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Abstract. The enormous-scale processes of platform stages of magmatism and paleovolcanic activity on the Siberian 
Platform are characterized by the effusio of gigantic volumes of basaltic magma, the formation of kimberlite fields, iron, 
rare earth, and sulfide ores, as well as changes in the localization of hydrocarbon deposits. These processes, initiated 
by the passage of the craton over the “hotspot” of the giant super-plume encompassed many aspects of the evolution of 
hydrogeological, including magmatic-hydrothermal, paleosystems in the sedimentary cover of the ancient craton. This 
paper examines the nature and concept of «fluid–dynamic structure» as part of the magmatic-hydrothermal model of vol-
canogenic-sedimentary cover evolution using the Angara-Lena artesian basin as an example. The purpose of the study 
is to substantiate a magmatic-hydrothermal formation model of fluid-dynamic structures and transformation of rare-metal 
industrial brines in the volcanogenic-sedimentary cover of the Siberian Platform. This study uses archival and up-to-date 
seismic and electrical exploration data, deep-drilling geotechnical datasets, and hydrogeochemical brine sampling. The 
authors interpret the subvertical and associated subhorizontal zones of reflection loss observed in seismic sections at a 
number of sites as fluid-dynamic structures formed during the magmatic and postmagmatic pneumatolytic-hydrothermal 
stages. The impact of magmatic melts rising into the upper crust through deep crustal faults and areas of increased per-
meability of the tectonosphere led to the pulsed formation of vapor-dominated fluid pressure systems. According to the 
authors, the circulation of vapor-hydrothermal fluids through secondary filtration systems led to profound transformations 
in the hydrogeochemistry of the primary sedimentogenic brines of the sedimentary basin. At the same time, the reservoir 
rocks were transformed, with the development of high-capacity natural reservoirs driven by hydraulic fracturing, thermolift, 
and vapor-gas and fumarolic activity.The stages of platform magmatism and post-magmatic processes played a crucial 
ore-forming and ore-localizing role in the metallogeny and mineral genesis of industrial metal-bearing brines, determined 
the secondary concentration of the richest «liquid» ore of rare, dispersed elements, and mineral salts, including bromine, 
alkali metals – lithium, rubidium, cesium, potassium, and compounds with alkaline earth calcium and strontium.
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Резюме. Колоссальные по своим масштабам процессы платформенных этапов магматизма, палеовулканической 
деятельности на Сибирской платформе известны излиянием гигантских объемов базальтовой магмы, формирова-
нием кимберлитовых полей, железных, редкоземельных и сульфидных руд, а также изменениями в локализации 
месторождений углеводородов. Эти процессы, инициированные прохождением кратона над «горячей точкой» ги-
гантского суперплюма, охватывали многие аспекты эволюции гидрогеологических, в том числе магматогенно-ги-
дротермальных, палеосистем в осадочном чехле древнего кратона. Речь пойдет о природе и понятии «флюидо-
динамическая структура» как части  магматогенно-гидротермальной  модели эволюции вулканогенно-осадочного 
чехла на примере Ангаро-Ленского артезианского бассейна. Целью проведенного исследования являлось обосно-
вание магматогенно-гидротермальной модели формирования флюидодинамических структур и преобразования 
редкометалльных промышленных рассолов в вулканогенно-осадочном чехле Сибирской платформы. В работе 
использованы архивные и новейшие материалы по сейсмо- и электроразведке, массивы геопромысловых данных 
глубокого бурения, гидрогеохимического опробования рассолов. Авторы трактуют наблюдаемые на сейсмогео-
логических разрезах субвертикальные и сопряженные с ними на ряде объектов субгоризонтальные зоны потери 
отражений как флюидодинамические структуры, сформированные в магматический и постмагматический пневма-
толитово-гидротермальный этапы. Воздействие поднимающихся через глубинные коровые разломы и узлы повы-
шенной проницаемости тектоносферы в верхнюю кору магматических расплавов привело к импульсному форми-
рованию пародоминирующих флюидонапорных систем. По представлениям авторов, циркуляция парогидротерм 
по вторичным системам фильтрации привела к глубокому преобразованию гидрогеохимии первично-седименто-
генных рассолов осадочного бассейна. Одновременно происходило изменение пород-коллекторов с формирова-
нием высокоемких природных резервуаров вследствие процессов гидроразрыва, термолифта, парогазовой и фу-
марольной активности. Этапы платформенного магматизма и постмагматические процессы сыграли важнейшую 
рудоформирующую и рудолокализующую роль в металлогении – минерагении промышленных металлоносных 
рассолов, обусловили вторичное концентрирование богатейшей «жидкой» руды редких, рассеянных элементов и 
минеральных солей, в том числе брома, щелочных металлов – лития, рубидия, цезия, калия, соединений со ще-
лочноземельными кальцием и стронцием.

Ключевые слова: гидротермы, вулканогенно-осадочный чехол, флюидодинамические структуры, пародоминиру-
ющие резервуары, глубинный соляной карст, металлоносные промышленные рассолы
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Introduction
It is known that the key to solving the mystery 

of fluid-dynamic structures is a comprehensive 
analysis of the history of geological development of 
the volcanogenic-sedimentary cover of the craton 
in the Precambrian and Phanerozoic. Such struc-
tures are regularly observed in 2D and 3D seismic 
data from many exploration areas in the south of 
the Siberian Platform. 

