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INTRODUCTION


Since the early 19th Century (circa 1825) discovery of platinum-bearing placers in the Ural Mountains of eastern Europe, ultramafic-mafic massifs have drawn the attention of researchers as bedrock sources of these placers.  It is well known that the zoned mafic-ultramafic igneous complexes of the Ural-Alaska type are the lode sources of the most significant economic platinum-group element (PGE) placer resources and reserves.  In contrast, Alpine type (ophiolitic lherzolite type) mafic-ultramafic complexes have thus far only generated modest economic concentrations of PGE in placer deposits.  Understanding the geologic framework, structural and lithologic controls of mineralization, thermodynamic processes of the zoned intrusions, and the geochemical evolution the ore-forming system can result in determining the genetic type of a placer deposit and its economic potential.  Much geotechnical data concerning the classification of Ural-Alaska complexes has been published.  An important practical task is to determine systematic mineral associations and relationships that can be used as reliable and effective criteria for correlation of specific placers to a type of the bedrock source.   Most platinum-group element minerals (PGM), with the exception of Pd-bearing minerals and alloys, are stable under supergene conditions.  The PGE ratios in the placer deposits, the compositions of PGM as determined through microprobe analyses, and their paragenetic relationships are the factors that allow us to estimate the conditions of ore formation and the presumed bedrock source.  Descriptions of mineral associations in scientific literature often include detailed information on the composition of PGM in a placer, and compositions of inclusions in PGM.  The same stability fields of isoferroplatinum, Os-Ir-Ru alloys, laurite, and sperrylite occur in both PGE placer deposits related to the zoned Ural-Alaska type, as well as those related to ophiolite complexes.  Hence, only the use of all the complex paragenetic relationships can provide the necessary evidence that distinguishes between Ural-Alaska and ophiolite lode sources.

Our synthesis begins with the systematic study of PGE-bearing placer deposits where the lode source has clearly been identified.  The second part of the chapter is a systematic study of PGE-bearing placer deposits in which the lode source is poorly understood or unknown.   Generally the PGM material under study has been heavy mineral concentrated from placer gold dredges or the heavy black sands recovered from PGE placer exploratory holes.  All PGM sites under investigation have been analyzed by the scanning electron microprobe (SEM).  Further work where judged to be necessary included electron microprobe analysis (EMPA).  The data set described in this chapter summarizes the geochemistry and mineralogy of thirteen (13) PGM placer deposits associated with Ural-Alaska type intrusions, and eleven (11) PGM placer depos​its, related to ophiolite complexes.   Also included in this study are 1,400 EMPA analyses and add​itional data from the published scientific literature.

Classification of PGM placers and their LODE sources

PGM-bearing placer mineralogy and its economic potential are primarily defined by the nature of the presumed lode source(s).  Primitive mantle was exposed to partial melting with division into two components and formation of two different substances: basalt (tholeiitic or picritic) magma and depleted ultramafic restite.  Thus fractionation of both lithophile elements (Mg, Al, Si, Fe, Ti, etc.) and ore components, including the platinum-group elements Pd, Pt, and Rh (or PPGE) concentrated in basalt magma, whereas the platinum group elements Os, Ir, and Ru (IPGE) concentrated in the depleted ultramafic restite.   The basaltic magma, separated from restite, contains, in addition to Pt, Rh and Pd, some refractory elements, and experienced further fractionation in an intermediate magma chamber during intrusion.  This fractionation led to the development of two series: 1) pyroxenite-dunite with a Pt-rich oxide-metal component; and 2) gabbro, with a Pd-bearing sulfide phase and minor Pt and Rh concentrations.   These two evolutionary branches, being derivatives of basaltic magma, formed magmatic complexes with unequal placer-forming potential. Moderately depleted restite differs from an intensively depleted restite by an increased proportion of its remaining, low-melting point components, chalcophile elements, volatile liquid and sulfide phases.

The genesis of primary magma finally defines the geochemical specialization of platinum-group mineral (PGM) placers and their economic potential.  The classification of placers, based only on the results of fractionation of the initial, primitive substance of the mantle is shown in Figure 6‑1. This classification results in seven placer subtypes, which take into account mineral associations and the parent source as follows:

1А. 
Widespread Pt-Fe alloy placers, genetically related to zoned complexes of Ural-Alaska type, both in mobile belts and platforms, are similar to each other by their mineralogical characteristics. These placers are commercially viable, and are either in production now, were mined in the past, or have inferred resources.

1B. 
Placers related to the Guli massif are unique in their enrichment in osmium, and are also related to zoned complexes, associated with meimechite (Malitch et al. 1998).

2. 
Sperrylite-bearing placers, with lesser quantities of Fe-free platinum, crystallized on sperrylite, as well as Pd phases which are more stable under supergene conditions (e.g., rustenburgite-atokite, paolovite, stibiopallad​inite, and braggite).  Sperrylite-bearing placers are derived from layered gabbroic complexes and Cu-Ni deposits with Pt-Pd mineralization. These placers seldom have economic potential; more often, they are valuable as indicators for delineation of economically important, sulfide-hosted lode PGE mineralization.

3A.
Os-Ir-Ru alloy placers are derived from an intensely depleted restite ultramafic series. Only Os-Ir-Ru alloys are present, and they have economic value only as by-products of gold-bearing placers.

3B.
Os-Ir-Ru alloy placers, though dominated by Os-Ir-Ru alloys, also containing platinum-group PGE (Rh, Pt, Pd, the PPGE), as well as significant Pt-Fe alloys, and multi-component solid solutions. These placers are eroded from moderately fractionated ophiolite complexes. They do not have economic value, but can be significant by-products of placer gold production.

3С. 
Pt-Fe alloy placers of the Viluiskiy type contain Rh-rich Pt-Fe alloys and a subordinate quantity of Os-Ir-Ru alloys theoretically eroded from mafic or ultramafic massifs that are not clearly defined (Okrugin 2000).  Our point of view is that the PGE minerals of these placers are derived from cumulate (banded or hybrid) mafic-ultramafic series within ophiolites. This type of PGE-bearing placer also has marginal economic value.

4. 
Os-Ir-Ru alloy-bearing placers derived from non-ophiolitic, Fe-rich ultramafic intrusions.  This magma rises into crustal levels in the liquid state (Glazunov 1981) and forms a stratiform ultramafic intrusion with Os-Ir-Ru concentrations (Volchenko & Koroteyev 1999).

Taking into account other factors than fractionation of initial melts leads to further subdivisions and allocation of new subtypes of placers. This process can be unlimited, and also useful and scientifically possible, depending on the purpose of specific investigations. For example, within the Pt-Fe alloy placer type, the Pd-rich-platinum subtype can be present (e.g., the Pustaya placer in Kamchatka), or an Ir-rich platinum subtype may be present (e.g., the Inagli or Konder PGE placer deposits).  The appearance of these subtypes depends on the depth of intrusion of the complexes, temperature of formation, and outcrop area of the marginal clinopyroxenite that is available for exhumation. In the generalized type 3 PGE-bearing placer above, it is possible to define a laurite subtype, which formed 

	[image: image9.jpg]('svid) Aoqre d34-3d

sAoqe mY-I11-SO ‘¥

‘Koqre ny-I1-sO

:1depd | P4-d

skofre 3414 *O€

(wnipur | (SPd ‘S “4S°Pd “SVId)
‘wnfwiso) ‘Aojpe “gny| ‘skof[e 34-1d pue Aoje ny-11-sQ
Y-y ca3derd ny-a1-sQ :13de[d (1 2dAY) 1d0erd

sAo[fe nY-I11-sO "9d¢€

sAoq[e my-II-sO V¢

(‘as’pd ‘S

‘uS’pd ‘uS‘pd ‘uSHd
‘Kofre o4-1d) “sVid
:193ed Araadg g

('svid
‘WNIPLII ‘WINIWso)
Koqre 34-1d :19ded

skof[e 34-1d "V1

:::%E,Z:a
34-1d) ‘wnruwso
:139¢d sAofe

ny-I1-S0 "4l 7

‘smy

‘sAo[[e 9,14 pue
NY-II-SQ YILI-d]
noprdd wiojnens

‘qd sy-S-pd-id ‘shoje
34-1d pue ny-I[-sQ

'Sy :djenuInd YPIIm
saxapdwod adAy-aorydo

A

Sunjow pyand
dampuawmapduo)
A

nopridd uriojipod

Purds YorI-gA ‘'Smy
‘sKofe ny-11-sQ :adA)
-jorydo saduanbas

SINY

(Aoqre 94-13d) ‘sV-1d
(S*sv us‘qSaL19)-pd
:SUOISNIJUI PAIdAR]

puids YLI-3 g TV
WINIPLII ‘Wniuwso) ‘Aoqe
34-1d :saxapdwod adA)
-uByse[y-[e.a ) pauoz

(Tg9d) myar

JPw pwigew
dJewie.)n-dIeIAl

(na'rd)
3 MYUISO Msaa
Pa391dap A[93e.IpoIA

SO

M.sg
e
(NA‘Pd) ¥ MIUISO

ANSY

YISO ST

pa3odap ApAIsudjuy

0d) 44 ‘pd
aseyd apijns

(WA‘PdMII'SO)
aseyd apIxo-[erom

M s9duanbas oaxqqen | | Y saduanbas un(g

/\

UOPVUONIVA

(nYU1's0) YA‘PdNd
BuIgew Jjeseyqg

uoneuondLIj ‘sunpPuw [enIed

T

dppuBW IAPIWLLJ





	Fig. 6-1. Classification of PGM placers belonging to different types of source rock, determined by fractionation of initial magmas.




under conditions of high sulfur activity in the ore-forming system.
Ural-Alaska type complexes

Historical Geological Concepts for Ural-Alaska Type Zoned, Igneous Complexes

The history of understanding of Ural-Alaska type zoned intrusions, associated lode PGE mineralization, and their associated platinum placer deposits is described in many publications, includ​ing Ivanov (1997), Zoloev et al. (2001), Johan (2002), and Weiser (2002). As a result of intensive mining of placer platinum in the Ural Mountains, which reached an aggregate production total of 250 tons by 1922 (Dodin et al. 2000), the Ural Mountains ultramafic intrusions were intensively explored for their lode platinum endowment. The rocks comprising such intrusions were assigned an independent magmatic origin and given the name ‘gabbro-pyroxene-dunite’ (Levinson-Lessing 1900). In the classic papers of Vysotsky (1923, 1933) and Zavaritsky (1928), the concentric structures of the intrusions were described, consisting of a dunite core and a clinopyroxenite periphery.  Later, similar massifs in southeastern Alaska have received the name of concentric-zoned complexes of Ural-Alaska type (Taylor 1967, Taylor & Noble 1969). This term appeared the most appropriate and has been accepted in the world literature.  Other complexes, to which commercial platinum placers are connected, have been found and include: 1) the Tulameen complex in British Columbia (Camsell 1913, Rice 1947, Nixon et al. 1990), 2) the Youbdo massif in Ethiopia (Duparc & Molly 1928, Augustithis 1965, Evstigneeva et al. 1992), 3) the Gal’moenan and Sejnav zoned intrusions in the Olutorsky zone of Koryak folded belt (Anikeeva 1968, Kutyev et al. 1988, 1991, Astrakhantsev et al. 1991), and 4) the Goodnews Bay and Susie Mountain zoned intrusions in southwest Alaska (Mertie 1940, 1976, Foley et al. 1997).

