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The heat flow data are important in many aspects including interpretation of various geophysical
observations, solutions of important engineering problems, modelling of the ice dynamics, and related
environmental assessment. However, the distribution of the direct measurements is quite heterogeneous
over the Earth. Different methods have been developed during past decades to create continuous maps
of the geothermal heat flow (GHF). Most of them are based on the principle of similarity of GHF values
for the lithosphere with comparable age and tectonic history or inversion of magnetic field data.
Probabilistic approach was also used to realize this principle. In this paper, we present a new method
for extrapolating the GHF data, based on the inversion of a geophysical data set using optimization
problem solution. We use the results of inversion of seismic and magnetic field data into temperature
and data from direct heat flow measurements. We use the Arctic as the test area because it includes the
lithosphere of different ages, types, and tectonic settings. In result, the knowledge of GHF is important
here for various environmental problems. The resulting GHF map obtained well fits to the observed
data and clearly reflects the lithospheric domains with different tectonic history and age. The new GHF
map constructed in this paper reveals some significant features that were not identified earlier. In
particular, these are the increased GHF zones in the Bering Strait, the Chukchi Sea and the residual GHF
anomaly in the area of the Mid-Labrador Ridge. The latter was active during the Paleogene.
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1 Introduction

Reliable data on the geothermal heat flow (GHF)
are extremely important for many areas of the
Earth science. The heat flux well reflects tectonic
structure and thermal properties of the crust and
lithosphere. In this connection, it is important
to construct reliable 3D models of the lithosphere
based on a joint interpretation of seismic and grav-
ity data [e.g., Kaban et al., 2003]. Furthermore,
knowledge of the GHF is necessary to table several
problems directly related to the human habitat.
Indeed, GHF studies contribute a lot to the devel-
opment planning in Arctic territories in terms of
optimization of the location of infrastructure and
the sites of the mineral deposits exploration. Since
the structure of the Earth’s crust and upper man-
tle has a large impact on the formation of hydro-
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carbons, GHF analysis is quite useful for identi-
fying potential locations of hydrocarbon deposits.
For example, Khutorskoy et al. [2013] indicate a
strong relation of the thermal field and oil and
gas potential in the Arctic seas. Kharitonov [2021]
also shows existing correlation between the GHF
anomalies, and specific geomorphological struc-
tures related to mantle degassing zones. The latter
can be promising in search of oil and gas deposits.
GHF studies are needed for adequate estimation
of geothermal energy resources [Majorowicz et al.,
2009], environmental risk assessments, especially
in permafrost zones [e.g., Westermann et al., 2009],
and for modelling of the ice sheets dynamics. GHF
studies are directly related to glaciological and wa-
ter resources prospecting, global ice-mass balance
monitoring [Rysgaard et al., 2018] and evaluation
of the sea level changes.
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Figure 1: Arctic GHF map from the most recent global models of A: Davies [2013], B: Lucazeau [2019].

However, as it follows from the latest version of
the Global Heat Flow Database maintained by the
International Heat Flow Commission (IHFC), the
direct measurement data on both continents and
oceans have very heterogeneous coverage [Fuchs
et al., 2021]. The territory of the most of the United
States and Western Europe is characterized by rel-
atively good coverage by the observational net-
work and sufficiently high data quality. This is ex-
plained by easy accessibility of the territories. On
the contrary, in the hard-to-reach regions, such as,
for example, Eastern parts of Northern Eurasia, the
heat flow determinations are random. The same is
true for the oceans and ice-covered areas.

Reliability of the direct heat flux measurements
is another important aspect of the studies. The
reliability usually depends on the measurement
technique and influence of external factors, such
as the presence of hydrothermal circulation, per-
mafrost, and dynamics of ice cover. For example,
it was shown earlier for Greenland that climate
change and, therefore, changes in ice forcing con-
ditions, can significantly change the values of the
crustal temperature gradient [Petrunin et al., 2013].
In this case, the measured heat flow values do not
reflect reliably the lithosphere thermal structure.

