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Abstract—The Paratunka and Verkhny Paratunsky deposits (Kamchatka, Russia) are examples of worldwide
widespread low-temperature nitrogen (LT N2) geothermal systems. The Paratunka geothermal fields are
located 15 km apart, composed of the Eocene–Quaternary volcanic rocks, and characterized by shallow per-
meable reservoirs with deep conductive roots inherited from extinct volcanoes with circulating SO4–Na
nitrogen thermal waters of 60‒90°C. The Paratunka reservoir has a 60-year history of intense exploitation
(150‒250 kg/s), whereas the Verkhny Paratunsky reservoir is just being commissioned. A 3D numerical ther-
mohydrodynamic model is developed for the Verkhny Paratunsky and Paratunka LT N2 geothermal system
(Kiryukhin et al., 2025), which suggests that the top of the pre-Cretaceous basement is permeable, whereas
the roots of extinct volcanoes are the channels for thermal f luid upflows and thermal spring discharge. This
numerical model also includes a water recharge area from adjacent highlands. The feasibility of exploiting
a potential deep reservoir confined to the structural surface of the pre-Cretaceous basement top (an area
of 270 km2) for heat supply and using the binary technologies for electric power generation is confirmed.
According to numerical modeling results, the possible initial power generation is estimated at 32.3 MWe.

Keywords: heat mining, geothermal field, thermohydrodynamic modeling, Paratunka, 3D, LT, N2, EWASG,
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INTRODUCTION AND TASK FORMULATION
Low-temperature nitrogen geothermal (LT N2)

fields, which are defined by a reservoir temperature up
to 150°C at depths of up to 1 km (Rybach, 1981; Axels-
son, 2000; Johannesson, 2016; Kiryukhin et al., 2025),
are typically dominated by nitrogen in gas composi-
tion, which indicates meteoric water feeding and the
absence of magmatic heat sources. These deposits
showed potential for long-term (decades) commercial
exploitation in Iceland, Hungary, China (Zippa, 2020;
Li et al., 2023; Peng et al., 2023), Turkey, France, Ger-
many (Schill and Genter, 2003; Genter et al., 2016),
Russia and the former USSR (Barabanov and Disler,
1969; Manukhin and Vorozheikina, 1976; Shvatrsev
et al., 2016; Kharitonova, 2020, 2024; Polyak et al.,
2022; Lyamina, 2022), Mongolia (Sumaazhav, 2022),
Italy (Gherardi et al., 2000; Pola et al., 2015; Torresan
et al., 2020), Serbia (Marinković et al., 2023), Mexico
(Peiffer et al., 2024) and other countries (Fig. 1). This
experience allowed the suggestion on formation
mechanisms of such reservoirs including water and

heat recharge conditions in natural environments
(Bodvarsson, 1983; Shvatrsev et al., 2016) and during
the operation and the estimation of their permeability-
capacity properties and the degree of resource renew-
ability (Axelsson, 2000; Kiryukhin et al., 2017, 2025).
Numerical modeling substantiated principal mecha-
nism of heat and water recharge of the LT N2 hydro-
thermal fields, which requires a natural centripetal
geocirculation system with an area of hundreds of
square kilometers and the presence of f luid-conduct-
ing structural surfaces at depths of 3 km (Kiryukhin
et al., 2025). This paper refines the above model and
shows practical applications for the Paratunka geo-
thermal fields.

HYDROGEOLOGICAL STRATIFICATION
AND PRODUCTIVITY OF THE PARATUNKA 

AND VERKHNY PARATUNSKY DEPOSITS

Based on results of exploration drilling at the Para-
tunka geothermal field mostly to a depth of 2.5 km, it
190
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Fig. 1. Location of the Paratunka LT N2 geothermal sys-
tems in Kamchatka. Yellow circles, discharges of the LT
N2 geothermal systems; inner red circle, the Paratunka
system; blue stars, active volcanoes.
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has the following hydrogeological stratification
(Kiryukhin et al., 2017).

1. Alluvial sandy–gravel–pebble deposits with a
strong f low of cold groundwater.

2. Lower Quaternary siltstone with interbeds of
fine-grained sandstone 10–150 m thick (acting as a
water- and heat-proof layer) at depths of 40–180 m.

3. Lower Quaternary conglomerate with interbeds
of siltstone and tuffaceous sandstone forming the
upper aquifer of thermal waters.

