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The commonly observed extension in areas of elevated and thickened crust is an expected consequence of
having excess gravitational potential energy (GPE) compared to the low GPE of the surrounding crust. While
this conceptual model is well founded, it is less clear how well GPE-related stress orientations compare
quantitatively to observed stress and strain rate orientations and what any inconsistency tells us about the
presence of other competing forces. We estimate the GPE distribution for the central Andes and the greater
Colorado Plateau area using topography and crustal thickness variations, respectively, and compare the
related stress fields with the World Stress Map as well as with a geodetic strain rate field (for the Colorado
Plateau only). In both areas, deviatoric stresses associated with GPE variations alone cannot fully account for
the observed deformation rate field. For the central Andes only a combination of deviatoric stresses
associated with GPE and relative plate motions can account for the near N–S tensional stress observed in the
Peruvian Andes and the margin–normal compressional stress along the eastern Cordillera and sub-Andean
fold-and-thrust belt. The observed deformation field around the Colorado Plateau shows E–W extension,
largely inconsistent with the deviatoric stresses associated with GPE variations except for the area east of the
Rio Grande Rift. The NE–SW oriented stress observed on the southwestern Colorado Plateau is consistent
with the orientations of tensional deviatoric stresses associated with GPE variations. We argue that this
consistency could be haphazard; stress observations may not reflect the current state of stress due to
inherited structure, or could result from the relative high strength of Colorado Plateau that allows for regional
GPE variations (and possibly basal shear) to be more significant forces than far-field plate interactions. For the
central Andes and Colorado Plateau, stresses associatedwithGPE variations have a strong influence on the total
stress field, and can thus be used to calibrate the overall level of deviatoric stress acting within the lithosphere.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The collapse of elevated and thickened crust and lithosphere (i.e.,
orogenic or gravitational collapse) is a natural consequence of the
reduction of lateral differences in gravitational potential energy (GPE)
acquired through the juxtaposition of crust/lithosphere of different
density and/or thickness during the precedingmountain building phase
(e.g., Bucher, 1956; van Bemmelen, 1954). The lateral GPE variations
cause neighbouring lithospheric columns of high and low GPE to
undergo tension and compression, respectively (e.g., Artyushkov, 1973;
Fleitout and Froidevaux, 1982). Since the development of the concept,
evidence for extension in orogenies (and the corollary shortening in the
adjacent low lands) has frequently been attributed to GPE variations
(e.g., Coney and Harms, 1984; Dalmayrac and Molnar, 1981; Dewey,
1988; Eva and Solarino, 1998; Hodges and Walker, 1992; Molnar and
+1 775 784 1709.
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Lyon-Caen, 1988). This paradigm has, however, rarely been verified
through a quantitative comparison of observed and modelled stress
orientations. This lack of attention may be attributable to the fact that
the origin of the stress fieldmay also come from other processes such as
basal shear tractions, related to lithosphere–mantle interaction, and
boundary forces, related to relative plate motions. It is now recognized
that a combination of deviatoric stresses associated with GPE and
boundary forces can, to first order, explain the deformation field in the
North American Cordillera (Flesch et al., 2000; Flesch et al., 2007;
Humphreys and Coblentz, 2007), central Andes (Husson and Ricard,
2004; Liu et al., 2002), and Tibet (Flesch et al., 2001).

In light of this special volume, we apply the methodology
presented by Flesch et al. (2001; 2007) to data from the World Stress
Map (WSM; Heidbach et al. (2008a)) in order to reassess the origin of
the stress fields for two arch-typical continental plateaus and their
surroundings: the Colorado Plateau within the North American
Cordillera of the southwestern United States, and the Altiplano within
the surrounding central Andes. We hereby wish to revisit in more
detail the comparison between observed stresses and deviatoric
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stresses predicted from GPE variations, relative plate motions, and the
possible other forces needed to explain the observations. In addition,
we wish to assess whether the effect of GPE variations can be seen
using space-geodetic measurements of crustal deformation and how
it may differ from stress observations. Such investigation will not be
possible for the central Andes where the geodetic deformation field is
dominated by elastic strain accumulation from coupling on the
adjacent subduction mega-thrust (e.g., Bevis et al., 2001; Leffler et al.,
1997; Norabuena et al., 1998), but is appropriate for the Colorado
Plateau, which is located far from the main plate boundary in an area
where measurements using the Global Positioning System (GPS) have
rapidly accumulated over the last few years.

