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Abstract

Numerous unique geological processes [1] took place during the early Earth
evolution; several of them, especially those occurring in the Hadean—Early
Archean and later, are reflected in the modern geological (geophysical, geo-
chemical, etc.) pattern. One such significant enigmatic feature is the preserva-
tion of extremely dense and heavy platinum group elements (PGEs): Pt, Pd,
Rh, Ru, Ir, Os. Concentration of PGEs during this period could have taken
place in two ways: 1) presence of particular matter capable of preserving PGEs
near the earth's surface, 2) transportation of PGEs by magma flows from deep
lithospheric (asthenospheric) layers (slabs) to the subsurface. Clearly, much of
the dense and heavy PGEs did not sink through to the Earth’s mantle (core) at
the time of the magma-ocean, and occur near Earth’s surface in abundances
for formation of ore deposits with PGE concentrations found to be 2 - 3 or-
ders of magnitude greater than those in their host media. Their enrichments
are associated in numerous cases with such enigmatic phenomena as forma-
tion of anorthosites and anorthosite-bearing layered magmatic intrusions.
PGE deposits and mineralization zones are also found in associations with
chromitites, dunites and serpentinites. In this review, problems related to the
initial concentration and preservation of PGEs, their association with anor-
thosites, and formation of layered intrusions are discussed in detail. The main
aim of this article is analysis of the requirements—initial concentration and
preservation of PGE and PGM (Platinum Group Minerals) during the early
Earth evolution, as well as examination of the distribution behavior of some
PGE:s in different ore deposits and meteorites. It is supposed that meteoritic
bombardment of Earth has played a significant role in formation of PGEs de-
posits. Some conclusions made in this article may be useful for developing
and enhancing strategies of prospecting for PGEs deposits.
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1. Introduction

A significant enigmatic feature of early Earth evolution is the preservation of ex-
tremely dense and heavy platinum group elements (PGE): Pt, Pd, Rh, Ru, Ir, Os,
which somehow managed not to sink to the Earth’s core throughout the dura-
tion of the magma-ocean, and instead were accumulated at relatively small
depths in quantities yielding formation of economic ore deposits. In numerous
cases, their enrichments are associated with such enigmatic rock formations as
anorthosites, and such inscrutable magmatic structures as layered magmatic in-
trusions (layered mafic-ultramafic intrusions). Despite that PGEs mining has a
very long history, specific aspects of PGE ore formation still remain the subject
of great controversy (e.g., [2] [3]).

Any genesis model of ore deposits usually includes such components as
source, transport and trap (e.g., [4]). However, certain authors (e.g., [5]) indicate
that formation of any ore deposit includes four basic geological requirements: 1)
source of metals and ligands (e.g., sulfur and chlorine), 2) mechanism which ei-
ther transports these source components or removes non-ore components to al-
low residual concentration of metals, 3) trap (depositional mechanism for for-
mation of the ore body as ore minerals and associated gangue), and 4) condi-
tions necessary for preservation of the ore deposit. Most such models are usually
oversimplified, since different ore deposits have different specifications for their
formation, various classifications, different types of mineralization, etc. (e.g.,
[5]). However, for formation of economic PGE ore deposits, another require-
ment must be emphasized. A mechanism is necessary for the enrichment of ore
metal(s) concentration in ore deposits of up to 3 - 4 orders of magnitude greater
than their typical crustal abundances (e.g., [3]). The concentration of platinum
in areas exposed to earth's surface is about 0.4 ppb [3]. This means that such re-
quirement as process (processes) of extraction of PGE metals from the source
rocks and minerals must also be taken into consideration.

Experimental data show that at equilibrium conditions, the concentration of
all PGEs is at least 10,000 times higher in sulfide melt than in the coexisting sili-
cate melt, making sulfide an extremely potent agent for the collection and se-
gregation of PGEs from magmas [3]. This means that known associations of
PGEs with sulfide deposits [6] are not accidental and should rather be expected.
For example, in anorthosite-bearing layered mafic and ultramafic intrusions
(ALMI) of Australia stratabound layers of disseminated Ni-Cu sulfides enriched
in PGEs, stratabound chromitite layers (the Panton Sill in the Halls Creek oro-
gen, with PGE-rich sulfides) and basal segregations of Ni-Cu-Co-PGE sulfides
have been reported in anorthosite-bearing layered mafic and ultramafic intru-
sions (ALMI) of Australia [7]. Moreover, it has been proposed that chromitites
owe their high Pt (and Pd) content to segregation of the magmatic sulfides dur-
ing chromite precipitation [8]. However, on other hand, the most important
deposits occur as relatively narrow stratiform reefs, which tend to be sul-
fide-poor (e.g., [2]); and the rocks contain no visible sulfides in many chromi-

tites, magnetitites and silicate-hosted ores [2]. Chromitites from dunites in the
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Uktus Ural- Alaskan type complex (the Urals, Russia) are characterized by high
Pt contents, even though there is no evidence of attaining sulfur saturation dur-
ing their formation [9]. Maier [2] also points to low sulfide contents of many
PGE-rich intrusions. PGEs are known to be present in rocks as inclusions of na-
tive metals and alloys, as well. A sulfide-free upper zone is reported in the South
Kawishiwi Intrusion of the Duluth Complex (Minnesota, USA) [10]. PGE mine-
ralization occurs within a sulfide-free magmatic environment in the Mid-Arc-
hean Bangur Gabbro (Orissa, India) [11]. Sulfur-poor intrusions are known in
the Ural Pt-belt (Russia) [12]. PGE deposits of Sukhoy Log, Bodaybinski area
(Irkutsk region, Russia) were discovered in the black schists with PGEs concen-
trations of up to 1.7 g/t [13] [14].

Chernyshov [15] reported a number of structural complexes of different age
(from Early Archean to Early Proterozoic) containing Au-PGE mineralization in
association with the high carbon formations (e.g., graphitized gneisses, car-
bon-rich schists) in the Voronezh Crystalline Massif (Russia). Here the ore de-
posits include Pd-containing (Pd up to 1.2 g/t and Pt up to 0.3 g/t) ferruginous
quartzites of Kursk series.

Chernyshov and Chernyshova [16] described gold-PGEs mineralization (Ob-
oyansky type) in the Early Archean graphitized gneisses of the Voronezh Crys-
talline Massif with concentration of PGEs of ~5 g/t and Auof 1.3 - 1.5 g/t.

Houlé and Lesher [17] show that from four major volcanic episodes involving
komatiites in the Abitibi Greenstone Belt (Superior Province, Canada) (2760 -
2735, 2723 - 2720, 2720 - 2710, and 2710 - 2704 Ma), the last two alone host
nearly the entire Ni-Cu-(PGE) inventory of the belt.

This is a common problem with development of any model of the formation
of PGE ore deposits. The Bushveld Complex in South Africa has highest content
of PGEs and platinum group minerals (PGM) in the world (e.g., [3] [18]),
known to contain overwhelming deposits of PGEs and chromium (over 80% of
the world’s deposits of each) [18] [19]. USGS [20] states that ~88.7% of the glob-
al PGE reserves are concentrated in the South Africa and most of them belong to
the Bushveld Igneous Complex. These facts contradict any standard model of
ore deposit formation, because it is very difficult to explain why these vast
amounts of PGEs and Cr should be collected in a single area of the Earth.

Another problem of PGE ore deposit formation relates to the fact that most of
siderophile (Fe-lowing) elements (e.g., Sn, Mo, Au, and the PGEs) may be locked
away in the core, causing their crustal abundances to be much less than those of
the global bulk (e.g., [21]). This problem is especially significant for formation of
PGE ore deposits, because the densities of PGEs are extremely high (Table 1).
This creates another requirement for PGE ore deposit formation: the initial
concentration of the PGEs and PGMs during the early Earth evolution and their
preservation as sources for the formation of PGE ore deposits. It is self-evident
that the initial concentration of PGEs and PGMs is one of the most important
processes for formation of PGE deposits, which allowed for later formation of
PGE ore deposits.

In many cases, extremely high concentrations of PGEs found in different re
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Table 1. Densities and melting points at 0.1 MPa (after [22]) and condensation tempera-
tures at 10~°> MPa (after [23]) of PGE.

Element Pd Pt Rh Ru Ir Os
Density, kg/m’ 12,000 21,500 12,400 12,100 22,500 22,590
Melting point, K 1827.95  2031.35 223615  2606.15  2719.15  3306.15

Condensation 1324 1408 1392 1551 1603 1812

temperature, K

gions of the Earth have no relations to any ore deposits. For example, PGE re-
sources in China are relatively poor, and are mainly concentrated in the Jinchuan
Cu-Ni deposit where in disseminated ores ZPGE ranges within 98 - 7159 ppb
but does not reach a level of economic deposit [24]. Such a situation prompts a
question: how is it possible that PGE concentrations within the same deposit va-
ries from poor (98 ppb) to very rich (7159 ppb)?

All this is highly controversial and problematic for any modeling of formation
of economic PGE deposits, and renders the problem of generation of PGE ore
deposit as enigmatic.

The main aim of this investigation is not related to the creation of any new
model of PGE ore deposit formation, but rather to the analysis of the require-
ments—initial concentration and preservation of PGEs and PGMs during the
early Earth evolution, and analysis of certain patterns in the distribution of PGEs
in different ore deposits and meteorites.

It is clear that all matter on Earth came from within the solar nebula by the
in-falling of nebular material onto the evolving planet during its accretion, at the
end of which Earth was covered with a magma-ocean about 1000 km deep [1].
This means that in order to accumulate significant amounts of PGEs and PGMs
near Earth's surface, there must have been certain mechanisms of their concen-
tration in near-surface layers, their trapping, and preservation for the future

formation of PGE ore deposits.

2. 0n the Formation of PGEs and PGMs and Their
Content in Rocks and Meteorites

It is widely accepted that PGEs, like any other elements with an atomic number
greater than that of iron (A > 26), were formed by the supernova explosion (e.g.,
[25]). This means that the real source of PGEs was a supernova explosion. Other
than Palladium, all PGEs including PPGEs (Palladium (Pd), Platinum (Pt), Rho-
dium (Rh)) and IPGEs (Ruthenium, Iridium and Osmium) are refractory ele-
ments, most of which were condensed in refractory mineral alloys [23] at tem-
peratures (see Table 1) within the range of the formation of calcium-aluminum
inclusions (CAIs) (1473 - 2273 K; [26]), and those above the formation of chon-
drules (over 1473 K; [26]).

The extraordinarily high melting points of PGEs (see Table 1) make it im-
possible for most of them to be present in molten state in any kind of magmatic
rocks. Only Pd can be melted by some Mg-rich komatiites, and both Pd and Pt

may be present in the molten form in some chromites and molten forsterite.
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This means that the most PGMs would accrete on the Earth or any other terre-
strial object in solid state. However, the initial formation of PGMs (mostly as al-
loys and solid solutions) requires their components to be molten and then
cooled, and solidifying very quickly because of the huge difference in melting
points. This could have taken place only in two ways: 1) during the cooling of
matter from the supernova explosion, when the temperatures dropped to those
of the melting points or condensation temperatures of PGEs and certain other
metals; or 2) during the beginning of solar accretion, when previously cooled
matter within the solar nebula was once again heated to the melting points or
condensation temperatures of PGEs and certain other metals, with a subsequent
ejection of the formed alloys into the range of the forming terrestrial planets and
asteroid belt, similar to the process of the formation and transportation of CAls
described in [27].

For metals having such a vast difference in melting points, the unusual poly-
gonal intergrowth of osmium, iridium and ruthenium with Pt-Fe alloy observed
within grains in the Aikora River area of Papua New Guinea [28] indicates their
formation took place with rapid cooling of the molten metals. Inclusions of
PGEs and their alloys within the Pt-Fe alloys were reported from Florence
Creek, Yukon (Ir-dominant alloys; [29]) and Novoseltsi placers of eastern Bul-
garia (Os and Os-dominant alloys; [30]). A comparison of the melting points of
PGEs reveals (see Table 1) that these inclusions of Ir- and Os-dominant alloys
were added to the Pt-Fe alloy melt in solid state.

PGE contents in different kinds of terrestrial rocks indicate (Table 2) that
their content in the main magmatic rock composing the Earth crust and upper
mantle is extremely low.

This renders it very difficult to assess the source of the PGEs for known ore
mineralization and deposits with concentrations as high as: average grades of 3 -
20 ppm for PGEs + Au in the PGE reefs [38]; up to 18 ppm in the Monchegorsk
area of the Kola Peninsula (Russia) [39]; up to 61 ppm in the Kytlym area of the
Northern Urals (Russia) [40]; up to over 60 ppm of Pt + Pd in Cliff from Shet

Table 2. PGE contents in different kinds of terrestrial rocks.

Concentration, in ppb

Rocks References
Pt Pd Rh Ru Ir Os

Primary mantle 7.1 3.9 0.9 5 3.2 34 [31]
Bulk crust 1.5 1.5 1.1 0.6 0.037 0.041 [32]
Upper mantle peridotite 6.5 5.7 0.6 5.8 3.5 3.5 [33]
Basaltic andesite 18 11 <0.5 2 0.32 0.5 [34]
Tholeiitic basalt 14 11 - 1.5 0.18 <0.5 [34]
Komatiitic lavas 5 18 - 7 0.7 4 [35]
MORB 0.89 2.05 . 0.11  0.03 . [36]
Alkali basalt 0.23 0.37 - 0.11 0.04 - [36]
Peridotite xenoliths, S. Africa* 4.3 1.84 0.93 6.54 3.67 - [37]
Xenoliths, Karelian Craton* 4.84 2.28 0.79 6.58 3.75 - [37]

*Xenoliths from kimberlites.
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land ophiolite complex (Scotland) [41]; up to 25 ppm in Veria of the northern
Greece [35]; average of 10.03 ppm in the Noril’sk region (Russia) [42]; average of
5.418 ppm in the Great Dyke of the South Africa [42]; average of 5.670 ppm for
the Bushveld complex of the South Africa [42]; average of 20.699 ppm for the
Stillwater area (Montana, USA) [42], etc. What makes the problem even more
inexplicable—it is the fact that in numerous cases rocks which usually hosting
PGE ore deposits (chromites/chromitites, volcanogenic massive sulfide deposits
(VMS)) have very low contents or even practical absence of PGE. For example,
PGE in the Uzelginsk VMS deposit (southern Urals, Russia) are found mostly
below the detection limits [43]; low values of PGE were discovered in chromites
from the Mt. Albert (Quebec, Canada) [44], very low PGE content was identified
in some layers of the Bushveld Complex (South Africa) [45]; extremely low PGE
content was revealed in the upper portions of the Bushveld Complex [46], etc.
All these facts raisesthe questions: “What was the source of PGEs?” and “What
was the mechanism of PGEs enrichment in thousands and tens of thousand
times?” in the PGE ore deposits.

Table 3 shows comparison of PGE contents in the meteorites of different ori-
gin. It is clear from Table 3 that enstatite achondrites, eucrites, Martian mete-
orites and Lunar meteorites have PGE concentrations pretty close to those in
typical Earth’s rocks (see Table 2). However, PGE concentrations in CAI inclu-
sions in meteorites, carbonaceous chondrites (CI, CM, CV, CK, CR, CH), chon-
drules in CR2 chondrites, enstatite chondrites, LL6 ordinary chondrites are 2 to
4 orders of magnitude higher than those in typical Earth’s rocks from Table 2.
For more information about mean PGE concentrations in different chondrite

groups see Table 1 in [47].

