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Abstract

Geotherms of four crustal profiles across the Variscan orogen in SW Poland have been constructed to better understand the
variation in thermal state of the region. Seismic and drilling data as well as rock sequences in exposed parts of the orogen
were used for Wilcza Géra (Sudetic Block), Polkowice—Rudna (Middle Odra Horst), Swiqciechowa (Wolsztyn—Leszno Horst)
and Wrzesnia (Szczecin—-Miechéw Synclinorium within TESZ) profiles. The palaeoclimate-corrected surface heat flow map
and the heat-production calculations based on literature data enabled the construction of geotherms and estimation of Moho
heat flow. Exception is the Polkowice—Rudna profile, where the surface heat flow was calculated using temperature measure-
ments in underground copper mines, and K, U and Th contents and density/heat conductivity measurements in rocks drilled
in the Middle Odra Horst were used to calculate geotherm. The basaltic lava migration through the lithospheric mantle and
its effect on crustal geotherm in Wilcza Goéra (area of Cenozoic alkaline volcanism at ca. 30—18 Ma) was shown to increase
slightly both current surface and current Moho heat flow (by ca. 4 mW/m?). The presented approach couples geological and
geophysical information and thus differs from standard purely geophysical assessment of lithosphere thermal state. It shows
that surface heat flow is enlarged to 84 mW/m? by granitic plutons in the upper crust in the Lubin—Polkowice site. Heat
flow on the Moho varies from 28 to 34 mW/m? in sites located in the Sudetic- /Fore-Sudetic Blocks, Middle Odra Horst and
Wolsztyn-Leszno Horst. Locally it may slightly increase because of extraneous heat input by Cenozoic basaltic volcanism,
but the values close to 30 mW/m? are specific for mantle root of Saxothuringian Zone in SW Poland. Mantle heat flow is
36 mW/m? in Wrzesnia site and supposedly is a manifestation of different nature of lithospheric mantle underlying TESZ.
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Introduction

The density of heat flow on the Earth’s surface (usually
referred to as heat flow) is a function of many factors: heat
inflow from the mantle, heat generation in the crust, heat
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conduction coefficient of rocks, initial temperature, etc.
However, in many situations (e.g. old crust, no young mag-
matic activity, 1D geometry), a thermal steady state can be
assumed. Then the surface heat flow is simply the sum of
the heat flow at the lower boundary of the considered layer
(which usually is the crust) and the total heat production
in this layer. Heat production depends on the lithology of
the layer, because the chemical composition of rocks deter-
mines the content of radioactive elements. The knowledge
about surface heat flow and heat conduction in the crust
enables to construct the geotherm (the function 7(z), where z
is the depth and T is the temperature), showing relationships
between depth and temperature.

This simple relationship between heat flow and lithology
does not occur in regions of young magmatism, where hot
magma penetrating the lithosphere transfers additional heat
that contributes to the observed surface heat flow. The influ-
ence of heat advection depends on the total heat delivered
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by the given volume of magma. In some regions, it may be
irrelevant and short lived, but may be important in other
areas, such as continental rifts.

The standard geophysical approach to heat flow and geo-
therms calculation is based on temperature measurements
and large-scale simplistic models of the crust. The details
of the geology are omitted (see, e.g. Furlong and Chapman
2013). In this paper, we couple the geological and geophysi-
cal data to assess the thermal state of individual crustal pro-
files. This non-standard detailed approach allows to compare
the Moho heat flow in sites which are few tens of kilome-
tres distant. Because the Moho heat flow cannot be directly
measured, it is estimated by subtracting the crustal contribu-
tion from the surface heat flow. Therefore, potential error of
Moho heat flow estimates may be significant.

The details of lithology, structure and evolution of sub-
continental lithospheric mantle are well recognised in many
areas thanks to numerous recent petrological studies (e.g.
Puziewicz et al. 2015; Matusiak-Malek et al. 2017a, b, and
references therein, in the part of Europe discussed in this
paper). This knowledge, if coupled with relevant Moho heat
flow models, would enable better understanding of current
lithospheric mantle structure and dynamics.

We use the temperature measurements in the crust and
hypothetical crustal profile to calculate the heat flow. Our
example comes from copper mines situated in the Mid-
dle Odra Horst in the NE part of the Variscan orogen in
SW Poland. To put these results in a broader context, we
compare them with three other sites in the region, using
the heat flow map of Majorowicz and Wybraniec (2011)
as the starting point. One of the discussed sites enables the
case model of disturbance of surface heat flow by Cenozoic
volcanic activity. Our test sites are located across NE part

of the Variscan orogen and SW part of TESZ in SW Poland
(Fig. 1).

Geological setting and rationale of site
selection

The area considered in this study comprises NE part of the
European Variscan orogen and SW part of Trans-European
Suture Zone (Fig. 1). We discuss the sites in the Sudetic
Block, in the Fore-Sudetic Monocline (Middle Odra and
Wolsztyn—Leszno Horsts) and in the Szczecin—Miech6éw
Synclinorium (Fig. 1). Except the Sudetes, Variscan rocks
are buried beneath a few hundred-metre-thick cover of Ter-
tiary and Quaternary sediments in the Middle Odra Horst,
and under Permo-Mesozoic through Cenozoic cover in the
Fore-Sudetic Monocline and Szczecin—-Miechéw Synclino-
rium. We follow the regional geological terminology pro-
posed by Zelazniewicz et al. (2011). Thus, we use the term
Middle Odra Horst, proposed by Zelazniewicz and Alek-
sandrowski (2008) instead of “Odra Fault Zone”, commonly
used in older papers.

The NW-SE trending Middle Odra Horst (Oberc-Dzied-
zic et al. 1999; Dorr et al. 2006; Fig. 1) is ca. 200-km-long
and up to 20-km-wide horst which separates the crystalline
basement of the Bohemian Massif, exposed in the Sudetic
and Fore-Sudetic Blocks (located to the SW) from the NE-
ward-inclined crystalline concealed under thick cover of
Permo-Triassic and Cenozoic sediments in the Fore-Sudetic
Monocline. Two basement elevations (Bielawy—Trzebnica
and Wolsztyn—Leszno Horsts) occur in the Fore-Sudetic
Monocline. Boreholes revealed phyllites in their uppermost

Fig. 1 Location of lithologi-
cal/thermal profiles (based on

map of Franke 2014). The inset
shows location of the study area
relative to the major geological
units of Central Europe (based
on maps of Kroner et al. 2010;
Franke et al. 2017). Surface heat
flow after the map of Majoro-
wicz and Wybraniec (2011)
except Rudna, where surface
heat flow after calculations

of Majorowicz and Safanda
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parts, overlain by Carboniferous flysch (Zelazniewicz et al.
2003; Mazur et al. 2010a).

To the north of Wolsztyn—Leszno Horst, Permo-Mesozoic
cover of the Szczecin—-Miechéw Synclinorium conceals sev-
eral juxtaposed units within TESZ (Variscan Foreland sedi-
ments, Avalonian basement and accretionary prism, thinned
Baltica lower crust) which nature and relationships are still
the matter of debate (Zelazniewicz et al. 2016; Mazur et al.
2015, and references therein). The underlying uppermost
mantle is usually interpreted as prolongation of Baltica (e.g.
Chyba et al. 2017; Kind et al. 2017), although Puziewicz
et al. (2017) claimed that there is no continuation of Baltica
mantle beneath Variscan Foreland. The Rheic suture (and
corresponding contact between Saxothuringian and Rheno-
Hercynian Zones) is supposedly located at the Middle Odra
Horst (e.g. Franke 2014).

The geotherms presented in this study are based on
hypothetical sections of the crust coupled with surface heat
flow data from four sites: Wilcza Goéra, Polkowice—Rudna,
Swigciechowa and Wrzesnia (Fig. 1). We used the Wilcza
Gora profile because of detailed petrological descriptions
of lithospheric mantle xenoliths in the vicinity (Matusiak-
Malek et al. 2014, 2017a, b) which enabled to define the
model of basaltic melt migration through lithosphere and to
model how the advective heat disturbs the steady-state heat
flow. The Polkowice—Rudna profile was used because the
temperature measurements from underground shafts of cop-
per mines enabled the calculation of heat flow independent
of older data. The Swieciechowa and Wrzesnia profiles were
chosen for comparison with the two former ones because of
drilling data, which enabled the precise lithological profiles
of upper crust. All four profiles are arranged in line across
the NE part of Variscan orogen in SW Poland and adjoining
SW part of the Trans-European Suture Zone.

