount 

Vesuvius, Italy. 
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Chapter 4 

Oxides and hydroxides 

 

 

Palladinite  

Shepard (1857)  

(probably a valid species) 

Other names: Palladoxydat, iron-rich palladium oxidate, Palladiumoxydul, 

Palladiumocker, palladium-ochre, palladite, paladinita, palladinita, palladium-

copper oxide 

 

 

Figure 4.1. Palladseite (white) replaced around the margins by palladinite (grey, finely 

and rhythmically banded). From Cauê mine, Itabira, Minas Gerais. Reflected plane 

polarized light digital image from transparency. Field of view: 1.2 mm. Type specimen, 

BM 1934,72, Natural History Museum, London, England. Photo: Chris J. Stanley 

 

See Figure 2.3. 
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The name palladinite was introduced for a PdO compound, from Gongo Soco, Barão 

de Cocais, Minas Gerais. However, the original material analyzed by Johnson and 

Lampadius (1837) was said to be ñan iron-rich palladium oxidate [palladoxydat] (probably 

an oxide)ò. This paper was referred to by Rammelsberg (1847) under Palladiumoxydul. 

According to Johnson and Lampadius, ñthis compound seems to accompany palladian gold, 

and, being mixed with iron oxide, forms a brown ochreous crust that is soluble in 

hydrochloric acidò. Jedwab and Cassedanne (1998) note that neither of these two statements 

are supported by the original literature: 

a) the existence of a distinct palladium oxide (ñoxydulò was then used for protoxide) 

is presented as a matter of fact. 

b) the palladium oxide is claimed to be a mixture with a mineralogically distinct iron 

oxide. 

Shepard's (1852) description of ñpalladium-ochreò reads: ñOccurs in very small 

spherical masses, with a radiated, fibrous structure. Color yellowish, or greyish-white. 

Blowpipe: acts like telluric acid. Found very rarely at Fauberg and Zalathna, in Siebenburg 

[Fata Baii (Facebáj or Facebánya), near Zlatna, Transylvania, Romania]", without reference 

to Johnson and Lampadius (1837). Jedwab and Cassedanne (1998) consider all this 

information to be incorrect and is actually a description of tellurite. Shepard (1857) gave the 

name palladinite to the ñpalladium-ochreò. Adam (1869) supplied the correct reference, but 

added a chemical formula PdO, disregarding the major iron. 

Dana (1857) must be commended, according to Jedwab and Cassedanne (1998), for 

his remarkable care in his first entry: ñPalladium Ochre - The palladium ochre, which has 

still a doubtful existence, is called Palladinite by Shepardò, but his stand becomes less 

critical in 1858: ñA brown ochreous substance associated with the Palladium Gold of Brazil 

has been considered a Palladium Ochre or oxyd. It is soluble in muriatic acid. Detected by 

Johnson and Lampadiusò (Dana 1858). Vernadsky (1914) used the name ñpalladiteò for this 

mineral. 

The compound of Johnson and Lampadius (1837) seems to have been verified again 

in Gongo Soco by Cabral et al. (1998): ñAn intriguing dark palladium- and iron-rich coating 

around gold grains suggests some late-stage palladium enrichmentò.  

According to Jedwab and Cassedanne (1998), PdO is known to exist in the Itabira 

iron mines, Minas Gerais (Clark et al. 1974, Jedwab et al. 1993, Olivo and Gauthier 1995), 

and has a tetragonal X-ray diffraction pattern and a stoichiometric composition, but this 
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compound is not the mineral studied by Johnson and Lampadius (1837). 

Palladinite (PdO tetragonal) was identified in a sample of residual concentrates from 

the gold washings of the Cauê mine, Itabira, Minas Gerais [The Natural History Museum, 

London, England, sample BM 1934,72, collected by Sanders]. From this sample, the new 

minerals arsenopalladinite, atheneite, isomertieite, and palladseite were described. Clark et 

al. (1974) observed PdO peaks in the X-ray diffraction pattern of atheneite. In addition, they 

described a coating of a grey, low-reflecting mineral (similar to hematite), which in crossed 

polars is strongly anisotropic and frequently associated with hematite. This phase also 

occurs as a superficial coating on arsenopalladinite grains, which it replaced and penetrated 

in the form of oriented, parallel, wedge-like plates. Clark et al. (1974) reported 

approximately 90 wt.% PdO and 10 wt.% HgO, and concluded that this mineral is probably 

a mercurian variety of palladinite. 

Jedwab et al. (1993) informally proposed that, in the absence of the original Gongo 

Soco palladinite, the Itabira material should be defined as the new type locality for 

palladinite. According to them, unpolished grains display a deep black color, whereas 

polished ones are dark grey, without internal reflections. The formation of palladinite results 

from the oxidation of arsenides and antimonides (arsenopalladinite and isomertieite) and 

selenides (palladseite), which are still observed as relics in the palladinite. Palladium 

selenides alter more readily than arsenides and antimonides, and palladian gold is less prone 

to alteration. An occurrence of palladinite from Ruwe, Shaba, Zaire was mentioned by the 

same authors. 

Additional data were obtained for palladinite (ñpalladium-copper oxideò) from 

ñjacutingaò rock samples from the Cau° mine by Olivo et al. (1994 and 1995), Olivo and 

Gauthier (1995), and Olivo and Gammons (1996). According to Olivo and Gauthier (1995) 

the grains are medium to dark grey, darker than hematite, slightly anisotropic and without 

internal reflections in plane-polarized light in air or oil immersion. The grains are euhedral, 

finely-zoned, coated with films of gold, and commonly do not exceed 100 mm. Zoning is 

characterized by the alternation of dark-colored zones (high Pd/Cu ratios) with light areas 

(low Pd/Cu ratios). The Hg content is high in the cores (up to 1.42 wt.%) and diminishes 

toward the edges of the grains (Hg < 0.1 wt.%). Se and Sb contents are low (< 0.1 wt.%) 

and vary independently of the zone color and position in the grain (core or rim). Several 

wavelenght-dispersive analyses by electron microprobe were obtained by Olivo and 

Gauthier (1995), and Olivo et al. (1995) presented averages of two analyses for both dark 

and light bands. Dark zone: PdO 93.06, CuO 4.99, HgO 0.26, AuO 0.44, Fe2O3 1.19, SeO2 
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0.08, Sb2O5 0.04, Total 100.06 wt.%. Light zone: PdO 89.13, CuO 6.90, HgO 1.13, AuO 

0.31, Fe2O3 0.82, SeO2 0.03, Sb2O5 0.04, Total 98.36 wt.%. Dark zone: 

(Pd0.89Cu0.07Fe0.02)S0.98O. Light zone: (Pd0.87Cu0.10Fe0.01Hg0.01)S0.99O. 

A complete mineralogical description of palladinite is still lacking in the 

literature, but Jedwab and Cassedanne (1998) note that this mineral ñis in process of 

revalidationò. The following description of palladinite is from unpublished data by Alan 

Criddle, Chris J. Stanley, Jacques Jedwab, and Paul Piret (with permission by Chris J. 

Stanley):  

Occurrence. In gold-rich jacutinga (a hydrothermally-altered Lake Superior-type 

carbonate-bearing oxide facies iron-formation), originally recovered from residual 

concentrates from the gold washings, from Cauê iron mine, Itabira, Minas Gerais [The 

Natural History Museum, London, England; sample BM 1934, 72, collected by Sanders], 

associated with hematite, gold, palladian gold (ñporpeziteò), palladseite, 

arsenopalladinite, isomertiete, atheneite, and other minerals.  

Appearance and physical properties. As individual grains and alteration crusts on 

gold, palladseite and arsenopalladinite. Color: Black, bluish-gray. Streak: black. Luster: 

metallic. Opaque. Cleavage: not observed. Fracture: not observed. Density: 8.209 g/cm3 

(calc.). In one part of the unpublished text, the authors cited: ñVHN values varied from 220 

to 680 units with a mean of 494ò and in another: ñVHN: 448/626 unitsò. Tenacity: very 

brittle. 

Optical properties. In reflected light: bluish-steel gray and zoned. Bireflectance: 

week to moderate. Pleochroism: week. Rmax & Rmin (air): (28.7, 25.9) 470 nm; (27.6, 

25.5) 546 nm; (26.4, 24.6) 589 nm; (25.2, 23.7) 650 nm. In polished mount, the 

appearence in reflected plane-polarized light is to some extent determined by the mineral 

association. In general, the mineral is pale, somewhat bluish-gray, and of lower 

reflectance, bireflectance and anisotropy than hematite. Many of the arsenopalladinite 

and palladseite grains in the Sandersô concentrate are replaced in part by palladinite. 

However, one large (250 ɛm) inhomogeneous grain of palladinite was found in the 

concentrate. It is microgranular, with crystallites up to 4-5 ɛm in size, and is moderately 

bireflectant and pleochroic from pale blue gray to gray. Reflectance measurements in air 

and in immersion oil gave spectra that are consistent with a very weakly pleochroic 

mineral of modest bireflectance. The dispersion of the reflectance differs from that of 

hematite which is about 4% higher reflecting at the blue end of the spectrum. 

Chemical data. Microprobe (WDS mode) analyses (mean of 5 sets): PdO 89.93, 
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CuO 4.54, HgO 2.19, FeO 0.07, total 96.73 wt.%. Empirical formula: 

(Pd0.82Cu0.07Hg0.01)S1.00O. Quantitative analyses show the presence of Pd, Cu and Hg, and 

variable presence of Fe and Se. The resulting totals are generally too low, possibly due to 

the high porosity of the mineral or to the presence of water in the structure. Indeed, 

compounds with the formula PdO·xH2O has been synthesized (Glemser and Peuschel 

1955). 

Crystallography. Tetragonal, P42/mmc, a 2.997(1), c 5.3245(2) Å, V 47.825 Å3, Z 

2, c:a = 1.777. X-ray powder diffraction data [d in Å (I) (hkl)]: 2.993 (5) (100), 2.679 (20) 

(002), 2.611 (100) (101), 2.120 (20) (110), 1.660 (30) (112), 1.527 (20) (103), 1.498 (15) 

(200), 1.329 (5) (004), 1.301 (25) (202), 1.129 (5) (114), 1.071 (10) (213). These data were 

obtained on a powder from black crusts separated by gentle crushing of the grains. A 

comparison of the experimental X-ray diffraction data of palladinite from Itabira with those 

of the standard synthetic PdO shows close similarity between the two sets and their relative 

intensities. However, a general shift of the Itabira palladinite peaks toward smaller d 

spacings is observed and shows that this is more similar to that of the synthetic compound 

PdO·xH2O, suggesting that the mineral may be hydrated. Glemser and Peuschel (1955) 

synthesized the compound PdO·xH2O with varying H2O concentrations. Cell parameters for 

Itabira palladinite suggest between 2 and 6 wt.% H2O. 
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Figure 4.2. View of the crystal structure of palladinite (synthetic), drawn using VESTA 

3 (Momma and Izumi 2011). Data from Waser et al. (1953). 

 

Crystal structure. Based on neutron and X-ray diffraction data, the unit cell of PdO 

is confirmed to be formed by 2Pd at 0, 0, 0; ½, ½, ½ and 2O at ½, 0, 1/4; ½, 0, 3/4 (Waser 

et al. 1953). Each oxygen atom is bound to four palladium atoms at the corners of a nearly 
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regular tetrahedron, and each palladium atom forms four coplanar bonds to oxygen atoms 

at the corners of the rectangle (Niu et al. 1990) 

See also. Unnamed copper-bearing palladium oxides, isotropic,  Pd5(Cu,As)O3, 

Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, and Pd-O-H, oxygen-deficient Pd-O, Pd-oxides, 

Pd9O5, Pd8O3, Cu5Pd4O9 to Cu5.5Pd4.5O9, Pd2.5O2 to Pd3O2, oxygen-bearing compounds of 

Pt-Pd-Au-Cu-Fe-Mn, arsenopalladinite, atheneite, isomertierite, palladseite, and 

porpezite. 

 

 

Unnamed Pd9O5 

Cabral et al. (2002d) 

Other names: UM2002-03-O:AuHgPd 

 

This palladium oxide occurs as an alteration halo on Pd-arsenide from the Serra 

Pelada Au-Pd-Pt deposit, Curionópolis, Carajás mineral province, Pará (Cabral et al. 

