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Abstract

This study focuses on the interpretation of surface heat-flow density data in the central Andes to examine possible
lithospheric thermal structures. Along a profile at about 21°S from the Peru—Chile trench in the west to the Andean
foreland in the east, surface heat-flow density is used to constrain quantitative models that are employed to investigate
the influence of various effects on the thermal field. Negligible changes in surface heat-flow density along strike of the
Andean orogen, in contrast to major variations across the orogen, seem to justify the application of two-dimensional (2-D)
cross-section models. The region of the Andean orogen between the trench and the volcanic front is described by 2-D
subduction models, the back-arc region, characterised by crustal doubling, is analysed by 2-D models describing simple
underthrust phenomena and the Andean foreland is investigated by one-dimensional temperature estimates. The influence
of various geometrical and petrophysical parameters on the thermal structure is investigated. Model calculations show that
the low heat-flow density values in the fore-arc region suggest low shear stresses on the order of 15 MPa along the plate
contact. Variations of the subduction angle influence mainly the W-E extent of the surface heat-flow density anomaly.
The distribution of the crustal radiogenic heat-production rate influences the surface heat-flow density significantly, but
has only a minor influence on crustal temperatures. Modelling results show that temperatures at the maximum depth of
seismic coupling between the oceanic Nazca plate and the overriding South American continental plate (~45 km) are
on the order of 250 to 300°C, whereas at the maximum depth of the plate contact (~60 km) temperatures are on the
order of 300 to 350°C. The lithospheric temperature structure in the active magmatic arc region is strongly sensitive to
temperature changes caused by the occurrence of an assumed asthenospheric mantle wedge at shallow depth (~70 km).
To match conditions for melting at subcrustal levels, the minimum extent of an asthenospheric wedge towards the west
has to coincide with the position of the volcanic front. The thermally thinned lithosphere results in a surface heat-flow
density on the order of 60-70 mW m~2. Locally higher heat-flow density in the volcanic arc is interpreted as the effects
of shallow magma chambers. The doubling of the crust in the back-arc region affects the lithospheric thermal structure
considerably, but models do not show reverse temperature—depth distributions in the continental crust. In the back-arc
region the transition from a thermally thinned lithosphere to a ‘normal’ lithospheric thickness for continental shields may
occur. The observed surface heat-flow density in the Andean foreland suggests lithospheric thermal conditions as typical
for shield areas. [ 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The lithospheric thermal structure of convergence
zones is not well known, but is a key factor in order
to understand tectonic processes which are related to
the active subduction process, as these processes are
controlled by physical properties which critically de-
pend on temperature. The surface heat-flow density
can be used to constrain quantitative models of the
lithospheric thermal field in relation to different tec-
tonic scenarios and parameter variations. In general,
most subduction zones show similar characteristic
heat-flow density patterns. The more regiona heat-
flow density pattern may be superimposed by local,
near-surface effects such as, for example, the cooling
of magma chambers at shallow depth. Quantitative
models of different processes that influence the ther-
mal structure and thus the heat-flow density can be
used to distinguish between lithospheric processes
and local near-surface effects and therefore could
provide important clues to understand these tectonic
processes.

The South American Andes present the type ex-
ample of an active continental margin where the
oceanic Nazca plate subducts beneath the South
American continent. In the past four decades, heat-
flow density determinations in the central Andes
and the Nazca plate were the focus of several stud-
ies (Von Herzen, 1959; Sclater et al., 1970; Uyeda
and Watanabe, 1970, 1982; Anderson et al., 1976;
Uyeda et a., 1978, 1980; Watanabe et a., 1980;
Henry, 1981; Mufioz, 1987; Henry and Pollack,
1988; Mufioz and Hamza, 1993; Kudrass et 4.,
1995; Springer, 1997; Springer and Forster, 1998).
From this work heat-flow density maps were de-
rived to examine the variation of the geothermal
regime related to different tectonic settings. One-
dimensional analytical estimates have been used to
interpret the central Andean surface heat-flow den-
sity pattern (Giese, 1994; Favetto et a., 1997). These
models do not include effects related to the sub-
duction process, such as underthrusting of the cold
oceanic lithosphere, frictional heat generation along
the plate contact or mantle flow induced by the
subducting dlab. Several authors have studied the
thermal structure of different subduction zones using
numerical models (e.g. Toksoz et a., 1971; Andrews
and Sleep, 1974; Van den Beukel and Wortel, 1988;

Dumitru, 1991; Davies and Stevenson, 1992; Fu-
rukawa, 1993; Peacock, 1993; Hyndman and Wang,
1993, 1995) or analytical calculations (e.g. Mol-
nar and England, 1990, 1995; Tichelaar and Ruff,
199348). These models show large differences in
lithospheric temperatures which are mainly caused
by different model inputs, such as the model geome-
try, petrophysical parameters, and effects linked with
the subduction processitself.

The objective of this paper is the interpretation of
the surface heat-flow density pattern in the central
Andes with regard to ongoing tectonic processes.
Different scenarios of the prevailing tectonic pro-
cesses and the variation of geometrical and petro-
physical parameters are ssimulated using numerical
models to analyse the lithospheric thermal field.
Their influence on the lithospheric thermal field is
demonstrated and heat-flow components attributed
to lithospheric processes are separated from near-
surface effects. Because of the sparse information on
the lithospheric structure and petrophysical parame-
tersin the central Andes, the models are kept simple
and focus on the investigation of principal effects.

2. Tectonic setting

The central Andes provide a present-day example
of an ocean—continent subduction zone. In northern
Chile the subduction of the oceanic Nazca plate be-
neath the continental South American plate is ongo-
ing since about 200 Ma (Coira et a., 1982). The age
of the oceanic Nazca plate along the subduction zone
is older in the north and younger in the south. At
21°S the age of the subducting plate is about 50 Ma
(Cande and Haxby, 1991; Miller et al., 1997). The
Nazca—South American plate convergence velocity
is 84 mm a! (DeMets et al., 1990). The Wadati—
Benioff zone can be traced to more than 600 km deep
(Cahill and Isacks, 1992; Kirby et al., 1995). Thedip
angle varies with depth from less than 10° at 0 to 20
km depth, 15-17° at 20 to 60 km depth, 20—26° at
60 to 100 km depth, 25-32° at 100 to 150 km depth
and steepens to greater than 33° for depths >150 km
(Comte and Suérez, 1995). The maximum depth of
seismic coupling in northern Chile extends to about
45-50 km depth (Tichelaar and Ruff, 1991, 1993b;
Suarez and Comte, 1993). The present topography



