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Abstract

Current end-member models for the geodynamic evolution of orogenic
plateaus predict (#) slow and steady rise during crustal shortening and ab-
lative subduction (i.e., continuous removal) of the lower lithosphere or (5)
rapid surface uplift following shortening, which is associated with punctuated
removal of dense lower lithosphere and/or lower crustal flow. This review
integrates results from recent studies of the modern lithospheric structure,
geologic evolution, and surface uplift history of the Central Andean Plateau
to evaluate the geodynamic processes involved in forming it. Comparison
of the timing, magnitude, and distribution of shortening and surface up-
lift, in combination with other geologic evidence, highlights the pulsed na-
ture of plateau growth. We discuss specific regions and time periods that
show evidence for end-member geodynamic processes, including middle—
late Miocene surface uplift of the southern Eastern Cordillera and Alt-
plano associated with shortening and ablative subduction, latest Oligocene—
early Miocene and late Miocene—early Pliocene punctuated removal of dense
lower lithosphere in the Eastern Cordillera and Altiplano, and late Miocene—
early Pliocene crustal flow in the central and northern Altiplano.
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1. INTRODUCTION

The mechanisms that build broad, high-elevation orogenic plateaus remain debated because many
regions lack the full complement of geologic evidence necessary to document the driving pro-
cesses. The Central Andean Plateau is the largest orogenic plateau on Earth formed in an oceanic-
continental subduction setting. As an active mountain belt, it provides an excellent natural labo-
ratory to study a variety of plateau-building processes.

This review focuses on the ~50-Ma-to-present development of the Central Andean Plateau,
here defined as the high-elevation (>3 km) region encompassing the Altiplano basin, the Western
Cordillera, and the Eastern Cordillera between ~13°S and 22°S (Figure 1). At ~4-6 km ele-
vations, the Western Cordillera magmatic arc and the Eastern Cordillera fold-thrust belt frame
the internally drained Altiplano basin (~4 km elevation). Of particular interest are the timing
and geodynamic mechanisms of plateau uplift and the processes by which the continental crust
overriding plate has been shortened and thickened, whereas the mantle lithosphere that originally
underlay it has been thinned or entirely removed.

Two end-member processes have been proposed for removal of dense lower lithosphere be-
neath the Central Andean Plateau: (#) ablative subduction of mantle lithosphere on the foreland
(eastern) side of the system (e.g., Tao & O’Connell 1992, Pope & Willett 1998; see also Figure 24)
and (b) rapid removal of a thick portion of the lower lithosphere (e.g., Bird 1978, Houseman et al.
1981, Sobolev & Babeyko 2005, Krystopowicz & Currie 2013; Figure 25). These end-member
mechanisms are associated with different rates and timing of plateau uplift. Ablative (continuous)
subduction of lower lithosphere would correspond with protracted crustal thickening and gradual
plateau uplift over tens of millions of years; rapid removal of lower crust and mantle lithosphere
would occur after significant crustal thickening and the formation of a high-density eclogitic
crustal root (Sobolev & Babeyko 2005, Krystopowicz & Currie 2013), resulting in rapid surface
uplift, by 1 km or more over a shorter period of time (e.g., several Myr).

Both end-member processes for lithospheric removal may depend on a wide variety of other
phenomena that contribute to the geologic development and surface uplift history of the Central
Andean Plateau. These include thermal weakening of the mantle lithosphere due to hydration of
the mantle wedge during flat slab subduction (Isacks 1988, James & Sacks 1999), flow of middle
or lower crust from regions of high elevation and thick crust to regions of lower elevation and
thinner crust (e.g., Husson & Sempere 2003; Figure 2¢), or magmatic addition of low-density
crust (e.g., Perkins et al. 2016; Figure 2d).

In this review, we present geologic and paleoelevation constraints on the timing and geo-
dynamic mechanisms of plateau surface uplift and the processes by which lower lithosphere is
removed. Geologic evidence includes modern lithospheric structure determined from broadband
seismology; geochemical data that constrain the timing and sources of magmatism; Altiplano basin
evolution; and the age, magnitude, and distribution of crustal shortening. On the basis of proxy
data, we also present constraints on the surface uplift of the Central Andean Plateau for the past
30 Myr. We integrate these results to explore the geodynamic mechanisms of plateau growth, with
emphasis on links between the timing and spatial distribution of episodes of shortening, crustal
thickening, and plateau surface uplift.

2. SEISMOLOGIC CONSTRAINTS ON LITHOSPHERIC STRUCTURE

The lithospheric structure of the Central Andean Plateau has long been of interest; however, a lack
of seismic station coverage, especially in the central and northern Plateau regions, has hampered
its imaging. Previous studies in the central Plateau (16°-21°S) identified thick crust with slow
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Figure 1

Digital elevation map of the Central Andean Plateau showing the locations of other studies referenced in this review.

crustal seismic velocities as well as a variable uppermost mantle with high-velocity material in the

uppermost mantle beneath the central part of the Altiplano and low velocities beneath the Eastern
Cordillera near the Los Frailes ignimbrite complex (18°-20°S) (Myers et al. 1998, Swenson et al.
1999, Baumontetal. 2002, Beck & Zandt 2002, Heit etal. 2007). Several of these studies concluded
that the Brazilian lithosphere has been underthrust westward beneath the Eastern Cordillera but
not beneath the Altiplano (Myers et al. 1998, Beck & Zandt 2002).
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Schematic illustrations of geodynamic processes that may contribute to the surface uplift of orogenic plateaus. (#) Ablative subduction
of foreland mantle lithosphere associated with protracted crustal thickening and gradual surface uplift (modified from Pope & Willett
1998). (b)) Rapid removal of a thick portion of dense lower crust (eclogite) and/or mantle lithosphere beneath regions of thickened crust.
The region of rapid surface uplift is above the region of thinned lower lithosphere. (c) Middle or lower crustal flow from regions of
thickened crust to regions of relatively thin crust (modified from Husson & Sempere 2003); shows crustal lithosphere blow-up from
panel . Surface uplift occurs in regions where middle to lower crust is thickened by crustal flow. (4) Magmatic addition of crustal
lithosphere (modified from Perkins et al. 2016); shows blow-up from panel 4. Pink dashed region shows formation of crustal root from
partial melting of mantle asthenosphere after the lower lithosphere removal event. Pink region in middle crust shows batholith
formation associated with partial melting of crustal lithosphere. Airy isostatic uplift results from crustal thickening above the region of
root formation and batholith emplacement.
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Inrecentyears, portable seismic deployments have dramatically increased the number of seismic
stations between ~12°S and ~18°S. Studies resulting from the increased seismic coverage along
the northern Plateau have imaged thick crust and argue for underthrusting of Brazilian cratonic
lithosphere beneath most of the Central Andean Plateau (Phillips et al. 2012, Ma & Clayton
2014). Employing a dense temporary network spanning southernmost Peru and a small area of
northwest Bolivia, Phillips et al. (2012) used local tomography and receiver functions to image
a mid-crustal (~40 km) discontinuity that they interpreted as the underthrusted Brazilian Shield
beneath the entire Altiplano, ending at the Western Cordillera, with no corresponding cratonic
mantle root. Each of these studies had a limited aperture, lacking sufficient seismic coverage to
resolve structures east of the Eastern Cordillera.

With the aim of investigating the lithospheric structure in the northern Central Andean
Plateau, we incorporated an additional 50 broadband seismic stations during a 2-year deployment
[CAUGHT (Central Andean Uplift and the Geodynamics of High Topography) deployment]
(Beck et al. 2010). These new seismic stations, coupled with nearby permanent and temporary
stations (e.g., Wagner et al. 2010), were used to determine crustal thickness over a broad area
(Ryan etal. 2016), image the S-wave velocity structure of the lithosphere (Ward etal. 2013, 2016),
and locate earthquakes (Kumar et al. 2016).
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2.1. Crustal Structure

Ryan et al. (2016) calculated Ps receiver functions using seismic data from the CAUGHT broad-
band stations, combined with waveforms from 38 other stations in the Bolivian orocline (12°—
21°S), to investigate crustal thickness variations. Results from the common conversion point
receiver function analysis provide a detailed map of Moho depth relative to sea level that is shown
in Figure 3. The active volcanic arc and Altiplano regions have thick crust with Moho depths
increasing from the central Altiplano (65 km) to the northern Altiplano (75 km). The Eastern
Cordillera shows along strike variations in the Moho depth. Along cross section A-A’ through the
Bolivian orocline there is a small region beneath the high peaks of the Eastern Cordillera where
the Moho depth varies between 55 and 60 km. By comparison, a broader region of high elevations
in the Eastern Cordillera to the south near ~19°-20°S has a larger Moho depth at ~65-70 km.
Further east beneath the Subandean zone, the Moho depth decreases to ~40 km (Figure 34).

