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Abstract

The geometry of a normal fauit has a first-order influence on the temperature history of the hanging wall and the footwall during
extension. Two-dimensional thermal models show that the distribution of the magnitude of the near-surface heat flow after extension
reflects the geometry of the normal fault. Three models where the footwall is exhumed by different velocity fields are investigated: (i)
Models based on low-angle normal faults where the uplift of the footwall is compensated by erosion develop a higher gecthermal gradient
and consequently a higher near-surface heat flow in the footwall. (i) Low-angle normal faults, which exhume the footwall by antiformal
hinge line migration, result in higher near-surface heat flow values in the hanging wall. (i} Normal faults with a more steeply dipping ramp
that flattens to a horizontal detachment at depth reveal pronounced near-surface heat flow maxima centered near the fault trace after
extension. In all models increasing rate of extension and faulting dip angle enhances the intensity of the near-surface heat flow.

Because the distribution of the magnitude of the near-surface heat flow is dependent on the geometry of the fault, geological methods
that determine the temperature distribution of the hanging wall during normal faulting bear important tectonic information. Coal rank values
and fission track ages were used to determine the cooling history of the hanging wall during exhumation of the Rechnitz metamorphic core
complex. Currently available geological data suggest that the increased heat flow during normal faulting was localized near the margin of
the exhuming metamorphic core. Therefore, we suggest that the normal fault responsible for the exhumation of the Rechnitz metamorphic
core complex had a ramp-flat geometry.

Address of the authors

! Bernhard GRasemann, Institut fir Geologische Wissenschaiten, Universitét Wien, A-1090 Vienna {Austria),
E-Mail: Bernhard.Grasemann@univie.ac.at

2 |stvan DunKL, Institut fur Geologie und Paldontologie, Universitat Tlbingen, D-72076 Tibingen (Germany)

3 Istvan DUNKL, Laboratory for Geochemical Research, Hungarian Academy of Sciences, Budapest (Hungary)


mailto:Bernhard.Grasemann@univie.ac.at

Einfluss der Geometrie von Abschiebungen auf die Temperaturentwicklung in der oberen Kruste:
Ein Beispiel vom Rechnitzer Metamorphen Kernkomplex (Osterreich)

Zusammenfassung

Die Geometrie von Abschiebungen hat einen groBen Einfluss auf die Temperaturentwicklung der Ober- (hanging-) und Unterplatte
(footwall). Zweidimensionale thermische Computermodelle zeigen, dass die Warmeflussverteilungen an der Oberflache stark von der
Geometrie der Abschiebung abhéngt. Drei unterschiedliche Geometrien wurden untersucht: (i) Flache Abschiebungen mit Erosion der
Unterplatte fihren zu einem hoheren geothermischen Gradienten und somit Oberflaichenwarmefluss in der Unterplatte. (i) Flache
Abschiebungen, bei welchen die Unterplatte durch die Axialebene ihrer eigenen Biegung deformiert zeigen einen hdheren Oberflachen-
warmefluss in der Oberplatte. (iii) Listrische Abschiebungen mit einer steilen Rampe und flachem Horizont in der Tiefe resultieren in einem
hohen Oberflachenwarmefluss in der Néhe des Ausbisses der Stérung. In allen Modellen erhdhen schnellere Extensionsraten den
Oberflachenwarmefluss.

Da die Verteilung des Oberflachenwarmefluss stark von der Geometrie der Abschiebung beeinflusst wird, kdnnen mit geologischen
Methoden, welche die Temperaturverteilung in der Oberplatte wahrend einer Abschiebung bestimmen, wichtige tektonische Schlisse
gezogen werden.

Inkohlungsgrad und Spaltspurdatierungen von der Oberplatte des Rechnitzer metamorphen Kermnkomplexes werden hier als Anwen-
dungsbeispiel diskutiert. Die vorhandenen geologischen Daten deuten auf einen erhdhten Warmefluss in der Néhe des tektonischen
Randes und somit kénnte die Hauptstorung des Kernkomplexes eine steile Rampe und einen flachen Abschiebungshorizont in der Tiefe

gehabt haben.

1. Introduction

Metamorphic core complexes represent regions where
crustal-scale normal shear sense on a detachment brings
mylonitized footwall rocks up from great depth and juxta-
poses them beneath brittle deformed rocks of the hanging
wall (Davis, 1983). Depending on the dip angle and the
geometry of the normal fault the locus of uplift migrates
through the footwall as the hanging wall is withdrawn. This
process is commonly referred to as a "rolling hinge” mecha-
nism (SPENCER, 1984; BUCK, 1988; WERNICKE & AXEN, 1988).
Two kinematic end-members for this process have been
described: the footwall denudation can either be accom-
plished by flexural failure (Buck, 1988; KING & ELLIS, 1990)
or by simple shear across steep planes (SPENCER, 1984;
WERNICKE & AXEN, 1988). In order to investigate which proc-
ess dominates the evolution of a metamorphic core com-
plex, the knowledge of the detachment fault geometry is
essential. AXEN & BARTLEY (1997) pointed out that the com-
plexity of the "rolling hinge” mechanism and the associated
transient physical processes make it difficult to translate
geological observations and data into parameters con-
straining the geometry and kinematics of normal faulting.
|deally, multiple independent observations from both the
hanging wall and the footwall are desirable.

Thermochronological studies of rocks from the footwall
provide a powerful tool for revealing the cooling history.
Based on the idea that different isotopic systems in miner-
als have different closure temperatures (DODSON, 1973),
thermochronological methods like the mineral pair method
(HARRISON et al., 1979) or the altitude-dependence method
(e. g. WAGNER et al., 1977; FITZGERALD & GLEADOW, 1988)
have been used in many tectonic studies in order to derive
exhumation rate from cooling histories. However, many fac-
tors complicate the use of these methods (KETCHAM, 1996):
temperatures at depth show a significant lateral variation
and the isotherms are typically elevated below the surface
fault tip. During exhumation, rocks from the footwall will
pass through transient thermal conditions, and cooling of a
given footwall sample accelerates in the upper crust as-
suming a constant slip rate. The age resolution of thermo-
chronological methods as well as the uncertainties in the

closure temperatures of individual isotope systems limits
the use of these methods especially if slip rates are relative-
ly high over geologically short time intervals. Two-dimen-
sional numerical thermal models have been used in order to
overcome these problems and to characterize the transient
thermal frame of extending regions with different ge-
ometries and kinematics of exhumation (e. g. BUcK et al.,
1988; RUPPEL et al., 1988; GRASEMANN & MANCKTELOW,
1993; KETCHAM, 1996, HOISCH et al. 1997).

