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a b s t r a c t

The most remarkable feature of the Central Andes is the Altiplano–Puna plateau. This plateau is charac-
terized by 3.5 km average elevation, approximately 70 km crustal thickness and very high heat flow. The
upper mantle structure changes along strike below the plateau. The upper mantle below the Puna
becomes hotter, and the lithosphere becomes thinner and weaker. These features suggest that thermal
isostasy could play a role in the compensation of the Altiplano–Puna. Thermal isostasy is the geodynamic
process whereby regional variations in the lithospheric thermal regime cause changes in elevation. Ele-
vation changes result from variations in rock density in response to thermal expansion. The aim of this
study is to estimate the thermal and geodynamic contributions to the elevation. While the thermal com-
ponent of the Altiplano elevation would be of 1 km, the thermal contribution to the southern Puna ele-
vation would be of 1.5 km. However, in the case of the southern Puna a portion of the actual topography
(�20%) cannot be explained considering only compositional and thermal effects, suggesting additional
geodynamical support. The obtained results suggest that the thermal state of the lithosphere would play
a significant role in the elevation of the Central Andes, and may be responsible of some of the geological
differences displayed by the Altiplano and the Puna.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The most remarkable feature of the Central Andes is the
Altiplano–Puna plateau (Fig. 1). This plateau is 300 km wide,
2000 km long, has an average elevation of 3.5 km and a crustal
thickness of approximately 70 km (Yuan et al., 2000, 2002;
ANCORP-Working-Group, 2003; McGlashan et al., 2008). It is the
highest plateau in the world associated with abundant arc magma-
tism, and is second only to Tibet in height and extent.

The development of the Altiplano–Puna is linked to the subduc-
tion of the Nazca plate under the South American plate coupled
with simultaneous under-thrusting of the Brazilian Shield. The pla-
teau overlies a 30� east-dipping segment of the Nazca plate; north
of 12�S and south of 28�S the subducted plate dips subhorizontally
and an internally drained plateau is absent (Jordan et al., 1983;
Isacks, 1988). In the region of steep dip, basaltic-andesitic volca-
nism is active, while recent volcanic activity is not detected to
the north and south. Local volcanic edifices are present within
the plateau. The volcanic arc (Western Cordillera in Fig. 1) and local
volcanic centres have been active from Miocene to present time
(Jordan and Gardeweg, 1989).

Due to significant differences along the plateau, it is divided in
the Altiplano (north of 22�S) and the Puna (south of 22�S) (Bianchi
et al., 2013). The Puna plateau has an average altitude of �4.2 km
above sea level, being approximately 1 km higher than the Alti-
plano plateau (�3.2 km). This difference in elevation requires an
explanation. In general, regional subsidence and uplift are related
to one or more of the following mechanisms: (i) dynamic effects
of asthenospheric flow, mantle convection and plumes, (ii) flexural
response of the lithosphere to loading and (iii) isostatic readjust-
ments (Allen and Allen, 2013).

The main objective of this study is to assess the contribution of
density variations within the lithosphere to its isostatic state and
surface elevation. It is considered that the actual topography is
the sum of compositional effects (related to density structure),
thermal effects and geodynamic effects. Several authors noted that
the Puna shows lower amount of structural shortening than the
Altiplano (e.g. Allmendinger et al., 1997; Gerbault et al., 2005).
Shortening values are sufficient to account for crustal cross
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sectional area in the Altiplano north of 22�S, but are less than that
needed in the Puna south of 22�S (McQuarrie, 2006). Moreover, the
crustal thickness of the Puna is �60 km, being �10 km thinner
than that of the Altiplano (Yuan et al., 2000; Heit et al., 2008;
McGlashan et al., 2008; Wölbern et al., 2009; etc.). Therefore, vari-
ations in shortening amount and crustal thickness cannot account
for the observed elevation differences between the Puna and the
Altiplano if a simple Airy isostatic model is assumed (e.g. Kley
and Monaldi, 1998; McQuarrie, 2006).

In addition, along the Puna, strike-slip faults and lineaments are
responsible of crustal segmentation. One of such faults, the NW-SE
trending Olacapato-Toro Lineament separates the northern Puna
(between �22� and 24�S) from the southern Puna (between �24�
and 28�S); (Bianchi et al., 2013). Conspicuous differences between
the northern and southern Puna plateau were previously noted by
several authors (e.g. Alonso et al., 1984; Kay et al., 1994, etc.). Since
the late Miocene, an ignimbrite ‘‘flare-up’’ has produced a major
volcanic province, the Altiplano–Puna Volcanic Complex (APVC);
(de Silva, 1989; Zandt et al., 2003). The APVC covers approximately
50,000 km2 between 21�S and 24�S. Below the Altiplano–northern
Puna the existence of a partial melting zone at mid-crustal depth
(Altiplano–northern Puna Magma Body) has been established by
a number of independent observations (e.g. extreme high electrical
conductivity zones, broad low seismic velocity zones, etc.); (e.g.
Chmielowski et al., 1999; Yuan et al., 2000; McGlashan et al.,
2008; Wölbern et al., 2009). Chmielowski et al. (1999) identified
a very low velocity layer at a depth of 19 km, which they inter-
preted as a regional sill-like magma body associated with the
APVC. Yuan et al. (2000) detected an intracrustal low velocity zone
below the entire Altiplano–northern Puna. They interpreted it as a
zone of continuing metamorphism and partial melting that decou-
ples upper-crustal imbrication from lower-crustal thickening.
Fig. 1. Topographic map, showing the different morphotectonic units identified in
Fialko and Pearse (2012) identified on the basis of space geo-
detic observations the existence of an uplift in the southern Alti-
plano–northern Puna (22�150S–67�150W) at a rate of �10 mm/
year, which persisted over the past two decades and is surrounded
by a broad zone of subsidence. These authors proposed that the
ongoing uplift and peripheral subsidence (‘‘sombrero uplift’’)
would result from ballooning of a large mid-crustal diapir fed by
hot low-viscosity material from the Altiplano–northern Puna
Magma Body. Recently, Bianchi et al. (2013) performed a teleseis-
mic P-wave tomography study in the southern Puna. They identi-
fied a prominent low-velocity body located in the crust between
26–27.5�S. Bianchi et al. (2013) related the detected velocity
anomalies with a mid-crustal back-arc melt zone under the south-
ern Puna: the Southern Puna Magma Body (SPMB). The SPMB could
be disconnected from the Altiplano–northern Puna Magma Body
(Yuan et al., 2000) and the limit between them could be related
to the Olacapato-Toro Lineament (Bianchi et al., 2013).

Interestingly, very high heat flow values characterize this por-
tion of the Andean chain (e.g. Henry and Pollack, 1988; Hamza
and Muñoz, 1996; Springer and Förster, 1998). Heat flow on the
Altiplano–Puna is widely enhanced (around 100–120 mW/m2),
and although reliable data are sparse and scattered, heat flow in
the plateau is likely higher than in the volcanic arc. In addition,
based on systematic changes observed in the topography, the flex-
ural rigidity, the seismic attenuation (Q), and the chemistry of
back-arc lavas, Whitman et al. (1996) proposed that the upper
mantle structure changes along strike below the plateau. They sug-
gested that south of 23�S, the upper mantle below the Puna
becomes hotter, and the lithosphere becomes thinner and weaker.
Findings from tomographic studies (Heit, 2005; Heit et al., 2008)
suggest that the thermal state of the southern Puna (�25.5�S) pla-
teau is different from that of the Altiplano (�21�S), indicating the
the Central Andes. Inset shows the study area with relation to South America.



