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Abstract Recycling of oceanic lithosphere and serpentinized peridotites into the mantle leads to
dehydration melting and volcanic arcs. However, the mechanism of the occurrence of long-term volcanic
gap in subduction zones remains poorly understood. Two-dimensional thermomechanical numerical
models focusing on resisting the transport of the major hosts of hydrous minerals to mantle depths, show
that thin oceanic crust together with rheologically weak and buoyant serpentinized mantle could result in
hydrated lithologies piling up in the accretionary wedge and no or sparse occurrence of arc magmatism.
This scenario may occur during subduction of oceanic lithosphere formed at (ultra)slow-spreading margins
characterized by thin crust and extensive mantle serpentinization, which is a plausible explanation for the
“arc gaps” in the Alps and southern Tibet.

Plain Language Summary Volcanic arcs in subduction zones are widespread and are mainly
attributed to slab dehydration and subsequent mantle hydrous melting. However, the magmatic history
of the Alps and southern Tibet is characterized by two periods of “arc gap” (i.e., no volcanism) that lasted
for 40-50 Myr and 10-30 Myr, respectively, with no or only very sparse magmatism and simultaneous
exhumation of serpentinized mantle slivers. Our numerical models indicate that thin oceanic crust, such as
that formed at (ultra)slow-spreading centers, together with an extensively serpentinized lithosphere
facilitates the removal of the subducting crust at shallow depths resulting in limited arc magmatism.

1. Introduction

The occurrence of arc magmatism is a common feature in subduction zones, which is characterized by typi-
cal calc-alkaline magmatism and is mainly attributed to the continuous input of slab-derived fluids (Grove
et al., 2012; Hirschmann, 2006; Peacock, 1990; Wallace, 2005; Zheng et al., 2016), although decompression
melting may also occur (Sisson & Bronto, 1998). However, arc magmatism is not necessarily active through-
out the history of a subduction zone. Two such examples are the periods of magmatic hiatus, or “arc gaps,”
inferred during the subduction of the Piemonte-Ligurian ocean in the Alps from ~100-50 Ma (McCarthy
etal., 2018) and the Neo-Tethys Ocean in southern Tibet from ~145-120 Ma (Xiong et al., 2016). Such gaps in
magmatic activity put forward an outstanding question: What controls volcanic arc gaps during subduction?

Exposed voluminous rift-related serpentinites and paucity of basalts and gabbros in ophiolites within the
Alpine domain (Hattori & Guillot, 2007; Schaltegger et al., 2002), which are remnants of the magma-poor
Piemonte-Ligurian Tethys (Manatschal & Miintener, 2009), are similar to present-day ultraslow-spreading
ridges. Similar geological features have also been observed in Yarlung Zangbo ophiolites, in southern
Tibet (Liu et al., 2014; Maffione et al., 2015). The slow- to ultraslow-spreading ridges, including the
Mid-Atlantic Ridge (e.g., Kelley et al., 2001), Southwest Indian Ridge (e.g., Cannat et al., 2010), Gakkel
Ridge in the Arctic Ocean (e.g., Lutz et al., 2018), and Mid-Cayman Spreading Center in central America
(e.g., Grevemeyer et al., 2018), have very low magma supply with no or sporadic volcanic activity (e.g.,
Dick, 1989), and thus thin oceanic crust. Seismic and gravity studies of these slow-spreading ridges indeed
reveal anomalously thinner oceanic crust and the presence of oceanic core complexes along detachment
faults. In such an environment, seawater may interact with peridotite exposed at the flank of the ridge axis
or infiltrate into the underlying mantle along detachment faults reaching depths of 2 to 15 km (Cannat
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et al., 2010; Lutz et al., 2018) resulting in the formation of abyssal serpentinites. Serpentinites are rheologi-
cally weak and are buoyant and water-rich when compared to dry peridotite. It has been demonstrated that
subduction of abyssal serpentinites formed at (ultra)slow-spreading ridges likely influences subduction zone
processes especially hydrous melting (Gerya et al., 2002; Guillot et al., 2015; Hirth & Guillot, 2013).