The Polkowice—Rudna and Wrze$nia profiles are located
close to major geological boundaries which are inclined.
Therefore, the complete crustal profiles are not representa-
tive for the units cropping out at the surface. This is in fact
the major problem in many studies of Variscan geology.
Because both sites offer valuable data input to our models,
we decided to use them.

Methods

Major lithological units of the investigated sites were char-
acterised by 1D seismic models of the crust. To do this, we
used recently published high-resolution 3D seismic P wave
velocity model of the area of Poland, which describes lith-
ospheric structure from the surface down to a depth of 60 km
(Grad et al. 2016). Model of the uppermost several kilome-
tres of sediments was built from over 100,000 geological
boreholes, and vertical seismic profiling (VSP) from 1188

boreholes provided velocity data for regional tectonic units
(Grad et al. 2016). This data set was supplemented by 2D
velocity models from 32 deep seismic sounding refraction
profiles which also provide information about the crust and
uppermost mantle. The derived 3D velocity model contains
six sedimentary layers (Tertiary and Quaternary, Cretaceous,
Jurassic, Triassic, Permian and Pre-Permian) and three crus-
tal layers (upper, middle and lower) and lithospheric mantle.
Particularly, the model describes in detail the geometry of
seismic basement (consolidated/crystalline crust) and Moho
boundary (Grad and Polkowski 2016; Grad et al. 2016 and
references therein). The seismic basement of the investigated
area is characterised by velocities V, <6 km s~ typical in
most Phanerozoic structures of Western Europe. The Moho
is at depth 29-33 km. The seismic velocities and thicknesses
of the sedimentary layers, crystalline crust and uppermost
mantle were extracted from 3D seismic model of the area of
Poland (Fig. 2). We used the most probable rocks from each
modelled region, and the data from drills if available (see
“Lithological and thermal models along the studied cross
section” for details).

To assess the heat budget in our profiles, we use heat
flow map of Majorowicz and Wybraniec (2011), which is
corrected for paleoclimatic effects. New heat flow data pre-
sented by Majorowicz and Safanda (2018) and used in this
paper are based on temperature gradients measured in the
underground copper mine region in SW Poland and cor-
rected surface temperature. The set of temperature measure-
ments from underground copper mines in SW Poland was
made available to us by KGHM Polska MiedZ SA. They are
made in progressing, unventilated shafts to plan the shaft
ventilation. The details of measurement technique are given
in Majorowicz and Safanda (2018). The measurements of
temperature T, at depth z from Polkowice—Sieroszowice
and Rudna mining areas and calculated thermal gradient
are given in Table 1. Thermal conductivity for the upper
sediments within the geothermal gradient (Grad T) of meas-
ured temperature T profile with depth z, T(z) (C/m), inter-
val, was taken from nearby measured rocks by Majorowicz
and Plewa (1979, 1984) to calculate heat flow Q (Table 1).
We used three different values of the paleoclimatic correc-
tion (Majorowicz and Safanda 2018) corresponding to three
alternative models of the surface temperature means of the
cold glacial phase and postglacial phase to calculate cor-
rected T and heat flow (Table 1).

Heat production was calculated basing on physical
parameters of rocks and their chemical composition taken
from various sources, indicated in Tables 1, 3 and 4. The
exception is the Polkowice—Rudna profile, which is based
on rock densities, thermal conductivities and K, Th and U
contents measured for this study (Table 3). The density of
rocks was measured at the laboratory of the Institute of Oil
and Gas in Cracow (Poland) by gas pycnometer AccuPyx
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Fig.2 Seismic-lithological model of the studied profiles and related geotherms (grey). Black horizontal line shows Moho
Table 1 Details of calculations of heat flow in Polkowice—Sieroszowice and Rudna (after Majorowicz and Safanda 2018)
Location z Tz To Grad T k Q Tcorrl Tcorr2 Tcorr3 Qcorrl QcorrZ Qcorr3
m °C °C °C km™! W mK™! mW m™> °C °C °C mW m™> mW m™2 mW m™2
Polkowice— 1010 384 10 281 2.3 64.7 6.4 7.7 9 79.2 82.2 85.2
Sieroszowice
Rudna 1217 47.1 10 305 2.3 70.1 7.1 8.5 9.9 83.5 86.2 88.8
See text for details
II 1340 using helium. Thermal conductivities were meas-  analyses necessary to obtain K, Th and U contents were

ured at the laboratory of Institute of Geophysics, Czech  acquired in Bureau Veritas Mineral Laboratories in Van-
Academy of Sciences, by optical scanning apparatus TCS  couver, Canada, by ICP MS (procedure LF200, details
(Lippmann and Rauen, Germany). Bulk-rock chemical  available at http://www.bureauveritas.com).
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Mantle heat flow and geotherms

Heat production (A in W/m?) of the rocks of the entire crust
from surface to Moho (in the discussed area ca. 30 km) is
calculated with the following approach. A is assigned to
different crustal rock types characterised by different con-
tent of radiogenic elements of U, Th and K (Tables 1, 2,
3, 4). Heat production is computed from the measured and
assumed based on rock type concentrations of U?¥, K*°
and Th?* based on the relationship originally proposed by
Birch (1954) and slightly modified later (Rybach 1988).
Back-stripping of A generated heat contribution of these
crustal rocks down to Moho depth yields Moho heat flow
Q.- Surface heat flow Q, will decrease with depth z as heat
generation A(z):

0(2) = Q- /AdZ’ ey

where Q, is heat flow at the surface.
Heat flow at Moho depth z,,.,, is

Qm = QO - chustals where (2)

chustal = /AdZ, (3)

Table 2 The lithological profile of crust in the Wilcza Géra near Ztotoryja

for z changing in 0 -z, ;,, interval.

The resulting values of heat flow and heat generation
vs. depth z (Table 6) allow the construction of geotherms
(Fig. 2), which are calculated based on heat flow, heat pro-
duction and thermal conductivity models related to petro-
logical models of the sedimentary rocks, crystalline crust
and upper mantle from equations given by Hasterock and
Chapman (2011) in their recent update of the method (their
Egs. 2 and 3).

Thermal conductivity of the crust and upper mantle at
(z/T) conditions needs to be calculated for the geotherms to
be calculated, because it is commonly measured in ambi-
ent conditions. Changes due to increase of temperature and
pressure with depth z were calculated using Chapman and
Furlong (1992) equation:

Mz, T) = A, X (1 +cxz)/(1+bx (T —293)), 4)
where 1, is thermal conductivity at room temperature
of 20 °C (293 K) and atmospheric pressure. The coef-
ficient ¢ represents pressure dependence in upper crust
(c=1.5x10"%m™"), whereas the b coefficient was assumed
to be b=1.0x10"* K~ (Correia and Safanda 2002). T
is in kelvin. For mantle, we used a negative coefficient
b=-2.5x10"* K~! (Cermak et al. 1989). It reflects a

Depth (km) Thick- Rock K,O (wt%) U (ppm) Th (ppm) Source of Density Thermal Radiogenic heat
ness chemical data (kg m™>) conductivity production per
(km) (WK 'm™)  volume unit
(Wm™)
0-1 1 Sandstone 0 0 0 2.646% 2.24 0.00
(quartz
100%)
1-3 2 Quartz-rich 1.55 0.7 42 Kostylew pers.  2.757° 2.24 0.63
mudstone comm.
3-14 11 Clay-rich mud- 2.44 34 13.8 Kostylew pers.  2.757° 2.24 2.10
stone comm.
14-22 8 Alkali basalt 1.13 0.2 1.7 Furnes et al. 2.991¢ 3.0¢ 0.30
greenschist (1994), sam-
ple ZL1
22-25 3 Orthogneiss 4.05 4.17 14.5 Oberc-Dziedzic 2.64° 2.55¢ 2.40°
et al. (2005),
sample ST
25-31 6 Gabbro 0.06 0.4 0.6 Puziewicz 2.903" 2.00" 0.16
et al. (2012),
“melagabbro
Ksigginki”