M. Springer / Tectonophysics 306 (1999) 377-395 379

of the central Andes has mainly developed since
the Late Oligocene (Jordan and Gardeweg, 1989).
The Altiplano—Puna plateau has an average eleva-
tion near 4000 m extending over an area of about
1500 km long (N-S) and 300 km wide (E-W). The
minimum in the Bouguer anomaly of about —450
mGal (Gotze and Kirchner, 1996) and teleseismic
investigations (Zandt et al., 1994; Beck et al., 1996)
indicate a thickened Andean crust of about 65—75
km. The lateral extent of the thickened crust corre-
lates remarkably with the region of high topographic
elevation. The western border of the plateau is the
recent magmatic arc. The fore-arc region is formed
by older magmatic arc systems, which migrated step-
wise from the west to the east (Coira et a., 1982,
Scheuber et al., 1994). The Coastal Cordillera repre-
sents the oldest magmatic arc formed during Jurassic
time. In the Early Cretaceous, the magmatic activity
shifted eastward to the present Longitudinal Valley.
The third magmatic arc has been located in the Pre-
cordillera which developed during Late Cretaceous
to Palaeogene time. Since the Miocene magmatic ac-
tivity has been located within the Western Cordillera
and partly in the Altiplano region.

The eastern edge of the Altiplano—Puna plateau
isformed by the Eastern Cordillera, characterised by
west- and east-verging thrusts. Adjacent to the east,
the east-verging fold-and-thrust belt of the Suban-
dean Ranges represents the eastern flank of the cen-
tral Andes. The foreland of the Subandean Ranges
is formed by the sedimentary basin of the Chaco,
which is part of the stable Brazilian Shield.

The thickened Andean crustal structure has been
explained by various processes (see e.g. recent dis-
cussion in Allmendinger et a., 1997): underplat-
ing of the Brazilian Shield under the Andean crust
(Roeder, 1988; Schmitz, 1994; Lamb et a., 1997),
magmatic addition (Thorpe et al., 1981) and ther-
mal uplift in combination with crustal shortening
(Isacks, 1988). Crustal thickening in the region of
the Eastern Cordillera can be explained by tectonic
shortening, whilein the Altiplano and the fore-arc re-
gion other processes may dominate (Schmitz, 1994;
Schmitz and Kley, 1997). Crustal thickening of the
central Andes is interpreted to be developed in two
major stages (e.g. Gubbels et al., 1993; Jordan et
a., 1997; Okaya et da., 1997). In the first stage,
beginning in the Late Oligocene, crustal shorten-

ing was located mainly in the plateau region and
Eastern Cordillera. The total amount of crustal short-
ening for the Altiplano and Eastern Cordillera is
not well known; estimates vary from 100-155 km
(Isacks, 1988; Schmitz, 1994) up to about 250 km
(Lamb et al., 1997). However, a significant portion
of crustal volume in the plateau region (10-30%)
must be explained by other processes as, for ex-
ample, magmatic addition, tectonic underplating or
hydration processes of upper mantle rocks. Geophys-
ical investigations of the crust beneath the Altiplano
and Western Cordillera show low seismic velocities,
which are explained either by afelsic composition of
the lower crust (Zandt et al., 1994), or large amounts
of partially molten rocks (Schmitz et a., 1997). Parts
of the deeper fore-arc crust are discussed as un-
derplating of tectonically eroded material from the
continental margin (Schmitz, 1994). In the second
stage, widespread crustal shortening began on the
eastern side of the Andean mountain belt (thrust belt
of the Subandean zone) in the Late Miocene (about
10 Ma). During this phase, the entire crust of the
Subandes was thrust westward beneath the Eastern
Cordillera. Crustal shortening of about 140—-150 km,
accumulated since the Miocene, has been estimated
for the area of the foreland to the Eastern Cordillera
(Gubbels et al., 1993; Schmitz, 1994; Schmitz and
Kley, 1997).

3. Heat-flow density in the Central Andes

Compilations of available heat-flow density data
between the Nazca plate adjacent to the Andean sub-
duction zone and the Chaco basin are reported in
severa recent studies (e.g. Henry and Pollack, 1988;
Hamza and Mufoz, 1996; Springer and Forster,
1998). The regional distribution and quality of the
primary geothermal data used for heat-flow density
determinations in the central Andes are extremely
variable. A total of 74 reliable heat-flow density data
(Springer, 1997; Springer and Forster, 1998) could
be obtained for the study area (between 15-30°S
and 60-75°W). About one third of the data set, lo-
cated in the Subandean Ranges and the Chaco basin,
is derived from bottom-hole temperatures. 16% of
the heat-flow sites are situated within the Eastern
Cordillera, where heat-flow density determinations
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are mainly based on temperature measurements in
underground mines. Heat-flow density determina-
tions in the fore-arc region, the active magmatic arc
and the Altiplano plateau (about 40% of the data set)
are predominantly derived from continuous temper-
ature logs in boreholes. Temperature readings within
the area of the oceanic Nazca plate (about 10% of
the data set) and within Lake Titicaca are obtained at
shallow depths in unconsolidated sediments. Due to
the inhomogeneity in the data quality and distribu-
tion, only general trends of heat-flow density related
to tectono-morphologic units can be derived. The
most important features of the heat-flow density pat-
tern as described by Springer and Forster (1998) are
asfollows. Along strike of the Andean orogen (N-S)
no significant changes are found, but there are major
variations across the orogen (W-E). The heat-flow
density of the Nazca plate decreases with increasing
distance from the East Pacific Rise from higher than
100 mW m~2 to about 40 mW m~2 near the central
Andean subduction zone (see aso heat-flow density
map of Pollack et al., 1993). In the region of the
Peru—Chile trench heat-flow density is about 30 mW
m~2. Heat-flow density in the Coastal Cordillera is
on an average of 20 mW m~2 and presents a heat-
flow minimum. Towards the east, in the fore-arc
region (Longitudinal Valley and Precordillera), heat-
flow density increases to values between 40 and
60 MW m~2. The data base from the active mag-
matic arc (Western Cordillera) and the adjacent high
plateau of the Altiplano is extremely sparse. The
heat-flow density pattern is characterised by large
variations from 50 to 180 mW m~2. A comparatively
high heat-flow density of about 80 mW m~2 is also
characteristic of the back-arc region immediately to
the east (Eastern Cordillera). Towards the Suban-
dean Ranges and Andean foreland (Chaco basin),
heat-flow density decreases to about 40 mW m—2.