The works of V.S. Obruchev, I.I. Krasnov,  
V.S. Masaitis, M.M. Odintsov, G.M. Levinson-
Lessing, L.G. Strakhov, G.D. Feoktistov, A.I. Al-
mukhamedov, A.Ya. Medvedev, and many other 
geologists are devoted to the study of the geolo-
gy and geochemistry of the platform magmatism 
of the trap intrusions of the Siberian Platform. At 
the end of the Paleozoic and the beginning of 
the Triassic, the Siberian Platform experienced a 
phase of main magmatism [1–4, etc.]. The most 
widely accepted opinion is that the magmatic 
melts that formed the dolerite intrusions, or sills, 
originated from the Kansk-Taseevskaya depres-
sion, a source zone of trap magmatism with a 
monoclinal rock dip. A number of the largest in-
trusions located in the lower part of the sedimen-
tary cover have been identified within the Irkutsk 
region, including the Okinsky, Kupsky, Vikhorev-
sky, Bratsky, Sedanovsky, Tubinsky, Tushamsky, 
Sredne-Angarsky, Verkhne-Katansky, and Uso-
lsky sills. According to petrographic, mineralog-
ical, and structural features, three morpholog-

ical zones are conventionally distinguished in 
all intrusions: the central (or overrooted) zone, 
the peripheral zone, and the wedging area. The 
central zone of sills has a true thickness of up to 
250 m; the peripheral zone is from 50 to 100 m,  
adapting to the general strike of the layered 
halogen-carbonate stratum; the thickness of 
the wedging areas is up to 50 m. In the work by  
D.P. Gladkochub and co-authors [5], three 
main stages of Phanerozoic plume mafic mag-
matism (500, 275–290, and 240–245 Ma) are 
identified for the southern flank of the Siberian 
craton. The Early Mesozoic trap magmatism in 
the south of the Siberian craton is represented 
by numerous basic intrusions of the Angara-
Taseyevskaya syneclise, including the Usolsky 
sill with an age of 240–245 million years.

By analogy with volcanic areas of recent vol-
canism, Eastern Kamchatka Peninsula, the Kuril 
Islands, New Zealand, the intrusion of the 1,200°C 
hot melt of basaltic magma resulted in the for-
mation of intermediate magmatic foci in the sedi-
mentary cover of the Siberian craton [3, 6–8]. The 
physical basis of the interaction process between 
the melt of basaltic magma, the host sedimen-
tary rocks of the Lower Cambrian evaporites of 
the sedimentary cover, and the groundwater of 
deep aquifers, brines [9], is the high-temperature 
effect of the basaltic melt coming from the man-
tle [3, 4, 6, 10–12]. The system of aqueous solution 
of salts, natural chloride brines, is considered to be 
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the first and most actively responding to changes 
in temperature conditions during interaction with 
magma [12–16].

In the southern part of the Siberian Platform, 
the mass intrusion of basaltic melt into the supra-
source spaces along the system of deep mag-
matic faults, to the level of the Lower Cambrian 
carbonate-halogen complex of the rocks of the 
sedimentary cover, led to the formation of mag-
matic peripheral foci that were split along their 
flanks. The thermal effect of the melt on the lat-
eral rocks was accompanied by granulation and 
radial invasion through the least stable layers, that 
is, in layers. Subhorizontal zones associated with 
them were formed. In the central part of the struc-
ture, there was “complete liquefaction of the host 
evaporite stratum, intensive mixing of the newly 
formed carbonate-salt melt with granular silicate, 
accompanied by the release of the ore phase” [11]. 
All processes took place under the screen of the 
overlying halogen strata.

At the subsequent stage, hydraulic fractur-
ing (HF) of the silicate-carbonate and ore-car-
bonate emulsion mixtures took place into layered 
cracks with the formation of sill-like bodies. The 
intrusion of emulsions in the sedimentary strata 
proceeded with a constant inflow of brines from 
deep horizons of the sedimentary cover, that 
is, with the participation of the aqueous phase. 
Ahead of magma, a horizon/layer of water-salt 
deposits consisting mainly of halite and its sat-
urated solution was formed at this depth due to 
the vapor-gas front [17]. Later in relation to the 
magmatic stage is the hydrothermal-metasomatic 
stage. Recently, this stage in the deposits of the 
Angara province has been considered the lead-
ing one in ore formation, therefore, a number of 
special studies have been devoted to the pro-
cesses associated with it [2–4, 18, 19]. Thus, the 
monograph by A.I. Almukhamedov and G.V. Nes-
terenko [19] is devoted to the study of the geo-
chemistry of rare elements in the processes of 
basalt magma differentiation. The work is based 
on the example of traps of the Siberian platform. 
It shows the main geochemical patterns of dis-
tribution, location, and behavior of 28 elements 

1 Zagorovsky Yu.A. The role of fluid-dynamic processes in the formation and distribution of hydrocarbon deposits in the 
north of Western Siberia: dissertation for the degree of Ph.D. in Geology: 25.00.12. Tyumen; 2017, 201 p.

characteristic of both basic magma (iron group 
elements) and other types of magmas (silver, 
zinc, lead, lithium, rubidium, strontium, barium, 
tantalum, niobium, and others). It should be not-
ed that the role of deep fluid-dynamic processes 
of fluid migration, as well as ore transfer pro-
cesses in the Earth’s crust, have been consid-
ered from different perspectives by many well–
known geologists – I.M. Gubkin, F.A. Letnikov,  
Zh.V. Seminsky, E.B. Chekalyuk, L.A. Abukova,  
N.A. Kudryavtsev, A.N. Dmitrievsky, A.A. Nezhda
nov, A.V. Migursky, V.I. Nikulin.

The purpose of this work is to substantiate the 
volcanogenic-geothermal model of the formation 
of fluid-dynamic structures, which are recorded 
based on the results of detailed seismic surveys 
using the method of volumetric seismic exploration 
and deep drilling in the sedimentary cover, using 
the example of the studied territory of the south-
ern Siberian platform. With a certain degree of 
conventionality, following Yu.A. Zagorovsky1 and 
A.A. Nezhdanov [20], we distinguish two types of 
fluid-dynamic structures:

– subvertical, well-studied structures of in-
creased permeability of the tectonosphere in com-
bination with deep crustal faults [21, 22], structures 
of diatreme association and diatremes, as a rule, 
these are through hydrogeological structures in 
the upper structural stage of the platform, draining 
the cover or part of it;

– subhorizontal and slightly inclined zones of 
an active karst fractured reservoir, to which numer-
ous “rapa sills” are confined, detected by high-yeild 
inflows from deep wells of extremely saturated 
magnesium-calcium metalliferous polycomponent 
brines with abnormally high reservoir pressure 
comparable in magnitude to the rock pressure at 
these depths.

Materials and methods
The work uses archival and the latest materi-

als on seismic and electrical exploration, arrays 
of geofield data from deep drilling, hydrogeo-
chemical sampling of brines. In order to take 
into account as much as possible the significant 
large-scale geodynamic processes that influ-
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enced the formation of fluid-dynamic structures 
in the sedimentary cover of the Siberian plat-
form through magma fluid flows into the upper 
crust [23], the authors used the analogy method 
to draw on the experience of studying geother-
mal fields [6, 24, 25, etc.] of modern magmatic 
and high-temperature hydrothermal systems 
of Eastern Kamchatka (Russia). Experimental 
data are extremely important, based on which 
it is concluded that evaporation of solvent water 
over time is the basis for lithium concentration 
in brines, while high–temperature pneumatolite–
hydrothermal processes are key to the formation 
of lithium brine deposits with a low magnesium-
lithium ratio [12]. 