Since the coverage of the direct heat flow mea-
surements is quite heterogeneous and almost ab-
sent in some areas, several methods for extrapolat-
ing GHF data are developed. The most used ap-
proach assumes that the heat flow is related to the
age and structure of the lithosphere, as well as to
the tectonic environment Figure 1a [e.g., Chapman
and Pollack, 1977; Pollack et al., 1993; Artemieva,
2006; Davies and Davies, 2010; Davies, 2013]. An-
other approach is based on the global seismic
model of the crust and the lithosphere for extrap-
olating the existing GHF data. Such approach was

proposed by Shapiro and Ritzwoller [2004]. In re-
cent decades, a method based on the inversion of
magnetic field data for the depth to Curie point
has been developed [e.g., Maule et al., 2005; Mar-
tos et al., 2017; Njeudjang et al., 2020]. The method
allows to convert magnetic field data into a GHF
map. Using the latter method, both global [Li
et al., 2017] and regional GHF maps have been pro-
duced. The similarity method was adopted by ap-
plying a multiparameter approach for a large num-
ber of geophysical data by Goutorbe et al. [2011].
They analyzed the effect of various parameters and
their combination as the best proxy for use in the
similarity extrapolation. Later, the method was ex-
tended for calculation of the global GHF map with
the use of up to 50 parameters Figure 1b [Lucazeau,
2019].

All mentioned above methods require parame-
ters that are often heterogeneously distributed and
remain uncertain. An example of the latter is the
thermal conductivity at the locations where direct
heat flow measurements are present that can only
be carried out near the surface. Another example
is the radiogenic heat production, which is also es-
timated from surface measurements. The methods
that use inversion of the magnetic and seismic data
require many parameters, such as the distribution
of magnetic properties, or velocity-to-temperature
conversion factors, which are also poorly defined
and depend themselves on many uncertain factors.
In result, the constructed maps agree only in large
scale features but differ significantly in regional
and local details Figure 1 [e.g., Davies, 2013; Lu-
cazeau, 2019].

In this study, we present a new approach for ex-
trapolating the observed heat flow data based on
inversion of a set of independent geophysical data.
The main idea of the method is the solution of
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an optimization problem by minimizing the dif-
ference between the result of solving the heat flow
and the thermal equation and the observed GHF
values. Furthermore, we apply this method to the
Arctic zone.

2 Study area

The study area, represented by the Circumpo-
lar zone and bounded by 55◦N, includes the Arc-
tic and the adjacent high-latitude segment (North
Eurasia, North America, Greenland and Iceland
territories, and the Arctic Ocean area). The Arc-
tic Ocean area includes two major basins: the
Eurasian Basin and the Amerasian Basin, divided
by the Gakkel Ridge, a continuation of the Mid-
Atlantic Ridge into the Arctic Ocean. To date, there
are several ideas about the tectonic evolution of
the Arctic region, as, despite various studies, some
details of its origin remain poorly studied Petrov
et al. [2016]. The Arctic has formed due to north-
ward drift of the continents, which resulted in cre-
ation of the Pangea supercontinent in Late Pale-
ozoic (Permian). Further destruction of Pangea
took place in several stages during the Mesozoic
(the opening of the Amerasian Basin) and Ceno-
zoic (the opening of the Eurasian Basin). Tecton-
ically, the Gakkel Ridge and its continuation at
the Eurasian continent form a margin between the
North American and Eurasian plates. This mar-
gin is characterized by relatively intense seismic-
ity as a result of convergence tectonics between
the plates [Kanao et al., 2015]. Due to compli-
cated geological history, the Arctic consists of vari-
ous structures and blocks of different age from the
Pre-Cambrian [Drachev, 2016]. According to the
map of Kashubin et al. [2013], the overall diversity
of crustal types in the Arctic includes 2 types of
the oceanic crust, 5 types of the continental crust,
and the crust of a transition type, represented by
a local segment within the Amerasian basin. [Ka-
ban et al., 2002] distinguish a separate type for the
crust segment related to Iceland, defining it as a
thickened oceanic crust typical for “hot spot” seg-
ments or volcanic plateaus.

The main reference sites of the study area are,
first of all, the ones in which the GHF produces lo-
cal maxima or minima. Such sites are, for instance,
the Iceland hot spot (local maximum), and the An-
abar plateau (GHF minimum).