4. Thermal models

The main tectonic processes and their effects on
the lithospheric thermal field are analysed by forward
modelling along a profile across the central Andes at
about 21°S. Three different types of models are ap-
plied (Fig. 1): the fore-arc region between the trench
and the active magmatic arc is analysed by 2-D sub-

duction models; the back-arc region, which is char-
acterised by crustal doubling is investigated using
2-D crustal stacking models describing simple under-
thrust phenomena; and for the region of the Andean
foreland, which reflects stable shield conditions, 1-D
temperature estimates are applied. Surface heat-flow
density is used to constrain the thermal models with
various geometrical parameters (e.g. subduction an-
gle and velocity) and petrophysical parameters (e.g.
thermal conductivity, radiogenic and frictional heat
generation). To solvethe heat conduction equation for
a 2-D space, a standard finite-element method with a
Galerkin formulation is applied.

4.1. 2-D subduction model

4.1.1. Model parameters

The subduction model comprises two different
parts, the subducting oceanic Nazca plate and the
fixed South American continental lithosphere, that
do not deform with time. The subduction angle («)
and the velocity (v) of the subducting plate are con-
stant with time. An oceanic lithosphere of 100 km
thickness with a 10 km thick crust (Wigger et al.,
1994) is considered. Assuming a mean subduction
angle a of 20° (Comte and Suarez, 1995) and a con-
stant distance between the trench and the volcanic
line of 260 km (distance C-A in Fig. 1), the top
of the subducting slab below the volcanic line is
reached at 95 km depth (point F in Fig. 1). Below
the volcanic line a crustal thickness of 70 km is
assumed; the maximum depth of the contact between
the continental and oceanic crust (point D in Fig. 1)
is fixed at 60 km (Schmitz, 1994). The region be-
tween the continental crust and the subducting slab
is treated in two different ways. A reference model
considers a lithospheric mantle, which implies a
pure conductive heat transport. To investigate the
impact of an asthenospheric mantle wedge on crustal
temperatures and the surface heat-flow density, an
isothermal boundary condition (1250°C) is assumed
below the continental crust (further details later in
the text).

The following boundary conditions are used (see
Fig. 1). (1) A fixed surface temperature of 0°C is
assumed. (2) The pre-subduction geotherm is ap-
proximated by a steady-state geotherm of an oceanic
lithosphere corresponding to a surface heat-flow den-
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Fig. 1. Geometries and boundary conditions of the three different numerical models along the W—E profile: (1) the subduction model
in the west, (2) the crustal stacking model in the central part of the profile and (3) the 1-D geotherm mode in the east. MW1-3
represent models assuming different westward extent of an asthenospheric mantle wedge in contrast to the reference model (RFM) which
assumes a lithospheric mantle wedge (conducting lithosphere without 1250°C-isotherm within the wedge). Physical parameters and their
variations are explained in Tables 1 and 2; CC is Coastal Cordillera; PC is Precordillera; WC is Western Cordillera.

sity of 40 mW m~2 (Springer and Forster, 1998). (3)
A temperature of 1250°C is assumed at the base of
the subducting slab. (4) A zero vertical heat-flow
boundary condition is used at the right hand side
of the model. Material parameters used in thermal
modelling are summarised in Table 1.

An automatic mesh-generation procedure was ap-
plied to the model configuration. A close finite-ele-
ment grid spacing along the zone of plate contact
of 2 km and a coarser grid spacing of 5 km for
the other parts of the model is found to be ap-
propriate. This procedure enables the transition of
a high mesh density in regions that are influenced

Table 1
Physical parameters used in thermal modelling

to a great extent by the subduction process to a
coarser mesh density in regions that are less af-
fected by the subduction process. The study neglects
transient effects and solves for the steady-state solu-
tion. Thermal models of subduction zones presented
by Van den Beukel and Wortel (1988) show nearly
steady-state conditions at 30 Ma after the initiation
of subduction and a completely steady-state thermal
structure at about 50 Ma. The subduction process
of the central Andes has continued since about 200
Ma, which substantiates the assumption of steady-
state conditions. However, an essential condition for
this assumption are constant subduction variables for

Layer Density Thermal conductivity Thermal diffusivity Specific heat Radiogenic heat production
(kgm=)  (WmK™) (m?s™) (kgtect)  (wwWm)

Continental crust 2700 25 1000 0.90

Oceanic crust 2700 25 1000 0.25

Lithospheric mantle 3300 33 1000 0.02

Parameters correspond to a reference model; variations of particular parameters are described in the text and are summarised in Table 2.



382 M. Springer / Tectonophysics 306 (1999) 377-395

that period of time. Some subduction parameters in
the central Andes vary considerably with time (e.g.
subduction vel ocity; Pardo-Casas and Mol nar, 1987).
Investigations of their influence on the thermal struc-
ture will improve our understanding of whether or
not steady-state cal culations provide useful results.

To investigate the influence of different parame-
terson the lithospheric thermal field, variations of the
following parameters are considered (summarised in
Table 2): (1) the subduction angle; (2) the subduction
velocity; (3) the shear stress distribution along the
plate contact; (4) the westward extent of an astheno-
spheric mantle wedge; (5) the crustal radiogenic heat
production; and (6) the temperature-dependence of
the thermal conductivity.

In order to keep the model simple, theincreasein
dip with increasing depth of the subducting slab, as
observed by Comte and Suarez (1995), is neglected.
The constant dip angle («) is varied from 10 to 30°
to investigate itsimpact on crustal temperatures.

The convergence rate between the Nazca and the
South American plates has varied since the latest
Cretaceous from less than 5 cm a~* to more than 10
cm a ! (Pardo-Casas and Molnar, 1987). Therefore,
variations of the subduction velocity (v) from 1to 12
cm a! were made to investigate the influence of this
parameter on the crustal thermal field.

A key parameter for the lithospheric thermal field
is the amount of frictional heating on the dip sur-
face of the two lithospheric plates. The amount of

Table 2
Varying parameters for the different types of therma models
Model Parameter variation
2D-subduction model 1. Subduction angle («): 10-30°
2. Subduction velocity (v): 1-12 cm a!
3 Frictional heat generation at plate contact

RFM: constant shear stress (15 MPa)

SH1: zero shear stress

SH2: linear increase <40 km, constant >40 km depth

SH3: linear increase <40 km, exp. decrease >40 km depth
4. Asthenospheric mantle wedge

MW1: max. westward extent east of the volcanic line

MW?2: max. westward extent below the volcanic line

MW3: max. westward extent west of the volcanic line
5. Crustal radiogenic heat generation

a A(z) = constant = 0.9 pW m—3

b: A(z) = Agexp(—z/D), Ag = 1.5, 3.0, 4.0 pW m~3
6. Thermal conductivity

a constant (see Table 1)

b: temperature-dependent (A = 1o/(1+ cT))

|solated magma chambers 1

2D-crustal stacking model 1.

