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J. Majorowicz • M. Matusiak-Małek •
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Abstract The crustal section beneath amphibolite

Niedźwiedź Massif (Fore-Sudetic Block in NE Bohemian

Massif), modelled on the basis of geological and seismic

data, is dominated by gneisses with subordinate granites

(upper and middle crust) and melagabbros (lower crust).

The geotherm was calculated based on the chemical anal-

yses of the heat-producing elements in the rocks forming

the crust and the measurements of their density and heat

conductivity. The results were verified by heat flow calcu-

lations based on temperature measurements from 1,600 m

deep well in the Niedźwiedź Massif and by temperature–

depth estimates in mantle xenoliths coming from the

nearby ca. 4.5 My basanite plug in Lutynia. The paleocli-

mate-corrected heat flow in the Niedźwiedź Massif is

69.5 mW m-2, and the mantle heat flow is 28 mW m-2.

The mantle beneath the Massif was located marginally

relative to the areas of intense Cenozoic thermal rejuvena-

tion connected with alkaline volcanism. This results in

geotherm which is representative for lithosphere parts

located at the margins of zones of continental alkaline

volcanism and at its waning stages. The lithosphere–

asthenosphere boundary (LAB) beneath Niedźwiedź is

located between 90 and 100 km depth and supposedly the

rheological change at LAB is not related to the appearance

of melt.

Keywords Crust � Upper mantle � Lithology �
Geotherm � Sudetes

Introduction

The subcontinental lithospheric mantle is inhomogeneous

in terms of mineral and chemical composition (e.g. Griffin

et al. 1999). The variation occurs both at the regional and

local scale, and it is due to modification of protolith by

melting events, typically followed by later multiple infil-

tration of silicate melts and volatiles (‘‘mantle metasoma-

tism’’; Downes 2001).

The lithospheric mantle beneath the European Variscan

Orogen was affected by Cenozoic metasomatism related to

the formation of the Central European Volcanic Province

(e.g. Wilson and Downes 1991). Volcanic activity has

brought to the surface mantle xenoliths in some places. The

xenoliths are the source of information on the mantle

composition and its evolution.

The metasomatic agents (silicate melts, volatiles) as well

as the volcanism itself transfer not only the mass, but also

heat. Thus, the question arises, if there exists a local and

regional variability in upper mantle temperatures occurring

in the recently active areas such as the Central European

Volcanic Province. This question could be answered by

geologic thermometry on the mantle xenoliths. The recent

heat flow data coupled with the calculations of crustal

geotherms enable the assessment of temperature of the crust
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Institute of Geophysics, University of Warsaw, ul. Pasteura 7,

02-093 Warszawa, Poland

J. Majorowicz

Department of Physics, University of Alberta,

11322-89 Ave, Edmonton, Canada
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and the upper mantle and can serve as a reference for

geotherms based on mantle xenoliths. However, the xeno-

lith thermometry suffers from numerous factors affecting

calibrations, and its results show the thermal state of the

mantle at the moment of xenolith entrainment, which usu-

ally is separated by time span of some millions of years

from recent. The geotherm calculations are based on some

assumptions which cannot be verified, such as lithology of

the crustal sections involved.

In this paper, we present the case study of lithosphere

temperature in the area of the amphibolite Niedźwiedź

Massif in NE Bohemian Massif. We use the temperature

log from ca. 1,700 m deep Niedźwiedź IG-2 well to cal-

culate the surface heat flow, the geotherm calculations

based on geological model of the crust in the area and the

thermometric calculations in mantle xenoliths from the

nearby Lutynia 4.5 My basanite. Our results allow the dis-

cussion of subrecent lithosphere temperature and the

location of lithosphere–asthenosphere boundary.

Geological background

The Bohemian Massif forms the eastern part of the Euro-

pean Variscan Orogen. The north-eastern part of the

Bohemian Massif consists of the Sudetes and Fore-Sudetic

Block, which are the mosaic of crystalline basement units

and sedimantary/volcanic units (e.g. Kryza et al. 2004).

The eastern part of the Bohemian Massif contacts with the

(located to the east) Moravo-Silesian Zone ( _Zelaźniewicz

and Aleksandrowski 2008). The Moldanubian thrust, sep-

arating the Moravo-Silesian Zone and the Bohemian

Massif, continues to the north in the Sudetes and Fore-

Sudetic Block. The thrust separates the West Sudetes (the

hanging wall, part of the Bohemian Massif) from the east

Sudetes, belonging to the Moravo-Silesian Zone (e.g.

Franke and _Zelaźniewicz 2000, 2002; _Zelaźniewicz and

Aleksandrowski 2008). The thrust is readily recognisable

in the Sudetes, whereas its location in the Fore-Sudetic

Block is debatable (Fig. 1; Oberc-Dziedzic and Madej

2002; Mazur et al. 2010 and references therein).

The Niedźwiedź Massif is an occurrence of amphibo-

lites located supposedly immediately above the Fore-

Sudetic prolongation of the Moldanubian Thrust in the

Fore-Sudetic Block (Fig. 1). The surface exposures of the

amphibolites are not numerous and small. The early geo-

logical and geophysical studies suggested that the Massif is

ca. 20 km long, 5–6 km wide and up to 3,800 m thick

(Jerzmański 1991). More recently, Awdankiewicz (2003,

2008) suggested that the thickness of amphibolites does not

exceed 3,300 m. The drillings of Polish Geological Insti-

tute showed that the Massif is covered by approximately

100 m of tertiary/quaternary sediments (Jerzmański 1992).

The surface exposures as well as cores from the two

boreholes show that the Niedźwiedź Massif is dominated by

garnet-hornblende granofelses, amphibolites, garnet am-

phibolites and zoisite amphibolites. Puziewicz and Koepke

(2001) interpreted the garnet granofelses as the product of
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(1989). IG-1, IG-2—drillings of

the Polish Geological Institute

1212 Int J Earth Sci (Geol Rundsch) (2012) 101:1211–1228

123



peak metamorphism, which took place under 1.2–1.3 GPa

and 790�C; under these conditions, the incipient partial

melting took place, resulting in leucocratic, igneous epi-

dote-bearing tonalitic schlieren and clinopyroxene restite.

The melting might have been enhanced by decompression.

The further decompression and cooling, combined with

deformation, led to the foliation development and converted

the primary assemblage of garnet ? hornblende I into the

plagioclase ? hornblende II, and low-grade assemblage

zoisite ? pumpellyite ? albite ? actinolite was produced

in the zones of high strain (Puziewicz 2006).

Geochemical study of Awdankiewicz (2003, 2008)

revealed dominating N-MORB tholeiitic geochemical

characteristics of amphibolites, with some high-Mg and

transitional within-plate varieties and subordinate ande-

sites, geochemically similar to within-plate tholeiites. This

led Awdankiewicz (2003, 2008) to the conclusion that the

metabasic rocks of the Niedźwiedź Massif originated in a

narrow intracontinental oceanic basin, probably of early

Palaeozoic age. The high-Mg metabasic rocks were inter-

preted by the cited author as plagioclase-pyroxene cumu-

lates, and the Massif was suggested to be the differentiated

basic pluton, with upper parts of subvolcanic nature.

Sampling, analytical methods and terminology

The samples representing the rocks of the Niedźwiedź

Massif and its surrounding come from surface exposures.

