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Crustal composition and mantle heat flow:
Implications from surface heat flow and radiogenic heat
production in the Variscan Erzgebirge (Germany)

Andrea Forster and Hans-Jiirgen Forster
GeoForschungsZentrum Potsdam, Potsdam, Germany

Abstract. From an enlarged data set of temperature logs and thermal conductivity
measurements, surface heat flow (g;) in the Erzgebirge was determined to range from 61
to 112 mW m~2 U-Th-K,O data show that the heat flow pattern is controlled to first
order by the occurrence of high heat production Variscan granites within a metamorphic
basement. Highest heat flow correlates with granite plutons and sharply decreases off
granite. These granites display variable but typically high radiogenic heat production (A),
usually between 4 and 10 pW m™>, depending on their chemical type and degree of
fractionation. U accounts for 40-90% of the total heat production in the granites, whereas
U and Th contribute equally to the radioactivity in the metamorphic basement.
Compositional heterogeneity in the upper crust, owing to variation of conductive heat
transfer, required corrections of measured surface heat flow up to 20 mW m™2, depending
on location of the heat flow site. Heat budget calculations, considering crustal models
derived from seismic and gravimetric surveys, define the thickness (D) of crust enriched in
radioactive elements to 15 km, the rate of reduced heat flow (g*) to 30-34 mW m~2, and

the mantle heat flow to 20-30 mW m™2, in contradiction to what is implied from g,-4
plots. In fact, D (5-8 km) and g* (45-52 mW m™2) from these plots represent the
thickness of, and the heat flow beneath, the (granite) layer that is most enriched in heat-
producing elements. For a crustal section strongly heterogeneous in upper crustal heat
production, traditional interpretation of g,-A4 plots is misleading and should be

supplemented routinely by heat budget calculations.

1. Introduction

The Erzgebirge is part of the Central European Variscides
and is situated in the southern belt of the Saxothuringian zone
[e.g., Matte et al., 1990], at the northwestern edge of the Bo-
hemian massif (Figure 1, inset map). The area consists of
metamorphic rocks of Proterozoic and Paleozoic protolith age
invaded by voluminous masses of shallowly emplaced, evolved
granites [Tischendorf et al., 1965], most of which are placed into
the high heat production (HHP) category. The Erzgebirge is
bound by the Fichtelgebirge anticline to the southwest and the
Elbe lineament to the northeast. Northwest of the Erzgebirge
anticline are synclines and basins composed of Paleozoic sed-
iments. The Erzgebirge extends to the south into the Czech
Republic and there is named the Kru$né hory mountains.

In the last several decades the area has undergone intensive
surveys for, and exploitation of, mineral deposits (Sn, W, U,
Pb, Zn, F, Ba). As a result, substantial amounts of data on the
geologic history, prevailing rock types, and ore deposits are
available from surface outcrops, underground mines, and ex-
ploration wells [Tischendorf and Forster, 1994]. Geophysical
investigations comprising gravity, electric, and seismic surveys
were used to characterize the structure and composition of the
crust down to the Moho (see Behr et al. [1994] for a summary).

Prior to these geophysical studies, terrestrial heat flow was
described as forming a complex pattern [see Oelsner and Hur-
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tig, 1979; Hurtig and Qelsner, 1979, and references therein]. It
was reported that high heat flow, of the order of 90-92 mW
m ™2 in local anomalies, alternated with lower heat flow, be-
tween 27 and 38 mW m ™2 Somewhat modified heat flow data
were presented in the framework of the geothermal atlas of the
German Democratic Republic [Diener et al., 1984] and in the
geothermal atlas of Europe [Hurtig and Rockel, 1992]. Al-
though the heat flow data were few and unevenly distributed,
machine contouring was used for mapping, resulting in pat-
terns that were only poorly understood. High values were at-
tributed to the rejuvenation of major tectonic, deep-reaching
lineaments, whereas the general irregular heat flow pattern
was interpreted as a reflection of different degrees of defor-
mation of the crust. Heat production in the granites and their
metamorphic country rocks remained unconsidered.

Previous heat flow studies, which relied partly on tempera-
ture data measured in mines and partly on continuous temper-
ature logs obtained in boreholes, lacked detailed description of
the basic data used. Moreover, the methodology of determin-
ing heat flow was not described. So, questions were raised
whether signals of fluid flow perturbations were overlooked in
the subsurface temperature data and whether the thermal con-
ductivity of metamorphic rocks influenced the variability of
heat flow. Altogether, interpretation of the positive heat flow
anomalies (enhanced mantle heat flow, crustal composition,
deep-reaching fluid flow or a combination of these effects)
remained flawed, limiting the significance of previous models
of the thermal state of the Erzgebirge crust [Oelsner, 1978;
Wagner, 1989]. With regard to these shortcomings it seemed
appropriate to revisit the heat flow problem in the Erzgebirge.
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Figure 1. Generalized geological map of the Erzgebirge (modified from geological maps of the Sdchsisches

Our goals were (1) to revise and update the heat flow re-
gime, (2) to discuss heat flow in the context of new results on
radiogenic heat production in granitic and metamorphic rocks
and with regard to crustal structure as deduced from geophysi-

cal

Erzgebirge with that of other well-studied areas such as the
Armorican massif (western France) and SW England (Corn-
wall), which are considered to represent typical European
Variscan crust. Special attention is paid to the ability of the
heat flow/heat production relation to infer the distribution of
heat production in the continental crust.

2.

The Erzgebirge constitutes a large NE trending antiformal
megastructure built up by a variegated suite of metamorphic
rocks of early Carboniferous age (~350-330 Ma) which rep-
resents a tectonic stack of units that experienced different
metamorphic conditions [Willner et al., 1997; Kroner and Will-

ner,

posed of medium- to high-grade mica schist, paragneiss, grano-
dioritic as well as granitic orthogneiss, and local intercalations
of mafic amphibolite, eclogite, and rare garnet peridotite bod-

ies

Landesamt fiir Umwelt und Geologie [1995] and Willner et al. {1997]). Borehole sites used for heat flow
determination are shown. Béu, Bésenbrunn; Sbr, Schénbrunn; Kt, Klingenthal; Tah, Tannenbergsthal; Zwo,
Zwonitz; Hrm, Hormersdorf; Pob, Pobershau; Szu, Satzung; Rieg, Riechberg; Grsm, GroBschirma; Rsb,
Reinsberg; Oba, Obergruna.

Paleozoic protolith age tectonically is overlain and surrounded
to the north and to the west by a NE trending phyllite unit
containing very low- to low-grade metamorphic rocks. In the
southwest this phyllite unit borders on upper Devonian mafic
voleanic rocks (ash-lapilli tuff and metadiabase) intercalated
with graywacke, shale/slate, and limestone, which overlie Silu-
rian to lower Carboniferous units, mostly slate and sandstone
[Kuschka and Hahn, 1996).

The following Variscan stages in assemblage of the Erzge-
birge crust can be established: (1) peak metamorphism (eclo-
gite facies) of Paleozoic rocks at 350—340 Ma, (2) followed by
rapid uplift and cooling (340-326 Ma), (3) an erosional un-
conformity with deposition of sediments at 326 Ma, and (4)
intrusion of oldest (late collisional) granites and lamprophyres
at 325 Ma [see Forster et al., 1999, and references therein]. The
basement rocks were invaded by a second pulse of postcolli-
sional granitic melts during the late Carboniferous and early
Permian (~310-285? Ma). Tertiary block faulting produced
differential uplift such that penecontemporaneous rhyolithic
and rhyodacitic lavas and subvolcanic dikes are exposed only in
the eastern Erzgebirge.

Morphologically, the Erzgebirge constitutes a northwesterly
dipping fault block with elevations that rise gradually from

studies, and (3) to compare the thermal structure of the

Geological Setting

1998; Mingram, 1998; Rotzler et al., 1998). Its core is com-

(Figure 1). This assemblage of rocks of Proterozoic/
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Table 1. List of Erzgebirge Boreholes >150 m Depth, in which Temperature Logs Are Available
Borehole Longitude Latitude Collar Borehole Total Number