2002d). Microprobe data: Pd 78.09, Se <0.20, Au 7.17, Pt <0.20, Cu 0.19, Hg 4.45, Fe 

<0.03, Mn 1.10, Cl 0.08. O 7.31, total 98.39. Empirical formula: 

(Pd8.03Au0.39Hg0.24Mn0.22Cu0.03)×8.91O5.00Cl0.02. Simplified formula: Pd9O5. 

See also. Palladinite, unnamed copper-bearing palladium oxides, isotropic, 

Pd5(Cu,As)O3, Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, Pd-O-H, Pd-oxides, Pd8O3, 

Cu5Pd4O9 to Cu5.5Pd4.5O9, Pd2.5O2 to Pd3O2, and oxygen-deficient Pd-O. 

 

 

Unnamed Pd8O3 

Cabral et al. (2002d) 

Other names: UM2002-11-O:PdPtSe 

 

This palladium oxide occurs as an alteration halo on Pd-Pt-Se phase from the 

Serra Pelada Au-Pd-Pt deposit, Curionópolis, Carajás mineral province, Pará (Cabral et 

al. 2002d). Microprobe data (mean of 3): Pd 67.01, Se 4.01, Au <0.20, Pt 19.70, Cu 0.10, 

Hg 0.98, Fe 0.23, Mn 0.94, Cl 0.02. O 4.98, total 97.97. Empirical formula: 

(Pd6.10Pt0.98Se0.49Mn0.16Hg0.05Fe0.04Cu0.02)×7.84O3.00. Simplified formula: Pd8O3. 
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See also. Palladinite, unnamed copper-bearing palladium oxides, isotropic, 

Pd5(Cu,As)O3, Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, Pd-O-H, Pd-oxides, Pd9O5, 

Cu5Pd4O9 to Cu5.5Pd4.5O9, Pd2.5O2 to Pd3O2, and oxygen-deficient Pd-O. 

 

 

Unnamed Cu5Pd4O9 to Cu5.5Pd4.5O9 

Cabral et al. (2002d) 

Other names: UM2002-08-O:CuPd 

 

This Pd-Cu-O phase occurs in association with mertieite-II at the Elefante 

Prospect, Curionópolis, Carajás mineral province, Pará (Cabral et al. 2002d). Microprobe 

data: (1) Pd 47.11, Se n.a, Au n.a., Pt n.a., Cu 34.74, Hg <0.20, Fe 0.30, Mn 0.02, Cl 0.06. 

O 16.29, total 98.52. Empirical formula: Cu4.84Pd3.92Fe0.04O9.00Cl0.02. Simplified formula: 

Cu5Pd4O9. (2) Pd 48.52, Se n.a, Au n.a., Pt n.a., Cu 34.76, Hg <0.20, Fe 0.38, Mn 0.03, 

Cl 0.10. O 14.58, total 98.37. Empirical formula: Cu5.40Pd4.50Fe0.07O9.00Cl0.03. Simplified 

formula: Cu5.5Pd4.5O9. 

See also. Palladinite, unnamed copper-bearing palladium oxides, isotropic, 

Pd5(Cu,As)O3, Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, Pd-O-H, Pd-oxides, Pd8O3, Pd9O5, 

Pd2.5O2 to Pd3O2, and oxygen-deficient Pd-O. 

 

 

Unnamed Pd2.5O2 to Pd3O2 

Cabral et al. (2002d) 

 

Native palladium from the Serra Pelada Au-Pd-Pt deposit, Curionópolis, Carajás 

mineral province, Pará, characteristically occurring in the goethite coating, is intimately 

associated with a Pd-O phase (Cabral et al. 2002d). Microprobe data: (1) Pd 80.15, Se 

<0.20, Au 3.50, Pt <0.20, Cu 1.75, Hg 1.74, Fe 0.08, Mn 2.59, Cl 0.16. O 9.11, total 

99.08. Empirical formula: (Pd2.64Mn0.16Cu0.10Au0.06Hg0.03)×2.99O2.00Cl0.02. Simplified 

formula: Pd3O2. (2) Pd 80.00, Se <0.20, Au 2.21, Pt <0.20, Cu 1.36, Hg 0.60, Fe 0.17, 

Mn 3.66, Cl 0.46. O 11.29, total 99.75. Empirical formula: 

(Pd2.13Mn0.19Cu0.06Au0.03Hg0.01Fe0.01)×2.47O2.00Cl0.04. Simplified formula: Pd2.5O2. 
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See also. Palladinite, unnamed copper-bearing palladium oxides, isotropic, 

Pd5(Cu,As)O3, Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, Pd-O-H, Pd-oxides, Pd8O3, Pd9O5, 

Cu5Pd4O9 to Cu5.5Pd4.5O9, and oxygen-deficient Pd-O. 

 

 

Unnamed oxygen-deficient Pd-O 

Cabral and Lehmann (2003), Cabral and Kwitko-Ribeiro (2004) 

Other names: UM2003-12-O:Pd 

 

 

Figure 4.3. SEM images of the Pd-O compound rosettes from Cauê mine, Itabira, Minas 

Gerais (Kwitko et al. 2002). 

 

Rosettes of a Pd-O compound occur at Cauê mine, Itabira, Minas Gerais, and at 

Gongo Soco, Barão de Cocais, Minas Gerais (Cabral and Kwitko-Ribeiro 2004). The 

rosettes from Itabira were erroneously described as ñnative palladiumò by Kwitko et al. 

(2002), because oxygen was recognized, but attributed to the subjacent iron 

oxyhydroxide. At Gongo Soco, Dear friends, This is the link to download my 

http://www.canmin.org/content/42/2/683.full#ref-17
http://www.canmin.org/content/42/2/683.full#ref-17
http://www.canmin.org/content/42/2/683.full#ref-17
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new book, Type Mineralogy of Brazil: a book in progress for free. All the 

best, Daniel found native palladium derived from PdïO masses that formed at the 

expense of a pre-existing arsenideïantimonide of palladium. The Pd-rich rosettes 

described at Gongo Soco differ from that from Itabira because no relics of a primary Pdï

SbïAs mineral were detected. Instead of a primary PGM (platinum-group mineral), the 

rosettes seem to have crystallized as a PdïO phase that precipitated directly from aqueous 

solution. Deoxygenation and dewatering at low temperatures could be responsible for the 

crystallization of native palladium from PdïO precipitates. Quantitative electron-

microprobe analyses of the Gongo Soco rosettes were hampered by the small grain-size 

(<2 ɛm). However, electron-microprobe analyses of PdïO alteration halos on arsenideï

antimonide of palladium indicate the existence of an oxygen-deficient PdïCu phase 

(Cabral et al. 2003) and a significant negative linear correlation between oxygen and 

palladium (Cabral and Lehmann 2003), suggesting a transitional range from an 

empirically derived PdO-like stoichiometry to native palladium, where native palladium 

would likely be the stable phase of palladium under supergene conditions (Cabral et al. 

2004). It was not possible to define whether the Pd-rich rosettes are true PdO (or a 

palladium hydroxide or hydrated compound) or an oxygen-deficient phase close to native 

palladium. Whatever the case, this study gives evidence for the neoformation of PGM at 

low temperatures. Possibly, the Pd-rich rosettes are supergene in origin, formed under 

oxidizing conditions (stability field of hematite) (Cabral and Kwitko-Ribeiro 2004).  

See also. Palladinite, unnamed copper-bearing palladium oxides, isotropic,  

Pd5(Cu,As)O3, Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, Pd-O-H, Pd-oxides, Pd8O3, Pd9O5, 

Cu5Pd4O9 to Cu5.5Pd4.5O9, and Pd2.5O2 to Pd3O2. 

 

 

Unnamed Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, and Pd-O-H 

Cabral et al. (2001 and 2004) 

 

Several PdO species are documented from Gongo Soco, Barão de Cocais, Minas 

Gerais, always in association with Cu, Fe, Mn and Hg, and includes Pd(OH)2 or 

PdO·H2O, and phases with metal excess in relation to oxygen, interpreted as metastable 

(Cabral et al. 2001).  

Hydrogen determined in an unnamed Pd-O-H phase from Gongo Soco, Barão de 

http://www.canmin.org/content/42/2/683.full#ref-9
http://www.canmin.org/content/42/2/683.full#ref-5
http://www.canmin.org/content/42/2/683.full#ref-6
http://www.canmin.org/content/42/2/683.full#ref-6
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Cocais, Minas Gerais, is lost during extended analysis, and unstable compared to goethite. 

This fact would explain why such compound is deficient in oxygen, eventually giving 

rise, via a deoxygenation-dehydration process, to native Pd (Cabral et al. 2004).  

See also. Palladinite, unnamed copper-bearing palladium oxides, isotropic, 

Pd5(Cu,As)O3, oxygen-deficient Pd-O, Pd-oxides, Pd8O3, Pd9O5, Cu5Pd4O9 to 

Cu5.5Pd4.5O9, and Pd2.5O2 to Pd3O2,. 

 

 

Unnamed copper-bearing palladium oxides, isotropic 

Davis et al. (1977)  

 

Davis et al. (1977) observed inclusions in palladseite of two low reflecting minerals, 

both isotropic, with square outlines in residual concentrates from the gold workings at the 

Cauê mine, Itabira, Minas Gerais [The Natural History Museum, London, England; sample 

BM 1934, 72, collected by Sanders]. The lower reflecting grey phase encloses rectangular 

cores of a higher reflecting phase; both are copper-bearing palladium oxides. As they are 

isotropic they are unlikely to be palladinite (tetragonal). Kumar and Saxena (1989) studied 

cubic PdO and Pd2O synthetic compounds. Cu-Pd oxides (Cu2PdO3 and Cu5Pd2O7) were 

described from Broken Hill, Australia (Dennis et al. 1994), but their optical properties were 

not given. The occurrence of Pd5(Cu,As)O3 was noted from the Maquiné gold mine, 

Passagem de Mariana, Mariana Co., Minas Gerais.  

See also. Palladinite, unnamed Pd5(Cu,As)O3, Pd(OH)2, PdO·H2O, 

(Pd,Cu,Mn,Hg)O, Pd-O-H, Pd-oxides, oxygen-deficient Pd-O, Pd8O3, Pd9O5, Cu5Pd4O9 

to Cu5.5Pd4.5O9, and Pd2.5O2 to Pd3O2. 

  

  

Unnamed Pd5(Cu,As)O3 

Varajão (1994)  

Other names: undefined Pd-Cu phase 

 

This oxide (Varajão 1994, Varajão et al. 1998, 1999, 2000) was described in itabirite 

from the Maquiné gold mine, Passagem de Mariana, Mariana Co., Minas Gerais, associated 

with palladian gold, stibiopalladinite, isomertieite, and sperrylite. It occurs as anhedral 
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grains up to 70 mm, at the surface of Ag-Pd-bearing gold particles hosted in a hematite-

quartz rich matrix (parental itabirite). These phases can be also accompanied by kaolinite 

crystallites and by an Al-Bi-bearing phosphate phase. Chemical analyses were obtained by 

electron microprobe (wt.%): Pd 77.00, Cu 10.17, As 1.13, O 7.60, total 95.90 corresponding 

to the empirical formula Pd4.74Cu1.05As0.10O3.11, with the ideal formula Pd5(Cu,As)O3.  

See also. Palladinite, isomertieite, unnamed copper-bearing palladium oxides, 

isotropic, Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, Pd-O-H, oxygen-deficient Pd-O, Pd-

oxides, Pd8O3, Pd9O5, Cu5Pd4O9 to Cu5.5Pd4.5O9, and Pd2.5O2 to Pd3O2,. 