Besides the investigations of pressure-temperature-time
paths of rocks, the intensity and distribution of the near-
surface heat flow provide another important tool with which
detachment models can be tested (LACHENBRUCH et al.,
1094; SAss et al., 1994, DUNKL et al. 1998). GRASEMANN &
MANCKTELOW (1993) and TER VOORDE & BERTOTTI (1994)
showed theoretically by means of thermal modeling that
normal faulting with high exhumation rates in the footwall or
high extension rates could produce warming of the adjacent
hanging wall due to the rapid advection of heat. DUNKL et al.
(1998) demonstrated with an example from the Rechnitz
metamorphic core complex (RMCC, Eastern Alps, Austria),
that normal faulting at various angles can easily provide
enough heat flow for a thermal overprint of the hanging wall,
which influences the apatite fission track (FT) ages. Increas-
ing the rate of extension and fault dip angles enhances the
intensity of the heat flow near the fault tip (Buck et al., 1988).

In this study we will focus on the distribution of the near-
surface heat flow in a profile normal to the tip line of a
detachment fault. In the first part of this work, we show by
means of a numerical thermal model that the near-surface
heat flow distribution is strongly dependent on the geometry
of the detachment fault and the erosion of the footwall.
Therefore, actual measurements of surface heat flow above
active normal faults may provide important information on
the geometry of the detachments at depth. In a second part
of this work we investigate the thermal overprint of the
hanging wall of the RMCC. It should be emphasized that the
models are not intended to provide a complete depiction of
thermal evolution of the RMCC as the current available
geological data still leave room for different interpretations
and therefore, a number of processes that may be impor-
tant are not considered.
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2. Geometry and associated heat flow
during normal faulting

In this discussion we investigate three different ge-
ometries of normal faulting and discuss the near-surface
heat flow distribution after 5 Ma with 2 and 5 mm/a exten-
sion velocity respectively. These rates are chosen arbitrarily
representing a slower and faster extension velocity. The
temperature distribution within an 80 km wide and 30 km
thick crust was calculated by solving the heat transfer equa-
tion (A1) in two dimensions using finite difference algorithm
(Appendix and Tab.1). The upper surface has a constant
temperature of 0 °C. The initial linear geothermal gradient is
20 °C/km. In the absence of advection of heat a steady state
geothermal gradient is considered by using a boundary
condition at the base of the crust with a constant heat flow
of 61.6 mW/m?, which is a result of conductivity given in
Table 1. No heat production is considered in these calcula-
tions and therefore, only conduction and advection control
the final temperature distribution (Note, that the models of
the RMCC discussed below consider heat production!).
These simplified conditions were chosen in order to empha-
size the first-order effects of the geometry of the fault. In fact
the distribution of radioactive elements influences the distri-
bution of the heat flow after the metamorphic core has
developed (LACHENBRUCH et al., 1994; SAss et al., 1994).
Furthermore radioactive elements enriched in the upper
crustal levels result in a non-linear geothermal gradient
(e. g. TURCOTTE & SCHUBERT, 1982). The velocity compo-
nents within the hanging wall (HW) are zero. The velocity

field in the footwall (FW) depends on the initial geometry
and slip rate (Fig. 1).

2.1 Low-angle normal fault with erosion of the
footwall (Fig. 1a)

In this model the footwall moves with a uniform velocity w,
which is equal to the extension rate, towards the surface. The
velocity w has a horizontal component v, (positive from left to
right) and a vertical component v, (positive downwards):

vV, = weosQ

R (1
Vv, =—wsing

where o is the dip angle of the fault. There is a uniform
elevation boundary condition at the surface, thus footwall
material is removed when it reaches the upper boundary.
The resulting erosion rate has the same value but its sense
is opposite to the vertical velocity component v,. As all
velocity vectors within the footwall are equal in magnitude
and direction the footwall is not deformed. Such simple
geometries were applied to describe normal faulting in are-
as where significant footwall erosion has been reported
(e. g. GRASEMANN & MANCKTELOW, 1993),

2.2 Low-angle normal fault with antiformal hinge
migration (Fig. 1b)

In this model the velocity field in the footwall is divided by
an axial plane (s.s) which bisects the angle between the

Table 1

Parameters, variables and physical constants used in the calculations for the models in Figures 2-5 and Figures 10-12 (Model |, Il and IIl).

For a detailed discussion of the model parameters see text.

symbol description models in Figs. 2-5 models |, Il and lll in Figs. 10-12
t total time of model run 5 [Ma] 5,10, 10 [Ma]

At incremental time step 10000 [a] 10000 [a]

T temperature K] K]

Tg constant surface temperature 273 [K] 273 [K]

A volumetric Heat Production - 256 wm3)

I length of exponential decay of the heat production - 30000 [m]

X thermal diffusivity 108 [mZs] 106 [m2ss)

C specific heat 1100 [J/kgK] 1100 [J/kgK]

p density 2800 [kg/m3) 2800 [kg/m?)]

k conductivity 3.08 [W/mK] 3.08 [WimK]

G Initial near-surface heat flow (0-1000m) 61.6 [mW/m2] 92 [mW/m?]

qn() mantie heat flux 61.6 [mW/m2] calculated from Eq. A7 [mW/m?2]
g Initial geothermal gradient 20 [K/km] calculated from Eq. A6 [K/km)]

o faulting dip angle 17° and 31° 10°, 20°, 30°

X Z horizontal x vertical distance 80000 x 30000 [m] 100000 x 30000 [m]

AX, Az grid spacing 500[m] 500[m]

Vi velocity in x-direction 2 and 5 [mm/a) 11.3, 7, 7 [mm/a]

Vs velocity in z-direction variable [mm/a] 2,2.55, 4 [mm/a]



fault and the footwall surface (180-ct). The footwall below
the fault moves with a uniform velocity w parallel to the fault
plane with v, and v, components according to equation (1).
Below the fault tip the footwall migrates through s« causing
the material to fold with a negative shear (RAMSAY & HUBER,
1987). Passing s« the material continues to move horizon-
tally and therefore, no material is eroded and no erosional
topography is created in the footwall:

a) low-angle normal fault with erosion of the footwall

eroded rock volume —p

V,=W Cose
v,=-w sino

b} low-angle normal fault with antiformal hinge migration

(180-at) /2
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Fig. 1

Geometry of a (a) low-angle normal fault with erosion of the foot-
wall (FW), (b) low-angle normal fault with antiformal hinge migra-
tion and (c) ramp-flat normal fault with kink-band geometry. In all
models are the velocity components within the hanging wall (HW)
zero. a is the dip angle of the fault. (a) The footwall moves with a
uniform velocity w towards the surface where the footwall material
is removed when it reaches the upper uniform elevation boundary.
The resuiting erosion rate is equal but opposite to the vertical
advection rate v,. (b) The undeformed material in the footwall below
the fault migrates with the faulting velocity w through the axial plane
Saa IS folded by a negative shear. In (c) the undeformed material in
the FW below the ramp migrates through the axial plane sae, is
folded by a positive shear. The faulting velocity w moves the mate-
rial through the axial plane s.., the material is unfolded by a
negative shear.
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V.o=w

X

v. =0 @)
Although there are some differences in detail, this geome-

try is similar to other published models describing normal

faulting (e. g. RUPPEL et al., 1988; Buck at al., 1988; VAN

WEES et al., 1992).