See text for details

#After Christensen and Mooney (1995) (“quartzite™)

b After Christensen and Mooney (1995) (“phyllite”)

¢ After Christensen and Mooney (1995) (“greenschist facies basalt’)

dThermal conductivity assumed basing on averages for sediments, upper, middle and lower crust (Cermak et al. 1989)

°Density, thermal conductivity and radiogenic heat production after Puziewicz et al. (2012), “orthogneiss Lipniki”

fAfter Puziewicz et al. (2012), “melagabbro Ksieginki”
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Table 3 The lithological profile of crust in Polkowice—Rudna near Lubin

Depth (km) Thick- Rock K,O (wt%) U (ppm) Th (ppm) Source of Density Thermal Radiogenic heat
ness chemical data (kg m™3) conductivity production per
(km) (WK 'm™)  volume unit
(Wm™)
0-1 1 Arkosic 2.8% 2.2b 1.10°
sandstone
(500 m),
limestone
(300 m),
anhydrite
(200 m)
1-5 4 Gneiss Katna ~ 2.46 5.1 2.5 This study 2.687° 3.3° 1.71
5-16 11 Diorite Nowiny 3.66 4.2 15.0 This study 2.751¢ 2.5¢ 2.51
16-22 6 Granodiorite 4.06 6.3 13.0 This study 2.773¢ 2.1° 2.98
Przedmoscie
22-30 8 Amphibolite 0.92 0.4 14 Puziewicz 3.050¢ 2.5¢ 0.31
et al. (2012),
“amphibolite
Chatupki”

See text for details

Density assumed basing on averages for sediments, upper, middle and lower crust (Cermak et al. 1989)

"Thermal conductivity assumed basing on averages for sediments, upper, middle and lower crust (Cermak et al. 1989)

¢ After Plewa 1984
dpuziewicz et al. 2012, “amphibolite Chatupki”
“Measured for this study

gradually increasing radiative component of the heat trans-
fer. The pressure dependence of conductivity within the
mantle was neglected because it is not well constrained
(2.5-4 Wm~! K~!) and the mantle geotherms in Fig. 2 and
Table 6 are rather approximation.

Lithological and thermal models
along the studied cross section

The Sudetic Block

The Sudetic Block and the Fore-Sudetic Block to the south
of the central part of the Middle Odra Horst consist of low-
grade metasedimentary and metavolcanic rocks forming
the Kaczawa Fold Belt. The latter consists of low-grade
metabasaltic rocks recording evolution from the continen-
tal to oceanic rifting (Furnes et al. 1994) and sedimentary
sequences. Devonian—-Lower Carboniferous melange suc-
cessions which originated in the accretionary prism setting
form the upper part of the Kaczawa Complex (Baranow-
ski et al. 1990). In the close neighbourhood of the copper
mining district, the Kaczawa rocks are pierced by Cenozoic
alkaline volcanic rocks of the Ztotoryja—Jawor Volcanic
Complex (Puziewicz et al. 2015). The latter belongs to the
set of Cenozoic volcanic complexes occurring to the NE of

@ Springer

the northern termination of the Eger Rift along the Middle
Odra Horst. The Jawor—Z1otoryja complex is dominated by
basanites with subordinate nephelinites, which erupted from
32 (Grodziec nephelinite; Badura et al. 2006) to 19 Ma (e.g.
Krzeniéw basanite; Birkenmajer et al. 2007); the 19-20 Ma
lavas are most common.

The Wilcza Géra profile (Table 2) is located in the area
of basanite outcrop at the outskirts of Zlotoryja. In this site,
the relatively thin sedimentary cover of Cretaceous and Per-
mian—Upper Carboniferous sedimentary rocks of the North
Sudetic Basin (Biernacka 2012 and references therein) is
underlain by rocks of the Kaczawa Mts (the Ziotoryja—Lubo-
radz Unit, see Kryza et al. 2007 and references therein). The
latter are Lower Palaeozoic mixed volcanic—sedimentary
successions overlain by Devonian—Carboniferous melanges
(Kostylew et al. 2017). The seismic profile (Fig. 2) shows an
abrupt increase in P wave velocity at 22 km, which we inter-
pret as the transition to the orthogneissic/granitic basement.

In our profile, we do not include basanites, which are
thin (100-200 m) and discontinuous. We approximate the
sedimentary rocks of the North Sudetic Basin by quartz
arenites, although in reality the rocks occurring in neigh-
bouring outcrop (Jerzmanice) contain few vol% of feld-
spar and are classified as subarkosic arenites (Biernacka
2012). The Kaczawa Mts. part of the profile is located at
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Table 4 The lithological profile of crust in Swigciechowa (Wolsztyn—Leszno Horst)

Depth (km) Thick- Rock K,O (wt%) U (ppm) Th (ppm) Source of Density Thermal Radiogenic heat
ness chemical data (kg m™>) conductivity production per
(km) (WK'm™)  volume unit
(Wm™)
0-1 1 Sandstone 0 0 0 2.646% 2.2f 0
1-3 2 Limestone 0.1 1.8 1.6 U, Th: Triassic 2.721° 2.2f 0.59
Limestone,
Gogolin
Kowal-Linka
and Jochum,
(2015)
K,O: Zechstein
limestone,
Biernacka
et al. (2005)
3-14 11 Phyllite 1.56 5.1 6.1 This study 2.749" 3.2h 1.91
14-23 9 Greenschist 1.13 0.2 1.7 Furnes et al. 2.991¢ 3.0f 0.30
(1994), sam-
ple ZL1
23-26 Diorite 2.836¢ 2.0f 2208
26-29 3 Garnet granu- 2.761° 2.0 0.30¢

lite

See text for details

#After Christensen and Mooney (1995) (“quartzite”)

b After Christensen and Mooney (1995) (“calcite marble™)

¢ After Christensen and Mooney (1995) (“greenschist facies basalt’)
4After Christensen and Mooney (1995) (“diorite”)

¢ After Christensen and Mooney (1995) (“paragranulite”)

"Thermal conductivity assumed basing on averages for sediments, upper, middle and lower crust (Cermak et al. 1989)

gAfter Plewa (1984)
"Measured for this study

1-22 km depth. It is represented by MORB-greenschist
(ca. 40%), whereas the sedimentary and metasedimentary
rocks are approximated by clay-rich mudstones (ca. 50%)
with subordinate quartz-rich ones (ca. 10%) of the mel-
ange succession. Basing on seismic data, we speculate
that the Kaczawa Mts. rocks are underlain by (3 km) layer
of orthogneissic/granitic composition, which we approxi-
mate by the Izera granite. We do not use the more real-
istic Cadomian Wadroze Wielkie gneiss because of lack
of high-quality analytical data, but this should not affect
heat production assessment. The Wadroze Wielkie gneiss
pierces the overlying low-grade metamorphic rocks of the
Kaczawa fold belt. Its occurrence suggests that orthog-
neisses/granites may occur also in the upper part of the
Kaczawa profile. The lower crust (from depth 25 km) is
assumed to be similar to that modelled by Puziewicz et al.
(2017) in NiedZwiedZ (eastern part of the Fore-Sudetic
Block), i.e. to consist of gabbros which are leucocratic in
the upper part of the profile and whose content of clino-
pyroxene is increasing with depth. This model represents

the quartzo-feldspathic lower crust injected with gabbros,
which number and ratio of clinopyroxene to plagioclase
increase towards the Moho.