3 Method and data

The expressions for the heat flow and the steady-
state thermal equation in the one-dimensional case
are:

Q = −λ∂T
∂z

; λ
∂T 2

∂z2 = A, (1)

where T and z are the temperature and depth,
Q and λ are the heat flow and thermal conductiv-
ity, and A is the radiogenic heat production. All the
parameters depend on depth. In turn, the distri-
bution of these parameters with depth depends on
the lithosphere structure and composition.

The greatest effect on the surface heat flow is
produced by the thermal generation of radiogenic
elements in the upper crust (A). There are two
most used empirical expressions for the distribu-
tion of the parameter A with depth – constant and
exponential: A = A0 ·exp (−z/h), where A0 is the ra-
diogenic heat production at the surface and h is the
reference depth of usually ±10 km [e.g., Turcotte
and Schubert, 2003]. Such uncertainty, both in the
thermal properties and vertical structure does not
allow to build a robust thermal model of the crust
and upper mantle.

Since the thermal equation (1) is linear, we can
say that the change in the temperature gradient
with depth will be equal to A/λ and the temper-
ature gradient value near the surface can be repre-
sented by the sum of contributions of the thermal
equation solutions for each depth. To compensate
the data uncertainty, we introduce an additional
term (R) to the right-hand side of (1):

λ
∂T 2

∂z2 = A+R, (2)

where R(z) is the error-compensating empirical
function.

The idea of the method is to find the parame-
ters of this empirical correction function R(z) so
that the resulting solution of the thermal equation
(2) has a minimum quadratic deviation from the
values known from the observed data. Thus, we
solve the inverse problem by minimizing the ex-
pression (3):

(3)

Res =(
w1 · (H100 −H ∗100)2

w1 + w2 + w3 + w4

+
w2 · (H550 −H ∗550)2

w1 + w2 + w3 + w4

+
w3 · (H580 −H ∗580)2

w1 + w2 + w3 + w4

+
w4 · (H1175 −H ∗1175)2

w1 + w2 + w3 + w4

)1/2

.

Iterating for Ax in the residual function

R (z)=Ax·e−z/Hl , (4)

where Hl is the local lithospheric thickness.
In the (3) w1–w4 are weights, which in the par-

ticular case of current problem are equal to one.
H100, H550, H580, and H1175 are the depths of the
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Table 1 : List of observables and corresponding indexes used in the (3)

Observable Source Index

Depth of isotherm T=100 ◦C
from direct measurements data
(where available)

IHFC Global Heat Flow Database [Fuchs
et al., 2021]

H100

Global Curie depth (T=550 ◦C) ESM_025 model [Li et al., 2017] H550

Global continental Curie depth
(T=580 ◦C)

[Gard and Hasterok, 2021] H580

Depth of isotherm T=1175 ◦C
derived from the tomography model

SL2013sv [Schaeffer and Lebedev, 2013;
Hoggard et al., 2020]

H1175

isotherms 100 ◦C, 550 ◦C, 580 ◦C, and 1175 ◦C, de-
rived from independent data (Table 1) which in-
clude two Curie point depth models from inver-
sion of magnetic field data [Li et al., 2017; Gard
and Hasterok, 2021], an estimate of the 1175 ◦C
isotherm depth from seismic data [Hoggard et al.,
2020], and direct heat flux measurements from the
IHFC global heat flow database [Fuchs et al., 2021].
In the latter case, the 100 ◦C isotherm depth was
calculated based on the measured GHF and ther-
mal properties from the reference model at each
point of the calculation grid. The direct mea-
surement values presented in the Global heat flow
database have a wide variation and may include
negative values that are not directly related to the
GHF. Such values often correspond to bottom mea-
surements and may be related to some factors of
the marine GHF measurements, for example to
the hydrothermal activity in the sub-bottom lay-
ers. For this reason, for our model we use only the
GHF values within the range 10–500 W/mK, aver-
aged over areas of 50 km in diameter.

