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ARTICLE INFO ABSTRACT

Editor: Zhengtang Guo Apart from the lithosphere-asthenosphere boundary (LAB), mid-lithospheric discontinuities (MLDs) in thick and
old continental lithospheres appear to play an important role in global plate tectonics. Initiation of intra-
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roots are likely to occur along MLDs.

E?rtgaiitet . Here we introduce the ‘pargasosphere’ hypothesis which could account for the origin of both boundaries. The
11! . ses . . .

Ligl;;;;e < observation that pargasitic amphibole is stable even at very low bulk ‘water’ concentration (~a few hundreds
Asthenosphere ppm wt.) implies that the solidus of the shallow upper mantle (<3 GPa) is usually the pargasite dehydration

Mid-lithospheric discontinuities solidus at ~1100 °C. In young continental and oceanic lithosphere (<70 Ma) this solidus defines the LAB. The
LAB separates the deeper, partial melt bearing asthenosphere from the shallower melt barren lithosphere,
explaining their contrasting rheology.

In old continents pargasite breaks down at the sub-solidus pargasite dehydration boundary at ~3 GPa and
liberates ‘water’-rich fluids. This latter process may be responsible for the formation of MLDs. The occurrence of
partial melts or fluids beyond the pargasite stability field can explain commonly observed geophysical anomalies
associated with the LAB and MLDs.

We present forward modelled variations of shear wave velocity and resistivity at the LAB and MLDs for ide-
alised lithospheric columns. These columns are constructed based on the ‘pargasosphere’ hypothesis and geo-
therms corresponding to continental lithospheres with various tectono-thermal ages. The ‘pargasosphere’
hypothesis offers a number of other empirically testable implications. For instance, cooling asthenosphere
beneath young extensional continental and oceanic lithosphere settings can be the source of surface CO2 ema-
nations even at locations distant from areas with active volcanoes. The Vrancea zone (Eastern Europe) appears to
be a suitable site for testing the ‘pargasosphere’ hypothesis for elucidating the origin of intermediate-depth
earthquakes (70-300 km) and to explain the delamination of the lower continental lithospheric mantle.
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L.J. Kovacs et al.
1. Introduction

‘Water’ is a vital element for life, but also an indispensable ‘ingre-
dient’ for maintaining Earth as a geologically living planet (e.g., Peslier
et al., 2017; Rychert et al., 2020). Plate tectonics postulates that the
Earth’s rigid outer shell, the lithosphere, ‘floats’ on the underlying less
viscous asthenosphere (e.g., Anderson, 1975; Davies, 1992). The reasons
for their contrasting rheological behaviour (cf. Green, 1973, 2015;
Karato, 2012) are still unclear and controversial even many decades
after the birth of the modern plate tectonic theory (Raff and Mason,
1961; Dietz, 1962). The asthenosphere is commonly characterised by
slower propagation and higher attenuation of seismic waves, higher
electrical conductivity, higher degree of anisotropy, higher strain rate
and lower viscosity than the overlying lithosphere (e.g., Eaton et al.,
2009; Fischer et al., 2010). The variation of these properties occurs in a
relatively narrow depth interval typically from a few kilometres to ~30
km in extreme cases (Rychert et al., 2020). Several models attributed
these variations of the geophysical properties to solid-state processes
including grain size variations (Austin and Evans, 2007), changing redox
conditions (Cline Ii et al., 2018), elastically accommodated grain
boundary sliding (Karato, 2012; Karato, 2014; Karato et al., 2015) or
changing anisotropy (Rychert et al., 2007, 2012). These explanations
have been able to explain some of the observed features of the
lithosphere-asthenosphere interface but failed to explain others. The
presence of small amounts of partial melt in the asthenosphere has been
also proposed to explain the origin of the lithosphere-asthenosphere
boundary (referred to as LAB; Debayle et al., 2020; Rychert et al.,
2020). However, convincing geochemical explanations, regarding why
melting happens in the ambient upper mantle at pressure, temperature
and oxygen fugacity conditions characteristic for the LAB have been
lacking. Another challenge concerns the definition of the bottom of the
lithosphere (i.e., LAB), which can vary depending on its link to different
physical properties (Fig. 1; e.g., Artemieva, 2009; Eaton et al., 2009).

