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The Central Andean and Himalayan orogenic belts provide an ideal natural experiment to test the
potential role of climate in controlling orogeny. Approximately equal in age and along-strike length,
both orogenic wedges are forming in plate-marginal convergent tectonic settings: The Andes in a
retroarc setting and the Himalaya in a collisional setting against the Tibetan backstop. The Central Andes
orogenic wedge is volumetrically and aerially nearly two times larger than the Himalayan orogenic
wedge, despite the Himalaya having accommodated two to three times more tectonic shortening. The

Keywords: Himalaya exports at least four times more sediment owing to much greater erosion rates as signified by
climate vs. tectonics widespread Cenozoic metamorphic rocks and very young (<10 Ma) low-temperature thermochronologic
Himalaya ages. The Central Andes are thermochronologically old (mostly >20 Ma), have no exposures of Cenozoic
Andes metamorphic rocks, and are mantled by volcanic and sedimentary rocks, attesting to shallow, slow
monsoon

erosion. We conclude that greater intensity of the Indian Monsoon relative to the South American
Monsoon since Oligocene time accounts for the differences in orogen size and characteristics. When
viewed as an orogenic wedge that has developed largely after formation of the Tibetan orogenic collage,

the Himalaya is neither the largest nor hottest among Earth’s orogens.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

The effects of climate on orogeny, and vice versa, have been
debated for decades, with studies supporting opposite ends of
the interpretational spectrum (e.g., Dahlen and Suppe, 1988; Mol-
nar and England, 1990; Willett, 1999, 2010; Montgomery et al.,
2001; Zeitler et al., 2001; Lamb and Davis, 2003; Meade and Con-
rad, 2008; Herman et al,, 2013; Clift, 2017; Stalder et al., 2020;
Wolf et al.,, 2022). The debate commonly is framed in terms of
proxy records of global mountain building and climate trends (e.g.,
the potential relationship between northern hemisphere glacia-
tion and global orogeny). This approach suffers from ambiguous
relationships among proxy records and the great diversity of in-
dividual orogenic systems (Willett, 2010). An alternative approach
addresses the nature of climate-orogeny dynamics in the context
of an individual orogenic belt or a local region within a single oro-
genic belt, which may produce conflicting results that are difficult
to apply on a more general level (Burbank et al., 2003; Wobus
et al, 2003). Here we leverage an ongoing natural experiment
that allows straightforward assessment of the influence of climate
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on orogeny in a comparison of the Himalayan and Central An-
dean orogenic belts. These two fold-thrust belts have equal strike
lengths (Fig. 1), were created over the last ~60 million years (Ma)
by crustal shortening along convergent plate tectonic boundaries
(one subduction-related, the other collisional), and contain most of
Earth’s highest mountains. Although both are and have been influ-
enced by strongly seasonal climate during much of Cenozoic time,
the Himalaya is affected by a much stronger monsoon than the
Central Andes. Thus, the two orogens can be compared to assess
the effects of differing monsoon intensity. One advantage of this
comparison is that the Central Andes and the Himalaya are the
two largest, active fold-thrust belts on Earth, sharing the same, ex-
clusive “orogenic weight class” with similar scales and durations.
Stretching more than 7,000 km roughly north-south from equa-
torial to polar latitudes, the Andes form a prominent orographic
barrier between the Pacific Ocean and the South American conti-
nent (Figs. 1a, 2a). The Central Andes between ~15°S and ~33°S,
contain the highest mountains outside of Asia and the second
largest orogenic plateau (the Puna-Altiplano). The Himalaya forms
the middle 2,400-km-long sector of the 5,600-km-long compos-
ite orogenic system that embraces the northern perimeter of
the Indian subcontinent from southern Pakistan to the Irrawaddy
delta, and marks the orographic divide between arid central-
southern Asia and relatively more humid northern India/Pak-
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Fig. 1. Schematic lithospheric-scale cross-section of the Central Andean and Himalayan orogenic wedges in their plate tectonic contexts. Gray domains are the orogenic
wedges. (A) Central Andean orogen: A, accretion; E, erosion; D, lithospheric delamination/dripping. AFT represents the Andean frontal thrust; PCT is the Peru-Chile trench.
(B) Himalayan orogen: MFT, Main Frontal thrust; IYS, Indus-Yarlung suture; BSZ, Bangong suture zone. Double headed arrows in both diagrams indicate ranges of variation in

the orientations of the Nazca plate and Indian lower crust/lithosphere.

istan/Nepal/Bhutan (Fig. 1b). Together with the enormous orogenic
landmass of the Karakoram and Hindu Kush Ranges and the Ti-
betan and Pamir Plateaus, the Himalaya is the highest part of the
greatest area (~3.2 x 108 km?) of extremely elevated topography
on the planet. Although the Himalaya and Central Andes share
many characteristics, they differ dramatically in terms of orogenic
volumes, total shortening, depth and amount of erosion, and mass
export. These differences are most often attributed to contrasting
plate tectonic settings (e.g., Wolf et al., 2022), the Andes being a
Cordilleran-style orogen formed in response to subduction of the
oceanic Nazca plate under westward moving South America, and
the Himalaya being the result of a massive intercontinental colli-
sion. Although structural and tectonic contrasts between the two
are consistent with cordilleran vs. collisional tectonics, we high-
light several contrasts in the character of these two orogens that
indicate the principal difference between them is the magnitude
of erosion, which is controlled mainly by climate.

2. Definitions and terminology

We use the term orogenic wedge for the rock mass between
the topographic surface and the basal detachment or shear zone,
which separates rocks that have been displaced laterally and
thickened by folding and thrust faulting—in this case mostly up-
per crustal sedimentary and igneous/metasedimentary rocks—from
lower crustal and lithospheric rocks that have not been as much
deformed (i.e., the ‘autochthon’). In the Central Andes, the orogenic
wedge extends from the Andean magmatic arc to the frontal thrust
(locally known as the Mandeyapecua or Andean Frontal thrust;
Figs. 1a, 2a); in the Himalaya, the orogenic wedge consists of all
rocks between the Indus-Yarlung suture zone and the Main Frontal
thrust (Figs. 1b, 2b). Whereas thickening may occur in rocks below
the basal detachment, most of this material is shoved beneath the

