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Summary

The relevant thermophysical parameters and models of gravity
structure are used to determine the rheological stratification of
the crust in several areas along the Andes region. Brittle and
ductile behaviours are studied in the frame of the Anderson-
Sibson faulting theory and Dorn's formulation of non-linear
rheology. The seismogenic thickness Z{Q) thus obtained for
different areas is compared with the maximum observed
seismogenic depth Z(S) in the same areas. It is shown that
geotemperature generally imposes a cut-off to the generation of
earthquakes. This reflects the property of crustal materials to
flow under stresses when some characteristic thermal conditions
are attained. In the cases examined here, the stress field is
mainly induced because of the interaction between the Nazca
and the South American plates. A visco-elastic to viscous
zonation characterizes these plates which are thought to represent
the upper parts of convection cells in the tectonosphere.

Introduction

Surface heat flow in the Andes region is very variable
spanning the whole range of values observed in continental areas,
i.e. from about 10 to 180 mW/m2 (Hamza and Mufioz 1996;
Springer and Forster 1998). A variable thermal structure and the
associated rheological zonation with different depths of the
brittle-ductile transition have been seen to conform significant
constraints on the distribution of seismicity (e.g., Magnitskiy
1967; Sibson 1982; Ito 1990; Kononov et al. 1993; Muifioz 1994;
Magistrale and Zhou 1996).

Knowledge of the thermal and gravity fields of the earth,
and of parameters- derived from seismological studies and creep
experiments, allows the construction of rheological profiles of
the lithosphere. The approach followed here is the comparison
between a linear frictional fracture criterion describing a brittle
regime (Anderson-Sibson’s formulation) and a nonlinear flow
stress (Dorn’s equation) corresponding to a ductile rheology
(e.g, Ranalli 1991). Creep experiments provide a set of
parameters for lithospheric rocks in the ductile domain (e.g.,
Carter and Tsenn 1987) from which temperatures for the
transition from brittle behaviour in different lithologic media
can be estimated. These estimates have been proven to be in
agreement with temperatures determined for the rheological
transition in different tectonic regions where thermal and
seismological observations are available. In some cases this
transition is observed at temperatures of about 250 - 400 °C
(e.g., Williams 1996) but generally in the crust, 450 + 100
°C isotherms separate the brittle from the ductile regime (e.g., Ito
1990; Lewis et al. 1992; Mufioz 1994). In the upper mantle the
critical isotherm for the rheological transition is usually in the
temperature range 600 + 50 °C (e.g., Keith 1993; Anderson
1995).

In the Andes, the distribution of seismic activity in the
continental crust and uppermost mantle has been seen to be
strongly related to the thermal structure. In this contribution
some previous results (Mufioz 1995) are revisited and new
observations and inferences are presented and discussed.

Thermal Structure

Geotherms in this work are generally computed in zones
far from the oceanic trench (200-300 km) where the thermal
structure of the continental crust and uppermost mantle and the
distribution of seismic activity in these layers are not
significantly related to processes occurring in connection with the
Wadati-Benioff zone (e.g., Szddeczky-Kardoss 1977; Honda and
Uyeda 1983; Cahill and Isacks 1992). In the volcanic arc and
geothermal areas, very high values of heat flow can be due to
isolated magmatic bodies where the circulation of fluids adds a
strong convecting component to the observed heat flow (Mufioz
and Hamza 1993; Springer 1999). This effect has to be
considered for calculating thermal models, and independent
methods should be used to impose a limit to these high values.

A large number of geotherms were computed following the
procedure described by Chapman and Furlong (1992).
Temperatures at the crust-mantle boundary (CMB) are shown in
Table 1. L, N, A and J represent different cordilleran areas in
Peru where gravity and seismicity data are available also. The
description (L - Lima, N - Nazca, A - Arequipa, J - Juanjui)
follows from Fukao et al. (1989). AP corresponds to areas of the
Altiplano where high heat flow has been observed (see Table 1).
In the coast range of Perti it was obtained that temperature of the
CMB does not exceed values of about 150-200 °C, increasing
eastwards to about 450-830 °C. This depends not only on the
characteristic heat flow pattern (Hamza and Mufioz 1996) but
also on the crustal thickness and stratification (Fukao et al.
1989). In areas of the Altiplano with high heat flow, temperature
of the CMB can reach values of about 1000-1100 °C.

Low mean geothermal gradients in the crust (8 - 12 °C/km)
are characteristic of large areas in the Peruvian Andes, Norte
Chico (Chile), Sierra Pie de Palo and Central Cordillera
(Argentina). Mean gradients of intermediate magnitude (12 - 15
°C/km) are characteristic of zones of Venezuela, Colombia,
Ecuador, some areas of the Altiplano (Bolivia - Chile),
southwestern Peru and central Chile. Excepting hot spring areas
and zones very close to active volcanoes, high mean gradients
(20 - 30 °C/km) are obtained in the cordilleras of Colombia, in
the south volcanic zone and in the Patagonian Cordillera. High
gradients are principally due to transient phenomena and not to
heat generated by radioactive elements. At the present time no
high value of radiogenic heat production has been obtained in
granitoids of the Andes region. Erosion seems to be an important
factor involved in the removal of crustal radioactive sources
(Mufioz, 1991).