Table 3. PGE contents in meteorites of different origin and in different kinds of meteorites and meteorite inclusions.

Concentration, in ppb

Meteorites Refe-rences
Pt Pd Rh Ru Ir Os

enstatite achondrites 8.8-13.5 9.4-12.2 14-19 33-4.1 2.6-3.2 - [48]
eucrites - 0.4-85 - - 0.035 - 0.36 0.003- 0.565 [49]
Martian meteorites 5.40 - 8.65 4.67 - 6.05 0.88 - 1.30 1.60 - 4.37 0.59 - 3.65 - [50]
Martian meteorites 0.16 - 0.5 0.15- 30 - - 0.057 - 3.9 0.007- 4.4 [51]
Lunar meteorite 9.96 2.43 0.55 1.35 0.93 - [52]
Lunar meteorite 12.4 39 0.55 1.2 0.93 - [53]
CAI Inclusions, Allende <24,000 <2290 <2840 <20,000 <19,800 <19,000 [54]
coarse-grained inclusions - - - <16,900 <12,980 <12,100 [55]
mean CI Chondrites 947 558 139 686 469 493 [23]
mean CM chondrites 112 649 159 909 605 675 [47]
mean CV chondrites 1443 707 209 1150 758 807 [47]
mean CK chondrites 1560 749 213 1121 772 825 [47]
mean CR chondrites 1208 734 - 926 622 655 [47]
CR2, bulk for chondrules <1570 - - - <930 <950 [56]
enstatite chondrites 598 - 1080 389 - 872 92-179 457- 897 293 - 526 - [48]
LL6 ordinary chondrite 478 361 81 351 234 - [57]
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Interestingly, PGEs content of terrestrial rocks and meteorites is usually com-
pared to that of CI carbonaceous chondrites, because their chemical composition
has some similarities with that of the solar photosphere and this is the reason
why they viewed in many cases as standards representing composition of solar
nebula during its earliest evolution [23] [58] [59]. CI (Ivuna type) group
represents the smallest group of carbonaceous chondrites, which in turn making
a small fraction (~5%) of all chondrites [60]. CI chondrites are very poor in con-
tent of chondrules (<1 vol%), CAIs (<1 vol%), and contain no metal [61]. They
contain serpentine-like minerals, which were produced from magnesium-rich
olivines and pyroxenes by aqueous alteration [62]. CI carbonaceous chondrites
are chemically the most primitive meteorites whose primary mineralogy and pe-
trography were erased by extensive aqueous alteration at ~323 - 423 K on their
parent body, and which subsequently experienced thermal metamorphism [63].

However, comparison of chemical composition of the Earth’s rocks with the
different kinds of meteorites led Drake and Righter [64] to conclusion that no
primitive material similar to the Earth’s mantle is currently represented in any of
meteorite collections, and chemical composition of the Earth’s mantle is distinct
from any extant primitive meteorite type. On the top of that it is well-known fact
that the Earth, in contrast to chondrites, passed both melting stage (formation of
magma-ocean) and complete differentiation [1] [65] [66]. This means that the
chemical composition of CI carbonaceous chondrites should be accepted as
composition close to initial composition of solar nebula in regions of formation
of terrestrial planets and asteroid belt. It is in complete agreement with analysis
of PGEs content in the different kinds of meteorites. Really, high content of
PGEs in carbonaceous chondrites could be explained by presence of significant
amounts of chondrules and CAIs both of which are rich in PGE (see Table 3).
Since CI carbonaceous chondrites are the most primitive and least altered
among meteorites, PGEs containing in their chondrules and CAls escaped re-
distribution during their evolution that actually is the reason of their high PGEs
content. In contrast, achondrites, representing 8% of meteorites overall [67], are
known to pass both stages of melting and differentiation [68]. Their chemical
composition and principal minerals (e.g., [69] [70]) are similar to those of mag-
matic rocks of Earth’s crust and upper mantle, and contain PGE amounts (see
Table 2 and Table 3) about two orders of magnitude lower than CI carbona-
ceous chondrites (e.g., [71]) which have about the same level of the PGE content
that the Earth’s upper mantle rocks. Interestingly, that achondrites do not have
chondrules, which most likely were re-worked during melting, differentiation
and alteration processes passed by achondrites. Such facts as extremely high Ir
content in ITAB, IIIAB, IVA and IVB irons (from single units up to tens of ppm)
[72], very low content of Ir (up to 42 and 69 ppb), and extremely high content of
Pd (up to 5.82 and 7.23 ppm) in IIIB irons and pallasites, respectively [73], as
well as high content of Ir (up to 1 - 2 ppm) in some achondrites—Acapulcoites,
Lodranites and Winonaites [74], points at importance of influence of re-work-

ing, differentiation and processes of alteration to the final PGE content. These
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facts clearly prove that chemical composition of CI carbonaceous chondrites
may represent only initial composition of part of solar nebula at about 4.5 - 4.6
Ga, but it cannot characterize present chemical composition of any matter of CI
carbonaceous chondrites, because present chemical composition of PGEs in
rocks of Earth’s crust and upper mantle depends on the last 4.5 - 4.6 Ga of the
Earth evolution.

The formation of PGE compounds is under control of their high density and
extremely high melting points (see Table 1). This makes formation of PGE
compounds depending on conditions preferable by density (e.g., Pt-Ir and Pt-Ir-
Os alloys), by melting point (e.g., Pt-Pd, Pd-Rh, Pt-Rh and Ir-Os-Ru alloys, and
Pt-Pd sulfides and arsenides) and by both density and melting (e.g., Os-Ir al-
loys). Some researches show that formation of alloys and sulfidation in chon-
drites are of primary and secondary origin, respectively (e.g., [75] [76]). The
same effects can also be used for analysis of PGE formation of sulfides in the
Earth. As it was shown in [1] [66] [78], at the time of magma-ocean and its ini-
tial solidification almost all sulfur was within the early Earth atmosphere form-
ing sulfur layer much denser than water layer. Thus, until re-distribution of sul-
fur layer at the end of Early Archean—beginning of Middle Archean, sulfur and
its oxides have been interacted only with the Earth surface.

An important point in formation of the PGE compounds in solar nebula is the
fact that except Pd all of these compounds are refractory elements, and some of
them (Ru, Ir and Os compounds) condense within the temperature range (see
Table 1) of formation of CAls (1473 - 2273 K; [26]), and above temperatures of
chondrules formation (>1473 K; [26]). Lodders et al [23] noted that most of
PGEs condense as refractory mineral alloys. Such important minerals of CAls as
hibonite and melilite at a total nebular pressure of 10~ MPa first condense at
temperatures of 1743 K and 1628 K, respectively [27] and anorthite condensed at
temperature of 1387 K under pressure of 10~ MPa [58]. This means that PGEs
alloys were formed very early during the accretion process along with the forma-
tion of CAls. It should be stated that Pd is the only element from PGEs, which
condenses at temperature slightly less than the condensation temperatures of Fe
(1334 K) and Ni (1353 K), and in solar nebula it is concentrated within the
Fe-alloys [23].

3. The “Late Veneer” Hypothesis of PGEs Enrichment

One of main problems related by numerous researchers to obvious preservation
of PGEs in subsurface is the fact that siderophile (“iron-loving”) elements heavi-
er than Fe and Ni, and especially such heavy elements as PGEs (see Table 1) and
gold, during the accretion and evolution of magma-ocean must have sank to the
Earth core (e.g., [79]) and should not be present in the uppermost layers (slabs)
of the Earth. At the same time, it is known that the Earth’s upper mantle has an
overabundance of highly siderophile elements (e.g., PGEs, gold and rhenium)
(e.g., [79] [80] [81]) by ~three orders of magnitude higher than expected from

experiments [82]. This fact makes obvious presence of PGEs ore deposits on and
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near the Earth’s surface at present even more controversial and enigmatic. To
avoid this controversy a new hypothesis was introduced. According to this hy-
pothesis, PGEs, as well as gold and other siderophile elements, numerous ore
deposits of which are well known around the world, were added to the Earth not
at the time of accretion, but later, after the Earth’s core separation (e.g., [79]
[83]) known as the “late veneer” (e.g., [83] [84] [85]) and caused by meteorite
bombardment during 4.5 - 3.8 Ga [85] or late heavy bombardment at 3.9 - 3.8
Ga [82], including accretion of asteroids and comets [84]. The authors [84] es-
timated amount of extraterrestrial bodies struck the Earth after core formation
at (0.7 - 2.7) x 10* kg. Taking into account not only masses, but also velocity of
cosmic bodies bombarding the Earth, they must produce significant signatures
at the Earth’s surface and in the subsurface. Geologically and geophysically such
signatures (indicators) may be considered (in combination with other factors) as
existence of ring structures (RS) of different diameters. Such RS may be identi-
fied visually and by the use of special geophysical methodologies oriented to de-
lineation of RS anomalies against the significant noise background (e.g., [86]
(87] [88] [89]).

However, there are some problems of the late veneer coordination with geo-
logic data. The heavy bombardment by debris during planetary formation,
which lasted from ~4.5 to 3.8 Ga, and especially during the most intense “Late
Heavy Bombardment” at about 3.9 - 3.85 Ga [90], could have led to additional
heating of Earth’s crust and mantle, as well as the formation of local mag-
ma-oceans. Such bombardment could have caused heating of upper layers of
Earth to the depth of up to 1200 km to the melting point during the last stage of
the Earth’s formation [91]. During the Hadean and beginning of the Archean,
the Earth’s surface temperature was very high and the surface was represented
by either a planet-wide ocean or local oceans of magma for a significant time pe-
riod. Vacquier [92] suggests that events such as runaway accretion, the forma-
tion of the Moon, and the impact that tilted Earth’s axis of rotation could possi-
bly have created conditions such that the Earth could have melted and solidified
three times. All this means that at the end of the “Late Heavy Bombardment” at
about 3.85 - 3.9 Ga, the whole Earth could have been covered with either entire
or number of local magma oceans up to 1200 km deep. It is obvious that greater
bodies bombarding Earth would release greater amounts of energy and cause
more voluminous amounts of melt and deeper local magma-oceans, but those
magma-oceans would be formed in places of the most heavy bombardment and
late veneer matter would be within those magma-oceans. This makes no differ-
ence from initial sinking of extremely dense PGEs within the initial mag-
ma-ocean formed as result of the accretion, because delivery of PGEs from the
mantle depths of about 1200 km is not much easier than delivery of PGEs from
the core. This means that according to this point of view, PGEs must be pre-
sented in the upper mantle and crust only in insignificant amounts.

Another problem is the timing of core separation, which is highly speculative.

It is obvious that it would not take place before the end of the Earth’s accretion.

180

K2
o5
“t:o

Scientific Research Publishing



A. Pilchin, L. Eppelbaum

However, Earth’s accretion has lasted up to 100 million years [78] and energy
released during the accretion was enough to melt the entire Earth. This means
that core separation could have taken place only after the accretion finishing. At
the same time, at the end of accretion, all the Earth was entirely covered by
magma-ocean which could have been existed up to 100 - 200 million years [93]
[94] or even longer [95]. This makes any estimation of the core separation tim-
ing very speculative one. Moreover, even after the core separation, sinking PGEs
within the magma-ocean to depths of about 1000 - 1200 km would also move
them out of the Earth’s subsurface. On other hand, it is obvious that initial deep
magma-ocean could have been existed until at least 4.3 Ga and it means that all
PGEs from the cosmic objects involved in the heavy bombardment between ~4.5
Ga and 4.3 Ga would have sunk to the depths of up to 1000 km or deeper. But
there is a huge possibility that the heavy bombardment would not let mag-
ma-ocean to solidify and, as it was shown above, may have lasted until 3.85 Ga.
In such a case the hypothesis of late veneer addition of siderophile elements to
the Earth is lack of evidence.

According to late veneer hypothesis, absolute majority of extremely heavy
PGEs must have sunk to the core during the accretion. In such a case, concen-
trations of PGEs in metal core must be high and maximal. In contrary, in some
iron meteorites, which are viewed as analogy of metal core matter, concentra-
tions of PGEs are quite low. For example, content of Ir in some iron meteorites
could be as low as: 10 ppb in IIb irons [61]; 10 ppb for ITAB irons [96]; generally
between 10 ppb and 100 ppb in IIIB irons [61]; 10 ppb in IIIAB irons [96]; gen-
erally between 10 ppb and 100 ppb for IIID irons [61]; ~100 ppb in IC irons
[61]; ~100 ppb in IIIE irons [61]; ~100 ppb in IVA irons [96]. All these values
are much lower than the mean concentration of Ir in any group of chondrites
with minimal content of Ir as 336 ppb in the LL chondrites and maximum con-
tent of Ir as 3235 ppb in the CB chondrites [47]. The mean concentration of Ir in
most primitive carbonaceous chondrites ranges from 472 ppb for the CI chon-
drites to 2635 ppb for the CB chondrites [47]; see also Table 3. Ir content in
Acapulcoites is within the range of 536 - 2125 ppb [74] that is also much higher
than was observed in many iron meteorites. Interestingly, the highest concentra-
tions of Ir are: ~1000 ppb for the IIB irons, and <~1000 ppb for the IC and IAB
irons [61]. These facts clearly contradict to the late veneer hypothesis.

On the top of that, the late veneer hypothesis cannot explain many important
facts and features. Among them are: presence of non-chondritic platinum-group
element ratios (e.g., Pd/Ir) in the Earth’s mantle [79]; non-chondritic distribu-
tion of the highly siderophile elements found in several types of rock (e.g., sul-
fides) derived from the Earth’s mantle [97]; slightly supra-chondritic Ru/Ir and
Pd/Ir ratios in the Primitive Upper Mantle [83], etc.

Maier et al. [37] [85] show that the lowest PGEs contents are found in >3.5 Ga
komatiites from the Barberton (South Africa) and Pilbara (Western Australia)
terranes.The authors [37] [85] also show that the most of Early Archaean (3.5 -
3.2 Ga) komatiites from the Barberton greenstone belt and the Pilbara craton are
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depleted in PGEs relative to late Archaean (~2.9 - 2.7 Ga) and younger (2.5 - 2.0
Ga) komatiites. Maier et al. [85] proposed that the trends reflect sluggish referti-
lization of PGE:s in the Early and Middle Archean lower mantle with the late ve-
neer, and that the Archean mantle had heterogeneous PGEs content. Maier et al
[85] show that by ca 3.0 Ga, the lower mantle appears to have equilibrated with
the late veneer. The authors show that PGEs depletion is absent in certain 2.9 Ga
komatiites that is linked to equilibration of the lower mantle with the late veneer
producing PGE concentration close to modern primitive mantle through gra-
dual homogenization of the meteorite produced PGEs concentration in the en-
tire mantle.