Results and discussion
The process of studying the sedimentary cover 

of the Siberian Platform by hydrotherms, which 
took place both during and after the catastrophic 
period of active basic volcanic activity, was very 
long and, according to some estimates, took up 
to 60 million years [7]. Under hydrotherms, the 
authors understand both the mantle and crust-
al components of magma degassing, as well as 
chloride fluids, brines from deep horizons of the 
sedimentary cover involved in active circulation 
in the paleoprocess of the thermolift [25]. Hydro-
therms of mantle and crustal genesis formed ac-
tive filtration zones, “hydrogeological windows”, 
which received the lower (relative to the position 
of the intermediate magmatic focus) hydrodynam-
ic groundwater systems of deep horizons of the 
sedimentary cover (brines). The accumulation of 
reservoir pressure under halogen screens led to 
the injective penetration of hydrotherms into frac-
tured reservoirs of the sedimentary cover and the 
activation of auto-hydraulic fracturing (auto-HF) 
processes, they were also significantly discharged 
into surface watercourses and entered the World 
Ocean [16]. The regional stratum of the Cambri-
an salt basin [26] played the role of a regional 
impermeable bed. Intersalt fractured carbonate 
reservoir formation of the Vendian–Cambrian and 
Early Cambrian strata on the Siberian platform 
as a complex drainage-channel system were the 
most important factors in the process of redistri-
bution of high-pressure hydrodynamically active 
fluid systems.

According to this model, fluid-dynamic struc-
tures were formed during the intrusion of liquid 
high-temperature (up to 1,200°C) basic magma 
into the halogen-carbonate-volcanogenic stra-
tum of the cover of the salt basin. According to  
Yu.A. Zagorovsky1, A.A. Nezhdanov [20], fluid-
dynamic processes include the migration (move-
ment) of fluids in the Earth’s subsurface. Fluid-dy-
namic anomalies of the seismic record are consid-
ered evidence of jet migration through caprocks, 
linking them to the oil and gas content and abnor-
mally high reservoir pressure of the fluid systems 
of the upper crust. 

Today, the use of new technologies and geo-
physical methods for oil and gas exploration has 
allowed geologists to take a fresh look at these 
territories with a long, complex history of geolog-
ical development, and at a number of sites with 
an unclear genesis. One of the tasks that requires 
explanation, solution and geological interpretation 
is the so-called “fluid-dynamic structures”, which 
are recorded (Fig. 1) based on the results of de-
tailed seismic surveys of the three-dimensional 
seismic exploration in the sedimentary cover. The 
fluid-dynamic structures are detailed based on 
the materials of wide-azimuth 3D seismic explora-
tion [27], including using artificial intelligence tools. 

According to one hypothesis, the fluid-dynamic 
structures are volume-planar subvertical or in-
clined to subhorizontal cavernous-fractured fault 
zones, decompression zones [28–30], which at 
the stages of tectonic and magmatic activation 
of the craton were presumably channels of deep 
degassing [20]. Fluid-dynamic structures are often 
also associated with zones of development of lo-
cal structural and compositional heterogeneities, 
subsidence troughs, in the halogen‑carbonate 
strata of the sedimentary cover. According to one 
hypothesis, their formation is determined by the 
manifestation of deep salt karst [7, 31, 32] as a 
result of “hydraulic cutter”, the lateral movement 
of diluted groundwater along one of the regional-
ly continuous fluid‑bearing horizons at the base 
of the karst strata, in this case presumably the 
Osinsky horizon [32]. This hypothesis is based 
on the fact of the invasion of the giant Usolsky sill 
along the Osinsky horizon or, in some areas, in the 
immediate vicinity under or above it [27, 30, 32]. 
The subvertical fluid-dynamic structures served as 
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channels for migration of hypogene fluids, which 
led to the localization of hydrothermal discharge: 
vapor hydrotherms in the postmagmatic stages of 
continental magmatism. 

Subsequently, the fluid-dynamic structures 
under consideration were preserved as relics of 
hydraulic fracturing: the breakthrough of the va-

por-gas front of boiled brines, “rapa sills” [13, 14], 
as well as transit routes for long-term discharge of 
hydrothermal fluids and triggered the formation of 
secondary high-capacity karst fractured reservoirs.

The authors consider the combination of linear 
fractures and small “gas pipes” to be diagnostic 
indicators that allow the observed structural and 
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Fig. 1. Fluid-dynamic structures on the time section of seismic exploration 
using the common depth point method (A.V. Levin’s interpretation): 

a – fragment of the time section from the Kovyktinskaya area, Angara-Lena stage: 
1 – through fluid-dynamic structures, 2 – fluid-dynamic structures localized in the halogen-carbonate floor; 

b – fragments of time sections with volcanic apparatuses/explosion pipes from the Nepa dome, 
Nepa-Botuoba anteclise, according to geological exploration data for oil and gas (predicted “through” fluid 

dynamic structures in the sedimentary cover are shown; subsidence troughs of the strata are formed 
in the junction area of normal sedimentary section)

Рис. 1. Флюидодинамические структуры на временном разрезе сейсморазведочных работ 
методом общей глубинной точки (интерпретация А.В. Левина): 

а – фрагмент временного разреза с Ковыктинской площади, Ангаро-Ленская ступень: 
1 – сквозные флюидодинамические структуры, 

2 – флюидодинамические структуры, локализованные в галогенно-карбонатном этаже; 
b – фрагменты временных разрезов с вулканическими аппаратами/трубками взрыва с Непского свода, 

Непско-Ботуобинской антеклизы по данным геолого-разведочных работ на нефть и газ 
(показаны прогнозируемые «сквозные» флюидодинамические структуры в осадочном чехле; 

в зоне примыкания нормально-осадочного разреза сформированы мульды проседания толщи)

t0, ms
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compositional heterogeneities in the sedimentary 
cover to be attributed to fluid-dynamic structures. 
Due to their small size, these features are not al-
ways visible in the seismic wavefield. However, 
signs of fluid-dynamic structures are detected 
based on geological and field data from deep drill-
ing, as well as on the results of electrical explo-
ration, which indicate the presence or absence of 
anomalously hydrodynamic reservoirs.

