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Paleoelevation histories from the central Andes in Bolivia have suggested that the geodynamic evolution
of the region has been punctuated by periods of large-scale lithospheric removal that drive rapid
increases in elevation at the surface. Here, we evaluate viable times and locations of material loss using
a map-view reconstruction of the Bolivian orocline displacement field to forward-model predicted crustal
thicknesses. Two volumetric models are presented that test assumed pre-deformation crustal thicknesses

Editor: A. Yin of 35 km and 40 km. Both models predict that modern crustal thicknesses were achieved first in the
Keywords: northern Eastern Cordillera (EC) by 30-20 Ma but remained below modern in the southern EC until
Andean plateau <10 Ma. The Altiplano is predicted to have achieved modern crustal thickness after 10 Ma but only
Altiplano with a pre-deformation thickness of 50 km, including 10 km of sediment. At the final stage, the models
orocline predict 8-25% regional excess crustal volume compared to modern thickness, largely concentrated in the
ShOTte“i“fo’ northern EC. The excess predicted volume from 20 to 0 Ma can be accounted for by: 1) crustal flow to
gﬁig: ggg‘“ess the WC and/or Peru, 2) localized removal of the lower crust, or 3) a combination of the two. Only models

with initial crustal thicknesses >35 km predict excess volumes sufficient to account for potential crustal
thickness deficits in Peru and allow for lower crustal loss. However, both initial thickness models predict
that modern crustal thicknesses were achieved over the same time periods that paleoelevation histories
indicate the development of modern elevations. Localized removal of lower crust is only necessary in
the northern EC where crustal thickness exceeds modern by 20 Ma, prior to paleoelevation estimates of
modern elevations by 15 Ma. In the Altiplano, crustal thicknesses match modern values at 10 Ma and
can only exceed modern values by 5 Ma, post-dating when modern elevations were thought to have
been established. Collectively, these models predict that the timing of crustal thickening is consistent
with paleoelevation data without requiring large-scale removal of lower crust and mantle lithosphere.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Classically, the topographic growth of compressional mountain
belts and associated plateaus has been considered a function of
increasing lithospheric thickness in response to orogenic deforma-
tion. As shortening accumulates, increasing lithospheric thickness
results in the development of isostatically compensated topogra-
phy. In the central Andes of Bolivia and Peru, the greatest orogen
width (~650 km) and highest elevations (~6 km) coincide with
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the largest shortening magnitudes (~300 km, 40%) and crustal
thicknesses (up to 75 km) of the entire chain (Fig. 1), supporting
a model of coupled crustal thickening and isostatic elevation gain
(e.g. Beck and Zandt, 2002; Isacks, 1988; Kley and Monaldi, 1998;
McQuarrie, 2002). Deformation is proposed to have initiated by
~60 Ma along the western margin of the Altiplano, jumping to
the eastern plateau margin at the Eastern Cordillera by ~45 Ma
and finally to the modern deformation front in the Subandes by
~15 Ma (see Barnes and Ehlers, 2009 and references therein)
(Fig. 1). While the protracted nature of upper crustal shortening
suggests that modern elevations were achieved gradually, isotopic
paleoelevation proxies indicate that elevation gain may have been
decoupled from shortening; occurring in rapid, episodic events.
Stable isotope data from the Altiplano and Eastern Cordillera ar-
gue for elevations <2 km prior to the Miocene, increasing by
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Fig. 1. Shaded digital elevation model of the central Andes. Bold line with teeth
represents eastern limit of deformation associated with the Andean fold-thrust
belt. Dashed lines delineate the approximate boundaries of the physiographic
units present in the study region: Western Cordillera (WC), Altiplano (AP), East-
ern Cordillera (EC), Inteandean zone (IA), and Subandes (SA). The EC, IA, and SA are
referred to here as the fold-thrust belt as they accommodate the majority of doc-
umented crustal shortening at the central Andes. The AP is the internally drained,
high elevation basin referred to here as the plateau. The western limit of the plateau
is defined by the modern volcanic arc at the WC.

~2.5 km in uplift events at 24-20 Ma in the Eastern Cordillera
(Leier et al., 2013) and 10-6 Ma in Altiplano (Garzione et al., 2008;
Ghosh et al., 2006). In both cases, the uplift events would have
post-dated significant shortening in the region.

Long-term crustal thickening followed by rapid surface uplift in
the central Andes is proposed to result from the removal of dense,
eclogitic lower crust and underlying mantle lithosphere (Kay and
Kay, 1993; Garzione et al., 2008). Alternatively, the gradual de-
velopment of modern central Andean topography can result from
continual, ablative subduction and removal of lithosphere (Tao and
O’Connell, 1992; Pope and Willett, 1998) and/or lateral flow and
re-distribution of the lower crust (Husson and Sempere, 2003;
Yang et al., 2003). Petrologic modeling emphasizes the importance
of crustal thicknesses >50 km to achieve eclogitic phases from
mafic lower crust and the density contrasts necessary to trigger
delamination (Kay and Kay, 1993). Lower crustal flow models re-
quire thicknesses >45-50 km in the Eastern Cordillera to drive
flow towards the Altiplano (Husson and Sempere, 2003) and/or
along strike to the north and south (Yang et al., 2003). For both
mechanisms, understanding when the crust could have reason-
ably achieved these critical thicknesses is a crucial variable. At a
minimum, the magnitude of crustal shortening must account for
modern crustal thickness in addition to any crustal material trans-
ferred by flow or removed entirely (Beck and Zandt, 2002). Lo-
cations where shortening predicts crustal thicknesses greater than
modern could indicate areas of material loss while regions with
predicted thicknesses below modern could indicate material addi-
tion by lower crustal flow. The models presented here do not track
thickening of the mantle lithosphere, and require processes such
as ablative subduction to prevent large accumulations of mantle
lithosphere, even if no excess crust is predicted.

Initial 2-D thickness calculations based on balanced cross sec-
tions from the Altiplano-Puna region suggested a 20-30% crustal
deficit in Bolivia, and up to 60% in northern Argentina (Kley and
Monaldi, 1998). More recent shortening estimates covering the full

retro-arc fold-thrust belt width indicate a near balance in Bolivia
(e.g. McQuarrie, 2002) but still predict deficits in southern Peru
and northern Argentina (Gotberg et al, 2010). A major limita-
tion of 2-D calculations is that the shortening estimates neglect
3-D structural complexities in the orogenic displacement field re-
lated to the curvature of the central Andes. These complexities
require a 3-D approach to reconcile variations in shortening, pa-
leomagnetic rotations (Arriagada et al., 2006; Roperch et al., 2006),
and material displacements parallel to orogenic trend (Kley, 1999;
Hindle et al.,, 2005) to accurately relate Andean deformation to
crustal thickening.