2.3 Ramp-flat normal fault with kink-band
geometry (Fig. 1¢)

The ramp-flat models approximate a geometry with a fault
ramp that flattens to a horizontal orientation at a certain
depth, a geometry commonly inferred in extensional zones
(GiBBS, 1984; LISTER & Dawvis, 1989). Two footwall axial
planes solve the geometric constraints: One axial plane
(saa) bisects the angle between the ramp and the surface
on the footwall side (antiformal hinge), and the other axial
plane (sae) bisects the angle between the ramp and the
horizontal detachment plane (synformal hinge). The footwall
below the ramp migrates through Sae causing the material
to fold with a positive shear. When the material passes
through s.« rocks are unfolded by a negative shear. Note
that in all three models all angles are kept constant. Be-
cause of the similarities between this geometry with models
developed for the formation of kink folds (Twiss & MOORES,
1992) this geometry is called ramp-flat normal fault with
kink-band geometry. The area between the synformat and
antiformal axial plane is called the kink band. The terms
undeformed, folded and unfolded are strictly used in a geo-
metrical sense and are not mechanically correlated with an
actual strain in the footwall. The velocity in the footwall
below the flat and to the right of the fault tip has v,and v,
components according to equation (2). The velocity com-
ponents within the kink band below the ramp are calculated
with equation (1).

This model combines the geometry suggested by the
end-member models of flexural failure or rotation (BUCK,
1988; KING & ELLis, 1990) and subvertical simple shear
(SPENCER, 1984; WERNICKE & AXEN, 1988). Like in the flexural
rotation modei the axial planes bisect the angles at the
antiformal and synformal hinges and thus the thickness of a
given area in the footwall remains constant. However, there
is no neutral surface in the footwall that separates areas
with shortening and extensional strain respectively. Al-
though the internal strain in the footwall is clearly different in
these end-member models from the model chosen for the
present study, the results of thermal calculations are similar
within the range detectable by geological methods (AXEN &
BARTLEY, 1997).

2.4 Results of the numerical thermal model

Figure 2 shows the temperature distributions after 5 Ma of
normal faulting with a dip angle of 15° and with extension
velocities of 2 and 5 mm/a respectively using the geometry
of the low-angle normal fault model with erosion of the
footwall (according to Fig. ta). Although the whole modeled
crustal section has an elevated geothermal gradient after
the normal faulting, the heat flow is clearly higher in the
footwall than in the hanging wall. This is a direct conse-
quence of the vertical heat advection component and
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Fig. 2

Model results of a 15° dipping low-angle normal fault with erosion of the footwall considering no heat production, The temperature
distribution within the crust is plotted after 5 Ma for extension velocities (v.) of 5 and 2 mm/a. The diagram at the right shows the distribution
of the heat flow after 5 Ma extension along a 80 km long section normal to the fault trace at the surface. Note that due to the erosion of
footwall material the heat flow is higher on the footwall than on the hanging wall side. There is no peak heat flow near the fault tip.

(mathematical) erosion of material which only affect the
footwall and which are zero in the hanging wall. Note, that
there is also no sedimentation on the hanging wall. The
temperatures in the hanging wall are only influenced by
conduction of heat. The near-surface temperature distribu-
tion after faulting is shown in a plot horizontal distance
versus heat flow (Fig. 2). The heat flow q is calculated using
Fourier's law:

s
o dz @
where k is the thermal conductivity (3.08 W/mK), T is the
temperature and z is the depth (2000 m). Generally, de-
pending on the faulting velocities, the heat flow in the foot-
wall is about 10 to 20 mW/m? higher than in the hanging
wall. However, there is no peak or step in the heat flow
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Fig. 3

Model results of a 15° dipping normal fault with antiformal hinge migration. The temperature distribution within the crust after 5 Ma
extension shows a higher geothermal gradient on the hanging wall side of the fault tip. This can be also observed in the heat flow
distribution curves, where the higher values are in the hanging wall. With higher extension rates (i. e. v, >5 mm/a) a peak heat flow begins

to develop within the hanging wall near the fault tip.
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curves and without knowledge of the location of the fault tip
it would be difficult to determine the transition from the
footwall to the hanging wall.

Figure 3 shows the temperature distributions after 5 Ma of
normal faulting with a dip angle of 15° and with extension
velocities of 2 and 5 mm/a respectively using the geometry
of the low-angle normal fault model with antiformal hinge
migration (according to Fig. 1b). In fact this model is very
similar to the model of Figure 2 except that there is no
erosion of material. Passing through the antiformal hinge
the velocity field has just a horizontal component and there-
fore, no heat is advected vertically. This dramatically affects
the heat flow distribution across the fault. The near-surface
heat flow in the hanging wall is quite similar to the previous
model, reflecting the similar heat transfer process of con-
duction of heat from the "hotter” footwall. However, near the
fault tip and in the footwall the heat flow drops, which is a
direct consequence of the relaxation of the geothermal gra-
dient after the material moves through the antiformal hinge.
Depending on the slip rate, the heat flow in the footwall is
about 10 to 20 mW/m? lower than in the hanging wall.
Although there is no marked peak in the heat flow curve, the
highest values are located within 10 km to the fault tip on the
hanging wall side.

Figure 4 shows the temperature distributions after 5 Ma
faulting on a ramp-flat detachment with a ramp dip angle of
30° and a horizontal flat. Extension velocities of 2 and 5 mm/
a were modeled using the geometry of the ramp-flat normal
fault model with kink-band geometry (see Fig. 1c). Below
the flat detachment the material moves horizontally and
consequently the initial geothermal gradient is undisturbed.
Just near the ramp the geothermal gradient is slightly ele-
vated due to conduction from the "hotter” kink band. When
the footwall moves through the synformal hinge rocks start
to exhume with velocities depending on the extension rate
and the dip angle of the ramp (compare extension velocities
of 5 and 2 mm/a and Fig. 4 and 5 where the dip angles are

B. GRASEMANN & |. DUNKL

30° and 55° respectively). Heat advected with the exhuming
footwall causes isotherms to be arched and closer spaced
near the surface below the fault tip. Higher exhumation
rates result in higher geothermal gradients within the kink
band. When the material passes through the antiformal
hinge again no heat is advected because there is only a
horizontal component in the velocity field and the geother-
mal gradient starts to relax. The heat flow distribution nor-
mal to the fault trace shows a marked centered peak at the
fault tip. For extension velocities of 2 and 5 mm/a the heat
flow within this zone is 20 and 40 mW/m? respectively higher
than the initial values. These heat flow curves are very
similar to the results of Buck et al. (1988) showing a marked
peak near the fault tip, a more shallow concave upwards
part on the hanging wall side and a more steep concave
upwards curve on the footwall side.