Sankaran [98] analyzed problems related to reflection of trends in the mantle
incorporation of meteoritic PGEs by komatiites through some time intervals. He
also indicates severe depletion in PGEs in the oldest (>3.5 Ga) komatiites from
the Barberton GSB (South Africa) and Pilbara Craton (Western Australia). The
authors [98] shows that the Pt and Pd contents were low (~2 - 5 ppb) in the
Barberton GSB and Pilbara Craton, moderate (~8 ppb) in the Late Archean ko-
matiites from Canada, Zimbabwe, South Australia and Russia, and high (~8 - 10
ppb) in the Mesozoic komatiites of Gorgona Island (Colombia).

Fiorentini et al [99] point at a systematic linear increase of the PGE contents
in komatiite since the oldest age (>3.5 Ga) in the Late Archaean group (2.7 Ga),
regardless of petrogenetic type, as well as linear secular trend of increasing Pt at
a given MgO content, and in Pt/Ti from 3.5 Ga to 2.7 Ga across all komatiite
types. They state that the Late Archaean komatiites have higher PGE contents as
a result of progressive mixing-in of late veneer material over the period between
the Late Heavy Bombardment (4.3 - 3.9 Ga) and 2.7 Ga, at which time the man-
tle had become effectively homogeneous with respect to PGEs.

Maier et al [37] compared the concentrations of the PGEs and gold in mantle
xenoliths from more than 20 kimberlite pipes in the South Africa and Karelian
craton (Fennoscandian Shield) and led to the following conclusions: the noble
metal content of the primitive mantle cannot be accurately determined using
cratonic mantle samples; the data indicate considerable heterogeneity within in-
dividual pipes, structural blocks within the individual cratons, and between the
cratons; relatively low PGEs contents result from heterogeneous equilibration of
the Early- to Mid-Archean mantle with the late veneer; the shallow mantle rocks
postdate the onset of crust formation, which is inconsistent with the definition
of primitive mantle reservoirs.

Prescher et al [82] state that the Archean komatiites indicate that the PGEs
content of the Earth’s mantle increased from about half of their present abun-
dances at 3.5 Ga to their present abundances at 2.9 Ga. The authors [82] pro-
posed that this secular increase in PGE content suggests a progressive mixing of
the late veneer material into the Earth’s mantle and that the whole mantle was
relatively well mixed by 2.9 Ga.

In contrast, Pattou et al [79] note that the mantle is heterogeneous in its PGEs

content on scales of ~100 kilometers.
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The idea that PGEs contents in the upper mantle during the Early Archean-
were heterogeneous, but during Late Archean they were homogeneous seems to
be ungrounded ones. How is it possible that PGEs contents from Early to Middle
Archean were always low, but at Late Archean they everywhere range from
moderate to high? Does it mean that significant amounts of PGEs were added to
the upper mantle between the Early to Middle Archean and Late Archean? Of
course not, because heavy bombardment finished right before the Archean Eon.
It means that geological records do not support transformation of PGEs concen-
tration in the upper mantle from heterogeneous during Early-Middle Archean to
homogeneous during Late Archean.

Righter et al [81] analyzed partitioning of palladium (Pd) at high pressure
and temperature. They show that the results of experiments at low pressures and
temperatures gave very high partition coefficients for the highly siderophile ele-
ments (in particular a coefficient for palladium >10?) that was used for hypothe-
sizing that the high mantle concentrations of the highly siderophile elements and
also of volatile elements originated from the addition of chondritic material after
core formation as “late veneer”. However, results of determination of the parti-
tion coefficient at higher pressures and temperatures that approximate the early
Earth conditions gave much lower partition coefficients for the palladium (~480)
consistent with an equilibration scenario [81]. Based on this finding, the authors
[81] led to the conclusion that there is no need for a late veneer to explain the
terrestrial-mantle palladium content.

Tagle and Claeys [100] reported contents of PGEs in the Popigai (Siberia,
Russia) impact melt caused by the Late Eocene comet or asteroid showers in-
itiated from the Oort Cloud. Since comets are believed to be primitive bodies
with a composition like that of carbonaceous chondrites [100], it should be ex-
pected that concentrations of PGEs in comets are high. However, in contrast av-
erage contents of PGEs are: 1.75 ppb of Pd, 2.58 ppb of Pt, 1.77 ppb of Ru, 0.42
ppb of Rh and 0.96 ppb of Ir [100]. These values are very close to PGEs content
in the Earth’s crust and some magmatic rocks and even much lower than the
PGEs content in several magmatic rocks (see Table 1).

All these facts do not support the late veneer hypothesis of the late PGEs addi-
tion to the Earth’s upper layers (slabs).

Another case is the Younger Dryas impact hypothesis or Clovis comet hypo-
thesis at about 12,900 BP [e.g., [101] [102]]. Analysis of data from 12 of ~50 sites
of the impact shows that Ir concentration in bulk sediments is within the range
from <0.5 to 3.8 ppb, and Ir concentration in magnetic fraction is within the
range from <1 to <2 ppb in five sites and in four sites it consists of 15, 24, 51 and
117 ppb. Upon retesting aliquots of high-Ir samples, five from nine sites were
confirmed, but Ir abundances were below the detection level in four retests. The
Ir concentration values in bulk sediments are of same range of magnitude as in
most terrestrial rocks (see Table 2), as well as in achondrites, Martian and Lunar
meteorites (see Table 3), but they are more than on 2 orders of magnitude lower

than the Ir concentration in the CI carbonaceous chondrites. On other hand, as
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it is clear from Table 1 [101] that there is no any correlation between Ir, Ni, Fe
and Ti, which is very unusual for siderophile elements [101] [102]. It is known
that Ir peaks were found at major geologic boundary layers with no confirmed
impacts, and at least some of those Ir concentrations may have resulted from
volcanism [101]. This means that any slight PGEs enrichment could be caused
by volcanism rather than be delivered by meteorites. Moreover, Paquay et al
[103] state that they did not found any osmium or iridium anomalies in the
Younger Dryas sediments. All these facts also not support the late veneer hypo-
thesis, because no really high concentrations of PGEs were detected, how it
should be expected from the carbonaceous chondrites and comets according the
late veneer hypothesis.

In both cases of the Popigai and Younger Dryas impact structures we should
expect that delivered PGEs would stay on place, because there was no mag-
ma-ocean for them to sink to deep levels or some other processes, that would
make them disappear. This means that absence of any significant PGEs contents
in such cases indicates against the late veneer hypothesis, because it is difficult to
expect that all carbonaceous chondrites and comets involved to the heavy bom-
bardment before ~3.8 Ga (which did not leave a trace) were extremely rich in
PGEs, but later impacts of carbonaceous chondrites and comets did leave any
traces of significant PGEs contents delivered to the Earth surface.

All above-mentioned means that there must have been other mechanisms of

preservation and concentration of PGEs and PGMs in the Earth’s upper slabs.

4. Initial Concentration of PGEs and PGMs during the
Early Earth Evolution

It is known that all matter on the Earth originated from the solar nebula by in-
falling of the nebular material onto the evolving planet during its accretion. This
means that in order to accumulate significant amounts of PGEs and PGMs near
the Earth’s surface, there must have been certain mechanisms of their concen-
tration in near-surface layers, their trapping, and preservation.

Research shows that PGEs are mostly presented in rocks as inclusions of na-
tive metals, alloys, sulfides, arsenides, telurides, etc. From the early stages of ac-
cretion on the Earth, a magma-ocean with a depth of up to 1000 km has been
formed and existed for millions or even hundreds of millions of years [e.g., [77]].
The magma-ocean was stratified by density and iron content, with a fel-
sic-intermediate-mafic-ultramafic sequence of layers from the top to bottom
[77]. If the magma-ocean has existed for a long-time period, there is also the
possibility of magma fractionation by the main rock-forming minerals, along
with the formation of the “forsterite layer” [1] [78] at a certain depth, plagioclase
layer at the top, etc. A plagioclase layer is known to have been formed within the
Lunar magma-ocean, representing the oldest plagioclase or anorthositic Lunar
crust [104]. The presence of enormous amounts of anorthosites in the Earth also
indicates the possibility of such a layer formation within the Earth’s magma-

ocean. In addition to that, the presence of massive (1000-s to 10,000-s-km?)
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anorthosites [105] of the Mid-Proterozoic suggests the earliest Earth crust had
an anorthositic composition, since the formation of magma chambers capable of
otherwise collecting such enormous quantities of anorthosites within the crust
would be extremely unlikely and these volumes of anorthosites could have been
formed within the magma-ocean only. It is also conceivable that both the diffe-
rentiation of magmatic rocks and their fractionation by main rock-forming
minerals evolved in parallel, depending on the thermodynamic conditions and
period of the magma-ocean’s existence in different regions of the Earth (e.g., [78]).

Formation of the lithosphere has started with formation of the “forsterite
layer” [1] [78] [106] at depths of ~70 - 100 km. Even though forsterite has the
highest melting point among silicates (2163 K at 0.1 MPa [107] and ~2307 K at 3
GPa [108]), its density is very low in both molten (2970 kg/m’ at 2163 K [109])
and solid (3222 kg/m?) states and it would prevent forsterite from sinking within
any melt with even small content of iron (e.g., Table 4 and Table 5).

This means that from the time of formation of the “forsterite layer”, heavy
compounds including refractory mineral alloys had no chance to sink below the
layer (slab). They were trapped above the layer and their enrichment was pro-
portional to time from formation of the layer to at least starting of solidification of
the magma-ocean upper section. On other hand, geothermal gradient within the
molten planet is the adiabatic geothermal gradient that is extremely small (e.g.,
[78] [120] [121]). The estimated value of the adiabatic geothermal gradient is as
low as 0.5 K/km [120] and 0.3 K/km [121]. This means that to keep temperature
as high as ~2307 K at depths corresponding to pressure ~3 GPa the surface

Table 4. Density of molten forsterite, fayalite and olivine Foss (modified after [78]).

Mineral Temperature, K Density, Reference
kg/m®
Forsterite 2163 2970 [109]
Fayalite 1573 3757 [110]
1673 3725 [110]
3000 3529 [111]*
2163 3810 [112]
1773 3747 [113]
1573 3750 [73]
1673 3766 [73]
1773 3688 [73]
1300 ~3875 [114]
1500 ~3861 [114]
1600 3850 [114]
1973 3593 [115]
2023 3586 [115]
2073 3587 [115]
2123 3560 [115]
Olivine Foos - 2865 [116]

*Calculated using data of [111].
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Table 5. Density of some ultramafic rocks and chromites.

Rock Density, kg/m? Reference
Cobalt chromite, CoCr204 5140 [22]
Copper chromite, CuCr204 5400 [22]
Iron chromite, FeCr,O4 5000 [22]
Zinc chromite, ZnCr,O4 5290 [22]
Peridotite 3230 [117]
Dunite 3280 [117]
Dunite 3160 [118]
Dunite xenoliths from basalts 3244 - 3326 [119]

temperature of Earth at the time of accretion and formation of magma-ocean
must have been in excess of 2260 K which is much higher than temperature of
the magma-ocean start solidification at surface temperature ~1300 - 1500 K (e.g.,
[1] [77]). Such a high temperature of the Earth’s surface was unbearable to keep
for a long time. This means that solidification of forsterite with formation of the
“forsterite layer” could have started at very early stage of the Earth formation,
probably during the time of its accretion. It was shown earlier [77] [78] that
formation of the “forsterite layer” could have started from solid forsterite, if
temperature within the upper layers of forming Earth was not high enough to
melt forsterite [77] [78]. All this indicates that formation of solid layer at rela-
tively shallow depth within the forming Earth could have started during the ac-
cretion or at the earliest stages of the magma-ocean evolution. This means that
such solid layer could have formed a barrier for all heavy species, including si-
derophile elements and, what important here, PGEs and PGMs, which would
prevent them from sinking to the depths of core or lower mantle. This fact could
be a cause of preservation of PGEs and other siderophile elements at shallow
depths (above 70 - 100 km) within the forming Earth. Among next to the “fors-
terite layer” in the upper mantle part of the forming early Earth’s lithosphere
according melting points at 0.1 MPa solidification process pass: chromites of
different composition with the melting points within a range of temperatures
from 1908 K for incongruent melting [122] to 2473 - 2673 K [123]; dunite with
the melting point of 2073 K and olivine composition of FogFayo [124]; harzbur-
gites with the melting point of 1633 - 1773 K at pressure of 1.0 - 1.5 GPa [125];
and lherzolites with the melting point of 1543 - 1693 K at pressure of 1.0 - 1.5
GPa [125]. These data show that some chromites have melting point the same or
close to that of dunites, even though most of chromites have much higher melt-
ing points than dunites, but melting points of chromites much higher than that
of harzburgites and lherzolites with a significant gap. This testifies that some of
chromites were solidifying with dunites at the same time or some time earlier. It
is clear that significant amount of chromites (Table 6) has melting points greater
than that of forsterite and it indicates that those chromites, taking into account
their high density (5000 - 5400 kg/m?), were mostly plunged to the great depths
within the upper mantle before the “forsterite layer” formation.
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Table 6. Melting point of some ultramafic rocks and chromites.

Rock Melting point, K Reference
dunite 2023 [126]
dunite 2073 [124]
harzburgite (at 1 GPa) 1633 - 1743 [125]
harzburgite (at 1.5 GPa) 1693 - 1773 [125]
harzburgite (at >5 GPa) 1723 - 1873 [127]
lherzolite (at 1 GPa) 1543 - 1633 [125]
lherzolite (at 1.5 GPa) 1633 - 1693 [125]
peridotite (at 4.5 - 5.0 GPa) 1723 [127]
chromites (different) 2123 - 2473 [128]
chromite (monocalcium) 2443 [129]
chromites (different) 2473 - 2673 [123]
chromites (Lanthanum) >2273 [130]
chromite (incongruent melting) 1908 [122]
(Fe, Mg) Cr204 (spinel) ~1873 [131]
MgCr,04 2623 [132]
chromite 2453 [133]
chromites (Slag liquidus) 1873 - 2273 [134]
MgCr204 (sintering) ~2023 [132]
NiCr;04 (sintering) ~2096 [135]
MnCr;Oxs (sintering) ~1828 [136]

However, some chromites, which did not sink to the great depths by some
reason or appeared within the magma-ocean along with other matter of contin-
uing infalling of cosmic objects, would be blocked from sinking by the “forsterite
layer”. It is in agreement with the fact of presence of significant amounts of
PGEs associated with chromites/chromitites usually enveloped by dunites found
in regions of obduction, formation of ophiolites and serpentinites. For example,
PGE:s rich chromitite occurs as centimetric veins, pods and schlieren enveloped
by dunite at the Middle Arm Brook, Central Advocate ophiolite complex (Baie
Verte Peninsula, Newfoundland, Canada) [137]. Analysis of olivine inclusions in
the chromites/chromitites found in regions of ophiolites formation demon-
strates that those inclusions contain olivines with forsterite content up to Foog.
in ophiolites: Kempirsai, Kazakhstan [138]; Shangla, Pakistan [139]; Jungar,
China [140]; Egypt [141]; and generally with forsterite content > Fos,. This testi-
fies that at the time of formation of chromites in different regions, olivine inclu-
sions within chromites/chromitites were already solidified and it places con-
straint on temperature of solidification of those chromites.