Fig. 2. Surface heat flow data (mW/m2) and depth to the top of the asthenosphere
(km) modelled by Prezzi et al. (2009a) for the Central Andes. Circles: heat flow
values, dashed black line: political borders, black line: coast line. UTM projection
(�69).
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presence of colder asthenospheric material beneath the Altiplano
and hotter beneath the southern Puna. The tomographic images
show low velocity anomalies consistent with asthenospheric mate-
rial reaching the Moho at 25.5�S (Heit, 2005; Wölbern et al., 2009).
Heit (2005) interpreted that such thermal effect could be responsi-
ble for the higher elevations of the Puna plateau.

Wölbern et al. (2009) investigated teleseismic data with the
receiver function technique detecting a local thinning of the man-
tle transition zone beneath the southern Puna (�25.5�S), as it
would be characteristic for a rising mantle plume. Wölbern et al.
(2009) pointed out that due to the poor data coverage, this obser-
vation remains to be confirmed by future studies. However, they
concluded that a mantle plume could be responsible for the
increased heat flow and additional fluid release underneath the
southern Puna.

Chulick et al. (2013) presented a new set of contour maps of the
seismic structure of South America, based on a large number of
new seismic measurements. One striking feature indentified in
the crystalline crustal P-wave velocity map is the existence of an
east–west band of continental crust between 25� and 30�S, where
the data seem to indicate generally low average crystalline veloci-
ties (Pcc <6.2 km/s). Regarding the upper mantle, Chulick et al.
(2013) observed that under the Andes between approximately
25� and 30�S, upper mantle (Pn) velocities are also low, being less
than 8.0 km/s. These authors pointed out that variations in upper
mantle velocity largely correlate with the thermal state of the
lithosphere, with lower Pn velocities associated with higher litho-
spheric temperatures. Moreover, the examination of the sub-Moho
S-wave (Sn) velocity and Pn maps, indicates a gross similarity with
low Sn <4.5 km/s, under the Andes between 25–30�S (Chulick et al.,
2013). Histograms of whole-crustal P-wave velocities for South
America, are bi-modal, with the lower peak representing crust that
appears to be missing a high velocity lower crustal layer. These
facts indicate that the southern Puna would be underlain by very
low P- and S-wave crustal and upper mantle velocities, along with
thinned crust (Chulick et al., 2013).

As shown, many geophysical observations suggest that the ther-
mal state of the lithosphere could play an important role in the iso-
static compensation of the Altiplano–Puna. The hypothesis to be
tested in this study is that differences in the thermal regime of
the lithosphere would cause variations in rock density (due to dif-
ferential thermal expansion; Hasterok and Chapman, 2007a) and
consequently, thermal isostasy would be responsible for the pres-
ent elevation differences between the Altiplano and Puna.

2. Modelling approach and results

2.1. Thermal isostasy

Thermal isostasy is the geodynamic process whereby regional
variations in the lithospheric thermal regime cause changes in ele-
vation. Thereby, elevation changes result from variations in rock
density in response to thermal expansion (Hasterok and
Chapman, 2007a).

Given two different lithospheric thermal states characterized by
a regional geotherm, T(z), and a reference geotherm, Tref(z), we can
calculate the corresponding elevation change, Deth, if we integrate
over depth the corresponding temperature differences (Hasterok
and Chapman, 2007a):

Deth ¼ av

Z zmax

0
TðzÞ � Tref ðzÞ
� �

dz ð1Þ

with av being the coefficient of thermal expansion. Considering that
both lithospheres have the same adiabat, the maximum depth of
integration, zmax, is the depth at which the colder geotherm con-
verges to a mantle adiabat.
To calculate regional lithosphere-scale geotherms, we compiled
surface heat flow data for the Central Andes, including new values
recently published (e.g. Henry and Pollack, 1988; Hamza and
Muñoz, 1996; Springer and Förster, 1998; Hamza et al., 2005)
(Fig. 2). Table 1 shows surface heat flow data available for the Alti-
plano–Puna, which range between 70 and 237 mW/m2. A north–
south trending region with heat flow greater than 70 mW/m2

between 19� and 27�S can be observed (Fig. 2). The forearc in Chile
to the west and the Subandean Ranges and foreland basins to the
east have lower heat flow (mostly <70 mW/m2).

The dominant thermal processes in the continental lithosphere
are radiogenic heat production and conductive heat transport to
the surface (Turcotte and Schubert, 2002). While oceanic geotherms
may be identified in terms of age, continental geotherms are mostly
expressed in surface heat flow (e.g. Chapman and Pollack, 1977;
Turcotte and Schubert, 2002; Hasterok and Chapman, 2007a). To
describe lateral variations in the thermal state of continental litho-
sphere we calculate geotherms as a function of observed values of
surface heat flow (Figs. 3a and 4a). To test different scenarios, com-
pare the results and reduce the uncertainties, two different geo-
therm families are calculated (see Section 2.2).

In order to predict the elevation changes expected for different
lithospheric thermal states (Hasterok and Chapman, 2007a), we
have to estimate a thermal isostatic curve relating relative eleva-
tion to surface heat flow (Figs. 3b and 4b). To calculate this relative
elevation, it is necessary to define a reference geotherm. Such ref-
erence geotherm corresponds to a surface heat flow of 40 mW/m2.
This lithospheric column with a thermal state represented by the
reference geotherm is assigned a surface elevation of 0 km
(Hasterok and Chapman, 2007a).

2.2. Geotherm families and corresponding relative elevations due to
thermal isostasy

2.2.1. Geotherm family A
We constructed a conductive geotherm family (Fig. 3a) for sur-

face heat flow values (q0) between 40 and 250 mW/m2, assuming



Table 1
Surface heat flow data and the corresponding observed and normalized elevations for the Altiplano–Puna. Latitude: �S; longitude: �W; heat flow: mW/m2; observed elevation: m;
normalized elevation: m.

