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ABSTRACT

In the current work we stand for the revival of the transvaporite ore genesis model, which was introduced
by Hungarian academician E. Szadeczky-Kardoss more than half a century ago, but has now fallen out of
favor and superseded by the orthomagmatic model. Our arguments in support of the transvaporite model
are based on the contemporary overpressure theory developed for Mesozoic-Cenozoic petroleum basins.
We propose a new variant of the transvaporization model whereby the formation of giant ore deposits
occurs in the areas where former petroleum-rich basins are intersected by Large Igneous Provinces
(LIPs). At such sites, structural-magmatic activity leads to hydrocarbon deposits being destroyed and
many new ore deposits being created beneath a new regional volcanic fluid seal built by rapidly accumu-
lating (up to 3-4 km in 1 Ma) lava flows. In such conditions, a zone of significant overpressure that is 1.4-
1.8 times higher than hydrostatic pressure develops. Subsequently, under the influence of compressive
mechanism of mass transfer, gas-saturated brines of sedimentary rocks migrate toward intruding melts,
and then mix with them. As a result, unusual rocks (transvaporites) are formed and giant ore deposits
created.

Here, we review six supergiant ore deposits of various types and ages with different associations of
metals and host rocks, including the Norilsk district in Russia (Cu-Ni-Co-Pt-Pd), El Teniente-Los
Bronces district in Chile (Cu-Mo), Almaden deposit in Spain (Hg), Ermakovskoe deposit in Russia (Be),
Pebble Copper deposit in southern Alaska (Cu-Mo-Au), and Olympic Dam deposit in southern
Australia (U-Cu-Au-REE), noting that all listed metals in each and every deposit do reach giant reserves.
In all these deposits transvaporization appears to play the key role in ore genesis given the: (1) short
duration of the main ore genesis stage (<0.2 Ma); (2) high original porosity and permeability of the sed-
imentary host rocks; (3) marked fluctuations in isotopic compositions indicative of mixing between man-
tle and crustal components; (4) non-stoichiometric relationships between oxides in “magmatic”
transvaporites as revealed by chemical analysis; (5) clear evidence of explosive activity during or imme-
diately after the final stage of ore genesis, as expressed by the presence of abundant breccias, pyroclastics,
and lapilli; (6) presence of unusual original rock types that include pseudo-breccias, pseudo-skarns, and
hybrid metasomatic rocks with rare mineral associations such as, for example, simultaneous crystalliza-
tion of biotite and anhydrite in the El Teniente and Pebble Copper deposits. Moreover, a compilation and
analysis of a database of 416 of the world’s largest ore deposits shows that transvaporization with the
aforementioned features is evident in 167 of these deposits (i.e., 40%). Furthermore, within 52 polymetal-
lic giant ore deposits in which two to five metals reach giant reserve levels, evidence of transvaporization
is present in 33 deposits (i.e., 63%).

A significant practical implication of the transvaporite model is that it should modify future strategies
for ore deposits exploration. Instead of pursuing just any deposit, exploration efforts should focus specif-
ically on giant ore deposits, concentrating search efforts at the sites where former petroleum basins have
been intersected by LIPs. Basin analysis of enriched oil and gas provinces is already being conducted in
detail by seismic transects, involving two-dimensional cross-sections and areal surveys, followed by
three-dimensional mapping of productive reservoirs. The same strategy should be applied to ore-
bearing regions, but at better precision and accuracy given the smaller velocity contrast in seismic wave
propagation in ore rocks compared with oil- and gas-bearing sedimentary rocks. Important advances in
the ore geology of LIPs such as geological mapping and gravity and magnetic surveys have already pro-
duced significant new data. These studies can be divided into two types, which first involve a general
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description of the LIP, and are then followed by an investigation of major intrusions likely to be directly
linked to ore genesis. A combination of these investigations into hydrocarbon basins and LIPs will lay the
foundation for transvaporite exploration, which will be the key criterion for the successful search for new

giant ore deposits.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction (terminology and goals)

The term transvaporization was introduced by the Hungarian
academic Szadeczky-Kardoss (1958, 1961) more than half a cen-
tury ago to describe the processes occurring when fluids of sedi-
mentary basins mix with silicate melts that ascend into these
basins. In the 1978 edition of the Russian Geological Dictionary
(Paffengoltz, 1978), the term was explained as “the process of vola-
tile components exchange in between two bodies, where the direction
and intensity of such process is determined by the gradient of partial
pressure decrease of these components”. However, this term is not
present in the latest edition of this dictionary or in the Explanatory
Dictionary of English Geological Terms (Judson and Richardson,
1995).

According to Szadeczky-Kardoss (1961), the necessary prereq-
uisite for silicate melts and sedimentary fluids to mix is that, dur-
ing certain stages of a sedimentary basin’s development, the fluid
pressure in the sedimentary rocks becomes higher than in the
magmas. Consequently, the fluids migrate by a compressive mecha-
nism, vaporize next to the melts, and are then absorbed by the
magma. However, this hypothesis was short-lived and was quickly
abandoned by the majority of geologists, given the apparent dom-
inance of magmatic temperatures and pressures compared with
those in sedimentary rocks. As such, the orthomagmatic model
became the preferred mechanism for (most) ore deposit formation,
and postulates that melt-fluid separation enriches the fluid in
volatile components and, therefore, only partial assimilation of
the host rock by the magma takes place (Barnes et al.,, 2010;
Eales and Costin, 2012). For example, Ni-rich sulfides with high
platinum group element (PGE) contents formed in the early stage
“...when interacting with the enclosing sedimentary Transvaal
rocks” (Hutchinson et al., 2015).

The main obstacle in distinguishing between orthomagmatic
and transvaporite models of ore genesis is the fact that direct mea-
surements of ore-bearing solutions’ pressures have only been per-
formed for hydrothermal mid-ocean ridge systems (Macdonald,
1982; Krasnov et al., 1992) and in continental volcanic regions
(Naboko, 1980; White et al., 1988). However, in both these envi-
ronments, mass transfer is dominantly convective (determined by
temperature differences) and not compressive. This phenomenon
characterizes the global ocean system, hydrothermal systems at
mid-ocean ridges, and oceanic basaltic magmas. Accordingly, the
compressive mechanism of mass transfer and subsequent transva-
porization are not possible in such settings. As such, we disagree
with the reasoning of Korzhinsky (1982) who rejected the transva-
porization hypothesis in principle, just because it does not take
place in the oceans.

Similarly, indirect pressure evaluations performed by homoge-
nization of gas-liquid inclusions in rocks and ores do not yield con-
clusive means for discriminating between convective and
compressive mass transfer. Given that homogenization of inclu-
sions can be caused by both increased temperature and pressure,
it is almost impossible to determine which of these factors drives
migration. Nevertheless, data from gas-liquid inclusions are cru-
cial for developing a rigorous understanding of ore genesis in any
deposit. Such data are particularly important for transvaporite-
generated deposits, given that solution chemistry, as well as the

chemical and isotopic compositions of gas and liquid phases,
derived from inclusion studies directly characterize ore genesis.
Such data are now commonly obtained in most ore studies, but
here we limit our analysis to data for transvaporites that have
recently been published.

For the purposes of this study, we chose to examine two groups
of deposits, which are the Late Cenozoic copper-molybdenum ores
of Chile and Peru (Maksaev et al., 2004; Frikken et al., 2005;
Maksaev et al., 2006; Astudillo et al., 2010; Barra et al., 2013;
Deckart et al., 2013, 2014; Riveros et al., 2014; Spencer et al.,
2015) and tungsten and tin ores of different ages from the eastern
part of southern China (Pasava et al., 2003; Peng and Frei, 2004;
Wau et al., 2006; Cheng et al., 2012; Hu et al.,, 2012; Wei et al,,
2012). We consider that the majority of the ore deposits in these
provinces were formed by the transvaporite model and, therefore,
we summarize the general features of inclusions in these deposits
and their isotopic compositions.

We focus on three specific types of data, which we consider to
be the most interesting: inputs of crustal and mantle materials;
mineralization of solutions and their ionic composition; and
radiometric ages. Numerous isotopic data are clearly paradoxical
and complex to interpret. On the one hand, mantle material is
always strongly evident, but, on the other hand, the authors of
almost every work refer to contamination (assimilation) of sedi-
mentary material by magmatic melts. In addition, the term “mix-
ing” is used in the majority of the aforementioned studies in a
variety of contexts. In our view, this represents evidence for
transvaporization, which is implied by the authors of these stud-
ies, although not explicitly. The same conclusions can be reached
from the mineralization data, with greater mineralization being
associated with an increasing role for sedimentary brines. The
geochronology data for these deposits determine the relative tim-
ing of these processes.

In many (but not all) of the reviewed deposits, crustal granitic
magmatism controls the mantle-crust interactions; this is particu-
larly true for the Chinese ore deposits. In these deposits, overprint-
ing by the granite intrusions requires meticulous study of all three
of the features of transvaporites in order to identify this process.
Crustal magmatism in Chile and Peru is also very intensive, but
in these regions magmatic rocks (stocks, dikes, and sills) do retain
some obvious features of transvaporites.

The confirmation that compression-driven mass transfer during
transvaporization takes place, however, can devised using concepts
from petroleum geology. In any oil well, measurements of forma-
tion pressure are not only performed at each test interval, but also
continuously with depth, using, for example, drilling data
(Lebedev, 1992). In petroleum basins, pressure is expressed in
megapascals (1 Atm = 0.1 MPa). However, for the analysis of the
mass transfer mechanism it is more convenient to use the dimen-
sionless coefficient of overpressure (C,) calculated by dividing the
formation pressure (Pf) by the hydrostatic pressure (Py) (i.e.,
C, = P¢/Py,). Through numerous studies, the ramified overpressure
theory has been established for global oil and gas basins (Hunt,
1991; Fertl et al.,, 1994; Magoon and Dow, 1994; Osborne and
Swarbrick, 1997; Lee and Williams, 2000; Aplonov and Lebedev,
2010). The main features of this theory relevant to our problem
are:
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1. The migration of fluids between two formations via the com-
pressive mechanism is driven by the difference of overpressure
coefficients, and not by the difference in absolute pressures.

2. Studies of overpressures and assessment of their coefficients
can be carried out predominantly for Mesozoic-Cenozoic oil
and gas basins where, even at the latest stages of their develop-
ment, continued regional subsidence generates a major gas
reservoir, which is the main factor in facilitating compressive
mass transfer.

3. The maximum overpressure coefficients are not characteristics
of the lowest part of the sedimentary cover or the basement
roof, but reach a maximum for the highest reservoirs of the
lower oil and gas complex, directly isolated by its regional fluid
seal. For example, Figs. 1 and 2 show that in the northern part of
the western Siberian Basin C, decreases from a maximal value
of 1.9 to ~1.3-1.4 down section, whereas the absolute pressure
rises with increasing depth.