Rheological Zonation

A variable thermal structure beneath the Andes is
manifested as a complex rheological zonation both in the N-S
and E-W directions with different levels of the brittle-ductile
transition. Z(Q) is calculated for several cases assuming the pore
fluid to be hydrostatic and a strain rate of 10%*(-15) /s in the
ductile region. Creep parameters corresponding to different
rocks in a layered tectonosphere are taken from the compilation
of Ranalli (1991). The description of a layered crust follows
from the regional seismic velocity structure or from density



TABLE 1. Andes Region. Thermo-rheological and seismic parameters. Q: surface heat flow; H: thickness of the crust;
TCMB: temperature crust-mantle boundary; TBD: temperature brittle-ductile transition; Z(Q): crustal seismogenic
thickness determined in this work; Z(S): maximum depth of observed crustal seismicity.

Area Q H TCMB TBD ZQ s)
mW/m2 km °C °C km km

Colombia-Ecuador

Central Cordillera 100 - 60 45 1100 - 800 320 - 500 10-15-20 20 *

Peri

Zone L 35 50 450 450 50 50

Zone N 40 65 650 530-570 45-50 60

Zone A 50 64 830 570 35 35 - [60]

Zone J 50 33 480 460 30 33

Altiplano 100 - 80 70 1100 440 15-10 shallow seismicity

Argentina

Eastern Cordillera 80-60 60 - 50 800 - 700 570 - 520 40-30 50-30

Sierra Pie de Palo and

Central Precordillera 50-35 50 650 - 400 330-370 20-45 25-45

Chile

Norte Chico 35 40 340 300 - 350 33-42 52 **
ductile range ductile domain

Central Valley 85-65 30 800 - 700 410 7-10-15 shallow seismicity

Cajon del Maipo - 60 50 730 - 840 470 20-25 20-25

South Volcanic Zone 100-75 35 1100 - 1030 390 7-12 not explored

Region of the Lakes-

Coastal Range 50 26 490 370 18 shallow seismicity

Notes

1. In the Central Cordillera (Colombia-Ecuador) (see *), seismic activity is observed at deeper depths also (...seismogenesis in the brittle-
ductile transition?)

2. In the Norte Chico (Chile), the uppermost mantle is brittle and there is only a short transition to the ductile domain between 33 and 42 km
depth. For other models the whole crust and uppermost mantle are brittle. Z(S) is indicating seismic activity in the uppermost mantle (see **)
3. Tectonics and the heat flow pattern of Venezuela are very complex. Heat flow values from about 60 to 80 mW/m2, increasing estwards
of the Gulf of Venezuela, could indicate that the thickness of the seismogenic layer decreases from 20 to 10 km. These values accord with
observed seismic activity of moderate magnitude associated to the Oca-Ancén fault system.

4. In the Altiplano, these values of Z(Q) correspond to zones of high heat flow. Z(Q) can reach values of about 25 km in zones of the
Altiplano where heat flow is not high.

S. Z(Q) was determined using the appropriate thermal and energy activation parameters, and gravity models communicated by several
authors in the last two decades. Z(S) is taken mainly from works published during the period 1989-1999. Reasons of space prevent
complete references.



distribution in regional gravity structures. Reasons of space
prevent the presentation of detailed rheological profiles in this
abstract. In Table 1, several parameteres and results are shown
and the seismogenic thickness Z(Q) for different areas as
obtained in the rheological approximation is compared with the
maximum observed seismogenic depth Z(S). From these results,
it is seen that in some cases -like in large areas of Peru, in the
Norte Chico (Chile) and in the Sierra Pie de Palo (Argentina)- the
brittle regime dominates almost throughout the crust; in these
cases the total strength of the crust is very large and earthquakes
of intermediate magnitude can be there generated. In one model
for the Norte Chico (Chile), the brittle regime reinitiates in the
uppermost mantle after a short transition into the ductile regime;
in other model , the complete section down to 75 km -nearly the
depth of the Wadati-Benioff zone in the area considered- is
brittle. Also, in cordilleran areas of central Chile (e.g., Cajon del
Maipo) the total strength of the crust is large. The strength is low
in the south volcanic zone, which should mean that no
earthquake of significant magnitude can be generated in this area.

Conclusions and Discussion

Low and "normal” heat flow areas where mean geothermal
gradients are not large may be subjected to earthquakes of
significant magnitude with foci in the middle and lower crust and
uppermost mantle. The geotemperature generally imposes a cut-
off to the seismic activity. Generally, the cut-off temperatures for
crustal seismicity are encompassed by 450 + 100 °C. The lowest
temperatures in this range usually represent short transitions into
the ductile regime in areas of low heat flow (Table 1),
Earthquakes of moderate or intermediate magnitude can be
generated in mountain areas of Colombia and Ecuador, large
cordilleran areas of Peri, surrounding areas of the Altiplano,
Norte Chico (Chile), Central Precordillera (Argentina), Cajén del
Maipo and central cordilleran zone of Chile. The south volcanic
zone is free from this class of earthquakes.

