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Reworking and recycling of continental crust, through processes such as erosion and delamination, are essential
geological mechanisms that not only shape the topography of continents but also influence the composition of
the continental crust and mantle. Continent-continent collisions are crucial settings to study these processes, as
they primarily involve the thickening and uplift of the existing crust, with little new crustal addition compared

with ocean-continent convergent plate boundaries. In this study, we investigate the three modern collisional
systems that formed the Himalaya-Tibetan Plateau, the European Alps, and Zagros in central Asia, and quantify
the amount of crust lost into the mantle by comparing the shortened crustal volume with the present-day pre-
served thickened crust, laterally extruded crust and surficial eroded crust. We find that crustal loss into the
mantle accounts for at least 30% of the shortened crust, which exceeds the crust lost by surficial erosion by at
least a factor of 2 in the Himalaya-Tibetan Plateau and Zagros. The volume of crust lost into the mantle during
the formation of the Alps lies between 15% and 50%, depending on the values assumed for the pre-collisional
crustal thickness and the volume of eroded crust.

For the Himalaya-Tibetan Plateau, our calculated crustal loss corresponds to an elevation increase of ~ 2 km,
which can be explained by delamination of thick, eclogitised lower crustal roots in the late Oligocene, consistent
with the distribution of shoshonitic-adakitic magmatism in southern Lhasa. This phase of rapid uplift, which
followed the removal of dense lower lithosphere, corresponds with monsoon intensification in southern Asia.
Furthermore, extending the concept of crustal loss to ancient mountain belts that occurred during the past cycles
of supermountain formation, we propose that detachment of lower crustal roots can explain the trace element
and isotopic characteristics of exotic crustal components in some plume-related mantle melts, ultimately linking
mountain-building and mantle heterogeneity on a multi-million-year timescale.

1. Introduction

Recycling continental crust (CC) into the mantle has long been
known to be a crucial geological process that has significantly influenced
the time-integrated composition of the CC and the long-term evolution
of the mantle (Cawood et al., 2013; White, 2015). A key mechanism for
crustal recycling is the delamination and sinking of the lowermost crust
into the underlying mantle, driven by the density increase due to the
gabbro-eclogite transition, following lithospheric thickening at conver-
gent margins (Lustrino, 2005). Delamination and detachment of lower
lithosphere were initially proposed to explain the rapid uplift associated
with igneous activity in the Colorado Plateau (Bird, 1979), the Southern

* Corresponding author.
E-mail address: ziyi.zhu@monash.edu (Z. Zhu).

https://doi.org/10.1016/j.epsl.2024.119070

Puna Plateau in the central Andes (Kay and Kay, 1993), and the
Himalaya-Tibetan Plateau (England and Houseman, 1989). Loss of
mafic lower crustal material has also been used to account for the in-
termediate composition of the bulk CC (Rudnick, 1995). Finally, it has
been suggested that lost lower CC could melt and react with the sur-
rounding mantle, leading to the compositional heterogeneity in Earth’s
mantle (Lustrino, 2005; Willbold and Stracke, 2010).

Loss of lower CC into the mantle can explain several geological ob-
servations. Qualitative evidence for the lower crustal loss includes rapid
uplift (England and Houseman, 1989), low seismic velocity zones in the
mantle (Bird, 1979), and geochemical signatures such as high La/Yb
ratios, lack of Eu anomalies, and high Sr contents of magmas from the
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base of tectonically thickened crust (Kay and Kay, 1991). Mass-balance
calculations provide a quantitative tool to evaluate the input of CC into
the mantle (Ingalls et al., 2016; Replumaz et al., 2010).

In this study, we establish and apply volume/mass balance equations
to quantify the amount of CC returned to the mantle during continent-
continent collisions. We consider three modern mountain ranges for
which the required data to assess such a quantification are available: the
Himalaya-Tibetan Plateau, the European Alps and the Zagros Moun-
tains. These mountains formed at different times during the Cenozoic,
with critical parameters, such as initial crustal thickness and crustal
shortening estimates, being better constrained than for older mountain
belts. Our calculations agree with previous studies of the Himalaya-
Tibetan Plateau, which show that the crustal mass budget cannot be
balanced during the India-Asia collision (Ingalls et al., 2016; Replumaz
et al., 2010) without the return of material to the mantle. We attribute
this imbalance to the loss of dense lower CC from the mountain roots via
delamination, which is defined as rapid foundering or detachment of the
lower lithosphere. We find that this imbalance persists in the collisions
that formed the Alps and Zagros mountains.

2. Methods

This section provides a theoretical basis for the crustal volume/mass
balance equations for continent-continent collisions used in this study.
We envision a simple mountain-building model, in which the collision
occurs along a boundary of a constant length Ly, between two crustal
blocks with an initial crustal thickness of ¢ (Fig. 1). The total volume of
the shortened crustal block (Vg,) can be calculated from

T
Vo = LencDg, = Lshc/ V(t)dt (1)
0

where Dy, is the total shortened distance, which is the integral of
convergence rate (v) over the time (T) to form the orogen.

In Fig. 1, the thickened crust refers to the excess crustal material
relative to the initial crustal block with a normal crustal thickness of c.
Assuming that the mountain belt forms along the collisional boundary of
a constant length (Lg,) and has a constant width of w, we can calculate
the volume of thickened crust without the initial crustal block (Vy,) as
follows:

Vin = Law(H — ¢) (2)

where H is the total crustal thickness from the surface to the Moho.