4. Whether gas formation is sufficient to induce the movement of
liquids and gases by the compressive mechanism depends on
the value of C, reached in a particular part of the basin, which
in turn is dominantly controlled by the capping properties of
the regional fluid seal - this is the critically important
postulate!

5. Within a given petroleum basin, movement by the compressive
mechanism is limited to the region with maximum C,, and
results in fluids breaking through the lower regional fluid seal.
Figs. 1 and 2 depict how such movement occurred during for-
mation of giant gas deposits in Cenomanian sandstones of the
northern part of the western Siberian Basin (Lebedev, 1992).
From a maximum C, of ~2.0, hydrocarbons migrate upward
toward the hydrostatic pressure zone (Fig. 2), from where they
“rise and float up” (relatively to the “fixed” waters) through
voids into high-capacity reservoirs beneath the upper regional
fluid seal. Similar floating can also be observed within the
whole lower oil and gas complex, as at greater depths and con-
sequently higher temperatures gas generation sharply
increases, gradually leading to the formation of an overpres-
sured zone beneath the lower regional fluid seal.

6. Hydrocarbon gases or gas-saturated oils migrate rapidly
through this fluid seal via a network of fractures in weakened

areas, which are mostly wedge-like bodies with higher perme-
ability. Gas deposits with high condensate factors often accu-
mulate in the dead-end parts of such bodies, forming the
largest condensate deposits in the world. For example, Achimov
wedge-like bodies to the east and northeast of the giant Uren-
goy gas deposit (Fig. 1) contain almost one billion tonnes of con-
densate (reserves and resources) at C, = 1.4-1.7. These unique
accumulations are hosted within specific interstitial fracture-
pore reservoirs where the permeabilities of pores and fractures
are broadly comparable (Lebedev, 1992).

In a previous study (Aplonov and Lebedev, 2010), we demon-
strated that any ore-rich sedimentary basin younger than 2 Ga is
a former petroleum-rich basin, which was subjected to struc-
tural-magmatic activation. During such activation the regional
fluid seals are opened, and hydrocarbon migration is eventually
replaced by the migration of aqueous solutions, including ore-
bearing fluids. The migrating melts and solutions may follow the
hydrocarbon migration pathways and, as such, residual decom-
posed oil and gas material can play a role in ore genesis.

It is self-evident that the principles of compressive mass trans-
fer applicable to hydrocarbons are also relevant for the ore-forming
stage. However, disturbance of the regional fluid seal by faults and
zones of extensive fissuring during the igneous activation leads to a
general decline in formation pressures to the levels of hydrostatic
pressures within the whole basin. The compressive mechanism of
mass transfer (driven by the increase in C,) is then replaced by a
convective mass transfer regime (directed by temperature differ-
ences), primarily due to the massive injection of silicate melts
and the subsequent increase in the geothermal gradient (Lebedev
and Pinsky, 2000).

However, this change in the migration mechanism is not irre-
versible. Although the former oil and gas basin retains some of
its fluid seals, these are no longer regional in nature. More impor-
tantly, the role of a regional fluid seal shifts from the sedimentary
rocks (typically clay- or salt-bearing) to the volcanic rocks. Vol-
canic rock fluid seals can even be found in several petroleum basins
(Wu et al., 2006; Giambiagi et al., 2009; Lampe et al., 2012). How-
ever, in the activated ore-bearing basins, young volcanic-sedimen-
tary formations are quite common with large areal extents. Such
formations temporarily assume the role of regional fluid seals,
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Fig. 1. The distribution of overpressure coefficients (C, = red curves) relative to the properties of the Upper Jurassic to Lower Cretaceous shale regional fluid seal within the
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and their presence leads to the “revitalization” of the isolating
properties of underlying former petroleum fluid seals, which are
an important factor in the formation of stratiform ore bodies.

It is important to note that formation pressures are widely
thought to increase during the course of structural and igneous
activity. However, this assumption is incorrect. Given that the
compressive transfer mechanism is totally dependent on the prop-
erties of regional fluid seals, more intense structural and igneous
activity, in fact, lowers the barrier properties of fluid seals. Accord-
ingly, the influence of compression on migration is minimal until a
new, mostly volcanic, fluid seal is established.

All of the above-elaborated statements directly relate to the
transvaporization phenomenon. Indeed, in order to mix melts with
migrating fluids from sedimentary rocks, it is necessary for these
melts to inflow from the asthenospheric mantle or lower crust into
the upper sedimentary cover that has a large amount of water-
saturated pores. The possibility of such inflow is directly deter-
mined by the intensive draft-like migration guided by the convec-
tive mass transfer mechanism. However, without the compressive
mechanism, sedimentary fluids are unable to mix into the moving
melt until volcanic rocks accumulate on the surface and create a
new regional fluid seal. The volume of the gas phase is always in
excess, given that an extensive influx of melts significantly
increases the geothermal gradient, which facilitates gas generation
by carbonization of organic materials, or even hydrolysis of car-
bonate minerals (Lebedev, 1992). These rather simple considera-
tions allow us to state that the sequence of events described
above is not anomalous: if the former petroleum basin is exposed
to structural and magmatic activity, then all subsequent processes
including transvaporization are interdependent.

In general, the fundamentals of liquid and gas migration in pet-
roleum basins that have been formulated in accordance with direct
measurements of formation pressures and temperatures are the
foundation for our proposed theory of fluid migration in ore-
bearing basins. This analogy is applicable to many geological pro-
cesses. For example, ore stockworks are the equivalent of frac-
ture-pore oil and gas reservoirs, where the permeabilities of
pores and fractures are similar. The well-known petroleum geology
concept of more intensive fracturing being characteristic for mas-
sive rocks, as compared with ductile ones, is applicable to skarn
mineral systems, and explains why ore vein systems are often
associated with skarns. For a long time, we have argued that
important analogies exist between the transformation of oil reser-
voirs and wall-rock alterations in ore deposits, which may have
practical implications (Lebedev et al., 1976; Lebedev, 1992).

2. Giant ore deposits associated with transvaporization

In this section, we examine specific examples of giant ore
deposits. One of the main postulates of the ore genesis concept
we have proposed (Aplonov and Lebedev, 2010) is that the genesis
of ore giant deposits is mostly predetermined by global factors,
whereas formation of smaller deposits is influenced by individual
regional factors, in other words, by the stochastic local events.

We have compiled a database that incorporates ~500 of the
world’s largest ore deposits, including 416 ore deposits and 84
hydrocarbon deposits. We selected these deposits using major
monographs on ore giant deposits (Laznicka, 2006; Rundquist
et al., 2006), and used the http://earth.jscc.ru/super_deposits/
search.php?lang=en database to quantify their reserves.
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It is apparent from this database that sedimentary basins have a
role in ore geology. For example, major contemporary oil and gas
basins (western Siberia and Persian Gulf) have an earlier history
of more ancient oil and gas basins, which are now ore-bearing.
Moreover, in the Jurassic almost all of North America was an exten-
sive oil and gas basin, and in the Early Devonian eastern Siberia
had similar characteristics. We now also know that the ore-
bearing areas of the Yangtze Block were once large oil and gas
basins, and the present-day Sichuan Basin is an example of the
development of such a system (Aplonov and Lebedev, 2010).

Adopting such logic, we selected a number of oil and gas basins
(Vysotsky et al., 1995) to illustrate our ore genesis theory. From the
Cenozoic, we selected the basins of the South China Sea and its
neighboring seas (Hodgetts et al., 2001; Areshev, 2003; Gartrell
et al., 2006; Gong et al., 2013), and the Maracaibo (Escalona and
Mann, 2006; Mann et al.,, 2006) and Orinoco (Alayeto et al.,
1974) basins in Venezuela. From the Mesozoic-Cenozoic, we
selected the Persian Gulf (Alsharhan and Nairn, 1997), western
Siberian (Aplonov and Lebedev, 2010; Khafizov, 2012), North Sea
(McLeod et al., 2002), eastern Brazilian (Cobbold et al., 2001), Gulf
of Mexico (McDonnell et al., 2008; Pilcher et al., 2011), and west
African basins (Kolla et al., 2001).

2.1. Norilsk ore region (Russia)

The Norilsk region is a truly unique case of transvaporization-
driven ore genesis, and perhaps the best global example of mixing
of sedimentary brines with basaltic melts to form extremely rich
ores. Firstly, five metals reach giant reserve status in the Norilsk
region, which are nickel, copper, cobalt, platinum, and palladium.
Few other deposits worldwide are known to host such extensive
metal reserves of multiple elements. Secondly, in three layered
intrusions (Talnakh, Kharaelakh, and Norilsk I) the proportion of
ore volume to intrusion volume reaches unprecedented values of
~15% (Naldrett, 2004; Likhachev, 2006; Spiridonov, 2010). The
remaining ~40 intrusions either have no ore or the amount of
ore is several orders of magnitude lower than in the three main
intrusions. Finally, Norilsk appears to be the only ore region in
the world where it is possible to demonstrate from the 11 suites
of the Lower Triassic traps (Fig. 3) that the metals of the richest
ores were completely extracted from melts within a narrow strati-
graphic interval, which is the Nadezhdinskaya suite (Distler, 1994;
Li et al., 2003; Naldrett, 2004).

Naldrett (2004) calculated that the volume of lava that has
passed through the Talnakh deposit and was erupted onto the sur-
face exceeds the volume of the intrusion by a factor of 200. In our
opinion, this result is the most important evidence for transvapor-
ization, because there are no other sources for the vast mass of sul-
fur in the ore sulfides apart from the gas-saturated brines in the
sedimentary rocks. Assimilation of sulfates in the sedimentary
rocks was clearly not possible, because the temperature of the Nor-
ilsk melts was too low (<1100 °C) to melt such amounts of sulfate.

We propose that the main cause of the unique Norilsk sulfide
ores (Fig. 4) was the exceptionally high rate of lava accumulation
within the large area of the Putorana plateau in the earliest Trias-
sic. In less than 0.5 Ma, the erupted lava thickness exceeded 1 km,
and formed a regional fluid seal with very low permeability. Melts
that passed along faults in Paleozoic sedimentary sequences
caused intensive contact metamorphism and powerful vaporiza-
tion and gas generation in brown coals of the Tunguss suite (Mid-
dle Carboniferous to Upper Permian). H,0, H,S, CHy4, and CO, were
produced from the coals, and lower and middle Paleozoic carbon-
ate and evaporate rocks released H,0, CO,, and SOs.

The Norilsk region has been subjected to intensive study by
both Russian and international researchers (Genkin et al., 1981;
Czamanske et al., 1992, 1995; Lightfoot et al., 1994; Dodin, 2002;
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Fig. 3. Upper Permian to Lower Triassic volcanic sequences (trap formations) and
their role in ore generation, Norilsk district.

Li et al., 2003; Naldrett, 2004; Distler et al., 2006; Pinsky, 2012;
Ripley and Li, 2013). For example, more than ten isotopic systems
have been used to determine the relative input of mantle and crus-
tal materials to the igneous rocks (Petrov et al., 2011). Herein, we
focus solely on the results directly relevant to the role of transva-
porization in ore genesis.