Andean magmatic arc or the Tibetan Plateau where it may be grav-
itationally removed (Beck et al., 2015) or subducted into the man-
tle (Replumaz et al,, 2010). In neither case is this material part of
the orogenic wedge (Fig. 1). Although most of the material in the
Central Andean orogenic wedge is accreted from the South Amer-
ican plate (Allmendinger et al., 1997; McQuarrie, 2002; Anderson
et al,, 2018), the western limit of the orogenic wedge is uncertain
because of the presence of the magmatic arc, where magma flux
from the mantle may have added significant mass to the rear part
of the orogenic wedge (e.g., Ward et al., 2017). Magmatic mass in-
flux may be partially or completely offset by gravitational removal
of Rayleigh-Taylor or sheet-form density anomalies (e.g., Beck et
al.,, 2015; Ducea et al., 2021). Equally unconstrained is the poten-
tial additive effect of underplating of tectonically ablated forearc
material (e.g., Kay et al, 2005) beneath the arc and/or retroarc
region. For all these reasons our analysis restricts the western mar-
gin of the Andean orogenic wedge to the eastern periphery of the
Oligocene-modern magmatic arc (Figs. 1a, 2a). This is a conserva-
tive definition because the arc has migrated eastward through time
(Kay et al., 2005) into the rear part of the orogenic wedge, which
was tectonically thickened during latest Cretaceous-early Cenozoic
shortening (e.g., Arriagada et al., 2006; Henriquez et al., 2022). Our
analysis does not include this earlier-formed orogenic volume. In
the Himalaya, virtually all the material that forms the orogenic
wedge has been accreted from the Indian continental plate. The
back end of the Himalayan orogenic wedge is clearly marked at
the surface by oceanic rocks of the Xigaze accretionary complex in
the Indus-Yarlung suture zone (Fig. 1b) (e.g., Burg and Chen, 1984;
Yin and Harrison, 2000), and seismic and structural studies suggest
the suture dips moderately northward (Gao et al., 2016; Laskowski
et al,, 2018).
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Fig. 2. Simplified geological maps of Central Andean (left, after Schenk et al., 1999) and Himalayan (right, modified from Hodges, 2000) thrust belts at same scale and both
verging toward the right for ease of comparison. Barbed lines represent frontal thrust faults on cratonic sides: SAZ is Subandean zone; AFT is Andean Frontal thrust; MFT is
Main Frontal thrust. Mapped units are in terms of general rock type, rather than the usual lithostratigraphic units. The Andean thrust belt is dominated by sedimentary and
volcanic rocks, whereas the Himalayan thrust belt is composed of approximately 50% high-grade Cenozoic-age metamorphic rocks.

The term shortening refers to the distance by which rocks in
the orogenic wedge are horizontally shortened by faulting, fold-
ing, and penetrative strain. The term propagation refers to changes
in the length of the orogenic wedge in the shortening direction
(DeCelles and DeCelles, 2001); it is an expression of growth of
the orogenic wedge. The orogenic wedge grows mainly by accre-
tion of new material from below the basal detachment, as the
basal thrust/shear zone relocates into previously undeformed rocks
(Dahlen and Suppe, 1988). Material is removed from the orogenic
wedge by erosion at the upper surface (Fig. 1). Because rocks are
deformed (mainly shortened) as they enter the orogenic wedge,
total shortening is a measure of how much rock has accreted into
the orogenic wedge; erosion is a measure of how much rock has
been removed from the upper surface of the wedge.

3. Geological characteristics
3.1. Central Andes

The Andes are the world’s longest continuous orogenic belt,
forming in response to convergence between the amalgamated cra-

tons of South America and the offshore Peru-Chile trench that
marks the eastern surficial edges of the eastward subducting Nazca
and Antarctic oceanic plates (Figs. 2a, 3a). The bulk of the Cen-
tral Andes consists of Neoproterozoic-Cenozoic sedimentary rocks
that have been shortened and thickened above the westward un-
derthrusting South American craton (Fig. 2a), in addition to Ceno-
zoic igneous rocks of the magmatic arc (Reutter et al., 2006). The
Central Andes have a strike length of ~2500 km and an area
of ~1.05 x 108 km?. This region is characterized by an interior
~4,000 m high plateau (Altiplano and Puna) flanked by >6,000 m
high Western and Eastern Cordilleras. The Oligocene-present An-
dean magmatic arc occupies the Western Cordillera and parts of
the high plateau between districts to the north (Peru) and south
(western central Argentina-Chile) where it has been temporarily
extinguished by low-angle subduction (Allmendinger et al., 1997;
Ramos, 2009). The Eastern Cordillera is a bivergent thrust system
(McQuarrie, 2002; Anderson et al., 2018), and the Subandean zone
is an eastward verging fold-thrust belt detached in Silurian shale
(Dunn et al., 1995). Surface geology in the Central Andes (Fig. 2a)
is dominated by Neogene volcanic rocks (Western Cordillera and
Puna), Neoproterozoic-lower Paleozoic sedimentary and igneous
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Fig. 3. Digital elevation models (GeoMapApp) of the (A) Central Andean (CATB) and (B) Himalayan (HTB) fold-thrust belts; in this perspective both belts verge toward the
right. Bold lines parallel to orogenic belts indicate approximate rear sides of each thrust belt. Lines labeled 1-3 refer to topographic profiles shown in (C). Major accumulations
of Cenozoic sediment are indicated by beige regions (from Yrigoyen, 1991; Kingston, 1994; Burbank et al., 1996; Curray et al., 2003; Clift, 2017) and areas enclosed by dashed
lines in the Central Andes. Boxed numbers indicate approximate sediment volumes in km> for each major sediment reservoir discussed in text. Map A abbreviations: CB,
Colorado Basin; FdA, Foz do Amazonas Basin; PB, Pelotas Basin; RLP, Rio de la Plata estuary; SB, Salado Basin. Map B abbreviations: ASZ, Andaman subduction zone; HK,
Hindu Kush; IBR, Indo-Burman Range; KR, Karakoram Range; KtR, Kirthar Range; MH, Mikir Hills; SP, Shillong Plateau; SR, Sulaiman Range. (C) Representative topographic

profiles transverse to CATB (warm colors) and HTB (cool colors).

rocks (Puna and Eastern Cordillera), and Paleozoic and Cenozoic
sedimentary rocks (Eastern Cordillera, Puna-Altiplano, and Suban-
des) (Allmendinger et al., 1997; McQuarrie, 2002; Reutter et al.,
2006). No rocks that were metamorphosed during the Cenozoic
orogeny are known to be exposed at the surface in the Central
Andes.

Documented tectonic shortening in the Central Andes amounts
to as much as ~350 km (McQuarrie, 2002; Anderson et al., 2018;
Henriquez et al,, 2022) but this is likely a minimum value; the
main uncertainties owe to burial of the western part of the thrust
belt beneath Neogene volcanic deposits and large sedimentary
basins in the Altiplano and Puna, and poor seismic resolution of
mid-crustal structure. The maximum east-west span of the Central
Andes is ~800 km, in contrast to the narrower and lower North-

ern and Southern Andes (Montgomery et al., 2001; Ramos, 2009;
Horton, 2018). This distance includes the forearc and magmatic arc
regions; the orogenic wedge (as defined in Section 2) is approxi-
mately 330-540 km wide in the Central Andes. North and south
of the Central Andes, total shortening is generally <50 km (Kley
and Monaldi, 1998; Horton, 2018). Geodetically measured shorten-
ing in the Central Andes is ~9-13 mm/yr (Brooks et al., 2011), and
the long-term propagation rate of the Central Andean thrust belt
is ~9-10 mm/yr (DeCelles and DeCelles, 2001).