Due to the improvement of geophysical techniques and large-scale
national and international projects in the past few decades further
tectonically important boundaries have been discovered in the thick
(>100 km) and old continental lithospheric mantle (Thybo, 2006; Rader
et al., 2015; Selway et al., 2015; Hopper and Fischer, 2015; Saha et al.,
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2021). The so-called mid-lithospheric discontinuities (MLDs) are char-
acterised by a significant reduction (2-6%) in shear wave velocities in a
relatively narrow depth interval (of a few kilometres) usually between
80-100 km depths (e.g., Hopper and Fischer, 2015; Selway et al., 2015;
Saha et al., 2021). Akin to the LAB numerous and sometimes similar
explanations have been developed for the sharp drop in shear wave
velocity at MLDs depths including change in anisotropy, elastically
accommodated grain boundary sliding, and the presence of hydrous
minerals and partial melts (Selway et al., 2015; Rader et al., 2015;
Aulbach et al., 2017; Saha and Dasgupta, 2019; Saha et al., 2021). So far
none of the proposed models can fully account for the observations at
these prominent discontinuities. Thus, it seems that a comprehensive
understanding of the role and nature of the LAB and MLDs remains an
ultimate challenge for solid Earth sciences. In our paper we revisit and
develop further a so far overlooked hypothesis that the (melting)
properties of hydrous mineral bearing ambient upper mantle can explain
the origin of MLDs in old continental lithospheres and the LAB in
younger ones. We also show how the seemingly contrasting definitions
of the base of the lithosphere (i.e., LAB) can be reconciled with each
other, bridging the gap between geophysical and geochemical ap-
proaches. Examples are given of how and where the predictions of this
hypothesis can be tested.

The ‘pargasosphere’ hypothesis offers an alternative explanation and
model for how the cooling asthenosphere below young and thin (<100
km) oceanic and continental lithospheres distant to active volcanism can
be the source of diffuse CO, emanations on the surface. CO2 may be
enriched and accumulated from crystallising incipient partial melts as
CO, is concentrated in residual fluids in inclusions or along grain
boundaries. These COz-rich fluids can then migrate towards the surface
due to their high mobility, buoyancy and favourable stress field in the
upper mantle.

Initial geochemical and petrophysical forward models are con-
structed based on realistic upper mantle compositions and different
geotherms to predict the variation of resistivity and shear wave velocity
across the LAB and MLD. The predicted changes in physical properties
hold also the potential to improve geodynamic models in the future.

In this paper, a geodynamic outlook is given on how predicted
weakness zones along the MLD can contribute to the delamination of the
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lithosphere-asthenosphere boundary: LAB) is
usually defined according to the temperature
dependent variation in physical properties.
The LAB can be defined as the base of the
conductive lithosphere, the bottom of the
thermal lithosphere or top of the convective
mantle among many other equally valid defi-
nitions. The base of the thermal lithosphere is
at the intersection of the linear extension of
the conductive geotherm and the mantle
adiabat. The figure is modified after Fig. 1 in
Artemieva (2009). The schematic geotherm
corresponds to ~60 mW/m? surface heat flow
which is close to the average continental heat
flow (Pollack and Chapman, 1977). The vari-
ations of strain rate, shear wave velocity and
resistivity are also displayed as a function of
temperature (modified after Fig. 2 in Eaton
et al., 2009). Note that sudden changes in all
these physical properties begin at the base of
the conductive lithosphere but reach their
extreme values deeper, close the base of the
thermal lithosphere. This latter boundary may
also coincide with a chemical boundary
separating melt bearing and barren parts of
the upper mantle along the pargasite dehy-
dration solidus (see text for further
discussion).
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lower part of the lithospheric mantle The Vrancea seismogenic zone
appears to be an excellent target for the study of delamination of the
lower continental lithosphere and its possible role in generating
intermediate-depth earthquakes.