Latitude Longitude Heat flow Observed elevation Normalized elevation Data type Location Reference Certainty

�27.333 �68.37 100 4384.6 1340.8 ± 320.3 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�26.92 �68.083 105 4176.2 879.6 ± 275.9 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�25.92 �66.97 190 5074.1 2086.9 ± 367.3 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�25.333 �67.5 135 3941.1 1581.4 ± 381.1 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�25.12 �67.73 205 3770.7 1299.1 ± 378.1 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�24.37 �66.55 100 4637.4 1616.0 ± 445.1 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�24.27 �66.45 121 4481.6 1644.2 ± 460.5 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�24.23 �66.35 213 4101.9 1506.9 ± 477.4 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�24.17 �66.67 237 4402.8 1481.3 ± 433.9 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�24.017 �66.48 225 4344.1 1738.2 ± 448.3 Geochemical Southern Puna–Argentina Hamza and Muñoz (1996) Third order
�21.3 �66.683 94 3933.1 1676.6 ± 347.6 Conventional Altiplano-Bolivia Hamza and Muñoz (1996) First order
�21.25 �66.05 70 3873.6 721.0 ± 246.6 Conventional Altiplano-Bolivia Hamza and Muñoz (1996) First order
�21.167 �66.133 94 4172.9 854.3 ± 221.3 Conventional Altiplano-Bolivia Hamza and Muñoz (1996) First order
�21.033 �66.583 75 3897.1 1059.6 ± 236.9 Conventional Altiplano-Bolivia Hamza and Muñoz (1996) First order
�20.9 �66.067 70 4128.8 366.8 ± 146.9 Underground mine Altiplano-Bolivia Hamza and Muñoz (1996) Second order
�19.383 �67.183 83 3743.7 1422.9 ± 379.5 Conventional Altiplano-Bolivia Hamza and Muñoz (1996) First order

Fig. 3. (a) 1D – steady state conductive geotherm family A for surface heat flow
values (q0) between 40 and 250 mW/m2. (b) Thermal isostatic relationship showing
the predicted thermal elevation for each heat flow value, obtained using the
geotherm that corresponds to a surface heat flow of 40 mW/m2 as reference, and
assigning a lithosphere having this thermal state an elevation of 0 km.

Fig. 4. (a) 1D – steady state conductive geotherm family B for surface heat flow
values (q0) between 40 and 250 mW/m2. (b) Thermal isostatic relationship showing
the predicted thermal elevation for each heat flow value, obtained using the
geotherm that corresponds to a surface heat flow of 40 mW/m2 as reference, and
assigning a lithosphere having this thermal state an elevation of 0 km.
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1D steady-state temperature conditions, considering exponential
decrease of heat production with depth (Turcotte and Schubert,
2002) and a constant thermal conductivity (k) of 2.5 W/mK:

TðzÞ ¼ To þ
qmz

k
þ qo � qmð Þhr

k
ð1� e�z=hr Þ ð2Þ
where hr is the length scale for the decrease in radiogenic heat pro-
duction with depth (10 km) (Turcotte and Schubert, 2002), T0 is sur-
face temperature (25 �C) and qm is the mantle (reduced) heat flow
to the base of the lithosphere (30 mW/m2) (Turcotte and
Schubert, 2002).

The constant value of thermal conductivity used (k),
corresponds to average crustal thermal conductivity reported by



C. Prezzi et al. / Physics of the Earth and Planetary Interiors 237 (2014) 51–64 55
different authors (e.g. Rudnick et al., 1998; Tejero and Ruiz, 2002;
Pascal, 2006; Fullea et al., 2007). We also used a mantle adiabat
with a potential temperature of 1300 �C and a gradient of
0.30 �C/km (Tassara, 2006; Hasterok and Chapman, 2007a). Using
the geotherm that corresponds to a surface heat flow of 40 mW/
m2 as reference, and assigning a lithosphere having this thermal
state an elevation of 0 km (Hasterok and Chapman, 2007a), we
can predict the thermal contribution to the actual elevation for dif-
ferent surface heat flow data. Fig. 3b depicts the thermal isostatic
relationship obtained from Eq. (1) and using a constant coefficient
of thermal expansion of 3.0 � 10�05 K�1, consistent with the ther-
mal expansion coefficients of most lithospheric forming rocks (e.g.
Roy et al., 1981; Turcotte and Schubert, 2002; Hasterok and
Chapman, 2007a). This curve predicts an elevation range resulting
from thermal isostasy of 1.5 km.
2.2.2. Geotherm family B
The principal goal of this approach is to derive a geotherm fam-

ily from a thermal model based on a gravity-constrained 3D den-
sity and compositional model (Prezzi et al., 2009a).

We used the Matlab-derived software geothermMOD1.2
(Casini, 2011) to develop the thermal model. GeothermMOD1.2
(Casini, 2011) computes one-dimensional steady-state conductive
geotherms involving radiogenic heat production (Fig. 4a). Casini
(2011) considered that the most important parameters controlling
the variation of temperature with depth in the crust are the heat
flow across the Moho, the thermal conductivity and the vertical
distribution of heat-producing elements 238,235U, 232Th and 40K.
GeothermMOD1.2 software (Casini, 2011) allows setting up mod-
els composed of up to five different layers. The user can enter
the input parameters directly into editable fields in a simple graph-
ical user interface (GUI): abundances of the heat-producing ele-
ments (U, 232Th and 40K), average thermal conductivity, mean
density and thickness of each layer. In addition, users can modify
the remaining variables of the heat equation (basal heat flow and
surface temperature) as required. The temperature at the base of
each layer of finite thickness z, characterized by a volumetric heat
production rate of A, a thermal conductivity of k, a surface temper-
ature of T0 and a basal heat flow of qb is given by:

T ¼ �Az2
=2kþ ðqb þ AzÞz=kþ T0 ð3Þ

Thickness and density of each layer included in the thermal
model were derived from the 3D density model developed by
Prezzi et al. (2009a). This 3D density model was constructed using
the 3D modelling software IGMAS (‘‘Interactive Gravity and Mag-
netic Application System’’); (Schmidt and Götze, 1999). This mod-
elling algorithm uses triangulated polyhedrons to approximate
areas of constant density within the Earth’s crust and mantle.
The automated triangulation of model surfaces between parallel
vertical cross sections allows the construction of even complicated
model geometries (Götze, 1984). This software permits to incorpo-
rate additional information such as seismic data (Breunig et al.,
2000; Schmidt and Götze, 1999).

The structure of the 3D density model of Prezzi et al. (2009a)
considers the existence of upper, middle and lower crust, mantle
lithosphere, asthenopheric wedge and asthenosphere (Fig. 5a). In
turn, the crust is divided from west to east in different units which
represent the Coastal Cordillera, Precordillera, Western Cordillera,
Altiplano–Puna, Eastern Cordillera, Subandean Ranges and Chaco
(Prezzi and Götze, 2009; Prezzi et al., 2009a, 2011) (Fig. 5a). A par-
tial melting zone at midcrustal depths under the Altiplano–north-
ern Puna and a rheologically strong block beneath the Salar de
Atacama basin (Fig. 5a) are included in the model (Prezzi et al.,
2009a). The geometry of the modeled bodies is very well con-
strained by a large amount of additional geophysical and geological
data: hypocenter location, reflection and refraction on and off-
shore seismic lines, travel time and attenuation tomography, recei-
ver function analysis, magnetotelluric studies, thermal models and
balanced structural cross sections (e.g. Yuan et al., 2000; Brasse
et al., 2002; Schurr and Rietbrock, 2004). The density values
assigned to the different bodies forming the model (Fig. 5a) were
computed based on documented chemical and/or mineralogical
composition (e.g. Lucassen et al., 1999) and information and
assumptions about pressure–temperature conditions expected for
each body (for details see Prezzi et al., 2009a).

Prezzi et al. (2009a) used 6500 gravity measurements covering
an area extending between 19�-30�S and 74�-61�W. The model
consists of 31 parallel E-W planes extending between 12�-35�S
and 57�-79�W. Trying to reduce the ambiguity and the uncertainty
inherent to the gravimetric method, certain aspects of the density
structure were not varied during the forward modelling. Thereby,
the densities assigned to each modelled body (according to its pre-
vailing lithology; i.e., chemical and mineralogical composition,
thereby disregarding temperature effects) were considered fixed
and were not changed to obtain a better fit of the measured and
calculated anomalies. Likewise, the geometries defined by addi-
tional data were not modified. Only those boundaries, of which
the geometries were not constrained by other data, were modified.