3.2. Himalaya

The Himalaya is a southward verging fold-thrust belt formed by
off-scraping of sedimentary, metasedimentary, and igneous rocks
from the continental part of the Indian plate (Fig. 1b) (Argand,
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1924; Hodges, 2000; Avouac, 2003), which collided with and has
been underthrusting the southern part of the Eurasian plate, or
a tectonic sliver thereof (Martin et al., 2020), since ca. 60-58 Ma
(DeCelles et al., 2014; Hu et al, 2015; Ingalls et al., 2016). The
Himalaya is the result of the most recent in a series of intercon-
tinental collisions between fragments of the former superconti-
nent Gondwana and Eurasia (Sengor et al., 1988; Yin and Harri-
son, 2000). Tibet-proper, which is the elevated region north of the
Indus-Yarlung suture zone (Figs. 1b, 2b), existed as a geological en-
tity with moderately high elevation long before the Indo-Eurasia
collision (Murphy et al., 1997; Yin and Harrison, 2000; Kapp and
DeCelles, 2019). Although Tibetan crust has thickened and locally
shortened during Cenozoic time, the thickening has been accom-
plished mainly by underthrusting of Indian lower crust that by-
passes the Himalayan orogenic wedge (Fig. 1b) and most of the
collisional stress has been transmitted to the northern perime-
ter of Tibet (Murphy et al., 1997; Yin and Harrison, 2000; Kapp
and DeCelles, 2019). Tibetan area and volume north of the Indus-
Yarlung suture zone, therefore, should not be considered part of
the Himalayan orogenic wedge because the processes by which Ti-
bet formed mostly predate the Himalaya. More importantly, apart
from relatively minor east-west extension (Yin and Harrison, 2000;
Hodges, 2000; Styron et al., 2015), the Himalayan orogenic wedge
has not been affected by tectonic processes operating north of the
Indus-Yarlung suture zone.

The Himalayan fold-thrust belt encompasses an area of ~5.07
x 10° km? and has a north-south width ranging between ~250
and 320 km between the Indus-Yarlung suture zone and the to-
pographic front of the range; it is narrowest near the eastern and
western syntaxes (Fig. 2b). The suture zone dips moderately north-
ward, such that a portion of the Himalayan orogenic wedge may
underlie the southernmost part of the Tibetan Plateau (Gao et al.,
2016; Laskowski et al., 2018; Kapp and DeCelles, 2019). The struc-
tural geology and stratigraphy of the Himalaya are similar along
most of the length of the range (Fig. 2b), with a northern district
dominated by Paleozoic sedimentary rocks (the Tethyan Himalayan
zone); an axial region composed of amphibolite-facies metasedi-
mentary rocks with Neoproterozoic-Cambrian protolith ages (the
Greater Himalayan zone, GHZ); and a southern district composed
of mainly Paleo- to Mesoproterozoic low-grade metasedimentary
and sedimentary rocks and Cenozoic foreland basin strata (the
Lesser and Sub-Himalayan zones) (Robinson et al., 2006; Long
et al, 2011; Webb et al, 2011; Martin, 2017; DeCelles et al.,
2020). The map shown in Fig. 2b depicts the distribution of
rock types, rather than the standard zones, in order to empha-
size the widespread metamorphic rocks with predominantly Ceno-
zoic metamorphic ages that occupy approximately 50% of the Hi-
malayan orogenic wedge surface (Hodges, 2000; Kohn, 2014).

The rocks in the Himalayan orogenic wedge have been short-
ened by 500-900 km since the Early Miocene (DeCelles et al., 2020;
Long and Robinson, 2021). Pre-Miocene shortening is sparsely doc-
umented but predicted to exceed 300 km based on seismic re-
flection profiles and balanced cross-sections (Murphy, 2007; Gao
et al., 2016). Total Himalayan shortening probably exceeds 1,000
km (Robinson et al.,, 2006) and is surely underestimated because
hanging-wall cutoffs along major thrust faults are generally lost
to erosion. Shortening is approximately constant along strike, al-
though it may be less in the east than in the west (Long and
Robinson, 2021). The geodetically measured shortening rate in the
Himalaya is ~18-20 mm/yr along an azimuth of ~18°N (Wang and
Shen, 2020) and the long-term propagation rate of the thrust belt
is ~4.5 mm/yr (DeCelles and DeCelles, 2001).

The Himalayan fold-thrust belt is dominated by four major
thrust faults/shear zones—the Main Frontal, Main Boundary, Ram-
garh, and Main Central thrusts—and a single major extensional
shear zone referred to as the South Tibetan detachment system,
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which is a north-dipping normal fault that forms the boundary be-
tween the Greater and Tethyan Himalayan zones. These five fault
systems and the rocks they separate can be traced nearly the en-
tire length of the Himalayan fold-thrust belt (Hodges, 2000; Kohn,
2014). Numerous other faults and shear zones are also present.

4. Climate

Climate in both the Central Andes and the Himalaya is strongly
seasonal and influenced by warm-season rains (Barnes and Pel-
letier, 2006; Strecker et al., 2007; Bookhagen and Burbank, 2010;
Espinoza et al, 2020). The Indian monsoon, however, produces
four to five times greater monthly precipitation than the South
American monsoon system in the Central Andes (Bookhagen and
Burbank, 2010; Espinoza et al., 2020). Both orogenic sectors have
high (>6,000 m) mountains and locally large glaciers, with slightly
greater aerial coverage in the Himalaya (~22,800 km? [Bolch et al.,
2012]) than in the Central Andes (~20,000 km? [Masiokas et al.,
2020]).

Although paleoclimate reconstructions for both the Central An-
des and Himalaya are approximate, the broad paleogeographic
constraints suggest that both regions have had strongly seasonal
climate since at least 30 Ma: The Central Andes have occupied
the subtropics since early Cenozoic time (Miiller et al., 2019),
and northern continental India was situated ~20°N (Lippert et
al., 2014) by ca. 30 Ma. Paleoclimate proxy data suggest that an
Indian/Asian monsoon was established by Late Eocene time and
may have gradually decreased in intensity since the Early Miocene
(Clift et al., 2008; Licht et al., 2014). Fluvial megafans, a charac-
teristic signature of large seasonal fluctuations in fluvial discharge
(Leier et al., 2005), have existed in both the Andean and Himalayan
foreland basins since Late Eocene (Horton and DeCelles, 2001) and
Middle Miocene (DeCelles and Cavazza, 1999), respectively. Evapo-
rative and dry conditions have existed in the Central Andes since at
least the Early Miocene (Alonso et al., 1991; Strecker et al., 2007;
Quade et al,, 2015; Fosdick et al., 2017), and high and dry condi-
tions are documented in southern Tibet since latest Oligocene time
(Quade et al., 2020); in both cases this suggests the presence of
long-standing orographic rain shadows protecting interior regions
of each orogen.