Thus, Fig. 2 shows the zoning scheme of 
the northwestern wall of the Zhigalovsky swell, 
the megastructure closest to the Usolsky sill in 
the sedimentary cover [33]. The mosaic oval 
contours of the fluid-saturated void (capacitive 
and transit) space of the predicted subsidence 
troughs in intersalt carbonate fractured reservoir 
rocks of the Cambrian macro-reservoir are high-
lighted in blue. Two troughs have been opened 
by deep wells, and inflows of extremely saturated 
brines from the predicted “rapa sills” have been 
obtained.

The specific shape and internal structure of 
fluid-dynamic structures are determined by the 
thickness and other parameters of the forming fluid 
flow, as well as the strength properties of the rocks 
in which fluid-dynamic structures are formed, their 

2 Nezhdanov A.A., Smirnov A.S. Fluid dynamic interpretation of seismic data: textbook. Tyumen: Industrial University  
of Tyumen; 2021, 286 p.

tectonic dislocation and fracturing. In fact, the fluid-
dynamic interpretation of geophysical data consists 
in extracting information about the movement of 
underground fluids and the formation of their ac-
cumulations in the sedimentary cover2. 

The Angara-Lena stage and the artesian 
volcanogenic-sedimentary basin of the same 
name have developed an intrusive formation-like 
hypabyssal facies, represented by dolerites, Uso-
lsky (Fig. 3) and other sills. Its structure is charac-
terized by materials from more than 400 wells, as 
well as data from regional and detailed seismic sur-
veys. The area occupied by it exceeds 300,000 km2  
and it is probably the most extensive formation 
trap body known on Earth. According to A.V. Mi-
gursky [34], “this is the most famous formation 
trap”. The distance of the Usolsky sill wedging 
boundary from the source area (the central part 
of the Sayan-Yenisei syneclise) reaches 500 km 
or more. The amoeboid shape of the sill has large 
bay-shaped contours and step rises in hypsom-
etry and stratigraphy as it moves away from the 
source of intrusion. Fig. 3 shows the main fields 
of trap sills, Usolsky sill, accumulations of hydro-
carbons, known and predicted deposits of rare 
metal brines. The position of brine-producing wells 

0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 10	 11	 12	 13	 14 S

Fig. 2.  Zoning scheme of the northeastern flank of the Zhigalovsky swell based on the presence/absence
of anomalous hydraulic reservoirs (based on geological exploration data) [33]

Рис. 2. Схема районирования северо-восточного крыла Жигаловского вала по наличию/отсутствию 
аномально-гидропроводных коллекторов (по данным геолого-разведочных работ) [33]
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Fig. 3. Zonal igneous areas as metallogenic basis to form ore clusters 
and deposits of rare metal industrial brines in the sedimentary cover 

of the hydromineral province of the Siberian Platform, Angara-Lena artesian basin 
(compiled by: M.A. Danilova, A.V. Levin, A.G. Vakhromeev, A.V. Oshchepkova, S.K. Kvachko):

1 – Usolsky sill; 2 – predicted discharge area of vapour-dominated hydrothermal fluid systems; 3 – iron ore areas 
as recharge zones of deep-seated geofluid systems; 4 – hydrocarbon deposits in the cover; 5 – frontal area (foreland) 
of Baikal-Patom fold–thrust belt; 6 – Baikal-Patom fold-thrust belt; 7 – ore–controlling crustal faults of the basement; 
8 – contour of the Angara-Lena artesian basin; 9 – discharge directions of vapor-dominated hydrothermal systems; 

10 – identified (a) and predicted (b) contours of rare metal brine deposits: 1 – Angara-Lena, 2 – Karakhunsky, 
3 – Bratsko-Kovinsky, 4 – Yaraktinsky, 5 – Danilovsko-Preobrazhensky; 11 – “explosion pipes – diatremes” 

as hydrogeological “windows” for subvertical fluid circulation; 12 – deep wells with inflows of industrial 
rare-metal brines (according to the sources [21, 22, 32] with authors’ additions)

Рис. 3. Зональные магматические ареалы как металлогеническая основа формирования рудных узлов 
и месторождений редкометалльных промышленных рассолов в осадочном чехле 

гидроминеральной провинции Сибирской платформы, Ангаро-Ленский артезианский бассейн 
(составили: М.А. Данилова, А.В. Левин, А.Г. Вахромеев, А.В. Ощепкова, С.К. Квачко):

1 – Усольский силл; 2 – прогнозируемая область разгрузки пародоминирующих гидротермальных флюидных 
систем; 3 – железорудные районы как зоны питания глубинными флюидными системами; 4 – месторождения 

углеводородов в чехле; 5 – фронтальная область (форланд) Байкало-Патомского складчато-надвигового 
пояса; 6 – Байкало-Патомский складчато-надвиговый пояс; 7 – рудоконтролирующие коровые разломы 

фундамента; 8 – контур Ангаро-Ленского артезианского бассейна; 9 – направления разгрузки 
пародоминирующих гидротермальных систем; 10 – установленные (а) и прогнозируемые (b) контуры 

месторождений редкометалльных рассолов: 1 – Ангаро-Ленского, 2 – Карахунского, 3 – Братско-Ковинского, 
4 – Ярактинского, 5 – Даниловско-Преображенского; 11 – «трубки взрыва – диатремы» 

как гидрогеологические «окна» субвертикальной циркуляции флюидов; 12 – глубокие скважины с притоками 
промышленных редкометалльных рассолов (согласно источникам [21, 22, 32] с дополнениями авторов)
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and predicted ore clusters of localization of “liquid” 
rare metal ore and deposits relative to crustal fault 
zones that are fluid permeable during the stages 
of tectonomagmatic activation, and the expected 
directions of vapor hydrothermal paleofiltration 
relative to magmatic bodies of the Usolsky sill, vol-
canic apparatuses of the central type – “explosion 
tubes” is shown. The above scheme represents 
the most important stages of metallogeny of this 
type of lithium-bearing raw materials: rare metal in-
dustrial brines. The discharge of the pneumatolite-
hydrothermal systems proceeded from the apical 
region of the sill along the subhorizonal filtration 
channels of the thrust sheets of the allochthon of 
the Markov-Ichersk sector (in Fig. 3 in the direction 
to the north and northeast).