4. Tuff sandstone, tuff conglomerate, and tuff of
the Alnei Group common only in the Northern area.

5. Tuffaceous–pyroclastic rocks of the Paratunka
Formation characterized by the highest water content
are the main thermal host rocks.

6. Intrusive rocks, which are slightly water-satu-
rated excluding for certain tectonic zones.

Last four horizons are combined into a single con-
fined thermal aquifer complex, hosted in fracture-vein
and fracture-layer reservoir. The presence of a consis-
tent relative caprock (the Lower Quaternary siltstone,
sandstone, and clay) 10–100 m thick with a depth of
the top at 40–80 m provides excess pressure of thermal
water reservoir.

To analyze the relationship between the well pro-
ductivity and depth, we used data from tops of produc-
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tive zones penetrated during well drilling (confirmed
by factual water inflows). A total of 398 productive
zones with a total initial thermal f luid inflow of 1098
kg/s were identified at the field.

The correlations of the normalized f low rate for the
wells of the Sredny, Lower, and Northern Sites of the
Paratunsky geothermal field, respectively (the inflow
from the interval to a given depth divided by a number
of wells drilled to the indicated depth) show (Figs. 2a,
2b) no water inflows (groundwater (1) and upper aqui-
fer (2)) in the upper part of the section at a depth from
0 to 100–150 m, an increase thermal water inflow to
3–4 kg/s (the upper conglomerate aquifer of thermal
waters (3)) to a depth to 250–300 m and to 17.3–25.5
kg/s (0.014–0.021 kg/s/m, the tuffaceous complexes
of thermal waters of the Alney Formation and Para-
tunka Formation (4–5)) deeper to 1200–1350 m, and
a decrease to 4–3 kg/s (0.004–0.003 kg/s/m) at a
depth of up to 2400–2500 m (complexes of thermal
waters of the basement and intrusive rocks (6)).

A similar geological section was identified on the
basis of exploration drilling at the Verkhny Paratunsky
deposit to a depth of 1.5 km, therefore, it has a similar
hydrogeological stratification.

1. Alluvial sandy and gravel–pebble deposits
include cold groundwater.

2–3. Relative aquiclude (to a depth of the water
inflow zone with a f low rate at the wellhead exceeding
1 kg/s) is 36–822 m (wells GK-19 and GK-37) mostly
of 200–600 m.

4–5. Rocks of the Alney Formation (N al): mafic
and intermediate lava and tuff, tuffaceous claystone,
siltstone, sandstone, and conglomerate; Berezovskaya
Formation (N1 br): mostly mafic and intermediate
lava and tuff, rhyolite, ignimbrite, as well as tuffaceous
siltstone, claystone, sandstone, and conglomerate;
Vilyuchinsk Formation (P1–N1 vl): tuffaceous clay-
stone, siltstone, sandstone, conglomerate, tuffite, tuff,
andesitic and basaltic lava. The thickness of some lith-
ological varieties ranges from a few tens to hundreds of
meters.

6. Intrusive rocks include diorite, quartz diorite,
and granodiorite. The depth of the intrusive from the sur-
face varies from 53 (well GK-25) to 1400 (well 86) m.

The last three horizons form a productive geother-
mal reservoir.

The correlation of the normalized f low rate (the
inflow from an interval to a given depth divided by a
number of wells drilled to the indicated depth) at the
Verkhny Paratunsky field is shown in Fig. 2c. The nor-
malized well f low rate is 9 kg/s (0.015 kg/s/m) in the
upper part of the section from –500 m to 100 m, 15 kg/s
(0.041 kg/s/m) in a depth from –870 to –500 m, and
3.4 kg/s (0.006 kg/s/m) from –1400 to –870 m. This
indicates significant horizontal productivity of hori-
zons 4–6, especially, in the middle part (the interval
from –870 to –500 m).
ol. 20  No. 2  2026
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Fig. 2. Correlation between normalized geothermal well f low rate and the depth for the Sredny Site (a) and the Lower and North-
ern Sites (b) of the Paratunsky geothermal field (Kiryukhin et al., 2017) and the Verkhne-Patayunsky geothermal field (Kiryukhin
et al., 2025) (c). 1, Alluvial deposits; 2, Lower Quaternary siltstone with fine-grained sandstone interbeds (the upper caprock); 3,
Lower Quaternary conglomerate; 4, tuffaceous sandstone, tuffaceous conglomerate; 5, tuffaceous-pyroclastic rocks of the Alney,
Paratunka, Berezovskaya, and Vilyuchinsk formations; 6, intrusive rocks. Red rectangles show the most productive intervals.
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3D DISTRIBUTION OF TEMPERATURE