The surface wave tomography results in Figure 3¢ along the northern cross section A-A’ show
three main features in the crust: (#) a fast forearc crust; (b) a significant low-velocity zone under the
northern Altiplano basin at a depth of ~15 km; and (¢) moderate to low velocities (~3.4-3.7 km/s)
in the middle to lower crust, in particular beneath the Eastern Cordillera. Along the cross section
B-B’ (Figure 3c), we observe a prominent low-velocity region in the upper 10 km beneath the
Altiplano basin, consistent with a thick sedimentary package. Velocities remain low (<3.3 km/s)
down to 30 km depth where they merge with similar moderate-to-low, middle to lower crustal
velocities, as observed further to the north (Figure 3¢, cross section C-C').

2.2. Upper Mantle Structure

The surface wave tomography results (Figure 35,¢) show four main features in the upper mantle:
() a positive velocity perturbation associated with the subducting Nazca slab [Nazca slab anomaly
(NSA)]; (b) a negative velocity perturbation above the slab in the forearc [forearc anomaly (FA)]; () a
negative velocity perturbation above the slab beneath the northernmost Altiplano [slab transition
anomaly (STA)]; and () a high-velocity feature in the mantle above the slab that extends along
the length of the Altiplano basin from the base of the Moho to a depth of ~120 km sub-Moho
Altiplano anomaly (AA)].

Ward et al. (2016) imaged a coherent slab anomaly across most of the model that is consis-
tent with the predicted location of the slab based on earthquake locations (Figure 3¢). Immedi-
ately above the slab and below the forearc in the mantle is a large negative velocity perturbation
(FA) with absolute velocities as slow as 3.95 km/s that is likely the serpentinized mantle forearc
(Figure 3b,c). A similar, but separate and deeper, large negative velocity perturbation in the mantle
(STA) is located in the corner, where the Nazca plate transitions from flat to normal subduction
(Figure 3¢). In cross section A-A/, this low-velocity anomaly (versus ~4.2-4.3 km/s) extends from
the volcanic arc in the Western Cordillera to the active Quimsachata volcano in the Eastern
Cordillera, between the shallowly dipping Nazca slab at 100 km depth and the base of the ~65 km
thick South American crust. Where the slab dip is steeper further South (cross section B-B’),
this low-velocity anomaly is located exclusively beneath the arc and is far less pronounced (versus
~4.4 km/s) (Ward et al. 2016). To the east we observe a sub-Moho positive velocity anomaly (AA)
beneath the Altiplano. In map view at 80 km depth (Figure 35), anomaly AA has a dimension of
~300 km by 100 km, extending from the base of the crust to ~120 km depth. A strong spatial
correlation exists between the lateral extent of the high-velocity anomaly and relatively lower
elevations of the Altiplano basin. The high-velocity anomaly notably does not extend east of the
Eastern Cordillera.
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(#) Hybrid continental Moho map (relative to sea level) based on depths from Ryan et al. (2016); Tassara & Echaurren (2012); and B.T.
Bishop, S.L. Beck, Z. Zandt, M. Long & L.S. Wagner et al. (manuscript in revision). Moho depths are contoured every 5 km with red
triangles showing Holocene age volcanism. (b) Depth slices at 80 and 130 km from a surface wave tomography study (Ward et al. 2016)
based jon the joint inversion of ambient noise (Ward et al. 2013) and earthquake-generated surface waves. Slab 1.0 contours (Hayes
etal. 2012)-are shown as thick red lines, with circles representing earthquake locations from Kumar et al. (2016) (b/ue) and the Instituto
Geofisico del Pert (green). () S-wave tomography cross sections shown as perturbations from the starting model in the mantle and
absolute velocity in the crust (Ward et al. 2016). In all cross sections, the Moho (from #) is shown as a thick black line, and the Slab 1.0
contours (Hayes et al. 2012) are shown as thick red lines. Abbreviations: AA, sub-Moho Altiplano anomaly; FA, sub-Moho forearc
anomaly; NSA, Nazca slab anomaly; STA, sub-Moho slab transition anomaly. Figure modified from Ward et al. (2016) with permission.
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3. TOPOGRAPHIC EVOLUTION BASED ON PALEOELEVATION
STUDIES

The modern day topography (Figure 4) of the Central Andean Plateau is characterized by ~5-
6 km peak elevations in the Western Cordillera magmatic arc and Eastern Cordillera fold-thrust
belt, whereas the Altiplano basin stands at ~4 km. Quantitative paleoelevation estimates of the
spatial and temporal evolution of the Central Andean paleotopography has been illuminated
through multiple studies (see Figure 1 for locations and Supplemental Table 1 for paleoelevation
estimates), on the basis of (#) reconstructions of the stable isotopic composition of paleometeoric
water from 8'80 in sedimentary carbonates and fossil teeth, as well as D from volcanic glass and
leaf waxes (Garzione etal. 2006, 2008; Bershaw etal. 2010; Leier etal. 2013; Saylor & Horton 2014;
Kar et al. 2016); (b) paleotemperature estimates from Ay; of sedimentary carbonates (Garzione
et al. 2006, 2014; Ghosh et al. 2006; Leier et al. 2013; Kar et al. 2016); (¢) leaf physiognomy
paleotemperature estimates and pollen (Gregory-Wodzicki et al. 1998, 2000, 2002; Graham et al.
2001; Kar et al. 2016); (d) genetic divergence of a potato parasite nematode (Picard et al. 2008);
and (e) paleosurfaces and their incision histories (Kennan et al. 1997; Barke & Lamb 2006; Hoke
et al. 2007; Schildgen et al. 2007, 2009a,b; Thouret et al. 2007; Hoke & Garzione 2008; Jeffery
et al. 2013; Lease & Ehlers 2013; Whipple & Gasparini 2014; Fox et al. 2015) (Supplemental
Table 1). Using all of these constraints, the reconstructed paleotopography history (Figure 4)
from different locations in the Western Cordillera, Eastern Cordillera, and the Altiplano basin
reveals that the Cenozoic evolution of the Central Andean Plateau is marked by considerable
variation in the nature and timing of surface uplift, both along and perpendicular to the strike of
the plateau.

An assumption of all paleoelevation proxies is that the observations represent an uncorrupted
record of elevation change. Recent work using paleoclimate models has demonstrated that this
assumption is not always valid because elevation histories are calculated using modern climate
conditions and often uncorrected for past climate conditions. In particular, climate change asso-
ciated with surface uplift during mountain building and global climate change may obscure the
signals used to interpret elevation change (Ehlers & Poulsen 2009, Poulsen et al. 2010, Poulsen &
Jeffery 2011, Insel et al. 2012, Jeffery et al. 2012, Feng et al. 2013, Fiorella et al. 2015, Feng
& Poulsen 2016). Figure 5 illustrates this point with simulated annual precipitation rates,
temperature, and amount-weighted precipitation §'%0 for Andean surface uplifc from 40 to
80 and 100% of modern elevations. In these three cases, annual Altiplano precipitation rates,
temperature, and §'80O change are approximately 100-200, 300-400, and 600-700 cm/day;
20-22, 14-16, and 8°-10°C; and —5, —7, and —10% (Figure 5). The results demonstrate a
changing stable isotope versus elevation relationship with changing climate fields and surface
elevation. An increase in surface elevation from 80 to 100% of modern elevations produces
similar or larger climate changes than increases from 40 to 80% of modern elevations—twice the
elevation change. The results in Figure 5 are not model dependent and have been demonstrated
here using the ECHAM global model and in previous studies using the GENESIS (Poulsen
et al. 2010), REMO (Insel et al. 2012), and RegCM (Insel et al. 2010) models. Unless accounted
for, climate change can lead to errors in the interpretation of paleoelevation by hundreds of
meters to several kilometers (e.g., Poulsen et al. 2010, Insel et al. 2012, Feng et al. 2013,
Fiorella et al. 2015). The principal challenge to correcting paleoelevation estimates for climate
change associated with surface uplift is that the surface elevation is unknown. Recent studies of
paleoelevation proxies attempt to address this challenge by applying climate change “corrections”
associated with the effects of surface uplift on climate (Leier et al. 2013, Garzione et al. 2014,
Kar et al. 2016) on the basis of modeling studies (Ehlers & Poulsen 2009, Insel et al. 2012).
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Figure 4

Schematic illustrations of paleotopographic evolution along transects in the northern (#), central (), and southern (¢) Central Andean
Plateau (CAP). Location of elevation transects are shown as red lines in Figure 1. Red curves show schematic representation of
paleotopography for each time period; orange dashed curves show paleotopography from the previous time period, with the area
between curves representing the magnitude of surface uplift between time periods. Red question marks denote time periods for which
there are no paleoelevation proxy records, and inferred elevation is speculative. Paleoelevation sites (symbols shown in Figure 1) are
projected along strike onto each topographic profile for the time period studied. Numbers show the number of different proxies per
study site. See Figure 8a—c for plots of paleoelevation over time for the EC and AP. Paleotopography is drawn using the highest
¢elevation (most conservative) end-member estimates where multiproxy estimates exist. Black arrows denote rapid (>0.5 km/Myr) pulses
of surface uplify/discussed in the text. Thick dashed lines of various colors denote surface uplift inferred from studies of river incision;
regions-areshown in Figure 1. Abbreviations: AP, Altiplano; EC, Eastern Cordillera; WC, Western Cordillera.
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Figure 5

Simulated responses to Andean elevations for three cases with elevations of 100%, 80%, and 40% of modern elevation. Mean-annual
() amount weighted precipitation 580 (%o), () precipitation (cm/day), (¢) surface temperature (°C), and (d) elevation (m). Simulations
were performed with an isotope-enabled global climate model, ECHAMS5-wiso. All boundary conditions (e.g., greenhouse gas
concentrations, surface vegetation, sea-surface temperatures) other than elevation are the same between cases and equivalent to modern
values. The responses to elevation illustrated in #— include the direct elevation response (attributed to lapse rate effects) and climate
response effects (typically neglected in proxy interpretations). Note that the responses are nonlinear and not limited to regions of
elevation change.