An established approach to modeling the evolution of curved
mountain belts is to use map-view reconstructions of deformation
(e.g. Laubscher, 1965) to determine how the orogenic displacement
field affects crustal thickness. Existing 3-D models of the central
Andes have demonstrated the importance of material displacement
parallel to orogenic trend in calculating crustal thickness (Hindle et
al., 2005). As yet, no reconstructions of the central Andes integrate
both kinematic and timing data to model the temporal evolution
of the crust. Deformation timing constraints are required in or-
der to compare the distribution of crustal thickening predicted by
kinematic data to rapid surface uplift events indicated by isotopic
data.

Here we present a volumetrically balanced reconstruction of
crustal thickening at the Bolivian Andes spanning 50 Ma to
present. The model uses the displacement field from reconstruc-
tions of the Bolivian orocline (Eichelberger and McQuarrie, 2015)
to constrain map-view area change over time. Structurally pre-
dicted crustal thicknesses are calculated in 5 Myr intervals by
assuming constant volume and a range of pre-deformation crustal
thicknesses. At each time step, the predicted crustal thicknesses
are compared to the modern crustal thickness distribution deter-
mined from broadband seismic data from across the region. By
tracking the spatial and temporal evolution of crustal thickness
through time, we can identify viable locations and times for lower
crustal flow or lithospheric removal.

2. Methods

Modeling the evolution of crustal thickness in response to oro-
genic deformation requires a kinematic model defined by the 3-D
dimensional orogenic displacement field. We utilize the displace-
ment field defined by the map-view fault block reconstruction
of Eichelberger and McQuarrie (2015) (Fig. 2). Andean deforma-
tion was restored based on available kinematic data by displacing
and rotating the faults blocks back to pre-deformation positions.
Displacement magnitudes were defined by shortening estimates
from balanced cross sections across the retro-arc fold thrust belt
in Bolivia (Fig. 2A). The orocline limb rotation magnitudes were
set at 13° based on data from regional paleomagnetic rotations
(Arriagada et al., 2006; Roperch et al., 2006) and GPS data (All-
mendinger et al., 2005). Rotations were applied as a function of cu-
mulative Subandean displacement: blocks near the foreland rotate
minimally while blocks at and westward of the western Subandean
boundary rotate the full 13°. Strike-slip fault displacements on
the Cochabamba and Rio Novillero faults (Dewey and Lamb, 1992;
Eichelberger et al., 2013) were also included at the minimum mag-
nitude necessary to obtain a kinematically consistent reconstruc-
tion. The reconstruction is subdivided into the established phys-
iographic units present at the Bolivian Andes. From the eastern
foreland towards the high plateau they are: the Subandean zone
(SA), Interandean zone (IA), Eastern Cordillera (EC), and eastern Al-
tiplano (AP) (Figs. 1, 2). These subdivisions allow for sequential
restoration of fold-thrust belt deformation utilizing timing con-
straints for each zone. Temporal constraints on the reconstruc-
tion were interpreted from thermochronologic exhumation ages
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Fig. 2. A) Kinematic model of the Bolivian orocline overlain on GTopo 30 m DEM. The fault blocks are defined by mapped fault and fold traces and grouped by physiographic
unit. Dashed lines separate the northern, central, and southern portions of the orocline. The locations of major strike-slip faults included in the model are shown in solid
red lines where mapped and dashed elsewhere. The faults included in the displacement field are the Cochabamba Fault (CF) and the Rio Novillero Fault (RNF). Rotations
(13°; Eichelberger and McQuarrie, 2015) are also included in the displacement field and the sense of rotation for the northern, central, and southern regions are shown by
black arrows. Blue lines indicate location of balanced cross section shortening estimates from 1) McQuarrie et al. (2008), 2) McQuarrie (2002), 3) Eichelberger et al. (2013),
4) McQuarrie (2002), and 5) Dunn et al. (1995), Kley (1996), Miiller et al. (2002), Elger et al. (2005). Modified from Eichelberger and McQuarrie (2015). B) Volumetric model
mesh. Map-view area change determined by the displacement field is measured by connecting fault block centroids from A into a polygonal mesh. As shortening accumulates
from the restored state (50 Ma) to the modern state (0 Ma), the area of the mesh elements contracts. Assuming pure shear deformation, the decrease in area leads to a

proportional increase in predicted thickness.

and geologic constraints (references in Eichelberger and McQuar-
rie, 2015). From this data, deformation in the Bolivian orocline
was restored in 5 Myr increments beginning at 50 Ma. The west-
ern plateau margin is the modern volcanic arc in the Western
Cordillera (WC), but deformation there is not well constrained and
omitted from the reconstruction. The modern thickness of the WC
is an important parameter that we consider when examining po-
tential crustal redistribution.

The evolution of crustal thickness is estimated from the recon-
structed displacement field assuming pure-shear deformation and
constant crustal volume through time. The thickness of Andean
crust prior to deformation is poorly constrained, so initial crustal
thickness is also assumed but varied to determine its influence on
the crustal budget and thickening history. Prior 2-D thickness cal-
culations from shortening estimates used a 35-40 km initial thick-
ness range (see references in Gotberg et al., 2010). Broadband seis-
mic data from ~20°S indicate the Brazilian shield is ~30 km thick
east of the modern foreland basin (Beck and Zandt, 2002). In the
SA, the exposed Paleozoic section ranges from 4 to 8 km thick and
increases westward to ~10 km in the southern SA and ~7 km in
the northern SA. These Paleozoic rocks are overlain by a thin Meso-
zoic succession and up to ~3 km of Tertiary foreland basin rocks
in the southern SA and ~6 km in the northern SA, suggesting a to-

tal thickness of ~10-13 km (Baby et al., 1995; Dunn et al., 1995;
McQuarrie, 2002). Given that the modern SA adjacent to the fore-
land is ~40-45 km thick (including structural shortening), this
suggests a possible initial crustal distribution of 25-30 km base-
ment with 10-13 km of sedimentary rocks for an initial crustal
thickness range of 35-40 km. In the EC, the Paleozoic section is
generally ~10-12 km thick to as high as 15 km (Sempere, 1995;
Roeder and Chamberlain, 1995; Welsink et al., 1995). Exposed Ter-
tiary foreland basin sediments in the EC suggest a 3-5 km thick
foreland basin once covered the region (e.g. Horton, 2005). Base-
ment thinning toward the west may have accommodated the in-
crease in EC sedimentary thickness over the SA. Based on an initial
35-40 km thick crust, this suggests an EC crust with ~15 km of
sediments over a 20-25 km thick basement. Initial crustal thick-
nesses <30 km are difficult to justify based on the preserved thick-
ness of Paleozoic sediments (10-12 km) and the potential involve-
ment of basement thrusts in Andean deformation that may be up
to 15 km thick (e.g. Kley, 1996). To investigate the influence of ini-
tial crustal thicknesses on crustal evolution, the volumetric models
cover two end-member scenarios: 1) a uniform initial thickness of
35 km and 2) a uniform initial thickness of 40 km. A third model
using variable initial thicknesses tapering from 40 km in the SA
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Fig. 3. A) Depth to Moho map (from sea level) for model area from broadband receiver function results from BANJO/SEDA and CAUGHT seismic experiments and gravity data
(courtesy of J. Ryan, published in Ryan et al., submitted for publication). Grey solid lines are 5-km contour intervals. Stars represent seismic station locations. The black line
indicates the western limit of underthrust Brazilian craton and is solid where constrained by seismic studies (Dorbath et al., 1993; Dorbath and Granet, 1996; Myers et al.,
1998) and dashed where interpreted (Beck and Zandt, 2002). B) Volumetric model mesh from Fig. 2B shaded by average thickness. Thickness is calculated by adding Moho

depth from A and average elevation. Regions referred to in text are outline in black.

to 30 km at the pre-deformation passive margin at the EC is dis-
cussed in Appendix A.