The areas of the Altiplano with high heat flow -like the
one lying from about 20 ° to 21 °S- have large crustal
temperatures reaching 800 - 1100 °C. There is agreecement with
magnetotelluric results showing a high electrical conducting zone
from the middle to the lower crust in such areas (Schwalenberg et
al. 1999). These results contrast with the suggestion of Beck et
al. (1999) -done on the basis of crustal velocities and Poisson’s
ratio studies- that there is less than a few percent of melt in the
Altiplano crust. The thermal structure of the Altiplano is greatly
inhomogeneous, and interpretations based on average crustal
seismic parameters should be avoided. A good agreement has
also been observed between thermal and rheological studies and
magnetotelluric results at latitude 24.5 °S comprising areas from
the Eastern Cordillera to the Chaco (Lezaeta ef al. 2000).

The coast range of northern Chile is an area of low heat
flow that can in part be related to shallow seismicity observed
near the coastline and extending inland near the base of the crust
(Comte ef al. 1992). Several seismic occurrences have been
associated with the Atacama fault system (Comte et al. 1992)
but none of them remained in association with it after a
relocation carried out subsequently (Comte ef al. 1994). This
last result contrasts with predominantly brittle behaviour of the
crust in this area. Moreover, close to the Mejillones peninsula
(23 °S) a further decrease of heat flow is observed (Springer and
Forster 1998), possibly related to a stiff terrain with high
strength. It has been observed that this zone is a limit for rupture
propagation of thrust earthquakes occurring both north and
southward from it (e.g., Delouis 1997).  Very low heat flow

singularities could act as barriers for rupture propagation in this
and other areas along the coastline.

In the Norte Chico (Chile), an earthquake with Ms = 6.8
occurred in october 1997. The hypocentre at 52 km depth was
relocated subsequently at 67 km and the largest aftershock was
relocated at 52 km depth (Pardo et al. 1999). Most probably, the
uppermost continental mantle in this area is yielding under stress
accumulation in the Wadati-Benioff zone. Both rheological
models for the Norte Chico are in agreement with observations
related to these earthquakes (see Table 1 and Mufioz 1994).

The Precordillera of Argentina and the Sierra Pie de Palo at
about 31.5 °S have large strength values throughout the crust .
This explains the observation of earthquakes of intermediate
magnitude (Ms = 6.5 - 7.4) in these areas (e.g., Smalley and
Isacks 1990). The highest frequency of earthquakes (Smalley
and Isacks 1990) is found near de base of the seismogenic layer
(Table 1). This could mean that the tectonic loading of the brittle
crust is from plastic flow of underlying mantle, and not from the
sides (e.g, Keith 1993). The peculiarity of the central
Precordillera of Argentina -low heat flow, seismogenic lower
crust- can be related to correspond to its character as an
allochtonous terrain derived from Laurentia (Astini et al. 1996).
Presently, heat flow is anomalously low in a band of the central
Appalachians and in Alabama, increasing -yet under the
continental mean- in the region of Texas (Blackwell et al. 1991).
To the north, in New York, low heat flow is associated to low
radiogenic heat generation in the basement of Grenville age
(Birch ef al. 1968). In the Precordillera of Argentina, the
exposed basement of Grenville age (Astini et al. 1996) can then
be related to low heat generation in the crust, low heat flow and
large thickness of the brittle domain.

In the Central Valley of Chile at 33 ° - 34 °S the middle
and the lower crust are ductile, whereas inland the cordilleran
area of the Cajon del Maipo exhibits a large strength envelope
describing a brittle domain down to 22.5 km depth. In the
Central Valley, low Q values of anelastic attenuation (Kausel and
Cruzat 1985), low P-wave seismic velocity (Pardo and
Fuenzalida 1988) and P-wave time residuals indicating that the
whole crust is characterized by low velocities (Herrera and Araya
1988) accord with the present results. In the cordilleran area,
crustal earthquakes (Ms = 6.7 - 6.9) have been recorded (Lomnitz
1961) and it is observed that seismic focal depths are mainly
confined to the upper 20 - 25 km of the crust (Report, Depto. de
Geofisica, Univ. of Chile, period 1906-1988).

In southern areas of Chile, the partition between the brittle
and the ductile regimes changes rapidly from the volcanic zone to
the coast range. The electrical conductance decreases towards
the coast range, and in the upper tectonosphere conducting layers
are encountered only beneath the volcanic zone (Mufioz et al.
1990). Radiogenic heat generation decreases strongly from the
Miocene granitoids to the Cretaceous, Jurassic and Paleozoic
bodies outcropping westward.
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