2. Deviatoric stresses associated with gravitational potential
energy variations

In solving for the deviatoric stress field associated with GPE
variations in the lithosphere we follow the method of Flesch et al.
(2001, 2007)and treat the lithosphere as viscous continuumanduse the
thin sheet approximation (Bird and Piper, 1980; England and House-
man, 1986; England and Mckenzie, 1982) to solve for the vertically
averaged deviatoric stress field. To directly quantify deviatoric stresses
associated with GPE differences, we solve the vertically integrated force
balance equations from the surface at z=−h, where h is the surface
elevation, to the base of the lithosphere at a uniform depth z=L
(written in summation notation):

A

Axβ
ταβ + dαβτγγ

� �
¼ −Aσ zz

Axα
ð1Þ

where ¯τ̄ij is the vertically averaged horizontal deviatoric stress tensor
(i.e. xx, xy, yx, and yy components), and

σ zz = − 1
L

ZL

−h

R
ρ zVð ÞgdzV� �
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L − zð Þρ zð Þgdz: ð2Þ

(See Flesch et al. (2007) for complete derivation.) The vertically
averaged vertical stress defined in Eq. (2) is equivalent to 1/L times
the gravitational potential energy per unit area defined with the
reference level at the base of the lithosphere at depth L, and herein
will be referred to as GPE. Eq. (1) is three equations with two
unknowns, and Flesch et al. (2001) show that by imposing the
constraint that the solution be the minimum deviatoric stress field
solution a unique mathematical solution can be determined. There-
fore, with a lateral estimate of GPE, we can directly solve Eq. (1) to
determine a vertically averaged deviatoric stress field associated with
body force distributions within the lithosphere (see Flesch et al.
(2007) for details).

We estimate GPE values, σ̅zz, from topography and seismic data.
For thewestern USwe use the CRUST2.0 seismic crustal thickness data
set (Bassin et al., 2000; Mooney et al., 1998) and Eq. (2) to calculate
GPE estimates for each grid area. The mantle densities are modified to
put each grid column in Airy isostatic balance. Because CRUST 2.0 does
not provide the level of resolution we need for the Andes, we use the
ETOPO5 data set there and assume constant crustal and mantle
densities of 2750 kg/m3 and 3300 kg/m3, respectively. Assuming the
lithosphere is in Airy isostatic balance, we calculate GPE for each grid
area using Eq. (2). The magnitudes and distribution of GPE calibrate
the magnitude of deviatoric stress acting in the lithosphere. The
inherent uncertainty in calculating the stress field associatedwith GPE
variations comes from the estimates of crustal thickness, assumed
compensation, crustal density and mantle density.

Errors introduced variations in mantle density associated with
lateral or isothermal temperature variations are small in comparison
with the total magnitude of the GPE signal obtained form the crustal
contribution. Furthermore, if the lithosphere is not fully in compensa-
tion, as has been proposed for the Andes, this would result in an
overestimate of crustal thickness for each area. A reduction of crustal
thickness would increase the amount of high density mantle that
contributes to the integral for GPE, thus increasing the overall
magnitude of the GPE estimates and associated deviatoric stresses.
For a lithospheric column at 1.5 km elevation, decreasing the crustal
thickness by 5 kmproduces a ~1% larger estimate of GPE. Furthermore,
even though the magnitudes change slightly, the gradients of GPE do
not. Thus, a GPE distribution calculated for a lithosphere not fully
compensated would produce the same overall pattern of deviatoric
stress.

3. Determination of stress field boundary conditions

We then follow the method of Flesch et al. (2007) and solve for a
stress field boundary condition associated with plate interactions. We
calculate stress field 3 normalized orthonormal basis functions for
each boundary segment around the boundary of the grid using Eq. (1)
and setting σz̅z=0 (see Flesch et al. (2007) for details). For the Andes
and the western US we divide the boundary into 47 and 49 segments,
respectively. For each boundary segment we calculate the stress field
response within the interior of the grid for corresponding to the three
rotations ofw=(1,0,0), (0,1,0), and (0,0,1), yielding a total of 141 (47
segments×3) and 147 (49 segments×3) stress field basis functions.
For the Andes case we also consider a single segment along the entire
western boundary of the grid, and solve for 3 basis functions. The
complete stress field boundary condition is theweighted linear sum of
stress field basis functions, calculated around the boundary of the grid,
which is added to our deviatoric stress field associated with GPE
variations:

τ = τ0 +
Xnseg
j=1

X3
i=1

aijτij ð3Þ

where τ0 is the deviatoric stress tensor associated with GPE variations
within the lithosphere that calibrates themagnitudes of the stressfield
basis functions, aij are the scaling factors for the stress field basis
functions, and τij are the stressfield basis functions. The 141, 147, and 3
scaling factors, aij, (three for each boundary segment) are determined
in an iterative least-squares inversion. The objective function we
minimize is

