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This work considers the possibility of native aluminum transport with hydrogen fluid,
its deposition and preservation in sedimentary rocks, as well as an assessment of the condi-
tions under which this is possible. This problem is currently debatable and is considered
in a number of publications. Native aluminum was found in different types of sedimentary
rocks of oil-and-gas-bearing basins. So the presence of native aluminum spherulas was
established in the dolomites of the Dnipro-Donetsk Basin. By the example of these findings
this work shows that the necessary conditions for the formation and long-term preservation
of native aluminum are: its migration with the hydrogen flow into the upper layers of the
Earth's crust, the creation of temperature and pressure conditions causing water to vapor-
ize, and the formation of a protective film on the surface of the formed native aluminum.
The process of native aluminum formation in the sedimentary rocks of oil-and-gas-bearing
deposits of the Dnipro-Donetsk Rift described in this work, as well as its findings in other
basins indicates the typical character of this process for rift structures of hydrocarbon ac-
cumulation. It was assumed, that the oil-and-gas-bearing structure of Dnipro-Donetsk Rift
is mantle origin and represents a giant source of deep hydrogen. Some of this hydrogen is
consumed to form hydrocarbon accumulations, including known oil and gas deposits, and
some of it degasses into the uppermost layers of the Earth's crust. Independent hydrogen
fields can also form there, as was the case during the formation of the deposit of geological
hydrogen in Mali. It was shown, that the presence of hydrocarbons in the fluids does not
affect the processes associated with aluminum. The results obtained indicate significant
flows of hydrogen from the mantle to the upper horizons of the Earth's crust. Thus, native
aluminum, as well as other native oxyphilic metals in sedimentary rocks of oil-and-gas
bearing basins is a search marker of both hydrocarbon accumulations and the important
role of deep geological hydrogen in the formation of these accumulations and its possible
accumulation in the most reliable traps.
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Introduction. A scientific sensation arose
in the late 1970s and early 1980s when oxy-
philic metals, first of all aluminium, were dis-
covered in the reduced form in the native state
in various igneous and hydrothermal rocks.
Noteworthy, at that time the paper [Oleynikov
et al., 1978] on the discovery of native alu-
minium in the trap rocks of Eastern Siberia
suggested that Al° formation was caused by
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the inflow of hydrogen from the lower mantle,
creating highly reducing conditions. This pro-
cess cannot occur in the presence of water in
the rocks. In [Novgorodova, 1979, 1983], CO,
gas was identified as a component preventing
the formation of native aluminium, similarly
to water. Later, Al° was detected in ultrabasic
rocks of the Siberian platform [Kovalskiy et
al., 1981], in picritic porphyrites of the Gulin-
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sky pluton [Oleynikov et al., 1981], in kimber-
lites of Yakutia [Marshintsev et al., 1981], in
hydrothermal ores of the Nikitsky mercury
deposit [Kupenko, Osadchy, 1981], in oceanic
rocks [Shterenberg, Vasilyeva, 1979; Shteren-
berg et al., 1986, 1988], in the recent alluvi-
um of the Crimea [Bayrakov et al., 2005], in
the low-temperature anomalous formations
of the Barakolska depression in the eastern
part of Crimea Mountains [Shnyukov et al.,
1993], in mud volcano ejecta [Novgorodova,
Mamedov, 1996; Shnyukov, Lukin, 2011], at
the contact of pegmatites and serpentinized
ultrabasic rocks of the Rila Mountains in Bul-
garia [Dekov et al., 2009], etc.

Anumber of publications testify to the fact
that molecular hydrogen admixtures are fixed
in the composition of natural gas [e.g., Bonda-
renko et al., 2005; Saranchuk et al., 2008]. In
addition, the simultaneous presence of hy-
drogen and hydrocarbons in gases seeping to
the surface has been recorded [e.g., Larin et
al., 2015; Nivin, 2016; Prinzhofer et al., 2019].
Therefore, the authors of this work got the
idea to use the findings of native aluminum
as an indicator of hydrogen degassing activ-
ity during the formation of such hydrocarbon
deposits.

Native aluminium in oil and gas reser-
voirs. Findings of native aluminium (NA) in
the sedimentary rocks hosting hydrocarbon
fields are of considerable interest [Lukin, 2004,
2008]. Native aluminum was found especially
in secondary pores of reservoir rocks. The oil
fields Lelyakivske and Gnedyshchenske (Dni-
pro-Donetsk Basin, Ukraine), Kuyumbinske
(Eastern Siberia), Talinske (Western Siberia)
are confined such reservoir rocks. The actual
data on these deposits have been published
previously [Lukin, 1997]. In this paper, ther-
modynamic modeling was performed using
data from the Lelyakovskoe field.

The main part of the Ukrainian largest oil
poolin the Lelyakivske field is confined to the
carbonate reservoir, which is a metasomatical-
ly dolomitized Lower Permian reef structure.
There, biomorphic limestones were replaced
by cavernous porous crystalline-grained
dolomites with diverse (pyrite, galena, etc.)
sulfide mineralization. Isotope-geochemical
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data testify to the participation of deep fluids
in the processes of secondary dolomitization
(Cimmerian phase of tectonic-thermal acti-
vation) [Lukin, 1997]. NA is confined there
to secondary microcavities (pores, caverns,
and cavern fractures). Various deformations
of the aluminium inclusions are typical, both
syngenetic to their separation (Fig. 1, a) and
caused by subsequent tectonic stresses and
sliding over the diaclase surface (Fig. 1, b). In
general, they are characterized by the same
complex morphology as the NA inclusions
in the gabbro-dolerites of traps from the Si-
berian Platform [Oleynikov et al., 1978] and
gold-bearing hydrothermal veins from the
Southern Urals [Novgorodova, 1983]. Un-
even («corroded») contours (Fig. 1, c) testify
to the aggressive influence of the alkaline
environment (pH of pore solutions in do-
lomite achieves values of 8—9) at the time
when the (micro) inclusions of native Al (an
element with sharply pronounced amphot-
erism) were formed prior to the passivating
oxide film formation.In some samples, the
presence of NA is registered by X-ray dif-
fraction analysis. Similar to Al° from hydro-
thermal ores [Novgorodova, 1983], the reflex
0.235—0.236 nm is the most intense on the
diffractogram of Al-containing secondary oil
dolomite from the Lelyakivske field (for Al
from gabbro-dolerites and oceanic sediments
the strongest line is 0.232 nm).

At the large Gnidyntsivske field, locat-
ed together with the Lelyakivske field on
the southern edge of the Sribnenska Lower
Permian saliferous depression in the Dnipro-
Donetsk Basin, the reservoir of the massive
sheet oil pool is composed mainly of Lower
Permian-Upper Carboniferous sandstones
(see Fig. 1). Only on the southeastern flank
of the Gnidyntsivska brachianticline, the
Lower Permian secondary oil dolomites have
been recently developed. Similar to the Lelya-
kivske field, electron microscopic and X-ray
analysis showed that these rocks contain NA
along with pure native iron, as well as copper,
lead, zinc, etc.

Its aggregates with halite, containing grains
of iron and other native metals, are of particu-
lar interest. According to M.I. Novgorodova
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Fig. 1. Native Al in oil dolomites of Lelyakivske (a, b — well 301, depth 1945.5—1950 m) and Gnidyntsivske (c —
well 212, depth 1788—1793 m) fields in the Dnipro-Donetsk Basin.

[Novgorodova, 1983], inclusions of halite and
sylvin are found practically in all aluminium
grains.