 

 

Unnamed Pd-Cu-O compounds 

(Mota-e-Silva et al. 2016) 

 

Unnamed Pd-Cu-O compounds with formulae (Pd,Cu,Fe)O2 and (Pd,Cu,Fe)O 

(Mota-e-Silva et al. 2016) occur in gossans developed on a Ni-Cu(-PGE) deposit in 

Limoeiro, Pernambuco, associated with goethite, sperrylite, irarsite, hollingworthite, 

unnamed Pd-Te±Bi phases [Pd3(Te,Bi), Pd(O,Te,Bi)2, (Pd,Fe,Cu)(O,Te)2, and Fe,Pd,Pt-

O], unnamed Pd-I-O phases [Pd(O,I)2, (Pd,Fe)(O,I)2, and Fe,Pd,I-O], and an unnamed Fe-

Pt-Rh-O phase. Both saprolite and gossan host partly oxidized Pd-Cu-O compounds in 

the shallow environment (< 7m). These Pd-Cu phases replace the partially oxidized Pd-

Te±Bi phases suggesting a continuum of alteration from the pristine merenskyite to Pd-

Cu-O compounds in the Limoeiro supergene zone. Analogous to the Pd-Te±Bi phases, 

the Pd-Cu-O compounds occur mixed with goethite that is replacing merenskyite. The 

whole merenskyite alteration area including the Pd-Cu-O compounds, voids and goethite, 

ranges from 2µm2 to 2330µm2 with an average of 435µm2. These dimensions are very 

similar to those reported for merenskyite grains in the fresh massive sulfide ore and for 

the pseudomorphs filled with Pd-Te±Bi in the gossans. The degree of Pd-Te±Bi 

replacement by Pd-Cu-O compounds is variable. Relict tellurides partially replaced by 

Pd-Cu-O compounds and Fe-oxides appear strongly leached in open spaces or very 

porous areas of the samples. A less advanced replacement is proposed for smaller grains 

better protected by the enclosing goethite. These have patchy Pd-Cu-alloys occupying 

larger areas of the grains along with more consolidated masses of goethite. In most cases, 

however, goethite largely pseudomorphs precursor merenskyite and Pd-Cu aggregates are 
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sparse. In detail, these goethite crusts are coated by tiny Pd-Cu crystals able to coalesce 

and eventually form an almost continuous crystal surface. Under high magnification, 

these Pd-Cu crystals show diverse habits suggesting a sequential crystal growth. They 

occur (i) in a globular habit, as Pd-Cu microspheres displaying a central axis, (ii) in a 

radial habit, with crystals diverging from the center, and (iii) in a rosette-like habit, with 

tabular crystals often in an "X" shape or as a combination of several forms. Pd-Cu rosettes 

mainly coat goethite in merenskyite pseudomorphs but they are also located around them, 

along contacts between crystals or fissures. Less often, they occur growing from goethite 

in voids lacking Pd-Te±Bi. Each rosette has a diameter of about 2 µm and crystal surfaces 

formed by accreted rosettes are less than 5 µm in length. None of them were large or 

uniform enough to obtain quantitative analysis clear of interference from their goethite 

substrate. The patchy Pd-Cu aggregates are also irregular but sometimes reach sizes up 

to 10 × 10 µm. The analyses achieved on these grains show a rather uniform composition 

close to "(Pd,Cu,Fe)O", with elevated Pd and Cu (Pd 61 70, Cu 8 14 wt.%), moderate 

oxygen (18 22 wt.%) and low Fe (0 4 wt.%) and Bi (0 1 wt.%). Compared to precursor 

Pd-Te, Pd-Cu grains contain similar or even higher Pd values but reflect a sharp increase 

in Cu up to 16 wt.% and almost a complete loss of Te and Bi (Mota-e-Silva 2014).  

See also. Palladinite, unnamed copper-bearing palladium oxides, isotropic, 

Pd5(Cu,As)O3, Pd(OH)2, PdO·H2O, (Pd,Cu,Mn,Hg)O, Pd-O-H, Pd8O3, Pd9O5, Cu5Pd4O9 

to Cu5.5Pd4.5O9, Pd2.5O2 to Pd3O2, oxygen-deficient Pd-O, Pd3(Te,Bi), Pd(O,Te,Bi)2, 

(Pd,Fe,Cu)(O,Te)2, Fe,Pd,Pt-O, Pd(O,I)2, (Pd,Fe)(O,I)2, Fe,Pd,I-O phases, and Fe-Pt-Rh-

O phase. 

 

 

Unnamed Pd(O,I)2, (Pd,Fe)(O,I)2, and Fe,Pd,I-O phases 

(Mota-e-Silva et al. 2016) 

Other names: Unnamed (Pd-I-O Compound) 

 

Unnamed Pd-I-O compounds, including Pd(O,I)2, (Pd,Fe)(O,I)2, and Fe,Pd,I-O 

phases occur in gossans developed on a Ni-Cu(-PGE) deposit in Limoeiro, Pernambuco, 

associated with goethite, sperrylite, irarsite, hollingworthite, unnamed Pd-Cu-O 

compounds, Pd3(Te,Bi), Pd(O,Te,Bi)2, (Pd,Fe,Cu)(O,Te)2, and Fe,Pd,Pt-O, and an 

unnamed Fe-Pt-Rh-O phase. The Pd-I-O compound occurs as single, small, and euhedral 
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crystals ranging in area from 0.4 to 8.8 µm2, and in one case appears to be replacing a 

relatively large euhedral mineral producing a pseudomorph 40 µm in diameter. Analyses 

of the largest and freshest grain (~5 µm in the longest dimension) reveal a composition 

of Pd 37, Fe 2, I 52, and O 9 wt.% that resembles a óóPd(O,I)2ôô phase. Other grains 

yielded a similar composition with different proportions of these four elements including 

some Cu and S content. The Pd-I-O grains have an inhomogeneous surface, with parts 

that are more O-rich than others. Additionally, some of the tiny euhedral Pd-I-O grains 

exhibit corroded crystal faces. EDS analyses of these phases give an average composition 

of (Pd,Fe,Cu)0.94(O,I)2.06. The formation of I-rich PGM is a consequence of the dominance 

of saline groundwaters in the Limoeiro area (Mota-e-Silva et al. 2016).  

See also. Unnamed Pd2FeI, unnamed Pd-Cu-O compounds, unnamed Pd3(Te,Bi), 

Pd(O,Te,Bi)2, (Pd,Fe,Cu)(O,Te)2, and Fe,Pd,Pt-O, and an unnamed Fe-Pt-Rh-O phase. 

 

 

Unnamed PtïO 

Cabral et al. (2008), Vymazalová et al. (2012) 

 

See Figures 2.13. and 2.14. 

 

This mineral occurs associated with jacutingaite. No additional data were 

furnished. 

See also. Jacutingaite.  

 

 

Unnamed oxygen-bearing compounds of Pt-Pd-Au-Cu-Fe-Mn 

Jedwab (1995) 

Other names: ouro preto, black gold, oiro preto, ouro negro, unnamed 

hematite-looking Pt compound, iron-rich palladium oxidate, Palladoxydat, 

Unconventional Platinum Group Minerals and Mineraloids, UPGMandM, 

ouropretoite, Antonil compounds 

 

The first reliable appearance of the name ouro preto (= black gold) is found in a 
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report by Antonil (1711): "As for the various sorts of gold, it is known that the one called 

ouro preto, because of its surface is colored like unburnt steel, appears with a vivid yolk 

yellow color when tried under the teeth. It is the finest gold, since it is almost 23 carats.". 

The expression ouro preto was applied to gold with a dark surface or to the compounds that 

form this surface. Dark brown to black compounds associated with native gold were 

discovered in Minas Gerais, three hundred years ago, and have been known since then as 

ouro preto (Jedwab and Cassedanne 1998). During the first decades of the period called 

ñgold cycleò, this gold was found in such abundance that the town of Villa Rica was later 

renamed Ouro Preto. 

Studies of samples from Itabira, Minas Gerais (Jedwab 1995, Jedwab and 

Cassedanne 1998) demonstrated that the dark surface of ouro preto corresponds to a group 

of oxygen-bearing compounds of Pt-Pd-Au-Cu-Fe-Mn, visually indistinguishable from the 

coexisting Fe and/or Mn oxides and oxyhydroxides. 

Ouro Preto from Timbopeba mine, Ouro Preto, Minas Gerais, was studied by 

Galbiatti et al. (2009). The gold comes from hematite-bearing veins which truncate the host 

iron formation, i.e. itabirite. Its black color originates from a dark coating consisting of 

hematite, goethite, and Pd-O phase(s). The Pd-O component of the dark coating occurs on 

palladium minerals located on the surface of palladiferous gold. The Pd-O coating has 

desiccation cracks, which represent the early stage of a deoxygenation-dehydration process 

from a Pd-O-H phase towards native palladium. 

Dark brown to black compounds associated with native gold were discovered three 

hundred years ago in Minas Gerais, and have been known since then as ñouro pretoò. Studies 

by Jedwab (1995) and Jedwab and Cassedanne (1998) of concentrates from the Cauê mine, 

Itabira, Minas Gerais, proved that ouro preto is composed of a group of oxygen-bearing 

compounds of Pt-Pd-Au-Cu-Fe-Mn, coexisting with minor Fe-Mn oxides and hydroxides 

and visually indistinguishable from them. These compounds were correctly determined as 

oxygen-bearing compounds of Pt-Pd-Fe by Lampadius and Plattner (1833), and Johnson 

and Lampadius (1837). 

Lampadius and Plattner (1833) studied material from the area of ñSabar§ or Villa 

Ricaò, Minas Gerais and they concluded that platinum could form, in combination with other 

elements; they state: ña brittle pulverizable material of a color that resembles that of 

hematite, and can thus only with difficult be discerned by eye from the latterò. According to 

Lampadius and Plattner (1833) the analysis of separate fractions of this unnamed 

hematite-looking Pt compound corroborates the former assumption and the visual 
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impression that the platinum and its normal associates are not chemically bound to the 

gold in the studied ore, but instead, that the native argentian gold and the platinum ore 

occur mingled one close to the other in the iron ore. Considering that the mechanical 

separation of the gold from the hematite yielded no visible native platinum at all, that on 

the other hand hematite contained platinum according to the analyses, but that separate 

crystals of the same were entirely devoid of platinum, according to blow-pipe assay, the 

following must consequently be assumed: either the platinum occurs in the native state 

and is very finely dispersed in the iron ore, or it forms in combination with other materials 

a brittle, pulverizable material, which color resembles that of hematite, and can thus 

difficultly be discerned by eye from the same (Lampadius and Plattner 1833). 

Johnson and Lampadius (1837) described material from Gongo Soco mine, Barão 

de Cocais, Minas Gerais, as ñan iron-rich palladium oxidate [Palladoxydat] (probably an 

oxide). We have here, as a matter of interest, the first occurrence of a metal connected with 

platinum in the oxidized stateò. Unfortunately, these papers were misquoted in the literature 

and led to the erroneous definition of palladinite. 

Carvalho da Silva et al. (1985), Roeser et al. (1989, 1991 and 1992) and Roeser and 

Schürmann (1990) detected only Fe oxides associated with traces of Cr-Al oxides. 

According to Roeser et al. (1992), ñin fact, ouro preto is palladian gold, but the palladium is 

enclosed by the gold and not in the coatingò. 

According to Jedwab (1995), the oxygen-bearing compounds of Pt-Pd-Au-Cu-Fe-

Mn are encrustations deposited on, or included in, the gold grains observed in the heavy 

mineral concentrates. The gold grains may be associated with palladoarsenide, palladseite, 

isomertieite, palladinite etc. 

The chemical compositions of these compounds are extremely varied, even within 

the same grain (Table 4.1). Although the presence of oxygen was shown qualitatively in the 

analytical spectra, only the values for the metals are given in the analyses. The non-metallic 

character of the described compounds was established either through observation of their 

color and weak RPM reflectivity, or through their lower apparent atomic number under the 

SEM compared to the native PGE generally present in the samples. The possible oxygen 

species, indicated by the presence of  O2-, OH- and/or H2O, could of course not to be 

established with the methods used. 
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Table 4.1. Electron microprobe analyses of oxygen-bearing compounds of Pt-Pd-Au-Cu-

Fe-Mn from Cauê mine, Itabira, Minas Gerais (oxygen excluded). (Jedwab 1995).  

 

 1 2 3 4 5 

wt.%      

Pt 40.93 80.66 4.29 33.72 0.26 

Pd 3.98 2.84 81.02 14.38 9.97 

Au 0.35 1.60 n.d. n.d. 6.03 

Cu 0.76 1.30 11.52 4.29 n.d. 

Mn 6.26 3.42 1.03 6.85 0.13 

Fe 47.66 10.17 2.12 40.74 83.61 

atoms %      

Pt 17.05 58.04 2.15 14.04 0.08 

Pd 3.04 6.23 74.30 10.96 5.90 

Au 0.15 1.29 n.d. n.d. 1.95 

Cu 0.98 5.11 17.74 5.49 n.d. 

Mn 9.28 8.35 1.84 10.14 0.15 

Fe 69.39 25.15 3.72 59.30 91.87 

Number of analyses 3 3 1 1 3 

 

The compounds show very diversified textures and are amorphous to X-rays. Their 

reflectance is generally weak, but variable (13 to 15 % at 588 nm). The color, the weak 

reflectance, absence of crystalline structure, and high Fe and/or Mn content would probably 

lead the uninitiated to classify these compounds as iron or manganese oxi-hydroxides 

(Jedwab 1995). 