It appears that pyroxene-dunite and ophiolite associations are both located in mobile folded belts and are confined to continental-oceanic transition zones. In the Urals, Kamchatka, southeast Alaska, and in the Western Cordillera, they form paired belts, stretching for hundreds of kilometres parallel to the strike of the main folded structures (Tistl 1994, Himmelberg & Loney 1995, Volchenko et al. 1998, Volchenko & Koroteyev 1999, Johan 2002). At first, the identification of the massifs of Ural-Alaska type and their separation from alpine type complexes was not always a simple task because of: 1) the spatial combination of the various complex types, 2) significant structural deformation of the zoned structure of the massifs of Ural-Alaska type, and 3) the similarity of PGM mineralization in the cumulative wehrlite-clinopyroxenite-gabbro series of ophiolite sequence and Ural-Alaska complexes. Earlier workers thought that pyroxene-dunite intrusions of the Ural-Alaska type were the cumulative, basal parts of ophiolite suites.  For example, the mafic-ultramafic intrusions of the Olutorsky zone of the Koryak-Kamchatka platinum-bearing belt were related to the fragments of a banded complex of an ophiolite sequence (Alexeev 1987, Velinsky 1979). The later study of the massifs of Olutorsky zone (Kutyev et al. 1988, 1991, Astrakhantsev et al. 1991, Batanova & Astrakhantsev 1992, Batanova et al. 1991, Ledneva 2001) resulted in a modified view of the nature of the Korak-Kamchatka mafic-ultramafic intrusions and their classification as zoned complexes of the Ural-Alaskan type.   Detailed investigations of the mafic-ultramafic complexes in the Ural folded belt, where processes of collision and accretion led to a spatial imposition of their various igneous suites (Vorobjeva et al. 1962, Efimov & Efimova 1967, Ivanov 1986, Ivanov & Rudashevsky 1987) also led to an understanding of the principal difference of two combined associations: 1) dunite-harzburgite (ophiolite), and 2) pyroxenite-dunite (Ural-Alaska zoned intrusion).

Geodynamic Conditions of Formation of the Ural-Alaska type complexes

Subsequent research on Ural-Alaska type zoned intrusions has shown that they can be formed in the continental mobile folded belts (the Urals), in transitional continental-oceanic zones (Alaska, Kamchatka, Cordillera), and in cratonal-platform environments (Aldan Shield).  It has also been established that ophiolite-type and zoned Ural-Alaskan complexes, bearing various types of mineralization, were formed under different geodynamic conditions of the same mobile belts. Within the platinum-bearing folded belt of the Urals, intrusion of podiform ophiolite complexes with a refractory component was related to oceanic rifting, and the platinum-bearing belts of zoned massifs of the Urals (Nizhny Tagil, Kytlym) with Pt-Ir mineralization were formed in island arc conditions (Volchenko & Koroteyev 1999, Zoloev et al. 2001, Malakhov 1999).

Concentrically-zoned massifs of the alkaline-ultramafic formations within the Aldan shield (Konder, Inagli, Chad) were formed by introduction of mantle plumes within heterogeneous mantle blocks (Nekrasov et al. 1994).  Despite the differing geodynamic conditions of formation of concentrically zoned intrusions of the Aldan and Ural-Alaska types, the characteristic features of platinum mineralization are identical in both types of zoned intrusions (Rozhkov et al. 1962, Efimov & Tavrin 1978).  Detailed petrologic, structural, and mineralogical research of the Aldan Shield zoned intrusions (Razin & Smirnov, 1974, Razin 1976, Lazarenkov et al. 1992, Rudashevsky et al. 1992, Nekrasov et al. 1994, Gurovich et al. 1994, Tolstykh & Krivenko 1997, Mochalov & Khoroshilova 1998, Okrugin 2001) have identified a number of characteristic features for these massifs: 1) a zoned structure with a dunite core and clinopyroxenite rim, 2 ) correlation of platinum mineralization with chromite ore, 3) dependence of the extent of mineralization on the intensity of fluid-metasomatic processes, and 4) placer-forming potential of chromite-bearing dunite with accessory Pt mineralization. Hence, the basic characteristics of the concentrically zoned intrusions of the Aldan Shield share many mineralogical and petrological characteristics with the clinopyroxenite-dunite massifs of the Ural platinum bearing belt (Begizov et al. 1975, Garuti et al. 1997, 2003, Anikina et al. 1999, Zoloev et al. 2001, Chashchuhin et al. 2002), the Koryak-Kamchatka belt, and the Goodnews Bay (Sidorov et al. 2001, Ledneva 2001, Zajtsev et al. 2001, Landa et al. 2001, Tolstykh et al. 2001, 2002a, 2002b, 2004 Nazimova et al. 2003).  Thus, magmatic complexes related to the Ural-Alaska type, on one hand, can be formed under different geodynamic conditions, but also possess similar attributes in the development of their ore-forming systems. On the other hand, the mafic-ultramafic intrusions generated in uniform geodynamic environments can also have different types of PGE-bearing ores.

PGE-BEARING placers connected with Ural-Alaska type complexes

The commercial significance of the platinum placers

Pt-Fe alloy placers associated with complexes of Ural-Alaska type have been the most important type of PGE placers.  In the 18th and 19th centuries, placer deposits of platinum from these deposit types were practically the only source of this metal.  In 1723, platinum was discovered in diamondiferous placers of Brazil and about 70 kg of PGE were mined each year (Vysotsky 1923).  Platinum has been mined from the placers of Colombia since 1735, and during the early years, about 140 kg was produced annually.  In 1992–1993 the level of platinum production reached more than 2 tons per year.  Prior to 1927, platinum placer production in the USA was confined to modest by-product production of PGE (mainly Os–Ir alloys) from gold placer deposits in California, Oregon, and Alaska. From 1928 to 1983, about 21 tons of platinum (mainly isoferroplatinum) were mined from the Goodnews Bay mining district of southwest Alaska (Foley 1992, Foley et al. 1997).  The Goodnews Bay district was the USA’s primary producer of PGE until the Stillwater lode complex opened up in Montana during the 1990s.

The mining of platinum-rich placers derived from the Nizhny-Tagil dunite intrusion of the Ural Mountains began in 1885.  Initially, production of PGE averaged 1–2 tons per year and later increased to up to 6 tons per year.  In 1920, production ceased due to extreme political events (Vysotsky 1923), but was later resumed. By 2000 the total production of platinum mined in the Ural Mountains was estimated to be 370 t (Zoloev et al. 2001).

The mining of placer platinum deposits of the Konder River of northern Khabarovsk Oblast began in 1985; this PGE placer has been mined from streams that cut the Konder dunite intrusion of the Aldan Shield (Nekrasov et al. 1994).  Initially production ranged from 3.0–4.5 tons of platinum annually, with lower levels of production in recent years.  Since 1994, mining of placer platinum in the Koryak Autonomous Region of the Kamchatka Peninsula area began in streams dissecting the Gal’moenansky clinopyroxenite-dunite intrusion. By 1997, production reached 7.5 tons PGE per year. The mining of placer platinum in the Konder and Gal’moenansky areas continues today.  At the end of the 20th century, Russian annual placer platinum production varied from 4.2 to 12.3 tons per year, which amounts to 20–48% of the total production of the platinum mined in Russia (Table 6‑1).  In the middle of the 20th century, mining of PGM from lode sulfide deposits was initiated in Russia, mainly from the great Noril’sk camp of the Taimyr Peninsula region.  By 2000, total PGE output from Russia, much of it being palladium, amounted to 168 tons per year (Fig. 6‑2). Though currently the 

Table 6-1.  Platinum Production in 1993–2000, tonnes.
	Production
	1993
	1994
	1995
	1996
	1997
	1998
	2000

	Total production in the world
	134.8
	129.7
	134.4
	136.9
	150.3
	157.6
	168.3

	Total production in Russia
	20.0
	21.2
	21.0
	21.8
	25.0
	27.0
	29.5

	Including from the placers:

Konder

Gal’moenan
	3.7

-
	4.0

0.66
	4.16

1.43
	4.5

4.64
	4.4

7.33
	4.3

7.5
	3.5

4.5

	Other regions
	0.5
	0.5
	0.5
	0.5
	0.5
	0.5
	1.0

	Total from placers of Russia 
	4.2
	5.16
	6.1
	9.6
	12.2
	12.3
	9.0


  Source: Mineral resources 2000, Boyarko 2001, Mamaev and Van-Van-E 2000.

amount of platinum from placers is only 4–5%of the world production, it should be mentioned that this contribution remains constant. 

Features of PGM Placer Deposits

Pt–Fe alloy placers are subdivided into those that are spatially directly confined to two groups: 1) Ural-Alaska type complexes, and 2) those for which the bedrock source is not known or is hypothetical but whose relationship to a Ural-Alaska type might be presumed.   The first group of PGE-bearing placers include the Gal’moenan, Sejnav, Epil’chick, Itchayvayam zoned intrusions in the Koryak folded belt (Tolstykh et al. 2001, 2004, Nazimova et al. 2003), Filippa in southern Kamchatka (Sidorov et al. 2004), Konder, Inagli, and other related deposits in the Aldan Shield (Rudashevsky et al. 1992, Nekrasov et al. 1994, Tolstykh & Krivenko 1997, Malitch 1999, Okrugin 2001), Nizhny Tagil, Uktus, Kachkanar and Kytlym in the Ural Mountains (Zoloev et al. 2001, Garuti et al. 2002, 2003), the 
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Fig. 6-2. World production of platinum from 1920 to 2000.

Tulameen Complex in Canada (Nixon et al. 1990), Viravira and Alto Condato in Colombia (Cabri et al. 1996), Fifield in Australia (Johan et al. 1989, Slansky et al. 1991), Goodnews Bay in Alaska (Mertie 1976, Tolstykh et al. 2002a), Joubdo in Ethiopia (Cabri et al. 1981, Evstigneeva et al. 1992), and a zoned complex in the Alyuchin Horst of northeast Russia (Gornostayev et al. 1999).
The second group of PGE-bearing placers include the Durance River in France (Johan et al. 1990), East Madagascar (Legendre & Augé 1992, Augé & Legendre 1992), Ecuador (Weiser & Schmidt-Tomé 1993), Papua New Guinea (Johan et al. 2000), the Pustaya River in Kamchatka (Tolstykh et al. 2000) and the Koura, Kaurchak, Mrassu, Tyulenevsky Rivers, in southern Siberia (Tolstykh et al. 2002b). However, along with the above mentioned systems, a number of placer occurrences of PGM, for which the source is not established, or is ambiguously determined, occur. These are the PGE-bearing placers of Canada (Yukon, Alberta and Northwest Territories), Borneo in Malaysia, the southern Kalimantan placers in Indonesia, placers in the Chindwin River area in Burma (Cabri et al. 1996), and numerous minor PGE-bearing placer occurrences throughout Alaska (Foley et al. 1997).  Many PGE placer occurrences are of unknown provenance either because the bedrock source is insufficiently eroded or is completely destroyed by denudation processes, or because they are at a considerable distance away from the studied placers. A variety of placer-forming processes have resulted in the formation of placer deposits of PGM of various genetic types, among which deluvial, alluvial and beach-marine are recorded. Alluvial placers are of great practical importance.
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Fig. 6-3. Modal distributions of PGM in the placers derived from Ural-Alaska type complexes.

Morphology of PGM grains 

PGE-bearing placers associated with zoned Ural-Alaska complexes are dominated by Pt–Fe alloys (Fig. 6‑3).  The proportion of Os–Ir–Ru alloys in this association is usually insignificant, but can amount to 1–10% as laurite, e.g., the Nevado placer in Colombia (Cabri et al. 1996).  Among the refractory PGE minerals, either native osmium (Kaurchak) or iridium (Filippa) can occur. The quantity of PGM related to a later paragenesis can also be present in a placer, e.g., sperrylite, cooperite, stibiopalladinite, or isomertieite.  The relative amounts of these minor PGE occurrences  depend on the intensity of postmagmatic hydrothermal alteration of bedrock sources.