The forward modelled 3D density structure thoroughly repro-
duces the measured gravity field. Only less than �15% of the stud-
ied area presents residual anomalies greater than 30 � 10�05 m/s2

(Prezzi et al., 2009a). Such anomalies are of very short wave length
and are not systematically distributed in the map (Fig. 5b). Resid-
ual anomaly values are tightly concentrated around 0 m/s2, with a
standard deviation of 16.47 � 10�05 m/s2. The correlation coeffi-
cient between the measured and modelled anomalies is 1 (Prezzi
et al., 2009a). These results suggest that the model satisfactorily
represents the density structure of the Central Andes.

In our calculation of geotherms we considered the existence of
different layers with distinct properties: upper crust, middle crust,
lower crust, mantle lithosphere, asthenopheric wedge and
asthenosphere. We assumed a surface temperature of 25 �C and a
basal heat flow of 30 mW/m2 for the Altiplano and northern Puna
and of 40 mW/m2 for the southern Puna (Table 2). This difference
in basal heat flow is used to match the higher heat flow and the
stronger asthenospheric contribution to the thermal budget exis-
tent in the southern Puna (Casini, 2011).

Regarding the abundances of heat producing elements, and due
to the complete lack of estimates for the studied region, we used
the average values proposed by Rudnick and Gao (2003) for the
upper crust (40K = 2.8%, U = 2.7 ppm, 232Th = 10.5 ppm), the middle
crust (40K = 2.3%, U = 1.3 ppm, 232Th = 6.5 ppm) and the lower crust
(40K = 0.61%, U = 0.2 ppm, 232Th = 1.2 ppm). We assumed that there
is no sub-crustal heat production (Table 2).

Measured thermal conductivity values are not available for the
Central Andes. Hasterok and Chapman (2011) proposed a conti-
nental lithosphere heat production model. In their model, these
authors estimated P-T-composition dependent thermal conductiv-
ities. They assumed a mineralogic composition of the lithosphere,
determined by average oxide compositions and common rock
types. Their compositional model is equivalent to a granodiorite
upper crust (0–16 km), a tonalite middle crust (16–23 km), and a
mafic granulite lower crust (23–39 km). Such layer thicknesses
and compositions for the crust roughly correspond to the estimates
of Rudnick and Gao (2003). Hasterok and Chapman (2011) also
assumed average mantle compositions based on garnet xenocryst
estimates. They computed thermal conductivities using a P-T-com-
position dependent model resulting from a combination of lattice
and radiative components. According to the values obtained by
Hasterok and Chapman (2011), to calculate the geotherms corre-
sponding to heat flow data available in the Altiplano–Puna



Fig. 5. (a) One of the vertical planes composing the 3D model of Prezzi et al. (2009a) (located at 22�170S), showing the modeled density structure (density values in Mg/m3).
CC: Coastal Cordillera, PC: Chilean Precordillera, WC: Western Cordillera, AP: Altiplano–Puna, EC: Eastern Cordillera, SA: Subandean Ranges, A: Atacama block, B:
Altiplano–Puna partial melting zone. Triangles: position of active volcanoes. (b) Residual Bouguer anomaly generated by the final model of Prezzi et al. (2009a). The residual
was calculated as the difference between observed and calculated Bouguer anomaly. Black line: coast line. Dashed black lines: political borders.
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(Fig. 2) we used the following average thermal conductivities:
2.3 W/mK for the upper and middle crust, 2.6 W/mK for the lower
crust, 2.7 W/mK for the asthenospheric wedge, 2.8 W/mK for the
mantle lithosphere and 3.0 W/mK for the asthenosphere (Table 2).

To compute the reference geotherm (which would correspond
to a surface heat flow of 40 mW/m2), we considered the following
average thermal conductivities: 3.15 W/mK for the upper crust,
2.5 W/mK for the middle crust, 2.3 W/mK for the lower crust,
3.2 W/mK for the mantle lithosphere and 3.3 W/mK for the
asthenosphere (Hasterok and Chapman, 2011) (Table 2). We used
thermal conductivity values different from the ones used for the
Altiplano–Puna (with surface heat flow of >70 mW/m2; Table 1)
because of the P-T dependency of thermal conductivity (Hasterok
and Chapman, 2011).

Geotherms were calculated for each location within the 3D den-
sity model at which surface heat flow was measured (Fig. 2,
Table 1). We derived the corresponding layer thicknesses and den-
sities from the 3D lithospheric density model (Prezzi et al., 2009a).
In the case of the reference geotherm, we used average layer thick-
nesses and densities corresponding to the Chaco units of the 3D
density model. We decided to use these values taking into account
that average surface heat flow data for the Chaco is on the order of



Table 2
Parameters used in the calculation of geotherm family B. T0: surface temperature, Qb: basal heat flow.

Heat producing elements abundance Thermal conductivity (W/m) T0 (�C) Qb (mW/m2)

U (ppm) Th (ppm) K (%)

Altiplano
Upper crust 2.7 10.5 2.8 2.3 25 30
Middle crust 1.3 6.5 2.3 2.3 25 30
Lower crust 0.2 1.2 0.61 2.6 25 30
Asthenospheric wedge 0 0 0 2.7 25 30
Mantle lithosphere 0 0 0 2.8 25 30
Asthenosphere 0 0 0 3 25 30

Southern Puna
Upper crust 2.7 10.5 2.8 2.3 25 40
Middle crust 1.3 6.5 2.3 2.3 25 40
Lower crust 0.2 1.2 0.61 2.6 25 40
Asthenospheric wedge 0 0 0 2.7 25 40
Mantle lithosphere 0 0 0 2.8 25 40
Asthenosphere 0 0 0 3 25 40

Reference geotherm
Upper crust 2.7 10.5 2.8 3.15 25 30
Middle crust 1.3 6.5 2.3 2.5 25 30
Lower crust 0.2 1.2 0.61 2.3 25 30
Mantle lithosphere 0 0 0 3.2 25 30
Asthenosphere 0 0 0 3.3 25 30
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40 mW/m2 (Springer, 1999) (Fig. 2) and average altitude is approx-
imately 200–300 m.

In order to better illustrate the results of these thermal calcula-
tions, synthetic wells cutting through the whole lithosphere and
showing layer thicknesses, thermal properties, densities, abun-
dances of heat producing elements and calculated temperatures
as a function of depth are presented in Fig. 6 for the reference geo-
therm (q0 = 40 mW/m2), one of the Altiplano geotherms
(q0 = 83 mW/m2) and one of the Southern Puna geotherms
(q0 = 105 mW/m2).

From this geotherm family we can derive a new thermal isostatic
curve (Fig. 4b). Using the geotherm that corresponds to a surface
heat flow of 40 mW/m2 as reference, and assigning a lithosphere
having this thermal state an elevation of 0 km (Hasterok and
Chapman, 2007a), we can predict the thermal contribution to the
actual elevation for different surface heat flow data (Eq. (1) with
av = 3.0 � 10�5 K�1). It can be observed that the predicted elevation
range resulting from thermal isostasy is 1.5 km if we assume a basal
heat flow of 30 mW/m2 for the Altiplano and northern Puna and of
40 mW/m2 for the southern Puna (Fig. 4b).