Crustal thickness is calculated based on a pure-shear model
using the map-view area change at each time step in the recon-
struction. To quantify area, a polygonal mesh was created with
nodes defined by the fault block centroids (Fig. 2B). As deforma-
tion accumulates forward in time, the distance between the fault
blocks decreases. This decreases the distance between mesh nodes
and the associated polygonal area between them (Supplemen-
tal Fig. S1). The restored, pre-deformation area and the assumed
initial crustal thickness define the initial volume for each mesh
polygon, which is held constant throughout the model. Predicted
crustal thickness is calculated at each time step from the poly-
gon area and volume. These thicknesses are corrected for erosion
based on published regional exhumation magnitudes determined
from thermochronology (supplemental Fig. S2; see Eichelberger
and McQuarrie, 2015 and references therein). Exhumation mag-
nitudes are determined by estimating closure temperature depths
using the modern geothermal gradient (e.g. Barnes et al., 2006).
Thermochronometers with reset cooling ages (younger than depo-
sition) constrain minimum exhumation magnitudes while un-reset
ages (depositional or older) establish the upper limit of exhuma-
tion. The correction is applied over the model time periods corre-
sponding to the reported range of cooling ages. To determine when
and where predicted crustal thickness exceeds modern values, the
model is compared to a modern crustal thickness map based on
broadband seismic data, gravity modeling, and modern topography.
In the area covered by the model, seismic stations were deployed
from 1994 to 1995 as part of the BANJO (Broadband Andean Joint
Operation) and SEDA (Seismic Exploration of the Deep Altiplano)
experiments (Beck et al., 1994). Combined with seismic data from
a deployment completed as part of the Central Andes Uplift and
Geodynamics of High Topography (CAUGHT) project (co-authors
Ryan, Beck, and Zandt; personal communication) and density mod-
eling of gravity data (Tassara et al., 2006), the modern depth to
Moho is fairly well constrained across the model region (Fig. 3A).
ASTER 30 m digital elevations models constrained the additional
crustal thickness from topography. The sum of the average depth to

Moho (below sea level) and elevation (above sea level) were calcu-
lated for each polygon element in the volumetric model, giving the
modern crustal thickness (Fig. 3B). The predicted crustal thickness
for each time step is normalized to the modern thickness, referred
to here as the normalized thickness (T;). In the model, T, < 1.0
indicates a crustal thickness deficit compared to the modern while
T, > 1.0 indicates a thickness excess.

Since crustal volume is calculated from reconstructed map-view
area change, the principle model uncertainties are associated with
the map-view displacement paths (see Eichelberger and McQuar-
rie, 2015). The fundamental requirement of strain compatibility
between balanced shortening estimates, paleomagnetic rotations,
and timing data substantially mitigates model errors and yields a
best-fit solution but does not quantify variances in modeled area
change (McQuarrie and Wernicke, 2005). The map-view displace-
ments used here account for out-of-plane strain, and as a result,
exceed plane-strain shortening from balanced cross sections by
as much as ~25%. Higher shortening estimates result in greater
area change that could bias the models towards excess crustal
thickness. To evaluate sensitivity of crustal thickness to shorten-
ing estimates, we quantified map-view area change associated with
balanced cross section shortening alone. This does not represent a
kinematically viable model but provides a low-end assessment of
crustal thickening: for a 35 km initial crustal thickness, modern
thicknesses are predicted by 0 Ma with no excess material. A com-
plete discussion of this analysis is included in Appendix B.

3. Model results
3.1. Initial model

Applying pure-shear thickening to a uniform initial crustal
thickness of 35 km predicts SA and IA crustal thickness up to
5-times greater than modern values (Fig. 4). After the first 5 Myr
of SA deformation (15-10 Ma), the predicted thicknesses in the
northern SA are within 10% of modern by 10 Ma (T, = 0.90-1.10)
whereas the south and central SA average a ~15% deficit (T, =
0.75-1.00). Once SA deformation ceases, the northern SA average
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Fig. 4. Initial model results overlain on DEM. Mesh elements are shaded based on
pure-shear predicted crustal thickness, represented here by the predicted thickness
normalized to the modern thickness (T,). Physiographic regions are outlined in
black. Abbreviations are the same as in the text.

thicknesses are ~60% greater than modern (T, = 1.10-2.50) while
the southern SA averages a ~25% excess (T, = 0.90-2.10). In the
northern IA, ~10% thickness excesses (T, ~ 1.10) occur as early
as 30 Ma. The southern and central IA do not begin to thicken
in the model until after 25 Ma with localized excess thickness
(Tp, = 1.0-1.40) predicted by 15 Ma. At 10 Ma the IA is pre-
dicted to have regionally exceeded modern thickness by at least
15% (T, = 1.15-2.0). In the northern EC, near-modern to moder-
ate excess thickness is predicted by 30 Ma (T, = 0.80-1.20). By
20 Ma, the model predicts that a swath along the EC-AP bound-
ary would have exceeded modern thickness values by at least 50%
(T, = 1.5-5). Conversely, the southern EC maintains deficits to
slight excesses (T, = 0.7-1.20) even by the end of southern EC
deformation at 20 Ma. The AP never achieves modern thickness,
averaging a regional ~30% deficit by 0 Ma (T, = 0.65-0.80).

3.1.1. Initial model implications

As the initial model is parameterized by pure-shear deforma-
tion, it demonstrates the effect of local shortening at the fault
block scale on crustal thickening. The predicted thickness of a
given polygon is a function of shortening accommodated by the
fault blocks that define the polygon. This simplification implies
that shortening measured at the surface is accommodated by de-
formation of the entire crustal section. Conceptually, pure-shear
thickening requires a weak rheology (England and Houseman,
1988). For the EC and AP at ~20°S, low average crustal seismic ve-
locities are thought to indicate the modern crust is relatively hot
(~700-800°C), dominantly felsic, and lacking a lower mafic com-
ponent (Beck et al.,, 1996; Beck and Zandt, 2002; Swenson et al.,
2000; Zandt et al., 1996). Based on the crustal composition, likely
temperatures, and high surface heat flow, the crust beneath the EC
and AP has been interpreted to be weak (Beck and Zandt, 2002).
AP and EC topography at 18-20°S appears to be isostatically com-
pensated based on the similarity between geophysically observed
and isostatically predicted crustal thickness (Beck et al., 1996;
Beck and Zandt, 2002).