A very interesting text about these compounds is from Jedwab (2008): 

 

ñANTONIL COMPOUNDS 

About 10 years ago, I took part in a workshop devoted to ñUnconventional Platinum 

Group Mineralsò at the MNH-London [22nd. to 25th. August 1999], and I chatted briefly with 

Louis Cabri and the late Alan Criddle about how to designate them with a more precise, 

less negative- sounding name. Since then, and in recognition of their often and evidently 

complex and/or mixed composition, I set up a comprehensive web site devoted to 
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ñUnconventional PG Minerals and Mineraloids-UPGMandMò 

(//www.ulb.ac.be/sciences/upgm/mguide. 

See also: //canmin.geoscienceworld.org/cgi/content/abstract/36/3/887) 

Although it became obvious from gathering the literature that these compounds are 

extremely widespread (in fact, all PGE/PGM deposits are endowed with some UPGMandM, 

if one looks carefully), it is my contention that these compounds have received very little 

scientific attention, probably because of a lack of a useable, or at least, a heuristic name. 

Naming such diverse members, which we feel are out of the realm of definable 

mineralogical species and classifications, is a challenging and risky task. Indeed, when a 

brown PGE-compound is examined under the reflecting light microscope, analyzed under 

the EMP, or under diffraction, one either gets no X-ray diagram, or only that of native Pt 

and/or Pd, which it is obviously not. Only 2-3 cases of crystallized palladinite (PdOtetr.) 

have been recorded. They often contain a lot of minor and trace elements, and we are often 

left in the dark about O, OH and H2O. It is thus absolutely out of question to give a name 

sounding like a species name: ñouropretoite,ò for instance. 

My proposition is to collectively designate this group as ñAntonil compoundsò, in 

recognition of Padre Antonil, who was the first to describe in print the black auriferous 

mineral grains found around 1695-1700 in Minas Gerais, Brazil, and known since then as 

ñouro pretoò (Pt was to be discovered 50 years later, and Pd 100 years).  

It is not a mineralogical species name. It has no precise chemical meaning (except 

for the presence of major PGE-contents), and it has never been used for something else. It 

does not sound like a mineral name, but like other collective chemical objects (e.g.: Lewis 

compounds, Laves phases, Tutton's salts) which are of course much better defined. 

I should very much appreciate receiving your opinions (pro et contra) about this 

rather unusual proposition, which I find timely, and which could be the subject of a formal 

publication in print.  

Thanks to all, 

    Jacques Jedwab 

   Universit® Libre de Bruxellesò 

 

See also. Palladinite, palladseite, isomertieite, and porpezite. 
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Unnamed Pt-Fe-containing black crusts on gold  

Eschwege (1833) 

 

According to Eschwege (1833): "Ouro podre [rotten gold]: Mr. Döbereiner, 

Court Counsellor at Jena, to whom I sent a small portion of that gold, analyzed it; 

unfortunately, I lost his result, but I still remember clearly that it contained iron and a 

little platina.ò 

 

 

Unnamed brown crusts on gold yielding a Pd-reaction 

Hussak (1906a, b) 

 

"This palladian gold [from Itabira do Matto Dentro = Itabira, Minas Gerais] is 

not rarely covered with a brown earthy, limonitic crust, which proved to be palladium 

oxide (PdO= palladinite), according to Lampadius. It is easily soluble in hydrochloric 

acid and yields the characteristical microchemical reactions of Pd." (Hussak 1906a, b). 

 

 

Unnamed black crusts on Pt "probably due to a Mn-Fe oxide"  

Guimarães (1958) 

 

"The black color [of some of the mamillary platinum fragments from Fazenda 

Limeira (= Limeira farm), Lajes creek [Largos (Lajes) or Ouro Branco river], a tributary of 

the Santo Antônio river, 6.5 km from Conceição (= Conceição do Mato Dentro), in the 

district of Morro do Pilar, Minas Gerais] is surficial, and probably due to an oxide of 

manganese and iron." Guimarães (1958 p. 18) [No analysis].  

See also. Palladium and Palladiumplatin. 
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Unnamed Fe-Pt-Rh-O phase  

Mota-e-Silva et al. (2016) 

 

Unnamed Fe-Pt-Rh-O phase occur in gossans developed on a Ni-Cu(-PGE) 

deposit in Limoeiro, Pernambuco, associated with goethite, sperrylite, irarsite, 

hollingworthite, unnamed Pd-Te±Bi phases, Pd(O,I)2, (Pd,Fe)(O,I)2, and Fe,Pd,I-O 

phases, and unnamed Pd-Cu-O compounds. 

See also. Unnamed Pd3(Te,Bi), Pd(O,Te,Bi)2, (Pd,Fe,Cu)(O,Te)2, and Fe,Pd,Pt-

O, unnamed Pd(O,I)2, (Pd,Fe)(O,I)2, and Fe,Pd,I-O phases, and unnamed Pd-Cu-O 

compounds. 

 

 

Unnamed Ru and Ir oxides and hydroxides 

Milliotti and Stumpfl (1993)  

 

A complex association of Ru- and Ir-bearing phases was identified by Milliotti and 

Stumpfl (1993) in the chromitites of Niquelândia, Goiás. They show very low reflectance 

(~ 15 %, similar to spinel) when compared to the associated platinum-group minerals. The 

phases are 

a) Irregular brownish-gray masses, sometimes with scattered small inclusions of Ir-

rich laurite with the composition Ru-Ir-Fe-Cr-Al-Ni and similar grains in native osmium 

with the composition Ru-Fe-Cr-Ti-Al.  

b) Small pseudomorphic, euhedral light-brown crystals (up to 15 mm) in direct 

contact with chromite: Ru-Ir-Fe-Cr-Al-Ni, Ru-Ir-Fe-Cr-Al, and Ir-Fe-Cr-Al. 

c) Light-brown alteration rims on laurite grains, preserving their original euhedral 

shape: Ru-Ir-Fe-Cr, Ru-Fe-Cr-Al, and Ru-Fe-Cr.  

These phases were interpreted as oxides or hydroxides of platinum-group elements, 

formed at a late stage, probably during laterization. Later on, Milliotti and Stumpfl (1996) 

also described RuO4 and Pd2FeI in these chromitites.  

See also. Unnamed Ir-Ni sulfide and undetermined Os-Ir sulfide, unnamed RuO4 

and Pd2FeI. 
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Unnamed RuO4 

Milliotti and Stumpfl (1996)  

 

Supergene ruthenium oxide occurs in the chromitites of Niquelândia, Goiás, as 

alteration rims in Os-rich laurite crystals enclosed by either chromite or goethite. The 

thickness of these rims varies from 1 to 5 mm depending on the degree of laurite alteration. 

Completion of the alteration process is indicated by euhedral RuO4 pseudomorphs after Os-

rich laurite in chromite. In reflected light, it is brownish-gray and can be distinguished by 

its low reflectance, similar to spinel, and isotropic character. The chemical composition 

approaches RuO4, with variable content of Ru, Fe and Ir (Table 4.2). 

  

Table 4.2. Electron microprobe for ruthenium oxide (Milliotti and Stumpfl 1996) (wt.%).  

 

Grain # 1 2 3 4 5 

Os n.d. 0.03 1.07 n.d. 1.83 

Ru 41.75 41.65 47.43 39.92 44.26 

Fe 6.94 7.24 5.83 8.39 6.17 

Pt n.d. 0.66 0.10 0.01 0.04 

Rh 0.74 0.56 1.39 0.65 0.98 

Cu 0.53 0.54 0.27 0.57 0.16 

Ir 9.60 8.94 1.98 8.88 7.48 

Pd n.d. n.d. n.d. n.d. n.d. 

O 39.31 38.26 39.97 43.16 37.54 

Total 98.87 97.88 98.04 101.58 98.46 

1. (Ru0.68Fe0.20Ir0.08Rh0.01Cu0.01)S0.98O4.02 

2. (Ru0.69Fe0.22Ir0.08Rh0.01Cu0.01Pt<0.01)S1.01O3.99 

3. (Ru0.76Fe0.17Ir0.02Rh0.02Pt<0.01Os<0.01Cu<0.01)S0.97O4.02 

4. (Ru0.60Fe0.23Ir0.07Rh0.01Cu0.01)S0.92O4.08 

5. (Ru0.74Fe0.19Ir0.07Rh0.01Os0.01Pt<0.01Cu<0.01)S1.02O3.97 

  

Garuti et al. (2002, 2012) also observed (Ru,Fe)-oxide in a heavy mineral 

concentrate obtained from chromitites of the Niquelândia layered intrusion by the use of 



Daniel Atencio ï Type Mineralogy of Brazil , a book in progress 

146 

 

hydroseparation technology. 

The Niquelândia Complex is a large layered mafic-ultramafic cumulate sequence. A 

large variety of PGM (platinum-group mineral) inclusions within the chromitites, 

displaying distinct textures has been documented. Three PGM generations have been 

suggested by Milliotti and Stumpfl (1996): 1) early magmatic crystallization of Os-rich 

laurite, erlichmanite, and ñiridosmineò, trapped as discrete, crystalline euhedral phases 

during chromite nucleation; 2) late magmatic crystallization of irarsite and Ir-Pt sulfides, 

formed in the silicate matrix after chromite crystallization had almost terminated; and 3) 

supergene formation of RuO4 and Pd2FeI, as well as precipitation of Pt-Fe and Os-Fe-Ir 

alloys from the alteration fluids, during chromite laterization. PGE (platinum-group 

elements)-bearing goethite, hosting PGM phases, was also documented by Milliotti and 

Stumpfl (1993).  

See also. Iridosmine, unnamed Ru and Ir oxides and hydroxides, unnamed RuO4 and 

Pd2FeI, and unnamed Ir-Ni sulfide and undetermined Os-Ir sulfide. 
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Chrysoberyl 

Werner (in Hoffmann 1789, and Karsten 1789)  

BeAl2O4, orthorhombic 

Other names: Krisoberil, Krysoberill, chriso-béril, chrysoberyll, cymophane, 

Alaunerde + Kieselerde, alumina + silica, cimofana, chrysoberyllo, 

cymophana, chrysolite, crisólita, crisólita do Brasil, crisólita-do-brasil, 

crisoberilo 

 

 

Figure 4.4. Chrysoberyl from Água Branca community, Girau, Araçuaí, Minas Gerais. The 

largest dimension is 4.5 cm. Specimen: Edson Ferreira dos Santos. Photo: Daniel Atencio. 
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According to Leonardos (1970), it is probable that the chrysoberyl analyzed by 

Klaproth (1795) [alumina 71, silica 18, lime 6, oxide of iron 1.5, loss 3, total 99.5 wt.%] was 

from Brazil. In fact, chrysoberyl is BeAl2O4, but at that time beryllium had not been isolated. 

The gem, known in Brazil as chrysolite and classified by Werner (in Hoffmann 1789, and 

Karsten 1789) as chrysoberyl (Krisoberil), had been known since the middle of the 18th 

century from alluvium in northern Minas Gerais [especially in the area of Araçuaí, old 

Calhau, Minas Gerais (Leonardos 1945)], associated with colorless and blue topaz, 

aquamarine, tourmaline, and garnet. According to Hoffmann (1789), ñChrysoberyl is 

characterized by its green asparagus color and is most commonly found in round grains. At 

the moment, it is only available in Brazilò. The name chrysolite was used by Romé de l'Isle 

(1772) for the gem variety of olivine, but, apparently, both de l'Isle and Werner confused 

the gem names of antiquity. Chrysolite or ñgold stoneò of Pliny probably was topaz, and 

chrysoberyl of antiquity, as the name indicates, was golden beryl. Klaproth (1795) simply 

designated chrysoberyl as Alaunerde + Kieselerde (alumina + silica). Haüy (1795) gave it 

the name cymophane. Nevertheless, the name chrysoberyl prevailed and Seybert (1824) 

obtained a correct analysis showing it to be a beryllium mineral. 

According to Ferraz (1928), ñchrysoberyllo or cymophanaò occurs in quarries in 

Minas Gerais (Lufa stream and Gravatá river, in the NE part of the state; in the vicinity of 

Araçuaí; in the Urubu creek; Piauí river, Minas Novas; Calhau, Neves and Serro), in São 

Paulo (Canoas river), and in Espírito Santo (Colatina, Doce river). 