Depth of magma chamber
Basal heat-flow density

a: initial conditions correspond to the Eastern Cordillera
b: initial conditions correspond to the Subandean
2. Shear stress along the thrust
a low shear stress (10 MPa)
b: high shear stress (100 MPa)

1D-geotherm model 1

Lithospheric thickness: 150 or 200 km

2. Crustal radiogenic heat generation

a A(z) = constant = 0.9 pW m—3

b: A(z) = Agexp(—z/D), Ag = 1.5, 3.0 pW m—3
3 Thermal conductivity:

temperature-dependent (A = Ao/(1+cT))

For the modelling only a single parameter is varied, all other parameters correspond to the reference model given in Table 1.
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frictional heat produced per unit area of plate contact
equals the product of shear stress and subduction
velocity. For brittle deformation the average shear
stress increases linearly with the effective normal
stress (normal stress minus pore-fluid pressure; Tur-
cotte and Schubert, 1982). Pore-fluid pressures play
a prominent role within subduction zones and can
be very close to lithostatic pressures resulting in
only low effective shear stresses. Flow laws for duc-
tile deformation by steady-state dislocation creep are
generally expressed by a power law (Kirby, 1983).
For the estimation of the shear stress in a duc-
tile deformation regime, the knowledge of severa
material parameters is essential. Some of these pa-
rameters, such as pore-fluid pressure, strain rates and
material constants are poorly constrained. Thus, a
given amount of shear stress along the plate contact
is assumed. Following the estimates of Froidevaux
and Isacks (1984) and Tichelaar and Ruff (1993a) a
mean shear stress of 15 MPa aong the plate contact
isused down to 125 km depth. For the finite-element
modelling a volumetric form of the frictional heat
production is needed, which can be implemented by
dividing the amount of frictional heat generation by
the channel width. A channel width of 1 km is as-
sumed; the channel width has a negligible influence
on equilibrium temperatures (Yuen et al., 1978).

The distribution of shear stress with depth has
been varied in the following way (see Fig. 2): a
constant shear stress of 15 MPa has been assumed
over the entire depth range (Reference Model, RFM),
SH1 a zero shear stress, SH2 a linear increase up to
40 km depth and a constant value for greater depths,
and SH3 alinear increase of shear stress up to 40 km
depth and an exponential decrease for greater depths.
The summed mean shear stress over the entire depth
range of both SH2 and SH3 is 15 MPa.

After Isacks (1988), the uplift of the Altiplano—
Puna plateau is attributed to thickening of a duc-
tile lower crust by compressional tectonics and
thermal lithospheric thinning. As a first-order ap-
proximation for thermal modelling this process
can be described by an isotherm corresponding to
the lithosphere/asthenosphere boundary at shallow
depth. Therefore, a 1250°C-isotherm is assumed
at shalow depth and its westward extent into the
wedge is varied. Three different cases are investi-
gated (see Fig. 1): MW1 the maximum extent of the
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Fig. 2. Assumed shear stress distributions along the plate contact
(profile C-D in Fig. 1). Constant shear stress of 15 MPa over
the entire depth range (Reference model (RFM), solid line): SH1,
dotted line, zero shear stress; SH2, dashed line, linear increase
up to 40 km depth and a constant value for greater depths; SH3,
dashed/dotted line, linear increase of shear stress up to 40 km
depth and an exponential decrease for greater depths. Summed
mean shear stress over the entire depth range in both SH2 and
SH3is 15 MPa.

1250°C-isotherm into the wedge is located east of
the volcanic line, MW2 below the volcanic line, and
MW3 west of the volcanic line.

Radiogenic heat production in the oceanic and the
continental plate is assumed to be constant for most
models (see Table 1). Additional models consider a
depth-dependent radiogenic heat production for the
continental crust given by A(z) = Agexp(—z/D),
where A is the radiogenic heat-production rate at
the Earth’'s surface, z is depth, and D is the radio-
genic scaling depth. A radiogenic scaling depth of 10
km (Cermék and Haenel, 1988) for the whole crust
and surface radiogenic heat-production rates of 1.5,
3.0 and 4.0 pW m~3 are assumed. Crustal heat pro-
duction decreases with depth to a minimum value of
0.45 wW m~2 for lower crustal rocks (Chapman and
Furlong, 1992); for greater depths heat production is
set at this value.
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In thermal models investigating the entire litho-
spheric thickness, the temperature dependency of
thermal conductivity has to be taken into account.
Experimental data show a decrease of the thermal
conductivity of more than 50% with an increase in
temperature from 0 to 1000°C (Zoth and Haendl,
1988; Clauser and Huenges, 1995). Thermal con-
ductivity of the reference model is assumed to be
constant (see Table 1). Additional calculations con-
sider a thermal conductivity dependency given by
A = Ag/(1+cT) (Cermak and Rybach, 1982), where
Ao is the thermal conductivity at 0°C and ¢ is a ma-
terial constant (assumed as 10-3°C~1). Following the
compilations from Zoth and Haenel (1988), thermal
conductivity values at surface conditions (1q) have
been set to 3.0 W m~t K~ for crustal rocks and 4.4
W m~1 K~ for subcrustal rocks.

4.1.2. Model results

The general steady-state fore-arc thermal struc-
ture is characterised by downward-deflected iso-
therms caused by the subduction of cold oceanic
lithosphere. Wider isotherm spacing results in low
geothermal gradients and a pronounced minimum
in the surface heat-flow density (see Fig. 3c and
Fig. 6). In the region of the volcanic arc the crustal
temperature structure is less affected by the subduc-
tion process and the isotherms become subhorizon-
tal. Lithospheric cooling by the subduction of the
oceanic plate on the one hand and frictional heating
along the plate contact on the other hand can resultin
reverse temperature—depth functions in the fore-arc
region. Deeper parts of the oceanic lithosphere are
not influenced by frictional heating along the dip
surface.

In the reference model the subduction angleis set
to a constant value of 20°. Resulting crustal temper-
atures and the heat-flow density distribution across
the subduction zone are shown in Fig. 3. Variation of
the dip angle between 10 and 20° has only moderate
impact on crustal temperatures in the fore-arc re-
gion. Compared to the reference model, differences
in temperature of a maximum of 4+90°C at 60 km
depth are calculated for shallow subduction with a
dip angle of 10°. The effect on the surface heat-flow
density is less than 10 mW m~2. More significant is
the effect on the lateral extent of the resulting heat-
flow density minimum. Steeper subduction resultsin

a narrow heat-flow density minimum, in contrast to
avery distinct heat-flow density minimum caused by
shallow subduction angles.