Here, we report the most conservative paleoelevation estimates that account for uplift-related
climate change and show the higher elevation end-member where multiproxy estimates exist
(Figure 4).

The Paleocene-middle Eocene depositional history of the northern part of the Central Andean
Plateau shows that accumulation took place at sea level within the Altiplano—Eastern Cordillera
region (Carlotto 2013). At this time, deposition also began throughout the central and southern
Altiplano in an early foreland basin setting that formed due to the topographic load of an incipient

mountain belt to the west (Horton et al. 2001). Early surface uplift (=45 Ma) of the Western N I E

Cordillera (Figure 4) is inferred on the basis of magmatic arc activity and associated thickening

of the crustal lithosphere, as well as the presence of a Paleocene-Eocene foreland basin within the ™

Altiplano. Although the early elevation history of the Western Cordillera is not well constrained, ‘
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paleoelevation estimates from 8§D of felsic volcanic glass show that the Western Cordillera of
southern Peru achieved a minimum paleoelevation of 250 m and a maximum of ~2 km in the
early Miocene (19 Ma) and reached the modern elevation of 4.5 km by 16 Ma (Saylor & Horton
2014) (Figure 4a). West of this region, Schildgen et al. (2009b) determined canyon incision of
up to 3 km between ~11 and 2.2 Ma in the Western Andean Escarpment that coincided with
or postdated surface uplift of the Western Cordillera. However, an analysis of incision of the
Peruvian Ocofia canyon, which accounted for changes in precipitation amount due to surface
uplift, demonstrated that river incision places loose constraints on the timing and rates of surface
uplift (Jeffery etal. 2013). Comparison between the surface uplift history of the Western Cordillera
determined from 8D of volcanic glass (Saylor & Horton 2014) and river incision (Schildgen et al.
2009b) indicates an ~5-Myr lag time between surface uplift and canyon incision.

Early surface uplift (~45 to 20 Ma) of the Eastern Cordillera (Figure 4) is inferred on the
basis of crustal thickening histories discussed in Section 6. However, stable isotope (8'%0 and
A47)-based paleoelevation reconstruction from the Eastern Cordillera (Bershaw et al. 2010, Leier
et al. 2013) indicates that paleoelevation was low (0-1 km) until latest Oligocene—early Miocene,
followed by surface uplift of ~2.5-3 km between 24 and 17 Ma (Figure 4b).

The Altiplano shows diachronous surface uplift that occurred between middle Miocene and
early Pliocene time. In the northern Altiplano basin, a multiproxy-based paleoelevation recon-
struction using pollen, 8D of leaf wax, 580 of paleosol carbonate and A4; of paleosol, lacus-
trine, and palustrine carbonate (Kar et al. 2016) suggests that the Altiplano remained at an ele-
vation of 1-2 km until 9 Ma, and reached the modern day elevation of ~4.2 £+ 0.9 km (20) by
5.4 Ma, approximately 9 &+ 2 Ma after the Western Cordillera in this region rose to its full height
(Figure 4a). Rapid canyon incision dated at 4-3 Ma along the northeast plateau margin of the
Peruvian Eastern Cordillera (Lease & Ehlers 2013) reflects a 1-2-Myr lag between surface uplift
of the Altiplano (Kar et al. 2016) and incision of the northeast plateau margin.

A similar pattern of surface uplift has also been documented in the central Plateau
(~16°-19°S; Figure 4b). In the Altiplano basin, elevation histories from plant physiognomy
(Gregory-Wodzicki et al. 1998, 2000, 2002) and stable isotope (§'0 and Ay4;) studies (Ghosh
etal. 2006; Garzione et al. 2006, 2008) provide surface uplift estimates of 2.5 £ 1 km between 10
and 6 Ma that brought the Altiplano to its modern elevation of ~4 km. This timing is consistent
with an additional pulse of surface uplift of ~2-3 km in the Eastern Cordillera, estimated on
the basis of river incision histories of regional low-relief paleosurfaces beginning after ~9-12 Ma
(Barke & Lamb 2006, Whipple & Gasparini 2014). Graham et al. (2001) calculated a surface uplift
of 2.3 £+ 1.1 km between 7 and 6 Ma from pollen and spore records. Whipple & Gasparini (2014)
used river profile analysis of the northern-central Eastern Cordillera to propose a ~3 km surface
uplift within the past 12 Myr. Reconstructed ~10 Ma paleotopography (Hoke & Garzione 2008)
from paleosurfaces on both the eastern and western flanks of the Plateau suggest that both the
Western Cordillera and Eastern Cordillera experienced surface uplift over the same time period
as the Altiplano, implying an orogen-wide event.

In comparison, paleoelevation estimates from the southern part (~19°-22°S) of the Central
Andean Plateau indicate that modern elevations were reached notably earlier than the northern-
central Central Andean Plateau (Figure 4¢). Clumped isotope records (Garzione et al. 2014)
suggest ~2.6 + 0.7 km surface uplift between 16 and 9 Ma that established the modern Altiplano
elevation, with most of that surface uplift occurring between 16 and 13 Ma. An approximately —5%
decrease in the 880 values of southern foreland paleosols starting at 12 Ma suggests increased
rainfall due to growing hinterland topography (Mulch et al. 2010). Aridity trends measured from
the Atacama Desert paleosols (Rech et al. 2006) argue for the initiation of hyperaridity between
19 and 13 Ma, a timeframe that overlaps with proposed initial surface uplift of the southern

Garzione et al.

Changes may still occur before final publication



Annu. Rev. Earth Planet. Sci. 2017.45. Downloaded from www.annualreviews.org
Access provided by Columbia University on 07/11/17. For persona use only.

EA45CH20-Garzione ARI 28 June 2017 13:57

Central Andean Plateau. These studies point to an older age of onset of rapid surface uplift in the
southern Altiplano Plateau that preceded the central-northern Plateau by 7 £+ 4 Myr, highlighting
a diachronous nature of surface uplift along-strike in the Central Andean Plateau (Figure 4).

4. PETROLOGIC CONSTRAINTS ON LITHOSPHERIC EVOLUTION

Andean arcs are composed chiefly of intermediate magmas (tonalite to granodiorite) and contain
relatively minor amounts of mafic material (gabbro and ultramafic camulates; Mamani et al. 2010;
Ducea et al. 2013, 2015a). Approximately 50% of the mass composing the arc is derived from
melting of the convective mantle wedge above subducting slabs, with the remainder being derived
from the continental mantle lithosphere and lower crust (Ducea etal. 2015b). The balance between
lithospheric and asthenospheric material can be deduced from whole rock radiogenic isotopic
ratios, such as '"¥Nd/'"**Nd. Geochemical ratios, such as Sr/Y and La/Yb, correlate with crustal
thickness as shown in modern arcs around the globe including the Andes (Turner & Langmuir
2015, Chapman et al. 2015) and can be used to track regional variations in crustal thickness over
time (Profeta etal. 2015). Furthermore, rare xenoliths transported to the surface via small volumes
of Pliocene to Quaternary potassic to ultrapotassic lavas (e.g., Carlier et al. 2005, Thouret et al.
2007, Chapman et al. 2015) provide direct constraints on the composition of the upper plate
crust. These lavas are found 100 km or more inboard from the active frontal arc volcanoes and are
referred to as “back arc” rocks. Here, we discuss magma chemistry and lower crustal xenolith-based
constraints on the evolution of crustal thickness of the Central Andean Plateau, with emphasis on
the northern part of the Plateau because data from the southern Plateau are sparse (Figure 6).

The Late Cretaceous marks a significant change in character of Central Andean Plateau mag-
matism. Prior to this time, mafic volcanic and intrusive suites were emplaced into thin crust in an
extensional regime. In the Late Cretaceous, intermediate to felsic continental arc magmas indicate
the onset of contractional deformation at ~90 to 80 Ma, evidenced by angular unconformities and
intrusive relationships along the Western Cordillera (Mégard 1984, Haschke & Guenther 2003,
Scheuber & Reutter 1992, Maksaev et al. 1988).