Estimations of temperature solidification of chromites found in mentioned
ophiolites gave temperatures of <2108 - 2156 K. At the same time, the fact of
enveloping chromites by dunites shows that such association was formed either
when dunite was at the early stages of its solidification, or dunitic magmas rising

from below the “forsterite layer” were enveloping by solid chromites above the
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layer. This is in agreement with a conclusion made by Pushkarev ef al [142] that
chromitites in the Ural-Alaskan type mafic-ultramafic complexes start to form
when dunite was almost solid at the end of plastic deformation process. Such a
model of formation of chromite-dunite complexes is supported by the fact that
content of forsterite in dunites is always lower than in the corresponding chro-
mites. For example, within the Alaskan-type Tulameen complex (British Co-
lumbia) olivine inclusions in chromites contain olivines with Fog,-Fogs and oli-
vines in dunites have Foss-Foo [143]; in the Logar Ophiolite Complex (Afgha-
nistan) olivines in chromites and dunites contain Foes-Foss and < Fog,-Foos, re-
spectively [144]; in the Mawat ophiolite (Iraq) olivines in chromites and dunites
contain Foo;-Foos and Fog-Foo,, respectively [145]; in Jungar ophiolite (China)
olivines in chromites and dunites contain Fogs1-Foos3 and Fos-Foss, respectively
[140]. Interestingly, olivine composition in chromitites and dunites in PGE de-
posits of the Singhbhum Craton (Indian Shield) contain Foos-Foos and Foo,-Foos,
respectively. The temperatures of solidification of dunites in the referencing re-
gions range between 2081 K (for Fog) and 2129 K (for Foos). All these tempera-
tures are obtained for the pressure of 0.1 MPa and at different depths they were
higher depending on the real pressure, but it is clear that a sequence of solidifi-
cation was forsterite-chromite-dunite with small differences in temperature that
makes timing of their formation pretty close on geologic time scale. Obviously,
solid “forsterite layer” has trapped chromites with PGEs above itself, and then
solid chromites with PGEs were enveloped by solidifying dunite. However, it is
known that in numerous cases the PGE-rich chromites are enveloped by dunites
that indicates chromites were already solid while dunites still be partly molten at
the time of formation of such complexes. If dunites were molten, completely
denser PGE-rich chromites would sink through them. At the same time, it means
that forsterite and olivine with Fo content 294% - 95% were already solid and
solid “forsterite layer” was already in the place preventing chromite and PGEs
from sinking within magma-ocean. However, presence in chromites olivines
with Fo content 294% - 95% means that solidification of those chromites took
place when inclusions of Fo-high olivines were already solid. It places some con-
straints on thermal conditions of formation of PGE-rich chromites, as well as
constraints on formation of chromite-containing dunite complexes. Such a
model of formation of chromite-dunite complexes is supported by the fact that
content of forsterite in dunites always lower than it is in the corresponding
chromites.

Solidification of the crustal part of lithosphere most likely started with the so-
lidification of quartz (christobalite), leucite, tridymite, anorthite and S-quartz
having melting points 1996 K, 1958 K, 1943 K, 1830 K and 1823 K, respectively.
Since both high-temperature quartz and leucite have lowest densities among the
main rock-forming minerals, within magma-ocean they would most likely pre-
sent within the topmost layers of the magma-ocean and they were first to solidi-
fy within the forming crust. It should be stated that any new solid layer forming

during the early Earth evolution would form a barrier for heavy species to sink
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through the molten upper layers of forming Earth to its deep levels (e.g., crust,
lower mantle). Any such layer would be formed similarly with the “forsterite
layer” under strict control of the density of layer composing rocks at corres-
ponding depths.

For characteristics of pristine lithosphere composition, a simplified model of
the composition was compiled (Table 7).

All the afore-mentioned shows that there were mechanisms available for trap-
ping PGEs and other siderophile elements at different levels of the forming Earth
above 70 - 100 km depths from the early Earth evolution stages as old as the ac-
cretion process and during the evolution and solidification of magma-ocean.

Since the magma-ocean was represented by viscous liquid magmas, entities
infalling from the accretion disc were also separated by density within it. Such
highly dense metals as PGEs would certainly sink in the magma. Viscosity of
magmas in the magma-ocean was strongly depend on the magma composition
and its temperature, and viscosity controlled processes of differentiation of mat-
ter within the magma-ocean and terminal velocity of sinking species continuing
to infall into the magma-ocean from the cosmic space. The importance of the
thermal characteristics for rate of differentiation of matter is related to the fact
that increase of temperature leads to significant decrease of viscosity of molten
rocks [e.g., [146]] that would speed up the differentiation at high temperature
conditions and slow down the differentiation on cooling or at low temperature
conditions. It would work for sinking both liquids and solids within less dense
liquid. For sinking solids, terminal velocity of an object sinking into viscous lig-
uid depends on its size, density, viscosity of liquid, and it can be described by the
Stokes equation (e.g., [147]):

. 2r’g(o-oy)

o , (1)

where v is the terminal velocity of a sphere with radius r, o is the density of a

Table 7. Simplified model of pristine lithosphere formed during solidification of mag-

ma-ocean.
Layer Layer der;sity, Melting point (in K) at Layer composition
number kg/m 0.1 MPa,
1 <2500 1823 - 1986 SiO»-rich layer
2 2500 - 2600 Tm > 1391 - 1423 SiO2 + K-Fsp + Ab-rich £ Olg
4 2620 - 2660 1400 < Tm < 1555 Olg + Qtz £ And-rich
6 2660 - 2690 1460 < T < 1645 And * Lab-rich
9 2690 - 2720 1555 < Tmm < 1763 Lab + Byt-rich
11 2720 - 2760 1645 < Tm < 1830 Byt + An-rich
13 2760 - 2900 1830 An-rich (Anorthite layer)
15 3160 - 3280+ 2023 - 2073+ Dun + Chr
16 3222 2163 Fo-rich (forsterite layer)

SiO., amorphous silica; K-Fsp, potassium feldspar; Ab, albite; Olg, oligoclase; Qtz, quartz; and, andesine;
Lab, labradorite; Byt, bytownite; An, anorthite; Dun, dunite; Chr, chromite; Fo, forsterite.
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sphere, g is the gravity acceleration, 7 is the viscosity of the medium, and oy is
the density of the medium.

It is clear from Equation (1) that terminal velocity of the sinking species
strongly relates to the radius (proportional to 7%) of species and it would be high
for the species with the large radius and it would be low for the species with the
small radius. The terminal velocity is inversely proportional to viscosity (1) and
proportional to density difference (o — 0a) between the sinking species (0) and
the melt (oa,). This means that the terminal velocity for PGEs by density would
be highest for osmium (Os) and lowest for palladium (Pd).

Performed analysis shows that viscosity of rocks (depending on temperature
and type of melt) changes from 0.01 - 10 Pa-s for komatiites to ~10" Pa-s for
anhydrous granite and dacite. Forsterite has viscosity valuewhich is very close to
that of komatiites.

It is well known that addition of water to rocks and minerals significantly re-
duces their viscosity [e.g., [148] [149]], but before formation of the water-ocean
(at about 3.42 - 3.26 Ga) the rocks composingthe Earth crust and mantle were
essentially dry. Results of research on viscosity of melts testify that viscosity is
always significantly increasing with increase of silica content along the join SiO»-
NaAlSiO, [150] and diopside-albite binary system [151]. This means that the si-
lica-rich felsic rocks would have highest viscosity among the typical magmatic
rocks.

The lowest densities in both solid and molten caused forming high tempera-
ture silica polymorphs (following in increasing order of density by SiO, + ALOs;
binary compounds (ALO; content less than 22.4 wt.%)): K-feldspars, albite, felsic
magmatic rocks, intermediate magmatic rocks, basic magmatic rocks and ultra-
mafic magmatic rocks. This means that topmost layers within the magma-ocean
were represented by quartz and/or quartz-rich compounds, K-feldspars and/or
K-feldspar-rich compounds and albite and/or albite-rich compounds, and so on.
At the same time, increasingthe period of magma-ocean evolution ledto close-
ness of those layers’ content by pure mineral composition due to fractionation
(e.g., Table 7). It is also obvious that on contacts of the layers’ such binary sys-
tem as quartz-K-feldspars, K-feldspars-albite, etc., could have been developing.

Comparison of above data with data shown in Table 7 displays that within the
pristine lithosphere formed during solidification of magma-ocean silica, K-
feldspar, and different plagioclase (different contents of albite (Ab) and anor-
thite (An)) layers would form main crustal layers positioned according to their
density and solidified permitting their melting points. Depending on the pla-
gioclase composition, the plagioclase layer was characterized by a viscosity
within the range of 4.5 Pa s for anorthite (An) to 107 Pa s for albite (Ab) at their
liquidus temperatures [152] [153]; its melting point would have been within the
range of 1391 K for Ab to 1830 K for An [154]; and density within the range of
2620 kg/m? for Ab to 2760 kg/m? for An [153]. For instance, for the Earth anor-
thosites with a usual composition of 40% - 80% of An [155], the viscosity is in
the range of 5.5 x 10® Pas (for Any) to 1.7 x 10* Pas (for Ango) [153] at liquidus
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temperatures, and the melting point is in the range [154] of 1567 K (for Any) to
1742 K (for Ang). For Archean anorthosites with An content of ~90% [155], the
melting point of the plagioclase is 1786 K. Viscosity of plagioclase melts at li-
quidus temperatures calculated using data of [152] [153] is about: 4.5 - 8.5 Pa s
for anorthite (Anso.100); 8.5 - 35 Pa s for bytownite (Anyo.e); 35 - 200 Pa s for la-
bradorite (Ansp.7); 2 X 10 - 2 x 10® Pa-s for andesine (Ansp.s); 2 X 10° - 10° Pa-s
for oligoclase (Anig.30); 10° - 107 Pa s for albite (Ano.10). Data of Shaw [156] indi-
cate that even at high temperatures viscosity of albite is high: ~10** Pa-s at ~1667
K, ~10*® Pa-s at ~1587 K, and ~10° Pa-s at ~1537 K. At the same time, viscosity
of K-feldspar is much higher than viscosity of albite at the same temperatures
[156]. This means that albite and K-feldspar rich rocks are suitable for trapping
of heavy microscopic entities settling within the melt.

One of the most important parameters, determining viscosity, is the rate of
cooling of the magma-ocean layers. The liquidus temperatures of plagioclase are
very high for some of its compositions, and the difference between liquidus and
solidus temperatures for its intermediate compositions like labradorite and an-
desine can reach ~200 K [154]. This means that if the temperature of the cooling
layer dropped below its liquidus, the plagioclase could still be in viscous liquid
condition, though its viscosity would increase dramatically. On top of that,
Ohman and Kring [157] show that depending on the content of clasts in the
melt, the viscosity of norite within the temperature range of 1500 - 1973 K, can
increase by an order of up to 2 - 2.5 for 30% and 3.5 - 4 for 50% clasts content.
For example, viscosity of norites with 50% clasts is: ~10*° - 107> Pa-s at ~1500 K,
10%! - 10° Pa-s at ~1600 K, and ~10'° - 10? Pa-s at 1973 K [157]. This means that
the infalling of objects composed of minerals of refractory elements and other
compounds with high melting points would create conditions of significantly
increased viscosity within the magma-ocean, depending on the clasts content of
the original molten layer.

Hiemstra [158] employed the Stokes equation (Equation (1)) to explain the
settling of PGMs during the formation of PGE deposits in the Merensky and
UG-2 reefs of the Bushveld Complex. Pilchin [159] utilized this equation to cla-
rify the exhumation of peridotites and metamorphic blocks during the serpenti-
nization process. Matveev and Ballhaus [160] also show that the large-scale con-
centration of chromite in ore bodies is driven by density contrasts between the
chromite-laden fluid pools and silicate melt following from the Stokes law. Inte-
restingly that Hiemstra [158] simply dismissed the settling of small grains of
PGMs on their own, and stated that larger chromite grains carried them down.
However, in reality small grains would have a much slower terminal velocity and
it would take a much longer time for them to settle, which represent the perfect
conditions to trap them in highly viscous melts.

Even though PGEs and PGMs mineralization in many cases are associated
with chromites/chromitites, there is evidence that the PGMs are rarely enclosed
by chromite ([161] [162] [163]). Page et al. [163] investigated presence of IPGEs

(Ir-group) in natural chromite and show that all these elements are below the
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detection level, except for chromites from komatiites which contain in average
268 + 26 ppb of Ru. The authors [163] have shown that all of the plutonic chro-
mites and almost all chromites from the lavas do not contain any IPGE in solid
solution, at least at the resolution of the detection limits; on average IPGE are
not controlled by crustal plutonic chromite, mantle chromite, chromite in boni-
nites, or chromite in MORB. It was most likely caused by the fact that all chro-
mites and PGEs were already solid at the time of magma formation or that some
chromites could be formed from melt at temperatures about or below melting
point of komatiites. Obviously, this is the reason why chromite can contain solid
inclusions of IPGEs, but absence of IPGEs in regular chromites point at the fact
that temperature within the magma ocean was not high enough for melting all
chromites from the beginning or it was high only for a short period of time. On
other hand, high content of PGEs in chromitites and low content of IPGEs in
chromites mean that main concentration of PGEs came from plagioclase part of
chromitites, from remnants of magma-ocean having high content of anorthite.

Analysis of data on the sizes of grains and inclusions of PGEs and PGMs from
a vast amount of publications shows that their sizes are generally <10 um for
PGE alloys and <15 pm for PGMs. There are also numerous reports about the
size of PGE-alloys and Au inclusions being less than 0.1 - 1 pm (e.g., [164] [165]
[166]), and even “invisible” gold found in pyritic Cu-Zn ore from Uzelginsk
(southern Urals, Russia) [43]. Microinclusions of noble metals with size <0.1 pm
were found within the Merensky Reef (Bushveld Complex) [164]. Submicros-
copic gold in coarse-grained pyrite of the main mineralization stage (mean con-
centrations up to 1.01 ppm in the Pindos ores and 0.22 ppm in the Mirdita ores)
was discovered in ophiolites of the Balkan Peninsula [165].

The terminal velocities of settling PGEs for grain sizes with a radius of 1 pm,
10 um and 100 pm within the different kinds of magmatic rocks are presented in
Table 8. Analysis of these data indicates that the lowest and highest values for
terminal velocity relate to Pd and Os, respectively.

It is clear from Table 8 that the terminal velocity of even micro-grains of
PGMs sinking in mafic and ultramafic magmas is very high and would cause
them to quickly descend to deep levels within the magma-ocean during the first
few millions of years of its existence, and only submicron-sized grains had a
chance of staying in the magma at the time it solidified within the magma-ocean.
In contrast, grains measuring <10 um sink much slower in andesite magma and
would be mostly preserved within such a layer. The terminal velocity in felsic
magmas is very slow and grains with sizes <10 um would almost certainly be
preserved within the magma; even grains measuring up to 100 um were in some
cases able to remain. Depending on the viscosity and span of the existence of the
magma-ocean, grains 2100 pm in size could have been preserved only in certain
cases within felsic magmas. This is in agreement with the fact that within the
Ural-Alaskan type of PGE deposits, size of PGE grains and microinclusions (e.g.,
0.5 - 2.0 mm in Yukon; [171]), is much greater than in ALMI PGE deposits, be-
cause huge PGE grains sank within the magma-ocean to greater depths, and later
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Table 8. Terminal velocity of PGE inclusions settling in different magma types.