Neither the Central Andean nor Himalayan foreland basin has
been strongly influenced by marine conditions since Eocene time,
although the Andean foreland was episodically inundated by fresh-
water to brackish wetlands and lakes during Middle to early Late
Miocene time (Hoorn et al., 2010). The Central Andean foreland re-
gion has been subject to relatively dry climate and inefficient sed-
iment transport since Eocene time (Fosdick et al., 2017; Folguera
and Zarate, 2019; Garzanti et al.,, 2021). Overall paleogeographic
constraints suggest that paleoclimate in northern India has be-
come more seasonal, perhaps with a long-term strengthening of
the monsoon to peak intensity during Middle-Late Miocene time
(Dettman et al., 2001; Clift et al., 2008), whereas the Central Andes
have experienced a weaker monsoon-like climate since the Late
Oligocene and a strengthening of Hadley circulation-driven precip-
itation during the Late Miocene (Carrapa et al., 2019).

5. Erosion and sediment flux
5.1. Central Andes

Topography in the Andes (Fig. 2a) is closely correlated with pre-
cipitation and erosion (Montgomery et al., 2001; Barnes and Pel-
letier, 2006; Strecker et al., 2007). The Andes intersect four global
climate zones: (1) In the equatorial intertropical convergence zone,
>2 m/yr of precipitation is symmetrically distributed across the
range, which is relatively narrow and low; (2) between latitudes
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3°S and 15°S, >2 m/yr of rain falls on the eastern side of the oro-
gen while the western side receives an order of magnitude less;
(3) the high and wide Central Andes between 15°S and 33°S is in
the subtropical desert belt and receives <0.5 m/yr of annual pre-
cipitation, which is mainly concentrated on the eastern flank; and
(4) south of 33°S in the Westerlies belt, the range narrows again
and >2 m/yr of precipitation falls on the western side while the
eastern side is relatively dry (Strecker et al., 2007; Garreaud et al.,
2009).

River drainage and erosion in the Central Andes are highly
asymmetric. At these latitudes, the bulk of the range lies east of
the drainage divide, with only 10-30% of the range volume being
drained westward, whereas in the Northern and Southern Andes
50-95% of the range volume drains westward (Montgomery et al.,
2001). The primary source of water for the Central Andes is the
equatorial Atlantic Ocean, but very little water makes it across
this sector of the range to the west coast, and the main sediment
carrying rivers exit the eastern side of the range (Barnes and Pel-
letier, 2006) and flow northeastward across the Beni portion of
the Amazon basin and southeastward across the Chaco sector of
the foreland basin to join the Rio Parana. The Peru-Chile trench
at Central Andean latitudes is sediment-starved (Lamb and Davis,
2003). The Rio Parana flows south- and southeastward to the coast
of Argentina, where it is joined by the Rio Uruguay to form the
Rio de la Plata estuary (Fig. 3a). The Amazon River is the world’s
largest in terms of water discharge, drainage basin area, and to-
tal particulate and dissolved loads (1,200 x 10® t yr—!) (Milliman
and Farnsworth, 2011); it drains the Northern and northern Cen-
tral Andes, and much of the northern half of the South American
continent. Approximately half of the Amazon’s sediment load is
provided by the northeastward flowing Madeira River, and most
of that sediment is derived from the northern half of the Cen-
tral Andes in Peru and northern Bolivia (Latrubesse and Restrepo,
2014). The Rio Parana is one of the longest rivers in the world,
with a drainage basin area of 2.6 x 105 km?, but it carries a rela-
tively small, mostly fine-grained sediment load (~90 x 108 t yr—1)
into the Rio de la Plata estuary (Milliman and Farnsworth, 2011;
Moreira et al., 2016). Cenozoic sedimentary rocks are widespread
across the South American continent, from the Andean foreland
basin to the Atlantic coast (Yrigoyen, 1991; Horton, 2018).

Sediment exported from the Andes is stored in three main
archives (Fig. 3a): The Amazon submarine fan and adjacent Foz
do Amazonas basin, the Rio de la Plata estuary and nearby con-
tinental shelf and coastal plain regions, and continental foreland
basins directly east of the Andes. The Amazon fan acquires most
of its sediment from the Amazon River, occupies an area of 3.3 x
10° km?, is up to ~9 km thick in its proximal part, and contains
~7 x 10° km® of sediment (Damuth and Flood, 1984). Almost all
this sediment was deposited after Middle to Late Miocene time
(Damuth and Flood, 1984; Figueredo et al., 2009). Prior to about
11 Ma, the Amazon River was not connected to the Northern and
Central Andes, and much of the sediment coming off the orogen
was trapped in the continental foreland basin and/or transported
northeastward into the Caribbean Sea (Hoorn et al., 2010; Rod-
daz et al., 2010). Other major basins along the southeastern coast
of South America (Salado, Colorado, Rio de la Plata, and Pelotas
basins) contain ~7.2 x 10° km> (Yrigoyen, 1991). Sedimentation
in these basins commenced ca. 27 Ma (Folguera and Zarate, 2019),
but this southern district of the foreland is dominated by eolian
processes today as well as during much of Cenozoic time (Garzanti
et al., 2021). The central part of the Andean foreland basin system
(between latitudes of 10°S and 35°S) contains ~3.6 x 106 km?
of Cenozoic sediment (Yrigoyen, 1991). Foreland isopach patterns
suggest that much greater sediment volume has been eroded from
the northern, wetter half of the Central Andean thrust belt, with
approximately two-thirds of the total sediment volume stored in
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the northern foreland (Horton, 2018). A fourth sediment archive in
the Central Andes resides within the orogen, embodied by Ceno-
zoic foreland basin deposits that have been incorporated into the
thrust belt and large, high-elevation depocenters located mainly
in the Altiplano (Figs. 2a, 3a). This material, however, adds to the
mass of the central Andean orogenic belt. Altogether, sediment ex-
ported from the Central Andes does not exceed ~5.1 x 106 km?3.
The offshore sediment accumulations (especially the Amazon sub-
marine fan) and Cenozoic basins in eastern Argentina include de-
tritus derived from much of the Andes as well as extra-Andean
cratonic uplands, so the actual erosion and sediment yield from
the Central Andes alone is likely less than this estimate.

5.2. Himalaya

Topographic profiles of the Himalayan thrust belt exhibit
convex- or concave-upward shapes and are strongly coupled to
rainfall (Bookhagen and Burbank, 2010). Although Himalayan to-
pography is much steeper than that in the Central Andes, extreme
(>6,500 m) elevation is concentrated along a relatively narrow,
axial sector of the Himalaya (Fig. 3c).