On the basis of these observations, the pure-shear lithospheric
thickening used in the initial model is most viable for the AP and
EC. Conversely, observations for the SA and IA indicate that pure-
shear deformation may not be applicable. Seismic data from north-
ern and southern Bolivia indicate that Brazilian lithosphere is in-
tact and underthrust from the foreland to as far west as the lower
elevations of the EC (Beck and Zandt, 2002; Dorbath et al., 1993;
Myers et al., 1998) (Fig. 3A). The modern crust below the SA and
IA is thinner than isostatically predicted, suggesting that they are
flexurally supported by the Brazilian lithosphere (Beck et al., 1996),
an interpretation also supported by gravity data (Lyon-Caen et
al., 1985; Watts et al., 1995; Whitman et al., 1996). Furthermore,
reflection seismic data from the SA in Bolivia shows the main
decollement depth ranges between 5 and 15 km (Baby et al., 1995;
Dunn et al., 1995), implying SA deformation is limited to the upper
15 km of the crust. The extent of the Brazilian lithosphere, as well
as the relatively shallow SA detachment, suggests that IA and SA
deformation is characterized by brittle deformation on faults that
detach above the underthrust Brazilian lithosphere (e.g. Beck and
Zandt, 2002). Uniting shallow simple-shear in the IA and SA with
pure-shear in the AP and EC to the west implies a transition to
ductile deformation distributed throughout the weak EC/AP litho-
sphere as the Brazilian lithosphere impinges from the east (Beck
and Zandt, 2002) (Fig. 5).

3.2. Distributed model

In the initial model, the predicted excess of IA and SA crustal
thickness is due to the fact that the starting thickness was only
~5 km below modern, requiring relatively little shortening to
exceed modern values. However, as discussed above, IA and SA
deformation is limited to the sedimentary section overlying the
~25-30 km thick Brazilian lithosphere (Fig. 5). Therefore, the 1A
and SA most likely never exceeded their present thickness. As
the IA and SA shortened, the rigid Brazilian lithosphere would
have been displaced progressively westward into the EC where
it is observed today. To reflect this process in the crustal bud-
get, we adapt the initial model to limit predicted crustal thickness
in the IA and SA to modern values. The IA and SA progressively
thicken during shortening while the volume associated with the
basement is displaced westward into the EC and AP. The exact vol-
ume of material transferred into the EC and AP depends on the
assumed initial crustal thickness, but is volumetrically equivalent
to under-thrusting a ~20-30 km thick section of Brazilian litho-
sphere over the map-view area lost during IA and SA shortening.
The volume is transferred across-strike within each region (Fig. 2)
first to the EC, followed by the AP. The order is based on the re-
quirement of a crustal thickness gradient between the EC and AP
necessary to drive material flow (e.g. Husson and Sempere, 2003;
Yang et al., 2003). Predicted EC thicknesses are limited to a maxi-
mum of twice the modern thickness (T, = 2.0) so material trans-
ferred from the IA and SA is distributed to minimize large thick-
ness gradients within the EC. Within the EC, volume is first added
to mesh polygons that are below modern thickness in propor-
tion to area of each mesh polygon. Adding volume based on mesh
polygon area limits cases where small polygons rapidly develop ex-
treme crustal thicknesses. Preferentially adding volume to polygons
with below modern thickness allows us to recognize areas that de-
velop excess EC crustal thickness prior to IA and SA deformation.

3.2.1. 35 km initial crustal thickness

Since volume transfer to the EC and AP is imposed after the
initiation of IA deformation, the distributed and initial models are
identical for 50-30 Ma (Fig. 6). As predicted in the initial model,
localized excesses (T, = 1.2-1.5) occur along the northern EC-AP
by 20 Ma (Figs. 4, 6A). At 15 Ma, the northern EC regionally attains
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modern crustal thickness while the western portions of the south-
ern EC are still below modern values. Once SA deformation begins
at 10-15 Ma, volume derived from SA shortening and underthrust-
ing of the Brazilian shield is transferred to the AP and EC. This
additional volume is distributed across the EC and AP, predicting
near modern crustal thicknesses across the entire region by 5 Ma.
This model predicts an average 78 4 30 km (T, = 1.4 £ 0.4) thick
northern EC crust, 72 10 km (T, = 1.3 & 0.2) in the central EC,
and 70+5 km (T, = 1.0540.05) in the southern EC (Fig. 6A). The
northern and central AP have final predicted excesses of 10-15%,

corresponding to ~10 km of excess crust after 5 Ma. The north-
south contrast in predicted EC crustal thickness is due to the fact
that the southern EC is nearly double the area of either the cen-
tral or northern EC, yet it accommodates a similar magnitude of
shortening (e.g. McQuarrie, 2002).

Limiting SA and IA crustal thickening to account for a shallow
detachment displaced 2.3 x 10% km®> of material westward over
40-0 Ma. This resulted in substantial thickening in the EC and AP.
In the initial model, in situ shortening in the southern EC was in-
sufficient to generate predicted thicknesses near modern. In the
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distributed model, the southern EC only exceeds modern thick-
nesses after 5 Ma once material is transferred from both the 1A
and SA. In contrast, the northern EC develops excess thickness ad-
jacent to the AP-EC boundary as a result of early in situ shortening
(20-25 Ma, Fig. 4) that becomes more widespread when volume is
transferred from the IA and SA (Fig. 6A). In situ shortening in the
AP was also insufficient to reproduce modern thicknesses (Fig. 4).
The majority of the volume transferred from the IA and SA over
20-0 Ma filled deficits in the EC and so the entire AP remained
below modern after 5 Ma. Even at this point, the southern AP is
predicted to have a ~10% deficit (Fig. 6A).

While the majority of shortening and related crustal thickening
are accommodated in the fold-thrust belt, developing conserva-
tive estimates of excess crustal volume requires consideration of
the full plateau area. By expanding the model area to the west-
ern plateau margin and assuming a 40 km initial thickness for
the pre-existing arc, we can assess the contribution of westward
crustal flow from the retro-arc to fore-arc. The transferred excess
would correspond to an additional ~15 km thickness per unit
area, predicting a 55 km thick crust, ~10 km below the modern
mean thickness of 65 km. If the remaining ~10 km is the result of
magmatic addition it would correspond to ~15% of the total WC
volume.