2. Definitions of the LAB and MLD and development of the
‘pargasosphere’ hypothesis

2.1. Controversial LAB definitions

The LAB is commonly defined by a temperature-dependent drop in
mantle viscosity when it becomes sufficiently low to allow the defor-
mation necessary to accommodate the movement of lithospheric plates
with respect to the underlying weak mantle (i.e., the asthenosphere).
Traditionally, this transition from ‘high’ to ‘low’ viscosity is defined for
fully ‘dry’ mantle (i.e., without any fluids and partial melting), and
corresponds to the 1300 °C isotherm (thermal’ lithosphere, e.g., Arte-
mieva and Mooney, 2001; Artemieva, 2006; Eaton et al., 2009; Koptev
and Ershov, 2010, 2011). Olivine is the major mineral constituent of the
upper mantle (>50 v/v%), and consequently its deformation properties
determine the viscosity of the upper mantle. At temperatures >1000 °C
olivine deforms by high temperature dislocation and diffusion creep
(Mei et al., 2010). However, the associated degree and depth of the
predicted viscosity drop appear to be incompatible with those typically
observed for the LAB (Behn et al., 2009; Rychert et al., 2020). Note that
there are also results which assume somewhat higher overall viscosity
for the asthenosphere and less significant viscosity contrast between the
lithosphere and asthenosphere (e.g., Fjeldskaar, 1994). The geodynamic
models usually assume gradual P-T and stress-dependent decrease of
strength (or effective viscosity) within the ductile part of the litho-
spheric mantle and underlying asthenosphere (e.g., Duretz and Gerya,
2013; Li et al., 2016). Thus, other factors are needed to explain the
viscosity reduction at the LAB that may not be explained by sub-solidus
processes alone. Nevertheless, the ~1300 °C isotherm is commonly
regarded as the base of the thermal lithosphere, where the viscosity of
the upper mantle gradually becomes low enough to enable convection
(e.g., McKenzie, 1967; Pollack and Chapman, 1977; Eaton et al., 2009;
Garel and Thoraval, 2021). The depth of this 1300 °C isotherm is located
between the base of the conductive lithosphere and the top of the
convective upper mantle (Fig. 1). For a surface heat flow typical for
mature continental lithospheres adopted (~60 mW/mZ, Artemieva,
2009; Davies and Davies, 2010; Davies, 2013), the 1300 °C isotherm is at
~120 km depth. This is also the depth where the conductive geotherm
would intersect the mantle adiabat (Fig. 1). The 120 km depth and
1300 °C temperature also correspond to the initial thickness of the
thermal lithosphere in stretching models for matur continental litho-
spheres in thermal equilibrium (McKenzie, 1978; Royden and Keen,
1980).

Pollack and Chapman (1977) demonstrated that the temperature of
the actual (i.e., constrained by seismology and magnetotellurics) LAB
agrees well with 85% of the ‘absolute solidus temperature’ (Ty,). In their
paper this ‘LAB’ temperature was empirically calibrated using the
observed relationship between global surface heat flow values and
detected LAB depths. The authors proposed that if the average conti-
nental heatflow is ~60 mW,/m? the temperature of the LAB is ~1100 °C
at ~90 km depth (Fig. 1). Nevertheless, they did not discuss further the
reasons why the LAB should coincide with the 0.85 Ty,

Note that these definitions concerning the base of the lithosphere
considered only sub solidus processes and disregarded the effect of
volatiles on physical properties of upper mantle minerals. It has not been
explained why the LAB determinations on average fit better the base of
the conductive lithosphere which is shallower (by ~30 km) and cooler
(by ~200 °C) than the base of the thermal lithosphere. It should also be
mentioned that at the time, experimental and analytical methodologies
and facilities were not available to fully explore the role of small
amounts of volatiles play in determining the melting temperature of the
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ambient upper mantle. In the following we present a hypothesis which
has the capacity to integrate these seemingly contrasting definitions of
the LAB into a new coherent framework. In addition, it can also bridge
the gap between geophysical and geochemical observations if the effect
of a trace amount of ‘water’ is considered.

2.2. The role of trace amounts of ‘water’ and hydrous phases in the
shallow upper mantle

The hypothesis presented in this paper involves the ‘hydrous’ Earth
where the important role of ‘trace’ amounts of volatiles is taken into
account. The rapid development of analytical techniques and method-
ologies has made it possible to analyse the volatile contents of upper
mantle rocks and experimental samples with unprecedented sensitivity
and spatial resolution. Among many techniques Secondary Ion-Mass
Spectrometry (SIMS) and micro-Fourier Transform Infrared spectrom-
etry (micro-FTIR) have become the most popular and widely applied
ones (e.g., Rossman, 2006). Although SIMS has excellent spatial reso-
lution (few tens of pm) and sensitivity (at the ppm wt. levels), it only
detects bulk concentrations (Hauri et al., 2002). Thus, SIMS is unable to
identify the incorporation mechanism of the analysed species (i.e.,
whether it originates from fluid inclusions, minerals or grain bound-
aries). Micro-FTIR has similar sensitivity and is able to identify the
incorporation mechanism but its spatial resolution is weaker (>50 pm; e.
g., Libowitzky and Rossman, 1996; Beran and Libowitzky, 2006; Kovacs
et al., 2008). No wonder that although it has been known since the
~60’s (e.g., Kats, 1961) that volatiles, ‘water’ in particular, can be
incorporated into vacancies of minerals in trace amounts, it is only in the
past two decades that our knowledge on the concentration and distri-
bution of volatiles in the upper mantle has advanced rapidly (e.g., Ingrin
and Skogby, 2000; Peslier, 2010; Demouchy and Bolfan-Casanova,
2016; Peslier et al., 2017; Xia et al., 2019; Liptai et al., 2021).