X
areas

T −
�e · τð Þ
E
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where

E =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�e2xx + �e2yy + �e2zz + �e2xy + �e2yx

q
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 �e2xx + 2 �exx �eyy + 2 �e2yy + 2 �e2xy

q
;

T =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τ2xx + τ2yy + τ2zz + τ2xy + τ2yx

q
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2τ2xx + 2τxxτyy + 2τ2yy + 2τ2xy

q
;

�e � τ = f�exxτxx + �eyyτyy + �ezzτzz + �exyτxy + �eyxτyx
= 2 �exxτxx + �exxτyy + �eyyτxx + 2 �eyyτyy + 2 �exyτxy

DS is the grid area, ̇εij is the strain rate from the kinematic modelling or
the smoothed stress field from the WSM and τij is the total deviatoric
stress tensor expressed in Eq. (5). This objective function is minimized
when the orientations of principal axes of deviatoric stress are aligned
with the orientations of principal axes of strain rates/stress observations
and when the tectonic regime predicted by the deviatoric stress field
(e.g., strike-slip, thrust, normal or a combination of these) matches the
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observed tectonic regimes. We assess the goodness of fit between the
modelled deviatoric stress field and observed stress indicators by
calculating the average misfit:

M =
1
2

1−
�e · τ
ET

	 

: ð5Þ

4. Central Andes

The Andes were built as a consequence of the convergence of the
Nazca and South American plates over the last 30 Myr (Dewey and
Bird, 1970; Isacks, 1988). We define here the central Andes to be that
part of the Cordillera located between 5° and 30°S (Fig. 1A), which
encompasses the highest part of the Andes, the Altiplano plateau.
There exists much evidence for extension in the central Andes and
compression along its margins from seismicity (e.g., Assumpção and
Araujo, 1993; Dalmayrac and Molnar, 1981; Déverchère et al., 1989;
Doser, 1987; Suarez et al., 1983) and field studies (e.g., Allmendinger
et al., 1989; McNulty and Farber, 2002; Mercier, 1981; Sébrier et al.,
1985). The WSM contains the stress orientations from many of those
observations, although there is a large number of data in the literature
that is not included in the WSM (e.g., Allmendinger et al., 2005;
Cladouhos et al., 1994; deUrreiztieta et al., 1996; Marrett et al., 1994;
Siame et al., 2005). For the purpose of this study, we use the
orientations maximum horizontal compressional stress (SH-max)
compiled in the WSM database to derive from these the principal
horizontal directions of deviatoric stress tensor, i.e. tensional
deviatoric stress orientations correspond to the orientations mini-
mum horizontal compressional stress (SH-min) and compressional
deviatoric stress orientations equal the SH-max orientation (Fig. 1B).
Whenmultiple stress observations are present within the samemodel
grid cells, we estimate an average (Fig. 1B).

The stress field in the central Andes (Fig. 1B) can be described as
follows. The orientation of tensional deviatoric stress (SH-min) in the
high Andes is N–S, with most observations located along the
Cordillera Blanca (in northern Peru), and in the northern limb of the
Fig. 1. (A) Regional setting of central Andes. Direction of Nazca–South America convergence
orientations, converted fromWSM database (Heidbach et al., 2008a), are averaged. White an
orientations. Note that the principal stress orientations from the stress tensor (σij) and the
Bolivian Orocline (southern Peru, and encompassing some of the
northern Altiplano). N–S tensional stresses are also observed at low
elevations in southern Peru. Almost no extension has been docu-
mented south of 18°S, including most of the Altiplano, with the
notable exception of one observation of E–W tension along the coast
of northern Chile. Compressional stresses perpendicular to the chain
are found along most of the fold-and-thrust belt east of the Andes.
Although the tensional deviatoric stress in Peru is now oriented N–S, it
was markedly different before the Pleistocene, namely E–W (Mercier
et al., 1992). Further south, in the Argentine Puna, the pre-Pleistocene
stress field was WNW–ESE compressional (Cladouhos et al., 1994;
Marrett et al., 1994). For Peru, Mercier et al. (1992) attributed the
change in tectonic regime to time-variable coupling due to slab
retreat, but it is now thought (Husson and Ricard, 2004; Liu et al.,
2002) that the origin of the pre-Pleistocene E–W tensional stresses in
Peru was a significant basal shear at a timewhen the convergence rate
was higher (Pardo-Casas and Molnar, 1987; Somoza, 1998) and the
Andes gained most of its elevation (e.g., Allmendinger et al., 1997;
Isacks, 1988). It has been shown that basal tractions alone could be
sufficient to raise the Andes (Wdowinski et al., 1989), and most
recently Heidbach et al. (2008b) showed that the growth of the Andes
would change the tectonic regime and rotate the stress orientations.