Gem varieties include gem chrysoberyl in shades of light yellow, green and brown; 

alexandrite which shows color change from daylight to artificial light; catôs eye, a chatoyant 

yellow or green variety with oriented acicular inclusions; and cat's eye alexandrite. 

Occurrence. It is widespread and found in granitic pegmatites and aplites, mica 

schists, rarely in dolomitic marble and fluorine-rich veins. Associated minerals include 

garnet, spinel, beryl, phenakite, corundum, tourmaline, columbite, gahnite, and apatite. 

Often found as a detrital mineral with diamond, corundum, garnet, and cassiterite. The type 

locality is unknown, but probably is Araçuaí, Minas Gerais (Leonardos 1970). Also, known 

from countless Brazilian and world occurrences. 

Appearance and physical properties. Habit: usually occurs as tabular crystals on 

{100} or short prismatic along [001]. Forms: {100}, {010}, {011}, {110}, {120}, {130}, 

{101}, {111}, {121}; less common {001}, {021}, {230}, {211}, {122}; tabular on {100}, 

also short prismatic [001] or [100]; striated on {100} parallel to [001]. Twinning: common, 

with twin plane {031} and flattened perpendicular to the composition plane; contact and 
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penetration twins, sometimes forming pseudohexagonal crystals. Color: various shades of 

green, yellow, greenish-brown, greenish-black, sometimes green or blue in daylight and red 

or brownish-pink in incandescent light (variety, alexandrite). Streak: white. Nonfluorescent, 

except for the alexandrite variety which fluoresces red. Luster: vitreous. Transparent or 

translucent, may be opaque and chatoyant with oriented inclusions. Hardness (Mohs): 8½. 

Tenacity: brittle. Cleavage: {011} distinct, {010} imperfect, {100} poor. Fracture: uneven 

to conchoidal. Density: 3.75 g/cm3 (meas.), 3.78 g/cm3 (calc.). 

Optical properties. Biaxial (+), a 1.746, b 1.748, g 1.756, 2V 70̄  (meas.), 53̄ 

(calc.). Dispersion: r > v. Pleochroism: generally absent or weak, but strong in 

alexandrite, with X reddish-purple, Y orange, Z green. Orientation: X = a, Y = b, Z = c. 

Chemical data. BeO 19.15, FeO 3.60, Al2O3 76.34, TiO2 0.55, total 99.64 wt.%. 

Empirical formula: Be1.00(Al1.95Fe0.07Ti0.01)S2.03O4.00. The ideal formula requires BeO 19.70, 

Al2O3 80.30, total 100.00 wt.%. 

Crystallography. Orthorhombic, Pbnm, a 4.429, b 9.413, c 5.480 Å, V 228.46 Å3, Z 

4, a:b:c = 0.4705:1:0.5822. X-ray powder diffraction data [d in Å (I) (hkl)]: 3.2345 (37) 

(111), 2.5609 (65) (130), 2.3199 (37) (131), 2.2622 (41) (112), 2.0884 (83) (122), 2,0779 

(34) (140), 1.6175 (100) (222), 1.6129 (95) (240), 1.4645 (41) (152), 1.3614 (58) (062). 

[sample from Minas Gerais]. 

Name. From Greek chrysos (gold) and beryllos (beryl). 

Type material. No precise information on the type occurrence of chrysoberyl or the 

whereabouts and description of the type material is available. 

Relationship to other species. Structurally related to olivine. 
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Figure 4.5. View of the crystal structure of chrysoberyl (from Malyshevo near Terem 

Tschanka, Sverdlovsk, Ural, Russia), drawn using VESTA 3 (Momma and Izumi 2011). 

Data from Weber et al. (2007). 

 

 

Crystal structure. Edge- and corner-sharing AlO6 octahedra are connected into a 

framework by isolated BeO4 tetrahedra; olivine structure type (Farrell et al. 1963). 
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Unnamed orthorhombic MgO 

Kaminsky et al. (2015) 

MgO, orthorhombic 

Other names: Unnamed (Orthorhombic Polymorph of Magnesium Oxide) 

 

 

Figure 4.6. Cubic crystals of parascandolaite KMgF3, intergrown with hercynite(?) and 

graphite (left), and with orthorhombic MgO (right) (Kaminsky et al. 2015). 

 

MgO with an orthorhombic structure is a new phase, found in a microcrystalline 

polymineral aggregate, identified in inclusions within lower-mantle diamond from the 

Chicória farm, Sorriso river, Juína, Mato Grosso. It is intergrown with parascandolaite. 

Chemical composition results in the following empirical formula: 

(Mg0.953Fe0.033Ca0.013)Ɇ0.999O. It has unit cell parameters a 21.4078, b 6.1099, c 4.2597 Å, 

which could only be indexed using the orthorhombic crystal structure. Coexists with 

parascandolaite, ellinaite, unnamed MgCr2O4, Feïrich periclase, calcite, ñapatiteò, ñspinelò, 

periclase, wüstite, and probably nitrogen-bearing yarlongite (Kaminsky et al. 2015). 

Probably dimorphous with periclase. Today no synthetic orthorhombic MgO compound is 

known.  

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrocohenite, 

nitrochalypite, unnamed Fe2N, Fe3N, Fe5SiC, (Ba,Sr)AlF5, MgCr2O4, 

Na4Mg3(PO4)2(P2O7), Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 
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Ellinaite 

Sharygin et al. (2020) 

CaCr3+
2O4, orthorhombic 

Approved CNMNC ï IMA 2019-091 

Other names: ellinaíta, unnamed CaCr2O4, Unnamed (Calcium Chromium 

Oxide Postspinel) 

 

 

Figure 4.7. (A) General view of diamond #8-108, from the Chicória farm, Sorriso river, 

Juína, Mato Grosso. (B) Positions of foils in the diamond. (C) Polyphase mineral inclusion 

with ellinaite, TEM photo (Kaminsky et al. 2015). CaCr2O4: ellinaite; MgCr2O4: unnamed 

MgCr2O4; MgFe2O4: magnesioferrite. 
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This mineral was originally described by Kaminsky et al. (2015) as unnamed Ca-Cr 

oxide with an orthorhombic structure, a new phase found in a microcrystalline polymineral 

aggregate identified in inclusions within lower-mantle diamond from the Chicória farm, 

Sorriso river, Juína, Mato Grosso.  

Sharygin et al. (2020) described this mineral as ellinaite, from the gehlenite-rankinite 

paralavas in the Halamish and Zohar wadi, the southern part of the Hatrurim Basin, one of 

largest combustion metamorphism complexes of the Hatrurim Formation (also known as the 

ñMottled Zoneò) on the territory of Israel (holotype specimen), and from Sorriso river, Ju²na, 

Mato Grosso (cotype specimen). 

Occurrence. In Brazil ellinaite has been found as a microcrystalline polymineral 

aggregate identified in inclusions within lower-mantle diamond from the Chicória farm, 

Sorriso river, Juína, Mato Grosso. Coexists with parascandolaite, unnamed MgCr2O4, Feï

rich periclase, unnamed orthorhombic MgO, calcite, ñapatiteò, ñspinelò, periclase, wüstite, 

and probably nitrogen-bearing yarlongite. These diamond-hosted phases, including ellinaite, 

seem to be crystallized in lower mantle conditions and ellinaite might be potential host for 

both Ca and Cr in the deep mantle (Kaminsky et al. 2015). 

Appearance and physical properties. Subhedral grain with size 2 × 1 ɛm. Color: 

black. Streak: black. Luster: sub-metallic. Fluorescence: non-fluorescent. Hardness (Mohs) 

å 4İ-5. Hardness (Micro-indentation): could not be measured because of the small grain 

size. Cleavage: none observed. Parting: none observed. Tenacity: brittle. Fracture: could not 

be observed. Density (meas.) could not be measured because of the small grain size. Density 

(calc.) = 5.217(1) g/cm3 (for the Hatrurim sample) based on empirical formula and unit cell 

volume refined from single-crystal XRD data.  

Optical properties. Opaque. In reflected light (Hatrurin specimen): Color: gray 

with blue tint. Bireflectance: none observed. Pleochroism: none observed. Anisotropy: 

weak. Internal reflections: weak, red-brown. Reflectance values (reference material: Si; 

measured in air): Rmax, Rmin (15.63, 15.35) 470 nm, (14.73, 14.59) 546 nm, (14.55, 14.42) 

589 nm, (14.54, 14.48) 650 nm. 

Chemical data. Brazilian specimen: Type of analysis: EDX TEM. Chemical 

analysis (in at.%, without oxygen): Ca = 35.72; Cr = 57.02; Fe = 1.93; Mg = 0.79; Mn = 

0.69; Al = 0.80; Ti = 1.09; V = 1.96. The empirical formula calculated on the basis of 3 

cations and 4 oxygen ions is: Ca1.07(Cr3+
1.71Fe3+

0.06V0.06Ti0.03Al0.03Mg0.02Mn0.02)Ɇ1.93O4. The 

ideal formula requires CaO 26.95; Cr2O3 73.05, total 100.00 wt.%. Insoluble in water. 

Crystallography. Orthorhombic, Pnma, a 9.017, b 2.874, c 10.170 Å, V 263.55 
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Å3, Z 4, a:b:c 3.1374:1:3.5386. X-ray powder diffraction data [d in Å (I) (hkl)] (calculated): 

4.4341 (23) (200), 2.5887 (54) (004), 2.5671 (100) (302), 2.4241 (69) (112), 2.4181 (32) 

(210), 2.1476 (34) (113), 1.7671 (35) (214), 1.7579 (22) (410). 

Name. Ellinaite is named in honor of Dr. Ellina Vladimirovna Sokol (b. 1961) 

from Novosibirsk, Russia, a well-known Russian mineralogist and petrologist, 

specialized in studies of pyrometamorphic and combustion metamorphic rocks around 

the world, including the Hatrurim Formation (Mottled Zone) rocks, Israel and Jordan. 

Type material. The cotype sample, from Córrego Sorriso, Mato Grosso (foil from 

diamond) is located in the scientific collection of F.V. Kaminsky (Vernadsky Institute of 

Geochemistry and Analytical Chemistry, Moscow, Russia). 

Relationship to other species. The Cr-analog of harmunite, CaFe2O4, and 

marokite, CaMn2O4. The Ca-analog of chenmingite, FeCr2O4, and xieite, FeCr2O4. 

Chemically similar to chromatite, CaCr6+O4. 

 

Figure 4.8. View of the crystal structure of synthetic ɓ-CaCr2O4 (probably equivalent to 

ellinaite), drawn using VESTA 3 (Momma and Izumi 2011). Data from Hörkner and 

Müller Buschbaum (1976). 

 

Crystal structure. The crystal structure of ellinaite is related to the orthorhombic 
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tunnel structures of CaFe2O4, CaTi2O4, and CaMn2O4, which are considered to be post-

spinel phases (Irifune et al. 1991, Kirby et al. 1996). A framework composed of edge- 

and corner-sharing [CrO6] octahedra bears a system of channels propagated along the b-

axis. The channels are occupied by calcium ions. Hörkner and Müller Buschbaum (1976) 

studied synthetic ɓ-CaCr2O4 [orthorhombic, Pbnm (alternative orientation of Pnma space 

group), a 10.639, b 9.094, c 2.960 Å. V 286.38 Å3, Z 4], probably equivalent to ellinaite. 

Synthetic. Hörkner and Müller Buschbaum (1976) obtained single-crystals of ɓ-

CaCr2O4 by solid-state reaction (1300 °C, 7d) of CaO-Cr2O3 mixture. 

See also. Jeffbenite, breyite, nitroyarlongite, nitrocohenite, nitrochalypite, 

unnamed Fe2N, Fe3N, Fe5SiC, (Ba,Sr)AlF5, orthorhombic MgO, MgCr2O4, 

Na4Mg3(PO4)2(P2O7), Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 

 

 

Unnamed MgCr2O4 

Kaminsky et al. (2015) 

MgCr2O4, orthorhombic 

Other names: Unnamed (Mg analog of xieite) 

 

See Figure 4.7. 

