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ГЕОТЕРМИЧЕСКОЕ  ПОЛЕ  
И  ГЕОЛОГИЯ  РЕГИОНА  КАСПИЙСКОГО  МОРЯ
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Каспийское море и прилегающие территории являются обширным нефтегазоносным мегабассейном. Он со-
стоит из Северо-Каспийского, Средне-Каспийского и Южно-Каспийского осадочных бассейнов. Гранитно-мета-
морфический фундамент бассейнов с севера на юг становится моложе в направлении от раннекембрийского до 
раннекиммерийского возраста. Он представляет зону перехода от южной окраины Восточно-Европейского кратона 
к складчатости альпийского возраста. Геотермические исследования выполнялись как в сотнях глубоких скважин, 
так и в Каспийском море, было опубликовано несколько предварительных карт для региона Каспийского моря. Все 
они не рассматривают южную часть региона в пределах национальных границ Ирана. Нами подготовлена новая 
карта теплового потока, включающая северный Иран. Целью статьи является рассмотрение распределения теплово-
го потока во всем Каспийском регионе, в том числе южной его части. Две обширные аномалии высокого теплового 
потока более 100 мВт/м2 выделены на карте: в северо-западном Иране и акватории Каспийского моря к северу от Ап-
шеронского выступа. Они разделены удлиненной полосой теплового потока менее 50 –55 мВт/м2. Прослеживается  
общая тенденция возрастания теплового потока от блоков коры докембрийского возраста Прикаспийской впадины 
к альпийской складчатости в пределах территории Ирана. Проводится анализ распределения теплового потока, со-
ставлены два профиля изменения плотности теплового потока. 

Ключевые слова: Каспийское море; геотермическое поле; карты теплового потока; геология; скважины.
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The Caspian Sea and adjacent areas form the vast oil and gas-bearing megabasin. It consists of North Caspian, Middle 
Caspian, and South Caspian sedimentary basins. The granite-metamorphic basement of the basins becomes from north 
to south younger in the direction from Early Precambrian to Early Cimmerian age. It represents a transitional zone from 
the southern edge of the East European Craton to Alpine folding. Geothermal investigations have been carried out both 
in hundreds of deep boreholes and within the Caspian Sea and a few preliminary heat flow maps were published for the 
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Caspian Sea region. All they excluded from consideration the southern part of the region within Iranian national borders. 
We prepared a new heat flow map including the northern Iran. The purpose of the article is to consider heat flow pattern 
within the whole Caspian Sea region including its southern part. Two vast high heat flow anomalies above 100 mW/m2 
distinguished in the map: within the southwestern Iran and in waters of the Caspian Sea to the North of the Apsheron 
Ridge, separated by elongated strip of heat flow below 50 –55 mW/m2. A general tendency of heat flow from growing 
was distinguished from the Precambrian crustal blocks of the North Caspian Depression to the Alpine folding within the 
territory of Iran. Analysis of the heat flow pattern is discussed and two heat flow density profiles were compiled.

Keywords: Caspian Sea; geothermal field; heat flow maps; geology; boreholes.

Introduction
The Caspian Sea is a vast land-locked water reservoir on our planet. A number of rivers flow into it and 

there are no outlet rivers. Until the fall of the Soviet Union in 1991, the southern part of the Caspian Sea have 
been under jurisdiction of Iran and the rest part belonged to the USSR. After 1991, the number of littoral states 
of the Caspian Sea increased to five: Azerbaijan, Russia, Kazakhstan, Turkmenistan and Iran. The Caspian Sea 
itself and its adjacent areas form the Caspian oil and gas-bearing megabasin.

Mainly Soviet scientists conducted geothermal studies in the Caspian Sea and adjacent lands before 1991. 
Heat flow data (HFD) of this period were published in several articles and monographs [1; 4; 5; 7; 11; 14, and 
others]. After 1991, some new heat flow data were reported by scientists of the Azerbaijan Republic and re-
cently by colleagues from Iran [22; 27]. Until present time geothermal investigations absent for the deep-water 
area of the South Caspian Depression.