In the alluvium of river placers, the PGM consist mostly of platinum nuggets in the flaky, lamellar shape, less than 1 mm across (Fig. 6‑4a), or in rounded grains (Fig. 6‑4b,c) to 2 mm in size, and occasionally of irregular shape or with crystallographic surfaces.  Non-rounded, hackly grains are generally uncommon and usually occur directly near the bedrock source (Fig. 6‑4d).  The platinum nuggets are silvery white with metallic appearance.  Sometimes they are coated by hydroxides of Fe and Mn, which in reflected light of polished sections exhibit gray-brown rims. Visible inclusions in the nuggets consist of chromian spinel and clinopyroxene. Chlorite and serpentine are localized along cracks and grain edges.

	[image: image12.jpg]



	Fig. 6-4. The morph​ology of grains of the Pt-Fe alloy in Koura (a), Itchayvayam (b), Filippa (c) and Inagli (d) river placers.




Composition of Pt–Fe alloys in Placers

Pt–Fe alloys from placers related to Ural-Alaska type complexes have wide ranges of Fe concentrations, which can vary from native platinum with 3–5 wt.% Fe in placers of Madagascar, Ecuador, Burma and the Alyuchin Horst areas, to Fe-rich platinum, where Fe content reaches 12 wt.% (Tulameen and Goodnews Bay).  The Fe content varies from 15 to 33 wt.% in various minor occurrences (Fig. 6‑5).  In magmatic processes, iron is always included into the structure of platinum, and variations of its concentration are defined by the f(O2), with which its concentration shows a negative correlation (Roeder & Jamieson, 1992, Nekrasov et al. 1994, Amossé et al. 2000, Johan et al. 1989, Johan 2002).  Reduction in the temperature of crystallization of the melt with an increase in oxygen fugacity results in a reduction of Fe in Pt–Fe alloys. This indicates that the Fe-rich alloys of the Tulameen, and Nizhny Tagil massifs were formed at a lower f(O2), than the Pt–Fe alloys from the placers of Ecuador, the Aluchin Horst, and East Madagascar (Fig. 6‑5). Variations in the concentration of Fe in Pt–Fe alloys frequently can be observed within a single placer. A bimodal distribution of Fe in Pt–Fe alloys on frequency diagrams as, for example, for the El Paso and Viravira placers (Cabri et al. 1996) sometimes occurs and can be related to the accumulation in one placer of Pt–Fe alloys from two different sources or from different units from one massif.  More often, native platinum is characteristic of source rocks of an insignificant size that formed under shallow conditions and is represented mainly by clinopyroxenite units of zoned Ural-Alaska complexes.  Native platinum can also occur in placers with an unknown lode source (placers of Ecuador, the Alyuchin Horst, etc.). On the other hand, isoferroplatinum and Fe-rich platinum is usually confined to those placers derived from large and well-eroded massifs (Gal’moenan, Inagli, Konder, Nizhny Tagil).  The distribution of Fe concentration in platinum, to some extent, can be used as a criterion to estimate the bedrock source of a specific PGE placer being investigated.

The study of Cu, Ni and minor element concentrations in Pt–Fe alloys from different placers indicates that Ni is relatively concentrated in Fe-rich alloys, whereas Cu concentration, on the contrary, increases in Fe-poor alloys (Fig. 6‑5). Minor elements such as Pd, Rh and Сu, more often enter into native platinum than in Fe-rich platinum. These correlations as a whole correspond to the evolution of an ore-forming system in a magmatic process, when the concentration of Cu and volatile elements increases in the residual melt and may enter Pt–Fe alloys at a later stage. Secondary phases of the series tetraferroplatinum–tulameenite (PtFe – Pt2CuFe), as well as native near-pure platinum, which were formed at a postmagmatic stage and 
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	Fig. 6-5. Change of the average concen​trations of Cu, Ni and minor elements in Pt-Fe alloys in various placers of the world related to Ural-Alaskan-type com​plexes. The placers are listed by increas​ing average concen​tration of Fe in Pt-Fe alloys; sources are published data, the references are in the text.




have another genetic path, do not enter into consideration here.

Minor elements can enter into the structure of Pt–Fe alloys, and sometimes reach high concentrations (Table 6‑2). Their concentration and ratios characterize particular ore-forming systems. There are placers with high Ir-, Rh- and Pd concentrations in Pt–Fe alloys (Fig. 6‑6).  Ir-rich Pt–Fe alloys are characteristic of the placers from Inagli (Tolstykh & Krivenko 1997), Nizhny Tagil (Zoloev et al. 2001), Fifield (Johan et al. 1989, Slansky et al. 1991), Goodnews Bay (Tolstykh et al. 2002a), Alyuchin Horst (Gornostayev et al. 1999), and Gal’moenan massifs (Tolstykh et al. 2004).  For example, the average Ir content of Pt–Fe alloys in the Inagli placers is 5.5 wt.%, but in some grains attains 16.6 wt.%. On the other hand, Pt–Fe placers with high concentrations of Pd are also known, attaining 8.44 wt.% in East Madagascar (Augé & Legendre 1992) and up to 9.52 wt.% in the Pustaya River placers of Kamchatka (Tolstykh et al. 2000). Elevated concentrations of Pd in Pt–Fe alloys appear during the late stages of development of the ore-forming system and are characteristic of rocks that formed from more fractionated parts of the melt, i.e., wehrlite-clinopyroxenite in the margins of zoned massifs.  If Pd-rich Pt–Fe alloys are observed in an unknown placer, then their source can be clinopyroxenite, in which case the dunite may be not yet have been exposed by erosion.


In some placers, Rh prevails among minor elements in Pt–Fe alloys, reaching, for example, 2.2 wt.% Rh in the Papua New Guinea placers (Johan et al. 2000), 4.46 wt.% Rh in the El Paso placers in Colombia (Cabri et al. 1996) or 3.97 wt.% Rh in the Tyulenevsky River placers of southern Siberia.  Evolution of an ore-forming system occurs according to a fractionation trend of the PGE and changes of the ratio of minor elements in Pt–Fe alloys from iridium to iridium-rhodium, then to rhodium-palladium, and, at lastly, to palladium. All known placers worldwide occupy specific positions along the general fractionation trend (Fig. 6-7), with

Table 6-2. Selected Composition of Pt-Fe Alloys from Placers.

	 
	Pt
	Fe
	Ni
	Cu
	Ru
	Rh
	Pd
	Os
	Ir 
	Total

	Placers connected with Ural-Alaskan type massifs

	
	Levtyrynyvayam River placer  (Gal'moenan massif)
	

	1
	94.76
	4.62
	0.00
	0.00
	0.00
	0.00
	0.26
	0.00
	0.00
	99.64

	2
	91.10
	6.85
	0.00
	0.45
	0.00
	0.00
	1.02
	0.00
	0.00
	99.42

	3
	93.22
	7.05
	0.00
	0.15
	0.00
	0.00
	0.00
	0.00
	0.00
	100.42

	4
	89.35
	9.15
	0.00
	0.45
	0.00
	0.18
	0.00
	0.00
	0.00
	99.13

	5
	85.84
	9.26
	0.08
	0.70
	0.00
	0.90
	0.53
	0.00
	0.00
	97.31

	6
	90.17
	9.26
	0.00
	0.33
	0.00
	0.49
	0.00
	0.00
	0.00
	100.25

	7
	89.34
	9.35
	0.00
	0.09
	0.00
	0.00
	0.00
	0.00
	1.36
	100.14

	8
	86.13
	9.50
	0.07
	0.67
	0.07
	0.62
	0.55
	0.00
	0.00
	97.61

	9
	90.26
	9.54
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.65
	100.45

	10
	88.16
	9.67
	0.00
	0.00
	0.00
	1.03
	1.16
	0.00
	0.36
	100.38

	11
	90.00
	9.89
	0.00
	0.18
	0.00
	0.40
	0.00
	0.00
	0.00
	100.47

	
	Ledyanoy Creek placer (Gal'moenan massif)

	28
	87.86
	6.23
	0.07
	0.32
	0.08
	0.57
	0.06
	0.24
	4.99
	100.42

	29
	88.92
	6.50
	0.00
	0.51
	0.00
	0.68
	0.22
	0.12
	2.40
	99.35

	30
	84.22
	7.19
	0.00
	0.16
	0.09
	0.78
	0.08
	0.11
	6.58
	99.21

	32
	87.48
	7.83
	0.00
	0.28
	0.08
	0.46
	0.35
	0.10
	3.12
	99.70

	33
	82.77
	8.05
	0.06
	0.17
	0.05
	0.86
	0.11
	0.35
	7.11
	99.53

	34
	88.69
	8.05
	0.00
	0.46
	0.00
	0.56
	0.48
	0.00
	1.97
	100.21

	37
	90.52
	8.30
	0.00
	0.32
	0.00
	0.47
	0.26
	0.00
	0.23
	100.10

	38
	88.57
	8.37
	0.00
	0.00
	0.06
	0.30
	0.13
	0.10
	2.52
	100.05

	39
	86.22
	8.54
	0.07
	0.29
	0.08
	0.89
	0.51
	0.00
	3.68
	100.28

	40
	88.03
	8.57
	0.00
	0.31
	0.11
	0.30
	0.09
	0.00
	0.59
	98.00

	41
	85.50
	10.51
	0.35
	1.48
	0.00
	0.10
	0.00
	0.08
	1.75
	99.77

	
	Penisty Creek placer (Gal'moenan massif)

	42
	88.89
	8.24
	0.00
	0.18
	0.07
	0.35
	0.00
	0.48
	1.42
	99.63

	43
	88.15
	9.35
	0.14
	0.21
	0.06
	0.67
	0.25
	0.12
	0.22
	99.17

	44
	87.23
	9.59
	0.14
	0.33
	0.07
	0.99
	0.39
	0.07
	1.09
	99.90

	45
	86.56
	9.84
	0.17
	0.60
	0.00
	0.83
	0.04
	0.00
	0.16
	98.20

	46
	84.07
	10.10
	0.08
	1.06
	0.08
	0.81
	0.72
	0.00
	2.85
	99.77

	47
	85.31
	11.50
	0.10
	0.51
	0.08
	0.63
	0.57
	0.08
	1.03
	99.81

	48
	77.30
	13.71
	1.40
	4.83
	0.00
	0.00
	0.00
	0.09
	0.79
	98.12

	
	Tapel'vayam River placer (Sejnav massif)

	49
	86.90
	3.30
	0.00
	3.80
	0.10
	1.10
	2.60
	1.70
	0.40
	99.90

	50
	88.10
	4.80
	0.00
	2.90
	0.00
	0.90
	1.80
	1.30
	0.10
	99.90

	51
	89.40
	5.80
	0.10
	1.60
	0.00
	0.80
	1.10
	0.60
	0.10
	99.50

	52
	87.90
	6.60
	0.00
	2.00
	0.00
	1.00
	0.70
	0.90
	0.60
	99.70

	53
	87.30
	7.10
	0.10
	2.40
	0.10
	0.80
	0.50
	1.10
	0.30
	99.70

	54
	88.70
	7.40
	0.00
	1.10
	0.10
	0.90
	0.60
	0.20
	0.60
	99.60

	55
	88.20
	7.80
	0.10
	1.00
	0.00
	1.20
	0.90
	0.40
	0.20
	99.80

	56
	86.70
	8.00
	0.00
	1.30
	0.10
	1.30
	1.00
	0.60
	0.10
	99.10

	57
	87.80
	8.40
	0.00
	0.70
	0.00
	1.30
	1.20
	0.10
	0.10
	99.60

	58
	86.30
	9.20
	0.00
	1.00
	0.00
	0.90
	0.80
	0.70
	0.20
	99.10

	
	Snegovaya River placer (Epilçhik massif)