The first important feature is the unusual composition and
structure of the Norilsk rocks and ores, which contain abundant
inclusions of sedimentary rocks and, in particular, gas-saturated
brines trapped in rock voids. Notably, these rocks contain abun-
dant alkalis and chlorine, and even chlorates (Pletnev et al,,
2001; Likhachev, 2006). The intrusions and their exocontact zones
contain several unique rocks termed “pseudo-breccias”, “pseudo-
skarnoides”, *“pseudo-tachylites”, ‘“hybrid-metasomatic rocks”,
and other unusual rocks. Another series of terms commonly used
to describe the types of Norilsk wall-rocks are “taxitic gabbro-do

” o« ” o« ” o«

lerites”, “talnakhites”, “anhydrite-pyroxene hornstones”, “micro-
cline metasomatites”, “vesuvian-prehnite-albite rocks”, and “anhy
drite-garnetiferous-serpentine rocks with magnetite”. Therefore,
many models of ore genesis in this region deviate from the ortho-
dox layered intrusion model (Aplonov, 2001; Pokrovskii et al.,
2005). The presence of these types of rocks in our view is the key
evidence of mixing between fluids from sedimentary rocks and
melts.

There are also many original features preserved in the ores,
which vary in structure from massive to densely interspersed to
disseminated. Some of the ore-forming fluids migrated into the
host terrigenous-carbonate rocks, forming ore bodies with typi-
cally stratiform characteristics. These properties are also evident
for the low sulfide ores, and typical of many of the world’s layered
intrusions (Distler, 1994). In the Norilsk district, these ores are dis-
tinguished by particularly high alkali and chlorine contents, as well
as uniquely high palladium reserves —one small Kharayelakh intru-
sion contains 75% of the global supplies of this metal.

Fig. 4 shows a model of the formation of ore-bearing intrusions
in the Norilsk district. This model is based on the compressive
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Fig. 4. Norilsk district, Talnakh, and Kharaelakh giant ore deposits (Cu-Ni-Co-Pt-Pd). The schematic cross-sections illustrate the directions of fluid migration during

transvaporization and sulfide ore generation.

mass transfer mechanism (Fig. 2). However, the complexity of Nor-
ilsk ore genesis requires three other mechanisms (convective, grav-
itational, and infiltrative) in addition to the main compressive
mechanism at different stages of ore generation and in different
parts of the ore-bearing intrusions. It is important to stress that
these mechanisms do not occur at the same time and place
(Lebedev and Pinsky, 2000). Accordingly, the schematic shows
how these four mechanisms occur separately, and in different sec-
tors of the Norilsk intrusions.

A regional profile (Fig. 5) shows the timing and direction of
hydrocarbons, melts, solutions, brines, and salt diapirs migration
during the Proterozoic and Phanerozoic history of the Siberian
Platform. In this schematic we aim to depict the main determi-
nants of oil and ore genesis in this region. Salt diapirism provided
an important control on the timing of hydrocarbon accumulation
and on the role of brines in the genesis of the Norilsk district ore
deposits. The profile passes through three igneous provinces,
including those erupted in the Early Triassic (traps), Late Devonian
to Early Carboniferous (diamond-bearing kimberlites), and Late
Ediacaran (ultramafic alkaline magmatism including carbonatites).

As a direct result of our unified concept of hydrocarbon and ore
accumulation (Aplonov and Lebedev, 2010), comes the notion that
in order to correctly interpret Norilsk ore genesis, it is necessary to
consider the entire history of the Siberian Platform, and account for

all deposits formed at different times. It is important to note that
the greatest basement depth of the platform (16 km) is reached
in the Norilsk-Khatanga region (Gubina and Berilko, 2012).

The first eastern Siberia oil and gas basins had already formed
by the end of the Paleoproterozoic, and this process continued into
the Mesoproterozoic-Neoproterozoic, Ediacaran, and Early Paleo-
zoic. Maximal oil and gas accumulation occurred in the Early Devo-
nian, resulting in the eastern Siberia province becoming the richest
hydrocarbon reserve in the world (Aplonov and Lebedev, 2010).
This extensive reserve was mainly determined by a vast Lower
Cambrian regional fluid seal of salt (1.5 million km?; Zabaluev,
1980). Subsequently, the oil- and gas-bearing capacity has been
falling constantly. However, even today there are significant
resources beneath the salt, although certainly much less than in
the Early Devonian.

There are no distinctive Lower Cambrian salt formations in the
Norilsk-Khatanga region, but salt diapirs have extensively pene-
trated the Leno-Tunguska province, thereby forming an Upper
Devonian salt-bearing regional fluid seal (Matukhin, 1991). Due
to this seal, the oil- and gas-bearing capacity was still relatively
high in the Late Paleozoic until the massive Early Triassic trap mag-
matism. The tectonic activity related to these traps led to a distur-
bance of all fluid seals by fault and fracture systems, and to the
dissolution of salts and infilling of reservoirs by brines throughout
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the section, including the friable coal-bearing sandstones of the
Tunguss suite (middle Carboniferous to upper Permian).

The contact metamorphism of the sedimentary rocks, particu-
larly thick coal beds, led to intensive volatilization (e.g., CO,, H,S,
and CH4) (Godlevsky et al., 1962; Dodin, 2002; Turovtzev, 2002).
The thick Lower Triassic lavas formed a volcanic fluid seal, and
caused C, to increase, according to our estimates, up to 1.4-1.8
(Fig. 2). The thickness of lava required to achieve this state was
reached by the time of the Nadezhdinskaya suite eruption, and
thus gas-saturated brines from sedimentary rocks penetrated and
mixed specifically with Nadezhdinskaya melts. This caused basalt
alteration and unprecedented levels of accumulation of metallic
sulfide phases and wall-rock alteration.

The transvaporization was a rapid process by geological stan-
dards (only Nadezhdinskaya time), mainly due to the high porosity
and permeability of the Tunguss sandstones. The sandstone prop-
erties facilitated fast and extensive migration of gas-saturated bri-
nes toward the ascending melt. Subsequent mixing of the brines
and melts and transvaporization produced explosive activity that
is evident from the many tuff layers in the Nadezhdinskaya suite.
Cracking of the fluid seal and reduction of the pressure to hydro-
static levels followed the explosion, and transvaporization was
terminated.

However, the formation of unequilibrated melt resulted in con-
tinued (beyond the transvaporization) process of ore genesis. At
these later stages, the gravitational mechanism in layered intru-
sions was likely a dominant process, and led to the formation of
low-sulfide platinum-palladium ores (Distler, 1994). An infiltra-
tive mechanism involving the mixing of surface waters with melts
also likely took place.

A further important ore genesis factor was the confinement of
ore-generating processes to the broad contact zone between a con-
trasting carbonate-evaporate formation (Upper Devonian to lower
Carboniferous) and a terrigenous coal-bearing formation (middle
Carboniferous to upper Permian). The first of these formations
likely supplied alkalis and chlorine, the second provided excessive
volumes of gas, and both formations provided the excess of sulfur
necessary for the precipitation of metals from the melts. According
to geological and isotopic data (Petrov et al., 2011), nickel and most
platinum are of mantle origin, whereas sulfur, copper, perhaps
cobalt, and most palladium are of crustal origin.

Importantly, Norilsk ore genesis was a shallow process (<3-
4 km), and occurred in rocks with a high porosity (i.e., sandstones
of the Tunguss suite). The isotopic data robustly confirm the dom-
inance of inputs of crustal material (Fig. 6), as well as the mantle
contributions. In detail, the lowest inputs of crustal material are
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observed in rocks and ores from the Norilsk I intrusion located in
the Triassic traps. More crustal inputs are found in ores from the
Talnakh intrusion due to the Tunguss suite sandstones, and the
highest crustal inputs are evident in ores of the Kharaelakh intru-
sion that is located in Upper Devonian evaporate and carbonate
rocks.

In general, ore-bearing intrusions of the Norilsk district are
characterized by low values of mantle helium (1%-22%;
3He/*He = 0.05-2.5 x 10%) and high values of crustal argon
(65%-100%; Prasolov et al., 2008). Moreover, intrusions hosting
giant deposits and high reserves contain extreme values of mantle
helium and crustal argon (1%-4% and 100%-85%, respectively),
whereas those with average reserves are 1%-4% and 87%-60%,
respectively, and those with small reserves and mineral occur-
rences are 5%-22% and 95%-66%, respectively (Fig. 7). Finally,
Aplonov (2001) used gas-liquid inclusions in Norilsk ores and host
rocks to constrain the abundance of crustal material as, for exam-
ple, shown by the considerable increase of K and Na concentrations
in pore solutions as compared with Ca and Mg.
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2.2. El Teniente—Los Bronces ore region (Chile)

This region contains the world’s richest copper (>150 Mt) and
molybdenum (~3.8 Mt) reserves (Cooke et al., 2005). The over-
whelming majority of its ores were formed 8-4 Ma, and the dura-
tion of individual ore deposits’ formation did not exceed 0.2 Ma
(Maksaev et al., 2004; Cannell et al., 2005; Frikken et al., 2005;
Stern et al., 2007; Deckart et al., 2013, 2014), which is similar to
the duration of sulfide ores formation in the Norilsk region.

During the Mesozoic and Cenozoic, many sedimentary platform
basins with extensive oil and gas accumulations were formed not

only in the El Teniente-Los Bronces region (Fig. 8), but also to
the north and south of this region. However, after the Cenozoic
structural deformation and magmatism, only limited relics of these
basins remain in the form of relatively petroleum-poor basins such
as those of Neuquen and Mendoza (Mitchum and Uliana, 1985;
Giambiagi et al., 2009). Interestingly, these relic basins contain
oil deposits not only in sedimentary, but also magmatic rocks,
including sill intrusions (Witte et al., 2012). This, on one hand,
serves as evidence of the former basins’ extensive reserves; while,
on the other hand, implies the likelihood of the volcanic sills being
significant additional fluid seals for the hydrocarbon deposits. It is
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important to note that in all basins, including those that are ore-
rich, Upper Jurassic carbonates and evaporites were later subjected
to transvaporization (Mitchum and Uliana, 1985; Ossandon et al.,
2001; Frikken et al., 2005; Stern et al., 2007; Vry et al., 2010;
Piquer et al., 2015).

Even in comparison with the Norilsk region, the ores and zones
of wall-rock alteration within the El Teniente-Los Bronces province
contain a vast range of unusual types of rocks and mineral associ-
ations (Klemm et al., 2007; Deckart et al., 2014). Particularly strik-
ing is the existence of five different types of ore-bearing breccias
with different cements (i.e., igneous, potassium feldspar, biotite,
anhydrite, and tourmaline). The documented association of simul-
taneously formed biotite and anhydrite (Vry et al., 2010) is highly
unusual, and even seems hardly possible for the old-school petro-
graphers; while the origin of such rare composite is attributed to
the lower crust or even mantle. The veins have been divided into
13 types based on mineral compositions, and are related to pre-
ore, ore-forming, and post-ore transformations (Davidson et al.,
2005; Stern et al., 2007; Deckart et al., 2014).