We use the ETOPO5 data set and Eq. (2) to estimate GPE variations
and calculate the related principal axes of the vertically averaged
horizontal deviatoric stress field (Fig. 2A). High values of GPE along
the high Andes are accompanied by tensional deviatoric stresses up to
~20 MPa that are consistently orientated perpendicular to the chain.
The magnitude of these deviatoric stresses is slightly lower than the
preferred 25 MPa reported by Richardson and Coblentz (1994) based
on a similar approach. Our model predicts tensional deviatoric
stresses for all of the overriding plate up to the coastline. This result
in itself is consistent with the observation margin–normal extension
at low elevations for e.g. northern Chile (Delouis et al., 1998; González
et al., 2003; Loveless et al., 2005), but inconsistent with earlier GPE-
related stress field estimates that predicted extensional stresses to be
contained to the area above 3000 m (Richardson and Coblentz, 1994).
Deviatoric stresses are compressional in the oceanic lithosphere and
is from Kreemer et al. (2003). (B) Dashed squares are model grid cells in which stress
d black arrows reflect extensional (SH-min) and compressional (SH-max) deviatoric stress
deviatoric stress tensor (τij) are identical (Jaeger et al., 2007).

http://dx.doi.org/10.1594/GFZ.WSM.Rel2008


Fig. 2. (A) The vertically averaged deviatoric stresses field associated with GPE in the lithosphere. GPE estimates were determined using the ETOPO5 data set and assuming the
lithosphere was in Airy isostatic balance, and are plotted as the background grid. White arrows represent the orientation of the tensional deviatoric stress and black arrows the
orientation of the compressional deviatoric stress. (B) The average misfit between observed stress from the world stress map and the deviatoric stress field determined from GPE
variations in A. The misfit function is given in Eq. (5).
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are oriented roughly normal to the plate margin, except offshore from
the Bolivian Orocline, near the Arica Bend, where E–W and NE–SW
deviatoric compressional stresses are superimposed. Deviatoric
stresses are slightly tensional along the fold-and-thrust belt and on
the South American craton. The difference between the deviatoric
stress field associated with GPE and the observed WSM stress field is
estimated with misfit function in Eq. (5) (Fig. 2B). To increase the
number of grid cells with WSM stress data with which to make the
comparison, we smooth the observed stresses (Fig. 1B) one grid cell.
We observe high misfits along the entire eastern Cordillera and fold-
and-thrust belt, as well as for most of the Cordillera Blanca. The
observed and estimated stress orientations in the high Andes are at
significant angles with each other, except where they are both
oriented NE–SW in the central Bolivian Orocline. The lack of overall
agreement of the calculated deviatoric stress field with the stress
observations argue for additional sources of stress.

To improve the model fit to the WSM stress observations we
calculate a stress field boundary condition associated with plate
interactions (Fig. 3A and B). We only use grid regions that contain
smoothed stress observations when we invert for stress field
boundary conditions. For 49 segment inversions, we find a stress
field boundary condition of the order of ~15 MPa, which has a forces/
unit length vector that is oriented very close to the Nazca–South
America convergence direction (Fig. 3A). There are large deviatoric
stresses along the eastern side of the grid, where no WSM stress
observations are available. To demonstrate that these stresses are
boundary effects due to lack of stress data we also invert for a single
set of basis function segmented along the western boundary of the
grid (Fig. 3B). The resultant stress field boundary condition is similar
to the 49 segment inversion (consistent with the finding of Meijer
et al. (1997) that the subduction related resistance force is constant
along strike) and again produces a force/unit length vector in the
direction of Nazca–South America convergence. However, this model
does not contain the large stresses on the eastern boundary. The total
deviatoric stress field (the sum of the stresses associatedwith GPE and
plate interactions) (Fig. 3C and D) predicts deviatoric stresses along
the subduction interface to be of the order of ~20–25 MPa, and the
tensional deviatoric stresses in the Andes to be ~15 MPa in Peru and
~10 MPa further south. The total deviatoric stress field is broadly
similar to the deviatoric stress field associated with GPE variations
except that tensional deviatoric stresses in Peru are oriented more
northward and that stresses east of the Andes are now more
compressional and oriented normal to the chain. The total deviatoric
stress field is nearly identical between the cases where we invert for
49 segments or a single segment to determine the plate boundary
condition, with the 49 segment inversion producing a slightly lower
misfit, 0.16, than the single segment inversion, 0.19 (Fig. 3E and F).
This result suggests that a simple stress field boundary condition is
sufficient to explain the WSM stress observations when added to the
deviatoric stresses associated with GPE variations. Overall the total
deviatoric stress field fits the observations significantly better than the
deviatoric stress field due to GPE variations alone. However, it should
be noted that the observed tensional deviatoric stresses in Peru are
still oriented slightly more N–S than the predictions. Similar
magnitude tensional deviatoric stresses are predicted along the
central Andes south of 18°S, but are oriented E–W. Because almost
no stress observations are present there, no misfit can be determined.