Trace element ratios sensitive to crustal thickness [e.g., St/Y, La/Yb, and other (REE) ratios;
Figure 6] (Chiaradia 2015, Profeta et al. 2015, Turner & Langmuir 2015) evolve over time from
baseline values typical of relatively thin (<40 km) crust to those reflecting a continental arc with a
developing residual mafic keel (>40 km; Mamani et al. 2010). These geochemical proxies indicate
a slow rate of crustal thickening into the early Eocene (Mamani et al. 2010). Arc magmatism
and contractile deformation migrated inboard in the early Eocene (Carlotto 2013), possibly in
response to shallowing of the subducting oceanic plate (Sandeman et al. 1995, James & Sacks
1999). This shallowing of the subduction angle resulted in hydration of the upper mantle (James
& Sacks 1999; Wagner et al. 2005, 2006; Kay & Coira 2009).

Associated with this change, geochemical proxies show an increased rate of crustal thickening
from late Eocene through early Miocene (45-20 Ma) (Figure 6). Metasedimentary xenoliths
from Quaternary back-arc volcanic centers in southern Peru corroborate evidence for Eocene
thickening. A suite of felsic granulite xenoliths of inferred first-cycle (Paleozoic and Triassic)
sedimentary origin, recovered with a suite of mafic meta-igneous xenoliths, yield garnet Sm-Nd
ages of ~42 Ma, suggesting that metamorphism associated with burial of these rocks from the
surface to ~30-35 km paleodepths occurred in Eocene time (McLeod et al. 2013, Chapman et al.
2015). The presence of these probable Mitu Formation equivalents at >30 km depth under the
northernmost Altiplano requires significant shortening in the Eastern Cordillera prior to 42 Ma
as well as a significant amount (>10 km) of magmatic thickening (Chapman et al. 2015). This
period of crustal thickening corresponds to the jump in locus of deformation from the Western
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Summary of petrologic evidence for crustal thickening beneath the (#) northern and () southern Central Andean Plateau. Xenolith
geochronologic constraints from Chapman et al. (2015). Trace element (Sr/Y and La/Yb) and Nd isotopic values from Mamani et al.
(2010), Profeta et al. 2015), and M.N. Ducea & A.D. Chapman (manuscript under review). Black arrows in panel # show inferred
periods of significant crustal thickening (T), incipient thickening (I), and no significant thickening (N), based on increasing Sr/Y and
La/Yb values with time. Note dashed lines indicating Sr/Y and La/Yb threshold values. Lavas yielding Sr/Y and La/Yb values greater
than 40 and 20, respectively, are inferred to reflect melting of garnet-rich and plagioclase-poor residue (Ducea et al. 2015b). For the
average composition of the Central Andean arc, the garnet-in and plagioclase-out transition takes place over a depth range of 40-60 km
at temperatures above 800°C. Timing of crustal shortening ( gray bands) from Mégard (1984); Maksaev et al. (1988); Farrar et al. (1988);
Kontak et al. (1990); Sempere et al. (1990); Scheuber & Reutter (1992); Lamb & Hoke (1997); Haschke & Guenther (2003);
McQuarrie et al. (2005, 2008); Gillis et al. (2006); Uba et al. (2009); Perez et al. (2016a,b). Lighter gray indicates periods of shortening
inferred from foreland basin formation and migration (60-45 Ma) or decreased shortening rates (25-15 Ma).

Cordillera into the Eastern Cordillera initiating at ~50-45 Ma (McBride et al. 1987; Farrar et al.
1988; Kontak et al. 1990; Sempere et al. 1990; Lamb & Hoke 1997; McQuarrie et al. 2005, 2008;
Gillis et al. 2006; Carlotto 2013; Perez et al. 2016a,b).

Following a ~10-Myr interval of relative magmatic quiescence from ~40 to 30 Ma, the pro-
posed flat subducting slab began to steepen, leading to widespread volcanism as cold oceanic
lithosphere was replaced by upwelling, hot asthenosphere-promoting crustal melting (Sandeman
etal. 1995, Allmendinger etal. 1997, James & Sacks 1999, Oncken etal. 2006, Mamani etal. 2010).
Consistent with this scenario, lavas erupted during the early Oligocene portion of this steepening
episode not only have geochemical signatures indicative of derivation from the mantle, but also
show an increasing signal of crustal melting and assimilation with time (Sandeman et al. 1995,
Mamani etal. 2010). The resumed magmatism accompanies a marked slowing in shortening rates
(Gillis et al. 2006, McQuarrie et al. 2008, Rak 2015) and modest increase in crustal thickness based
on geochemical proxies (Sandeman et al. 1995, Mamani et al. 2010).

Magma composition remained relatively constant across the northern Central Andean Plateau
arc from middle to late Miocene time, suggesting that crustal thickness did not change significantly
during this time (Mamani et al. 2010). However, starting at ~20 Ma—associated with the eastward
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sweep in magmatism—eNd values evolved gradually to more negative values, indicating an influx
of crustal material (DeCelles et al. 2009).

Geochemical parameters in the northern Central Andean Plateau magmatic arc (southern
Peru) suggest significant crustal thickening in Pliocene and Quaternary time (Mamani et al. 2010;
Profeta etal. 2015; M.N. Ducea & A.D. Chapman, manuscript under review; Figure 6), following
large magnitude surface uplift that was completed by ~5 Ma (Kar et al. 2016).

5. ALTTPLANO BASIN EVOLUTION

Composite Cenozoic basin fill (>7 km) in the Altiplano spans the transition from a foreland
to hinterland setting in response to deformation and volcanic arc processes. Early Paleocene
lacustrine and distal fluvial deposits in Bolivia have eastern sources (Horton et al. 2001), whereas
late Paleocene—early Oligocene coarse sandstones and conglomerates deposited in fluvial and
alluvial fan settings were sourced mainly from western arc sources (Carlotto 2013; Horton et al.
2002, 2015). Eocene fold-thrust belt structures in the Western Cordillera of southern Peru are
obscured by Neogene volcanic rocks; however, they are coeval and likely correlative with the
east-vergent Marafion fold-thrust belt of central Peru (Mégard 1984, Carlotto 2013) (Figure 7a).
Paleocene-lower Oligocene deposits from the Altiplano are interpreted as backbulge, proximal
foredeep, and wedge-top foreland basin fill, with subsidence driven by an eastward migrating
fold-thrust belt in the Western Cordillera.

The volcanic arc of the northern-central Plateau advanced eastward beginning at ~45 Ma
(Mamani et al. 2010), simultaneously with the abrupt shift in deformation to the bivergent Eastern
Cordillera fold-thrust belt (Figure 74) (Sempere etal. 1990, McQuarrie etal. 2005, Carlotto 2013).
Continued eastward migration of the magmatic arc between 30 and 24 Ma is synchronous with
backthrust motion along the Altiplano-Eastern Cordillera margin fault zone as constrained by
~28-26 Ma growth strata with attendant rapid sedimentation in the Altiplano basin (Figure 7b)
(Sempere et al. 1990, Carlotto 2013, Perez & Horton 2014, Horton et al. 2015). Provenance
records from clastic deposits reveal a late Oligocene transition to Eastern Cordillera sources,
demonstrating that encroaching Eastern Cordillera deformation controlled the evolution of the
Altiplano basin (Murray et al. 2010, Perez & Horton 2014). By Oligocene time, the Altiplano was
an active hinterland basin situated between the Western Cordillera arc and Eastern Cordillera
fold-thrust belt (Horton et al. 2002, Horton 2012) (Figure 74,b).