Fig. 8B shows the main varieties of rocks within the Los Bronces
deposit, which are synchronous or almost synchronous with ore
formation. The mineralization is most closely associated with brec-
cias (Warnaars et al., 1985; Skewes et al., 2002) where the compo-
sition of the cement usually changes in the following sequence:
tourmaline — biotite-anhydrite-sulfides — K-feldspar. Upon com-
pletion of ore genesis, some hydrothermal features are produced
resulting in the formation of quartz, sericite, pyrite, and occasion-
ally tourmaline and other minerals.

In our opinion, the formation of ores and syn-ore rocks can only
be comprehensively explained by transvaporization and the com-
pressive mass transfer mechanism. The regional fluid seal required
for this comprises volcanic rocks of the Farellones Formation or
their intrusive equivalents (i.e., sills or porphyries), and the final
stage of its development promotes ore genesis (Davidson et al.,
2005; Frikken et al., 2005). The abundance of gases responsible
for transvaporization and the formation of numerous breccias
resulted from intrusions and dikes, which increased the geother-
mal gradient, levels of contact metamorphism, and ultimately the
mineralogical diversity of veins and metasomatic associations.

With a strong variability in intrusions’ morphology (mainly
stocks and dikes, occasionally sills); chemical composition (mafic
rocks, tonalites, diorites, quartz diorites, and syenites); degree of
crystallinity; extension; and phenocryst size, it is characteristic
that almost none of these intrusions possess stoichiometric com-
position. Although ratios between alkali and alkaline earth metals
(Ca) vary, sulfur and chlorine contents and gas saturation are
abnormally high. As a result, in several published studies com-
monly used rock names are written in quotation marks such as
“microdiorite”, “dacite”, “porphyry”, and “feldspar porphyry”. A
feature of these rocks is the presence of up to 10%-20% of anhy-
drite, as well as considerable mixtures of biotite, magnetite, and/
or quartz. It is typical for these unusual “intrusive” rocks to contain
abundant gas-liquid inclusions where the liquid phase is hyper-
saline with up to 70% NaClequy (Klemm et al, 2007). Taken
together, the presence of unusual mineral associations, abundance
of breccias, high gas-saturation of rocks, and other features are all
indicative of intensive mixing between melts and large volumes of
liquids and gases from the host sedimentary rocks. Therefore, this
analysis of the El Teniente-Los Bronces region provides reliable
evidence of transvaporization.

2.3. Almaden ore region (Spain)
In comparison with the other ore giant deposits discussed here,

the Almaden region possesses outstanding contrasting features, as
it contains almost half of the world’s reserves of mercury

(250,000t) within an area of just 450 x 600 x 50 m (Saupe,
1990). We are convinced that such a phenomenon is generally con-
ceivable only due to the transvaporization, and only within the
platform quartz sandstones - the only type of sedimentary rocks
that at the depth of 2 km are able to conserve the uniform open
porosity of >30%, and a permeability of >0.01 m km? (Lebedev,
1992).

The Almaden syncline is located in the far south of the Central
Iberian zone, adjacent to the border with the Ossa Morena latitudi-
nal zone. It is one of the numerous Lower Paleozoic rift depressions
in this region (Fig. 9) (Pardo and Garcia-Alcalde, 1984; Dallmeyer
and Martinez Garcia, 1990). The syncline includes a full cross-
section of Ordovician and Silurian sediments with a thickness of
almost 4 km (Higueras et al., 2013). This section includes two black
shale formations of Lower Ordovician and Lower Silurian age, as
well as five main layers of quartz sandstones in alternation with
shales (Fig. 10). After 100 Ma of continuous subsidence, this sedi-
mentary section naturally converted into an oil-bearing unit. The
most productive interval is the third sandstone layer Craidero
(Lower Silurian), which is characterized by the largest thickness,
peak effective porosity during ore genesis, and a reliable clay fluid
seal. This unit can be further subdivided into four sandstone inter-
layers, which all have high effective porosity (Fig. 11).

Intensive eruption of basalts from asthenosphere began at the
end of the Silurian, and the opening of magmatically related faults
destroyed the existing fluid seal, removed the oil and gas, and
caused the filling of sand reservoirs with brines. However, these
high brine concentrations can be attributed to the fact that the
Early Silurian was characterized by high evaporation levels
throughout the European-American continent (Kozary et al.,
1968; Dellwig and Evans, 1969; lanshin and Zharcov, 1977). The
progressive accumulation of the Upper Silurian to Devonian sedi-
mentary-volcanic sequences dominated by lavas, as well as intru-
sion of numerous sills with thicknesses of up to 5 m, resulted in the
formation of a new regional fluid seal (Fig. 11). At the same time,
an extensive gas generation caused by contact metamorphism
increased the formation pressure to levels substantially exceeding
hydrostatic pressures (C, = 1.5-1.7).

The overpressuring facilitated mixing of melts and brines and,
consequently, the non-equilibrium precipitation of mercury from
both: mixed melts, and mostly Lower Ordovician black shales.
The presence of two mercury sources is supported by isotopic data
that demonstrate a wide range of ratios between mantle and crus-
tal values. Isotopic data for sulfur (always crustal), carbon, and
oxygen are particularly informative in identifying these sources
(Eichmann et al., 1977; Saupé and Arnold, 1992; Higueras et al.,
2013).

Previous studies advocating a dominant role for a mantle source
with an insignificant sedimentary influence (Hernandez et al.,
1999; Villaseca et al., 2011; Higueras et al., 2013) have invoked
the natural evolution of magmatism from basalts, to alkaline vari-
eties, and then to more evolved rocks (i.e., quartz diabases, trachy-
basalts, trachytes, and less commonly rhyolites). All three of these
evolutionary stages are distinctive, but in our opinion the forma-
tion of the alkaline varieties is interpreted incorrectly, as it is not
purely a magmatic process.

An important phenomenon in this regard is Fraileska: a number
of diatremes with highly variable clusters of magmatic and sedi-
mentary rocks, as well as lapilli tuffs. These are commonly called
basanites or nephelinites, but their actual chemical composition
is quite different to these rocks. The total amount of alkali oxides
is usually only 2 wt%, and the silica content is less than 40 wt%.
However, these rocks contain an average of 10 wt% of volatiles,
with CO, being 4-10 wt% (occasionally up to 20-30 wt%). CaO
and MgO contents (together) are ~23 wt%, and TiO, contents are
~3 wt% (Higueras et al., 2013). The surprising feature is the
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abundance of explosive breccia structures, as well as phenocrysts
of different compositions and sizes. Many previous studies (e.g.,
Saupe, 1990; Higueras et al., 2013) have noted the possibility of
fluid overpressuring during Fraileska formation.

As such, at the end of the Silurian and the beginning of the
Devonian, a gradual magmatic change was followed by a sudden
event, caused by the increased thickness of the regional fluid seal
(a sedimentary-volcanogenic formation). This event was charac-
terized by a significantly elevated (greater than hydrostatic) for-
mation pressure, mixing of melts with gas-saturated brines,
geologically instantaneous precipitation of cinnabar, and finally
explosive formation of numerous tuffs and breccias. The ore gene-
sis under such conditions was extremely fast and likely to have
taken place in <0.2 Ma, which is consistent with the age of the ores,
determined to be ~380 Ma (mid-Middle Devonian) (Hall et al.,
1997; Higueras et al., 2005).

Moreover, the transvaporization-driven mechanism of ore gen-
esis in the Almaden region is consistent with a specific feature,
which underlies the abundance of its ores. Specifically, the pres-
ence of gigantic volumes of effective pores and voids in the quartz
sandstones allowed large volumes of fluids to be mixed. This, in
our opinion, facilitated maximal accumulation of precipitating
mercury relative to its source in basaltic melts and mercury-rich
Lower Ordovician and lower Silurian black shales. In this respect,
the Almaden region is similar to the Norilsk region where the Tun-
guss suite sandstones have reservoir properties comparable to the
Craidero sandstones and, therefore, were able to facilitate almost
complete extraction of nickel, platinum, and other metals from
the basaltic melts of the Nadezhdinskaya suite (Li et al., 2003;
Naldrett, 2004).

During the formation of the Almaden deposit and for some time
thereafter, the remobilization of mercury led to the development of
numerous small deposits and ore occurrences, including veins and
stockworks. Such ores were typically accompanied by hydrother-
mal (usually 100 °C-300 °C) changes to wall-rocks (i.e., formation

of Ca-Mg-Fe carbonates, sericite, chlorite, quartz, prehnite, epi-
dote, and other minerals (Higueras et al., 2013). Significantly, after
the major ore genesis stage, Hercynian metamorphism (335 Ma)
resulted in the complete transformation of quartz sandstones into
quartzites. The entire history of the Almaden syncline develop-
ment has lasted approximately 150 Ma.

2.4. Ermakovskoe giant beryllium deposit (west Transbaikalia, Russia)

This beryllium deposit exhibits clear features of transvaporiza-
tion, but is located within more ancient (Mesoproterozoic) rocks
than the previously discussed deposits. The approximate strati-
graphic age of the carbonate and terrigenous Zoon-Moorin suite
host rocks varies from 1330 to 1020 Ma (Kupriyanova et al.,
2009; Lykhin et al, 2010; Kupriyanova and Shpanov, 2011).
According to our previous palinspastic reconstructions (Aplonov
and Lebedev, 2010), the peak of oil and gas accumulation in west-
ern Transbaikalia was at the end of the Proterozoic. Subsequently,
the sedimentary basins were subjected to numerous structural and
magmatic events, particularly in the Phanerozoic, when
amphibolite-facies metamorphism occurred.

In the Ermakovskoe deposit (Fig. 12) and throughout the sur-
rounding area, we can classify the magmatism into five main
stages: pre-ore minor granitoid dikes (330 Ma); massive gabbros
(320 Ma); contact and regional metamorphism (270 Ma); syn-ore
stocks and minor intrusions of variable composition (227-
224 Ma); post-ore intrusions (up to the end-Jurassic and later)
(Lykhin et al., 2010). The peak of ore genesis was at 224 Ma, and
took place in a relatively short interval.