Temperature of  Viscosity of Terminal velocity (m/year) of inclusions with radius of
Magma type
magma, K melt, Pa s 1um 10 um 100 um
Basalt 1473 10' - 10? (0.64 - 13.7) x 107 (0.64 - 13.7) x 107! 6.4-137
Andesite 1473 10° - 10* (0.65-13.8) x 107° (0.65-13.8) x 107 (0.65-13.8) x 107"
Rhyolite 1473 10° - 10° (0.66 - 13.8) x 1077 (0.66 - 13.8) x 10~ (0.66 - 13.8) x 107
Komatiite 1873 - 2073 0.1-10 (0.64 - 13.6) x 107 6.4 - 136 (0.64 - 13.6) x 10°
Forsterite + enstatite 2043 - 2523 0.02-0.13 0.031 - 1.04 (0.031 - 1.04) x 10? (0.031 - 1.04) x 10*
Forsterite 2600 0.01-0.1 0.062 - 1.35 (0.062 - 1.35) x 10? (0.062 - 1.35) x 10*
Molten peridotite near liquidus 0.1 0.62 - 1.35 (0.64 - 1.35) x 10? (0.64 - 1.35) x 10*
Granite, anhydrous 1073 ~10" (0.66 - 1.38) x 1072 (0.66 - 1.38) x 107° (0.66 - 1.38) x 1078
Granite with Pu2o = 500 MPa 1073 2.6 x 10° (1.72-3.59) x 10°¢ (1.72-3.59) x 10™* (1.72-3.59) x 102
Granite with Pu2o = 2000 MPa 1473 0.5 x 107 (3.3-6.9)x10™* (3.3-6.9)x 1072 (3.3-6.9)x10
Basalt lava in eruption 10% - 10* (0.64 - 137) x 107° (0.64 - 137) x 107° (0.64 - 137) x 107"
Andesite lava in eruption 10* - 10° (0.65 - 138) x 1077 (0.65 - 138) x 107° (0.65 - 138) x 107°
Dacite lava in eruption ~101 (0.65-1.38) x 107! (0.65 - 1.38) x 107° (0.65 - 1.38) x 1077

Viscosities of magmatic rocks are after: [117] [167] [168] [169] [170].

these grains were tectonically delivered to surface by obduction and other tec-
tonic processes. By other words, small grains of PGEs at the time of the mag-
ma-ocean were mostly concentrated within its top felsic layer, with some PGEs
enrichment possibly forming within the intermediate magma layer. Meanwhile,
grains of PGMs reaching mafic and ultramafic magma layers would sink through
them relatively quickly. This is the main reason of very low PGE contents in
mafic and ultramafic magmas (see Table 2).

It must also be taken into account that the settling of PGM grains within a
layer (slab) can take place only before the solidification of that layer and even-
tually of the entire magma-ocean at all levels trapped the settling grains in some
place within the layers. Given that various rocks and minerals have different
melting points we can expect that some of them would begin solidifying before
others. This would lead to the formation of solid layers within the magma-ocean
at different depths prior to its complete solidification (e.g., the “forsterite layer”
formation; [1] [77]). The high melting point of An-rich plagioclase also points to
the possibility of the formation of the Anorthite and/or Bytownite layer within
the magma-ocean. If such a layer had to form, it would prevent the further sink-
ing of PGM grains, and they would be collected on the top of this solid layer
(slab) within the forming crust. This brings forward the possibility of the exis-
tence of massive-type ore deposits formed above such a layer within the crust.
Otherwise, with gradual solidification of the molten layer, the distribution of set-
tling grains would more closely resemble to disseminated mineralization. At the
same time, the melting point of plagioclase is much greater than that of felsic
magmatic rocks, which would continue to be molten much longer than the pla-
gioclase layer. Since the molten felsic rocks have lower density comparing with

the solid plagioclase, their position would therefore also be above the plagioclase

K2
035: Scientific Research Publishing 193



A. Pilchin, L. Eppelbaum

layer, continuing to accumulate the infalling grains.

Let us analyze the above facts in comparing with the available geological data.
Examination of numerous data about the PGE ore deposits indicate that PGEs
deposits and mineralization were found in anorthosite-bearing layered mafic in-
trusions (ALMIs) such as the Bushveld Complex (South Africa), the Stillwater
complex (Montana, USA), the Duluth Complex (Minnesota, USA), and many
others (e.g., [42]) known to contain the largest PGE deposits in the Earth.

The Bushveld complex includes two largest PGEs containing horizons (UG2
chromitites and the Merensky Reef) [42] [172]. Economic and high contents of
PGE:s in the anorthosite-bearing complexes were found in layers of chromitites,
gabbroid cumulates (gabbros, leucogabbros, gabbronorites, norites, leuconorites,
etc.) and anorthosites. The most famous PGE bearing chromitites are those of
UG2 chromitite of the Early Proterozoic Bushveld Complex [42] [172]. Chromi-
tites (from less than 1 cm to more than 2 m thick) in the Eastern Bushveld Com-
plex are associated with anorthosites, norites, gabbros, and mostly with feldspat-
ic bronzitites in the Upper and Lower Critical Zones [173]. PGE mineralization
in the Aurora of Bushveld complex is associated with gabbros and leucogabbros
[174].

The principal PGEs deposit of the Archean Stillwater complex, the J-M reef, is
located within the Olivine-Bearing zone I (OB I) and composed of troctolite,
dunite, gabbronorite and anorthosite [175]. The Picket Pin Pt/Pd deposit is a
zone of disseminated PGEs-bearing sulfide which occurs in the upper 150 m of
Anorthosite subzone II (AN II) of the Stillwater Complex [176].

PGEs content of troctolitic series in the Mid-Proterozoic Duluth Complex
contains up to 14 ppm of Pt + Pd [177].

In the Archean Lac-des-Iles complex of Ontario (Canada) the highest precious
metals mineralization was revealed in the Roby zone of the western gabbro con-
sisting of interlayered cumulates of gabbroic (70%), noritic (20%), pyroxenitic
(10%) and minor anorthositic rocks [178].

Enrichment of PGEs in the Late Archean Legris Lake Complex, Wabigoon
Subprovince (Canada) occurs in the leucogabbro breccia and mottled anortho-
site [179].

PGE deposits were discovered in Late Archean-Early Proterozoic in Federovo
Pansky ALMI (Kola Peninsula, Russia): Main Gabbronorite Zone consisting of
contrasting alteration of gabbronorite, norite, pyroxenite and interlayers of leu-
cocratic gabbro and anorthosite, and Upper Layered Horizon consisting of oli-
vine-bearing troctolite, norite, gabbronorite and anorthosite [180].

It should be stated that even though chromitites are not gabbroic cumulates,
they have strong relationships with the anorthosite-bearing gabbroic cumulates
and anorthosites. Cameron [173] distinguished three types of chromitite-silicate
rock series based on variations in modal proportions and presented in the Criti-
cal Zone of the Bushveld Complex: chromitite-bronzitite, chromitite-dunite, and
chromitite-anorthosite.

There is evidence about direct presence of PGEs mineralization in anortho-
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sites. PGEs-bearing anorthosites are known in: the Archean Stillwater Complex
[176]; the Early Proterozoic Bushveld Complex [172]; the Merensky Reef at Im-
pala Platinum, Bushveld Complex [161]; the Middle Proterozoic Duluth Com-
plex [177]; the Archean Lac-des-Iles complex of northwestern Ontario (Canada)
[178]; the Late Proterozoic Ioko-Dovyren layered massif (Northern Transbaika-
lia, Russia) [181]; the Early Proterozoic Dzhugdzhur massif-type anorthosite
(Aldan Shield, Russia) [182]; the Late Archean Legris Lake Complex (Wabigoon
Subprovince, Canada) [179]; the Early Proterozoic Nadezhda sill-like gabbrono-
rite body (Lukkulaisvaara layered intrusion, Fennoscandian Shield, Russia)
[183]; the Sittampundi anorthosite Complex (Tamil Nadu, India) [184]; the Ge-
ransky massif (Far East, Russia) [185]; the Mid-Proterozoic Steel Mountain
anorthosite (Canadian Appalachians, Newfoundland) [186]; Indian Head anor-
thosite (Newfoundland) [187] (Pilchin, 2014). Orsoev et al [181] state that PGE
mineralization occurs mainly in anorthosites in the Ioko-Dovyren dunite-troc-
tolite- gabbro layered massif, Northern Transbaikalia (Russia).

It is also clear that anorthosites and especially An-rich anorthosites can be
perfect traps and keepers for PGMs, because there are not so many magmas that
able to re-melt them and release PGMs. Plagioclase of intermediate composition
Ango.e has melting points in the range of ~1700 - 1750 K. However, plagioclase
of intermediate composition has difference between liquidus and solidus tem-
peratures of ~200 K [154]. This means that none regular basaltic magma will be
capable to re-melting such a plagioclase. Even pure albite, having melting point
of 1391 K, can be remelted only by some, mostly dry, basaltic magmas. It is un-
realistic to suppose that any basaltic magma of typical composition would be
capable of melting anorthite which has melting point of 1830 K. Only komatiites
and some picrites could be able to melt anorthosites to release PGMs. At the
same time, elemental sulfur could get into anorthosites as fluid through porous
and fractures and react with metals forming sulfides, which would be also
trapped within anorthosites.

In a continuous borehole core (BV-1) drilled through the uppermost 2.8 km
of the intrusion in the northern lobe of the Bushveld complex, typical rocks
range upwards from troctolite, through gabbronorite and ferrogabbronorite to
ferrodiorite, with extreme examples of anorthosite, magnetitite and feldspathic
pyroxenite [188]. Most of the rocks contain at least 50% plagioclase, and pla-
gioclase contents average to 60% for all samples analyzed. Within the cross-sec-
tion of the borehole forty-five anorthosite layers, ranging from 1 to 23 m thick,
and twenty layers of magnetite have been identified. The mentioned authors find
no evidence supporting flotation or prolonged suspension of plagioclase. The
entire length of core discussed shows a change in upward plagioclase composi-
tion from Any; to Angg.

PGMs were found in the Duluth Complex as inclusions in plagioclase and sul-
fide halos within plagioclase [189], and the highest concentration of PGEs in
anorthositic series rocks found to date is 163 ppb Pt. Marma [190] also reported
about PGEs occurring in the poikilitic anorthite-rich plagioclase (An;s-Anos).
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In numerous cases PGE mineralization and ore deposits are found in gabbroic
and noritic rocks which are gabbroic cumulates (plagioclase rich rocks). Moreo-
ver, chromitite layers of up to 20 m thick are known to concentrate in the Anor-
thosite unit [191] and at the top of the Upper Leucogabbro unit of the Middle
Archean (~2.97 Ga) Fiskeneesset Complex, SW Greenland [192]. Anorthosite
bearing plutonic suite of Middle Archean (~3.1 Ga) containing chromitite bo-
dies and chromite deposits is known in the Nuggihalli greenstone belt, Dharwar
craton (India) [193]. These facts clearly point at trapping and concentration of
chromites within anorthosites as well.

The various properties of the PGE- and gold-PGE-bearing formations within
the conglomerate-quartzite formation of the Kursk Magnetic Anomaly of the
Voronezh Crystalline Massif (Russia) are presented in [16]. This points at the
possibility of trapping some PGE:s in the silica-rich layers.

An excellent example of the settling of PGMs and minerals of some transi-
tional elements within the komatiitic basalt lava lake in the Vetreny Belt (Baltic
Shield) is described in [194], where authors clearly illustrated the distribution of
Os, Ir, Ru, Cr and Ni with a depth. Data presented in Table 3 of [194] display an
evident pattern of enrichment in Cr, Ni, Os, Ir and Ru with a depth, clearly
supporting concentration through the settling of heavy materials within the ko-
matiitic magma. Certain elevated values of these elements somewhat close to
their average values throughout the entire topmost layer of the lava can be ex-
plained by a relatively quick cooling and consequent sharp increase in the vis-
cosity of the layer. However, the significant accumulation of these elements in
the two bottom layers, in particular Os, Ir and Ru, is easily explained by their
settling within the magma. In the same token, the enrichment observed for Cr
and Ni in the second layer from the bottom compared to the bottom layer can be
accounted by the relatively low density of these elements compared to PGEs,
which would result in settling slower and solidifying magma before most of
them could reach the bottom.

It should also be stated that very low concentrations of PGEs and PGMs in
typical terrestrial magmatic rocks (see Table 2) and achondrites (see Table 3)
clearly show that the typical mafic magmatic rocks are not able to trap PGEs and
PGMs which would settle through them very fast. This is also the reason why
typical mafic magmatic rocks cannot be either source or carrier of PGEs and
PGMs for formation of PGEs ore deposits.

Everyone aforementioned clearly point at strong relationships between the
anorthosites and other gabbroic cumulates (troctolites, gabbros, norites, etc.)
with PGE mineralization and PGE deposits. Since, anorthosites represent the
pristine continental crust, it is likely that they have been collected PGEs and
PGMs at the time of the magma-ocean before their solidification. It is likely that
they also were the initial containers of PGEs and PGMs which were found
themselves within anorthosites and stack within them after their the solidifica-
tion.

So-called gabbroic cumulates contain plagioclase of up to: 70% in troctolites,
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65% in norites, and 55% in olivine gabbro and gabbronorites [195]; 40% in
chromitites [34] [161]; 65% - 85% in leuconorites [196]; 80% in leucogabbrono-
rites or mottled anorthosites [197]; 70% - 80% in anorthositic gabbro [198], and
85% - 95% in anorthosites [199]. It is evident that all these rocks require pres-
ence of huge amounts of plagioclase which could be provided only by anortho-
sites. Anorthosites, norites and troctolites are also typical Moon rocks, contain-
ing extremely high volume of calcic plagioclase (~94% - 96% of anorthite): about
of 90%, 60% and 60%, respectively [198].

Interestingly, such rocks as norites, gabbros and anorthosites are known to
generate families of rock associations (e.g., gabbro-norites, gabbro-anorthosites,
norite-anorthosites, etc.), and troctolite which is known as olivine-rich and py-
roxene-depleted relative of gabbro [200]. Both gabbros and norites contain only
high-Ca plagioclases (labradorite-bytownite) and olivine, but gabbros contain
clinopyroxene and norites containing mostly orthopyroxene; and all three anor-
thosites, gabbros and norites hold chromite as an accessory mineral [201].

It should be stated that no troctolite corresponding in composition to a partial
melt of peridotite was found [200]. This means that formation of troctolite in
ALMI could take place only by interaction of the plagioclase-rich rock (e.g.,
anorthosite) with ultramafic melt.