Alternatively, the volume of the thickened crust can be calculated by
adding the volume of the topography above normal, unthickened crust
(Viopo), to the volume of the mountain root below the unthickened crust
(Vroot), which is expressed as

Vth = Vtopo + Vroot (3)
or
Vin = LshW(E + 7) (4)

where h and 7 represent the average height of the mountain and depth of
its root, relative to the top and bottom of the unthickened crust,
respectively. Both increase proportionally as the crust thickens.

In a normal crust above sea level (Fig. S1), the correlation between h
and 7 is controlled by the average densities of crust (p.) and mantle (p,),
assuming a simple Airy-type isostatic model, in which the isostatic
balance is assumed to occur at the base of the crust:

Fo_Pe g 5)
pm 7pc

This relationship is based on the balance of buoyancy forces that lift
the low-density crustal blocks above the high-density mantle, and
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gravity forces that pull the crustal blocks downwards (Kearey et al.,
2009). Egs. (4) and (5) can be combined to obtain an expression for the
volume of thickened crust as follows:

Vin = Lywh (6)

m c

We denote ; :31 _- by r,. Estimates of the average density of crust p, range
from 2.75 g/cm3 to 2.87 g/cm3 (Gvirtzman et al., 2016; Lee et al., 2015;
McKenzie and Priestley, 2016), and typical mantle densities from 3.30
g/cm3 to 3.33 g/c:m3 (Lee et al., 2015; McKenzie and Priestley, 2016).
These values give a typical density contrast between crust and mantle of
0.43-0.58 g/cm?, resulting in r, values in the range of 5.7-7.7.

Eq. (5) shows that, if the crust is in Airy isostatic equilibrium, vari-
ations in elevation are determined by variations in crustal thickness,
which is expressed as

—1- P %)
P

SE

However, the weak correlation between the global topography and
crustal thickness data suggests that the commonly used Airy-type isos-
tasy model is insufficient to explain the topography of crustal regions on
a global scale (Gvirtzman et al., 2016). Specifically, it fails to explain the
topography for regions with a crustal thickness ranging from approxi-
mately 25 km to 50 km (Lamb et al., 2020). In contrast, the Airy-type
model gives good results for crust thickness greater than 50 km
(Gvirtzman et al., 2016). This observation is consistent with the study by
Lee et al. (2015), who found a positive correlation between elevation
and crustal thickness for mountain belts with an elevation greater than 2
km, corresponding to crustal thicknesses greater than 48 km, based on
an initial crustal thickness of 35 km and r, of 6.7. Furthermore, the
positive correlation remains if data from Zagros and Alps are added to
the original plot of Lee et al. (2015), which includes data from the Ti-
betan Plateau, Andes and Rocky Mountains (Fig. S2). Therefore, we
conclude that the Airy-type isostatic model gives acceptable estimates of
the elevation of high mountain ranges (> 2 km), but not for thin crust.

The formation of high mountains is accompanied by elevated rates of
weathering and erosion, producing large amounts of sediments that are
delivered to the oceans by rivers. For example, the Himalayan orogen,
which has the highest topographic relief, has produced the two largest
sedimentary fans on Earth — the Bengal and Indus fans. The Bengal Fan
has a volume of 12.5x10° km?, making it approximately twenty times
larger than the Amazon fan and forty times larger than the Mississippi
fan (Curray et al., 2002). The volume of crust lost through erosion
(Verosion) can be constrained by the reported sediment data from the
literature.

Finally, it is possible that the vertical thickening of the crust is
accompanied by the movement of the crust in a direction oblique to the
direction of thickening and shortening (Fig. 1D). In some delineations of
mountains, such as the modern Alps and Zagros as discussed below, the
length of the mountain L includes the lateral displacement of CC (AL).
This displacement of CC is defined as crustal lateral extrusion. The
volume of extruded material is given by

Vextrusion = ALWH (8)
3. Results

We apply the equations outlined above to three modern mountains
produced by continent-continent collisions: the Himalaya-Tibetan
Plateau, Alps and Zagros. Applying the theoretical model of Fig. 1 to
real-world scenarios is challenging due to uncertainties in the essential
parameters and requires significant simplification. We provide plausible
justifications for the parameters based on geological evidence. We first
assume that the vertical variation in the density of CC can be neglected,
and evaluate if V, is balanced by Vi, Verosion and Vextrusion, USing
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Fig. 1. Conceptual cross-sections and plan views showing the horizontal shortening of continental crust, with an initial crustal thickness of ¢ (A), along a boundary
with a length of Ly, (C), is accommodated by the vertically thickened crust (B), which comprises a mountain belt with a high elevation above the surface and a thick
mountain root, the eroded materials, and the continent block that is extruded orthogonal to the shortening direction (D). This figure is not to scale because the depth
of the root is around six times greater than the height of the mountain in a simple Airy-type isostatic model. The total shortened distance (Dy) is the sum of the

shortening in the two colliding blocks. H is the total thickness of the crust within the orogen, whereas h and w are the average height and width of the mountain belt,
respectively. In some cases, such as the modern Alps and Zagros, the length of the mountain L includes both the length of the collision zone along which the
continental crust was shortened (Lg,), and the movement distance of the extruded crustal block (AL) within the mountain region.

parameters including average mountain length (L), width (w), height (@)
and total crustal thickness (H)'. We then consider a simple density
profile for the eclogitic crust below 45 km depth, crust above 45 km
depth and sediments, and examine if the crustal mass is conserved. The
shapes of mountain ranges are from Natural Earth’s physical vectors
(Fig. 2).