Sills, fluid-dynamic structures, and volcanic 
explosion tubes within the Usolsky and Motsky sills 
are distinguished according to 2D and 3D seismic 
survey data in the south of the Siberian Platform: 
Fig. 4 shows a seismogeological section across 
the strike of an allochthonous anticline [27].

Considering the features of the geological 
structure of the Usolsky sill, a giant magmatic trap 
body in terms of area, its marginal region and the 

area of the sedimentary cover above it in the halo-
gen–carbonate stratum of the Early Cambrian (see 
Fig. 3). It should be noted that in the southern and 
southeastern parts of the Angara-Lena stage, the 
Usolsky sill is traced in the Pravoberezhnaya, Zhi-
galovskaya, Gruznovskaya, Kovyktinskaya, Chikan-
skaya, Omoloyskaya and Ust-Kut areas [32]. In 
this territory, traps lie in the bottom of the Usolsky 
formation, under the Osinsky horizon, break through 
the Osinsky horizon along the bedding or are locat-
ed on it. In the eastern part (on Pravoberezhnaya, 
Gruznovskaya, Zharkovskaya, Kovyktinskaya and 
Chikanskaya areas), they lie under the Osinsky 
horizon. Further to the east of Kovyktinskaya area, 
there is no trap body (see Fig. 3, a). The Angara-
Lena industrial brine deposit [32, 35] is predicted 
here (see Fig. 3). It is currently being explored at 
the Znamenskoye, Verkholenskoye, Kovyktinskoye 
and Omoloyskoye sites.

To the northwest, in Chorskaya area, in well 1,  
the traps lie under the Osinsky horizon, and in 
wells 2 and 115, they are located above the Osin-
sky horizon. To the west, in Karakhunskaya and 
Rodionovskaya areas, the basic sill “breaks” the 
Osinsky horizon. Here, in well 2 of Karakhunskaya 

Fig. 4. Fluid-dynamic structures and volcanic eruption pipes within Usolsky sill distribution 
in the south of the Siberian platform (based on geological exploration data) [27]

a – wave pattern display at the Mamyrsky subsurface site (Mamyrsky-1, -2); 
b – preliminary location of eruption pipes in a cube after prestack time migration

Рис. 4. Флюидодинамические структуры и вулканические трубки взрыва в пределах распространения 
Усольского силла на юге Сибирской платформы (по данным геолого-разведочных работ) [27]: 

а – отображение волновой картины на Мамырском участке недр (Мамырский-1, -2); 
b – предварительное расположение трубок взрыва по кубу после временной миграции до суммирования
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area, during drilling, a free flow of concentrated 
brine with hydrogen sulfide was obtained with a 
flow rate of about 2,000 m3/day. It is predicted (see 
Fig. 3) the industrial brine deposit of the same 
name.

According to borehole data, core and geophys-
ical well logging studies, trap sill was installed in 
the wells 1UKV, 2UKV, 22CHI, and 62KOV in the 
Kovyktinskaya and Chikanskaya areas. The thick-
ness of magmatic bodies is 10 m in the Pravobere-
zhnaya-1 well, 19.3 m in the 23CHI well, 70.1 m in 
the 14CHI and 21CHI wells. The maximum thick-
ness of the stripped deposits in the southwest is in 
the Gruznovskaya-1 well (123 m). Similar values 
of thickness were detected according to drilling 
data in the Gruznovskaya 134 (105 m) and Zhar-
kovskaya 133 (118 m) wells. The minimum is in the 
Pravoberezhnaya-1 (10 m) and Zhigalovskaya-1  
(1 m) wells. According to the material composi-
tion, the intrusive body is mainly represented by 
dolerites, less often by gabbro-dolerites. Thus, in 
the Kov-62 well, according to the materials of geo-
physical studies, trap formations were uncovered 
in the range of 2,586.6–2,652.2 m. According to the 
description of the core and sludge, the interval is 
represented by dolerites, from dark gray to black, 
fine crystalline, strong with dolomite interbeds.

Thus, the unique Kovykta gas condensate 
field, the largest field in the eastern part, is char-
acterized by a complex two-layer structure of the 
volcanogenic-sedimentary cover 3 [32, 35] and is 
complicated by trap sill in the western, northwest-
ern parts of the territory (Fig. 5). The authors of the 
work [30] suggested the following: “It is possible 
that a powerful continuous dolomite formation (the 
Osinsky horizon) was a hard-to-penetrate barrier 
for high-temperature (1,100–1,200°C) trap magma. 
In the zones of deconsolidation and increased frac-
turing of the Osinsky horizon, trap magma flowed 
through tectonic zones into the supra-Osinskaya 
part of the section”.

At the same time, in this model, the process-
es of interaction of magma and natural brines 
of the Osinsky horizon, auto-hydraulic fracturing 
and the intrusion of a vapor-gas front are not 
considered, although they are characteristic of 

3 Misyurkeeva N. V. Folds and thrust structures of the sedimentary cover of the southeastern margin of the Siberian 
Craton (Kovykta–Khanda zone): dissertation for the degree of Ph.D. in Geology: 25.00.03. Irkutsk; 2022, 140 p.

the magmatic stage of the upper crust devel-
opment. We emphasize that here, at the stage 
of the intrusion of dolerite magma, the Osinsky 
horizon was located in the area of the formation 
of a vapor–dominated reservoir. Such processes 
take place at objects-analogues, for example in 
Kamchatka [6, 24, 25].

According to A.V. Kiryukhin [6], under con-
ditions of horizontal crustal compression, active 
volcanoes are injectors of water and magma into 
adjacent geofluidic reservoirs, forming high-tem-
perature hydrothermal systems (for example, the 
Mutnovsky volcano). It is the geodynamic condi-
tions of horizontal compression that are charac-
teristic of the Caledonian stage in the range of 
the middle, Early Cambrian halogen-carbonate 
strata [3, 32, 34] of this territory.