Some of them have been petrologically described in vari-

ous papers (Table 1). The samples were analysed for bulk-

rock chemical compositions and their density and heat

conductivity were measured.

Whole-rock chemical analyses were acquired in ACME

Analytical Laboratories, Vancouver, Canada (200 mg sam-

ple, LiBO2–LiB4O7 fusion, protocol 4A for major elements,

ICP-ES, protocol 4B for trace elements, ICP-MS). The

details are available at http://acmelab.com. The contents of

potassium, thorium and uranium were used for the calcula-

tion of radiogenic heat by the formula of Rybach (1988).

The density of rocks was determined at the laboratory of

the Institute of Oil and Gas in Cracow (Poland) by means

of gas picnometer AccuPuyc 1330 using helium.

Thermal conductivity was measured in the laboratory of

Polish Geological Institute in Warsaw (Poland) by thermal

conductivity scanner developed by Y. Popov (model of

Lippman and Rauen, Germany).

The crustal structure beneath the Niedźwiedź Massif

The rock sequences are dipping to the west in the area of

contact of the East and West Sudetes (e.g. Mazur and T
a
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źw

ie
d

ź
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Józefiak 1999; Mazur et al. 2010), and thus, the rocks

cropping out to the east of the Niedźwiedź Massif are good

candidates to occur beneath the Niedźwiedź Massif.

The Niedźwiedź Massif is situated in the part of the

Fore-Sudetic Block which is extremely poor in exposures

of basement rocks, which are covered by Cenozoic sedi-

ments of thickness reaching a few hundred metres.

Immediately above the Niedźwiedź Massif (i.e. to the

west), the Chałupki paragneisses with subordinate amphi-

bole gneisses and amphibolites occur (Puziewicz et al.

1999). The Massif is underlain by the orthogneisses with

subordinate inliers of amphibolites, occurring to the east

and forming small outcrop near to the village Lipniki

(Mazur et al. 1997). Further to the east, in large abandoned

quarry near Maciejowice granites and peraluminous leuc-

ocratic gneisses with subordinate diorites, mica schists and

limestones occur (Korzekwa 1995). The Maciejowice

gneisses are usually considered to be a part of the Moravo-

Silesian Zone (e.g. Mazur et al. 2010), although Oberc-

Dziedzic and Madej (2002) propose that they may be thrust

sheet of Western Sudetic origin.

Other outcrops of the basement are located significantly

more to the north (the Strzelin Crystalline Massif) or to the

south (the Žulova granitic pluton with its cover rocks).

The rock assemblages exposed in Lipniki and Macie-

jowice are thus representative for upper crust underlying

the Niedźwiedź Massif. Analogous rocks might occur also

in the middle crust, although this assumption is speculative.

However, for further modelling, we use the data of granites

and orthogneisses occurring in Lipniki and Maciejowice.

Since the paragneisses occur commonly within the

basement sequences of Moravian part of the Bohemian

Massif, we assume the participation of paragneissic rocks

as well. They are represented by the Chałupki paragneiss in

our models. This paragneiss protolith was a typical grey-

wacke with significant participation of the pelitic material

(Puziewicz et al. 1999).

The volume of granites occurring in the upper and

middle crustal levels has significant bearing for heat flow

modelling. We do not have observations which would be

suggestive of the real volume of granites in the crust in the

area of Niedźwiedź. The orthogneisses in Lipniki are

poorly deformed granites (Mazur et al. 1997), which

thickness probably does not exceed first kilometres (max.

ca. 3 km, Badura 1985). First hundreds of metres of bodies

of granites (dikes?) occur in Maciejowice. Situated to the

north, Strzelin Crystalline Massif contains volumetrically

small dikes and sheets of Variscan granites, which thick-

ness does not exceed first kilometres (Oberc-Dziedzic et al.

1996). On the other hand, the relatively large Žulova gra-

nitic pluton is occurring to the south. Thus, for modelling,

we used two models of granite occurrences in the upper/

middle crust. The first one assumes subordinate granites

occurring within the mainly gneissic upper and middle

crust. The orthogneiss from Lipniki is the representative

granitic rock in this model. By analogy with the geological

surface data, we propose that there is 1 km of granites in

that model (Fig. 2 model A). The second upper/middle

crust model assumes the occurrence of granitic pluton of

thickness 5 km within the upper and middle crust (Fig. 2

model B). The granite from Maciejowice is the represen-

tative granitic rock in this model. The upper/middle crust is
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assumed to consist of 17 km of leucocratic peraluminous

gneiss (analogous to the Maciejowice orthogneiss) and

8 km of the paragneiss (analogous to the Chałupki

paragneiss) ? granite.

The nature of lower crust is difficult to assess. Two

competitive views on the development of the Bohemian

massif are currently discussed, which lead to different

lower crustal lithologies. Massone (2005) proposes exten-

sive delamination of the European Variscan orogen at ca.

340 Ma, which involved also significant ([10 km) part of

lower crust, followed by hot mantle upwelling and thinning

of continental crust connected with granitic magmatism.

In this model, the mafic rocks occurring at the base of

thickened orogen are removed during delamination. The

felsic rocks moving up after deep sinking in the mantle

were probably emplaced at the base of the crust (Massone

2005). This model suggests that the lower Variscan crust

might be dominated by felsic granulites. Alternative model

is presented by Babuška and coworkers (e.g. Babuška et al.

2010; Babuška and Plomerová 2006) who argue that no

delamination took place during the development of the

Variscan Orogen. This model would imply more mafic

lower crust, consisting of mafic granulites. In both models,

the gabbroic rocks at the base of the crust can be formed

due to basic magma underplate at Moho.

The Niedźwiedź Massif is located between the seismic

profiles CEL10 (Hrubcová et al. 2008) and S03 (Majdański

et al. 2006). The distance to CEL10 is ca. 50 km and that to

S03 is ca. 30 km. Both the profiles show Moho at

31–32 km. The crustal structure in parts of the profiles

located close to the Niedźwiedź Massif is similar (cf.

Fig. 2), relatively homogeneous, and characterised by:

1. upper crust of thickness of ca. 18 km (Vp = 6.0–6.2 km

s-1); both profiles show a reflector at ca. 10 km depth;

2. middle crust from ca. 18–27 km depth (Vp = 6.35–6.55

km s-1);

3. lower crust from ca. 27–31 km (Vp = 6.85–6.90

km s-1); located to the SE in the CEL10 profile, lower

crust is the terminal part of densely layered structure

with Vp 6.8–7.0 km s-1, which is located more to the

south in the S03 profile, and we assume the S03 profile

to be representative for the Niedźwiedź crust.

The upper and middle crustal velocities fit well the

models of crust dominated by gneisses possibly intruded

with negligible granites (Fig. 2). We suggest that the

reflector at 18 km (S03) is located within the essentially

gneissic lithologies which differ by participation of am-

phibolitic inliers, more abundant in the lower crustal seg-

ment. The lowest part of middle crust is characterised by

velocities of ca. 6.5 km s-1 in both seismic sections

(Fig. 2), and we suggest significant participation of gab-

broic and/or amphibolitic rocks in the essentially gneissic

lithologies (we use the seismic velocities of Christensen

and Mooney 1995, at temperatures similar to those sug-

gested by our calculations presented in the following

(260�C at 10 km and 645�C at 25 km).