The effect of subduction velocity on the thermal
structure turns out to be very small (see also Van den
Beukel and Wortel, 1988). Variations of subduction
velocity between 6 and 12 cm a ! do not result
in significant differences in the thermal structure
compared to the reference model (v = 8.4 cm a™b).
The effects of increased cooling caused by faster
subduction and the higher heat production by friction
cancel each other out (Van den Beukel and Wortel,
1988). In the case of very slow subduction (v =
1-3 cm al), the effect of heating of the oceanic
lithosphere by the hotter overlying continental crust
exceeds the effect of cooling, and aong the plate
contact at 60 km depth the resulting temperatures are
about 150°C higher than in the reference model.

Shear stress and the resulting frictional heating
along the plate contact has the most important influ-
ence on the thermal structure of the fore-arc. Most
of the generated frictional heat is consumed to heat
up the downgoing dab (see Van den Beukel and
Wortel, 1988). The influence on temperatures of the
overlying plate is significant in the fore-arc close to
the trench but tends to be negligible towards the vol-
canic arc (Fig. 3b,d). The variation of the shear stress
distribution along the plate contact resultsin temper-
ature variations from less than 200°C to more than
400°C at the maximum depth of the plate contact (60
km). The resulting heat-flow density distributions
show noticeable changes only in the fore-arc region
between the trench and the Coastal Cordillera; to-
wards the volcanic line the surface heat-flow density
tends toward a value of about 50 mW m~2. Observed
heat-flow density conditions in the region of the
Coastal Cordillera (about 20 mW m~2) are met when
an extremely low shear stress at shallow depth is
assumed. Shear stress distributions at greater depths
cannot be distinguished from the surface heat-flow
density.

Petrological studies of volcanic centres within the
Central Volcanic Zone (CVZ, see summary by Fran-
cis and Hawkesworth, 1994) show mainly mantle-
derived basaltic magma compositions. Therefore,
temperature conditions in the mantle wedge below
the active volcanic arc must exceed melting condi-
tions of mantle rocks. To generate such conditions at



M. Springer / Tectonophysics 306 (1999) 377-395 385

= 80
g - ’/—//_—/11
= MW3—— 7~ 7
€ 60 MW2——Z ~ 7
= Mw1—24—4,
2 ‘4
2
o 40
a)
3
i 20¢f;-
®
T
0
g
)
5 2
0 . s , 8 0
",‘:_‘!—RFM and MW1-3 = Distance from Trench [km] £
0 50 100 150 200 250 300 350 :‘\\
— 2\, SH2 0 w T : . ‘ N
§ 20 LRy 1 lzf . \\\\\ MW1 120 g
= VL \\)? MW2 £
o .. SH3 50 1 ] SH1-L\ \W - Mw3 =5
£ SH1 1 T : \\\ 2
% . : : \ =
o 40 \‘ \ 1250°C FRFM—» \\ \ 140 <
o 100 | n e N sH2—nf N\ ‘g
® ' SH3 —» ' )
. : : \
60 =) 150 T BN
0 200 400 @ L 60
Temperature [°C ' o
P Ll Lol @ 0 500 1000
?fnﬂt]h : Temperature [°C]

Fig. 3. () Geometry of the 2D-subduction model. (b) Resulting temperatures along the plate contact versus depth z (along profile C-D
in Fig. 1). (c) Resulting surface heat-flow density (profile C-E in Fig. 1). (d) Resulting crustal temperatures below the volcanic arc
(profile A-B in Fig. 1). Models: RFM, solid line = reference model with parameters of Table 1; SH, dotted lines = models assuming
different shear stress distributions along the plate contact (see Fig. 2); MW, dashed lines = models assuming different westward extent of

an asthenospheric mantle wedge (see Fig. 1).

subcrustal levels by shear heating, shear stresses in
excess of 100 MPa are required. Such shear stresses
are 1-2 orders of magnitude higher than estimates of
rock strength at elevated pressures and temperatures
(see Yuen et al., 1978; Peacock, 1989). Furthermore,
frictional heating decreases drastically at tempera-
tures higher than those of the brittle—ductile transi-
tion and thus cannot explain melting temperatures
below the volcanic arc. Therefore, other scenarios
such as the occurrence of an asthenospheric mantle
wedge at shallow depth have to be assumed. An
asthenospheric mantle wedge implies advective heat
transport of hot material, which can be more effec-
tive than conductive cooling caused by the subduc-
tion of cold oceanic lithosphere. Numerical models
considering mantle flow induced by the subducting
dab (e.g. Davies and Stevenson, 1992; Furukawa,
1993) show a similar pattern of the stream lines

and the calculated isotherms in the mantle wedge
as simplified in this study. The influence of the
westward extent of the 1250°C-isotherm into the
wedge is shown in Fig. 3. In contrast to the vol-
canic arc region, temperaturesin the fore-arc closeto
the trench are not influenced by the asthenospheric
mantle wedge. Calculated heat-flow density profiles
show a general increase to the volcanic arc, but the
effect on the surface heat-flow density istoo small to
be distinguished by the measured heat-flow density
profile. However, to match conditions for melting at
subcrustal levelsin the volcanic arc region, the min-
imum extent of the 1250°C-isotherm has to coincide
with the position of the volcanic arc. Otherwise, the
cooling effect of the subduction process resultsin too
low temperatures at subcrustal levels. Because of the
boundary conditions Ts = 0°C and Tgn, = 1250°C
used for the modelling, only general statements on
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the thermal structure of the continenta crust can be
made. The maximum heat-flow density in the region
of the volcanic arc is on the order of 60—~70 mwW m—2,
Locally higher values in the volcanic arc have to be
interpreted by near-surface effects, such as shallow
isolated magma chambers (see later in the text).

The variation of the radiogenic heat-production
rate affects the near-surface thermal field consider-
ably, but the temperatures at greater depths are only
dightly affected. This is a consequence of the as-
sumed accumulation of radioactive elements in the
upper crust, its exponential decrease with depth, and
the increase of crustal thickness towards the vol-
canic arc. Model calculations with a high radiogenic
heat-production rate at the surface (4.0 pW m~3)
show an almost constant heat-flow density across the
subduction zone of about 40 mW m~2. The high
heat production in the fore-arc cancels out the low
surface heat-flow density caused by the advection of
cold material. Model calculations with lower surface
radiogenic heat-production rates show similar heat-
flow density profiles respectively at lower levels.