Designation °E °N Elevation, m Diameter, mm Depth, m of Logs Logging Date
Bbu 5/73 12.087 50.407 465 113 350 2 Jan. 2, 1974
Bou 7/74 12.094 50.402 424 86 198 1 May 28, 1974
Bo6u 9 12.095 50.403 403 86 500 1 March 13, 1975
Bou 16/77 12.101 50.400 441 93 715 1 Sept. 13, 1977
Boéu 37/76 12.097 50.402 399 76 502 2 July 21, 1976
Grsm 1/76 13.284 50.974 365 93 400 2 April 12, 1976
Grsm 2/77 13.289 50.971 356 76 1200 2 Aug. 29, 1978
Hrm 1E/75 12.858 50.661 513 76 365 2 Nov. 28, 1975
Jac 22/74 12.905 50.654 655 76 304 1 May 30, 1974
Jac 23/74 12.873 50.642 677 76 270 1 July 17, 1974
Jac 24/74 12.871 50.649 671 76 181 1 July 30, 1974
Kt 1/78 12.485 50.367 754 76 500 1 July 10, 1978
Kt 2/78 12487 50.352 731 76 1080 1 March 10, 1979
Kt 3/78 12.464 50.372 599 76 500 2 Sept. 25, 1978
Kt 8/82 12.426 50.416 745 76 595 2 Sept. 2, 1982
Kt 18/81 12.435 50.403 814 76 781 2 Dec. 3, 1981
Kt 34/81 12.440 50.402 820 76 934 3 Oct. 26, 1981
Oba 1/77 13.313 51.001 309 76 300 1 Oct. 11, 1977
Pob 1/78 13.225 50.632 662 76 731 2 Aug. 17, 1978
Pob 2/79 13.211 50.634 628 76 767 2 Sept. 14, 1979
Rieg 1/76 13.199 50.928 381 76 702 2 July 31, 1976
Rsb 1/77 13.371 50.991 344 76 698 1 Dec. 14, 1977
Sbr 2/74 12.107 50417 484 418 1 Oct. 10, 1974
Sbr 4/75 12.109 50418 485 86 703 1 Sept. 30, 1975
Sbr 5/74 12.110 50418 474 567 1 Feb. 1, 1975
Sbr 6/75 12.114 50.417 455 86 770 1 Oct. 31, 1975
Sbr 7/73 12.115 50.415 460 101 948 4 Jan. 2, 1974
Sbr 8/74 12.117 50.413 467 86 649 1 March 20, 1975
Sbr 9/73 12.119 50.412 451 101 900 5 Nov. 22, 1973
Sbr 10/76 12.113 50.416 463 93 880 1 Nov. 8, 1977
Sbr 14/74 12.125 50.404 473 86 545 1 March 21, 1975
Sbr 16/76 12.109 50.419 451 93 928 2 July 14, 1976
Szu 1/78 13.191 50.519 867 76 868 2 Nov. 23, 1978
Tah 4/77 12.486 50.425 827 76 1200 1 Feb. 28, 1978
Tah 13/80 12.491 50.424 818 76 859 3 Sept. 16, 1980
Tih 1 12.649 50.807 349 490 1 March 22, 1963
Waba I1A/62 13.083 50.661 451 2 Aug. 7, 1962
Waba I11/62 13.083 50.661 450 1 June 18, 1963
Zwo 1/78 12.819 50.615 646 76 751 2 May 29, 1978

Bou, Bosenbrunn; Grsm, GroBschirma; Hrm, Hormersdorf; Jac, Jahnsbach; Kt, Klingenthal; Oba, Obergruna; Pob, Pobershau; Rieg,
Riechberg; Rsb, Reinsberg; Sbr, Schonbrunn; Tah, Tannenbergsthal; Tih, Tirschheim; Waba, Warmbad; Zwd, Zwbnitz.

northwest to southeast, from the Erzgebirge depression in the
foreland near Chemnitz (300 m above sea level) toward the
Erzgebirge anticlinorium (800-1000 m on average near the
Erzgebirge ridge). To the southeast the area is bounded by the
Erzgebirge fault, which constitutes the northwestern border of
the Ohfe (Eger) rift in which granites compositionally equiv-
alent to those in the study area occur.

3. Temperature Logs

Compared to the large number of boreholes drilled in con-
nection with the extensive search for mineral deposits between
1960 and beginning of the 1980s, holes in which temperature
logs were obtained are scarce. These boreholes range in depth
from several hundred meters to a maximum of 1200 m. The
borehole locations with thermal logs are listed in Table 1. The
data include the borehole name, location, collar elevation, hole
diameter, total depth of the borehole, number of temperature
logs obtained, and logging date. Table 1 lists all measurements
compiled and accessible for this study. Although not explicitly
stated, some of the boreholes listed in Table 1 (Rieg 1, Grsm
1, Rsb 1, Sbr, and B6u) were included in the previous con-

toured heat flow map [Oelsner and Hurtig, 1979], but no details
on their log interpretation were given.

Because the wells were drilled for exploration and the thermal
logs were measured commercially, the prerequisites for a high-
quality heat flow analysis as known from scientific wells were not
met. Also, new temperature measurements in these wells were
impossible because all were plugged. For most of the boreholes
the logging date and the time they were left undisturbed after
cessation of drilling (shut-in time) are available. However, it is not
possible to check how reliable these data are because of lack of
information of when the last circulation of borehole fluid was
performed. Because many of the logs were obtained for the pur-
pose of recognizing short-term thermal perturbations associated
with fluid flow in higher permeability joints and faults of miner-
alized zones, the shut-in time of the wells usually was only of
the order of several hours. On the other hand, there are some
wells in which temperature logs were measured after a consid-
erably longer shut-in time so that the values are close to equi-
librium temperature. Some of the wells have thermal logs
repeatedly measured at different shut-in times so that a gen-
era] correction factor for thermal disturbances due to drilling
was constrained and applied to wells with short shut-in times.
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Figure 2. Geological map of the Erzgebirge showing the distribution of the various types of Variscan
granitic and volcanic rocks (modified from Férster et al. [1999]) in conjunction with heat flow data (in mW/m?)
from this study (bold) and previous works (in italics; see text). ATB, Altenberg; EHD, Ehrenfriedersdorf;
JOH, Johanngeorgenstadt; KIB, Kirchberg; BRG, Bergen; GOT, Gottesberg; EIB, Eibenstock; CNV, Ci-
novec; SEI, Seiffen; MAB, Markersbach; TPL, Tepli¢e; POB, Pobershau; SZU, Satzung.

Analysis and correction of temperature logs are given in
Appendix A. Care was taken to select for heat flow analysis
thermal profiles from those wells that seem not to be affected
by fluid flow. Although disturbed temperature-depth curves
provide information on hydraulic activity [e.g., Brott et al.,
1981; Blackwell, 1989; Kukkonen, 1995}, our objective is to
define the heat conduction component of heat transfer, which
reduced the number of boreholes and depth intervals suitable
for heat flow interpretation.

4. Thermal Conductivity

Thermal conductivity and the geothermal gradient are the
two quantities that control the heat flow density according to
Fourier’s law of heat conduction. It is important to assess the
thermal conductivity (A) accurately because an order of mag-
nitude change in this parameter affects the final heat flow value
to a greater extent than a gradient change of the same amount.
A measurements were made on core samples from the drill
holes in which temperature logs were made or are from wells
in close proximity. Unfortunately, availability of core material
was limited, and no complete A profiles could be determined.
The measurements were made on dry air core samples under
room temperature, using alternatively the divided-bar method

and the optical-scanning method (for details of these tech-
niques, see Popov et al. [1999]). Additional information on
thermal conductivity measurements is provided in Appendix B.

Table Al summarizes data for major rock types. Phyllite and
slate show similar thermal conductivity. Pelites fall into the
phyllite/siate category but show no anisotropy. The anisotropy
ratios are in the range of values reported by other authors (see
Schon [1996] for a summary). Orthogneiss and paragneiss
show a similar ratio of anisotropy. Granite thermal conductiv-
ity was measured on samples from the Tah 4 and the Pob 2
boreholes. The Pobershau granite yields 3.6 W m™' K™/,
whereas the Gottesberg granites show some variability, with
values between 3.3 and 3.8 W m~' K™, which is likely the
result of hydrothermal alteration, as described by Wasternack
et al. [1995). Table A2 lists for each depth interval of temper-
ature gradient the mean thermal conductivity assigned.

5. Radiogenic Heat Production

Knowledge of the abundances of heat-producing elements
(HPE) in the Variscan igneous rocks and their metamorphic
country rocks is extensive and permits detailed insight into the
distribution pattern of radiogenic heat production (A) within
the Erzgebirge crust. Heat production was calculated accord-
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Figure 3. Heat production (A4) in unaltered Variscan Erzge-
birge granites as function of granite type and degree of frac-
tional crystallization differentiation (expressed by 1/TiO, in
whole rock). Plutons representing the granite types 1-5 (see
text) are given in parentheses and are abbreviated as follows:
KIB, Kirchberg; BRG, Bergen; POB-SZU, Pobershau-
Satzung; SEI, Seiffen; MAB, Markersbach; GOT, Gottesberg.
See Figure 2 for location of the granites. Sources of U-Th-K
whole rock data: KIB, BRG, POB-SZU [Forster et al., 1999];
MAB, SEI (H.-J. Forster, unpublished data, 1999); GOT
[Gottesmann et al., 1995]. Arrows indicate increase of radio-
genic heat production with progressive magma differentiation
in the KIB, BRG, and POB-SZU cogenetic granite series.

ing to the equation of Rybach [1973], using rock density values
of Erzgebirge rocks determined by Kopf [1961]. The analytical
methods of HPE determination in whole rock samples are
reported in Appendix C.