Reservoirs of the giant Talinske oil field
represent  fractured-cavernous-secondary
pore metasomatites associated with hypo-
gene-allogenetic transformations of cata-
genetically-quartzed Lower Jurassic sandy-
coarse rocks with reduced primary porosity
[Lukin, 1997]. Along with iron, nickel, and
zinc, NA inclusions varying in morphology
were established inside secondary pores (cav-
erns). In particular, aggregates of its fibrous
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and lamellar particles were observed (Fig. 2).

Various NA occurrences have been fixed
in oil-and-gas fractured-cavernous Riphean
dolomites of the giant Kuyumbinske field in
Eastern Siberia.

Along with inclusions of laminae and gran-
ules, granular-fibrous aggregates (Fig. 3, a)
and films (Fig. 3, b) were also found there.

Despite the stochastic character of the
distribution of native-metallic particles and
limited observations, the above data allow us
to identify oil-and-gas reservoirs as a special
type of natural objects containing NA. By
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Fig. 2. Native Al in the secondary pore (cavern) of the
oil reservoir in the Talinske field (Western Siberia).

chemical composition (Al content over 95 %)
and morphological features this is close to NA
inclusions in basic magmatic rocks and Au,

Hg-bearing hydrothermal veins. Moreover,
the above data suggest that its morphologi-
cal diversity in oil-and-gas reservoirs is much
higher. At the same time, it should be noted
that the frequency of aluminium occurrence
in them is significantly lower as compared to
many other native metals.

In this respect, illustrative are the data of
studying the inclusions of native metals in the
reservoirs of the unique White Tiger oil field
(South Vietnamese shelf), whose major mas-
sive oil pool is associated with decompacted
and metasomatically transformed magmatic
rocks. As compared to the other objects stud-
ied by the author, these are characterized by
the greatest diversity of dispersed particles
represented by iron, zinc-copper (natural
brass), chromferide, as well as copper, lead,
zing, silver, nickel, chromium, etc. Here, tita-
nium, indium and some previously unknown
intermetallic compounds were determined in
the native state [Lukin et al., 2007]. Some X-
ray patterns, besides native iron, zinc, lead,
and zinc-copper, also show lines character-
istic of NA. Stochastic character of the dis-
tribution of dispersed native metal particles,
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Fig. 3. Needle-lamellar aggregate (a) and film (b) of native Al in the oil-bearing dolomite of the Kuyumbinske
field (East Siberia) (Borehole K-220, depth 2527.2—2533.3 m).
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especially pronounced in this case (explosive
factors of granite massif decompaction). All
together, this reflects the unevenness of its
distribution in the oil-and-gas-bearing res-
€rvoirs.

Reasonable grounds exist to believe that
during the interaction of superdeep high-
enthalpy dry hydrogen-hydrocarbon fluids
with lithosphere rocks, a much broader range
of elements, including silicon, the alkaline
earth and the alkali metals, may appear in
the native state. Despite their ephemeral ex-
istence, they can play an important catalytic
role in the processes of endogenous mineral
formation and organic synthesis. Apparently,
the real extent of formation of native metals
associated with trans-magmatic (and trans-
hydrothermal) fluid flows was much greater,
whereas in studying rocks and other mineral
aggregates of the Earth's crust we only deal
with their relics preserved due to the oxide
passivating film and (poly)mineral isolating
cover. Itis fully applicable to aluminium. The
extent of Al’ formation during this interaction
seems to be extremely large, as evidenced by
the morphological diversity of its relic inclu-
sions.

Assessment of possible pathways of na-
tive aluminum formation in the geological
conditions of the Dnipro-Donetsk Basin by
thermodynamic modeling. Thermodynamic
modeling is widely used to study the process-

es of serpentinization of rocks with formation
of hydrogen in a wide range of pH and 7P-
conditions [Olsen, 1963; Wetzel, Shock, 2000;
Evans, 2004; Palandri, Reed, 2004; Sleep et
al., 2004; McCollom, Bach, 2009; Leong et al.,
2018, 2021a,b; Leong, Shock, 2020]. In this
work, this method was used to estimate the
possible ways of native aluminum formation
as aresult of interaction of hydrogen-bearing
hot fluid with rocks in the conditions of the
Dnipro-Donetsk Basin.

Modeling was carried out for different
types of rocks: sedimentary rocks, weather-
ing crust rocks, acid, intermediate, basic, and
ultrabasic rocks. Table 1 presents the list of
the rocks considered. Expected temperatures
are estimated based on the assumption that
the temperature increases by 3 degrees for ev-
ery 100 m. Expected pressures are estimated
based on the data presented in [Chirvinskiy,
Cherkas, 1934].

The geological cross section for modeling
was compiled from the Lelyakivske field data
(upper part) and from the geophysical data
(lower part). This approach is quite accept-
able for obtaining a conceptual assessment of
the possibility of NA formation in these rocks.

The depth of sedimentary and weather-
ing crust rocks in the Dnipro-Donetsk Basin
can reach 10 km. The rocks temperature ex-
ceeds the temperature of the water critical
point (647.3 K) at depths below 10.8 km. The

Table 1. List of rocks considered, expected depths of occurrence, and 7P-conditions

Type of rock Rocks o];)c?c)ssltr(re:nieeﬁ[(};l T, K P, Pa

Arkose sandstones 0.5 313.15 8.53E+05

Argillites 1 328.15 9.30E+05

Sedimentary rocks Dolomites 1.8 352.15 1.05E+06

Quartz sandstones 418.15 1.39E+06

Limestones 478.15 1.70E+06

Domanikoids 8 538.15 2.01E+06

Weathering crust rocks Kaolins 10 598.18 2.32E+06

Acidrocks Cranites, gneisses 10.5 647.15 2.57E+06

Intermediaterocks Diorites 10.5 647.15 2.57E+06

Gabbro 10.5 647.15 2.57E+06

Basicrocks Basalts 10.5 647.15 2.57E+06

Dolerites 10.5 647.15 2.57E+06

Ultrabasicrocks Dunites 10.5 647.15 2.57E+06
TI'eogpusuueckutl xypraa Ne 1, T. 45, 2023 15
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modeling tool does not allow calculations
under such conditions. Therefore, to assess
the possibility of native Al formation in acid,
intermediate, basic and ultrabasic rocks the
calculations were performed at a temperature
of 647.15 K and a pressure of 2.57E+06 Pa,
which corresponds to a depth of 10.5 km. Un-
der these conditions, water is in a vaporous
state, and the TP-conditions do not exceed the
technical capabilities of the modeling tool. Of
course, this approach does not allow us to ob-
tain reliable numerical values of the system
parameters at which the native aluminium
formation can occur. However, preliminary
calculations have shown that there is no sig-
nificant temperature and pressure influence
on the interaction of the gas fluid with the
rocks. This allows usto estimate the potential
possibility of Al° formation in these rocks and
assess the direction of system composition
changing with changes in such parameters
as the gas phase composition. Modeling was
performed using the GEMS software package
(http://gems.web.psi.ch/).

Input data. To perform the simulation us-
ing the GEMS software package, you need to
set the following input data: a list of chemical
elements that describe the model system; a
list of phases that are present or can poten-
tially form in the system; bulk chemical com-
position of system (total amount of chemical
elements in the system that is specified ei-
ther by the chemical composition of rocks,
aqueous solution, and gas phase, or by the
amount of chemical elements in the system);
simulation temperature and pressure; thermo-
dynamic data of the components of the model
system phases.