Geology of the region
The Caspian Sea has close to meridional stretching from north to south. A number of crustal blocks of dif-

ferent age from the territory of Russia and Azerbaijan land underlie its waters and continue into Kazakhstan 
and Turkmenistan. Their age ranges from Precambrian North Caspian Depression until the Alborz Alpine 
folding in the northern Iran (fig. 1).

The Caspian Sea was formed in site of the Meso-Cenozoic sea basins of Tethys and Paratethis existing 
there. Five main crustal blocks exist within the Caspian Sea region. They are: the North Caspian Basin (NCB), 
the Middle Caspian Basin (MCB), the Apsheron Sill, the Mangyshlak Sill and the South Caspian Basin (SCB). 
The North Caspian Basin includes the northern part of the Caspian Sea and adjoining land area and stretches 
into Russia and western Kazakhstan. It is mainly a low-lying plain with the thickness of sedimentary cover 
deeper than 4.5 km. 

The northern and western boundaries of the region within the North Caspian Basin are steep flexures where 
the basement abruptly deepens up to 10 –12 km. In the central part of the basin, a depth to the Precambrian 
basement reaches at least to 20 km according to available estimates. The eastern boundary of this basin lies 
along the Ural Folded Belt and its southern continuation, it is buried under a thin veneer of Mesozoic rocks. 
In the south, the basin is bounded by the Karpinsky Fold Belt in the west of the Caspian Sea and by the South 
Emba Uplift to the east of the sea [24].

An oceanic type of the crust is believed to exist within the South Caspian Basin. There are two areas of 
relatively deep water from 400 to 700 m within the sea separated by the Apsheron Ridge (Apsheron Sill). They 
are the Central Caspian Basin to the north of this ridge and the South Caspian Basin to the south of it (fig. 2).

The crustal structure was studied by seismic methods within the South Caspian Basin. The results show an 
existence of folded deep sedimentary cover beneath the Caspian Sea. Three cross sections give a brief infor-
mation on the crustal structure of the South Caspian Basin (fig. 3). The extension of these profiles is shown 
in a small scale in the left and central corners of the figure. Productive series for commercial availability of 
hydrocarbons are marked as PS.

All three cross sections show that a rapid accumulation of sediments was pronounced within the South Cas-
pian Basin, and an avalanche sedimentation happened during the Mesozoic/Paleogene time. Their thickness 
has a tendency to increase from north to south. According to estimates the sedimentation rate in the Jurassic 
time in the SCB was 120 –180 m/My. During Cretaceous and in Paleogene it became lower, but in Pliocene 
it reached avalanche values – 1.8 km/My [30]. According to other opinions the sedimentation rate during 
Jurassic in this basin ranged from 10 –25 to 50 m/My. The Cretaceous in the Caspian Sea and adjoining land 
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Fig. 1. Main structural elements of the Caspian Sea region. 
Basement of platform areas (1– 4): 1 – Early Precambrian; 2 – Baikalian; 3 – Hercynian; 4 – Early Cimmerian;  
5, 6 – Alpine fold-thrust systems: 5 – Greater Caucasus and Kopet Dagh, 6 – Lesser Caucasus, Talesh, Alborz;  

7 – foredeeps and depressions; 8 – depressions with oceanic-type crust;  
9 – tectonic lineaments corresponding to boundaries of large structures; 10 – other important lineaments.  

Main structures (letters in circles): AK – Apsheron – Kobystan Periclinal Trough, BZ – Buzachi Arch, 
 MU – Mangyshlak – Central Ustyurt, SM – South Mangyshlak – Ustyurt system of troughs, TZ – Tuarkyr Zone,  

KB – Middle Caspian Karabogaz Anteclise, EM – East Manych Trough, PK – Kuma system of uplifts,  
NS – Nogai Scarp, GC – Greater Caucasus Fold System, KD – Kusary – Divichi Trough,  

AP – Apsheron Balkhan Zone, WK – West Kopet Dagh Zone, LC – Lesser Caucasus Fold System,  
AR – Lower Araks Trough, TL – Talesh Zone, AG – Alborz – Gorgan Foredeep,  

WT – West Turkmen Trough, GD – Gograndagh – Okarem Zone. 
S o u r c e: [24], modified
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areas continued tendencies of the Jurassic. During Cretaceous it was 2.5–10 m/My. In the SCB the maximum 
thickness of Cretaceous deposits exceeds 4 km. It is reduced in the Middle Caspian Basin approximately 
to 2.4 –2.5 km and within the NCB it is around 1.4 km. During the Oligocene – Miocene time the rate of se-
dimentation within the South Caspian Basin ranged from 0.025 till 0.4 km/My, during Pliocene – Quaternary 
time it changed from 0.75 to 1.75 m/My, respectively [24].