The Himalaya is drained by three major river systems: the In-
dus, Ganges, and Brahmaputra (Fig. 3b). The Indus River drains a
catchment of 0.97 x 10% km? that includes the western half of the
Indus-Yarlung suture zone and the western third of the Himalayan
thrust belt, along with the Karakoram, Hindu Kush, Sulaiman and
Kirthar Ranges. The Ganges drains the southern flank of the cen-
tral Himalaya with tributaries that tap into the northern part of the
range, and the Brahmaputra collects the Yarlung River which drains
the eastern half of the Indus-Yarlung suture zone and the east-
ern Himalaya, and rivers flowing northward and westward off the
Indo-Burman Range, Shillong Plateau, and Mikir Hills. The Ganges
and Brahmaputra Rivers join in Bangladesh and together drain a
catchment of 1.6 x 10% km?.

The record of erosion in the Himalaya and surrounding orogenic
terrain is archived in the Bengal-Nicobar and Indus submarine fans,
in the Ganges and Indus deltas and their prodelta regions, in the
continental Indo-Gangetic foreland basin, and in foreland basin and
turbidite sequences exposed in the frontal Himalaya and marginal
ranges (Fig. 3b) (Einsele et al., 1996; Qayyum et al., 1996; France-
Lanord et al., 2016). The Indus fan covers 1.6 x 10® km? and is up
to 9 km thick (Clift et al., 2001). It is fed primarily by the Indus
River, with a sediment load of 250 x 10 t yr~! (Milliman and
Farnsworth, 2011). The Bengal fan has an area of 4 x 108 km?
and maximum sediment thickness estimated at >20 km (Métivier
et al, 1999; Curray, 2014; Pickering et al., 2020). It is fed by the
combined Ganges and Brahmaputra system with a sediment load
of 1,060 x 10% t yr—! (Milliman and Farnsworth, 2011).

Clift et al. (2001) estimated the volume of sediment deposited
in Indus drainage-related submarine environments (including the
Indus fan) since Middle Eocene time at ~7.6 x 108 km3. The
Bengal-Nicobar fan has a volume of 12.5 x 106 km? of which >8
x 10% km> has accumulated since 20 Ma (Curray, 2014). These es-
timates are likely minima because large volumes of the eastern
part of the Bengal-Nicobar fan have been incorporated into the An-
daman subduction zone (Pickering et al., 2020). The Indo-Gangetic
foreland basin system contains an additional ~1.5 x 10% km? (Ein-
sele et al., 1996). Taken together, the continental foreland and sub-
marine fan archives contain >21 x 10 km> of sediment (Einsele
et al, 1996; Métivier et al, 1999; Clift et al., 2001). Although a
significant fraction of this sediment could be from southern Tibet
and the Karakoram Range (especially in the Indus system; Clift et
al,, 2001), the moderate regional relief and lack of large erosional
canyons in Tibet, together with recent studies suggesting that more
than half the present Brahmaputra load comes from a small area
around the eastern syntaxis (Stewart et al., 2008), suggest that Ti-
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betan input is relatively minor. Similarly, the Indus River derives
the bulk of its load from the Himalaya and Karakoram Ranges
(Zhou et al., 2020; Feng et al., 2021). The same is true based on the
Miocene stratigraphic record of the foreland basin, which contains
very little, if any, detritus derived from southern Tibet (Garzanti,
2019). Therefore, most of the sediment flux is derived from the
Himalayan fold-thrust belt.

Our estimates are significantly lower than previous estimates
of erosional flux from the Himalaya and adjoining areas, as sum-
marized by Ingalls et al. (2016), who calculated a total erosional
flux of 50 x 10% km> from the collision zone, sensu lato. A signifi-
cant fraction of roughly half of the Ingalls et al. estimate, especially
that archived in the Makran and Indo-Burman Ranges, could have
been derived from areas that are outside of what we consider to
be the Himalayan orogenic wedge. Nevertheless, the larger esti-
mates discussed by Ingalls et al. (2016) only exacerbate the issue
of ‘missing’ Himalayan volume, and suggest that the Himalayan
orogenic wedge has produced as much as an order of magnitude
larger erosional flux than the Central Andes. Tibet, on the other
hand, especially its core internally drained region, has been eroded
very little. This is shown by widespread flat-lying Cretaceous vol-
canic rocks, a surface outcrop that is dominated by relatively young
sedimentary material and upper Paleozoic-Cenozoic sedimentary
rocks (Kapp and DeCelles, 2019), and by relatively old (>45 Ma)
low-temperature thermochronological ages (Rohrmann et al. 2012),
much like the Altiplano in the Central Andes. The preservation of
Tibetan landscapes has been accomplished at the expense of the
Himalayan orogenic wedge, which suffers the full erosive force of
the Indian monsoon while protecting Tibet.

6. Erosion histories
6.1. Central Andes

The Central Andes exhibit relatively shallow levels of erosion
as proxied by low-temperature thermochronometric (apatite and
zircon fission-track, and (U-Th)/He) ages. Ages >40 Ma are com-
mon in the hinterland region and in isolated uplifts of the Sierras
Pampeanas, whereas younger ages (ca. 30-5 Ma) are almost ex-
clusively confined to the Eastern Cordillera and Subandean zones
(Fig. 4a; Table S1). The Central Andean hinterland is mainly a
receptacle for sediment accumulation, rather than a sediment ex-
porter. Consistent with such low regional erosion rates, the Central
Andes contain no surface outcrops of Cenozoic high-grade meta-
morphic rocks that have been exhumed from great depths (Fig. 2a).
The maximum depth of exhumation is ~8-10 km based on low-
temperature thermochronology (Stalder et al., 2020), and rocks
with Cretaceous-early Paleocene low-temperature cooling ages are
widespread (Fig. 4a).

Sandstone petrology and detrital zircon data, together with pa-
leocurrent data, indicate that by Eocene time the Central Andes
was an uplifted highland supplying sediment eastward to the fore-
land basin. Much of the Eocene and younger stratigraphic record
of the foreland has been incorporated into the eastward migrating
fold-thrust belt. These strata are composed of quartzolithic sands
with significant arc-derived components (Horton, 2005, 2018; De-
Celles et al., 2011; Amidon et al., 2017; Garzanti et al., 2021).
Nowhere in the Cenozoic stratigraphic record of the Central Andes
is there a signal of significant erosion of mid-crustal, high-grade
metamorphic rocks. Rather, the record indicates derivation from
upper crustal rocks, with large recycled sedimentary and volcanic
components, consistent with the absence of exposed high-grade
metamorphic rocks in the Central Andes (Fig. 2a).
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6.2. Himalaya

The rate of erosion in the Himalaya is very rapid, ~1-10 mm/yr
depending on location (e.g., Zeitler et al., 2001; Thiede and Ehlers,
2013; Govin et al., 2020). Roughly 50% of the bedrock surface of
the Himalaya consists of metasedimentary and metaigneous rocks
that experienced amphibolite (and locally granulite to eclogite) fa-
cies metamorphism during the Cenozoic orogeny (Fig. 2b). Rocks
of the GHZ have metamorphic ages ranging between ~45 and 17
Ma (e.g., Godin et al., 2001; Catlos et al., 2002; Kohn et al., 2005;
Martin et al., 2007; Cottle et al., 2009; Tobgay et al., 2012), and
low-temperature thermochronometric ages are generally younger
than 20 Ma, with most younger than 10 Ma (Fig. 4b; Table S1). To-
gether with thermobarometric data from GHZ metamorphic rocks,
this indicates rapid ongoing exhumation from depths exceeding 35
km (Kohn, 2014). Detrital thermochronology indicates that rapid
erosion has been ongoing in the Himalaya since late Eocene time
(Webb et al., 2017; Clift, 2017; Najman et al., 2019; Stickroth et al.,
2019; Feng et al., 2021).