According to Table 2 and Table 3, the
model system is fully described by the set of
elements Al, Si, Ca, Mg, Na, K, Fe, S, C, O, H,
CL. Chlorine is included in the model system
for the series 4 calculations.

The bulk composition of the system was
set by the chemical composition of rocks and
gas fluids from Table 2 and Table 3.

The chemical composition of the gas fluid
(see Table 3) was selected as close as possible

Table 2. Chemical and mineral composition of rocks

Chemical composition Mineral composition
Rock Component Content, % Mineral Content,
P Typical | Used for modeling ! %
Sedimentary rocks
SiO, 70 70 Feldspars 60
Al,O4 12 12 Quartz 30
Saﬁ;ﬁfﬁes Cao 2 2 Micas 10
Na,O 3 3 — —
K,O 8 8 — —
SiO, 76.14 76.14 Hydromicas 60
TiO, 0.35 0.35 Chlorite 10
Al,O4 7.44 7.44 Kaolinite 10
Fe,0O4 0.69 0.69 Siderite 10
FeO 2.46 2.46 Calcite 5
MnO 0.02 0.02 Pyrite 5
MgO 1.58 1.58 — —
CaO 2.41 2.41 — —
Argillites Na,O 0.52 0.52 — —
K,O 2.20 2.20 — —
H,0O" 2.33 2.33 — —
H,O 0.38 0.38 — —
LOI 6.40 6.40 — —
CO, 1.55 1.55 — —
P,O; 0.12 0.12 — —
S 0.32 0.32 — —
Corg 3.36 3.36 — —
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Chemical composition Mineral composition
Rock Component Content, % Mineral Content,
P Typical Used for modeling %o
CaO 30.4 30.4 Dolomite 100
Dolomite MgO 21.7 21.7 — —
cO, 47.5 47.5 — —
SiO, 72.31 72.31 Quartz 80
TiO, 0.49 0.49 Kaolinite 15
Al,O4 16.03 16.03 (Admixtures:
Fe,O4 2.12 2.12 . .
calcite, ankerite, <5
Quartz MgO 0.83 0.83 ilmenite, pyrite)
sandstones CaO 0.43 0.43
Na,O 0.33 0.33 — —
K,O 2.82 2.82 — —
P,O5 0.06 0.06 — —
SO4 0.44 0.44 — —
LOI 4.39 4.39 — —
SiO, 1.14 1.14 Calcite 85
Al,O4 0.41 0.41 Dolomite 5
Limestones MgO 0.26 0.26 Quartz 5
CaO 54.84 54.84 Hydromicas 5
CcO, 43.26 43.26 — —
SiO, 45.51 45.51 Hydromicas 70
TiO, 0.57 0.57 Quartz 20
Al,O4 12.10 12.10 Kerogen (Corg)* ~5
Fe,O4 2.56 2.56 Siderite <5
MgO 0.51 0.51 — —
o CaO tr 0.05 — —
Domanikoids Na,O 0.29 0.29 - -
K,O 3.32 3.32 — —
H,O 3.60 3.60 — —
P,0; 0.21 0.21 — —
S 0.40 0.40 — —
LOI 29.19 — — —
Weathering crust rocks
SiO, 60 60 Kaolinite 80
Al,O4 19.75 19.75 Quartz 10
Fe,0O4 4.99 4.99 Hydromicas 5
Kaolins MgO 1.00 1.00 Siderite 5
CaO 1.00 1.00 — —
Na,O 0.10 0.10 — —
K,O 1.20 1.20 — —
LOI 10 10 — —
Acid rocks
SI.OZ 6873 70.5 Feldspars (acid
TiO, 0.1—0.6 0.35 plagioclase and 60—65
Al,O4 12.0—15.5 13.75 K-feldspar)
Fe,O4 0.5—2.5 1.5
Granites, gneisses FeO 0.5—3.0 1.75 Quartz 25—35
MgO 0.1—1.5 0.8 Micas (biotite) 5—10
CaO 1.5—4.0 2.75 — —
Na,O 3.0—6.0 4.5 — —
K,O 0.5—3.0 1.75 — —
Intermediate rocks
Diorites %gi 0533:?85 50595 Bright plagloclase 60—80
Al,O4 14—20 17 Hornblende 5—40
TI'eogpusuueckutl xypraa Ne 1, T. 45, 2023 17
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Chemical composition Mineral composition
Rock Component Content, % Mineral Content,

P Typical Used for modeling %o

Fe,0O4 1.5—5 3.25 Pyroxene 5—20

FeO 3—6 4.5 Biotite, quartz uptod
- MgO 0.8—6 3.4 — —
Diorites CaO 49 6.5 . o
Na,O 2—6.5 4.25 — —
K,O 0.3—2 1.15 — —

Basic rocks
SiO, 43—52 47.5 Pyroxene 50
TiO, 0.1—4 2.05 Ca-plagioclase 50
Al,O4 8—27 17.5 — —
Fe,O4 0.3—10 5.15 — —
Gabbro FeO 1.5—15 8.25 — —
MgO 3—15 9 — —
CaO 8—18 13 — —
Na,O 0.5—3.5 2 — —
K,O 0.05—2 1.01 — —
,?_18’2) 417'7—252 41L97§ Volcanic glass 50
Al,O4 14—18 16 Basic 25
Fe, O, 0.3—10 3.5 (Ca-plagioclase
FeO 6—10 8 Clinopyroxene 15
Basalts MnO 0.1—0.2 — Titanomagnetite 10
MgO 5—7 6 — —
CaO 6—12 9 — —
Na,O 1.5—3 2.25 — —
K,O 0.1—1.5 0.3 — —
P,O; 0.2—0.5 — — —
SiOo, 46—49 47.5 Plagioclase —
TiO, 1—2.5 1.75 Pyroxene —
Al,O4 12—17 14.5 Olivine —
Fe,O4 0.5—11 5.75 Quartz —
FeO 4—14 9 Magnetite —
Dolerites MnO 0—0.3 — [lmenite —
MgO 7—15 11 Apatite —
CaO 6—13 9.5 — —
Na,O 1.5—3.5 2.5 — —
K,O 0.1—2 1.05 — —
P,O; 0—0.6 — — —
Ultrabasic rocks

SiO, 35—40 37.5 Olivine 80
TiO, up to 0.02 0.02 Chromite 15
Al,O4 up to 2.5 2.5 Titanomagnetite 5
Fe,O4 0.5—7 3.75 — —
Dunites FeO 3—6 4.5 — —
MgO 38—50 44 — —
CaO up to 1.5 1.5 — —
Na,O up to 0.3 0.3 — —
K,O up to 0.25 0.25 — —

*
Not included in the model system

to the composition of natural gas [Bondaren- changed by increasing the amount of hydro-
ko et al., 2005]. Depending on the tasks of gen, methane, and adding aluminium.
the model calculation, its composition was The phase composition of the system is
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Table 3. Chemical composition of gas fluid formed based on the data presented in Table 2
and based on the assumption that the system

Component Content, % contains a solids and gas phases. Depending
CH, 97.8 on the purpose of modeling, aqueous phase
C,H, 0.5 may be present.