As the initial solution for the iterative inversion
procedure, we use the direct heat transfer problem
solution for the lithosphere according to the litho-
sphere model. In this model, the lithosphere struc-
ture is taken from the LITHO1.0 Figure 2 [Pasyanos
et al., 2014] model, while the thermal properties of
each lithospheric layer are presented by the aver-
aged parameters Table 2. For every surface grid
point we solve the thermal equation (1) by a finite
difference method. As the boundary conditions,
we assume a temperature of 0 ◦C at the surface and
1300 ◦C at the lithosphere-asthenosphere bound-
ary (LAB), which depth is determined by the litho-

sphere thickness (Figure 2d). Strictly speaking, the
LAB which is defined by seismic methods, should
not necessarily coincides with the boundary of the
thermal lithosphere [e.g., Artemieva, 2009], but we
use it because neither the LAB depth nor the tem-
perature at this boundary are reliably defined by
geophysical data.

The calculations were performed on a grid with
a step of approximately 100 km. As can be seen
from Figure 3, the initial GHF model shows a good
agreement with the observed data (dots in Fig-
ure 3) in many areas, although only averaged pa-
rameters of thermal properties of the lithosphere
were employed. However, significant deviations
of the model from the observations are also visi-
ble, for example, in the North Atlantic, Greenland,
in some parts of North America, and in the Kara
and White seas. The significant deviation of the
anomalous zone of increased heat flux from the rift
axis in the North Atlantic, where it is assumed, can
be related to the LAB map that was used in the
model (Figure 2d). In the further steps, the ini-
tial model is improved by solving the optimization
problem described above.

4 Results

The map of the calculated pre-exponential term
Ax for the error-compensating empirical function
(4) shows the areas where the reference model
correction is necessary (Figure 4a). This correc-
tion is relatively small in the continental regions,
except for Eastern Siberia and Alaska. In gen-
eral, the resulting GHF distribution corresponds to
the typical values for different lithosphere types.

Table 2 : Thermal properties used for the reference model

Parameter Sediments Upper crust Lower crust Lith. mantle

Thermal conductivity
λ, W/mK

2.2 Depends on temperature and pressure [Förster et al., 2010]

Radiogenic heat
production A, µW/m3 1 2.5 · exp

(
− z

103

)
0.1 4E−3
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Figure 2: The data set used to calculate the reference model LITHO1.0 [Pasyanos et al., 2014]:
sedimentary thickness (a), upper crust (b), the Moho depth (c), and depth of the
lithosphere-asthenosphere boundary (d). All data is corrected for topography and presented in
Arctic-stereographic projection.

The areas of the ancient East European, Siberian,
North American cratons generally correspond to
large zones of relatively low (30–50 mW/m2) heat
flux values. The old folded belts, such as the
Scandinavian-Caledonian Orogen at the north-
western part of the Scandinavian Peninsula and
the easternmost part of Greenland (formed dur-
ing Silurian to Devonian time) or the Ural moun-
tain belt (formed in the Late Carboniferous and
Permian), are characterized by GHF values of
about 50–60 mW/m2. The Mesozoic and Ceno-
zoic orogeny have the GHF values more than 60–
65 mW/m2. For the oceans, especially on the mid-
ocean ridges (MORs), subduction zones, the cor-
rection for the initial model is significant. Also,
significant corrections are found for the Bering Sea

in the Bering Strait area, the Komandorski basin
and the westernmost part of the Aleutian basin
(adjacent to the former accretionary prism of the
Anadyr-Koryak folded system). The zone of posi-
tive correction in the Bering Sea partially matches
the Aleutian basin. However, the GHF maximum
is closer to the continental parts of Chukotka and
Alaska where the heat flow reaches 110 mW/m2.
The results of previous studies show no local max-
imum, except of [Langseth et al., 1980] reporting a
slight uprising trend towards the Bering Sea shelf.