5.1. Variscan Magmatic Rocks

Granites predominate in volume to volcanic rocks (see Fig-
ure 2), and thus their radiogenic heat production should con-
trol the surface heat flow patterns. These peraluminous gran-
ites are compositionally heterogeneous and are classified into
five major types [Forster et al., 1998]: (1) low-F biotite granites
of transitional I-S type [SiO,(wt %) = 66.8-77.4; A(uW
m™3) = 5.6 £ 1.9, n = 91]; (2) low-F two-mica granites of
transitional S-I type (SiO, = 70.6-76.6;4 = 5.3 £ 2.0, n =
21); (3) high-F, high-P,O4 Li-mica granites of S-type affinity
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Figure 4. Heat production in drill core samples (Pobershau-
Satzung, POB-SZU) and surface samples (Eibenstock, EIB) of
S-type Li-mica granites (modified from Férster et al. [1998]).
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Figure 5. Variation of heat production with depth in the
low-F biotite granite of Schlema-Alberoda (SLM) and the
Tepli€e rhyolite suite (TPL). A in SLM granites was calculated
using U-Th-K data from Barsukov et al. [1996]. A for TPL is
from Ostfihansky [1988].

(8i0, = 723-76.8; 4 = 8.0 = 2.3, n = 59]; (4) high-F,
low-P,O5 granites of aluminous A-type affinity (SiO, = 71.9-
76.9; 4 = 8.9 = 2.0, n = 60), and (5) moderate- to high-F
biotite granites of mixed A-I type (SiO, = 72.7-76.4; A =
10.1 = 0.7, n = 11). Furthermore, the granites form com-
posite plutons containing a variety of geochemically distinct
subintrusions, which are genetically related via fractional crys-
tallization.

Radiogenic heat production in the granites, fresh and al-
tered, ranges from 1 to 16 gW m ™3, with most determinations
between 4 and 10 uW m™3. Variability in 4 depends on a
number of factors of which the following are most important:
(1) type of granite, (2) degree of fractionation, and (3) inten-
sity of alteration. Well-studied plutons are selected to demon-
strate these relations (Figures 3-5).

Irrespective of type, radiogenic heat production in unaltered
granites increases with magmatic differentiation (Figure 3).
However, the granites achieve their maximum heat production
at distinctly different degrees of fractionation. Extremes are
displayed by the Gottesberg suite (representative of type 5
granites), where only moderate fractionation was required, and
the Markersbach intrusion (representative of type 4 granites)
which is distinguished by a high level of differentiation. Fur-
thermore, the granite types also differ slightly in the minimum
radiogenic heat production typical for least fractionated intru-
sions. Among type 1 and type 2 granites, intrusions occur
exhibiting radiogenic heat production values as low ~3 pW
m~2 In contrast, Li-mica granites of types 3 and 4 having
radiogenic heat production values <3.5 and 5 pW m™3, re-
spectively, are unknown in outcrop.

The pronounced effect of alteration on radiogenic heat pro-
duction is best exemplified by comparing radiogenic heat pro-
duction in samples from surface exposures and drill cores from
Li-mica granites of the S type (Figure 4). As demonstrated by
Forster et al. [1998], nearly geochemically identical granites
have significantly different U contents depending on whether
they outcrop (Eibenstock) or are buried (Paobershau-Satzung).
In the Erzgebirge, samples collected from surface outcrops
have lost between 2 and 5 times their initial U contents, most
likely the result of leaching processes involving oxidized mete-
oric or hydrothermal waters [e.g., Tischendorf and Forster,
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Figure 6. Relative contribution of U, Th, and K,O to total
heat production in low- and high-fractionated subintrusions of
composite plutons of type 1-5 granites. See Figure 3 for ab-
breviations. Numbers on the x axis refer to 1/TiO, in whole
rock.

1994]. Given the major contribution of U to the entire budget
of heat-producing elements, heat production of surface sam-
ples may be up to 5 times lower than that in unleached portions
of the pluton.

Moreover, granitic and rhyolitic rocks are known in which an
increase in U with depth is accompanied by a simultaneous
increase in Th. Increase of U with depth reflects the decreasing
intensity of U leaching. Uranium depletion due to leaching
occurs to depths of some hundred meters or, in case of the
Schlema-Alberoda granite, to >2 km [OstFihansky, 1988; Bar-
sukov et al., 1996]. Decrease of Th toward the surface is the
result of magma differentiation due to fractionation of mona-
zite and thorite, giving rise to Th-depleted, more differentiated
granites. These granite subintrusions are preferentially located
in the upper parts of multiphase plutons which, in the Erzge-
birge, are at or near the recent level of erosion. The simulta-
neous increase of both elements causes an increase of heat
production with depth that is more pronounced than the effect
on heat production by U leaching alone (Figure 5). For exam-
ple, in the Schlema-Alberoda granite, heat production of sam-
ples from 2300 m depth is 6 times higher than that of samples
collected near to the surface.

Heat production in granitic rocks is governed mainly by U
and Th, which usually make up >90% of the total heat pro-
duction (Figure 6). Potassium is of subordinate importance,
contributing from ~10-13% in least evolved granites to <5%
in strongly evolved intrusions. Uranium exerts a major control
on heat production in almost all granites, with a proportion
ranging from 40 to 90%, increasing with progressive magmatic
differentiation. The reverse trend is established for Th, which
dominates over U only in the most primitive biotite and two-
mica granites of types 1 and 2.

Mass balance calculations indicate that about 90% of U and
Th in type 1-3 granites is bound in accessory minerals [Forster,
1998]. Between 30 and 90% of the U is fixed in uraninite. The
remaining U is contained in monazite, xenotime, zircon, and, if
present, thorite. Each of the latter phases account for <20% of
the U budget. In the two-mica and Li-mica granites, uraninite
occurs as a low-Th variety which, if not protected from fluid
infiltration, is easily soluble [e.g., Forster, 1999]. Destruction of
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abundant Th-poor uraninite by low-T solutions explains the
depletion of U in the superficially exposed Eibenstock Li-mica
granite pluton shown in Figure 4 and the Schlema-Alberoda
biotite granite portrayed in Figure 5 [Forster et al., 1998; For-
ster, 1999]. In contrast, in other biotite granites of the area,
such as the Kirchberg pluton, a Th-rich uraninite occurs, which
is highly resistant against destabilization. In these granites,
both surface or altered samples have roughly similar heat pro-
duction.

In the vast majority of granites the dominant host of Th is
monazite, which accounts for 80-90% of the Th budget.
Where monazite is absent, allanite plus thorite are the most
important carriers of Th (~80%). If present, thorite is respon-
sible for 30-50% of total Th. Although allanite and thorite
display strong metamictization [Férster et al., 1999] and granitic
monazite may experience leaching of Th when attacked by a
fluid phase [Poitrasson et al., 1996; Broska et al., 2000], the
released Th is usually redeposited into newly formed second-
ary phases next to its source in most granites from the Erzge-
birge and elsewhere {see Forster, 2000, and references therein].
These observations explain why Th concentrations in granites
are mostly unrelated to intensity of alteration [e.g., Irber, 1999].
However, this does not hold for all granites. For example, in
some of the type 5 granites in the Erzgebirge, enhanced Th
mobility is observed at the scale of decimeters or meters (H.-J.
Forster, unpublished data, 2000).

Reliable mass balance assessments for types 4 and S granites
are difficult to perform because a couple of other minerals
such as pyrochlore, U-bearing tantalo-niobates, Th-bearing
fluorocarbonates, etc., occur in the accessory mineral assem-
blage to variable degrees. However, U and Th behavior is
principally governed by the same factors as in the formerly
discussed types.

Although granites rich in Th [e.g., Eby, 1990; Frost et al.,
1999], in U [Kontak, 1990], or both [Taylor, 1992; Chappell,
1999] are known worldwide, they are particularly abundant in
the Erzgebirge. This can be shown by plotting samples from
unleached Erzgebirge granites (German part) relative to var-
ious granite averages [Whalen et al., 1987; Condie, 1993] in
U/Th space (Figure 7). Thus heat production of the vast ma-
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Figure 7. U versus Th plot for unleached granites from the
Erzgebirge. Asterisk indicates average of Phanerozoic granite
(73.8 wt % SiO,) according to Condie [1993]. Crosses mark
averages of felsic (73.4 wt % SiO,) I-type (1) and S-type gran-
ites (2) from the Lachlan Fold Belt in Australia [Whalen et al.,
1987].
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Figure 8. Heat production of metamorphic rocks from the
Erzgebirge: 1, eclogite; 2, mafic amphibolite; 3, metadiabase; 4,
metagranodiorite; 5, metagranite; 6, paragneiss; 7, mica schist;
8, phyllite. Data are from Mingram [1996] and this study.

jority of granites exceeds that of average Phanerozoic granite
(2.8 pW m™?) and average felsic I- and S-type granites (3.0
pW m™3),

5.2. Early Variscan Metamorphic Basement Rocks

The major types of metamorphic rocks display a relatively
narrow range in radiogenic heat production (Figure 8). Mafic
rocks including eclogite, amphibolite, and metadiabase have 4
values <0.5 uW m™>, Radiogenic heat production of upper
crust metamorphic rocks, irrespective of whether they are or-
thometamorphic or parametamorphic, ranges between 1.5 and
3.5 uW m™3, with the majority of values between 2 and 3 pW
m™>.