The lower crust velocities suggest the plagioclase-

pyroxene, hornblenditic or mafic garnet granulitic litholo-

gies (Christensen and Mooney 1995, at 25 km and

temperature from 389 to 645�C). For our models, we propose

the melagabbro of lower crustal origin, coming from our

collection (lower crustal xenolith from the Miocene

Księginki nephelinite, clinopyroxene 85.8, plagioclase

11.7, spinel 2.5 vol.%, Puziewicz et al. 2011) for which the

chemical analysis including heat-producing elements is

available. The rock, dominated by clinopyroxene with

subordinate amount of plagioclase, fits well the model of

plagioclase-pyroxene lithology. We assume that the mela-

gabbro is not related to the Niedźwiedź basic rocks.

The lithospheric mantle in the region of the Niedźwiedź

Massif

The information on lithospheric mantle is available, thanks

to the Lutynia basanitic plug (Wierzchołowski 1993),

located ca. 20 km SSW from the Niedźwiedź Massif and

dated at 4.56 ± 0.2 My (K–Ar age; Birkenmajer et al.

2002). The basanite carries spinel harzburgite and spinel

lherzolite xenoliths up to 10 cm in diameter plus some

clinopyroxene megacrysts and scarce pyroxenite xenoliths

(Kozłowska-Koch 1976; Matusiak-Małek et al. 2010). Their

temperatures of equilibration vary between 960 and 1,000�C

(Matusiak-Małek et al. 2010; two-pyroxene Brey and Köhler

1990, thermometer, for details see the cited reference).

The pressure of equilibration of the Lutynia xenoliths

cannot be precisely assessed in spinel facies peridotites. At

the temperature of 1,000�C, the spinel is stable at relatively

narrow pressure range between 0.90 (Presnall et al. 2002

and references therein) and 1.55 GPa (Klemme and O’Neill

2000 and references therein). The 0.90 GPa corresponds to

the depth of Moho beneath Niedźwiedź (31 km, the pres-

sure calculated for both the models using measured rock

densities is ca. 0.89 GPa). The upper pressure limit of 1.55

locates the spinel–garnet mantle facies transition at 51 km

(the density of lower crustal pyroxenites and mantle peri-

dotites was assumed to be 3.30 g cm-3 after Christensen

and Mooney (1995). This suggests ca. 19 km thickness of

spinel facies beneath the Niedźwiedź Massif.

Matusiak-Małek et al. (2010) documented post-garnet

spinel-clinopyroxene symplectites in Lutynia and showed

that they originated due to pressure decrease connected

with cooling. In our opinion, short-distance uplift of gar-

net-facies rocks into the spinel facies is more likely than

the large-distance transfer within the lithospheric mantle,
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and we speculate that the Lutynia xenoliths come from

mantle region located close to the garnet–spinel facies

transition. The data presented by Matusiak-Małek et al.

(2010) show that the xenoliths were in chemical equilib-

rium before they were entrained into the erupting lava.

Thus, we assume that the temperatures 960–1,000�C

recorded in the Lutynia xenoliths represent the thermal

state of the mantle at the moment of eruption and that the

depth of their origin was ca. 50 km.

Gravity model of the Niedźwiedź Massif

The first data regarding the gravity anomaly of the Niedź-

wiedź Massif were discussed by Jerzmański (1991), who

reported anomaly values up to several tens of mGal and the

density of prevailing part of the amphibolites to be

3.0–3.2 g cm-3 (up to 92.4% in the borehole Niedźwiedź

IG-2). The map of the Niedźwiedź Massif Bouguer anomaly

(Jerzmański 1992; Awdankiewicz 2003) shows oval, elon-

gated N–S isolines with maximum at the area of surface

exposures of amphibolites SE of the village Lubnów.

The unpublished reports of Polish Geological Institute,

which were the source of geophysical data commented by

Jerzmański (1992), led him to estimate amphibolites

thickness of 3,800 m.

The data on relative proportions of the amphibolite

varieties presented by Awdankiewicz (2003, 2008) and our

density measurements show that the amphibolites density

varies from 3.078 to 3.213 g cm-3. This is due to varying

proportions of minerals forming the amphibolites (cf. den-

sities of garnet amphibolites in Table 1) and various kinds

of amphibolites forming the Massif. Therefore, the exact

determination of average rock density in the Massif is not

possible, because it would require the detailed knowledge

on the rock variation. Since the ‘‘normal’’ amphibolites,

garnet amphibolites (locally with pyroxene), zoisite am-

phibolites and epidote amphibolites are dominating in the

Massif (from ca. 80% in the Niedźwiedź IG-1 to practically

100% in the Niedźwiedź IG-2 borehole, Awdankiewicz

2003), we assume that the density 3.10 g cm-3 is repre-

sentative (cf. Table 1).

The surface exposures show that the rocks underlying the

Niedźwiedź Massif are the granitic gneisses from Lipniki,

containing thin inliers of amphibolites and mica schists

(Cymerman and Jerzmański 1987). The Niedźwiedź IG-2

borehole documents occurrence of ca. 63 m transition zone

in the footwall of the Massif, consisting of amphibole

gneisses and shists, with thin inliers of quartzo-feldspathic

rocks, muscovite-chlorite rocks and limestones, followed by

quartzo-feldspathic mylonitic rocks with inliers of crystal-

line limestones, which comprise the lowest 56 m of the hole

(Cymerman and Jerzmański 1987). The borehole data

clearly show the mylonitic zone at the contact of the am-

phibolites with its surrounding (a major thrust in the regional

geological interpretation of Skácel 1989). However, only

thin (total 119 m) section of rocks underlying the Massif was

documented by the borehole. Therefore, based on the geo-

logical sketch of Cymerman and Jerzmański (1987), for

further modelling, we assume that the immediate surround-

ings of the Niedźwiedź Massif consist of granitic gneisses

from Lipniki (density 2.641 g cm-3, cf. Table 1) with 10%

of the Lipniki amphibolites (density 3.017 g cm-3, cf.

Table 1), which give average 2.679 g cm-3 (we use the

rounded value of 2.68 g cm-3).

The shape of the Niedźwiedź Massif can be determined

with the use of gravity modelling assuming a chosen value

of the density contrast between amphibolite and its

neighbourhood. We used a 3-D gravity modelling. The

model consists of rectangular vertical columns extending

from sea level to different depths. The whole consort of

columns spreads below the area of square frame 12 per

Fig. 3 a Bouguer anomaly

(mGal) in the vicinity of the

Niedziwiedź massif. Thanks to

courtesy of Stanisław

Wybraniec from Polish

Geological Institute; b depth of

the lower boundary of the

Niedziwiedź massif (km)

according to modelling of the

gravity data (assuming

0.42 g cm-3 as the density

contrast). The dots show

positions of the boreholes

Niedźwiedź IG-1 and

Niedźwiedź IG-2
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12 km where modelling is being performed (Fig. 3a). The

frame contains the circular gravity anomaly of the massif

(about 10 km in diameter) in its centre. The assumed

characteristic value (0.42 g cm-3) of the density contrasts

between amphibolites (3.10 g cm-3) and neighbourhood

(granitic gneisses from Lipniki, 2.68 g cm-3).