The Middle Odra Horst

The Middle Odra Horst, beneath the Cenozoic sedimentary
rocks, consists of medium-grade metamorphic rocks and
granites (Oberc-Dziedzic et al. 1999; Dorr et al. 2006). The
drillings piercing the sedimentary cover of the Middle Odra
Horst showed occurrences of biotite—chlorite schists, locally
with garnet (Polkowice), biotite (para) gneisses (Jedrzychdow,
Obora), phyllites and mica schists (Osiek; Ktapcinski et al.
1975) intruded by unfoliated, I-type granodiorite to mon-
zogranite intrusions (Oberc-Dziedzic et al. 1999), three of
which are dated at 344-349 Ma (Dorr et al. 2006; Oberc-
Dziedzic et al. 2015). Since these rocks were available to us
thanks to the courtesy of prof. Teresa Oberc-Dziedzic, we
analysed their chemical composition, measured density and
heat conductivity and used in our model.
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The Middle Odra Horst is possibly a continuation of the
Mid-German Crystalline High. Therefore, the Odenwald
and Spessart Mts. in Germany can serve as its exposed ana-
logues. Odenwald Mts. are dominated by calc-alkaline igne-
ous rocks of composition ranging from granite to gabbro,
which form ca. 90% of the outcrop (Will et al. 2015; Altherr
et al. 1999). Large part of the Spessart Mts. is considered
to be the Avalonia rocks exposed in the tectonic window
in overlying Gondwana-derived terranes (Will et al. 2017).

The Polkowice—Rudna profile (Table 3) is located in
the copper mining district. The Polkowice drilling (159 m
asl, Ktapcinski et al. 1975) shows Quaternary sediments
at 0-32 m, Tertiary at 32-403 m, Lower Buntsandstein at
403-577 m, Zechstein at 577-838 m, and Upper Rotlieg-
endes at 838—1107 depth. Below Ktapcinski et al. (1975)
describe biotite schist with garnet. We approximate the
sedimentary cover by 500 m of arkosic arenites, 300 m
of limestones and 200 m of anhydrites. The thickness of
sedimentary cover is approximated at 1000 m because the
drillings (Osiek, Obora, Jedrzychéw; Ktapciniski et al. 1975)
show that it is varying between ca 900 and 1100 m in Polko-
wice-Lubin area. We assume significant part of I-type gran-
ites (17 km in the 30-km-thick crust; represented by dior-
ite from Nowiny and granodiorite from Przedmoscie) with
subordinate leucocratic gneiss (represented by sample from
Katna drilling, 1486 m depth) in the Polkowice—Rudna pro-
file. The lower crust is considered to be amphibolitic. This
is based on speculative assumption that it may be the relic
amphibole-dominated cumulate rocks occurring in the lower
parts of volcanic arc sections (e.g. Davidson et al. 2007 and
references therein).

The Fore-Sudetic Monocline and Szczecin-Miechéw
Synclinorium

The Fore-Sudetic Monocline is a block in which poorly
known basement is covered by Permo-Mesozoic succession
of variable thickness and unconformably by approximately
350 m of Cenozoic sedimentary rocks (Mazur et al. 2010a).
The Permo-Mesozoic rocks were deposited in several basins
that developed in Permian across post-Variscan Europe
(e.g. Polish Basin, Northeast German Basin). Their thick-
ness increases from 1 km close to the Middle Odra Horst
to around 5 km at the border between the Monocline and
the Szczecin—-Miechéw Synclinorium (Mazur et al. 2010a).
These sediments consist of siliciclastic and carbonate depos-
its and include also thick Zechstein evaporites (Grocholski
1975). The structure of the area was developed in Cretaceous
during a compressional event that caused inversion of the
Permo-Mesozoic basin fill and tilting of the Fore-Sudetic
Monocline with the dip to the NE (Mazur et al. 2005).
Permian clastic Rotliegend sediments are intercalated
with Upper Carboniferous to Permian volcanic rocks
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representing wide range of volcanic forms and compositions
(Breitkreuz et al. 2007; GeiBler et al. 2008; ZelaZzniewicz
et al. 2016). Currently, the volcanic rocks reside at a
range of depths from approximately 2800 to over 6000 m
(Maliszewska and Pokorski 1978; Breitkreuz et al. 2007,
Zelazniewicz et al. 2016). The volcanic field extending from
the Northeast German Basin to the Polish Basin in the Szc-
zecin—-Miechéw Synclinorium also varies in the thickness
from several tens to over 2000 m (Benek et al. 1996; Paulick
and Breitkreuz 2005; GeiBler et al. 2008). Different areas are
dominated by either silica-rich lava flows and lava domes
(Mecklenburg-Vorpommern Sub-Province in north eastern
Germany, Gei3ler et al. 2008) or ignimbrites and tuffs with
rare lava flows (western Poland, Maliszewska and Pokor-
ski 1978 and Flechtingen—Altmark Sub-Province in central
Germany; GeiBler et al. 2008) or predominantly andesitic
shield volcanos (the Eastern Brandenburg Sub-Province and
also extending into western Poland, Geifller et al. 2008).
Generally, the thickness of the silica-rich volcanic rocks is
larger in the German part of the basin with the rhyolitic
rocks in northeastern Germany usually exceeding 500 m
(GeiBler et al. 2008), whereas rhyolitic tuff deposits located
in the Fore-Sudetic Monocline have thickness below 500 m
(Maliszewska and Pokorski 1978; Breitkreuz et al. 2007;
Zelazniewicz et al. 2016). The thickness of andesites varies
from O to over 1400 m (drillcore O$no 1G2) and depends
on the topography created by shield volcanos (Geiller
et al. 2008). The silica-rich volcanic rocks are enriched in
radiogenic elements compared to average upper continen-
tal crust (K,0=2.8 wt%, Th=10.5 ppm and U=2.7 ppm,
Rudnick and Gao 2003) as they contain 2.9-6.8 wt% of
K,0, 12.1-25.9 ppm of Th and 2.3-5.3 ppm of U (Benek
et al. 1996; Zelazniewicz et al. 2016). In addition to vol-
canic rocks, over 250 m of granite (40964350 m, not drilled
through) and 2-m granite xenolith surrounded by rhyolites
at depth 3984-3986 m were recorded from the drillcore
Chrzypsko-2 (Zelazniewicz et al. 2016). Granite is older
(302 Ma) than surrounding rhyolites (293 Ma, ZelaZniewicz
et al. 2016), but has similar isotope and chemical composi-
tion (Zelazniewicz et al. 2016; Stodczyk et al. 2018).

The Permo-Mesozoic sedimentary rocks overlay Car-
boniferous turbiditic succession of the thickness exceeding
2500 m, reduced in the areas of Bielawy—Trzebnica and
Wolsztyn—Leszno Horsts, formed by Paleozoic phyllites
metamorphosed at 340 Ma (Zelainiewicz et al. 2003; Mazur
et al. 2010a). Phyllites are the oldest lithology drilled in
the basement of the Fore-Sudetic Monocline and are uncon-
formably overlain by turbidites. Geochemistry and zircon
chronology of the turbidites show that the sediments were
derived from Devonian—Carboniferous continental volcanic
arc (Mazur et al. 2010b).

The Swigciechowa profile (Table 4) represents the Wolsz-
tyn—Leszno Horst. We approximate the sedimentary cover of
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the Horst by sandstones underlain by limestones. The drill-
ing and seismic data show that the low-grade crystalline
basement starts at approximately 3 km depth with phyllites.
By analogy with the parts of the Northern Phyllite Zone
exposed in Germany (Oncken et al. 1995; Anderle et al.
1995), we assume that phyllites and greenschists are domi-
nant mid-crustal lithologies. The lower crust is assumed—
basing on the seismic data—to consist of thin diorite-domi-
nated layer which rests on the garnet granulites.