The evolution of scientific concepts regarding Ermakovskoe ore
genesis is quite remarkable. In early studies of the magmatic rocks
and ores and, in particular, the “stock Syenite”, Ginzburg et al.
(1977) convincingly substantiated its metasomatic and not mag-
matic nature. Analogous to the southern Chilean ore deposits, we
consider it highly appropriate to use quotation marks when
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describing these rocks, such as “fine-grained aegirine granites”,
“phlogopite rocks with fluorite-melinophan-leicophan-eudidy
mite cement”, “vesuvian skarns”, “fluorite  syenites”,

“carbonatite-like rocks”, and other mineralogical and petrographic
varieties. Ginzburg et al. (1977) insisted that it would be scientifi-
cally incorrect to denote these rocks as syenites, given the marked
predominance of potassium feldspar (microcline) over albite.
Based on Ginzburg et al. (1977), we categorize the majority of
the Ermakovskoe syn-ore rocks, such as “syenite-porphyry”, “dior
ite-porphyry”, and “alkaline granites”, as metasomatic rocks of
transvaporitic origin (Fig. 12).

However, in the majority of publications within the last decade,
the quotation marks for these petrographic terms tend to be omit-
ted, and the unique rocks “magically transform” into the common
granitoids, diorites, and syenites. As such, the process of transva-
porization has been neglected. But experimental data on these
rocks has continued to be acquired and, in particular, studies char-
acterizing gas-liquid inclusions have identified a group of brine
inclusions that are likely related to evaporates within the Zoon-
Moorin suite remobilized during Triassic ore genesis.

Therefore, the unique phenakite-bertrandite ores of the Erma-
kovskoe deposit, which also include an unprecedented variety of
other beryllium-bearing minerals, were also formed during mixing
of sedimentary fluids with basaltic melts. Both the ores and the
wall-rock minerals, such as fluorite, apatite (up to 5%), zircon, bad-
deleyite, and thorite have the same origin as the non-conventional
silicates and aluminosilicates.

Although the presence of breccias (i.e., typical transvaporite
rocks) is less profound in the Ermakovskoe deposit than in the El
Teniente-Los Bronces region, in several ores such as the XVIII ore
zone, breccias with fragments of “aegirine granites”, “skarns”,
and “sluidites” have exerted a significant role in ore genesis.

Many previous studies (e.g., Lykhin et al., 2001, 2010) have
linked the formation of the Ermakovskoe deposit, as well as many
other beryllium deposits, with a Triassic intercontinental rift zone
(230-215 Ma) that extends for >1000 km and includes volcanic
rocks of the Sagan-Hunteyskaya suite that exceed 2 km in thick-
ness. By analogy with other global basins, we propose that it is
the main component of the regional fluid seal responsible for the
basin overpressure, consequent transvaporization by the compres-
sive mass transfer, and resultant ore genesis. The Triassic volcanic
sequences above the Ermakovskoe deposit are now generally
eroded away due to uplift, and only preserved in a depression to
its east (Fig. 12) beneath Cretaceous volcanic rocks. However, to
the north, Triassic volcanic rocks are widely exposed and charac-
terized by a significant thickness (Lunina, 2009).

=

0 100m
—
Quartz sandstones Source sedimentary Volcanic and = L porites:c——=——1 Lower quartz
E Criadero: red - rocks: black shales, ¥ 5 Y| sedimentary wg}pﬂ ;70: °32 Frailoska o sandstones \ Faults
high-grade ore, shales, rocks (low part of volcanic without ores ¥

pink - ordinary ore

regional fluid seal)

breccias-tuffs

Fig. 11. Cross-section of the Almaden giant ore deposit (Palero-Fernandez et al., 2015).
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2.5. Pebble Copper giant deposit (southern Alaska, USA)

This deposit contains the world’s fourth and second largest cop-
per and molybdenum reserves, respectively (Kelley et al., 2013),
and is similar to the El Teniente-Los Bronces deposit, as well as
numerous other Cenozoic ore deposits in subduction zones in the
USA, Chile, southern Peru, Mexico, and Canada (Cooke et al.,
2005; Kelley et al., 2013). However, there are some considerable
differences between these deposits. Firstly, in addition to copper
and molybdenum, the Pebble Copper deposit hosts supergiant gold
reserves (the third biggest globally after Witwatersrand and
Muruntau). Secondly, it is older than the Cenozoic giant ore depos-
its, as its ores are 90-89 Ma in age (Lang et al., 2013). Thirdly, the
Jurassic and Lower Cretaceous source sediments (Kahiltna
Formation) were deposited in a zone with cold climate (higher
paleo-latitudes), and thereby are represented almost exclusively

by terrigenous rocks that did not contain strong brines (Kalbas
et al., 2007; Goldfarb et al., 2013).

Here, a comparison with oil and gas basins suggests itself. In the
Persian Gulf basin, evaporates have large thicknesses in the Meso-
zoic carbonate sequences, and very strong brines are almost uni-
versally present. However, in the western Siberian basin the
Mesozoic section is purely terrigenous and, therefore, in zones
with compressive mass transfer the salinity of the formation
waters never exceeds 20-50 g/L (Lebedev, 1992). Accordingly, in
southern Alaska, in contrast to all the other deposits reviewed here,
the likelihood of brines participating in transvaporization is small.

This last point is of great importance, as the low salinity of the
reservoir waters reduces the contrast in composition with the
wall-rock minerals. Nevertheless, the thickness of the Mesozoic
sedimentary basin prior to the beginning of magmatism at the
end of the Early Cretaceous had likely reached 4-5 km (Goldfarb
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et al., 2013) and, therefore, this basin was oil- and gas-bearing,
even if only for a short period of time.

The Pebble Copper region is characterized by an atypical
sequence of magmatic events, involving alkaline (100-96 Ma)
and then subalkaline (96-89 Ma) magmatism. In our opinion, this
is due to transvaporization, which defined the unusual composi-
tion of ore-forming melts, and occurred in the low salinity condi-
tions of the Kahiltna Formation reservoir waters. During both
magmatic stages, magmas were not only erupted, but also formed
numerous intrusive bodies, including the main Kaskanak “bath-
olith” that produced significant contact metamorphism of the sed-
imentary rocks as evidenced by the abundant hornfels (Tosdal and
Richards, 2001; Trop and Ridgway, 2007). The effusive lava flows,
as well as three vast diorite sills with thickness of up to 300 m, cre-
ated an excellent regional fluid seal that ensured occurrence of
intensive transvaporization.

Despite the fact that transvaporization within the Pebble Cop-
per deposit is not highly evident, the same processes that were
detected in the El Teniente-Los Bronces deposit are also found in
here. For example, the intrusive rocks contain 10%-15% biotite,
10% magnetite, 5% K-feldspar, and occasionally some anhydrite.
Amongst other obvious features of transvaporization, are an abun-
dance of phenocrysts in the magmatic rocks, and frequent presence
of pegmatoid rocks and breccias. Moreover, some ‘“stocks” have
unusual compositions, and may contain megacrysts of potassium
feldspar up to 1.5 cm in size, as well as abundant phenocrysts of
plagioclase and hornblende. In other cases, some “stocks” contain
large amounts of magnetite, apatite, and zircon in the cements.
Importantly, the age of all these minerals coincides with ore gene-
sis time at 90-89 Ma (Plafker et al., 1994; Tosdal and Richards,
2001; Pavlis and Roeske, 2007; Trop and Ridgway, 2007; Lang
et al., 2013).

As such, we conclude that while the presence of strong brines is
extremely important for transvaporization, their absence does not
prevent the formation of giant ore deposits during transvaporiza-
tion. In the case of the Pebble Copper deposit, massive formation
of biotite, magnetite, and K-feldspar appears to be sufficient. More-
over, the total magnetite content in the ore-bearing wall-rocks is
notable for this deposit and, as a result, geomagnetic exploration
is widely used there (Anderson, 2005; Goldfarb et al., 2013).

The special character of the ore genesis, as well as the role of the
magmatic rocks, in the Pebble Copper deposit are shown in Fig. 13
and elaborated on in the legend to this figure, which we have
slightly modified to reflect our transvaporite model. Although the
absence of brines has a negative impact on the potential for ore
genesis, the high initial organic content, particularly in the Jurassic
sediments (Goldfarb et al., 2013; Lang et al., 2013), appears to com-
pensate for this.

Clearly, the most important requirement for the compressive
mass transfer mechanism is a robust regional fluid seal. In the Peb-
ble Copper deposit, the considerable thickness and extent of the
Upper Cretaceous volcanic rocks, along with the three sills, com-
bined to create a consistent fluid seal. It is also notable that
whereas post-ore volcanic sequences do not participate in ore gen-
esis, they do facilitate preservation of ores from erosion in the most
enriched eastern zone of this deposit. The cross-section in Fig. 13B
also demonstrates the significant role of the syn-ore pluton as a
potent provider of intense gas generation in the Jurassic sediments.

2.6. Olympic Dam deposit (South Australia, northeastern Gawler
Craton)

This deposit holds the world’s richest uranium reserves
(1.2 Mt), as well as giant reserves of copper, gold, and rare earth
elements (Hitzman et al., 1992; Skirrow et al., 2007; Wade et al.,
2012). Despite the status of this deposit as an absolute record-

holder in number of scientific publications, its ore genesis
remained enigmatic for a long time until publication of a special
issue of Economic Geology (Ne 3,v.102, 2007) devoted to the deposit
and the Gawler Craton. This issue summarized all previous studies,
and reported multiple new isotopic data clarifying not only the
ages of these rocks and ores, but also the metal sources. As a result,
greater clarity developed with regards to the ore deposit genesis,
which makes it possible to evaluate the applicability of the
transvaporite model of ore genesis to the Olympic Dam deposit.
This is important as no reliable evidence of transvaporization in
such ancient ores (1590 Ma) had been previously documented.

Perhaps the most significant observation is the substantiation
that certain rocks of the Wallaroo Group (1765-1740 Ma), such
as carbonate-evaporate rocks, black shales, and volcanic rocks,
played an active role in ore genesis providing sulfur, carbon, alkalis,
and some other components (Oreskes and Einaudi, 1992; Haynes
et al., 1995; Johnson and Cross, 1995; Bastrakov et al., 2007;
Skirrow et al., 2007). As we have previously demonstrated
(Aplonov and Lebedev, 2010), the extended sub-meridional zone
in central Australia (from the uranium deposits in the Northern
Territories to at least the giant Broken Hill zinc-lead-silver
deposit) was subjected to global sedimentary cyclicity during an
entire global cycle (ca. 1.8-1.6 Ga), which governed the genesis
of the numerous giant deposits. Amongst such deposits we have
mentioned the Olympic Dam, and considered that the narrow
stratigraphic interval of the Wallaroo group represents only a small
part of the bigger sequences involved in the formation of Olympic
Dam giant (Aplonov and Lebedev, 2010).

In general, most studies have emphasized the predominance of
crustal sources for all the metals within the deposit (Creaser and
Cooper, 1993; Budd and Skirrow, 2007; Davidson et al., 2007;
Fraser et al., 2007; Hand et al., 2007; Skirrow et al., 2007). How-
ever, importantly for our transvaporite model, the participation
of primitive, mantle-derived magmas in ore genesis is always
required, and has been confirmed by several isotopic studies
(Johnson and Cross, 1995; Davidson et al., 2007; Skirrow et al.,
2007). In addition, other petrological, mineralogical, and geochem-
ical data also indicate that crustal and mantle sources were
involved in ore genesis (Skirrow et al., 2007).