Total thickness of Neogene – Quaternary deposits in the SCB is estimated to be up to 10 km and in the NCB 
it is around 4 km [20].

Availability of heat flow data within the region
A number of researchers starting from early seventies studied the heat flow distribution within the consi dered 

area including the Caspian Sea [1; 8; 10–12; 30, and others] and adjacent land territory [2; 4; 9; 17; 18; 34, and 
others]. 

There are a sparse heat flow data from the adjoining territory of Iran and only several local parts of the 
country were studied in heat flow. Within this study region the heat flow determination is available for the Teh-
ran well [22]. Others estimates were published for the Persian Gulf (18 heat flow values) [26]. 17 heat flow 
values were reported from the northwestern part of the country in the vicinity of the Sabalan Mountain [27], 
which is located in the Ardebil Province within the northwestern part of Iran. The heat flow data are available 
as well from a small area in the southwestern oil-bearing part of Iran [26]. However, in the northwestern part 
of the country the heat flow density estimates were derived using an indirect approach from the analysis of the 
magnetic field, where the depth to the Curie surface (+ 580 °C) and the top of the causative magnetic body was 
calculated. Thus, knowing the base of the causative body and its temperature it is possible to estimate the heat 
flow density.

Positions of well with determined heat flow density, as well as marine heat flow stations within the studied 
Caspian region are shown in fig. 4. Very uneven position for boreholes or marine stations with studied heat 
flow within this area is evident. There are very sparse HFD determinations within the land territory adjoining 
the northern part of the Caspian Sea, as well as marine data because the sea is shallow here. It was found ex-
perimentally that seasonal mixing of water during storms resulted in temperature perturbations reaching on 
average the depth up to c. a. 300 m, sometimes even more.

Fig. 2. Main faults and deep-water areas  
within the Central Caspian and South Caspian Basins, respectively.

S o u r c e: [29]
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Fig. 3. Seismic profiles through the South Caspian Basin. 
S o u r c e: [20], modified
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Until now, the Iranian part of the sea was not studied in heat flow. Nevertheless its sparse data are avai-
lable in the northern Iran, they are absent along the Turkmenistan border. A few data was published within the 
territory of Kazakhstan [7], as shown in the map. Territories of Azerbaijan, adjoining Russian area, excluding 
the Greater Caucasus are studied much better in geothermal respect in numerous wells drilled mainly in the 
process of oil exploration. Many heat flow determinations were fulfilled within Caspian Sea adjoining shores 
of Azerbaijan and Dagestan (Russian Federation). A number of oil wells were geothermally studied also within 
the West Turkmenian Depression. 

The heat flow histogram for the marine territory of the region is shown in fig. 5. It includes available data 
from marine heat flow stations and boreholes drilled at shallow depths. The main portion of individual HFD 
data fall within intervals of 9–34 and 34 –59 mW/m2, in seldom cases the heat flow reaches high values (inter-
vals 109 –134; 134 –159 and 184 –209 mW/m2 ).

Fig. 4. Available heat flow data and locations of studied wells and marine HFD stations. 
Abbreviations for countries: AZ – Azerbaijan, IR – Iran, KZ – Kazakhstan, RU – Russia, TM – Turkmenistan. 

S o u r c e: [28], modified
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The heat flow interval 34 –59 mW/m2 belongs mainly to the central and central-northern areas of the Cas-
pian Sea. At present, a number of marine boreholes were drilled within marine waters belonging to Russian, 
Kazakhstan, Turkmenistan and Iranian sectors of the Caspian Sea, but their geothermal data of investigations 
are not accessible yet from drilling companies.