The Archean Stillwater Complex contains two main anorthosite zones AN I
(~370 m thick) and AN II (~630 m thick) in the Middle-Banded Series, and five
additional anorthosite subzones forming 20-to 90-m-thick layers [199]. The ho-
rizon at the top of AN II, its upper 20 - 30 m [202] is the PGE-enriched Picket
Pin zone. However, the Olivine-Bearing zone I (OB I), composed of troctolite,
dunite, gabbronorite and anorthosite, is host of the principal platinum-group
element deposit of the Stillwater complex (Bushveld Complex) [175]. The Picket
Pin Zone is of lower grade than the Main Zone and the ore is notably enriched
in Pt and Pd relative to the other PGE’s. Czamanske and Bohlen [199] state that
it seems inconceivable that introduction of any new liquid could promote in situ
crystallization of 370- and 630-m thick layers of plagioclase cumulates that con-
tain 85 to 95 vol% plagioclase and vary insignificantly in composition. Boudreau
and McCallum [202] testify that the PGE-bearing anorthosites are enriched (rel-
ative to unmineralized anorthosites) in chalcophile and some incompatible trace
elements, and that the sulfide-bearing zones occur within pyroxene-poor anor-
thosites.

The Bushveld Complex (South Africa) has been investigated in detail by vari-
ous authors. At many localities in the Bushveld Complex, the sulfide mineraliza-
tion is largely hosted by mela-, meso-, and leucogabbronorites, as well as norites
and anorthosites [172]. The contact between the Main Zone and the underlying
Platreef at Sandsloot is often defined by a mottled anorthosite [172]. The North-
ern Lobe mineralization is consistently Pd-rich, rather than Pt-rich, and there
the Lower Zone is overlain by the Platreef and by the Grasvally norite-pyrox-
enite-anorthosite (GNPA) member [174]. In some places the transition between

the Upper Critical and Main Zones of the Bushveld Complex is within or above
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the distinctive Giant Mottled Anorthosite [203]. Eales et al [196] draw the
boundary between the Critical and Main Zones at the top of the Bastard Unit (at
the upper contact of the Giant Mottled Anorthosite). Well-defined cyclicity is
exhibited by a transition from pyroxenite, through melanorite, norite (35% -
65% plagioclase) and leuconorite (65% - 85% plagioclase) to anorthosite (=85%
plagioclase) in the Bastard and Merensky Units [196]. The authors [196] re-
ported presence of abrupt transitions such as chromitite-anorthosite-chromitite,
harzburgite-anorthosite-harzburgite, and leuconorite-anorthosite-leuconorite
for the Western Bushveld Complex. Mitchell and Manthree [203] demonstrate
that the uppermost unit of the Upper Critical Zone (an anorthosite with large
intercumulus pyroxene mottles, designated unit HW5 at the Impala Platinum
Mines), whilst petrographically part of the Giant Mottled Anorthosite, has some
chemical attributes that link it to the Main Zone, and they attribute the hybrid
geochemical signature of HW5 unit to partial melting of the anorthosite, due to
an influx of the Main Zone magma above it. The Merensky Reef contains the
Merensky mottled anorthosite of about 5 m thick, and the Bastard cyclic unit
contains the Giant mottled anorthosite c. 50 m thick [204]. PGEs were revealed
in anorthosites of the Merensky Reef at Impala Platinum (Bushveld Complex)
[161].

The Duluth Complex (Minnesota, USA) consists of an extensive cap of anor-
thositic rocks which are underlain and intruded by troctolitic rocks. Anorthosit-
ic series rocks are found as inclusions in the troctolitic series on a scale from
centimeter-sizes to mappable units [205]. All the rocks in the anorthositic series
are plagioclase cumulates and the anorthosite inclusions are presented in the oli-
vine diabases in the North Volcanic Group lavas. Plagioclase shows a gradual
decrease in An content upward in the section from An85 in the basal zone to
An40 in the upper layered unit. Weiblen and Morey [205] led to conclusion that
the anorthositic series is older than the troctolitic series, and possibly these two
series are not genetically related.

The fact of increasing anorthite-content (and density) in plagioclase with a
depth within the layered intrusions shows that it is cumulate plagioclase repre-
senting the primordial plagioclase layer of the magma-ocean, like the oldest Lu-
nar crust. Inversion of the density distribution of olivine (increase of Mg-content
and decrease of Fe-content downwards) in layered intrusions indicate that oli-
vine is not part of primordial cumulates and was delivered later by magma flows.
Increasing melting points of both plagioclase and olivine with a depth the high
melting point of olivine-containing magma indicate necessary to re-melt and in-
trude the plagioclase layer to form local magma chambers within it at different
levels. To intrude the plagioclase layer, magma must have a heat energy in excess
of that required to melt the plagioclase, providing the necessary latent heat of fu-
sion. Analysis of the difference between melting points of coexisting olivine and
plagioclase inclusions in the Bushveld layered intrusion shows the disparity to be
~200 - 400 K; and for carbonaceous chondrites it is ~250 - 400 K. This means

that to re-melt the plagioclase and intrude the plagioclase layer, magma must
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have a significantly higher melting point than plagioclase (1830 K for anorthite,
1391 K for albite) or to be highly overheated. In contrast, such difference be-
tween the melting points in the Lunar meteorite Sayh al Uhaymir 300 is only
~100 - 290 K, which explains preservation of the early anorthositic Lunar crust.
Magmas with greatest temperatures could intrude the plagioclase layer’s lower
parts, while moderate-temperature magmas could only intrude upper ones. Each
such intrusion has created a magma chamber and relative cyclic unit.

It is known that gabbroic cumulates were formed later during interaction of
anorthosites with melts. For example, troctolites were most likely formed during
interaction of komatiites or dunites (dunite-chromites) with anorthosites. The
enrichment of chromites with PGEs could have happened by simultaneous their
accomplishment above a solid barrier within the magma-ocean (e.g., the “forste-
rite layer”) or by underplating an anorthosite layer by dunite-chromite melt with
remelting of the anorthosite layer and PGEs accumulation within the anorthosite
layer (according to the Stokes law) into the dunite-chromite layer where PGE-
sare finally accumulated. Similar situation could take place with underplating of
anorthosite layer by komatiites or other ultramafic melt with formation of troc-
tolites enriched with PGEs from the anorthosite. Interaction of anorthosites with
different ultramafic magmas in different proportions would have formed gab-
broic cumulates which would inherit and in some cases would be enriched in
PGEs. Possibilities of such underplating are in line with the presence of ALMIs
(e.g., Bushveld Complex, Stillwater Complex, etc.) having ultramafic layer at the
bottom of each ALMI complex, as well as ultramafic layers could be presented at
other levels within the ALMI inside each cyclic unit. It is also in agreement with
the facts [206] [207] showing that temperature of melt forming dunite pipes
(Mooihoek, Onverwacht, Driekop and Twyfelaar) within the Bushveld complex
were in excess of 1786 - 2096 K. The Driekop and Mooihoek pipes are emplaced
in the Upper Critical zone, the Onverwacht and Twyfelaar pipes occur in the
Lower Critical and Lower zones, respectively. The core-zones at Mooihoek and
Onverwacht consist of hortonolite dunite and hortonolite wehrlite pegmatites
(hortonolite is a moderately iron-rich olivine; average composition is Foso_s that
points at melting temperature Tr, ~1786 - 1826 K). The core-zone at the Driekop
pipe differs somewhat in that it consists of discrete mineralized pods and veins
of iron-rich dunite and iron-rich wehrlite (average composition is Foy;_7, with
Tm ~1974 - 1981 K). Scoon and Mitchell [208] point at presence of two principal
assemblages in the Onverwacht pipe with olivine Fogs_so (T ~2028 - 2049 K) and
olivine Fogs-ss (T ~1786 - 1921 K). Here for estimations of Ty, of geological rock
by olivine phenocrysts composition, a method described in [78], was employed.
We must underline that for effective re-melting of rocks in layer (slab) and un-
derplating this layer, the temperature of magma must be in excess, because it
must provide a heat energy for warming rock to its melting point overcoming
heat of latent fusion and stay molten by itself. Extremely low viscosities of ul-
tramafic melts also support possibility of underplating of crustal layers by ultra-

mafic melts. Hall [117] described dunitic magma with unusually low viscosity
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from the Nordre Bumandsfjord pluton (approximately of Cambrian age) in
Norway caused partial melting of gabbroic xenoliths and modified by assimila-
tion of gabbroic and sedimentary material. It should be stated that chromite is a
widespread accessory mineral in komatiites [209], it is least abundant in highly
magnesian chrome-undersaturated lavas and most abundant in strongly diffe-
rentiated layered cumulate bodies; the natural range of Cr contents in oli-
vine-chromite cumulates should be from ~5 x 10° to 10* ppm and chromite is a
very widespread accessory mineral in almost all komatiitic rocks. It typically
makes up a few tenths of 1% of the rock by volume, but in some cases it may be
much more concentrated. The most extreme example of this is the Shurugwe
(formerly Selukwe) massive chromitite deposits of Zimbabwe [210] [211], where
chromitite seams up to 10 m thick are associated with highly altered, deformed
and metamorphosed 3.4 Ga serpentinites of probable komatiitic affinity.

In the Moon, where anorthosite layer was preserved and never was re-melted,
temperature of melt was not in excess compare to the melting point of Lunar
anorthosites. Analysis of data for Lunar meteorite Sayh al Uhaymir 300 com-
prising anorthositic clasts presented by Hudgins et a/ [212] and shows that its
matrix contains inclusions of plagioclase (Anosos; T~ 1804 - 1821) and olivine
(Foez-72; T~ 1907 - 1975 K), and mineral fragments of plagioclase (Anes_og; T~
1799 - 1812) and olivine (Fos,_73; T~ 1907 - 1982 K). This means that excess of
temperature in the range 103 - 170 K was not enough for re-melting these pla-
gioclase fragments.

Scarfe et al. [213] show that viscosity of anorthite is relatively low at tempera-
tures of its subsolidus temperature and it changes from 2.15 Pa s at 1898 K and
4.07 Pa-s at 1830 K in liquid state to ~25.2 Pa-s at 1673 K and ~37 Pa-s at 1648 K
in solid state, which are still in many orders lower than viscosity of albite. This
means that if the high temperature magma underplated anorthite layer contain-
ing PGEs in it and magma would be able only heat up the anorthite to high
temperature, but not melt it (e.g., in the case when magma temperature is not
high enough or volume of magma is relatively small) the viscosity of heated
anorthite could be low enough for fast settling within it PGEs and PGMs with
their deposition within or just above the ultramafic magma complex that under-
plated the anorthite layer.

Analysis of appearance of PGEs in different mineralization zones and ore de-
posits show that in numerous cases the PGE economic concentrations are re-
lated to their association with chromites/chromitites. In case of PGE associations
with chromites, sizes of combined grains were significantly larger than PGE
grains and they were sinking within the magma-ocean much faster and should
have sank to levels of the middle mantle and core during the time span of mag-
ma-ocean existence. However, their numerous presence in different PGE ore
deposits shows that not all grains of PGEs with chromite sank to the great depths
within the Earth. This fact could be explained by formation of “forsterite layer”
[66] [77] which prevent them from sinking to the deep levels.

Let us analyze from this point of view increase of PGE concentrations in ko-
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matiites from the Early Archean (>3.5 Ga) to Late Archean. It is well known that
melting temperature of komatiites increases with increase of MgO, MgO-content
of komatiites decreases with age youngling, melting point of komatiites is also
decreasing with age youngling and viscosity of melt increases with temperature
decline. Thus, it is clear that lower contents of older komatiites in PGEs than in
young komatiites could be explained by higher viscosity, longer time of cooling
during hotter early periods of Earth evolution and higher settling speed of heavy
species in higher viscous melt.

All this indicates that PGEs and PGMs during the early Earth evolution could
have been prevented from sinking toward a center of the Earth by formation of
solid layers (e.g., the “forsterite layer”, dunite-chromite layers, anorthite layer,
etc.) as well as collecting micro-grains of PGEs and PGMs within anorthosite or
other silica-rich layers.

All the above-mentioned demonstrates that the initial concentration of PGEs
and PGMs is related to their accumulation within the magma-ocean and they
being trapped in the forming solid layers of rocks and minerals at shallow depths
with high melting points and within highly viscous magmatic layers, mostly
represented by plagioclase melt and felsic magmas.

It is also important to take in consideration that processes of plate tectonics-
during the Hadean and Early Archean were not operational in the Earth, and
neither were operational processes of exhumation at the time of magma-ocean.
There was no water-ocean before ~3.42 - 3.26 Ga [77] [78] and it means that any
metal transport by aqueous fluids, the main transport tool in hydrothermal ore

deposits (e.g., [214]), was not possible.

5. Relationships of PGEs and PGMs Ore Deposits Formation
with Process of Serpentinization

Five largest known PGE deposits in the Earth are [215]: the Merensky and UG2
Chromitite Reefs of the Bushveld Complex (South Africa), the Main Sulfide
Zone of the Great Dyke (Zimbabwe, South Africa), the Johns-Manville (JM) Reef
of the Stillwater Complex (USA), and series of the Noril’sk-Talnakh deposits
(Northern Russia).

The first four largest PGE deposits are related to large anorthosite-bearing
layered mafic-ultramafic intrusions (ALMI). ALMI are rare, but host magmatic
ore deposits containing most of the world’s economic concentrations of PGEs.
“PGE reefs” are stratabound PGE-enriched lode mineralization in mafic to ul-
tramafic layered intrusions [38]. Contact-type Cu-Ni-PGE deposits is another
relatively common type of PGE deposits [38]. PGE-enriched sulfide mineraliza-
tion is also found near the contacts or margins (contact-type Cu-Ni-PGE depo-
sits) of ALMI [216]. The largest contact-type Cu-Ni-PGE deposit is also mined
in the Bushveld Complex [38].

The fifth largest and unique PGE-Cu-Ni Noril’sk and Talnakh deposits (Rus-
sia) are located in the northwest flank of the Triassic basalt trap formation of Si-

beria. They were formed on regional basement, which comprises Archean crys-
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talline complexes and Lower-Middle Proterozoic volcano-sedimentary rocks and
they were subjected to multiple tectono-magmatic transformations [217]. The
main tectonic peculiarity of the region is presence of several extended long-lived
Early Proterozoic rifting structures [217]. The authors [217] led to conclusion
that ore elements of these deposits (except iron) are derived from the Earth crust
rather than from the mantle.

Another usual type of PGE deposits is the Ural-Alaskan type: the lode sources
of the most significant economic PGE placer resources and reserves [218] [219].
The Ural-Alaskan type complexes consist of large intrusive bodies of dunite,
chromitite, wehrlite, clinopyroxenite, amphibole gabbro, and hornblendites. In
contrast, Alpine type (ophiolitic lherzolite type) mafic-ultramafic complexes are
known to contain only modest economic concentrations of PGE in placer depo-
sits [219].

Potentially economic deposits of Pt and Pd occur in a range of hydrothermal
deposits without obvious direct or even indirect association with magmatism
[220]. A number of PGE deposits are by-products or potential by-products from
the production of such metals as uranium, gold and base-metals (e.g., orogenic
gold deposits) [220].