The volcanic arc began migrating trenchward at ~24 Ma (Figure 7c¢), associated with gen-
erally finer-grained deposits in the Altiplano basin within smaller fluvial networks and isolated
lacustrine/palustrine environments. Sediment accumulation rates decreased by up to an order of
magnitude, and provenance data indicate competing Eastern Cordillera and Western Cordillera
sediment contributions from the Altiplano margins. Coarse alluvial fan deposits containing in-
traformational angular unconformities and ~17-16 Ma growth strata reveal localized, out-of-
sequence hinterland deformation (Perez & Horton 2014, Kar et al. 2016), in contrast to regionally
extensive Eocene—Oligocene shortening. Contemporaneous fine-grained hinterland deposition,
diminished accumulation rates, and spatially distributed deformation was coincident with rapid
Western Cordillera uplift at ~17 Ma (Saylor & Horton 2014). Similarly, surface uplift of the
northernmost Altiplano between ~9 and 5.4 Ma (Kar et al. 2016) and the central Altiplano be-
tween ~10 and 6 Ma (Garzione et al. 2006) (Figure 7d) is associated with a change in hinterland
basin deposition from coarse poorly organized fluvial systems to fine-grained lacustrine/palustrine
and well-organized fluvial systems, as well as an order of magnitude decrease in sediment accu-
mulation rates (Garzione et al. 2008). In the Descanso-Yauri basin of the northernmost Altiplano,
late Miocene surface uplift is also associated with the cessation of shortening and onset of minor
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Four-part coevolution of basin deposition (yellow shading), shortening location (light blue shading), and volcanic arc position (red
outline/pink shading) for (z) 45-30 Ma, (b) 30-24 Ma, (c) 24-10 Ma, and (4) 10-1 Ma. Stippled region shows the modern Altiplano basin.
Red arrows show movement direction from previous arc location (dark red dashed line). Deformation location and timing: Mégard
(1984, 1987); Farrar et al. (1988); Sempere et al. (1990); Gubbels et al. (1993); Barnes et al. 2006); Gillis et al. (2006); Schildgen et al.
(2009a); Murray et al. (2010); Lamb (2011); Perez & Horton (2014). Magmatic arcs: Sandeman et al. (1995), Mamani et al. (2010),
Demouy et al. (2012). Central Andean backthrust belt (CABB): McQuarrie & DeCelles (2001). Marafion fold-thrust belt: Mégard
(1978), Farrar et al. (1988). Modified from Horton et al. (2015).

normal faulting (Kar et al. 2016). Continued trenchward motion of the late Miocene and younger
magmatism was coeval with these events (Figure 74).

6. CRUSTAL SHORTENING AND THICKENING HISTORY

A growing number of studies have applied low-temperature thermochronology techniques, such
as apatite (U-Th)/He and zircon (U-Th)/He (respectively, AHe and ZHe) dating; apatite-fission
track and zircon-fission track (respectively, AFT and ZFT) dating; and *Ar/*’Ar dating of
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muscovite and feldspar, tied to balanced structural cross sections, to provide information on the
timing and rates of Central Andean growth. Integration of structural, thermochronometric, and
paleoclimate data provides insights into the age of deformation in the central Andes assuming that
cooling is driven by erosional exhumation in response to deformation and the growth of structural
relief (e.g., Ehlers 2005).

The earliest deformation history of the Central Andes (80-50 Ma) is marked by the forma-
tion of structures (Chong 1977, Maksaev et al. 1988, Scheuber & Reutter 1992, Cobbold et al.
2007), significant vertical-axis rotations (Arriagada et al. 2003, Roperch et al. 2006), and basin
development (Coney & Evenchick 1994, Mpodozis et al. 2005, Arriagada et al. 2006) along
the outer forearc to the modern volcanic arc. The magnitude of shortening at this time is un-
known, although shortening estimates range from ~30 km to >200 km (Scheuber & Reutter 1992,
McQuarrie et al. 2005). The eastward jump in the fold-thrust belt from the Western Cordillera
to the Eastern Cordillera is recorded by AFT, ZHe, ZF T, and **Ar/*’ Ar thermochronologic data
that show rapid cooling of rocks from 50-20 Ma, consistent with initial shortening-related ex-
humation in the Eastern Cordillera at ~45 + 5 Ma (Figure 8) (Benjamin et al. 1987; McBride
et al. 1987; Farrar et al. 1988; Kontak et al. 1990; Barnes et al. 2006, 2008, 2012; Scheuber et al.
2006; McQuarrie et al. 2008; Gillis et al. 2006; Eichelberger et al. 2013).

Between 29 and 24 Ma, synorogenic sediments buried structures in the Eastern Cordillera
(Sempere et al. 1990, Kay et al. 1998, Gillis et al. 2006, Leier et al. 2010, Perez & Horton 2014).
Slowing in the rate of exhumation at ~25-20 Ma indicates that most deformation had migrated
eastward toward the Interandean Zone and Subandean Zone. The majority of AF'T samples within
the northern-central (15°~17°S) Eastern Cordillera of Bolivia have young cooling ages (<20 Ma;
~60 ages total), indicative of rapid cooling initiating at ~15-11 Ma (Benjamin et al. 1987; Barnes
et al. 2006, 2012; Gillis et al. 2006; Safran et al. 2006; McQuarrie et al. 2008). This young
exhumation continued northward into Peru where ~15 Ma ZHe ages and ~4-3 Ma AHe ages
record rapid cooling at these times (Lease & Ehlers 2013, Perez et al. 2016b).

Similar to the Eastern Cordillera, AFT cooling ages in the Interandean Zone also include both
young (~15-10 Ma) and old (~40-30 Ma) ages, indicating protracted, two-phase cooling. How-
ever, the cooling history of the Subandean Zone has been harder to ascertain. Model-constrained
cooling of thrust sheets in the Subandean Zone using AFT data suggest that accelerated cooling
initiated 19-4 Ma, with the most rapid cooling at 12-5 Ma (Barnes et al. 2006). AHe and ZHe
cooling ages and thermal history inverse modeling refine Subandean Zone cooling and document
rapid cooling initiation in northern Bolivia at 6 + 2 Ma, and in southern Bolivia at 114+3 Ma
(Lease et al. 2016). In Peru, three AHe samples from the Subandean Zone are partially to fully re-
set, requiring the onset of deformation and associated exhumation by 6 + 3 Ma, although possibly
as early as 15 Ma (Perez et al. 2016b).

Shortening recorded by numerous surface folds and faults in the Central Andes must be accom-
panied by equal magnitudes of shortening in basement rocks, with differing proposed geometries
for basement deformation (Kley 1996, Baby et al. 1997, McQuarrie 2002, Miiller et al. 2002,
McQuarrie et al. 2008, Gotberg et al. 2010, Eichelberger et al. 2013, Perez et al. 2016b). Differ-
ent basement geometries have predictable effects on surface geometries, kinematics, and mineral
cooling ages (McQuarrie et al. 2008; McQuarrie & Ehlers 2015, 2017). The geologic cross sec-
tions that we present (Figure 8) show two stacked basement thrust sheets, with the higher thrust
sheet underlying the Eastern Cordillera (Figure 8, green shading). As this upper basement thrust
moved, smaller scale folds and faults in the sedimentary rocks exposed in the Eastern Cordillera
and Interandean Zone were shortened by the same amount (123-218 km; see McQuarrie 2002,
McQuarrie et al. 2008, Eichelberger et al. 2013, Perez et al. 2016b), and were raised by the base-
ment thrust sheet. The 50-20 Ma cooling ages observed across the Eastern Cordillera and into the
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Interandean Zone are interpreted to reflect exhumation driven by vertical motion on footwall and
hanging wall ramps that is associated with eastward motion of the upper basement thrust sheet
(McQuarrie et al. 2005, 2008; Barnes et al. 2008; Eichelberger et al. 2013; Perez et al. 2016a,b).

The onset ages for Subandean Zone deformation of the 6 + 2 Ma for the northern Bolivian
and 11 + 3 Ma for the southern Bolivian Subandean Zone (Lease et al. 2016) are based on both
regional patterns of Subandean Zone cooling ages versus sample depths and modeled thermal
histories for individual samples. Whether these ages indicate initiation of deformation is uncertain.
Subandean deformation is linked to a lower basement thrust sheet (Figure 8, pink shading) that
feeds shortening into the sedimentary rocks exposed in the Subandean Zone and passively uplifts
and facilitates erosion of the rocks exposed in the Interandean Zone (Kley 1996; McQuarrie
2002; McQuarrie et al. 2008; Eichelberger et al. 2013; Perez et al. 2016a,b). 10-14 Ma AFT
cooling ages in the Interandean Zone (Barnes et al. 2006, McQuarrie et al. 2008) and 7-9 Ma
synorogenic sedimentary deposits that overlie deformed and eroded Ordovician rocks (Mosolf
et al. 2011) suggest an earlier start for Subandean Zone deformation. Additional rock uplift and
exhumation occur on the footwall ramp of this basement thrust sheet (Figure 8, red arrow),
providing a mechanism by which to drive the rapid and young (~12-5 Ma) exhumation recorded
in the Eastern Cordillera samples, particularly in northern Bolivia (Whipple & Gasparini 2014,
Rak 2015). Other explanations for this period of recent rapid cooling in the Eastern Cordillera
includes an increase in precipitation tied to the Eastern Cordillera reaching >75% of its modern
elevation at 15-11 Ma (Barnes et al. 2012) and/or a pulse of rapid incision into the arid, high-
elevation plateau in the past 4 Myr (Lease & Ehlers 2013).