AND PRODUCTIVITY

The initial 3D temperature distribution of the

Verkhny Paratunsky and Paratunka geothermal fields

was calculated from well bottom temperature regis-

tered during drilling after a long recovery period. The

initial data included 117 wells and 517 data points (2016

well catalogs of the JSC Teplo Zemli). The Green

module from the LIDA-3 data approximation library

(Kiryukhin, 1993) was used for the 3D spline approx-

imation of initial temperature data. The calculations

were performed with an acceptable standard deviation

of the spline from a factual temperature of 1°C. A 44 ×

60 × 10 grid of points was defined for the calculations

of temperature distribution on a 3D area of 22 km ×

30  × 2.5 km.

The temperature distribution (at the –750 m level)

within the Verkhny Paratunsky and Paratunka geo-

thermal fields is shown in Fig. 3.
JOURNAL OF VOLCAN
The temperature anomaly of the Verkhne-Para-
tunsky field outlines two productive reservoirs: a large
of 9 km × 4 km in size (eastern Site, NW strike) and a
small of 1.5 km × 1.5 km in size (western Site,
Karymshinsky) and coincides with geoisotherm of
60°C. The temperature anomalies at the Paratunka
deposit outline the following productive reservoirs
along the geotherm of 70°C: SR (6 km × 1 km, nearly
longitudinal), NP + N (7 km × 1.5 km, nearly longi-
tudinal), and M (1 km × 1 km).

Note that tectonic maps, which are used on geo-
logical maps, show faults, some of which are inactive
and impermeable, i.e., capable of transporting ther-
mal waters. Therefore, it is important to collect infor-
mation on the distribution of productive plane-ori-
ented faults/planes within the Paratunka and Verkhny
Paratunsky geothermal fields based on factual thermal
water inflow data, which were measured during the
drilling of exploration and exploitation wells.

The analysis is based on the penetration of produc-
tive zones during well drilling confirmed by factual
OLOGY AND SEISMOLOGY  Vol. 20  No. 2  2026
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Fig. 3. Water recharge conditions of the Paratunka (SR, NP, N, M) and Verkhny Paratunsky geothermal fields. Blue areas, the
water recharge areas above 1000 m abs. (represent extinct volcanic structures with high vertical permeability); red areas, the pro-
ductive reservoirs contoured by 50 and 60°C isotherms at the level of –750 m; yellow circles, thermal (hot) springs; their sizes are
proportional to the temperature and are numbered according to (Kiryukhin et al., 2010); yellow circles, the productive wells with
an initial f low rate of >5 kg/s; their sizes are proportional to the f low rates; black stars with numbers inside, the monogenic Pleis-
tocene–Holocene cinder cones (Bergal-Kuvikas et al., 2022); black isolines, the surface of the pre-Cretaceous basement top,
black line with number “3” is a trace of production fault at –750 m abs (Kiryukhin et al., 2025). The map shows the AB, CD, and
EF cross-section lines (see below) and position of three deep (2.5 km) wells (101, 102, and 103). Axes are marked at 1 km.
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Fig. 4. 3D model zoning (black text) and hot spring discharges (red text). The material properties are given in (Kiryukhin et al.,
2025).
water inflow data. A modified Frac-Digger2 algorithm
for the plane-oriented clusters (Kiryukhin and
Kiryukhin, 2017) was used to identify the clusters of
productive zones that form 2D planes interpreted as
productive faults or horizons.

In particular, the calculations in scenario ## 2
(Kiryukhin et al., 2025) considered the deep-well fluid
inflow zones with high inflow rates (individual flow rates
of >5.0 kg/s) and assumed the presence of long produc-
tive faults. This scenario used 108 water inflow zones
including 62 and 46 zones, which are exposed in the
Paratunka and Verkhny Paratunsky fields with a total
deep-well fluid inflow of 676.4 and 471.2 kg/s, respec-
tively. The selection criteria included δR = 30 km and
δZ = 100 m (the deviation from the calculated plane).

As a result, the following thermal conductive struc-
tures are identified: 1) two almost horizontal produc-
tion planes at depths of –601 m and –386 m and 2) a
productive fault (a dip angle of 68° in a SEE direc-
tion), which likely connects the Verkhny Paratunsky
and Paratunka productive reservoirs. The trace of the
productive fault (a dip angle of 68°, a dip azimuth of
107°, and production of 66 kg/s) at the depth of –750 m
is shown as ##3 in Fig. 3.