The authors compared the well-known hypoth-
eses of the formation of brines of the Siberian plat-
form [15, 16, 36], ore bodies of the Angara-Ilim 
type, the Norilsk ore node [4, 19], mineragenic 
concepts [33], the plume hypothesis [37]. This 
comparison suggested a possible model of not only 
explosive [33], but also a probable powerful, long-
term secondary paleo–hydrothermal formation of 
the considered fluid-dynamic structures: objects in 
the sedimentary cover. [13, 14, 32, 38, 39]. On the 
one hand, this model was based on a comparison 
of field-geological data of drilling (see Fig. 5) and 
seismic surveys on the territory of the Angara-Lena 
artesian basin, hydrochemical studies of concen-
trated brine samples [9, 40], experiments of the 
water-rock interaction process at temperatures 
above boiling point and up to postcritical tempera-
tures [12]. On the other hand, correlation of de-
tailed geodynamic models of thrust tectonics [32], 
as well as the results of studies of modern and 
paleo-hydrothermal systems [6, 8, 25, 39], detailed 
description of the structure of trap sills and volcanic 
apparatuses of the central type, their relationship 
to the primary sedimentary rocks of the cover ac-
cording to seismic surveys and deep drilling in the 
study area [27, 30, 41, 42].

If a number of observed fluid-dynamic struc-
tures are indeed formed in the processes of active 
filtration of fluids in the sedimentary cover, then 
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Fig. 5. Detailing of the geological model of the marginal apical region in the southeastern closure 
of the Usolsky Sill according to geological exploration data (drilling, geophysical surveys, time section 

of seismic surveys using the common depth point method) on Kovyktinskaya area [27, 30]:
a – in the plan (A – the roof of the Osinsky horizon, B – the roof of the Teter formation, Tr – trap sills); 

b – fragment of geophysical research data correlation the line of wells 21CHI, 1UKV, 
14CHI, 31CHI aligned with the roof of the Osinsky horizon (characteristics of the wave field in the 

wedging area of the Usolsky sill, seismic survey)
Рис. 5. Детализация геологической модели краевой апикальной области в юго-восточном замыкании 

Усольского силла по данным геолого-разведочных работ (бурение, геофизические исследования, 
временной разрез сейсморазведочных работ методом общей глубинной точки) 

на Ковыктинской площади [27, 30]:
а – в плане (А – кровля осинского горизонта, Б – кровля тэтэрской свиты, Тр – трапповое тело); 

b – фрагмент корреляции данных геофизических исследований по линии скважин Чик-21, ЮК-1, 
Чик-14, Чик-31, выровненный на кровлю осинского горизонта (характеристика волнового поля 

в районе выклинивания усольского траппового тела, сейсморазведка) 

there must be confirmation of these processes 
at the compositional level, in rock samples. Ac-
cording to A.Y. Ozerov, Doctor of Geological and 
Mineralogical Sciences, Corresponding member 

of the Russian Academy of Sciences, an important 
argument for the formation of permeable sections 
of a trap body is the linearly permeable sections 
represented by “pore channel paths” on doler-
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ite samples (Fig. 6, a). These areas reflect the 
process of “hydrovolcanism”, the breakthrough 
of an overheated steam-water mixture through 
liquid magma [43]. This phenomenon indicates 
a significant pressure of the vapor-gas jets of the 
vapor-dominated reservoir [24] below the contact 
area with magma, forming channels of vertical fluid 
filtration in the thickness of the melt area of the 
future trap sill. Fig. 6, b shows the phenomenon 
of intense karst in a core sample taken from the 
Osinsky horizon in one of the wells of the Nepa-
Botuoba anteclise, redeposition of the halite melt 
in caverns and karst cavities.

Actually, the described fluid-dynamic struc-
tures (see Figs 1, 4) are fixed in two regions. The 
part of fluid-dynamic structures is observed above 
the sill in the field of its spread. The other part of 
them is shifted from the contour (sill) projection 
and is located in the band (see Fig. 3), envel-
oping the marginal, apical parts of the Usolsky 
sill in the plan. At the same time, it captures the 
frontal area of the thrust folding of the allochthon 
of the Baikal-Patom fold-thrust belt, located in the 

area of the prospected front of the main thrust 
sectors [13, 14, 32]. The Usolsky sill, the active 
intrusion of which is established in the Permian–
Triassic, is limited along its contour by a foreland, 
or its intrusion stopped at some distance from 
the foreland (see Fig. 3). The magma intruded 
along the Osinsky horizon from the northwest 
to the southeast, up the rise. It is worth noting 
that the duration of up to 60 million years [11] of 
hydrothermal activity, with hydrothermal fluids 
circulating through the decompressed near‑con-
tact zones from the base of the magmatic bodies. 
Hydrothermal fluids, vapor‑gas jets, and high‑tem-
perature fumaroles with temperatures up to  
400–650°C [4, 12, 44] contributed to the transfor-
mation and movement of dissolved substances in 
the cavernous fractured strata of the carbonate 
layers of the Early Cambrian. As a result, the for-
mation of subvertical fluid decompression zones 
led to the decompression of the salt carbonate 
strata and the development of superimposed sub-
sidence structures (Fig. 7) according to the model 
of deep salt karst [31, 32].

a b c d

e f
Fig. 6. Reflection of active paleofiltration of fluids in the sedimentary cover at the material level in rock samples:

a – hydrovolcanism, linearly permeable areas represented by the “paths” of pore channels
on the sawn dolerite samples (photo by A.Yu. Ozerov, 2024);

b – manifestation of intense karst in a core sample taken from the Osinsky horizon;
c –f – redeposition of black volcanic remolten salt in caverns and in the karst cavity

(photo by A.G. Vakhromeev, 2025)
Рис. 6. Отражение активной палеофильтрации флюидов в осадочном чехле 

на вещественном уровне в образцах горных пород:
а – гидровулканизм, линейно-проницаемые участки, представленные «дорожками» поровых каналов 

на распиленных образцах долеритов (фото А.Ю. Озерова, 2024 г.); 
b – проявление интенсивного карста в образце керна, отобранного из осинского горизонта; 

c–f – переотложение черной вулканической переплавленной соли в кавернах 
и карстовой полости (фото А.Г. Вахромеева, 2025 г.)
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Within the framework of the magmatogenic‑tec-
tonic hydrothermal model of the transformation of the 
sedimentary cover in the apical region of the Usolsky 
sill, we consider the latter to be a gigantic magmatic 
body in terms of its area. The intrusion of its magma, 
which occurred about 250 million years ago, funda-
mentally influenced the reshaping of carbonate res-
ervoirs and formed secondary, repeatedly reheated 
deposits of extremely saturated lithium‑bearing brines 
in these reservoirs. In other words, it impulsively ac-
tivated the processes of concentration of chloride 
brines, the accumulation of rare trace elements and 
mineral salts in them. The boiling of the brines led to 
the transition of water into the vapor phase [12, 45] 
and the removal of the solvent from the chloride sys-
tem, resulting in the concentration of salts according 
to the eutectic system [46]. 