In contrast to the Variscan granites, heat production in
metagranodiorite (biotite gneiss) and metagranite (muscovite
gneiss) shows little variation with degree of magmatic fraction-
ation. In the boreholes studied, heat production of these rocks
remains fairly constant over the entire depth profile. However,
muscovite gneisses from the Satzung/Pobershau heat flow sites
demonstrate that metamorphic rocks in close proximity to
leachable granites may have suffered from interaction with
U-rich material (Figure 8). Here hydrothermal fluids have
mobilized U from the neighboring granites, which then was
redeposited into the gneisses partly as pitchblende along frac-
tures or as other U phases along grain boundaries. Secondary
U enrichment resulted in heat production that is between 2
and 3 times higher than that of the original rock. Contamina-
tion of crustal material is the likely source of the heat produc-
tion increase observed in some mafic metamorphic rocks
shown in Figure 8.

Although the contribution of K,O to the heat production bud-
get of the metamorphic rocks is slightly higher than in the
Variscan granites, it is still subordinate to U and Th (<20%),
which account for 30-50% of the budget, respectively (Figure 9).

The limited variability in heat production of the Erzgebirge
metamorphic rocks is readily explainable by their particular
suite of radioactive accessory minerals and by susceptibility of
the latter to metamorphic or hydrothermal reworking. Al-
though no detailed study of accessory minerals has been un-
dertaken, uraninite was not detected in any of the different
metamorphic rocks. Furthermore, there is accumulated evi-
dence either that, in general, the major hosts of the radioactive
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Figure 9. Relative contribution of U, Th, and K.O to heat
production in metamorphic rocks: 1, eclogite: 2, mafic amphi-
bolite; 3, metadiabase; 4, metagranodiorite; 5, metagranite; 6,
paragneiss; 7, mica schist; 8, phyllite.

elements (monazite, zircon, apatite * xenotime = Th ortho-
silicate) in intermediate to felsic igneous rocks or paragneisses
remain stable during interaction with a fluid phase or that
leached Th and U abundances were mobilized over short dis-
tances only [see Bingen et al., 1996; Finger et al.. 1998; Broska
and Siman, 1998].

Although less extreme than the Variscan granites, the dif-
ferent upper crustal basement rocks of the Erzgebirge are also
enriched in Th and U compared to well-established global
averages (Figure 10). Most samples from the major types of
parametamorphic rocks (groups 5-7) contain Th and U in
abundances that exceed those in average Phanerozoic
graywacke and shale [Condie, 1993]. They are also enriched
compared to loess and post-Archean Australian shale (PAAS)
{Taylor and McLennan, 1985] suggested to approximate the
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Figure 10. U versus Th plot for metamorphic rocks from the
Erzgebirge: 1, lower continental crust [Taylor and McLennan,
1985]; 2, bulk continental crust {McLennan and Taylor, 1996];
3, middle continental crust {Rudnick and Fountain, 1995]; 4,
upper continental crust [Taylor and McLennan, 1985); 5, aver-
age PAAS [Barth et al., 2000]; 6, average loess [Barth et al.,
2000]; 7, average Paleozoic graywacke [Condie, 1993]; 8, aver-
age Paleozoic shale [Condie, 1993},
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Figure 11. The g,-A plots for the Erzgebirge. Curve II is fit
of values measured in granites and metamorphic rocks outside
the granite area (open squares); curve III is fit of values from
the same heat flow sites, but g is corrected for lateral heat
conduction disturbance (pluses); curve V is same as curve II
but for A of granites representing minimum radioactive heat
production characterizing the least fractionated granites of
plutons (crosses). Solid triangles denote g,-4 pairs measured
in metamorphic rocks within the area of granite distribution.
The respective ¢ values corrected for vertical heat flow distur-
bance are shown as sunbursts. Dots indicate the g,-4 relation-
ships measured in underground mines in granites (ATB, EHD,
JOH; g, is from Oelsner and Hurtig [1979] and A4 is from this
study) and from boreholes in the Cinovec granite in the Czech
Erzgebirge [see Ostfihansky, 1988, Table 1). See text for de-
tailed explanation.

average composition of the upper continental crust [Taylor and
McLennan, 1985].

6. Surface Heat Flow
6.1.

Analysis of surface heat flow (g,) is elaborated in Appendix
D. Table A2 provides the basic geothermal data and results.
Evaluation of the regional g, patterns indicates that highest
heat flow (87-112 mW m~2) occurs within or adjacent to the
granite plutons (see Figure 2). These values are in good agree-
ment with previous data determined in underground mines
within granite plutons (90-95 mW m™2) and the heat flow
measured in the Cinovec granite in the Czech Erzgebirge (84
mW m™~?) (Figure 11).

The heat flow patterns in metamorphic rocks also show close
spatial relations to the distribution of Variscan granites. Two
groups can be distinguished: (1) values in the range of 61-71
mW m~2 from sites outside the area of overall granite occur-
rence (off-granite heat flow) and (2) higher values of the order
of 75~99 mW m ™2 from sites in the vicinity of granite plutons.

The range of surface heat flow from group 1 heat flow sites,
which shows variations of up to =5 mW m™2, can easily be
explained by heat refraction and anisotropy as a result of
variable inclination of foliation and bedding in the metamor-
phic units and thus may be considered as the potential error in
the heat flow determination in these rock types. Unfortunately,
the large-scale and small-scale structure of the subsurface
around the boreholes is not known to an extent that would help
to resolve the pattern of heat conduction through the aniso-
tropic metamorphic rock. One example, showing the quantities

Regional Heat Flow Pattern
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of perturbations of conductive heat flow resulting from struc-
tural anisotropy in the upper crust, is provided by Bayer et al.
[1996] using finite element calculations in their study of the
Variscan front near Aachen (Germany). Their two-dimen-
sional (2-D) model shows vertical and lateral heat flow anom-
alies of the order of 3-10 mW m™2. Kukkonen and Safanda
[1996] report, from crystalline rocks in Finland, differences
between isotropic and anisotropic 2-D finite difference models
in the range from —2.6 ta 3.9 mW m™2 However, the differ-
ence between off- and on-granite surface heat flow in the study
area is between 4 and 38 mW m™2 and exceeds the range of
variations attributable to anisotropy alone. Close spatial rela-
tions of group 2 heat flow sites to Variscan granites suggest
that their elevated heat flow is related to the high radiogenic
heat production of the granites and thus is not truly represen-
tative of the metamorphic rock units, as will be demonstrated
in section 6.2.

6.2. Effects of Radiogenic Heat Production Contrasts
on Heat Flow

The effects of horizontal heat conduction due to variations
in radiogenic heat production have been addressed in several
papers in the past [e.g., England et al., 1980; Jaupart, 1983;
Furlong and Chapman, 1987]. It was recognized and proved by
modeling that sharp radioactivity contrasts between granite
plutons and metamorphic country rock were smoothed in the
heat flow pattern.

To quantify the effect of compositional heterogeneity on
heat flow data for the Erzgebirge, we modeled the conductive
heat flow along a 100-km-long cross section resembling in a
simplified way the upper crustal composition of the Erzge-
birge. The 2-D finite element model consists of a 15-km-thick
metamorphic basement unit (A = 3.2 Wm™' K™, 4 = 2.0
wW m™?) in which a 5-km-thick (square) granite pluton (A =
3.5 Wm™! K1) of variable heat production (4-12 uW m™)
is emplaced. Heat flow and surface temperature as lower and
upper boundary conditions do not vary laterally. The models
show that the difference between on-granite and off-granite
surface heat flow (Ag,) increases with increasing difference in
radiogenic heat production (AA4) between the two units and
decreases with increasing distance to the heat source contact
(As). Depending on AA4, Ag, is as high as 5-25 mW m™2 in
close proximity (0-2 km) to a granite intrusion of the size and
shape modeled here (D. Stromeyer, personal communication,
1999). This requires us to correct the measured surface heat
flow for lateral or vertical heat source effects for many heat
flow sites in the Erzgebirge (Table 2).

The model explains the anomalously high surface heat flow
observed in the four boreholes (Schénbrunn, Bésenbrunn,
Klingenthal, Obergruna), where temperature gradients were
measured in metamorphic sequences that are in close proxim-
ity (=1 km) to the underlying Variscan granites of different
heat production. Under these conditions the heat flow value
measured above the granites must be reduced by ~20 and 7
mW m™?, respectively (Table 2). Surface heat flow reduction
of 20 mW m ™2 is also required for heat flow values determined
in the Pobershau and Satzung boreholes in metamorphic rock
sequences immediately above the high heat production gran-
ites.

Locations affected by lateral heat transfer from a granite
heat source are the Zwdnitz, Hormersdorf, Riechberg,
GroBschirma, and Reinsberg boreholes drilled into metamor-
phic rocks outside the area of granite distribution. However,
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Table 2. Correction to Contrasts in Radiogenic Heat
Production Applied to Surface Heat Flow®

Heat Flow g, m}N g5, IILW q,, mW As, AA, uW
Site m™* m™ m~2 km m~?