	59
	91.30
	4.20
	0.10
	0.30
	0.20
	1.60
	1.10
	0.20
	1.30
	100.30

	60
	87.45
	6.54
	0.09
	2.26
	0.08
	1.03
	0.82
	0.22
	1.11
	99.60

	61
	86.80
	6.90
	0.10
	1.40
	0.10
	0.80
	0.50
	0.00
	3.00
	99.60

	62
	88.10
	7.30
	0.10
	1.30
	0.00
	1.10
	0.70
	0.10
	0.80
	99.50

	63
	88.87
	7.98
	0.04
	0.74
	0.13
	0.84
	0.36
	0.14
	0.83
	99.93

	64
	87.80
	8.00
	0.10
	0.90
	0.00
	0.80
	0.70
	0.20
	1.50
	100.00

	65
	89.21
	8.30
	0.00
	0.37
	0.00
	0.56
	0.00
	0.33
	0.74
	99.51

	66
	89.33
	8.51
	0.00
	0.35
	0.05
	0.43
	0.00
	0.00
	1.35
	100.02

	67
	86.65
	9.03
	0.10
	0.56
	0.00
	0.83
	0.18
	0.23
	2.58
	100.16

	68
	86.53
	9.55
	0.38
	0.69
	0.00
	0.49
	0.17
	0.07
	2.71
	100.59

	
	Itchayvayam River placer (Itchayvayam massif)

	69
	91.45
	3.61
	0.15
	1.91
	0.04
	0.84
	1.46
	0.29
	0.54
	100.30

	70
	91.54
	4.05
	0.06
	1.52
	0.00
	1.12
	0.91
	0.25
	0.63
	100.09

	71
	89.05
	5.24
	0.06
	1.51
	0.07
	0.35
	2.85
	0.39
	0.55
	100.06

	72
	89.88
	5.59
	0.00
	1.23
	0.14
	1.01
	0.51
	0.89
	0.45
	99.69

	73
	89.29
	5.68
	0.05
	1.79
	0.00
	0.65
	2.39
	0.23
	0.25
	100.33

	74
	88.53
	6.65
	0.04
	1.90
	0.04
	0.98
	1.31
	0.04
	0.36
	99.84

	75
	88.91
	6.89
	0.12
	1.49
	0.04
	1.01
	0.25
	0.45
	0.86
	100.03

	76
	88.77
	7.21
	0.00
	1.37
	0.00
	1.31
	0.53
	0.29
	0.77
	100.25

	77
	87.80
	7.52
	0.04
	1.16
	0.00
	0.99
	0.46
	0.23
	1.75
	99.96

	78
	88.67
	8.10
	0.00
	0.55
	0.06
	0.84
	1.34
	0.01
	0.28
	99.86

	79
	88.82
	8.12
	0.12
	0.91
	0.04
	1.12
	0.58
	0.06
	0.49
	100.25

	
	Pustaya River placer 

	80
	82.68
	4.65
	0.00
	0.85
	0.14
	0.74
	8.82
	0.70
	0.72
	99.30

	81
	82.41
	4.68
	0.00
	0.81
	0.25
	1.07
	9.52
	0.61
	0.82
	100.16

	82
	87.85
	4.80
	0.00
	0.81
	0.16
	1.04
	2.14
	1.10
	1.05
	98.95

	83
	88.24
	4.83
	0.00
	0.53
	0.37
	1.24
	1.01
	1.01
	1.45
	98.67

	84
	82.89
	4.90
	0.00
	1.05
	0.00
	0.69
	8.01
	0.57
	0.00
	98.10

	85
	88.67
	5.18
	0.00
	0.70
	0.00
	0.00
	4.44
	0.16
	0.00
	99.15

	86
	90.04
	7.92
	0.00
	0.99
	0.00
	0.53
	0.78
	0.06
	0.00
	100.32

	87
	88.74
	8.00
	0.00
	0.56
	0.06
	0.90
	0.22
	0.00
	1.01
	99.50

	88
	85.69
	12.91
	0.00
	0.06
	0.00
	0.00
	0.00
	0.00
	0.00
	98.66

	
	Major River placer (Filippa massif)

	89
	90.72
	4.88
	0.00
	0.29
	0.13
	1.53
	0.28
	0.97
	0.13
	98.93

	90
	90.95
	5.14
	0.00
	0.36
	0.07
	1.14
	0.49
	0.81
	0.00
	98.96

	91
	84.01
	6.37
	0.00
	2.31
	0.00
	0.89
	2.11
	0.01
	2.95
	98.65

	92
	88.48
	7.51
	0.00
	0.87
	0.09
	0.99
	0.64
	0.00
	0.63
	99.21

	93
	88.69
	7.88
	0.00
	1.22
	0.13
	1.23
	0.31
	0.06
	0.54
	100.06

	94
	82.21
	7.90
	0.00
	0.45
	0.12
	0.91
	0.48
	0.40
	6.42
	98.90

	95
	87.06
	8.17
	0.00
	0.55
	0.06
	0.56
	0.50
	0.00
	2.50
	99.40

	96
	88.18
	8.20
	0.00
	0.79
	0.06
	0.28
	1.69
	0.00
	0.17
	99.36

	97
	89.87
	8.43
	0.00
	0.91
	0.00
	0.14
	0.00
	0.00
	0.00
	99.34

	
	Salmon River placer (Red Mountain, Goodnews Bay, Alaska)

	98
	73.72
	7.54
	0.00
	0.47
	0.16
	2.22
	0.25
	1.00
	13.92
	99.28

	99
	89.80
	8.08
	0.00
	1.15
	0.05
	0.45
	0.00
	0.00
	0.00
	99.53

	100
	85.61
	8.23
	0.00
	0.66
	0.00
	0.40
	1.63
	0.00
	2.76
	99.29

	101
	82.99
	8.99
	0.08
	0.63
	0.09
	1.32
	0.36
	0.13
	3.93
	98.52

	102
	86.11
	9.22
	0.08
	0.61
	0.00
	0.92
	0.90
	0.00
	0.98
	98.82

	103
	82.52
	9.25
	0.09
	0.32
	0.07
	1.52
	0.21
	0.00
	4.51
	98.49

	104
	87.26
	9.72
	0.00
	0.00
	0.00
	0.00
	1.74
	0.00
	0.00
	98.72

	105
	87.52
	9.75
	0.27
	0.34
	0.00
	0.00
	0.32
	0.00
	0.00
	98.20

	106
	84.90
	10.21
	0.17
	0.73
	0.06
	1.05
	0.08
	0.00
	1.92
	99.12

	
	Inagli River placer (Inagli massif)

	107
	66.03
	5.13
	0.00
	0.26
	3.78
	3.65
	0.00
	2.73
	16.69
	98.27

	108
	81.01
	6.84
	0.00
	1.06
	0.20
	3.35
	0.00
	0.91
	5.64
	99.01

	109
	82.01
	7.58
	0.00
	0.00
	0.00
	0.60
	0.09
	0.59
	7.68
	98.55

	110
	87.80
	7.88
	0.00
	0.33
	0.11
	1.53
	0.00
	0.00
	1.60
	99.25

	111
	85.60
	8.08
	0.00
	0.00
	0.12
	0.21
	0.00
	0.26
	3.93
	98.20

	112
	77.59
	8.19
	0.00
	1.26
	0.66
	0.91
	0.00
	0.42
	10.85
	99.88

	113
	86.73
	8.48
	0.00
	0.00
	0.00
	0.45
	0.00
	0.07
	3.17
	98.90

	114
	82.83
	9.21
	0.00
	0.60
	0.47
	2.20
	0.00
	0.65
	3.68
	99.64

	115
	86.96
	9.38
	0.00
	0.29
	0.00
	0.38
	0.00
	0.00
	3.44
	100.45

	
	Koura River placer (Sengibir massif)

	116
	88.73
	5.69
	0.00
	1.50
	0.33
	0.00
	0.00
	1.12
	1.00
	98.37

	117
	86.49
	6.40
	0.00
	1.05
	0.56
	0.00
	0.00
	2.12
	1.72
	98.34

	118
	83.84
	7.18
	0.00
	0.25
	1.02
	0.00
	0.00
	2.70
	4.69
	99.68

	119
	90.22
	7.50
	0.00
	0.35
	0.16
	0.00
	0.00
	0.82
	0.00
	99.05

	120
	90.09
	8.19
	0.06
	0.16
	0.15
	0.00
	0.62
	0.00
	0.65
	99.92

	121
	88.57
	8.88
	0.13
	0.52
	0.00
	0.00
	0.09
	0.00
	0.00
	98.19

	122
	81.28
	9.45
	0.00
	0.55
	0.47
	2.67
	1.08
	0.82
	2.09
	98.41

	
	Kaurchak River placer 

	123
	89.93
	3.75
	0.00
	4.38
	0.12
	0.14
	0.00
	0.00
	0.44
	98.76

	124
	87.36
	5.30
	0.19
	0.23
	0.79
	1.46
	0.37
	0.64
	2.62
	98.96

	125
	89.77
	5.93
	0.00
	0.72
	0.00
	0.83
	0.94
	0.00
	0.63
	98.82

	126
	89.8
	6.09
	0.00
	0.84
	0.12
	1.50
	0.47
	0.00
	0.14
	98.96

	127
	85.97
	7.03
	0.16
	0.55
	1.94
	1.53
	0.43
	0.53
	0.86
	99.00

	128
	90.44
	7.70
	0.00
	0.57
	0.00
	0.00
	0.80
	0.00
	0.00
	99.51

	129
	89.03
	8.02
	0.00
	0.44
	0.00
	0.45
	0.38
	0.00
	0.83
	99.15

	130
	90.47
	8.47
	0.00
	0.14
	0.00
	0.00
	0.23
	0.00
	0.00
	99.31

	
	Tyulenevsky River placer 

	131
	89.58
	5.50
	0.13
	0.35
	0.46
	1.52
	0.59
	0.00
	1.41
	99.54

	132
	87.30
	5.73
	0.20
	0.28
	0.44
	1.51
	0.51
	0.67
	2.93
	99.57

	133
	88.19
	6.07
	0.12
	0.53
	0.61
	1.78
	0.81
	0.56
	0.31
	98.98

	134
	86.72
	6.44
	0.00
	0.53
	0.47
	2.02
	1.19
	0.00
	0.69
	98.06

	135
	86.93
	8.60
	0.00
	0.49
	1.16
	1.48
	0.41
	0.00
	0.87
	99.94

	
	Mrassu River placer 

	136
	86.88
	5.92
	0.00
	3.83
	0.00
	0.92
	0.86
	0.00
	0.00
	98.41

	137
	88.26
	6.96
	0.00
	1.50
	0.00
	0.75
	0.73
	0.00
	0.00
	98.20

	138
	89.60
	7.12
	0.00
	0.48
	0.09
	0.82
	0.83
	0.00
	0.00
	98.94

	139
	86.55
	8.83
	0.00
	0.30
	1.01
	1.33
	0.30
	0.00
	1.13
	99.45

	140
	89.15
	9.00
	0.00
	0.48
	0.00
	0.10
	0.00
	0.00
	0.26
	98.99

	Placers connected with ophiolite-type massifs

	
	Zolotaya River placer (Kurtucshibinsky ophiolite belt)