The Wrzesnia profile (Table 5) is representative for the
SW part of the Trans-European Suture Zone. Its upper part
is based on the drilling Wrze$nia IG-1 (Mazur et al. 2010a;
Maliszewska and Pokorski 1978), which was generalised
to avoid multiple intercalations of rocks of identical heat
production and conductivity. Carboniferous greywackes
were the oldest drilled lithology and are extended down to
8 km based on the seismic profile (Fig. 2). The seismic data
show increase in velocities at 8 km, which probably marks
the surface of pre-Variscan basement represented by Lower
Paleozoic sediments injected with Variscan or older intru-
sions. The presence of the Variscan granites in Carbonifer-
ous and pre-Carboniferous basement is consistent with the
occurrence of upper part of a larger granite intrusion in the
Chrzypsko drilling, also in the Szczecin—-Miechéw Synclino-
rium (Zelazniewicz et al. 2016). Middle and lower crusts in
Wrzednia are assumed to be similar to the Avalonian base-
ment. This is based on the large-scale paleotectonic models
of the European basement (e.g. Kroner et al. 2007; Franke
2014). The mid-crust is probably dominated by Cadomian
gneisses, and the gneisses occurring within nearby Bruno-
Vistulian microcontinent were used as analogues. The
gneisses vary in composition and two sections with more
and less evolved types were used in the profile construction.
The lowermost crustal lithologies show seismic velocities
typical for mafic basement and we linked it with the old Ava-
lonian intermediate/mafic/ultramafic lower crust occurring
in Burin Peninsula (Newfoundland, Murphy et al. 2008).

Discussion

The effect of advective heat transport on mantle
heat budget

The geotherms presented in this study are constructed basing
on the temperatures taken from the map of Majorowicz and
Wybraniec (2011) or (Rudna site) calculated by Majorowicz
and Safanda (2018) on the basis of measurements in mine
shafts and on speculative assumptions on rock types form-
ing the crust and their compositions (namely K, U and Th
contents). This standard steady-state approach results in the
Moho heat flow and temperatures which are in fact defined
by the crustal heat budget. The heat budget in lithospheric

mantle is supposedly well represented by this approach, pro-
vided no heat is added to the mantle by percolating melts.

The part of SW Poland where the discussed sites are
located was formed and stabilised during the Variscan Orog-
eny. The crystalline basement of European Variscan orogen
was reactivated when the European Cenozoic Rift System
(ECRIS) was formed in the foreland of growing Alps (Dezes
et al. 2004). Eger Rift in the western part of Bohemian Mas-
sif is the easternmost one of ECRIS rifts. Its formation was
connected with the volcanism, which was active also in the
area of Sudetic and Fore-Sudetic Blocks. The Cenozoic vol-
canism in Sudetes and Fore-Sudetic Block culminated at
34-26 and 22-18 Ma with very scarce eruptions between
5.5 and 1 Ma (K-Ar ages, Pécskay and Birkenmajer 2013
and references therein). It produced no continuous and thick
lava sequences. The geochemical characteristics of Cenozoic
lavas in this area show that the lavas come from astheno-
spheric sources, but local heating of the lithosphere was high
enough to trigger its melting (Ladenberger et al. 2006).

Wilcza Goéra is a basanite plug belonging to the
Ztotoryja—Jawor Volcanic Complex, the group of isolated
Cenozoic lava occurrences (for details, see Puziewicz et al.
2015). The mantle xenolith suites from the Ztotoryja—Jawor
Volcanic Complex show that the nephelinitic lavas migrating
through the lithospheric mantle at ca. 30 Ma heated it to ca.
1000-1100 °C (Matusiak-Matek et al. 2017a). The basan-
itic lavas of younger volcanic episode (ca. 20 Ma) bring to
the surface xenoliths which show that the mantle peridotite
temperatures were not re-equilibrated due to melt percola-
tion and suggest that lithospheric mantle temperature was
between ca. 830 and 890 °C (Matusiak-Matek et al. 2014).
Therefore, the lithospheric mantle section beneath Wilcza
Gora was affected by percolating “basaltic” melts, and we
modelled the possible effects of advective heating on the
local heat budget.

We assume that lithospheric mantle section beneath the
ZYotoryja—Jawor Volcanic Complex was affected by lavas
migrating from the asthenosphere between 30 and 18 Ma,
which had the temperature of 1400 °C (asthenospheric basan-
ite solidus). The affected mantle area is 20 x40 km (crude
approximation of the Ztotoryja—Jawor Volcanic Complex
lateral size) and was located at depth from 55 to 40 km (i.e.
spinel peridotite facies). The case studies of mantle xenolith
suites from the area (Puziewicz et al. 2011; Matusiak-Matek
etal. 2010, 2014, 2017a, b; Kukuta et al. 2015) show that the
lava flow through the mantle was channelized in fissures of
centimetric to decimetric thickness, and the melt percolated
pervasively in the neighbouring mantle peridotite. To model
this situation, we assume that the discussed hypothetical man-
tle was instantly injected with melt. After injection, the mantle
consisted of 80 vol% of solid peridotite and 20 vol% of melt,
and subsequently cooled. The injections happened at 29.9, 28
and 18 Ma, the size of melt-percolated region was 20 x40 km
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Table 5 The lithological profile of crust in Wrze$nia

Depth (km) Thick- Rock
ness

(km)

cal data

K,0 (wt%) U (ppm) Th (ppm) Source of chemi- Density

(kg m)*

Thermal
conductivity
(WK~ m~y

Radiogenic heat
production per
volume unit
(Wm™)

Sand/clay (0.5), 2.8
sandstone (1.5)

2-4 2 Triassic and 0.1
Zechstein

Limestones

4.0-4.8 0.8 Sandstone 2.8

4.8-5.0 0.2 Ignimbrite 5.1

Carboniferous 2.8
metagreywacke

5-8 3

Variscan granite 4.1

Lower Pal- 2.8
aeozoic
greywackes

12-14 2

14-16 2 Granite gneiss 4.2

16-19 3 Granite gneiss 44

19-25 6 Tonalite gneiss 1.36

25-33 8 Mafic/ultramafic  0.68

complex

2.7

1.8

2.7

3.7

3.5

4.0

3.5

3.4

0.5

0.1

10.5

1.6

10.5

20.3

12

12

18.2

59

2.57

0.85

UCC (Rudnick
and Gao 2003)

U, Th: Triassic
Limestone,
Gogolin,
Kowal-Linka
and Jochum
(2015)

K,0: Zechstein
limestone,
Biernacka
et al. (2005)

UCC (Rudnick
and Gao 2003)

Avg ignim-
brite, Polish
Lowland,
Zelazniewicz
et al. (2016)

Wrzes$nia, Pol-
ish Lowland,
Mazur et al.
(2010a)

Avg granite, Pol-
ish Lowland,
Zelazniewicz
et al. (2016)

By analogy with
Carboniferous
graywacke

Maciejowice
gneiss, Mazur
et al. (2010b)

Nowolesie
gneiss, Cado-
mian base-
ment, Oberc-
Dziedzic et al.
(2005)

Intermediate
lower crust
Avalonia,
Burin Group,
Murphy et al.
(2008)

Mafic lower
crust Avalonia,
Burin Group,
Murphy et al.
(2008)

2.8

2.8

2.8

2.8

2.8

2.8

2.8

2.8

2.8

3.0

22

22

2.2

22

22

2.7

2.7

2.7

2.7

2.5

2.1

1.73

0.60

1.73

291

2.04

2.57

2.04

2.59

0.45

0.16

See text for details

Density assumed basing on averages for sediments, upper, middle and lower crust (Cermak et al. 1989)

>Thermal conductivity assumed basing on averages for sediments, upper, middle and lower crust (Cermak et al. 1989)
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Fig.3 The effect of magma percolation in the lithospheric man-
tle during Cenozoic volcanism in the model volcanic system in SW
Poland (see text for details). The model is representative of the Wil-
cza Gora profile. a Temperature profiles in the centre of modelled
domain: before volcanism (steady-state geotherm), at 16 Ma (2 Ma
after third magma pulse), and at 1 Ma (before glaciation); b relation-
ships between time and heat flow at various depths

and it was located at depth from 40 to 55 km. The heat flow
and temperature modelling (Fig. 3) show that the present dis-
turbance in surface heat flow is slight (ca. 4 mW/m?), as well
as that of Moho heat flow (3 mW/m?). The graphs showing
spatial variation in temperature vs. time plus more detailed
description of modelling are shown in Appendix. The surface
heat flow effect is close to the uncertainties in the heat flow
estimates, which in our opinion are within a few mW/m2, and
are due to various log temperature measurement errors. There-
fore, our model shows that the volcanic events which occurred
in the Cenozoic in Lower Silesia affected very slightly the
current heat flow both on the surface and on Moho.