3.2.2. 40 km initial crustal thickness

With the exception of the northern EC, the uniform 35 km
thickness model only predicts near modern thicknesses to slight
deficits in the EC and AP by 0 Ma. These predictions indicate that
assuming initial thicknesses less than 35 km will result in greater
deficits for the southern EC and AP area. The 40 km thickness
model uses the upper end of plausible pre-deformation crustal
thickness to provide an upper limit for the crustal volume budget.
Theoretically, this represents the maximum excess crustal volume
available for re-distribution and/or removal. To evaluate the limits
of material deficits predicted for the AP in the models presented
above, AP pre-deformation thickness is increased to 50 km (ac-
counts for ~10 km of Tertiary sedimentation; e.g. Horton, 2005).
In the IA and SA, the initial 40 km model thickness is significantly
closer to modern thicknesses (~40-55 km, Fig. 3). As a conse-
quence, 17% more material (2.7 x 10° km? total) is transferred to
the EC and AP during SA and IA deformation than in the 35 km
initial thickness model.

In the northern EC, the 40 km thickness model predicts modern
to near-modern crustal thicknesses by 30 Ma compared to 25 Ma
in the 35 km initial thickness model (Fig. 6B). By 20 Ma, 10-50%
thickness excesses are predicted across the northern and central
EC while the southern EC is dominated by a material deficit (mean
T, = 0.85 £ 0.15). Despite allowing for greater initial thicknesses,
in-situ shortening in the AP and southern EC is still insufficient to
reproduce modern crustal thicknesses. Both regions require model-
imposed volume transfer from the IA and SA to reach modern
values and even then, do not uniformly meet or exceed modern
thickness until 10 Ma (Fig. 6B). However, due to the greater ini-
tial AP thickness (50 km vs. 35 km) and greater volume transfer
(2.7 x 10% km> vs. 2.3 x 10% km?) from the IA and SA, the AP
is predicted here to have exceeded modern thickness by 5 Ma
(T, = 1.1-1.2). This is in contrast to the 35 km thickness model
which predicts only modern AP thicknesses by 0 Ma (Fig. 6A).

The total excess volume predicted by the 40 km thickness
model at 0 Ma is sufficient to account for the modern thickness
of the western plateau margin. Distributing the entire excess over
the WC corresponds to an additional 50 km thickness per unit
area. Given the assumptions used above (40 km initial arc thick-
ness, negligible magmatic addition), this could easily account for
the modern 65 km arc thickness. The remaining excess volume af-
ter accounting for the full WC thickness would correspond to an

additional 10 km of crust over the entire AP and EC within the
model area.

4. Volumetric model implications

Relative to the modern crustal structure, the models presented
here predict regional volumetric excess of 8% for a 35 km thick
initial crust, 25% excess for 40 km initial thickness, and 5% for
a variable thickness crust (Appendix A). The variable thickness
model predicted minor excess volume so we focus discussion on
the 35 km and 40 km uniform thickness models. The 35 km thick-
ness model results are similar to volumetric predictions made by
prior 3-D models (9%; Hindle et al., 2005). However, these studies
used a uniform initial thickness of 40 km and shortening mag-
nitudes <250 km (e.g. Kley and Monaldi, 1998). The shortening
magnitudes used here exceed 300 km (e.g. McQuarrie, 2002) and
as a result, the 40 km initial thickness model predicts twice the
excess volume of prior models. Additionally, the modern crustal
thicknesses reference used in Hindle et al. (2005) were defined by
discontinuous receiver function data (Yuan et al., 2002) and by as-
suming an elevation-thickness relationship. This may have resulted
in over-estimating modern crustal thickness in areas such as the
northern EC where recent seismic data shows relatively shallow
Moho below regions of high topography (Fig. 3).

Assuming the range of initial crustal thicknesses tested here are
correct, the predicted crustal volume excess indicates that lower
crustal flow and/or removal of lower crust may have occurred dur-
ing Andean deformation. Determining the relative importance of
lower crustal flow versus wholesale removal requires assessing the
possible magnitude of regional crustal flow and considering the
timing of crustal thickening with respect to paleoelevation data.

4.1. Lower crustal flow

Based on the predicted magnitude and timing of excess crustal
volume, lower crustal flow may have begun as early as 30 Ma near
the northern EC and continued through SA deformation (Fig. 6).
Gravity driven channel flow models (Poiseuille flow) have simu-
lated AP uplift over the last 20-10 Myr by assuming a 15 km
thick channel with viscosities ranging from 2.4 x 10'8-10%0 Pas
(Husson and Sempere, 2003; Yang et al., 2003). The critical crustal
thickness (>50 km) proposed in Husson and Sempere (2003) to
produce a low-viscosity channel is predicted here for the north-
ern EC by 25 Ma in the 35 km initial thickness model and 30 Ma
in the 40 km thickness model (Fig. 6). Using a 2.4 x 10'8 Pas
viscosity (after Husson and Sempere, 2003), mid-crustal density
of 2800 kgm—3 and the reconstructed distance between the EC
and WC at 20 Ma (240 km, 40 km of AP shortening plus the
~200 km modern AP width), predicts a mean channel flow of
~100 kmMyr~! (Turcotte and Schubert, 2002). Higher viscosities
(1020 Pas after Yang et al., 2003) result in a much lower rate of
10 kmMyr—!. At ~100 km Myr—!, material could flow across strike
from the EC and reach the WC in ~2 Myr after the pressure gradi-
ent was established. If 10 kmMyr~! is used, ~25 Myr is required.
Since the calculation here assumes the pressure gradient is con-
stant, velocity could change with time as crust accumulates or is
removed from the system.

Regional crustal flow from Bolivia to Peru has been proposed
as a mechanism to account for a ~20-50 km thickness deficit
between shortening and isostatic thickness predictions in the Peru-
vian AP and WC (Gotberg et al., 2010). Given the ~350 km along-
strike distance between the region where the crust first exceeds
50 km in the northern EC and the Gotberg et al. (2010) study area,
a low channel viscosity (~10'8; Husson and Sempere, 2003) is re-
quired for any material to reach the northern Peruvian AP by 0 Ma.
For a regional 35 km initial crustal thickness, the modern deficit
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Fig. 7. Volumetric model thickness predictions compared to locations of potential surface uplift. Predicted thicknesses are shown for A) uniform 35 km initial crustal thickness
and B) variable initial crustal thickness. Symbols indicate restored locations and times where stable isotope data indicate changes in surface elevation: 1) ~1-2.5 km of EC
elevation gain between 25 and 15 Ma (Leier et al., 2013); 2) 1.2-2.6 km of AP elevation gain from 16 to 13 Ma and 0.1-1.3 km from 13 to 9 Ma (Garzione et al., 2014);
3) ~1-2.5 km of AP elevation grain from 10 to 6 Ma (Ghosh et al., 2006; Garzione et al., 2006, 2008).

