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Many vertical seismic velocity anomalies observed below different parts of the Eurasian plate are rooted
in the transition zone between the upper and lower mantle (410-660 km), forming so-called secondary
plumes. These anomalies are interpreted as the result of thermal effects of large-scale thermal upwelling
(primary plume) in the lower mantle or deep dehydration of fluid-rich subducting oceanic plates. We
present the results of thermo-mechanical numerical modelling to investigate the dynamics of such
small-scale thermal and chemical (hydrous) anomalies rising from the lower part of the Earth’s upper
mantle. Our objective is to determine the conditions that allow thermo-chemical secondary plumes
of moderate size (initial radius of 50 km) to penetrate the continental lithosphere, as often detected
in seismo-tomographic studies. To this end, we examine the effect of the following parameters: (1)
the compositional deficit of the plume density due to the presence of water and hydrous silicate
melts, (2) the width of the weak zone in the overlying lithosphere formed because of plume-induced
magmatic weakening and/or previous tectonic events, and (3) a tectonic regime varied from neutral to
extensional. In our models, secondary plumes of purely thermal origin do not penetrate the overlying
plate, but flatten at its base, forming “mushroom”-shaped structures at the level of the lithosphere-
asthenosphere boundary. On the contrary, plumes with enhanced density contrast due to a chemical
(hydrous) component are shown to be able to pass upwards through the lithospheric mantle to shallow
depths near the Moho when (1) the compositional density contrast is > 100 kg m~3 and (2) the width of
the lithospheric weakness zone above the plume is > 100 km. An extensional tectonic regime facilitates
plume penetration into the lithosphere but is not mandatory. Our findings can explain observations
that have long remained enigmatic, such as the “arrow”-shaped zone of low seismic velocities below
the Tengchong volcano in south-western China and the columnar (“finger”-shaped) anomaly within
the lithospheric mantle discovered more than two decades ago beneath the Eifel volcanic fields in
north-western Germany. It appears that a chemical component is a characteristic feature not only of
conventional hydrous plumes located over presently downgoing oceanic slabs, but also of upper mantle

plumes in other tectonic settings.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Traditionally, mantle plumes have been considered as thermal
anomalies rising from the core-mantle boundary (CMB) throughout
the entire Earth’s mantle (Morgan, 1971). This concept has been
confirmed by seismic tomography, which indicates vertically con-
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tinuous low velocity anomalies interpreted as evidence for the for-
mation of plumes in the lowermost mantle (Ritsema et al., 1999).
The original finding that seismic heterogeneities in the mantle are
mainly due to temperature contrasts was confirmed in several sub-
sequent studies, which showed that an isochemical whole-mantle
circulation can explain observed large-scale anomalies in global
seismic tomography images without complications due to compo-
sitional variations (Schuberth et al., 2009; Maguire et al., 2016).
This has inspired a first generation of numerical modelling studies
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Fig. 1. a) A conceptual cross-section of the Earth’s interior showing the different types of plumes: primary plumes originating in the CMB, and secondary plumes ascending
through the upper mantle above primary superplumes stagnated below the MTZ (from Courtillot et al., 2003). b) Location of the secondary plumes in the Eurasian plate
displayed in Fig. 2. Abbreviations: BP, Baikal plume; CV, Changbaishan volcano; ECRIS, European Cenozoic Rift System; HP, Hainan plume; TV, Tengchong volcano.

of plume-lithosphere interactions that consider plumes as purely
thermal anomalies (Burov and Cloetingh, 2009).

Inconsistencies between the dimensions of plume tails in purely
thermal mantle convection models (width not exceeding 400 km)
and seismic tomography images showing wider (> 400 km) plume-
like vertical channels (see Koppers et al., 2021, and references
therein), led to interpretations invoking a thermo-chemical na-
ture of plumes. Laboratory (Kumagai et al., 2008) and numerical
(Dannberg and Sobolev, 2015) models have shown that thermo-
chemical plume conduits are wider than purely thermal ones, sug-
gesting that density heterogeneities in the mantle have a strong
influence on mantle upwellings and alter plume characteristics.
However, the chemical component could have two opposing ef-
fects on plume buoyancy. First, entrainment of deeply recycled
subducted oceanic crust in the form of dense eclogite can re-
sult in higher density and thus lower compositional buoyancy in
the plume material than in the surrounding peridotite (Sobolev et
al., 2007). Consequently, less pronounced topographic uplift was
predicted over such thermo-chemical plumes compared to their
purely thermal counterparts (Sobolev et al., 2011). Second, wa-
ter originating from stagnant slabs and stored in the upper-lower
mantle transition zone (MTZ: 410-660 km; Helffrich and Wood,
2001) could give birth to hydrous plumes, positive chemical buoy-

ancy anomalies that may rise to the Earth’s surface even if the
potential temperature of their source in the MTZ is within the
range of the normal upper mantle temperature (Kuritani et al.,
2011, 2019). The chemical component of plumes with a significant
negative density contrast (up to -300 kg/m?) that increases plume
buoyancy has been extensively adopted in numerical models, espe-
cially in the context of plume-induced subduction initiation (Ueda
et al., 2008; Gerya et al., 2015; Baes et al., 2016).

Early seismic tomography studies have already drawn attention
to the fact that plumes are not always whole-mantle structures
emanating from the CMB (superplumes) but may also be con-
fined to the upper mantle (Ritsema et al., 1999). Such anomalies,
which extend only across the upper mantle, have been classified
as secondary plumes (Courtillot et al., 2003) and interpreted as
the result of stagnation of the (primary) superplume at the base
or within the MTZ (Fig. 1a). Regional and local seismic tomogra-
phy studies have identified several examples of such secondary
plumes (Fig. 1b; Fig. 2) in Europe (Granet et al., 1995; Sobolev
et al., 1997; Plomerova et al, 2007) and in the East Asian re-
gion (Zhao et al., 2006; Lei et al., 2009a, 2009b; Tang et al., 2014;
Xia et al,, 2016), sometimes with extremely small horizontal ex-
tents of velocity anomalies of only ~100 km (Ritter et al., 2001).
There are a number of fundamental questions about the dynam-
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Fig. 2. Observations and conceptual interpretations of secondary plumes in different tectonic settings. a) European Cenozoic Rift System (ECRIS) plumes. Upper panel: Small-
scale (baby) mantle plumes beneath different segments of the ECRIS (from Granet et al., 1995). Insets show seismic tomography images for the French Massif Central (from
Granet et al., 1995), the Rhenish Massif/Eifel volcanic area (from Ritter et al., 2001), and the Bohemian Massif/Eger Graben (from Plomerova et al., 2007). Abbreviations:
BM, Bohemian Massif; MC, Massif Central; PB, Pannonian Basin; RM, Rhenisch Massif; VBF, Vosges-Black Forest. The areas marked in red and blue are Tertiary-Quaternary
volcanic fields and Variscan basement massifs, respectively. Lower panel: Schematic lithospheric transect across the Central Alps and the Rhenish Massif showing the tectonic
position of the Eifel plume developed within a continental foreland on the subducting plate (from Ziegler and Dézes, 2007). b) Baikal plume. Upper panel: Tomographic
image beneath the Baikal rift with negative P-velocity anomalies (up to 2%) extending down to the MTZ. Lower panel: Location of tomographic cross-section (from Zhao et
al., 2006). ¢) Hainan plume. Upper panel: Structure of the Hainan plume in the upper mantle shown by three cross-sections of P-wave velocity perturbations (from Lei et
al., 2009a). Lower panel: Interpreted whole-mantle structure of the Hainan plume. Apart from a large segment extending from the CMB in the lower mantle, several much
smaller patches are imaged from the MTZ to the LAB (from Xia et al., 2016). d) Changbaishan volcano. Top panel: Vertical cross-section (profile E-E’ in middle panel) of
P-wave tomography through the Changbaishan volcano. Middle panel: Location of all acquired profiles. Bottom panel: Cartoon showing the main features of the structure and
dynamics of the upper mantle beneath the Changbaishan volcano (from Tian et al., 2016). e) Tengchong volcano. Top and middle panels: Structure of the upper mantle in the
Tengchong volcano area shown by three cross-sections of seismic topography. Bottom panel: Schematic west-east vertical cross-section showing the upper mantle structure
beneath the Indian plate, Burma Arc, and southeast Tibet (Yunnan, south-western China). Abbreviations: DYE, the 2003 Dayao earthquake zone; RRF, Red River fault; TCV,
Tengchong volcano (from Lei et al., 2009b).
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ics of these secondary plumes of modest size (sometimes referred
to as baby plumes; see Koptev et al., 2021a) and their associa-
tion with “finger”-shaped (narrow vertical tails) and “mushroom”-
shaped (horizontally elongated heads) seismic anomalies detected
not only in the sublithospheric upper mantle, but also inside the
continental lithosphere overlying their source in the MTZ (Ritter,
2005; Zhao et al., 2011; Tian et al., 2016).