One of the main patterns of magma-involved PGE deposits is presence of
high-temperature ultramafic magmatic rocks (mostly dunites) in all of them.
Even in Noril’sk and Talnakh PGE deposits (Russia) presence of significant
amounts of Mg-rich magmatic rocks was reported [217]. Presence of thick ul-
tramafic layers is one of the main characteristics of ALMIs. Moreover, rich PGEs
content in some dunite pipes (e.g., Mooihoek, Driekop, Onverwacht and Twyfe-
laar dunite pipes, Bushveld complex, South Africa) were discovered [206] [207]
[221]. One of the main properties of ultramafic and Mg-rich rocks is their ability
to be serpentinized with presence of water and temperature within the range of
about 473 - 729 K (and even up to 843 K) which unavoidably would be reached
during cooling of magmatic rocks and/or their later re-heating. It is in agree-
ment with presence of the Ural-Alaska and Alpine types of PGE deposits which
are always formed within the serpentinite and/or ophiolite belts in association
with the serpentinized ultramafic rocks. Many PGE deposits are associated with
chromites and/or chromitites which known to associate with dunites. Serpenti-
nites are known in almost all ALMIs: Bushveld Complex [172] [221], the Great
Dyke of Zimbabwe [222], Stillwater Complex (Montana, USA) [223]; Duluth
complex (USA) [224], Lac-Des-Iles Complex (Northwestern Ontario, Canada)
[225], Burakov intrusion (Fennoscandian Shield, Russia) [226], Mt. Gener-
al’skaya (Kola Peninsula, Fennoscandian Shield, Russia) [180], the Guli Clino-
pyroxenite Dunite Massif (Siberian Craton, Taimyr Province, Russia) [227], and
in other numerous PGE deposits relating to ALMIs.

It should be stated that formation of PGE deposits in association with conti-
nental rifts (e.g., Noril’sk and Talnakh PGE deposits of Russia) and some PGE
deposits not related to magmatic processes (e.g., PGEs associated with the oro-

genic gold deposits) are most likely also related to the serpentinization processes,
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because most continental rifts since Middle Proterozoic were formed with in-
volvement of riftogenic ophiolites [228] [229] and the most orogenic processes
have been also involved serpentinites and/or ophiolites. McKelson et al [227]
led to the conclusion that serpentinization, possibly driven by metasomatising
fluids, seems to be the important process in PGE concentration. Interestingly,
serpentine is one of principal minerals of carbonaceous chondrites [69], which
are usually used as the standard for PGEs content (in CI chondrites) for a com-
parison of PGE contents in the terrestrial rocks.

From this point of view, it is important to analyze the possible relationships of
PGE and PGM in ore deposits with the serpentinization process.

Since serpentinization process is known for its association with more powerful
tectonic processes (e.g., obduction, orogenic, thrusting, exhumation, etc.) and
generation of overhigh pressure [77] [159] [230] [231], it is obvious that tectonic
factors play important role both in transportation and formation of the PGE
deposits.

The processes of the PGEs enrichment can be related to the following
processes: initial collecting of PGEs within magma-ocean above solidified ultra-
mafic layer (forsterite, forsterite-dunite, dunite, dunite-chromite, etc.); initial
trapping of PGEs within highly viscous layers of magma-ocean (felsic and pla-
gioclase layers) with following their liberation, re-distribution and secondary
enrichment by means of magmatism (re-melting of PGEs containing rocks)
and/or alteration (by sulfur, water solutions, etc.). The formation of PGEs mine-
ralization and deposits has been carried out at some depths from which they
were tectonically delivered to shallow depths or earth’s surface. It is in agree-
ment with the fact of PGE abundances in the Samail Ophiolite (Oman) and the
proposition that PGE composition very similar to Lorand et al [83] estimates for
the Primitive Upper Mantle of the Earth. But sulfur and hydrothermal activity
are impossible within the upper mantle where forsterite, dunite and dunite +
chromite layers were formed during solidification of magma-ocean and where
most of PGEs were initially trapped and enriched. This means that first step of
the PGEs transport to area of their mineralization and/or PGE deposits forma-
tion always was tectonic one.

PGE mineralization and deposits are usually associated with anorthosites and
plagioclase-rich rocks. Therefore, it is important to mention that huge anortho-
site massifs and ALMIs were emplaced tectonically to their present positions.

Really, since PGEs are extremely dense they should have sunk to the core or
other great depths during the Earth accretion and evolution of magma-ocean.
The traps for PGEs were formed only by either late veneer (late bombardment/
infall) or formation of solid layers within the magma-ocean at some depths (e.g.,
“forsterite layer”). At the same time, most of typical magmas contains low
amounts of PGEs and such magmas as MORB and Alkali Basalt contain negligi-
ble amounts of PGEs (see Table 2) that makes it unrealistic or even impossible
to deliver PGEs to the surface from large depths. Moreover, PGEs content in the
primary mantle and bulk crust is also extremely low (see Table 2) and their sim-
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ple melting would not provide sufficient amounts of PGEs. This means that
PGEs were first concentrated somehow at different depths and then they were
delivered to the surface. The possible processes of delivery of such concentra-
tions to the surface are tectonic (e.g., obduction, thrusting, uplift, exhumation,
etc.). All these processes are known to associate with serpentinization process
[159] [230] [231]. This means that serpentinization process must have played a
crucial role in the PGEs delivery to the surface and the main transport of PGEs
to the final location of PGEs ore deposits was realized tectonically. It is in com-
plete agreement with the following facts: PGE ores are presented in ophiolites
and serpentinites, PGEs containing layered intrusions contain ultramafic layers
and serpentinites, Ural-Alaskan type complexes are presented in regions of ob-
vious obduction and formation of ophiolites and serpentinites.

The most important fact is that the ultramafic layer in layered intrusion con-
taining PGE deposits does not need to be serpentinized by itself, because it
would just destroy the complex. Serpentinization of layer below the layered intru-
sion would either destroy the intrusion or cause its vertical exhumation. The latest
is possible in the Ural-Alaskan type complexes around the world, which are fre-
quently associated with the PGE enriched placer deposits. Really, placer deposits
can best be formed in the case of complete destruction of PGEs containing lay-
ers/blocks with following interaction with water flows and other leaching agents.

One of the major characteristics of the PGE deposit formation is the fact of
their presence in very thin layers within huge complexes. For example: the Me-
rensky Reef, in Impala Platinum Mines (Bushveld Complex) is only 46 cm thick
and consists from bottom to top of leuconorite, anorthosite, chromitite and a
very coarse-grained melanorite [34]; the Bastard cyclic unit of the Bushveld
Complex contains thin basal chromite usually <5 mm thick [204]; chromitites in
the Critical Zone (Bushveld Complex) range from less than 1 cm to more than 2
m thick [173]; in the Bird River Sill (Manitoba, Canada) chromite layers are
concentrated within the upper part of the ultramafic series, they are typically <20
cm thick (maximum of ca. 1 m thick) and have planar, regular contacts with ad-
jacent dunite and peridotite layers [232]; marker chromitite is a prominent 48
cm thick layer of the Lower Critical Zone (Bushveld Complex) [233]; three mas-
sive chromitite layers, each with thicknesses between 28 and 35 cm were re-
ported for the western Bushveld Complex [234]; Mondal and Mathez [235]
called the massive 70 cm thick UG2 chromitite layer of the Bushveld Complex;
in borehole core (BV-1) drilled through the uppermost 2.8 km of the intrusion
in the northern lobe of the Bushveld complex forty-five anorthosite layers,
ranging from 1 to 23 m thick, have been identified [188]. All of these layers are
significantly horizontally extended. Zientek [38] states that within the layered
igneous intrusions the PGE mineralized intervals are thin, generally centimeters
to meters thick, relative to the stratigraphic thickness of layers in an intrusion
that varies from hundreds to thousands of meters, and reef-type mineralization
is laterally persistent along strike, extending for the length of the intrusion, typi-

cally tens to hundreds of kilometers. Such layers as well as ALMIs could not be
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formed near the surface. Moreover, all those thin layers have survived during
billions of years of tectonic perturbations and it is really enigmatic. It should also
be mentioned that each ALMI consists of cycling units which not only survived,
but also keep their position through billions of years. Presence of undisturbed
small bodies of chromite-containing reefs and thin PGE plates among layers of
layered intrusions signify the exhumation of layered intrusions within a single
block during obduction or serpentinization of underlying ultra-basic rocks (e.g.,
dunites, harzburgites). This means that oldest ALMIs (e.g., Stillwater Complex,
Montana and some PGE-rich complexes of the Canadian Shield) could be
among the first witnesses of plate tectonics.

Evidence of presence of giant obducted plates around the world is over-
whelming. Among the giant obducted plates are known: Oman Ophiolite (Ara-
bian Peninsula), Bay of Islands Ophiolite (Canada), and Plates in Caledonian
Orogens (Scandinavia). Obduction of giant plate on the Fennoscandian Shield
took place in Early Proterozoic [236]. Results of detailed analysis of repeated
obduction in the Appalachians [237] show that initial obduction of oceanic li-
thosphere within the present Appalachian region started with detachment and
thrust of the entire Greenville Province onto the Canadian Shield (see also
[238]). It should also be stated that repeating of obduction in the same region
could cause delivery of rocks of the deep-seated layers to the surface or to very
shallow depths through a few steps as plates or plate remnants [230]. Repeated
obduction pro- cesses are known in the regions of Alps, Appalachians, Urals,
California, Japan, Russian Far East, Norway, Mozambique, and many others
(e.g., [237]). Pilchin [187] presented results of research discussing in more detail
an involvement of forsterite and dunite layers of the oceanic lithosphere in ob-
duction during formation of the Appalachians.

It was shown earlier [1] that forsterite layer in continents is usually located at
depths of 70 - 120 km. Pilchin and Eppelbaum [77] proposed that dunite and
chromite were solidified next after forsterite within the magma-ocean and they
would form a layer right above the forsterite layer. Obviously, it is clear that
presence of forsterite xenoliths as well as dunites at and near the earth’s surface,
is possible only if they were delivered to the surface by some geodynamic (tec-
tonic) processes. To examine this supposition a special research was accom-
plished [187].

Since unserpentinized forsterite and dunite layers’ rocks are characterized by
velocities of 8.5 - 8.7+ km/s (e.g., [119] [187]), analysis of seismic data at depths
where such velocities were detected within the Appalachians and some other re-
gions was accomplished. Obtained results indicate that layers with velocities ob-
served in some regions are: 8.6 km/s dipping eastward from 50 to 60 km beneath
the southeastern Greenville province (northern NY state and eastern Ontario)
[239]; about 8.5 - 8.6 km/s at ~60 km depth beneath southern Quebec (Canada)
[240]; >8.4 km/s and >8.6 km/s were reported at depths of ~40 - 60 km beneath
the Flin Flon Domain and Western Interior Platform of the Trans-Hudson Oro-
gen (Canada) [241]; 8.7 - 8.8 km/s at 52 km depth beneath the Gaspe Peninsula
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(Canada) [242]; 8.5 km/s at 40 - 50 km depths beneath the Gaspe Peninsula
(Canada) [243]; 8.4 - 8.7 km/s in the upper part of the mantle beneath the Gulf
of St. Lawrence and beneath the northeastern Newfoundland [244]; 8.5 km/s at
~46.3 km depth beneath the Gulf of St. Lawrence (Northern America) [245];
~8.5 km/s at depth of ~55 km beneath Newfoundland Appalachian orogen
[246]; 8.5 km/s at depths 55 - 65 km below the Appalachians in the Canadian
Maritimes [247]; 8.5 km/s at a depth of about 13 km beneath the central ridge in
the Norwegian-Greenland Sea [248]; up to 7 km thick lower crustal body with
velocity of 8.5 km/s in Norwegian Caledonides [249]; 8.5 km/s under southeas-
tern More Basin (mid-Norwegian Margin) at depths of ~22 - 25 km [249]; 8.5
km/s at depths of ~33 - 43 km within the lowest crust across the main Caledo-
nian suture between Barentsia and Baltica (Barents Sea) [249]; block of lower
crust with 8.5 km/s at a depth of 14.5 - 18 km below the southern Vering Basin
(mid-Norwegian Margin) [249]; 8.8 km/s apparent velocity results at a depth of
31 km under Fairbanks (Alaska) and dipping southward under the Alaska Range
to ~48 km depth [242]; 8.6 km/s at depths of ~28.5 - 30.0 km beneath the South
Island (New Zealand) [250]; 8.6 - 8.7 km/s in the local upper mantle block be-
tween 45 and 60 km beneath the Aralsor rift (the Pre-Caspian Basin) [251]; 8.5 -
9.0 km/s a the depth of 43 - 48 km in the South Caspian Basin [252]; 8.7 km/s at
depths of ~41 - 43 km and 8.5 km/s at depths of ~40 - 42 km beneath the Mirnyi
kimberlite field (eastern Siberian craton) [242]. These data clearly show that po-
sition of forsterite layer in the Appalachians region and numerous other regions
could be at relatively shallow depths. In some regions of obvious repeated ob-
duction (e.g., Norwegian Caledonides) this layer may be presented within the
Earth crust that cannot be reworked by any processes other than obduction.
Presence of huge amounts of serpentinized and unserpentinized dunites can
prove that obduction process did take place in a studied region [187]. For exam-
ple, huge amounts of serpentinites in the Appalachians could be found almost
everywhere and huge amounts of dunites are known: massive chromite-bearing
dunite in the Nadeau Ophiolitic Mélange (Quebec Appalachians, Canada) [253];
in the Baltimore mafic complex (Maryland, USA) [254]; alternating layers of
dunite and chromite-rich dunite in the Quebec Appalachians [255]; serpenti-
nized dunites from the Webster-Addie ultramafic body (about 10 km long and 5
km wide) (North Carolina, USA) [256]; Blue Ridge dunites of North Carolina
[257]; dunites of the Bay of Islands Ophiolite (Canada) [258]; dunites of the
Sept-iles Anorthosite Complex (Quebec, Canada) [259]; dunites of the Thetford
Mines Ophiolite Complex (Canada) [260]; chromitites of the Middle Arm Brook
are enveloped by dunites (Advocate ophiolite complex, Baie Verte Peninsula,
Newfoundland, Canada) [137]. These data noticeably testify that huge amounts
of dunites were directly involved in obduction processes in the Appalachians re-
gion. Moreover, in most cases dunites in the Appalachian regions are present in
association with chromites and they are serpentinized. Close to the region, du-
nites are also known in Jamaica and Tobago [261], in the Moa-Baracoa massif

(eastern ophiolitic belt of Cuba) [262], and in some other regions.
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It is known that anorthosites are usually associated with ultramafic rocks.
Such a pattern was also observed in the Appalachian region: the Steel Mountain
anorthosite is located within the Long Rang Fault as a part of the Baie Verte-
Brompton line [263]; Roseland anorthosite within the Blue Ridge Province
[264]; Indian Head anorthosites in the western Newfoundland [265]; anortho-
sites in the northern Gulf of St. Lawrence [266]; anorthosites in the Arden Plu-
ton, Appalachian Piedmont (Delaware and adjacent Pennsylvania) [267]; the
Honey Brook anorthosite in Pennsylvania [268]; anorthosites of the CRUML
Belt and the central Appalachians [269]; the Montpelier Anorthosite within the
Blue Ridge Province [270]; the Montpelier Anorthosite in Virginia [271].

It was also shown [187] that dunites and associated with them chromites and
chromitites in the Appalachian region in many cases are relatively rich in PGEs.
All these facts led to the conclusion that forsterite and dunite (dunite + chro-
mite) layers were deeply involved to obduction processes in the Appalachians
region [187].