 

Mg-Cr oxide with an orthorhombic structure is a new phase, found in a 

microcrystalline polymineral aggregate identified in inclusions within lower-mantle diamond 

from the Chicória farm, Sorriso river, Juína, Mato Grosso. Its chemical composition results 

in the following empirical formula: (Mg0.90Mn0.18)Ɇ1.08(Cr1.37Fe3+
0.39V0.11Al0.05)Ɇ1.92O4. The 

best fit is with a synthetic pure Fe2+Cr2O4, obtained by Chen et al. (2003) in experiments 

under pressure conditions above 20 GPa. Coexists with parascandolaite, ellinaite, Feïrich 

periclase, unnamed orthorhombic MgO, calcite, ñapatiteò, ñspinelò, periclase, w¿stite, and 

probably nitrogen-bearing yarlongite (Kaminsky et al. 2015). Possibly the Mg analog of 

xieite, Fe2+Cr2O4. The term  

See also. Jeffbenite, ellinaite, breyite, nitroyarlongite, nitrocohenite, 

nitrochalypite, unnamed Fe2N, Fe3N, Fe5SiC, (Ba,Sr)AlF5, orthorhombic MgO, 

Na4Mg3(PO4)2(P2O7), Fe2
3+Fe5

2+(P2O7)4, and Na-Mg pyroxene. 
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Martite 

Breithaupt (1828)  

(hematite pseudomorphous after magnetite) 

Other names: Martit, martita, Eisenoxyd 

 

Name applied by Breithaupt (1828) (Martit) to octahedral crystals from Ipanema 

farm, Araçoiaba hill, Iperó, São Paulo, and Itapicuru, Bahia, recognized before by Haidinger 

(1827) and others as Eisenoxyd, dimorphous with hematite, Fe2O3. They were demonstrated 

to be hematite after X-ray diffraction studies by Aminoff (1919) and pseudomorphous after 

magnetite, Fe3O4, and perhaps, in part, after pyrite, FeS2 (Gorceix 1880).  

According to Leonardos (1973), Breithaupt examined the iron minerals collected by 

von Martius in Araçoiaba hill [Iperó, São Paulo], Gaspar Soares hill [Morro do Pilar, near 

the Lajes creek, Conceição do Mato Dentro, Minas Gerais] and Villa de Pedra Branca [today 

Santa Terezinha, Bahia], stored in the Brazilian Museum of Munich (Museum Brasilianum, 

composed of the collections formed by Spix and Martius; this museum was built in 1821 

and closed in 1835), Germany. The name martite was given to an iron oxide characterized 

by the octahedral form and the ñsemi-metallic luster of ironò. An ancient unpublished 

compilation of types organized by the Commission on Museums of the IMA gave 

erroneously ñAraosaiava Itapicuru, Minas Geraisò as the type occurrence of martite, and 

the type specimen as being stored in the Technische Universität's museum, Bergakademie 

Freiberg, Germany. According to Gorceix (1880), Inficcionado (now Santa Rita Durão, 

Mariana, Minas Gerais) is the place that supplied the first martite samples, described by Spix 

and von Martius. Gorceix (1880) found a large amount of martite in the vicinity of Ouro 

Preto in the state of Minas Gerais. Martite derives from ñmars, martisò, the name given by 

the alchemists to iron (Breithaupt 1828). The name martite is not a tribute to von Martius, 

as might be imagined. 

For a long time, martitization was interpreted as a retro-metamorphic transformation 

but is now understood to be a supergene process. Varajão et al. (1996) showed that, when 

magnetite is submitted to intense weathering conditions, it can be completely "martitized"; 

or partially transformed into maghemite or ñkeno-magnetiteò, which are more soluble than 

martite leaving skeletal martite crystals, usually found in the top of the weathering profiles.  
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Pseudorutile  

Teufer and Temple (1966)  

(Fe3+,Ti4+)4Ti4+
4[O,(OH)]16, hexagonal 

(type specimen is not from Brazil)  

Other names: pseudo-rutilo 

 

The name pseudorutile was introduced without CNMMN - IMA approval for a 

hexagonal mineral with the formula Fe3+
2Ti4+

3O9. Several occurrences were noted, 

including one in Brazil (without specifying the exact locality). None of the investigated 

specimens was designated as the specimen-type. The name was rejected (CNMMN 1968), 

but subsequently it was officially validated (Grey et al. 1994) and a neotype from South 

Neptune Island, South Australia was proposed. The new formula is 

(Fe3+,Ti4+)4Ti4+
4[O,(OH)]16 (Grey et al. 2013). Pseudorutile occurs in the ñmonaziteò and 

ilmenite sands of Espírito Santo, and other localities. 

See also. Kalkowskyn and manganoan pseudorutile.  
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Kalkowskyn  

Rimann (1925)  

(a mixture of pseudorutile, rutile, and hematite) 

Other names: kolkowskyn, kalkowskite, kalkowskita, kolkowoskynita, 

calcovskita, calcovsquita 

 

 

Figure 4.9. Type specimen of ñkalkowskynò from Ouro Preto, Minas Gerais (Atencio and 

Thalheim 2013). 
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Figure 4.10. Minerals present in the holotype sample of ñkalkowskynò (A, B, and C) and 

in the additional sample number 4545 (D), from Ouro Preto, Minas Gerais: pseudorutile 

(Psr), rutile (Rt), hematite (Hem), zircon (Zrn), monazite-(Ce) (Mnz), muscovite (Ms), and 

quartz (Qz). Hematite and rutile are commonly intergrowth (Hem + Rt) (Atencio and 

Thalheim 2013). 
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Kalkowskyn was identified by Rimann (1925 and 1932) in a heavy mineral 

concentrate from a muscovite pegmatite vein in conglomeratic quartzite, which occurs 

between Ouro Preto and the Pico do Itacolomi, in a deep valley carved by the Funil river 

(ñRibeir«o do Funilò), near a waterfall, ñone hour by horse from Ouro Pretoò, Minas Gerais, 

associated with zircon, monazite, and almandine. For geological background see Leite et al. 

(2010) and references therein. The name honors Professor Ernst Kalkowsky (1851-1938), 

of Dresden, Germany, who was Rimann's predecessor as a director of the Museum für 

Mineralogie und Geologie and as a Professor at the Technical College in Dresden (Tröger 

1950; Mathé 1993). Several variants of this name appeared in the literature as, for example, 

ñkalkowskiteò (Foshag 1925; Palache et al. 1944, p. 773-774) and ñkolkowskynò (Ferraz 

1928, p. 202-203).  

Kalkowskyn occurs, according to Rimann (1925), as platy grains measuring 0.02 to 

0.1 mm, formed by irregularly linked sheets, with fibrous structure (verified in transmitted 

light). The fibrous structure is a common feature of rutile, hematite, and ilmenite. The color 

is pale brown, dark brown, black, with a reddish-brown streak. Luster is bright, submetallic 

to greasy or resinous. It is transparent in thin splinters, cleavage is absent and fracture is 

conchoidal. Measured density is 4.01(3) g/cm3 and Mohs hardness is 3½. Kalkowskyn is 

partially decomposed by HCl. In transmitted light, it is reddish-brown. The elongation of 

fibers is positive, birefringence is weak and it is non-pleochroic, with n > 1.769. Wet 

chemical analyses yield K2O 0.67, CaO 1.64, MgO 0.48, (Ce,La)2O3 2.66, SiO2 5.63, Al2O3 

2.21, Fe2O3 28.66, TiO2 54.62, (Ta,Nb)2O5 1.67, P2O5 0.28, H2O 3.27, total 101.79 wt.%. 

Rimann (1925) presented the formula (Fe,Ce)2O3.4(Ti,Si)O2, after deduction of contents of 

monazite-(Ce) and muscovite. He yet verified that the grains were not monomineralic. His 

description of  kalkowskyn is for the submetallic material. The only extant X-ray diffraction 

data are the patterns obtained with a Cr-tube for fresh and altered kalkowskyn, and 

ñarizoniteò (Rimann 1932).  

Foshag (1925) observed that if SiO2 is excluded, the formula is similar to that of 

ñarizoniteò. ñArizoniteò is a mixture of hematite, ilmenite, rutile and anatase according to 

Overholt et al. (1950). Later work by Karkhanavala (1959) suggests that ñarizoniteò may be 

a specific and unique mineral. Rimann (1932) did not agree with Foshag (1925). Later, 

Fleischer (1966) quoted ñKalkowskite, kalkowskyn (= ilmenite (?))ò. Kalkowskyn is not 

recognized as a valid species by the CNMNC - IMA.  

The type material, stored at the Museum für Mineralogie und Geologie Dresden 
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(where Prof. Ernst Kalkowsky and also Prof. Eberhard Rimann were directors) under the 

inventory number Min 13362 Sy (MMG Dresden) and an additional kalkowskyn sample, 

from the Richard Baldauf collection, stored under the inventory number Min 4545 BaS 

(MMG Dresden) were investigated by Atencio and Thalheim (2013). Baldauf (1848-

1931) was a friend from Kalkowsky and Rimann and probably he got the specimen from 

one of the two.  

The minerals identified by EDS and X-ray diffractometry (Atencio and Thalheim 

2013) correspond to a mixture of  

rutile (Ti0.89Fe3+
0.08Si0.03Zr0.01)Ɇ1.01O2,  

hematite (Fe3+
1.71Si0.10Al0.06Ti0.05P0.02)Ɇ1.94O3,  

pseudorutile (Fe3+
3.12Ti0.88)Ɇ4.00Ti4.00[O12.86(OH)3.14]Ɇ16.00,  

monazite-(Ce) (Ce0.40La0.21Nd0.10Fe3+
0.18Th0.04Ca0.03Ba0.02)Ɇ0.98P1.01O4,  

muscovite K0.97Al2.63Fe3+
0.15Si3.15Ti0.02O10(OH)2, zircon, and quartz.  

The minerals observed in the other grains, quartz, almandine, muscovite, monazite 

and zircon, have already been quoted by Rimann (1925). 

To compare the new powder X-ray diffraction results with the original patterns we 

tried to calibrate the data from Rimann (1932), using rutile and quartz lines, but this was 

unsuccessful, because they have no scale or numeric value and therefore impossible to 

interpret.  

The association of rutile, pseudorutile and hematite is usually interpreted as 

generated by alteration of ilmenite (e.g. Grey et al. 2013). The intergrowths of rutile and 

hematite are interpreted as formed from pseudorutile. The texture is characteristic of 

exsolution (Newhouse 1936). 

See also. Pseudorutile and manganoan pseudorutile. 
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Manganoan pseudorutile 

Cabral and Sattler (2004) 

(Mn3+,Ti4+)4Ti4+
4[O,(OH)]16, hexagonal 

(the Mn-analog of pseudorutile, a new species?) 

Other names: Mn-rich pseudorutile-like mineral, UM2004-26-O:FeMnTi 

 

Alteration of Fe-bearing pyrophanite from the manganese oxide deposit Conta 

História, Antônio Pereira district, Ouro Preto, Minas Gerais, was investigated by 

electron-microprobe analysis. Mean of 8 point analyses (recalculated for oxides), wt.%: 

55.90 TiO2, 33.46 Mn2O3, 8.60 Fe2O3, total 97.96. By analogy with pseudorutile, the 

formula is (Mn3+
2.76Fe3+

0.69Ti0.55)Ɇ4.00Ti4.00[O12.55(OH)3.45]Ɇ16.00 

The microanalyses suggest that the alteration products range in composition from 

Mn-deficient pyrophanite to a hypothetical Mn-rich pseudorutile-like mineral. Crystals 

of Fe-bearing pyrophanite cut by gibbsite-filled veinlets and vugs are altered, whereas 

Mn-rich ilmenite from gibbsite pseudomorphs after garnet remains unaltered. As 

observed by Cabral and Sattler (2004), pseudorutile, (Fe3+,Ti4+)4Ti4+
4[O,(OH)]16, is an 

intermediate alteration product of ilmenite, Fe2+Ti4+O3. The alteration of ilmenite, which 

involves leaching of Fe2+ and oxidation of the remaining iron to Fe3+, results in 

continuous phase transitions from ñleached ilmeniteò to pseudorutile. Because ilmenite 

is a widespread accessory mineral in igneous and metamorphic rocks, reaching ore grades 

in sand-type placer deposits, where it is almost invariably altered, the alteration of 

ilmenite has been investigated in detail. In contrast, pyrophanite, Mn2+Ti4+O3, the 

manganese analog of ilmenite, is a rare mineral and, consequently, its alteration has not 

been characterized properly (Cabral and Sattler 2001). 