All previous numerical studies of thermo-chemical plumes have
dealt with relatively large (» 100 km in resulting horizontal size
of the head) mantle plume anomalies (Ueda et al., 2008; Baes et
al,, 2016). In contrast, a single systematic study of moderate size
plumes has focused only on their thermal component (Koptev et
al.,, 2021a). In this study, we present the results of numerical mod-
elling that, for the first time, addresses small-scale plume anoma-
lies of not only thermal but also chemical (hydrous) nature, with
particular attention to the conditions required for their penetration
into the overlying continental lithosphere.

2. Secondary plumes: observations and challenges in
interpretation

2.1. Seismological observations and geodynamic settings

Numerous seismic velocity anomalies confined to the upper
mantle (secondary plumes) have been reported for different re-
gions of the Eurasian plate (Fig. 1b). They were originally discov-
ered by detailed, specially developed seismological monitoring at
regional and local scales in various branches of the European Ceno-
zoic Rift System (ECRIS; Granet et al., 1995; Ritter et al, 2001;
Ritter, 2005; Plomerova et al., 2007). Regional studies in the French
Massif Central (Granet et al., 1995; Sobolev et al., 1997) and in the
Eifel volcanic fields of north-western Germany (Ritter et al., 2001)
provided evidence for a relatively shallow origin (near the MTZ)
of these plumes since their tails extend only to a depth of 300-
400 km. Moreover, in the western Bohemian Massif, a low velocity
anomaly beneath the Tertiary Eger Rift system is restricted to a
depth of only 250 km (Plomerova et al., 2007). Note, however, that
the deepest fragments of the plume tails may not be visible in the
seismic tomography data because of their narrow width. The small
horizontal extent (~100 km) of ECRIS plumes is sufficiently unique
to warrant the introduction of a new term (baby plumes) to de-
scribe them (Koptev et al., 2021a). The European baby plumes can
be viewed as an archetypal example of secondary plumes, origi-
nating from the same deep-sourced (super)plume which stagnates
below or within the MTZ (Granet et al., 1995; Fig. 2a). The Baikal
plume, delineated by a seismic velocity anomaly extending to a
depth of ~660 km (Zhao et al., 2006; Fig. 2b), is another example
of a secondary plume developing in a continental rifting environ-
ment.

A columnar upwelling in the lower mantle beneath Hainan Is-
land in southernmost China (Zhao, 2009) is interpreted as a re-
turn flow associated with deep subduction of the adjacent Pacific,
Philippine Sea, and Indian slabs and their subsequent sinking down
to the CMB (Zhao et al., 2011). This primary lower mantle plume
accumulates at the level of the MTZ and further decomposes into
smaller separate patches (Xia et al., 2016; Fig. 2c, lower panel),
that are nearly identical to the pattern documented in the Euro-
pean region (Granet et al., 1995; Fig. 2a, upper panel).

In contrast to the traditional concept of secondary plumes orig-
inating from a primary source in the lower mantle (Courtillot et
al., 2003; Fig. 1a), the prominent low velocity anomalies with a
plume-like shape are also observed in upper mantle that is sepa-
rated from the lower mantle by stagnant slabs at the MTZ (Fig. 2d-
e). These seismic anomalies and the associated intraplate magma-
tism - the Changbaishan volcanic field on the China-North Korea
border (Tian et al., 2016; Fig. 2d) and the Tengchong volcano in
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south-western China (Lei et al.,, 2009b; Fig. 2e) - are related to
the combined effect of large-scale return flow in response to sub-
duction (Zhao et al., 2009) and deep dehydration of the Pacific and
Indian (Burma) slabs stagnating in the lower part of the MTZ (Kuri-
tani et al., 2019) due to the jump in viscosity at 660 km (Forte and
Mitrovica, 1996). It is important to note that the East Asian plumes
originate in the big mantle wedge (Zhao et al., 2009) between the
stagnant slabs and the overriding lithosphere (Fig. 2d-e, bottom
panels), whereas the European baby plumes develop in a conti-
nental foreland setting on top of the subducting plate (Ziegler and
Dézes, 2007; Fig. 2a, lower panel). This suggests that emplacement
of secondary plumes could occur in a broad spectrum of possible
geodynamic environments across the subduction zone from fore-
land (Europe) to hinterland (China).

A striking feature of many of these secondary plumes is that
they not only rise from the MTZ to the bottom of the litho-
sphere (or lithosphere-asthenosphere boundary; LAB), forming
tilted (Hainan plume; Fig. 2c¢) or vertical (Tengchong plume;
Fig. 2e) anomalies in the sublithospheric upper mantle (Lei et
al.,, 2009a, 2009b), but also penetrate further into the overlying
plate and produce intra-lithospheric “finger”-like structures (see,
e.g., the Eifel plume in the inset from Ritter et al., 2001 in Fig. 2a).
Furthermore, this vertical penetration up to the surface could also
be accompanied by horizontal flow leading to the formation of
“mushroom”-like structures within the lithosphere, as in the case
of the Changbaishan plume (Tian et al., 2016; Fig. 2d, top panel).
These intra-lithospheric “mushrooms” should not be confused with
the “pancakes” or “mushrooms” that result from flattening of the
plume head below the LAB, as commonly assumed in conceptual
considerations and modelling studies.