FULL-SCALE 3D THERMOHYDRODYNAMIC 
MODEL OF THE VERKHNY PARATUNSKY

AND PARATUNKA HYDROTHERMAL 
SYSTEMS AND ITS APPLICATIONS

Brief Model Description
The assembly of the 3D thermohydrodynamic

(TH) model of the Paratunka hydrothermal systems is
JOURNAL OF VOLCAN
described in details in (Kiryukhin et al., 2025); below, we
briefly provide its main characteristics (Fig. 4).

The model of the formation of the Paratunka and
Verkhny Paratunsky LT N2 hydrothermal systems sug-

gests deep descending f lows (to 3–4 km) of meteoric
waters in the water recharge areas (Vilyuchinsky vol-
cano and surrounding high-mountain structures
(Kiryukhin et al., 2017, Fig. 12B)), their further transit
and simultaneous heating to 100–110°C due to the
heat exchange with host rocks, and the formation of an
ascending thermal water f low feeding the productive
geothermal reservoir. It is suggested that the upper
part of the pre-Cretaceous basement is a permeable
contact surface (Fig. 3) favorable for the regional lat-
eral f luid f lows, whereas magmatic roots of extinct
volcanic structures (Vilyuchinsky volcano, Sopka
Goryachaya volcano, and a volcano in the SR site)
work as highly permeable channels for the vertical
f luid transport.

The model geometry includes the area of the Para-
tunka River valley and adjacent volcanic highlands
(Fig. 3) with an area of 29.0 × 38.0 km, which in cross-
section covers a vertical range from –4000 m to the
topographic surface. Thus, the model covers all signif-
icant thermal manifestations (VP, KRM, SR, NP, and
N hot springs) and water supply areas (Vilyuchinsky
volcano and highlands above 1000 m abs.).

Using the TOUGH2 with the EWASG fluid state
module describes the thermal waters as a three-com-
ponent (water, NaCl, and N2) single-phase f luid. The

modeling used a four-layer (14 sublayers) rectangular
regular 3D computational grid measuring 29 × 38 × 14
with a horizontal base element size of 1000 × 1000 m.
OLOGY AND SEISMOLOGY  Vol. 20  No. 2  2026
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Layer 1 (upper layer) is given in a range of heights from
0 m to the topographic surface. Layer 2 includes three
sublayers 500 m thick each ranging from –1500 m to
0 m. Layer 3 includes five sublayers ranging from the
upper part of the pre-Cretaceous basement (Fig. 3) to
–1500 m. Layer 4 includes five sublayers ranging from
–4000 m to the upper part of the pre-Cretaceous base-
ment. Thus, the total number of the model elements
was 15428.

The model zoning (Fig. 4) includes the following
domains: ROCK1 is the host rocks consisting of low-
permeable Tertiary volcanic and sedimentary rocks;
RECH1 is a domain beneath the water supply area of
the Vilyuchinsky volcano and uplands above 1000 m
with the given boundary conditions of infiltration;
BASE1 is the deep low-permeable pre-Cretaceous
basement; DUMMY is an area of the upper layer 1
necessary for reproducing the conductive heat losses
and low permeability is assigned to prevent the occur-
rence of mass f lows; KSURF is a possibly permeable
domain 500 m thick representing the contact zone of
the pre-Cretaceous basement, which includes the
upper sublayer of layer 4 and the lower sublayer of layer
3; RESER is a domain representing the volume of
active circulation without specific productive reser-
voirs; and RESVP, RESSR, RESNP, RESNN, and
RESYZ are the exploitation reservoirs: Verkhny Para-
tunsky, SR area, NP area, Paratunka area N, and
South Berezhny area, respectively.

Inversion modeling based on initial temperature
and pressure distribution data and exploitation history
from 1964 to 2014 was used to assess the reservoir
properties of the productive geothermal reservoir.
According to the results of the iTOUGH2 inversion
modeling, the values of horizontal permeability of up
to 1.41 D, vertical permeability of 168 mD, and com-

pressibility of up to 4.08 × 10–8 Pa–1 are most reason-
able. The total natural deep ascending f low is esti-
mated at 190 kg/s at a temperature of 80–111°C
(Kiryukhin et al., 2017). The permeability of the pro-
ductive reservoirs decreases exponentially as the tem-
perature drops below 70°C. This was taken into
account in the detailed zoning of the model: the per-
meability decreases by a factor of 10 in a temperature
range of 65–70°C and by an additional order of mag-
nitude in a range from 60 to 65°C.