in Peru is predicted to be 1.9 x 10° km® (123 km of shortening
in the EC through SA; Gotberg et al.,, 2010), 45% greater than the
1.3 x 10° km® volume excess predicted for the same initial thick-
ness in Bolivia. Transferring the entire excess volume from Bolivia
to Peru would require ~10% magmatic addition in the Peruvian AP
and EC to account for the remaining 0.6 x 10% km?> deficit (assum-
ing no internal shortening). In this case, ~45% magmatic addition
would be necessary in Bolivia to account for the modern WC thick-
ness (assuming no internal shortening and allowing for an initial
35 km crust). Evenly distributing the excess volume between Peru
and Bolivia requires 35% magmatic addition in Bolivia and 25% in
Peru. Increasing regional initial crustal thickness to 40 km pre-
dicts a deficit of 0.9 x 10% km® in Peru while the total excess
predicted for Bolivia is 4.8 x 106 km?, leaving 3.9 x 10® km? of
material after fully accounting for the modern plateau volume in
Peru. Distributing the remaining excess volume over the WC in Bo-
livia corresponds to 40 km of crust per unit area or ~60% of the
65 km average modern WC thickness. Assuming an initial thick-
ness of 40 km, the total predicted WC thickness would be 80 km.
This is 15 km greater than the average modern WC thickness and
is equivalent to a final excess volume of 1.5 x 10° km?. Only mod-
els with regional initial thicknesses >35 km have sufficient volume
to account for the modern plateau thickness and still allow for loss
of lower crust within the AP (volumes from the variable thickness
model are insufficient, see Appendix A).

4.2. Removal of lower crust

Within the model area, paleoelevation studies have interpreted
punctuated increases in surface elevation at 24-15 Ma in the

northern EC (Leier et al., 2013); 16-13 Ma and 13-9 Ma in the
southern EC and AP (Garzione et al., 2014); and 10-6 Ma in the
northern AP (Garzione et al., 2006, 2008; Ghosh et al., 2006)
to indicate removal of the lower crust and mantle lithosphere
(Figs. 7, 8). Basalts in southern and central Bolivia (17°-22°S) span
25-0 Ma and are petrologically consistent with shallow mantle
melting and relatively thin lithosphere (<100 km) in the region
since 25 Ma (Lamb and Hoke, 1997). Within the northern EC,
a seismically imaged 5-10 km decrease in Moho depth over an
8700 km? area may be further evidence for localized lower crustal
loss (Fig. 3).

For the northern EC, both the 35 km and 40 km initial thick-
ness models predict near to greater than modern average crustal
thicknesses by ~20 Ma with >40% excess by 0 Ma (Figs. 7, 8A).
Crustal thicknesses in the eastern EC only exceed modern values
after 15 Ma while the western boundary exceeds modern values by
20 Ma (Fig. 7). The western EC excess is spatially and temporally
coincident (Fig. 7) with the 24-15 Ma decrease in paleosurface
temperatures recorded by Leier et al. (2013) (Fig. 8A). The timing
of surface uplift and presence of excess crust indicate that localized
removal of lower crust is possible. At 25 Ma, paleoaltimetry indi-
cates western EC elevations were <1/2 modern (Leier et al., 2013)
while crustal thicknesses in the area are predicted to be near to
greater than modern (Fig. 8A). Maintaining low elevations and a
relatively thick crust at 25 Ma requires negatively buoyant mate-
rial in the lower crust. If the seismically imaged Moho deviation
is assumed to approximate the area of removed lower crust, the
20-15 Ma local volume excess from both initial crustal thickness
models can support crustal losses equivalent to 10 km from below
the northern EC.
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In contrast to the northern EC, the northern AP does not exceed
modern crustal thickness until after the 10-6 Ma surface uplift
predicted from paleoaltimetry (Garzione et al., 2008) (Fig. 8B). This
implies that any hypothetical volume of crust removed to explain
abrupt increases in surface elevation would have been initially
sourced from the adjacent EC (Fig. 7). Most importantly, both pa-
leoaltimetry and crustal thickness models predict modern values
between 10 and 5 Ma, indicating that lower crustal loss is not re-
quired to explain the northern AP uplift signal (Fig. 8B). Only the
40 km initial thickness model predicts excess crust after 10 Ma.
The excess could be accounted for by removal of the lower crust,

but the majority of crustal excess does not accumulate until 5 Ma
or later, conflicting with the timing proposed for rapid elevation
gain (Fig. 8B). Gradual lower crustal flow is an equally plausible
mechanism to explain crustal excess as the conditions necessary
for flow existed prior to 10 Ma (Fig. 7) and there is currently no
data to support rapid surface uplift younger than 5 Ma.

The timing of crustal thickening in the southern EC and AP
are consistent with paleoelevation histories (Figs. 8C, 8D). In the
southern EC, average crustal thickness is predicted to be within
~20% of modern during the 15-10 Ma period when paleoeleva-
tions were apparently increasing from slightly below modern to
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modern elevations (Garzione et al., 2014) (Fig. 8C). For the south-
ern AP, crustal thicknesses between 20 and 15 Ma are predicted
to be <80% modern and overlap with predicted paleoelevations
of 50-70% of modern (<2 km, Garzione et al., 2014) (Fig. 8D). By
10 Ma both the 40 km thickness model and paleoelevation data in-
dicate modern values, so removal of lower crust is not required to
explain increasing surface elevations. After 10 Ma, excess crustal
material is predicted for the EC and AP (40 km thickness model
only; Figs. 8C, 8D). This post-dates the crustal loss events previ-
ously proposed to explain increases in surface elevation (Garzione
et al., 2014; Hoke and Garzione, 2008).

At the plateau scale, elevated paleosurfaces and AP isotopic
paleoelevation data have been used to argue for regional litho-
spheric removal from the EC and eastern AP at 10-6 Ma (Hoke
and Garzione, 2008). Flexural elevation models predict that re-
moving >10 km of dense lower crust from below the EC and
eastern AP is necessary to reproduce a ~2.5 km paleoelevation
increase at 10-5 Ma (Garzione et al., 2008; Hoke and Garzione,
2008) (Fig. 8B). Transfer of material associated with SA shortening
to the AP and the concomitant recent uplift was proposed initially
in a 2-D model as a way of reconciling shortening and paleoeleva-
tion data without the requiring delamination induced uplift (Lamb,
2011). Here, it is shown in 3-D as a mechanism to address the
north to south variation in age of uplift as predicted from pa-
leoelevation proxies (Garzione et al.,, 2014). Although the results
here match the timing of elevation gain, the rate of elevation
gain is more nebulous. Timing constraints from thermochronology
only resolve broad periods of deformation, modeled here in 5 Myr
increments. Conversely, paleoaltimetry time constraints are much
more precise and cover time intervals <5 Myr. Paleoaltimetry up-
lift rates appear faster than the modeled rates of crustal thickening
but if the model results (Fig. 8) are viewed as end-members, an
intermediate crustal thickness (e.g. 37 km) the rate of crustal thick-
ening could be similar.