C.H 0.2 The systems include: mineral phases (Ta-

ve ble 4), described as simple minerals (minerals
Catlio 01 of constant compositi i i

position) and solid solutions

Hy, 0.7 (minerals of variable composition); the gas

H,S 0.7 phase described as a mixture of ideal gases;

Table 4. Mineral phases included for different types of rocks

System
Phase Formula
ark |argl| dol | qss | Is |dom| kin | gr | dio | gb | bas |dole| dun
Simple minerals
Aluminium Al o e e o e e I IS I S
Boehmite AIOOH + I T I T T R
Gibbsit Al(OH); R T e S I e A s S N S A S R S B
Aragonite CaCOq R T S I e A e N S A S R S B
Calcite CaCOg4 + + + + + + + + + + + + +
Dolomite CaMg(COy), S I R O N R A S I S N S B
Anhydrite CaSO, S I R A S e A S I S N S N B =
Gypsum CaSO,2H,0 + |+ |+ ]+ |+ ]+ ]+ ]+ ]+
Iron Fe? + |+ R I I IS T IS S S B
Fe-carbonate FeCOg4 + | + S S N R S A S O S A S A S B S
Siderite FeCOg4 + | + S I S T I S A O S I i I S
Hematite Fe,0O4 + |+ S e e I N R o A B o
Magnetite Fe;0, + | + S I S T I S A O S I S I S
Goethite FeOOH + | + o S R S A S (O S I S S S
Pyrite FeS, + + + + + + + + + + + +
[Imenite FeTiO4 + + + + + + + + + + + +
Kaolinite Al,Si,O5(OH), + + +
Microcline KAISi;Og4 + + |+ ]+ |+
Muscovite KAI;Si30,H, +
Magnesite MgCOg4 + |+ S I R P A A S
Brucite Mg(OH), + |+ S S S P A S S
Mg-Silicide Mg,Si + + + + + + + + + + + +
Sulfur s° S e N S O S I S A S N S A
Quartz SiO, + | + o S A S N S (R S I S S I S
Silica SiOjam + | + S I S O S A O S I i I S
Titanium Ti’ + + + + + + + + + + + +
Solid solutions
Plagioclase Anort'hite ha + + + + *
Albite + + 1+ + 1T +1+
Ca-chermakite + |+ | + | +
Ca-clinopyroxene Hedgnbgrgite Rl B e o e
Diopside + + + +
Jadeite + |+ + | +
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Phase

Formula

System

ark

argl

dol

gss

Is

dom

kln

gr

dio

bas

dole

dun

Na-clinopyroxene

Hedenbergite

+

Diopside

Jadeite

Acmite

+ |+ [+ ]+

+ |+ [+ |+

Ca-amphibole

Tremolite

Fe-actinolite

Chermakite

Pargasite

Glaucophane

K-pargasite

Fe-glaucophane

Na-amphibole

Glaucophane

Fe-glaucophane

ol I e I I I IR I I I I

Riebeckite

Titanomagnetite

Magnetite

Ulvospinel

A R A R R A R A R A R s

Olivine

Fayalite

Forsterite

+ |+ ]+ |+

+ |+ ]+

Chlorite

Fey 4Al3 5Sis 4

Fey Fei Al

Mg,Al,Si,

MgsFeAlSis

o R S o I S

Biotite

Annite

Phlogopite

o I IR I A o I IS

lite

AlySiyOy

Ca 5A15Si30,H,

KAI3S5i30,H,

KFe,AlSi,O;,H,

KFeAlSi,O,,H,

o R ISR I R [

R
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water solution phase (only included for some
series of calculations).

The composition of the gas and aqueous
(in caseitisincluded in the model system ac-
cording to the purposes of modeling) phases
was the same for all rocks. The composition
of the mineral phases was formed concretely
for each type of rock based on their mineral
composition (see Table 2). Also were included
minerals that can potentially form in systems
during rock interaction with gaseous and wa-
ter fluids.

The models of solid solutions from
[Avchenko et al., 2009] were used to describe
Ca-clinopyroxene, Na-amphibole, Ca-amphi-
bole, and titanomagnetite. Olivine and ser-
pentine were also described by solid solutions
models [Shestopalov et al., 2022] as well as
illite and smectite [Koliabina et al., 2009].
Other solid solutions models were already
included in the GEMS database.

The gas phase includes CO,, CH,, H,, O,,
H,S, SiH,, H,O. The aqueous phase includes:
water, hydrogen and hydroxide ion; simple
ions (Me”", HS, S*, HSO,, SO;, HCO;y,
CO3, ClO, CI) and undissociated acids
(H,S%, H,SOY, COY); hydroxide, sulfate, sul-
fide, carbonate, hydrocarbonate complexes
of Al, Si, Ca, Mg, Na, K, Fe; gases dissolved
in water (H,, CHy, O,).

The thermodynamic data for all compo-
nents of the aqueous, gas, and most mineral
phases were already included in the GEMS
database. Thermodynamic data from [Nau-
mov et al., 1971] were used for end mem-
bers of solid solution models of pyroxenes
(hedenbergite, jadeite, acmite), and amphi-
boles (chermakite, pargasite, glaucophane,
K-pargasite, Fe-glaucophane, riebeckite).

GEMS uses the HKF equation [Shock,
Helgeson, 1988; Shock et al., 1997] and the
isocoulombic reaction method [Gu et al.,
1995] for extrapolating the thermodynamic
properties of aqueous phase components to
temperatures and pressures other than stan-
dard. The dependence CPZf(T) for the compo-
nents of the gas phase and most minerals is
described by a 12-term isobaric heat capac-
ity equation (http://gems.web.psi.ch/). GEMS
automatically recalculates thermodynamic
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parameters for the required 7TP-conditions.

The input data for each task are considered
in more detail in the relevant sections below.

Simulation scenarios. Preliminary calcu-
lations have shown that under estimated 7P-
conditions (see Table 1) the native aluminium-
does not form without addition of Al during
certain rocks (arkose sandstones, argillites,
dolomite, quartz sandstones, and limestone)
interaction with a fluid. Under typical 7P-con-
ditions for these rocks (Fig. 4, orange dots),
the water is in a liquid state, which causes the
formation of boehmite.

Native aluminium forms in a wide range of
gas fluid compositions in acidic, intermediate,
basic, and ultrabasic rocks. In the 7P-condi-
tions specific for these rocks (Fig. 4, green
dots), water is in a vaporous state, which,
apparently, partially prevents the boehmite
formation.

Preliminary calculations also showed that
the main factor affecting the native alumini-
um formation is the aluminium and hydrogen
concentration in the fluid. The temperature
and pressure influence was negligible. Pres-
sure and temperature only affected the rock
minerals ratio and the hydrocarbons ratio.
Temperature also influenced the phase state
of water. The methane concentration in a fluid
also had a negligible effect. With this in mind,
several series of calculations were performed:

Series 1. Calculation of the mineral com-
position of systems under the expected rock
TP-conditions and at elevated temperatures.

Series 2. Estimation of the aluminium con-
centration in the gas fluid necessary for native
aluminium formation in rocks.

Series 3. Evaluation of the effect of gas flu-
id composition and temperature on the native
aluminiumformation.

Series 4. Assessment of the impact of the
return of natural conditions to the initial state
after the passage of the gas fluid through the
rocks on the formed native aluminiumand
boehmite.

Results. Series 1. Calculation of the miner-
al composition of systems under the expect-
ed T-P conditions of rocks and at elevated
temperatures. As noted above, the native alu-
minium does not form in arkose sandstones,
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Fig. 4. Scheme of the TP-coordinates of the simulation points.

argillites, dolomite, quartz sandstones, and
limestone (Fig. 4, orange dots) because of
the liquid state of water under the expected
TP-conditions of rocks. Therefore, the model-
ing of the mineral composition of these rocks
was performed for two temperatures — the
expected T (water is in a liquid state), and
the elevated 7, when water is in a vapor state
at this pressure (gray dots in Fig. 4, Table 5).