5. Colorado Plateau

The Colorado Plateau is a thick, elevated, and relatively unde-
formed physiographic province that has prevailed as an autonomous
entity since the Permian. The prominent character of the Plateau is in
part due to the fact that, unlike the Plateau's crust itself, the crust of
adjacent provinces is severely extended: the Basin and Range
Province to the south and west, and the Rio Grande Rift to the east
(Fig. 4). Discussion on the exact mechanism that has caused and
sustained the Plateau's elevation can be found elsewhere (McGetchin
et al., 1980; Parsons and McCarthy, 1995; Thompson and Zoback,
1979). The current state of stress of the Plateau and its margins, as
archived by the WSM and converted by us (Fig. 5A), can be described
as follows. Within the Plateau and along its southwestern margin,
stress orientations indicate a general pattern of NE–SW oriented
tension that is consistently observed by the few determined
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Fig. 4. Regional setting of Colorado Plateau, outlined by thick black line. Other black
lines are Quaternary faults, and dark grey areas are the volcanic centers of the Jemez
Lineament (from West et al. (2004)). SAF is San Andreas Fault system.

Fig. 5. Same as Fig. 1B but for Colorado Plateau. Arrow indicates direction of Pacific–North America plate motion (Kreemer et al., 2003). (B) Contours indicate second invariant of the
modelled strain ratemodel inferred fromGPSvelocities. Vectors indicate theprincipal axesof thenormalized strain rate tensor foreachgrid area (white isextension andblack is contraction).
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earthquake focal mechanisms (e.g., Brumbaugh, 2008b; Wong and
Humphrey, 1989). Along its eastern margin most stress observations
come from the volcanic Jemez Lineament and northern Rio Grande
Fig. 3. (A) The stress field boundary conditions associated with plate interactions determined
single segment stretching along the western boundary of the grid. (C) The vertically averag
(Fig. 2A) and the stress field boundary condition (A) for the case using 49 boundary segm
segment around the boundary of the grid (B). (E) The misfit between the total vertically ave
the observed stress from the world stress map. (F) Same as in (E) only for the total stress
arrows represent tensional deviatoric stress and black arrows compressional deviatoric stre
Rift and indicate E–W tension (Aldrich et al., 1986). The WSM
catalogue does not contain any prominent stress signature associated
with the southern Rio Grande Rift. Tensional stresses at the transition
from the Colorado Plateau to the northern Basin and Range are
WNW–ESE, similar to those in the Basin and Range (e.g., Patton and
Zandt, 1991). Further north, along the Wasatch front, stress orienta-
tions are again more E–W.

In addition to the state of stress of the Colorado Plateau and its
surroundings, another, and perhaps more direct, indication of the
regional deformation field comes from a strain rate field as recorded
by GPS measurements. We have processed data from all well-
monumented continuous GPS sites that are part of various networks:
EarthScope's Plate Boundary Observatory (PBO), Basin and Range
Geodetic Network (BARGEN), Continuous Operating Reference sta-
tions (CORS) network, Southern California Integrated GPS (SCIGN)
network, and the International GNSS Service (IGS) network. Hor-
izontal velocities are determined for all sites with position time-series
N2.5 years. Uncertainties in the velocities are estimated using the
presence of colour and white-noise in the time-series. We then
determine a continuous horizontal strain rate tensor field using a
spline interpolation technique in which observed velocities are
matched with associated model velocities in a least-squares sense
(Beavan and Haines, 2001; Holt et al., 2000). The model strain rate
field (Fig. 5B) is being characterized by having very low strain rates
over most of the Colorado Plateau and areas to its north, east, and
south. Yet, for all of the Colorado strain rates are indicating consistent
E–W extension. East–west oriented extension is also observed along
the transition of the Colorado Plateau and northern Basin and Range
Province. Strain rates are 2–3 orders of magnitude higher along the
San Andreas Fault systemwhere strain rate tensors are predominantly
reflecting shear.
using 49 boundary segments around the boundary of the grid. (B) Same as (A) only for a
ed total deviatoric stress field that is the sum of stresses associated with GPE variations
ents. (D) Same as (C) only for the boundary condition case determined using a single
raged deviatoric stress field determined using the 49 segment boundary condition and
field case determined using the single segment stress field boundary condition. White
ss. The misfit function is given in Eq. (5).