For initial crustal thicknesses under 40 km, regional material
loss is only volumetrically possible if crustal flow from the model
area is negligible and WC thickness is internally accounted for (e.g.
magmatic addition, local shortening). When distributed over the
EC and AP, the total excess volume from the 35 km initial thick-
ness model yields 5 km of excess crust per unit area by 0 Ma.
Conversely, the total excess volume from the 40 km initial crustal
thickness model corresponds to 10 km of excess crust at 10 Ma
and 17 km by 5 Ma. Thus, regional removal of >10 km of lower
crust to drive plateau uplift at 10-5 Ma requires initial crustal
thicknesses >40 km.

5. Conclusions

Overall, the displacement field at the Bolivian Andes predicts
greater crustal thicknesses than measured by geophysical data. For
pre-deformation crustal thicknesses >35 km, modern thicknesses
would have been achieved first in the northern EC by 30-25 Ma,
across the entire EC by 10-5 Ma, and across most of the AP by
10-0 Ma. The final excess volume depends on assumed initial
crustal thickness, but models using variable (30-40 km) and uni-
form initial thicknesses (35, 40 km) predict final crustal volumes
5-25% greater than modern. With the shortening magnitudes used
here, the 35 km initial thickness model generally provides a better
fit to the modern crust than the 40 km model. If initial thicknesses
were >35 km, removal of material is required to achieve balance
with modern values.

The two primary mechanisms that account for the excess vol-
ume are lower crustal flow and/or removal of dense lower crust.
Lower crustal flow to the northern portion of the plateau in Peru
may explain the difference between crustal thicknesses predicted
by crustal shortening and modern values. Here, only the 40 km

initial crustal thickness model predicts sufficient excess volume to
account for the deficit in Peru and still accommodate lower crustal
removal in Bolivia. An important outcome is models with initial
thicknesses >35 km predict modern crustal thicknesses over the
same time periods (6-10 Ma) that stable isotope data indicate
modern surface elevations. As a consequence, lower crustal loss
is not required to explain the paleoelevation history recorded in
the Altiplano. Although removal of ~10 km of dense lower crust
from below the EC and eastern AP at ~10 Ma is permissible with
an initial crustal thickness of 40 km, removal of negatively buoyant
lower crust is only required in the northern EC where crustal thick-
nesses are predicted to have exceeded modern values (~20 Ma)
before modern elevations were obtained. Elsewhere, excess crustal
material only accumulates after modern elevations were achieved,
suggesting that the remaining excess volume can be explained by
lower crustal flow to the WC and along strike to Peru.
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Appendix A
A.1. Variable initial crustal thickness model

Both previously published (e.g. Hindle et al., 2005) models and
those presented here assume uniform initial thicknesses. The pre-
diction of excess material in the northern EC and near deficits in
the AP and southern EC could be the result of over- or under-
estimating initial crustal thickness. For the EC to accumulate the
10-15 km Paleozoic marine sediments observed today (Sempere,
1995; Roeder and Chamberlain, 1995; Welsink et al., 1995), the
initial EC thickness (including the Paleozoic section) would have
been no thicker than the modern craton (30 km, Beck and Zandt,
2002). Decreasing the initial EC crustal thickness to 30 km could
reduce the magnitude of excess predicted crust but would not
change the relative north-south distribution of shortened crust.
Syn-orogenic sedimentation in the AP and SA also argues for vari-
able initial crustal thicknesses. To test this possibility, we mod-
eled crustal thickening using variable initial thicknesses across the
model area.

If an initial thickness of 30 km is used as a base-line, account-
ing for ~10 km of AP sediment accumulation from pre- to post-EC
deformation (50-20 Ma) would increase the initial AP thickness to
40 km and could result in predicted thicknesses closer to modern.
Similarly, the SA in the model region has accumulated ~3-6 km
of Tertiary syn-orogenic sediment. Increasing pre-deformation SA
thickness would ultimately result in initial thicknesses closer to
modern (~40 km, Fig. 3) and greater volume transfer to the EC and
AP. To determine how variable initial thickness influences struc-
turally predicted thicknesses, the variable thickness model utilizes
a 30 km initial thickness in the EC and AP and 35 km in the IA and
SA. Syn-orogenic sedimentation is accounted for by adding 3-5 km
of sediment to the entire AP prior to EC deformation plus an ad-
ditional 5-7 km from 45 to 20 Ma during EC deformation. In the
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SA, 3-6 km of sediment is added from 40 to 15 Ma during IA de-
formation. By the time deformation begins in the AP and SA, the
initial thickness is 40 km.

A.2. Variable initial thickness model results

Reducing the initial thickness of the EC delays the development
of modern thickness at any location until the end of EC defor-
mation at 20 Ma compared to 30 Ma in the uniform thickness
models (Fig. 6). Even at 20 Ma, only the northern and central EC
adjacent to the AP were predicted to have thicknesses within at
least 10% of modern. The northern EC near the AP is character-
ized by ~5-10% excess thickness compared to >20% excess at the
same time and location in the uniform thickness models (Fig. 6).
Regionally, deficits remain in the EC until 5 Ma whereas the EC
in the uniform thickness models attained T, > 1.0 by 15 Ma in
the north and central regions and 5 Ma in the south. The aver-
age final thicknesses predicted by the variable initial crust model
in the EC are 72 £20 km (T, = 1.25+0.3) in the north, 6546 km
(T, =1.10 £ 0.1) for the center, and 67 =5 km (T, =1.01 £0.1)
for the south. By increasing the pre-deformation AP thickness to
40 km in the variable thickness model, in situ shortening was able
to develop modern AP thicknesses by 0 Ma. Distributing the total
predicted excess volume over the western margin of the plateau
predicts a 48 km thick crust in the WC, ~20 km less than modern
(Fig. 3). The thickness discrepancy could be explained by mag-
matic addition, but would require a ~30% contribution to the total
crustal volume at the arc. Increases in initial SA thickness did not
volumetrically compensate for the lower initial EC thickness com-
pared to the uniform model. This suggests that the crustal budget
is most sensitive to assumed initial EC thickness, likely due to the
fact that it is where the greatest shortening magnitudes are ac-
commodated. The excess crustal volume in the variable thickness
model is ~40% lower than the 40 km thickness model and 42%
greater than the 35 km thickness model. Consequently, the crustal
thickening history predicted by the variable initial thickness model
falls within the range defined by the 35 km and 40 km uniform
thickness models.