	141
	88.32
	8.80
	0.00
	0.41
	0.00
	0.42
	1.19
	0.00
	0.28
	99.42

	142
	89.02
	9.16
	0.00
	0.20
	0.07
	0.00
	0.46
	0.00
	0.00
	98.91

	143
	85.09
	9.27
	0.00
	0.40
	0.00
	0.28
	1.09
	0.00
	1.38
	97.51

	144
	85.41
	9.54
	0.00
	0.88
	0.05
	1.18
	1.19
	0.00
	0.00
	98.25

	145
	73.34
	0.00
	0.00
	24.19
	0.00
	0.11
	0.00
	0.09
	0.00
	97.73

	
	Gar'-1.2 rivers placers (Ust'- Depsky ophiolite belt)

	146
	88.73
	6.55
	0.00
	0.51
	0.04
	0.68
	0.27
	0.07
	2.68
	99.53

	147
	86.10
	7.85
	0.00
	0.95
	0.09
	1.52
	0.00
	0.07
	3.06
	99.64

	148
	88.86
	8.94
	0.00
	0.49
	0.06
	0.10
	0.62
	0.08
	0.00
	99.15

	149
	82.82
	9.75
	0.00
	0.53
	0.30
	2.00
	0.21
	0.06
	3.37
	99.04

	
	Ol'khovaya River placer (Ust'- Kamchatsky ophiolite massif)

	150
	92.23
	4.50
	0.00
	0.00
	0.00
	0.77
	0.00
	1.55
	0.00
	99.05

	151
	90.89
	7.99
	0.00
	1.05
	0.00
	0.00
	0.51
	0.00
	0.00
	100.44

	152
	88.11
	8.36
	0.37
	0.34
	0.00
	0.00
	0.00
	0.81
	2.93
	100.92

	153
	90.42
	9.60
	0.00
	0.00
	0.00
	0.00
	0.08
	0.01
	0.00
	100.11

	154
	82.12
	10.11
	1.43
	0.45
	0.00
	2.27
	0.00
	0.00
	3.61
	100.00

	
	Suenga River placer

	155
	87.41
	8.42
	0.00
	0.00
	0.11
	0.00
	0.00
	0.09
	1.12
	97.84

	156
	89.44
	8.95
	0.00
	0.27
	0.00
	0.45
	0.29
	0.09
	0.00
	99.49

	
	Balyksa River placer

	157
	83.48
	8.71
	0.00
	1.55
	0.11
	1.07
	0.00
	0.00
	3.22
	98.14

	158
	85.46
	8.50
	0.00
	0.66
	0.00
	0.46
	0.00
	0.00
	4.24
	99.32


Compositions of PGMs were determined by a Camebax-Micro microprobe, using the RMA-92 program (analysts L.N. Pospelova and V.M. Chubarov). Acceleration voltage was 20 kV, probe current 20-30 (A, counting time 10 seconds for each analytical line. Standards: Pt, Ir, Os, Pd, Rh, Au and Ru as metals, CuFeS2 (for Cu, Fe, S), InAs (for As), and CuSbS2 (for Sb). The following X-ray lines were used: L( for Pt, Ir, Pd, Rh, Ru, As, Sb; K( for S, Fe, Cu and M( for Os. Line interference was corrected with the help of the data file of experimental calculated coefficients (Lavrent’ev and Usova, 1994). The data are given in compliance with mineral detection limit.
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	Fig. 6-6. Average values of concentrations of minor PGE in Pt-Fe alloys in various placers of the world, related to Ural-Alaskan-type complexes. The placers are listed by the increase of average concentration of Pd; published data, the references are in the text.
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Fig. 6-7. Plots of the Pd, Ir and Rh concentrations in Pt-Fe alloys from placers (published data). The trends correspond to the evolution of the ore-forming system of Ural-Alaskan-type complexes.
some variations due to the gradient of temperature of crystallization of the alloys.

Composition of Os–Ir–Ru alloys in placers

Os–Ir–Ru alloys in placers connected to the Ural-Alaska type are usually inclusions in Pt–Fe alloys, and infrequently they are as discrete grains in placer concentrates.  Os–Ir–Ru alloys represent solid solutions of refractory elements in which Pt also is present. They are subdivided into hexagonal solid solutions in which Os and Ru are dominant and cubic alloys that are rich in Ir.  These groups are divided by an immiscibility gap in the diagram Os–Ru–(Ir+Pt) (Fig. 6‑8), caused by full mutual solubility between Os and Ru, and the existence of limited solid solutions between these two elements and Ir (Harris & Cabri 1973).  Using the classification of Harris & Cabri (1991) the hexagonal solid solutions are subdivided into osmium, ruthenium and rutheniridosmine. In placers of the Ural-Alaska type, as a rule, only two minerals from the Os–Ir–Ru ternary are observed: osmium and iridium. Both form independent grains or occur as inclusions in Pt–Fe alloys, but do not crystallize concurrently.  In contrast, in the placers related to ophiolite, all mineral species of the system Os–Ir–
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Fig. 6-8. Composition of Os-Ir-Ru alloys from placers of Ural-Alaskan (a, b) and ophiolitic (c, d) complexes.

Ru are characteristically seen in the mineral suite (Krivenko & Tolstykh 1994, Nakagawa & Ohta 1995).

Osmium from Ural-Alaska zoned intrusive complexes is characterized by low concentrations of Ru, and contains moderate amounts of Ir (Table 6‑3). Plots of analyses given on the Os–Ru–(Ir+Pt) diagram are located along a trend directed away from Os (Fig. 6‑8a). The composition of osmium from inclusions in Pt–Fe alloys is close to pure, and discrete crystals of osmium from the placer are enriched in Ir, as in the placers from Koura, 


Kaurchak or Fillipa. Native iridium from placers of the Ural-Alaskan type is also poor in Ru, but rather, it is enriched in Pt. On the diagram (Os+Ru) – (Pt+Fe) – (Ir+Rh) the analyses of iridium form a wide field (Fig. 6‑8b). Iridium, which is present in isoferroplatinum-iridium decomposition structures with more than 10 wt. % Pt, in accordance with the isolines of the solvus temperature (Slansky et al. 1991), was formed within a range of temperatures of decomposition between 750ºС and 850ºС.  Discrete grains of Pt-poor iridium are formed at lower temperatures (Fig. 6‑8b).

Table 6-3. Selected Composition Of Os-Ir-Ru Alloys From Placers.

	
	Ir
	Os
	Ru
	Pt
	Rh
	Cu
	Fe
	Total

	Placers connected with Ural-Alaskan type massifs 

	
	 Levtyrynyvayam River placer (Gal'moenan massif) 

	1
	0.00
	99.54
	0.00
	0.56
	0.00
	0.00
	0.00
	100.10

	2
	0.00
	98.54
	0.00
	1.27
	0.00
	0.00
	0.00
	99.81

	3
	0.93
	97.57
	0.00
	0.31
	0.00
	0.00
	0.00
	98.81

	4
	1.70
	93.70
	0.00
	3.90
	0.00
	0.00
	0.00
	99.30

	5
	2.30
	94.80
	0.00
	1.90
	0.00
	0.00
	0.00
	99.00

	6
	4.70
	92.80
	0.00
	2.30
	0.00
	0.00
	0.00
	99.80

	7
	7.80
	87.90
	0.00
	3.60
	0.00
	0.00
	0.00
	99.30

	8
	9.08
	88.47
	0.00
	1.38
	0.00
	0.00
	0.00
	98.93

	9
	10.20
	86.10
	0.00
	2.60
	0.00
	0.00
	0.00
	98.90

	10
	21.83
	76.70
	0.00
	0.00
	0.00
	0.00
	0.00
	98.53

	11
	59.77
	23.36
	2.46
	11.72
	1.72
	0.00
	0.39
	99.42

	12
	63.41
	25.63
	0.00
	9.98
	0.20
	0.00
	0.00
	99.22

	13
	69.98
	16.04
	0.80
	11.17
	0.28
	0.00
	0.00
	98.27

	
	Tapel'vayam River placer (Seynav massif)

	14
	0.70
	97.30
	0.00
	0.00
	0.40
	0.00
	0.00
	98.50*

	15
	1.10
	94.00
	0.00
	1.20
	0.50
	0.00
	0.10
	97.00*

	16
	1.80
	97.90
	0.00
	0.00
	0.10
	0.00
	0.00
	99.90*

	17
	2.80
	83.10
	1.30
	10.20
	0.60
	0.00
	1.00
	99.20**

	18
	11.50
	80.40
	0.90
	3.20
	1.00
	0.20
	0.20
	97.60**

	
	Snegovaya River placer (Epil'chik massif)

	19
	0.27
	95.53
	0.00
	2.30
	0.00
	0.00
	0.00
	98.10

	20
	5.01
	92.10
	0.21
	0.00
	0.22
	0.07
	0.07
	97.76

	21
	7.87
	90.79
	0.14
	0.00
	0.33
	0.19
	0.13
	99.72

	22
	9.34
	83.81
	0.46
	3.53
	0.42
	0.29
	0.56
	98.54

	
	Itchayvayam River placer (Itchayvayam massif)

	23
	0.48
	97.20
	0.00
	1.63
	0.00
	0.00
	0.00
	99.31

	24
	2.81
	95.13
	0.13
	0.75
	0.37
	0.15
	0.16
	99.50

	25
	5.12
	91.69
	0.14
	0.00
	0.37
	0.10
	0.06
	97.48

	26
	14.18
	84.06
	0.00
	0.28
	0.45
	0.29
	0.10
	99.36

	27
	16.97
	79.65
	0.41
	1.11
	0.26
	0.33
	0.15
	98.88

	
	Puctaya River placer

	28
	2.43
	95.49
	0.00
	1.92
	0.00
	0.00
	0.00
	99.84

	29
	3.06
	95.03
	0.00
	0.00
	0.00
	0.00
	0.00
	98.09

	30
	7.57
	82.47
	0.00
	10.83
	0.00
	0.00
	0.00
	100.87

	31
	74.75
	19.97
	0.00
	3.83
	0.00
	0.00
	0.00
	98.55

	
	Major River placer (Filippa massif)

	32
	0.00
	98.12
	0.04
	1.03
	0.00
	0.00
	0.00
	99.19

	33
	0.00
	96.87
	0.51
	1.20
	0.42
	0.00
	0.00
	99.00

	34
	1.86
	93.70
	0.76
	2.04
	0.41
	0.00
	0.00
	98.76

	35
	38.87
	54.83
	4.93
	0.48
	0.09
	0.00
	0.25
	99.51

	36
	59.83
	33.32
	2.52
	1.88
	0.59
	0.00
	0.18
	98.32

	37
	71.68
	18.49
	5.40
	1.86
	0.44
	0.00
	0.60
	98.57

	38
	77.51
	6.95
	9.91
	2.65
	0.89
	0.00
	0.79
	98.78

	
	Salmon River placer (Red Mountain, Goodnews Bay, Alaska)

	39
	10.69
	84.15
	1.85
	1.51
	0.77
	0.00
	0.08
	99.06

	40
	14.59
	81.31
	0.31
	1.48
	0.73
	0.00
	0.00
	98.42

	41
	19.42
	77.35
	0.76
	1.52
	0.34
	0.00
	0.00
	99.40

	42
	25.90
	71.09
	0.18
	1.62
	0.39
	0.00
	0.08
	99.25

	43
	57.05
	17.57
	0.95
	20.65
	2.00
	0.12
	0.80
	99.14

	44
	59.29
	19.94
	0.87
	17.10
	2.00
	0.21
	0.69
	100.10

	45
	62.97
	17.62
	1.38
	13.34
	3.36
	0.45
	0.88
	99.99

	46
	71.47
	13.69
	1.39
	8.55
	3.16
	0.50
	1.53
	100.29

	
	Inagli River placer (Inagli massf)