Additional calculations were done consider-
ing temperature-dependent thermal conductivities.
Model calculations assuming constant average ther-
mal conductivities (see Table 1) yield aimost the
same results as models with temperature-dependent
conductivities, which implies a good approximation
of the average values with the assumed temperature
dependency.

4.1.3. Isolated magma chambers

The influence of isolated magma chambers on the
surface heat-flow density can be estimated by ana-
Iytical solutions (Cardaw and Jaeger, 1959; Haenel
and Mongelli, 1988). To anayse their impact on the
surface heat-flow density pattern during the cool-
ing process, an intrusive body is approximated by a
rectangular parallel epiped. The estimation of an ‘av-
erage’ magma chamber volume is extremely compli-
cated. Published ratios of extrusiveto intrusive rocks
are on the order of 1:1 to 10:1, and only rarely
can magma chamber volumes be estimated. How-
ever, these ratios may strongly differ according to
the magma composition and are variable for differ-
ent volcanoes. In the following, a magma chamber
with an extent of 7 x 7 x 4 km (length x width x
height) and an initial magma chamber temperature

of 1000°C, appropriate for andesitic magma, will be
assumed.

The impact of an isolated magma chamber on the
surface heat-flow density is mainly influenced by its
depth. The deeper the magma chamber, the smaller
the surface effect. A magma chamber at 4-8 km
depth resultsin a relative heat-flow density anomaly
on the order of 150 mW m~2. The anomaly can be
recognised only within a relatively small time span.
About 1 Ma after the onset of cooling the anomaly
diminishes to about 10 mW m~2. The same magma
chamber, located just 1 km deeper at 5-9 km depth,
resultsin a heat-flow density anomaly on the order of
90 mW m~2, Assuming an intrusion depth below 10
km, the resulting heat-flow density anomaly is on the
order of 10 mW m~2 and cannot be resolved in the
case of the centra Andean heat-flow data set. The
width of the surface heat-flow density anomaly (of
magnitude greater than 10 mW m~2) is about twice
the magma chamber width.

4.2. 2-D crustal stacking model

4.2.1. Model parameters

In order to investigate the thermal evolution dur-
ing the process of underthrusting in the back-arc
region, a 2-D crustal stacking model is used (see
Fig. 1). In contrast to the long-lasting subduction
process (since about 200 Ma), strong shortening in
the back-arc region started in the Late Miocene.
For this rather recent process steady-state conditions
cannot be assumed (Shi and Wang, 1987; Peacock,
1989). Transient phenomena caused by, for exam-
ple, heat advection (emplacement) and simultaneous
temperature relaxation have to be considered. The
initial temperature condition (at t = 0) for the crustal
stacking model is represented by a horizontal homo-
geneous temperature field corresponding to a 35 km
thick crust underlain by a lithospheric mantle. The
underthrusting of the entire lithosphere relative to
the fixed upper crustal segment is modelled in two
steps. (1) For technical reasons, the replacement of
lithospheric mantle material by underthrusted crustal
material is instantaneous (shaded areain Fig. 1). (2)
Afterwards, a constant velocity is assigned to the
entire underthrusting lithosphere. The thicknesses of
the two crustal segments remain unchanged during
underthrusting, resulting in a doubled crust of 70
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km thickness. Processes like tectonic uplift, erosion
and isostatic uplift are not considered in the model.
Isostatic compensation has only modest influence
to the lithospheric thermal field (Germann, 1990);
in contrast erosion may have significant effects on
the thermal state of the upper crust, which will be
discussed separately below.

The following boundary conditions are used
(Fig. 1): (1) A fixed surface temperature of 0°C
is assumed. (2) A zero horizontal heat-flow bound-
ary condition (dT/dx = 0) at the right hand side
and left hand side of the model is used. (3) At
the lower boundary of the model a variable basal
heat-flow density is applied. Following the estimates
for the total amount of crustal shortening of about
140 km since the Miocene (Gubbels et al., 1993;
Schmitz, 1994; Schmitz and Kley, 1997), a constant
relative velocity for underthrusting of 1.4 cm a* for
a period of 10 Ma is assumed. The lithosphere is
thrusting under the fixed crustal segment at an angle
of 15° (Schmitz, 1994). All petrophysical parameters
correspond to the values of Table 1.

This simplification of the crustal stacking process
resultsin models where crustal parameterswithin the
zone of the thickened crust are used for the entire
period of time instead of a progressive displacement
of crustal material. To verify the error of temperature
estimates based on this simplification, a calculation
simulating a duration of 10 Ma is made considering
an instantaneous replacement of lithospheric man-
tle material by underthrusted crustal material, but
without any velocity assignment to the underthrusted
lithosphere. Because of the different petrophysical
parameters, temperatures within the underthrusted
lithosphere are a maximum of 65°C higher than ini-
tial temperatures. This range is considered to be the
error of temperature estimates based on the simplifi-
cation of the crustal stacking process.

Two different scenarios are investigated by vary-
ing the basal heat-flow density. In the first case, a
basal heat-flow density of 12 mW m~2 is applied, to
approximate initial surface conditions corresponding
to the surface heat-flow density in the Subandean
Ranges. Resulting initial conditions of surface heat-
flow density are approximately 45 mW m~2 and the
lithosphere/asthenosphere boundary is at about 200
km depth. In a second case, corresponding to the
surface conditions of the Eastern Cordillera, a basal

heat-flow density of 30 mW m~2 is applied, resulting
in a surface heat-flow density of about 60 mW m~2
and a lithospheric thickness of about 100 km (see
Fig. 1 and right-hand side of thermal structures of
Fig. 4). Again, asin the 2D-subduction models, shear
stressis considered in the 2D-crustal stacking model.
Along a 1-km-thick thrust, the amount of shear stress
is variable. For both initial conditions a low friction
model with a constant shear stress of 10 MPa and a
high friction model with a shear stress of 100 MPais
investigated.