A complex and multifaceted role in ore genesis was performed
by iron-bearing minerals (magnetite and hematite), which
although not being profitable with respect to iron, certainly con-
tributed to the concentration of other metals, including mainly
copper and uranium. Several types of associations of iron-bearing
minerals with other different minerals exist (Williams and
Barton, 2005; Bastrakov et al., 2007). Although their relationship
to ore genesis is not always clear, the control of uranium ores by
hematite breccias, for example, is obvious.

It is important to note the clear presence of a volcanic fluid seal,
shown on the map of the Olympic Dam region (Fig. 14). The seal is
the Gawler Range volcanic formation comprising co-magmatic
sub-volcanic intrusive rocks with ages of <1600-1575Ma
(Skirrow et al., 2007). Similarly to the other discussed deposits,
the volcanic and intrusive rocks have often been partially or almost
completely eroded by later uplift events.

The intrusive rocks display varying degrees of transvaporization
and, therefore, as we argued earlier, their names should be used
with quotation marks. This specifically pertains to the complex Hil-

"« ” o«

taba suite, which consists of “granites”, “granodiorites”, “quartz
monzonites”, “quartz monzodiorites”, “granosyenites”, and other
similar lithologies that include felsites and mafic dikes.

Multiple other transvaporization features are observed within
the Olympic Dam ore deposit, such as high alkali contents, hyper-
saline brines in gas-liquid inclusions, and high biotite and mag-
netite contents in the wall-rocks. Moreover, many rocks exhibit

evidence of metasomatism, which was mostly potassic in nature
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Fig. 13. Geological map (A) and cross-section (B) of the giant Pebble Copper Mo-Au-Cu deposit (modified after Lang et al., 2013).

(Hitzman et al., 1992; Skirrow et al., 2007). Yet, perhaps the most
significant transvaporization feature is the abundance of hematite
and granite breccias, which have been noted from the onset of
exploration of this deposit. All these breccias apparently originated
from the “explosive effects” accompanying the compressive mech-
anism of mass transfer during ore genesis.

Finally, rocks from poor and barren mineralized zones have
average maximum €Nd values of +5, whereas for the giant Olympic
Dam deposit maximum eNd values are +3, which clearly indicates
a major contribution from mantle material (Fig. 15).

2.7. Summary overview of the giant ore deposits associated with
transvaporization

Table 1 compares six giant ore deposits according to their indi-
vidual features. We now provide an overview of these deposits,
focusing on the features specific to the transvaporite model of

ore genesis. This analysis is designed to improve our exploration
for new giant ore deposits.

Two main conclusions can be derived from the analysis in
Table 2, which relate to the distribution of giant deposits according
to the age of the sedimentary basins and location (i.e., continental
setting).

The main age peak of the analyzed ore giant deposits is 0.8-
0.5 Ga (45% of deposits). This is the age that Chinese geologists
refer to as the Sinian, and our analysis is likely to provide an addi-
tional appeal for its stratigraphic significance. In Aplonov and
Lebedev (2010), we presented paleo-profiles that reconstructed
the geological history of southeast China from the Early Devonian
to the Mesozoic - a time when massive, petroleum-rich basins
were transformed into ore-rich basins. These profiles highlight
the hydrocarbon history of the contemporary Sinian-Silurian oil
and gas system of the Sichuan Basin (Zou et al., 2015).

The second age peak of the analyzed ore giant deposits (25% of
deposits) accounts for the previously petroleum-rich Mesozoic-
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Cenozoic basins in the western part of North and South America,
which have been destroyed by the subduction associated with
the formation of Andes and Rocky Mountains Large Igneous Pro-
vinces. The age of magmatism decreases from north (90 Ma in
southern Alaska) to south (6-4 Ma in Chile), and the ores were gen-
erated at these times (Maksaev et al., 2004; Cooke et al., 2005; Lang
et al., 2013). Mesozoic oil and gas basins remain only in the depres-
sions of the Rocky Mountains, and in South America (i.e., mainly
Argentina).

The remaining transvaporite ore giant deposits are associated
with sedimentary basins that accumulated from 1.6-0.8 Ga
(Table 2). These basins contained petroleum deposits that are
0.5Ga in age and older. There are no transvaporization-related
ore giants in basins with ages of 0.50-0.25 Ga.

The oldest transvaporite ore giant deposit (1.59 Ga) is the Olym-
pic Dam deposit. The timing of its formation coincides with the
completion of a major turning point in the history of the Earth at
1.9-1.6 Ga (Salop, 1982; Aplonov and Lebedev, 2010). However,
this does not mean that oil and gas giant deposits were not gener-
ated prior to this time. For example, it is known that the natural fis-
sion reactors of Oklo were active at 1.87 Ga (Gauthier-Lafaye and
Weber, 1989), which was only possible within a degrading, older,
massive petroleum basin (Aplonov and Lebedev, 2010). Fuchs
et al. (2016) also showed that gold deposits in the Black River For-
mation at the base of the Transvaal Supergroup (above the richest
gold reefs in the Witwatersrand Supergroup) were formed within a
degrading petroleum basin.

The location of ore giant deposits on different continents is
almost certainly defined by the age of former large petroleum
basins. Transvaporite giants are very rare in Africa and Australia
where ancient basins are widespread. In Asia, where Sinian basins



Table 1

Features of giant ore deposits, originated via transvaporization.

Country, Region

Chile

USA, Southwest Alaska

Russia, West trans-baikalia

Russia, East Siberia

Spain

Australia, Gawler Craton

District

Deposits

Metals

Source sedimentary
rocks

Ore age
Composition, age of
regional fluid seal

Central Chile

El Teniente, Los Bronces
Cu-Mo

Jurassic-lower Cretaceous

terrigenous-carbonate-evaporate

8-4 Ma
Volcanic rocks, from acidic to
mafic, 12-4 Ma

Kahiltna basin

Pebble Copper
Cu-Mo-Au
Jurassic-lower Cretaceous
terrigenous rocks

90-89 Ma
Volcanic rocks, from acidic
to mafic, 95-88 Ma

Khudan range

Ermakovskoe

Be

Mesopro-terozoic
terrigenous-carbonate-
evaporate

224 Ma

Volcanic rocks, from acidic to
mafic, 230-215 Ma

Norilsk

Talnakh, Norilsk I, Kharaelakh
Cu-Ni-Co-Pt-Pd
Neoprotero-zoic-Paleozoic

terrigenous-carbonate-evaporate

250 Ma
Basalt, 251-250 Ma

Central Iberian zone
Almaden

Hg

Lower Ordovisian
terrigenous-carbonate-
evaporate

380 Ma

Basalt, alkali basalt, 420-
380 Ma

Olympic Dam district
Olympic Dam

U-Cu-Au-REE
Paleopro-terozoic
terrigenous-carbonate-
evaporate

1590 Ma

Volcanic rocks, from acidic to
mafic, 1620-1590 Ma

“Magmatic” Andesites, microdiorites rhyolites Diorites, granodiorites Alkali basites Alkali basalts Basanites, green sills Alkali granites, granosyenites
transvaporites
Breccias Cements: tourmaline, Cements: lapilli, tuffs Clastes: syenites, granites Cements: biotite, microcline, Clastes: granite, hematite
biotite, igneous magnetite
Metasomatic Skarnoids, chlorates Biotite-mag-netite-anhy-  Fraileska Skarnes, Microclini-zation Microclini-zation Microclini-zation
transvaporites drite rocks
Figures 3-7 8 9-11 11 12 13-14
Table 2
Temporal and spatial analysis of the distribution of giant ore deposits and their metal associations.
Age (Ga) Continents (or their parts) Number of giants
North South America Europe Africa Asia Australia
America . . L .
Middle Asia, Kazakhstan East Siberia, China
<0.25 25 Mo, Cu 14 Cu, Mo 2 Mo - - - - 41
0.5-0.25 - - - - - - - 0
0.8-0.5 11 Ag, W 12 Sn, Ag 6 Hg, Sn (U) - 12 W, Sb, Hg, Mo (Ag, U) 34 W, Mo, Sn, Sb, Hg (Ni, Pt, Pd, Co, Cu) - 75
1.2-0.8 5 Be, Ta, Li 2 Ta, Zr, Be(Sn) 1 Zr, Ta (Nb) 6 Ta, Li, Be 6 Ta, Zr, Li 12 Be, Ta, Zr - 32
1.6-1.2 3 TR, Nb, 4 Nb, TR, (Ti, U) - 4 Nb, TR (U) - 7 TR, Nb, Y - 18
Zr
1.8-1.6 - - - - - - 1U, Cu, Ay, TR 1
>1.8 - - - - - - - -
Total 44 32 9 10 18 53 1 167
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are widely developed (China, eastern Siberia, Kazakhstan, and cen-
tral Asia), tens of giant ore deposits have already been discovered,
and perspectives for a new ones are the greatest.

In conclusion, we note that the metal associations in transva-
porite ores are almost universally determined by the age of the
source sedimentary basins, rather than the age of the ores. This
result is interesting, because generally the age of the ores is close
to the age of the magmatism.

3. Transvaporite formation by interaction of Large Igneous
Provinces with older, large petroleum basins

Transvaporization is a unique process that results from the mix-
ing of two radically different fluids: (1) primitive, mantle-derived,
basaltic melts low in volatiles; (2) extremely gas-saturated brines
that migrate out of sedimentary rocks that have a high porosity
and permeability. Both types of fluids have almost infinite vol-
umes. In one case, deep faulting transfers basaltic magmas to the
upper part of the crust and the surface. In the second case, reser-
voirs with a high effective porosity accumulate large amounts of
brines prior to magmatism. Examples of such reservoirs occupying
vast areas have been already discussed, including the polymict
sandstones of the Tunguss suite in the Norilsk district and quartz
sandstones in the Almaden district.

Thus, if a former oil and gas basin, typically with an area in
excess of 1 million km? is intersected by a LIP (Coffin and
Eldholm, 1992; Ernst and Buchan, 2001; Anderson, 2005;
Wignall, 2005; Ernst, 2007; Davies et al., 2012; Heaman, 2014;
Shellnutt, 2014), then transvaporization takes place. The specifics
of this process in different regions are distinguished by many fea-
tures, but the mixing of two contrasting fluids - gas-saturated bri-
nes and basaltic melts - is the main condition required for ore
genesis in the transvaporite model.

This conclusion justifies the choice of giant ore deposits used for
our current study (Aplonov and Lebedev, 2010). The giant deposits
discussed show widely different metal associations (Table 1), but
are all characterized by transvaporization features. The other com-
mon characteristic of such deposits is that, in most cases, several
metals reach great reserves in each deposit: five in the Norilsk
region; four in the Olympic Dam deposit; three in the Pebble Cop-
per deposit; two in the El Teniente-Los Bronces region.