Sbr 83 63 <0.3 8
Bou gg 68 <0.2 8
Kt 79 <1 8
Tah 112/103°
Zwo 71° 66 2 6
Hrm 69° 64 2 6
Pob*® 87/99" 92/104 8
Pob¢ 90/92b 70/72 8
Szu® 89
Szu? 87 67 8
Rieg 700 11
Grsm 61° 60 8 3
Rsb 64° 62 3 3
Oba 75 68 1 3

4Variables g,, measured surface heat flow; q,, surface heat flow
corrected for lateral effect of heat source; g,, surface heat flow cor-
rected for vertical effect of heat source; As, distance of heat flow site
from the contact; A4, contrast in radiogenic heat production.

bValues of surface heat flow that are not or only slightly affected by
heat flow disturbance from heat production contrasts.

°Granite interval.

9Metamorphic rock interval.

because of their greater distance from the granite contact, this
lateral effect is smaller (1 and 5 mW m™?) than the disturbance
in surface heat flow observed in vertical direction.

Finally, the thermal conditions in the granites themselves
are affected by radioactivity contrasts. Under the conditions of
a large contrast between granites and metamorphic country
rocks the higher heat production granite pluton undergoes
cooling in close proximity to the contact to the metamorphic
rocks, which requires a positive correction of the surface heat
flow determined in the granite. This scenario applies to the
Pobershau boreholes (see Figure 2) drilled into a granite and
located 4 km from the supposed lateral contact with the meta-
morphic basement. Undisturbed surface heat flow at this site
should be higher by 5 mW m ™2 than the measured one.

7. The g4 Plots

A large portion of the surface heat flow from continents is
generated within the crust, resulting in a vertical variation in
heat flow. Typically, between a few percent and 65% of con-
tinental surface heat flow is derived from heat-producing ele-
ments in the upper crust [Rao et al., 1982; Morgan, 1985].
Traditionally, surface heat flow and radiogenic heat production
are used to determine the depth to which the crust is enriched
in radioactive elements. Birch et al. [1968], Roy et al. [1968],
and Lachenbruch [1968] were the first to describe a linear
relationship between g, and A in plutonic rocks of the same
tectonic setting. This linear relationship generally is written in
the form

g,=q* + DA,

where ¢, is the measured surface heat flow and A4 is the heat
production of the rocks in which the measurement was made.
The region where this relationship holds is referred as a heat
flow province. The slope of the correlation function (D) is a
length scale related to thickness of the crust enriched in radio-
active elements. The intercept on the heat flow axis (¢*) is
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termed the “reduced heat flow.” It was originally interpreted as
the heat from below the upper crustal heat-producing layer
[Roy et al., 1968], consisting of heat generated from radiogenic
heat sources in the lower crust and upper lithospheric mantle
as well as heat derived from sublithospheric sources [Morgan
and Gosnold, 1989). Some subsequent workers [e.g., Ziagos et
al., 1985] have identified reduced heat flow with the heat flow
in the uppermost mantle. Modern work, however, has demon-
strated that this interpretation is likely incorrect [see Rudnick
et al., 1998). The simplest interpretation of this linear relation
is that the radioactivity measured at the surface is uniform
from the surface to the depth D but varies from place to place,
whereas the fraction of heat flow from the lower crust and
upper mantle remains uniform within a heat flow province
[Roy et al., 1968].

In a first step, a g,-A plot was constructed that included all
measured surface heat flow data, irrespective of whether being
disturbed or not (Table 2). This plot yielded a high reduced
heat flow (69 mW m~?) coupled with a low D value (3.0 km),
which both are geologically and tectonophysically meaningless
(see section 8.1). In a second step a g,-4 plot is constructed
(Figure 11, curve II) that only takes advantage on g, data that
are not or only slightly affected by heat flow disturbance from
heat production contrasts (Table 2). To evaluate the validity of
the model on which our corrections of measured g, values are
based, two other plots are calculated. Plot III (Figure 11, curve
I1I) includes, in addition to the data pairs of plot II, ¢, values
that were corrected for lateral heat flow disturbance (Table 2,
q.). In plot IV, data pairs corrected for vertical heat flow
disturbance (Table 2, q,; not shown in Figure 11 because of
overlap with the other lines) were added to the data of plot III.
The three g,-A plots differ only slightly with regard to g* and
D: plot II (measured unaffected q,): ¢* = 55.6 mW m™?,
D = 4.6 km; plot III (II plus corrected ¢,, lateral): g* = 51.5
mW m™2 D = 5.2 km; and plot IV (III plus corrected g,
vertical): ¢* = 54.1 mWm™2, D = 4.9 km.

In plots IL, HI, and IV the A value for each heat flow site
represents the weighted average of rocks collected over the
depth interval of terperature gradient determination. How-
ever, the question arises whether all these values are represen-
tative of either the entire granite pluton or the upper crustal
metamorphic basement. In the latter case, similarity in heat
production and resistance to U leaching poses no serious prob-
lems, even if the nature and metamorphic grade of basement
rocks change below the depth of heat flow calculation. In the
zoned Variscan granites, heat flow sites considered in this
study are located in the uppermost and unaltered portions of
the hidden plutons, thus minimizing disturbance in heat pro-
duction resulting from U mobilization. However, drilling has
exposed primarily moderately to highly fractionated subintru-
sions, which are distinguished by the highest A values within a
given pluton. Because multiphase plutons typically become
more primitive (i.e., less fractionated) with depth, their deeper
parts should be characterized by lower heat production. To
take these relations into consideration, another g.-A plot (Fig-
ure 11, curve V) is constructed where the heat production
values in the granites from Gottesberg, Pobershau, and Sat-
zung refer to values measured in the least fractionated subin-
trusion exposed by drill core, respectively. This plot yields a
lower intercept value with the y axis (¢* = 45 mW m~?) and
a greater slope (D = 8.2 km) compared to plot II, of which it
is a modification. These values are considered as minimum for
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Table 3a. Crustal Model 1 Used for Heat Budget Calculations Based on Seismic Profiling*

Depth, km Rock Type Vp, km s™* p, kg m™* A, pW m™3
5-8 Variscan granite 5.5-5.9 2.66 5.6-116
15 parametamorghic and orthometamorphic 5.9-6.3 278 22
upper crust
23 mafic amphibolite/felsic gneiss 6.3-6.6 2.88 1.0
30 metabasite/mafic granulite 6.8-7.2 3.05 0.3¢

2From Bekr et al. [1994]. Note that for calculation of the mantle heat flow, model 1 was modified in such a way that the ex_ltire upper crust to
a depth of 15 is composed of parametamorphic and orthometamorphic upper crustal rocks only. Radiogenic heat production rates for upper

crustal rocks are from this study.

®Including phyllite, mica schist, paragneiss, metagranite/metagranodiorite, migmatite.
“Average heat production of the middle continental crust [Rudnick and Fountain, 1995].
dAverage heat production of the lower continental crust in Paleozoic orogens [Rudnick and Fountain, 19951.

g* and maximum for D in the Erzgebirge derived from the
q.-A plots.

8. Discussion

8.1. Reexamination of the Surface Heat Flow/Heat
Production Relationship

The curves in Figure 11 define rather high g * values, ranging
from 45 to 52 mW m™2 According to traditional g,-4 plot
interpretation and the observation that the portion of the crust
below an enriched crustal layer is typically depleted in radio-
active elements, this high reduced heat flow would be also an
indication for an anomalously high mantle heat flow. The D
values determined for the Erzgebirge (4.6—8.2 km) differ from
the thicknesses of the enriched crust deduced from the Ar-
morican massif (15.6 km [Joliver et al., 1989]) and from SW
England (16.6 km [Lee et al., 1987]), which are regarded as
representing typical Variscan crust in Europe. However, they
are well within the range of thicknesses of Erzgebirge granite
plutons estimated from seismic profiles (3-10 km [Behr et al.,
1994}) and 3-D gravity modeling (5-13 km [Choi, 2000]). Fur-
thermore, the D values of the Erzgebirge concur with the
depth of root zones of Variscan granites from the neighboring
Fichtelgebirge (see Figure 1) (6—8 km [Vigneresse, 1999]) and
global estimates of the thickness of peraluminous granite plu-
tons emplaced in the upper parts of the Earth’s crust (7 = 2km
[Vigneresse, 1988]).

These observations give rise to two basic questions when
interpreting the g,-A plots for the Erzgebirge: (1) Is there
independent evidence for a high reduced heat flow and, hence,
mantle heat flow beneath the area? (2) Are the D values
compatible with the thickness of the crust enriched in heat-
producing elements?