	47
	0.00
	96.40
	0.00
	2.20
	0.00
	0.00
	0.00
	98.60

	48
	1.70
	93.70
	0.00
	3.90
	0.00
	0.00
	0.00
	99.30

	49
	4.70
	92.80
	0.00
	2.30
	0.00
	0.00
	0.00
	99.80

	50
	7.80
	87.90
	0.00
	3.60
	0.00
	0.00
	0.00
	99.30

	51
	8.79
	85.16
	1.89
	2.79
	0.39
	0.00
	0.00
	99.02

	52
	10.20
	86.10
	0.00
	2.60
	0.00
	0.00
	0.00
	98.90

	53
	13.69
	80.30
	2.26
	2.56
	0.38
	0.08
	0.00
	99.27

	54
	19.89
	72.59
	3.63
	3.23
	0.96
	0.00
	0.07
	100.37

	55
	21.19
	70.87
	3.66
	3.31
	0.91
	0.00
	0.00
	99.94

	56
	29.69
	64.39
	2.90
	2.78
	0.42
	0.00
	0.00
	100.18

	57
	44.02
	25.85
	3.36
	22.64
	1.67
	0.35
	1.81
	99.70

	58
	54.18
	19.45
	3.77
	19.34
	1.80
	0.22
	1.64
	100.40

	
	Koura River placer 

	79
	10.03
	82.39
	3.63
	3.03
	1.28
	0.00
	0.00
	100.36

	80
	17.97
	74.30
	3.81
	2.46
	0.87
	0.00
	0.00
	99.41

	81
	21.63
	73.51
	0.93
	1.94
	0.35
	0.08
	0.00
	98.44

	82
	24.10
	74.17
	1.59
	0.00
	0.00
	0.00
	0.08
	99.94

	84
	31.45
	62.15
	2.36
	1.89
	0.95
	1.00
	0.00
	99.80

	85
	34.02
	61.73
	4.04
	0.41
	0.19
	0.00
	0.15
	100.54

	86
	35.88
	58.29
	3.86
	0.36
	0.18
	0.00
	0.16
	98.73

	87
	40.40
	47.68
	10.85
	0.68
	0.18
	0.00
	0.24
	100.03

	
	Kaurchak River placer 

	88
	2.44
	91.08
	0.54
	4.02
	0.88
	0.00
	0.08
	99.04

	89
	13.57
	84.45
	0.92
	0.00
	0.00
	0.00
	0.00
	98.94

	90
	17.20
	80.18
	2.36
	0.00
	0.09
	0.00
	0.00
	99.83

	91
	21.69
	72.32
	4.12
	1.12
	0.10
	0.00
	0.08
	99.43

	92
	26.37
	68.37
	4.83
	0.36
	0.06
	0.00
	0.13
	100.12

	93
	29.63
	66.40
	3.08
	0.00
	0.00
	0.00
	0.10
	99.21

	94
	30.74
	64.97
	4.23
	0.00
	0.00
	0.00
	0.09
	100.03

	95
	35.02
	48.78
	13.27
	2.52
	0.12
	0.00
	0.21
	99.92

	96
	36.68
	50.17
	11.91
	0.77
	0.21
	0.00
	0.13
	99.87

	
	Tyulenevsky River placer 

	97
	27.14
	68.73
	0.42
	1.59
	0.44
	0.00
	0.06
	98.38

	
	Mrassu River placer 

	98
	91.48
	4.41
	1.01
	0.89
	0.09
	0.00
	1.15
	99.03

	Placers connected with ophiolite-type massifs 

	
	Zolotaya River placer (Kurtucshibinsky ophiolite belt)

	99
	68.11
	24.72
	0.57
	5.00
	0.40
	0.13
	0.43
	99.36

	100
	90.22
	4.61
	1.05
	2.12
	0.06
	0.14
	1.76
	99.96

	103
	33.27
	50.33
	12.53
	1.87
	1.96
	0.08
	0.14
	100.18

	104
	37.14
	42.65
	17.87
	1.86
	0.84
	0.00
	0.34
	100.70

	105
	33.20
	37.13
	25.86
	2.11
	1.50
	0.09
	0.20
	100.09

	106
	35.74
	30.00
	29.69
	3.60
	2.25
	0.09
	0.11
	101.48

	107
	30.00
	31.64
	35.75
	1.97
	1.40
	0.00
	0.11
	100.87

	108
	29.94
	29.36
	36.74
	3.70
	1.65
	0.00
	0.15
	101.54

	
	Gar'-1,2 rivers placers (Ust'- Depsky ophiolite belt)

	109
	61.16
	35.63
	0.90
	1.31
	0.27
	0.00
	0.33
	99.60

	111
	41.20
	53.72
	3.11
	1.05
	0.23
	0.00
	0.29
	99.60

	113
	54.88
	19.53
	9.65
	11.49
	2.79
	0.00
	0.86
	99.20

	114
	38.94
	38.66
	16.44
	4.36
	1.06
	0.00
	0.43
	99.89

	115
	23.77
	54.19
	21.66
	0.00
	0.29
	0.00
	0.07
	99.98

	116
	36.13
	30.80
	27.35
	4.03
	1.44
	0.00
	0.30
	100.05

	118
	27.77
	31.66
	32.54
	5.10
	3.29
	0.00
	0.10
	100.46

	
	Ol'khovaya River placer (Ust'- Kamchatsky ophiolite massif)

	119
	60.85
	26.75
	5.27
	4.72
	0.80
	0.00
	1.79
	100.19

	122
	59.29
	34.00
	0.00
	5.56
	0.00
	0.00
	0.90
	99.75

	128
	43.17
	53.95
	2.53
	0.17
	0.00
	0.00
	0.11
	99.92

	131
	42.60
	51.17
	5.96
	0.00
	0.00
	0.00
	0.16
	99.89

	134
	41.71
	46.01
	10.98
	1.30
	0.00
	0.00
	0.14
	100.14

	136
	37.96
	41.47
	17.14
	2.56
	0.00
	0.00
	0.13
	99.27

	138
	33.14
	41.12
	21.30
	2.93
	0.69
	0.00
	0.00
	99.19

	139
	27.78
	43.03
	25.55
	2.55
	0.66
	0.00
	0.00
	99.56

	140
	26.72
	38.90
	29.13
	3.39
	1.03
	0.00
	0.22
	99.39

	141
	28.33
	30.24
	35.15
	5.38
	0.64
	0.00
	0.35
	100.09

	142
	28.73
	25.31
	42.37
	2.36
	1.94
	0.00
	0.00
	100.74

	143
	26.71
	21.36
	44.13
	3.64
	2.83
	0.00
	0.00
	98.67

	
	Suenga River placer

	145
	58.53
	29.96
	6.90
	3.12
	0.86
	0.12
	0.29
	99.78

	146
	39.49
	53.28
	5.28
	0.37
	0.16
	0.22
	0.57
	99.37

	147
	37.72
	59.68
	0.52
	0.37
	0.08
	0.00
	0.18
	98.53

	148
	38.04
	39.52
	18.22
	2.88
	0.68
	0.11
	0.30
	99.75

	150
	33.33
	37.10
	23.82
	2.35
	2.02
	0.00
	0.38
	99.00

	151
	35.10
	33.60
	27.14
	1.55
	0.32
	0.00
	0.65
	98.35

	153
	28.85
	28.60
	35.29
	5.03
	1.88
	0.00
	0.20
	99.85

	154
	21.03
	26.33
	40.00
	4.90
	4.24
	0.11
	0.51
	97.12

	
	Balyksa River placer

	155
	56.52
	28.75
	7.56
	5.68
	0.81
	0.08
	0.35
	99.75

	157
	41.47
	51.79
	4.56
	0.81
	0.58
	0.00
	0.29
	99.50

	158
	36.91
	52.60
	8.26
	0.60
	0.10
	0.00
	0.16
	98.63

	159
	34.28
	48.17
	13.44
	2.69
	0.65
	0.08
	0.00
	99.31

	160
	38.52
	37.84
	21.36
	1.29
	0.35
	0.00
	0.16
	99.52

	161
	33.86
	37.81
	23.51
	3.09
	1.56
	0.09
	0.47
	100.39



* total includes 0.1 wt.% Pd. ** - 0.2 wt.% Pd

Equilibrium Mineral Paragenesis in PGE-Bearing Placers

In spite of the fact that Os–Ir–Ru and Pt–Fe alloys are characteristic of placers of various origins (Cabri & Harris 1975), their compositions and ratios can vary strongly, depending on the degree of fractionation of the initial melt, the temperatures of their formation, and the amount of volatile components in the source.  Characteristic features exist which allow us to presume a bedrock source with confidence and to identify its genetic type. These characteristics are related to the magmatic equilibrium, mineral paragenesis, a development which has been caused by the evolution of the ore-forming system of source rock. In the placers derived from the Ural-Alaska type complexes, there are two types of magmatic equilibrium paragenesis:

1. Pt–Fe Alloy-Osmium Paragenesis 

This paragenesis occurs where crystals of osmium are included in a Pt–Fe matrix.  In placers of the Pustaya, Koura, Itchayvayam, Sejnav and Levtyrynivayam Rivers, these can be fine-grained, 10–20 µm single inclusions (Fig. 6‑9a).  In the Inagli River example (Fig. 6‑9b), they occur as large randomly oriented plates of the osmium crystals, protruding from grains of isoferroplatinum. This paragenesis is early, and genetically connected with fine- and medium-grained dunite of zoned intrusions. The composition of osmium is close to pure (Table 6‑3); the Pt–Fe alloy has Pt3Fe composition or it is a little enriched in Fe and poor in minor elements (Table 6‑2). It is formed in a temperature interval that evolves with Ir enrichment of osmium crystals. In some occurrences of the Ural-Alaskan type, this paragenesis is accompanied by magmatic sulfides of the laurite-erlichmanite series (Fig. 6‑9b), which indicate elevated  f(S2) in the bedrock source.

2. Isoferroplatinum-Iridium Paragenesis
This paragenesis is represented by iridium inclusions in Pt3Fe alloys. Most often it is derived from the decomposition of a high temperature Pt–Fe–Ir solid solution, when fine isometric inclusions of cubic iridium or larger crystals, formed as a result of collecting crystallization, are scattered in Pt–Fe matrix (Fig. 6‑9c,d).  Isoferroplatinun-iridium paragenesis with similar textures has been established in the Fifield placer of Australia, the Levtyrynyvayam and Inagli localities in Russia and the Delfin deposit in Colombia (Slansky et al. 1991, 
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Fig. 6-9. Microphotographs of PGM showing different paragenesis from placers related to the Ural-Alaskan-type: a,b - Pt-Fe alloy-osmium; c,d - isoferroplatinum-iridium; and from placers related to ophiolite-type ultramafic rocks: e,f – osmium-iridium, g,h – isoferroplatinum-ruthenium.