The dominant mineral constituents of the upper mantle are the
nominally anhydrous minerals (referred to as NAMs hereafter, i.e.,
olivine, pyroxenes and garnet). The NAMs do not contain ‘water’ in their
mineral formulae and incorporate only trace amounts of ‘water’ as
structural hydroxyl in sporadic vacancies of their crystal lattice (up to
~1000 ppm wt. or 0.1 wt.%; Beran, 1976; Kohlstedt et al., 1996;
Mosenfelder et al., 2006; Kovacs et al., 2010, 2012; Peslier et al., 2010;
Demouchy and Bolfan-Casanova, 2016; Xia et al., 2019). In the va-
cancies the structural hydroxyl consists of a proton (H™) attached to one
of the coordinating oxygens and charge balances alone or in coupled
substitutions for the missing central cation (e.g., Stalder and Ludwig,
2007; Kovacs et al., 2010; Blanchard et al., 2017). The structural hy-
droxyl content in NAMs is expressed in molecular water equivalent in
ppm wt. (equals to 0.0001 wt.% and referred to as ppm hereafter) and
we will generally refer to this as the ‘water’ content of NAMs.

It has been revealed over the past decades that olivine, orthopyrox-
ene and clinopyroxne contain up to ~100, ~350 and ~700 ppm ‘water’,
respectively, in upper mantle xenoliths worldwide (Peslier, 2010;
Demouchy and Bolfan-Casanova, 2016). Consequently the maximum
bulk water content of the NAMs in the upper mantle is ~ 200 ppm if the
presence of hydrous phases is disregarded. These maximum values
typical for NAMs in natural upper mantle xenoliths are in excellent
agreement with experimental studies which found similar ‘water’ con-
centrations even at very low bulk ‘water’ contents (~few hundred ppm
wt.%; Green et al., 2010; 2014; Kovacs et al., 2012). Estimates for the
bulk ‘water’ content of the deeper asthenosphere provide higher values
from 200 to 6000 ppm, based on clinopyroxene phenocrysts in basaltic
magmas (Xia et al., 2019; Kovacs et al., 2020). There is a variation in the
average ‘water’ content of the asthenosphere for different tectonic en-
vironments since it is 50-250 ppm at mid-ocean ridges (MOR) (Saal
et al., 2002) but higher (300-1000 ppm) below ocean islands (OI) and
enriched MORs (Dixon et al., 2002).

This trace amount of ‘water’ has a disproportionately large effect on
the physical properties of NAMs. ‘Water’ is known to increase
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conductivity (e.g., Jones et al., 2012; Fullea, 2017), enhance seismic
attenuation (Artemieva et al., 2004; Aizawa et al., 2008), affect the
dominant deformation mechanism (Mackwell and Paterson, 1985;
Demouchy et al., 2012; Girard et al., 2013) and reduce effective vis-
cosity (Dixon et al., 2004; Li et al., 2008). The important effect of ‘water’
on minerals’ structure is the so called hydrolytic weakening mechanism.
This mechanism implies that the presence of protons (i.e., H"), as
structural hydroxyls in vacancies of NAMs, might favour dislocation
climb which facilitates dislocation glide (Griggs, 1967; Kohlstedt, 2006;
Girard et al., 2013; Tielke et al., 2017). This causes weakening of the
crystal structure and is thought to increase with increasing ‘water’
content. This effect is operational even at very low ‘water’ contents
when no free fluid or melt phases are present.