3.1. Calculating shortened crust

3.1.1. Himalaya-Tibetan Plateau

Despite decades of studies on the Himalaya-Tibetan Plateau, the
convergence history of India-Asia and the nature of the Indian margin
before the collision remain controversial (Ding et al., 2022; Parsons
et al., 2020). The onset of the India-Asia collision was dated at ca. 59 Ma
by the first deposition of Asia-derived detritus onto the distal edge of
India (Hu et al., 2016). However, the suturing between India and Asia
along a long (~1000 km) belt was not completed until ca. 50 Ma (Ingalls
et al., 2016). This is consistent with the cessation of marine sedimen-
tation in many places along the Tethyan Himalaya margin and a
reduction in the India-Asia convergence rate from around 16 cm/yr to 8
cm/yr at 50 Ma (Hu et al., 2016; van Hinsbergen et al., 2011). Since the
initial collision, plate reconstruction indicates that the total convergence
between India and Asia was about 3000 km (Van Hinsbergen et al.,
2012). However, only 1000-2000 km of the convergence can be
accommodated by bed-rock crustal shortening estimates (Van Hinsber-
gen et al., 2012). To account for the difference between the convergence
and the preserved shortening, some researchers argue the existence of a
1000-2000-km-wide portion of continental margin, termed Greater
India, which was subducted/delaminated into the mantle without being
preserved in the surficial bedrock record (Hu et al., 2016; Ingalls et al.,
2016), whereas two other groups suggest the existence of the Neo-
tethyan oceanic lithosphere (Aitchison et al., 2007) or the Greater India
basin (Van Hinsbergen et al., 2012) before the hard India-Asia collision
began at ca. 35 Ma and 25-20 Ma, respectively. Among the three hy-
potheses, the model of an enlarged Greater India continental crust, since
the Eocene, is most consistent with the available bedrock records and

! The details of constraining these parameters are presented in Supplemen-
tary Material, and the source codes for the calculations are provided in the
GitHub website.

geophysical observations (Parsons et al., 2020), whereas the latter two
are met with challenges such as the inconsistencies with some seismic
tomography models and lack of evidence for the suture zone that cor-
responds to the closure of the oceanic basin (Hu et al., 2016; Parsons
et al., 2020).

The analytical model of Guillot et al. (2003) is used to reconstruct the
convergence distances (Dg,) for Asian and Indian continental blocks
from 50 Ma to the present, which are estimated to be 1115 and 1632 km,
respectively. Note that here the Indian convergence consists of 1010 km
of Himalayan shortening (displacement of India relative to the southern
Indus Suture Zone) and 622 km of the hypothetical Greater India con-
tinental margin (Fig. 2). The estimate of Dy, for Asia is multiplied by an
initial crustal thickness (c) of 32-35 km, which is the range of the
present-day crustal thickness of the unthickened Asian continent
(Replumaz et al., 2010). This is a conservative estimate since part of the
southern Asian plate, including the Gangdese magmatic arc belt, was
probably thickened to > 50 km at 55-45 Ma (Zhu et al., 2017). For the
Indian continent, c is estimated to be 35-40 km for the Himalayan block,
based on the thickness of the present-day undeformed Indian continent
(Replumaz et al., 2010), and 26 km for Greater India, which is the
average thickness of continental margins worldwide (Mooney et al.,
2023). The results of Vg, calculated by these values of Dy, and c are
shown in Supplementary Tablel.

3.1.2. Alps

The European Alpine orogeny began when the European continental
margin entered the subduction zone adjacent to the Adria indenter
around 35 Ma, coinciding with a decrease in the Europe-Adria conver-
gence rate from 1.5 cm/yr to <1.3 cm/yr (Handy et al., 2010). At this
time, the Alpine foreland basin on the European margin was charac-
terised by marine underfilled flysch, consisting of alternating turbiditic
flysch and mudstone (Sinclair, 1997). This was followed by the over-
filled terrestrial molasse sedimentation from ca. 30 Ma, indicating a
transition to a continental environment (Schlunegger and Kissling,
2022). This stratigraphic progression suggests that, by 30 Ma, the
shortening of the European crust had begun, with a normal thickness
ranging from 28 km to 32 km, based on the crustal thickness of
post-Variscan regions of Central and Western Europe (Giese, 2005).
Between 35 and 30 Ma, the European continental margin experienced a
maximum shortening of 65 km, based on a Europe-Adria convergence
rate of 1.3 cm/yr. For the Adriatic continent, the initial crustal thickness
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Fig. 2. Mountain ranges of the (A) Himalaya-Tibetan Plateau, (B) Alps and (C) Zagros, from Natural Earth’s physical vectors. The inset in the last panel shows the
locations of these mountain ranges. The elevation data in metres above sea level are from ETOPO1 (Amante and Eakins, 2009). Major tectonic lineaments are from
Ding et al. (2022), Sanchez et al. (2018) and Su and Zhou (2020). Abbreviations: AF, Alpine Front; ATF, Altyn Tagh fault; IAS, India-Asia suture; JS, Jinsha suture; KS,
Kunlun suture; LQS, Lhasa-Qiangtang suture; LQV, Lhasa-Qiangtang suture valley; MZT, Main Zagros Thrust; PF, Periadriatic fault. The conceptual cross-sections on
the right illustrate our constraints on the initial crustal thicknesses and shortening distances used to calculate Vg, (refer to Section 3.1 for details). The deep seismic

structure in the Alpine region is from Lippitsch et al. (2003).

is estimated to be 30-35 km, based on the measured Moho depth for the
Adriatic foreland from several seismic models (Giese, 2005; Zhang et al.,
2022).