2.2. Constraints from experimental petrology and geochemistry

Volatiles, especially water, play a fundamental role in determin-
ing the physical properties of the Earth’s upper mantle. It is well
known that the incorporation of water into nominally anhydrous
minerals (e.g., olivine and wadsleyite) reduces their density and
effective viscosity (e.g., Karato et al., 2006; Richard and Bercovici,
2009). Water enrichment also affects seismic wave velocities of
these minerals (Wang et al., 2019). The shift of the solidus curve to
greater depths due to the presence of fluids results in a higher de-
gree of partial melting (e.g., Ohtani, 2020). Because hydrous silicate
melts are also much lighter and less viscous than the surrounding
environment (Drewitt et al., 2022), their presence further increases
the buoyancy of rocks undergoing hydration (e.g., Matsukage et al.,
2005; Hack and Thompson, 2011) and abruptly decreases the seis-
mic velocities (Gerya et al., 2006). As a result, even relatively small
structures such as secondary plumes can be detected in seismo-
tomographic images (see section 2.1).

The best-known example of the effects of rock hydration and
associated partial melting on rock buoyancy is the development
of so-called cold plumes (Ghosh et al., 2020), which form above
a subducting plate at relatively shallow depths of up to ~150 km
as a result of the infiltration of slab-derived water-rich fluids into
the mantle wedge (Gerya et al., 2006). Further subduction of the
oceanic plate, which consists of serpentinites, hydrated sediments,
carbonates, and carbonated basalts (Safonova et al.,, 2015), is of-
ten followed by stagnation at the level of the MTZ (Fukao et al,,
2009). As mentioned above (see section 2.1), dehydration of the
fluid-rich stagnant slab leads to upwelling of wet and therefore
buoyant mantle material in the form of atypical (i.e., not connected
to the lower mantle) secondary plumes, which are visible in seis-
mic tomography and expressed at the surface in intraplate volcanic
fields such as Changbaishan (Tian et al., 2016; Fig. 2d) and Teng-
chong (Lei et al., 2009b; Fig. 2e). Over geological times, continuous
subduction and subsequent stagnation of oceanic slabs causes the
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accumulation of fluids in the MTZ, which is known to be a vast
potential reservoir of water in the deep Earth, with concentrations
reaching up to 1 wt%, as demonstrated experimentally and by geo-
physical methods (e.g., Freitas et al., 2017). Importantly, the large
water content in the MTZ is not restricted to zones of current or
recently subducted slabs. Hydration of the MTZ beneath cratons
in southern Africa, for example, is attributed to subduction pro-
cesses in the Precambrian (Blum and Shen, 2004). Furthermore, a
recent study by Zhou et al. (2022) shows only minor differences
(much smaller than the standard statistical deviation) in estimated
water content within different segments of the MTZ in various tec-
tonic settings. These findings can lead to far-reaching inferences
about the ubiquitous hydration of the MTZ. Therefore, any primary
plume, that inevitably traverses this water-rich layer between the
upper and lower mantle on its way from the CMB to the Earth’s
surface, can incorporate fluid-enriched components in the resulting
volcanism. Indeed, the ratios of hydrogen isotopes and diagnostic
trace elements, as well as the water content of associated primitive
mafic melts, point to a hydrous mantle source, for example, in the
picrites of the Emeishan Large Igneous Province (Liu et al., 2022).
These hydrous components are also found in European magmatic
centres (Gu et al., 2018; Kovécs et al., 2020) related to secondary
baby plumes (Koptev et al., 2021a) and, naturally, in East Asian vol-
canoes associated with plumes developed in the big mantle wedge
above slabs that are currently stagnating at the MTZ (Kuritani et
al.,, 2019). However, distinguishing between purely thermal and hy-
drous plumes based solely on geochemical signatures is not trivial
because the latter are also usually accompanied by a temperature
anomaly. Accordingly, even apparently purely hydrous secondary
plumes in the East Asian region, which are formed without any
connection to hot upwellings in the lower mantle, may be heated
by U-Th-K-enriched continental material tectonically eroded from
the overriding plate and accumulated together with oceanic slabs
in the MTZ (Safonova et al., 2015). Therefore, both hydrous and
thermal components should always be jointly considered in the
context of a secondary plume.

Despite advances in theoretical (Hack and Thompson, 2011) and
experimental (Matsukage et al., 2005) studies, quantitative esti-
mates of the effects of water on the density and deformation of
solid rocks and hydrous silicate melts remain a complex issue (e.g.,
Gaillard et al., 2019). In the absence of a robust parameterization,
we test in our modelling study a very wide range of the hydrous
component of the plume, implemented in terms of various chemi-
cal densities, in combination with a moderate thermal component,
which is always present but remains the same in all experiments.
In this way, we explore different types of secondary plumes, from
purely thermal to strongly hydrous, also in the context of varia-
tions in the structuring of the overlying lithosphere (weak zones of
different widths) and tectonic conditions (from neutral to far-field
extension). By varying these controlling parameters, we search for
modelling settings that allow us to reproduce observed features
such as the enigmatic “finger”-like penetration of plume material
into the lithosphere (Ritter et al., 2001).

3. Modelling approach

We have modelled the process of interaction between the
small-scale mantle plume rising from the MTZ and the rheologi-
cally stratified continental lithosphere, with particular attention to
how this thermo-chemical anomaly settles at the LAB and subse-
quently penetrates to shallower depths in the lithospheric mantle.
We performed the simulations using the open-source code ASPECT
2.3.0 (Kronbichler et al., 2012), which is specifically developed to
solve geodynamic problems related to mantle convection, taking
into account the motion and deformation of highly viscous materi-
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als with complex nonlinear rheology (see Methods in Appendix A
for more details).

3.1. Model design

The model encompasses a rectangular area with a horizontal
extent (W) of 800 km and a vertical thickness (H) of 400 km.
The spatial resolution is 2.5 km in both the horizontal and ver-
tical directions. The model comprises a three-layered continental
lithosphere overlying a sublithospheric mantle (Hspy; = 280 km).
A 120-km-thick plate contains a crust evenly divided into up-
per (Hyc = 17.5 km; wet quartzite) and lower (H;c = 17.5 km;
dry diabase) parts, and a lithospheric mantle (H;y = 85 km; dry
olivine), consistent with observations of a partially thinned conti-
nental lithosphere in Central Europe (e.g., Ziegler and Dézes, 2007)
and East Asia (e.g., Kuritani et al., 2019). At the base of the model,
a small-scale thermo-chemical anomaly (mantle plume) is seeded
at the onset of the simulations as a semi-circle with a radius (R) of
50 km (Fig. 3a). Note that in contrast to Koptev et al. (2021a), who
focused mainly on the consequences of the effects of the small
thermal anomalies already placed below the bottom of the litho-
sphere, in this study we also include the upwelling phase from the
lower part of the sublithospheric upper mantle.