	Table 6- 4. Mineralogical-Geochemical Features of Placers Related to Ural-Alaskan Type Complexes.
	Unnamed phases; particular features of composition of minerals
	Mss
	Iss
	Rh4S5
	(Rh,Fe)3S2
	Rh3As
	Rh2As
	Pd2CuSb
	RhSb
	Oxides of Os,Ir,Rh,Ru,Pt,Fe
	 
	Solid solution:
	OsS2-OsAsS;
	PtAsS-PtAs2
	PtAs2-PtSb2
	 
	 
	 
	 
	 
	 
	Cu-rich Pt-Fe alloy
	 
	 
	 
	 
	 

	
	Inclusions of minerals in Pt-Fe and Os-Ir-Ru alloys
	bowieite
	cooperite
	cuproiridsite
	cuprorhodsite
	erlichmanite
	ferronickelplatinum
	genkinite
	gexaferrum and its analogs
	hollingworthite
	irarsite
	kashinite
	laurite
	malanite
	osarsite
	palladodymite
	platarsite
	sperrylite
	stibiopalladinite
	tetraferroplatinum
	tulameenite
	laurite
	 
	 
	 
	 
	 

	
	Magmatic mineral parageneses; characteristics of Os-Ir-Ru alloys
	1. Pt-Fe alloy – osmium;
	2. intermediate
	Pt-Fe alloy – osmium – iridium,
	3. isoferroplatinum – iridium
	 
	Ru content in Os-Ir alloy <10 at.%
	 
	Osmium-iridium trend of compositions
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	1. Pt-Fe alloy – osmium;
	 
	Ru content in Os-Ir alloy < 1.5 at. %,
	 
	 
	 

	
	The characteristics of Pt-Fe alloys
	Pt(Fe), Pt3Fe, (Pt,Fe);
	 
	the replacement by Pt2FeCu and PtFe;
	 
	Ir- rich alloy in a bedrock source, 

Ir,Rh-rich alloy in Ledyanoy Creek placer,

and Pd,Rh-rich in Levtyrynyvayam River placer
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Pt(Fe), Pt3Fe, (Pt,Fe);
	Pd,Rh-rich alloy;
	Cu- 2-10 at .%;
	 
	the replacement by Pt2FeCu и PtFe
	 

	
	Placer names and information about the bedrock sources
	Levtyrynyvayam River placer;
	Ledyanoy Creek placer;
	Penisty Creek placer;
	 
	Gal'moenan massif:
	dunite outcrop > 50 %;
	clinopyroxenite, gabbro;
	 
	K;
	 
	Koryak region
	 
	 
	 
	 
	 
	 
	 
	 
	 
	Tapel'vayam River placer;
	Sejnav massif:
	dunite outcrop about 40 %;
	wehrlite, clinopyroxenite;
	K;
	Koryak region

	
	№
	1
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 
	2
	 
	 
	 
	 
	 


	Table 6-4 (continued). Mineralogical-Geochemical Features of Placers Related to Ural-Alaskan Type Complexes.
	Unnamed phases; particular features of composition of minerals
	 
	 
	 
	 
	 
	Au2PdHg
	 
	Cu-rich Pt-Fe alloy
	 
	The presence of sulphide ore in bedrock source 
	 
	 
	Mss
	(Rh,Ir,Os,Ru)AsS - RuS2
	solid solution
	 

	
	Inclusions of minerals in Pt-Fe and Os-Ir-Ru alloys
	cooperite
	 
	 
	 
	 
	bowieite
	braggite
	cooperite
	laurite
	In sulphide ore:
	hessite
	mertieite II
	temagamite
	cooperite
	laurite
	hollingworthite
	 

	
	Magmatic mineral parageneses; characteristics of Os-Ir-Ru alloys
	1. Pt-Fe alloy – osmium;
	 
	Ru content in Os-Ir alloy <1 at. %
	Osmium-iridium trend of compositions
	 
	1. Pt-Fe alloy – osmium;
	 
	Ru content in Os-Ir alloy <1 at. %
	 
	Osmium-iridium trend of compositions
	 
	 
	 
	1. Pt-Fe alloy – osmium;
	Ru content in Os-Ir alloy <4 at.%
	 
	Osmium-iridium trend of compositions

	
	The characteristics of Pt-Fe alloys
	Pt(Fe), Pt3Fe, (Pt,Fe);
	 
	Ir,Rh-rich Pt-Fe alloy;
	 
	the replacement by Pt2FeCu and PtFe
	Pt(Fe), Pt3Fe, (Pt,Fe);
	 
	Ir,Rh-rich and Rh-Pd-rich alloy
	 
	Cu- up to 5 at .%
	 
	 
	 
	Pt(Fe) is predominates;
	Pt3Fe;
	Rh,Pd-rich alloy;
	Cu > 5 at .%

	
	Placer names and information about the bedrock sources
	Snegovaya River placer; Epilçhik massif:
	dunite, clinopyroxenite, gabbro;
	K;
	Koryak region
	 
	Itchayvayam River placer; Itchayvayam massif: 
	gabbro outcrop about 40 %; clinopyroxenite,diorite;
	 
	K;
	Koryak region
	 
	 
	 
	Prizhimny Creek placer;
	gabbro massif;
	K ; 
	Koryak region

	
	№
	3
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	5
	 
	 
	 


	Table 6-4 (continued). Mineralogical-Geochemical Features of Placers Related to Ural-Alaskan Type Complexes.
	Unnamed phases; particular features of composition of minerals
	Pt3Cu
	Mss (Fe,Rh)1-xS
	Iss (Cu,Fe,Pd)9S8
	Pd2Te
	(Pt,Pd)3S2
	(Pt,Pd)3S
	 
	solid solutions:
	(Ir,Pt)AsS - PtAs2
	PtAs2 - RhAsS
	Pt- analog of  inaglyite
	Co-bearing malanite
	Mss (Fe,Ni,Rh)1-xS
	Iss (Cu,Fe,Pt)9S8
	IrAs(Sb,S)
	Pt(As,Sb,S)
	(Rh,Pt,Os,Fe)2(S,As)3
	(Fe,Cu)(Pd,Pt)3(S,Sb,As)3;

	
	Inclusions of minerals in Pt-Fe and Os-Ir-Ru alloys
	braggite
	cooperite
	hollingworthite
	hongshiite
	irarsite
	keithconnite
	platarsite
	rhodarsenide
	stibiopalladinite
	vasilite
	bowieite
	cooperite
	cuprorhodsite
	cuprorhodsite
	genkinite
	hollingworthite
	inaglyite
	irarsite

	
	Magmatic mineral parageneses; characteristics of Os-Ir-Ru alloys
	1. Pt-Fe alloy – osmium;
	 
	Ru content in Os-Ir alloy is below of limit of the elements detectability;
	 
	Osmium-iridium trend of compositions
	 
	 
	 
	 
	 
	1. Pt-Fe alloy – osmium;
	Ru content in osmium < 2 at. %;
	 
	2. iridium grains in placer
	 
	 
	 
	 

	
	The characteristics of Pt-Fe alloys
	Pt(Fe) is predominates;
	Pt3Fe, (Pt,Fe), PtCu;
	 
	Cu- rich Pt-Fe alloy;
	 
	Pd in Pt-Fe alloy up to 10 wt.%
	 
	 
	 
	 
	Pt3Fe is predominates; Pt(Fe), (Pt,Fe),
	Pt-Fe-Cu alloy;
	 
	Ir,Rh-rich alloy;
	 
	Ir up to 10 wt.%, and Rh up to 3.5 wt.%
	 
	 

	
	Placer names and information about the bedrock sources
	Pustaya River placer; clinopyroxenite-gabbro massifs;
	 
	K;
	Kamchatka isthmus
	 
	 
	 
	 
	 
	 
	Major River placer;
	 
	Filippa massif:
	dunite outcrop about 70 %;
	vehrlite, clinopyroxenite,
	hornblendite
	 
	K;

	
	№
	6
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	Table 6-4 (continued). Mineralogical-Geochemical Features of Placers Related to Ural-Alaskan Type Complexes.
	Unnamed phases; particular features of composition of minerals
	solid solutions:
	(Ir,Pt)AsS - PtAs2 and
	OsS2 – (Ir,Os)AsS
	 
	 
	 
	Ir-rich specialization of ore-forming system

 
	 
	 
	 
	 
	 
	 
	 
	Mss (Cu,Fe,Pt)1-xS
	 
	(Ir,Pt)AsS - PtAs2 solid solution
	 
	Sb up to 5.73 wt.% in PtAs2
	 

	
	Inclusions of minerals in Pt-Fe & Os-Ir-Ru alloys
	irarsite
	tulameenite
	 
	 
	 
	 
	cooperite
	cuproiridsite
	erlichmanite
	irarsite
	laurite
	malanite
	mertieite II
	rustenburgite
	cooperite
	cuprorhodsite
	hollingworthite
	malanite
	sperrylite
	 
	sperrylite

	
	Magmatic mineral parageneses; characteristics of Os-Ir-Ru alloys
	1. Pt-Fe alloy – osmium;
	2. isoferroplatinum – iridium;
	 
	Ru content in Os-Ir alloy <2 at.%;
	 
	Osmium-iridium trend of compositions
	1. Pt-Fe alloy – osmium;
	2. intermediate Pt-Fe alloy – osmium – iridium;
	3. isoferroplatinum – iridium;
	 
	Ru content in Os-Ir alloy <5 at.%;
	 
	Osmium-iridium trend of compositions;
	Pt-rich iridium (up to 20 at %)
	1. Pt-Fe alloy – osmium;
	Ru content in inclusions of osmium up to 10 at. %
	Ru content in individual osmium grains ap to 25 at.%; 
	Osmium-iridium trend of compositions;
	 
	 
	 

	
	The characteristics of Pt-Fe alloys
	Pt3Fe is predominates; Pt(Fe), (Pt,Fe);
	Ir- rich Pt-Fe alloy
	Ir up to 6.5 wt.%;
	 
	the replacement by Pt2FeCu and PtFe

 
	Pt3Fe is predominates; Pt(Fe);
	 
	Ir-rich Pt-Fe alloy;
	Ir up to 16,5 wt.%
	 
	 
	 
	 
	 
	Pt(Fe) is predominates;
	Pt3Fe;
	 
	Ir,Rh rich Pt-Fe alloy
	 
	 

	
	Placer names and information about the bedrock sources
	Salmon River placer Goodnews Bay, Alaska;
	Red Mountain massif:
	dunite outcrop about 90 %;
	wehrlite, pyroxenite, hornblendite
	 
	 
	Inagli River placer;
	Inagli massif:
	dunite outcrop about 80%; pyroxenite, ijolite
	syenite-porphyry, pulaskite;
	J;
	Aldan Shield
	 
	 
	Koura River placer;
	Sengibir massif (?):
	gabbro, pyroxenite;
	Cm2;
	Gornaya Shoriya, Southern Siberia
	 

	
	№
	8
	 
	 
	 
	 
	 
	9
	 
	 
	 
	 
	 
	 
	 
	10
	 
	 
	 
	 
	 
	 


	Table 6-4 (continued). Mineralogical-Geochemical Features of Placers Related to Ural-Alaskan Type Complexes.
	Unnamed phases; particular features of composition of minerals
	Mss (Rh,Cu,Fe,)1-xS
	 
	Rh -rich specialization of ore-forming system
	the replacement of Pt-Fe alloy by PtS, PtAs2, Au-Ag

 
	 
	Rh -rich specialization of ore-forming ystem; 
	Pt-Fe alloy has covered by Pt-С compounds and Au-Ag; 
	PtAs2 – PtAsS solid solution
	 
	vasilite (?) or Pd4CuS2
	Mss (Fe,Ir,Ni)1-xS
	 
	 
	 
	 
	
	 

  Note: Pt(Fe)  - native platinum with Fe < 25 at.%; Pt3Fe - isoferroplatinum in which Fe ~25 a t.%; (Pt,Fe) ferroan platinum with Fe >25 at.%;
 