Fig. 6. The vertically averaged deviatoric stress field associated with GPE variations in
the lithosphere. GPE estimates were determined using the CRUST2.0 data set and
assuming the lithosphere was in Airy isostatic balance, and are plotted as the
background grid. White arrows represent tensional deviatoric stress and black arrows
compressional deviatoric stress.
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The vertically averaged deviatoric stresses associated with GPE
variations determined using the CRUST2.0 data set (Fig. 6) are very
similar to that determined in Flesch et al. (2007) where a detailed
discussion of this stress field is given for the entire plate boundary.
Here we focus on the Colorado Plateau region in order to fully assess
the sources of stress. Magnitudes of vertically averaged deviatoric
stresses associated with GPE variations here range from 5–10 MPa
and indicate NE–SW tension. We first compare the stresses
associated with GPE variations with stress field indicators inferred
from WSM (smoothed over 2 grid areas) and geodetic strain using
the misfit function defined in Eq. (5) (Fig. 7). The misfit plots for the
Colorado Plateau proper and the Rio Grande Rift show good
agreement (misfit values ranging from 0–0.2) between deviatoric
stresses associated with GPE variations and WSM stress indicators
(Fig. 7A). In most other areas the misfit is larger (0.3–0.7) indicating
that GPE variations alone cannot account for the stress observations
and other driving forces are also acting. A similar conclusion can be
drawn when using the GPS strain field instead of WSM stress
indicators (Fig. 7B), except that the misfit is also poor for most of
Fig. 7. (A) The averagemisfit between observed stress from theWorld Stress Map (Fig. 5A) an
(B) The average misfit between observed stress inferred using the strain rate field determine
GPE variations (Fig. 6). The misfit function is given in Eq. (5).
Colorado Plateau itself, especially its southwestern portion. That
is, the GPE-related NE–SW oriented tension in the Plateau is not
reflected in the GPS strain rate field. The area directly west of the Rio
Grande Rift is the only region where the misfit appears consistently
low.

To address these discrepancies, we solve for stress field boundary
conditions associated with plate interactions (Flesch et al., 2007). We
solve for two sets of stress field boundary conditions, either using the
WSM (Fig. 8A) or geodetic strain rate model (Fig. 8B) as stress field
indicators. Both sets of stress field boundary conditions are consistent
with a shearing of the Pacific plate past the North American plate
(Flesch et al., 2000; Flesch et al., 2007) with stressmagnitudes ranging
from 2–7 MPa, however, there are differences in the stress field
boundary condition solutions. Inversions that use the WSM as stress
field indicators tend to produce larger tensional deviatoric stresses in
the southern region of the grid within Arizona, New Mexico and
Colorado. For both (WSM and GPS) solutions the stress field boundary
conditions in Arizona, NewMexico and Colorado tend to be smaller in
magnitude than the stress field boundary conditions within northern
region of the grid.

The vertically averaged total deviatoric stress field (Fig. 8C and
D) (the sum of the stresses associated with GPE variations and
stress field boundary conditions) is ENE–WSW tensional over the
Colorado Plateau when we use either the WSM or geodetic strain as
stress indicators (with the axes oriented slightly more E–W for the
geodetic strain case). The similarity between the total deviatoric
stress fields for the cases where we use WSM or geodetic strain as
stress indicators is at a cost of having different total deviatoric
stress fields closer to the Pacific plate. For both cases, large shear
stresses are predicted in the Big Bend area, but deviatoric stresses
along the southern San Andreas System are small and predomi-
nantly tension when using the WSM stress indicators, while they
are larger and predominantly NNE–SSW compressional for the case
where we aim to fit the geodetic strain. Misfits between the
modelled vertically averaged total deviatoric stress field and the
respective stress field indicators now produce misfits in the
Colorado Plateau region with values ranging from 0–0.2 for both
the WSM and GPS cases (Fig. 9). The low misfit in the case of using
WSM stress indicators is about equal with the misfit between WSM
stress indicators and GPE-derived stresses, indicating that in this
case deviatoric stresses associated with relative plate motions
mainly influence the deviatoric stress field further west. For the
case of fitting geodetic strain rate orientations, the misfit across the
d the vertically averaged deviatoric stress field determined from GPE variations (Fig. 6).
d from GPS (Fig. 5B) and the vertically averaged deviatoric stress field determined from



Fig. 8. (A) The stress field boundary condition that provides a best-fit to the stress field indicators inferred from the World Stress Map (Fig. 5A). (B) Same as in (A) only for stress
indicators inferred from geodetic strain rates (Fig. 5B). (C) The total vertically averaged deviatoric stress field that is the sum of stresses associated with GPE (Fig. 6) and stress field
boundary conditions (A) determined using theWorld Stress Map. (D) Same as (C) only for stress field boundary conditions determined using geodetic strain rates (B). White arrows
represent tensional deviatoric stress and black arrows compressional deviatoric stress.
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entire plate boundary reduced when the stress field boundary
conditions are added to the deviatoric stresses associated with GPE
variations.