Thus, the process of impulse reshaping of 
cavernous fractured systems of intersalt carbon-
ate reservoirs (reservoirs of highly concentrated 
brines) can be schematically described by the 
following stages (see Fig. 7):

1. During the magma intrusion and the forma-
tion of a magmatic focus in the frontal part of the 
future sill, a vapor‑gas cloud of supercritical fluid 
with a temperature exceeding 374°C formed in the 
sub‑ and supra-Osinskaya parts of the Usolskaya 
formation. Above it (400–650°C) there were super-
critical geothermal reservoirs (supercritical fluid 
with a temperature above 375°C) [6, 25, 43]. The 
formation of supercritical hydrothermal reservoirs 
led to a sharp increase in reservoir pressure, which 
initiated natural hydraulic fracturing processes in 
the sedimentary rock layers. 

Fig. 7. Model and main development stages of the influence area of basic igneous melt 
on sedimentary rocks and fluid systems of sedimentary cover with area designation 

(according to A.G. Vakhromeev, M.A. Danilova, A.V. Levin, S.K. Kvachko, A.V. Sergeeva):
1 – magma area; 2 – area of salt melting and hydrolysis; 3 – area of vapor-dominated reservoir,

hot (up to 100°С) liquid phase of brines; 4 – area of brine flow from lower levels of the cover section 
in the magmatic heating area, fluid-dynamic structure – area of subvertical decompression and discharge 

to the Earth’s surface; 5 – carbonate intersalt reservoirs; 6 – halite layers; 7 – area of boiling and transition (1) 
to a supercritical state of the aqueous phase (2); rapa sill – area of the formed “rapa sill”

Рис. 7. Модель и основные этапы развития области воздействия базитового магматического
расплава на осадочные породы и флюидные системы осадочного чехла с обозначением областей

(по данным А.Г. Вахромеева, М.А. Даниловой, А.В. Левина, С.К. Квачко, А.В. Сергеевой):
1 – область магмы; 2 – область плавления и гидролиза солей; 3 – область пародоминирующего резервуара, 
горячей (до 100 °С) жидкой фазы рассолов; 4 – область перетока рассолов с нижних уровней разреза чехла 

в зону магматического прогрева, флюидодинамическая структура – область субвертикального 
разуплотнения и разгрузки на земную поверхность; 5 – карбонатные межсолевые резервуары; 
6 – слои галита; 7 – зона вскипания и перехода (1) в закритическое состояние водной фазы (2); 

рапа-силл – область сформированного «рапа-силла» 

The area of NaCl melting and hydrolysis 
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destruction  
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2. In the initial stage of water and vapor‑gas 
exchange, the brines “boiled” with the evaporation 
of water as a solvent in the formations and hori-
zons closest to the sill and directly above the sill. 
The concept of free water as a solvent for natural 
salts is discussed in the works of E.V. Zelinska-
ya [45], S. Yuan, et al. [12]. It is permitted [14, 38] 
to repeatedly pulsating mix of deep fresh thermal 
waters with ore (lithium, rubidium, cesium, stron-
tium, boron, lead, tantalum, niobium, zirconium, 
yttrium, ytterbium, europium [32]) mineralization 
and primary sedimentary, metamorphosed brines 
of the sedimentary cover.

3. Supercritical pneumatolytic and vapor‑gas 
jets and boiling brines, superheated above 400–
600°C, “arrived” via circulation in the boundary 
area of the sill. Here, a zone of anomalous pres-
sure and pulsatory [32] active fluid exchange 
formed, in which circulating heterophase hydro-
therms and buried heated rare‑metal brines from 
the contact zones of subvertical magmatic dikes 
and necks, and explosion pipes were involved. 
These deposits of industrial metal‑bearing brines 
are discovered by deep wells during oil and gas 
exploration drilling (see Fig. 3). 

4. The condensation of vapor and the ag-
gressiveness of diluted hot brines towards car-
bonates, which are to varying degrees enriched 
with deep magmatic fluids, accelerated the 
rate of deep karst processes and likely formed 
fluid-dynamic structures of various scales. Such 
structures are recorded both in the basin above 
the sill and in the area of the band along the 
apical boundary of the sill and adjacent tecton-
ic structures (swells and disjunctive zones of 
decompaction, faults with displacement (see 
Figs 5–7). The process of deep salt and car-
bonate paleokarst in the the sedimentary cover, 
disturbed by explosion, has activated the for-
mation of superimposed structural forms within 
the allochthon.

Conclusions
Using the southeastern part of the Siberian 

Platform as an example, the hypothesis of mag-
matogenic‑hydrothermal formation of fluid-dynamic 
structures and the transformation of rare‑metal 
industrial brines in a volcanogenic‑sedimentary 
basin under thick strata of Cambrian salts are 

examined. The hypothesis is based on the most 
powerful stage of platform magmatism in the 
Permian‑Triassic [2, 3, 4, 37]. Permeable “fluid-
dynamic” paleostructures are identified based on 
the results of detailed seismic exploration work, 
including volume seismic exploration within the 
sedimentary cover. They are considered to be 
channels of concentrated paleodischarge of fluid 
pneumatolitic‑hydrothermal systems.

The authors attribute the following structures 
to the formed fluid-dynamic structures observed 
in time sections:

– subsidence (compensation) troughs both in 
the area of subvertical “explosion pipes” of the 
Angara‑Ilimsk type [10] and at some distance from 
the sill (see Figs 5, 7);

– subsidence troughs on the eastern, thrust 
faults, allochthonous limbs of linear anticlines in 
the Early Cambrian strata [32].