In all calculations, the chemical composi-
tion of the system was set by the chemical
composition of 1 kg of rock (see Table 2). A
gas phase without Al (see Table 3) was added

to the system in calculations at elevated tem-
peratures. The calculations were carried out
at the same temperature without and with
addition of the Al-free gas fluid for doman-
ikoids, kaolins, acid, intermediate, basic, and
ultrabasic rocks. It was assumed that the lig-
uid water evaporates during the interaction
of rocks with gas fluid under TP-conditions
of vapor water.

The simulation results showed (Fig. 5) that
the mineral composition calculated for the ex-
pected TP-conditions is in good agreement
with the measured values. Insignificant dif-

Table 5. TP-conditions for calculations of series 1

Rock type Rocks P, Pa Expected 7, K Increased 7, K

Arkose sandstones 8.53E+05 313.15 463.15

Argillites 9.30E+05 328.15 468.15

Sedimentary rocks Dolomite 1.05E+06 352.15 477.15

Quartz sandstones 1.39E+06 418.15 488.15

Limestones 1.70E+06 478.15 493.15

Domanikoids 2.01E+06 538.15 503.15
Weathering crust rocks Kaolins 2.32E+06 598.18 —
Acidrocks Granites, gneisses 2.57E+06 647.15 —
Intermediaterocks Diorites 2.57E+06 647.15 —
Gabbro 2.57E+06 647.15 —
Basicrocks Basalts 2.57E+06 647.15 —
Dolerites 2.57E+06 647.15 —
Ultrabasicrocks Dunites 2.57E+06 647.15 —
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Fig. 5. Mineral composition — comparison of modeling results and measured data: a — sedimentary rocks; b —
domanicoids, weathering crust rocks, acid, intermediate, basic and ultrabasic rocks (Fs — Feldspar, Qtz — Quartz,
Mic — Micas, Hmic — Hydromica, Chl — Chlorite, Kln — Kaolinite, Sd — Siderite,Cal — Calcite, Py — Pyrite,
IIm — Ilmenite, Dol — Dolomite, Adm — Admixtures (calcite, ankerite, ilmenite, pyrite), Bhm — boehmite).

ferences between the simulation results and as a consequence of using ideal solid solu-
measured data may arise due to inaccuracies tions models for minerals of variable composi-
in the extrapolation of thermodynamic values  tion. We should note that the use of ideal solid
to high temperatures and pressures, and also  solutions models is more accurate than their
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replacement by simple minerals. Good agree-
ment between the simulation and measured
data confirms this as well.

Significant differences exist in the mineral
composition of rocks under TP-conditions
of vapor water (Fig. 5, a). Temperature ris-
ing to TP-conditions of vapor water,as well
as the addition of gas fluid has little effect
on the mineral composition of arkose sand-
stones, dolomites and limestones. Kaolinite
decomposes in kaolinite-bearing rocks (argil-
lites, quartz sandstones) in the presence of
gas fluid under TP-conditions of vapor wa-
ter. Additional quartz, native aluminium and
boehmite are formed in quartz sandstones,
while illite is formed in argillites. Illite is not
formed in quartz sandstones due to the lack of
sufficient K, Na, Ca and Mg in their chemical
composition. Additional illite, native Al and
boehmite are formed in kaolins in the pres-
ence of gas fluid (Fig. 5, b).

It should be noted that native Al formation
in large quantities due to the rocks-gas fluid
interaction in kaolins and quartz sandstones
is doubtful under the 7P-conditions of vapor
water. Some phases (minerals), which can in-
fluence the amount of aluminiumformed, are
probably not included in the system. At the
current stage of research, no information is
available to include additional mineral phas-
es, so we cannot draw a correct conclusion
about the possibility of native Al formation
in these rocks.

In addition, small quantities of native Al
form in domanikoids as a result of the rock-
gas fluid interaction under 7P-conditions of
vaporous water. However, the model system
did not include a kerogen. This pruning may
affect the native Al formation. So, we cannot
estimate clearly the possibility of Al genera-
tion in these rocks.

Native aluminiumdoes not form in other
sedimentary rocks due to rock-gas fluid inter-
action under 7P-conditions of vaporous water.
The estimation of additional Al concentration
in gas fluid required fornative aluminium
generation is given below. Small amount of
native aluminium forms without adding Al in
all acidic, intermediate, basic, and ultrabasic
rocks as a result of rock-gas fluid interaction.
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It should be noted that iron and titanium
minerals decompose as a result of rock-gas
fluid interaction under 7P-conditions of vapor
water in all rocks. In this process, metallic Fe,
Ti, pyrite are formed.

Series 2. Estimation of the aluminium
concentration in the gas fluid required for
AP formation in rocks. The results presented
above showed that native aluminium did not
form under 7P-conditions of vapor water in
four types of sedimentary rocks (arkose sand-
stones, argillites, dolomites, and limestones).
We suppose the possibility of native Al forma-
tion in the presence of additional aluminium
in gas fluid. We estimated the required alu-
minium quantity by simulation of the influ-
ence of Al concentration in the gas fluid on
the native aluminium formation.

Simulations were performed for 7P-condi-
tions of vapor water using the model systems
described above. It was assumed that all the
water passes into a vapor state.

The results showed that when additional
Al arrives with gas fluid, the native alumini-
um forms in all sedimentary rocks. As noted
above, native aluminium is produced without
additional Al in quartz sandstones, doman-
ikoids, kaolins, as well as in acidic, intermedi-
ate, basic, and ultrabasic rocks.

At the same time, boehmite forms along
with native aluminium in most rocks. Boehm-
ite can create a protective oxide film around
aluminium and prevent it from further oxida-
tion. The exceptions are domanikoids, gab-
bro, and basalts, in which boehmite does not
form.

The modeling results show that required
Al content in gas fluid exceeds 1 % in arkose
sandstones (1.8 %), argillites (5.17 %), and
limestones (1.8 %), which does not seem re-
alistic. So, the most probable is deposition of
native aluminium in dolomitesin which the
required Al content in gas fluid is 0.08 %.
Therefore, dolomites were considered only
in subsequent assessments. In addition, since
geologic evidence of metallic aluminium is
only available for basalts, further modeling-
wasperformedexclusively for these rocks.

The question arises as to the possible na-
ture of the Al in the gas fluid. Underlying
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rocks are unlikely to be a source of aluminium
for the gas fluid because the native aluminium
is deposited as a result of rock-fluid interac-
tion and the fluid is depleted rather than
enriched in aluminium. Even if we assume
that the interaction process ended in a given
volume and does not develop radially away
from the interaction zone, these rocks can
hardly be a source of aluminium for the gas
fluid. There are a number of reasons for this.
Firstly, none of the rocks produces enough
aluminium to pass into the gas fluid in the
amount necessary to form aluminium in lime-
stones, argillites, and sandstones. Secondly,
the modeling results showed that the native
aluminium formation increases with increas-
ing Al concentration in the fluid in all rocks,
including those in which native aluminium
is generated even in its complete absence in
the fluid. Hence, even if metallic aluminium
formed in the underlying rocks passes into
the gas fluid, it can be deposited in the over-
lying rocks and not reach the sedimentary
rocks. Thus, the most probable aluminium
source in the gas fluid is the mantle.

Series 3. Evaluation of the effect of gas
fluid composition and temperature on the
native aluminium formation. For the rea-
sons stated in the previous paragraphs, this
calculation series was carried out only for
dolomites and basalts. The simulations were
performed using the model systems described
above.