The histogram for land areas adjoining the Caspian Sea within territories of Azerbaijan, Iran, Turkmenistan, 
Kazakhstan and Russia is shown in fig. 6. Practically all heat flow determinations here were fulfilled using 
thermograms and thermal conductivities of rock samples, collected from drill cores and measured in laboratory 
conditions by many researchers from Azerbaijan, Russia and Turkmenistan.

The heat flow is ranging from 17 until more than 120 mW/m2 and the histogram has more symmetrical 
form. The maximal number of HFD determinations falls into intervals of 43–52 and 52– 61 mW/m2 after which 
the number of its observations gradually drops to values of 96 –105 mW/m2 and ceases further. A wide range 
of heat flow values reflects many factors, such as depths of studied intervals in boreholes, local tectonic acti-
vation, ground water circulation, folding, proximity of deep faults to studied boreholes and their activity, etc.

Fig. 5. Heat flow density histogram for the Caspian Sea

Fig. 6. Histogram of heat flow density for land territories around the Caspian Sea
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A total histogram of heat flow density for the whole region under investigations is shown in fig. 7. It’s con-
figuration is close to the normal distribution of the considered parameter within the whole studied region with 
a trailing tail in the right side of the diagram, which is formed by a small number of high heat flow values 
exceeding 102 mW/m2. The biggest number of heat flow observations fall into the following intervals: 37– 46, 
46 –56 and 56 – 65 mW/m2.

It is possible to conclude that the prevailing heat flow values within the whole considered region are close to 
50 mW/m2, which is typical also for adjoining Precambrian crustal blocks. The lowest and highest HFD values 
observed within the territory of the Caspian Sea are 9 and above 200 mW/m2, respectively.

Heat flow density map
During a number of decades, geophysical investigations including geothermal observations were organized 

in relation to the growing attention to exploration for hydrocarbons within the Caspian Sea, as well as investi-
gations of its internal structure.

A number of researchers discussed heat flow in the water area of the Caspian Sea earlier [11; 21]. Geother-
mal data from the region include results of measurements fulfilled by means of marine heat flow probes. They 
were supplemented by results of its determinations based on thermograms, recorded in wells, drilled in the 
shelf zone of Azerbaijan [30]. 

A few versions of heat flow sketches and maps were compiled within the studied region, both within the 
Caspian Sea waters and onshore parts of adjacent countries [6; 11; 13; 14; 30]. Their authors used different 
databases. In particular, in all heat flow maps of the Caspian Sea anomalies of differentiated, both high and low 
heat flow were shown. However, the geometry of HFD isolines are to some extent different. In all these maps, 
the southern part of the Caspian Sea within Iranian waters was left as a blank area. For many of maps HFD 
isolines were manually drawn and reflect opinions of their authors.

A new heat flow density map for the Caspian Sea region, which takes into account available HFD data 
including the Iranian territory within area E 45–56° and N 35– 48° was recently compiled using the Generic 
Mapping Tools (GMT) package, release 5.1, developed in the Hawaii University, USA [33; 35] (fig. 8).

Two wide areas of elevated heat flow density above 60 mW/m2 are clearly distinguished at the map and 
shown in warm colors, separated by moderate to low heat flow below 50 –55 mW/m2 in the center of the map 
and indicated by cold colors. Two very high heat flow areas exceeding 100 mW/m2 are distinguished in the left 
lower corner of the map and within the central part of the Caspian Sea. The high heat flow in the northwestern 
part of the Iranian territory corresponds to the area of Alpine folding, accompanied by recent volcanic activity 
with a number of destructive earthquakes, periodically happened both in Iran, Armenia (e. g. Spitak eartquake), 
Turkey and adjoining Zagros Mountains.

Elongated heat flow strip of the NW – SE orientation is formed from the Trans Caspian Depression, which 
is crossing the Caspian Sea, stretched and continues into the West Turkmenian Basin and probably continues 
into the Iranian territory. An absence of heat flow determinations beyond the Turkmenistan-Iranian border do 
not permit to trace contours of this low heat flow zone to the southeast. 