– injective deposits of multicomponent met-
al‑bearing brines, “rapa sills”, distributed in inter-
salt fractured carbonate reservoirs of the Uso-
lkaya formation of the Early Cambrian, which 
are hypostatically close to the Osinsky hori-
zon [13, 14]. 

During the stage of trap magmatism, along 
deep crustal faults, through tectonic structures 
in the frontal part of the Baikal‑Patom thrust 
system, and along the formed channels of in-
terstratal sole thrusts, a breakthrough of the va-
por‑gas front occurred, and a basaltic melt with 
a temperature of about 1200°C was injected. 
Subsequently, heating occurred, and boiling of 
fluid systems was observed, with partial melting 
of salts and the evacuation of vapor through 
fluid-dynamic structures. The final stage of the 
process involved prolonged development, leach-
ing, and karstification of carbonate fractured 
reservoirs by hot hydrothermal fluids [7]. The 
process proceeded both through through sub-
vertical zones of decompaction, fluid-dynamic 
structures, and laterally into auto‑hydraulic frac-
turing zones, which are located closest to the 
magmatic focus zone in the sedimentary cover. 
Hydrothermal fluids also intruded into the zones 
of the interstratal sole thrusts in the detachment 
areas, and subsidence basins formed in the in-
tersalt carbonate fractured reservoir rocks of the 
Cambrian macro‑reservoir. 
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The authors believe that the volcanic and 
post-volcanic stages of the impact of magmatic 
and postmagmatic pneumatolithic–hydrother-
mal solutions on the areas of the sedimentary 
cover closest to the sills are the main stages 
in the formation of the observed fluid-dynamic 
structures as subvertical “hydrogeological win-
dows” and subhorizontal closed isometric “rapa 
sills” [13, 14], which are visible on geological and 
geophysical materials of modern 3D volume seis-
mic survey (see Figs 1, 3, 6). In support of this 
model, a number of sinkholes in the Ordovician 
carbonate strata in the studied area, hydrogen 
sulfide contamination of hydrocarbon forma-
tions, and sudden emissions of non-hydrocar-
bon gases: carbon monoxide, carbon dioxide, 
and hydrogen sulfide. These phenomena were 
observed by geologists during the drilling of deep 
wells 1 Pravoberezhnaya, 133, 3 Zharkovskaya,  
134 Gruznovskaya, 176 Rudovskaya, as well as 
a number of core drilling exploratory wells for pot-
ash salts in the Tuturskaya area in the Ilginskaya 
paleodepression, and in many exploration areas 
of the Nepa dome.

From the moment the magma intruded until 
the end of its movement beneath and above the 
Osinsky horizon, and through the processes of 
solidification and heat transfer during cooling, the 
salt‑bearing primary sedimentary artesian basin 
was divided by the sill into two sub‑basins – the 
supra‑magmatic and sub‑magmatic ones. The 
first (upper, supra-magmatic) includes sedimentary 
rocks located above the magmatic melt chamber, 
and later, the solidified sill (see Figs 2–4, 7). The 
second (lower, sub-magmatic) unites the strata and 
natural reservoirs of the Riphean, terrigenous and 
carbonate Vendian, and Vendian–Cambrian. The 
development of circulation two‑phase (liquid and 
vapor) hydrogeological systems in this basin, which 
is divided by a gigantic magmatic body, followed 
the thermolift model along subvertical permeable 
zones from the lower sub‑basin to the upper one. 
Pneumatolytic fluid systems (mantle‑derived di-
luted metal‑bearing supercritical gases and va-
por‑hydrothermal fluids, superheated vapor, boiling 
metamorphosed strong and super‑strong brines) 
circulated through the hydrogeological windows of 
volcanic explosion pipes and dikes (fluid-dynamic 
structures) that penetrated the cover in areas 

where the sill “jumped” from lower to higher lev-
els of the cover, as well as through local filtration 
channels (see Figs 5, 7).

The formation of the observed fluid-dynamic 
structures in the sedimentary cover, the phenom-
enon of deep salt and carbonate paleokarst, the 
paleoprocesses responsible for the formation 
of complex cavernous fractured intersalt res-
ervoirs, and the patterns governing the local-
ization of injective deposits of multicomponent 
metal‑bearing brines, “rapa sills” [14] in natural 
intersalt fractured carbonate reservoirs of the 
Lower Cambrian, are interpreted by the authors 
as the cumulative result of two levels of hydro-
geological evolution:

– long-term, by geological standards, equi-
librium–nonequilibrium transformation of brines 
according to the “water–rock” model [47–49];

– impulsed geochemical and geodynamic 
evolution of fluid systems of the volcanogenic-
sedimentary cover of the craton at magmatogen-
ic and post-volcanic stages in the processes of 
localized hydrothermal discharge [12–16, 33, 38].

Thus, fluid-dynamic structures were formed 
during the intrusion of liquid, high‑tempera-
ture (up to 1,100–1,200°C) trap magma into the 
halogen‑carbonate‑volcanogenic stratum of the 
salt‑bearing basin cover. Today, the authors con-
sider intersalt karst‑fractured natural reservoirs 
of the Early Cambrian in the area influenced by 
the giant Usolsky sill in the south of the Siberian 
Platform as relics of the breach of the vapor‑gas 
front of boiling rare‑metal brines, “rapa‑sills”, and 
also as transit routes for the prolonged paleodis-
charge of hydrothermal ore‑bearing fluids. Natural 
circulation pneumatolytic‑hydrothermal systems 
during the stages of platform magmatism funda-
mentally transformed the hydrogeochemistry of 
natural rare‑metal multicomponent industrial chlo-
ride brines in the Angara‑Lena artesian basin. This 
is a crucial [13, 14, 38] metallogenic cycle for the 
“liquid lithium ore”. 

Thus, the stages of platform magmatism of 
the Siberian craton and postmagmatic processes 
played an important ore–forming and ore–local-
izing role in metallogeny, minerageny of indus-
trial metalliferous brines, caused the secondary 
concentration of the richest “liquid” ore of rare, 
dispersed elements and mineral salts, including 
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bromine, alkali metals: lithium, rubidium, caesi-
um, potassium, compounds with alkaline earth 
calcium and strontium, the formation of natu-
ral reservoirs with high filtration and capacitive 

properties, the localization of brine deposits and 
their subsequent self-isolation with a decrease 
in temperatures of extremely saturated chloride 
systems.
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