Different scenarios for Central Andean Plateau elevation histories have implications for de-
formation of the adjacent Subandean Zone. Rapid elevation gain or elevation crossing a critical
threshold would cause the orogenic wedge of the Andes to be supercritical and promote propa-
gation and deformation into the Subandean Zone to increase the length of the wedge to lower
its taper. Thus, a young 10-6 Ma (northern Bolivia) or 16-13 Ma (southern Bolivia) increase
in elevation would promote deformation and the young pulse of exhumation (6 + 2 Ma in the

Figure 8

Timing comparison of predicted crustal thickening (red circles) and paleoaltimetry data ( patterned boxes) by region for (z) northern,

() central, and (¢) southern Central Andean Plateau. The axes are scaled so modern crustal thickness and mean modern Altiplano (AP)
elevation (~3.8 km) are colinear (thick blue dashed line indicates average while lighter blue shading indicates range). Pink shaded region
between red dashed lines indicates the range of permissible thickness depending on an initial crustal thickness of 40 km (upper limit) or
35 km (lower limit). (a) Northern AP paleoelevation estimates from Kar et al. (2016). In the central Eastern Cordillera (EC) (b), large
standard deviations in predicted thickness are due to concentration of excess thickness along the western edge of the EC, spatially
coincident with paleoaltimetry data (Leier et al. 2013). Central AP: paleoaltimetry estimates from Garzione et al. (2006), and Ghosh

et al. (2000), revised by Garzione et al. (2014). (c) Southern EC and AP paleoaltimetry estimates from Garzione et al. (2014). Note that
AP results are shown on the EC plot for comparison to single EC paleoelevation sites. Representative balanced cross sections and
thermochronology sample locations from (4) northern (Peru), (¢) central (northern Bolivia), and (f) southern (southern Bolivia) regions
of the central Andean Plateau. Cross sections shown in panels d, ¢, and fare shown in Figure 1 as black lines. Cross sections are shown
at equivalent scales and color-coded based on the physiographic zones and age of deformation. Interpreted basement faults in each
section are also color coded according to the age and magnitude of basement faulting and surface shortening. The lower basement
thrust balances shortening in the Subandean Zone, whereas the upper basement thrust balances shortening in the Interandean Zone
and EC. The positions of thermochronology samples are shown by red dots. References for each section: panel d, Perez et al. (2016a,b);
panel e, McQuarrie et al. (2008); panel f; McQuarrie (2002), Barnes et al. (2008). Above each cross section are graphs that describe
mineral cooling ages (colored rectangles) and exhumation magnitude (vertical red bars and associated red lines). Horizontal red lines with
arrows pointing down indicate the maximum limit of exhumation based on unreset thermochronometers. Black arrows above cross
section indicate age and location of deformation front (Uba et al. 2009; Rak 2015; Lease et al. 2016; Perez et al. 2016a,b), and red arrow
beneath profile points to the top of the ramp in the modern fault surface that is collocated with the region of active uplift, exhumation,
and young cooling ages.
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north and 11 £ 3 Ma in the south) in the Subandean Zone (Garzione et al. 2006, 2008; DeCelles
etal. 2009; Lease et al. 2016). In contrast, linking this young exhumation in the northern Bolivian
Eastern Cordillera and Interandean Zone to the basement thrust sheet associated with Subandean
Zone shortening requires that Subandean Zone shortening initiated between 18 and 12 Ma, sig-
nificantly earlier than the 6 + 2 Ma pulse of rapid cooling documented in the northern Bolivian
Subandean Zone; the rapid cooling in this scenario would indicate the latest motion on the thrust
sheets that brought those rocks to the surface.

7. INTEGRATION AND IMPLICATIONS FOR MECHANISMS
FOR OROGENIC PLATEAU GROWTH

Each hypothesized geodynamic mechanisms for the growth of orogenic plateaus has an associated
set of predictable geologic observations. Evaluation of the processes that have built the Central
Andean Plateau requires an understanding of the surface uplift history as it relates to modern crustal
and lithospheric structure and the geologic evolution of the lithosphere. Table 1 summarizes how
geologic observations summarized here contribute to evaluation of various geodynamic processes
responsible for plateau growth. We emphasize that crustal thickening associated with shortening
is necessary for building an orogenic plateau. One question addressed here is, What is the role
of shortening in determining the timing of surface uplift of the Plateau? Another question is,
By what process is the lower crustal and mantle lithosphere removed beneath the Plateau? For
example, is gradual surface uplift coincident with crustal shortening, thereby requiring ablative
subduction of foreland mantle lithosphere beneath the shortening mountain belt (Figure 24)?
Or, does shortening result in the accumulation of lower crust and mantle lithosphere, along with
heating and weakening of the lower lithosphere, that ultimately leads to periodic removal of lower
lithosphere (Figure 25)? A comparison of the crustal thickening history based on balanced cross
section reconstructions and surface uplift history (Figure 84—c) enables assessment of whether
punctuated removal of lower lithosphere (Figure 25) and lower crustal flow (Figure 2c) are
allowable given the time evolution of crustal thickening and the timing and rates of surface uplift.
For example, if predicted crustal thickness exceeds modern values at the time of rapid surface uplift,
then removal of high-density lower crustal material is implicated; if predicted crustal thickness
falls short of modern values at the time of surface uplift, then lower crustal flow is suggested. If
crustal thickening occurs at the same time as surface uplift, then neither removal of high-density
lower lithosphere nor crustal flow is required, and ablative subduction of the lower lithosphere
may have occurred. The following discussion is focused on various time slices in the tectonic
evolution of the Central Andean Plateau where significant geologic events allow for inferences of
likely geodynamic processes.

7.1. Modern Crustal and Mantle Lithosphere Structure

Seismic imaging techniques are well-suited for determining modern structures in the crust and
mantle from which inferences on their genesis may be drawn. In the origin of the Central Andean
Plateau, there are two areas on which seismology sheds light: (#) the role of lithospheric removal
in the observed elevation history and (b) the role of mid or lower crustal flow in the redistribution
of crustal material. In both cases, the modern structures provide some end-member guidance but
do not provide definitive proof of any one hypothesis due to the inability to know how these
structures evolved over time from the seismology alone.

In the central Plateau region near 19°-20°S, Myers et al. (1998) imaged low-P-wave velocities
in the mantle beneath the Eastern Cordillera that could indicate a region of lower lithospheric
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Table 1  Expected observations in evaluating different geodynamic mechanisms for growth of the Central Andean Plateau
Ablative subduction of Foundering or Lateral flow of middle
foreland mantle convective removal of to lower crustal Magmatic addition of
lithosphere lower lithosphere material crustal material
Geophysical Thick crust with Variable thickness felsic | Laterally continuous Crustal low-velocity
characteristics preserved high-velocity | crust lacking middle to lower crustal zone localized over

of the crust

lower crust

high-velocity lower

low velocity zone

regions of

crust high-magmatic flux
Geophysical Heterogeneous and high | Low upper mantle NA NA
characteristics upper mantle seismic seismic velocities and
of the mantle velocities and low high Vp/Vs ratios; high
attenuation, with attenuation consistent
westward subducting with asthenosphere;
geometry for foreland LAB missing under the
lithosphere; LAB high elevations (i.e., no
identification under mantle lithosphere
high elevations detected)
Surface uplift Gradual surface uplift; Rapid surface uplift Rapid surface uplift Rapid surface uplift
history rate reflects crustal decoupled from the during time periods of during time periods of
shortening rates crustal shortening crustal thickening that crustal thickening
history are decoupled from the associated with
crustal shortening high-magmatic flux
history
Petrology and Trace element ratio High-magmatic flux Trace element ratio Trace element ratio
geochemistry evidence for gradual with upper plate evidence for rapid evidence for rapid
of magmas crustal thickening that isotopic signatures crustal thickening in crustal thickening
is paced with during and the absence of during high-magmatic
shortening (not immediately following shortening and flux and in the absence
definitive) removal, followed by magmatic addition of shortening
increases in eng and
decreases in 87 Sr/%0Sr
associated with
mantle-derived melts
after removal
Kinematic Progressive outward Outward jump in locus Modern crustal Modern crustal
history growth and change in of shortening thickness exceeds that thickness exceeds that

the locus of fold-thrust
belt deformation;
crustal thickness
balanced with
shortening history

associated with removal
events; shortening
history predicts crustal
thickening in excess of
modern thickness

which can be accounted
for by shortening
history

which can be accounted
for by shortening
history and is localized
around regions of
extensive magmatism

Exhumation and
river incision

history

Exhumation tracks
crustal shortening
history (not definitive)

Exhumation tracks both
shortening and surface
uplift histories; phases
of removal of lower
lithosphere would
cause exhumation in
the absence of crustal
shortening

Exhumation tracks both
crustal thickening and
surface uplift histories
in the absence of
shortening

NA

Abbreviations: LAB, lithosphere—asthenosphere boundary; NA, not available; Vp/Vs, P-wave to S-wave velocity ratio.
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removal. This could help to explain the late Miocene surface uplift of the Eastern Cordillera in
the central Plateau.

We see clear evidence for the presence of mantle lithosphere and/or eclogitized lower crust
beneath the comparatively low elevations of the Altiplano basin (AA anomaly; Figure 3). Although
this indicates that the mantle lithosphere was not removed entirely during a foundering event, we
cannot determine, based on seismology alone, if the mantle was thicker or more laterally extensive
in the past. We note, however, that the strong correlation between the location of the modern
mantle lithosphere and the lower elevations of the Altiplano basin suggests that the two may be
causally related. This relationship could be explained if the existing mantle lithosphere were in
the process of foundering.