The cause of the arc gap in the Alps and the southern Tibet is conventionally attributed to forearc hyperex-
tension and/or trench migration (Maffione et al., 2015; Xiong et al., 2016), slab breakoff (Butler &
Beaumont, 2017), and flat-slab subduction (Bergomi et al., 2015; Coulon et al., 1986; Hao et al., 2019;
Kapp et al., 2005; Zhang et al., 2019). First, forearc hyperextension induced by trench migration is unlikely
to prevent dehydration melting if subduction of hydrated oceanic lithosphere is continuous as it appears to
be the case during the Cretaceous in southern Tibet. Second, slab breakoff, although hindering hydrous
melting, will facilitate decompression melting of the upwelling asthenosphere (e.g., Freeburn et al., 2017).
Finally, flat-slab geometries are generally attributed to strong mantle wedge suction forces (van Hunen
etal., 2004), to the subduction of thick oceanic crust and/or harzburgite/serpentinized layer or a young ther-
mally buoyant slab (Huangfu et al., 2016; Park & Rye, 2019). It has been suggested that this would form a
cold forearc during flat-slab subduction (Dumitru et al., 1991), which leads to waning of magmatism
(Gutscher et al., 2000). For instance, the recognized volcanic gaps in Andes are coincident with the
flat-slab segments. However, only ~10% of all subduction zones have a shallow subducting angle.
Moreover, four of the 10 known flat subduction zones still result in arc magmatism, and eight of them are
linked to the occurrence of adakites (Gutscher et al., 2000). Furthermore, flat-slab subduction is usually tran-
sient and probably only lasts for <10 Ma (McCarthy et al., 2018; Ramos & Folguera, 2009), which is not con-
sistent with the long-term (>10 Ma) magmatic hiatus in the Alps and southern Tibet. Thus, interruptions in
arc magmatism are difficult to explain the arc gap when fluid input into the mantle wedge is continuous. An
alternative explanation is that arc gaps are associated with a “dry” subducting plate (McCarthy et al., 2018).

Previous numerical models have shown that the presence of partially serpentinized mantle could decouple
the oceanic crust (a process known as crustal “delamination”) from the subducting plate, with the crust that
later piles up within the accretionary wedge (Ruh et al., 2015; Vogt & Gerya, 2014). If this is the case, it would
decrease the efficiency of water transportation to the mantle if crustal delamination occurs at shallow depths
reducing melt production. Another mechanism that allows for water infiltration and mantle serpentiniza-
tion down to 5-20 km below the Moho is by normal faulting associated with slab bending prior to subduction
(Faccenda et al., 2009; Ivandic et al., 2008). In the last two decades, it has become clear that this slab hydra-
tion mechanism can substantially affect the efficiency of water transported into the subarc mantle
(Faccenda, 2014). Here, we use petrological-thermomechanical numerical models to investigate the influ-
ence of these two different types of serpentinized mantle and oceanic crust hydration on the arc magmatic
production. We find that subducting plates with a thin oceanic crust together with a highly serpentinized
mantle could result in no or sparse arc magmatism, and it is thus a potential explanation for the “arc gaps”
in the Alps and southern Tibet.

2. Methods

The two-dimensional petrological-thermomechanical numerical code I12VIS (Gerya & Yuen, 2003) is based
on a finite difference method using marker-in-cell technique, which solves the incompressible flow using the
Boussinesq approximation. Readers may refer to Gerya and Yuen (2003) and supporting information for a
detailed description of the employed numerical strategy.

The model domain is 1,500 km X 310 km along x-y coordinates, and includes a 900 km wide oceanic plate
(Figure S1). We employ 751 X 311 uniformly spaced nodes which result in a resolution of 2 km X 1 km in
x and y directions, respectively (resolution test with 1 km X 0.5 km node spacing generates a similar
result). A weak zone is assigned to facilitate subduction initiation. The overriding plate has a 20-km thick
continental crust representing an Alps-like extended and thinned continental margin (Manatschal &
Miintener, 2009). Within the subducting plate we vary the thicknesses of the oceanic crust and the extent
of mantle serpentinization.