Compared to NAMs, hydrous minerals in the upper mantle incor-
porate even more ‘water’, as per their mineral formulae. The most
common hydrous minerals are amphibole and phlogopite. Amphibole is
a double-chain silicate mineral, which contains up to 2 wt.% ‘water’ as
hydroxyls regularly incorporated in its crystal lattice (unlike structural
hydroxyl incorporated in a much smaller amount in isolated point de-
fects of NAMs). Amphibole is a mineral solid solution, in which
numerous cation and anion substitutions are possible in different crys-
tallographic sites, but anions may play only a subordinate role in the
upper mantle. Thus, the chemical composition of amphibole can vary
over a wide range of physico-chemical conditions. The most common
amphibole in the upper mantle is pargasite (e.g., Niida and Green, 1999;
Szabd et al., 2004; Kovacs et al., 2012; Denis et al., 2015; Demouchy and
Bolfan-Casanova, 2016). Its idealised mineral formula is NaCap(Mg4Al)
(SigAl2)022(0OH), (Leake et al., 1997; Hawthorne et al., 2012). There
are, however, other amphiboles in the upper mantle of K-richterite,
hornblende, Mg-hastingsite and kearsutite compositions in subordinate
modal abundance (Foley, 1991; Konzett, 1997; Konzett and Ulmer,
1999; Szabo et al., 2004). Pargasitic amphibole is stable at pressures and
temperatures less than ~3 GPa and ~1100 °C respectively but can
slightly vary with chemistry (Niida and Green, 1999; Mandler and
Grove, 2016). K-richterite has a wider stability field and it is stable up to
~1450 °C at 9-10 GPa (Konzett and Ulmer, 1999; Tronnes, 2002). The
modal abundance of amphibole in the ambient shallow peridotitic upper
mantle can be as high as 20 v/v%, but it remains typically below 10 v/v
% (Demouchy and Bolfan-Casanova, 2016). The latter authors found
that the ‘water’ content of olivine (the most abundant NAMs in the upper
mantle) slightly decreases with the increasing modal abundance of
amphibole. The olivine ‘water’ content is typically in the 20-50 ppm
range if there is less than 5 v/v% amphibole but below 20 ppm when
amphibole exceeds 5 v/v%.

Phlogopite, a hydrous layer silicate, is also a well-known constituent
of the shallow upper mantle containing ~10 wt.% ‘water’ and K3O. It is
stable at 4-5 GPa up to 1350 °C (Trgnnes, 2002) and its modal abun-
dance is typically only a few v/v% (e.g., Selway et al., 2015; Saha et al.,
2021).

In addition to solid phases, ‘water’ can be incorporated in fluids and
melts in higher concentrations reaching up to 30 wt.% (Green, 2015) in
small amount of incipient hydrous silicate melts at lithospheric
pressures.

2.3. The ‘hydrous’ solidus of the upper mantle and its relation to the MLD
and LAB

The solidus is the temperature at which melting begins at a given
pressure. Early experimental studies discovered the importance of par-
gasitic amphibole in influencing the solidus temperature (e.g., Green,
1973; Green and Liebermann, 1976). Due to the analytical and meth-
odological developments in the past decades it has been demonstrated
only recently that these solidus determinations are also accurate at trace
bulk ‘water’ contents (few hundreds ppm; Asimow et al., 2004; Green
etal., 2010; 2014; Kovacs et al., 2012; Green, 2015). These experiments
included the two most important volatile species in the upper mantle:
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H50 and CO,. Other experimental and theoretical studies on the solidus
of the upper mantle have either not considered the role of pargasite at all
(e.g., Katz et al., 2003; Grove et al., 2006; Hirschmann, 2010) or even if
considered, its significance was assumed to be relevant only at higher
bulk ‘water’ contents (Dasgupta, 2018; Saha et al., 2021).

In summary, studies which addressed the role of trace amounts of
water and pargasite, concluded that the solidus of the upper mantle is
the ‘pargasite dehydration solidus’ at pressures less than ~3 GPa and
bulk ‘water’ contents between ~200 ppm and 0.4 wt.% (which is
common in the shallow upper mantle too, Fig. 2, Fig. 12 in Green, 2015).
In this case, the pargasite dehydration solidus temperature is ~1100 °C
and basically does not depend on pressure, apart from a small interval
before it joins the ‘water saturated’ solidus at ~ 3 GPa where it shows a
negative Clapeyron-slope (i.e., AT/AP<0, Fig. 2a). Considering the
properties of the average upper mantle, the pargasite dehydration soli-
dus appears to best represent melting relations at pressures less than 3
GPa. At higher pressures, the solidus is the water saturated solidus if the
bulk water content exceeds 200 ppm, which is generally the case in the
ambient upper mantle. The important tectonic significance of these
solidus curves becomes obvious when interpreted in the light of geo-
therms typical for lithospheres with different ages as follows.