The older models accounting for Cenozoic melt perco-
lation in lithosphere were presented (Cermék et al. 1996;

Christensen et al. 2001). Cermik et al. (1996) modelled a
large magma chamber (14 km across and 5 km thick) located
immediately above Moho which cools from 1300 °C, assum-
ing also occurrence of shallow reservoirs of lava supplying
massive surface activity. They assumed that magmatism
started 80 Ma. Their model was used to approximate the
extensive volcanic activity in the SW part of the Eger Rift. It
shows that even this extreme situation has little effect on the
recent surface heat flow (<3 mW/m?). Similar model was
presented also by Christensen et al. (2001) who modelled
layer of basaltic magma at similar conditions (5 km thick-
ness, 1300 °C) and location (immediately above Moho) at
35-30 Ma and cooling after this time. These authors assumed
no effect of underplating on current geotherm and heat flow.

The effect of assumed crustal lithologies on mantle
heat flow

The values of mantle heat flow calculated by us (Table 6)
are sensitive to both surface heat flow measurements and
assumed lithology of the crust. We believe that palaeo-
climate-corrected surface heat flow we use (after map of
Majorowicz and Wybraniec 2011) is the best approximation.
This map is reliable especially in the area to the NE Mid-
dle Odra Horst, where the granitoids which could disturb
the general pattern of heat production, if any, occur under
thick sedimentary cover. In the Middle Odra Horst and to SE
of it, the granitoids occurring close to the surface possibly
generate local kilometre-scale variation in the surface heat
flow, similar to those described in Erzgebirge by Forster and
Forster (2000). This kind of strongly increased heat flow
occurs in the Polkowice—Rudna profile and is discussed in
detail below.

The lithologies we propose are based on assessment of
local geological structure and rocks which really or suppos-
edly form it. However, the deeper parts of our profiles are
only estimates of real rock sequences in each profile. These
estimates are based on (1) seismic profiles of each site to
which (2) the geologically reasonable rock sequences were
fitted (Fig. 2).

The surface heat flow in Wilcza Gora is assumed to
be 66 mW/m?, whereas the calculated Moho heat flow is
34 mW/m?, which is relatively of high value compared to
second estimate in the Sudetic and Fore-Sudetic Blocks
(28 mW/m? in Niedzwiedz, Puziewicz et al. 2012). The
Moho heat flow values between 20 and 30 mW/m? are esti-
mated to be located ca. 200 km to the west Erzgebirge by
Forster and Forster (2000). The higher than regional Moho
heat flow can be explained as (1) the artefact caused by sig-
nificant participation of greenschist and resulting low heat
production in the profile or (2) real observation.

The heat flow of 84 mW/m? in Polkowice—Rudna is sur-
face extrapolation of heat flow measured in underground
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Table 6 Relationships among depth, heat flow (HF) and temperature (7) in the studied sites

Depthz  Wilcza Géra Wilcza Géra Polkowice— Polkowice— Swieciechowa Swif;ciechowa Wrzeénia Q(z) Wrzesnia T(z)
0@ T(z) Rudna Q(z) Rudna 7(z) Q(2) T(z)

m HF (mW/m?) T (°C) HF (mW/m?) T (°C) HF (mW/m?) T (°C) HF (mW/m?) T (°C)
0 66° 0 84" 0 73 0 76° 0
—1000 65 38 83 46 73 31 74 33
—2000 63 68 81 83 72 64 73 66
—3000 61 90 80 113 72 90 72 92
—4000 60 113 78 143 70 117 71 119
—5000 58 137 76 173 68 144 69 147
—6000 57 160 74 204 66 172 67 175
—7000 55 184 71 234 64 199 65 203
—8000 54 208 69 265 62 227 63 231
—9000 52 231 66 295 60 254 61 259
—10,000 51 255 64 325 58 281 58 287
—11,000 49 279 61 355 55 308 56 314
—12,000 48 303 59 385 53 335 53 341
—13,000 46 327 56 414 51 361 51 367
— 14,000 45 351 54 442 49 388 49 393
—15,000 44 374 51 471 48 413 46 419
—16,000 44 398 49 498 46 439 44 443
—17,000 43 422 46 525 44 464 43 468
—18,000 43 447 43 550 43 489 41 491
—19,000 42 469 40 572 41 511 40 513
—20,000 42 490 37 593 40 532 40 533
—21,000 41 512 34 612 38 552 39 554
—22,000 41 533 31 629 36 572 39 574
—23,000 39 554 30 645 35 590 39 594
—24,000 37 574 30 660 33 608 38 614
—25,000 36 593 30 676 30 625 38 634
—26,000 35 612 30 691 28 640 38 653
—27,000 35 630 29 706 28 655 37 672
—28,000 35 648 29 721 28 669 37 692
—29,000 35 666 29 736 27 683 37 711
—30,000 35 684 28 751 27 697 37 730
—31,000 34 702 28 765 27 711 37 749
—32,000 34 713 28 774 27 720 37 761
—33,000 34 724 28 783 27 728 36 772
—34,000 34 735 28 792 27 737 36 784
—35,000 34 746 28 801 27 746 36 796
—36,000 34 757 28 810 27 754 36 807
—-37,000 34 768 28 819 27 763 36 819
—38,000 34 778 28 828 27 771 36 830
—39,000 34 789 28 837 27 780 36 842
—40,000 34 800 28 846 27 788 36 853
—50,000 34 904 28 932 27 872 36 966
—-60,000 34 1006 28 1016 27 953 36 1076

Surface hear flow based on the map of Majorowicz and Wybraniec (2011)

bSurface heat flow after Majorowicz and Safanda (2018)
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shafts of copper mines. It is high because of elevated heat
production in the granitoids of the Middle Odra Horst
(Table 3). The crystalline basement of the Middle Odra
Horst occurs at depths of ca. 300-1100 in its part located
between Szprotawa and Wroctaw (drilling data in Ktapcinski
et al. 1975) and is rich in granites (Oberc-Dziedzic et al.
1999). Therefore, we are of the opinion that the locally
high (>80 mW/m?) surface heat flow is the manifestation
of abundant granite occurrences in the Middle Odra Horst.
Since the heat production is concentrated in the upper crust,
the Moho heat flow 28 mW/m? is similar to the other esti-
mates in the region.

In this paper, we use lithological models of the crust for the
heat generation/heat-flow with depth and geotherm calculation.
The different approach to geotherm construction was presented
by Majorowicz and Safanda (2018), who used only seismic
data and geophysical models to calculate heat generation/heat
flow with depth and geotherms for the Polkowice—Rudna area
using the same set of temperature measurements for the range
of paleoclimatic models 1-3 discussed in detail in their paper.
The variation of heat flow estimate (82—87 mW/m?) is due to
uncertainty of the paleoclimatic models. In this study, we are
using the low end of the calculated heat flow range, based on
the paleoclimatic model 1 of Majorowicz and Safanda (2018).
We assume it to be the most realistic one as being closest to
previous heat flow map (Majorowicz and Wybraniec 2011)
based on well temperature logs, and we use it for farther cal-
culations (mantle heat flow and geotherms). The Moho heat
flow calculated by Majorowicz and Safanda (2018) for all
three paleoclimatic models varies between 37 and 41 mW/
m?, and is higher than the estimate presented in this study and
beyond the values typical for eastern part of Saxothuringicum,
which supposedly are close to 28-30 mW/m? (see “Regional
geological considerations”). These differences are, however,
relatively small considering the uncertainty of Moho heat flow
determination, which is usually > 10% and as high as 20%
(i.e. ca. 3-6 mW/m?). Nevertheless, these two results show
how important is the assessment of local crustal lithology in
estimation of mantle heat flow.

Potential errors and perspective

The approach presented by us is based on geological cross
sections of lithosphere in a certain points, surface heat flow
measurements and laboratory measurements of rock param-
eters (contents of heat producing elements, conductivity and
density). All of them are subjected to errors.