Figure 5 shows the same model as Figure 4 except the
ramp dip is 55°. This steeper ramp results in a higher verti-
cal component of the velocity field within the kink-band and
consequently the geothermal gradients within this zone are
for the same extension rates higher than in the previous
model. A geometric consequence of these kink type models
is that a steeper ramp results in shallow-dipping kink bands.
The effects of a steep ramp on the temperature distribution
can be observed in Figure 5: The kink-band and thus the
zone of vertical advection is centered close to the fault tip
but clearly on the footwall side. An interesting consequence
of this type of geometry is that the location of the doming of
the isotherms is dependent on the depth. The shallower
part on the isotherms gradually move away from the hang-
ing wall with depth. The near-surface heat flow curves show
a marked peak near the fault tip but on the footwall side.
The peak heat flow is about 40 mW/m? higher for 2 mm/a
and more than 60 mW/m? higher for the 5 mm/a extension
rate. However, the conductive thermal overprint of the hang-
ing wall is less pronounced than in models assuming low-
angle normal faults. The model in Figure 5 elevates the heat
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Fig. 4

Model results of a 30° dipping normal fault with kink-band geometry. The temperature distribution within the crust after 5 Ma extension
shows a higher geothermal gradient within the kink band. The heat flow distribution curves show a marked heat flow peak, which is

centered on the fault tip.
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55° dipping normal fault with kink band geometry
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Fig. 5

Model results of a 55° dipping normal fault with kink-band geometry. The temperature distribution within the crust after 5 Ma extension
shows that the location of the doming of the isotherms is dependent on the depth. The shallower part on the isotherms gradually move
away from the hanging wall with depth. The near-surface heat flow curves show a marked peak near the fault tip but on the footwall side.

flow only about 30 km from the fault tip on the hanging wall
side resulting in a steeper concave-upwards curve than
heat flow curves on the footwall side.

2.5 Conclusions of the model results

(i) Erosion of the footwall results in a higher near-surface

heat flow in the footwall (Fig. 2) whereas low angle

normal faults with antiformal hinge migration have a

higher heat flow in the hanging wall (Fig. 3). Both mo-

dels have no marked heat flow peak near the fault tip.

(i) Ramp-flat detachments show a heat flow maximum
centered near the fault tip.

(i) The conductive thermal overprint of the hanging wall is
higher in ramp-flat models but restricted to a zone of a
few tens of kilometers compared to low-angle normal
faults.

(iv) Steep-dipping ramps have a narrow zone where the
vertical advection of heat domes the isotherms whereas
shallow-dipping ramps have a broad zone. If the same
extension rates are applied, the vertical velocity compo-
nent of broad kink bands is less than in narrow zones.

Bearing these considerations in mind we investigate the
thermal overprint of the hanging wall above the Penninic
RMCC in the Eastern Alps.

3. Application of the model on the Rechnitz
Metamorphic Core Complex

3.1 Regional geology of the Rechnitz
Metamorphic Core Complex

The Early-Middle Miocene evolution of the Eastern Alps
was characterized by rapid exhumation of metamorphic

core complexes (Tauern and Rechnitz Windows) and by
magmatic activity (Styrian Basin). Both mechanisms
caused elevation of transient geothermal gradients and
near surface heat flow (Sachsenhofer, 2001). The RMCC
represents the easternmost Penninic window of the Alpine
chain, situated in the transitional zone of the Alps and the
Pannonian basin (Fig. 6). It is the only Penninic window in
the Alps, which is partly covered by Neogene syn-rift sedi-
ments (Fig. 7). The Penninic formations of the RMCC are
mainly Mesozoic metasedimentary rocks with remnants of
metamorphosed igneous rocks of ophiolitic origin (PAHR,
1980; KOLLER, 1985). The tectonic window structure of the
RMCC (or strictly speaking a group of small windows) was
formed during Early-Middle Miocene time (RATSCHBACHER et
al. 1990). Greenschist facies metamorphism preceding the
tectonic denudation ranged from 350 °C to 430 °C. Pres-
sures are considered to have reached about 300 MPa
(KoLLER, 1985). Thermochronological ages record only a
short time span around 19 Ma and thus indicate relatively
rapid cooling. K/Ar analysis of white micas give ages rang-
ing from 22-19 Ma (W. FRaNK pers. comm., 1992) whereas
zircon FT ages from the exposed part of the RMCC give an
average of 17.3 Ma (DunKL & DEMENY, 1997). Younger apa-
tite FT ages of 8-9 Ma express that during later phases
cooling was distinctly slower.

Close to the RMCC the syn-rift Miocene Sinnersdorf beds
show high coal maturation. The Sinnersdorf beds were de-
posited during exhumation, on top of the hanging wall not
far above the main detachment of the RMCC. This very
coarse, partly fanglomeratic sequence forms the basal part
of the up to 3 km thick Early to Late Miocene clastic se-
guences (HERMANN & PAHR, 1988; PAHR, 1984; SCHONLAUB,
2000). The vitrinite reflectance values (Rr) range between
0.67 and 1.04% (SACHSENHOFER, 1991; EBNER & SACHSEN-
HOFER, 1991). This post-depositional thermal overprint has
been interpreted as a re-heating of the hanging wall due to
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advection of heat during rapid exhumation of the footwall
(DUNKL et al., 1998, Sachsenhofer, 2001). The elevated geo-
thermal gradient reset the apatite fission track ages in the
sandstones and fanglomerates at the base of the sediment
sequence. The average of 177 dated crystals is 13.6 =0.9
Ma, which is clearly younger than the sedimentation age
(around 19-17 Ma). A more detailed review of the data are
given in DUNKL & DEMENY (1997) and DUNKL et al. (1998).

Due to the poor outcrop situation, the tectonic framework
of the RMCC is less constrained than the well known struc-
tures of the Tauern Window where much of the information
about the exhumation history is derived from structural,
petrological and geochronological data of the footwall
(e. g.: RATSCHBACHER et al., 1990; CLIFF et al., 1985; SELVER-
STONE, 1985; von BLANCKENBURG et al., 1989). Therefore, we
try to apply the simple models presented above with geo-
logically more realistic initial and boundary conditions in-
vestigating the varying grade of thermal maturation and
resetting of FT ages in the sediment cover of the hanging
wall of the RMCC. However, we are aware that the simplifi-
cations of the presented models as well as the current
available geological data from the RMCC are far from well
constrained and should be understood as an illustration of
the effects of the geometry of normal faulting on the near
surface heat flow during extension.