2.3. Normalized elevation calculation by isolating compositional
effects

The thermal input to continental elevation is difficult to assess,
because variations in crustal composition (density) and thickness
can mask it. To isolate the thermal component of the actual eleva-
tion of the Altiplano–Puna, we need to remove compositional vari-
ations involving both crustal thickness and density through an
isostatic correction to the observed elevation. This adjustment nor-
malizes any crustal column to a crustal standard (Hasterok and
Chapman, 2007a) (Fig. 7). We considered a standard crustal thick-
ness (hcst) of 40 km, a density of the volume above sea level (qt) of
2.67 Mg/m3 (1 Mg/m3 = 1 g/cm3), a standard crustal density (qcst)
of 2.8 Mg/m3 and a mantle density (qm) of 3.3 Mg/m3. It is impor-
tant to mention that such values are in accordance with the ones
estimated by Christensen and Mooney (1995). These authors calcu-
lated global continental average crustal thicknesses and densities
of 41.5 km and 2.83 Mg/m3, respectively. Three parameters must
be estimated for each studied point to calculate the normalized
elevation (enorm): observed topography (eobs), ‘‘real’’ crustal thick-
ness (hc) and ‘‘real’’ crustal density (qc) (Fig. 7).
enorm ¼ eobs
qt

qm
þ hcst 1� qcst

qm

� �
� hc 1� qc

qm

� �
ð4Þ

Observed topography (eobs) is obtained from the digital eleva-
tion model GTOPO30 (U.S. Geological Survey, 1997). ‘‘Real’’ crustal
densities (qc) and ‘‘real’’ crustal thicknesses (hc) and their corre-
sponding confidence intervals, are derived from the above
described 3D lithospheric density structure obtained for the Cen-
tral Andes from 3D forward gravity modeling (Prezzi and Götze,
2009; Prezzi et al., 2009a, 2011).

Thus, ‘‘real’’ crustal thickness (hc) for each studied point is
derived from the corresponding modelled Moho depth. The mod-
elled crust is composed by various bodies with different thick-
nesses and densities, which represent the upper, middle and
lower crust. The total load at a specified depth can be estimated
using a function available in IGMAS. From this total load the ‘‘real’’
crustal density (qc) is calculated:

qc ¼
L
hc
�
PN

i¼1qihi

hc
ð5Þ

where L is total load, and hi and qi are the thicknesses and densities
of each crustal modelled body along the correspondent vertical
column.

The heat flow vs. actual topography plot reveals, that there is no
correlation (Fig. 8). In contrast, the normalized elevation shows
direct correlation with heat flow as well as a very good fit with
the predicted thermal elevations. While the RMS misfit between
compositionally normalized elevation and predicted thermal ele-
vation calculated from geotherm family A is of 0.54 km, the RMS
misfit between compositionally normalized elevation and pre-
dicted thermal elevation calculated from geotherm family B is of
0.30 km. In order to better evaluate the possible existence of differ-
ences in the thermal contribution to actual elevation along the
Altiplano–Puna, we computed a map of the normalized elevation
for the entire studied region from Eq. (4) on a regular grid of 1D
lithospheric columns (Fig. 9), using the density structure from
the 3D model of Prezzi et al. (2009a). It can be observed that while
normalized elevation for most of the Altiplano and northern Puna
(north of 24�S) is lower than 1000 m (ranging between 0 and
1000 m), for most of the southern Puna (south of 24�S) it is higher
than 1000 m (ranging between 1000 and 1500 m) (Fig. 9).



Fig. 6. Synthetic wells cutting through the whole lithosphere and showing layer thicknesses, densities, thermal conductivities, abundances of heat producing elements and
calculated temperatures as a function of depth. (a) For the reference geotherm (q0 = 40 mW/m2), (b) for one of the Altiplano geotherms (q0 = 83 mW/m2) and (c) for one of the
Southern Puna geotherms (q0 = 105 mW/m2).
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2.4. Residual elevation calculation assuming local isostatic (Airy)
compensation

If we assume that Airy isostasy applies to the Altiplano–Puna,
shortening estimates should explain present surface elevation.
However, several authors (e.g. Kley and Monaldi, 1998;
McQuarrie, 2006) noted that along the Central Andes there are
anomalous regions where the estimates of shortening and thicken-
ing cannot account for the observed elevation solely based on Airy
isostasy (i.e., regions are not under local isostatic balance). There-
fore, we can test if such discrepancies could be elucidated by
means of thermal isostasy. To carry out such test we compared



Fig. 7. Cartoon showing the parameters used in the compositional elevation
normalization. The observed crustal column (left) is adjusted to a standard crustal
section (standard crustal thickness of 40 km and standard crustal density of 2.8
Mg/m3).

Fig. 8. Actual topography and normalized elevation vs. surface heat flow for the
southern Puna (24�–27�S) and the Altiplano (north of 22�S). The thermal contri-
bution to elevation predicted for each heat flow value by the thermal isostatic
relationships is also shown (Thermal elevation predicted by geotherm family A,
geotherm family B).

Fig. 9. Map of the normalized elevation for the entire studied region computed
from Eq. (4) on a regular grid of 1D lithospheric columns, using the density
structure from the 3D model of Prezzi et al. (2009a). Dashed black lines: political
borders. Black circles: surface heat flow data used in this study.
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the estimated thermal contribution to elevation (normalized eleva-
tion: enorm) with the residual topography (eres). The residual topog-
raphy was calculated assuming that the Altiplano–Puna is under
local isostatic compensation. We used the Moho geometry and
the densities predicted by the 3D gravity model (Prezzi and
Götze, 2009; Prezzi et al., 2009a, 2011) to compute the expected
topography considering Airy isostasy (Airy topography: eAiry)
(Lliboutry, 1999):

eAiry ¼ hroot
qm � qroot

qt

� �
ð6Þ

with:

hroot ¼ hc � hcst and qroot ¼
Lroot

hc � hcst

where hroot is the thickness of the crustal root, qroot is the density of
the crustal root, qt is the density of the volume above sea level (2.67
Mg/m3) and Lroot is the load corresponding to the crustal root
(Fig. 10). We used the same reference model (hcst = 40 km, qm = of
3.3 Mg/m3) as for the calculation of the normalized elevation (Figs. 6
and 10).

Then, we obtained the residual elevation by subtracting Airy
topography from actual topography:

eres ¼ eobs � eairy ð7Þ

Through this calculation, residual elevation (i.e., the fraction of
the actual topography that cannot be explained considering Airy
compensation) can be compared to the thermal component of ele-
vation (normalized elevation) (Fig. 11).