Comparison of the formation of native al-
uminium during rock interaction with a hy-
drocarbon-containing fluid and with a pure
hydrogen fluid.

The modeling results showed that both in
basalts (native aluminium forms in no pres-
ence of Al in gas fluid) and in dolomites (na-
tive aluminium forms only in the presence of
Al in gas fluid), the hydrocarbons concentra-
tion in the fluid does not affect the native alu-
minium formation (the modeling results differ
in the eighth decimal point).

This indicates that methane, the main
component of natural gas, is not involved in
the formation of native Al under the consid-
ered TP-conditions, which is consistent with
published data from other researchers in the

TI'eogpusuueckutl xypraa Ne 1, T. 45, 2023

development of aluminium production tech-
nologies [e.g., Rains, Kadlec, 1970; Petrasch,
2002; Halmann et al., 2012; Kulongoski et al.,
2018, etc.]. In further calculations, the com-
position of gas fluid from Table 3 was used.
Additional hydrogen or aluminium was added
depending on the calculation purpose.

Effect of hydrogen concentration in gas
fluid on the native aluminium formation, the
ratio of hydrocarbons, and mineral composi-
tion of rocks.

In dolomites, in which native aluminium
can only be formed through Al ingress with
gas fluid, a required aluminium concentration
in gas fluid decreases from 0.08 % at H,=0.7
to 0.01 % at H,=100 % as the hydrogen con-
centration in the fluid increases above 5 %

(Fig. 6).
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Fig. 6. Relationship between required Al concentration
and hydrogen concentration in the fluid.

The hydrogen concentration in the fluid
has only a minor effect on the native Al for-
mation in basalt, where it can form without
adding Al in the gas fluid. Nevertheless, the
native aluminiumformation increases weakly
with increasing Al concentration in the fluid.
The concentration of the concurrently formed
boehmite varies even less. Also, an increase
in the amount of hydrogen affects the ratio of
iron minerals (Fig. 7). The Fe-minerals ratio
does not change up to the hydrogen concen-
tration in the fluid of 5 mol. As H, concen-
tration continues to rise, the quantity of Al°
increases and that of boehmite decreases. The
boehmite concentration practically drops to
zero at a hydrogen concentration of 322 mol.
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Fig. 7. Dependence of the iron minerals ratio in basalt
on the hydrogen concentration in the fluid.

The hydrocarbons ratio in the fluid influ-
ences insignificantly the formation of Al in
both basalt and dolomite.

The hydrogen concentration affects con-
siderably the ratio of natural gas components
in the fluid, and this effect is different for do-
lomites and basalts. In dolomites, the C3;Hg,
CyHg and C4H;, concentration increases,
while the CH, concentration decreases with
an increase in hydrogen concentration. In
basalts, on the contrary, the C3Hg, C,Hg, and
C4H;o concentration decreases, and CH,
concentration increases with an increase in
hydrogen concentration. It should be noted
that at the specific hydrogen concentration
in the fluid, the C3Hg and C,H,, concentra-
tion in basalts decreases below 1~1O_9, which
is on the verge of calculations reliability and
usability of the method of thermodynamic
modeling. So, we can assume that the C;Hg
and C,H,, concentration becomes equal to
0. Thus, in basalts, C,H,, occurs only at the
hydrogen concentrations in the gas fluid less
than 4 moles, and C3Hg— only at the hydro-
gen concentrations less than 80 moles.

Such contradiction between dolomites
and basalts can be determined primarily by
different chemical composition of the rocks
(see Table 2).The CO, content in dolomites
is 47.5 %, while no CO, is found in basalts.
So, dolomites have an additional source of
carbon, providing an increase in the concen-
tration of hydrocarbons with longer carbon
chains in the gas phase. In contrast, no addi-
tional source of carbon exists in the basalts,
which leads to an increase in the methane
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concentration with a minimum degree of car-
bon oxidation.

Increasing the temperature above the nec-
essary value to keep water in the vapor state
has practically no effect on the formation of
A’ A slight trend is observed towards an in-
crease in the amount of Al’ formed as the tem-
perature rises, but the quantitative changes
do not exceed 107° %.

Series 4. Assessment of the impact of the
natural conditions returning to the initial
state after the passage of gas fluid through
the rocks on the formed native alumini-
um and boehmite. The above calculations
showed that Al° forms along with boehmite
in dolomite and basalts. However, the model-
ing method used gives quantitative estimates
of the phases and does not allow taking into
account in what form the minerals coexist in
real conditions. It is well known that hydrox-
ide (oxide) films form on the aluminium sur-
face under favorable conditions. These films
protect Al° from further oxidation [e.g., Smith,
1972; Lukin et al.,, 2007; Wang et al., 2009;
Porciuncula et al., 2012, etc.]. It would be logi-
cal to assume the formation of boehmite pro-
tective film on the native aluminium surface,
which will protect it from further oxidation.

Therefore, to assess the boehmite protec-
tive potential, simulation of its dissolution was
performed in the conditions of the rocks re-
turning to the natural state and their gradual
saturation with water. The assessment was
performed only for dolomite for expected
TP-conditions given in Table 1 (indicated by
orange dots in Fig. 4). Calculations were car-
ried out for 100, 200, 300, and 400 g of liquid
water in the system.

The simulations showed (Table 6) that
the boehmite content in the rocks does not
change virtually for all considered water
amounts. This result suggests that even dur-
ing multiple films interaction with water at
a given T and P, boehmite will remain prac-
tically unchanged, which can provide long-
term protection of Al° from oxidation. The low
aluminiumconcentration in the equilibrium
solution (<2-10™° g/1) may confirm this.

Discussion. The above results allow us to
make the following considerations. The na-
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Table 6.Influence of the amount of water in the dolomite on the boehmite content

Boehmite content, g

Vapor water 7P, no liquid

Liquid water TP

water 100 g H,O

200 g H,O | 300 g H,O | 400 g H,O

47.40 47.40

47.40 47.40 47.40

tive aluminium formation through the inter-
action of sedimentary rocks with gas fluid
requires the 7P-conditions of vapor water.
This is quite possible in natural conditions,
because the temperature of gas fluid coming
from great depths is much higher than that of
the sedimentary rocks. Although the calcula-
tions were performed under temperatures not
exceeding 647.3 K (374.15 K), the absence of
significant temperature dependence of native
aluminium formation allows us to consider
the obtained results as indicative for higher
temperatures as well.

Formation of AI° in acid, intermediate,
basic and ultrabasic rocks, as well as in
some sedimentary rocks (quartz sandstones,
domanicoids) and weathering crust rocks (ka-
olins) can occur through the interaction with
the gas fluid under 7P-conditions of water
vapor. In this case, no additional aluminium
input with the fluid is required.

The native aluminium formation in most
sedimentary rocks (arkose sandstones, ar-
gillites, dolomites, and limestones) requires
an additional aluminium input with the gas
fluid. It is unlikely that the source of addi-
tional aluminum will be crustal rocks below,
because native aluminum is deposited du to
the rock-fluid interaction, and the fluid is de-
pleted rather than enriched in aluminum. At
the same time, the aluminum-containing fluid
with excess pressure continues radially pen-
etrating into the rock along the deconsolida-
tion zones, losing aluminum. Even assuming
that the interaction process is completed in a
given volume and does not radially develop
from the interaction zone, it is unlikely that
these rocks can be a source of aluminum for
the gas fluid. On the one hand, the amount of
aluminium they produce is insufficient for the
formation of Al’in the overlying sedimentary
rocks. On the other hand, even if Al° formed
in the dunite is then transferred to the gas
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fluid, it will be deposited in dolerites, granites
and other rocks above. Thus, the most prob-
able source of additional aluminium in the gas
fluid is the mantle. Additional evidence for
transition of reducing hot gas fluid through
rocks may be the decomposition of iron and
titanium minerals under 7P-conditions of va-
por water to form metallic Fe and Ti, as well
as pyrite in some rocks.