3.2 Initial conditions and model parameters

The angle of the detachment of the RMCC is unknown.
Therefore, the dip of the fault plane considered in the follow-
ing models is either a low-angle fault (i. e. 10°, Model I) or a

ramp with a dip of 20° (Model II) and 30° (Model Ill) and a
horizontal detachment at a depth of 10 km (Tab. 1). The
proposed geometry, the ramp angles and the depth of the
horizontal detachment are very similar to models suggested
for the Brenner Line at the western margin of the Tauern
Window (SELVERSTONE et al., 1995), where postmylonitic
structures suggest that isostatically driven footwall exhuma-
tion was accomplished by predominantly subvertical simple
shear,

Deformation of the lower crust occurs predominantly by
ductile flow and prevailed in the Penninic unit (RATSCHBA-
CHER et al., 1990). Based on the study of delay time of
teleseismic P-waves and the combination with results from
magnetotelluric soundings the current thickness of the litho-
sphere below the RMCC is considered to be between 100
and 120 km and increase to 150 km to the west (PRAUS et
al., 1990; HORvATH, 19893). This thinning was probably
caused by the Neogene stretching event that affected the
entire Eastern Alps (RATSCHBACHER et al., 1991) modifying
the thermal structure of the crust (Sachsenhofer, 2001). The
models discussed here use constant depth — variable heat
flow (STUWE & SANDIFORD 1995) at the base of a 30 km thick
crust (HORVATH 1993 and references cited therein) in order
to model the effects of the Neogene thinning of the lithos-
phere. The heat flow is determined by the function:

~kd——qm() (4)

where k is the conductivity, 7 the temperature and g.(f) a
time-dependent function. This lower boundary condition
function allows the approximation of the effect of advection
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Cartoon map of the surrounding of the RMCC. Dashed line shows the contour of the window below the syn- and post-rift Neogene

sediment cover (after FLUGEL & NEUBAUER, 1984; NEUBAUER & FRiscH, 1993 and TARI & HORVATH, 1995).

by faulting in the crust and by pure shear thinning in the
mantle. The changing heat flow at the basal boundary con-
dition is applied as a function of time gn(t) calculated with
an analytical solution (MANCKTELOW & GRASEMANN, 1997) of
the one-dimensional heat diffusion equation (CARSLAW &
JAEGER, 1959) considering that the exhumation rate and the
heat production may vary in space and time (Appendix).
However, this study focuses on the near-surface heat flow
and several model runs with different lower boundary condi-
tions revealed very little impact on the results presented in
this work.

Tarl (1994) suggested that the horizontal component of
extensional faulting of the RMCC is approximately 80 km.

Fig. 8 -
Plot of the dependence of vitrinite reflectance and
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component of extensional faulting of 56.5 and 70 km re-
spectively.

Although the Sinnersdorfer beds form locally an up to
3 km thick clastic sequences, syn-extensional sedimenta-
tion on the hanging wall of the RMCC is not considered in
the models and assumed to have minor effects on the
thermal structure on the scale of the whole crust. There-
fore, the model setup presumes that sedimentation did not
to result in a significant thickening of the hanging wall but
accommodated extension and local graben formation.

The cooling rate of the Penninic rocks (i.e. the footwall)
was rapid during Early-Middle Miocene times (DUNKL &
DEMENY, 1997). This coincides with the time of rapid cooling
of the Penninic rocks in the Tauern Window (CLIFF et al,,
1985; von BLANCKENBURG et al., 1989) and in the Lepontine
dome- Cental Alps (see reviews in PURDY & JAGER, 1976;
WAGNER et al., 1977; GRASEMANN & MANCKTELOW, 1993). In
the models presented below, the period of rapid extension
is between 22 and 17 Ma (Model |) and 27 and 17 Ma
(Model Il and lll). The temperature history outside this inter-
val is discussed but due to the lack of precise data it is not
modeled in detail. Note that the geochronological data are
not very tightly constrained. Therefore, the presented mod-
els are just examples that outline the first-order effects of
the different models.

Apatite FT ages from the syn-rift sediments deposited on
the hanging wall of the RMCC are younger than the age of
sedimentation, due to a post-depositional thermal overprint
that annealed the pre-existing tracks. The average age is
13.6 Ma. The zircon FT ages from the same localities are
not reset by the thermal overprint (DUNKL et al., 1998) and
give a mean in early Eocene time. Therefore, the modeled
temperature history of the hanging wall is not allowed to rise
above the closure temperature of zircon (240 =50 °C; HUR-
FORD, 1986) but must be above the apatite partial-annealing
zone (~120 °C; WAGNER et al., 1977). Fig. 8 shows the
possible temperature-duration field of the thermal overprint
of the dated samples, constrained by the observed organic
maturation (SACHSENHOFER, 1991) and track stability data
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Cooling path of the thermally overprinted Early Miocene sediments
generated by AFTSOLVE program (KeTCHAM et al.2000), based on
fission track data (DunkL et al., 1998). Chlorine content of 0.1 wt.%
was considered and the annealing mode! of DONELICK et al. (1999)
was used. Light gray field represents the envelope of the accepta-
ble paths, gray line in the middle of this field is the tT path of the
best modeling run.
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(GLEADOW et al., 1983). Thermal modeling (KETCHAM et al.,
2000) of fission track data of the reset sediment samples
yielded a relatively simple cooling path (Fig 9). The rapid
decrease in temperature between 14 and 12 Ma ago can be
attributed to final cooling after the cessation of normal fault-
ing, the consequent relaxation of the elevated geothermal
gradient and an erosional event that affects the hanging
wall by removing the upper part of the sedimentary pile.

3.3 Model results

The heat transfer equation (A1) is solved numerically over
a two-dimensional finite difference grid with a horizontal
distance x of 100 km and a positive downwards distance z
of 30 km (Appendix, Tab. 1). The equally spaced grid reso-
lution is 500 m. The initial temperature distribution is calcu-
lated with equation (A7) using physical parameters listed in
Table 1. This grid describes a cross-section parallel to the
dip-slip movement of the normal fault. Depending on the
model configuration (Fig. 1) the velocity components v, and
v, describe the velocity field within the footwall (equation
1 and 2).