A.3. Variable thickness model implications

In the variable thickness model, predicted northern EC excess
at 20 Ma can accommodate a <6 km loss of lower crust, but EC
volume deficits to the east may argue against sufficient regional
thickening for a removal event (Fig. 7B). Material transfer after
15 Ma from the SA to the EC is sufficient to compensate for early,
localized lower crustal loss and allow for a second ~7 km removal
event but only after 5 Ma. Given the lower final excess volume in
the variable thickness model, removing crust in two phases lim-
its the possible volume contribution to the WC to ~3 km per unit
area, predicting a mean thickness of 43 km.

Appendix B
B.1. Model uncertainty

Determining standardized uncertainties in the crustal thickness
model is extremely complex due to the array of data used to re-
construct the map-view displacement field (Eichelberger and Mc-
Quarrie, 2015). As yet, there is no rigorous method for propagating
uncertainties from various thermochronologic dating systems, pa-
leomagnetic rotations, and shortening estimates into a meaning-
ful reconstruction where the model variance reflects a range of
geologically plausible solutions. However, we can investigate the
effects of modifying the displacement field within a geologically
permissible range to determine the influence on predicted crustal

thickness. This approach does not provide standardized uncertainty
estimates, but it further establishes the range of possible model
results and is consistent with our approach of testing a range
of initial crustal thickness (another substantial uncertainty in this
study).

A fundamental requirement of any map-view reconstruction is
that the displacement vectors for each structure must be kine-
matically compatible with surrounding regions and maintain strain
compatibility (no overlapping displacement paths). Strain compat-
ibility is assessed in a map-view reconstruction by the extent to
which the displacement paths result in overlaps, indicating re-
gions of strain incompatibility. In the original map-view recon-
struction multiple scenarios were tested that explored the impli-
cations of varying poorly constrained kinematic parameters, such
as out-of-plane displacements that are not quantified by shorten-
ing estimates from balanced cross sections (namely rotations and
translations along structural trends). The reconstruction that hon-
ored the available constraints and produced minimal overlap was
taken to reflect the “geologic best-fit”. While accounting for out-
of-plane displacements is necessary to accurately restore deforma-
tion in the central Andes (Kley, 1999), it results in higher overall
shortening magnitudes than estimated by balanced cross sections
(Arriagada et al., 2008; Eichelberger and McQuarrie, 2015). As a
result, the displacement field used here records greater map-view
area change than a reconstruction constrained exclusively by lower
shortening estimates from balanced cross sections. If we take the
cross section shortening estimates as the low end of permissible
displacement, the resulting displacement field may not maintain
strain compatibility, but it does provide a low-end estimate of
crustal thickening.

B.2. Minimum shortening crustal thickness predictions

Since reducing the model displacement decreases the overall
area change and predicted crustal volume, we compare the ef-
fects of low-end shortening estimates to the 35 km initial crustal
thickness model. The difference in volume was calculated from the
change in mesh area (Fig. 2B) for the EC, IA and SA based on
the difference between map-view (best-fit displacement field) and
balanced cross section shortening (low-end displacement field) in
each zone (see Table 2 in Eichelberger and McQuarrie, 2015). The
north, center, and south designations used here incorporate multi-
ple cross section shortening estimates (Fig. 2A, Table B.1), so the
difference in modeled (M, Table B.1) and cross section shorten-
ing (C, Table B.1) shortening estimates ranges from 63 to 67 km
for the northern EC, 68 to 22 km in the central EC, and <5 km
in the southern EC. Only the central IA has a significant differ-
ence in shortening (37 km). Cross section SA shortening estimates
are 24 km less than modeled estimates in the north, 19 km in
the center, and 22-16 km in the south. The total change in re-
stored mesh area and crustal volume relative to the 35 km thick-
ness model is —20% in the north, —8% in the center, and —3%
change in the south (Table B.1). By 20 Ma (end of EC deforma-
tion), average predicted crustal thicknesses are at ~60% of modern
in the northern EC (T, = 0.6 £ 0.15), ~75% modern in the cen-
tral EC (T, = 0.77 £ 0.10), and 75% modern in the southern EC
(Tp, =0.75£0.12). Comparatively, the 35 km model using the best-
fit displacement field predicts >85% modern thickness in the north
(Fig. 6A) and similar results to the low-end displacement field for
the south. This is because the difference between map view and
cross section displacement is greatest in the northern EC due to
increased magnitudes of out of plane (strike-slip) displacement.
Predicted thicknesses from the low-end displacement field at 0 Ma
are still below modern in the north EC (T, = 0.75 £ 0.2) but
have ~10% excess in the central (T, = 1.12 +0.15) and south EC
(T, =1.0940.1). Regionally, the net excess in the center and south
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Table B.1

Table of difference in shortening magnitudes between cross section estimates (Transects 1-5 in Fig. 2A). The decrease in model area and volume are based on using the cross

section shortening estimates.

Model Transect Shortening Shortening Restored area Restored volume difference
region (km) difference difference (km3)
- 2
C M (km) (km*) 35 km model 40 km model
SA
North 1 66 90 —24 —8675 —807625 —923000
2 71 90 -19
Central 3 36 105 _19 —4300 —251125 —287000
4 67 83 -16
South 5 78 100 2 —5500 —10500 —12000
1A
North 1 48 50 -2 0 0 0
2 39 37 2
Central 3 3 80 _37 —1475 —51625 —59000
4 96 97 -1
South 5 62 61 1 —2275 —79625 —91000
EC
North 1 123 190 —67 —23075 —303625 —347000
2 142 210 —68
Central 3 136 158 2 —7175 —150500 —172000
4 122 125 -3
South 5 95 100 _5 —300 —192500 —220000
Total —52775 —1847125 —2111000

EC balances the volume deficit in the AP and north EC to within
1% of the total modern volume. Therefore, minimum displacement
implies a crustal history where modern crustal thicknesses were
only achieved in the last 5 Ma and suggests material loss by re-
moval or lower crustal flow was unlikely. A 40 km initial crustal
thickness with the low-end displacement field predicts a 15% vol-
ume excess over modern at 0 Ma, comparable to results from the
35 km thickness model using the best-fit displacement field (12%;
Figs. 7, 8).

In summary, crustal thickening models using low-end shorten-
ing estimates from the Bolivian Andes produce similar results to
models with higher map-view displacements if initial crustal thick-
nesses are greater than 35 km. The minimum possible displace-
ments from balanced cross sections only predict excess crustal
material if initial crustal thicknesses are greater than 35 km. If
initial crustal thicknesses were 35 km or less, low-end displace-
ment estimates predict a crustal volume balance within the region
but do not allow for material loss. These results are consistent
with modeling by Hindle et al. (2005) that accounted for modern
crustal thicknesses using lower (but incomplete) shortening esti-
mates, similar rotations (~250 km, +10°; Kley, 1999), and a 40 km
thick crust.

Appendix C. Supplementary material

Supplementary material related to this article can be found on-
line at http://dx.doi.org/10.1016/j.epsl.2015.06.035.
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