The estimated post-collisional shortening since 35 Ma is at least
80-120 km in the Western Alps, 126-206 km in the Central Alps, and
125-159 km in the Eastern Alps (Kastle et al., 2020 and references
therein). We thus assign an average total shortening (Dg,) of 100 km in
the Western Alps, 166 km in the Central Alps, and 142 km in the Eastern
Alps (Fig. 2). These estimates are then multiplied by the average initial
crustal thickness of Europe and Adria, ranging from 29 to 33.5 km,
except for the first 65 km of convergence, where a thickness of 26 km is
used for the continental margin. In the Eastern Alps, the north-south
shortening was accompanied by the formation of large strike-slip
faults that facilitated the eastward extrusion of crustal blocks. Restora-
tion of fault displacements indicates the 120 km east-west lateral
movement of the central Eastern Alps in the Miocene (Linzer et al.,
2002). Before this movement, the length of the collision zone, along
which the CC was shortened, was therefore equal to the length of the
present-day orogen boundary minus 120 km. This adjusted length is
used to calculate Vg, for the Alps (Supplementary Tablel).

3.1.3. Zagros

The Zagros Mountains formed by the Arabia-Eurasia collision,
beginning at ca. 35 Ma (Mouthereau et al., 2012). However, the onset of
collision between Eurasia and Arabia crust with a normal thickness,
likely occurred later at ca. 20-18 Ma, as supported by rapid exhumation
and intensive thrusting in the High Zagros from ca. 19 Ma (Gavillot
et al., 2010), and a reduction in Arabia’s plate velocity at ca. 20 Ma
(Hatzfeld and Molnar, 2010). This is consistent with the deposition of
the ca. 20-18 Ma Asmari limestone overlain by the Gachsaran evaporitic
deposits and the Agha Jari fluvial deposits in the northwest and central
Zagros, indicating a transition from a marine to nonmarine environment
(Mouthereau et al., 2012; Pirouz et al., 2017a). Therefore, we assume
that the initial crustal thickness of the Arabian crust, since the start of
the hard collision, was at least 32 km, which is the average crustal
thickness at sea level (Lamb et al., 2020). The local reference crustal
thickness of 38 km for an isostatically balanced crust with zero topog-
raphy, as determined by Pirouz et al. (2017a) based on the free-air
anomaly and seismological constraints, is used as a maximum choice
for c. This range of 32-38 km is consistent with the crustal thickness of
the present-day undeformed Arabian plate measured by regional
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geophysical studies (Blanchette et al., 2020).

The Zagros region that we use here (Fig. 2) is bounded to the north by
the Main Zagros Thrust (MZT), which represents the plate boundary
between Arabia and Eurasia. Therefore, only Dy, on the Arabian side is
considered when calculating Vg,. We adopt Dy, of 135 km in central
Zagros since the early Miocene (Mouthereau et al., 2012), which in-
cludes a shortening of 15 km that is accommodated in the Zagros Folded
Belt and 120 km in the High Zagros. This is consistent with the estimates
of 152 + 30 km for shortening in the Arabian plate since ca. 18 Ma based
on restored cross sections (Su and Zhou, 2020), 135 km based on flexural
modelling (Pirouz et al., 2017b), and 100-155 km based on structural
studies (McQuarrie and van Hinsbergen, 2013). In the northern Zagros,
there is a ~ 50 km displacement along the dextral Main Recent Fault
(Talebian and Jackson, 2002). This displacement distance, together with
the postulated length of the shortened crust (Lg,), makes up the
present-day length of the mountain. The results of Vg, based on this Lg,
and ¢ of 32-38 km are provided in Supplementary Tablel.

3.2. Calculating thickened crust

Vi is computed by subtracting the initial crustal block, with a crustal
thickness of ¢, from the present-day crust with a total crustal thickness of
H. This is named the Moho method since it relies on Moho depth data
from the CRUST1.0 model (Laske et al., 2013). We also provide results
for Vi, calculated by the Airy method for comparison, using the average
mountain height h. However, as discussed earlier, the Airy-type isostatic
model is less reliable, especially when applied to thin crust. The results
of Vin_moho and Vip_giry for the Himalaya-Tibetan Plateau (Supplemen-
tary Tablel) are similar, which suggests that the crust is in Airy isostatic
equilibrium.

3.3. Estimating eroded crust

The volume of lost crust through surficial erosion is taken from
literature data. For the Himalaya-Tibetan Plateau, Verosion i estimated to
be the total volume of the Bengal Fan, Indus Fan, Himalayan foreland,
Tarim and south-eastern Asian basins, which is 27 x10° km® (Clift et al.,
2009). The estimated total amount of sediment derived from the Alps
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ranges from 0.51 %x10° km?® (Clift et al., 2009), based on the volume of
foreland, Po Valley, Pannonian Basin, Rhone delta and Danube delta, to
0.87x10% km® (Kuhlemann et al., 2001), calculated using the sediment
budget and thermochronological data. These two estimates are used as
the minimum and maximum values of Verosion for the Alps. The eroded
material in the Zagros Mountains, derived from the thickened crust, is
now stored in the post-Asmari foreland fill and estimated to be 0.57 x10°
km? (Pirouz et al., 2017a). Using these estimates, the volume of eroded
crust accounts for < 20% of the shortened crust in the three examined
orogens (Fig. 3). For comparison, in Supplementary Material, we pro-
vide a theoretical estimate of Verosion based on the relationship between
erosion rate and relief, as proposed by Vance et al. (2003).

3.4. Estimating extruded crust

During the India-Asia convergence, a large volume of the Asian CC
was extruded eastward from central Tibet towards Indochina (Leloup
et al., 1995). The volume of the crustal material that was transported
outside the deformed Asian domain is estimated by Ingalls et al. (2016)
to be (15.5 & 8.5)x10° km?, and this is taken as our estimate of Vextrusion
for the Himalaya-Tibetan orogen. The extruded block is included in the
present-day mountain domains for the Alps and Zagros mountains.
Vextrusion for these orogens is calculated by multiplying the width of
mountain belts (w), total crustal thickness (H) and the displacement
values for the CC (AL) as suggested above.