The mechanical boundary conditions are everywhere free slip except the bottom boundary which is perme-
able. A 10-km low viscosity “sticky” air at the top boundary is implemented to mimic free surface for the
finite difference method (Crameri et al., 2012; Gerya, 2019). A constant convergence rate of 2.5 cm/yr is
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applied at x = 500 km on the subducting plate. The initial temperature is given by a 50 Myr-old half-space
cooling profile for the oceanic plate and the geotherm for the continental lithosphere is linear in the crust
and mantle lithosphere with a Moho temperature of 400 °C at the Moho and a temperature of 1300 °C at
the base of lithosphere. The temperature gradient in the crust is consistent with the metamorphic P-T
conditions in the Alps (Miintener et al., 2000). The adiabatic thermal gradient is set to 0.5 K/km in the
asthenospheric mantle. Thermal boundary conditions are isothermal at the top (0 °C) and bottom
(1450 °C) boundaries, and zero heat flux at the side boundaries.

The water content of the hydrated rocks and the dehydration reactions are computed with PERPLE_X
(Connolly, 2005). In situ maximum water content of each rock phase is calculated as a function of pressure
and temperature from a precomputed look-up table. The stability of serpentine (containing 12-13 wt.% of
water) is taken from Schmidt and Poli (1998). When the serpentine is beyond the stabilization by P-T
conditions, it will dehydrate and turn to wet mantle. The water in excess will be stored on newly generated
markers which migrate upward until they are absorbed by unsaturated markers (Faccenda et al., 2012; Yang
& Faccenda, 2020). The initial water content for the oceanic crust and sediments are assumed to be saturated
yielding an upper-bound estimation of magma genesis. The water content in the partially serpentinized
mantle beneath the Moho depends on the degree of serpentinization w (w = 30% corresponds to ~2 wt.%
of water), and its effective density is

p:grp = (1 - w)pdry + wpserp (1)

where pgerp(= 2,950 kg/m?), Pdry are densities of serpentinized and dry mantle, respectively.

The partial melting of sediments, oceanic crust, and peridotite, together with melt extraction processes are
also modeled (Yang & Faccenda, 2020). To account for partial melting of the sediment, the metamorphosed
oceanic crust and the peridotite, a linear parameterization of melt fraction (equations 2-4) between solidus
and liquidus is used. The peridotite solidus is adjusted for the extent of hydration following Litasov
et al. (2013).

My =0 when T < Tolidus @)

T — Tsolidus

My = — 0
Tliquidus — Tsolidus

when Toligus < T < Tiquidus 3

My =1 when T > Tgiquidus “)

We assume that melt is extracted when the melt fraction exceeds a critical value (M,;;=0.05). The amount of
melt M presents at any time in each particle considered the amount that has been extracted during earlier
events (e.g., Yang et al., 2018). The extracted melt moves instantaneously upward to generate the new crust
(20% as volcanic rocks erupted at the surface and the remaining 80% as plutons emplaced at larger depths
where crustal dilation is the largest).

The goal of this study is to identify scenarios leading to amagmatic subduction zones. We focus on the
influence of abyssal and slab bending-related serpentinites on oceanic crust delamination. For abyssal
serpentinites, both the degree of serpentinization (0-40%) and the thickness of the serpentinized layer are
varied. Similarly, the maximum depth of serpentinization (5-20 km) and its extent (10-30%) are varied for
serpentinites forming along bending-related normal faults (a full list of the models is given in the
supporting information).

3. Experimental Results

To investigate the influence of hydrated oceanic crust and serpentinized mantle on the genesis of arc magma-
tism, we have chosen three end-member model setups that are representative of the upper oceanic litho-
sphere formed at normal- and slow-spreading ridges: (1) an oceanic crust with a normal thickness but
without serpentine layer; (2) an oceanic crust with normal thickness together with a slab bending-induced
serpentinized mantle; and (3) an abyssal serpentinized mantle underlying a thin oceanic crust (Figure 1).
We find that the first two models with normal oceanic crust can carry water to the mantle depths that
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Figure 1. Model results. (a) Normal subduction with 7-km oceanic crust. The left panel shows composition field overlaid by isotherms (white lines) in °C.
The right panel shows (reference) evolution of total magmatic volume over time. (b) Subduction with 7-km thick oceanic crust and with slab-bending
serpentinite. The evolution of magmatic volume is similar as Model . (c) Subduction 2-km thick oceanic crust and with 5-km thick abyssal serpentinite.