	
	Inclusions of minerals in Pt-Fe & Os-Ir-Ru alloys
	cooperite
	cuprorhodsite
	sperrylite
	prassoite
	 
	 
	Sperrylite
	 
	 
	 
	 
	braggite
	cooperite
	cuprorhodsite
	hollingworthite
	
	irarsite
	malanite

sperrylite
	

	
	Magmatic mineral parageneses; characteristics of Os-Ir-Ru alloys
	Pt-Fe and Os-Ir-Ru alloy without intergrowths;
	 
	Ru content in Os-Ir-Ru alloy  ap to 20 at. %
	Osmium-iridium trend of compositions;
	 
	 
	1.Pt-Fe alloy – osmium;
	 
	Ru content in Os-Ir alloy is below of limit of the elements detectability;

 
	Osmium-iridium trend of compositions;
	Pt-Fe alloy  and iridium without  intergrowths;
	 
	 
	 
	 
	
	 
	

	
	The characteristics of Pt-Fe alloys
	Pt(Fe) is predominates;
	Pt3Fe; 
	 
	Pd,Rh-rich Pt-Fe alloy
	 
	Pt-Cu-Fe alloy;
	Pt(Fe);
	Rh- rich Pt-Fe alloy
	(up to 6.5 wt. %)
	 
	 
	Pt(Fe) is predominates;
	Pt3Fe;
	 
	Pd,Rh- and Rh,Ir-rich Pt-Fe alloys 
	
	 
	

	
	Placer names and information about the bedrock sources
	Kaurchak River placer;
	Azart mountain (?): gabbro;

 
	Cm2;
	Gornaya Shoriya, Southern Siberia

 
	Tyulenevsky River placer; Azart mountain (?)
	Gabbro;
	Cm2;
	Gornaya Shoriya, Southern Siberia
	 
	Mrassu River placer;
	Sinyaya mountain (?):
	gabbro;
	 
	
	Cm2;
	Gornaya Shoriya, Southern
	

	
	№
	11
	 
	 
	 
	 
	 
	12
	 
	 
	 
	 
	13
	 
	 
	 
	
	 
	 
	 


Okrugin 2000, Tolstykh et al. 2001, Weiser 2002).  This paragenesis is later than the preceding one and is generated directly associated with chromite from coarse-grained dunite, crystallized at a late magmatic stage. Thus, isoferroplatinum is enriched with Ir, and iridium is enriched with Pt. It is sometimes possible to find a transitional three-phase situation between these two: the Pt–Fe alloy-osmium-iridium paragenesis. However, the osmium-iridium paragenesis never occurs in the placers of Ural-Alaskan type.

discussion

Typomorphic Features of Placers Related to Ural-Alaska Complexes as Compared to Placers Associated with Ophiolites

The predominance of Pt–Fe alloys in placers connected to Ural-Alaska type complexes is not an exclusive attribute of this type of PGE-bearing placer.  Placers related to ophiolitic ultramafic complexes also contain Pt–Fe alloys, whose quantity can reach significant volumes, especially if their source was from cumulate parts of ophiolites (Fig. 6‑1, type of placers 3C.). Moreover, Pt–Fe alloys derived from ophiolites essentially do not differ in their structure and distribution of minor elements from those derived from Ural-Alaska type complexes. Pt–Fe alloys from placers of Siberia and the Russian Far East, derived from alpine-type ultramafic complexes, show similar dependencies and distributions of the component elements (Fig. 6‑10).  Thus, wide variations in the compositions of Pt–Fe alloys, both in the main components, and in the minor elements, allow us to assert that the composition of Pt–Fe alloys is not a typomorphic sign for the placers of Ural-Alaska type.

Compositional trends of Os–Ir–Ru alloys are important criteria for differentiating PGE-bearing placers related to Ural-Alaska type complexes from the PGE-bearing placers related to ophiolitic ultramafic complexes.   In the first case Os–Ir–Ru alloys on the diagram Os – Ru – (Ir+Pt) show the osmium-iridium trend of composition.  In PGE-bearing placers related to Ural-Alaska complexes, iridium is more enriched with Pt (Fig. 6‑8a,b).   In placers associated with ophiolite, the hexagonal alloys on similar diagrams form a ruthenium trend of compositions stretching across the compositional fields of osmium, ruthenium and rutheniridosmine (Fig. 6‑8c).  Iridium is more enriched with Ru in PGE-bearing placers associated with ophiolite than in   placers   associated    with    Ural-Alaska     type
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Fig. 6-10. Change of the average values of concentrations of Cu, Ni and minor PGE in Pt-Fe alloys, depending on the change of total Fe content of these alloys in placers related to ophiolite complexes.

complexes (Fig. 6‑8d).  The points of analyses of hexagonal and cubic alloys are close to the immiscibility gap on both sides. These distinctions are caused by a primary fractionation of the elements, hence, from having an unequal composition of metal components in the initial melt. Thus, Pt > IPGE is characteristic of zoned complexes and IPGE > Pt for ophiolitic complexes; these being important criteria for characterizing and evaluating prospecting targets.


Also the development of the mineral parageneses agrees with the evolution of an ore-forming system of bedrock sources. In complexes of Ural-Alaska type the Pt–Fe alloy - osmium paragenesis evolves, with lowering of temperature and saturation of the melt with iridium, to an isoferroplatinum-iridium paragenesis.  These two types of mineral intergrowths can only be observed in placers connected with the Ural-Alaska type (Fig. 6‑11a). However in contrast, the development of an early osmium-iridium paragenesis, followed by an isoferroplatinum-ruthenium paragenesis, is typical only of ophiolite (Fig. 6‑11b). The osmium-iridium and isoferroplatinum-ruthenium intergrowths occur in the PGE-bearing placers related to ophiolite. The osmium-iridium paragenesis represents the inclusions of osmium in iridium or can be formed as [image: image19.jpg]Ural-Alaskan type complexes (Inagli)
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Fig. 6-11. Equilibrium magmatic paragenesis in examples of Ural-Alaskan (a) and ophiolitic (b) complexes plotted on a Pt(+Fe) - Ir(+Rh) - Os diagram.

numerous lamellae in iridium (Fig. 6‑9e,f). During formation of the isoferroplatinum-ruthenium paragenesis, ruthenium (or Ru-rich osmium, or rutheniridosmine) frequently forms together with Pt–Fe alloy, and resulting crystals exhibit banded structure or oriented exsolution lamellae of ruthenium (Fig. 6‑9g, e.g., the Aikora River area, Papua New Guinea  as described by Weiser & Bachmann 1999) or the simple intergrowths (Fig. 6‑9h).

Considering the distinctive mineral paragenesis of PGE-bearing placers related to Ural-Alaska and ophiolitic complexes (Cabri et al. 1996, this chapter), it is possible to assume that PGE-bearing placers from the Yukon, Canada, on the islands of Borneo in Malaysia and southern Kalimantan in Indonesia, and at Tanga and Wunbe in Burma are related to Ural-Alaska type complexes, and the Alberta placers, Canada, and Manawtha, Nawng-Pusawng, Kyain and Indawgyi Lake in Burma are related to ophiolites.  We believe that the Rh-rich, Pt–Fe alloy-dominant placers of the Siberian platform are probably eroded from ophiolites (Fig. 6‑1), on the basis of PGM intergrowths in equilibrium as described by Okrugin (2000).

Evolution of the Ore-Forming System of Ural-Alaska Complexes
From a silicate melt or an oxide-metal liquid that has a PGE budget dominated by Pt, osmium begins to crystallize before olivine crystallization.   Os is the most refractory metal of the PGE.  With a drop in temperature, olivine and the first generation of Pt–Fe alloys crystallize, forming an early Pt–Fe alloy-osmium paragenesis, characteristic of the higher-temperature fine-grained dunite.  Pt–Fe alloys in this paragenesis are more Fe-rich than those formed at later stages, since they form under relatively low f(O2).  Fe-rich Pt–Fe alloys (Fe = 9–10 wt.%) in intergrowths with osmium were recorded in the Gal’moenan deposit, Koryak region (Tolstykh et al. 2001, Nazimova et al. 2003), and in the Nizhny-Tagil intrusion of the Ural Mountains (Zoloev et al. 2001).  This iron-rich Pt paragenesis is named the ‘dunite subtype’.  When the crystallization front deep into the magma chamber advanced, the residual melt and new portions of osmium crystals were gradually saturated with Ir.  The concentration of Ru in the system is insignificant; it is mostly consumed in formation of laurite (RuS2), being in equilibrium with Os–Ir alloys and residual melts.

The ore-forming system evolves with an increase of f(S2) and f(O2) and an increase of Ir concentration in oxide-metal liquids and in the residual melt as a whole. The associated fluid gradually changes its properties from reduction to oxidation.  Chromite begins to crystallize, together with Ir-rich osmium crystals and with Mg-rich olivine. The interstices between the chromite grains are filled with the Pt–Fe alloys, mainly Pt3Fe and high-temperature Pt–Ir–Fe solid solution, which exsolve into Ir-rich isoferroplatinum and Pt-rich iridium at temperatures lower than 845ºС. In this case the ‘chromite subtype’ of mineralization occurs (Zoloev et al. 2001), which is represented by an isoferroplatinum-iridium paragenesis or occurs as decomposition products of these two phases. After Ir depletion is finished in the system, the magmatic process of formation of PGE minerals comes to an end with the crystallization of Pt–Fe alloys, which formed directly from residual melt that is enriched with Pd, Rh and Cu.  Commonly, it is native platinum with less than 25 wt.% Fe and  Rh and Pd as minor elements, generated at higher f(O2) values than earlier mineral parageneses.  As this residual melt is strongly enriched in volatile components, and most likely coexists with a high-temperature fluid, it is not surprising that it easily filters through permeable coarse- and medium-grained dunite, forming the late magmatic paragenesis in shallow horizons of the viscous clinopyroxenite cap (Stolyarov, 2001).
The post-magmatic stage of development of the ore-forming system depends on the nature of the volatile components rising from deeper chambers, as well as geodynamic conditions, which influence the fluid channels. Some examples may be: 1) jets of regenerative fluids causing crystallization of native metals on sulfides, e.g., awaruite or Fe–Ru–Os–Ir alloys formed on laurite, 2) metamorphic serpentinizing fluids replacing magmatic Pt–Fe alloys with tetraferroplatinum, tulameenite and hongshiite, and 3) hydrothermal solutions saturated with S and As, replacing Pt–Fe alloys with cooperite and sperrylite.

Conclusions

Thus, when economic platinum placers related to Ural-Alaska type complexes are targets of exploration programs, it is necessary to take into account that the composition of Pt–Fe alloys is not a unique typomorphic sign.  Rather, Pt–Fe alloy compositions only indirectly reflect the physical-chemical conditions of development of ore-forming systems.  When Pt–Fe alloys dominate over Os–Ir–Ru alloys in evaluated placer fields, then one could generally assume that the PGM mineral assemblage was derived from Ural-Alaska type zoned intrusion. However, this supposition requires a more precise definition.  When the  compositions of hexagonal Os–Ir–Ru alloys are Ru-poor osmium and show a osmium-iridium trend on a Os–Ru–(Ir+Pt) diagram, and iridium is Pt-rich, these data will provide added confidence to the assumption that the PGE minerals were derived from Ural-Alaska type complexes.  Even more reliable criteria for classifying this type of PGE-bearing placer include the presence of the following equilibrium mineral associations: 1) Pt-Fe alloy-osmium, and 2) isoferroplatinum-iridium, whose development is caused by the specific type of parent magma and of evolution of the PGE-bearing lodes in Ural-Alaska complexes.
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