3.5. Defining orogenic loss

There is a discrepancy between Vy, and the sum of Vi, Verosion, and
Vextrusion fOr the three modern orogens (Fig. 3). The concept of orogenic
loss, denoted as Aoy, is introduced to represent the percentage of
shortened CC that cannot be accounted for in the crust materials pre-
served above the Moho. It is defined by

Aoro — (1 _ Vth + Verosion + Vextrusion

0,
Va ) x 100% (C)]

Our preferred results for A, are based on Vy,_meno, Whereas the less
reliable results using Viy_.iry are provided in Fig. S3 for comparison.
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Fig. 3. Horizontal bar plots showing the distribution, by volume, of crustal thickening, extrusion, erosion, and orogenic loss for the Himalaya-Tibetan Plateau, Alps,
and Zagros. The bars represent the percentage of each category contributing to the overall crustal shortening in these regions. Here the minimum and maximum
estimates of initial crustal thickness (c, in the unit of kilometres) give the lower and upper boundaries of orogenic loss, which represents the percentage of shortened
crust unaccounted for by thickening, erosion, and extrusion. The results for the Alps also consider minimum and maximum estimates of Verosion, Which are 0.51 x10°
km? (Clift et al., 2009) and 0.87 x10° km® (Kuhlemann et al., 2001), respectively. The volume of the thickened crust, which refers to the additional crust added by the
collision excluding the initial crustal block, is calculated based on Moho depth data.
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The values in kilometres, displayed near each data point, represent different
initial crustal thicknesses used in the calculations. For the Alps, the results also
account for minimum and maximum estimates of Verosion, which are 0.51x10°
km? (Clift et al., 2009) and 0.87x10° km® (Kuhlemann et al., 2001), respec-
tively. For the Himalaya-Tibetan region, the results are compared with three
previous studies: Dewey et al. (1986) based on cross-sectional area estimates, Le
Pichon et al. (1992) on surficial area estimates (box representing a range), and
Ingalls et al. (2016) on 3D mass balance estimates (Supplementary Table 2).
Dewey et al. (1986) and Le Pichon et al. (1992) did not account for lateral
extrusion in their calculations of missing crust. The dashed 1:1, 2:1 and 3:1 lines
are for reference.

Fig. 4 shows that A, is at least ~ 30% for the Himalaya-Tibetan Plateau
and Zagros, with A, greater than the crust lost by surficial erosion by at
least a factor of 2. For the Alps, A, varies from around 15% to 50%
using different estimates of ¢ and Veosion- Aoro €xceeds 60% in the result
of Zagros based on a c of 38 km. However, this is a potential over-
estimate since the thickened Arabian crust (V) may be an underesti-
mate because seismic images show underthrusting of the Arabian crust
beneath the Eurasian crust about 250 km in the northern Zagros and 140
km in the central Zagros Mountains (Paul et al., 2010). Since c of 32 km
gives the minimum estimate of Vg, and thus minimum A,,,, we conclude
that the orogenic loss for the Zagros Mountains is between 30% and
64%.

Finally, we calculated the orogenic mass loss by using a density of 3.3
g/cm? for garnet-bearing eclogitised crust beneath 45 km depth, 2.8 g/
em? for the crust above 45 km depth, and 2.25 g/cm® for the eroded
sediments (Replumaz et al., 2010). The results for A, based on mass,
agree with those obtained from the volume (Supplementary Tablel):
approximately 20-50% of the mass of the CC was lost to the mantle
during the formation of the Himalaya-Tibetan Plateau, Alps and Zagros
mountains. The only possible exception is Zagros, which shows > 60% of
the CC was lost if the value of 38 km is used for c.

4. Discussion
4.1. Is the orogenic loss hypothesis correct?
Several simplifications and assumptions are required in our model to

calculate the orogenic loss during the complex evolution of an orogenic
belt. These assumptions include (i) the collision boundary between the
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two continental crustal blocks has a constant length of Ly, (ii) each
mountain range can be approximated by a rectangle with a length of L
and a width of w (Supplementary Material), and (iii) the mountain width
w remains constant during the collision. These assumptions do not affect
the estimates of Verosion OF Vextrusion, Which are independently con-
strained. They also have minimal effect on Vy,, because using Eq. (2),
together with our approximated L and w, provides an accurate estima-
tion of mountain volume, which is the same as the integrated volume of
all grid cells covering the mountain range (Supplementary Material).
However, these assumptions, combined with various estimates of the
shortened distances, since the collision, could potentially introduce
large uncertainties in Vg,. Despite these limitations, our calculated Vg,
for the Himalaya-Tibetan Plateau since 50 Ma, which is (206-226) x 108
km? based on the lower and upper bounds of the initial crustal thick-
nesses, agrees with (i) (200-217) x 10% km? based on the surficial area
shortening of (57-62) x 10° km? since 45 Ma by Le Pichon et al. (1992)
using an initial crustal thickness of 35 km, and (ii) 330 x 10% km® from
Ingalls et al. (2016) obtained by multiplying the convergence area in
different suture zones at different collision times with their respective
initial thicknesses. We therefore conclude that our simplified
mountain-building model provides a reasonable estimate of V.