Note that the oceanic crust is stacking at the trench instead of subducting downward such that no magmatism occurs.

facilitate arc magmatism, while the last situation results in an amagmatic arc. The subducting plate
dehydrates at ~80 km depth forming buoyant serpentinized diapirs. The subducted sediments are molten
at ~90 km forming early magmatism. Below the overriding plate, serpentine breaks down at ~150 km
inducing hydrous flux melting upon the release of fluids into the hot mantle wedge region and arc
volcanism at the surface. The (ultra)slow-spreading ridges are characterized by episodic magmatism
resulting in a very thin oceanic crust overlying a serpentinized lithospheric mantle. The serpentinized
layer decouples the overlying basalt from the underlying subducting plate. As a result, in these models the
subduction channel is filled with serpentinites, while all the basalts are peeled off from the slab and piled
up to the accretionary wedge (Figure 1c). In cold slabs the water stored in the remaining serpentinized
layer is partially released at intermediate depths and, upon formation of dense hydrous magnesium silicate
(DHMS) phases (Iwamori, 2004), subsequently subducted to greater depths (Yang & Faccenda, 2020).
Obviously, no dehydration event from the delaminated oceanic crust or sediment can further supply
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Figure 2. (a) Oceanic crustal thickness versus magmatic volume (at ~28 Myr) for different extents of abyssal serpentinization (color indicated). Note the sharp
transition from magmatic arc to amagmatic arc at 4-5 km thick oceanic crust. (b) Different slab-bending induced serpentinization extents versus magmatic
volume. The blue and yellow colors in (b) indicate serpentinization at strain of 0.1 and 0.01, respectively. The dashed line indicates normal magmatic volume at
reference model.

mantle melting. As we find that the occurrence of arc amagmatism primarily depends on the detachment of
the oceanic crust from the underlying mantle, in the following we describe our model results as a function of
oceanic crust delamination.

3.1. Abyssal Serpentinite

To investigate the interaction between the crust and serpentinized upper mantle on arc magma production,
we systematically vary the thickness and degree of serpentinization of these two layers. The total thickness of
the crust and serpentinized mantle is held constant at 7 km (except the models in Figure 3 where we system-
atically vary the thickness of crustal and serpentinized layers). The volume of arc magmatism decreases with
a thinner oceanic crust, while it generally increases with a larger degree of serpentinization. When
serpentinization is more extensive (40%), a thick oceanic crust can be partially or fully peeled off from the
slab, which decreases the amount of water transported deeper into the mantle. In this latter case only a small
amount of subducted serpentinite breaks down and triggers melting at ~100 km. There is almost no arc
magmatism when the oceanic crust is thinner than 4 km (Figure 2).

3.2. Slab Bending-Related Serpentinite

As the extent of serpentinization within bending-related fractures is relatively uncertain, a moderate
w = 20% is assumed. Bending-induced normal faulting extends from few to >20 km beneath the Moho
(Cai et al., 2018; Ivandic et al., 2008). In our models, serpentinization occurs when the accumulated plastic
strain along these normal faults exceeds a given threshold (Faccenda et al., 2008). For example, the thickness
of a serpentinized layer with an accumulated plastic strain threshold of 0.1 (model E0I) and of 0.01 (model
E001) reaches, respectively, <5 and 10 km beneath the Moho. When the threshold of the accumulated plastic
strain is higher (0.1; i.e., it is more difficult to form serpentinites) and the oceanic crust has a normal thick-
ness (>5 km), less serpentinites are produced so that the oceanic crust will not be scraped off and be coupled
with the subducting slab as it descends beneath the arc. On the contrary, extensive serpentinization by brittle
normal faults at the trench outer rise would enable partial delamination of the thin oceanic crust at different
depths (Table S2). Serpentinization along bending-related normal faults is laterally discontinuous and the
degree of serpentinization here has minor or no influence on the arc magmatism. However, the thickness
of the serpentinized layer matters. The oceanic crust can hardly be fully delaminated at shallow depths
and arc magmatism will always appear. The magmatic rock volume generally increases with the depth
extent of bending-related serpentinization, that is, the deeper serpentinized layer (E001), the larger the mag-
matic volume. On the other hand, magmatism is decreasing with increasing thickness of the oceanic crust
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Figure 3. The occurrence of “arc gap” with abyssal serpentine for different model parameters (thickness of serpentine layer, oceanic crust, and serpentine extent).
Arc magmatism regimes for various combinations of (a) serpentine thickness (with serpentine extent of 20%) and (b) serpentine extent (note that a constant
thickness of 2 km serpentine was used here) versus oceanic crust thickness. A thin oceanic crust layer and a thick and/or a heavy serpentinized layer are more
likely to result in “arc gap” scenario.