To answer these questions, straightforward 1-D heat balance
calculations are made for Erzgebirge crustal models that vary

Table 3b. Crustal Model 2 Based on Gravity Modeling®

in structure and composition. Two general cases are distin-
guished for each model: (1) upper crust where Variscan gran-
ites are absent (area of off-granite heat flow sites) and (2)
upper crust containing granites (area of on-granite heat flow
sites). The first structural model calculated (hereafter referred
as model 1) is derived from deep seismic soundings [Behr et al.,
1994] and describes the Erzgebirge crust as being composed of
a thick and felsic upper crust (15 km) of metagranitic to grano-
dioritic composition and diverse parametamorphic rocks (Ta-
ble 3a). In the area where Variscan granites occur (case 2),
they make up the uppermost part of this 15-km layer with an
average thickness of 5 km. The V, patterns are consistent with
a thin and relatively felsic middle crust (15-23 km), which is
interpreted as a mixture of mafic amphibolites and felsic gneiss-
es. The lower crust is also thin (7 km) and is assumed to be
composed mostly of mafic granulites. The total crustal thick-
ness is set to 30 km (range of Moho depth beneath the Erzge-
birge 28-32 km [Behr et al., 1994]). The second structure
model (hereinafter referred as model 2) is based on gravimet-
ric data and gravity modeling [Choi et al., 1998; Choi, 2000]. In
this model (case 1) the upper crustal layer is considered as
being thinner (13 km) and underlain by a 7-km-thick layer of
intermediate pyroxene granulites above a 10-km-thick layer
composed mostly of mafic granulites (Table 3b). In case 2 the
upper crust is divided into an upper S5-km-thick layer of
Variscan granites underlain by the undepleted metamorphic
basement.

Heat production values for granites and upper crustal meta-
morphic rocks are from this study (see section 5). Explicitly,
the heat production values for the upper crustal metamorphic
layer (2.2 pW m™>) refer to the lower end of range of heat
production in these rocks measured on surface or near-surface
samples. In this layer, significant variation of heat production
with depth is unlikely, following observations from deep bore-

Depth, km Rock Type Ve, kms™! o, kgm™ A, pgW m™3
5-8 Variscan granite 5.6-5.9 2.62 5.6-11.6
10 parametamorghic and orthometamorphic 5.9-6.1 2.76 22
upper crust
20 intermediate (pyroxene) granulite 6.1-6.5 2.83 0.3¢
30 mafic granulite 6.6-7.2 2.9-3.0 0.2°

*From Choi [2000]. Note that for calculation of the mantle heat flow, model 2 was modified in such a way that the entire upper crust to a depth
of 10 km is composed of parametamorphic and orthometamorphic upper crustal rocks only.

*Including phyllite, mica schist, paragneiss, metagranite/metagranodiorite, migmatite.

Heat production of granulites from the Granulitmassiv [Miiller et al., 1987].
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holes [Arshavsakaya et al., 1987; Clauser et al., 1997]. Well-
constrained global averages of radiogenic heat production
[Rudnick and Fountain, 1995] were taken as representative
values for the middle and lower crust in model 1 (see Table 3a)
because little direct evidence is provided from rare enclaves in
Tertiary basalts of the Erzgebirge to determine the composi-
tion of these units. Following the structural concept of Choi et
al. [1998] and Choi [2000], U-Th-K data of unaltered interme-
diate pyroxene granulites and mafic granulites from the neigh-
boring Granulitmassiv [Miiller et al., 1987] are used to calculate
A values that are suggested to be typical for the middle and
lower crust in model 2. In all calculations a step model of
radiogenic heat production distribution was considered be-
cause it is a better approach to the layered nature of the
Erzgebirge crust with its strong contrasts in radiogenic heat
production than are linear or exponential functions of radio-
activity in plutonic rock discussed by Lachenbruch [1970].

To understand the geological significance of the high re-
duced heat flow derived from the g.-A4 plots, it is appropriate
to exclude the effects of heterogeneity in the radiogenic heat
production in the upper crust. This is accomplished by consid-
ering data from off-granite heat flow sites (case 1), where the
five corrected g, values average to 63 mW m™2 In model 1,
surface heat flow of 63 mW m™? is reproduced if the heat flow
at the crust-mantle boundary is set to 20 mW m™2. What is
termed reduced heat flow, here is the heat flow at 15 km depth.
It amounts to 30 mW m™2 so that 10 mW m~2 of heat flow is
attributed to heat sources in the deep crust. The 33 mW m™2
accounted for by the 15-km-thick upper crust amounts to 77%,
and the 15-km-thick middle/lower crust to 23% of the entire
crustal heat flow (43 mW m™2; 68% of the surface heat flow).
To fit the surface heat flow of 63 mW m™2 in model 2, a
significantly higher mantle heat flow of 30 mW m™2 is re-
quired. Here, the proportion of total crustal heat flow budget
generated in the upper 10 km is 87% (29 mW/m?) and that in
the deeper depleted layers is 13% (4 mW m™2). The reduced
heat flow, here at 10 km depth, yields 41 mW m ™2 The heat
flow through the Moho derived from model 1 is slightly lower,
whereas that from model 2 is slightly higher than the estimate
for the Bohemian massif, of which the Erzgebirge is part (26
mW m™2 [Cermdk, 1989]).

To account for the on-granite surface heat flow between 90
and 110 mW m™2, the 5-km-thick layer of Variscan granites
(case 2 in both models 1 and 2) must generate an additional
heat flow between 38 and 58 mW m~> Hence the uppermost,
thin part of the crust composed of HHP granites produces
almost half (40-50%) of the surface heat flow in Erzgebirge
granite areas. The contribution of crust to surface heat flow
amounts to 70—-80% (70-90 mW m™2, model 1; 64-84 mW
m~2, model 2). Heat production rates between 7.6 and 11.6
#W m™3 are required to fit the observed range in surface heat
flow. For a granite thickness of 8 km (see section 7) the heat
production rates are correspondingly lower (5.6—8.1 pW m™).
Nevertheless, they all fit well in the range of heat production
measured in unaltered granite samples at or close to the sur-
face. Granite plutons of less thickness or lower radiogenic heat
production, as represented by most type 1 and type 2 granites,
should give rise to lower surface heat flow, but unfortunately,
no boreholes and hence heat flow determinations are available
to test this speculation.

Results of heat budget calculations have shown that the
reduced heat flow determined from the Erzgebirge g,-A plots
is irreconcilable with its initial interpretation as measure of
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heat from below the crustal layer enriched in heat-producing
elements. Clearly, the g* value also has nothing in common
with the heat flow at the crust-mantle boundary. In fact, it is
identical with the heat flow at the base of the HHP granite
layer within the upper crust (52 and 45 mW m™* for granite
thicknesses of 5 and 8 km) and does not represent the heat flow
in the middle crust as suggested by Furlong and Chapman
[1987].

8.2. Variation of Radiogenic Heat Production
in Granitic Rocks: Further Implications
for the 4,-4 Linear Relationship

The geothermal study of the Erzgebirge underscores the
complications involved in determining representative heat pro-
duction values for a single heat flow site. Given the strong
dependence of the degree of fractionation of igneous rocks on
the concentration of heat-producing elements, heat production
data obtained at the depth interval where the temperature
measurements are performed will rarely reflect the average
radiogenic heat production in a multiphase pluton, where U
and Th in particular, are zoned. If the borehole has penetrated
less fractionated subintrusions, which are usually located in
deeper and marginal parts of a pluton, the average heat pro-
duction is underestimated, giving rise to an overestimation of
the thickness of the granite layer and an underestimation of
reduced heat flow below this layer. On the other hand, if highly
fractionated granites preferentially are encountered in the
borehole, the average heat production is overestimated, and
consequently, lower D and higher g* values will be obtained
from the g,-A plot. In the granite plutons discussed here,
spatial variations of the radioactive elements in unaltered sam-
ples are systematic and result from magma differentiation by
fractional crystallization [Forster et al., 1999]. They are not
related to a combined migration-diffusion process in the fluid
phase during and after solidification of the melts, a process
that has been invoked by Rybach and Buntebarth [1981] as
important in controlling the abundance and distribution of the
HHP elements in granitic magmas.

In the Erzgebirge, leaching and redistribution of U is asso-
ciated with the circulation of meteoric water long after solid-
ification of its host granites [Forster et al., 1998]. The reduced
nature of the residual fluids released from the crystallizing
magmas [Forster and Tischendorf, 1989)] precludes them carry-
ing significant amounts of U while invading the surrounding
rocks. Uranium can only be mobilized and transported over
greater distances in highly oxidizing solutions [Dubessy et al.,
1987]. Thus magmatic fluid-triggered migration of U within the
granite itself or into its surroundings, as discussed by Rybach
and Buntebarth [1981], requires distinct physicochemical con-
ditions and is far from being of universal significance.

Where heat flow sites occur in altered portions of a granite
body, leaching of uranium, which is the main contributor to
rock radioactivity, may significantly lower the radiogenic heat
production, thus overestimating D and underestimating g*.
The same effect may occur when heat production from surface
granite samples is combined with heat flow data determined in
boreholes exposing unaltered granites. The utilization of A
values from altered samples for g,-A4 plot construction is valid
only when the bulk of U is fixed in accessory minerals that are
relatively resistant to alteration (monazite, xenotime, zircon,
Th-rich uraninite). Heat flow studies in granites containing
easily leachable Th-poor uraninite must be restricted to fresh
rock samples.
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Table 3c. Crustal Model 3*
Depth, km Rock Type Vp, km s} p, kgm™3 A, uW m™2
5 Variscan granite 5.6-5.9 2.62 6-12
13 parametamorghic and orthometamorphic 5.9-6.1 2.76 22
upper crust
20 60% felsic and 40% intermediate granulite 6.3-6.6 2.88 0.8°
30 50% mafic granulite, 25% intermediate 6.8-7.2 3.05 0.5¢

granulite, 25% felsic granulite

*Interpretation of the seismic velocity (V) and density (p) data for the middle and lower crust in terms of their average compositions in

Paleozoic orogens. See Rudnick and Fountain [1995].