4.2.2. Model results

Fig. 4 shows the resulting thermal structures and
surface heat-flow density distributions for various
parameters of the crustal stacking model 10 Ma af-
ter the onset of thrusting. Initial conditions can be
seen on the right side of the models; the advective
heat transport in lateral direction does not affect the
thermal field. The general thermal structure is sim-
ilar to the subduction models, showing downward
deflected isotherms caused by underthrusting. The
wider isotherm spacing results in low geothermal
gradients and a surface heat-flow density minimum.
The low shear stress models (Fig. 4a,b) yield a sur-
face heat-flow density minimum of about 20 mw
m~2. There is no increase in the surface heat-flow
density caused by the thickened crust and corre-
sponding greater radiogenic heat production. This
effect results in a significant increase of the sur-
face heat-flow density only after longer times (about
50 Ma). Reverse temperature—depth distributions in
the crust, as usualy assumed in one-dimensiona
models for temperature relaxation of an initial ‘ saw-
tooth’ geotherm (see discussion in Peacock, 1989),
do not result from the 2-D crustal stacking models.
In contrast, reverse temperature—depth functions re-
sult in the case of high shear stress aong the thrust
(Fig. 44,b'). Thefrictional heat generation within the
1 km thick thrust isabout 50 times higher than the ra-
dioactive heat generation of the surrounding crustal
material, resulting in higher temperatures close to
the thrust. The effect of crustal cooling by under-
thrusting is diminished by the high frictional heating
and a pronounced minimum in the surface heat-flow
density cannot be resolved. Assuming melting con-
ditionsin the lower crust as a maximum temperature
limit, and further that the composition of the lower
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crust corresponds to that of tholeiitic basalt (melting
temperatures on the order of 1000°C), a maximum
surface heat-flow density on the order of 60 mwW m—2
is calculated at the | eft side of the model.

The development of the major topographic relief
of the Eastern Cordillera occurred within the last 10
Ma (Gubbels et al., 1993; Okaya et al., 1997). This
uplifted region has since been subject to erosion.
The effect of erosion on uppermost crustal temper-
ature conditions is to expose warmer rocks, which
contributes to an increase in temperature gradient
and thus surface heat-flow density. Erosional pro-
cesses are not considered in the numerical models.
The perturbation of the thermal field by erosion can
be described analytically by heat conduction in a
moving medium (Carslaw and Jaeger, 1959, p. 388).
Published erosion rates of 0.2-0.4 mm a™! inthelast
10-15 Ma(Crough, 1983) will increase the heat-flow
density at the surface by about 10-30%.

4.3. 1-D geotherm model

4.3.1. Model parameters

The Andean foreland is characterised by large
sedimentary basins, such as the Chaco basin, un-
derlain by the Precambrian Brazilian Shield. The
geothermal regime of such shields is mainly in-
fluenced by the heat that flows upward from the
mantle and by internal crustal heat sources. Effects
on the therma structure in the sedimentary basin
such as heat advection through extensive aquifers are
neglected. Thus one-dimensional, steady-state condi-
tions are assumed for the lithospheric thermal regime
of the Andean foreland. Boundary conditions for the
calculations are a fixed surface temperature of 0°C
and 1250°C at the base of the model (see Fig. 1).
Variations of the following parameters are investi-
gated: (1) the depth of the 1250°C-isotherm at 150
or 200 km depth, which implies various lithospheric
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thicknesses; (2) the radiogenic heat-production rate
within the crustal layer (see aso Section 4.1.1); and
(3) different assumptions of the thermal conductivity
distribution (see also Section 4.1.1). All petrophys-
ical parameters correspond to the values given in
Table 1.

4.3.2. Model results

Two families of steady-state, one-dimensional
geotherms (corresponding to the varied lithospheric
thicknesses) and the resulting surface heat-flow den-
sity for the Andean foreland are shown in Fig. 5.
Modelled geotherms are very similar with those
presented by Chapman and Furlong (1992) for sta-
ble shield areas. Temperatures at the crust/mantle
boundary are on the order of 400-600°C; calculated

surface heat-flow density values are within the range
of 40-56 mW m~2. Comparisons of modelling re-
sults and measured surface heat-flow density (on the
order of 40 mW m~2) show that the lithosphere of
the Andean foreland can be described as a cold con-
tinental lithosphere with a thickness of about 200
km. However, low heat-flow density in the Andean
foreland may be affected by transient thermal effects
in the uppermost crust. Rapid burial inthelast 10 Ma
with a subsidence rate of 0.1-0.4 mm a ! (Coudert
et a., 1995) may cause non-steady-state conditions
because the thermal field must continuously readjust
to new surface conditions. The analytical evaluation
of the effect of sedimentation can be treated (com-
parable to the effect of erosion) by the equation
of heat conduction in a moving solid (Cardaw and
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Jaeger, 1959, p. 388). Subsidence rates as estimated tions of the subduction angle influence the width and
by Coudert et al. (1995) may decrease the surface shape of the surface heat-flow density anomaly as
heat-flow density by about 15% (see also Springer well as the heat-flow density level. Shallow sub-
and Forster, 1998). duction results in higher temperatures along the
subduction contact and within the overriding con-
tinental crust. Modelling shows negligible influence

5. Conclusions of the subduction velocity on the thermal field in the
fore-arc region. Temperatures at the maximum depth
A compilation of different modelling results along of seismic coupling between the oceanic Nazca plate
aW-E profile is shown in Fig. 6. With regard to the and the overriding South American continental plate
varying tectonic regimes in the centra Andes the (~45 km) are on the order of 250 to 300°C, whereas
following conclusions can be made. at the maximum depth of the plate contact (~60 km)
Model calculations for the fore-arc region sug- temperatures are on the order of 300 to 350°C.
gest low shear stresses along the contact between Lithospheric temperature conditions of the
the oceanic and continental lithosphere. A maximum fore-arc region close to the active magmatic arc
mean shear stress of 15 MPa resulting in low fric- are sensitive to the presence of an assumed astheno-
tional heat generation rates is considered to be a spheric mantle wedge at shallow depth (~70 km).
reasonable value for the subduction regime. Varia- To match conditions for melting at subcrustal levels,
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Fig. 6. Compilation of separate model calculations (bottom) along the W—E profile, the resulting surface heat-flow density (dashed/dotted
line) and measured heat-flow density (top; see Springer and Forster, 1998). Measured heat-flow data are compiled between 15 and
30°S; shown are mean heat-flow density (black line) for each tectono-morphologic unit, mean absolute deviation (dark shaded range),
range between minimum and maximum value (shaded), and number of heat-flow density values determined in each unit. CC is Coastal
Cordillera, PC is Precordillera, and WC is Western Cordillera. 1250°C-isotherm: (dotted) used as boundary condition of the models.
Between the modelled sections temperatures are extrapolated (dashed isotherms) to the 1250°C-isotherm. Parameters used for the
subduction model: case SH2 for the shear stress distribution along the plate contact (see Fig. 2), westward extent of the asthenospheric
mantle wedge to the volcanic line (see case MW2 of Fig. 1); crustal stacking model: initial conditions according to the Eastern Cordillera
and low shear stress along the thrust (see Fig. 4a); Andean foreland: 1250°C-isotherm at 200 km depth. All other parameters correspond
to Table 1.
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the minimum extent of the asthenospheric wedge
towards the west has to coincide with the position
of the volcanic front. The thermally thinned litho-
sphere results in a surface heat-flow density on the
order of 6070 mW m~2. Locally higher heat-flow
density in the volcanic arc is interpreted as the ef-
fect of isolated magma chambers located at shallow
depth. To explain local anomalies of up to 180 mW
m~2, magma chambers at extremely shallow depth
of about 4-6 km (top of the chamber) have to be
considered. Heat-flow density anomalies caused by
isolated magma chambers are extremely short-lived.
About 1 Ma after the emplacement, the anomaly
diminishes to about 10 mW m~2, which cannot be
resolved in the case of the central Andean hesat-flow
data set.