Single-phase initial conditions corresponding to
buried seawater (salinity of 10 g/L) at the hydrostatic
pressure distribution and the temperature gradient of
25°C/km were given in the model (Kiryukhin et al.,
2025). In this study, the initial geothermal gradient
increased to 30°C in the model taking into account
geothermometer data (SiO2, Na–K, and Na–K–Ca;

Kiryukhin et al., 2017) indicating a basic temperature
of 105‒115°C, as well as geological indicators of recent
magmatic activity (Bergal-Kuvikas et al., 2022).

The conditions of the meteoric water influx were
given in the RECH1 domain (Fig. 4) as the boundary
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condition with a constant pressure and the hot spring
discharges were defined as “well on deliverability
wells” in the five model elements corresponding to the
most significant thermal discharges (VP, KRM, SR,
NP, and NN) (Fig. 4). Discharge to the Avacha Bay
was given using the fixed-state boundary condition at
the eastern boundary of the model.

Natural State Modeling

Natural state modeling was conducted for a circu-
lation period of up to 50000 years and showed the pos-
sible long-term circulation with a total discharge of
∼245 kg/s, a temperature of up to 80°C, and a salinity
of 0.55 g/L. This corresponds to expected parameters
of the Paratunka hydrothermal systems. Figures 5 and
6 show spatial distribution of temperature and NaCl
concentration throughout the hydrothermal system at
the moment of 5000 years from the circulation onset:
the productive reservoirs and their roots warmed to
60°C and more, whereas the intermediate saline areas
were diluted.

The spatial temperature distribution (Fig. 5) clearly
explains the circulation structure and the gradual heat
mining mechanism in the LT N2 geothermal systems:

1) the descending f low of cold meteoric waters from
the elevated recharge areas to the surface of the pre-
Cretaceous basement top; 2) the transition to horizon-
tal/subhorizontal f lows along the structural surface
(500 m thick) at a depth from –3.5 km to –2 km over

an area of 1100 km2; 3) the formation of ascending
heated water f lows along the roots of extinct subvolca-
nic structures; and 4) the formation in shallow reser-
voirs with a temperature of 60°C and discharge in pro-
ductive areas (N, NP, SR, VP, KR, an d KRM) within
the Paratunka River valley. Thus, the heat supply is
provided by two heat mining mechanisms: due to the
heat capacity of permeable reservoirs with circulation
and due to heat removal from the host rocks, which is
caused by regional component of the conductive heat

flow (estimated at ∼60 MW/m2) and heat capacity of
the host rock itself.

The 3D distribution of the NaCl concentration in
Figure 6 indicates a reason of generally low salinity of
the LT N2 geothermal systems. This is due to dilution

of initially burried sea waters (10 g/kg) by infiltrated
meteoric waters and their transformation to low-saline
water (<1 g/kg).

MODELING APPLICATION
FOR THE ESTIMATION

OF ELECTROGENERATION
FROM THE DEEP RESERVOIR

(TOP OF THE PRE-CRETACEOUS BASEMENT)

3D modeling can practically be valuable for the
development of exploration well drilling strategies and
sustainable increase in their production. Most wells at
ol. 20  No. 2  2026



196 KIRYUKHIN et al.

Fig. 5. Natural state run (scenario ##5). 3D temperature distribution at the moment of 50000 years. Here and in Fig. 6, red text,
the location of hot springs; white arrows, the main f luid f lows.

Fig. 6. Natural state run (scenario ##5). 3D NaCl distribution (in mass fractions) at the moment of 50000 years.
the Paratunka and Verkhny Paratunsky geothermal
fields are between 100 and 1500 ms deep and three
wells at the Paratunka field are 2.5 km deep (Fig. 3).
Two of these wells are shown in Fig. 7a with Paratunka
and Verkhny Paratunsky fields in the nearly-longitu-
dinal cross-section. The dilution zone of the initial
mineralized waters with the NaCl concentration of
400 ppm at a depth of ∼2.3 km was formed by the
meteoric water influx along the top of the pre-Creta-
ceous basement, which is identified in the model as a
structural surface with relatively high permeability.