Fig. 7. Total HFD histogram for the Caspian Sea region
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Main structures: AK – Apsheron – Kobystan Periclinal Trough; ATFS – Alborz Thrust Fold System; AG – 
Alborz – Gorgan Foredeep; AP – Apsheron Balkhan Zone; GC – Greater Caucasus Fold System; GD – Go-
grandagh – Okarem Zone; KB – Middle Caspian Karabogaz Anteclise; KD – Kusary – Divichi Trough; KR – 
Karpinsky Ridge; NCD – North Caspian Depression; NUB – North Ustyurt Block; PK – Kuma System of 
Uplifts; SM – South Mangyshlak – Ustyurt System of Troughs; TCF – Terek – Caspian Foredeep; WK – West 
Kopet Dagh Zone.

Heat flow isolines within the North Caspian Depression showed only partly based on existing heat flow 
determinations, but within the prevailing part of this area, they were drawn in result of an interpolation. They 
require further refinement after new data will be accumulated.

Fig. 8. Heat flow density distribution within the Caspian Sea region. 
S o u r c e: [28], modified
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Discussion
All accessible heat flow data were used for our analysis. Nowadays a number of oil companies drill wells 

in Azerbaijan, Russia, Kazakhstan, Turkmenistan, and Iran from marine platforms or overhead roads of steel 
constructed in some localities of shallow water. In most situations, thermograms of these marine wells are not 
accessible for geothermal analysis.

The heat flow within the Caspian shelf, adjoining its western shores, was studied using a special heat me-
ter [3] in combination with a thermographic recorder, but detailed coordinates of HFD stations are absent, as 
well as their description, therefore they are not analyzed in this article. These authors mention that heat flow 
density varies along the HFD profile Makhachkala – Kyzylkum from as low as minus 41 until approximately 
plus 42 mW/m2 depending on the depth of the sea. Measurements within shallow depths (below 70 – 80 m) 
give negative HFD values due to pronounced diurnal and seasonal temperature variations at the marine bottom, 
amplified by water circulation. Experimentally it was established, that diurnal temperature wave reached up 
to the depth of 10 m. It leads to a transient phenomenon within the water column. The HFD increases to ap-
proximately 42 mW/m2 when the depth to the bottom sediments exceeds 100 m, which is considered as a shelf 
margin for the Caspian Sea [3]. 

Two very high heat flow anomalies exceeding 100 mW/m2 are shown in the left lower corner of the map 
and within the central part of the Caspian Sea. The latter one is a result of a single heat flow determination 
received using a marine heat flow probe. A number of researchers interpret it as a warm water discharge 
into bottom sedi ments from a deep penetrating and active fault, which warms up sediments at the marine 
bottom [6; 17; 30]. 

A number of researchers indicate that besides conductive heat transfer, which we measure in boreholes or 
by marine heat flow probes, there are convective cells within the sedimentary cover including bottom sedi-
ments, which influence the heat flow pattern and form heat flow anomalies. They are typical near zones of 
active faults, other dislocations, and mud volcanoes within both marine areas and the land [15; 19]. 

The heat flow distribution has a good correlation with main tectonic features of the deep tectonic structure 
of the crust, such as deep penetrating faults, mud volcanoes, rediogenic heat production caused by a decay of 
long-living isotopes. As an example of such influences, it is necessary to mention that very high HFD value 
around 600 mW/m2 was observed at one of heat flow stations within southern part of Caspian Sea. Similar 
unusually high heat flows were observed also near young rift zones within the Pacific Ocean. Another exam-
ple of an extremely high heat flow was observed near the mud volcano Hakon Mosby within the Barents Sea 
(1045 mW/m2 [23]).

Concerning the high value of 600 mW/m2 recorded within the South Caspian Basin, there was put forward 
an opinion, that it was a result of a high temperature and partially melted mantle existed at rather shallow 
depth [13]. 

Accumulated sediments have rather low thermal conductivity, which results in blanketing of heat flow 
entering from below and warming up the uppermost sedimentary layer [32], finally resulting in observed rela-
tively high thermal regime within it. A very high heat flow (209 mW/m2) value was observed also to the north 
of the Apsheron Ridge. It could be explained both by such blanketing and by the heat production produced by 
friction due to folding and subduction as well as an active warm water circulation near a deep fracture.