The cross sections rely on geological models paired with
seismic data. They are always more or less speculative below
the maximal drilling depth, which usually does not exceed
8-10 km. The heat flow measurements are made in drilling
wells, and are subjected to errors which typically are within
the range of 1-5 mW/m? (Jaupart and Mareschal 2015, their

Table 4). These point measurements are extrapolated when
heat flow map is prepared. These uncertainties are difficult
to assess quantitatively because their major source is the
lithological interpretation (see also the discussion in “The
effect of assumed crustal lithologies on mantle heat flow”).

The intention of our study was, among others, to show
that the progress in knowledge on the crust of Variscan oro-
gen of Europe makes now possible to define basic “styles”
of the crust. The data on heat-producing elements, if paired
with rocks, enable the calculation of heat budget in each
crust type (in fact this is the extension of classical idea of
“heat flow provinces”). With this kind of models the regional
scale the crustal geothermal variation could be defined, and
that would make the step towards the more realistic Moho
temperatures estimates in the regional scale.

The laboratory measurements of rock density measure-
ments as well as the chemical analyses are highly precise now
and their contribution to the overall uncertainty of the calcu-
lated heat budget is minor. To demonstrate this, we calculated
the differences in surface heat flow, which would arise from
a layer of rock located between the surface and 10 km depth,
using lower and upper limits of their density measurements
and heat producing element analyses (for measurement and
analytical details see “Methods”). We used the gneiss from
Katna drilling a granite from Przyborowice drilling. Their
densities are measured with +0.013 g/cm? error. The error in
K,O determination is +0.1 wt%, U +0.1 ppm and Th 0.2 ppm.
We assumed the heat flow at the base of discussed layer to be
50 mW/m?. The results of our 1D stationary simulation show
that the differences due to density measurements and chemical
analytical errors are 1.43 (gneiss) and 0.56 (granite) mW/m?
(Table 7) and that the decision on rock type in the profile is
more important than analytical errors.

Regional geological considerations

The surface measurements of heat flow as well as Moho
heat flow calculations are both subjected to significant errors
(e.g. Jaupart and Mareschal 2015). Mareschal and Jaupart
(2004) indicate that the large-scale, geological structure-
independent (> 500 km) variation of Moho heat flow is less
than +2 mW/m? and thus smaller than “detection limit” of
heat flow studies. Our example shows that small-scale Moho
heat flow estimates can vary significantly. Despite signifi-
cant potential errors (see the example of Polkowice—Rudna
described above), the data on Moho heat flow can supply
information on lithospheric mantle dynamics complemen-
tary to other kinds of information on mantle.

The Moho heat flow seems to be close to 30 mW/m? in
the Saxothuringian part of the Bohemian Massif. Forster and
Forster (2000) calculated the values between 20 and 30 mW/
m? in Erzgebirge. Puziewicz et al. (2012) indicate 28 mW/m?
in the eastern part of Fore-Sudetic Block. The models presented
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Table 7 Effect of analytical/

Error Gneiss Katna  Gneiss Katna  Granite Granite
ir:l"szlll;g?;sngffgts f;’(r)lvf/he Lower limits Upper limits Pr.zyboro— Pr.zyboro—

wice wice
Lower Upper
limits limits

K,0 (wt%) 0.1 2.45 247 5.46 5.48

Th (ppm) 0.2 4.9 53 0.8 1.2

U (ppm) 0.1 23 2.7 7.29 7.31

Density (g/cm?) 0.013  2.674 2.700 2.595 2.621

Heat flow at depth 10 km (mW/m?) 50 50 50 50

Heat flow on the surface 61.10 62.53 72.63 73.19

See text for details

in this study suggest similar values of Moho heat flow: 34 mW/
m? in Wilcza Géra (central part of Sudetes) and 28 mW/m? in
Polkowice—Rudna (Middle Odra Horst). The Moho heat flow
in Swieciechowa (27 mW/m?) fits these values, albeit the site is
located in the Wolsztyn—Leszno Horst, thus within the eastern
counterpart of the Rheno-Hercynian Zone.

The lithospheric mantle underlying Saxothuringian part
of the Bohemian Massif shows consistent seismic anisotropy
(e.g. Plomerova et al. 2012) and supposedly represents the
continuous fragment of a lithospheric plate docked to the
orogen in Variscan times. The presented data indicate that
the Moho heat flow close to 28-30 mW/m? is a characteristic
steady-state value for this region.

Forster and Forster (2000) suggested that relatively high
Moho heat flow in Erzgebirge may be due to advective heat-
ing by Cenozoic volcanism, which was active in the region,
or due to chemical characteristics of the mantle peridotites
themselves. Our data for the Saxothuringian part of the Bohe-
mian Massif show that volcanic activity enlarges the Moho
heat flow outside the Eger Rift only locally and slightly.
Thus, the relatively high Moho heat flow value results rather
from the lithological characteristics of mantle lithosphere.
The Moho heat flow in the Eger Rift itself is probably higher
due to significant transient volcanic component.

The Moho heat flow is significantly higher (36 mW/m?)
in Wrze$nia, which is located in the TESZ. High surface (up
to 90 mW/m?; Majorowicz 2004; Majorowicz et al. 2003)
and Moho (> 35 mW/m?; Majorowicz 2004) heat flow are
a regional feature characteristic for SW part of TESZ. This
enlarged heat flow area occurs between the Middle Odra
Horst to SW and the Variscan Deformation Front to NE (cf.
Figures 13 and 14 in Szewczyk and Gientka 2009, Fig. 2 in;
Majorowicz 1978, Fig. 1 in; Majorowicz and Wybraniec 2011
and Fig. 2 in; Majorowicz and Safanda 2018) despite the dif-
ferences in absolute heat flow values due to differences in ther-
mal conductivity models, estimated from well logs (Szewczyk
and Gientka 2009) versus measured on cores (Majorowicz
and Wybraniec 2011). It continues to NE part of the German
Basin, where average surface heat flow 77 +3 mW/m? reaches
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up to 91 mW/m? for the 68-91 range (Norden et al. 2008).
This Moho heat flow, which indicates “warm” lithospheric
mantle, can be an artefact, resulting from underestimation of
volume of rhyolites/granites related to the Permian igneous
province. The variable thickness and composition of volcanic
rocks drilled over the Permian basins in Germany and Poland
show that it is not straightforward to estimate the real vol-
ume of igneous rocks and their contribution to heat budget
(see “Lithological and thermal models along the studied cross
section”). On the other hand, the available seismic data and
geological models indicate that mantle lithosphere underlying
the Rheno-Hercynian Zone represents separate lithospheric
plate and differs by seismic anisotropy from its surroundings
(Babuska and Plomerova 2006) and also the sub-lithospheric
upper mantle exhibits seismic features different from those of
Saxothuringicum (Kind et al. 2017). This could result in dif-
ferences in thermal properties and enlarged Moho heat flow.

Conclusions

Surface heat flow measurements are subjected to signifi-
cant errors (1-5 mW/m?, J aupart and Mareschal 2015, their
Table 4). Nevertheless, they bring important information
on the geological structure of lithosphere. We coupled the
surface heat flow information with the calculations of lith-
ospheric heat production in four sites in SW Poland, which
enabled discussion about the Moho heat flow.

Our calculations show that Moho heat flow beneath
Sudetic and Fore-Sudetic Blocks is close to 30 mW/m?. It is
similar to upper limit of mantle heat flow beneath Erzgebirge
(Forster and Forster 2000). We are of the opinion that this
value of Moho heat flow is representative of the Saxothur-
ingian part of the Bohemian Massif (Sudetes and Erzge-
birge) and it reflects the thermal characteristics of underlying
lithospheric and sub-lithospheric mantle.

Higher value of Moho heat flow (36 mW/m?) is shown by
reconnaissance calculation in a site located in the SW part of
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Trans-European Suture Zone. It fits the earlier estimates of
Majorowicz (2004 and references therein). We suggest that
this is due to different thermal characteristics of lithospheric
mantle underlying the TESZ in Poland.