The step procedure fits model field to observed Bouguer

anomaly by changing the depths of all columns. It performs

also a separation of the observed field into field corre-

sponding to modelled body and the field related to the

neighbourhood outside of the frame, which has a complex

relief and large variation. The resulting map of the footwall

of the Niedźwiedź Massif (Fig. 3b) shows its oval shape and

resulting values are in good agreement with those indicated

by the borehole Niedźwiedź IG-2 which pierced amphibo-

lite at depth about 1,575 m measured from surface along the

drilling line. The depth of the footwall suggested by the

resulting model (Fig. 3b) at the position of the borehole is

about 1,200 m below sea level, while topographic height

has value 300 m there and the line of drilling has also some

curvature suggested in description of the borehole (Jer-

zmański 1992). So, the agreement is very good since the

expected depth accuracy of the gravity modelling is

±200 m here, because of uncertainty of input data.

Heat flow in the Niedźwiedź Massif

The heat flow map of Hurtig (1995) shows that the area of

Niedźwiedź Massif—within the eastern margin of the

eastern part of the European Variscan Orogen—is charac-

terised by lower values of the surface heat flow (by some

10–20 mW m-2) than the western part of the Bohemian

Massif. The heat flow is also lower than that to the north, in

the Variscan Foreland marginal zone which includes Fore-

Sudetic Monocline, with high heat flow (80–90 mW m-2)

and elevated mantle heat flow (typical external Variscan

foreland values range between 35 and 40 mW m-2, e.g.

Majorowicz et al. 2003).

The recent map by Szewczyk and Gientka (2009) also

gives mosaic pattern of heat flow showing that heat flow in

the broad Niedźwiedź region is between 60 and

70 mW m-2. Recent maps of heat flow of Europe after

application of paleoclimatic corrections (Majorowicz and

Wybraniec 2009, 2011) show modified pattern of heat flow

in comparison with the map of Hurtig (1995). The Niedź-

wiedź area low heat flow zone is a northern margin of a

larger domain of low heat flow at the eastern part of

Bohemian Massif (Fig. 4). In these recent maps, the heat

flow in the Niedźwiedź area was based on assumed thermal

Fig. 4 Heat flow in central

Europe corrected according to

paleoclimatic data. The star
indicates the region of

Niedźwiedź. This map is a

fragment of the heat flow map

of Europe by Majorowicz and

Wybraniec 2009)
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conductivities and thermal gradient from Niedźwiedź IG-2

thermal log.

In contrast, in this paper, we use the data of Niedźwiedź

IG-2 well to re-evaluate heat flow based on the classical

method of surface heat flow density (Qs) determination. It

is based on both the temperature measurements of a well

in an equilibrium state and the laboratory measurements

(and/or estimates) of thermal conductivity (k) from net rock

components.

The Qs/k relationship for any depth along the vertical (z)

axis of the well follows Fourier’s law:

Qs ¼ �k dT=dz ð1Þ

where k [W �C-1 m-1] is the coefficient of thermal con-

ductivity, T [�C] is the temperature, dT/dz is the tempera-

ture gradient and Qs is heat flow at the surface.

The deep linear portion of the temperature–depth profile

shown in Fig. 5a (Niedźwiedź IG2 well) is used to deter-

mine thermal gradient dT/dz (Fig. 5b). That gradient for the

linear deep part of the log below 1,240 m is 24.3�C m-1.

The linear trend line approximates temperature versus depth

measurements with correlation coefficient R = 0.999.

Thermal conductivity averages for 54 measurements on

5 samples of amphibolites in two directions (parallel and

perpendicular to foliation) are:

k1 ¼ 2:4766 W �C�1 m�1
� �

k2 ¼ 2:4728 W �C�1 m�1
� �

:

These values are close within the error of measurement and

characteristic for isotropic rocks. The relationship between

the conductivities for both directions and rock type is

shown in Fig. 6.

We correct temperature gradient for not equilibrated

conditions in the well when the temperature log was col-

lected (10 days after drilling termination). Temperature

gradient correction is determined on the basis of compar-

ison of two logs taken at different time after circulation in

the well ceased and bottom hole temperature. It is deter-

mined to be circa 1�C m-1 (0.7�C m-1). The corrected for

thermal equilibrium in the well geothermal gradient will be

24.3�C m-1 ? 0.7�C m-1 = 25�C m-1.

We use Eq. 1 to calculate heat flow before applying

paleoclimatic correction and round up the values to one

decimal place reflecting uncertainty of thermal conductiv-

ity and geothermal gradient determinations:

Qs unc: ¼ 2:5 W �C�1 m�1
� �

� 25 �C�1 m�1
� �

¼ 62:5 mW m�2
� �

:

Heat flow paleoclimatic correction

Following the Paleocene to early Eocene peak warming,

the climate cooled variably towards the Pleistocene glacial

environment. Climate during 3 My before present changed

dramatically in response to astronomical effects (Milan-

kovitch cycles) caused changes in surface forcing. These

resulted in cycles of glacials and interglacials within a

gradually deepening ice age. The growth and retreat of

continental ice sheets in the northern hemisphere occurred
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at 2 frequencies, 41 and 100 ky. This significant amplifi-

cation of the response of climate to orbital forcing began 3

My ago, resulted in drastic oscillations between ice ages.

The Niedźwiedź Massif is located in the area covered by

the first Scandinavian glaciation and subsequently was

located in the periglacial zone and thus heat flow paleo-

climatic correction is necessary.

Šafanda et al. (2004) and Majorowicz et al. (2008)

simulated time changes in the subsurface solving the

transient heat conduction equation gives subsurface tem-

perature change in response to surface forcing:

Cv oT=ot ¼ o k oT=ozð Þ½ �=ozþ A ð2Þ

where T is the temperature, k is the thermal conductivity,

Cv is the volumetric heat capacity, A is the rate of heat

generation per unit volume, z is the depth and t is the time

in a one-dimensional layered geothermal models of the

individual sites.

Equation 2 was solved numerically by an implicit

scheme of the finite-difference to calculate a paleoclimatic

correction to heat flow based on the model of past surface

temperature changes for Europe (Majorowicz and Wybra-

niec 2011) and for Poland (Majorowicz et al. 2008). These

models are well constrained by the results of inversions of

deep temperature–depth logs in several locations in Poland

(Mottaghy et al. 2009) and Eurasia (Demezhko et al. 2006).

Demezhko et al. (2006) show that the amplitude of recent

surface temperature changes varies spatially and with

depth. The amplitude of the surface temperature change

(Pleistocene–Holocene) was determined from many well

temperature–depth inversions and varies from 8 to 23�C.

The highest amplitude is derived from inversions of the

highest latitude well temperature–depth profiles in Green-

land and Karelia (Russia).