for EOI models. This is because a thinner crust favors the heating and the dehydration of the sub-Moho
serpentinized mantle.

4. Discussion

4.1. Thin Oceanic Crust and Abyssal Serpentinized Mantle Control Amagmatism

Our model results indicate that bending-related mantle serpentinization has limited influence on the
generation of amagmatic arc conditions. The amagmatic scenario is largely controlled by the thickness
of the oceanic crust and of the abyssal serpentinized mantle corresponding to those found at (ultra)
slow-spreading ridges where thin oceanic crust and thick serpentinized peridotite contemporaneously
develop. A > 4-km-thick peridotite displaying a moderate degree (>20%) of serpentinization can readily
result in full decoupling of the oceanic crust from the underlying mantle at shallow depths and amagmatic
episodes (Figure 3). Ruh et al. (2015) also showed that a discontinuous serpentinization patch may not lead
to oceanic crust delamination unless its wavelength is as large as 127.5 km. Our end-member model displays
abyssal serpentinized mantle which is continuous (>127.5 km). A continuous slab-bending serpentinite
layer in our models might also efficiently scrape off a thin oceanic crust (Figure S2c and S3c) which is
consistent with Ruh et al. (2015).

A thicker serpentinized layer or a higher modal abundance of serpentine promotes the detachment of the
oceanic crust, whereas other factors, such as the weak zone in the model setup and the strength of the
oceanic crust, might also affect this process. Additional model tests show that the width and initial dip
angle of weak zone have almost no influence on the dynamics (Figure S4). A very low friction coefficient
or cohesion (thus low yield stress) is required for the occurrence of oceanic crust delamination. Such
friction coefficient is much lower than that of dry rocks measured in laboratory experiments (usually
0.6-0.8), and it might be representative for the rocks along oceanic detachment faults formed at (ultra)
slow-spreading ridges or present along subduction channels (Sobolev & Brown, 2019) where increased
pore pressure significantly decreases the effective friction coefficient. In contrast, a much larger friction
angle thus larger yield stress in pristine and dry oceanic crust that cannot be resisted by buoyancy stresses
(Figure S5), such as that characterizing the oceanic lithosphere formed at intermediate- to fast-spreading
ridges, would require an unrealistically thick and heavily serpentinized layer to induce crust delamina-
tion. This suggests that in the latter case the crustal delamination mechanism proposed here cannot
explain arc gap episodes.
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4.2. Amagmatism in the Alps and Southern Tibet

Convergent plate margins are the sites where oceanic plate subducts and new continental crust forms via
magmatic rock emplacement. However, the Alpine subduction zone, initiating at ~85-100 Ma, is a typical
example of a magma-poor convergent margin (McCarthy & Miintener, 2015). Magmatic and metamorphic
records during pre-subduction and collision in Alps have been widely observed (Figure 4, Ji et al., 2019;
McCarthy et al., 2018). The magmatic arc gap lasting for more than 40 Ma (Figure 4a) during the Alpine
subduction cannot be explained by the lack of preservation of volcanic and/or plutonic edifices (McCarthy
et al., 2018). Field observations show that extensive serpentinized mantle peridotites intruded by gabbro
bodies are the most significant geological features characteristic of the Alpine Jurassic Tethys (e.g.,
Lagabrielle & Cannat, 1990; Schaltegger et al., 2002). Geochemical study suggests that these serpentinites
are hydrated abyssal peridotites (Hattori & Guillot, 2007). Our models show that a sporadically distributed
oceanic crust overlying a weakly serpentinized mantle will be delaminated and emplaced at accretionary
wedges. Thus, negligible water can be transported to mantle depths by subduction of crustal materials
(McCarthy et al., 2018). Water may remain within the cold core of serpentinized slab mantle in hydrous
phase A and other DHMS at higher pressures (Yang & Faccenda, 2020). Therefore, unlike arc magma in
normal subduction zones, magmatism in this case is inhibited by accretion of the hydrated portions of the
slab to the upper plate margin. The models indicate that arc gap or sparse magmatism occurs when the
thickness of the serpentinized layer is larger than 3 km or the serpentinization extent is larger than 40%
(Figure 3). Serpentinites are indeed extensive, up to 40% in some parts of Alps (Schwartz et al., 2001).
Wide-angle seismic profiles in the present-day ocean-continent transition in the Alps suggests that serpen-
tinized bodies probably extend down to 2-4 km (Dean et al., 2000) with the upper 2 km inferred to be
pervasively serpentinized (~25-45%) peridotite (Chian et al., 1999).