3. Discussion

3.1. Uncertainties and limitations of the modelling approach

Several authors (e.g. Fukahata and Matsu’ura, 2001; Currie and
Hyndman, 2006; Hasterok and Chapman, 2007a) consider that heat
flow values higher than �120–150 mW/m2 represent the occur-
rence of nonconductive effects, and filter them out in order to
exclude sites affected by advective processes. Hasterok and
Chapman (2007a) also state that geotherms calculated for heat
flow greater than 120 mW/m2 lead to widespread melting condi-
tions in the lower crust and upper mantle. Considering that below
the Altiplano–Puna the existence of partial melting zones at mid-
crustal depth (APMB and SPMB) are well documented, that on
the surface an ignimbrite ‘‘flare-up’’ has produced a major volcanic
province (APVC), that the upper mantle beneath the southern Puna
becomes hotter, and the lithosphere becomes thinner and weaker



Fig. 10. Cartoon showing the parameters used in the calculation of residual
elevation assuming local isostatic (Airy) compensation. qt is the density of the
volume above sea level (2.67 Mg/m3). We used the same reference model
(hcst = 40 km, qm = of 3.3 Mg/m3) as for the calculation of the normalized elevation.

Fig. 11. Residual topography vs. thermal elevation (normalized elevation) for the
Altiplano and the southern Puna. The corresponding regression lines are repre-
sented: Altiplano: blue continuous line (correlation coefficient 0.85, slope 1.01),
Southern Puna: red continuous line (correlation coefficient 0.71, slope 0.83). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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than below the Altiplano (Whitman et al., 1996), and that the pos-
sible existence of a mantle plume below the southern Puna
(�25.5�S) has been inferred (Wölbern et al., 2009) (see Section
1); we decided not to restrict heat flow values in order to monitor
possible differences between the Altiplano and the northern and
southern Puna lithospheric thermal states. It is important to
remark that in our analysis we do not consider heat flow values
measured along the actual magmatic arc, represented by the Wes-
tern Cordillera (Fig. 1). For this reason, we assume that the
observed heat flow values are representative for a larger region
and do not reflect only local (magmatic or hydrothermal) effects.

The quality of the surface heat flow data set is variable, consist-
ing of values obtained using conventional methods as well as esti-
mates based on complementary geochemical and underground
mine methods (Table 1). Heat flow values by conventional meth-
ods represent major parts of the data set for Bolivia, while esti-
mates by geochemical methods constitute almost the whole
database for Argentina (Hamza et al., 2005). The limitations
imposed by the available data set are obvious, and it is very diffi-
cult to set any specific rule concerning the reliability of the calcu-
lated heat flow values (Hamza et al., 2005). However, an order of
certainty was assigned for the data obtained by different methods.
The conventional method is based on direct measurement of the
two basic parameters used in heat flow determinations, tempera-
ture gradient and thermal conductivity. Originally this method
was believed to provide representative values, however a better
understanding of the limitations of this methodology induced
Hamza and Muñoz (1996) to consider that isolated conventional
measurements should be handled with care. In spite of this, first-
order certainty was assigned to conventional data in the present
work (Table 1).

The underground mine method is one of the oldest used for
determining heat flow in underground mines. However, correc-
tions to mine temperature data and to eliminate the disturbing
effects of mine ventilation are problematic (Hamza and Muñoz,
1996). Second-order of certainty was assigned to underground
mine data in this study (Table 1).

Geochemical methods are often used to obtain a rough estimate
of local heat flow at thermo-mineral spring sites. Hamza and
Muñoz (1996) remarked that detailed surveys of heat flow patterns
have not been carried out in areas of thermal springs on a scale
adequate for understanding the local variability of heat flow in
the proximity of discharge zones. The main reason is the large cost
of drilling the necessary extensive network of deep boreholes. Con-
sequently, the assumption that geochemical methods are ‘‘mostly
unreliable’’ is often not based on objective criteria, but on a limited
knowledge of the variability of heat flow on a local scale (Hamza
and Muñoz, 1996). Local heat flow will be higher in discharge areas
than the regional mean. However, overemphasizing this aspect is
misleading when the area of the thermal springs is large (Hamza
and Muñoz, 1996). Depending on the size of the heat flow pattern
under study, ‘‘regional’’ and ‘‘local’’ take on different meanings. It is
worthy to note that Hamza and Muñoz (1996) used geochemical
data in areas devoid of other data and where the tectonic and geo-
logic context supported a heat flow pattern compatible with the
values indicated by this method. Hamza et al. (2005) also pointed
out that the geochemical data provide useful constraints for regio-
nal trends in areas of poor data density. Particularly, Hamza et al.
(2005) noted that in the case of the South America mean heat flow
values based on a reduced data set, in which the estimated values
by geochemical methods had been eliminated, were representative
of regional heat flow in tectonically quiescent areas, which include
Pre-cordilleran basins in the west and the Brazilian Platform in the
east. On the other hand, the mean values based on the whole data
set (including geochemical estimates) were representative of
regional heat flow in areas of recent tectonic and magmatic activ-
ity, mainly the Andean cordilleran regions. In the present study
third-order of certainty was assigned to geochemical data
(Table 1).

More sophisticated geotherm models of the continental litho-
sphere than the ones used in this study are available in the litera-
ture (e.g. Chapman, 1986; Chapman et al., 1992), but they require
an exhaustive knowledge of several parameters. Considering the
limited number of surface heat flow data available, the lack of esti-
mates of the thermal conductivities, heat production and coeffi-
cients of thermal expansion of the upper, middle and lower crust
and the lithospheric mantle for the Altiplano–Puna, and trying to
minimize the uncertainty of our results, we have chosen very sim-
ple geothermal models, which are based on the fewest parameters
possible.

Moreover, it is not the intention of this study to produce a
‘‘best-fitting’’ thermal model. For such an intention, a much larger
surface heat flow or temperature data set would be required,
which is not available for the study area. Even so, it should be kept
in mind that our calculation of the thermal isostatic relationships
involves a number of assumptions. One is that the lithosphere is
in thermal equilibrium. However, thermal equilibrium can be lost
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easily by a change of the temperature or the heat flow at the bot-
tom of the lithosphere; or by an addition or removal of material
from the top through sedimentation or erosion, from the middle
through tectonism or from the bottom through convective pro-
cesses. Particularly, Kay et al., 1994 postulated the occurrence of
delamination of the continental lithosphere beneath the southern
Puna (�24–27�S) at �3–2 Ma. This delamination event could indi-
cate that the southern Puna might be in a thermally transient state;
however, a transient geotherm can be very difficult to model accu-
rately (Hasterok and Chapman, 2007b). Considering this difficulty,
we model the lithospheric geotherms as a steady-state process.
Any deviation from the computed steady-state thermal models
arising from transient processes will result in a residual elevation
that must be taken into account in the interpretations (Hasterok
and Chapman, 2007b).

Another assumption is that heat is transported by conduction
only. In fact, within the crust there are processes related to hydro-
thermal systems, regional aquifers, and magmatic systems that can
generate heat advection. Magma generation, storage at mid-crustal
depths (Altiplano–northern Puna Magma Body; Southern Puna
Magma Body) and eruption is well documented in the Puna during
Miocene and Pliocene (e.g. de Silva and Gosnold, 2007; Kay and
Coira, 2008; Bianchi et al., 2013). De Silva and Gosnold (2007) pro-
posed that the ignimbrite ‘‘flare-up’’ is the record of a crustal scale
magmatic system fuelled by a transient spike in mantle power
input. These authors carried out numerical simulations using a
conductive heat flow model, showing that the presence of the Alti-
plano–northern Puna Magma Body (APMB) has a significant impact
on the thermal state of the crust. De Silva and Gosnold (2007)
observed that perturbation of the geotherms after establishment
of the APMB reached a maximum after �5 My, thereafter there is
little further change.