The initial geotherm is piece-wise linear for the crustal and
lithospheric domains (Fig. 3b), with given temperatures at the up-
per boundary of the model (surface temperature: To = 0°C), at the
base of the crust (Moho temperature: Ty = 600°C), and at the
base of the lithospheric mantle (LAB temperature: Ty 4 = 1300 °C).
The rheological structure of the lithosphere resulting from such a
compositional and temperature setting is characterized by a ver-
tical alternation of brittle and ductile rock behaviour (Fig. 3c).
Temperatures in the sublithospheric mantle follow a nonlinear adi-

abatic law: T (z) = Tpexp % with the potential temperature of

the mantle (Tp) of 1280°C (see Appendix A for definition and val-
ues of other parameters). The adiabatic temperature at the base
of the model box (Tp) gives the value of 1425°C (Fig. 3b). The
mantle plume is implemented in the model as a thermal anomaly
with higher temperatures than the surrounding upper mantle, ob-
tained by adding a temperature term (AT = 150°C) to an adiabatic
thermal gradient (Fig. 3b). The temperatures at the top (Tg = 0°C)
and bottom (Tp = 1425°C) of the model are constant throughout
the temporal evolution of the system. As for the thermal boundary
conditions at the vertical (right and left) boundaries, we consider
them to be insulating and apply a zero conductive heat flux there.
As mentioned above, the secondary mantle plumes derived
from the MTZ may be enriched with fluids and partially molten.
These two factors result in an increased compositional (chemical)
buoyancy relative to the surrounding mantle (e.g., Kuritani et al.,
2019, and references therein). Previous studies have shown that
the compositional deficit of the plume density can significantly af-
fect the nature of plume-lithosphere interactions (e.g., Baes et al.,
2016). To test the impact of different concentrations of the hydrous
component (and thus potentially different degrees of resulting par-
tial melting), we follow the approach of Baes et al. (2016) and
conduct experiments in which the compositional contrast between
the reference densities of the surrounding mantle and the plume
(Apg) varies in the range from 0 to 300 kg m~3. This chemical
density contrast is superimposed on the thermal buoyancy due to
excess temperature. For a given AT of 150 °C, the thermal density
contrast at the beginning of the model is ~15 kg m~3. Note that
unlike the compositional density deficit, which remains the same
throughout the evolution of the model, the thermal buoyancy is
defined by the current temperature difference and is therefore up-
dated at each time step. As a result, it can change significantly over
time, depending, for example, on the rate of plume migration.
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distribution in the lithospheric domain is defined by the given temperatures at the

Moho (Tp) and LAB (Tpap). c) Vertical profiles of differential stresses (opjgr) calculated

for the initial temperature distribution (see panel b) and a constant strain rate of 10~'> s~! for the model segments corresponding to the normal (panel c1) and weak (panel
c2) lithosphere (the location of the profiles is indicated in panel a). The green and red horizontal dashed lines refer to the Moho and LAB, respectively. Note the significantly
reduced brittle component in the weakened lithospheric mantle, resulting in a strong contrast in the integrated lithospheric strength values.

Another effect of the fluids and melts in the plume is that
they can significantly alter the mechanical properties of the rocks
(Gerya et al., 2015; Lavecchia et al., 2017). Once a partially molten
body of the mantle plume reaches the LAB, buoyant and low-
viscosity melts (e.g., Dingwell, 1995) penetrate the lithosphere at
an upward velocity that is much faster compared to the rate of
rock deformation (e.g., Hawkesworth et al., 1997), leading to quasi-
instantaneous rheological weakening of the overlying lithospheric
segment, which is subjected to melt percolation (Gerya et al.,
2015). Previous studies have shown that melt-induced reduction
in lithospheric strength plays an important role for geodynamic
processes in both oceanic (Ueda et al., 2008; Baes et al,, 2020)
and continental (Lavecchia et al,, 2017; Koptev et al., 2021b) en-
vironments. Although the melting process and subsequent perco-
lation of the melt through the solid rock matrix are not directly
modelled in our study, we account for the effects of magmatic

weakening in an implicit manner by implementing a weak zone
in the lithosphere located directly above the plume (Fig. 3a). This
zone of weakness is characterized by significantly lower values of
brittle rheological parameters (see Table A.2 in Appendix A), re-
sulting in a decrease in the strength of the lithospheric mantle by
~400 MPa (cf. Figs. 3c1 and 3c2), consistent with values reported
by Rosenberg and Handy (2005) for rocks with melt fractions less
than 7% vol. Importantly, the lateral variations in the calculated in-
tegrated strength of the lithosphere (~8.5 TN m~'; Fig. 3c) are
close to the estimate of the strength contrast between an ancient
craton and a continental rift zone (~8.9 TN m~!; Glerum et al.,
2020). The horizontal extent (or width) of the weak zone (W z)
ranges from 50 km (corresponding to the approximate lateral size
of the plume head at the time of emplacement beneath the litho-
sphere; see modelling results) to 800 km (i.e., including the entire
overlying lithosphere) in the various experiments. Note that the
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Table 1
Parameters defining composition field, initial temperature distribution, and
velocity boundary conditions.

Parameter Symbol  Value

Model width w 800 km

Model depth H 400 km
Thickness of the upper crust Hyc 17.5 km
Thickness of the lower crust Hic 17.5 km
Thickness of the lithospheric mantle Him 85 km
Thickness of the sublithospheric mantle Hsm 280 km
Surface temperature To 0°C

Moho temperature Tm 600°C

LAB temperature TiaB 1300°C

Mantle potential temperature Tp 1280°C

Model base temperature Tg 1425°C

Plume radius R 50 km

Plume excess temperature AT 150°C
Compositional deficit of the plume density  App 0 - 300 kg m~3
Width of the weak zone in the lithosphere Wwz 50 - 800 km
Rate of tectonic extension Ugxt 0-20cmyr!

end member with the completely weak lithospheric mantle (W 7
= 800 km) is not typical of present-day conditions on Earth and
that this scenario is more conceivable for the hotter and more
vigorously convecting early Earth, which produces hotter thermal
instabilities in the upper mantle with a higher degree of partial
melting (Ueda et al., 2008).

The mechanical boundary conditions include free slip (hori-
zontal) at the base of the model domain, while a free surface is
assumed for the upper boundary. In most experiments, free slip
(vertical) is also adopted at the left and right edges of the model.
However, because the stress state of the lithosphere can affect the
penetration of small-scale plumes to shallow depths (Koptev et al.,
2021a), in some simulations we impose a horizontal extensional
velocity (Ugxr in the range from 0.25 to 2.0 cm yr—!) at the lateral
boundaries of the lithosphere for a depth interval of 0-120 km,
while a compensating flow in the opposite direction is applied in
the sublithospheric part of the model box (Fig. 3a). Since the zones
of elevated LAB are known to serve as sinks for a buoyant man-
tle plume (Sleep, 1996), we exclude thinning of the lithosphere
before it begins to interact with the mantle plume. To this end,
far-field extension is not applied at the onset of the simulation,
but only when the top of the plume head reaches a vertical dis-
tance of ~50 km from the base of the lithosphere. As a result,
plume-lithosphere interaction is assisted by tectonic extension, but
the overlying plate is not subjected to localized deformation prior
to plume emplacement at its bottom. The series of experiments
with nonzero tectonic extension (Ugxr > 0 cm yr—!) allows us to
examine the combined effect of plume erosion and tectonic thin-
ning of the lithosphere in the context of a mixed mechanism of
active-passive rifting (Koptev et al., 2015, 2018).

The parameters characterizing the model geometry, initial tem-
perature distribution, and velocity boundary conditions are sum-
marized in Table 1 while the detailed description and assumed
values for the thermal and rheological parameters can be found
in Tables A.1-A.3 in Appendix A.