See also. Pseudorutile and kalkowskyn. 
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Pauloabibite 

Menezes Filho et al. (2015a) 

NaNbO3, trigonal 

Approved CNMNC - IMA 2012-090 

Other names: pauloabibita 

 

 

Figure 4.11. Pinkish-brown pauloabibite intergrown with fersmite and hochelagaite, 

dolomite (white), and tochilinite (black), from the Jacupiranga mine, Cajati, São Paulo. 

Field of view: 4 mm. Menezes Filho et al. (2015a) 
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Figure 4.12. Backscattered electron image of pauloabibite (dark) intergrown with 

fersmite and hochelagaite (light), from the Jacupiranga mine, Cajati, São Paulo. 

Menezes Filho et al. (2015a) 

 
NaNbO3 is well-known to exhibit a rich polymorphism based on the perovskite 

structure, with a number of displacive transition occurring over a range of temperatures, 

which may also be sensitive to both pressure and crystallite size. Doped forms of the 

material are currently the focus of much attention because of their piezoelectric properties 

(Modeshia et al. 2009). Much work has been carried out on the synthesis of alkaline 

niobates because of their excellent nonlinear optical, ferroelectric, piezoelectric, electro-

optic, ionic conductive, pyroelectric, photorefractive, selective ion exchange, and 

photocatalytic properties. For example, lead-free potassium and sodium niobates are 

potential substitutes for lead zirconium titanate as high-performance piezoelectric 

ceramics. The high lead content in piezoelectric PZT introduces serious concerns about 

environmental pollution during the fabrication, use and disposal of the materials, and 
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therefore increasing attention has been paid to environmental issues nowadays, so 

research on potential substitutes is urgent (Wu et al. 2010).  

Occurrence. The mineral occurs in the so-called ñintermediate zoneò (characterized 

by high dolomite and slightly anomalous pyrochlore content) in the Jacupiranga carbonatite, 

Cajati, São Paulo (Menezes Filho and Martins 1984). This is also the type locality of 

quintinite, menezesite, melcherite and zirkelite. Associated minerals are fersmite, 

hochelagaite, dolomite, calcite, magnetite, phlogopite, pyrite, pyrrhotite, ancylite-(Ce), 

tochilinite, fluorapatite, ñpyrochloreò, vigezzite, and strontianite. Pauloabibite occurs 

embedded into the dolomite crystals, which in this zone of the mine can reach centimetric 

sizes. 

Appearance and physical properties. Encrustations of platy crystals up to 2 mm in 

size in dolomite. Crystals are partially intergrown with fersmite and hochelagaite [in the 

paper by Menezes Filho et al. (2015a) these two minerals were quoted as ña still unidentified 

Ca-Nb oxideò]. Color: pinkish-brown. Streak: white. Luster: vitreous. Transparent. Non-

fluorescent. Mohs hardness: not measured due to the small crystal size. Cleavage: perfect 

on {0001}. Parting: not observed. Fracture: not determined. Density was not measured due 

to the paucity of material. Density (calc.): 4.246 g/cm3 (based on an empirical formula). 

Optical properties. Uniaxial; n(mean)calc. 2.078 using the Gladstone-Dale 

relationship.  

Chemical data. Electron microprobe data (from 17 points): Na2O 16.36, MgO 0.04, 

CaO 1.36, MnO 0.82, FeO 0.11, SrO 0.02, BaO 0.16, SiO2 0.03, TiO2 0.86, Nb2O5 78.66, 

Ta2O5 0.34, total 98.76 wt.%. Empirical formula [based on 3 O apfu]: 

(Na0.88Ca0.04Mn2+
0.02)S0.94(Nb0.98Ti0.02)S1.00O3. The ideal formula requires Na2O 18.91, 

Nb2O5 81.09, total 100.00 wt.%. 

Crystallography. Trigonal, Rσ, a 5.3287(5), c 15.6197(17) Å, V 384.10(7) Å3, Z 

6, c:a 2.9312. X-ray powder diffraction data [d in Å (I) (hkl)]: 5.204 (100) (003), 4.435 (2) 

(101), 3.977 (3) (012), 2.975 (4) (104), 2.666 (2) (110), 2.604 (5) (006), 2.372 (2) (113), 

1.988 (2) (024). 

Name. The name is in honor of Professor Paulo Abib Andery (1922-1976), 

Department of Mining Engineering at the Polytechnic School, Universidade de São 

Paulo, who developed a flotation process for Serrana SA Mining, producing an apatite 

concentrate that is used as a raw material for the production of phosphoric acid and a 

calcite tailing that is used for the manufacture of cement. He founded the mining research 

facility known as Paulo Abib Engenharia in the early 1970s, a pioneering institution in 
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developing ore dressing technology in Brazil. 

Type material. Deposited under the number DR740 in the Museu de Geociências, 

Instituto de Geociências, Universidade de São Paulo. 

Relationship to other species. Pauloabibite belongs to the ilmenite group, which 

comprises trigonal (R ) oxides (akimotoite, brizziite, ecandrewsite, geikielite, ilmenite, 

melanostibite, pauloabibite, and pyrophanite). Pauloabibite, trigonal, is polymorphous 

with isolueshite (cubic) and lueshite (orthorhombic). Natroniobite is a poorly described 

mineral that may be a monoclinic polymorph of NaNbO3, or a mineral with formula 

NaNb2O5(OH), related to fersmite (Chakhmouradian et al. 1997, Chakhmouradian and 

Mitchell 1998). Chakhmouradian and Mitchell (1998) investigated a museum specimen 

labeled ñnatroniobiteò (not the type specimen) and concluded that it is a ñcomplex 

aggregate of lueshite and its replacement products, set in a matrix of dolomite and 

fluorapatiteò.  
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Figure 4.13. View of the crystal structure of pauloabibite (synthetic), drawn using 

VESTA 3 (Momma and Izumi 2011). Data from Kumata et al. (1990). 

 

Crystal structure. Hexagonal close packing of oxygen atoms, with two-thirds of 

the octahedral interstices occupied by two unique sites of Na and Nb cations. A layered 

ilmenite (FeTiO3) structure in which NaO6 and NbO6 distorted octahedra share edges to 

form fully ordered stacked Na and Nb layers along the c axis. 

Synthetic. The synthetic analog of pauloabibite has been studied by several 

authors. NaNbO3 isostructural with ilmenite was reported by Kinomura et al. (1984) and 

Kumata et al. (1990) in a two-step synthesis method, involving the preparation of 

Na8Nb6O19·13H2O followed by hydrothermal reaction with NaOH in a silver-lined vessel 

at 250°C. It was also prepared directly in one step under mild hydrothermal conditions 
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by lowering pH and using close to stoichiometric amounts of metal precursors at 240°C 

(Modeshia et al. 2009; Johnston et al. 2011).  

See also. Quintinite, menezesite, melcherite, zirkelite, brazilite, barium 

phlogopite, and unidentified Ca-Nb oxide. 

 

 

Unidentified Ca-Nb oxide 

Menezes Filho et al. (2015a) 

= fersmite + hochelagaite 

 

 

Figure 4.14. Fersmite (pinkish beige) with pyrite, carbocernaite, and amesite (?) (colorless, 

radiated fibers) on calcite and dolomite from the Jacupiranga mine, Cajati, São Paulo. 

Photo: Liz Zanchetta. 
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Figure 4.15. Fersmite (twinned by penetration) on amesite (?) from the Jacupiranga mine, 

Cajati, São Paulo. 

 

ñA still unidentified Ca-Nb oxideò was quoted by Menezes Filho et al. (2015a) 

associated with pauloabibite from the Jacupiranga mine, Cajati, São Paulo. Later, it was 

possible to identify by X-ray powder diffraction data and microprobe data that it is an 

association of fersmite, (Ca,Ce,Na)(Nb,Ta,Ti)2(O,OH,F)6, and hochelagaite, 

CaNb4O11·8H2O. Fermite was also identified in other samples from the Jacupiranga mine 

(Atencio, unpublished data). 

See also. Quintinite, menezesite, pauloabibite, melcherite, zirkelite, brazilite, and 

barium phlogopite. 
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Almeidaite 

Menezes Filho et al. (2015b) 

PbZn2(Mn2+,Y)(Ti,Fe3+)18O37(OH,O), trigonal 

Approved CNMNC ï IMA 2013-020 

Other names: almeidaíta 

 

 

Figure 4.16. Almeidaite, an isolated platy crystal flattened on [0001] exhibiting the 

typical cracked surface patterns and metallic shine (28.6 × 20.4 × 7.3 mm), from 

Garimpo da Mula, Vilarejo de Tapera, Novo Horizonte, Bahia. Specimen and photo: 

Edson Ferreira dos Santos. 

 

Occurrence. This mineral was originally found in December 2011 on the dump 

of an abandoned (and back-filled) shaft (Garimpo da Mula, Vilarejo de Tapera) at Novo 

Horizonte, Bahia. In April 2013 another shaft was opened 10 m away from the original 

one from which it was possible to collect almeidaite in situ. The crystals are found in 

altered dacite, 2 m away from a hydrothermal quartz vein that intercepts the dacite. In 

association with almeidaite, several minerals were found that did not belong to the 
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original dacite but are typical of the hydrothermal quartz veins abundantly present in the 

area: yellow rutile crystals, tabular hematite crystals, quartz crystals with rutile 

inclusions, and xenotime-(Y) crystals. Other associated minerals are anatase, kaolinite, 

muscovite, gramaccioliite-(Y), xenotime-(Y), parisite-(La), monazite-(La), 

rhabdophane-(La), bastnäsite-(La), fluocerite-(La) and brockite. Thus almeidaite is a 

product of the reaction of the hydrothermal fluids that generated the adjacent quartz vein 

with the dacite host rock. The dacites, together with rhyolites and andesites, constitute 

the so-called ñGrupo Rio dos Rem®diosò, a package of felsic metavolcanic rocks resulting 

from a peraluminous and alkaline magmatism. It was later found ñin situò, in altered 

dacite close to a hydrothermal quartz vein. Garimpo da Mula is also the type locality of 

parisite-(La). Microprobe data obtained for ñZn- and Na-rich senaiteò from Datas, Minas 

Gerais (Foord et al. 1984), and for crichtonite-group minerals from Bjørndalen Quarry, 

Tvedalen, Larvik, Vestfold, Norway (Larsen 1989), and from Khaldzan Buragtag massif, 

Altai Mts, Hovd Aimag (Khovd Aimag), Mongolia (Kartashov et al. 1993) correspond 

to almeidaite composition. Chaves and Menezes Filho (2017) published three chemical 

analyses for almeidaite (and other five for crichtonite, five for senaite, and four for 

gramaccioliite) from Guariba farm, Presidente Kubitschek, Minas Gerais. Consequently, 

these are additional occurrences of almeidaite.  

Appearance and physical properties. Isolated crystals measuring up to 30 × 30 × 

6 mm in size. Habit: platy crystals flattened on [0001]. Forms: dominated by the basal 

pinacoid {0001}, which is bounded by various, mostly steep rhombohedra, and the 

hexagonal prism {11ς0}. Twinning: most of the crystals are multiply twinned, with non-

planar contact surfaces that are approximately parallel to the c-axis. Color: black. Streak: 

brown. Luster: submetallic. Opaque. Non-fluorescent. Hardness (Mohs): 6. Tenacity: 

brittle. Cleavage: none observed. Fracture: conchoidal. Density (meas.) 4.68(5) g/cm3 by 

hydrostatic weighing. Density (calc.) 4.616 g/cm3 using the empirical formula.  

Optical properties. Uniaxial (+) (in reflected light). Birefringence: high. 

Reflectance values (silver standard in air) [(Ro, Re) ɚ (nm)]: (12.78, 15.39) 470; (12.86, 

15.43) 546; (12.91, 15.55) 589; (13.04, 15.75) 650. 

Chemical data. Microprobe (EDS) analyses (5), F, Na, Mg, Al, P, Cl, K, Sb and 

REE heavier than La are below detection limits. The Mössbauer spectrum displays only 

a doublet corresponding to trivalent iron. H2O was determined by gas chromatography of 

products of ignition at 1200°C. CO2 was not determined because of the absence of 

absorption bands corresponding to vibrations of C-O bonds in the IR spectrum. CaO 0.12, 
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SrO 0.69, PbO 7.13, MnO 2.64, ZnO 6.26, Fe2O3 22.83, Y2O3 2.81, La2O3 0.25, TiO2 

56.10, H2O 0.4(1), total 99.23. wt.%. The empirical formula (based on 38 O apfu) is 

(Pb0.59Sr0.12Ca0.04La0.03)S0.78(Mn2+
0.54Y0.46)S1.00Zn1.43(Ti13.02Fe3+

4.98)S18.00(Fe3+
0.32Mn0.15)S0

.47[O37.18(OH)0.82]S38.00. The simplified formula is PbZn2(Mn2+,Y)(Ti,Fe3+)18O37(OH,O). 