®Including phyllite, mica schist, paragneiss, metagranite/metagranodiorite, migmatite. ) .
°Calculated on the basis of the median A values for felsic, intermediate, and mafic granulites in post-Archean terrains reported by Rudnick

and Fountain [1995].

8.3. Nature and Composition of the Depleted Crust

Crustal models 1 and 2 differ in composition of the middle
and lower crust (see Tables 3a and 3b). Information on these
layers is essential to calculate the mantle heat flow beneath the
Erzgebirge. Unfortunately, from surface observation the dis-
tribution of heat sources in the deep continental crust can
barely be identified. However, in view of the large masses and
the evolved nature of the granites the thick unit of middle and
lower crust in model 2 is too mafic (and thus too low in U and
Th) to constitute the restites left behind after granite melting.
Under the assumption that the present 30-km-thick crust rep-
resents the source region of these granites, model 2 has to be
discarded, which also implies that mantle heat flow of 30 mW
m™? is an overestimate for the Erzgebirge.

Furthermore, the P wave seismic velocities measured in the
Erzgebirge crust can easily be explained in terms of lithologies
other than those considered by Behr et al. [1994] and Choi
[2000]. In crustal model 3 (Table 3c), which is a modification of
model 1, we have interpreted the P wave velocities and den-
sities of the middle and lower crust in terms of rock types
usually observed in European Paleozoic orogens [Rudnick and
Fountain, 1995]. With a mantle heat flow of 21 mW m ™ this
crustal profile (with A values calculated from averages for the
individual rocks provided by Rudnick and Fountain [1995])
perfectly satisfies the surface heat flow in the Erzgebirge.

Moreover, recent geochemical studies of high-grade ortho-
metamorphic and parametamorphic rocks imply that the dif-
ference in heat production between a granulite-facies rock and
its amphibolitic counterpart is typically <0.3 uW m™~> [Hansen
et al., 1995; Bingen et al., 1996; Bea and Montero, 1999]; a
difference too small to distinguish from surface heat flow mea-
surements. Therefore amphibolite-facies rocks may constitute
part or most of the middle and lower crust in the Erzgebirge,
in much the same way as parametamorphic formations (meta-
graywackes and metapelites) may accompany, in minor
amounts, the granulite-facies metaigneous rocks considered in
our heat budget estimations.

8.4. Conductive Mantle Heat Flow Below the Erzgebirge

The off-granite surface heat flow in the Erzgebirge is signif-
icantly higher than that in Archean regions (~42 = 12 mW
m ™2 [Pinet et al., 1991; Nyblade and Pollack, 1993; Jaupart and
Mareschal, 1999]) and is at the upper end of nonorogenic heat
flow in Proterozoic regions far removed from Archean cratons
(55 = 17 mW m™2? [Nyblade and Pollack, 1993]). These aver-
ages differ from previous estimates (e.g., 65 = 1.6 mW m ™2
[Pollack et al., 1993]), which have considerably overestimated
the average heat flow in thermally stable continents. Recent

estimates of mantle heat flow in nonorogenic terrains are nu-
merous and generally range from 9 to 17 mW m ™2, with most
values being of the order of 10-13 mW m ™2 [Pinet et al., 1991;
Frottier et al., 1995; McLennan and Taylor, 1996; Mareschal et
al., 1999]. They do not support previous calculations yielding
uniform mantle heat flows as high as 27-28 mW m ™2 [Vitorello
and Pollack, 1980; Morgan, 1984] and corroborate the idea that
the average mantle heat flow is almost independent of crustal
age [Jaupart and Mareschal, 1999].

Compared to these most recent results, mantle heat flow in
the Erzgebirge (20-30 mW m™?) is slightly to modestly higher
than that in thermotectonic stable areas. Mantle heat flow
usually can be elevated owing to (1) transient heat associated
with preceding tectonothermal activity, (2) heat expelled from
an active magma chamber, or (3) heat generated from a meta-
somatically enriched upper mantle.

The major crustal consolidation of the region occurred in
late Carboniferous/early Permian time. Taking this and the
thermal relaxation time constant of the lithosphere (100200
Ma [Lachenbruch and Sass, 1977; Morgan, 1984]) into account,
thermal transients from tectonothermal events related to the
Variscan orogeny can be excluded.

However, southeast of the Erzgebirge fault, crustal stresses
associated with the Alpine-Carpathian orogeny caused tectonic
reactivation of old tectonic sutures, which resulted in creation
of the Ohte (Eger) rift (see Figure 1). This rift zone is site of
ultramafic and more differentiated volcanism that took place
from the late Cretaceaous to Quaternary (~79 to 0.26 Ma).
These rocks, as well as mantle xenoliths in Tertiary basalts, are
remarkably enriched in U, Th, and other incompatible ele-
ments. Although inferring heat production of the lithospheric
mantle from xenoliths is difficult [McDonough, 1990; Rudnick
et al., 1998], available compositional data are interpreted in
terms of a metasomatically enriched mantle beneath the rift
[Ulrych and Pivec, 1997]. Furthermore, seismic profiling [e.g.,
Tomek et al., 1997] as well as gas studies [Polyak et al., 1985;
Weinlich et al., 1999] corroborate the idea of an active and
likely basaltic magma chamber in the upper mantle below the
intracontinental rift. Thus the high surface heat flow in that
tift, locally approaching 90~100 mW m™2 in granite areas, is
thought, although not yet convincingly proven, to be generated
by mass flow from the hot mantle during Alpine activation of
the Bohemian massif, a view that has also been adopted for the
thermal regime in the Erzgebirge [Polyak ez al., 1985]. Indeed,
magma in the upper mantle of the rift zone may have an
impact by lateral heat conduction on the mantle heat flow
beneath the adjacent Erzgebirge. Alternatively, the mantle be-
low the Erzgebirge may contain elevated abundances of heat-



FORSTER AND FORSTER: CRUSTAL COMPOSITION AND MANTLE HEAT FLOW

120

[ q (mW/m’) A
100 + as
[ A
[ A s,
go +
P4
! a A
80 1o Dg% i -
g o i o
40+
[ o
B5 oo
20+ o
[(A Ezgebirge O Bohemlan massi) A (W)
0 f f 1‘ —f—+ —+ —t
0 2 4 6 8 10 12

Figure 12. Summary of g,-4 data for the Bohemian massif.
Data from the German Erzgebirge are plotted separately from
those for the remaining parts of the massif (data from Ost#-
hansky [1980) and Cermdk [1981]).

producing elements. Enrichment in Th, U, and K is suggested
as a typical feature of the European Cenozoic subcontinental
mantle [Dunai and Baur, 1995] implying that all of central
Europe should have an elevated mantle heat fiow, as shown by
Cermdk [1993]. However, most values used to construct the
European Moho heat flow pattern are derived from g,-A re-
lations and therefore must not be necessarily true, as shown in
this paper. Irrespective of the cause of the higher mantle heat
flow below the study region, it is a minor component of the
surface heat flow relative to the effects of Variscan granites.

8.5. Bohemian Massif: A Single Heat Flow Province?

Variation of surface heat flow in the study area is shown to
be entirely attributed to heterogeneities within the crust. Man-
tle heat flow in off- and on-granite areas is likely the same,
enforcing characterization of the Erzgebirge as one heat flow
province.

Figure 12 summarizes published g,-4 data for the Bohe-
mian massif, which display a broad scatter and, in contrast to
what is observed in the Erzgebirge, do not follow a straight
line. Part of this scatter can be related to crustal heterogeneity
within the massif, which is a collage of nine structurally and
genetically distinct units [see OstFihansky, 1980]. However, sur-
face heat flows of 40 mW m ™2 and lower in parts of the massif
are irreconcilable with the increased mantle heat flow below
the Erzgebirge. Therefore the massif cannot be regarded as a
single heat flow province as suggested by Ostfihansky [1980]
and Cermdk [1981], and previous attempts to construct a g,-A
plot for the entire massif [Cermdk, 19752, 1981] are geologi-
cally unjustified.

8.6. Different g.-4 Plots for European Variscan Provinces:
Real or Coincidental?

The g.-A plots constructed for SW England (Cornubian
batholith) and western France (Armorican massif) determine
reduced heat flows of 27.0 and 26.6 mW m~2 and thicknesses
of the enriched upper crust of 16.6 and 15.6 km for both
Variscan provinces [Lee et al., 1984; Jolivet et al., 1989)]. Their
crustal structure and composition is similar to the Erzgebirge.
Therefore the question arises as to why the g,-4 plots for SW
England and western France correlate well with the crustal
geology and the Erzgebirge plot does not. Reevaluation of the
fundamental data on which the g,-4 plots for SW England and
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western France are based reveals some inconsistencies in the
data, suggesting that the g* and D results are coincidental.