The variety of ore types is unique. The Norilsk region includes
copper—-nickel-cobalt along with PGE deposits in layered intru-
sions associated with the traps. The El Teniente-Los Bronces and
Pebble Copper regions are copper-molybdenum-(gold) porphyry
deposits located in a large Cenozoic belt of subduction magmatism.
The Ermakovskoe beryllium deposit is linked to a Mesoproterozoic
platform sedimentary basin, which was activated by Mesozoic rift-
ing and alkaline magmatism. The Almaden mercury deposit was
formed in a vast Lower Paleozoic platform sedimentary basin as
a result of intense Upper Silurian to Devonian magmatism. Finally,
the Paleoproterozoic sedimentary basin of the Gawler Craton (loca-
tion of the Olympic Dam giant deposit) was affected by different
magmatic events and, although mostly silicic in nature, included
intrusion of mantle-derived basalt during the key stage of ore
genesis.

Deposits with such diverse and very different metal associa-
tions are rarely considered and compared with each other. How-
ever, they possess an important common feature - a clearly
pronounced transvaporization, which determines the uniqueness
of each deposit’s composition and structure, due to the mixing of
two very different fluid systems. Magmas that move by convective
mass transfer mix with brines from sedimentary rocks that move
by the compressive mechanism. The compression can be explained
by the formation of a reliable volcanic fluid seal, and by extremely

intense vaporization as a result of a range of interrelated factors,
such as an increase in the regional geothermal gradient and contact
metamorphism. Both of these factors are created by the intrusion
of melts in the LIPs.

We specifically emphasize the importance of the regional fluid
seals in this process. After structural and magmatic activity, con-
ventional fluid seals in the former petroleum basins tend to lose
their sealing properties. The clay sequences become fluid perme-
able as a result of their disruption by fault and fracture zones;
and the salt-bearing sequences lose their sealing ability due to dia-
pirism, and salt dispersion and dissolution (Hudec and Jackson,
2006; Pilcher and Blumstein, 2007). Therefore, the eruption of
lavas onto the surface is important, as they form short-lived but
very effective regional fluid seals, under which ore giant deposits
can be formed.

In all of the ore giant deposits discussed, we can define with cer-
tainty the ages of the igneous provinces, as well as those of the for-
mer oil and gas basins activated by these LIPs. The igneous rocks of
the Norilsk ore district are part of the eastern Siberian trap pro-
vince (Dodin, 2002; Ryabov et al., 2005). It includes, for example,
the Angaro-Ilimsk iron ore diatremes (Von-der-Flaass, 1997), giant
Gulin intrusion (Kogarko et al., 1994; Malich and Kostoyanov,
1999), and a series of sills in Neoproterozoic-Ediacaran-Lower
Cambrian pre-salt sediments, which during the Lower Devonian
were enriched with oil and gas throughout the Lena-Tunguss basin
(>1.5 million km?). Part of this unique former hydrocarbon deposit
is still preserved today (Zabaluev, 1980).

The El Teniente-Los Bronces region in Chile, as well as the Peb-
ble Copper region in southwestern Alaska, are small fragments of
Cenozoic volcanic belts that extend along the west coasts of North
and South America, and include several dozen ore giant deposits
(copper-molybdenum, and also tin, silver, gold, and tungsten). This
volcanic belt traverses more than a dozen of massive, formerly oil-
and gas-rich basins of different ages (Aplonov and Lebedev, 2010),
which are now only evident as Athabaska bitumens (Canada) and
Orinoco Basin (Venezuela).

The western Transbaikalian igneous province, in addition toEr-
makovskoe and other beryllium deposits, includes gold, uranium,
niobium, and zinc deposits. Some of these are giant deposits
(Mironov and Plusnin, 2002). In this province, lower Paleozoic-
Mesozoic rift magmatism mainly controlled ore genesis in former
Mesoproterozoic sedimentary basins containing petroleum.

The Almaden mercury deposit is contained within one of sev-
eral Lower Paleozoic oil- and gas-bearing rift depressions, which
were intruded by Lower Silurian to Devonian basaltic magmatism.
The large reserves of mercury are not accompanied by significant
accumulations of other metals, and the transvaporites of Fraileska
represent one of the most original examples of an explosive event
immediately after ore formation.

Finally, the Mesoproterozoic LIP of the Gawler Craton (Agangi
et al., 2012) intersected an Upper Paleoproterozoic former oil and
gas basin (Wallaroo Group) and generated the unique polymetallic,
Olympic Dam giant deposit. It is the oldest giant ore deposit
exhibiting obvious features of transvaporization.

We now attempt to summarize all the geological events from
the subsidence of the sedimentary basins through to the formation
of the giant ore deposits (Fig. 16). During the formation of each
supercontinent, the diastrophism phase is characterized by a peak
in isotopic ages, and is then followed by continental rifting. In gen-
eral, at the same time spreading occurred in large marginal basins
and formed oceanic crust. However, intense destruction of new
and large orogens produces large amounts of sedimentation, which
reduces the thermal flux and causes spreading to cease. Horizontal
movements generate vertical tectonism, and sedimentation is sub-
jected to global cycling. The sedimentary basins then develop and
reach 6-7 km or more in thickness. As a result of basin formation,
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Intersection of oil and gas basin by Large Igneous Province
Transvaporization in junctions of intersection

Fig. 16. The succession of geological events from rifting and subsidence of a sedimentary basin to the generation of giant ore deposits by the transvaporite model.

oil and gas accumulate. Subsequently, the sedimentary basin can
undergo tectonic activation with the intrusion of mantle-derived
melts, and mixing of basaltic melts with gas-saturated brines gen-
erates transvaporites and giant ore deposits.

It is useful to compare our model with the results obtained dur-
ing the characterization of individual ore deposits in LIPs. The
number of such studies is rapidly increasing and, amongst these,
we note the review by Pirajno and Hoatson (2012), which links
numerous, mostly giant ore deposits to specific igneous provinces.
However, this and other studies (e.g., Davies and Heaman, 2014;
Shellnutt, 2014) lack any data on the sedimentary basins, con-
tained within reviewed LIPs. Therefore, such studies, unfortu-
nately, fell short of comprehensive understanding of ore genesis
mechanisms; and, consequently, are incapable of suggesting an
algorithm to search for new giant ore deposits.

4. General features of transvaporites

We now summarize the features typical for any giant ore
deposit that formed as a result of transvaporization:

(1) All deposits are characterized by giant reserves, high metal
concentrations in ores, and unusual associations of metals.
The original character of metal associations can be mani-
fested in different ways, and even marked by the opposing
tendencies. For example, in the Norilsk region, five metals
reach giant reserve status, whereas in the Almaden region
only mercury reaches giant reserve status, although this
one deposit contains almost half of the world’s mercury
reserves.
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(2) The main cause of transvaporization is the superposition of a
LIP onto former oil- and gas-rich sedimentary basins.

(3) Transvaporization occurs under conditions of overpressure
in sedimentary sequences when the layer pressure/hydro-
static pressure (an analogy with Mesozoic-Cenozoic oil
and gas basins) or C, is in the range of 1.4-1.8.

(4) A necessary condition for transvaporization-driven ore gen-
esis is the successive presence of two different types of
regional fluid seals. Firstly, an argillaceous or salt seal in
the former oil and gas basin and, secondly, a volcanic seal
developed during magmatic activity and accumulation of
basaltic lava flows.

(5) The main ore genesis stage takes place over a short period of
time, which is usually less than 0.2 Ma.

(6) The ores are formed in sedimentary rocks, typically sand-
stones or carbonates, which are characterized by high initial
porosity and permeability.

(7) The melts, mainly basalts that intrude into the sedimentary
basins and are exposed to transvaporization, develop non-
stoichiometric compositions, typically with higher concen-
trations of alkalis, calcium, and volatiles.

(8) Transvaporization is normally accompanied by explosive
activity, which occurs near the end (or immediately after
the end) of the main stage of ore genesis, as evidenced by
tuffs and breccias.

(9) The rocks formed during transvaporization display marked
oscillations in isotopic compositions, most likely due to mix-
ing of mantle and crustal components.

(10) Transvaporization processes typically generate numerous
unusual types of rocks, whose names are often used (or
should be used) within quotation marks such as, for exam-
ple, “pseudo-breccias”, “pseudo-skarnoids”, and ‘“hybrid-
metasomatic rocks”. These processes also produce unusual
mineral associations, such as coexisting biotite and anhy-
drite. In general, wall-rock alteration is also variable and
forms unusual lithologies.

From this list of observations, we define the term transvaporite
as “Transvaporites are rocks formed as the result of mixing
between gas-saturated brines from sedimentary rocks and subsur-
face (mantle or lower crustal) melts that intrude into these sedi-
mentary rocks”. Given that the rocks that result from this process
are assigned complicated names, we suggest that this group of
rocks with very different compositions and linked by a single pro-
cess — transvaporization, be termed transvaporites.

The simplest way to compare transvaporites with standard
rocks is by chemical analysis. Daly (1933) laid a solid foundation
for all former and current geochemical rock classifications. Using
different triangular diagrams, we compared the composition of
transvaporites from giant ore deposits reviewed here with the
chemical analyses of Daly (1933) (Fig. 17). All of the diagrams high-
light the major differences between transvaporites and Daly's anal-
yses that are consistent with the different origins of transvaporites.

As such, we attempted to identify those ore deposits in which
transvaporization played a clear role in ore genesis. In general, if
a LIP intersects a former large oil and gas basin of any age and giant
ore deposits are present, then we can state that transvaporization
took place.

For example, within the Andes and Rocky Mountains we have
only considered the giant ore deposits of the El Teniente-Los Bron-
ces region and Pebble Copper. However, it is clear that transvapor-
ization is also responsible for the genesis of >30 copper-
molybdenum giant deposits in Chile, Peru, Mexico, USA, and
Canada. A similar inference can be made for the tin-silver giant
deposits of Bolivia and Peru (Cerro Rico de Potosi and San Rafael),
silver deposits of Mexico (Guanajuato and Pachuca), molybdenum

and tungsten deposits of Canada (Quartz Hill and Maktung), and
other deposits in the USA (Brobst and Pratt, 1973; Randall et al.,
1994; Bartos, 2000; Dictrich et al., 2000; Emsbo et al., 2003;
Heitt et al., 2003; Wilkinson and Kesler, 2009). It is also likely that
the formation of stratiform gold ores of Carlin type (Emsbo et al.,
2003; Heitt et al., 2003) was accompanied by intense transvapor-
ization that affected the concentration of gold in Paleozoic
sequences.

The Ermakovskoe beryllium deposit has many distant and close
analogues amongst rare metal deposits. These include actual beryl-
lium deposits (Keketuohai in China and Spur Mountain in USA),
and also tantalum-zirconium (Ghurayyah in Saudi Arabia and
Berthze in Mongolia) and lithium deposits (Kings Mountain in
USA). Transvaporization does not require that these deposits con-
tain pegmatites, although “pegmatoids” can be often found along
with transvaporites (Brobst and Pratt, 1973).