The end-member formula PbZn2Mn2+Ti13Fe3+
5O37(OH) requires PbO 11.72, ZnO 8.55, 

MnO 3.73, Fe2O3 20.97, TiO2 54.56, H2O 0.47, total 100.00 wt.%. 

Crystallography. Trigonal, Rσ, a 10.4359(2), c 21.0471(4) Å, V 1.985.10(7) Å3, 

Z 3 (single-crystal), a 10.462(5), c 21.09(2) Å, V 2000(3) Å3, Z 3 (powder data), c:a = 

2.017. X-ray powder diffraction data [d in Å (I) (hkl)] 3.436 (48) (024), 3.074 (50) (205), 

3.023 (50) (300), 2.907 (100) (116, 11φ, 12τ, 214, 107), 2.781 (44) (033, 303), 2.492 (55) 

(131, 31ρ), 2.157 (55) (315, 13υ, 119, 11ω), 1.818 (43) (318, 407), 1.615 (50) (3.1. ρ0), 

1.449 (42) (250, 520). 

Name. The mineral is named after Professor Fernando Flávio Marques de Almeida 

(1916-2013), a Brazilian geologist. Almeida did the central works to understand the South 

American geology.  

Type material. Type material is deposited in the collections of the Museu de 

Geociências, Instituto de Geociências, Universidade de São Paulo, registration number 

DR744. 

Relationship to other species. Almeidaite is a member of the crichtonite group 

with Pb dominant in the A site (with 12-fold coordination) and Zn dominant in the T site 

(with 4-fold coordination). Almeidaite is a Zn-analog of senaite and a Pb-analog of 

landauite. ñSenaiteò from St. Peters Dome, El Paso Co., Colorado, USA (Foord et al. 1984) 

is a new undescribed crichtonite-group mineral, the Y-equivalent of almeidaite. 
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Figure 4.17. View of the crystal structure of almeidaite (from the type occurrence), 

drawn using VESTA 3 (Momma and Izumi 2011). Data from Rastsvetaeva et al. 

(2014). 

 

Crystal structure. The structure of almeidaite is consistent with that reported for 

senaite and all other members of the crichtonite group. It is based on a close-packed anion 

framework with a nine-layer stacking sequence chhchhé in which XIIA occupies one of 

the anion sites within the cubic layers. Large cations, Pb, Na and Sr, occupy the 12-

coordinate M0 site. The octahedron M1 is occupied by the largest octahedral cations Mn 

and Y. Zinc occupies the M2 tetrahedron. The three sites M3-M5 are grouped together 

under the C layer and are occupied by the cations Fe3+ and Ti4+ having rather close radii 

(0.55 and 0.605 Å, respectively). Additional octahedra coordinating M6-9 sites share the 

faces with the M0-5 polyhedra and can be occupied by cations only in case of vacant 
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neighboring sites from the group M6-9 (Rastsvetaeva et al. 2014, Menezes Filho et al. 

2015b). 

See also. Senaite and parisite-(La). 

 

 

Senaite  

Hussak and Prior (1898)  

(Pb,Sr)Mn2+(Fe2+,Zn)2(Ti,Fe3+)18(O,OH)38, trigonal 

Other names: senaíta, Senaït, sénaïte, fer titané tantalifère, ferro titanado tantalífero 

 

 

Figure 4.18. Senaite on quartz, from the Guariba farm, Presidente Kubitschek, Minas Gerais. 

RRUFF Project. The identification of this mineral has been confirmed only by single-crystal X-

ray diffraction. 
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Figure 4.19. Type specimen of senaite from Diamantina, Minas Gerais. Muséum national 

d'Histoire naturelle, Paris, France. The label is 5 cm long. Donator: E. Hussak. Photo: 

Cristiano Ferraris. 

 

Senaite was originally described by Hussak and Prior (1898) in the neighborhood of 

Diamantina, Minas Gerais (Datas, Cipó river etc.). The type specimen was collected in 

alluvium deposits near the city of Datas, Minas Gerais (Cassedanne and Chaves 1990). 

Additional information was obtained by Hussak and Reitinger (1903), who reported 

occurrences in Curralinho [now Extração], Varas stream, and near Diamantina. A 
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translation, into Portuguese, of the part of this paper regarding senaite (Hussak 1920) has 

countless typographic errors that harm its content. Hussak (1917) reported that senaite was 

ñfound by me for the first time in the diamond sands of Datas, it was later found in the 

streams of Varas and Cipó, and in greater abundance in the so-called ólavra dos Miúdosô  of 

Mr. Pimenta, near Curralinho, Diamantinaò. 

Senaite was recognized in Precambrian diamondiferous conglomerates near 

Diamantina, Minas Gerais, which were considered the source rocks of the diamondiferous 

gravel of Serra do Espinhaço (Freise 1930). Metelo (1968) studied samples stored in the 

Divisão de Geologia e Mineralogia museum, Departamento Nacional da Produção Mineral, 

Rio de Janeiro, from Datas (DGM/DNPM 1651) (= almeidaite); Várgeas, Diamantina 

(DGM/DNPM 1653); Cipó river, Diamantina (DGM/DNPM 1654) and Imbiruçu, Santa 

Quitéria (DGM/DNPM 1655), all in Minas Gerais State. 

ñSenaiteò from St. Peters Dome, El Paso Co., Colorado, USA (= a new undescribed 

crichtonite-group mineral, the Y-equivalent of almeidaite), and ñZn- and Na-rich senaiteò 

(= almeidaite) from Datas, Minas Gerais (sample DGM/DNPM 1651) were studied by 

Foord et al. (1984). It may be noticed that this last sample had been studied by Metelo 

(1968). 

The discovery of senaite in alluvial gravel containing gold and platinum, near Serro, 

Minas Gerais (Cassedanne and Cassedanne 1974) initiated research hoping to determine the 

location of the source rock of this mineral. Based only on a semiquantitative emission 

spectrographic analysis, Cassedanne (1986), Hochleitner (1987), and Cassedanne and 

Chaves (1990) described the first in situ senaite occurrence in Brazil, at Guariba farm, on 

the right bank of the creek with the same name, south-southeast of Presidente Kubitschek, 

40 km south of Diamantina, Minas Gerais. Quantitative results (Foord et al. 1994) showed, 

however, that the mineral is Pb-rich crichtonite rather than senaite. New single-crystal X-

ray diffraction analyses suggested the presence of both crichtonite (RRUFF R060314 and 

R090006) and senaite (RRUFF 060644). Chaves and Menezes Filho (2017) published five 

chemical analyses for senaite (and other five for crichtonite, three for almeidaite, and four 

for gramaccioliite) from Guariba farm. 

Senaite was probably known by Damour (1856) and described as ñfer titan® 

tantalif¯reò. Due to dissolution by sulfuric acid and potassium sulfate, the lead precipitated 

as sulfate and was possibly analyzed as tantalum acid (Hussak and Reitinger 1903). 

Occurrence. In diamondiferous alluvium of Diamantina, Datas, and its 

surroundings, Minas Gerais (Hussak and Prior 1898); in Precambrian diamondiferous 
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conglomerates from Diamantina, Minas Gerais (Freise 1930); in alluvial gravel containing 

gold and platinum, near Serro, Minas Gerais (Cassedanne and Cassedanne 1974); and at 

Guariba farm, on the right bank of the creek with the same name, south-southeast of 

Presidente Kubitschek, 40 km south of Diamantina, Minas Gerais (Chaves and Menezes 

Filho 2017). Also, known from several world occurrences. 

Appearance and physical properties. Habit: isolated tabular crystals. Forms: basal 

pinacoid, rhombohedra, hexagonal prism. The mineral is very rich in faces. The 

rhombohedral planes are very bright, while the basal plane, owing to twinning, is 

generally uneven and, like the prism faces, dull. Twinning: none observed. Color: 

greenish-brown.  Streak: white. Luster: vitreous. Transparent. Non-fluorescent. Hardness 

(Mohs): 4½. Tenacity: brittle. Cleavage: none observed. Fracture: uneven. Density 

(meas.) 2.84(1) g/cm3 (volumetric method), 2.86(1) g/cm3 (equilibration in heavy 

liquids). Density (calc.) 2.832 g/cm3 (from the empirical formula). 

Optical properties. Uniaxial (-); n ~ 2.50 (Li). Lower to moderate reflectance. 

Pleochroism: absent. (R1, R2; 
imR1, 

imR2) nm: (20.1, 21.1; 7.10, 7.79) 470, (18.7, 19.7; 6.23, 

6.90) 546, (18.2, 19.2; 5.92, 6.59) 589, (17.8, 18.8; 5.73, 6.40) 650 

Chemical data. Microprobe data : MgO 0.02, CaO 0.10, MnO 4.08, FeO 8.53, NiO 

0.08, SrO 0.20, PbO 9.21, Al 2O3 0.05, Cr2O3 0.16, Fe2O3 16.20, Y2O3 0.86, La2O3 0.06, 

Ce2O3 0.07, Nd2O3 0.01, TiO2 58.68, ZrO2 0.09, HfO2 0.13, ThO2 0.12, V2O5 0.70, total 

99.35 wt.%. [Grey et al. (1976), U.S. National Museum of Natural History (Smithsonian 

Institution), Washington DC, USA, Mineralogy Division, #R7241 specimen)]. Empirical 

formula: 

(Pb0.77Sr0.04Ca0.03La0.01Ce0.01Th0.01)S0.87(Mn2+
0.84Y0.14Zr0.01Hf0.01)S1.00(Fe2+

1.97Ni0.02 

Mg0.01)S2.00(Ti13.71Fe3+
3.79Mn0.24V0.14Cr0.04Al 0.02)S17.94Fe2+

0.25O38.  

Microprobe data (mean of five analyses): SrO 1.61, TiO2 60.80, FeO 23.78 (all Fe 

calculated as Fe2+), MnO 2.55, ZnO 0.59, Y2O3 1.66, PbO 7.30, total 98.29 wt.%. (Chaves 

and Menezes Filho 2017). Empirical formula: 

(Pb0.59Sr0.29)Ɇ0.88(Mn2+
0.65Y0.27)Ɇ0.92(Fe2+

1.87Zn0.13)Ɇ2.00(Ti13.95Fe3+
4.05)Ɇ18.00Fe2+

0.15O38. 

The ideal formula PbMn2+Fe2+
2(Ti14Fe3+

4)O38 requires PbO 11.90, MnO 3.78, FeO 

7.66, TiO2 59.63, Fe2O3 17.03, total 100.00 wt.%. 

Crystallography. Trigonal, Rσ. Rhombohedral unit cell: a 9.172(1) Å, a 69.020(5)̄, 

V 648.89 Å3, Z 1. Hexagonal unit cell: a 10.393(2), c 20.811(5) Å, c:a = 2.0024, V 1946.73 

Å3, Z 3 (data derived from the crystal structure study by Grey and Lloyd 1976). X-ray 
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powder diffraction data [d in Å (I) (hkl)]: 3.43 (90) (024), 2.894 (100) (116), 2.468 (50) 

(131), 2.265 (50) (208), 2.146 (50) (315), 1.981 (75) (045), 1.603 (70) (1 3 10) and 1.447 

(70) (2 2 12). 

Name. Honors Professor Joaquim Cândido da Costa Sena (1852-1919), director of 

the Escola de Minas of Ouro Preto.  

Type material. Muséum national dôHistoire naturelle, Paris, France (101.319, 

donator E. Hussak) (type); Musée Géologique Cantonal, Lausanne, Switzerland (MGL 

53207 (part of type 101.319 from Muséum national dôHistoire naturelle, Paris, France, 

given in 1999, chemically analized in Lausanne); National Museum of Natural History; 

Smithsonian Institution, Washington, D.C., USA (R07241, donator E. Hussak, thru the 

Roebling collection, 1933) (type). Natural History Museum, London, England (83656, 

86037). 

Relationship to other species. A crichtonite group mineral, isostrutural with 

almeidaite 

 

 

Figure 4.20. View of the crystal structure of senaite (from Datas, Minas Gerais), drawn 

using VESTA 3 (Momma and Izumi 2011). Data from Grey and Lloyd (1976). 