The ‘missing crust’ that cannot be accommodated by present-day
crustal thickening, erosion or extrusion, i.e. Ao, as defined in this
study, has been previously recognised for the Himalaya-Tibetan Plateau.
Fig. 4 shows that the percentage of missing crust in the overall shortened
crust in our study (28-41%) lies between the results of Dewey et al.
(1986) based on a cross-sectional area estimate (20%), and Ingalls et al.
(2016) based on a 3D mass balance estimate (48%). It also falls close to
the range obtained by Le Pichon et al. (1992), based on a surficial area
estimate since 45 Ma (31-48%). However, both Dewey et al. (1986) and
Le Pichon et al. (1992) did not account for the influence of lateral
extrusion in their calculations. As a consequence, if extrusion were
considered in their studies, the orogenic loss would be slightly lower
than the missing crust shown in Fig. 4. Although different methodologies
are used in each of these previous studies, the similarity between our
result and theirs suggests that the orogenic loss in the Himalaya-Tibetan
Plateau is both real and significant.

Our calculations provide the first quantified evaluation of the
orogenic loss in the Alps and Zagros based on the relative contribution of
crustal thickening, erosion and extrusion in shortening (Figs. 3 and 4).
The loss of CC into the mantle has been qualitatively described in pre-
vious studies of these regions. For instance, the southward-dipping slab
at ~ 200 km depth, seen in tomographic images beneath the Central
Alps (Fig. 2), has been widely interpreted as the subducted lower Eu-
ropean lithosphere, since its down-dip size of 160 km corresponds
roughly to the amount of post-collisional crustal shortening in the Alpine
nappe stack (Lippitsch et al., 2003). Similarly, in the eastern Alps, the
northward-dipping slab, between depths of 50 and 250 km, is inter-
preted as the continental subduction of Adria beneath Europe (Lippitsch
et al., 2003), although a European origin for this slab has also been
suggested (Kastle et al., 2020). In both cases, it has been proposed that
the lower CC was subducted together with its lithospheric mantle as part
of the down-going slab (Schmid et al., 1996), with its detachment from
the upper crust potentially driven by the rheological and density dif-
ferences. For the Zagros orogen, previous studies suggest that CC may
have returned to the mantle through (i) the entrainment of continental
passive margin with the detached oceanic lithosphere at ca. 10 Ma (Fig.
S4A) (Darin and Umhoefer, 2022), (ii) subduction of eclogitised CC
(Pirouz et al., 2017b), and/or (iii) lithospheric dripping (Hatzfeld and
Molnar, 2010).

4.2. Possible mechanisms of orogenic loss in the Himalaya-Tibetan
Plateau

Continental subduction and delamination are the two main hy-
potheses suggested for CC recycling of the Himalaya-Tibetan Plateau.
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The former involves the decoupling of the upper crust from denser lower
CC, which sinks with the subducting lithospheric mantle (Fig. S4B) (e.g.,
Ingalls et al., 2016), whereas the latter involves periodic detachment of
the lower CC and underlying subcontinental lithospheric mantle (SCLM)
(e.g., Chung et al., 2009). With a main focus on the consequences of the
process, we define delamination in this paper as the rapid foundering or
detachment of the lower lithosphere (SCLM and dense lower crust) into
the asthenospheric mantle (Fig. S4C) (Kay and Kay, 1993; Lustrino,
2005), without specifying the mechanics and dynamics of delamination.
The key difference here is that continental subduction is a continuous
process of losing CC into the mantle, whereas delamination is episodic.

Ingalls et al. (2016) proposed that the eclogitic Indian lower crust
was subducted into the upper mantle beneath southern Tibet. Their
hypothesis is based on the combination of shallow and deep seismic
evidence: P-wave tomography shows ongoing subduction of the Indian
lithosphere below the Asia plate in the upper mantle at depths between
100 and 410 km (Li et al., 2008), whereas receiver function studies
reveal the existence of a 19-km-thick layer of presumed eclogitised crust
at ~ 60-80 km depth that extends northwards and is interpreted to be
related to underplating of Indian lower crust beneath Tibet (Nabelek
et al., 2009). The detachment of the lower CC from the upper crust and
its subsequent subduction is supported by numerical modelling
(Capitanio et al., 2010), although the feasibility of wholescale conti-
nental subduction is debated (van Hinsbergen et al., 2017). To account
for the calculated orogenic loss of (58-92) x 10% km? in this study, the
continental-subduction hypothesis requires a slab of lower CC with an
average width (down-dip dimension) of 1293-2052 km and thickness of
19 km to be subducted along the 2360 km collisional boundary.
Although this hypothetical width of 1293-2052 km exceeds the seis-
mically imaged length of the continuous northwards downwelling India
slab in the upper mantle (Li et al., 2008), part of the dense eclogitic
lower crust may have detached from the subducted lithosphere and
stagnated in the mantle transition zone (Parsons et al., 2020). However,
current geophysical methods cannot distinguish between the deeply
subducted CC and lithospheric mantle, and direct geological evidence
for the continuous large-scale CC subduction is lacking.