The HFD structure within western part at the south of the Caspian Sea shows a complex pattern due to its 
tectonic structure, complicated by faults and marine mud volcanoes. It ranges here from 20 until 70 mW/m2. 
The eastern part of the sea has more uniform heat flow here. The middle part of the Caspian Sea evidences on 
average the heat flow around 50 mW/m2. Nevertheless, within the Derbend Depression, increased heat flow up to 
134 and even 210 mW/m2 was also observed.

Several possibilities were considered to explain the observed anomalies. One of the most realistic one is 
a warm water discharge into the marine bottom. Besides this, it is not possible to reject other mechanisms of 
a heat generation that within the Derbend Depression, which could increase the observed heat flow additio-
nally to around 40 mW/m2, or even more, effects of organic matter oxidation and, as mentioned above, the 
mud volcanism [13]. 

It is considered [24] that beneath the South Caspian there is a crust of the oceanic type, which does not have 
the so-called granitic layer; reach in long-living radioactive elements, its cross section is shown in fig. 9. Heat 
flow values there range from 30 to 40 mW/m2 [13] with a high thickness of sediments up to 30 km and their 
rapid accumulation [20]. At the same time heat flow, exceeding 60 and up to 200 mW/m2, is typical for the 
northern part of the Caspian Sea with the crust of continental type.

According to available data on modeling of geothermal field of the Caspian Basin and taking into ac-
count its transient regime, the temperature at the base of the sedimentary cover could reach to 400 –500 °C 
[15; 16; 31]. 
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It is necessary to mention that the sedimentation rate represents one of factors affecting its geothermal field 
parameters. Very rapid sedimentation results in relatively low observed heat flow values, as a transient geo-
thermal regime takes place in accumulated sediments, which are slowly warmed up by heat flow from below. 
Heat flow determinations based on deep boreholes of the Baku Archipelago and the Apsheron-Balkhan Zone 
show low heat flow (usually 20 – 40 mW/m2) which is lower than the majority of values 30 –50 mW/m2 [30] 
determined using marine probes, it requires the further analysis. 

The general trend of heat flow density variations for better-studied and selected window within the South 
Caspian Basin is shown in fig. 10. This map was constructed by means of the software package GMT (subpro-
grams «Grdtrend» and «Grdtrack»). 

To both sides from the HFD trend (the isoline of 55 mW/m2 ), the heat flow is increasing both to the south-
west, where high heat flow zone above 100 mW/m2 was observed, and to the northeast, where it exceeds 
60 mW/m2. The Alpine folding exists in left corner of the map, when in its northern portion there is a gradual 
transfer to the Precambrian crustal blocs, which typically are colder. 

Two profiles A – A and B – B of the heat flow density are shown in fig. 11. Along the A – A profile there are 
many heat flow observations. Here the heat flow varies considerably along the whole profile from around 25 
until almost 90 mW/m2. The profile B – B shows smoother pattern of HFD variations. Its shape depends partly 
on the absence of heat flow data within its central part (no marine measurements) and it crosses another type 
of the crustal block, namely the Apsheron – Balkhan Ridge, where the heat flow is lower.

Fig. 9. Cross-section of the crust and upper mantle in the South Caspian Depression. 
S o u r c e: [25]

Fig. 10. Heat flow density trend (mW/m2) within the selected window of the South Caspian Basin
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Conclusion
A new map of heat flow density distribution was compiled both for the marine area of the Caspian Sea 

and adjoining onshore zones of the countries adjacent to the sea: Iran, Azerbaijan, Russia, Kazakhstan and 
Turkmenistan. This map reflects a wide range of heat flow variations. The highest anomaly above 100 mW/m2 
exists within the northwestern part of Iran which belongs to the Alpine crustal folding. Lower values within 
the South Caspian Basin are typical for the Apsheron – Balkhan Ridge. A general tendency of its decrease is 
evident in the direction to Precambrian crustal blocks of the North Caspian Basin.

Highly differentiated heat flow density at relatively short distances is a typical feature for the Caspian Sea area. 
Very sharp changes also take place within the transition zone from Caspian Sea waters to the northwestern part 
of Iran, which represents young tectono-thermal activated crustal blocks of the Alpine-Himalayan mobile belt.
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