The detrital record of Himalayan erosion stretches back to Pa-
leocene time in early foreland basin deposits along the south side
of the Indus-Yarlung suture; Middle Eocene time in the Lesser Hi-
malayan zone; and Middle Miocene in the frontal part of the fold-
thrust belt (see review by Garzanti, 2019). A wide array of datasets
indicates that the Cenozoic strata were produced by erosion of
mainly sedimentary rocks in the Tethyan Himalayan zone and the
GHZ. First appearance of metamorphic detritus probably derived
from GHZ rocks was between 20 and 12 Ma (see summary in Clift,
2017; Stickroth et al., 2019). Synchronous activity of the Main Cen-
tral thrust and the South Tibetan detachment helped to exhume
GHZ rocks toward the surface, but widespread exposure probably
did not occur until Late Miocene time. Major sources of Lesser Hi-
malayan detritus first become prominent from Late Miocene time
onward (e.g., Najman et al., 2009).

7. Discussion
7.1. Salient aspects of the argument

Table 1 summarizes key contrasting characteristics of the Cen-
tral Andean and Himalayan orogenic wedges. Based on input pa-
rameters alone (e.g., shortening) the Himalaya would be expected
to be at least twice the size of the Central Andes. Average thick-
nesses of major thrust sheets in the two fold-thrust belts are
approximately equal, yet the present volume of the Himalayan oro-
genic wedge is ~25.8 x 108 km>, and that of the Central Andes
is ~43.3 x 10 km? (Fig. 5). Despite having roughly one-half to
one-third the shortening of the Himalaya, the Central Andean oro-
genic wedge is twice as wide, covers more than twice the area,
contains ~25% greater volume between sea-level and the topo-
graphic surface and nearly twice as much orogenic wedge vol-
ume, and has a propagation rate two to three times that of the
Himalaya. The average volumetric growth rate of the Central An-
des is 0.72 x 10% km3/Ma, compared to 0.43 x 10% km3/Ma for
the Himalaya. The differences in size and growth rate must re-
sult from the fact that most (>80%) of the rock that enters the
Central Andean orogenic wedge has remained there (Dahlen and
Suppe, 1988; DeCelles and DeCelles, 2001; Meade and Conrad,
2008), while a volume of sediment amounting to more than 75%
of the rock volume of the present Himalayan orogenic wedge has
been eroded from the Himalaya (Einsele et al., 1996; Métivier et
al., 1999). Because our analysis is volumetric, it circumvents po-
tential confusion introduced by extraordinary forward propagation
of a fold-thrust belt, for example on a very weak basal detachment.
The volume (V):shortening (S) ratio of the Central Andes is ~1.4 x
10° km?, whereas this ratio in the Himalaya is ~2.9 x 10* km?.
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difference in age scales. Sources of data are provided in Supplementary Table S1.

A first-order approximation of the relative effects of erosion in
the Central Andean and Himalayan orogenic wedges can be appre-
ciated using the simple approach outlined in Dahlen and Suppe
(1988) and modified to accommodate changes in wedge taper
by DeCelles and DeCelles (2001), in which a triangular orogenic
wedge is fed by thrust sheets with specified thickness at a rate
equal to the shortening rate, and material is extracted from the
upper surface of the wedge by erosion. The wedge geometry is
characterized by its taper (equal to the sum of the angles of the
topographic surface and the basal detachment), which may change
through time. The model yields an orogenic wedge width that in-
creases through time, most rapidly during the first 10-20 Ma of
growth, and more linearly thereafter (Fig. 6). The parameters that
exert strongest control on the shapes of the curves are the short-
ening rate and the erosion factor, which are proxies for rates of
influx and efflux, respectively. Several combinations of shortening
rate and erosion factor are shown. Only combinations of relatively

rapid shortening (>10 mm/yr) and minimal erosion can produce
an orogenic wedge as large as the Central Andean. Conversely, at
Himalayan shortening rates, the only way to keep the orogenic
wedge from becoming >250 km wide is to have a high erosion
factor.

The geological consequences of such divergent rates of erosion
are significant and obvious: Nearly 50% of the surface of the Hi-
malayan orogenic wedge is composed of Barrovian metamorphic
rocks with Cenozoic metamorphic ages, whereas the Central An-
dean orogenic wedge has no exposures of such rocks. Instead,
the Central Andes are dominated by Cenozoic and older sedimen-
tary and volcanic rocks. In the Himalaya, apart from small exten-
sional basins in the northern part of the belt and frontal wedge-
top basins, sediment generally does not accumulate in the steep,
rapidly eroding fold-thrust belt (Fig. 2b). Given the input param-
eters, these differences are difficult to explain with tectonic pro-
cesses alone and suggest that climate is mainly responsible. A key
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Table 1
Key characteristics of Himalayan and Central Andean orogenic wedges. Parenthetical numbers provide sources.
Shortening Propagation Orogenic wedge Sediment Max. Exhumation Geology Monsoon
(km) (km) volume yield depth rainfall
(km?3) (km3) (km) (m/month)
Himalaya >900 250-320 25.8 x 10° >21 x 10° >35 >50% Cenozoic metamorphic 0.5-0.8 (1)
*15-20 mm/yr *~4-5 mm/yr 0% volcanic
<3% Cenozoic sedimentary
40-50% Paleozoic-Mesozoic
sedimentary
Central Andes <350 >540 43.3 x 10° <5.1 x 10° ~8 (3) 0% Cenozoic metamorphic 0.12-0.18 (2)
*6-8 mm/yr *>9 mm/yr >50% Cenozoic sedimentary
& volcanic

Up to 30% Neoproterozoic-
Mesozoic sedimentary

*Geodetically measured rates of shortening, and average propagation rates based on time of initial shortening.

Sources:

(1) Bookhagen and Burbank, 2010; Leier et al., 2005; (2) Espinoza et al., 2020; (3) Stalder et al., 2020.