The subduction models demonstrate the impor-
tance of shear stress along the plate contact to the
calculated lithospheric thermal field close to the
trench. The amount of shear stress is mainly in-
fluenced by the coefficient of friction. There is no
evidence that parameters influencing the coefficient
of friction (e.g. viscosity of subducted sediments or
fluids within the subduction channel) have changed
significantly during the time of subduction. Thus,
the assumption of a uniform frictional heat genera-
tion with time seems appropriate. Variations of the
subduction angle in the central Andes during time
are not well constrained. Comparisons of the present
subduction geometry of the central Andes with the
flat slab subduction further to the north and south
(<16°S and >28°S), and the variation of the subduc-
tion angle with time there (e.g. Sébrier and Soler,
1991; Kay and Abbruzzi, 1996) suggest that the sub-
duction angle may also have changed with time in
the central Andes (see discussion in Allmendinger
et al., 1997). However, changes from ‘normal’ sub-
duction to ‘flat’ subduction occur at greater depths
(>100 km, see contours of Wadati—Benioff zone of
Cahill and Isacks (1992)), and thus have little effect
on the thermal structure in the fore-arc region. The
amount of the crustal radiogenic heat production,
its vertical distribution and possible variation during
the process of subduction are not known. Recent
discussions on the vertical distribution of radiogenic
heat production are controversial (e.g. discussion by
McLennan and Taylor (1996)). Therefore, a constant
heat generation rate in the continental crust (with

depth and time) seems to be most reasonable. As a
conclusion of these model calculations, steady-state
conditions for the fore-arc region close to the trench
seem to be justified. Further to the east, close to the
volcanic arc, the situation is more complicated and
temporal changes of subduction geometry have to be
taken into account. Variations in the subduction an-
gle at greater depths influence the development of an
asthenospheric mantle wedge. In the situation of the
central Andes a ‘present day’ asthenospheric mantle
wedge has to be assumed to satisfy temperature con-
ditions for melting at subcrustal levels and extensive
volcanism. In the case of flat subduction, no astheno-
spheric mantle wedge is existent and the cooling
effect of the subduction process results in very low
temperatures. Furthermore, the development of the
modern central Andes involved major crustal thick-
ening and uplift since the Late Oligocene (Gubbels
et a., 1993; Allmendinger et a., 1997; Jordan et
a., 1997; Okaya et al., 1997). Therefore, non-uni-
form subduction parameters should be considered
and temperature calculations, assuming steady-state
conditions in the region of the volcanic arc, can be
used only for general approximations.

The main results of the modelling can be sum-
marised as follows. The existence of an astheno-
spheric mantle wedge resultsin only adlight increase
of surface heat-flow density, to a maximum of about
70 mW m~2. A sharp increase in heat-flow density,
as observed in other subduction zones such asin the
North American Cascades (Blackwell et al., 1982
Lewis et a., 1988) and in the Tohoku arc of Japan
(Honda, 1985) cannot be explained by the subduc-
tion process itself. Heat-flow density in the region
of the volcanic arc and Altiplano can be explained
by two components: a background heat-flow density
resulting from the subduction process and a second
one resulting from near-surface heat sources (e.g.
magma chambers).

The continental crust of the volcanic arc and
Altiplano is characterised by various geophysical
anomalies. anomalously low seismic velocities in
the deeper crust (Wigger et a., 1994), the genera
absence of crustal earthquakes (Cahill and Isacks,
1992), the high seismic wave attenuation (Graeber
and Haberland, 1997), a major negative Bouguer
anomaly (Gotze and Kirchner, 1996) and a zone
of extremely high electrical conductivities (Schwarz
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and Kriger, 1997). The existence of an astheno-
spheric mantle wedge at shallow depth leads to high
crustal temperaturesin the volcanic arc and Altiplano
region. The temperature calcul ations support the in-
terpretation of the geophysical anomalies as large
areas of partial meltsin the deeper crust (Schmitz et
al., 1997).

The lithospheric thermal structure of the back-arc
region is strongly influenced by the crustal stacking
process. However, reverse temperature—depth dis-
tributions in the continental crust do not result in
2-D crustal stacking models. The recent lithospheric
thermal structure is mainly influenced by the initia
temperature distribution assumed at the beginning of
the crustal stacking process. The lithospheric ther-
mal structure of the back-arc region can be explained
by a transition from a lithosphere/asthenosphere
boundary at shallow depth to a ‘normal’ lithospheric
thickness for continental shields. Thus, the proposed
lithospheric structure for the central Andes, with a
thinned lithosphere beneath the Western Cordillera,
Altiplano and western part of the Eastern Cordillera,
is similar to that proposed previously by Isacks
(1988) and Lamb et al. (1997), but differs from that
of Whitman et a. (1992). Melting temperatures in
the lower crust (crust/mantle transition at about 70
km depth) result in a maximum surface heat-flow
density on the order of 60 mW m~2. An increase
of surface heat-flow density by an increased heat
production rate resulting from crustal doubling can-
not be observed 10 Ma after the onset of thrusting.
Higher surface heat-flow density in the area of the
Eastern Cordillera may be attributed to transient ef-
fects on the thermal field by erosional processes,
which were not considered in the numerical mod-
els.

The observed surface heat-flow density in the
Andean foreland (Chaco) can be explained by litho-
spheric thermal conditions corresponding with those
of typical shield areas. Temperature estimates at the
crust/mantle transition are on the order of 400 to
600°C considering a lithospheric thickness of 150—
200 km. However, the low surface heat-flow density
in the area of the Andean foreland may be attributed
to transient effects in the thermal field caused by
recent sedimentation.
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