3.3.1 Model |

Model | is a low-angle normal fault with antiformal hinge
migration (according to Fig. 1b) with a fault dip angle of 10°
(Fig. 10a). The sample in the footwall (SF) is located at a
depth of 15 km below the surface and has an initial temper-
ature of 380 °C. The horizontal and vertical velocity compo-
nents are 11.3 mm/a and 2 mm/a respectively. During the
simulation of 5 Ma the sample is moved to position SF' at a
depth of about 5 km and cools down to 200 °C. The sample
SH located at a fixed grid point in the hanging wall at a
depth of 2.5 km has an initial temperature of about 75 °C
and 120 °C after 5 Ma extension. Within the footwall advect-
ed hot material replaces initially colder crust below the fault
plane. The hanging wall above the fault is slowly heated
indicating an overall increase of the geothermal gradient
caused mainly by conduction from the advected heat from
the footwall. The highest geothermal gradient after the peri-
od of rapid exhumation is not below the fault trace or within
the metamorphic core but about 5 km from the fault tip on
the hanging wall side (indicated by a candle in Fig. 10a).

Figure 10b shows the near-surface heat flow (calculated
with equation 3) over the horizontal distance of 100 km. The
initial heat flow is about 92 mW/m? resulting from the as-
sumed conductivity in Table 1 and is constant over the
solution domain. The heat flow after 5 Ma faulting rises in
the hanging wall from around 105 mW/m? at 80 km from the
fault tip to 135 mW/m? at 5 km. Because the exhumation
rate in the window itself — where the footwall moves horizon-
tally — is zero, the near-surface heat flow rapidly relaxes
again to lower values (around 105 mW/m?). Although the
maximum heat flow is roughly centered on the hanging wall
side near the fault trace the heat flow distribution shows a
pronounced asymmetry.

Figure 10c shows a temperature-time plot with the ap-
proximate distribution of white mica K/Ar, zircon and apatite
FT data from the footwall (gray boxes; DUNKL & DEMENY,
1997) and apatite FT data from the overprinted sedimentary
cover of the hanging wall (stripped belt; DUNKL et al., 1998).
The solid curves show the modeled cooling curves during
the period of rapid faulting of the hanging wall and footwall
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Model results of the low-angle normal fault model with a fault dip angle of 10°. The horizontal and vertical velocity components are 11.3
mm/a and 2 mm/a respectively. (a) Isotherms after 5 Ma normal faulting. The candle indicates the position of the highest geothermal
gradient. SF and SF' are the positions of the rock sample in the footwall before and after the period of rapid faulting. SH is the position of
the stationary sample of the hanging wall. (b) Near-surface heat flow over the horizontal distance of 100 km normal to the fault trace. The
initial heat flow is about 92 mW/m? and constant over the modeled distance. The near-surface heat flow after 5 Ma faulting has a peak 5 km
to the hanging wall side of the fault trace with 135 mW/m?. The heat flow values are asymmetric around the peak. The thermal overprint of
the hanging wall with values above 110 mW/m? affects a zone up to 40 km distance to the fault trace. (c) Modeled cooling curve (solid
lines) for the hanging wall and the footwall samples (SH and SF, respectively). Further explanations see text.

samples (SH and SF) respectively. Whereas the footwall
shows a rapid, slightly convex upward cooling from about
380 to 200 °C, the hanging wall heats from about 75 to
120 °C. The dashed curves show a probable continuation of
the cooling history. However, this is not numerically mod-
eled because of the current lack of precise geological data.
The suggested cooling path after 17 Ma would represent a
continuation of the fault movement but at a slower rate. This
Late Miocene, less intense extensional phase is well docu-
mented in the seismic profiles of Styrian basin and the
western Pannonian basin (EBNER & SACHSENHOFER, 1991,
TARI, 1994). A slower rate of normal faulting after a period of
rapid movement or a decrease in the faulting velocity has
been observed also at the Simplon normal fault, where the
cooling curves of hanging wall and footwall are much more
precisely defined (GRASEMANN & MANCKTELOW, 1993). Due
to the relaxation of the geothermal gradient after the onset
of slower advection the sample from the footwall would
initially continue to cool at a faster rate but the cooling
would decrease creating a concave-upward shape of the
cooling curve. The rocks in the hanging wall would maintain
their high temperatures due to the continued conduction of
heat from the still hotter footwall. Whereas a certain amount
of cooling in the hanging wall can be caused by the relaxa-
tion of the overall geothermal gradient, the sample can only
approach the surface by erosion of the hanging wall.

A different, and for the RMCC, probably more realistic
tectonic history would be controlled by excisement or cut-
ting up of the detachment fault through the hanging wall,
which is a frequent feature in core complexes (e. g. WERNIKE
& AXEN, 1988; LISTER & Dawvis, 1989). However, the topology
of the cooling curves would be quite similar depending on
the timing of excisement: The hanging wall would first show
heating followed by cooling after excisement, while the foot-
wall points follow a continuous cooling path (KETCHAM,
1996).

3.3.2 Model Il

Model Il is a ramp-flat normal fault with kink band geome-
try (according to Fig. 1¢) with a ramp dip angle of 20° and a
horizontal detachment at a depth of 10 km (Fig. 11a). The
sample in the footwall (SF) is located at a depth of 11 km
below the detachment at the left border of the modeled
geometry and has an initial temperature of 289 °C. The
horizontal and vertical velocity components within the kink
band geometry are 7 mm/a and 2.55 mm/a respectively.

In order to achieve a horizontal component of extensional
faulting of 70 km the model run takes 10 Ma. During this
time span the sample is moved to position SF' at a depth of
about 5 km and cools down to 200 °C. The sample SH
located at a fixed grid point in the hanging wall at a depth of
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Model results of a ramp-flat normal fault model with a ramp dip angle of 20°. The horizontal detachment is located at 10 km depth. The
herizontal and vertical velocity components are 7 mm/a and 2.55 mm/a respectively. (a) Isotherms after 10 Ma normal faulting. SF and SF'
are the positions of the rock sample in the footwall before and after the period of rapid faulting. SH is the position of the stationary sample
of the hanging wall. (b) Near-surface heat flow over the horizontal distance of 100 km. The initial heat flow is about 92 mW/m?and constant
over the modeled distance. In the hanging wall, values higher than 110 mW/m? are restricted to a zone of 20 km on the hanging wall side
of the fault tip. (c) Modeled cooling curve (solid lines) for the hanging wall and the footwall. Further explanations see text.

2.5 km has an initial temperature of about 75 °C and heats
up during the model run to 130 °C.

A direct consequence of the ramp-flat geometry is that
the material and the heat is advected with a vertical compo-
nent only beneath the ramp between s.. and s... Neverthe-
less, the geothermal gradient after extension below the fault
tip is slightly higher than the gradient measured at the same
position in Model | where the whole footwall below the
normal fault experiences a vertical advection component.
The slightly higher vertical velocity component and the long-
er time period of extension can easily explain the higher
maximum temperatures of Model Il. However, as can be
seen in the near-surface heat flow plot normal to the fault
trace, values higher than 110 mW/m? are restricted to 20 km
on the hanging wall side (Fig. 11b). In the low-angle normal
fault model (Model ) this thermal overprint with values
above 110 mW/m? affects the hanging wall up to 40 km from
the fault trace.