3.2. Modelling procedure

Overall, we performed numerical simulations for three series
of experiments (44 models in total) by varying three controlling
parameters (Table 2): 1) compositional (chemical) density contrast
between the surrounding mantle and the plume (Apg); 2) width
of the weak zone in the lithosphere above the plume (Wyz); 3)
externally applied extension (Ugxr). The first series (models 1.1-1.7)
consists of experiments characterized by entirely weak lithosphere
(the width of the weak zone is equal to the total horizontal extent
of the model: Wy, = 800 km), a neutral tectonic regime (no
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external extension: Ugxr = 0 cm yr”), and a chemical density
contrast (Apg) varying between 0 and 300 kg m—3 with a step
of 50 kg m~3. Subsequently (the second series), we test different
widths of the zone of weakness (Wwz) - 50, 100, and 200 km
(models 2.1.1-2.1.7, 2.2.1-2.2.7, and 2.3.1-2.3.7, respectively) - while
keeping the other parameters as in the first set of models. Finally
(the third series), we examine the velocity boundary conditions by
varying the extension rate (Ugxr) from 0.25 to 2.0 cm yr~! for four
subsets of models with Apg of 100 kg m—> and 150 kg m~3 for
Wwz of 100 km (models 3.1.1-3.1.4 and 3.2.1-3.2.4, respectively)
and App of 50 kg m—3 and 100 kg m—3 for Wy 2 of 200 km
(models 3.3.1-3.3.4 and 3.4.1-3.4.4, respectively).

4. Results

4.1. Modes of plume-lithosphere interaction: from “mushroom” to
“finger”

Our results suggest three modes of interaction between rhe-
ologically stratified continental lithosphere and small-scale sec-
ondary mantle plumes (Figs. 4-6, Videos 1-3 in Supplementary
Materials). The first mode corresponds to horizontal spreading and
flattening of the “mushroom”-shaped plume at the base of the
lithosphere (Fig. 4a-c; Video 1 in Supplementary Materials) as
commonly accepted in most conceptual models (e.g., Stern et al.,
2020). The second scenario (Fig. 4d-f; Video 2 in Supplementary
Materials) shows penetration of the “arrow”-shaped plume head
through the overlying lithosphere, preceded by a relatively short-
term (a few Myr) accumulation of plume material at the LAB. In
the third case (Fig. 4g-i; Video 3 in Supplementary Materials), a
columnar (or “finger”-shaped) ascent of the plume through the
lithosphere begins immediately after reaching the lithospheric bot-
tom and without ponding at the LAB as in the “mushroom” and,
to some extent, the “arrow” scenarios. It is important to note that
the final stages of development of both the “arrow”- and “finger”-
shaped plumes are characterized by horizontal flow of the plume
head, forming a shape similar to the “mushroom” but at much
shallower depths near the Moho (Fig. 4f and Fig. 4i). In these cases,
the resulting stress field subsequently leads to delamination and
subsidence of the lithospheric mantle (see Videos 2-3 in the Sup-
plementary Materials), which is a possible precursor to subduction
initiation (Ueda et al., 2008; Cloetingh et al., 2021).

Below we present the results of a systematic parametric anal-
ysis of the factors controlling the transition between the different
modes of plume-lithosphere interaction described above.

4.2. The first model series: varying density contrast, entirely weak
lithosphere, no extension

Under the condition of a completely weak lithosphere (Wy 2z
= 800 km; see Fig. 5a-c and Fig. 6a, top row), the chemical den-
sity contrast between mantle and plume (App) is a key factor in
determining the mode of plume-lithosphere interaction. When the
compositional density deficit is absent or small, the purely ther-
mal (Apg = 0 kg m~3) or only slightly hydrous (Apg = 50 kg m—3)
plume has limited buoyancy, resulting in slow upwelling through
the sublithospheric upper mantle (the rate is on the order of 3-4
cm yr~!). Therefore, when the plume reaches the LAB, the thermal
perturbation is small (<150°C) and dissipates quickly. As a result,
very limited thermal erosion affects only the lowermost ~10-20
km of the lithospheric mantle. In this “mushroom” case, the plume
does not penetrate the lithosphere and spreads laterally below the
LAB (Fig. 5a). For Apg = 100 kg m~3, the higher buoyancy leads to
plume ascent rates of ~20 cm yr~! and to an increase in plume
dynamic pressure and thermal perturbation at the base of the
lithosphere of up to 250°C. Consequently, an initial short phase
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Table 2
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Controlling parameters and results of numerical experiments.

Model Controlling parameters Model results
number Compositional deficit Width of the weak zone  Rate of tectonic Mode of
of the plume density, in the lithosphere, extension, plume-lithosphere
Apo [kg m3] Wwz [km] Ugxr [cm yr~1] interaction:

M - Mushroom
A - Arrow
F - Finger

11 0 800 0 M

12 50 800 0 M

13 100 800 0 A

14 150 800 0 F

1.5 200 800 0 F

1.6 250 800 0 F

1.7 300 800 0 F

211 0 50 0 M

212 50 50 0 M

213 100 50 0 M

214 150 50 0 M

215 200 50 0 M

216 250 50 0 M

217 300 50 0 M

221 0 100 0 M

222 50 100 0 M

223 100 100 0 M

224 150 100 0 A

225 200 100 0 F

2.2.6 250 100 0 F

227 300 100 0 F

231 0 200 0 M

232 50 200 0 M

233 100 200 0 A

234 150 200 0 F

235 200 200 0 F

236 250 200 0 F

237 300 200 0 F

311 100 100 0.25 M

312 100 100 0.5 A

313 100 100 1.0 A

314 100 100 2.0 F

321 150 100 0.25 A

322 150 100 0.5 A

3.2.3 150 100 1.0 F

3.24 150 100 2.0 F

331 50 200 0.25 M

3.3.2 50 200 0.5 A

333 50 200 1.0 A

334 50 200 2.0 A

341 100 200 0.25 A

3.4.2 100 200 0.5 A

343 100 200 1.0 F

344 100 200 2.0 F

of plume impingement at the LAB is followed by vertical upward
penetration of the lithosphere with an “arrow”-like shape of the
plume head (Fig. 5b). For larger density contrasts (Apg > 150 kg
m~3), the rate of plume uplift reaches ~40 cm yr~! with a result-
ing temperature difference at the LAB level exceeding 300 °C. The
combined effect of increased chemical and thermal buoyancy pre-
cludes an impingement phase in which the plume stagnates at the
base of the lithosphere. Instead, the hot and buoyant body of the
plume enters directly into the lithospheric mantle, forming a pe-
culiar “finger”-like shape of the thermal and density anomaly that
may also be reflected in seismic tomographic images (Ritter et al.,
2001). During the penetration phase, deformation is confined to a
narrow sector around the plume, while the surrounding segments
of the lithosphere remain largely unaffected. As mentioned above,
in the last stage of the “finger” scenario, the plume undergoes

lateral spreading with the “finger” gradually transforming into a
“mushroom” at a shallow level near the base of the crust (Fig. 5c),
in contrast to the classic “mushroom”-shaped plumes that stagnate
at the LAB (Fig. 5a). This process of intra-lithospheric spreading
of the plume material (Fig. 5c) is accompanied by a pronounced
lateral propagation of the deformation of the lithospheric mantle,
which may eventually lead to its delamination and foundering (see
Video 3 in the Supplementary Materials).