For the model of recent changes, the temperature before

the onset of the five glacial cycles considered was assumed

to be equal to the mean temperature of -4�C according to

the findings from inversions of deep[2.4 km and as deep as

7 km wells in Poland and Czech Republic (Poland-Czech

Republic; Majorowicz et al. 2008; Mottaghy et al. 2009;

Szewczyk and Gientka 2009; Šafanda et al. 2004; Šafanda

and Rajver 2001). Based on the above published evidence,

the cycles are assumed to have an amplitude 14�C (-7�C,

?7�C, respectively). This model simplifies likely more

complicated changes in surface temperature in the past;

however, these are not known with high precision (Jessop

1990; Demezhko et al. 2006). Our model of surface forcing

history is based on the approximation of such history giving

the best fit to the measured temperature–depth variations in

this part of Europe (Poland-Czech Republic; Majorowicz

et al. 2008; Mottaghy et al. 2009; Szewczyk and Gientka

2009; Šafanda et al. 2004; Šafanda and Rajver 2001) and

depicts the most important features of the high amplitude

surface temperature changes. The most recent high ampli-

tude change from recent Pleistocene glacial period to

Holocene is the largest influence upon observed variations

of heat flow with depth due to diffusive nature of the pro-

cess. Earlier in time glacial interglacial periods of surface

temperature, changes in the similar amplitude are of less

influence (Majorowicz et al. 2008). The northern and central

Europe area was covered by ice sheet during the last glacial

maximum (LGM) 25–15 ka ago. The synthetic heat flow

transient profile (Fig. 7) was calculated as a response to

glacial cycles with glacial–interglacial surface temperature

amplitude 14, 10 and 7�C, respectively, for a homogeneous

model with diffusivity 0.9 9 10-6 m2 s-1 determined from

average measured thermal conductivity and density and

assumed typical values of heat capacity (Jessop 1990).

The paleoclimatic correction for the maximum ampli-

tude of the assumed change fitting other Polish well data

best and assumed for the Niedźwiedź area is determined to

be 7 mW m-2 for the interval of heat flow determination as

in Fig. 5b. The surface z = 0 correction is 19 mW m-2

and it decreases with depth due to diffusive process. It is

comparable to corrections proposed by Balling (1995) in

northern Tornquist zone, 15–20 mW m-2, though ours is

on the high side in accordance with newest findings on the

amplitude of the surface changes as discussed above.

This maximum correction gives us the best fit of the

geotherms calculated from such increased value of heat

flow versus heat flow with lesser or no paleoclimatic cor-

rection. We discuss it further in the ‘‘Discussion’’ section

of this paper.

Heat flow with the paleoclimatic correction will be:

Qs corrected ¼ Qs unc:þ CORRECTION

¼ 62:5 mW m�2
� �

þ 7 mW m�2
� �

¼ 69:5 mW m�2
� �

:

We will be using rounded heat flow value of

69.5 mW m-2 in further modelling. However, paleo-

climatic influence upon heat flow is present in the upper

few km of the heat flow–depth profile as shown in Fig. 7.

The equilibrium is reached circa under 5 km where heat

flow is 69.5 [mW m-2] (Fig. 8).

Numerical model of temperature distribution

in the crust and lithospheric mantle

The reference

The temperatures and depth of origin of the Lutynia mantle

xenoliths (960–1,000�C, 50 km, for details see The litho-

spheric mantle in the region of the Niedźwiedź massif) may

serve as a reference point for temperature distribution

modelling. The xenoliths represent the thermal state of the

Int J Earth Sci (Geol Rundsch) (2012) 101:1211–1228 1219

123



sampled mantle at ca. 4.5 Ma. Since the Lutynia volcano

was isolated, and no intense volcanic activity occurred in

the neighbouring area of eastern part of West Sudetes and

Fore-Sudetic Block, we assume that the sampled mantle

was not rejuvenated thermally at the time of volcanic

activity and is therefore representative for the lithospheric

mantle in the area. We use the 50 ± 5 km depth for the

calculated temperature range, to account for the uncer-

tainties in pressure estimates.

The equation

The numerical methods are used for the calculation of

geotherms. The thermal steady state is assumed and con-

sequently our model is based on the following equation:

d

dz
kðT; pÞ dT

dz

� �
þ qðpÞHðzÞ ¼ 0; ð3Þ

where k [W �C-1 m-1] is the coefficient of thermal con-

ductivity, T [�C] is the temperature, p [Pa] is the pressure,

z [m] is the depth, q [kg m-3] is the density and

H [W kg-1] is the rate of the radiogenic heat production

per unit mass (note that A = q H is the rate of radiogenic

heat production per unit volume, A [W m-3]). The thermal

diffusivity j is defined as j = k/(q cp).

The geotherms and position of LAB are often discussed

using isotherms (e.g. the 1,300�C isotherm is chosen by

Majorowicz 2004, the 1,200�C by Tesauro et al. 2009) and/

or potential adiabatic temperatures of 1,300�C.

A simple parametric model

We use here a simple parametric model to present the basic

thermal properties of the crust-lithosphere system.

According to Whittington et al. (2009), ‘‘many thermal

models of the Earth’s lithosphere assume constant values

of j (*1 mm2 s-1) and/or k (*3–5 W m-1 K-1) owing

to large experimental uncertainties […]. Recent advances

permit accurate (±2%) measurement […]’’. Moreover,

they indicate that j strongly decreases from 1.5 to

2.5 mm2 s-1 at ambient conditions to 0.5 mm2 s-1 at mid-

crustal temperatures. Their results as well as the results of

Abdulagatov et al. (2006) suggest that the average k of the

crust is *2 W m-1 K-1.

In our simplified model, the crust is assumed to be a

homogenous layer of thickness D, thermal conductivity kc

and, heat generation rate per unit volume A. The total heat

generation rate for the crust per unit surface area is AD

[W m-2]. The surface heat flow density and the surface

temperature are Qs [W m-2] and TS [�C], respectively. For

lithosphere below the MOHO, we assume k = const and

A = 0. So, the model has the following parameters: D, kc,

A, k. Temperature distribution in the mantle is given by

(e.g. Czechowski 1993):

TðzÞ ¼ 1

k
Qs � hDð Þðz� DÞ þ G for D� z: ð4Þ

where

G ¼ �AD2

2kc

þ QsD

kc

þ Ts: ð5Þ

Let us discuss the properties of the model. The following

starting parameters were chosen for calculations: D =

31,000 m, k = 3 W m-1 K-1, A = 1.3 9 10-6 W m-3,

kc = 1.9 W m-1 K-1, Qs = 69.5 mW m-2, and Ts = 4�C.

Four panels of Fig. 9 give geotherms for different values of

some chosen values of parameters. The unspecified

parameters are not changed comparing to above set.

Figure 9a gives geotherms for the following values of

the mantle conductivity: k = 2.5, 3, 3.5, 4 W m-1 K-1.

One can see that most of them fulfil the Lutynia xenoliths

p–T range. The depth of the 1,300�C isotherm varies from

74 to 98 km.
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The mean heat generation in the crust A is changed in

the Fig. 9b. It is the least known parameter of the models

depending mainly on the effective granite participation (or

other rocks with high content of radioactive isotopes) and

its composition. Note that lower values of A in the crust

result in higher mantle temperature and smaller depth of

the 1,300�C isotherm. Note also that for the model A of the

crust (Fig. 2), the value A = 1.3 9 10-6 W m-3. The

geotherm for this value is also the best fit of the Lutynia

xenoliths p–T range.