6. Discussion and conclusions

For the central Andes we find that GPE variations alone cannot
fully explain the observed stress observations. Additional deviatoric
Fig. 9. (A) The averagemisfit between the total deviatoric stress field determined using the w
World Stress Map (Fig. 4). (B) The average misfit between the total deviatoric stress field d
indicators inferred from the geodetic strain rates (Fig. 5A). The misfit function is given in E
stresses due to Nazca–South America convergence are required, and
as a result the stresses in the Peruvian Andes are more N–S oriented
than predicted from GPE variations alone. We should note that
required margin–normal deviatoric compressional stresses could also
arise from basal tractions, but because we do not consider those, we
may be estimating higher boundary forces to fit the data than would
be the case if basal shear is significant. The relative role of basal
tractions underneath the central Andes in explaining its (time-
orld stress map as stress field indicators (Fig. 8C) and stress indicators inferred from the
etermined using the geodetic strain rates as stress field indicators (Fig. 8D) and stress
q. (5).
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dependent) state of stress has been debated (e.g., Husson and Ricard,
2004; Liu et al., 2002; Meijer et al., 1997; Richardson and Coblentz,
1994; Wdowinski et al., 1989). Considering that our simple model
(without invoking basal tractions) fits the stress orientations very
well, we defer inclusion of basal tractions in our modelling. For now,
we conclude that any total deviatoric stress coming from a combina-
tion of plate boundary forces and basal tractions is likely of similar
magnitude as those presented here as coming from plate boundary
forces alone.

Our result is different from that by Liu et al. (2002) who argued
that deviatoric stresses resulting from GPE variations alone could
explain the N–S extensional stresses in Peru. The absence of observed
margin–normal extension in the Andes south of 18°S is likely due to
the south-to-north change in the angle between the plate conver-
gence direction and the plate margin. South of 18°S, deviatoric
stresses associated with GPE variations are sub-parallel to the
compressional deviatoric stresses from plate convergence and this
could inhibit any extensional deformation there. The high GPE there
may instead be reduced by horizontal spread of the lower crust (e.g.,
Bird, 1991; Rey et al., 2001). North of 18°S, compressional deviatoric
stresses from plate boundary forces are oblique to tensional deviatoric
stresses associated with GPE differences, allowing orogenic collapse
there through faulting (and possibly also lower crustal flow). Husson
and Ricard (2004) noted the role of obliquity as well to explain the
extension in the northern limb of the Bolivian Orocline, and argued
that, as this region keeps rotating counter-clockwise (as it has during
the entire orogeny (e.g., Beck, 1987)), the gravitational collapse of this
part of the Andes will accelerate.

Other explanations for the absence of observed WSM tensional
stresses south of 18°S could come from variations in strength (i.e., the
Andes south of 18°S being stronger than the Andes north of there) or
due to slight variations in the actual stress field related to postseismic
relaxation for which we do not account. However, we do not believe
both explanations to be very plausible: we are not aware of any
observed along-strike strength variation, and postseismic stresses in
the overriding plate from past mega-thrust events are typically
extensional (e.g., Khazaradze and Klotz, 2003; Wang et al., 2007),
which should promote extension, not inhibit it. The only documented
active extension in the overriding plate occurs through cracking and
along normal faults in northern Chile, sometimes (but not necessarily)
during or after subduction mega-thrust events (e.g., Delouis et al.,
1998; González et al., 2003; Loveless et al., 2005). However, this
extension is concentrated near the coast and does not contribute to
the reduction of the high GPE of the high Andes.

As a corollary to having sub-parallel deviatoric tensional buoyancy
forces and plate boundary compression south of 18°S, compressional
deviatoric stresses in the fold-and-thrust belt are larger there than
further north. The consequence of these large compressional
deviatoric stresses is the presence of significant crustal shortening
in the fold-and-thrust belt and eastern Cordillera, as observed by, e.g.,
Sheffels (1990), Baby et al. (1997), and Kley and Monaldi (1998), and
argued by Liu et al. (2002) and Husson and Ricard (2004). Wdowinski
and Bock (1994) argued that crustal shortening east of the Andes has
increased over time as shortening migrated eastward due to increase
in GPE duringmountain building (causing a temporal shift from thick-
skin to thin-skin tectonics). Our model also predicts compressional
deviatoric stresses in the coastal areas of northern Chile and, most
interestingly, suggests a component of margin parallel shortening.
Margin-parallel shortening there has been evidenced to be active
since the Miocene along E–W striking thrust faults (Allmendinger
et al., 2005).