Formation of boehmite in sedimentary
rocks in parallel with Al° suggests that native
aluminium may be covered with passivating
films to protect it from further oxidation dur-
ing the restoration of natural conditions when,
after the hot gas fluid has passed through, the
rock gradually cools down and the water re-
turns to the liquid state.

In general terms, the formation of native
aluminium in rocks can be described as fol-
lows.

As hot fluid from the mantle passes
through, the rocks are heated. In sedimenta-
ry rocks, the TP-conditions, which originally
corresponded to water in a liquid state, gradu-
ally turn to those with water in a vapor state,
and strongly reducing conditions are formed
due to hydrogen. Accordingly, water evapo-
rates and the interaction of rocks with the
ascending aluminium-bearing fluid results
in the formation of Alo, which is covered by a
stable protective film of boehmite. Gradually,
as rocks cool down after the hot fluid flows
through them, the rocks return to 7P-liquid
water conditions and become saturated with
water. However, presence of a protective film
prevents oxidation of the formed native alu-
minium for a long time. Apparently, during
periods of activation of tectonic stresses and
violation of the protective film continuity a
part of the NA was oxidized.

Additional evidence of the reducing hot
fluid flow through the rocks may be the pres-
ence of native iron, titanium and other metals
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and their melts, which are not addressed in
this paper, but have been discussed previ-
ously in a number of works by different au-
thors [e.g. Moody, 1976; Zucchetti et al., 1988;
Peretti et al., 1992; Gonzalez-Jiménez et al.,
2021].

The results of an additional series of cal-
culations, not included in this paper, showed
that in the presence of CO, native alumini-
um is formed in the gas fluid at significantly
higher concentrations of it, which are quite
unlikely in natural conditions. This is because
CO, is reduced to CH,. In the presence of
H,O no Al’ is formed in the gas fluid — only
boehmiteis formed. These results are fully
consistent with the conclusions reported in
[Oleynikov et al., 1978; Novgorodova, 1979,
1983] and many others.

Methane, the main component of natural
gas, is not involved in the native aluminium
formation under the 7P-conditions discussed.
This indicates that Al° found in hydrocarbon
fields is formed not from the dominant re-
duced gaseous compounds of carbon, but
exclusively through the direct interaction
between hydrogen coming with the hot gas
fluid and rocks.

The paper [Dekov et al., 2009] presents
data on the Al’ flake protruding from the
phlogopite matrix of a rock sample taken
from a desilicized pegmatite vein intruded
between a small serpentinized ultrabasic
body and biotite gneiss. The authors suggest
that two processes may have played a key
role in the formation of A1’ (1) desilication
of the pegmatite resulting in Al enrichment;
and (2) serpentinization of the ultrabasic body
that created a strongly reduced front towards
the serpentinite/pegmatite contact. These
processes presumably led to the Al reduc-
tion to Al° in some parts of the alumina-rich
minerals. Under extremely reducing condi-
tions, the serpentinization process by the
Fischer-Tropsch type reaction [Berndt et al.,
1996; Sleep et al., 2004] produces H, and CH,.
These reduced gases, while migrating from
the serpentinized ultrabasic body through the
desiliconized pegmatite, reduced aluminium
to A1° atcertainpoints, where Al-rich minerals
occurred and the oxide cover on the Al° sur-
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face protected it from subsequent changes.
The authors' key positions are the presence
of liquid fluid (water) and serpentinization
of mafic/ultramafic rocks according to the
generally accepted scheme with formation of
serpentine, Fe-brusite (FeXMg(PX)(OH)Q) and
obligatory release of hydrogen [e.g., Janecky;,
Seyiried, 1986; Frost, Beard, 2007; McCollom,
Bach, 2009; Klein et al., 2009; McCollom et
al., 2016, 2020]. However, these processes are
of relatively slow diffuse nature. We studied
another case, in which hydrogen is not a prod-
uct of rock-water interaction, but serves as
an initiator of the rock modification process
under the action of the ascending gas fluid
with its high concentration [Shestopalov et
al., 2022].

Formation of gaseous compounds of alu-
minium with chlorine, such as AlCI subchlo-
ride, is broadly discussed in current scientific
literature as an obligatory intermediate stage
of aluminium transport in the gas phase and
deposition of native aluminium in various
geological conditions [e.g., Iyer et al., 2007,
Chen et al., 2011; Silaev at al., 2017; Paar et
al., 2019, etc.]. The patent of Othmer D. F.
[Othmer, 1974], which was mentioned in [Paar
etal., 2019], deals with formation of AICI from
the interaction of Al,O5 with gaseous chlorine
in the presence of C, its stability at tempera-
tures of 1000—1200 °C and disproportion-
ation into metallic aluminium and gaseous
AlCl; at temperatures below 700 °C. Under
the conditions, we considered (including
natural gas composition) gaseous chlorine
is not found. Its occurrence in natural water
does not suggest the formation of AICI even at
appropriate temperature conditions, since ac-
cording to [Othmer, 1974] water in the system
combines with the existing chlorine to form
hydrogen chloride, which can no longer serve
as a reducing agent for Al,O5.

According to the modeling results, CH,
is not involved in the aluminium reduction
process, which is primarily explained by the
energy stability of methane molecules [e.g.,
Hasnan et al., 2020; Bajec et al., 2020, etc.]. In
addition, calculations [Halmann et al., 2012]
showed that the formation of Al (g) from
Al,O5 as a result of interaction with methane
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is only possible at very high temperatures
(>2000 °C). In the process, CH, is completely
decomposed, which is inconsistent with the
actual detection of native aluminum in the
natural gas fields, being discussed in this pa-
per.

Calculations demonstrated that the hy-
droxide films formed during recovery of the
water content of rocks provide long-term pro-
tection for the aluminium formed. Aluminium
and its alloys are known to be corroded by wa-
ter containing aggressive anions, especially
chloride solutions, even at low temperatures
[e.g., Vijh, 1988; McCafferty, 2003; Naeini at
al., 2011; Febrianto et al., 2019; Peng et al.,
2022, etc.]. Moreover, it was reported that
films formed on the surface of aluminium
and its alloys also undergo point corrosion
(pitting) by chloride solutions [e.g., Foroulis
etal., 1975; Yu et al., 2000; Kolics et al., 2001;
Li et al., 2013, 2017, etc.]. Temperature, pH,
chlorine concentration and film thickness
are the key factors which determine the rate,
magnitude and depth of film corrosion. The
diffusion of chlorine ions through the protec-
tive film is often considered to be the key de-
termining process for the corrosion rate [e.g.,
Lietal., 2017, etc.]. The modeling software we
used does not allow us to consider the kinetic
features of the processes. We can therefore
assume that the initial amount of metallic alu-
minium formed was actually higher, but due
to corrosion the aluminium changed to other

VAY

mineral forms and possibly was transported
out of the system with the groundwater flow.
The native aluminium particles we recorded
were probably preserved due to their embed-
ding in the rock structure in places poorly
accessible to chloride natural water, where
the corrosion of particles (or films on their
surface) is limited not by the diffusion rate of
chloride ions but by the rate of water inflow
to the particle. In addition, the geological his-
tory of the study area is likely to alternate
between periods of rock saturation with water
and periods of rock drainage, thus disrupting
diffusion processes.