1) Under higher surface heat flow (>~65 mW/mz), a hot geotherm
reaches 1100 °C (pargasite dehydration solidus) when the pressure is
less than 3 GPa (shallower than ~100 km depth). In this case, the
LAB is defined by the transition from sub-solidus state to an incipient
partial melting regime with less than 1 v/v% melt. Melting always
happens at ~1100 °C regardless of the pressure (Fig. 2a). This
thermal regime is typical for Late Paleozoic and younger continental
plates and young oceanic lithospheres (<70 Ma; Pollack and
Chapman, 1977; Artemieva, 2009). In this case the pargasite dehy-
dration solidus defines the LAB, which separates the melt-bearing
asthenosphere from the solid lithosphere. The depth of the LAB can
vary from ~ 0 km at mid-oceanic ridges to ~90 km in continental
and old oceanic lithospheres.

Under intermediate surface heat flow values (50-65 IIlW/Il’lz), the
geotherm reaches the pargasite dehydration solidus (1100 °C) at
~90-100 km and is still above the water saturated solidus below this
depth (Fig. 2b). This thermal regime is typical for Early Paleozoic
and Late Proterozoic continental plates and old oceanic plates (>70
Ma), but this regime also includes some relatively young cratons. In
this case the depth of the LAB is ~90 km or deeper separating the
silicate melt bearing asthenosphere from the solid lithosphere. For
young cratons, the upper mantle may be depleted and dry enough
that the bulk ‘water’ content remains below 200 ppm. This means
that the geotherm may not necessarily intersect the water saturated
solidus implying a deeper LAB. This intermediate thermal regime
includes the kink in the pargasite dehydration solidus which can
account for the formation of MLDs in young cratonic lithospheres, as
discussed in detail further on.

2

—

This is the point where the contrasting definitions of the LAB can be
reconciled. When the heat flow is ~60 mW/m?, the pargasite dehy-
dration solidus occurs at ~90-100 km depth and ~1100 °C, separating
the solid lithosphere from the deeper incipient melt bearing (< 1v/v%)
asthenosphere. The presence of a small amount of partial melt explains
the decreasing seismic velocity (Chantel et al., 2016), electrical re-
sistivity (Sifré et al., 2014) and increasing strain rate (Fig. 1; Kohlstedt
and Zimmerman, 1996). This boundary coincides, therefore, with the
base of the conductive lithosphere, which is also a geochemical
boundary. The numerical parameterisation of olivine flow laws also
indicated a good agreement between the depth of LAB indications in
oceanic lithosphere and calculated viscosities, both close to the depth of
the 1100 °C isotherm in half space cooling models (Behn et al., 2009;
Rychert et al., 2020). Likewise, Niu and Green (2018) and Kovacs et al.
(2017) found that the 1100 °C isotherm falls very closely to the depth of
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Fig. 2. Relationship between various solidi and geotherms typical for different tectono-thermal ages of the (continental) lithosphere. Three different scenarios are
considered corresponding to a) young continental and oceanic lithospheres represented by higher heat flow (>~65 mW/m?); b) old continental and oceanic lith-
ospheres, and youngest cratons characterised by intermediate heat flow (~50-65 mW,/m?); and c) old cratonic lithospheres with low surface heat flow (<~50 mW/
m?). The solidus of the shallow upper mantle is usually the pargasite dehydration solidus shallower than 3 GPa and the water saturated solidus deeper than 3 GPa.
Geotherms are after Artemieva (2009) and Pollack and Chapman (1977). The intersection of the geotherm with these solidi indicates the appearance of partial melt.
In the first two cases (a and b), the intersections mark the LAB, and for young cratons the mid-lithosphere discontinuity (MLD) where these boundaries are associated
with the presence of partial melts at higher temperature and pressure. For old cratonic areas (c), however, the geotherm crosses the sub-solidus pargasite break-down
curve indicating the MLD which separates fluid- and pargasite-rich upper mantle. Numbers in the hexagons indicate the following solidi: 1) Pargasite dehydration
solidus (200 ppm < bulk ‘water’ < 0.4 wt.%); 2) Dry solidus (bulk ‘water’ < 200 ppm); 3) Water-saturated solidus (> 0.4 wt.%); 4) CO2+H,0 bearing solidus; 5) Sub-
solidus pargasite dehydration curve (modified after Fig. 10c in Green, 2015). Numbers in squares indicate sub-solidus reactions as follow: 1) olivine (Ol) + cli-
nopyroxene (Cpx) + CO, — dolomite (Dol) + orthopyroxene (Opx); 2) Dol + orthopyroxene (Opx) — magnesite (Mag) + Cpx. Solid circles indicate the intersections
of the geotherm and pargasite dehydration solidus. (d) Schematic representation of the relation between the LAB and MLD in various thermal-tectonic settings. The
positions of pargasite-rich layers, ponded melts, and fluids and plumes are all highlighted. The figure is considerably modified after Fig. 1 in Rychert et al. (2020).
The different tthermal-tectonic units are classified according to the three main scenarios above (a, b and c).