The perturbed geotherm modelled by de Silva and Gosnold
(2007) shows that temperatures of �800–1000 �C are reached at
�15–19 km depth. Currie and Hyndman (2006) based on geophys-
ical and petrologic data concluded that the middle crust of the Cen-
tral Andes is at temperatures of �800 �C at 20–25 km depth.
Hasterok and Chapman (2007a) noted that conductive geotherms
calculated for surface heat flow greater than 120 mW/m2, lead to
widespread melting conditions in the lower crust. In our approach,
the geotherms constructed for surface heat flow values higher than
150–200 mW/m2 also show temperatures higher than 800 �C at
�20–25 km depth (Figs. 3a, 4a). These results support the use of
conductive geotherms in this work. Therefore, we have chosen to
keep our thermal models as simple as possible, interpreting the
possible effects of heat advection as residuals from the reference
thermal isostatic models. That is to say, any anomalous result is
interpreted in terms of properties and processes that differ from
the standard models used in this work (Hasterok and Chapman,
2007a). The final assumptions are that the thermal conductivity
and the coefficient of thermal expansion are constant with depth.
Actually, there is a depth dependence of both parameters.

3.2. Implications of the modelling results

Our results suggest that while the thermal contribution to the
actual topography of the Altiplano (north of 22�S) would be of
�1 km, the thermal contribution to the actual topography of the
southern Puna (24�–27�S) would be of �1.5 km (Figs. 8 and 9).
Given the scarce number and low quality of the available heat flow
data, and the very simple geothermal models used to calculate the
thermal isostatic relationships, these values of thermal elevation
should be regarded as rough estimates. However, it must be high-
lighted that the reliability of the compositional adjustment we
applied is very high, considering the large number of additional
data included in the 3D gravity model of Prezzi et al. (2009a). Thus,
these estimates would indicate the existence of first-order geolog-
ical differences along the Altiplano–Puna.

Shortening values are sufficient to account for crustal cross sec-
tional area in the Altiplano north of 22�S, but are less than that
needed in the Puna south of 22�S (McQuarrie, 2006). Our estimates
of the thermal contribution to the Altiplano and Puna elevation
(Figs. 8 and 9) can indeed explain these features. Furthermore,
the 3D gravity model of Prezzi et al. (2009a) shows the presence
of thicker lithosphere below the Altiplano than below the Puna
(Fig. 2) (Prezzi and Götze, 2009; Prezzi et al., 2009a, 2011). Partic-
ularly, the thinnest lithosphere is found below the southern Puna
(24–27�S), suggesting a possible relationship between the depth
to the top of the asthenosphere and the higher heat flow and the
greater thermal contribution to the elevation.

The existence of thinner lithosphere and hotter upper mantle
below the southern Puna than below the northern Puna was previ-
ously suggested by other authors (e.g. Whitman et al., 1996).
Whitman et al. (1996) proposed that such differences in litho-
spheric thickness result in an Altiplano supported by crustal thick-
ening and a Puna supported by a crustal root and a thermal root.

Moreover, Heit (2005), based on tomographic images, proposed
that the Puna plateau would be affected by an anomalous thermal
influx from the mantle, caused by the release of fluids from the
subducted slab. Heit (2005) pointed out that these thermal anom-
alies in the asthenosphere would contribute to plateau elevation.
Wölbern et al. (2009) presented a receiver function analysis that
reveals thinning of the mantle transition zone below the Puna at
�25.5�S. These authors suggested that the detected anomaly might
be indicative of the presence of a mantle plume, which could con-
stitute the origin of anomalous temperatures at upper-mantle
depths.

Additionally, there are other observations that can be used as
indicators of the thermal structure of the uppermost mantle (e.g.
Currie and Hyndman, 2006). The effective elastic thickness (Te)
inferred from analysis of surface flexure using gravity and topogra-
phy data, described as the depth to the ‘‘brittle-ductile transition’’,
is primarily temperature-controlled (e.g. Hyndman et al., 2009).
Hyndman et al. (2009) noted that Te is strongly correlated with
surface heat flow in northwestern North America. These authors
observed a correlation between thin Te and high upper mantle
temperatures and thick Te and low mantle temperatures. Tassara
et al. (2007) estimated Te structure of South America using wave-
lets and satellite-derived gravity data. While Te estimations by
Tassara et al. (2007) for the Altiplano and northern Puna (north
of �24�S) range between �20 and 35 km, for the southern Puna
(south of �24�S) are less than �15 km.

These facts coincide with and support our results for the south-
ern Puna. Unfortunately, there are no surface heat flow data avail-
able for the northern Puna (22–24�S), preventing the evaluation of
possible correlations between thermal elevation, asthenospheric
depth, the existence of the Altiplano–Puna Magma Body and of
the Altiplano–Puna Volcanic Complex.

When we compare the residual topography (eres) with the ther-
mal component of the elevation (normalized elevation) (enorm) for
the Altiplano (north of 22�S), a very good fit that supports our
results is observed (correlation coefficient of 0.85) (Fig. 11). The
linear regression parameters (particularly the slope value of 1.01)
showed that the residual topography can be completely explained
considering only thermal effects. On the other hand, when we
compared the residual topography (eres) with the thermal compo-
nent of the elevation (normalized elevation) (enorm) for the south-
ern Puna (24�–27�S), a good fit is observed (correlation
coefficient of 0.71) (Fig. 11). However, the linear regression param-
eters (particularly the slope value of 0.83) showed that a portion of
the residual topography (�20%) cannot be explained considering
only thermal effects, which is suggestive of additional geodynamic



62 C. Prezzi et al. / Physics of the Earth and Planetary Interiors 237 (2014) 51–64
and/or flexural support. Regarding flexural support, it has been
broadly accepted that most of the Altiplano–Puna is locally com-
pensated. Moreover, recent estimates of the Altiplano–Puna elastic
thicknesses (e.g. Tassara et al., 2007) range approximately between
0 and 30 km, indicating the existence of weak lithosphere and local
compensation.

While tectonics is associated with the isostatic components of
topography, the deflections caused by dynamic topography repre-
sent the non-isostatic components (Dávila and Lithgow-Bertelloni,
2013). Dávila and Lithgow-Bertelloni, 2013 demonstrated that the
Andes and the distal forelands have been mostly uncompensated
since the beginning of the Cenozoic and that additional forces, such
as mantle downwellings and upwellings, are required to account
for the observed topographies in basins and elevations. The Alti-
plano–Puna plateau has not been studied from this perspective,
even when its anomalous low-relief elevation and associated sub-
duction history suggest a complex interaction between mantle
dynamics and lithospheric detachment (Dávila and Lithgow-
Bertelloni, 2013). Kay et al. (1994) proposed that mechanical
delamination of a block (or blocks) of continental lithosphere took
place during the late Pliocene below the southern Puna. Between 3
and 0 Ma, Kay and Coira, (2009) documented the occurrence of
delamination and the existence of a thick and hot mantle wedge
below the southern Puna around 26�S. This delamination event
combined with slab steepening (Kay and Coira, 2009), might result
in a dynamic topography evolution (Dávila and Lithgow-Bertelloni,
2013).