We also suggest that transvaporization influenced the forma-
tion of rare metal carbonatites within alkaline ultramafic intru-
sions, as well as diamondiferous kimberlites. This is evidenced by
the high gas saturation levels of melts, traces of explosive activity,
and abundant alkalis and chlorine within the magmatic bodies and
accompanying dike swarms (Kamitani and Hirano, 1990; Le Bas
et al., 1992; White et al., 1995; Castorinal et al., 1997; Kiselev
et al., 2009).

However, transvaporization is not the only ore-forming process.
Obviously, transvaporization cannot take place in areas without
LIPs and where magmatism is minor. In addition, it is likely that
mantle-derived magmatism is necessary for transvaporization.
Due to the lack of regional fluid seals, it is doubtful that transva-
porization took place in the Archean, as well as most of the Paleo-
proterozoic (>1.8 Ga) (Aplonov and Lebedev, 2010).

Finally, we should note that there was no apparent transvapor-
ization in numerous ore provinces where giant ore deposits are
very rare or absent. These are mostly complicated fold belts with
small terrains (platform fragments) where former large oil and
gas basins never existed. Exploration within such regions is mostly
uneconomic and environmentally unsound.

As a conclusion, in Table 2 we present some statistical data from
an analysis of 500 giant hydrocarbon and ore deposits. The inclu-
sion criteria, which we broadly defined as “The decisive role of
transvaporization in ore genesis” is relatively uncertain, therefore
the enclosure of some singular giants into the general sample is
discussable. Nevertheless, two key conclusions can be drawn from
this data. Firstly, the clear role of transvaporization is evident in
167 of the 414 largest ore deposits (i.e., 40% of the deposits). Sec-
ondly, transvaporization features are found in 33 out of 52 poly-
metallic giant deposits (where 2-5 metals reach giant reserves),
or in 63% of the studied cases. These high proportion of giant ore
deposits related to transvaporization substantiates our view that
this is the dominant process in the formation of these ore giants
with a unique accumulation of several metals, and with often very
different geochemical characteristics.

However, several exceptional polymetallic giant deposits, such
as Bushveld in South Africa (Cr-Ti-V-Pt-Pd), Lubin in Poland
(Ag-Cu), Mount Isa in Australia (Ag-Zn-Pb), and Kolwezi in Equa-
torial Africa (Co-Cu) appear to have formed without any transva-
porization. Notwithstanding the presence of such supergiant
deposits, approximately two-thirds of the largest global polymetal-
lic deposits formed via mixing of basaltic melts with gas-saturated
brines from sedimentary basins.

5. Conclusions (strategies to search for new giant ore deposits)

The connection between transvaporization and the formation of
multiple giant ore deposits has implications for their exploration.
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However, direct mapping of transvaporites would not be more
informative than simple mapping of wall-rock alteration zones. A
more suitable strategy would be to study the causes of transvapor-
ization (i.e., the superposition of LIPs on large former oil and gas
basins) (Fig. 16).

Allen and Allen (1990) and Aplonov and Lebedev (2010) have
elaborated in detail on basin analysis specific for oil- and gas-
rich provinces and based on seismic prospecting. Firstly, a series
of regional 2D profiles (transects) are constructed, followed by a
2D grid (Fig. 18; upper rectangle), and then finally the mapping
of productive reservoirs in 3D (Fig. 18; middle rectangle). These
procedures for the exploration and development of hydrocarbon
deposits are based on seismic stratigraphy. The method of seismic
stratigraphy guides seismic prospecting using the history of each
sedimentary basin, which may have experienced sedimentation
cyclicity (Payton, 1976; Vail et al., 1977; Sheriff, 1980; Aplonov
and Lebedev, 2010).

The same sequence of exploration procedures is required for
studies of ore provinces. However, greater precision is required
here, due to the substantially lower range of contrasts in the phys-
ical properties of key rock types, than would be normally con-
ducted in seismic studies. To substantiate this, we briefly review
the main exploration process used in petroleum geology, seeing
it as a rehearsal of what ought to be done to guide ore exploration.
Two examples of well-studied oil provinces can be used for this
purpose. The first is the North Sea oil fields that are characterized

by giant hydrocarbon deposits folded into large anticline structures
(Dawers and John, 2000; Isaksen and Ledje, 2001; Riipke et al.,
2008; Rossland et al., 2013). The second example is the Rocky
Mountains province in the USA and Canada. In the Rocky Moun-
tains, some structurally complex regions with numerous, but usu-
ally relatively small, petroleum deposits alternate with simple (by
ore deposit standards) sedimentary basins (Wood, 1994; Corbeanu
et al., 2001) where superposition of intense magmatism has then
led to the formation of several giant ore deposits.

The importance for future ore geology applications of the stud-
ies conducted for more than a half century in the North Sea is high-
lighted by numerous publications, linking the distribution of oil
and gas deposits with faults (Kattenhorn and Pollard, 2001). In par-
ticular, in contrast to ore geology where faults are superimposed
onto sedimentary basins by deep tectonism, studies in the North
Sea have clearly demonstrated that block faulting has controlled
sedimentary basin development. In the Jurassic oil- and gas-
bearing sediments of the North Sea (Knott, 1993), as well as the
western Siberian basin (Aplonov and Lebedev, 2010), the confine-
ment of faults to formation boundaries has been demonstrated
by many seismic and stratigraphic studies.

On a larger scale, mapping of oil and gas zones has revealed the
sub-parallel spatial orientation of elongated fluvial sandstone bod-
ies, containing oil and gas, and the grids of faults that surround the
block margins (Ryseth et al., 1998; McLeod et al., 2002; Riipke
et al,, 2008; Nguyen et al., 2013). Therefore, plotting faults that
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Fig. 18. Geophysical exploration strategy to search for new giant ore deposits.

appear to control the reservoirs and isolate the hydrocarbon
deposits is an efficient way to map the best oil and gas reservoirs.
In general, different blocks in regions with overpressures are dis-
tinguished by diverse overpressure coefficients (Wilkinson et al.,
2006; Vejbek, 2008). The former syn-sedimentary faults take part
in all stages of oil and gas accumulation, and then in later destruc-
tion of the hydrocarbon deposits and formation of ore deposits.

In the Rocky Mountains, hydrocarbon accumulations are often
found close to ore deposits of various ages and metal associations.
In some cases, these are located in the same sedimentary
sequences, and even within the same individual rocks such as,
for example, carbonate. In this region, it is clear how oil and gas
accumulation zones have been replaced by ore zones, as demon-
strated by drilling data.

Many 3D seismic studies have been conducted in western North
America due to the complicated configuration of oil reservoirs.
Accordingly, many previous publications have discussed the rela-
tive roles of sedimentary factors, fracturing, and secondary alter-
ation of rocks, in relation to the controls on porosity and

permeability (Wood, 1994; Bates et al., 1999; Montgomery et al.,
1999; Hennings et al., 2000; Lee and Williams, 2000; Wills,
2005; Pranter et al., 2007).

Another research direction being actively pursued in the Rocky
Mountains is investigation of carbon dioxide deposits (Becker and
Lynds, 2012). It is well known that such deposits are unstable in oil
and gas basins, as CO; is rapidly (in a geological sense) consumed
by reaction with aluminosilicates. Therefore, a constant CO, supply
(usually from the basement) is required. At the same time, during
accumulation of ores, carbon dioxide serves as a dominant factor in
fluid mass transfer, and its deposits in (activated) oil and gas
regions can serve as evidence of our model for syn-ore wall-rock
alteration (Lebedev, 1992).

In such regions, or adjacent to them, overpressures are fre-
quently observed (Lee and Williams, 2000; Wills, 2005). This
increases the probability of the transvaporite process taking place.
Furthermore, in the Rocky Mountains, brecciation of various sedi-
mentary rocks due to the compressive mechanism of fluid migra-
tion can be observed (Katz et al., 2006). Combining these factors,
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we can reconstruct the geological history of the region, which is
important for understanding transvaporization in relation with
the decisive role of overpressuring. Given the widely used 3D seis-
mic explorations (Fig. 18; middle rectangle), we can also develop a
reliable strategy for using seismic data in giant ore deposit explo-
ration (Aplonov and Lebedev, 2010).

Considerable progress has already been achieved in ore geology
research in relation to the exploration of LIPs (Fig. 18; upper rect-
angle). In addition to geological surveys, gravity and magnetic geo-
physical methods are also important research tools (Schmidt et al.,
1997; Clark, 1999; Anderson et al., 2013). This work can be divided
into two stages, which firstly involve the general description of the
LIP, and then identification of the major intrusions that have had
an influence on ore genesis. We note that in two deposits reviewed
in this work (Olympic Dam and Pebble Copper) magnetic surveys
have already changed the methodology of ore exploration
(Williams and Barton, 2005; Bastrakov et al., 2007; Skirrow et al.,
2007; Anderson et al., 2013; Goldfarb et al., 2013).

Magnetite is one of the main mineral indicators of transvapor-
ization, present in almost every deposit we have reviewed here,
and typically manifests itself as a contact metasomatic phase.
Metasomatism is also one of the general features of transvaporites.
It is important to emphasize that magnetic studies in geophysical
and petrophysical investigations of LIPs for ore exploration have
been carried out for a long time (Clark, 1999), particularly for por-
phyry copper-molybdenum-gold ores (Schmidt et al., 1997,
Sillitoe, 1997; Pollard, 2006; Astudillo et al., 2010; Goldfarb et al.,
2013; Clark, 2014).

A joint analysis of all geophysical parameters combining seis-
mic data with gravity and magnetic data will allow discovery of
those nodal field zones where transvaporites are most likely to
be found. The anomalous characteristics of these rocks make it
possible to specify the geophysical investigations aimed directly
at ore exploration (Fig. 18; lower rectangle). We emphasize that
our proposal is not to search for any deposit in the hope that some
will turn out to be giant deposits, but to directly target giant depos-
its related to transvaporization.

In summary, it is interesting to contemplate how many giant
deposits remain undiscovered in the world. Aplonov and Lebedev
(2010) concluded that while new oil and gas giants can possibly
only be discovered in the Arctic, there are almost as many undis-
covered ore deposits as there are discovered ones. Promising tar-
gets include the poorly studied Proterozoic and Early Paleozoic
large former oil and gas basins, which have experienced global
cyclicity, such as in eastern Siberia, Brazil, northern Canada, west-
ern Africa, China, and Middle East.

In conclusion, we have substantiated the existence of the
transvaporization-driven ore genesis, confirmed the frequency of
its occurrence, and underlined its importance for the generation
of multiple giant ore deposits. These have led us to propose a strat-
egy for future exploration, although much seismic prospecting
needs to be carried out (along with other geophysical surveys),
before a successful search for giant ore deposits can be
implemented.
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