Figure 9c presents results of special manipulation of the

mean heat generation in the crust h and thermal conduc-

tivity of the mantle k. For four values of A: 1.1 9 10-6,

1.2 9 10-6, 1.3 9 10-6, 1.4 9 10-6 W m-3), the four

values of k are chosen: 5.06, 3.91, 3.06, 2.42 W m-1 K-1,

respectively. Such pairs of A and k give geotherms crossing

the centre of the Lutynia xenoliths p–T range (i.e. the

point: T = 950�C and z = 50,000 m). For this panel,

kc = 2 W m-1 K-1. The depth of the 1,300�C isotherm

varies from 83 to 100 km.

The geotherms for different values of the crust con-

ductivity kc are given in Fig. 9d. In this case, the geotherms

differ one from another for the whole range of z (in the

crust as well as in the mantle). The kc = 2 W m-1 K-1 is

the best fit to the Lutynia xenoliths p–T range. The 1,300�C

isotherm is located in the range of depth from 75 to 90 km.

This discussion indicates that even a simple model could

give realistic behaviour of the temperature distribution in

the lithosphere.

An advanced thermal model

More advanced model is presented here. The heat pro-

duction and the thermal conductivity for the considered

crustal rock are measured and given in Table 1, Figs. 10

and 11. The layered structures of the crust and their thermal

properties are adopted according to Fig. 2. The effect of

temperature and pressure on the crustal rock conductivity is

included in the model. According to Abdulagatov et al.

(2006), a sharp increase in the conductivity is found for
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Fig. 9 Geotherms for the simple model of the lithosphere (see text).

a Geotherms for different values of the mantle conductivity: k = 2.5, 3,

3.5, 4 W m-1 K-1. b Geotherms for different mean heat generation in

the crust h: 1.0 9 10-6, 1.1 9 10-6, 1.2 9 10-6, 1.3 9 10-6 W m-3.

c Geotherms for different pairs of h and k. Lines are labelled by values

of h: 1.1 9 10-6, 1.2 9 10-6, 1.3 9 10-6, 1.4 9 10-6 W m-3. The

values of k are: 5.06, 3.91, 3.06, 2.42 W m-1 K-1, respectively. Each

pair gives geotherms crossing the centre of the petrologic constrain. For

this panel kc = 2 W m-1 K-1. d Geotherms for different values of

the crust conductivity kc: 1.8, 1.9, 2, 2.1 W m-1 K-1. The values

of unspecified parameters are: D = 31,000 m, k = 3 W m-1 K-1,

h = 1.3 9 10-6 W m-3, kc = 1.9 W m-1 K-1
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rocks at low pressures (i.e. between 0.1 and 100 MPa)

along various isotherms (between 0 and 150�C). At higher

pressures (p [ 100 MPa), weak linear dependence of the

conductivity with the pressure was observed. Abdulagatov

et al. (2006) used the following function to describe their

experimental results:

kðT ; pÞ ¼ k0ðT ; p ¼ 1Þ
ð1� 0:661 UðpÞÞ
ð1þ 41:3UðpÞÞ ð6Þ

where k0(T, p = ?) is the thermal conductivity of the rock

at high pressure (i.e. for p ? ?), when all of the internal

cracks are assumed to be closed. The function U(p) is:

U pð Þ ¼ U0 exp �p=p0ð Þ; ð7Þ

where U0 and p0 are some constants determined by the

experiments (see Table 1).

To describe the temperature dependence of k(T), we

follow the paper of Clauser and Huenges (1995) and Zoth

and Hänel (1988). They express the conductivity of the

typical rocks by the function:

kðTÞ ¼ E þ B

350þ T

� �
ð8Þ

where the coefficients E and B are given in Table 2. Note,

however, that the absolute value of the thermal conductivity

of the rocks considered here is measured independently

(at ambient condition, see Table 1). Therefore, we use the

above formula to determine the temperature dependence

only (not the values). Eventually, combining formulas (6)

and (8), we get:

kðT ; pÞ ¼ k0

1þ 41:3 U0

1� 0:661 U0

� �
1� 0:661 UðpÞ
1þ 41:3 UðpÞ

� �

�
E þ B

350þT

E þ B
350þ20

 !

; ð9Þ

where k0 is the coefficient of thermal conductivity of a

given rock at ambient conditions (given in Table 1) and

T is expressed in [�C]. We believe that the above formula

describes well T–p dependence of k in the crust (see also

Seipold 1998).

Let us now discuss the thermal properties of the rocks

below the MOHO. Most of the results (e.g. Clauser and

Huenges 1995; Seipold 1998; Tommasi et al. 2001;

Abdulagatov et al. 2006; Katsur 2007; Whittington et al.

2009) indicate that thermal conductivity and thermal diffu-

sivity stabilize for the p–T range of upper lithospheric mantle

(i.e. for: 1–4 GPa, and 700–1,500�C). The same behaviour of

k results from Eq. 9. Moreover, Katsur (2007) states:

‘‘thermal diffusivity in the upper mantle has almost constant

values of 7–8 9 10-7 m2 s-1’’. Therefore, we assume in the

model that k is constant below the MOHO. Eventually, the

calculations are performed for k = 2.5, 3, 3.5 W m-1 K-1.

Note that Hofmeister (1999) results for forsterite give

4.5 W m-1 K-1 for 100�C, but 2.2 W m-1 K-1 only for
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1,300�C. Other data suggest that k in the upper mantle is in

the range 2–3 W m-1 K-1.

The radiogenic heat production chosen for the mantle

(2.3 9 10-12 W kg-1) corresponds to depleted peridotite.

The compressibility of the rocks is described by:

qðpÞ ¼ qð0Þ 1þ p

K

� �
; ð10Þ

where q(0) is the density for zero pressure given in

Table 1. The bulk modulus K is calculated from seismic

velocity of longitudinal waves Vp from the formula:

K ¼ 5

9

V2
p

qð0Þ ; ð11Þ

It is assumed here that both Lame’s modules are equal,

i.e., Vs = (1/3)1/2 Vp. We used this approximate formula

because density is not a critical factor for our model.

The following boundary conditions are used:

1. Heat flow at the surface, i.e., Qs(z = 0) = 69.5 or

62.5 mW m-2.

2. Temperature at the surface, i.e., T(0) = -4�C for

z = 0 m.

The Eq. 3 with k(T, p) given by (9) is nonlinear. To solve

it, we used the software developed by Czechowski (1993).

Results of the model

The calculations were performed for two models of the

crustal structure: model A and model B (Fig. 2). The

discrepancy of the results is negligible, so model A was

used for the rest of the calculations. The main results are

geotherms, i.e., functions T(z). The results presented in

Fig. 12 indicate that:

1. Correction of the heat flow in the Niedźwiedź borehole

based on the paleoclimatic data (see the previous

chapter) results in considerable increase in temperature

in the lower crust and in the upper mantle (compare

model A for Qs = 69.5 mW m-2 and model A for

Qs = 62.5 mW m-2 and the appropriate lines in

Fig. 12).

2. The critical test is a comparison with the Lutynia

xenoliths data. The Lutynia xenoliths p–T range is

given by the rectangle on the Fig. 12. The geotherms

calculated for model A and B fit well this constraint if

k = 3 W m-1 K-1 is used as the mantle conductivity.

Lower and higher values of k in the range from 2.5 to

3.5 W m-1 K-1 are also possible.

3. The models A and B correspond to essentially the

same mantle heat flow, i.e., 27.6 mW m-2.