the LAB in young oceanic and continental lithospheres respectively. The
base of the thermal lithosphere at 1300 °C is within the partial melt-
bearing asthenosphere, where the viscosity may be even lower due to
the higher degree of partial melting and lower effective viscosity of
NAMs.

3) Under low surface heat flow conditions (<50 mW/mz), the position
of the LAB is below 100 km and is controlled by the intersection point
of the geotherm and the water-saturated solidus. This thermal regime
is characteristic for Early Proterozoic and older cratonic litho-
spheres. It is notable that all geotherms in this thermal regime
intersect the sub-solidus pargasite dehydration curve (Fig. 2c). At
this boundary pargasite breaks down to solid phases and ‘water’ rich
fluids are liberated towards higher pressures. In contrast, the reac-
tion takes place in the opposite direction as well when the pressure
decreases. This boundary may account for the formation of MLDs at

~100 km in older cratonic lithospheres as discussed in the following
section.

2.4. A brief overview of pertinent (geophysical) observations

2.4.1. LAB under younger oceanic and continental lithospheres

Green and Liebermann (1976) first proposed that the gradual
thickening of the oceanic lithosphere is explained by the stability of
pargasite up to ~1100°C at the pargasite dehydration solidus (Fig. 2). In
their interpretation, the LAB beneath young oceanic plates is primarily a
thermal boundary which coincides with the pargasite dehydration sol-
idus. The thickening of oceanic plates is a consequence of thermal
cooling and the associated subsidence of isotherms until a stable
configuration is reached at ~90 km for oceanic plates older than 70 Ma.

Niu and Green (2018) investigated the depth of the oceanic seafloor
(Crosby and McKenzie, 2009) and LAB (Kawakatsu et al., 2009) as a
function of lithospheric age. They found that both depths become



LJ. Kovdcs et al.

basically constant after 70 Myrs. In addition, Niu and Green (2018)
argued that the depth of the 1100 °C isotherm in half space cooling
models matches well the seismologically characterised LAB with a 10%
drop in shear wave velocities (Kawakatsu et al., 2009). It was also
demonstrated that the major and trace element geochemistry of ocean
island basalts (OIB) at the time of their eruption also follows a systematic
trend with the LAB depth of the underlying oceanic plate. This variation
in geochemistry reflects the changing width of the decompression in-
terval (Po—Py), which is the interval between the depth where decom-
pression melting begins (Py) and the LAB where the upwelling
terminates (Pg). Accordingly, OIB geochemistry in older and thicker
oceanic plates shows lower melt fraction and higher pressure manifested
in higher Ti, Mg Fe and lower Si and Al contents. Niu and Green (2018)
implied that the constant thickness of oceanic lithospheres older than 70
Ma is due to small-scale convection below the LAB in the partially
melted asthenosphere whose convective heat supply keeps thermal
equilibrium with the conductive heat loss through the overlying solid
oceanic lithosphere. The importance of small-scale convection in the
upper mantle was discussed by Doin et al. (1997) and Ballmer et al.
(2007) as well.

In a recent study, based on the analysis of a vast body of seismo-
logical data, Rychert et al. (2020) concluded that the LAB of oceanic
lithospheres is around the depth of the 1100 °C isotherm which agrees
well with the interpretation of other seismological studies (Rychert and
Shearer, 2011; Schmerr, 2012). It was noted, however, that this tem-
perature is much lower than what would follow from the classic thermal
model, because melting begins at lower temperatures if the role of a
‘trace’ amount of water and hydrous phases is considered. Rychert et al.
(2020) noted that for older oceanic plates and hot spot affected regions,
the depth of this isotherm is more variable.