PGE enrichments are also known to be found in relation with the olivine-rich
rocks (dunites, peridotites) in numerous regions of ophiolite formations. These
formations are characterized by serpentinization of Mg-rich olivine, which links
the ophiolites with the forsterite layer, with dunites solidifying on top of it. As-
sociations of chromites with serpentinites are also known in the following areas:
chromitic serpentinites in Newfoundland, Canada and Baltimore Mafic Com-
plex, USA [187] [272]; chromite-serpentinite layers in the Newlands pit, Coobi-
na Intrusion, Pilbara Craton [273]; Kalung-Kalungan island of North Borneo
[274], etc. Moreover, chromitite is a part of the Thetford Mines ophiolite, Cana-
da [275].

For analysis of contents of PGEs in rocks associated with serpentinites, a
careful analysis of published data has been performed (Table 9 and Table 10).
In Table 9 only examples with maximal PGEs content of 3.2 ppm and higher
were presented and in Table 10 only examples above 0.5 ppm and less than 3.0
ppm are given. Cases with the RGE contents (single PGEs and total) in rocks as-
sociated with serpentinites of a few hundreds of ppb, which are about two orders
of magnitude of PGE contents in typical magmatic rocks, are numerous, but
they are too low for economic PGE deposits and much lower than the PGE con-
tents in chondrites.

Cina et al [283] reported four types of PGE mineralization in the Albanian
ophiolites with the PGE contents ranging from: 1) 160 - 350 ppb, 2) 580 - 2050
ppb, 3) 2195 - 8820 ppb, and 4) 1943 - 9730 ppb.

PGE deposits are usually associated with chromites and/or chromitites, which
in turn are associated with dunites (Mg-rich end member of the peridotite fami-
ly) having maximal effect during serpentinization process. This is an agreement
with the fact of presence of significant amounts of PGEs associated with chro-
mites/chromitites usually enveloped by dunites found in regions of obduction,
formation of ophiolites and serpentinites. Thus, it is obvious that high contents

of PGEs in chromites even in regions with absence of clear evidence of serpenti-

K2
035: Scientific Research Publishing

207



A. Pilchin, L. Eppelbaum

Table 9. High PGE contents in rock inclusions within ophiolites, serpentinites, perido-

tites and associated with serpentinites (including samples).

Area, region Rock ZPGE, Reference
ppm

Cliff, Shetland ophiolites chromite-rich dunite <60.0 [41]
Cliff, Shetland ophiolites chromite-poor dunite <6.4 [41]
Veria, Greece chromite <25.0 [276]
Pindos, Greece chromites <4.22 [35]
Eastern Desert, Egypt chromitites <32 [277]
Kytlym, Northern Urals chromitites <61.0 [40]
Korydallos, Pindos ophiolite - <6.864 [278]
Butirin, Northern Urals - 22.972 [279]
Nurali complex, Urals CHRI, CHRIT <11.61 [280]
Ouen Island, New Caledonia - 11.5 [281]
Al ‘Ays Ophiolite, Saudi Arabia - <255 [282]
Albanian ophiolites - <11.1 [283]
Legris Lake Complex, Canada (Pd+Pt only) <3.625 [179]
Lac Des Iles Mine, Canada (Pd only) <7.62 [284]
Jinchuan complex, China - <3.524 [285]
State Line District, Appalachians Chromite <5.0 [286]
Mayari-Baracoa Ophiolite Belt, Cuba Chromite <3.7 [287]
Misheguk Mountain, Alaska Chromite (Pt only) <4.2 [288]
Misheguk Mountain, Alaska Chromite (Pd only) <4.7 [288]
Bear Creek, Alaska (Pt only) <6.5 [288]
Danielson Creek, Alaska (Pt only) <10.0 [288]
Halibut Bay & Sturgeon River, Alaska Chromite (Pd only) <11.52 [288]
Halibut Bay & Sturgeon River, Alaska Chromite (Pt only) 5.453 [288]
Dust Mountain, Alaska Chromite (Pd only) 11.936 [288]
Dust Mountain, Alaska Chromite (Pt only) 8.918 [288]

nization and ophiolite activity could also be treated as related to those, because
blocks containing those chromites/chromitites could represent parts of greater
blocks which were partially serpentinized. The mechanism of such thrusting is
described in [159] [230] [231]. From this point of view, some PGE concentra-
tions associated with chromites from known PGE deposits are accomplished
(Table 11).

Table 12 shows comparison of the mean PGE concentrations in different
chondrite groups.

In Table 9 and Table 10, along with the mean PGEs concentrations in some
PGEs mineralization zones and deposits, sample concentrations are presented as
well (especially for Alaska). It was done to perform the real comparison of PGEs
contents in terrestrial deposits and samples with those in meteorites (e.g., chon-
drites). Since some meteorite groups (especially carbonaceous chondrites) are

characterized by small number of examined meteorites which is not enough for
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Table 10. Moderate and elevated PGE contents in rock inclusions within ophiolites, ser-
pentinites and peridotites (including samples).

Area, region Rock 2PGE, ppm  Reference
Skiros, Greece chromite 2.3 [35]
Milia, Pindos, Greece chromite <1.059 [286]
Rhodope Massif, Bulgaria chromitite <1.6 [287]
Mawat ophiolite, Iraq chromitites <1.094 [145]
Oman ophiolite chromitite <1.5 [274]
Kempirsai Massif, Urals chromitite <1.0 [138]
Kempirsai Massif, Urals chromite <1.0-2.0 [288]
Polar Urals sulfide-chromite 0.7 - 0.8 [289]
Polar Urals sulfide-bearing 1.0-1.5 [289]
Eastern Desert, Egypt dunite envelopes up to 0.738 [274]
Turkey ophiolites Cr-PGE <1.305 [290]
Eskisehir, Turkey chromitites <0.533 [291]
Loma Caribe, Dominican Republic chromitites 1.82-2.04 [292]
West Raglan, Cape Smith Belt, Canada - 2.54 [293]
Avalon terrane, Canada - <24 [294]
Thetford Mines ophiolite, Canada chromitite (Only Pt) <2.0 [295]
Advocate ophiolite, Newfoundland, Canada - <1.028 [137]
Bird River Sill, Canada chrome property <0.7 [231]
Dovirensky layered complex, Siberia (Pd only) <14 [296]
Blue Ridge Province, North Carolina chromite (Pt+Pd+Rh) <0.746 [297]
Avan Hills, Alaska (Pt + Pd) - <1.029 [285]
Rabbit Creek, Alaska (Pt + Pd) - <2.298 [285]
Quartz Creek, Alaska (Pt only) serpentinite <1.2 [285]
Emerick prospect, Alaska (Pt + Pd) serpentinite <1.966 [285]
Caribou Mountain, Alaska chromite (Pt only) <1.337 [285]
Salt Chuck Mine, Alaska (Pd only) - 1.96 [298]
Red Mountain, Alaska (Pt only) - 2.27 [298]

Table 11. High total PGEs contents in some chromites and/or chromitites related to ul-
tramafic rocks but not enclosed in serpentinite layers.

Area, region ZPGE, ppm Reference
Lower Chromitite, Platreef, Bushveld Complex <6.0 [166]
Upper Chromitite, Platreef, Bushveld Complex up to >11.0 [166]
Total UG2, Bushveld Complex 5.7 [42]
Chromites of India <18.0 [302]
Chromite-sulphide, Orissa, India (Pt + Pd) 11.18 [303]

conventional statistical analysis, they should also be treated as samples. This is
the reason why terrestrial samples with high, moderate and elevated PGEs
should also be taken in consideration for comparison with PGEs concentrations

in chondrites. Many cases of high PGEs contents related to sulfides in terrestrial

%%
0:{5: Scientific Research Publishing 209



A. Pilchin, L. Eppelbaum

rocks, even those which clearly associated with ultramafic rocks were not taken
here in consideration, because our goal here is to analyze PGEs contents only in
rocks directly associated to serpentinites/ophiolites. For comparison, average

PGE contents for some known economic PGE deposits are presented in Table 13.

Table 12. Mean PGEs Total for the different chondrite groups (calculated using data of
[47]).

Chondrite group PGEs Total, ppm
CI 3.348
CcO 4.481
CM 4.109
Ccv 5.074
CK 5.240
CR 4.145
CH 6.347
CB 9.605

2.205

R 2.161
H 5.303
L 3.589
LL 2.544
L/LL 3.071
EH 4.449
EL 4.127

Table 13. Average PGE contents in some known terrestrial economic PGE deposits.

Area, region ZPGE, ppm Reference
Noril’sk, Russia 10.03 [42]
Monchegorsk, Russia, (NKT orebody) 8.59 [42]
Sudbury, Ontario 1.173 [42]
Great Dyke, South Africa 5.418 [42]
Total Merensky reef, Bushveld complex 6.214 [42]
Total UG-2 reef, Bushveld complex 5.700 [42]
Total Platreef, Bushveld complex 4.121 [42]
Total Bushveld complex 5.670 [42]
Stillwater, USA 20.699 [42]
Duluth Complex, Minnesota Pt+Pd=~9 [190]

Comparison of data from Tables 9-12 indicates that in cases when PGEs con-
tents in terrestrial rocks of the same values or even greater (in some cases much
greater) than those in chondrites are not so rare. Even in some cases, PGE con-
tents listed in Table 10 show that some of those amounts are pretty close to
those of chondrites with low PGEs concentration. It is also clear that cases of

PGEs contents listed in Tables 11-13 in general higher and in some cases much
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higher than those in chondrites (see Table 12). This simply means that if all
economic deposits listed in Table 13 were entirely composed of CI chondrites
they would not have medium PGEs contents which now recognized in the depo-
sits.

Analysis of presence of chromite in carbonaceous and ordinary chondrites
shows that: the Ivuna (CI1) carbonaceous chondrite contain chromite and oli-
vine [304] and serpentine [305]; chromite and olivine and chromite-olivine pairs
are presented in type II chondrules in CM, CO, CV, CR, H, L, LL, and two un-
grouped chondrites [306]; the Mokoia CV matrix contains chromite and chro-
mites presented in partially characterized phases [307]; dissolution of samples
from two Ivuna phases left behind a tiny acid-resistant residue highly enriched
in Cr, most likely a chromite-spinel phase [308]; chromites were found in the
Murchison CM2 chondrite [309]; chromite was found in powdered meteoritic
material of carbonaceous chondrites [310]; in the Dhofar 225 CM chondrite oli-
vine aggregates and chondrule-like olivine objects are common and the chon-
drules consist of olivine with minor chromite and sulfides [311]; chromite is
presented in the carbonaceous chondrites but is considerably smaller than
chromite in the ordinary chondrites (~25 um compared to ~270 um) [312];
Ramdohr [313] has investigated chromite in the Jilin chondrite which shows
mostly coarse chromite (exsolution chromite), but with some grains too small to
be included in the study; in NWA 4428 (CM2) chondrite grains as small as 11
pm, 16 - 26 um were reported [312]; all chromite with a diameter larger than 10
pum in the Allende (CV3) chondrite is situated in porphyritic olivine chondrules,
and Chromite grains smaller than 10 pm (typically 1 - 3 um) are also occurred in
the porphyritic olivine chondrules [312]; the maximum diameter of chromite in
the L3 chondrites is 34 - 50 um, in the L4- 84 - 150 um, in the L5- 76 - 158 pm
and in the L6- 253 - 638 um [314]; olivine and chromite are presented in the Ta-
fassasset (CR?) chondrite [315]; the H chondrites contain ~0.22 wt% chromite
and the L chondrites contain about ~0.27 wt% chromite [314]; chromite is the
most common spinel group mineral in the ordinary chondrites [316]; chromite
is more common in type 4 - 6 ordinary chondrites than in type 3 ordinary chon-
drites [317].

These data clearly show that both chromite and olivine are presented in car-
bonaceous and ordinary chondrites and in carbonaceous chondrites chromite
grains have limited size of microinclusions pretty similar to that of chromites
and PGEs in the most of terrestrial deposits. Relatively huge size of some micro-
inclusions in ordinary chondrites are of the same range or even smaller than size
of grains of PGEs and chromites found in most of the Ural-Alaskan type maf-
ic-ultramafic complexes (e.g., 0.5 - 2.0 mm in Yukon; [171]). Even presence of
some extra carbonate in carbonaceous chondrites is not accidental, because for-
mation of carbonate platforms is known in association with serpentinite and
ophiolite belts [318].

There is some evidence of similarity of dunites from certain ophiolite belts

with carbonaceous chondrites. Huang et al [319] show that definite some cha-
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racteristics of chromites (e.g., '¥’Os/!**Os) from the Nagqu ophiolite (Tibet) sug-
gest that the mantle source for the dunite is similar to that of the carbonaceous
chondrites. Yang et al [320] reported analysis of magnesium isotopic composi-
tion (#Mg) of mantle peridotite xenoliths from Sanyitang and Beiyan (North
China craton) which are similar to §**Mg values of two additional dunite stan-
dards (DTS-1 and DTS-2) and two carbonaceous chondrites (Allende and Mur-
chison) analyzed in this study as well as 6°*Mg of all published chondrites. Biichl
et al. [321] presented results of research on evolution of Os isotope heterogenei-
ties (*¥Os/'*0s) in the mantle sequence of the Troodos ophiolite, Cyprus. The
sequence of the Troodos ophiolite was divided into eastern (Unit 1) and western
part (Unit 2) [322]. The results show that most of the '¥Qs/'¥Os ratios of Unit 1
lherzolites and harzburgites (with some dunites) are chondritic to subchondritic
and most harzburgites and dunites of Unit 2 have suprachondritic '*’Os/'*Os ra-
tios [321]. The spinel-lherzolites of Unit 1 have '¥’0Os/'*QOs ratios (0.1255 -
0.1276) similar to carbonaceous chondrites (0.127) and most of the harzburgites
and dunites of Unit 2 have carbonaceous chondritic to suprachondritic
187Qs/1880s ratios [321].

6. Conclusion

It is clear that there are too many similarities between the terrestrial rocks with
PGE mineralization and deposits formed in association with serpentinites
and/or ophiolites, and carbonaceous chondrites to merely be coincidental. All of
the discussed above facts about the terrestrial PGE mineralization and deposits
associated with serpentinites and/or ophiolites confirm that serpentine and oli-
vine are the principal minerals in carbonaceous chondrites. Therefore, we can
conclude that carbonaceous chondrites were formed from the ophiolite/serpen-
tinite massifs of their parent objects. It should also be stated that since serpenti-
nite and ophiolite massifs cannot represent all the different terrestrial rocks and
rock associations, carbonaceous chondrites (and especially extremely rare CI
chondrites) should not be used as a standard for the PGE contents in terrestrial
rocks. The reasons why the extremely dense and heavy PGE did not sink to great
depths at the time of the magma-ocean were discussed in detail. For example,
the “late veneer” hypothesis of PGEs enrichment has been comprehensively ex-
amined. A significant role of ancient meteoritic bombardment in the creation of
PGE deposits has been emphasized. Obviously, this last fact could assist in the
development of new enhanced strategies for combined geological-geophysical

prospecting for PGE deposits.
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