Figure 7a shows that both deep wells exposed a per-
meable structural zone at a depth of –2.5 to –2.0 km
and provided an average f low rate increase of 3.5 kg/s
from this interval (Fig. 2b). The bottomhole tempera-
ture of these wells (83 to 96°C) corresponds to model-
JOURNAL OF VOLCAN
ing results (Fig. 7). The latter may indicate the pres-
ence of residual heat from extinct magmatic activity
(roots of the extinct volcanoes and magmatic systems
of the monogenic cinder cones (Bergal-Kuvikas et al.,
2022)).

Thus, the pre-Cretaceous structural surface with a
potentially exploited geothermal reservoir of an area of

270 km2 (Figs. 7, 8) can be drilled with possible addi-
tional heat extraction using innovative heat exchanger
systems (Zayed et al., 2023; Rajeh et al., 2024; Al-
Kbodi et al., 2023), in particular, coaxial geothermal
systems with packers (Yin et al., 2024) or others.

Let us consider at first approximation the possible
electric power generation from the deep target reser-
voir of the Paratunka hydrothermal systems (Fig. 8)
using isobutane-based binary technologies (Fig. 9).
OLOGY AND SEISMOLOGY  Vol. 20  No. 2  2026
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Fig. 7. A–B (a), C–D (b), and E-F (c) cross-sections of the 3D TH model (scenario ##5). All figures: red marks, temperature,
°C; blue marks, NaCl distribution, ppm. (a) 1, 2, 3, the productive shallow reservoirs; blue arrows, vectors proportional to the
thermal f luid f low rates at the moment of 5000 years (natural state run, scenario ##5); deep wells 101 and 102 are also shown; the
position of A‒B cross-section is shown in Fig. 3; (b) blue arrows, vectors proportional to the thermal f luid f low rates at the
moment of 5000 years (natural state run, scenario ##5); the position of C‒D cross-section is shown in Fig. 3; (c) blue arrows,
vectors proportional to the thermal f luid f low rates at the moment of 5000 years (natural state run, scenario ##5); the position of
E–F cross-section is shown in Fig. 3.
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The potential energy production from the target

reservoir of the top of the pre-Cretaceous basement is

estimated with multivariate TOUGH2 numerical

modeling using the five-point exploitation scheme,
JOURNAL OF VOLCANOLOGY AND SEISMOLOGY  V
which is distributed across each element of the target

reservoir model (KSURF) shown in Fig. 8 taking into

account the available for drilling geothermal resource

at up to 400 m abs. The material properties of the cal-
ol. 20  No. 2  2026
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Fig. 8. Temperature distribution in the deep target reservoir suggested on the top of the pre-Cretaceous basement structural sur-
face according to the 3D TH modeling results (scenario ##5). The accessible area of the target reservoir with temperatures of
>100°C is 25 km2 (25 model elements), whereas the area with temperatures of >110°C is 4 km2 (four model elements). The area
with topo elevations above 400 m abs. is shaded.
culation blocks were given as in the KSURF domain

(Kiryukhin et al., 2025, Table 4). Each model element

was divided into four identical calculation blocks with

a conductive heat f lux of 60 mW/m2 at each base and

the initial temperatures were given according to Fig. 8.

The center of each calculation block contained an

injection well with a f low rate of Q and an enthalpy of

159 kJ/kg (38°C correspond to the condensation tem-

perature of the coolant under climate conditions of an

uninterruptible summer air condenser) and water
JOURNAL OF VOLCAN
withdrawal with a f low rate of Q/4 was given at four

apices of the circulation system square (Fig. 10).

Modeling was conducted for a period of 30 years

from the start of the circulation system operation at the

flow rates of 30–60 kg/s with an increment of 10 kg/s

and initial temperatures of 100 and 110°C.

The electric power generation capacity from one

calculation block of the target reservoir was calculated

from the circulation f low rate Q and the temperature
OLOGY AND SEISMOLOGY  Vol. 20  No. 2  2026
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Fig. 9. Hot water demand (kg/s) for generating the 200 kW electrical energy as a function of initial water temperature t for the
Rankine cycle on isobutane R600a.
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correlation of hot water demand for electric power
generation (Fig. 9):

(1)

where We is the estimated electric power, kW; 0.0763
is the coefficient, kW/kg/s; Q is the circulation system
flow rate, kg/s; t is the well outlet temperature, °C.