It should be noted that in the axial part
of the Dnipro-Donetsk Basin a rift of man-
tle origin is located (Fig. 8). More than 220
hydrocarbon fields are associated with its
mantle faults and adjacent deformations, as
well as with explosion ring structures within
the rift. This constitutes only one fifth of the
hydrocarbon potential of the basin [Lukin et
al., 2020]. This potential was formed in the
relatively recent geological history due to a
giant hydrogen blowing of carbon-containing
mantle rocks [Shestopalov et al., 2018, 2022].
Apparently, such blowing occurred repeated-
ly during the rift history and was of a periodic,
pulsating nature. Well sampling shows that
these deposits contain admixtures of unspent
hydrogen. Besides, the hydrogen also forms
independent seeps to a shallow depth [Lukin,
Shestopalov, 2021; Shestopalov et al., 2022].

ey
< 2

Fig. 8. Dnipro-Donetsk Rift (shaded yellow) (1) and deep faults from geophysical data (2), explosion ring structures

within the rift boundaries (3).
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The data available [Lepigov et al., 2011] indi-
cate that degassing and fluid recharge pulses
have occurred many times and are still oc-
curring.

To summarize all of the above, we can con-
clude that the oil-and-gas-bearing structure
of the Dnipro-Donetsk Basin within its central
rift part of mantle origin is a giant pathway
of mantle hydrogen. Some of this hydrogen
is consumed to form hydrocarbon fields and
some of it degasses in the upper crust. Inde-
pendent hydrogen fields can be formed there
as well [Shestopalov et al., 2022]. Native alu-
minium is an indicator of these processes. The
results achieved are also true for other basins,
which contain native aluminium within the
hydrocarbon fields.

Thus, native aluminum, as well as other
native oxyphilic metals in sedimentary rocks
of oil-and-gas bearing basins is a search
marker of both hydrocarbon accumulations
and the important role of deep geological
hydrogen in the formation of these deposits
and its possible accumulation in the most re-
liable traps.
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CaMopoAHUN aAIOMiHIN 9K IHANKATOP Aerasaillii BOAHIO
npu ¢opMyBaHHi POAOBHIIL] BYTA€BOAHIB

O. AYKiHl, I. Koas6ina*3, B. Illecronaaos’, O. PyAb3, 2023

1IHCTI/ITyT reoAOriyHUX HayK HarionaarbHOI akapeMil Hayk YKpainu, Kuis, YKkpaiHa
ZPaAioeKOAOI'i‘-IHI/Iﬁ neHTp HarionaabHOI akapeMil Hayk YKpainu, Kuis, YkpaiHa
3IHCTI/ITyT MeTanrodizuku im. I'.B. Kypatomosa
HarionaabHOI akapeMii Hayk YKpainu, Kuis, YKkpaiHa

Y cTaTTi PO3TASIHYTO MOKAMBICTE TPAHCIIOPTYBAHHSA CAMOPOAHOT'O AAFOMIHIIO 3 BOAHE-
BUM (PAIOIAOM, MO0 OCap KeHHs Ta 30epesKeHHs B 0CAAOBUX IIOPOAAX, & TAKOJK OITiHIOBaH-
H$ YMOB, 3a IKUX I1e MOJKAMBO. 3a3HaueHa IpoOAeMa HUHI € AUCKYCIHHOIO 1 PO3TASIAQE€THCS
y HU3M0i myoOaikariii. CaMOpOAHUY aAIOMiHIN 3HAWAEHO B Pi3HUX THUIAX OCAAOBUX IOPIA
Ha@TOra30HOCHUX OacelHiB. 30KpeMa, CAaMOPOAHI artOMiHIe€BI chepyAr BUSBAEHI y AO-
AoMiTax AHITPOBCHKO-AOHEIBKOI 3amapAnH. Ha puKAaai X 3HaXiAOK MOKa3aHo, 1110
HeOOXIAHMMM YMOBaMU YTBOPEHHS i TpUBaAOTro 30epesKeHHsI CaMOPOAHOTO aAIOMIHIIO €
Y0TO Mirpatiis 3 IOTOKOM BOAHIO Y BePXHi IIapyu 3eMHO1 KOopH, (popMyBaHHS 7P-yMOB IIapo-
IIOAIOHOTO CTaHy BOAY i YTBOPEHHS 3aXMCHOI ITAIBKH Ha IIOBEPXHI CAMOPOAHOTO aAIOMIiHIFO.
OnwucaHuil y CTaTTi IpoIleC YTBOPEHHS CaMOPOAHOTO aAlOMiHIIO B OCAAOBHX IIOPOAAX
Ha@TOra3oBUx O6acelHiB AHIIPOBCHKO-AOHEIEKOTO PUMTY, a TAKOK MOro BUSBAEHHS B
iHIIMX 6acelHaxX CBIAUUTH IIPO TUIIOBUM XapaKTep bOT0 IPOIeCy AT PUPTOBUX CTPYK-
TYP, A€ HaKOIIMUYIOThCS ByTAeBOAHI. [TpumnyckaeTscd, 10 HapTOra3oHOCHA CTPYKTYpa
AHITPOBCHKO-AOHEIBEKOTO pU@TY Ma€ MaHTiHHe IIOXOAKEHHS 1 € TIraHTChbKUM AJKEPEAOM
TAMOMHHOI'O BOAHIO. HacTHHA ITbOTO BOAHIO BUTPAYa€ThC Ha (POPMYBaHHS CKYIT4YeHb BYT-
AEBOAHIB, Y TOMY YMCAl BIAOMi POAOBHIIIA HAMTHU Ta ra3y, a YaCTHUHA MO0 Aera3ye y BepxXHi
11Iap¥ 3eMHO1 KOPU. B pe3yAbTaTi MOKYTh YTBOPIOBATUCS He3aAeKHI CKYIT4YeHHSI BOAHIO,
dK IIe OyAO TIiA yac (popMyBaHHS POAOBHUIIIA T€OAOTIUHOTO BOAHIO B Mani. [TokasaHo, 1110
HagBHICTB y (PAIOIAGX BYTAEBOAHIB He BIIAUBAE Ha IIPOIleCH, IIOB'93aHi 3 aAloMiHieM. 3TiA-
HO 3 OTPUMaHUMU pe3yAbTaTaMU 3HaUHi IIOTOKM BOAHIO 3 MAHTIl AO BEpXHiX TOPHU30HTIB
3eMHOI KOpHY € 3HaUHUMHU. HasiBHICTH CAaMOPOAHOTO aAIOMIiHIIO, SIK i iHITIUX CAaMOPOAHUX
OKCHU(INBHUX MeTaAiB B 0CaAOBUX MOPOAAX HAPTOra30HOCHUX OACelHiB, € IMOIIYKOBUM
MapKepoM SIK CKyIT4YeHb BYTA€BOAHIB, TaK i Ba&JKAMBOI POAI TAUOMHHOTI'O T€OAOTIUHOT'O BOA-
HIO B YTBOPEHHI IIUX CKyI4YeHb i MOr0 MOKAUBOTO HAKOIIMYEeHHS B HAAIMHUX ITaCTKaX.

KA1040Bi cAOBa: CaMOPOAHUM aAtOMiHIN, BOAHEBI (DAIOIAM, OCAAOBI TOPOAU.
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