See text for all others.
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(Gao et al.,, 2016), N (Nabélek et al., 2009), D&C (DeCelles and Carrapa, 2021).

point in the argument is that the present conditions of strongly
seasonal climates, sediment fluxes, erosion rates, and shortening
and propagation rates have existed in the respective orogens since
at least 30 Ma, and possibly longer. Finally, the nearly order-of-
magnitude difference between Himalayan and Central Andean low-
temperature cooling ages is consistent with climatic causes.

The potentially strong control by erosion on orogenic wedge
width has been discussed in detail by Dahlen and Suppe (1988),
Hilley and Strecker (2004), and Cruz et al. (2010), among others.
These studies show that arid climate tends to promote wide oro-
genic wedges, whereas wetter climates tend to reduce wedge size.

Although strongly seasonal climates affect both the Himalaya and
Central Andes, the Indian monsoon drops four to five times more
precipitation on the southern flank of the Himalaya than the rela-
tively weak South American monsoon system in the Central Andes
(Strecker et al., 2007; Bookhagen and Burbank, 2010; Espinoza et
al., 2020). The presence of Early Miocene eolian deposits and evap-
orites in the Central Andes suggests that dry central Andean cli-
mate has existed for at least 23 Myr (Alonso et al., 1991; Strecker
et al.,, 2007; Quade et al., 2015; Fosdick et al., 2017; Folguera and
Zarate, 2019; Garzanti et al, 2021). As the Central Andes sector
of the orogen propagates toward the foreland, the interior of the
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range becomes increasingly arid, which helps to maintain slow
erosion rates (Sobel et al., 2003; Strecker et al., 2007). The con-
trasts between the Central Andes and Himalaya are consistent with
integrated climate-tectonic models for orogenic wedges (e.g., Wil-
lett, 1999), in which decreased erosional efficiency promotes oro-
genic expansion.

7.2. Why standard explanations fail

A standard explanation for differences between Cordilleran and
collisional orogenic belts is their obviously contrasting tectonic set-
tings. The widespread distribution of synorogenic high-grade meta-
morphic rocks observed in some collisional orogens such as the
European Alps and the Himalaya (but not in others) is attributed to
the abundance of buoyant continental crust in collisional orogenic
settings. Cordilleran orogens, on the other hand, involve a relatively
easily subducted oceanic plate. In this view, aspects of Cordilleran
orogens are often attributed to differences in the age, composition,
velocity, structure, and angle of descent of the subducting slab.
Whereas we do not discount any of these factors, they cannot ex-
plain the differences that we highlight between the Himalaya and
the Central Andes because the subducting Nazca slab is completely
isolated from the retroarc fold-thrust orogenic wedge, which forms
the bulk of the orogen (Fig. 1a). Moreover, major differences in the
Andes from north to south (cf. Section 7.3) exist above the same
subducting Nazca plate with nearly identical convergence veloci-
ties everywhere (e.g., Montgomery et al., 2001; Lamb and Davis,
2003; McGroder et al., 2015). Nor can differences in the composi-
tion of the orogenic wedges explain their differences: The bulk of
both the Himalayan and Central Andean orogenic wedges consists
of sedimentary rocks accreted from the Indian and South American
sides of each system, respectively. The Nazca slab provides no ma-
terial to the Central Andean fold-thrust belt. Although slab descent
angle clearly affects the magmatic arc in the Andes, along-strike
differences in retroarc shortening and erosion level have no obvi-
ous relationship to transient descent angles of the Nazca plate (e.g.,
Allmendinger et al., 1997; Lamb and Davis, 2003; Horton, 2018).
Plate tectonic shortening rates are also not directly relevant in this
argument; if they were, the Central Andes might be expected to
have much greater shortening than the Himalayan orogenic wedge
because the plate convergence rate in the former is twice that of
the latter. Instead, Himalayan shortening is more than twice that of
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the Central Andes. Although not concerned with the issue of along-
strike variation in retroarc shortening in the Andes, our analysis is
not incompatible with explanations that have been offered (e.g.,
Allmendinger et al., 1997; Lamb and Davis, 2003; Schellart, 2008;
McGroder et al., 2015).

7.3. Why a comparison of the central Andes with northern/southern
Andes is not relevant

An argument similar to ours—that erosion is the primary con-
trol on orogenic topography—has been used to explain differences
between the Central Andes and the relatively narrower, lower, and
wetter Northern and Southern Andes (Dahlen and Suppe, 1988;
Montgomery et al., 2001; Strecker et al., 2007). Why, then, are the
Northern and Southern Andes not more like the Himalaya? The
principal differences along strike in the Andes result from con-
trasting amounts of shortening. The Central Andes have roughly
an order of magnitude greater shortening than the Northern and
Southern Andes (Kley and Monaldi, 1998; McGroder et al., 2015;
Horton, 2018). That the Northern and Southern Andes have lit-
tle resemblance to the Himalaya is not surprising in view of the
10- to 30-fold greater shortening in the latter. Nevertheless, the
fact that the Northern and Central Andes are so different from the
Central Andes in terms of both climate and geologic/geomorphic
characteristics, while forming on the same tectonic plate in the
same Cordilleran tectonic setting, reinforces our basic argument
that tectonic setting alone cannot explain the differences in size
and composition of the Central Andean and Himalayan orogenic
belts. Were it not for rapid erosion in the Himalayan fold-thrust
belt, it would be much larger than the Central Andean fold-thrust
belt.

7.4. Why the Himalaya has been so erosive for so long

Paleolatitude and climate proxy records (e.g., Strecker et al.,
2007; Clift et al., 2008; Lippert et al., 2014) suggest strong sea-
sonality has existed in both the Central Andes and the Himalaya
for tens of millions of years, yet the erosional record of the Hi-
malaya is at least four times greater than that of the Central Andes.
Why has the Himalaya been so much more erosive than the Cen-
tral Andes for so long? We suggest this owes to the contrasting
geographic settings of the two orogens: the Central Andes are sit-
uated along the western margin of South America, 2,800-3,800 km
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from the Atlantic Ocean and the source of South American mon-
soon precipitation, whereas the south-facing Himalaya has been
near the Arabian Sea and Bay of Bengal throughout its existence.
Marine water occupied the Gangetic foreland basin during Eocene
time, and even today the portion of the Himalaya farthest from
marine water is only 1,100 km away; most of the eastern two-
thirds of the range lies within ~900 km of the Bay of Bengal. Even
before the rise of the Himalaya the southern flank of Eurasia was
likely subjected to monsoonal climate, again owing to proximity to
the Indian (Neotethys) Ocean (Licht et al., 2014) and high topog-
raphy in the Gangdese magmatic arc along the southern flank of
Eurasia (Kapp and DeCelles, 2019). Orography along the southern
edge of the Tibetan Plateau has protected it from erosion, much
like frontal Subandean and Eastern Cordilleran orography has pro-
tected the Central Andean Plateau (Strecker et al., 2007). In this
sense, only the rapid rate of tectonic shortening and mass input in
the Himalaya are able to sustain orography sufficient to protect Ti-
bet. One implication of this is that if the rate of tectonic growth
of the Himalaya begins to significantly decrease, rapid erosion will
quickly extend into Tibet-proper. In the Central Andes, where rates
of mass influx and shortening are comparatively lower, only an
increase in erosional intensity is likely to be capable of strongly
diminishing the size of the Central Andean Plateau and orogenic
wedge.