Depth of the 1,300�C isotherm for paleoclimatically

corrected heat flow is less than 100 km (Fig. 12) For

uncorrected heat flow, the isotherm would be considerably

deeper (130–140 km). Note that this isotherm is used often

as the lithosphere–asthenosphere boundary. The same

Table 2 Constants: E, B, k0,U0, p0 used in formulas (7) and (9)

Rock no

(see Table 1)

E B U0 p0

1 0.75 705 0.0063 1.25E?08

2 0.75 705 0.0063 1.25E?08

3 0.75 705 0.0063 1.25E?08

4 0.75 705 0.0063 1.25E?08

5 0.75 705 0.0063 1.25E?08

6 0.75 705 0.0063 1.25E?08

7 0.64 807 0.0055 7.00E?07

8 0.75 705 0.0055 7.00E?07

9 0.75 705 0.0055 7.00E?07

10 0.75 705 0.0063 1.25E?08

11 0.75 705 0.0055 7.00E?07

12 0.64 807 0.0055 7.00E?07

13 0.75 705 0.0055 7.00E?07

14 0.75 705 0.0055 7.00E?07

15 0.64 807 0.0055 7.00E?07

16 0.75 705 0.0055 7.00E?07

17 1.18 474 0.0015 9.00E?07

After Clauser and Huenges (1995), Zoth and Hänel (1988) and Ab-

dulagatov et al. (2006)
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Fig. 12 Geotherms calculated for the advanced model (see text).

Two models of the crust are assumed (cf. Fig. 2, models A and B).

The red rectangle gives the Lutynia xenoliths p–T range. The

potential adiabatic temperature 1,300�C is for olivine
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conclusion holds for LAB defined by the potential adia-

batic temperature.

Discussion

Crustal and mantle heat flow

The crustal geotherms presented by us is strongly affected

by the amount of granites assumed to occur in the crust and

their geochemical characteristics. The crustal segment of

Erzgebirge (NW Bohemian Massif) described by Förster

and Förster (2000) contains significant granites enriched in

heat-producing elements, resulting in high surface heat flow

reaching locally 112 mW m-2. The crustal segment beneath

the Niedźwiedź Massif is poor in granites, which contain

smaller amounts of heat-producing elements, resulting in

smaller heat flow of 70 mW m-2. The Niedźwiedź Massif,

consisting of amphibolites of MORB affinity, is the ‘‘cold’’

element in the crust due to its very low content of heat-

producing elements. Thus, the crustal geotherms in crys-

talline areas will be dependent on the amount of ‘‘warm’’

(granitic) and ‘‘cold’’ (metabasaltic) elements, typically

embedded in the gneissic matrix (as in the described by us

part of the Bohemian Massif). The area of the Niedźwiedź

Massif is representative for the crust poor in granites, con-

taining significant metabasalts. Moreover, the granites

contain relatively low amounts of heat-producing elements.

We found that the mantle heat flow is low (ca.

28 mW m-2) beneath the Niedźwiedź Massif. Our result

is close to conclusions Förster and Förster (2000), who

indicate that the mantle heat flow is 20–30 mW m-2 in

Erzgebirge on the basis of a study of the correlation between

heat flow and upper crustal heat production. In the area of

Sudetes, Christensen et al. (2001) suggest the mantle

heat flow of 42 mW m-2 beneath the Kozákov, which is

used for their modelling, assuming surface heat flow of

70 mW m-2. However, their model assumes not thermally

equilibrated crust affected by Cenozoic volcanism. Typical

external Variscan values found for Polish and German

part of the Fore-Sudetic Monocline and beyond are

35–40 mW m-2 (e.g. Majorowicz et al. 2003). The dis-

crepancies among the reported values of mantle heat flow

may be due to different methods of its estimate employed,

and clearly, more data are necessary to allow the discussion

on the mantle heat flow beneath the Bohemian Massif.

The depth of asthenosphere

The lithosphere is defined as a thermal boundary layer

whose temperature is lower than that defined by mantle

adiabat (e.g. Fischer et al. 2010; Artemieva 2009). For

characterisation of the mean depth of this layer, a formal

conventional surface between lithosphere and astheno-

sphere is defined and termed lithosphere–asthenosphere

boundary (LAB). The LAB can be defined on the basis

elastic, thermal, electrical and seismic data (e.g. Artemieva

2009). The seismic studies suggest that the contrast in

chemical composition (including water content) or pres-

ence of melt is necessary in addition to temperature

increase to explain the velocity gradients in many Phan-

erozoic areas (Fischer et al. 2010). The useful convention is

to define LAB at adiabat of potential temperature of

1,300�C (the lower temperature limit for mantle adiabats).

In the areas of Cenozoic basaltic volcanism, the LAB

(asthenosphere defined as a convecting layer where the

thermal gradient is adiabatic) is usually located at depth

90–100 km (O’Reilly and Griffin 1996). When similar

definition of asthenosphere is assumed, the geotherm cal-

culated for the Niedźwiedź area also locates the LAB at

depth between 90 and 100 km (Fig. 13).

The thickness of lithosphere exceeding 100 km beneath

the Sudetic part of the Bohemian Massif was suggested by

Babuška and Plomerová (2006) on the basis of seismic

study. Babuška et al. (2010) show the lithosphere–

asthenosphere boundary (LAB) to be located at ca. 140 km

beneath the Moldanubian core of the Bohemian Massif,

shallowing to 80 km beneath Ohře Rift (Eger Graben) and

to 80–100 beneath Saxothuringian Zone. Christensen et al.
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(2001), based on the petrological constraints, locate the

LAB beneath Kozákov (western part of Sudetes) at 90 km.

The petrological constraints in Christensen et al. and in this

study are based on mantle xenoliths brought to the surface

at similar time of ca. 4.5 My and probably are represen-

tative for the stage of waning volcanic activity in the area.

To assess the nature of LAB, we compared our geo-

therm with the location of dry lherzolite solidus in the

T-depth diagram. We have chosen the anhydrous solidus

because most of the mantle xenoliths brought to the surface

by Cenozoic alkaline rocks in SW Poland have the com-

position of anhydrous harzburgite or lherzolite (Puziewicz

et al. 2011); this is also the case for the Lutynia harz-

burgites/lherzolites (Matusiak-Małek et al. 2010), occur-

ring close to the Niedźwiedź Massif and assumed by us to

be representative for the lithospheric mantle beneath. The

lithospheric mantle beneath SW Poland was affected by

dry metasomatism which did not produce amphibole with

exception of two locations (Wilcza Góra, Smulikowski and

Kozłowska-Koch 1984; Wołek Hill, Nowak et al. 2010).

The absence of amphibole suggests very low water activity

during metasomatic event (Lamb and Popp 2009) implying

water contents in olivine in the range of first tens of ppm,

thus much too low to affect significantly the solidus tem-

peratures (Liu et al. 2006 and references therein).