In SW England, which is part of the Rhenohercynian zone of
the Variscan belt, concentration of heat-producing elements
for the Cornubian granites was apparently measured exclu-
sively on surface samples. Most granites are geochemically and
mineralogically similar to granites forming the high-F, high-
PO, group in the Erzgebirge and also contain easily leachable
Th-poor uraninite as the main carrier of U [Basham et al.,
1982; Webb et al., 1985]. Comparison of the U-Th systematics
in surface Cornubian granites and not exposed Erzgebirge
granites of the same type supports previous suggestions [ Webb
et al., 1985] that many Cornubian samples experienced signif-
icant U depletion. Thus underestimation of heat production in
the SW England granites might be on the same order of mag-
nitude as that produced if one used data from U-depleted
surface samples from the Eibenstock pluton for calculating the
radiogenic heat production in the Erzgebirge granite layer.
Furthermore, for the original g,-4 plot, data from Cornubia
were combined with data from metamorphic basement rocks in
central England and Wales. Yet reevaluation of heat flow data
from the United Kingdom [Webb et al., 1987] suggests that
southern Britain does not form a single thermal province, as
proposed by Lee et al. [1987]. In summary, both factors may
explain the greater D and lower ¢* of the SW England ¢.-4
plot relative to the Erzgebirge plot.

The g,-A plot for the Armorican massif in western France
might suffer from another problem. We cannot reproduce the
A values published by Vigneresse et al. [1989] from the U-Th-
K.,O contents listed in their Table 1. Actually, heat production
in these rocks is between 1.5 and 2.5 times higher than they
give, Using the recalculated A values significantly decreases D
and increases ¢*, thus better approaching the relations ob-
served in the Erzgebirge. Unfortunately, it is not possible to
determine from Jolivet et al. [1989] whether the incorrect 4
values given by Vigneresse et al. [1989] were used in the result-
ant g,-A plot for western France. Therefore evaluation of
validity of that plot remains speculative.

9. Summary and Conclusions

The combined heat flow/heat production study of the Ger-
man Erzgebirge allows a number of conclusions to be drawn of
both regional and general significance.

9.1.

1. The Erzgebirge crust is enriched in radioactive elements
to a depth of ~15 km; beneath this depth the crust is composed
mostly of rocks depleted in radiogenic elements. The middle
and lower crust probably consists of felsic, intermediate, and
mafic amphibolites or granulites in various proportions. De-
tailed interferences on their nature and compositions, how-
ever, cannot be made from surface heat flow patterns.

2. The crustal model derived from deep seismic sounding
[Behr et al., 1994] is in better agreement with the thermal and
compositional data than is the model developed from gravi-
metric modeling [Choi, 2000]. Low surface heat flow values in
off-granite areas (27-39 mW m™?) reported by Hurtig and
Oelsner [1979] are not confirmed by heat conduction and are
irreconcilable with any plausible composition of the crust.

3. The surface heat flow patterns are consistent with a
slightly enhanced mantle heat flow of the order of 20-30 mW
m~ 2, Petrological constraints support a mantle heat flow that is

Regional Significance
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likely at the lower end of that range. Therefore, in the Erzge-
birge, 5-10 mW m™2 of heat flow are likely supplied from the
mantle in excess to average mantle heat flow observed in tec-
tonically stable terrains.

4. Elevated surface heat flows (90-110 mW m™2) occur in
Variscan granites, which are on average between 5 and 8§ km
thick and account for 40-50% of the measured values. High
surface heat flows are not related to an abnormally high con-
ductive mantle heat flow [Cermdk, 1975b, 1989] or to heat
advection from regional or local fluid flow along deep-seated
fault systems, as previously suggested [Polyak et al., 1985; Hur-
tig and Oelsner, 1979].

5. Heat production of the Erzgebirge crust (1.4 pW m ™ in
off-granite regions and up to 3 wW m™? in areas of granite
occurrence according to model 1) is significantly higher than
that calculated from global estimates of the bulk composition
of the continental crust, ranging from 1.31 [Shaw et al., 1986] to
0.58 uW m 3 [Taylor and McLennan, 1985]. High crustal heat
production is primarily related to the upper, 15-km-thick
crustal layer, ranging from 2.2 uW m™3 in off-granite regions
to 6.7 uW m™? in areas of highest heat flow in granites, which
is ~4 times higher than the average heat production in the
Earth’s upper continental crust (1.8 pW m™3 [Taylor and
McLennan, 1985]). Where granites occur, the crust contrib-
utes, on average, 70-90 mW m™?2 to the surface heat flow,
which is some 2-4 times higher than would be expected from
the estimates of the average composition of the continental
bulk crust.

92. General Significance

1. When significant heterogeneities in crustal heat produc-
tion exist, inferences from g,-4 plots about the thermal struc-
ture of the crust and the heat flow through the Moho are
suspect and must be viewed with caution. The reduced heat
flow value reflects heat flow at the base of the HHP granites
and not the one below the crust enriched in radiogenic ele-
ments, as proposed in earlier works. Therefore, in a number of
heat flow studies worldwide the amount of high mantle heat
flow or transient heat flow may be significantly overestimated.
The “thermal depth” is a measure of the average thickness of
the granites and does not correspond properly to the depth to
the depleted granulite layer as invoked by Vigneresse [1990]. In
the situation of the Erzgebirge, that depth is underestimated
by 30-50% [see also Vigneresse and Cuney, 1991)]. The depth to
the depleted parts of the crust is probably only portrayed
correctly in a g,~-A plot when the upper crust is fairly uniform
in heat production.

2. Evaluation of heat flow disturbances demonstrates that
heat conduction (lateral or vertical) from a strong heat source
in the upper crust has an enormous impact on the measured
surface heat flow. However, even if all g, values are corrected
accordingly, neither the thickness of enriched crust nor the rate
of reduced heat flow is correctly portrayed in the g,-4 plot.

3. For heat flow sites in multiphase, compositionally zoned
granitic plutons, determination of “representative” radiogenic
heat production values suffers from heterogeneous vertical
and horizontal distribution of radioactive elements. Within
such a pluton, heat production in highly fractionated granites
could exceed 5 times or more the heat production measured in
less fractionated granites.

4, Mass balance calculations define U and Th as major
contributors to rock heat production. Uranium is by far the
most critical component, given its considerably higher suscep-
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tibility to leaching relative to Th. Thus surface samples may
show A values that are up to 5 times lower than those of
subsurface samples from the same granite. Regional U deple-
tion in granites may reach depths of several kilometers beneath
the surface. Peraluminous granites containing Th-poor ura-
ninite are particularly susceptible to U depletion and thus are
problematic objects for heat flow studies. However, in a global
view the vertical distribution of heat sources within the en-
riched crustal layer seems primarily controlled by magmatic
and metamorphic processes rather than by alteration processes
involving crustal fluids, as invoked by Cermdk and Rybach
[1989]. Notwithstanding, element redistribution processes due
to fluid-rock interaction may be locally or even regionally sig-
nificant.

5. To minimize chance for incorrect interpretation of g*
and D values, ¢,-A plot construction should be performed in
concert with heat budget calculations. This, of course, requires
that both structure and composition of the crustal segment are
well documentied by geophysical and geochemical data.

Appendix A: Analysis of Temperature Profiles

Temperatures were obtained with analog-reading thermistor
probes. The accuracy of the measurements was *1°C [see
Fricke and Schlosser, 1980]. However, it is likely that during the
15-year period of using different thermistor tools, calibration
errors occurred that affect the absolute temperatures but not
the overall geothermal gradient. For most boreholes a temper-
ature-depth profile was available, where temperature is plotted
in 50-m intervals as read from the original log. In a few in-
stances, the original and detailed temperature profile was re-
corded at smaller logging intervals, which was then digitized.

Generally, main factors perturbing temperatures in a 1-D
heat conduction setting are terrain, microclimatic effects, fluid
flow, and inhomogeneous thermal conductivity [Blackwell and
Spafford, 1987]. The topography in the study area is relatively
subdued because of the extensive erosion since the Paleozoic,
so that morphologic features in the vicinity of the boreholes
are either negligible or of the order of few tens of meters. To
exclude these small terrain effects and near-surface microcli-
mate changes, all temperature logs used in this study (Figures
Al-A4) were plotted and interpreted at depths >100 m, which
also is below the watertable. At these depths, all boreholes
were open. Several wells were not accessible to total drilling
depth at the time the temperature log was obtained.

The temperature logs obtained at the Schénbrunn (Sbr) site
(Figure Ala) reflect the different hydraulic properties in the
subsurface as they were reported by Kuschka and Hahn [1996]
for the entire Schémbrunn (Sbr)/Bésenbrunn (Béu) mining
district in the SW Erzgebirge. Tectonically undeformed units
of metamorphic bedrock of low hydraulic transmissivity T, =
107°-107° m? s™?, in which heat