Significant variations in the MOR areas could
be due to a combination of several factors, such
as the difference in methods and the heterogene-
ity of the data used. These data have different
resolutions, whereas in the reference model based
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Figure 3: The initial GHF map based on the initial
model of the lithosphere. The dots show the
location and value of the direct heat flow
measurements (IHFC 2021 database [Fuchs et al.,
2021]). Here and in subsequent figures the
following abbreviations are used to denote the
following geographical objects and geological
structures: SC – Siberian Craton; AP – Anabar
Plateau; VO –Verkhoyansk Orogen; SCO –
Scandinavian Caledonian Orogen; LS – Labrador
Sea.

on LITHO1.0 Figure 2 [Pasyanos et al., 2014], the
resolution is the same for all components. Be-
cause the lithospheric thickness has a large gra-
dient across the axial zones of MORs, the value
of the pre-exponential coefficient can change sign
even over a short distance to compensate for the
resolution mismatch in the data used for the inver-
sion. The amplitude of the term is also most sig-
nificant for this area. However, the resulting val-
ues for MOR demonstrate a good correlation both
with the values of the direct GHF measurements
(colored dots in Figure 4b), and with the location of
active hydrothermal vents (blue stars in Figure 4b).
It is noteworthy that the reference model was also
adjusted for the North Atlantic south of Iceland.
The continental rift separating the Verkhoyansk-
Kolyma Plate and the Siberian Craton becomes
more prominent as the zone with the increased up
to 70–90 mW/m2 heat flow. This feature is either
absent (Figure 1b) or weakly expressed (Figure 1a)
in the previous models of the global GHF. Within
the Verkhoyansk orogeny area in its Arctic part the
GHF values correlate with the Moho depth vari-
ations. The local minimum of 60 mW/m2 corre-
sponds to the Moho depths 28–30 km, according to
the Moho map by [Kaban et al., 2022], and the lo-
cal maximum about 90 mW/m2 is associated with
the Moho depths 40–45 km. The latter can be ex-

plained by a thicker upper crust enriched in ra-
diogenic elements that make a significant contri-
bution to the surface heat flow.

The shape of the heat flow anomalies in Green-
land generally resembles the results obtained ear-
lier by a joint modeling of the glacier dynam-
ics, basal melting and the lithosphere thermo-
mechanical model [Rogozhina et al., 2016] and
the thermal isostasy method [Artemieva, 2019], al-
though slightly lower in amplitude. Next, the
lower heat flow (60 mW/m2 maximum comparing
to 80–90 mW/m2 in the initial map) is identified in
the new map for two spots related to the Labrador
Sea (separating the Greenland plate and the North
American plate). Moreover, the mentioned GHF
anomalies have changed their shape: in the new
map they represent an elongated 50–60 mW/m2

zone bounding the western Greenland coast in the
Labrador Sea. The GHF anomalies in the new
map better match the detailed crustal thickness
and LAB depth maps for the Labrador Sea region
provided by [Peace et al., 2017] than the ones on
the initial map. However, the new GHF map does
not reflect the details of the mentioned maps south
of Greenland. A zone within the Greenland Cale-
donian orogeny, closest to the MOR, displays the
values 65–100 mW/m2, which can be explained by
the Iceland plume impact.

The large zone of heat flow values 70–
80 mW/m2 is associated with several crustal types.
In the vicinity of MOR, this zone is related to the
normal oceanic crust typical for spreading condi-
tions. However, in the Eastern Asia Arctic these
values correspond to the thinned continental crust
[Kashubin et al., 2013], typical for the Arctic shelf
seas (Laptev Sea, East Siberian Sea and Chukchi
sea). Note that for the crust of the same type un-
derlying the Arctic seas west of the Gakkel Ridge
(e.g., Kara and Barents Seas) the GHF values are
much lower due to the older lithosphere, signif-
icant thickness of sediments, and difference in
the upper crustal layer thickness. The cratons
and old fold belts are characterized by low GHF
values. The new GHF map also displays about
10 mW/m2 higher GHF magnitudes for the north-
ern part of the Amerasian basin, indicating the Al-
pha Ridge, a part of the Alpha-Mendeleev large
igneous province [Drachev, 2016]. Therefore, the
map correlates both with the lithosphere age and
structure in a combined way.