Figure 11c shows a temperature-time plot similar to that
in Figure 10c. The solid curves show the temperature histo-
ry of the same time interval (i. e. 22-17 Ma) considered in
Model | in order to compare the modeled cooling curves.
Note, however, that the model run of Model Il starts 5 Ma
earlier. Although, the available geochronological data would
not be able to distinguish between Model | and II, there is a
marked and very important difference in the cooling histo-
ries between the two models. The footwall sample SF of
Model | start its exhumation history at a temperature of

380 °C (presumably its maximum temperature) and is sub-
sequently cooled. Therefore, SF has its peak temperatures
before the period of rapid normal faulting. The footwall
sample SF in Model Il starts at 289 °C and is heated up to
330 °C before it starts cooling. During the first 8 Ma the
sample moves from a depth of 11 km (its starting depth)
parallel to the detachment. Because this path is parallel to
the isotherms the sample experiences no temperature
change. When the sample approaches the synformal hinge
it is heated by horizontal conduction from underneath the
ramp. As the sample moves through the axial plane s.. the
velocity field changes and the sample starts to cool be-
cause it is exhumed through the elevated geothermal gradi-
ent beneath the ramp. Thus the exhuming sample in the
ramp-flat model reaches its peak temperatures during nor-
mal faulting.

3.3.3 Model Il

Model Il is identical to the model configuration of Model I
described above except that the ramp dip is 30°. The hori-
zontal and vertical velocity components are 7 mm/a and
4 mm/a respectively. This slightly higher exhumation rate
results in generally higher geothermal gradients below the
ramp (compare Fig. 11a and 12a). The temperatures meas-
ured after extension below the fault tip are around 50 °C
warmer from mid crustal levels down to the Moho than in
Model Il with the lower exhumation rates. However, the kink-
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Model results of a ramp-flat normal fault model with a ramp dip angle of 30°. The horizontal detachment is located at 10 km depth. The
horizontal and vertical velocity companents are 7 mm/a and 4 mm/a respectively. (a) Isotherms after 10 Ma normal faulting. (b). The near-
surface heat flow curves show a pronounced peak of 160 mW/m?which is centered on the fault trace. In the hanging wall, values higher
than 110 mW/m?are restricted to a zone of 16 km on the hanging wall side of the fault tip. (¢) Modeled cooling curve (solid lines) for the

hanging wall and the footwall, Further explanations see text.

band width and thus the zone where the heat advection has
a vertical component is 30 km and 20 km in Model Il and Il
respectively. This narrow zone of footwall uplift results in a
pronounced peak in the heat flow versus distance to fault tip
plot (Fig. 12b). A clear peak up to 160 mW/m? symmetrically
arranged within a few km around the fault trace is observed.
The difference in heat flow at some distance to the fault
trace between the hanging wall and the footwall is dramatic.
Whereas the heat flow in the hanging wall is only about
95 mW/m? the values in the footwall are 30 mW/m? higher.
However, the width of the zone where the hanging wall is
thermally overprinted with a near-surface heat flow above
110 mW/m? is less than 16 km.

3.4 Evaluation of model and geological data

The Austroalpine hanging wall underwent a Late Creta-
ceous metamorphism, which reached amphibolite facies
grade in some places. The zircon FT ages generally range
between 77 and 55 Ma and thus record the cooling of the
Late Cretaceous metamorphic event (BALOGH & DUNKL,
submitted). The apatite FT ages, however, show pro-
nounced regional differences around the RMCC (Fig. 13a).
North of the window there is a roughly E-W trending belt of
ages between 60 and 30 Ma. In this zone the integrated
depth of post-Cretaceous erosion is relatively shallow.
South of this belt, between the Pannonian basin and the
Paleozoic of Graz — including the immediate frame of the
window — the range of apatite ages is much younger (16-

10 Ma) related to the Miocene extension and elevation of
the geothermal gradient (Sachsenhofer, 2001). However,
the 50 km long and 30 km wide belt of young apatite ages
did not suffer significant exhumation. The widespread Mi-
ocene ages were formed by the combination of erosion with
increased heat flow and the vertical thinning probably due
to excisements of the detachment fault through the hanging
wall during extension. An extremely old apatite apparent
age (GP-21 sample, 61+8 Ma; see Fig. 13a and Tab. 2)
proves that inside the area of young apatite ages there are
tilted blocks with preserved high level. The proximity of
Middie Miocene apatite FT ages in the hanging wall
(=7 km) and the margin of Penninic window (~4 km) to the
locality of GP-21 sample highlight the importance of this
extremely old FT age and reflect the complexity of the re-
gion.

Miocene sediments are only preserved in isolated occur-
rences, but numerous intramontane basin remnants (see
Fig. 7) give evidence that erosion was limited. The region of
the RMCC was not a topographic high during extension, but
mainly covered by sediments. In the neighborhood of the
core complex the apatite FT ages in the syn-rift sediments
are reset. Other samples (e. g. GP-19, located ~8 km west
of the margin of the window) show no significant resetting.
The apatite FT single-grain ages are much older than the
age of deposition. At these localities the Miocene burial
temperature were not able to anneal the inherited pre-Mi-
ocene ages -although, we may not exclude a slight, insig-
nificant rejuvenation (Tab. 2, Fig 13b).
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(a) Contours of the pre-Miocene and Miocene apatite fission track ages. G
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spectrum of an Early Miocene conglomerate sample (GP-19), where the thermal overprint was negligible. The single grain apatite FT ages

are expressing the Paleogene cooling age of the source area of the sediment.

Coal petrographical studies have proved that post-depo-
sitional overprint is localized only to the boundary of the
core complex (EBNER & SACHSENHOFER, 1991; BELOCKY et
al., 1991). Samples of similar depositicnal ages close to the
base of the Neogene sedimentary pile further west of the
window do not show significant overprint.

The interpretation of the currently available geological
data suggests that the increased heat flow during normal
faulting was localized near the margin of the exhuming
metamorphic core. The presented models show that heat
flow peaks centered near the fault trace are typical for
normal faults with a roughly horizontal detachment and
steep ramp. Therefore, we suggest that Model Il or Model III
are probable geometric simplifications of the more complex
exhumation of the RMCC.

4. Conclusions

1. The fault geometry and the velocity field have a first-
order effect on the temperature distribution during nor-
mal faulting. Increasing the rate of extension and faulting
dip angles enhances the surface heat flow. However, the
peak heat flow is not necessarily centered on the fault tip.
Low-angle normal faults with erosion of the footwall show
generally higher surface heat flow values in the footwall.