Modeling showed that the increase in the f low rate
of the five-point circulation system leads to enhancing
temperature decrease in the production circuit and, as
a result, a decrease in electricity generation (We). At
the circulation system flow rate of 30 kg/s, the rate of
temperature decrease in the production circuit is min-
imal (2.1 and 2.4°C) at the initial block temperatures
of 100 and 110°C, respectively, over 30 years of opera-
tion (Fig. 11). At the initial electric power generation
of 0.41 MW e (110°C) and 0.26 MW e (100°C), its
decreases to 0.37 MW e and 0.23 MW e, respectively.

0.0763 exp(0.0472 ,)We Q t=
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The calculation of the total electric power genera-
tion from the target reservoir (Fig. 8) at a f low circula-
tion rate of 30 kg/s and taking into account the avail-
able geothermal resource at the topographic heights of
up to 400 m abs. is shown in Table 1. Thus, the deep
productive reservoir (the top of the pre-Cretaceous
basement) can provide the initial production of 32.3
MW e with a decrease in its total generation to 29.1
MW e over the next 30 years.

CONCLUSION

The Paratunka and Verkhny Paratunsky geother-
mal fields (Kamchatka, Russia) are examples of
worldwide widespread low-temperature nitrogen (LT
N2) geothermal systems, which formed as a result of

meteoric water infiltration to deep 3D structures and
heat mining from host rocks at the background heat
flow and temperature gradients.
ol. 20  No. 2  2026
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Fig. 10. Calculation scheme of the local five-point circulation system for heat extraction for a single element of the target reservoir
3D model (Fig. 8).
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The Paratunka geothermal fields are located 15 km
apart, composed of the Eocene–Quaternary volcano-
genic-sedimentary rocks, and characterized by shal-
low permeable reservoirs with deep conductive roots
from extinct volcanoes and circulation of nitrogen
SO4–Na thermal waters at temperatures of 60–90°C.

The Paratunka reservoir has a 60-year history of
intense production (150–250 kg/s), whereas the
Verkhny Paratunsky reservoir is just about the
exploitation.

This study uses a 3D numerical thermohydrody-
namic model of the Verkhny Paratunsky and Para-
tunka LT N2 geothermal systems, which suggests that
JOURNAL OF VOLCAN

Table 1. Calculation of total electric power generation from t
the structural surface of a pre-Cretaceous basement (Fig. 8) 
extraction with a f low rate of 30 kg/s over a 30-year period of

Temperature of calculation block, °C

Number of blocks of five-point circulation system 1

Total initial electric generation, MW e 25.7

Total final electric generation, MW e 23.2
the top of the pre-Cretaceous basement is permeable
and the roots of extinct volcanoes provide channels for
deep heat exchange and discharge of thermal springs.
This numerical model also includes a water recharge
areas from the adjacent highlands. Modeling confirms
possible long-term hydrothermal circulation at a tem-
perature of ~80°C and a thermal f luid f low rate of
245 kg/s and dilution of primary seawater from 10 to
0.5 g/L (NaCl).

The structural surface of the top of the pre-Creta-
ceous basement is considered a target productive geo-

thermal reservoir (an area of 270 km2 and a thickness
of 500 m according to modeling results) potentially
OLOGY AND SEISMOLOGY  Vol. 20  No. 2  2026

he target reservoir with a temperature of >100°C on the top of
using five-point (Fig. 10) circulation system for thermal f luid
 operation

Total

100 110

00 = 25 × 4 16 = 4 × 4

 = 100 × 0.257 6.6 = 16 × 0.41 32.3

 = 100 × 0.232 5.9 = 16 × 0.37 29.1
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Fig. 11. Forecasted temperature and power generation changes at the outlet of production wells in the five-point circulation system
over 30 years for two modeling options (with initial temperatures t0 = 110°C and t0 = 100°C) at the circulation rate of Q = 30 kg/s.
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suitable for exploitation. Its use is possible by means of

intensificated technology, coaxial geothermal systems

or other new heat exchanger systems. Electric power

generation is also possible using binary technologies.

The multivariate numerical TOUGH2 modeling

estimated the electric power generation potential from

the target reservoir on the top of the pre-Cretaceous

basement (29 km2) at a temperature of >100°C. Using

the five-point circulation system for the f luid

extraction with the f low rate of 30 kg/s and the Ran-

kine cycle using R600a isobutane, it is possible to

achieve the initial electric power generation of

32.3 MW e decreasing to 29.1 MW e over 30 years of

operation.
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