Adjacent to this mantle lithosphere, we see a pronounced low-velocity anomaly in the mantle
beneath the northwesternmost Central Andean Plateau (STA anomaly; Figure 3). This low-
velocity anomaly could be the signature of a past lithospheric removal event, but its location at the
southern edge of the Peruvian flat slab allows for an additional alternate interpretation. Recent
anisotropy studies suggest that trench parallel flow above the normally subducting Nazca plate
may be deflected to the northeast parallel to the flat slab contours (Antonijevic et al. 2015; Long
et al. 2016). This flow, together with the likely accumulation of water or melt, could explain the
replacement of high-velocity mantle lithospheric material with low-velocity hydrous or partially
molten mantle. The slow anomaly beneath the northernmost Altiplano (STA) is therefore likely
caused in part by the southward advance of the Peruvian flat slab, which would make it a relatively
young feature (1-2 Ma; Antonijevic et al. 2015). If this is correct, it could help explain the presence
of the relatively young volcanism observed by Chapman et al. (2015).

Flow in the middle or lower crust cannot be directly imaged seismically. The moderate to low
velocities we observe in the middle and lower crust across much of the Central Andean Plateau
are consistent with, but not uniquely indicative of, the reduced shear strength that would be a
necessary condition for flow to occur.

7.2. Middle Miocene to Pliocene Time

Surface uplift appears to be diachronous along strike in the Altiplano and Eastern Cordillera
over this time frame, with the earliest pulses in the southern Altiplano between ~16 and 13 Ma
younging to late Miocene and early Pliocene in the central and northern Plateau, respec-
tively (Figures 4 and 8). A comparison of the crustal thickening and surface uplift histories
(Figure 8a—c) enables assessment of whether removal of high-density lower crust and lower
crustal flow are allowable given the pace of thickening and surface uplift.

7.2.1. Southern Plateau (19°-22°S). Figure 8¢ shows that southern Altiplano and Eastern
Cordillera crustal thickening occur over the same 16 to 9 Ma time frame as surface uplift in the
Altiplano. Predicted crustal thicknesses remain lower than the modern mean values and therefore
do not require that high-density lower crustal material, such as eclogite, was removed. Taking the
mean thickness estimated for the Altiplano region of 44 km and 57 km at 16 Ma and 9 Ma, respec-
tively, and assuming foreland mantle lithosphere is continuously removed by ablative subduction,
crustal thickening alone can produce an isostatic surface uplift of 2.4 km! over this time frame,
similar to Garzione et al.’s (2014) estimates of 2.6 £ 0.7 km. However, if mantle lithosphere

'1The Tsostasy calculation assumes a mantle density of 3.3 g/cm® and crustal density of 2.7 g/cm?.
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thickens and accumulates at the same rate as crustal thickening, then minimal surface uplift would
result from crustal thickening, requiring an additional mechanism for surface uplift.

Although the comparison of crustal thickening and surface uplift histories allows for either con-
tinuous removal or punctuated removal of lower lithosphere during the middle-late Miocene in the
southern Central Andean Plateau, several other geologic indicators, discussed below, are consis-
tent with rapid surface uplift by lower lithosphere removal (Table 1). Deformation of the Andean
fold-thrust belt propagated eastward in the middle-late Miocene (~15-5 Ma) (McQuarrie et al.
2005, Uba et al. 2009, Echavarria et al. 2003), causing rapid exhumation of the Subandean Zone
by 11 + 3 Ma (Lease et al. 2016). According to critical taper theory, this lengthening of the fold-
thrust belt could have resulted from attainment of a supercritical tapered wedge (Horton 1999) by
flexural unloading of the rear of the fold-thrust belt when dense lower lithosphere was detached
(Garzione et al. 2006). In addition, climate changes to hyperarid conditions on the western slope
of the Andes between 19 and 13 Ma (Rech et al. 2006) and wetter conditions in the Subandean
foreland beginning at ~12 Ma (Mulch et al. 2010) are both consistent with general circulation
model simulations of the climate response to a rising plateau (Poulsen etal. 2010, Insel etal. 2012).
Surface uplift of the southern Western Cordillera over the same time frame as the Altiplano, evi-
denced by rotation of paleosurfaces, suggests 0.8 + 0.6 km of surface uplift between 11 and 5 Ma,
followed by 0.4 £ 0.2 km since the late Miocene (Jordan et al. 2010). The simultaneous increase
in both Altiplano and Western Slope elevation implicates a regional geodynamic process, such as
the removal of lower lithosphere.

7.2.2. Central Plateau (16°-19°S). The central Plateau (Figure 4b) shows low-relief paleosur-
faces throughout the Eastern Cordillera that are dated at ~12—10 Ma and represent an equilibrium
landscape that formed at a time when the Eastern Cordillera was much lower (2-3 km) (Barke &
Lamb 2006; Whipple & Gasparini 2014). Deep incision of these surfaces over the past ~10 Ma
has been interpreted as the response to rapid surface uplift of the central Plateau between ~10
and 6 Ma (Hoke & Garzione 2008) (Figure 4b). Geomorphic analyses of the northern extent
of these surfaces (18°-14°S) also indicate that surface uplift continued from 6 Ma to present and
is ongoing today (Gasparini & Whipple 2014, Whipple & Gasparini 2014), and/or that incision
increased as a result of late Pliocene global climate change with enhanced moisture transport
to the region (Jeffery et al. 2013, Lease & Ehlers 2013). On the Western Slope of the central
and southern Plateau, fluvial incision of low relief paleosurfaces starting between 10 and 5.4 Ma
suggests 1,100 £ 200 m of surface uplift of the Western Cordillera (Hoke et al. 2007) over the
same time frame as Altiplano surface uplift and the onset of incision in the Eastern Cordillera,
suggesting orogen-wide surface uplift (Figure 45).

The crustal thickening history of the central Central Andean Plateau suggests only moderate
thickening of the Altiplano over the late Miocene from a mean thickness of 60 km at 10 Ma to
65 km at 6 Ma. Thickening of the Altiplano lithosphere from 60 to 65 km can only produce 0.9 km
of surface uplift assuming Airy isostatic balance, insufficient to account for the 2.5 £ 1 km surface
uplift estimated from a range of proxies for this time period (Figure 4b). One way to reconcile this
difference is via a high-density lower lithospheric root that held the surface down prior to 10 Ma
and detached between 10 and 6 Ma. Alternatively, thinner initial crust and delayed addition of
crustal material via crustal flow would also produce a thickening history that would closely match
the measured surface uplift history (Figure 8). Thus, the elevation and thickening history can be
reconciled through either removal of lower lithosphere or crustal flow between 10 and 6 Ma.

If crustal flow is responsible for late Miocene surface uplift of the central Altiplano, then
crustal material could have been derived from the southern Plateau, which began to rise earlier
than the central Altiplano, or from the central Eastern Cordillera, which has a large excess of
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crustal material [derived from shortening estimates (Eichelberger et al. 2015; Figures 4b,¢ and
8b,c)]. Crustal flow from the southern Plateau toward the central Altiplano is unlikely because
thickening in the central Plateau exceeds that in the south. Alternatively, the higher elevation and
greater thickness (Figures 4b and 8b) of the central Eastern Cordillera, in addition to continued
shortening, may have provided the gravitational potential energy to drive westward flow from the
Eastern Cordillera to the Altiplano. To explain the surface uplift record of the Altiplano via lower
crustal flow from the Eastern Cordillera, an additional uplift mechanism is required to account
for the simultaneous elevation increase in the Eastern Cordillera. Both Barke & Lamb (2006) and
Whipple & Gasparini (2014) proposed that shortening along a crustal scale ramp (Figure 8, red
arrows) would provide an ongoing mechanism for Eastern Cordillera uplift.

Multiple lines of geologic evidence lend support to a combination of removal of lower litho-
sphere and lower crustal flow to generate late Miocene surface uplift of the central Plateau
(Table 1). Evidence supporting lower lithosphere removal comes from the 6 £ 2 Ma age of
exhumation in the northern Bolivian Subandean Zone (Lease et al. 2016), inferred to reflect prop-
agation of deformation into the Subandean Zone. However, work in progress (McQuarrie et al.
2015, Rak 2015) that incorporates thermochronometry data in a thermal and structural restora-
tion of the thrust belt suggests onset of the northern Bolivian Subandean Zone deformation is
earlier (18-14 Ma), with predicted cooling ages matching measured ages in the Interandean Zone
and Eastern Cordillera associated with uplift on the basement ramp (Rak 2015; Figure 8). Ad-
ditional support for lower lithosphere removal beneath the Altiplano-Eastern Cordillera border
comes from observation of modern low-P-wave velocities in the mantle beneath this region (see
Section 7.2) and the eruption of the Morococala ignimbrite complex between 9 and 5 Ma (Kay
& Coira 2009 and references therein), similar to the age of most of the Los Frailes complex in
the southern Plateau. If the trigger for crustal melting that generates ignimbrites is related to
heating by lower lithospheric removal (Kay & Coira 2009), this suggests removal prior to 9 Ma. In
addition, the crustal heating and melting required to generate large-volume ignimbrites supports
lower crustal flow as a viable mechanism for Altiplano uplift (Kay & Coira 2009). We therefore
suggest that both lower lithosphere removal and crustal flow from the Eastern Cordillera to the
Altiplano account for some portion of the large-magnitude, late Miocene surface uplift of the
Altiplano and the redistribution of excess crustal thickness within the central Eastern Cordillera

(Figure 8b).