Kovacs et al. (2017) found that the depth of the LAB, determined by
seismological and magnetotelluric methodologies beneath the Pan-
nonian Basin (Central Europe) coincides with the depth of the ~1100 °C
isotherm based on surface heat flow and area specific geotherms (Len-
key et al., 2002). The Pannonian Basin has a recently (<20 Ma) extended
continental lithosphere whose thickness can be even less than 50 km (e.
g., Horvath, 1993; Posgay et al., 1995; Tari et al., 1999; Addm and
Wesztergom, 2001; Balazs et al., 2016)

2.4.2. Mid lithospheric discontinuities below old continental lithospheres
Beyond the implications for young oceanic and continental litho-
spheres, other potentially important plate tectonic consequences arise
from the kink in the pargasite dehydration solidus and the stability of
pargasite up to ~3 GPa (~100 km, Fig. 2c). This kink in the stability of
the pargasitic amphibole might play an important role in the origin of
major discontinuities within the lithospheric mantle such as the MLD at
~100 km depth beneath old continental lithospheres (i.e., cratons).
Thybo and Perchuk (1997) and Thybo (2006) showed the existence
of a globally significant velocity anomaly, which is characterised by
decreasing seismic velocities at ~100 km. Thybo (2006) argued that this
anomaly can be explained by upper mantle temperatures approaching
the solidus. This is an important discovery in solid Earth science as it
indicates the existence of MLDs usually located at ~100 km depth
especially under old continents. These discontinuities are characterised
by slower propagation of seismic waves and higher electrical conduc-
tivities, focused in a narrow zone (up to a few kilometres), in the upper
mantle between the Moho and the LAB (e.g., Rader et al., 2015; Selway
et al., 2015; Saha and Dasgupta, 2019; Saha et al., 2021).
Intermediate-depth earthquakes usually occur in the upper mantle
between ~70 and 300 km, and are commonly related to deformation
and stress accumulation along Benioff-type subducted oceanic slabs
(Astiz et al., 1988). However, in other continental collision settings, such
as the Vrancea zone of the Carpathians in Romania (Eastern Europe) and
the Hindu Kush (Central Asia), it is unlikely that intermediate-depth
earthquakes are directly related to oceanic subduction (e.g., Cloetingh
et al., 2004; Knapp et al., 2005; Matenco, 2017; Molnar and Bendick,
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2019). Geophysical anomalies occurring at mid-lithospheric disconti-
nuities at ~100 km depth have been identified in several other locations
worldwide including North America (Abt et al., 2010; Hansen et al.,
2015), Africa (Selway et al., 2015) and China (Sun and Kennett, 2017).

A recent study on the frequent intermediate-depth earthquakes in the
Hindu Kush revealed that the distribution of earthquake hypocentres
changes at and below ~100 km depth along several cross sections
(Molnar and Bendick, 2019). In addition, there is a smaller jump in
strain rates at ~100 km depth in the upper mantle.

A similar pattern is observed along a ~NNW-SSE oriented section
running from the Scythian to the Arabian plate through the Caucasus
Mts. (Ismail-Zadeh et al., 2020), where a significant low velocity
anomaly (up to 3%) extends down to the transition zone. At the flanks of
this low velocity anomaly, high velocity lobes occur, which detachment
appears to be close to ~100 km depth (Ismail-Zadeh et al., 2020).

Many studies have proposed that the delamination/decoupling of the
lower part of the cratonic lithospheric mantle (i.e., the cratonic root)
occurs at ~100 km depth (e.g., Wang et al., 2018; Wang and Kusky,
2019). Current models postulate that removal of cratonic roots com-
mences at their edges and propagates inward along possible MLDs at
~100 km depth (Wang et al., 2018; Wang and Kusky, 2019). A similar
delamination scenario may have affected the evolution of the Saharan
Metacraton during its ‘metacratonization’ process (Abdelsalam et al.,
2002; Liégeois et al., 2013). In addition, the upper part of the cratonic
lithosphere can be dislocated from its root along MLDs due to far-field
tectonic forces, such as the opening of oceanic basins (Wang et al.,
2017). Therefore, many indications point to a narrow globally occurring
intra-lithospheric horizon present 