Gerbault et al. (2005) pointed out that horizontal ductile flow in
the lower crust could have occurred along the Central Andes,
explaining the observed variations in crustal shortening between
the Altiplano and the Puna. Such a mechanism of channel flow
may provide geodynamic support to the Altiplano–Puna plateau.
Ouimet and Cook (2010) developed a viscous flow model for the
Central Andes, highlighting the relationships between slab dip,
lower crustal flow, and topography in the Altiplano–Puna. They
showed that as the lower crust between 14� and 28�S becomes
hot and weak due to steep subduction, increased shortening in
the center of the Central Andes drives longitudinal flow of the
lower crust along strike to the north and south. Such redistribution
of material results in an apparent discrepancy between local crus-
tal volume and surface shortening. Lower crustal flow would exert
a fundamental control on the distribution of topography in the
Central Andes, and could explain surface uplift in the southern
Puna (24�–27�S) (Ouimet and Cook, 2010).

Also, Valera et al. (2011) performed numerical simulations con-
sidering different initial setups where delamination could develop.
They observed that predicted dynamic topography is very sensitive
to changes in the density of the lower orogenic crust, showing sur-
face uplift adjacent to the delaminating lithospheric mantle for
models with a low density lower crust, as is the case in the south-
ern Puna (e.g. Prezzi et al., 2009a). On the other hand, the patterns
of predicted surface heat flow (over 100 mW/m2) and isostatic
elevation are not affected by changes in the density of the orogenic
lower crust (Valera et al., 2011).

In their models, Krystopowicz and Currie (2013) identified two
styles of delamination. Weak mantle lithosphere peels away from
the crust at a retreating detachment point, whereas strong mantle
lithosphere detaches from the crust and slides into the mantle as a
coherent slab at a nearly stationary detachment point. Both styles
lead to complete removal of orogenic mantle lithosphere but exhi-
bit differences in the evolution of crustal deformation, surface
topography and magmatism. In retreating delamination, mantle
lithosphere peels away from the crust, producing contemporane-
ous migration of crustal deformation and surface uplift. During
delamination, upwelling mantle and rapid crustal heating may
produce magmatism that migrates across the orogen. In stationary
delamination, shortening and uplift are confined to one area, but
lithosphere is rapidly removed over a wider area, determined by
the presence of weak lower crust. Following removal, the full
width of the orogen experiences deformation, uplift and crustal
heating, which may produce wide-spread magmatism. This style
of removal may have occurred in the southern Puna (Kay and
Coira, 2009; Krystopowicz and Currie, 2013). The removal of large
volumes of dense lithosphere and influx of asthenospheric heat
causes a rapid isostatic increase in surface elevation and ignim-
brite eruptions (DeCelles et al., 2009), whereby topography
becomes an instantaneous response to delamination (Ueda et al.,
2012), in coincidence with our results. Moreover, while the
Lower-Middle Miocene basins from Altiplano–Puna were inter-
preted as flexural depocenters (e.g. Prezzi et al., 2009b, 2014),
new experiments (Bajolet et al., 2012) suggest that part of their
thicknesses could be explained by delamination as well (Dávila
and Lithgow-Bertelloni, 2013) .

Thus, the obtained results suggest that the thermal state of the
lithosphere would play a significant role in the elevation of the
Central Andes, and may be responsible of some of the geological
differences displayed by the Altiplano and the Puna. Further
advances in the calculation of the thermal and the geodynamic
components of elevation can be achieved only with improvements
in both the quality and quantity of the heat flow database, and
with a more exhaustive knowledge of thermal conductivities, heat
production and coefficients of thermal expansion.

The thermal state of the lithosphere can also play a significant
role in the topography at other subduction zones. Currie and
Hyndman (2006) compiled observational constraints on the ther-
mal structure of circum-Pacific hot back arcs. These authors used
independent indicators of temperature, including surface heat flow
and radiogenic heat production, mantle seismic velocity from
refraction and tomography studies and thermobarometry studies
of mantle xenoliths.

Some examples of hot back arcs studied by Currie and
Hyndman (2006) are:

1. The northern Cascadia backarc, which presents high surface
average heat flow of 75 mW/m2, low mantle seismic veloci-
ties, estimates of high temperatures from peridotite xenolith
thermobarometry, presentday widespread sporadic basaltic
volcanism, high elevations (1.5–2 km) for a �35 km backarc
crustal thickness, and an effective elastic thickness less than
30 km.

2. The back arc of the southernmost part of the South America
subduction zone (south of 35�S), which shows high surface
heat flow, lower than average S wave velocities at depths
of 60–150 km, average lithospheric thickness of only
�60 km and, sporadic Plio-Quaternary basaltic volcanism.

3. The Kamchatka back arc, which is characterized by high heat
flow of �70 mW/m2, lower than average P wave velocities at
depths of 50–120 km, slow S waves in the upper mantle, and
relatively low gravity (modeled using a hot, low-density
mantle).

4. The back arc of the Mexico subduction zone, which shows a
high average surface heat flow of 72 ± 17 mW/m2, slower
than average P wave velocities at �100 km depth, slower
than average S wave velocities, high surface elevations
(1.5–3 km) for a crustal thickness of 35–40 km, and a depth
to the base of the lithosphere of less than 70 km.

The elevation of these and other hot back arc zones could be
better understood taking into account thermal support in addition
to Airy isostasy. Recently, Hyndman and Currie (2011) interpreted
the high elevations of the North America Cordillera to be primarily
due to the thermal isostasy effect of high temperatures. These
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authors explained the Cordillera versus stable area elevation differ-
ence of �1600 m (after correction for crustal thickness and den-
sity) by means of temperature differences.
4. Conclusions

(a) This study estimates the compositional contribution to the
elevation of the Altiplano–Puna and removes it by an iso-
static adjustment, revealing the thermal and geodynamic
effects on elevation.

(b) Observed elevation is not correlated with surface heat flow.
(c) Compositionally normalized elevation (calculated based on a

databased 3D geological model to reveal thermal isostatic
effects) correlates with surface heat flow and shows a good
agreement with predictions of thermal isostasy based on
calculated geotherms.

(d) While the thermal component of the Altiplano elevation
would be of�1 km, the thermal contribution to the southern
Puna elevation would be of �1.5 km.

(e) Residual elevation (calculated based on the assumption of
Airy isostasy and a corresponding crustal root) is closely cor-
related with the calculated thermal elevation.

(f) For the Altiplano (north of 22�S) the residual topography can
be fully explained considering thermal effects solely. On the
other hand, for the southern Puna (24�–27�S) a portion of the
residual topography (�20%) cannot be explained considering
only thermal effects, suggesting additional geodynamic
support.

(g) The thermal state of the lithosphere plays a significant role
in the elevation of the Central Andes and may be responsible
for some of the geological differences displayed by the Alti-
plano and the Puna.

(h) Further advances in the calculation of the thermal and geo-
dynamic components of elevation can be achieved only with
improvements in both the quality and quantity of the heat
flow database, and with a more exhaustive knowledge of
subsurface temperatures, thermal conductivities, heat pro-
duction and coefficients of thermal expansion.
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