Another “arc gap” occurred for a short period at ~145-120 Ma in the Gangdese arc in southern Tibet,
China (Figure 4b). Ophiolites preserved along the Yarlung Zangbo suture zone (YZSZ) in southern
Tibet have been interpreted as forming either in a suprasubduction zone (SSZ) or at a mid-ocean
ridge (MOR). The Yarlung Zangbo ophiolites are characterized by thick (up to 10 km) highly serpenti-
nized mantle peridotites (a proportion of >90% in the ophiolite) with sparsely distributed, very
thin (<3 km) crustal rocks, which were linked to the oceanic lithosphere formed at modern
slow-spreading ridges (Girardeau et al., 1985; Nicolas et al., 1981). For example, the Purang ophiolite
from the western part of the YZSZ is composed of a ~800-km? mantle massif but scarce crustal units
(Liu et al., 2014). Beside this, the Xigaze ophiolite from the central part of the YZSZ has variable crustal
thickness, and its gabbro bodies occur only in a few massifs (Girardeau et al., 1985; Liu et al., 2016, 2018).
Based on geological, structural, and paleomagnetic observations, recent studies have proposed that
detachment faults may have dismembered the Yarlung Zangbo ophiolites, forming oceanic core com-
plexes with thin and discontinuous crust and heavily serpentinized peridotites (Li et al., 2016; Liu
et al., 2014; Maffione et al., 2015). Therefore, the crustal architecture of the Neo-Tethys Ocean is some-
what comparable to those from modern slow- and ultraslow-spreading ridges and the Alpine ophiolites.
Numerous high-precision geochronological data shows that the Yarlung Zangbo ophiolites were formed
over a short period of ~120-130 Ma (Liu et al., 2016, and references therein), which overlaps with the
major arc gap for the Gangdese arc (Figure 4b). This inherently implies a genetic linkage between the
crustal architecture of the Neo-Tethys Ocean in the Lower Cretaceous and the accretion of Gangdese
arc. In other words, the thin and discontinuous crust and strong serpentinization of mantle peridotites
may have prevented the transportation of water into the overlying wedge, resulting in the Gangdese arc
gap at that time, as has been proposed in the Alps (McCarthy et al., 2018) and modeled in this study.
Instead, the flat subduction, if hypothetically existed (Hao et al., 2019), could have been induced by the
presence of a buoyant serpentinized layer produced in a (ultra)slow-spreading ridge, which would have
further aided the magmatic hiatus.

5. Conclusions

Systematic numerical models are conducted to test the influence of serpentinites on the magmatism in sub-
duction zones. We find that the existence of a rheologically weak and buoyant abyssal serpentinite layer
could favor the delamination of an overlying thin oceanic crust, leading to no or sparse magmatism when
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its thickness or degree of serpentinization is sufficiently large. The detachment of hydrated lithologies at
shallow depths implies subduction of a “dry” subducting plate, which could be the mechanism explaining
the “arc gap” observed in the Alps and southern Tibet. It is important to notice that the delamination of
the oceanic crust may have profound influence on the recycling of volatiles species over geological time
because the oceanic crust (including sediments) together with the serpentinized mantle is the major carrier
of water and carbon into the mantle during subduction. As such, reduced volumes of volatiles would be
recycled into the deep mantle where lithosphere created at (ultra)slow-spreading ridges is subducted.
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