7.5. Geodynamic implications

A principal conclusion of our analysis is that the Central An-
dean fold-thrust belt is Earth’s largest coherent orogenic wedge.
Since the Himalaya was first interpreted to be a result of intercon-
tinental collision (Argand, 1924), it has been regarded as Earth’s
greatest orogenic belt, largely on the merits of its extreme to-
pography and relief, which are unequalled anywhere else on the
continents. When considered in the context of their associated
oceanic trenches, however, Cordilleran orogenic systems routinely
exceed Himalayan relief, largely because one plate in a Cordilleran
system is oceanic. The Central Andes, for example, fall from a max-
imum elevation of nearly 7 km to a maximum bathymetric depth
of >8 km (Lamb and Davis, 2003). The idea of “Himalayan oro-
genic exceptionalism” derives from the fact that the Himalaya and
Tibet are generally considered together as a contiguous orogenic
system, a view that is so widespread and entrenched in geologi-
cal and geophysical thinking that it could be considered canonical.
Countless papers on the tectonics of southern central Asia begin
with general statements about the “Himalayan-Tibetan” orogenic
system, and many geodynamic modeling efforts aim to build the
Tibetan Plateau from near sea-level to its present scale entirely
since the onset of the India-Eurasia collision (e.g., Vanderhaeghe,
2012; Wolf et al., 2022). Whereas Tibet and the Himalaya are in-
deed an integrated topographic mass along with the Karakoram,
Pamir, and Hindu Kush Ranges, they are geologically distinct en-
tities and were constructed over nearly mutually exclusive time
frames: the Tibetan Plateau mainly before the Cenozoic and the Hi-
malaya entirely during the Cenozoic (Yin and Harrison, 2000; Kapp
and DeCelles, 2019). Ongoing subduction, or underthrusting, of In-
dia beneath Tibet undoubtedly contributes to Tibetan elevation and
lithospheric mass, but the Himalayan fold-thrust belt is made en-
tirely of Indian materials, and what remains of Indian crust below
the Himalaya and Tibet largely bypasses, en route to the mantle,
both the Himalayan orogenic wedge and the part of Tibet that ex-
isted prior to the collision (Fig. 1b; e.g., Avouac, 2003; Replumaz
et al., 2010). Therefore, from a geodynamic point of view, it makes
little sense to model the Himalayan fold-thrust belt as an outcome
of processes operating during the growth of Tibet; nor is it logical
to use Himalayan geodynamic processes to effect major changes in
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Tibet, aside from the isostatic effect of shallow subduction of In-
dian lithosphere.

In turn, this upends the idea that the Himalayan fold-thrust
belt, as part of the Himalayan-Tibetan-Pamir “orogen,” is Earth’s
best example of a “large and hot” orogenic system, at the upper
end of an evolutionary continuum that begins with “small and
cold” orogens like the Pyrenees (e.g., Beaumont et al., 2010; Wolf
et al., 2022). When viewed as the separate geological entity that
it is, the Himalaya is not particularly large, aside from its excep-
tionally high elevations; the European Alps are locally wider, and
the Zagros and Central Andes both have larger V:S ratios. Nor is
the Himalaya especially “hot,” insofar as this attribute is based on
the abundance of relatively high-temperature Cenozoic metamor-
phic rocks at the surface. We concur with Clift et al. (2008) that
this can be better attributed to the great depth of erosion, with or
without assistance from the South Tibetan detachment, rather than
a hotter geotherm. Heat flow studies suggest that the Andes are in
fact hotter than the Himalaya (Davies, 2013; Lucazeau, 2019). Sim-
ilarly high-grade metamorphic rocks are presumably present in the
middle crust of the Central Andes, where they are expected to re-
main owing to the low erosion rate unless they are exhumed by
syn- or post-orogenic normal faults. This was also the case in the
hinterland of the North American Cordilleran thrust belt, where
synorogenic high-grade metamorphic rocks of Cretaceous age were
not exposed at the surface during construction of the Cordilleran
orogenic wedge but were later exhumed in the footwalls of late-
to post-orogenic Cenozoic normal faults (e.g., McGrew et al., 2000).

Whereas contrasting tectonic settings can explain the great dif-
ference in shortening between the Central Andes and Himalaya,
the only logical explanation for the surprisingly small orogenic
bulk of the Himalayan fold-thrust belt compared to that of the
Central Andes is that the former has been eroding much more
rapidly than the latter for most of Neogene time, and the most
likely culprit is a stronger monsoon in the Himalaya. Viewing other
orogenic belts through the same lens would suggest that dry oro-
gens (such as the Zagros) generally may be expected to be larger
than wet orogens of comparable lifespan, even when tectonic vari-
ables such as shortening rate might predict the opposite (Dahlen
and Suppe, 1988; Hilley and Strecker, 2004).

8. Conclusions

1. When considered as fold-thrust orogenic wedges of approxi-
mately the same age, the Central Andes are nearly twice as
large as the Himalaya. Tectonic variables such as shortening
rate (a proxy for growth rate) predict just the opposite, as the
Himalaya has shortened more than three times more than the
Central Andes.

2. Rapid erosion of the Himalaya and relatively slow erosion of
the Central Andes are indicated by contrasts in sediment ef-
flux, cooling ages, and exposure of mid-crustal rocks at the
surface.

3. The differences between the Central Andean and Himalayan
orogenic wedges are not explained by tectonic setting or pro-
cesses, which would predict that the Himalaya should be much
larger than the Central Andes. Instead, it is the four- to five-
fold greater intensity of the Indian monsoon compared to the
South American monsoon that is reducing the bulk of the Hi-
malayan orogenic wedge, while most of the rock that has en-
tered the Central Andean orogenic wedge remains there. That
the Indus and Bengal-Nicobar submarine fans date back to
Eocene-Oligocene time whereas the Amazon fan dates back to
only ca. 11 Ma, along with approximate paleolatitudinal stasis,
suggests that this situation has existed in one form or another
since Oligocene time.
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4, Given the separate geological and geodynamic evolutions of
the Himalayan orogenic wedge and the Tibetan Plateau, the
two should not be modeled as an integrated orogenic system
in which Tibet is born and grows along with the Himalaya. Ti-
bet existed as a complex, multi-stage tectonic collage long be-
fore initiation of the Indo-Eurasia collision, and the Himalaya
has developed only since that time.
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