The map also matches the instrumental heat
flow measurements in some locations in the con-
tinental Arctic. For example, it agrees with most
of the borehole heat flow measurements in the Ya-
mal Peninsula [Isaev et al., 2019], which are about
47 to 62 mW/m2. The local GHF minimum in the
northern part of the Siberian craton shows the po-
sition of another reference site – the Anabar shield,
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Figure 4: Map of the pre-exponential term Ax in (4) (a) and the resulting GHF map for the Arctic
region (b). The dots show the location and value of the direct heat flow measurements (IHFC 2021
database [Fuchs et al., 2021]). Blue stars indicate locations of submarine active vent fields (InterRidge
global database v. 3.2 [Beaulieu et al., 2013]).

characterized by extremely low heat flow values of
about 20 mW/m2 in its central part to 35 mW/m2

in the folded rocks at its edges [Milanovskiy et al.,
2017].

5 Discussion

In a recent study, [Lucazeau, 2019] discussed
in details the factors that affect the accuracy of
the similarity-based methods. This study demon-
strates that the sedimentation processes, heteroge-
neous distribution of radiogenic elements in the
crust, different conditions at divergent boundaries,
etc. can affect the surface heat flow more strongly
than the lithosphere age, even considering the sta-
tistical deviations accepted within the similarity
method. The studies of Goutorbe et al. [2011] and
Lucazeau [2019] concluded that various indepen-
dent data should be considered for a more reliable
GHF extrapolation. They also pointed that all sim-
ilarity methods, as well as the heat flux estimates
for the ocean floor based on the oceanic plate ther-
mal models cannot provide sufficiently reliable re-
sults. The method proposed in this paper allows
to find a solution that satisfies any available data
set without using critical, but often unreliable pa-
rameters, such as, for example, the distribution of
the radiogenic elements in the crust. In further de-
velopment, the reference model can be built con-
sidering a more accurate distribution of the ther-
mal properties of the crust and lithosphere, and
the target function can be augmented with hetero-
geneously distributed data, such as the tempera-
ture estimates from thermobarometric analysis of
xenoliths.

The suggested method is simple and flexible,
but also has several limitations. In particular, the
error-compensating function R(z) (2) is rather em-
pirical and requires further development, and the
choice of this function can significantly affect the
result. In our case, this function operates with one
variable, which limits its application since the cur-
vature of the function remains constant. It is more
reasonable to use the optimization method with
two or more variables. This would allow to satisfy
the data in the target function (3) more accurately.
The selection of the weight parameters in the tar-
get function is also empirical. It depends on the
assessment of the data quality used in the model,
which is not always possible to determine reliably.
It should also be taken into account that when us-
ing several databases obtained by similar meth-
ods (e.g., determining the Curie point from inver-
sion of magnetic field data), these data will have
a greater contribution to the final solution. This
should be considered when estimating weights pa-
rameters.

6 Conclusions

This study presents a new method for inverting
geophysical data based on the solution of an op-
timization problem. Although we employ a sim-
plified version of the method, it has been demon-
strated that it has good potential for further devel-
opment. The advantage of the method is relative
ease of its implementation and the possibility of
adjusting the data, the reliability of which is hard
to assess. As the result of the first application, we
obtained the GHF map for the Arctic region, which
correlates well with the direct heat flux measure-

https://doi.org/10.2205/2022ES000809 ES6004 7 of 9



Inverse-forward method for heat flow estimation. . . Petrunin et al., 2022

ments and the structure, tectonic type and age of
the lithosphere. This method allows direct estima-
tion of the GHF on the mid-ocean ridges, whereas
most studies are based on the models of thermal
evolution depending on the age of the lithosphere.
The resulting heat flow map along the mid-ocean
ridge coincides well with the location of active hy-
drothermal vents, which confirms reliability of the
new model for this area. We consider this study as
a basis for further development of the method that
allows not only to estimate the surface GHF, but
also to calculate the entire geotherm for the litho-
sphere.

7 Data availability

All the datasets presented here are based on the
initial data from public domain resources. The
obtained results, including the new GHF model
and the pre-exponential term data, will soon be
available at the World Data Center for Solid Earth
Physics Physics website http://www.wdcb.ru/ar

ctic_antarctic/arctic_hf_1.html.
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