7.2.3. Northern Plateau (14°-16°S). The northern Altiplano rose from a moderate paleoele-
vation of <2 km to its modern elevation between 9 and 5.4 Ma over a similar, if slightly younger,
time frame as the central Altiplano (Kar et al. 2016; Figures 44 and 84). Unlike the central
and southern Plateau, studies of the shortening budget of the northern Plateau (Gotberg et al.
2010; Perez et al. 2016a,b) show that shortening cannot account for the modern crustal thickness
(Figure 8a), suggesting thickening mechanisms, such as magmatic addition and/or middle to lower
crustal flow (Figure 2b,c; Table 1). The predicted thickening history of the Eastern Cordillera
from balanced cross sections (Figure 84) shows minimal thickening over the time frame of Al-
tiplano surface uplift. In sharp contrast, trace element ratios of crustal melts suggest thickening
over the past 5 Ma (Figure 6), slightly postdating evidence for surface uplift. Although there is
a lag time between geochemical evidence for crustal thickening and the timing of surface uplift,
we infer that thickening in the absence of shortening can be accounted for by either magmatic
addition or crustal flow. In the northern plateau, rapid surface uplift of >2 km at ~17-16 Ma in the
Western Cordillera may have provided the gravitational potential energy to drive eastward crustal
flow and rapid uplift of the Altiplano. Similarly, a thickened and high-elevation central Plateau
could have provided crustal material for northward flow (Figures 44,b and 8b). The moderate
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to low velocities observed in the middle and lower crust across the Central Andean Plateau are
consistent with material capable of flow (Ward et al. 2013).

The extent to which magmatic thickening contributes to rapid rates of surface uplift in the
Central Andean Plateau is less clear than the contributions of middle to lower crustal flow. A
region in which there is well-documented evidence for surface uplift by magmatic addition is
the Altiplano-Puna Volcanic Complex (APVC) at ~21.5°-23.5°S. This region has experienced
high-flux ignimbrite volcanism since ~11 Ma, associated with an imaged magma body at 10—
20 km depth that has generated a 1 km topographic dome at the surface (Perkins et al. 2016). If
magmatic addition is responsible for Pliocene—present crustal thickening in the northern Plateau,
high-flux volcanism and surface doming are not obvious features as in the APVC.

There is also evidence for lower lithosphere removal in the northern Altiplano of Peru. Kar etal.
(2016) documented the sedimentary and deformation history of the Descanso-Yauri basin during
the time period of Altiplano surface uplift. As the Altiplano rose from ~1-2 km at ~9 Ma to ~4 km
by 5.4 + 1 Ma, shortening ceased within the basin, and minor normal faulting followed. Plateau
surface uplift after 9 Ma is also associated with a cessation in sedimentation that resulted in an
erosional unconformity between ~9 and 5.4 + 1 Ma. Both the cessation in sediment accumulation
and the transition from shortening to extension in the Descanso-Yauri basin are consistent with
observations from “bobber basins” (DeCelles et al. 2015a,b) that are modeled as forming above
regions of lower lithosphere removal (Wang etal. 2015). S-wave tomography of the mantle beneath
the northwestern Altiplano shows a large low-velocity anomaly (STA) (Figure 3b,c; Ward et al.
2016), consistent with hot asthenosphere. The geometry of this anomaly, together with anisotropy
results, suggests that its current low velocities are likely due to the southward progression of the
Peruvian flat slab. However, we cannot rule out an earlier episode of lithospheric removal in
this area that contributed to the observed surface uplift. Chapman et al. (2015) report Pliocene-
recent mantle melts and asthenospheric derived xenoliths in the northern Altiplano that support
inferences of a recent lower lithosphere removal event.

7.3. Late Oligocene to Early Miocene Time

The Eastern Cordillera within the Central Andean Plateau region, with its protracted crustal
thickening history (McQuarrie et al. 2005, 2008; Eichelberger et al. 2015) and lack of high-density
crustal and mantle lithospheric root (Beck & Zandt 2002, Ward et al. 2016), is the strongest can-
didate for lower lithospheric removal. Portions of the Altiplano retain thin (~120 km deep) roots
of high-velocity material (Figure 3, AA anomaly) that are associated with slightly lower eleva-
tions (<500 m; e.g., Titicaca region) compared to surrounding regions. The Eastern Cordillera,
however, lacks this remnant high-velocity material. In the central Eastern Cordillera, crustal thick-
ening predictions based on balanced cross section reconstructions (Figure 85) show that Eastern
Cordillera thickening dramatically exceeds modern crustal thicknesses, requiring crustal flow from
the Eastern Cordillera into surrounding low-lying regions and/or the removal of high-density
lower crust, such as eclogite. Comparing the crustal thickening predictions with the surface uplift
history of the Eastern Cordillera reveals that crustal thicknesses first exceeded modern thickening
in early Miocene time, immediately preceding the time period of inferred rapid surface uplift of
the Eastern Cordillera between 24 and 17 Ma (Leier et al. 2013; Figures 45 and 8b). This surface
uplift event was coincident with an eastward magmatic sweep and widespread ignimbrite erup-
tions over the modern width of the Central Andean Plateau (Allmendinger et al. 1997, Mamani
etal. 2010). The observations that the Eastern Cordillera accumulated crustal thickness early but
remained at low elevations and rose rapidly after shortening in the region had ceased (Leier et al.
2013) supports the removal of eclogitic lower crustal and mantle lithosphere as the process that
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caused surface uplift (Eichelberger et al. 2015) (Table 1). Additional evidence for lower litho-
sphere removal comes from a seismically imaged decrease in Moho depth of ~10 km beneath this
region (Eichelberger et al. 2015, Ryan et al. 2016; Figure 35b). The significance of the magmatic
sweep and ignimbrite flare-up across the plateau in the context of removal of lower lithosphere is
less clear. James & Sacks (1999) proposed that volcanic quiescence in the 10 Myr leading up to the
flare-up was associated with flat slab subduction, and the magmatic sweep resulted from steepen-
ing of the subducting slab. Regardless of the exact cause of the ignimbrite flare-up, it is clear that
heating of the crustal lithosphere occurred over the same time period as surface uplift. Further
evidence to support the removal of lower lithosphere is provided by the widespread (~1,000 km?)
eruption of the Tambo Tambillo basaltic and shoshonitic volcanics between ~25 and 22 Ma in
the central Plateau region, with REE compositions that suggest derivation from shallow mantle
depths of <90 km (Lamb & Hoke 1997).

8. SUMMARY

"This review of the lithospheric evolution and surface uplift of the Central Andean Plateau provides
insights into the geodynamic mechanisms that grow broad, high-elevation orogenic plateaus and
highlights regions that have likely experienced rapid removal of lower lithosphere and crustal thick-
ening by middle to lower crustal flow and magmatic addition. In particular, we document a spatially
and temporally punctuated history of Plateau surface uplift. We point to the latest Oligocene—early
Miocene and late Miocene pulses of surface uplift of the central Eastern Cordillera as showing
evidence for multiple lower lithosphere removal events beneath the Central Andean Plateau in
the same location. Lines of supporting geologic evidence for this include crustal thicknesses that
exceed modern thickness and multiple episodes of ignimbrite eruptions associated with crustal
heating that are closely followed by mafic volcanism sourced from mantle asthenosphere. We
suggest that late Miocene lower lithosphere removal was accompanied by structural growth on
a crustal scale ramp and middle-lower crustal flow from the central Eastern Cordillera to the
Altiplano and to the northern Central Andean Plateau.

The northern Central Andean Plateau provides an example of punctuated late Miocene to
Pliocene surface uplift via mid to lower crustal flow and/or magmatic addition processes, possibly
following a lower lithosphere removal event. We demonstrate that crustal shortening cannot
account for the modern crustal thickness of this region and point to the magmatically thickened
northern Western Cordillera and structurally thickened central Eastern Cordillera as potential
sources for middle to lower crustal material. Both of these regions experienced earlier pulses of
surface uplift at 17-16 Ma and 10-6 Ma, respectively, that would have provided the gravitational
potential energy to drive crustal flow toward the northernmost Plateau.
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