Delamination of eclogitised lower crustal roots, which has been
proposed to explain the formation of the Cenozoic shoshonitic (high-K)
and adakitic (high-Sr and low-Y) rocks in southern Tibet (Campbell
et al., 2014; Chung et al., 2009), supports the lower CC recycling hy-
pothesis for the Himalaya-Tibetan Plateau. Delamination is driven by
the high-pressure transformation of plagioclase to garnet in the mafic
component of the lower CC to form eclogite with a density of 3.4-3.8
g/cm?, which is higher than the upper mantle density of 3.3 g/cm®. This
density increase leads to gravitational instability of the over-thickened
lithospheric keel, which sinks into the asthenosphere (Lustrino, 2005).
The region vacated by the delaminated lithosphere may then be replaced
by the hot asthenospheric mantle, which can provide the heat required
to melt the sinking crustal portion of the delaminated material and the
base of the CC. Partial melting of the source with a ‘crustal’ signature,
such as enrichment in large ion lithophile elements, including K, then
produces melts with high SiO, and high K20 (shoshonitic). The high
Rb/Sr ratio of the CC, and thus high time-integrated 8/Sr/%Sr, results in
the observed high 875r/80Sr of shoshonitic melts (Campbell et al., 2014).
The contemporary post-collisional adakites of Tibet, characterised by
high Sr/Y and strong depletion in heavy rare earth elements, require the
presence of garnets in the residue, consistent with their derivation at
depths (Chung et al., 2009). The shoshonitic/adakitic melts derived
from the sinking block will be out of equilibrium with olivine in the
overlying mantle and will react with it during their ascent to produce
orthopyroxene. This reaction lowers the SiO5 content of the melt, which
explains the spread of SiOz to lower values in some of the
shoshonitic-adakitic rocks in Tibet (Campbell et al., 2014; Zeng et al.,
2021).

Delamination is also expected to lead to a phase of rapid uplift due to
the isostatic compensation after the hot asthenosphere replaces the cool,

Earth and Planetary Science Letters 648 (2024) 119070

sinking dense material (Bird, 1979; England and Houseman, 1989; Kay
and Kay, 1993). Assuming the loss of (58-92) x 10° km® of CC from the
Himalaya-Tibetan Plateau, as calculated in this study, occurred through
delamination, we can quantify the resultant elevation increase Ah based
on a two-step approach. First, we determine the thickness of the
delaminated crustal block AD (Fig. S5), using LwAD = (58 ~ 92) x
10% km?, where L and w represent the length and width of the orogen,
respectively. The value obtained is 20.4 + 4.7 km. We then calculate Ah
from AD, since under a simple Airy-type isostatic model, their correla-
tion is controlled by the average densities of eclogitised lower crustal
root (p,.) and mantle (p,,,), which is expressed as Ah = %AD (Sup-

plementary Material). ”“p;”"‘ ranges from 0.03 to 0.15, taking into ac-

count uncertainty in p,. (3.4-3.8 g/cm®) and p,, (3.3 g/cm®) (Lustrino,
2005). The calculated value of Ahis 2.1 + 1.6 km, which agrees with an
elevation increase from 2-3 km at 24-23 Ma to 4-5 km at 20 Ma as
shown in the compiled paleo-elevation record (Fig. 5B). In other words,
the delamination of an average 20.4 km thick crustal block would result
in the crustal volume imbalance calculated in this study and the ~ 2 km
uplift observed in the late Oligocene from the paleo-elevation record
(Ding et al., 2022). The formation of widespread potassic-adakitic
magmatism in the Lhasa terrane since the late Oligocene (Fig. 5A),
further supports the occurrence of a delamination event at that time.
Interestingly, Fig. 5B shows a rapid subsidence of 2 km within 2 Myr
before the late-Oligocene rapid uplift. Subsidence is expected as the
dense lithosphere in the roots of mountains pulls them down in the
lead-up to delamination (Magni and Kiraly, 2020), but how the required
volume of negatively buoyant material can accumulate in such a short
time is unclear.

Finally, dripping, usually defined as spheric ‘blobs’ of CC and mantle
lithosphere that drip from the base of the crust (Fig. S4D), can also result
in the loss of dense lower crust into the mantle. The validity of the
dripping hypothesis can be tested by calculating the size of the sinking
blob. The value obtained for a sphere-shaped crustal drip, based on a
radius of 46 km (Supplementary Material), which is derived from a
terminal velocity of 30 km/Myr in the upper mantle (Hafkenscheid
et al., 2006), is 0.4 x 10° km®. Around 150 to 230 drips would be
required to account for the calculated crustal loss during the Himalayan
orogen. This is inconsistent with the observed discrete stages of moun-
tain uplift as shown in Fig. 5B, suggesting that dripping is unlikely to be
the primary mechanism for the orogenic loss in the Himalaya-Tibetan
Plateau.

4.3. Implication for climate changes

The rapid topographic uplift resulting from the foundering and
detachment of the lower continental lithosphere in the Himalaya-
Tibetan Plateau has implications for climate change. The elevation in-
crease at ca. 24-20 Ma in southern Tibet (Fig. 5B), corresponds with the
onset of intensified monsoonal rainfall in southern Asia at ca. 22 Ma, as
indicated by the depletion of 5'80 in fossil teeth from the Himalayan
Foreland Basin (Fig. 5C). Other geological evidence supporting the rapid
uplift at this time includes a step increase in sediment accumulation rate
from 30-24 Ma to 24-17 Ma in Bengal, Indus, and central Asian basins
(Métivier et al., 1999), and rapid exhumation at ca. 25 Ma based on
(U/Th)/He and fission track analyses in apatite and zircon in eastern
Tibet (Wang et al., 2012). Uplift of the Himalaya-Tibetan Plateau in the
late Oligocene, especially in the southern part, may have acted as a
barrier, preventing warm moist air from the south from mixing with cool
dry air from the north, leading to enhanced monsoon rainfall in southern
Asia (Boos and Kuang, 2010). Here, rapid uplift is interpreted as a direct
physical consequence of the periodic detachment of the lower CC and
underlying mantle lithosphere, as suggested by the formation of the
shoshonitic-adakitic magmatism in the southern Lhasa terrane (Fig. 5A),
contrasting with the continuous subduction of CC and dripping hy-
potheses for orogenic loss.
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Shoshonitic and adakitic magmatism distribution
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Fig. 5. (A) Spatial distribution of high-potassic and adakitic rocks in the
southern Lhasa (Zhang et al., 2014), southern Qiangtang (Xu et al., 2023), and
northern Qiangtang (Zeng et al., 2021) terranes. (B) Variations of
paleo-elevation across the Himalaya-Tibetan Plateau, with most data points
constrained by oxygen isotopes (Ding et al., 2022). (C) 880 values of fossil
tooth analyses from the Middle Eocene Pondaung Formation from Myanmar
and the younger Himalayan Foreland Basin from Pakistan and central India
(Licht et al., 2014). The depletion of 5'%0 is attributed to intense monsoonal
rainfall. The shaded blue band represents the period (24-20 Ma) of rapid
elevation increase in southern Tibet, which coincides with the onset of exten-
sive shoshonitic-adakitic magmatism in the southern Lhasa terrane and strong
monsoonal rainfall in the south of the Himalaya-Tibetan orogen.