If the geometry of normal faulting is similar to the antifor-
mal hinge line migration model, the near-surface heat
flow on the footwall side relaxes to lower values during
extension resulting in concave-upwards heat flow versus
distance to fault tip curves. Therefore, low-angle normal
faults with antiformal hinge line migration show generally
higher heat flow wvalues in the hanging wall
If the fault slip is large enough (i. e. several tens of
kilometers), if the dip of the normal fault exceeds 10° to
15° and if only mid-crustal metamorphic rocks are ex-
posed in the metamorphic core, a ramp-flat geometry of
the normal fault has to be considered. A pronounced
near-surface heat flow peak that is centered near the
fault tip characterizes ramp-flat detachments with kink-
band geometry. Again the heat flow in the footwall rela-
xes fo lower values as the material moves away from the
fault tip resulting in convex upwards curves in a plot of
distance to fault tip versus heat flow. The width of the
conductive thermal overprint of the hanging wall is -
besides the extension rate — a function of the width of the
kink-band and thus of the dip of the ramp. Steep-dipping
ramps result in higher peak heat flows but more narrow
zones of thermal overprint of the hanging wall. As a rule
of thumb, for extension rates on the order of several mm/
a, the width of the thermal welt of about 20 mW/m? is
equal to the horizontal distance between the antiformal
and synformal hinge.
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Table 2

Apatite FT results from the surrounding of the Rechnitz Metamorphic Core Complex,
code locality petrography cryst. spontaneous induced dosimeter P(x?) FT-age
ps (Ns) (Ni)  pd (Nd) [%] [Mat1a]
GP-19 Zobemn conglomerate 60 79 (2732) 163 (5653) 4.66 (9076) 3 42,042 central age
GP-20 Boden conglomerate 50 48 (1274} 8.7 (2322) 456  (4537) 35 46.6+2 pooled age
GP-21 Ransdorf  orthogneiss 30 66 (953} 9.1 (1283) 448  (10915) 59 6148 pooled age

Cryst.: number of dated apatite crystals.

Track densities (p) are as measured (x10° trlem2); number of tracks counted (N) shown in brackets.
*: Central ages calculated using dosimeter glass: CN 5 with zZCN5 = 373 % 7 with the method of Galbraith and Laslett (1993).
P(y2): probability obtaining Chi-square value for v degree of freedom (where v = no, crystals-1).

Although the position of the peak heat flow will be always
somewhere near the fault tip, its exact location is again
dependent on the geometry of the detachment. Low-
angle ramps, which dip with less than around 20° will
have a near-surface peak heat flow on the hanging wall
side. About 30°-dipping ramps have a typically centered
peak on the fault tip. Steep ramps dipping with more
than 40° have a near-surface maximum heat flow located
in the footwall. Note, that this is only true for the geomet-
ries where the thickness of a given rock layer is conser-
ved (e. g. kink-band geometry, flexural failure model). If
the axial planes of the antiformal and synformal hinges
are always vertical as in the subvertical simple shear
model the near-surface heat flow peak will be always on
the hanging wall side near the fault tip.

2. Near-surface heat flow measurements over active de-
tachments can provide important information on the ge-
ometry of the normal fault. During rapid tectonic move-
ment of rocks heat advection is the dominant first-order
mechanism, which affects the temperature distribution
within the crust. After the tectonically active period, nu-
merous processes can influence the lateral distribution
of the near-surface heat flow including for example igne-
ous activity, thermal disturbance by moving water or heat
production by heterogeneously distributed radioactive
elements (LACHENBRUCH et al., 1994; SAss et al., 1994).
Therefore, only methods recording the temperature dis-
tribution during tectonic activity (e. g. thermochronologi-
cal and petrological methods) can reveal the thermal
overprint of the hanging wall above inactive metamor-
phic core complexes.

3. Rocks exhuming from below a low-angle normal fault
and a ramp-flat detachment reveal totally different coo-
ling history in the footwall. In the low-angle normal fault
model a given rock volume from the footwall steadily
cools during extension and consequently the time when
the rock sample is at its peak temperature is before the
onset of extension. Rocks below an active horizontal
detachment suffer initially no significant temperature
change. When the rock volume approaches the synfor-
mal hinge line, the rocks are heated by conduction from
beneath the ramp. Below the ramp the rock sample is
exhumed and cools steadily. Thus a local temperature
maximum or probably the peak temperature is reached
during extension.

4. At the margin of the RMCC the heat flow distribution of
the steeper ramp geometry (Model lll) gives the best fit to

the evidence available of the thermal history of the regi-
on. Although the window is partly surrounded by deep
basins and thus no straight strike profile is available for
analyses, scattered borehole and surface samples re-
veal a thermal overprint only in the close neighborhood
of the footwall exposures.
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Appendix

The time-dependent heat transfer equation in two-dimensions
including heat conduction, advection and production but for in-
compressible conditions is:

gz‘.zx gi.}:+?_2£ +| v £+V gz +
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where

Lo (A1)
pC
T = temperature [°C]
t = time [s]
k = thermal diffusivity [m?/s]
x, z = horizontal and vertical (i.e. depth) direction [m]
vx, vz = velocities in x and z direction [m/s]
Azy = volumetric heat production [W/m?]
C = specific heat [J/kgK]
p = density [kg/m?]
In the presented model the volumetric heat production is not a
constant value but an exponential function where the heat genera-
tion decays with depth:
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where A, is the heat generation in the surface layer, Iy is the

variable depth at which the heat production drops to 1/e of this

surface value.

This system is solved numerically in two dimensions using an
ADI (alternating-direction-implicit) method with a two-step scheme
(PEACEMAN & RACHFORD, 1955). The advective term has to be
discretize separately using an upwind differencing scheme, which
applies backward or forward differencing depending on the sign of
the velocity vector (OziSik 1985). This procedure is only stable as
long as:
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The other boundary conditions are:

T=T=0 (A4)

at the upper boundary where 7. is the constant surface tempera-

lure,

dT

e (A5)

al the left and right side. The lower boundary condition is a time-
dependent function where the temperature at the base of the crust
al a given lime is calculated using an analytical solution (MANCKTE-
LOW & GRASEMANN, 1997);
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where T(z) is the steady state solution:
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A solution for the time and position dependent is given by
CarsLaw & JaeGER (1959):

T(z,0)= Q’{z,f)exp[——v‘—z—ﬁ*-’]+ 7(z) (A6)

o Ar
T pCle—v. 1)

o L
C(z0)= %Zexp(— xwf!)sin &J,,z_!‘é' (z.1=0)sinw,z" dz’ (A8)
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Finite difference solutions for zero horizontal velocities and for
vertical exhumation of the whole crust (hanging wall and footwall)
in the z direction where compared with the analytical solutions in
order to check the validity and accuracy of the numerical approxi-
mation.
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