The Variscan orogen of Europe was subjected to rifting and
volcanism during Cenozoic, and the lithospheric mantle was
infiltrated by the lavas moving to the surface. In Poland, the
volcanism was concentrated in the Sudetic- and Fore-Sudetic
Blocks. The new petrological data (Matusiak-Matek 2017a
and references therein) enabled the precise model of thermal
effect of volcanism on the lithospheric mantle. It shows that
syn-volcanic melt residence in the lithospheric mantle leads to
small (<4 mW/m?) increase of the current Moho and surface
heat flow.
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Appendix

The effect of basaltic lava moving
through the lithosphere on heat flow

Problem of thermal steady state of the lithosphere
The steady state is assumed in the numerous studies of

thermal state of the lithosphere. A short discussion of this
assumption is presented below.

If heat is transferred only by conduction then the tem-
perature distribution is described by the following equation
of the heat transfer (e.g. Czechowski 1993; Turcotte and
Schubert 2001)

oT .

¢ p 5- = divK(T.p.f) grad T) + Q(0). )
where ¢ (s) is the time, T (K) is the temperature, c
(J kg~! K7!) is the specific heat at constant pressure, p (kg
m~) is the density, k (W m~!' K™!) is the coefficient of ther-
mal conductivity (it could depend on the temperature 7,
pressure p and composition f), and O (W m~?) is the rate of
heat generation per unit volume.

Initially, the lithosphere, after formation as a result of
magmatic processes, is not in thermal equilibrium (i.e. the
time derivative in Eq. (5) is not zero). An analysis of the
equation indicates that thermal equilibrium is asymptotically
reached with the time scale:

r=d’pc/k = d*/x, 6)
where d is the characteristic spatial scale of the problem
(e.g. the smallest dimension of the considered body) and x
(m? s™"=k/p c is the thermal diffusivity. After time 7 the
discrepancy between initial state and equilibrium decreases
e=2.7182... times, i.e. after time 27 the discrepancy is ~ ¢
times lower, i.e. ~ 14% of the initial discrepancy.

In Table 8, the time 27 is given for different values of spa-
tial characteristic dimension (e.g. the thickness of the con-
sidered region) and different values of the thermal conduc-
tivity. One can find that the upper 1 km layer is still not in the
thermal equilibrium as a result of recent (i.e. ~ 15,000 years
ago) ice regression. The crust (of 40 km thick) could be
treated as a region of thermal equilibrium only ~ 100 Ma
after formation or after later intensive magmatic activity.

Note, however, that the lithosphere is the basic unit in the
global tectonics. The MOHO is just a chemical boundary,
while the LAB is a mechanical and a thermal boundary. It
means that in our research the whole lithosphere (crust and
the rest of lithosphere) should be considered together. The
time necessary for thermal equilibration of the continental
lithosphere of 120 km thickness is of the order of 1 Gy. It
means that many parts of the continental lithosphere are not
in thermal equilibrium.

Table 8 Double timescale

. ! k(WmTK™ d (km)
27 (in Ma) for d in the range
1_112(])(1“? and k from 1 to 10 W 1 5 10 20 40 80 120
" 0.23 5.7 22.8 91.3 365 1460 3285
0.11 2.9 11.4 45.6 183 730 1643
5 0.05 1.1 4.6 18.3 73 292 657
10 0.02 0.6 2.3 9.1 37 146 329

The specific heat c=1200 J kg~! K~ and p=3000 kg m~> are used
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The 3D effects

Other problems result from assumption that models of the
lithosphere are often 1D. It is justified in many regions where
the lithosphere can be approximated as consisting of almost
horizontal layers. In such a case, distributions of all parame-
ters such as k and Q could be assumed to be one dimensional.
The initial distribution of the temperature is usually unknown
(it often cannot be approximated by 1D distribution) but for
lithosphere older than 200 Ma the role of initial conditions
is of less importance. The situation is different at the bound-
aries of two different units. If thermal properties of these
units are different, the 2D or 3D models are necessary for the
region spanning for the distance equal at least to two times
the thickness of considered layers, e.g. ~ 100 km or more.

The three-dimensional distribution of temperature result-
ing from lava intrusion could be another reason for consid-
eration of the 3D model. An example of such problem is
presented below.

The effects of non-linearity of the equation

Most of parameters in Eq. (5) depend on the temperature:
the specific heat at constant pressure c, the density p, the
coefficient of thermal conductivity k (it could depend on the
temperature, pressure and composition), and the rate of heat
generation per unit volume Q. The dependence of ¢ and p is
rather of limited significance. The Q could be strongly non-
linear if phase transitions are considered (i.e. melting and
solidification—see, e.g. Losiak et al. 2015). The dependence
of k is important in any case if k changes substantially (e.g.
Puziewicz et al. 2012). There are two consequences of this
fact: (1) equation in simplified form with diffusivity term
in the form k div grad(7) is not valid and (2) to obtain the
true temperature profile the solution of equation is necessary
(there are not simple methods without solution).

The three-dimensional time-dependent model

We present here a simple, time-dependent 3D model based
on Eq. (5). The considered region is 60 x 60X 70 km. The
region consists of 1D horizontal layers in thermal equi-
librium, i.e. the 1D distribution of temperature is initially
assumed. The upper layer is 15 km thick with the rate of
heat generation 6.67 x 107! W kg™!. The lower layer does
not contain heat sources. The thermal conductivity is 3
W K~! m~!. We simulate two magma intrusions at depth
of 40-55 km, of size 20 x40 X 15 km, consisting of 20%
melt of basaltic composition during initial 2 Ma of simu-
lation and 3rd intrusion 12 Ma after the initial one. This
model is an approximation of geological conditions at the
Jawor—Ztotoryja Volcanic Complex described in the text of
the paper.
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Fig.4 The surfaces of constant temperature ca. 3 Ma after the first
intrusion (27 Ma b.p.). Note large displacements of deep isothermal
surfaces. Initially the evolution is fast. Colour scale for temperature:
10 °C blue, 100 °C pink, 500 °C cyan, 750 °C green, 950 °C red
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Fig.5 The surfaces of constant temperature ca. 5 Ma after the first
intrusion (i.e. ~25 Ma b.p.). Colour scale for temperature: 10 °C blue,
100 °C pink, 500 °C cyan, 750 °C green, 950 °C red

The following boundary conditions are used:
at the upper boundary (isothermal): Té: 4 °C;
at the lower boundary: k 07/0x =34 mW m™2.
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Fig.6 The surfaces of constant temperature ~8 Ma after the first
intrusion (i.e. ~22 Ma b.p.). Colour scale for temperature: 10 °C blue,
100 °C pink, 500 °C cyan, 750 °C green, 950 °C red
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40 -~

Depth [km]

60

50

a x distance(in km)

y distance(in km)

Fig.7 The surfaces of constant temperature ~14 Ma after the first
intrusion (i.e. ~2 Ma after the 3rd intrusion and ~ 16 Ma b.p.). Colour
scale for temperature: 10 °C blue, 100 °C pink, 500 °C cyan, 750 °C
green, 950 °C red

Adiabatic boundary conditions 07/dx =0 are assumed
at the lateral boundaries.

Temperature T(x,y,z) at age19016301 y
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Fig.8 The surfaces of constant temperature ~19 Ma after the first
intrusion (i.e. ~ 11 Ma b.p.). Colour scale for temperature: 10 °C blue,
100 °C pink, 500 °C cyan, 750 °C green, 950 °C red

The surfaces of constant temperature are presented in
Figs. 4, 5, 6, 7 and 8 for different times. The following
colour scale for temperature is used (in °C): 10 °C=blue,
100 °C =pink, 500 °C =cyan, 750 °C =green, 950 °C =red.
The regions of higher temperature are not depicted at pre-
sented figures. They are inside the red surface. The evolution
of thermal conditions is presented in Figs. 4, 5, 6, 7 and 8.
After period of the fast evolution (lasting a few Ma after
an intrusion), the later evolution is rather slow. The surface
effects (heat flow density) will last, however, for dozens of
Ma.

Note, however, that the magnitude of the time-dependent
effects depends on the magnitude of thermal intrusion aver-
aged over considered region. If large initial temperature
change concerns only a small part of the considered volume,
then after averaging, the magnitude of the effect could be
rather limited.
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