The lithospheric mantle beneath SW Poland belongs to

the spinel mantle facies and practically all of the mantle

xenoliths from SW Poland contain clinopyroxene, even if

its volume is low enough for the host rock to be classified as

harzburgite. Thus, the mantle solidus is well described by

melting in the system olivine ? orthopyroxene ? clino-

pyroxene ± spinel. The enriched anhydrous peridotite sol-

idus (Hirschmann 2000), probably representative for the

asthenosphere, locates the beginning of melting below

Niedźwiedź at ca. 113 km (Fig. 13). The solidus of model

lherzolite containing from 0 to ca. 8 wt% of FeO (Gudf-

innsson and Presnall 2000) is probably representative for

melting of lithospheric mantle beneath the Sudetes (almost

all of the xenoliths studied by Matusiak-Małek et al. (2010)

and Puziewicz et al. (2011) contain\8 wt% of FeO). This

solidus indicates the beginning of melting at depth of ca.

130 km. This suggests that the melt-induced softening of

the asthenospheric mantle occurs at depth greater by ca. 20

or more km than that of LAB (defined as above).

Geological considerations

The geological scenario describing the recent evolution of

lithosphere in the area of Bohemian Massif is very crude.

The intense Cenozoic alkaline volcanic activity in the

western part of the Bohemian Massif, culminating during

Oligocene/Miocene, was probably connected with thermal

erosion (due to partial melting) of the base of lithosphere

and intense veining and metasomatism of overlying litho-

spheric segment (cf. Soustelle et al. 2009 and references

therein) and must led to thermal rejuvenation of upper

mantle. This rejuvenation is recorded in mantle xenoliths

brought to the surface by some lavas in the area of the Ohře

Rift (Puziewicz et al. 2011).

The Cenozoic volcanic activity in the eastern part of the

Bohemian Massif and in the adjoining part of the Moravo-

Silesian Zone was of low intensity. In the Sudetes and

Fore-Sudetic Block, it is restricted to few volcanic centres.

Supposedly, the lithosphere located outside the volcanic

centres in Ohře Rift was not disturbed thermally by scarce

and volumetrically small lava extrusions.

The Niedźwiedź geotherms were constructed based on

the current surface heat flow calculation and the rate of

heat generation for the assumed geological model of the

crust. The geotherms fall in the temperature–depth range

suggested by xenoliths from nearby 4.5 Ma Lutynia vol-

cano (Fig. 13), suggesting that the cooling of mantle during

last few millions of years was not significant and that the

sampled mantle was not much disturbed thermally at the

time of volcanism. The Niedźwiedź geotherm is probably

representative for the eastern part of the Bohemian Massif

which was located outside of the zone of intense volcanism

(Ohře Rift and its close surrounding) and shows recent

temperatures.

The xenolith-based geotherms of Cenozoic alkaline

volcanic areas located within the Paleozoic crystalline

basement have been presented for numerous locations in

the world. The mantle—and sporadically lower rust—parts

of these geotherms are based on temperature–depths data

yielded by the xenoliths (e.g. Pearson et al. 1991a, b;

O’Reilly and Griffin 1996; Werling and Altherr 1997;

Foley et al. 2006). Thus, they show the real mantle tem-

peratures at the time of sampling by volcanic eruptions.

The geotherm for Southeastern Australia, considered to

be representative for alkaline volcanic provinces (Pearson

et al. 1991a; O’Reilly and Griffin 1996), is parallel but

shifted to higher temperatures relative to the Niedźwiedź

geotherm (Fig. 13). The Niedźwiedź geotherm is identical

to one of the eastern margin of Australian Craton, which is

based on lower crustal and mantle xenoliths bearing the

record of cooling (O’Reilly and Griffin 1996; Pearson et al.

1991a, b).

Conclusions

The north-eastern part of the Bohemian Massif and

adjoining part of the Moravo-Silesian Zone are poor in

Cenozoic alkaline lavas relative to the located to the west

Ohře Rift and its surrounding. We modelled the crustal

structure in the area of the amphibolite Niedźwiedź Massif
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in order to estimate the relative proportions of heat pro-

duced by crust and mantle. Our model is based on the local

geological structure and neighbouring seismic profiles

(located 30–50 km from the Niedźwiedź Massif). The crust

in the region is assumed to be dominated by gneisses with

subordinate granites (1 km of the latter was assumed in the

model). The amphibolites of the Niedźwiedź Massif occur

close to the surface. The occurrence of some melagabbros

(not related to the Niedźwiedź amphibolites) was assumed

at the base of the crust.

The temperature log from the ca. 1,600 m ‘‘Niedźwiedź

IG2’’ well in Niedźwiedź Massif enabled the calculation of

surface heat flow, which was found to be 69.5 mW m-2

after the correction for paleoclimatic effect was applied.

The heat budget modelling suggested the geotherm, which

cross-cuts the temperature–depth range suggested by pet-

rological study of the peridotite xenoliths occurring in the

ca. 4.5 Ma Lutynia basanite, occurring ca. 20 km from the

Niedźwiedź Massif. Our calculations yield the mantle heat

flow of 28 mW m-2. The geotherm is supposedly repre-

sentative for parts of lithosphere affected by continental

alkaline volcanism, but distant from the volcanic centres

and not rejuvenated thermally.

The lithosphere-asthenosphere boundary is located

between 90 and 100 km depth if the adiabat of the potential

temperature of 1,300�C is considered as the upper

asthenosphere limit. The lithospheric mantle in the NE

Bohemian Massif contains no hydrous phases, and its

melting requires relatively high temperatures. In conse-

quence, the melt appears ca. 20 km or even more beneath

the LAB defined by the 1,300�C adiabat.
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Sci 24(2):67–76

Kryza R, Mazur S, Oberc-Dziedzic T (2004) The sudetic mosaic:

insights into the root of the Variscan orogen. Przegląd Geolog-
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Majorowicz J, Šafanda J, Toruń-1 Working Group (2008) Heat flow

variation with depth in Poland: evidence from equlibrium

temperature logs in 2.9-km-deep well Torun-1. Int J Earth Sci

97:307–315

Massone HJ (2005) Involvement of crustal material in delamination

of the lithosphere after continent-continent collision. Int Geol

Rev 47:792–804

Matusiak-Małek M, Puziewicz J, Ntaflos T, Grégoire M, Downes H
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911 (in Polish, English abstract)

Zoth G, Hänel R (1988) Appendix, in handbook of terrestrial heat

flow density determination. In: Haenel R, Rybach L, Stegena L

(eds) Handbook of terrestial heat-flow density determination.

Kluwer, Dordrecht, pp 449–466

1228 Int J Earth Sci (Geol Rundsch) (2012) 101:1211–1228

123

http://dx.doi.org/10.1029/2004GL019547

	Lithosphere thermal structure at the eastern margin of the Bohemian Massif: a case petrological and geophysical study of the Niedzacutewiedzacute amphibolite massif (SW Poland)
	Abstract
	Introduction
	Geological background
	Sampling, analytical methods and terminology
	The crustal structure beneath the Niedzacutewiedzacute Massif
	The lithospheric mantle in the region of the Niedzacutewiedzacute Massif
	Gravity model of the Niedzacutewiedzacute Massif
	Heat flow in the Niedzacutewiedzacute Massif
	Heat flow paleoclimatic correction

	Numerical model of temperature distribution in the crust and lithospheric mantle
	The reference
	The equation
	A simple parametric model
	An advanced thermal model
	Results of the model

	Discussion
	Crustal and mantle heat flow
	The depth of asthenosphere
	Geological considerations

	Conclusions
	Acknowledgments
	References