4.3. The second model series: varying density contrast and width of
weak block, no extension

In addition to plume density contrasts, laterally varying rheo-
logical properties in the overlying plate may also be an important
parameter that can significantly affect the ability of the plume to
penetrate the lithosphere as well as the style of that penetration
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Fig. 4. Temporal evolution of representative models (shown as viscosity distributions) for three modes of interaction between relatively small secondary plume and the
overlying continental lithosphere: a-c) “mushroom” mode: Apg = 50 kg m~—3, Wy z = 50 km; d-f) “arrow” mode: App = 100 kg m~3, Wy z = 200 km; and g-i) “finger”
mode: Apg = 150 kg m—3, Wy z = 200 km. The black line represents the boundary of the upwelling plume material, while the white line represents the edges of the weak

zone in the lithosphere.

(e.g., Beniest et al., 2017). In this set of experiments, we simulated
the presence of a weak sector in the lithospheric mantle, that has
a limited horizontal extent (in contrast to the unbounded extent
in the previous series of models with a completely weak overlying
plate) and is located directly above the plume. The width of this
weak zone (W z) varies from 50 km (not shown) through 100
km (Fig. 5g-i) to 200 km (Fig. 5d-f). As mentioned above, the oc-
currence of such a weak block could reflect drastic local softening
of the lithosphere by the melting generated in the rising mantle
plume (Gerya et al., 2015). Alternatively, it may simply be a struc-
tural discontinuity inherited from previous tectonic events.

When Wy 7z is 50 km, the mantle plume always stagnates at
the base of the lithosphere (Fig. 6a, bottom row). Even when A pg
is set to the maximum value (300 kg m~3), the effect of plume
erosion at the base of the weak lithospheric zone is limited to
a thickness of ~20 km, which becomes even smaller for lower
values of App. In contrast, for a larger extent of the weak zone
(Wwz = 100-200 km), plume buoyancy may exceed the strength
of the lithosphere. In these cases, the resulting mode of the in-
teraction between the plume and the lithosphere depends on how
the density deficit of the plume (App) and the geometric char-
acteristics of the pre-imposed lithospheric weakness (W z) are
combined in each individual experiment (Fig. 6a, middle rows).
For Wy z of 200 km, a Apg of 100 kg m—3 is sufficient to cause

plume penetration into the lithosphere (Fig. 5e), whereas a nar-
rower (Wwz = 100 km) zone of weakness requires a higher (150
kg m~3) value of Apg (Fig. 5h). These combinations of Apg and
Wwz mark the transition between the mode of “mushroom”-
shaped plume (permanent stagnation at the LAB) and the “arrow”-
like shape of the plume (short phase of lateral spreading at the
base of the lithosphere, followed by vertical penetration toward
shallower lithospheric levels). As Apg and/or Wy, 7z incrementally
increased (Fig. 5f and Fig. 5i), there is no phase of plume flattening
at the LAB, indicating a “finger” mode. For Apg > 200 kg m~3, the
mode of the “finger”-shaped plume remains stable for both Wy z
=100 km and Wy 7 = 200 km (Fig. 6a, middle rows). It is note-
worthy that the lateral intra-lithospheric spreading of the plume
material in the last stage of the “arrow” and “finger” modes is lim-
ited to the horizontal extent of the weak zone (see Video 2 in the
Supplementary Materials).

4.4. The third model series: varying tectonic extension for different
density contrasts and widths of weak zone

The lithospheric stress field is included in our analysis by ap-
plying the extension at the plate boundaries in some simulation
settings (Fig. 6b) to evaluate its effects on the characteristic fea-
tures of the explored system. We tested different values of tectonic
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Fig. 5. Modelled viscosity distributions for the experiments with different combinations of chemical density contrasts (App) and widths of the weak zone (Wwz). An
increase in density contrast (Apg) favours the transition from “mushroom” (left column) to “arrow” (middle column) and then to “finger” (right column) mode of system
development. Note that for broader zones of weakness (higher Wy z), a smaller compositional density deficit (lower App) is sufficient to cause penetration of the plume
into the lithosphere.

extension rate (Ugyr) ranging from 0.25 to 2.0 cm yr~! in com- “finger” mode for all tested combinations of Apy or Wy z, except
bination with Apy between 50 kg m~3 and 150 kg m~—3, and for the lowest Apg (50 kg m—3), where it remains the “arrow”, as
Wwz of 100 km and 200 km. These ranges of values for a Apg for Ugxr of 0.5-1.0 cm yr~! (Fig. 6b).

and Wy z were chosen because, if no extension is implemented,

they correspond to the most important transition in model be- 5. Discussion
haviour (Fig. 6a) from plume underplating when a plume cannot
pass through the lithosphere (“mushroom” scenario) to the situ- 5.1. Comparison between modelling results and seismo-tomographic

ation in which the positively buoyant plume starts to overcome observations

the strength of the overlying plate and penetrates it (“arrow” sce-

nario). Apart from the classic scenario in which the plume head
The general tendency, which holds for all combinations of A g spreads horizontally to form a “mushroom”-shaped plume at the

and Wy, is that tectonic extensional stresses facilitate plume lithospheric bottom, our experiments reveal that, given a suit-

penetration into the lithosphere, as evidenced by the systematic able combination of initial and boundary conditions, the plume

shift in interaction mode from “mushroom” to “arrow” and from material can also penetrate the lithosphere vertically up to shal-

“arrow” to “finger” with increasing Ugxr (Fig. 6b). Importantly, a low depths near the Moho developing “arrow” and “finger”-shaped

low Ugxr value (0.25 cm yr—!) does not change the mode com- structures within the lithosphere. These results have led us to
pared to the tectonically neutral regime. A further increase in Ugxr compare three characteristic secondary mantle plumes observed in
to 0.5 cm yr~! results in a conversion of the original “mushroom” the upper mantle underlying different regions of the Eurasian plate
mode of the settings with low Apy (50 kg m™3) or Wy z (100 (Fig. 7; right panels) with modelled modes of atypical (“arrow” and
km) to the “arrow” mode. For Ugxr of 1.0 cm yr~!, the mode of “finger”) plume emplacement (Fig. 7; left panels).

the system becomes “finger” at higher App (150 kg m—3) or Wy 2 The first prominent example is the Tengchong volcano (Fig. 7a),

(200 km). The maximum value of Ugxr (2.0 cm yr~!) leads to the where a low velocity seismic anomaly rises from the MTZ to the

10
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Fig. 6. Modes of plume-lithosphere interaction as a function of initial compositional
density contrast (Apg), weak zone width (W z), and tectonic extension (Ugxr). a)
The parameter space of App ranges from 0 to 300 kg m—3 and of Wy, from 50
to 800 km, systematically covered for the tectonically neutral regime (Ugxr = 0 cm
yr=1). b) Ugxr from 0.25 to 2.0 cm yr~! tested for the cases with combinations of
App and Wy z corresponding to the transition between “mushroom” and “arrow”
scenarios for Ugxr = 0 cm yr~! (bold rectangles in panel “a”).

surface, traversing the overlying sublithospheric and lithospheric
mantle. Importantly, vertical uplift there is accompanied by hori-
zontal deflection of plume material from the main column toward
the SW, with accumulation at the LAB level, creating an asymmet-
ric, one-sided “arrow”-shaped plume head (Fig. 7a, right panel)
that resembles the corresponding mode of plume-lithosphere in-
teraction detected in our study (Fig. 7a, left panel). We note, how-
ever, that the structure of the Tengchong plume may look different
in differently oriented cross-sections (e.g., in the N-S section it
forms a simple “finger” without an “arrow”-shaped component;
Fig. 2e, middle panel). Therefore, more detailed 3D modelling will
be required in the future to adequately capture and reproduce the
complex and ambiguous configuration of the Tengchong plume.