Interestingly, the depletion in §'80 with strong seasonality in fossil
teeth from Myanmar at ca. 40 Ma, seen in Fig. 5C, indicates the existence
of an older Asian monsoon (Licht et al., 2014), and it coincides with an
earlier phase of shoshonitic-adakitic magmatism in the Qiangtang
terrane at ca. 42-35 Ma (Fig. 5A). This magmatic activity has been
linked to an early phase of lower lithosphere removal (Chung et al.,
1998; Zeng et al., 2021), which is expected to lead to surface uplift. The
uplift of the central plateau to near its modern elevation by ca. 40 Ma is
supported by stratigraphic and fission-track studies (Wang et al., 2008).
However, the exact timing and extent of the elevation increase, in
response to the late Eocene delamination event, remains unclear from
the oxygen isotope-based paleo-elevation record due to limited data
(Fig. 5B).
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4.4. Implication for mantle geochemistry

A second implication is the potential return of the delaminated
lithosphere in mantle-derived melts, a process long promoted by the
mantle plume paradigm. The delaminated lower crust and the
concomitant SCLM could explain the trace element and isotopic features
of some oceanic island basalts (OIB), such as the enriched-mantle-I (EM-
I) end-member (Willbold and Stracke, 2010). Our calculations of
orogenic loss suggest that a large amount of CC, which is (60-100) x 10°
km? in total for the three examined Cenozoic continent-continent col-
lisions, has been recycled into the mantle. This crustal material and
SCLM would take time to sink to the core-mantle boundary and resur-
face through plumes. For the modern mountain ranges evaluated here,
the timescales are insufficient to account for the exotic crustal compo-
nents in modern OIBs, as it would require >100 Myr for detached ma-
terial to sink through the lower mantle with a free sinking rate of 20
km/Myr (Hafkenscheid et al., 2006). However, lower crust and SCLM,
delaminated from ancient high Himalaya-like mountains, would have
had the time required to sink to the core-mantle boundary, acquire the
required heat, and return to the upper mantle in plumes. Zhu et al.
(2022) have identified two periods of widespread high mountains,
comparable to the modern Himalayas: Transgondwana Supermountain
(650-500 Ma) and Nuna Supermountains (2.0-1.8 Ga), based on the
temporal distribution of peak metamorphic pressures and high-pressure
detrital zircons. The detachment of lower lithosphere during the for-
mation of the austral Transgondwana Supermountain is geographically
consistent with the OIBs with enriched geochemical signatures primarily
found in the southern hemisphere (Jackson and Macdonald, 2022).
Furthermore, we suggest that the detached eclogitised lower crustal
roots of the Nuna Supermountains, are also a plausible source for the
geochemical characteristics of some ‘crust-contaminated’” mantle
plumes and had sufficient mantle-residence time of ca. 2 Gyr for the
radiogenic isotopes to evolve to their observed values (Hart, 1984).

5. Conclusions

1) Our volume/mass balance calculations suggest that at least 30% of
the shortened crust has been lost to the mantle (orogenic loss),
during the India-Asia collision that formed the Himalaya-Tibetan
Plateau, which exceeds the crust lost by surficial erosion by a fac-
tor of at least 2. The results agree well with previous studies. The
primary mechanism for orogenic loss in the Himalaya-Tibetan
Plateau is rapid foundering or detachment (delamination) of dense
lower lithosphere (eclogitic lower crust and lithospheric mantle).
This is supported by periodic paleo-elevation changes and episodic
shoshonitic-adakitic magmatism.

2) Assuming a simple Airy-type isostatic model and that the orogenic
loss in the Himalaya-Tibetan Plateau is due to delamination, the
calculated elevation increase (2.1 km), derived from the average
thickness of the delaminated block (20.4 km), agrees with the uplift
history in the paleo-elevation record. The rapid uplift in the late
Oligocene is supported by increases in sediment accumulation rates
and exhumation records. This rapid uplift can be linked to the onset
of intense monsoonal rainfall at ca. 22 Ma in southern Asia.

3) Our calculated lost crust, as a percentage of the overall shortened
crust for the European Alps, ranges from around 15% to 50%,
depending on the estimates of the initial crustal thickness and eroded
volume taken from the literature. This orogenic loss is likely due to
the subduction of lower CC, as imaged by seismic tomographic
studies of the subducting European (and/or Adrian) lower
lithosphere.

4) Our quantified orogenic loss of 30-64% for the Zagros Mountains,
may result from a combination of mechanisms such as entrainment
of continental passive margin with the detached oceanic lithosphere,
continental subduction, and dripping.
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5) Extending the concept of orogenic loss to the geological past suggests
that the return of delaminated lithosphere from ancient high
mountains like the Nuna (2.0-1.8 Ga) and Gondwana (650-500 Ma)
supermountains can explain the enriched geochemical (EM-I) sig-
natures observed in some oceanic basalts.
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