When using WSM stress indicators, our models suggest that GPE
variations control the deviatoric stress field on the Colorado Plateau,
but require additional deviatoric stresses from plate boundary
interactions to explain the stress field further to the west. Although
the stress field boundary conditions are only consistent in California
and Nevada with expected shear and not in Arizona, New Mexico and
Colorado, the above result confirms the importance of buoyancy
forces in driving extension in the southwestern United States (e.g.,
Coney and Harms, 1984; Flesch et al., 2001; Humphreys and Coblentz,
2007; Jones et al., 1996; Liu, 2001). However, when using geodetic
strain indicators, the role of GPE variations seem less significant
than the WSM case, except for the southeastern Colorado Plateau
where E–W extension appears to be controlled by GPE variations.
Because theWSM stress and strain rate orientations are rather similar
around most of the Colorado Plateau, the different results when using
WSM or geodetic strain as stress indicators appears to come from the
inconsistent data on the southwestern Colorado Plateau. There, geo-
detic strain rate orientations are oriented E–W, like elsewhere, but
observed orientations of the minimum horizontal principal stress
from the WSM are largely NE–SW. The deviatoric stress associated
with GPE variations there are also oriented NE–SW, but does GPE
control those stress orientations? It has long been known that the
WSM minimum horizontal principal stress orientations in the south-
western United States were oriented NE–SW until ~20 Ma, when they
started to rotate to more WNW–ESE direction coeval with the
lengthening of the San Andreas Fault System (e.g., Bird, 2002; Zoback
et al., 1981). The NE–SW oriented tensional stress fieldmay have been
driven by rapid rollback or delamination of the Farallon slab (Bird,
2002) and is in the same orientation as the mantle flow field (Becker
et al., 2006; Moucha et al., 2008; Silver and Holt, 2002). It is possible
that stress observations in the southwestern Colorado Plateau reflect
the ancient stress regime. The high strength of the Colorado Plateau
compared to its surroundings would inhibit the creation of new faults
that would be more consistent with the present-day stress/strain
field. The WSM stress observations come from focal mechanisms,
which likely occur on pre-existing structures, and geologic indicators,
which may come from the same structures. Instead of the WSM stress
observations indicating the ancient stress regime, it is also possible
that the relatively high strength of the Plateau makes it irresponsive
to the far-field deviatoric stresses associated with relative plate mo-
tions and more susceptible to nearby forces such as GPE variations
and/or basal drag. In fact, the horizontal deviatoric stresses due to
basal tractions are tensional and oriented NW–SE underneath the
Plateau (Flesch et al., 2007) and, when added to the NE–SW oriented
deviatoric tensional stress due to GPE variations could yield the E–W
extension observed in the geodetic strain rate field. It is thus possible
that the effect of relative plate motions is less important than argued
here and that basal tractions play a significant role. Future studies will
bear this out. In any case, there is evidence that active E–W exten-
sional tectonics along the margins of the Colorado Plateau is slowly
migrating to the Plateau's central area (e.g., Aldrich and Laughlin,
1984; Brumbaugh, 2008a; Thompson and Zoback, 1979; Zoback and
Zoback, 1980). This would suggest that the Colorado Plateau is
slowing giving in to the prevailing E–W to ESE–WNW regional ex-
tension and that in the future the deformation field for all of the
Colorado Plateau may be E–W extensional.

The consequence of the fact that deviatoric stresses associated with
GPE variations fit WSM stress observations along the southwestern
Plateauwell is that in ourmodelling the calculated stress field boundary
conditions are very small there. These small deviatoric stresses extend
all the way to the San Andreas Fault system south of the Big Bend, and
suggest a significant lateral change in the force that the Pacific plate
exerts on the plate interior. Such a rapid lateral change in boundary
condition is unphysical and not supported by other studies (Humphreys
and Coblentz, 2007). We therefore conclude that using stress indicators
to infer the relative role of GPE variations and boundary forces (and the
spatial variation of the later) needs to be done with caution. Our
preferred solution is therefore the one that uses the geodetic strain
indicators. Our results from thosemodels (i.e., combination of buoyancy
and boundary forces are needed in almost the entire plate boundary to
explain the deformationfield) is consistentwith earlier results that used
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similar deformation indicators (Flesch et al., 2000, 2007). But, again, the
possibility of there being a significant contribution from basal tractions
cannot be ruled out by our current study.
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