The second example is from the ECRIS where the “finger” mode
finds its archetypal equivalent in the plume below the Eifel vol-
canic field (Fig. 7b). Here the upper mantle is characterized by
vertical penetration of plume material in the form of a narrow col-
umn extending from the MTZ to the shallowest lithospheric levels,
with no evidence of ponding or accumulation near the LAB.

The final (third) example is the somewhat enigmatic intra-
lithospheric “mushroom” beneath the Changbaishan volcanic area
(Fig. 7c, right panel), which should not be confused with the clas-
sic “mushroom”-shaped flattening of plumes below the LAB (e.g.,
Stern et al, 2020). We interpret this Changbaishan anomaly as a
later stage development of the “finger”-shaped plume, character-
ized by lateral spreading of its head at relatively shallow depths
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inside the lithosphere (Fig. 7c, left panel). Importantly, similar
intra-lithospheric anomalies, indicating horizontal flow of plume
material at shallower levels than the LAB, are also reported for
the Hainan (see Fig. 2c, profiles NW-SE and S-N) and Tengchong
(see interpretive cross-section in Fig. 2e, bottom panel) plumes.
This feature therefore could be quite common and warrants a more
detailed future investigation through both observations and mod-
elling.

5.2. Hydrous component as key to the “finger”-shaped
intra-lithospheric anomalies

Our modelling shows that the buoyancy forces of purely ther-
mal or only slightly hydrous plumes are insufficient to overcome
the strength of the continental lithosphere. Under a tectonically
neutral regime, therefore, they all develop in a “mushroom” mode,
even when the overlying plate is completely weak (Fig. 6a, two
left columns). These results are in apparent contradiction to pre-
vious analyses of purely thermal anomalies (Burov and Cloetingh,
2009), that show that they are capable of vertical ascent through
the continental lithosphere. However, it is important to note that
the plumes in Burov and Cloetingh (2009) were much larger (ini-
tial radius of 100 km) than the typical secondary plumes investi-
gated in our work and, more importantly, were assumed to have
extremely high temperatures (up to 2200 °C). Such high tempera-
tures, however, are well above petrologic constraints on the max-
imum excess temperature of plumes in the Earth’s upper man-
tle (400°C; Thompson and Gibson, 2000). More recent studies
of small-scale anomalies with realistic temperature contrasts of
200-300°C (Herzberg and Gazel, 2009) have shown that purely
thermal secondary plumes can actively penetrate the lithosphere
only under conditions of applied far-field extension with a half-
rate of > 0.3 cm yr—!, while stagnating at the base of unstressed
lithosphere (Koptev et al., 2021a). These findings are consistent
with the results of our experiments.

In this context, the chemical (hydrous) component of plume
buoyancy is shown to be the most important factor in the tran-
sition from the “mushroom” mode of system evolution to cases
where plume material penetrates vertically into the lithospheric
mantle up to depths near the Moho (“arrow” and “finger” modes;
see Fig. 5). Another crucial ingredient is the presence and width of
a zone of weakness in the lithospheric segment above the thermo-
chemical plume. To establish the “arrow” mode, a compositional
density deficit of 100 kg m~—3 is sufficient when the weak zone
is as wide as 200 km, whereas it must be increased to 150 kg
m~3 when the zone of weakness is reduced to 100 km. Further in-
creasing the chemical density contrast and the width of the weak
zone favours the development of a “finger”-shaped plume (Fig. 6a).
Importantly, a narrow zone of lithospheric weakness (50 km) ap-
pears to be insufficient to allow any kind of plume penetration into
the lithosphere (neither “arrow” nor “finger”) for all density con-
trasts tested in our study, including the maximum of 300 kg m—3
(Fig. 6a, bottom row). Given that the width of the weak zone re-
quired for plume penetration should be at least two times (100
km) greater than the lateral extent of the plume head at the time
of reaching the LAB (50 km), it is unlikely that magmatic weaken-
ing caused by partial melting in the plume (Gerya et al., 2015) can
generate the necessary weakness in the lithosphere alone. There-
fore, the presence of pre-existing structures formed during previ-
ous tectonic events should also be considered as a factor in local
weakening of the lithosphere.

In agreement with findings from a previous study (Koptev et
al,, 2021a), far-field forces acting at the boundaries of the litho-
sphere facilitate penetration of the plume up to the surface. In
particular, the increase in tectonic extension from a half-rate of
0.5 to 2.0 cm yr~! systematically shifts the plume-lithosphere in-
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Fig. 7. Comparison of modelled plume-emplacement modes (left panels) with natural examples of seismic velocity anomalies in the upper mantle (right panels). a) Modelled
“arrow”-shaped plume vs. asymmetric “arrow” beneath the Tengchong volcano. b) Modelled “finger”-shaped plume vs. columnar structure in sublithospheric and lithospheric
mantle below the Eifel volcanic fields. ¢) Advanced stage of the “finger” scenario with intra-lithospheric spreading of the plume head vs. intra-lithospheric “mushroom”

underlying the Changbaishan volcanic area.

teraction mode from “mushroom” to “arrow” and from “arrow”
to “finger” (Fig. 6b). However, our modelling results also demon-
strate the possibility of “arrow” and even “finger” modes without
strong (a half-rate of > 0.5 cm yr~!) extension. Under the con-
dition of appropriate combinations of density contrast and weak
zone width, the vertical rise of the plume through the lithosphere
occurs even in a tectonically neutral regime or with a very slow
extension (a half-rate of 0.25 cm yr~') (Fig. 6). Such low rates
of tectonic extension are typical of present-day continental rifts
(Saria et al., 2014), developing without exposure to high levels of
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far-field stresses and mainly due to gradients of gravitational po-
tential energy within the lithosphere (Koptev and Ershov, 2010).
The observations of “finger”-shaped plumes in the interior of the
lithosphere underneath the ECRIS (Granet et al, 1995; Ritter et
al., 2001) can be seen as a natural confirmation that strong far-
field induced extension is not mandatory for the formation of such
structures.

In contrast to tectonic extension, the compositional deficit of
the plume density appears to be a characteristic feature to repro-
duce the “finger”-like behaviour in the model. This is in line with
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aqueous geochemical signatures indicating fluid-enriched compo-
nents in volcanism associated with secondary plumes. Importantly,
these hydrous plumes are not restricted to areas overlying present-
day or recently subducted slabs (Kuritani et al., 2011, 2019), such
as the East Asian region surrounded by double-sided subduction
zones consisting of the Western Pacific and Sumatra trench sys-
tems (Safonova et al, 2015). A hydrous mantle source is also
demonstrated for the magmatic centres in Europe (Gu et al., 2018;
Kovacs et al., 2020). The low observed heat flow in the Eifel vol-
canic field and mantle outgassing in the Bohemian Massif are
additional arguments for a hydrous nature of the ECRIS plumes
formed in a continental foreland on the subducting plate (Ziegler
and Dézes, 2007).

6. Conclusions and further research directions

Based on a series of numerical experiments combined with an
overview of available seismological, geological, and geochemical
data, we conclude that small-scale secondary plumes are typically
hydrous in nature and that their occurrence is not restricted to
a particular tectonic or regional setting. Apart from the evidence
reported for regions such as Europe and East Asia, further inves-
tigation on a global scale is warranted. We predict that a variety
of new secondary plumes will be found in nature, with various
modes of emplacement beneath or into the overlying lithosphere.
In this regard, future high-resolution seismic tomographic studies
in continental and oceanic lithospheric environments and their in-
tegration with petrologic and geochemical constraints will be of
particular importance for discovering new secondary plumes and
elucidating their formation mechanisms.
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Appendix A. Methods

We performed the numerical simulations presented in this pa-
per using the thermo-mechanical code ASPECT 2.3.0 (Kronbichler
et al, 2012). In the following, we give the governing equations
solved by this code and describe the assumed rheology.

a) Governing equations

Our model is governed by the equations of momentum, mass
and energy in a compressible medium, solved over the domain :

—V~[2n<é(u)—%(v~u)1)}+w=pg
V- (pu) =0

oT
PQJ(E-Fu-VT)—V-kVT:OlT(u'VP),

where 7 is viscosity, & (u) = %(Vu + vuT) is the symmetric gra-
dient of the velocity (i.e. strain rate), u is velocity, p is pressure,
p is density, g is the acceleration due to gravity (9.81 m s~2), Cp
is heat capacity, T is temperature, k is thermal conductivity, ¢ is
thermal expansion.

Density is temperature-dependent, according to the formula:

p(T)=po[1 —a(T —To)], (4)

where pg is the value of the rock density at a reference tempera-
ture To. Thermal parameters and reference density values are given
in Tables A.1 and A.2.

The upper and lower crust, the lithospheric and sublithospheric
mantle, the weak zone, and the plume represent the elements (c;)
of the composition field, which are passively advected according to
the equation:

% Ve =0
ot e

(5)

The code adopts the finite element method for these equations.
The temperature and composition equations are solved once at the
beginning of each time step. Afterwards, an iterative solver is im-
plemented for the momentum and mass equations (e.g., Bangerth
et al, 2021).

b) Rheology

The model implements a nonlinear, composite visco-plastic rhe-
ology for Earth materials, where the viscous rheological compo-
nent is defined by the following equation (e.g., Billen and Hirth,
2007):

1 1 m, 10 E+pV
n=§A ndn g, exp( ) (6)

nRT

where A is Dorn parameter, n is power law creep exponent, d is
grain size, m is grain size exponent, &;; = %sl/jsl’j is effective de-
viatoric strain rate, E is activation energy, V is activation volume,
and R is the gas constant (8.314 ] K~! mol~1). In our study, we
consider deformation by both diffusion (n = 1, m > 1) and dislo-
cation (n > 1, m = 0) creep. The values of the adopted parameters
can be found in Table A.3.

We limit the values of viscous stress by adopting a plasticity
mechanism through a Drucker-Prager criterion, where the yield
stress (o) in 2D is equivalent to the Mohr-Coulomb yield surface:

oy = Ccos (¢) + Psin(¢) (7)
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Table A.1
Thermal parameters.

Earth and Planetary Science Letters 597 (2022) 117819

Compositional unit Heat capacity,

Thermal conductivity, =~ Thermal expansion,

CpJKTkeg '] k[Wm™! K] a [K71]
Upper crust 750 * 27° 251073 *
Lower crust 750 * 27° 251075 *
Lithospheric mantle 1250 * 30° 3.0.107° *
Sublithospheric mantle 1250 * 33° 3.0-107 *
Mantle plume 1250 * 33° 301073 *
Weak zone 1250 * 30° 3.0.107° *

* Bangerth et al., 2021; ® Clauser and Huenges, 1995.

Table A.2

Reference density and brittle rheological parameters.

Compositional unit Reference density, = Cohesion, Internal friction angle,
po [kg m~3] C[MPa]  ¢[°]

Upper crust 2800 I 20 * 20 *

Lower crust 2900 % 20 * 20 *

Lithospheric mantle 3300 $ 20 * 20 *

Sublithospheric mantle 3300 $ 20 * 20 *

Mantle plume 3000 - 3300 @ 20 * 20 *

Weak zone 3300 $ 2 & 3&

I Carmichael, 2017; $ Gerya, 2019; @ Baes et al., 2016; * Bangerth et al., 2021; & Koptev

et al, 2019.

Table A.3
Ductile rheological parameters.

Compositional unit Dorn parameter,

Power law creep exponent,

Activation energy,  Activation volume,

A [MPa™ s~ 1] nl E [k] mol~!] V [cm® mol~!]
Upper crust 101073 27 167 of
Lower crust 327-1074 327 238 1 0%
Lithospheric mantle 1.1-10% (disl.) 3.5 (disl.) 530 (disl.) 17 (disl.)
246 10710 (diff.) 1 (diff.) 375 (diff.) 10 (diff.)
Sublithospheric mantle 1.1-10° (disl.) 3.5 (disl.) 530 (disl.) 20 (disl.)
246 10710 (diff.) 1 (diff) 375 (diff.) 10 (diff.)
Mantle plume 1.1-10° (disl.) 3.5 (disl.) 530 (disl.) 20 (disl.)
2.46 10710 (diff) 1 (diff) 375 (diff.) 10 (diff.)
Weak zone 1.1-10° (disl.) 3.5 (disl.) 530 (disl.) 20 (disl.)
246 10710 (diff.) 1 (diff) 375 (diff.) 10 (diff.)

The ductile rheology of the mantle lithosphere (including the weak zone) is controlled mainly by dislocation creep (“disl.”),
whereas the sublithospheric mantle (including the mantle plume) deforms predominantly by diffusion creep (“diff.”) with a

grain size (d) of 1.0 mm and a grain size exponent (m) of 3.

Values are taken from Hirth and Kohlstedt (1995, 2004), except for those marked (), which are from Shelton et al. (1981).

where C is cohesion, P is pressure, and ¢ is internal friction angle
(see Table A.2).

The resulting viscosity is assigned by means of a Christmas
tree-like criterion, where the rheological behaviour depends on
the minimum between the ductile and brittle/plastic components
(Ranalli, 1995; Burov, 2011): when the viscous stress (o = 2néj;)
exceeds the yield stress (oy), the viscosity is recalculated as fol-
lows (e.g., Thieulot, 2011):
=%

a 28]

Ny (8)

Appendix B. Supplementary material

Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2022.117819.
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